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»| think the problem, to be quite honest with you, is that you’ve never actually
known what the question is. So once you do know what the question actually is,
you’ll know what the answer means.«

(>Deep Thought< in Douglas Adams’ Hitchhiker’s Guide to the Galaxy)






1 Introduction

While the first silicon solar cells were fabricated using n-type silicon ([1],
doped by arsenic) it was the p-type cell that conquered the world of energy
production on a GW scale. This was mainly due to the great simplicity of the
Al-BSF cell which allows for a very short and cost-effective process sequence
both on mono- as well as multicrystalline material. However, not only the
efficiency record of 25.6 % for silicon solar cells (under standard testing con-
ditions, one sun irradiation) was achieved on n-type silicon, but today highest
efficiency solar cells are almost exclusively fabricated on phosphorus-doped
material [2].

There are mainly two advantages for using n-type crystalline silicon. The
first is that n-type silicon is less prone to increased recombination by some
impurities like iron [3]. The second is that mono-crystalline, uncompensated
n-type silicon does not suffer from Light Induced Degradation (LID), as is
known for p-type Cz material due to the formation of boron-oxygen related
defects under illumination [4, 5]. While a permanent regeneration mecha-
nism was found [6], it remains to be shown if such a regeneration can be
implemented in the cell production, thus preventing degradation of the cell
performance.

The common approaches on n-type silicon can be divided into two basic
categories. Those keeping a short and possibly cost-effective process se-
quence and which are in direct competition with p-type Al-BSF or Passi-
vated Emitter and Rear Cell (PERC). The second category is that of the (ultra)
high-efficiency solar cells, often featuring selective/passivated contacts (and
possibly even an Interdigitated Back-Contact (IBC) structure), like is the case
for HIT [7, 8], Sunpowers IBC cells [9] or TOPCon [10]. The processing of
such cell, especially for IBC structures, might however be complex and thus
only be feasible for niche markets.

In case of the cell concepts aiming for low- to mid-range performance, thus
competing with Al-BSF and PERC, a »quasi-standard« was established for
n-type cells based on the Passivated Emitter and Rear Totally Diffused (PERT)
layout (n-type PERT (nPERT)) as an equivalent to the Al-BSF cell on p-type.



1 Introduction

The cells feature full-area highly doped front and rear, although the ways to
create these dopings may vary, e.g. by (co-)diffusion [11, 12], implantation
[13], or spin-on coating [14]. To reduce the complexity of the process (e.g.
omitting single-sided texture), the cells are often fabricated with almost sym-
metric front and rear in a bifacial layout where it is possible to achieve almost
identical performance if measured illuminating from either side and thus a
gain in dedicated application [15].

While efficiencies similar to those of p-type PERC in the range of 21 % were
demonstrated for such concepts, the concept is inherently limited by the com-
promises that have to be made for the homogeneous doping at the surfaces.
Therefore exceeding 22 % might require using selective structures, e.g. for
the Back-Surface-Field (BSF), to reduce recombination but retain a low con-
tact resistance, resulting in increased complexity. As PERC solar cells already
reached efficiencies in the range of 22 % [16], the gain by using n-type mate-
rial with the nPERT concept might already be abundant, even if considering
the possible degradation of the PERC cells.

This means that to compete with p-type PERC, other concepts might be re-
quired. Especially a contact selectivity like it is achieved with PERC should
be implemented. Laser doping, laser diffusion or laser melting can be utilized
to achieve such a selective doping and contact structure without increasing
the number of process steps significantly, while at the same time retaining
the capability of achieving high efficiencies. While the idea of laser doping
was already developed in 1968 by Fairfield and Schwuttke [17], in case of so-
lar cells it was not until the Laser Fired Contacts (LFC) process in 2001 [18]
that its beauty was fully revealed. The LFC process makes use of the fact that
aluminum can be used both as a rear side metallization (e.g. evaporated or
screen-printed) as well as to form an acceptor state in crystalline silicon. By
using an appropriate laser process the dopant source (the aluminum) does
not have to be removed after laser doping (to create a Local Back Surface
Field (LBSF)), but instead forms an integrated part of the final cell structure
as the rear side metallization. In 2010, Suwito et al. presented the PassDop
approach which—similar to LFC—assigns multiple functions to a specific part
of the device, in this case the rear side passivation layer, the » PassDop layer«.
This layer does not only have to provide a good passivation of the solar cells’
rear, but contain dopants that in a laser doping process can be driven into
the silicon creating a LBSF while at the same time opening the passivation
layer locally to prepare the device for the rear side metallization. Suwito
et al. showed that with this approach efficiencies beyond 22 % [19] can be
achieved. In this concept, the PassDop layer is the crucial part as it has to
provide both an excellent passivation as well as to contain dopants that can
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be utilized during the laser doping process for LBSF formation, e.g. in case
of n-type silicon phosphorus as a possible donor.

The present thesis is dedicated to these PassDop layers and the related pro-
cesses for n-type silicon. The focus is not only on the development of such
layers, but also on understanding the implications of using such a laser pro-
cess, e.g. of impurities like nitrogen driven into the LBSF.

Outline of the Thesis

Chapter 2 gives an introduction to the recombination processes relevant
to crystalline silicon. First the general recombination mechanisms are de-
scribed, then more specific topics like the recombination at local contact
structures is discussed. The recombination factor J|, is introduced as well as
its specific components that can be attributed to the specific recombination
regions of the device.

In Chapter 3 the basic characteristics of silicon solar cell devices are dis-
cussed. In addition, Quokka as a device simulator is introduced, as it was
used to simulate these characteristics in Chapter 8.

Chapter 4 gives a short introduction into the technology that was used to
deposit the PassDop layers: Plasma-Enhanced Chemical Vapor Deposition
(PECVD). The main plasma techniques that were used are described in brief
as well as the PECVD reactors.

In Chapter 5, a short review on the technology components of PassDop is
given, namely passivation of crystalline silicon by a-SiC, or a-SiN, as well
as laser doping. While each of these technologies is not new on its own, in
case of PassDop they are combined creating a new concept of structuring the
rear side selectively. The sequence necessary for the PassDop approach is
described as well as the requirements for the PECVD layer. Finally a brief
overview over the PassDop layers is given, those developed by Suwito [19]
as well as within or aside of this thesis.

In Chapter 6, the PassDop layers that were developed and characterized
throughout this work are described. In the first step, improvements to the
original PassDop layer based on SiC, are described. Here, the main focus is
on improving the thermal stability of the stack as well as enhanced doping
efficiency. In a second step, an alternative based on SiN_:P was developed
with the focus on low-temperature (< 450°C) cell processing is presented.

11



1 Introduction

For this layer it is evaluated if a single layer can be used to achieve the electri-
cal requirements (high LBSF doping and good surface passivation) for Pass-
Dop. In addition, two-layer stacks are investigated as well, with a dedicated
a-Si:P doping layer being placed on top of the SiN,:P layer. Finally the in-
fluence of dopants close to the c-Si/SiN, interface is studied by removing
the dopants from parts of the layer stack. In the last section of this chapter,
the development of the firing-stable PassDop (fPassDop) process is outlined.
This PassDop layer is based on SiN :P as well, but in this case the passivation
should deliver a good performance after a corresponding firing process at
around 750 °C. Similar to the low-temperature approach, both a single layer
as well as double layer stacks are studied, for the latter in different variants.

Chapter 7 is dedicated to the PassDop LBSF. The first part in this chapter is
mainly about profile characterization, where both micro- as well as macro-
scopic methods will be investigated. Not only dopant concentration and (in
case of microscopic methods) distribution/uniformity were studied, but the
inclusion of impurities originating form the PassDop layer as well. The fo-
cus here was on nitrogen and more specifically the fPassDop process. The
influence of the impurities on the laser process as well as the doping profile
measurement is discussed. In addition, improper ablation as well as forma-
tion of (possibly unwanted) by-products of the laser process are investigated.
The second part is about the recombination in the LBSF. Based on the the-
ory outlined in Chapter 2, S, for the PassDop layers is determined and the

met
influence of annealing processes on the recombination is investigated.

Finally, in Chapter 8, the performance of the developed PassDop layers at
the device level is investigated. Both small-area cells are presented as well
large area cells. In case of fPassDop, cells featuring screen-printed front side
contacts are presented, in case of the low-temperature approach, cells with
Ni- and Cu-plated front contacts. For comparison of the characterization
samples to the devices, Quokka simulations are performed selectively leading
to a loss analysis and a better judgment of the potential of the respective
approaches.

12



2 Recombination in Crystalline
Silicon

Recombination of charge carriers is defined as the opposite of genera-
tion. While generation is a dynamic process leading to an increase in
the electron/hole states being occupied in the conduction/valence bands,
respectively, recombination leads to a decrease of those.

For a solar cell device, it is essential that the carriers generated by light
irradiation can be extracted to provide electric energy to the external
circuit. If recombination occurs, carriers are »lost« and thus a reduction
of this energy will be the result as they cannot contribute to the current
extracted from the device anymore. Thus, for an efficient solar cell de-
vice, it is important to reduce recombination as much as possible and
therefore to be able to quantify the respective contributions.

It should be pointed out, that while precisely understanding generation
is equally important, it will not be described here. A detailed description
can e.g. be found in [20].

The recombination processes can be divided into two categories: i) in-
trinsic recombination, which is fundamental to the semiconductor de-
vice and ii) extrinsic recombination, which is not present in a »perfect«
semiconductor, but present in actual devices, i.e. due to material defects.
In this section, the basic recombination processes are described and the
models used throughout the thesis are given.

2.1 General Aspects

If the semiconductor is in thermal equilibrium

2
ny - Py = My g (2.1)

Where n, and p, are the respective electron and hole concentrations at equi-
librium [21]. n;.q is the effective intrinsic carrier concentration. Since the
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2 Recombination in Crystalline Silicon

semiconductor is in thermal equilibrium, the rate of generation (G,) and re-
combination (R,) must be equal, thus G, — R, = 0.

Light excitation with an appropriate light source will lead to absorption of
light and therefore generation of carriers at a rate AG, thus

n=mny+ An (2.2)
p=p,+Ap, (2.3)

with An and Ap the excess carrier densities for electrons and holes, respec-
tively. Since only pairs of electrons and holes can be generated, it follows that
An = Ap and therefore in the following only An will be used as a notation.
As soon as the semiconductor is not in thermal equilibrium anymore, the ex-
cess carriers will lead to an increase in recombination at a rate R leading to
the continuum equation

ony + An

5 = (G, +AG) - (Ry+ R) (2.4)

and since n, is a constant and G, — R, = 0

94n _ G _R. (2.5)
ot

2.2 Minority Carrier Lifetime

It can be shown, that the decrease in An follows an exponential decay [21].
The time constant of this decay is called the »minority carrier lifetime« 7, or
short »lifetime«:

_ A

R (2.6)

T

The lifetime can also be expressed in relation to the diffusion length of the
minority carriers [21]

L =+VDr. (2.7)

7 can be used to describe how fast carriers in the semiconductor will recom-
bine after generation. Since the recombination rates in different areas of the
device (e.g. emitter and base) will differ, it makes sense to differentiate be-
tween several recombination mechanisms and rates. They will be discussed

14



2.2 Minority Carrier Lifetime

individually in the next sections. The recombination rates of the different
mechanisms can be added up

R= )R, (2.8)
i
and thus the respective lifetimes z; will add up reciprocally

% = Z Tl (2.9)

2.2.1 Radiative Recombination

The reverse recombination process of the carrier generation by photons is
called radiative recombination. Thus an electron and a hole »recombine«,
meaning that the electron is transferred to the valence band, occupying the
place of the hole. After recombination, the electron and hole no longer con-
tribute to the conductivity of the device. The energy gained by this exchange
is emitted as a photon with an energy above the energy of the bandgap. The
rate at which electrons and holes recombine is described by the recombina-
tion rate R,,4 and is dependent on the product np of the carrier densities

Ryag = Brag(np — 1 ), (2.10)

with B, 4 being the recombination probability for the radiative recombina-
tion process.

In case of an indirect semiconductor like c-Si, the excess momentum has to be
absorbed by a phonon and therefore B, is relatively low, meaning that most
likely other recombination processes are dominant. In a more precise theory,
the coulomb attraction of electron and holes has to be taken into account
[22] as well as—at higher excess carrier densities—the coulomb screening of
carriers [23]. As the emitted photons have E, > E,, they can be reabsorbed
by the semiconductor and thus generate carriers again. Due to the above, in
an indirect semiconductor, this only plays a role in case of (optically) thick
semiconductor material.

Today, the radiative recombination is usually incorporated into the model
describing the Auger recombination, as given in the next section.

15



2 Recombination in Crystalline Silicon

2.2.2 Auger Recombination

In the radiative recombination, the excess energy is transferred to a photon
being emitted. However, it is possible to transfer the energy to a different
particle, namely an electron or a hole, which is then excited into a higher
state within the band and may subsequently drop into a lower state by sub-
mitting the energy to the crystal via inelastic impacts [24]. This process is
named »Auger« recombination after Pierre Auger who observed it for X-ray
excitation of matter [25].

As described above, Auger recombination is a three particle process. As the
excess energy can be transmitted to an electron or a hole, two Auger pro-
cesses can be defined, »eeh« and »ehh« Auger recombination, respectively.
The respective recombination rates are

Reen = Cnnzp (2.11)
Ry, = Cynp® (2.12)

with €, and C,, the Auger coefficients for the respective processes. Over the
years, a number of models describing Auger recombination have been pre-
sented, e.g. [26—-34]. The reasons for the newer models are twofold: the first
is that the coulomb attraction of the carriers was introduced by Hangleiter et
al. defining »Coulomb-enhanced« Auger recombination. The second is that
improved passivation processes led to the conclusion, that previous param-
eterizations overestimated the Auger recombination rate and thus lifetimes
exceeding the limit predicted for crystalline silicon at the given dopant con-
centrations were determined.

16
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2 Recombination in Crystalline Silicon

Equation (2.14) includes radiative recombination described by the parame-
ters B, and B, The latter is the recombination coefficient describing the
radiative recombination in low injection density and for lowly doped silicon,
for which commonly the value By, = 4.73 X 10715 cm? s™! determined by
Trupke et al. [35] is used. The former, B,,, was introduced by Altermatt et al.
to describe the Coulomb screening mentioned above [23]. As in c-Si, radia-
tive recombination is low compared to Auger recombination, especially for
highly doped or highly injected material, it is usually safe to assume B, = 1
[34].

2.2.3 SRH Recombination

Intrinsic (radiative and Auger) recombination would be enough to describe
the recombination in a perfect crystal. Real crystals however are not per-
fect and material defects are present. These defects can provide a defect/trap
state (E,) within the bandgap which carriers could utilize for indirect band-
to-band interaction. If such a defect state can capture both an electron and
a hole carrier recombination occurs usually without the emission of a pho-
ton, although this process would be possible as well, but with E; < E, due
to the two-step process [36]. Normally the energy is absorbed either by the
crystal or another carrier. While the focus is usually on recombination, i.e.
an electron is captured from the conduction band and emitted to the valence
band while capturing a hole, re-mission to the same band is possible as well,
which can be visible in dynamic measurements [37, 38].

Shockley, Read [39] and Hall [40] (SRH) found that the recombination at such
defect states can be described using statistic methods. Hence the model is
commonly call Shockley-Read-Hall (SRH) recombination. For a single, dis-
crete defect state they determined the recombination rate

2
(np — ni,eff)vthNt

Rspy = (2.17)

-1 -1
o, (n+ny)+o, (p+p)
with o, and o, the capture cross sections for electrons and holes, respectively,
vy, the average thermal velocity of the carriers and N, the density of the
defect states. The parameters n; and p, are defined as

Et B Ec
ny = N, exp T (2.18)
B
EV B Et
pr=Nyexp | ——— (2.19)
B
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2.2 Minority Carrier Lifetime

with E_ and E, the energy levels of the conduction and valence band, re-

spectively. N, and N, denote the respective densities of states in the bands.
This leads to the SRH lifetime

ny+n; +An Py +p+An
T
ng+py+An  "ny+p,+ An

TSRH = Tpo (2.20)

where the decay constants 7,,, and 7,,, are characteristic for the defect. These
are defined as

1

Tpg = ———— 2.21
1

To= —— (2.22)

From Equation (2.20), some observations can be made. The first is that zqpy
is—via 7, and 7,y—inverse proportional to the defect density. This means
that more defects will lead to a reduction in the lifetime. The second obser-
vation is that doping will lead to one of n; and p, being negligible, in case of
p-type silicon, this is n; as N, > N_. Therefore 7, is much more important
than 7, as is the capture cross section for electrons. Thus, if the defect has
a low capture cross section for electrons, the defect will reveal low recombi-
nation activity in p-type silicon. It might however, depending on ¢, have a

high recombination activity in n-type silicon.

2.2.4 Surface Recombination

In a real device, the crystal eventually has to end, thus exhibits a surface. At
this surface neighbouring atoms are no longer available and thus atoms can
exhibit either »dangling« bonds or impurity atoms are adsorbed. This can
lead to a high density of defects with energy levels within the bandgap thus
leading to recombination.

To describe the recombination at this surface, the SRH formalism was adapted.
In earlier forms by Shockley [21], Fitzgerald and Grove [41, 42], as well as
Gunn [43] and in it’s commonly currently used form by Girisch et al. [44],
which was extended by Aberle et al. [45]. The basic idea is to assume not a
single defect state, but instead a continuum of defect states over the bandgap.
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2 Recombination in Crystalline Silicon

The recombination rate R, is then achieved by integration over these states

R, =(n,p, — nieﬁ)-
/Ec Vih - Dit(Et) dE (223)
E, oy (E) - [ng+ ny(E)]+ 05 '(EY - [ps + py(EY]

with ng and p, the respective carrier densities at the surface.

Some authors (e.g. [46, 47]) use the definitions S, = D;, - 6, - vy, and
Sp = Dy - 0, - vy, to represent R,. These parameters have the form of a
velocity (usually given in cm/s), which highlights one of the features of the
SRH formalism for surfaces: The recombination can be limited by the supply
of carriers represented by the influence of the thermal velocity of the charge
carriers v, which—at 298 K—has a value of approx. 1 x 107 cm/s.

Thus, it is common to define the »surface recombination velocity«

RS
(2.24)

S =—
An

which is a measure of the velocity at which carriers recombine. However,
the surface passivation (or surface doping) may induce inhomogeneities in
An close to the surface, e.g. due to band bending or fixed charges. Therefore
one usually refers to An further within the bulk where An can be considered
homogeneous. The depth at which An is taken is defined by the depth x,
of the space charge region induced by the band bending/fixed charges. This
leads to the definition of »effective« values, which refer to An@x, rather
than to the surface An. Thus, the effective surface recombination velocity
S is

RS
. (2.25)

Seﬁ: E
X

SCr

Usually, S.4 cannot be measured directly, but instead the lifetime is mea-
sured. Due to the limit by v;;, as mentioned above, the maximum for S g is

usually assumed to be S,z = vy, & 1 X 10’ cm/s@T = 298 K.
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2.2 Minority Carrier Lifetime

Similarly to S and S.g, if taking the effect of a surface (z,) into account,
the effective minority carrier lifetime 74 is used instead of 7. The relation
between 7, and S.4 is given by

1
;—zaéD, (2.26)
S
S+ S
tan(ayW) = 1—51252 (2.27)
aoD — (XO_D

where S, and S, denote the respective effective surface recombination ve-
locities of the two wafer surfaces and « is the smallest eigenvalue solution
of the second equation [48]. Larger eigenvalues correspond to higher modes,
but usually only the fundamental mode is considered. In this case, the effec-
tive lifetime is given by

— ==+ —. (2.28)

Shockley [21] already gave an approximate expression for a(Z)D resulting in

28
1 _1_ 1_ 1 20 (2.29)

Toff T, T 7, w

where W is the wafer thickness. Sproul [48] further analyzed the relation
of 7.4 and S.g showing that the above expression is valid for symmetrical
samples with an accuracy of 4 %, if S.gW /D < 0.25. In case of a wafer
thickness of 200 um and a base resistivity of 1€ cm, this would mean that
S < 140 cm/s. This is the expression, that is most widely used in the photo-
voltaic research community as these requirements are normally well fulfilled

when investigating passivation performance.

It should be noted, that in section 7.2, samples will be analyzed for which
this limit will be exceeded (SiN PassDop before annealing). Sproul gave a
approximation for 7, in such a case

2
T W+l<W>’

= 2.30
ST 285 D (2:30)

T

which holds over the complete range of S 4 with an accuracy of 5 %. A com-
parison of the two terms showed that Equation (2.29) without the additional
term will lead to an under-estimated S g. This will lead to a systematic error

in S, (see the next sections) of approx. 10 %. However, as .S, in those
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2 Recombination in Crystalline Silicon

cases is too high anyway (in the range of 4000 to 5000 cm/s, accuracy was
not of importance and thus the higher error in favor of a simpler evaluation
was preferred. While the above is valid for a symmetrical sample structure,
it is not valid if the sample structure is asymmetric, like it was used in Sec-
tion 7.2. Here, we have the situation of .S; < 5cm/s while S, can be in the
range of 5 to 300 cm/s. Sproul did calculate an approximate solution for the
case where S| is close to zero and while this would be a good assumption if
S, reached its maximum, it would be wrong in case of a lower .S,. Instead,

calculations using Equation (2.27) showed that

S+ S
1_»=1t+2 (2.31)
T, w

can be used, but with an increased systematic error in case of §; < .S,.
This expression was already used by Rauer as well [49, 50]. For .§; = 5,, it
is identical to the previous approximation in Equation (2.29) and therefore
the same limits apply. If S; # S, the error will increase with increasing
difference of the two and therefore it has to be considered, that a lower Lp
will lead to a larger systematic error in the determined S.4. For the most
extreme situation in Section 7.2, with .S; ~ 5Scm/s and S, ~ 300cm/s the
error was in the range of 9 %, which is acceptable. Similar to the argument
above, for these specific samples, the S, .. was too high anyway (thus the
high S.¢) and therefore the precise knowledge of S.4 was not as important.
Thus for these samples, Equation (2.31) was used despite the larger error.

2.2.5 Fischer Model for S,

For the evaluation of a localized contact structure, the recombination is
a key element in the characterization procedure. Some attempts were
made to describe the recombination at such inhomogeneous structures,
i.e. by Sterk, based on device simulations [51].

While the most recent description for such a model was provided by
Saint-Cast et al. [52], it was the model of Fischer which was adopted
in the photovoltaic research community, e.g. in [53-55]. Thus it was
used within this work for comparisons and therefore is described here,
based on [56]. For a more detailed description, the reader is referred to
the cited work. This evaluation assumes, that the device is in the dark.

As the description of a localized structure will depend strongly on the dis-
tance of the contacts, the spreading resistance will be a key parameter as this
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2.2 Minority Carrier Lifetime

describes the carrier transport for such a situation. The spreading resistance
R, for point contacts as determined empirically by Cox and Strack [57] was
used in this work:

cR

spr = ! arctan < 2W > (2.32)
2Jz-r'cont rcont

Here o describes the conductivity of the wafer, W the wafer thickness and

Feont the contact radius.

For the definition of the series resistance Rg, two limits are interesting

Rs =R, L’ for L, > W (2.33)
R = pW for L, < W (2.34)

where L, is the distance between two contacts (»pitch«) and py, the wafer
resistivity.

In the first case L, > W each contact can be viewed individually as interac-
tion of the contact is negligible and thus Rg is mainly defined by the area the
contact occupies. In the second case, the current flow will be almost parallel
and thus Rg is limited by the series resistance of the wafer. While the sum
of the two components already is a good approximation, Fischer introduced
a correction term —p, W exp(—=W/L,) to prevent a larger error for large L,,.
This leads to the series resistance Rg

oRs = oRy, L2+ W [l —exp (-W/L,)] (2.35)

with the conductivity ¢ = 1/py,. According to Fischer, this expression for Rg
holds over a wide range of metallization fractions as well as L,, (in compari-
son to W).

Rg can be used to calculate the diffusion resistance and thus the current flows

from and to the contacts. This results in an expression for .S,

_ /4 1
Sl =6RD—— + ——— 2.36
cont o S D fmetSmet ( )

with S, ., the surface recombination velocity at the metallized surface and
fmet the metallization fraction. For a detailed derivation of this relation, see
[56]. Equation (2.36) holds true both for point contacts as well as line contacts
as no assumptions concerning the contact geometry had to be made.
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2.2 Minority Carrier Lifetime

2.2.6 pLPA Model for S,

If one wants to use the model for S g of a locally structured surface as
proposed by Fischer [56] (»Fischer model«) described in the previous sec-
tion, the knowledge of the contact boundaries (e.g. r,,;) becomes a re-
quirement, thus assuming a homogeneously varying surface. However,
e.g. due to fluctuation in the laser power, the contact size might vary
over the surface. This can be problematic, since in the Fischer model, a
small variation inr,,, can lead to a large variation in the required S,
to describe S g

The goal of the new model by Saint-Cast et al. was therefore to define a
set of parameters describing the recombination of the Locally Processed
Area (LPA) but without a dependence on the contact boundaries or at
least with a dependence that is reasonably low [58].

The description of the model outlined here is closely bound to the work
presented by Saint-Cast et al. [58]. For n-type silicon, the description
in the referenced article is incomplete and for lines, corrections were
necessary. Thus—with the help of Saint-Cast [59]—an extended version
is presented and the analysis for a selection of n-type samples is shown
exemplarily.

The term LPA is used extensively in this section and always refers to
a local recombination inhomogeneity in an otherwise well passivated
silicon surface, thus S, ,, > S

pass®

The pLPA Model

The central parameter used by the model is the point or line recombination
of the LPA: p;pa, which is defined by the surface integral

PLpANLPA = / S(x, y)An(x, y)ds (2.40)
LPA

with nyps being the average excess carrier density on the LPA, An(x, y) the
local excess carrier density and S(x, y) the local surface recombination ve-
locity. Instead of evaluating An and .S locally, a macroscopic view on the
problem is established to be able to determine p; p4 by non-localized methods
like Quasi-Steady-State Photoconductance (QSSPC). If the surface contains
many LPA, then the recombination current density on the LPA is

Jipa = 4N1paPLPAPLPA (2.41)

25



2 Recombination in Crystalline Silicon

where Nip, is the LPA surface density. As usually Sy > S5, the carrier
density at the LPA will be lower than at the passivated area:

npass > Neg > nypa- (242)

Npass and neg are the average carrier densities at the passivated surface and
the effective value for the complete surface, respectively. In addition, due to

the higher S|, the area fraction f,,., is usually kept low, thus:
A
foet = —2 < 1. (2.43)
pass

The definition of the effective surface recombination velocity S.4 by Saint-
Cast et al. relates the effective recombination current density to S.g [52]:

Jett = @Sett [Mpass(! = finet) + Mrpafimer] (2.44)
Using equation (2.43) and relation (2.42):
Jeft B qSeftMpass (2.45)
The definition of j, [52] is:
Jpass = ASpass/pass (2.46)
Jefr 1s also the sum of the respective contributions jp,. and jipa:
Jeff = (1 = finet)Jpass T Jipa (2.47)

Using the definitions of j,. and jips (Equation (2.41)):

Jeft = g(1 - fmet)Spassnpass + qNLPApLPAnLPA (2-48)

~ quassnpass + qNLPApLPAnLPA (2-49)

Combining Equation (2.47) and (2.49) results in a relation of S.g to pipa:

NLpA
Seff ~ NLPApLPA + Spass (2-50)

pass

This seems already close to the desired result, but for an evaluation, the rela-
tion of the average excess carrier densities nyp, and n, is required. Since
Jegr TEpresents a recombination current density that does not directly cor-
respond to local inhomogeneities, a fraction of the LPA recombination cur-
rent will have to be transferred onto the passivated surface for the non-local
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2.2 Minority Carrier Lifetime

—— Local recombination current
-- Effective recombination current

LPA

Recombination current on the rear (a.u.)

Position rear (a.u.)

Figure 2.1: Schematic of the recombination current profiles showing the actual re-
combination currents (j,,. and jip,) as well as the effective j 4. Taken from [58].

representation as illustrated in Figure 2.1. This transfer of excess carriers is
specified by diffusion properties and thus given by the diffusion resistance

Ryige
Mpass — NLPA = Rdiff [jeﬁ(l - fmet) - jpass(1 - fmet)]

(2.51)
~ quiff (Seff - Spass) Npass>

considering, that f,,., < 1 and using the Equations (2.45) and (2.46). This
leads to an approximation of the relation of the average excess carrier densi-
ties

n1pa

~ 1 — qRyigr (Ser = Spass) (2.52)

ass
Mpass P

and therefore to (using Equation (2.50))

NipaPrpa LS

= (2.53)
1 + qRgigNyipaPLpa pass

Seff

This means, that the difference S4—.5,,,; depends on the LPA recombination
Prpa, the LPA density Njp, and the diffusion resistance Ry While Nypa
is easy to determine (usually by measuring the distance between two LPA),
calculating the diffusion resistance R is more difficult.

Influence of the Diffusion Resistance

Saint-Cast performed some calculations for R, which will not be repeated
here [59]. If assuming either a surface opposing the LPA with a perfect
emitter (negligible Rg;..¢) or no junction, with a homogeneous carrier den-
sity, as well as a homogeneous recombination current density on the LPA
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2 Recombination in Crystalline Silicon

and on the passivated area, R g can be calculated in approximation. The re-
sult is shown in Figure 2.2. In the graphical representation, the normalized
diffusion resistance r ;s is used. This is defined as

For Points: 74 = qRig N1pAT cont (2.54)
For Lines: rqig = quiﬂ:NLPA (255)

where the second equation was missing from [58]. As Fig. 2.2 shows, rggX D

10’ . " ey -
Fraction of LPA 1% (a)fw>>e (c)
(=}
8 Q1O o ‘
% ><t rdmemp-O_206 -40%
la L‘-LE Rl __-ﬁnl
o 1 10F ¥ 1
c a = Samples w/. emitter
g a° *  Samples w/o emitter
2 X 10° oot :
5 © Fracti fLPA 1% i W>>a
o raction o
5 X .(b) (d)
N » 10 ’
N o 10F 1
g o]
s X roXD_~138 _.° _
z2 X o -63%
(sp 3 I
10" " P F .

10° 10* 10” 10° 0.1 1 10
Normalized half LPA width-a/W  Area fraction of LPA [%)]

Figure 2.2: Normalized diffusion resistance as a function of the normalized contact
width for point (a) and line (b) contacts. Normalized diffusion resistance as a func-
tion of the LPA fraction for point (c) and line (d) contacts, if W' > r .. 7., in the
graph is denoted as a. For line contacts, the description on the ordinate is wrong
and the definition as of Equation (2.55) should be considered. The figure was taken
from [58].

(D being the diffusivity) tends towards a constant value if W > r_ .. This
is the case for both point as well as line contacts. Given a common con-
tact geometry of r.,, = 25 pm for point contacts, g can therefore be as-
sumed constant, as long as W > 120 pm, which is the case for all wafers used
throughout this work. For line contacts, r ;4 is more critical. For a typical half
width of r_ . = 15 pm, a wafer thickness of W > 700 pm would be required

cont —
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2.2 Minority Carrier Lifetime

to reach the range of a constant r,;5. For a more realistic wafer thickness of
W =200 pm, the influence of r.,,, on rgg becomes significant.

The right half of the graph shows the dependency of r;s on the LPA area
fraction. While the dependency is only slight, it can still be significant, if
a high area fraction is used. Thus, if an area fraction in the range of 5 to
10 % and assuming a constant r 4, one has to consider, that r ;¢ will be over-
estimated. This is especially the case for line contacts, where an area fraction
of 2 % or above is common.

Effective Point Recombination

If the influence of Njp, is low, rgg can be considered constant. Thus in
Equation (2.53)

N,
LPAPLPA LS

For Points: S g = o pass (2.56)
1 + rcolntpLPA
N
For Lines: S g = _teAPiea Spass (2.57)

1 + rgigPrpa

the denominator will only weakly depend on the LPA density and an evalu-
ation in the form of

Seff = pePfNLPA + Spass (2‘58)

can be made with p.4 assumed constant for a given LPA. p g is called the
effective point recombination and describes the recombination of the surface
including both the passivated area and the LPA independent from the LPA
density. Thus, it can be used to perform an evaluation and comparison of
different LPA without the knowledge of r ., but just using a linear regres-
sion as will be shown exemplarily for SiN PassDop Genl in Section 7.2 (see
Figure 7.17b on page 174). Although the range of area fractions used here
(Minimum: 0.6 %, Maximum: 10.8 %) is quite large and a decrease in r g of
approx. 30 % would be expected, the linear regression still can be used to es-
timate p.4 and variations in the PassDop performance for the respective area
fractions are much larger than the systematic error made by overestimating
rqig for a high Nipa.
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O p_, forinvestigated layers

1 02 ® Example for unevaluatable p —_—1 1 02
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Figure 2.3: p_; and p;p, in relation to r_,,, for point contacts as of Equation (2.59) on
1 Qcm n-type c-Si. The solid blue asymptote indicates infinite p;,,. To properly
evaluate p;;,, the determined values should be well below this asymptote. The
open squares show the values that were determined for the PassDop layers (see
Section 7.2). In addition an exemplary point for an unevaluable p, ,, was included
as well. This graphic is based on [58], where an equivalent for p-type material is
shown.

A comparison of Equation (2.53) and (2.58) yields a relation between p.4 and

Prpa:
: 1 1 rdi
For Points: = 4 it (2.59)
Peft Drpa Feont
For Lines: Lo + 1 i (2.60)
Peft  PLpA
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2.2 Minority Carrier Lifetime

However, before just calculating p;p,, one should consider the case where
prpa is very high, thus pfFl,A <K TgiglFeont (for point contacts). This means
that

1 Fdiff

For Points: — =~ (2.61)
Detr Feont

For Lines: L R T i (2.62)
Defr

and therefore a precise evaluation of p;p, is not possible and the errors in de-
termining r ., and 74 will dominate. What this means is that the balancing
of the recombination currents is limited by diffusion and therefore a varia-
tion in p;p, does not result in a significant change in p.4 anymore. The effect
is illustrated in Figure 2.3 for point contacts on n-type 1 Q cm material. The
point marking the respective r_,,, and p.4 should be well below the asymp-
tote that represents the case of p;py — o00. This also leads to the observation
that the lower the p; p4, the better the evaluation will work and the lower the
(relative) error will be, as the errors of ., and r g will have a smaller in-
fluence on the result. In addition, the calculation of S 4 will be more precise
as was shown in Section 2.2.4, which further decreases the systematic errors
during the evaluation.

Calculation of S|,

While p g and p;ps offer good service for comparing different processes, they
are not much use for simulations, at least with the usual implementations.
For that an S} or a Jg, ¢ is required. The former can be calculated from

Prpa by
S Prpa

met —

(2.63)
Arpa

where A;p, is the area of the LPA, or in case of lines, the width. It’s important
to note here, that A;p, does not necessarily have to match the geometry
of the LPA (but in most cases it should), but rather the geometry defined
in the simulation. The S|, defined here then corresponds to an .S, ., that

has to be assumed for the given geometry in the simulation to match the
experimentally determined p; p,.

Error Calculation

For each parameter there are a set of parameters that have been identified
to have the strongest influence on the result. The calculation here was only
performed for point contacts.
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+ Dp.g: Deviation of processes

* Prpa’ TaiF and regpy

* Omet* Fconts (Weakly: r diff)

Peftf

In case of p.g, the uncertainty from the linear regression was used.

PrpA

For the propagation of uncertainties the partial derivate method was used.
This yields the following relation

1 4 . 4.2 2 )
contSPeff T Pegt” dirS cont T Pest! contS! dift

(rcont - peffrdiff)4

r

SPrpa = (2.64)

for the uncertainty sp;pp of pypa, With sr .., SFqi¢ and sp.g being the uncer-
tainties of the respective parameters.

It should be noted, that while during the evaluation of p.4 a systematic er-
ror for rg g was made—which could be interpreted as a larger uncertainty
srgg—this would only influence sp.4 and not srg in this calculation. The
reason for this is that the calculation of p;p, Will be performed with a certain
Njpa density in mind, as used in the solar cell. Within this range, r 44 is well
known, although the calculation of p; ps (and hence sp;p,) might have to be
redone if a different LPA density is selected.

S

met

Similar to p;ps, the partial derivate method was used for S, as well. Thus

2 2 2 2
\/ I cont3P LPA+4p LPAsrcont

6
rcont

SSmet = . (265)

describes the uncertainty of S

met for circular point contacts.

Due to the additional quadratic influence of r,,, in Equation (2.63), the in-
fluence of the uncertainty of ., on .S, ., is quite high. Assuming a relative
uncertainty of 10 %, commonly a relative uncertainty of 35 % was calculated
for S, This again emphasizes the value of p.s and p;ps, for which the

influence of r ., (and its uncertainty) is much lower.
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2.3 Recombination Factor J

It should however be noted that the above calculated 5.5, is only rele-
vant if comparing different methods or processes, thus if a comparable value
is required. In case of a device simulation, the area is well defined (thus
ST eont/Teont = 0) and the relative uncertainty of S, . is the same as that of
prpa- Thus the input value for the device simulation can be determined at
significantly better precision.

2.3 Recombination Factor J,

The definition of J, was originally derived from the 1-diode equation (see
Section 3.1).

JWV)=J, [exp <ﬂ> - 1] - Jg (2.66)
kgT
Shockley called it »saturation reverse current density« [21]. Under reverse
bias at the diode (pn-junction), one would not expect any current to flow, due
to the formation of a depletion region. There will however be a small current
consisting of carriers (electrons in the p- and holes in the n-type zone) that
are generated within a diffusion length of the pn-junction which can cross
the junction. Thus, for J, it can be found that

JO = qGO(Ln + Lp)9 (267)

with L, and L, the diffusion lengths of the minority carriers in the respec-
tive zones [60]. As G, = R, at thermal equilibrium (no external genera-
tion of carriers), J,, can therefore be viewed both as a recombination as well
as a generation current, depending on the interpretation (»saturation« due
to being limited by thermal generation). For c-Si, J, will usually be below
1 pA/cm? and therefore it cannot be directly measured although theoretically,
this would be possible. And even if one would be able to measure it, the pre-
cision of the measurement would likely not be good enough, as for a good
solar cell the target is rather J, < 100fA/cm?. Instead other methods are
being used to determine J, e.g. from lifetime measurements, as was shown
in the previous section. Therefore Cuevas proposed the name »recombina-
tion factor« for J, to underline its role in the characterization of solar cells
[61].

It should be noted that J|, is considered constant and independent of V. This
however is only true if the device strictly follows the relationship outlined in
Equation (2.66), thus behaves like an »ideal« diode. In some cases this does
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2 Recombination in Crystalline Silicon

not hold, many of which have been discussed e.g. by Glunz [62] and McIntosh
[63]. Instead of making J, injection-dependent (thus dependent on An and
hence V') an ideality factor # is introduced, which for an ideal diode would be
n = 1. Depending on the dominant recombination mechanisms of the solar
cell, the ideality can range from 2/3 (Auger-limited) to 2 (SRH-limited) [20].
The second method to account for injection-dependent effects is commonly
the introduction of a second diode. This method is not described here, the
reader is referred to the literature, e.g. [20].

Since minority carriers can be generated in either of the doped regions, J,
can be split into two components

Jo = Joe + Job (2.68)

where J,, and J, refer to the respective contributions of the emitter and the
base. These components and their sub-components will be discussed in the
next sections.

2.3.1 Emitter Recombination Factor J,,

Usually, the emitter recombination factor J, is determined using the method
of Kane and Swanson [64]. This method assumes that the emitter is in low-
injection (due to the high doping, this is usually the case) and the base is
high-injected (An > 10 - Np). In addition, it is assumed, that An is homoge-
neously distributed. Then J,. can be determined from S.4 by

2
qni,eff

Joe = Sett g R
D

(2.69)
Reichel et al. showed that Equation (2.69) can be used in low-injection of the
base as well [65]. In this case however, the base recombination (see Equation
(2.29)) must be well known, e.g. by the use of Floatzone (FZ) material with
well known wafer thickness and base doping.

If the metallization fraction f, . is low enough (f,,.; < 1), J, can be further
splitted into area-weighted components for the passivated (Jo ) and the
metallized (Jo, ,,et) fractions of the emitter

JOe = JOe,pass ) (1 - fmet) + JOe,met ) fmet' (2-70)
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2.3 Recombination Factor J

2.3.2 Base Recombination Factor J,

For the base recombination factor J,;,, McKelvey derived an expression, as-
suming a low-injected base [66]

2 SegL w
B qni’eﬁD[ o T tanh T ]

Jop = (2.71)
NpL Sexl w
D I+ D tanh 7
Here, D is the diffusity and L the diffusion length of the minority carriers in
the base. W is the base thickness. This expression was further analyzed by

Godlewski who derived some expressions for special cases [67].

Similar to J, J, can be split into components.
Job = Job| 5 o + Jos: (2.72)

where J,, parameterizes the recombination due to the surface solely and
Job| S.=0 is the recombination in the base excluding the surface

2 0- w 2
gn D 75 +tanh X gD g
befl [ D L }: el tanh 22 (2.73)

S0 NpL

Job

I+ % tant | NplL

This however only makes sense if L > W, which is usually a safe assumption
if defect recombination in the base is low, as common wafer thicknesses are
below 500 pm.

Js can be calculated from Equation (2.71)

Jos = Job = Job 5, 0 (2.74)
SogL
qnizeffD % + tanh % qnizeffD W
= — <7 - — tanh —. (2.75)
D L
Since L > W

L tanh w < 0.002, for n-type c-Si (2.76)

D L
% tanh % < 0.0007, for p-type c-Si (2.77)
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2 Recombination in Crystalline Silicon

and therefore for a reasonably low S.4 (e.g. <50cm/s, depending on the
required precision)

2
qn:
Joo 7 Sog—2 (2.78)

eff ND’

which does look familiar, as it is the same as Equation (2.69) (Kane & Swan-
son) if assuming low-injection (An <« Np), which is a good approxima-
tion. e.g. for n-type silicon, the error is below 3% if S.¢ < 10cm/s on 1
to 100 2 cm.
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Figure 2.4: Transient QSSPC measurements for 1 and 4.5 Q cm material passivated

by SiN PassDop Genl in comparison to the predicted lifetime based on Equation
(2.14) and (2.79) as well as simulations using Quokka for the same J|,.

L1

In fact the relationship between J, for undiffused surfaces and Equation
(2.69) goes even further. If the surface passivation contains fixed charges,
an accumulation or inversion layer due to band bending will be the result
and therefore a similar situation to that of a surface diffusion. Thus similar
assumptions can be made and the same as Equation (2.69) would be the result
for J

2
qni,eff

Jos = Set N A

(2.79)
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2.3 Recombination Factor J

which was used to determine J,, throughout this thesis, although commonly
in low-injection (at An = 0.1 - Np). Figure 2.4 shows the comparison of
this model for J fitted to the lifetime measurement of SiN PassDop Genl
on 1 and 4.5Qcm. In addition, the graphs show the injection-dependent
lifetime results determined by Quokka using exactly the same values for J)y,.
As can be seen from the graph, all of the three are in good agreement. The
remaining differences can be attributed to an imperfect injection-dependency
of the surface passivation as well an uncertainty in the base doping of the
substrate.

Thus it can be concluded, that Equation (2.79) can be used throughout the
investigated injection range despite the lack of a surface diffusion. However,
if the injection-dependency of the surface passivation gets too strong, a more
complex model might be required, e.g. [32].
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2 Recombination in Crystalline Silicon

2.3.3 J, for PERL cells

For a Passivated Emitter and Rear Locally Diffused (PERL) cell, the rear side
is not fully passivated, but instead locally removed or damaged, to allow for
a localized contact formation. Thus both S.4 and J,, will not be homoge-
neously distributed. If the metal fraction f,,., is low, J,, can be splitted into
the area-weighted contributions [51]

JOs = JOb,pass : (1 - fmet) + JOb,met ’ fmet’ (2'80)

where Joy, 5,5 and Jop, ¢ are the J; contributions for the passivated and met-
allized areas, respectively. While Jy, . should be determined using Equa-
tion (2.79) on unmetallized structures, Jyp, ¢ can be calculated from S,
using Equation (2.69)

2

ieff
7 -9 -
Ob,met metd ND + An

n
(2.81)

as the assumptions made by Kane and Swanson can be applied both to pn-
as well as to high-low-junctions.

In case the metal fraction f,,, is high, splitting J, as given does not make
sense and instead an S g for the complete surface should be determined [51].
Due to the commonly high recombination at the metal contacts, this is nor-
mally not the case as the metal fraction is reduced to an acceptable mini-
mum.

Therefore, for a PERL cell, the total J,, can be written as

JO =JOe,pass ) (1 - fmet,FS) + JOe,met ) fmet,FS + JOb S.q=0 (2-82)

+J0b,pass ’ (1 - fmet,RS) + JOb,met ’ fmet,RS (2-83)
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2.4 Lifetime Measurement by QSSPC

2.4 Lifetime Measurement by
Quasi-Steady-State Photoconductance

There are many measurement techniques to determine the minority carrier
lifetime, e.g. QSSPC [68] or modulated Photoluminescence (modPL) [69].
Within this work, only QSSPC was used. The original method was proposed
by Sinton and Cuevas [68] and extended to its currently used form by Nagel
et al. [70]. As the method has been described in detail in the referenced
papers, only a brief introduction to the method will be given.

The main feature of the QSSPC setup (in this case a Sinton WCT-120 lifetime
tester) is a calibrated coil within the measurement chuck on which the sample
is placed. This coil is used to determine the conductivity of the wafer. A flash
lamp is placed above the wafer to generate a light impulse. The intensity and
flash decay can be tracked by a calibrated reference cell next to which the
sample is placed.

2.4.1 Measurement of the Effective Lifetime

If a light impulse is ignited excess carriers within the wafer will be generated
at a generation rate AG(?) as long as light is available. This will lead to an
excess carrier density An(?) leading to an excess conductivity Ac(¢), which
can be detected by the coil.

Assuming uniform generation of carriers the effective lifetime can be ex-
tracted by

An(t)

AG(r) — 2820

Teﬂ‘(An) =

(2.84)

The uniformity of the generation is achieved by placing a long pass filter
between the flash lamp and the sample. AG(?) is tracked by the reference
cell.

From Equation (2.84), two special cases can be extracted. The first is if the
decay in generation is low, so that dAn(¢)/dt =~ 0. This case is called »quasi-
static« (hence the name of the tool). The second is if only lifetime data
is evaluated when there is no (or insignificant) generation (anymore), thus
AG(t) = 0. This is called »transient« evaluation or »photo conductance de-
cay«. If the measurement is performed assuming neither of these special
cases, the »generalized« method is being used.

39



2 Recombination in Crystalline Silicon

The advantage of the transient method is that the generation rate is not re-
quired for the evaluation. Instead, it requires a short light pulse to be used to
ensure that generation is insignificant during the evaluation. However, for
a lower 7.4, the decay will be rapid and the signal will be low leading to a
higher uncertainty of the determined 7z.4. At 7.4 < 160 ps an uncertainty
> 10 % will be expected [70]. Therefore the method should be used if the
expected 7 g is above that limit.

The advantage of the quasi-static approach is that lower effective minority
carrier lifetimes can be measured (down to a few ps). However, the genera-
tion has to be well known and thus the mismatch between the specimen and
the reference cell. This mismatch is called the »optical constant« and can
be either determined by comparing the lifetime measurement to a reference
(e.g. transient if possible) or by calculation based on the optical properties of
the specimen. In addition, it was found that the generalized and quasi-static
methods are prone to paper sheets or foils placed between the chuck and the
specimen (to avoid contamination), which is not the case for the transient
method (or the effect is negligible in this case).

If investigating passivation layers—as done within this work—a lifetime of
below 200 ps on 1 cm n-type base material would be considered too low.
Thus the transient evaluation method was used almost exclusively. If the
lifetime determined by the transient method was at around 100 ps or below,
its precise knowledge is not of much interest and thus the high uncertainty
was acceptable. Only in case of the samples measured to determine the Local
Back Surface Field (LBSF) recombination in Section 7.2 were measured using
the generalized method if the lifetime was below the limit. In this case, the
optical constant was determined prior to the laser process and the samples
were measured with the passivated (not lasered) site facing the flash lamp.

2.4.2 Implied V,_

As the carrier densities n and p follow the relation

_ E;. — E;
n=N.exp| ————— (2.85)
kg T
E;— Eg, >
p= N,exp <—— (2.86)
v kT

40



2.4 Lifetime Measurement by QSSPC

their product can be written as

(2.87)

E¢. — Ej
(ny + An)(p, + An) = nzeﬁexp <¥> )

kT

where Eg, and Eg, are the quasi-Fermi levels. Since An > p, (n-type mate-
rial) or An > n,, (p-type material) and with the definition V' = q - (E, — Ep,)
a relationship between V' and An can be extracted

(Np + An) - An) | 59

V(An) = Uy ln< 3

ni,eff

where Np is the doping of the wafer (thus either n, or p,). This voltage is
called »implied« voltage, the voltage that a certain An would imply.

From the data of the external reference cell, each aquired data point can be
linked to an intensity. Thus, the An at 1 sun can be determined, where the
level An that is linked to 1 sun is determined by the effective lifetime of the
sample. The implied voltage at this An is called »implied V.« and gives the
V.. that would be achieved if a device could be fabricated that would cor-
respond to this level of recombination. Therefore, for devices that feature
passivated contacts like the HIT solar cells, the implied V. corresponds to
the V. that would actually be measured in the final cell. An excellent passi-
vation can achieve an implied V. of above 730 mV. The value is especially
of interest as it is (for a good passivation) independent of the doping of the
wafer.

While the evaluation can be performed when using the transient method as
well, since the evaluation requires data from the reference cell, knowledge
of the optical constant is again important to get the correct implied V.. In
addition, due to the evaluation after generation, it can happen that 1 sun
intensity is not achieved during the measurement.

2.4.3 Implied FF

Similar to the method outlined for PFF in Section 3.2.1, using the intensity
data from the reference cell and the implied V', a pseudo JV curve can be
obtained. Thus, similar to PFF, an »implied FF « can be determined.

The implied FF can be seen as a measure for the injection dependency of
the passivation. For a good passivation (thus 7.4 close to the Auger lifetime
limit) values in the range of 86 to 87 % can be achieved (note that in this case
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2 Recombination in Crystalline Silicon

the ideality factor is 2/3 [20]). Therefore, the implied FF was more widely
used in the research community to judge if the injection dependency of the
passivation could limit the PFF of the device.

Such a limit applies in the case of the implied V., where the V. of the final
device cannot be above the implied V. of the passivation. In case of PFF,
this does only apply if the device features passivated contacts and thus the
recombination in the device is similar to that of the passivation test struc-
ture. Most solar cell devices however do not feature passivated contacts and
the high recombination at the contacts will lead to an overall lower effective
lifetime in the device. This can especially lead to the situation where the lim-
itation at V. is stronger than at Maximum Power Point (mpp) leading to a
possibly higher real PFF than the implied one. Thus, the implied FF should
only be evaluated for devices featuring passivated/selective contacts.
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3 Characterization and
Simulation of Crystalline
Silicon Solar Cells

The purpose of a solar cell is to deliver electrical power to an external
circuit. It is therefore essential to understand the electrical behavior the
device will expose in this circuit. Furthermore these characteristics can
be used to analyze limitations and possible improvements to be made in
the fabrication process.

While the general electrical characteristics are not specific to photo-
voltaic devices, in case of solar cells some parameters like V,. or FF
will be introduced which are mainly used in context of photovoltaic de-
vices. In addition to the general characteristics, the Suns-V,, method is
introduced as the PFF (and its relation to FF ) was used to determine
the series resistance of the cell.

As a final method to characterize, predict and analyze the device per-
formance the simulation tool Quokka is introduced.

3.1 JV Characteristics of pn Junctions in
Semiconductors

For the characterization of a device that was built to convert light into electri-
cal energy, the knowledge of its J V' characteristics is important. Under the
assumption of no or weak excitation, Shockley showed that the JV charac-
teristics of a semiconductor pn junction can be described by an exponential
relation [21]. A more detailed derivation can be found in the cited paper, or
in [60] or [71].

JWV)=1J, [exp <kq_1;> - 1] —J (3.1)
B
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3 Characterization and Simulation of Crystalline Silicon Solar Cells

Here J and V' denote the terminal current density and the terminal voltage of
the device. g is the elementary charge, T the temperature and kg the Boltz-
mann constant. J. is called the »Short-Circuit current density« and gives
the current density that can be extracted from the device if it is in short-
circuit, thus V' = 0. J,, is commonly called »dark saturation current density«
and is discussed in more detail in section 2.3.

The voltage that is achieved under open circuit conditions, thus J(V') = 0, is
called V.. From Equation (3.1) it follows that

JSC
Voe=Urln| — +1 (3.2)
JO

with the »thermal Voltage« Ut = kgT/q = 25.7TmV@T = 298 K.

J. is mostly influenced by the optical properties of the device, e.g. shading
or light trapping. In a good solar cell Jo. ~ J.,, which is the »generated cur-
rent density« defined by the electron pairs generated by a flux of absorbed
photons in the device. Only if recombination is high, it will be observed that
Jg differs significantly from J, and J. < Jyep < Jjp. will be found, where
Jinc similar to Jy,, is the external »incident« photon flux irradiating the semi-
conductor, including photons that will not be absorbed by the device. Under
AM1.5 conditions, this is J;,. ~ 46.2 mA/cm?2, determined by integration of

the AM1.5 spectrum.

As shown above, V. depends on both J . and J,, but if the illumination is
not changed significantly, the biggest influence will be J,. Thus, like J, V.
will be a measure for the recombination of the device.

3.1.1 Fill Factor

The power density of the device is defined as P = V' - J (V') and will achieve a
maximum P, at a terminal voltage V,;,,,,. The corresponding current den-

sity is called Jy,,,=J (Vi,pp)- In addition to Jy. and V., a third parameter is

often used for solar cell characterization at Maximum Power Point (mpp), the
»fill factor« FF, which is defined as
FF = M.
J. V.

SC” OoC

(3.3)

Many effects can influence the FF, like the series resistance contributions or
injection-dependent effects. An overview can be found in [62].
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An upper limit (commonly called FF)) for FF was calculated by Green [20]

Voo — In(vy. +0.72)

3.4
Voo + 1 (3.4)

FFO =

Wlth UOC = I/OC/UT

3.1.2 Efficiency

The efficiency of the device is defined as the relation of the extractable (P, ;)

to the incident (P,,.) power density irradiated onto the device. Thus

mj
pp

= 3.5
n=- (3.5)

mc

Under AM1.5 conditions P, = 100 mW/cm? = 1000 W/m?. Using Equation

(3.3), 7 can also be described as

n=FF-J_-V,. (3.6)

Shockley and Queisser calculated the limit of # for single pn-junction solar
cells [72] without taking material-specific properties into account, resulting
in a limit of approx. 32 %. In a more precise way for silicon-based solar cells,
Richter et al. calculated the limit to be at 29.4 % [73], with the most limit-
ing factor being Auger recombination (see Section 2.2.2). The current world
record for silicon solar cells was achieved by Panasonic with an efficiency of

25.6% [8].

3.2 Suns-V,_.Characterization

The »quasi-steady-state open-circuit voltage« (gssV,., but nowadays and in
the following called » Suns-V, «) method was developed by Sinton and Cuevas
[74]. In this measurement setup, the solar cell is wired to a voltmeter which
should have a high inner resistance. The sample is then being illuminated by
a flash lamp such that quasi-steady-state conditions are achieved. The vari-
ation in the voltage is tracked by the voltmeter during the decay, the light
intensity by a calibrated reference cell next to the device being tested. This

leads to pairs of intensity and V., which can be plotted as shown in Figure
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3 Characterization and Simulation of Crystalline Silicon Solar Cells

3.1a as intensity (»suns«) over V., hence the name of the method. In con-
trast to the J .-V, method, J. is provided as an input-parameter. For best
accuracy of the results, J,. should be determined prior to the measurement
[75], but the influence of the parameter is low, so a good guess will nor-
mally be sufficient. In addition, the wafer thickness has to be known well.

The main parameters that can be determined by Suns-V,, directly are V. (at

1 - = Measured SunsVoc Data ] - . ' i
- ’;‘ Pseudo-MPP
5 : S,
2L, 0.1 3 3 g
> Unlinear behavior, possibly Q :
» leading to a PFF loss §e) . C
5 001l :
< 0.01 3 3 = | = Equivalent Current
- i o « Equivalent Power 5
I . + Pre-defined J_ H
1 E_3 1 1 1 1 1 1 1 1 !
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Voltage [V] Voltage [V]
(a) »Suns-Voc« (b) Pseudo-JV Curve

Figure 3.1: Measured Suns-V,. data for an exemplary cell. (a) shows the data plotted
in the intensity vs. voltage method (»Suns-V, «) (b) shows the same data plotted
as a pseudo-J V' and pseudo-power curve.

one sun, but also injection-dependent), PFF, a Pseudo-#, the ideality at sev-
eral injection levels and double diode parameters being fitted to the data. Of
these—within this work—only the PFF was of much interest, thus it will be
described here in more detail.

3.2.1 Pseudo Fill Factor

With the J,. provided as input and the suns/V, (suns) pairs, a pseudo-J V'
curve can be generated

J =J,. - (1= suns) (3.7)
V =V,.(suns) (3.8)

The product of the two, the »Pseudo-Power« will have a maximum and thus a
Pseudo-J,,,, and a Pseudo-V,,,,, can be determined leading to PFF according
to Equation (3.3). This is graphically illustrated in Figure 3.1b.

The PFF can be viewed as a reference for the FF without resistance losses
(as the device is operated under Open Circuit (OC) conditions) and is thus an
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important parameter to judge the device quality. Commonly Pseudo-V,,,,
will correspond to a light intensity of approx. 0.05 suns and thus be at sig-
nificantly lower injection than V. leading to the conclusion that injection
dependent effects are strongly visible in PFF. Hence PFF will be reduced if
Jy, is high. It will be influenced by shunts (Rp) and edge recombination. In
case of an injection-dependency of the passivation, this can lead to a decrease
in PFF as well, although the effect is commonly similar to an increase in J,,
[32]. For a solar cell that has no such issues, PFF is expected to be very close
to FF,. As an example the pseudo-JV curve depicted in Figure 3.1b resulted
in a PFF of about 82.5 % and therefore in a FF loss of around 1.5 %.

In case of small area cells like presented in Section 8.2, it was found that a
shadow mask should be used to avoid illumination of the area outside of the
device. While the influence on V. was determined to be low (increase of 1
to 2mV), the influence on PFF can be strong leading to values that can be
above FFj,.

3.2.2 Determination of Series Resistance

As during Suns-V,, the device is operated under OC conditions, the mea-
surement is free of any series resistance losses. Thus a comparison of FF
and PFF can be made to determine Rg [74], leading to the definition of

AFF = FF — PFF. (3.9)

Note that the definition of AFF was chosen such that it yields negative values
indicating a FF loss due to the series resistance. Pysch et al. further analyzed
AFF and showed that it is proportional to Rgq with the following relation
[75]

FF = FFy — mRs, (3.10)

where m ~ —5 %/Q cm?. Therefore a AFF of 5% will correspond to a Rg of
approx. 1 Qcm?.
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3.3 Cell Simulation Using Quokka

All the parameters that can be determined on test samples are not of
much use if they cannot be compared to the parameters that can be de-
termined at the device level. While some parameters can be directly
measured (e.g. the total J, if the device shows roughly ideal behavior),
the complexity of a solar cell can make it hard to judge the origin of
problems that were found during the basic characterization. A large
number of specific characterization methods is available for a more de-
tailed analysis leading to a better understanding of the problem at hand.
Another approach to problem analysis and performance prediction is
the use of device simulation.

This can be helpful to

e predict device performance based on cell layout / input parame-
ters

e analyze the influence of specific parameters
e perform a loss analysis to find bottlenecks in the device perfor-

mance

Passivated Front Surface
(Emitter)

Front Contact  Shading (includes BB)

(Includes BB)

Passivated Rear Surface

Rear Contact

Rear Contact
Figure 3.2: Unit cell for a PERL cell as output by Quokka with added annotations.

3.3.1 The Simulation Model

In this work, Quokka (version 2.2.4) was used for »3D« device simulations. A
detailed introduction on the basic approach of Quokka can be found in [76].
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3.3 Cell Simulation Using Quokka

Here just a small overview will be given. In contrast to simulation programs
like Sentaurus Device, Quokka makes one basic simplification: The assump-
tion of having conductive boundaries on the front and rear. Local differences
in the doping (e.g. (selective) emitter, (local) Back-Surface-Field (BSF)) are not
specified by a doping profile, but just by their “effective” parameters defining
the recombinative and resistive properties. This leads to a significant reduc-
tion of the elements in the unit cell allowing for a more detailed specification
of the cell structure while keeping the simulation fast even when calculating
states for a detailed 3D unit cell with 15000 elements.

Based on the results that were determined for the cells, a simulation model
was developed to match the cell results. The unit cell (Quokka output) for an
exemplary PassDop cell is shown with annotations in Figure 3.2.

Rear Contact

The rear contact was modeled as a square (length of 44 pm) with an equiv-
alent area to a circle with a diameter of 50 um. While modeling circular
contacts is not problematic in Quokka, for comparison to previous simula-
tions using Sentaurus Device the rectangular shape was chosen. Comparisons
showed that the difference is negligible.

Optics

The optical properties of the solar cell are included in Quokka within the
calculated generation profile. Here, the possibility of Quokka to calculate
the generation based on front side transmission and rear side path length
enhancement Z were used as this allows for the calculation of a spectral re-
sponse to compare the External Quantum Efficiency (EQE) of the measured
and simulated cells. The front side transmission was calculated from the mea-
sured reflectance of the cell. As the measurement includes light that entered
and passed the cell (possibly multiple times) and left the cell again (infrared
“escape”) as well as light that was reflected by the metal shading, correc-
tions had to be made. For the metal fingers, a reflectance of 1 was assumed,
which should be a good assumption for plated silver, unless the fingers ex-
hibit a high roughness. Thus, the minimum in the reflectance curve defines
the amount of metal shading and a correction can be made by subtracting the
metal shading uniformly. To differentiate between surface reflection and the
infrared escape, a linear fit was performed ranging from the minimum in the
reflectance (usually around 600 nm) to 900 nm and subsequently extrapolat-
ing the values beyond. Finally it was assumed, that no parasitic absorption
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3 Characterization and Simulation of Crystalline Silicon Solar Cells

is present within the front side Anti-Reflective Coating (ARC), which led to
small errors within the range of 300 to 400 nm.

To determine Z, no direct measurements could be used. Thus, a ray tracer
provided by PV Lighthouse was used to simulate the influence of the layers
[77]. As the optical properties for the used layers were not available within
the database of PV Lighthouse, layers with similar optical properties were
used.

Shading due to metal contacts is incorporated in Quokka by the specification
of the metal finger width. For the shading due to the metal, either the mea-
sured value from the reflectance measurement was taken (if available) or the
metal shading was calculated based on the geometry of the fingers and the
bus bars. From the determined amount of shading (usually in the range of 2
to 6 percent), the shading width was calculated in relation to the finger pitch.
This means that the shading width was larger than the actual finger width
due to the bus bars (which are not part of the unit cell). Therefore, in the
unit cell, there is no excess carrier generation due to incident light in some
parts where there is in the real cell. However, as the bus bars account for
approx. 2 % of shading at most, only a few microns are affected. Since this
is usually much lower than the diffusion length the error due to this effect is
negligible.

Series Resistance

For the front side contact resistivity, values measured by the Transfer-Length
Measurement (TLM) method were used. For the rear, no exact values could be
determined. It was tried to determine p, for the rear by fitting Rg as proposed
by Fischer [56], but the uncertainty of the fit was too high for the results to
be usable. The measurement suggested though that the contact resistivity
was expected within a certain range and thus conservative values within
that range were chosen. Nevertheless, the unavailability of exact values for
this parameters is thought to be one of the biggest uncertainties within the
performed simulations. As the resistive losses within the emitter and the
base respectively are calculated by Quokka itself, this leaves the contributions
from the front and rear metallization. For the front grid, an analytical model
to determine the grid resistivity was used and applied within the simulation
as an external series resistance [78]. The rear side metallization was done
by Physical Vapour Deposition (PVD) aluminum, which was fully contacted
by the measurement chuck during the measurements, the contribution of
the resistivity within the rear side metal is negligible compared to all other
contributions.
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Recombination

The most important aspect when defining the simulation model is the spec-
ification of the recombination parameters. Here the following contributions
are important for the PassDop cells:

1. Front passivated surface recombination (e.g. Emitter), declared as »Pass
(FS)«

2. Front contact recombination, declared as »Cont (FS)«

3. Bulk recombination (usually radiative or Auger recombination), de-
clared as »bulk«

4. Rear passivated surface recombination (PassDop passivation), declared
as »Pass (RS)«

5. Rear contact recombination (PassDop Local Back Surface Field (LBSF)),
declared as »Cont (RS)«

Extrinsic bulk recombination was assumed to be insignificant. For 1. and
4. the respective J, contributions determined on symmetrical lifetime sam-
ples were used to specify the parameters. For 2., the front contact recom-
bination, the values were determined by calculations using EDNA assuming
a bulk temperature of 300 K. In case of a front texture, the increased area
was taken into account by multiplying Jo . With a factor of 1.7, which
was determined to be a good approximation for random pyramids. As the
cell simulations were performed at 298.15 K, J,, had to be corrected for the
lower N off by a factor of 0.72. For 5., the rear contact recombination, the
values determined in Section 7.2 were used for the simulations.

3.3.2 Free-Energy Loss Analysis

By default, Quokka will not only return the basic parameters for the simu-
lated solar cell, but also a set of results for a Free Energy Loss Analysis (FELA)
[79]. This allows for a fast and comprehensive loss analysis of solar cell con-
cepts, which can be used to understand the effects of modifications to the cell
layout and to classify loss mechanisms for efficiency improvements. How-
ever, when comparing multiple cell simulations with different parameter sets
or a cell parameter variation, these results should be taken with caution. If
one loss mechanism is reduced, the cell efficiency and power output will in-
crease and therefore the parameters at mpp will be different. Especially a
higher An is expected if recombination is reduced, leading to a higher V..
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3 Characterization and Simulation of Crystalline Silicon Solar Cells

As the example in Fig. 3.3 shows the FELA of the »FRC_basic« example cell
which is delivered together with Quokka as well as the FELA for the same
cell, but with the rear contact recombination reduced from 400 to 10 fA/cm?.
This reduction in recombination led not only to a significant increase in the
simulated device efficiency, but also to an increase in the recombinative losses
for the other loss paths.
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Figure 3.3: FELA of the »FRC_basic« example cell definition as delivered with
Quokka once with default settings (J,, = 400 fA/cm?) and once with reduced rear
side recombination (J,, = 10 fA/cm?). The improved recombination does not only
result in an increased overall level, but the other loss contributions increase as well.
Only electrical losses as determined by Quokka are displayed.

This can be nicely explained in the so called “leaky bucket” metaphor [80].
A bucket (the silicon) is filled with water (the carriers) at a constant flow
(the generation) and has multiple holes through which water can leak out
of the bucket (the recombination mechanisms). If one hole is removed or
reduced, the water level will increase but so will the pressure leading to a
higher flow through all other holes. In similar fashion, a higher An (and
therefore a higher V,,,,) at mpp due to reduced recombination for one mech-
anism will lead to higher recombination currents and therefore to a higher
power loss caused by other recombination paths. In addition, since optical
losses are normed to V;,,, to calculate a power loss, a higher V,,, will lead
to increased power loss contributions by these power loss paths as well. This
leads to an important observation regarding these kind of power loss anal-
ysis: a FELA power loss analysis will not tell exactly by how much one can
improve a cell’s power output when improving a certain aspect. It only gives
the result for how much of the power got lost for a certain aspect for this ex-
act device simulation. Thus such a loss analysis is most useful to classify loss
contributions and define the importance for technological improvements.
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Brendel et al. presented an approach based on this taking the »synergy
effects« into account [81]. This however requires multiple simulations to
determine the influence of each parameter and its influence on the synergy
effects. Such an approach allows for a more complete analysis of the param-
eter influence, but due to the multiplication of the required simulation work
was not used in the analysis presented in this work.

In the above example, another effect can be observed. The gain in the device
efficiency (= 1.16 %) is in fact higher than the reduction of the recombi-
native loss at the rear (= 0.91 %,;,,). Part of this is a synergy effect, due to
the higher possible FF, and therefore FF, but another contribution is that
at mpp the cell is moved towards a higher An (or V,;,,) which can lead to
positive or negative effects if encountering injection dependent influences
like Shockley-Read-Hall (SRH) recombination. This points out another rea-
son why the FELA of two different device simulations should only carefully
be compared.

While Figure 3.3 only shows the resistive and recombinative loss contribu-
tions, the graphs in Chapter 8 will show optical losses as well. These were
determined by calculating current density losses for the respective loss paths
from optical simulations [77, 78] and converting them into a power density
by multiplication with V,,,,. Similar to the recombinative losses, these there-
fore will increase with increasing V,,,,,. It should be added as well, that these
contributions are usually not discussed despite being dominant loss paths.
e.g. the loss contribution by »Refl. Escape« (see Figure 8.9 on page 208) is
larger than all of the recombinative losses combined. However, in case of
the absorption in the rear metal or the light escaping the cell after passing
through the wafer (»reflection escape«), not too much can be done about this,
at least not for the discussed cell structures. A diffuse reflector could result
in an improvement in the range of 0.5 to 1.0 mA/cm?, but it is not straight to
implement this, at least not without sacrificing other properties.
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4 Plasma-enhanced chemical
vapor deposition

This chapter gives a brief overview over the Plasma-Enhanced Chemical
Vapor Deposition (PECVD) technique. The two main techniques used for
plasma excitation (radio frequency and microwave) are presented and
their implications are being discussed.

In addition, the chapter gives an introduction to the tools that were used
for the deposition.

4.1 Plasma Excitation

A plasma is defined as a collection of free charged particles moving in ran-
dom directions [82]. In case of PECVD, a composition of gases is used which
on their own would not start chemical reactions, e.g. SiH, and H,. To achieve
the state of a plasma, external excitation is required. This excitation can re-
sult in ionization of atoms and molecules and therefore radicals and free elec-
trons. By inelastic collision, these electrons can ionize or dissociate further
atoms and molecules, thus generating further radicals. As radicals may re-
act (e.g. to their former unionized or molecule state, or to a new molecule),
the ionization of the plasma may change until an equilibrium is achieved.
To avoid requiring large power densities, the plasma is usually generated in
a vacuum with a pressure in the range of 0.1 to 100 Pa. If the plasma is in
contact with a surface (e.g. a silicon wafer), the radicals can react with the
surface. The main processes in this case are shown in Figure 4.1. In case rad-
icals are adsorpted by the surface, a new layer will be »deposited« onto it.
The composition of this layer will depend on the components of the plasma,
thus the precursor gases that are being used. e.g. for the deposition of SiN,,
SiH, can be used in combination with NH; or with N,, although the former
1S more common.

In case of PECVD, mainly to methods to generate a plasma are being used
today. These are described in the next sections.
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Figure 4.1: Overview over the processes that can happen in the plasma and by inter-
action of the plasma with the surface. Taken from [83].
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4.1.1 Radio-frequency Plasma

The basic hardware layout for a RF plasma reactor is that of a capacitor, as
shown in Fig. 4.2a. A good description of the principles of an RF plasma
can be found in [82]. One of the electrodes is »active«, the other one is usu-
ally grounded. The active electrode is powered by a high frequency voltage
source, usually within radio frequency range. Common frequencies range
from 40 kHz to about 50 MHz.

The alternating voltage leads to an excitation of electrons and, if the provided
energy is high enough, to ionization, thus to free electrons and positively
charged ions. Due to their higher inert mass, the ions can not follow the al-
ternating voltage while the free electrons will oscillate. This leads to inelastic
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4.1 Plasma Excitation

collisions of electrons and molecules or ions and thus to more free electrons,
until a plasma state is achieved.

As noted above, the plasma is generated by two electrodes, one of which is
powered. Commonly at least the active electrode will be placed relatively
close to the plasma. This leads to electrons being absorbed by the surface of
the electrode and thus to a »loss« of electrons in the plasma. Therefore, while
normally a plasma would be expected to be quasi-neutral, in this case the
plasma in relation to the electrode(s) will be on positive potential. This loss
will be biggest close to the electrode, which leads to the formation of so-called
»sheaths« [82], the areas close to the electrode with the highest potential.
The sheaths will act as a driving force for electrons re-emitted or reflected
from the electrode into the plasma and for a barrier for ions from the inner
plasma. If however ions pass this barrier, they are accelerated towards the
surface. This kinetic energy the ions carry can lead to bombardment of the
surface and potentially damage layers present on the surface (e.g. see [85]).
On the other hand, the bombardment can be utilized to remove lose bound
particles from the surface and thus leads to denser layers. Therefore, for some
processes controlling the potential difference between plasma and electrode
can be critical and the plasma parameters have to be adjusted accordingly.

Measuring the potential difference between plasma and electrode is tricky as
a probe inserted into the plasma would get negatively charged as well, thus
strongly influencing the measurement. Instead commonly the »bias« voltage
is measured, which however gives the effective potential difference between
the two electrodes. This bias voltage is also influenced by the geometry of the
electrodes, e.g. if one of the two is significantly bigger than the other. Still
for two processes with different bias, the one that has the higher bias is ex-
pected to have the higher potential difference between plasma and electrode
as well.

4.1.2 Microwave Plasma

The layout of a MW plasma source is very different from that of an RF source
in that it does not consist of two plates as electrodes. Instead—as shown in
Fig. 4.2b—a MW commonly consists of a quartz tube which holds an an-
tenna in the middle. Between the two a dielectric might be placed, e.g. air.
The antenna is coupled to a MW generator operating at 2.45 GHz. A detailed
description of the principle and its implications can e.g. be found in [86].
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4 Plasma-enhanced chemical vapor deposition

The use of MW for Anti-Reflective Coating (ARC) and passivation deposi-
tion of SiN, was demonstrated by Lauinger et al. and has since been used
extensively for photovoltaic applications [87].

In common the MW plasma source is placed at a good distance from the
substrate. Thus, as pointed out by Lauinger et al., it can be considered a »re-
mote« or »quasi-remote« plasma. The potential difference between plasma
and substrate in this case will be low and a damage of surface layers due to
bombardment will be negligible. This can be both an advantage (as in the
investigations by Lauinger et al.) resulting in an improved passivation per-
formance but can as well be a disadvantage as the resulting layer will be less
dense and therefore can contain more defects (voids etc.), which can e.g. be
important if the layer is to be used as an etch or diffusion barrier.

The second advantage of the MW technique is that no electric coupling—be it
active or grounded—of the substrate holder is required. This makes it easier
to develop deposition tools that can be used in-line as opposed to a stationary
setup as it is almost always chosen for the RF technique.

As the power density will be the highest close to the plasma source, it is likely
(depending on the parameters) that there will be a good amount of deposition
on the quartz tubes, which can lead to the issue of particles being pealed
off during the deposition. Therefore today the plasma source is sometimes
placed underneath the substrate holder, so the deposition is performed from
below.

4.1.3 lonization and Dissociation

For creation of a stable plasma, the energy coupled into the plasma must be
high enough to create excited species. To achieve a deposition, e.g. SiN,, it
is also a requirement to create the corresponding reactive species.

Table 4.1 gives an overview over the dissociation and ionization energies of
interest for the deposition of SiN, and SiC,. The important point to note
here is that the dissociation energies for CH, and N, are higher than that for
SiH,. Thus they might require a higher source power coupled into the plasma
if direct decomposition is aimed for. In addition, due to the low dissociation
energy for SiHy, the deposition rate will mostly be defined by the amount of
available SiH,.

In case of SiN,, as a precursor for nitrogen, both N, as well as NH; can be
used. A comparison can be found in [93].

58



4.2 Roth&Rau AK400M PECVD Reactor

Table 4.1: Overview over the threshold dissociation and ionization energies for var-
ious species. For higher excitation states or stronger dissociation, higher ener-
gies will be required as can be found in the literature. All values are given in eV.
Sources are CH,: [88, 89], SiH,: [90], H,: [91], N,: [92].

Precursor | Ionization Dissociation
SiH, - 8.0
CH,4 12.6 14.3
N, 15.6 9.8
H, 15.4 8.8

4.2 Roth&Rau AK400M PECVD Reactor
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Figure 4.3: Schematic of the reactor layout of the Roth&Rau AK400M PECVD reactor.
Source: internal artwork, updated to current state.

The Roth&Rau AK400M PECVD reactor was used to deposit SiC,, layers, such
as SiC PassDop. The basic layout of the reactor is shown in Figure 4.3. The re-
actor consists of two chambers, the process chamber and a loading chamber
(»Load-Lock«). Each chamber can be vented and evacuated separately, al-
lowing for loading/unloading (via a tilting door and a transport mechanism)
of the substrate holder while retaining the vacuum in the process chamber.
Underneath the substrate holder (if loaded into the process chamber) there

is a heater which allows for (substrate) temperatures in the range of 25 to
600 °C.
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4 Plasma-enhanced chemical vapor deposition

The substrate holder itself is made out of graphite and has a usable size
of 20cm X 30 cm. It can hold four round wafers of 100 mm diameter, two
125 mm or one 156 mm sized wafer (both square and pseudo-square). The RF
generator operates at the standard ISM frequency 13.56 MHz powering the
substrate holder which acts as the active electrode. The second (grounded)
electrode is the process chamber, hence the reactor features an asymmetric
setup. Above the substrate holder (approx. 10cm) two MW quartz tubes
are available as a second method for plasma excitation. The copper antennas
inside the quartz tubes are connected to pulsed MW plasma generators op-
erating at a frequency of 2.45 GHz. Hereby the MW generator connect from
opposing sites to both tubes. Both plasma sources may be used in combina-
tion.

Two gas supplies are available. One is placed as a gas ring around the sub-
strate holder (approx. 1.5 cm above). This gas supply is mainly used for reac-
tive gases like SiH,, CH,, PH; and B,H,. The second gas shower is placed at
the top of the chamber and is mainly for stabilizing and diluting gases, like
H, and Ar, but as well for etching gases (e.g. chamber cleaning processes).

While the MW plasma source is available, it is not commonly used in current
processes. Except for the PassDop Optical layer, for which the high power
density of the MW sources is required. This layer makes use of both sources,
to achieve a low-refractive index, but yet fairly dense layer. All other depo-
sition processes currently in use only utilize the RF plasma source.

4.3 Roth&Rau AK800 PECVD Reactor

The Roth&Rau AK800 PECVD reactor is very similar to the AK400M as shown
in Figure 4.4, but increased in size. It was used to deposit the SiN, layers de-
scribed in Chapter 6.

The substrate holder can now hold twelve 100 mm, nine 125 mm or four
156 mm wafers. Due to the increased size, the temperature range is more
limited to 25 to 300 °C (actual substrate temperature).

Similar to the AK400M, the substrate holder is contacted by a 13.56 MHz
RF plasma source. This plasma source however is currently not in use, all
depositions are made utilizing only the 2.45 GHz MW sources, of which 4
are placed approx. 15 cm above the substrates. Each of the 4 MW generators
is connected to two of the tubes (e.g. generator 1 connects to tube 1 and 2
from one side, generator 3 connects to tube 3 and 4 from the same side etc.).
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Figure 4.4: Schematic of the reactor layout of the Roth&Rau AK800 PECVD reactor.
Source: [50], slightly updated.
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In contrast to the AK400M, both gas showers are placed at the top of the
chambers and the only difference between the two being that for reactive
gases (like SiH,) inlets in-between the tubes, while for other gases (like Ar)
inlets directly above them are used.

For the deposition of SiN,, commonly SiH, and NHj; are being used. As the
latter was not available when this work was started, N, was being used as
a replacement. In the meantime a lecture bottle of NH; was added to the
reactor and experiments comparing the two approaches were started (not
within this work). Similar to the AK400M, both doping gases are connected,
but only PHj; is currently in use.
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5 The PassDop Process

For high-efficiency silicon solar cells it is a requirement to keep recom-
bination at the surfaces as low as possible. Passivated Emitter and Rear
Locally Diffused (PERL) silicon solar cells utilize a local high-low junc-
tion underneath the rear side contacts, a Local Back Surface Field (LBSF)
to minimize the recombination at the c-Si/metal interface and therefore
were able to achieve highest efficiencies on both p- as well as n-type ma-
terial [94, 95]. However, defining such a localized structure can require
complex and expensive processes, such as (photo-)lithography.

The PassDop approach allows for defining such a localized contact struc-
ture in a short and elegant process sequence. To achieve this, the Pass-
Dop layer has to serve multiple functions, especially it has to be able to
deliver a good passivation and at the same time expose compatibility
with laser doping.

Each of these technologies is not new on its own, but was applied and
research by others before. Thus in addition to the basic description of
the PassDop approach an overview over these technologies is given.

5.1 Passivation of Silicon Surfaces

From Equation 2.71 it is evident, that the surface passivation will have a
stronger influence the lower the ration W/L is, while the influence of the
material properties decrease. This is especially the case for high-efficiency
cells, where the total J,, should be kept well below 100 fA/cm?.

The methods to reduce surface recombination can be extracted from Equation
2.23 as a lower R, will result in a lower S ¢ and hence a lower Jg, ;. The
important parameters here are D, (E,) and the carrier densities n, and p.

D;,(E,) describes the defect state density at the surface. Such defects are usu-
ally caused by incorporation of impurities (e.g. nitrogen or oxygen from the
ambient) or unsaturated bonds, so-called » dangling bonds«. Impurities might
be removed from the surface by cleaning steps, commonly a wet-cleaning like
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5 The PassDop Process

RCA, HCI or HNO;+HF. This however will leave even more dangling bonds,
so the cleaning can only be used to prepare the surface but does not nec-
essarily serve passivation purposes. Instead it should be a goal to saturate
the dangling bonds such that only a minimum of active defect states remain,
hence D;; is reduced to a minimum and thus R, will decrease. A common way
to achieve this is by providing a large amount of hydrogen as the Si-H bond
is not recombination active. Thus HF can actually result in a good surface
passivation, an effect that is sometimes used for characterization purposes
[96], but this passivation is inherently unstable e.g. if the surface is exhibited
to mechanical stress (i.e. handling). For solar cell passivation this mecha-
nism still is important and one goal for every passivation layer should be to
provide hydrogen to passivate dangling bonds. This mechanism is also called
»chemical« passivation.

The second possibility to reduce Rq is to reduce the product n p, by depleting
one carrier type at the surface. In case the minority carriers are driven away
from the surface the state is called » accumulation«, in case of the majority
carries » inversion«. Such a state can be achieved by either introducing fixed
charges at the surface that drive away one carrier type (while being mostly
immobile themselves) or by band bending due to a band mismatch. This
also leads to the possibility of using a larger bandgap semiconductor as a
surface passivation [60]. Similarly, a diffused surface (be it a pn or a high-low
junction) is expected to passivate the surface as well due to depleting one
carrier type in this region. Depending on the doping profile, an additional
surface passivation might be necessary for best performance.

For lowest recombination properties it is best to combine both of these pos-
sibilities to reduce surface recombination. This is achieved by almost all
common passivation layers except for SiO,, which almost exclusively relies
on chemical passivation and therefore a low D, (down to 1 X 10° cm?/eV

[97]).

5.1.1 Amorphous Silicon Nitride

Silicon Nitride is used in semiconductor technology for multiple purposes.
Its hard and dense structure make it a good encapsulant or diffusion barrier
(e.g. [98, 99]). The layers can be prepared by Chemical Vapour Deposition
(CVD) by decomposition of SiH, (or SiCl;) and NHj, either thermally or in
vaccum. It can also be prepared by reactive sputtering, glow-discharge or by
Plasma-Enhanced Chemical Vapor Deposition (PECVD) using Si/SiH, and
NH; or N, as precursors.
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5.1 Passivation of Silicon Surfaces

For application on silicon solar cells Hezel and Schorner performed early
experiments by using SiN, to create an inversion layer junction on p-type
silicon [100], but the SiN, did not yet serve as a passivation layer as this
functionality was served by a tunnel-SiO,. Hezel and Jéger used (in com-
parison to Al,O5) SiN, as a passivation [101], a concept which was later on
adapted by Leguijt et al. [102] and Aberle et al. [103]. However only after
the development of the remote- or quasi-remote-plasma deposition of SiN
by Lauinger et al. [87, 104] SiN,, developed into a standard passivation tech-
nique for the front side (emitter) passivation of silicon solar cells, as a good
passivation level could be achieved after firing while retaining a high wafer
throughput. Later on, the direct plasma technique was further developed and
therefore today both techniques a commonly used. While it was shown that
sputtered SiN,. can be used as a surface passivation as well [105, 106] PECVD
remained as the standard.

It was investigated if SiN, can be used as a rear side passivation for Passi-
vated Emitter and Rear Cell (PERC) but inversion layer shunting was found
to degrade the solar cell performance due to the positive fixed charges in the
layer (see below), if used without an intermediate SiO, layer [107]. Neverthe-
less, it was investigated by various groups as a (bulk Si) passivation for PERC
solar cells, either directly [108, 109] or in stacks [110-113], but was finally
superseded by Al,O5; [114]. However, the positive fixed charges make SiN,
a good candidate for surface passivation on n-type surfaces (see e.g. [115]),
which was since investigated by various groups [87, 109, 115, 116].

The electronic structure of Si;N, and SiN, were analyzed by Deal et al. [117],
Ren and Ching [118] as well as Robertson [119] and in more detail [120].
Apart from sputtered SiN,, the films usually contain a significant amount of
hydrogen and is therefore denoted as SiN,:H.! The x in SiN, is defined as the
ratio of the Si-N bonds to the total number of bonds

O 3, (51)

[Si—Si] + [Si—N] 4

N—N bonds are not expected in SiN,. due to the low stability of N—N single
bonds compared to the triple bond as in molecular nitrogen [120]. Dauwe
[109] showed that an empirical description of x and the refractive index can
be defined for hydrogenated SiN,

x= 074 (5.2)
n—135

IIn this work all investigated layers contain hydrogen and the :H is omitted. It is however being
used to distinguish between doped (SiN,:P) and undoped (SiN,:H) films, although both of
them contain hydrogen and likely a similar amount.
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5 The PassDop Process

Depending on the amount of incorporated hydrogen the relation between x
and n might vary, though [120]. For this, Mackel and Liidemann determined
relations taking the hydrogen content (or rather that of the Si-H and N-H
bonds) into account [121]. Either relation shows that the optical properties
of SiN, are strongly influenced by the composition of the deposited material.
Therefore, the bandgap of SiN . can range from approx. 1.7 eV (Si-rich layers)
up to 5.3 eV (for quasi-stoichiometric SiN, ).

Robertson noted that SiN,. can contain up to 40 % hydrogen, more than a-Si:H
(= 10 %) [122]. The hydrogen content tends to increase slightly with increas-
ing nitrogen content according to [120]. However, these observations are
made for NH; precursors and might not hold in case of N, as used in this
work, since Robertson also noted that N—H groups are »strongly favoured«
compared to Si—H groups, while in our material no N—H groups could be de-
tected by Fourier-Transformed Infrared Spectroscopy (FT-IR). In-depth stud-

Table 5.1: FT-IR peak positions and calibration factors as determined by Bustarret et
al. [123].

Bond Position Mode K
cm™! 1x 10" cm™2
SiN 845 — 870 asym. stretch 2.07
NH/NH, 1175  wag-rock 2.07
NH, 3445  stretch 50
HSiN,Si/H,SiNSi 2140  stretch 11
H,SiN, 2175  stretch 40
HSiN, 2220  stretch 20

ies of the FT-IR properties of SiN, were performed by Bustarret et al, the
respective peak positions are given in Table 5.1. Studies on the hydrogen con-
tent before and after firing were performed by Gatz et al. [112] and Cuevas et
al. [124]. The former analyzed the peak position of the S—H bond at around
2100cm™!, which moves slightly depending on back-bonding of the S—H
groups. They found that for N-rich layers, the S—H bond is back-bonded at
a higher degree to nitrogen, which they attributed to the thermal stability of
the surface passivation due to a larger bonding strength of hydrogen. Cuevas
et al. analysed the Si—N bond density and found that it increased by approx.
5 to 10 % after firing depending on the Si/N ratio. They analyzed the hydro-
gen bond densities as well, finding that the density of of both Si—H and N—H
bonds decreased significantly during firing, especially for high-n layers. e.g.
for a Si/N ratio of ~ 1.3 the overall (bonded) hydrogen concentration de-
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creased from 20 % to 5 %. Similar to Gatz et al. they observed a shift towards
higher wave numbers of the Si—H peak(s) during firing. A discussion of both
FT-IR and Raman on SiN, can be found in [125], Raman spectra for Si;N, can
be found in [126].

Defects play an important role in SiN, :H. For Si-rich SiN,, this defect struc-
ture is comparable to that of a-Si [122], although it is normally not a semi-
conductor. The transition from an insulator to a semiconductor happens in
the range of 2 % nitrogen content [127]. In N-richer SiN, especially the K*
centers, which represent th NHI state, are of interest, as these create a fixed
positive charge density [122]. This fixed positive charge density can be in
the range 1 x 10! to 2 x 10'?2 cm™2, thus good prerequisites for n-type pas-
sivation [115]. Under certain conditions SiN, might be forced (by corona
charging) into a state featuring a negative fixed charge density, if isolated
from the silicon bulk [110]. While there were studies suggesting that the
charge density might be depend on light irradiation [128, 129], Dauwe et al.
showed that the charge density of SiN, does not depend on the injection level
[130].

For an excellent passivation, not only a high fixed charge density is desirable
but alow Dy, as well. For SiN_, the defect density is expected to increase with
increasing nitrogen content which can lead to a higher D, as well, although
with x higher than 1.1 the defect density can decrease [122]. Thus the values
given for D, in the literature can range from values as low as 1 x 10! to
1 x 10 cm™2eV~! [115]. For both Q; as well as D;, the deposition condi-
tions (e.g. temperature) as well as the thermal treatment afterwards (anneal-
ing temperature, firing process) can have a huge influence. Therefore—de-
pending on the process requirements like thermal stability—adaptions to the
PECVD process might be necessary as investigated in Chapter 6. As Q; and
D;, could not be measured for the deposited layers, their influence was in-
vestigated indirectly by measuring the effective minority carrier lifetime.

5.1.2 Amorphous Silicon Carbide
SiC and a-SiC, can be used for a wide range of purposes [131]. In photo-
voltaics, it can for example be used as a barrier or substrate [132].

For classical, wafer based solar cells, SiC, was commonly investigated as a
surface passivation as introduced by Martin et al. [133, 134]. This topic was
since investigated by various groups for passivation of silicon bulk [133-137]
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as well as n* and p* emitter passivation [138-141]. While some investiga-
tions were made [135, 138] for the passivation after a firing step (e.g. the re-
sults by Glunz et al. would result in a Jy, 55 in the range of 41 fA/cm?), the
best results were obtained for a low temperature approach (post-deposition
treatment below 500 °C, Jy, ;555 below 10 fA/cm?). It was found that the prop-
erties of passivating SiC, are similar to those of a-Si:H [142], but with a
higher deposition temperature being required [133] and with a higher an-
nealing temperature being allowed [143]. It was determined that a small
(either positive or negative) O can be present [133] but mostly the passiva-
tion performance relies on a low D;,. All initial experiments were performed
on Radio Frequency (RF) plasma reactors, but a transfer to Microwave (MW)
technique was demonstrated [144]. A more detailed analysis of the proper-
ties of passivating SiC, can be found in [143].

The similarity of a-Si:H and SiC:H led not only to excellent passivation per-
formance, but also to hetero structures based on SiC, [145]. However these
could not achieve the same performance as corresponding a-Si:H layers due
to a reduction in FF and V., which can be attributed to the lower doping
efficiency of the layers. Nevertheless the approach was further pursued both
utilizing intrinsic as well as doped SiC,, layers due to the higher bandgap of
the SiC, layers [146], resulting in less absorption if applied to the solar cell
front side. Another approach featuring selective contacts is TOPCon. In this
case a SiC, layer is used in combination with a tunnel oxide to form a se-
lective contact on n-type [10, 147] as well as p-type [148]. In comparison to
PERL, this concept has the advantage of featuring a 1D transport on the rear
[149], thus reducing the influence of the wafer resistance to a minimum and
overcoming the compromise between FF and V. that is necessary for PERL
cells.

In addition to passivation purposes, SiC,. was investigated for the single pur-
pose of a Anti-Reflective Coating (ARC) [141, 150-153] and can be an alter-
native to SiN_, if the passivating properties are not important (e.g. in combi-
nation with a dedicated passivation layer like Al,O5).
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5.2 Laser Doping

5.2.1 History of Laser Doping

The following section was adapted from the publication [154].

The first occurance of laser doping or laser diffusion for silicon devices was
in 1968 by Fairfield and Schwuttke [17]. They used a ruby laser to generate
a phosphorus-doped region on p-type silicon. Prior to laser irradiation the
dopant was deposited onto the surface by a paint-on technique. The idea
was soon adapted by Harper and Cohen in 1969 who deposited aluminum by
Physical Vapour Deposition (PVD) on n-type silicon. The junction was then
formed by pulsed laser irradiation by a Nd:YAG laser [155].

Due to the short process time (common pulse length was usually in the range
of micro seconds) defect analysis was an important topic for early investiga-
tions, e.g. [156—161].

Not only intrinsic effects were studied, but the effect of impurity inclusion as
well. For dopands, Stuck et al. performed a broad investigation on the solu-
bility of dopants in silicon after laser doping for which they found concen-
trations exceeding the equilibrium solubility limit [162]. Such effects were
investigated in more detail by Wood et al. who presented a model for laser
diffusion of dopants. This model predicted a segregation coefficient that was
significantly higher than the equilibrium segregation coefficient [163-165].
These investigations especially showed that the equilibrium diffusion theory
cannot always be applied to a dynamic, driven process like laser diffusion.
For example while boron and phosphorus in equilibrium show diverting be-
havior during diffusion, especially showing a different segregation behavior,
for laser diffusion the difference in segregation between the two is expected
to be negligible [164]. Another model for laser diffusion was developed by
Fogarassy et al. [166].

While the inclusion of dopants during the laser doping is usually a wanted
effect (hence the name laser doping) depending on the dopant source and
ambient the inclusion of other impurities has to be considered as well, for
example oxygen [167] and nitrogen [168]. For nitrogen, Hameiri et al. found
that laser pulse processing of a SiN,_ (or SiO, /SiN, ) coated surface can result
in a high amount of nitrogen being included into the silicon surface, above the
equilibrium solubility of nitrogen in crystalline silicon [168]. They suggested
that the induced nitrogen can result in stress and therefore crystal defects in
silicon. In addition, they proposed that remnants of the SiN, layer as well as
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5 The PassDop Process

the high amount of nitrogen at the surface could lead to a lower conductivity
at the surface as well as reduced contact ability. Geisler et al. found that
Continuous Wave (CW) laser doping on a SiN,. coated surface can result in
voids created by nitrogen bubbles forming especially at the ablation edge
[169].

After the initial experiments by Fairfield et al., it did not take long, until laser
doping was proposed to be used in solar cell fabrication. In the first exper-
iments the dopant source layers were either implanted [170, 171] or evapo-
rated [172]. While for these early applications the focus was on generating
a homogeneous junction, using a laser has the advantage of enabling local-
ized processing of silicon wafers and hence defining contact and/or selective
emitter structures as well as a LBSF. In addition, as reported by Fogarassy et
al. [172], the dopant source might require removal after the laser process.
This would especially be the case for local laser processing of a non-locally
deposited dopant source.

This highlights one of the advantages of the Laser Fired Contacts (LFC) con-
cept presented by Schneiderlochner et al. [18]. The LFC concept used alu-
minum deposited on the rear as a dopant source to create a LBSF for p-type
silicon solar cells. As the aluminum at the same time was used as the rear
side metallization it was an integral part of the final cell structure and did
not require removal after the laser process. However, as aluminum in silicon
forms an acceptor state such an approach cannot be used for creating donor
states, i.e. as (selective) emitter on p-type or as a LBSF on n-type silicon.

LFC was proposed as an alternative to PERC solar cells which at the time
did not make use of laser processing or diffusion [173]. Instead the silicon
bulk was commonly contacted directly, without a LBSF. However, as pro-
posed by Agostinelli et al. [174, 175] today PERC cells apply a Laser Contact
Opening (LCO) process on the rear followed by screen printing of aluminum
and a subsequent firing process, thus forming a very similar structure. This
effectively turns PERC into PERL cells.

5.2.2 Laser Doping from Amorphous Passivation Layers

In case of a desired n-type doping the previously mentioned approaches uti-
lizing aluminum cannot be used. As an alternative solution, Wenham et
al. proposed the use of dielectric passivation layers as a dopant source to
create selective emitter structures [176]. The PassDop approach introduced
by Suwito et al. demonstrated an industrially feasible realization based on
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SiC,.:P of such a concept with the focus on the rear side passivation of n-type
silicon and using phosphorus as the LBSF dopant [19]. Similar to LFC, the
dopant source—the rear side passivation layer—is an integrated part of the
final solar cell and does not have to be removed after laser doping. This con-
cept of using passivation layers as dopant sources for laser doping was since
investigated by various groups. Laser doping from SiN,:P and SiN,:B was
demonstrated by Paviet-Salomon et al. as well as Hameiri et al. for the appli-
cation as emitter passivation/selective emitter formation or rear side passi-
vation/LBSF formation [168, 177, 178]. Steinhauser et al. presented a similar
approach called fPassDop based on SiN:P for the application as a rear side
passivation of n-type silicon solar cells [179]. This is covered in more detailed
in the Chapters 6 and 8.

As an alternative to LFC and PERC on p-type silicon, Ortega et al. showed
laser doping of aluminum from Al,0O53/SiC:H stack [180]. Laser doping of
aluminum and boron for p-type silicon from Al,05/SiC, :B stacks was demon-
strated by Steinhauser et al. [181].
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5.3 PassDop

T

Cleaning PassDop layer PassDop laser Al (PVD)
Figure 5.1: Process sequence for the PassDop approach. Starting with a clean surface,

the rear side is coated with the PassDop layer, commonly by PECVD, passivating
the rear side. In the next step, the PassDop laser process is applied, simultaneously
opening the rear side and driving dopants from the PassDop layer into the silicon,
creating a LBSF. In the last step, the rear side metallization is finished, usually by
applying PVD aluminum.

The PassDop approach as mentioned in the previous section was originally
presented by Suwito and Jager [19, 182]. The basic process sequence is de-
scribed in Figure 5.1. Three processes are required (and possibly a cleaning
step prior to processing): 1. Deposition of a passivation layer, usually by
PECVD. This layer must be doped. 2. Local laser processing. In this step
laser doping is used to create a LBSF and at the same time the passivation
layer is locally opened to allow for a metal-semiconductor contact. 3. Depo-
sition of the rear side metal to establish a contact. Here commonly PVD is
used, but other techniques like screen printing can be possible [154].

From these processes, some requirements can immediately be pointed out:

1. The layer has to provide a good passivation. The goal here was set to
Jo, < 10 fA/cm?.

2. The layer has to provide dopants and has to have a good doping effi-
ciency during the laser doping. Here the goal was set to Rgpeer <
50 €/sq.

3. During the laser process, parts that did not contribute to doping should
be removed, thus creating a good contact opening.

4. The layer (or stack) should result in good rear reflectance, thus improv-
ing light trapping.

In addition, it might be a requirement to reach a certain surface doping in the
LBSF to achieve a good contact. The level of surface concentration depends
on the metal to be used in the device, e.g. for aluminum the threshold is in
the range of 1 x 10! cm™>.
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It should be noted that these requirements should not be seen as a precise
limit, but instead as rough estimates for a functional PassDop layer. Espe-
cially the requirement »doping efficiency« is vague. One of the reasons is
that while Rgy..; is relatively easy to determine, the better information is the
doping profile, which however is rather tricky to determine properly (see
Chapter 7). The other one is that the exact requirements may depend on the
cell concept as in some cases the potential of the cell is limited by some other
parts and compromises for the rear side might be made to allow for a simpler
process.

ALO/SIN, NiCu-plated Contacts

N

(L YNVVV.

\p+(implanted)
Pl (laser doped)

PassDop Optical Layer A’I

n-Si

Layer (optional)
Figure 5.2: Layout of a PassDop PERL cell, here as an example for an n-type PassDop
cell with NiCu-plated front contacts.

The basic layout for a PassDop cell is similar to the one shown in Figure 5.2.
The cell features contacts on both side, a front emitter and both front and
rear passivation. For n-type cells, the emitter is done by boron diffusion or
implantation and is passivated by Al,O5. As a ARC, SiN,, is being used.

On the rear the PassDop process is applied. To account for the optical require-
ments an optional optical layer may be applied. This layer does not have to
fulfill laser doping requirements other than allow for a good contact opening.
As a metal contact, PVD aluminum was used throughout this work.

The front contacts can either be realized by PVD of titanium, palladium and
silver, plating of nickel and copper or screen printing of aluminum/silver
pastes. Which one is being used depends on the cell concept.

5.3.1 Status Quo

The original PassDop approach featured a multifunctional stack based upon
SiC, [19, 143, 182, 183]. In the stack, three layers were used: 1. 30 nm SiC,:H
Passivation layer, C-content: =~ 3 % 2. 30 nm SiC, :P Doping layer, C-content:
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~ 3% 3. 30nm SiC:P Optical layer, C-content: ~ 60 %. For this stack a
Spass < J cm/s was givenresulting ina V. 0of 701 mV at the device level while

retaining a high FF of 80.1 % and an efficiency of 22.4 %. The recombination
at the contacts was given by a determined value of S, ., & 3600 cm/s.

For the laser process, a Rofin StarCut Disc 100 ICQ disk laser operating at a
wavelength of 1030 nm was used with a pulse width of 1 ps. Both the profile
depth and the Rg,..; were determined in dependence on the laser fluence.

5.3.2 Overview over the PassDop Approaches

{ PassDop }
V2 M
{ pPassDop J [ nPassDop }

* Al,O5/a-SiC,:B or

AlLO,/a-SiN,:B Y2 s
« Firing-stable Low-Tem
* Up to 850 °C { nPassDoB fPassDop

* a-SiN,:P or a-SiC,:P * a-SiN,:P
*Upto 450 °C * Firing-stable

 700-800 °C
Figure 5.3: Overview over the existing PassDop concepts.

Figure 5.3 gives an overview over the different PassDop that were developed
within this work as well as those that were developed besides. PassDop ap-
proaches for both n-type (nPassDop) as well as p-type (pPassDop) silicon rear
sides do exist today. Table 5.2 lists the respective PassDop processes and gen-
erations including the label that was used for them throughout this thesis.

On n-type, the work on SiC PassDop was extended as presented in Section
6.2.1 (»SiC PassDop Gen2«). At the same time, a similar approach based
on SiN, was developed as an alternative. Both a single layer (»SiN Pass-
Dop Genl«) as well as a stack (»SiN PassDop Gen2«) were developed. This
is presented in Section 6.2.2. These approaches focus on providing a rear
side concept featuring a minimum of rear side recombination (total J, be-
low 50 fA/cm?) with a temperature stability up to 450 °C. As these concepts
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cannot be used for a metallization approach requiring high-temperature acti-
vation, an additional concept called fPassDop was introduced Similar to SiN
PassDop, fPassDop is based on a-SiN,:P as well, but the compositions and
processes differ in detail. The properties of this concept will be discussed
in Section 6.3 (»fPassDop Gen2« and »Gen3«). For »fPassDop Genl, see
[179].

On p-type, the approach proposed by Suwito based on SiC,:B [143] was not
further pursued, instead an approach based on the well known and stable
passivation performance of Al,O; was introduced. To improve the doping
efficiency either a SiC:B [181] (pPassDop Genl) or SiN,:B (R&D, pPassDop
Gen2) can be used. Both solutions combine a good doping efficiency with a
firing stable passivation (thus a separation like for nPassDop is not required).

Table 5.2: Overview over the PassDop layers and their label that was used throughout
this work. T, gives the »safe« maximum temperature for the cell process after
deposition. The value is not meant as an absolute limit. It can be possible to exceed
T,... depending on temperature and duration of the treatment. For temperatures
below 500 °C T, refers to a forming gas annealing. For temperatures above 500 °C

max

this refers to a firing step with a peak duration of 3 s.

PassDop Type Technology Label T« Description
[C]
nPassDop SiC,, SiC PassDop Genl 350 [19, 182]
nPassDop SiC, SiC PassDop Gen2 400 6.2.1
nPassDop SiN, SiN PassDop Genl 425 6.2.2, Single layer
nPassDop SiN, SiN PassDop Gen2 425 R&D, Double layer
nPassDop SiN, fPassDop Gen1 850 [179]
nPassDop SiN, fPassDop Gen2 850  [179] and 6.3.2
nPassDop SiN, fPassDop Gen3 800 6.3.2
pPassDop Al,03/SiC,:B  pPassDop Genl 800 [181]
pPassDop Al,O3/SiN,:B  pPassDop Gen2 800 R&D
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6 Development and
Characterization of PassDop
layers

In this chapter, the development and characterization of PassDop layers
for n-type solar cells is described.

The first part discusses the ongoing development of the original approach
SiC PassDop. Here, the next generation will be presented with focus on
improved doping efficiency and thermal stability.

As an alternative to SiC PassDop, a new approach based on SiN, :P
(SiN PassDop) will be presented. This approach is focused on low-
temperature metallization like plating as well, but simplifies the Pass-
Dop process further by implementing a single layer.

The last approach that will be presented is the firing stable PassDop
(fPassDop) based on SiN, :P. Here, the focus is on double layer stacks for
which three different variants will be discussed.

6.1 Sample Layout and Standard Parameters

In this section an overview over parameters and sample types that were com-
monly used throughout the development work of PassDop layers is given.
Mainly two sample types were used: 1. n-type samples to determine the pas-
sivation quality 2. p-type samples that were used to characterize the doping
capabilities in conjunction with the PassDop laser process. The two sample
types are described in detail below. The given procedure remained identical
for all discussed PassDop layers unless explicitely stated otherwise.

Samples for Lifetime Measurements

For the characterization of the passivation properties of nPassDop layers,
1 Q cm n-type, Floatzone (FZ) shiny-etched wafers with a thickness of 200 pm
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Lifetime samples Rqn samples

Si (n-type) \ PassDop Si (p-type)

/ (n-doped) \ n* Laser Dopled Area
i
Top View: /
;| R
3
3
—

20mm
Figure 6.1: Standard sample structure as used throughout this work. The passiva-

tion samples were symmetrically passivated n-type wafer. The Rg,.., samples were
p-type samples that were coated on one side and subsequently processed with over-
lapping laser points to create laser doped areas.

Laser Pulses

were used. Prior to the deposition of the layers, the samples received a clean-
ing in Nitric Acid (HNO3) followed by a dip in Hydrofluoric Acid (HF). The
samples were then coated with the layer on both sides as shown in Figure
6.1 on the left. Depending on the whether a firing stability was required or
not, a temperature step was selected to activate the passivation. fPassDop
samples received a high temperature step in a single wafer rapid thermal
processing reactor at an actual sample temperature of 700 to 850 °C with a
peak duration of 3 s. The process temperature was controlled by a pyrometer
which was calibrated for the respective samples. For layers aiming for low
temperature metallization and thus not requiring a firing step, a Forming Gas
Anneal (FGA) at 425 °C for 25 min was used in case of SiN, passivation layers.
The lifetime was measured before and after the activation of the passivation.
All lifetime measurements were done using a WCT-120 Quasi-Steady-State
Photoconductance (QSSPC) lifetime tester by Sinton Instruments [68] unless

stated otherwise. The lifetime was determined at An = 5 X 10! cm™3.

Samples for Laser Doping

To characterize the basic doping properties and the doping efficiency of the
PassDop layers, samples with a base doping opposite to the layer doping were
used to form a pn-junction after applying the laser process. Thus, for nPass-
Dop layers, p-type, FZ shiny-etched wafers with a thickness of 250 pm were
used. After the deposition, the samples were processed with the laser to char-
acterize the doping efficiency. During the laser process, a pulse distance of
25 pm with a line distance of 25 pm was used, creating seven 20 mm X 20 mm
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areas of overlapping laser spots, each processed with a different laser fluence
as shown in Figure 6.1 on the right. The operlapping point structure was
necessary to create a macroscopic structure large enough for characteriza-
tion with common tools. Rg.. Was measured by using a 4-point probes
(4pp) measurement tool.

Samples for other Characterization Methods

10Qcm p-type, FZ shiny-etched c-Si samples with a thickness of 250 pm
were used to measure Fourier-Transformed Infrared Spectroscopy (FI-IR).
The samples were coated with the (single) layer of interest single sided. These
samples were not only used for FT-IR measurements, but for spectral ellip-
sometry as well to determine the refractive index and the film thickness. If
a single value is given for the refractive index, it refers to the value of n at a
wavelength of 632 nm. If a single value is given for the extinction coefficient,
it refers to the value of k at a wavelength of 300 nm.

Laser Parameters

Unless stated otherwise, all laser processes were done using a Jenoptik IR70
diode pumped solid state laser system operating at a repetition rate of 30 kHz
and a wavelength of 1030 nm. The pulse length was set at 1300 ns, the beam
waist on the substrate was 2a)0(1/e2) = 68.5 pm.

6.2 Layers for low-temperature Metallization
for n-type Solar Cells

6.2.1 SiC PassDop

Motivation

Originally developed within the work of Suwito [143], the SiC, passivation
process gave a reliable and good reference point for the implementation of a
PassDop layer, which is referred to as »SiC PassDop Genl«. However, there
were some areas, where there was thought to be some room for improvement,
mainly the temperature stability and the doping efficiency. Thus, within this
work, fine-tuning was done for this layer stack. The updated stack is re-
ferred to as »SiC PassDop Gen2«. A new Capping layer (see Figure 6.2) was
introduced to retard effusion of hydrogen, which was the main degradation
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mechanism with increasing temperature as pointed out by Suwito. The thick-
ness of this layer was varied to point out the effect the Capping layer has on
the passivation properties.

To improve the doping efficiency, adjustments were made to the thicknesses
of the Passivation and Doping layers (see Figure 6.2). The thickness of the
Passivation was reduced to a minimum (from 30 nm to approx. 3 to 5 nm). The
thickness of the Doping layer was increased (from 30 nm to approx. 40 nm).
This led to an increased fraction of doped layers (Passivation + Doping layer)
from approx. 50 % to approx. 90 %. As it will be shown that neither the
Capping nor the Optical layer contribute significantly to the laser doping
process, this is the main influence on the doping efficiency.

The experiment can be divided in three parts:

Experiment 1: the influence of the changes in the stack on the basic PassDop
properties passivation (S,,) and doping efficiency (Rgpeet)-

Experiment 2: the influence of the Capping layer on the temperature stability
of the passivation (.Sp,s)-

Experiment 3: the influence of the Capping and Optical layer on the doping
efficiency(Rgpeet)-

Experimental

For the deposition of the SiC PassDop stacks, a Roth & Rau AK400M batch-
type Plasma-Enhanced Chemical Vapor Deposition (PECVD) was used, which
is described in Section 4.2. For the Passivation, Doping and Capping layers,
only the Radio Frequency (RF) plasma source was used for plasma excitation.
For the Optical layer, a higher power density was required, thus both the RF
as well as the Microwave (MW) plasma source were used in combination.

The annealing steps in Experiment 2 were performed on a hotplate under
ambient air atmosphere. After the initial measurement of the lifetime using
QSSPC the samples were annealed at the desired temperature for a given time
multiple times until a total time of 60 min was achieved. After each hotplate
step, the lifetime was measured again using QSSPC. For different tempera-
tures different samples were used to avoid influences of previous temperature
steps.

Results

Experiment 1 — Comparison of Genl and Gen2
Figure 6.3a shows the determined .S, for the SiC PassDop Genl and Gen2
stacks. For Genl, the best values were found close to 1 cm/s, the worst at
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1. Passivation Layer . 3. Capping Layer
(5 nm, Si-rich, n=3.4) \_ (15 nm, n=2.6)
2. Doping Layer e 4. Optical Layer
(40 nm, Si-rich, n=3.4) (200 nm, C-rich, n=1.8)

Figure 6.2: Basic layout of the SiC PassDop Gen2 stack, numbered in the order of the
deposition process. 1. Initial passivation by an intrinsic, Si-rich (n & 3.8) Passiva-
tion layer, thickness approx. 3 to Snm. 2. The second layer is similar in composi-
tion (n = 3.8), but phosphorus-doped and therefore called Doping layer. This layer
had a thickness of approx. 40 nm. 3. Newly introduced in Gen2: Capping layer of
stoichiometric composition (n & 2.6), which protects the before-mentioned layers
against effusion of hydrogen. 4. To improve internal reflectivity, a C-rich (n = 1.8)
Optical layer finalizes the stack.

The SiC PassDop Gen1 stack is similar, but without the Capping layer and slightly
different thicknesses for the Passivation layer (30 nm and Doping layer (30 nm).

6 cm/s with a mean value of 2.5 cm/s. For Gen2, S, was found to be gener-
ally lower, with all values being below 1 cm/s. The maximum was at 0.7 cm/s,
the minimum at 0.15 cm/s. The mean was deteremined at 0.4 cm/s. Figure
6.3b shows the determined Rg;,.., for the two stacks. Rgp.o for Genl was
determined at around 20 €/sq for all laser fluences. For Gen2, Rgy, .. Was de-
termined lower with a slightly increasing trend with increasing laser fluence.

The values for Rg;, ... reach from 11.5 Q/sq to 13 €2/sq.

Experiment 2 — Temperature Stability, Capping Layer Thickness Variation

Figure 6.4a and Figure 6.4b show S, after the temperature stability for
a variation of the capping layer thickness of SiC PassDop Gen2 at 400 and
450°C, respectively. Not shown are the results for a temperature of 350 °C,
where no significant degradation within 60 min was found. For 400 °C (Fig-
ure 6.4a), it was found that a short treatment of 5 min does not result in a

degradation but leads to a small improvement in S, Starting at 10 min,
an increase of .S, with increasing annealing time was found. All Cap-

ping layer thicknesses showed a similar trend, but 15 and 20 nm were found
to have a lower level of .S, overall. After 60 min of annealing at 400°C
Spass for these two Capping layer thicknesses was determined around S,

1cm/s.

For 450°C (Figure 6.4b), the overall trend was similar to 400 °C but stronger.
A short annealing for a duration of 1 min led to a decrease in S,,,. Starting
with 2 min annealing time, an increasing trend in .S, was found. After 4

(Capping layer thickness of 5 nm) to 8 min (Capping layer thickness of 20 nm),

~Y
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Figure 6.3: Comparison of the SiC PassDop Genl and Gen2 stacks, showing the im-
proved S, and Rg;,.., by the performed changes in the layer stack outlined above.
In (a) the solid circles give the mean of all measurements. In (b) the symbols give
the mean of multiple measurements of the same laser doping area at different po-

sitions, the error bars give the standard error these measurements.

Spass = 1 cm/s was exceeded. Similar to 400 °C the Capping layer thicknesses
of 15 and 20 nm were found to have lower S, With these, after annealing
at 450 °C for 60 min, .S was determined around 3 to S5cm/s. For 5 and

pass

10nm Capping layer S, after 60 min annealing was determined at around

9 and 20 cm/s, respectively.

Experiment 3 — Effect of Capping and Optical Layer on Laser Doping

Figure 6.5a shows Rg;,.. for the (phosphorus-doped) Capping layer, the SiC
PassDop Gen2 stack and the same stack, but with an undoped Capping layer.
In all three cases, the thickness of the Capping layer was 10nm. For the
Capping layer alone, after exceeding a threshold below 6.5J/cm?, a Ry, Of
around 40 €/sq was determined with a tendency towards a lower Rgy..; with
increasing fluence. For SiC PassDop Gen2, both with a doped and an undoped
Capping layer, Rg} . in the range of 13 to 15 Q/sq was determined.

Figure 6.5b shows Rg,..; for Doping layer alone and for a stack consisting of
only the Doping and Optical layer. After exceeding a threshold of 6.5 J/em?,
Ryt Was determined at approx. 17 Q/sq with a nearly constant Rgy,.;. For
the stack of Doping and Optical layer, Rg} ... Was found to be higher (around
21 Q/sq) then for the Doping layer alone. No clear trend of Rg}.. With the
laser fluence was found but the variation remained low.
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Figure 6.4: Investigation of the temperature stability of the SiC PassDop Gen2 stack
in dependence on the Capping layer thickness for 400 and 450 degree annealing
temperature.

Discussion

As the passivation of the original SiC,-based PassDop stack was already ex-
cellent, there was not much to do in regard to this. However, within previous
work [141] it was found that a 5 nm thick Passivation layer was enough to
achieve an excellent and reliable passivation. Thus, decreasing the thick-
ness of the Passivation layer from 30 to 5 nm was not expected to have a a
negative effect on the passivation performance. As shown in Experiment 1
in Figure 6.3a, this was confirmed for the SiC PassDop Gen2 stack in com-
parison to Genl, which still had the 30 nm thick Passivation layer. While a
thinner intrinsic layer can lead to a stronger band bending and therefore an
improvement in the passivation performance (due to field effect passivation),
this should not be seen as the origin for the improvements in S, that can
be observed in Figure 6.3a. As outlined above, the Gen2 stack features not
only a change in the thicknesses of the Passivation and Doping layers, but
a newly introduced Capping layer as well, which should prevent effusion of
hydrogen during temperature steps. As the samples have to be flipped after
depositing the films on one side, the passivation can degrade slightly during
the deposition process of the second side. To be sure about this, samples were
prepared, one with only the (30 nm thick) Passivation layer and one with a
stack of the Passivation and (10 nm thick) Capping layer. While the former
yielded a .S of 4.8 cm/s after the deposition, the latter achieved 1.7 cm/s.

pass

The remaining difference to .S, of the SiC PassDop Gen2 stack can be ex-

pass

plained by the absence of the doping layer and therefore band bending. Thus,
the observed differences in S, between SiC PassDop Genl and Gen2 would

pass
not be expected when only performing a single sided deposition of the layers
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Figure 6.5: Ry, .., results for two layer variations explaining the role of the Doping
and Optical layer on the doping efficiency of the SiC PassDop Gen2 stack. (a) shows
that the Capping layer itself does not contribute significantly to the doping process.
(b) shows that the optical layer can have a slightly negative effect on the doping
efficiency.

as done on solar cells and even if, at the given surface recombination veloc-
ities, the differences would be barely noticeable, as the increase in J, would

amount to approx. 3 to 5 fA/cm?.

As the passivation of the rear side is certainly not the last thermal treatment
of the rear side passivation, it was important to further explore and possi-
bly improve the thermal stability of the SiC PassDop stack. Suwito pointed
out that for the SiC passivation layer, the main degradation mechanism was
found as being effusion of hydrogen under thermal treatment [143]. While
it cannot be fully prevented, to retard this degradation mechanism a new
layer was introduced, the Capping layer. Deposited at conditions resulting
in very dense layers [184], it features near stoichiometric composition and
thus a refractive index in the range of n = 2.6. While it was already shown
in Experiment 1 that the layer fulfilled its purpose, the effect was studied in
more detail in Experiment 2 as shown for an annealing temperature of 400 °C
in Figure 6.4a and for 450 °C in Figure 6.4b. This experiment showed that the
Capping layer can indeed reduce the degradation during annealing steps at
400 °C or above. While a 10 nm layer already did have some influence on the
passivation performance (as already shown above) as the initial passivation
performance was better than with a 5nm Capping layer. The reason for the
worse temperature stability of the stack with 10 compared to 5 nm Capping
layer was not known, such an effect was not expected. However, it was clear
that a Capping layer thickness of at least 15 nm was required for the best per-

34



6.2 Layers for low-temperature Metallization

formance. This allowed to keep .S, at excellent level even when applying a
long annealing of 60 min at 400 °C. The annealing at 450 °C (see Figure 6.4b)
showed the limits of this approach. While the capping layer can retard the
effects of hydrogen effusion, it cannot prevent them. If the temperature is
increased, the diffusion of hydrogen was faster and therefore more electrical
degradation of the passivation was the result. Still, if applying a minimum of
15 nm, the passivation was well preserved with .S, < 5 cm/s after anneal-
ing for 60 min at 450 °C. For the SiC, passivation layer alone (without Doping
or Capping layer), such a temperature step would result in S, =~ 30cm/s

pass
[143].

The second goal for the Gen2 optimization of the SiC PassDop stack was im-
proving the doping efficiency. As shown in Experiment 1 (see Figure 6.3b),
this was successful as Rg;, .. Was reduced by approx. a third. Although the
precise amount of phosphorus in the Local Back Surface Field (LBSF) could
not be determined, this was less than expected given that the doping ratio in
the Passivation/Doping layer stack was increased from 50 % to 90 %.

While it was relatively clear that the changes made to the Passivation and
Doping layers would have a positive effect on Rg;,..;, the influences of the
Capping and the Optical layer were not so clear. The Optical layer itself
can be doped, but the resulting Rg; ... would be in the range of of 150 Q/sq
which compared to the laser doping of the Doping layer would be insignifi-
cant. However Experiment 3, where the doping effect with and without the
Optical layer was investigated, showed that the Optical layer can have a neg-
ative effect on Rgy..; in the stack as shown in Figure 6.5b.

As described by Jager et al. [182], the c-Si is molten by the induced energy
from the laser pulse. One additional result of the melting process and the
heating of the c-Si is volume expansion. This expansion can lead to a burst
of layers that were not (or could not be) molten. The overall higher level
of Rgp et in case of the Doping/Optical stack can be attributed to such an
effect due to the higher thermal stability of the C-rich Optical layer. During
the burst-off, this layer can take parts of the Doping layer that were not yet
molten with it, hence the higher Rgy, .-

This leads to the possible role of the Capping layer in the Gen2 stack. From
Figure 6.5a it can be extracted that the Capping layer itself can only pro-
vide a dose high enough to result in a Rg..; of approx. 40Q/sq. Conse-
quently, the influence on Rgy,..¢ in the stack was almost non-existant, since
the stack with the doped and the undoped layer yielded pretty much the same
Rg}eer- Considering the dense and stable nature of (stoichiometric) SiC, both
in crystalline as well as amorphous form, the Capping layer could retard the

35



6 Development and Characterization of PassDop layers

burst of the layers under the pressure and heat of the melt and thus increase
the amount of time available to transport phosphorus into the melt. This
would—as a consequence—mean that the laser doping efficiency increased.
The other effect the Capping layer could have on the laser doping process
is to act as a sacrificial or buffer layer of which some parts can be peeled
off without significantly affecting the doping efficiency, thus protecting the
Doping layer.

As alast remark on the laser doping experiments, an explanation of the com-
monly observed trend of a slightly decreasing Ry, ... With increasing laser
fluence is given. Such a trend can e.g. be observed in Figure 6.5a. Both the
Doping layer (40 nm) and the Capping layer (15 nm) have a relatively small
thickness. Hence, the laser process can be considered as doping from a finite
doping source, the dose is nearly constant. With increasing laser fluence
the penetration depth of the laser pulse will increase and so will the melting
depth [182]. This will lead to a higher doping profile depth as well. If the dose
is assumed constant a lower surface concentration will be the consequence
[182]. As lower concentrations result in an increase in the carrier mobility,
a decrease in Ryg;, .. is the result. At higher fluences, ablation of the doping
source can influence the process and thus the assumption of a constant dose
would not be correct anymore, the dose would be reduced (by the fraction of

the ablated layer thickness) and therefore Rg;, .. would increase, as observed
above 10J/cm?.

6.2.2 SiN PassDop

Motivation

As shown in the previous section, the SiC PassDop stack provided excellent
performance. However, this technology made use of the RF plasma source.
Implementing high-throughput RF plasma deposition tools is certainly pos-
sible [185], but the in-line industrial standard is deposition of SiN, (e.g. for
ARC) using MW plasma excitation. As lined out in Section 5.1.1, SiN, can
serve as an excellent passivation of n-type silicon, it can be doped by both
phosphorus and boron and it was shown that laser doping can be used to
create localized doping structures.

Thus, in this section, a PassDop alternative to SiC:P based on SiN_:P is devel-
oped. The goal is to deposit only a single layer and only to use MW plasma
excitation as used in in-line industrial tools. Such a process might lead to a
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higher acceptance of the PassDop technology as no significantly revised tools
would be required.

Table 6.1: Comparison of the original process that was present when starting the
work on the AK800 and the improved process that was used as a base for the de-
velopment of SiN PassDop

SH, N, H, PH; p Ty,
[sccm] [scecm] [sccm] [scem] [Pa] [°C]
Original 65 25 20 0 6.5 475
Improved 84 41 0 300 9.0 500

Process Basis

To establish a process for SiN PassDop, the process developed in the diploma
thesis of Rauer [50] was used as a base. He developed a SiN, passivation
process for p-type bulk material on the AK800 PECVD reactor (see Section
43).

Prior to the PassDop experiments the process was significantly improved
with the focus on passivation homogeneity, n-type passivation and tempera-
ture stability as well as doping capabilities. The pressure was increased from
6.5 Pa to 9 Pa, the hydrogen gas flow was increased to 300 sccm. Both had
positive effects on the homogeneity of \Sy,,. As PHj diluted in H, was used,
this also allowed to deposit doped layer under similar conditions as undoped
layers. The gas flows of SiH, and N, were increased as well to 84 sccm and
33 sccm to decrease the effect of small gas flow changes on the process mak-
ing the process more reproducible. To improve thermal stability, the N, gas

flow was further increased to 41 sccm.

The relevant parameters for the original process and the improved process
are listed in Table 6.1.

In contrast to SiC PassDop, a dedicated Optical layer is not used within these
experiments. At the device level, a MgF, layer deposited by Physical Vapour
Deposition (PVD) was used to improve light trapping (see Section 8.2).

Single Layer - Motivation

This experiment is used to performe a basic screening of the SiN_:P process,
both to determine the passivation quality as well as to acquire information
about the doping capabilities. At the same time it is used to determine if a
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single layer PassDop process can be found. The goal is a layer that can achieve
Jobpass < 10fA/cm? (approx. S, < 4.5) as well as Rgp.o; < 50 Q/sq.
Based on this experiment, SiN PassDop Genl was defined.

Single Layer - Experimental

All layers in this experiment were deposited using the base process. Only
the nitrogen gas flow was varied from 30 sccm (highest n) to 41 sccm (lowest
n). The PH; flow was kept constant at 300 sccm.
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Figure 6.6: S, and Rg,, for the SiN PassDop layer in dependence on the refractive

index. The process giving a refractive index of 2.58 was defined as »Genl«. Ry,
is shown for a laser fluence of 9 J/cm®.

Single Layer — Results

Figure 6.6a shows .S, for a single SiN,:P layer in dependence on the com-
position, which is indicated by the refractive index. With increasing refrac-
tive index, an increase in S, was observed. At the lowest refractive index,
Spass = 2cm/s was observed. At approx. n = 2.75 a large step in S,
was observed from around 5 to above 10 cm/s. Figure 6.6b shows Rgy,.., for
the single layer. For the lowest refractive index Rgy,..; of approx. 33 €/sq
was observed. With increasing refractive index, Rgy,..; decreased to a level
of approx. 20€/sq. No significant changes in the layer thickness was ob-

served within this experiment. All layer compositions were determined with
a thickness in the range of 130 nm.

Single Layer — Discussion

There were two tasks for this first experiment to accomplish. The first was
a general screening of the doping efficiency of the layer and the second was
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to find out if a single layer PassDop system was possible with the SiN :P ap-
proach. The results determined for Rg;,... as shown in Figure 6.6b revealed
that there was an influence of the layer composition and therefore the refrac-
tive index on the resulting Rgy,..;, but even with the lowest investigated n of
2.58, Rgpeet at 35 Q/sq was still below low the target of 50 €2/sq.

Moving to a Si-richer layer and therefore to a higher n shows a gain in doping
efficiency, but the Rg,..; reached for the lowest n should be sufficient. In
comparison, the influence of the layer composition on .S, was stronger as
shown in Figure 6.6a. Therefore the final layer might be determined by the
passivation performance rather than doping efficiency.

The observed trend mostly is a consequence of the temperature stability of
the passivation. With increasing Si content and therefore increasing n, the
layer composition is shifted towards a-Si and therefore the layer properties
adapt to that. For the SiN, deposition process, the sample temperature was
determined by Rauer at 250 °C, while (pure) a-Si would require temperatures
below 200 °C for a good passivation due to the decreasing hydrogen content
with increasing temperature [186]. Thus for the SiN, layers, with increasing
Si content, the chosen deposition temperature was too high, explaining the
increasing S, If the effect is strong, it can be accompanied by blistering of
the first deposited side lying on the carrier during the deposition of the sec-
ond side. This could be compensated by reducing the deposition temperature.
However, it would result in a lower temperature stability against annealing
as well. One of the goals outlined in the motivation was to find a process that
can withstand 425 °C to be compatible with the Al,O5 front side passivation
of n-type solar cells with a front side boron emitter. Thus, thermal stability
is an inherent requirement in the process and choosing a process closer to
amorphous silicon would be the wrong direction.

However, as even for the lowest refractive index layer, Rgy,... was sufficiently
low to act as a PassDop layer and as this layer showed an excellent S,
potential, this layer was defined as SiN PassDop Genl. This process used a
SiH, gas flow of 84 sccm and an N, gas flow of 41 sccm. It was used in the

following experiments as a reference.

Passivation Layer a-Six:P
y Y /

Doping Layer  — %
a-Si:P
Figure 6.7: Layout of SiN PassDop double layer stack.
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Double Layer — Motivation

The previous section showed that a single layer PassDop based on SiN_.:P was
possible, both achieving a low .S, as well as a low Rgpe.;. However, the

influence of the layer composition on S, and Rgj,..; Was strong in the used
regime and therefore the process could be prone to process fluctuation. A two
layer stack with each layer dedicated to a specific purpose could improve this
as variations within each process would not yield such a strong influence on
the overall PassDop properties. The layout of the stack is shown in Figure
6.7. The two layers in this section are denoted as Passivation layer, based on
the SiN PassDop Genl single layer, and Doping layer based on a-Si:P. As a
references the SiN PassDop Genl1 layer is used. Based on the experiment, SiN

PassDop Gen2 was defined.

Double Layer — Experimental

The Passivation layer was based on SiN PassDop Genl. The nitrogen gas flow
was varied from 41 to 45sccm to compensate a possible reduction in the
Spass performance. The thickness of the layer in comparison to Genl was
slightly decreased to &~ 80 nm to reduce the overall thickness of the stack. The
Doping layer was based on SiN PassDop Genl as well, but with the nitrogen
gas flow cut off, thus depositing a-Si:P. The thickness was set to ~ 80 nm.
Both layers were deposited without restarting the plasma, only the gas flows
were changed, while pressure, temperature and plasma excitation remained

constant. The Gen1 deposition was repeated as reference.

After the deposition, the layers received a thermal treatment by FGA at 425 °C
for 25 min to investigate the compatibility with the front side passivation by
Al,O5 as used in the solar cell process. The lifetime measurements by QSSPC
were performed before and after FGA.

Double Layer — Results

Figure 6.8a shows S, for the double layer stacks as well as the reference
Genl. Directly after deposition for Genl a S, of 3.5 cm/s was determined,
which is slightly higher than determined previously. For all of the double
layer stacks a .S, in the range of 2.5 to 3 cm/s was determined, thus lower
than Genl. No clear trend was observed after deposition when varying the
nitrogen content in the Passivation layer. For all layers, a reduction of .S,
was observed after applying the anneal. With increasing nitrogen content,
the effect of the annealing increased, thus S, before and after annealing

pass
showed a bigger difference.
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Figure 6.8: S and Ry, for a stack of an a-SiN,:P passivation layer in combination

with an a-Si:P doping layer in dependence on the nitrogen gas flow of the passi-
vation layer. Ry,.., is shown for a laser fluence of 9 J/cm?®. The stack SiN_ :P/a-Si:P
with 43 sccm N, was defined as »Gen2«.

Figure 6.8b shows Rg..; for these stacks and Genl. Rg,..; for Genl was
comparable to the original result. For the double layers, Rg; ... Was deter-
mined below 25 Q/sq with no major variation due to the changes made to
the Passivation layer.

Double Layer — Discussion

As the SiN PassDop Gen1 process was established, for this experiment the tar-
get was to improve the doping efficiency without significantly affecting the
Spass performance. As shown in Figure 6.8b, this was accomplished, as the
double layer stacks showed a lower Rg;..; (in the range of 20 /sq) than the
reference Genl (around 35 €/sq). In addition, the N, gas flow variation for
the Passivation layer had practically no influence on the determined Ryg; ..
While the refractive index of the Passivation layers in the stacks could not be
determined (and therefore is not given), a variation from approx. 2.6 to 2.4
in the refractive index would be expected based on previous depositions of
these parameters. As the effects of such a double layer stack are expected to
be more important for the firing-stable fPassDop process, the effects on laser
doping are discussed in more detail in Section 6.3.2 and 7.1.3.

For the interpretation of .S, two effects have to be considered. First, a
higher amount of nitrogen in the Passivation layer can lead to an increased
amount of defects [120]. The second is that the formation of the (positively
charged) K-centers is related to the nitrogen content as well. Thus an increase
in the nitrogen content will lead to an increase in fixed positive charges.

Especially this would be expected after thermal activation (i.e. FGA). This
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means that an increase in the nitrogen content can lead to either an increase
in Sy, OF a decrease, as both effects influence the recombination at the in-

terface.

While the overall differences in S, were small both for the Gen1 single
layer as well as the stacks, these effects can explain the observed trends.
For a given deposition temperature, it is expected that there is an »ideal«
gas composition leading to a minimum in S, directly after the deposition.
For Si-richer compositions, D;, is low, but the K-center density as well, thus
leading to a higher S),,i. For N-richer compositions, D;; would be higher,
but not enough K-centers were formed during the deposition to compen-
sate the effect. To quantify this, a measurement of the surface potential (us-
ing, Corona Oxide Characterization Of Semiconductor (COCOS), see [187])
was performed, but due to leakage currents within the layer, the deposited

charges were removed during the measurement invalidating the results.

Annealing had a positive effect on Sy, As the effect was stronger for the N-
richer compositions, this seemed to confirm the effects outlined above. The
annealing results in the formation of more K-centers and therefore improved
field-effect passivation. While the density of fixed charges could not be de-
termined, it is known that the density increases with increasing nitrogen
content [122].

In addition, hydrogen can diffuse during the thermal treatment and saturate
dangling bonds at the surface. This especially could explain the (small) differ-
ence in the performance of Genl and the »84/41+84/0« double layer, as the
a-Si:P layer can be seen as a hydrogen source. In case of hydrogen originat-
ing from N-H bonds in the Passivation layer, these do not contribute to the
recombination as at these compositions the defect state lies outside of the
band gap [122]. In case of S-H bonds, their contribution to recombination is
insignificant if they are not close to the surface.

Overall, after annealing, the S, of the three double layer stacks in this
experiment was similar. Thus, the process with a 84/43+84/0 was defined as
SiN PassDop Gen2. As the changes in S, and Rgpeo; With the changing
Passivation layer composition were low, the Gen2 process is thus expected to

be more prone against process fluctuation than Genl.

The Role of Phosphorus — Motivation

The third experiment regarding SiN PassDop aimed at investigating the role
of phosphorus in the layers. For a-Si, it is known that the presence of dopants
increases the defect density and therefore recombination. The first part of
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this experiment was performed to investigate the influence of phosphorus

on Sp,,s by comparing the doped layers to respective undoped layers.

In the second part of the experiment parts of the PassDop layer or layer stack
close to the c-Si/SiN, interface were changed from SiN, :P to SiN, :H, thus not
being doped anymore. This helps to understand the role of phosphorus close
to the surface on the doping efficiency.

The Role of Phosphorus — Experimental

In the first part, only symmetrical passivation samples were created. The de-
positions using pure hydrogen were performed first to avoid cross-contamin-
ation by phosphorus. After the depositions using PH;, a control deposition
using pure hydrogen again was performed to test for cross-contamination.
Only single SiN | layers were deposited, stacks like Gen2 were not specifically
investigated. Either the hydrogen or the phosphine gas flow were varied,
thus the total gas flow changed and was not kept constant.

The second part with focus on doping efficiency was performed for Genl
and Gen2. For Genl, an additional SiN,:H layer was introduced in between
the SiN:P layer and c-Si, resulting in an SiN,:H/SiN_:P stack which is here
called »Gen1:H«. For the SiN_:H layer phosphine was set to 0, hydrogen to
300 sccm. All other deposition parameters were not changed. This resulted in
an SiN | layer of approx. 130 nm where the first approx. 25 nm were undoped.
For Gen2, the Passivation SiN,.:P layer was replaced by SiN, :H with the same
parameters but phosphine changed to pure hydrogen, thus the first 80 nm of
the SiN,.:H/a-Si:P stack being undoped. This stack is called »Gen2:H« here.
As reference, the fully doped Genl and Gen2 were deposited as well. These
standard layers are here called Gen1:P and Gen2:P to avoid confusion. Apart
from replacing PH; (diluted in hydrogen) by pure hydrogen, no deposition
parameters were changed compared to the Genl and Gen2 presented in the
previous two sections.

In addition to 4pp, Electrochemical Capacitance-Voltage Profiling (ECV) mea-
surements were performed as well. The ECV measurements were used to ex-
tract the profile depth. A significant increase in the profile depth due to the
higher phosphorus concentration was not determined. As will be discussed
in Section 7.1.3, the doping concentration cannot be reliably deteremined by
ECV. Thus, a Gaussian profile (N (x) = NpeakExp(—leze)) was defined us-
ing this profile depth and adjusting the surface concentration such that the
Rg}.or determined by 4pp was matched. The profile was then used to calcu-
late the phosphorus dose inside the silicon.
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Figure 6.9: (a) S, for a variation of the PH; doping gas flow during the deposition of
SiN_:P single layers. As a reference the layer was deposited without phosphorus
doping, thus with a variation of the hydrogen gas flow. (b) shows Ry, for the
stacks, where part of the stack was replaced by an undoped layer. The basis are
SiN PassDop Genl and Gen2 (here denoted as Gen1:P and Gen2:P). For Gen1:H, the
first 25 nm of the layer were undoped. For Gen2:H, the SiN Passivation layer was
undoped and dopants were only provided by the a-Si:P Doping layer.

The Role of Phosphorus — Results

Figure 6.9a shows S, for a gas flow variation of hydrogen and phosphine
for the SiN, Passivation layer. Overall an increasing trend in S, with in-
creasing gas flow was observed for pure H,. 20 sccm pure hydrogen signifi-
cantly deviated from the overall trend, since a decrease in S, from 1.3 cm/s

(20 sccm H,) to 0.35 cm/s (100 sccm H,) was observed. At the maximum H,

flow of 500 sccm, S5 Was just above 1 cm/s.

For diluted PH3, S, was determined generally higher than with pure H,.
The overall trend was similar to that of pure hydrogen, but less pronounced
below 300 sccm. The minimum S, was found at 200 sccm with 1 cm/s, the
maximum at the maximum PHj3 gas flow of 500 sccm with S, = 3.7 cm/s.

Figure 6.9b shows Rg; .. for Genl and Gen2. The black bars give results
for the normal (completely doped) layers as defined previously. The red
bars give results for Gen1:H and Gen2:H stacks with an undoped Passivation
layer. Genl:H and Gen2:H gave a significantly higher Rg; .. than Genl:P
and Gen2:P, respectively. For Genl a Rgy,..; of 100 €2/sq was determined. For
Genl:H (the variant with 25 nm SiN_:H) Rg}..; increased to over 200 €2/sq.
For Gen2, the standard with a doped Passivation layer was determined to be

21 Q/sq. The Gen2:H variant with an undoped Passivation layer was deter-
mined to be 33 Q/sq.
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Table 6.2: Calculation of the phosphorus dose by adjusting a Gaussian profile with
the formula N(x) = NpeakExp(—xz/ze) such that the depth matches the deter-
mined depth from the ECV profile and the calculated Rg,,.., matches that deter-

mined by 4pp.

4pp ‘ Calculated
PassDop Layer Rgpeer Rspeet  Npeak zrp P Dose

[/sq] [Q/sq] [em™] [pm] [cm™]

Gen1:P 103 101 3.5x10® 1.13 3.4x 10"
Genl:H 217 215 8.0x107 13 9.0x10"
Gen2:P 209 208 3.3x10" 1.05 3.0x 10"
Gen2:H 329 324 1.8x10"° 1.1 1.7x10

The depth of the profiles determined by ECV was 2.7 pm for Genl:P and
Gen1:H and 3.0 pum for Gen2:P and Gen2:H. The results for the Gaussian pro-
file evaluation are summarized in Table 6.2. For Gen1:P, the integration of the
profile yielded a dose of 3.4 x 10'* cm™2, for Gen1:H the dose was determined
as 9 x 10!3 cm™. The doses for Gen2:P and Gen2:H were 3 x 10" cm™ and
1.7 x 10" cm™2, respectively.

The Role of Phosphorus — Discussion

For a-Si layers—as used for hetero-junction solar cells—it is well known that
the addition of dopants to the layer results in an increase in the defect density
[186]. Robertson et al. [120, 122] noted that the defect structure of SiN,, is
related to a-Si:H. Thus, it could be expected that the addition of phosphorus
to the layer can result in an increase in .S}, due to a higher defect density.
As shown in Figure 6.9a, such an effect was observed for phosphorus in SiN,.
While the performance without any PH; was similar to a process with low
hydrogen', when adding dopants, the curves were spreading and for PH; the
passivation performance was significantly worse.

When comparing the curves denoted as »H,« and »PH; « an almost con-
stant offset can be observed. Here, one has to keep in mind that the used
PH; was diluted and 99.75 % of the gas was hydrogen. Therefore at identi-
cal gas flows the amount of hydrogen in the chamber was almost identical
as well. This means that the differences can be attributed to the incorpora-
tion of phosphorus in the SiN, layer and therefore—similar to a-Si—to de-

'The additional 20 sccm do not make a significant difference here, the performance with 0 sccm
hydrogen would be very similar, but 20 sccm was a standard for passivation at that time.
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6 Development and Characterization of PassDop layers

fects related to the dopants. This was further confirmed by a SiN, :H control
sample which was deposited directly after the 500 sccm PH; deposition and
could not achieve the same performance that was observed for the previ-
ous SiN,:H samples, due to cross-contamination with phosphorus. While
the S, performance of the phosphorus-doped SiN, layers was worse than
their hydrogen-counterparts, it should be emphasized that the passivation
performance was still excellent. The performance of the SiN_:H layers here
was simply outstanding. For 300 sccm PHj, as used by SiN PassDop Genl, a
Spass 0f 2 cm/s was achieved, which would resultin a Jg, ¢, of only 4 fA/cm?
and thus barely visible at the device level. Therefore, for the PassDop cells
the slight loss in passivation performance due to the dopants is—unlike for

silicon hetero-junction solar cells—acceptable.

One may wonder why S, changed with the increasing hydrogen flow in
the observed way. Measurements by spectral ellipsometry showed that the
refractive index increased from approx. 2.55 (0/20 sccm PH; or H,) to 2.67
(500 sccm PHj or H,). Since the pressure was kept constant during the de-
position, the increase in hydrogen resulted in a dilution of the remaining
process gases, which influenced the composition of the layers. The lower
dissociation energy of SiH, compared to molecular nitrogen (see Table 4.1)
led to a shift towards Si-richer layers. The increase in .S}, can therefore be
attributed to decreased thermal stability and hence degradation during the
process as described for Genl previously. For such Si-rich SiN, layers, the
deposition temperature was too high, leading to a degradation during the

process.

While the passivation results suggested that an intrinsic Passivation layer
would not be required, it was still important to investigate what effect such a
change would have on the doping efficiency of the stack. Here, despite iden-
tical process parameters, process fluctuation influenced the outcome of the
experiment, which resulted in a much higher Rg .., than previously deter-
mined for Gen1:P, as can be observed in Figure 6.9b. Comparing the result for
Genl:P with Rgy,.. of 100 €/sq to the previously determined approx. 35 Q/sq
as shown for the previous two experiments underlined the importance of a
stable and reproducible process. As the process was still in a prototype state,
this could not always guaranteed, at least not on different processing days
and in this case, it resulted in a layer with a significantly lower refractive
index of approx. 2.4. However, despite the process fluctuation, the influ-
ence of a 25 nm intrinsic thick layer as for Gen1:H was clearly visible, as
Rg},.or increased by more than a factor of 2 from 100 to over 200 €2/sq, which
shows that the first nanometers are of major importance for laser doping
from SiN,.
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For a deeper analysis, it would be desirable to not only have the Rgy..;, but
the dopant dose as well, as this it the parameter that is changed when leav-
ing parts of a PassDop stack undoped. To acquire the dose a doping profile
would be necessary, but as will be shown in Section 7.1.3, ECV profiles are
an unreliable reference for the doping profiles when performing laser dop-
ing from SiN,:P layers. This was due to the incorporation of nitrogen in
the LBSF. The better reference would be Secondary Ion Mass Spectrometry
(SIMS) measurements, but this was not possible for this experiment. How-
ever, one parameter from ECV and SIMS that does match quite well is the
profile depth (e.g. see Figure 7.7). Thus, a good approximation of the dop-
ing profile should be to adjust a Gaussian doping profile such that the depth
matches that determined by ECV (including corrections if applicable) and set
the surface concentration such that the Rg,..; for the doping profile matches
that measured by 4pp. It should be made clear that this is just an approxima-
tion for the doping profile, but it can be used to illustrate the changes in the
dose which will certainly exceed the error on the dose calculation as already
indicated by the changes in Rgy.;-

The results from this approximation are summarized in Table 6.2. It was
clear that the changes in the doses were very strong. For the Gen1:H stack
the dose decreased by a factor of 3.8 (from 3.4 x 10'* to 9 x 10"* cm™2) in
comparison to the fully doped Gen1:P (Rg},..; increased by a factor of ~ 2.2),
thus almost 300 % more dopants were incorporated into the LBSF. Therefore,
it can be concluded that the first approx. 30 to 50 nm have by far the highest
contribution to the laser doping process.® The effect can be explained by
the thermal stability of SiN,. For Si-rich SiN, layers like the Gen1 SiN, :P
layer that was used in this experiment, the melting point is expected to be in
between that of ¢-Si (1400 °C [188]) and the melting/decomposition point of
SizN, (1900 °C [189]) and the thermal conductivity is expected to be low. This
means that at some point the pressure of the molten silicon underneath the
SiN, layer will get high enough to burst off the SiN,, layer or stack while only
part of the layer was molten and contributed to the laser doping process, as
will be discussed in more detail in Section 7.1.3. Thus leaving the first few nm
of the layer undoped will result in a strong influence on Rg;,..; as observed.

For Gen2, the effect was not as pronounced, but even here the change from
Gen2:H (undoped SiN,.:H Passivation layer, 100 nm) to Gen2:P (doped SiN, :P
Passivation layer, 100 nm) will lead to an increase in the dose by a factor of
1.7 from 1.7 to 3.0 x 10'°> cm™ (decrease in Rgy... by a factor of 1.6). This is

%A similar effect was observed for the N-richer fPassDop layers, which will be discussed in
Section 6.3.2, e.g. Figure 6.18b.
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6 Development and Characterization of PassDop layers

because the a-Si:P Doping layer due to the lower melting point will be molten
much earlier during the laser doping process and improve its contribution to
the laser doping process either by supporting melting the Passivation layer
or by diffusion through (already) broken parts of the Passivation layer.

6.3 Firing-stable PassDop based on a-SiN_:P
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Figure 6.10: S after applying a thermal treatment to the SiC PassDop Gen2 stack.

Motivation

In industrial fabrication, the most commonly used technique to create the
contacts is screen printing of silver. As shown in Figure 6.10, SiC PassDop
was not found to be compatible with a firing step at high temperatures above
650°C, even if only applied for a short time. As described in Section 5.1.1,
SiN, is a commonly used technique to create both an ARC for p-type silicon
solar cells as well as known for a good passivation on phosphorus emitters.
In Section 6.2.2, it was shown that it is possible to use SiN_:P to form a Pass-
Dop passivation layer. This made SiN, a good candidate for a firing-stable
passivation on n-type silicon (fPassDop). However, the SiN PassDop process
aimed for a passivation directly after the deposition or after FGA at relatively
low temperature and was not stable under firing conditions. Thus, modifica-
tions to the process were necessary. The development of the fPassDop layer
was mainly done in the focus of a supervised masters thesis [190].
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6.3.1 fPassDop Single Layer based on a-SiN_:P

Motivation

As defined in Section 5, the two most basic properties for a PassDop layer are
surface passivation as well as doping efficiency during the laser process. In
Section 6.2.2 it was shown that a single layer can provide these properties
for a low-temperature metallization approach. However, the SiN PassDop
process would not withstand the temperatures required for the activation
of screen printed contacts and therefore a modified surface passivation was
required. Similarly to SiN PassDop Genl, the first experiment was a process
screening to determine if a single layer was feasible.

The experiment here is therefore a simple variation of the gas flows and lead-
ing to a variation in the composition of the SiN, :P layer. Rgy,..; is determined
to get information about the doping efficiency in dependence on the compo-
sition. .Sy, after firing is determined for a selection of firing temperatures
to get information about the passivation quality. FT-IR measurements are
used to differentiate the compositions helping to understand the observed

results.

Experimental

The depositions were made in the Roth&Rau AK800 batch type reactor as
described in Section 4.3. The deposition set temperature was 475 °C. The
pressure throughout the experiment was set to 12 Pa and kept constant. The
changes in the composition were achieved by varying the gas flows of SiH,
and nitrogen while keeping the total gas flow constant. Firing was done as
denoted in Section 6.1. FT-IR was performed for a selection of samples di-
rectly after the deposition. The absorption was normalized to the layer thick-
ness and a baseline correction was made. For all investigated compositions it
was tried to do the baseline correction similarly to improve comparability of
the curves, which is essential for the region from 600 to 1100 cm™! but not
as critical at higher wave numbers.

Results

Figure 6.11 shows .S, for the investigated a-SiN,:P layers after firing for a
temperature range of 700 to 850 °C. The first observation is that the temper-
ature at which the minimum S, after firing was achieved shifted with the
composition. For Si-rich (high refractive index) layers, this minimum was
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Figure 6.11: S, after firing for  Figure 6.12: Ry, at a laser fluence of
a-SiN, :P layers with a refractive index 9.3J/cm? for a single layer a-SiN_ :P
in the range of n = 2.15 to n = 2.46. process.

determined at lower firing temperatures and with increasing nitrogen con-
tent (decreasing refractive index) the minimum shifted towards higher firing
temperatures. Thus for Si-rich layers, the lowest .S, was determined at
700 °C while for the layer with the highest nitrogen content, it was found at
850°C. All investigated compositions achieved a S, below 10 cm/s, each
at their individual optimum firing temperature. For all investigated compo-
sitions with n > 2.15 a temperature limit was found above which S, was
significantly higher by at least a factor of 3. If the temperature limit was ex-

ceeded the higher S, was accompanied by a high amount of blistering.

Figure 6.13 shows the baseline-corrected FT-IR measurements performed for
the investigated layers. Two signal peaks were found in the measured wave
number range. At a wave number of approx. 835cm™!, a strong absorp-
tion was determined, which was attributed to asymmetric stretching of Si-N
bonds [123]. With decreasing refractive index, the maximum of this peak
was observed to increase. At 1175 Cm_l, at the lower shoulder of the large
Si-N peak, a small bump was observed that could be attributed to N-H rock-
ing [123], a clear trend with the composition was not observed. At a wave
number of 2150 to 2200cm™', a second peak was determined, which was
attributed to the stretching mode of Si-H bonds [123]. With decreasing re-
fractive index, the absorption signal of this peak decreased and the peak
position shifted from 2150 to 2200cm™!. A third peak at around 3300 to
3450 cm™! related to N-H bonds was expected, but was not observed.

Figure 6.12 shows the determined Rg,..; for a laser fluence of 9.26J cm™>

in dependence on the layer composition and therefore the refractive index.
For a n < 2.4 the measured Rg,..; Was almost constant around 100 Q/sq.
Between 2.4 and 2.5, a strong decrease of Ry, from 100 to 30 €2/sq was ob-
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Figure 6.13: FT-IR spectra for a-SiN, :P layers after deposition. For all layers, a base-

line correction was made. The smaller graph shows the variation in the SiH peak
in dependence on the layer composition.

served. Above 2.5, a further slight decrease in Rgy,..; Was observed reducing
Ryt down to 20 €2/sq at the maximum investigated n around 2.6.

Discussion

From the results it was clear that for a suitable firing stable layer a refractive
index of 2.3 or lower was required as shown in Figure 6.11. At the same time
only compositions with a refractive index of at least 2.45 seemed to result in
a low Rygj .. (see Figure 6.12). This means that depositing a film that at the
same time provides a sufficient passivation after firing in the range of 700 to
800 °C and at the same time has a high doping efficiency is a tough call. For
the feasibility of a single layer it would be important to either improve the
doping efficiency for N-rich layers or improve the firing stability for Si-rich
layers.

For the doping efficiency it is important to understand—as will be discussed
for fPassDop Gen2 in Section 7.1.3, but the same applies to the single layer
as well—that the high Rg .. is not (mainly) a consequence of an insufficient
amount of dopants in the layer, but instead an incompatibility with the laser
process. Ni-rich layers are expected to have a higher melting (or decompo-
sition) point closer to that of Si;N, and therefore cannot be molten as effec-
tively by the laser as Si-rich layers. Thus, for laser doping, Si-rich layers with
a lower melting point might be required.
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6 Development and Characterization of PassDop layers

The alternative could be to improve the firing stability of the Si-rich layers.
For that, it is important to understand what limits the firing stability with
Si-rich layers. Here the analysis of the FT-IR data for the SiN,:P layers is
helpful. While the first result shown from Figure 6.13 was pretty trivial—an
increase in Si-N bonds with decreasing refractive index—the more interesting
result was the second peak around 2200 cm™! shown in the embedded graph.
The shift toward a higher wave number is an indication that more of these
Si-H bonds are back bonded to nitrogen [123] for increased nitrogen content.
A similar effect was found by Gatz et al. [112]. The modified back bonding
leads an increase in the binding energy of the Si-H bonds, which then leads
to an increase in the thermal stability of the bonds. This clearly raises the
release temperature of the bonds as observed by Gatz leading to a reduced or
no blistering. Therefore, the nitrogen plays an essential role in the thermal
stability of the layers and achieving a good and reliable passivation with Si-
rich layers (n > 2.4) would be a tough task. The second effect of nitrogen in
SiN, can be observed especially for the layers with n = 2.15 and 2.22, where
an improved S, with increasing peak temperature was observed (see Fig-
ure 6.11). A higher concentration of Si-N bonds in the material is known to
result in defects, the K-centers, which are positively charged, formed during
thermal treatment. This resulted in an increased Q; > 0 with decreasing
refractive index [122]. The higher thermal budget at higher peak tempera-
tures is expected to lead to a higher amount of K-centers and therefore to an

improved S,

In conclusion this means that defining a single layer process that can be used
as an fPassDop layer would be very hard. If achieved, the boundary condi-
tions discussed in this section mean that such a process would likely be very
prone to process fluctuation, mainly due to the strong slope in Rgy,..; at in-
termediate n, an effect that was already observed in the previous chapter for
SiN PassDop Genl. Nevertheless, a single layer (n = 2.15) was tested at the
device level, for which the results can be found in Section 8.1.1.

6.3.2 fPassDop Double Layer Systems based on a-SiN :P

Motivation

The previous section showed that for SiN:P, a basic trade-off for the layers
between firing stable passivation (requiring N-rich layers) and doping effi-
ciency (requiring Si-rich layers) has to be made. The logical solution to solve
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6.3 Firing-stable PassDop based on a-SiN, :P

this is to use a layer stack consisting of two or more layers, each with a spe-
cific purpose. In the following, these layers will be called Passivation and
either Doping or Capping layer. For a specific declaration, see below. In this
work, three posibilities to create such a stack are discussed. Schematics for
these stacks can be seen in Figure 6.14.

1. Variant A: SiN, :P (Si-rich, Passivation) + SiN,.:P (N-rich, Capping)
2. Variant B: SiN, :P (N-rich, Passivation) + SiN,.:P (Si-rich, Doping)
3. Variant C: SiN, :P (N-rich, Passivation) + a-Si:P (Doping)

The focus was on changing as few deposition parameters as possible to re-
duce process complexity. Thus, for the different layers of the stack it was
mainly the gas ratio that was changed, while plasma excitation, pressure and
temperature are kept constant. This could allow for a deposition of the layers
in sequence within a single chamber when processing in-line.

Variant A Variant B Variant C

. a-SiNy:P (Si-rich)  a-SiNy:P (N-rich) a-SiNy:P (N-rich)
Passivation Layer ~_

Capping/Doping Layer— Ve / N
a-SiNy:P (N-rich)  a-SiNy:P (Si-rich) a-Si:P
Figure 6.14: Schematics of the investigated fPassDop double layer systems. Variant
A: Si-rich Passivation layer with N-rich Capping layer. Variant B: N-rich Passivation
layer with Si-rich Doping layer. Variant C: N-rich Passivation layer with a-Si:P

Doping layer.

Variant A: SiN,.:P (Si-rich) + SiN_:P (N-rich)

Motivation

The approach to use an Si-rich Passivation layer and an N-rich Capping layer
is the most straight forward one and was already investigated by multiple
authors [112, 113, 191] for the combination of an a-Si or Si-rich SiN,. Passiva-
tion layer with an N-rich SiN, Capping layer. In these cases undoped layers
were used aiming only for a good S, usually for application on the rear
of p-type Passivated Emitter and Rear Cell (PERC).

The basic idea is to use an Si-rich Passivation layer for interface passivation
benefiting from high hydrogen mobility, lower Si defect density and hence a
low Dj;. This alone could already be an advantage to an N-rich single layer
passivation, as D;; for these layers can be a weak spot regarding passivation,
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6 Development and Characterization of PassDop layers

hence the investigations by before-mentioned authors upon the firing stabil-
ity of such stacks. The purpose of the N-rich layer here is to act as a Capping
layer. The »capping« functionality here is defined as to reduce out-diffusion
of hydrogen, possibly even provide hydrogen during the firing process to re-
duce the amount of dangling bonds at the interface. However—as noted in the
previous section—blistering can limit the passivation and thus the amount of
hydrogen has to be controlled. The second functionality of the Capping layer
is to improve the lifetime after firing due to the formation of the positive fixed
charges.

For the design of the experiment it was important to keep in mind that only
Si-rich layers with a refractive index above 2.45 were found to result in a
low Rgpeet- At the same time experiments showed that a thick Passivation
layer will result in blistering, thus limiting the thickness. As the dopants will
almost exclusively be provided by the Passivation layer (for the Capping layer,
the doping efficiency would be too low), a higher refractive index resulting in
improved doping efficiency for the passivation layer is desirable. This means
that for the design of the experiment a thin Passivation with a high refractive
index should be selected, but likely as thin as possible.

Doping gases were not yet available at the time of processing and due to the
results for Sy, the approach was not further pursued.

Experimental

All layers were deposited in the Roth&Rau AK800 batch reactor. The pro-
cess was based directly on the original »Passin« process developed by Rauer

(see Table 6.1, page 6.1). The pressure was 12 Pa and the temperature was
475 °C.

An Si-rich Passivation layer was deposited with 60 sccm silan and 25 sccm
N,. The refractive index of this layer was 2.6, the thickness was varied from
0 to 40 nm.

For the Capping layer, 54 sccm (SiHy,) and 27 scem (N, ) were used. The thick-
ness of the Capping layer was set to approx. 70 nm. The refractive index of
the Capping layer was around 2.1. A firing temperature variation was not
performed, all samples were fired with a peak temperature of 800 °C.

Results

Figure 6.15 shows the .S, after firing in dependence on the Passivation layer

thickness. In absence of the Passivation layer, a .S, of just below 10cm/s
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Figure 6.15: S after firing at 800°C for a stack of Si-rich a-SiN,:P and N-rich

a-SiN_:P in dependence on the thickness of the Si-rich layer.

was observed. When introducing a thin Passivation layer of approx. 5nm
thickness, S, decreased to 5 to 7 cm/s. Increasing the thickness to 10 nm or

above resulted in a significant increase in S, to values > 15 cm/s. When ex-
ceeding a Passivation layer thickness of 10 nm blistering was observed. With

increasing Passivation layer thickness the amount of blistering increased.

Discussion

While the introduction of a thin Passivation layer had a clear effect on the pas-
sivation performance, for thicker layers the passivation degraded, as can be
observed in Figure 6.15. N-rich SiN, layers like the Capping layer are known
to have more defects than Si-rich layers like the Passivation layer [122] and
thus the Passivation layer can reduce D;; and therefore improve the passiva-
tion performance. However starting with 10 nm thickness, the accumulation
of hydrogen in the Passivation layers starts to degrade the performance as
blistering occurs. In addition, the fixed charges from the Capping layer (see
the previous section) are less effective due to the thicker Passivation layer
in between the c-Si and the Capping layer, although at 10 nm thickness, this
would be expected to be a minor effect. At higher thicknesses, blistering gets
more pronounced resulting in a further increase in S, ., and thus rendering

pass

higher thicknesses useless. As the .S, were only promising for a Passiva-
tion layer thickness of 5 nm and the laser doping contribution of such a layer
would not be expected to be significant (if doped), this approach was not

further pursued.
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Variant B: SiN _:P (N-rich) + SiN_:P (Si-rich)

Motivation

In this section the approach to combine an N-rich Passivation layer with an
Si-rich Doping layer will be investigated. The basic idea behind this approach
is to use a firing stable SiN,:P layer as a Passivation layer to build upon a
known and stable basis as the passivation capabilities for such a process was
already investigated in Section 6.3.1. The Passivation layer is combined with a
second, Si-rich layer acting as a doping source. This Doping layer is deposited
on top of the Passivation layer. While the Passivation layer—if deposited as a
single layer—has already proving its passivation capabilities, the passivation
performance could still be influenced by the Doping layer. While blistering
in the Doping layer in principle should not affect the c-Si/Passivation layer
interface, a damage to the Passivation layer by this effect might still occur. In
addition—if the laser doping process is done after the firing step—blistering
could result in lowered doping efficiency as parts of the layer could be ablated
by blistering prior to the laser.

The most critical aspect however is the doping efficiency. As shown in Sec-
tion 6.3.1, SiN,.:P layers with n < 2.4 did result in a low Rgy..;, but are re-
quired for a low .S, ;. The task of the Doping layer is to improve the doping
efficiency and thus lower Rgy,.... However, as the Doping layer is placed on
top of the Passivation, the question arises if this can be fulfilled, as the Pas-
sivation layer could possibly act as a shield and prevent doping from this
layer.

Temperature Variation — Motivation

The goal of the first experiment is not only to test the feasibility of such an
approach, but also to determine the influence of the deposition temperature.
The temperature could be one way of controlling the amount of hydrogen
incorporated into the layer. This could allow for the use of Si-richer compo-
sitions for both the Passivation and the Doping layer. Thus, this might lead to
an improved trade-off regarding surface passivation after firing and doping
efficiency.

Temperature Variation - Experimental

Both the Passivation as well as the Doping layer were based on the process
used for the single layer in Section 6.3.1. The temperature during the depo-
sition was varied from 475 to 575 °C. For the Passivation layer, the process
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with n = 2.15 was the basis and for the Capping layer the process with
n = 2.4. Due to the higher temperature (the previous single layer was de-
posited at 475 °C), the values for the newly deposited layers can be different
as will be discussed. Both layers were deposited in sequence with constant
plasma excitation. The deposition time of the Passivation layer was 1:30 min
(around 50 nm), for the Doping layer 3:30 min (around 130 nm) was used. The
thickness of the layers in the stack could not be determined, the given values
represent estimates.

The deposition was then repeated depositing single layers for either the Pas-
sivation or Doping layer to determine the refractive index by spectral ellip-
sometry.
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Figure 6.16: S, after firing and R, ., for a stack of N-rich a-SiN_:P and Si-rich

pass
a-SiN_:P in dependence on set deposition temperature.
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Figure 6.17: Refractive index for the two fPassDop layers in dependence on the set
deposition temperature. Data at T, = 425°C is not available as the depositions
were not repeated for single layers.
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Temperature Variation — Results

Figure 6.16a shows .S, for the variation of the set temperature during the
deposition. An overall trend toward lower .S, with higher deposition tem-
perature was observed. For the temperatures in the range of 425 to 525°C
a trend towards lower S, with higher firing temperature was observed.
This trend was less pronounced for higher firing temperatures. For a firing
temperature of 525 and especially for 575°C, S5, was found to be relatively
constant, the latter with values in the range of 4.5 to 6¢cm/s. As a refer-
ence the single layer with n = 2.15 from Section 6.3.1 was included. Figure
6.16b shows Rgy,.; for the this variation. Almost no influence of the deposi-
tion temperature on Rgy..; was found. A common trend towards decreasing

Ryt With increasing laser fluence was observed.

As a reference the values for the single layer with n = 2.15 from Section
6.3.1 was included. With increasing firing temperature, this layer showed a
decreasing Sy,5s- FOr Rgpeer, @ minimum around 8 to 9 J/em? was determined

with the minimum Rgy,..; of around 100 €2/sq.

Figure 6.17 shows n for both Passivation and Doping layer at 475, 525 and
575°C. For both layers, an increasing n with increasing deposition tempera-
ture was observed. No blistering was observed during the experiments.

Temperature Variation — Discussion

In section 6.3.1, it was found that for SiN,.:P single layers the trade-off be-
tween doping efficiency and passivation quality seems essential. Either Rgy.
(N-rich layers) or .S, (Si-rich layers) were found to be high and not suitable
for a PassDop layer. Combining an N-rich Passivation and an Si-rich Dop-
ing layer it was tried to overcome this limitation and to achieve both a low
Spass as well as alow Rgy,qq- This was partially successful as the experiment
showed. The passivation performance of the best stack (at 575 °C deposi-
tion temperature) was on par with the single layer, but over a wider range
of firing temperatures. At other deposition temperatures the performance
was not far behind with only few S, values above 10 cm/s. The important
aspect here was that for these samples, no blistering was observed, which
was surprising, as the Doping layer directly deposited onto the substrate re-
sulted in severe blistering. This means that either the deposition of the layer
was slightly modified due to the different interface (SiN,.:P/SiN  :P instead of
c-Si/SiN,.:P) or the Passivation layer consumes some of the hydrogen during
the firing process and therefore prevents blistering. Such a consume of hy-

drogen could also explain the modified temperature behavior compared to
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6.3 Firing-stable PassDop based on a-SiN, :P

the single layer, as an increased amount of hydrogen would improve S,
at lower firing temperatures, as observed. Thus, the experiment showed that
with an fPassDop double layer stack, excellent passivation performance is

possible over a broad range (700 to 850 °C) of firing temperatures.

One important aspect regarding S,,,; Was the shift towards lower S, with
higher deposition temperatures. To understand this, one has to take into ac-
count the composition of the layers, for which the refractive index a good
indicator. As shown in Figure 6.17 it was observed that with a higher depo-
sition temperature, the refractive index for both layers increased, thus the
layers had a higher Si content. As already discussed for SiN PassDop in Sec-
tion 6.2.2, a higher Si content results in a lower defect concentration in the
Passivation layer. In addition, around n =~ 2.1 the N dangling bond becomes
inactive [122]. This is not expected to be an abrupt change in D, instead
a decreasing influence in D;, with increasing refractive index would be ex-
pected.

Karabacak et al. found that an increase in the deposition temperature re-
sults in a decrease in the hydrogen concentration due to outdiffusion during
the deposition Karabacak et al. [93]. While their process made use of an RF
plasma source, it is still likely that the investigated layers behave similar.
Thus, the increase in the deposition temperature helps to keep the hydrogen
content of the Passivation layer at a level that blistering can be prevented and
together with the hydrogen consumed from the Doping layer a low .S, can
be achieved. In the AK800 reactor, the maximum set temperature is 600 °C. In
a later experiment this was tested, but no significant difference to 575 °C was
found. Therefore from this point on, 575 °C was used as the set temperature

for all fPassDop processes.

The main reason to use a two-layer stack instead of a single layer was to im-
prove the doping efficiency. Above it was mentioned that the double layer
was »only« partially successful and Figure 6.16b shows why. Up to approx.
9J/cm?, Rg,... was not significantly reduced in comparison to the single
layer. Only at higher laser fluences a lower Rg; ... would be achieved. The
influence of the increased silicon content in the layers (see Figure 6.17) was
minimal.

While the lower Rg;, .. of 60 €/sq at higher laser fluences means that in prin-
ciple the Doping layer does fulfill its purpose, the higher laser fluence that
was required indicates that the laser doping process was hindered and the
barrier responsible for this was the Passivation layer. The reasons for this
will be discussed in more detail in Section 7.1.3, but in short the tempera-
ture stability of the N-rich SiN, prevents an early melting of the Passivation

109



6 Development and Characterization of PassDop layers

layer. This can lead to the Passivation layer bursting under the pressure of
the molten silicon taking the Doping layer with it. Thus the influence of the
Doping layer can be to either support the melting of the Passivation layer or
contribute via already molten areas of the layer or holes (e.g. through already
broken parts) in the Passivation layer. Thus, even though the Doping layer
may have a much better doping efficiency (see the next section) than the Pas-
sivation layer and a higher Si content (thus it would melt earlier during the
process), it cannot contribute as much dopants as would be necessary for a
really stable process. Still, the lower Rg,.. in the range of 60 Q/sq at a laser
fluence of 10J/cm? led to the definition of the stack deposited at 575 °C as
fPassDop Gen2 (due to the improved ;S’pass).3

Influence of the Passivation Layer Thickness — Motivation

As outlined in the motivation, the main purpose of the Doping layer is to
improve the doping efficiency In the previous experiment, it was observed
that this was only partially successful and that possibly the Passivation layer
acted as a barrier during the laser doping. Reducing the barrier thickness
could be a way to reduce this influence. On the other hand, a low thickness
might lead to a degradation in the surface passivation.

Therefore the goal of this experiment is to investigate the influence of the
Passivation layer thickness on the passivation performance and the doping
efficiency. In addition, the Rg,..; for the Doping layer without the interme-
diate Passivation layer is determined as well.

Influence of the Passivation Layer Thickness — Experimental

For this experiment a deposition temperature of 575 °C was used. Both layers
were deposited in sequence with constant plasma excitation.

The Passivation layer deposition time was varied from 0 to 0:50 min. The
estimated layer thickness would be in the range of 5 to 10 nm for 0:20 min
and 30 nm for 0:50 min. The exact layer thickness cannot be determined by
ellipsometry as the stack deposition can influence the resulting thickness,
especially for thin layers. From the previous experiment, the refractive index
for the Passivation layer would be expected to be around 2.2.

The deposition time for the Doping layer was kept constant at 3:30 min (cor-
responding to approx. 130 nm thickness). The refractive index for the Doping
layer was determined in the previous experiment at 2.47.

3For fPassDop Genl, see [179].
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Figure 6.18: S after firing and Rgy,., for a variation of the Passivation layer thick-

ness in the N-rich/Si-rich stack fPassDop approach. 0:20 min should correspond to
approx. 5 to 10nm, 0:50 min to approx. 30 nm. The Doping layer thickness was
kept constant throughout the experiment.

Influence of the Passivation Layer Thickness — Results

6.18a shows the dependency of .S, on the N-rich Passivation layer deposi-
tion time ranging from 0:20 min to 0:50 min. All deposited layers show a clear
trend: with increasing temperature Sy, increased. For a lower Passivation

thickness, this increase in .S, was stronger. While at a firing temperature
of 700 and 750°C S, was similar throughout the variation, 800 and espe-
cially 850 °C a trend towards lower S, with higher Passivation layer thick-
ness was observed. Blistering was observed for thinner Passivation layers,

especially at higher firing temperatures.

Figure 6.18b shows Rgy,..; for the same variation. In addition 0:00 min was in-
cluded, which corresponds to Rgy,..; for the Si-rich Doping layer deposited di-
rectly on the substrate. For this Doping layer, above a laser fluence of 6 chmz,
Ryt Was found to be in the range of 30 €/sq without much variation and
therefore significantly lower than the stacks. For the samples with a Passiva-
tion layer, a clear trend was observed: decreasing Rg; .. With increasing laser
fluence. The thickness of the Passivation layer was minimal and only present
at lower laser fluences. Only at laser fluences below 9 J/cm?, a trend towards
lower Rgyp..¢ With lower Passivation layer deposition time was observed, but

most of the Rgqy..; values were determined at 100 /sq or above.

Influence of the Passivation Layer Thickness — Discussion

In the previous experiment it was suggested that the Passivation layer acted
as a barrier during the laser doping process. One could expect that reducing
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the thickness of the Passivation layer would help the laser doping process
as this reduces the thickness of the barrier. As shown in Figure 6.18b, such
an effect was present, as all samples which had a Passivation layer showed a
significantly higher Rgy,..; than the reference for the Doping layer. The in-
fluence of the Passivation layer thickness was minimal and only all present
at fluences below 10J/cm?. Even with the thinnest Passivation layer (depo-
sition time of 0:20 min), the barrier seemed to be effective. It was a surprise
that even such thin layers would have such a big impact on the doping effi-
ciency leading to an increase by a factor of 2 to 3 in Rg,..; in comparison
to the Doping layer deposited onto the substrate directly. This means that
this approach is fundamentally flawed and an alternative solution needs to
be found, which will be discussed in the next section.

The influence of the Passivation layer thickness on .S, was mainly present
at higher temperatures as shown in Figure 6.18a. As blistering was observed
for the thinner Passivation layers, this supports the consumption of hydrogen
by the Passivation layer outlined in the previous experiment. For the thinner
Passivation layers, not enough hydrogen was consumed leading to blistering,
especially at higher temperatures. Thus for a stable passivation, at least a

deposition time of 0:50 min should be selected.
Variant C: SiN_:P (N-rich) + a-Si:P

Motivation

With Variant B (SiN, :P (N-rich) + SiN,.:P (Si-rich)) of double layer fPassDop
stacks the first functional fPassDop layers were introduced. These experi-
ments led to fPassDop Genl and Gen2 being defined with which the first
fPassDop solar cells were fabricated successfully.

As discussed in the previous section, this approach faced some fundamental
issues, which will be discussed in more detail in Section 7.1.3: The limitation
of the doping efficiency by the Passivation layer. This led to a stack that
»might« work, but clearly was not a very reproducible solution in terms of
doping efficiency and contact ability. Within some batches of solar cells, a
large distribution in the fill factor was found, due to the variations in the
LBSF doping. These variations are discussed in the sections 7.1.3 and 8.1.

To overcome these trade-offs, a new approach was developed, which made
use of an N-rich Passivation layer similar to that of fPassDop Gen2, but com-
bining it with an N-free a-Si:P Doping layer. The basic idea of this approach
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is to decrease the melting point of the Doping layer as much as possible as
well as to reduce the nitrogen content in the stack (see Section 7.1.3). The
important questions to answer are:

1. How will the a-Si:P layer affect the passivation performance and if neg-
atively, can the effect be compensated

2. Can a-Si:P improve the doping efficiency significantly and can this im-
provement be kept if adjustments have to be made to the Passivation
layer

Throughout all experiments, fPassDop Gen2 will be used as a reference.

Feasibility - Motivation

The intention of this experiment is to investigate if the new a-Si:P Doping
layer can be used as a drop-in replacement for the fPassDop Gen2 Doping
layer, without performing changes to the Passivation layer.

Feasibility - Experimental

The Passivation layer used in this experiment is the same as applied in the
fPassDop Gen2 stack. The Passivation layer thickness was ~ 30 nm with gas
flows of 115 sccm SiH, and 75 sccm N,.

The a-Si:P process is based on the fPassDop Gen2 Passivation layer as well,
but with the nitrogen flow set to 0 sccm. The resulting thickness of the layer
was approx. 100nm. For a-Si:P, modeling a 100 nm layer for spectral ellip-
sometry is tricky, therefore a thin layer (approx. 20 nm) was deposited. The
denoted thickness was calculated by assuming a constant deposition rate.
Therefore, the given values for the thickness represent approximated values.
One should also take into account that the deposition of the layer on top of
the Passivation can differ from the deposition on a silicon substrate. However,
the influence on the determined thickness should be minor.

The deposition set temperature at 575 °C were the same as fPassDop Gen2
for all layers. The results shown for fPassDop Gen2 differ slightly from the
results shown in the previous section as the layer was deposited again. This
was done to control the process as the Gen3 experiments were done approx.
1 year after the Gen2 experiments.
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Figure 6.19: Comparison of .S, after firing and Ry, for fPassDop Gen2 (N-rich
SiN,:P + Si-rich SiN:P) to a stack of the fPassDop Gen2 Passivation layer (N-rich
SiN,:P) and a-Si:P as a Doping layer. The N-rich Passivation layer thickness for
both approaches was approx. 30 nm with a refractive index around n = 2.2.

Feasibility — Results

In all graphs showing results for .S, an area was marked indicating the
firing temperature range that was determined as the optimum at the device

level when using Ag-Al screen printing pastes.

Figure 6.19a and Figure 6.19b show the S, and Rgj; if the a-Si:P Doping
layer is used as a drop-in replacement for the fPassDop Gen2 Doping layer.
While a clear improvement in Rg; ... Was observed resulting in a drop from
approx. 80 Q/sq to approx. 25 Q/sq (at laser fluences above 9 J/cm?), this was
accompanied by a significant change in the passivation properties. At firing
temperatures of 700 and 750 °C, low values in the range of 6 to 7 cm/s were
achieved with both stacks. At higher firing temperatures the new Doping
layer resulted in an increase in S, up to 200 cm/s when firing at 850 °C,

while showing severe blistering. The reference Gen2 stack was able to retain
alow Sy, at the higher firing temperatures.

Feasibility — Discussion

As discussed in the previous section for the Gen2 approach, the Si-rich SiN, :P
Gen2 Doping layer itself would provide a good doping efficiency, but if used
in a stack (as for fPassDop Gen2), the N-rich Passivation layer acts as a barrier
hindering the laser doping process. The main goal of this experiment was to
determine if an a-Si:P Doping layer would be able to support the laser doping
process better than the fPassDop Gen2 Doping layer. As Figure 6.19b shows,
this was definitely the case. Rg.. Was found to be much lower (x 25 Q/sq)
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than for Gen2. To understand this, two effects have to be considered. The
first is the overall nitrogen content of the stack. Even at a refractive index
of 2.6, the SiN, contains approx. 40 % nitrogen (determined by FT-IR [190]).
Reducing this amount within the doping layer to = 0 resulted in a drop in the
overall nitrogen content from approx. 40 % to 15 % (assuming similar den-
sities for all layers), thus significantly reducing the effect of nitrogen on the
doping within the LBSF. The other effect is due to the changed layer proper-
ties expected for the (a-Si:P) Doping layer. For c-Si, it is known that the melt-
ing point (approx. 1400 °C [188]) is significantly lower than for Si;N, (melts
or decomposes at approx. 1900°C [189]). While amorphous layers might
show diverting behavior, the tendencies are expected to be similar and the
observed behavior in the sheet resistance in dependence on the laser fluence
suggests that. Here, only with the a-Si:P doping layer, a sufficient doping
was achieved at a low laser fluence of 6.5 J/cm? (resulting in a lower process
temperature during the laser process).

However, a-Si is not known for being stable under firing conditions. Thus it
was questionable if the stack would sustain after firing. The results shown in
Figure 6.19a were promising. There was blistering at temperatures > 800 °C,
but at lower firing temperatures S, ; was similar to Gen2. Here—similar to
Si-rich SiN,.:P layers—the hydrogen content in the Doping layer is causing
blistering leading to the degradation in the passivation performance at tem-
peratures > 800 °C.

While firing stability within the temperature range of 700 to 750 °C as shown
in Figure 6.19a might sound sufficient it should be tried to widen the temper-
ature range that can be used for firing. First, because future generations of
screen printing pastes could have different requirements and second, because
process fluctuation might result in stronger degradation within the desired
temperature window. Thus the next steps should aim for widening the win-
dow of usable firing temperatures when using the a-Si:P Doping layer, which
will be investigated in the next experiment.

Influence of the Doping Layer Thickness - Motivation

In the first experiment with this fPassDop double layer stack the focus was
on improving the doping efficiency. While this worked well, the passivation
performance was influenced at higher firing temperatures. As a first step,
the passivation layer thickness was increased from 30nm to 100 nm. The
nitrogen content was increased slightly as well.

The purpose of this experiment is to investigate if modifications to the Passi-
vation layer reduce the effect of the a-Si:P Doping layer and if this improves
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firing stability at firing temperatures above 800 °C. In addition, the Doping
layer thickness is varied to prove that it is the a-Si:P layer which increases
the doping efficiency.

Influence of the Doping Layer Thickness - Experimental

The Passivation layer thickness in this experiment was increased to 100 nm
(originally 30 nm). This thickness was calculated based on the known de-
position rate of the layer and was not measured separately and thus is an
approximate value. The gas ratio for the Passivation layer was adapted to
111 scem SiH, and 79 sccm N, (originally: 115 scem SiH, and 75 scem N,)
This should result in a refractive index around 2.15, which however was not
determined specifically.

The a-Si:P Doping layer was the same as in the first experiment, but the thick-
ness was varied from 50 to 100 nm.
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Figure 6.20: Influence of the a-Si:P Doping layer thickness on S, after firing and
Rg;..;- As a reference, the fPassDop Gen2 stack is shown.

Influence of the Doping Layer Thickness — Results
In this experiment, no blistering was observed.

Figure 6.20a shows the influence of the a-Si:P Doping layer thickness on S,
which was found to be minimal. Only for a Doping layer thickness of 100 nm
a stronger increase of Sy, With increasing firing temperature was observed.
With the increase in the Passivation layer thickness .S, was significantly

lower than before with a maximum of 25 cm/s for a Doping layer thickness
of 100 nm.
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Figure 6.20b shows the influence of the a-Si:P Doping layer thickness on
Rgeor- The influence was very strong leading to a drop in Ry, from approx.
70 Q/sq to below 20 Q/sq (laser fluence of 8 J/cm? or above) when increasing
the Doping layer thickness from 50 to 100 nm. With 100 nm of a-Si:P Doping
layer thickness it became possible to use laser fluences of 8 J/cm? or below
as Rgpeer < 30Q/sq was achieved with this stack even at a laser fluence of
5J/cm?.

Influence of the Doping Layer Thickness — Discussion

The first thing to note about this experiment is that—in comparison to the
first experiment—S,,,; was found to be more stable at 850 °C, which is why
the scale in Figure 6.20a reaches only to 30 cm/s. Equally important was that
blistering was successfully prevented. This was caused by the modifications
that were already made to the Passivation layer, which was thicker (100 in-
stead of 30 nm) and N-richer (now 111 SiH, and 79 N,). While the influence
of the firing temperature on the surface passivation was still stronger than
for fPassDop Gen2, the modifications showed that the negative influence of
the a-Si:P Doping layer on the passivation performance can be compensated.
As the influence of the Doping layer thickness was found to be low, even a

partial decoupling was achieved.

With regard to the doping efficiency, Figure 6.20b shows that there was a very
strong influence of the a-Si:P Doping layer thickness on Rgy, . as it decreased
from approx. 70 Q/sq (for 50 nm Doping layer) down to below 20 €/sq (for
100 nm Doping layer). Previously one explanation for the improved doping
efficiency with a-Si:P could have been that it supports the melting (i.e. by re-
tarding the burst-off) of the Passivation layer, but not necessarily contributed
itself. The results show that this cannot be the only explanation. Instead the
a-Si:P layer contributed significantly to the doping efficiency as Rgy..; de-
creased with the Doping layer thickness. It should also be noted that despite
the changes made to the Passivation layer (thicker, N-richer), similar results
as in the first experiment could be achieved. Thus, the a-Si:P Doping layer
works well with N-richer, thicker compositions.

To conclude the experiment, there is one important point to make: the a-Si:P
Doping layer thickness is a parameter that can be used to improve the doping
efficiency of the stack without affecting S, strongly. This means that if
Rg},.or increases due to some changes that had to be made to the Passivation
layer, it could be compensated by increasing the Doping layer thickness. At
least 75 nm of Doping layer should be used, but 100 nm will yield slightly

better Rgj . results.
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Influence of the Passivation Layer Composition — Motivation

In the previous experiment it was already shown that modifications to the
Passivation layer can compensate for the loss of firing stability at higher firing
temperatures. It was also shown that such modifications can be made while
still achieving a low Rg} et

The goal of this experiment is to further pursue this route to see if a firing
stability similar to that of fPassDop Gen2 can be achieved while still achieving
a significant improvement in Ry, ... This will be achieved by varying the gas
flow ratio to use N-richer layers as Passivation layers.

Influence of the Passivation Layer Composition — Experimental

In this experiment, gas ratios are given in the form X:Y and always refer to
SiH,:N,, both given in sccm.

The thickness of the Passivation layer was set to & 80 nm calculated from the
deposition rate. The gas ratio was varied from 111:79 (n ~ 2.15) to 107:83
(n = 2.10), the total gas flow was kept constant.

The thickness of the Doping layer was set to ~ 70 nm.
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Figure 6.21: Influence of the composition (SiH,/N, ratio) of the SiN_:P Passivation

layer on S after firing and Rg,..,. As a reference, the fPassDop Gen2 is shown.

Influence of the Passivation Layer Composition — Results

In this experiment, no blistering was observed. Figure 6.21a shows the in-
fluence of the Passivation layer gas composition on .S, after firing. A clear
trend towards lower S, at firing temperatures > 750 °C with N-richer gas

ratio was observed. With a gas ratio of 109:81 or richer in nitrogen, S,
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equal to or lower than that of fPassDop Gen2 was achieved at all firing tem-
peratures.

Figure 6.21b shows Rg;,.., for the gas flow variation. At all gas ratios, a lower
Rt than for fPassDop Gen2 was achieved. A trend with increasing N-
content was not observed. Instead, it was the layer with the lowest N-content
(111:79) resulted in the highest Rg;,..; at approx. 50€2/sq. The lowest Rgyq.t
of approx. 25Q/sq was determined for a gas ratio of 109:81. The highest
N-content (gas ratio of 107:83) resulted in a Rgy,.¢ of approx. 30 €/sq. For
all layers, the required laser fluence was approx. 8 J/cm? below which Rg},..,
was found to be significantly higher.

Influence of the Passivation Layer Composition — Discussion

The improvements in Rg; .. determined in the previous experiments when
using an a-Si:P Doping layer were encouraging. However as shown in the
first experiment, the a-Si:P Doping layer can also lead to a degradation in
Spass at firing temperatures above 750 °C. While this would include the firing
temperature range currently used for Ag-Al screen printing pastes widening
this process window of usable firing temperatures would make the process
more prone to process fluctuation and therefore was investigated in this ex-
periment. As already mentioned in the previous experiment, increasing the
Passivation layer thickness (here from =~ 30 to & 80nm) and adjusting the
gas ratio to 111:79 already helped to lower S, As can be observed in Fig-
ure 6.21a this trend continued with higher N content in the Passivation layer.
The negative effect of the a-Si:P Doping layer on the firing stability can be
fully compensated. This strong influence of the gas ratio on the firing stabil-
ity can be explained by a higher density of positive fixed charges that SiN
is known for to form during thermal treatment for N-rich layers [122]. In
addition, the N-rich layers can act as a hydrogen sink thus preventing blis-
tering and achieving a good S, at firing temperatures in the range of 800
to 850°C. The experiment showed that even with a-Si:P acting as a Doping
layer, a firing stable fPassDop can be achieved with .S, < 10 cm/s in a broad
range of firing temperatures of 700 to 850°C. With a gas ratio of 109:81 or
107:83 for the Passivation layer, the stack out-performed fPassDop Gen2 at

all investigated firing temperatures in regard to .S, .

While the influence of an N-richer gas ratio on S, was clearly positive, the
results for Rg; ... Were not as clear. As Figure 6.21b shows the gas ratio with
the highest Si content 111:79 actually resulted in the highest Rg;,.. at around
50 Q/sq, which was not expected and cannot be explained. However, the

more important point is that even with the N-richest gas ratio 107:83 Rgy,c.
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was found to be below 40€2/sq and therefore still significantly lower than
fPassDop Gen2 despite the matching or improved S, performance after
firing. Thus, while the exact influence of the gas ratio and therefore the Pas-
sivation layer composition on Rg;,... cannot be fully tracked, it is sufficiently
low that this parameter can be used to adjust S}, while the influence on

R}t can be compensated by adjusting the a-Si:P Doping layer thickness.

6.4 Summary

In this chapter the development and basic characterization of PassDop layers
was described. Based on the original PassDop layer developed by Suwito et
al. [19], a second generation for SiC PassDop was developed with the focus
on improving the doping efficiency as well as the thermal stability. The first
was achieved by increasing the ratio of the SiC, :P layer in the SiC,:H/SiC, :P
stack. As the intrinsic SiC, :H layer thickness was decreased to 5 nm leading
to a decrease in Rgy,... from 20 to 13 Q/sq. To improve the thermal stability, a
stoichiometric Capping layer was introduced. The main purpose of this layer
was to prevent or retard outdiffusion of hydrogen during thermal treatment.
If applying at least 15 nm of this layer, a S, of 1 cm/s was achieved after an-
nealing at 400 °C for one hour. Atbelow 5 cm/s .S, was still reasonably low
if annealing at 450°C for one hour. The Capping layer not only influenced
the thermal stability but acted as a sacrificial layer during the laser doping
process. While the Rg; ... contribution by the layer itself was insignificant,
applying this layer prevented a burst-off of the Doping layer, thus resulting
in a higher Doping efficiency.

As an alternative to SiC PassDop, SiN PassDop was developed based on SiN,:P.
Similar to SiC PassDop, the focus was on solar cells with a low-temperature
metallization approach like plating. The new SiN PassDop uses only MW
plasma excitation allowing for a possible implementation in-line. For the first
generation (SiN PassDop Genl), a single SiN, :P layer was developed. With
achieving a Rgj,..; of approx 33 €/sq and a .S, of approx. 2 cm/s this single
layer fulfilled all of the electrical requirements for a PassDop layer. For SiN
PassDop Gen2, the focus was on further improving the doping efficiency to
obviate reduced contact ability by process fluctuation. An additional Doping
layer based on a-Si:P was introduced on top of the Passivation. Using this
new Doping layer, a reduction in Rgy..; to approx. 25€Q/sq was achieved.
For this two layer stack, it was found that Rg;,..; did not depend significantly
on the composition of the Passivation layer anymore. Finally the influence
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6.4 Summary

of phosphorus in the SiN PassDop stack was investigated. Similar to a-Si:P,
where a degradation in the surface passivation is observed for doped layers,
SiN,:P shows similar effects. However, the results showed that that even
with strongly doped layers, an excellent surface passivation as low as 2 cm/s
could be achieved and that an intrinsic layer as used for HIT solar cells is not
required. For the laser doping process it was shown that for SiN, the first
30 to 50 nm are very important. If this part of the SiN, layer is not doped
by phosphorus, the phosphorus dose in the LBSF was calculated to decrease
by a factor of 3.8 compared to a fully doped SiN:P layer. The a-Si:P Doping
layer was able cushion this effect, but even in this case the phosphorus dose
decreased by a factor of 1.7.

Both SiC PassDop and SiN PassDop do not provide a stable surface passivation
under thermal treatment above 600 °C. As an alternative, based on SiN, :P as
well, the fPassDop process was investigated. It was shown that for the re-
quirement of a firing stable surface passivation, the doping and passivation
properties were complementary. For a good surface passivation after firing
at 750 °C layers with a refractive index of below 2.4 were required, but these
layers resulted in a Rg},.., of around 100 Q/sq at a laser fluence of 9 J/cm?. As
an alternative three variants of double layer stacks were investigated. The
first variant used an Si-rich Passivation layer combined with an N-rich Cap-
ping layer, similar to what was investigated by other authors before. For this
variant, no firing stabile surface passivation with a Passivation layer thick-
ness above 10 nm could be achieved, which would be required to achieve a
suitable doping efficiency. The second variant was based on an N-rich Passi-
vation layer and an Si-rich Passivation layer. Compared to the single layer, an
improvement in the doping efficiency was achieved, but only at higher laser
fluences > 10 J/cm?. The minimum in Rgy,.., decreased to 60 Q/sq, which led
to the first »standard« fPassDop stacks Genl and Gen2 being defined.

The third variant that was tested was based on an N-rich Passivation layer
that was similar to the Passivation layer used for fPassDop Gen2. However,
The Doping layer was replaced by a-Si:P, similar to what was investigated
for SiN PassDop Gen2. The a-Si:P Doping layer led to a significant improve in
Rgpct as values as low as 25 Q/sq were determined. This improvement was
mainly attributed to the lower melting point of the a-Si:P layer. While the
new Doping layer had a negative impact on the firing stability it was shown
that this can be compensated by adjusting the composition and thickness of
the N-rich SiN, Passivation layer. Similar to SiN PassDop Gen2, the influence
of the Passivation layer composition on the doping efficiency was found to
be low. In addition, it was shown that the doping efficiency can be improved
by increasing the Doping layer thickness without affecting the firing stability
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6 Development and Characterization of PassDop layers

of the surface passivation significantly. This means that with the composi-
tion of the Passivation layer and the thickness of the Doping layer a set of
parameters were found that can influence the surface passivation and the
doping efficiency, without affecting the other significantly. Thus, a partial
decoupling of surface passivation and doping efficiency was achieved. Due
to these significant improvements the most current fPassDop Gen3 is based
on this approach. With fPassDop Gen3 a S, of 6 to 8 cm/s can be reached

after firing at 700 to 850 °C combined with a Rg, .. after laser doping of ap-
prox. 20 Q/sq for laser fluences above 8 J/cm?.
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7 Properties of the PassDop
Local Back Surface Field

In the previous chapter, a selection of PassDop layers based on SiC, :P
and SiN,.:P was established. In this chapter, a more detailed investiga-
tion in the properties of the PassDop Local Back Surface Field (LBSF)
after the laser doping process is presented.

The first part is dedicated to the doping profiles. Here, several methods
are investigated, both to analyze single laser spots as well as macro-
scopic methods like Secondary Ion Mass Spectrometry (SIMS) and Elec-
trochemical Capacitance-Voltage Profiling (ECV). Not only dopants are
in the focus, but also impurities that may be induced into the LBSF as a
side-effect, like nitrogen. It will be shown that these impurities can have
a significant impact on methods like ECV.

In the second part, the recombination at the LBSF is analyzed for SiC
PassDop and SiN PassDop. The recombination is analyzed both directly
after the laser as well as after annealing. Here, the methods by Fischer
[56] and Saint-Cast [58] are being compared.

7.1 Profile Characterization

In principle, the characterization of the doping concentration for emitter or
Back-Surface-Field (BSF) profiles is an established process. However, for se-
lective laser doping like the PassDop process, characterization can be difficult
for mainly two reasons: First, the structures generated by the laser are rel-
atively small (below 100 pm), while most characterization methods are de-
signed to be used with macroscopic structures in the range of mm. Second,
due to the profiling of the laser pulse (both time- as well as lateral fluence pro-
file) inhomogeneities are expected within a single spot, which most profile
characterization methods cannot resolve. In addition, impurities (e.g. nitro-
gen) induced during laser doping could have an impact on the measurement
methods, therefore multiple methods should be compared.
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7 Properties of the PassDop LBSF

This section discusses the methods that were used to analyze the doping and
impurity content within the PassDop LBSF. Both methods investigating the
microscopic structure of the laser spots (e.g. Scanning Electron Microscope
(SEM)) as well as macroscopic methods (e.g. ECV) were investigated.

7.1.1 Sample Design for Macroscopic Methods
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Figure 7.1: Variation of the pulse distance/pulse overlap for fPassDop processes

Motivation

Determining the doping concentration for a single laser spot is difficult due
to the small dimensions (d.,,; & 50 pm). Thus a sample structure with single
laser spots cannot be used to characterize the LBSF with macroscopic meth-
ods for which the measured area strongly exceeds the point size. Examples
for such methods are: 4-point probes (4pp), ECV, Spreading Resistance Pro-
filing (SRP) and SIMS

While some investigations were made for microscopic methods (see Section
7.1.2), characterization using 4pp and ECV is fast and simple. However, to be
able to use these methods, a transformation from a microscopic to a macro-
scopic structure was required. This was solved by using overlapping laser
pulses to generate areas of 20 mm X 20 mm or larger. The sketch of such a
structure can be seen in Figure 6.1 (page 78) on the right.

With this kind of sample structure, one has to keep in mind that—depend-
ing on the amount of overlap—certain areas of the laser spot will be molten
multiple times and not only once like it is the case for the final cell process
(unless using line or dash contacts). Thus, the results determined using these
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7.1 Profile Characterization

methods cannot be identical to the properties of the LBSF in the cell and were
mainly used to compare different processes. Especially it has to be consid-
ered that the overlap or laser pulse distance can have a significant influence
on the determined results.

Therefore, the limitations of such structures and the influence of the over-
lap are briefly discussed in this section. In more detail, this influence was
investigated in the diploma thesis of Wenclawiak [192].

Experimental

Commonly, on p-type samples, an area of 20 mm X 20 mm was created with
a pulse to pulse distance of 25 pm. The overlap o is defined by the relation
of the pulse distance p; and the beam waist w( [183]:

P4
2'0)0

oc=1-

(7.1)

Usually py = 25pm = r.,, was used resulting in ¢ =~ 64 %. In the com-
parisons outlined here, a selection of fPassDop processes is shown which
were lasered with a pulse distance of p; = 25um(Z=c =~ 64 %) as well as
pq = Spm(=c = 93 %). For higher pulse distances than 25 pm a fully pro-
cessed area cannot be guaranteed. In both cases the line distance was chosen
at 25 pm.

The fPassDop processes used in this experiment are based on fPassDop Gen3,
thus using a Si-rich SiN_:P Passivation layer in combination with an a-Si:P
Doping layer as described in Section 6.3.2. Within Process 1 to 3, the Passiva-
tion layer composition was varied as well as the thickness of the two layers.
The process variations were:

1. Process 1: SiH,: 111 sccm, Ny: 79 sccm, Thickness: 80 nm + 70 nm
2. Process 2: SiH,: 111 scem, Ny: 79 scem, Thickness: 100 nm + 100 nm
3. Process 3: SiH,: 107 sccm, N,: 83 sccm, Thickness: 70 nm + 80 nm

The Thickness here is given as Passivation+Doping layer. After laser doping,
the measurement of Rg; ... were performed using 4pp.

The evaluation of the pulse distance on the doping profile was performed for
fPassDop Gen2 samples. The phosphorus concentration was determined by
SIMS. In this case, the laser process was performed at a fluence of 9 J/cm?. For
the integration of the SIMS profile, complete ionization and dopant activation
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7 Properties of the PassDop LBSF

was assumed as well as the carrier mobility in silicon as defined by Klassen
[193, 194].

Results

Figure 7.1a shows Ry, ... measurements for the fPassDop Gen3 processes for a
pulse distance of 5 as well as 25 pm. The solid symbols correspond to a pulse
distance of 25 pm, the open symbols to 5 pm. For all layers, the determined
Rgpcet Was lower when using 5 pm, usually by a factor of 1.3 to 1.8. Using
a higher overlap led to a slightly lower dependency of Rg;... on the laser
fluence.

Figure 7.1b shows the determined SIMS profiles for fPassDop Gen2 for a pulse
distance of 5 and 25 um. Using a pulse distance of 5 pm, the depth of the
profile was found to be significantly higher, resulting in a significantly lower
integrated Rgy,..;- The surface concentration remained almost unchanged at
approx. 4 x 10'% ecm™>.

Discussion

The first observation to be made is that the pulse distance clearly has an influ-
ence on the resulting Rgy,..;> as can be observed in Figure 7.1a. The fact that
the measured Rg;,..; was lower and seemed to be more constant over a wide
range of laser fluences could lead to the conclusion that it might be desirable
to use a higher overlap to achieve more reproducible results. However, it has
to be considered that an overlap of over 90 % is even further away from the
non-overlapping laser process that is used in the device process.

To explain the lower Rg; .., two effects have to be considered. The first is
that the dose was increased, possibly by dissolving remnants of the PassDop
stack that the lower overlap of 64 % was not able to include in the LBSF. The
second is that the subsequent laser processes resulted in a drive in of dopants
and therefore a deeper profile but a lower surface concentration (at the same
dose), which—due to the higher mobility of the carriers—would result in a
lower Rg}eet-

To further evaluate these influences, the example of the doping profiles of
fPassDop Gen2 can be used as shown in Figure 7.1b. This example was par-
ticularly interesting as a strong drop in Rg;..; by a factor of 3 occurred. The
first conclusion that could be drawn from the observations (similar surface
concentration, but deeper profile when using a higher overlap) was that the
phosphorus dose ending up in the LBSF was not constant. These additional
dopants were very likely leftovers from the dielectric that were not fully
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7.1 Profile Characterization

molten and resided at the surface and therefore did not contribute to the laser
doping process. During remelting of subsequent laser pulses, the (parts) of
these leftovers can add their dopant content and increase the phosphorus
dose.

While the higher overlap results in a significantly lower Rgy.., the sur-
face concentration remained low and therefore the advantages remain low
(mainly a lower LBSF recombination would be expected). The contact ability
of the LBSF would still be questionable at the given surface concentration.

For the doping profile test structures that were investigated in this chapter
a pulse overlap of 64 % was therefore used as a standard, since the target at
the device level were single laser spots. The given overlap was close to the
lower limit that allowed a fully processed area but with the doping profile
as close as possible to the single spots. Still, in the following sections, one
should keep in mind that the overlap can have a significant influence on the
doping profile. Therefore, these structures are mainly useful to compare and
evaluate different processes for which the samples were processed using the
same overlap.
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7 Properties of the PassDop LBSF

7.1.2 Doping Concentration in a Single Laser Spot

Motivation

Most of the doping profile investigations were performed using macroscopic
methods on overlapping point structures. However due to the implications
described in the previous section, the overlapping point structures have cer-
tain limitations:

1. The doping profile determined (by either measurement) does not cor-
respond exactly to the doping profile (anywhere) in a single laser spot
as some areas were processed multiple times by the laser.

2. Local inhomogeneities in the LBSF doping cannot be visualized

3. Improper ablation is expected to occur at a higher rate as multiple laser
processing would be expected to reduce this effect

Due to the microscopic nature of the laser spots and the fact that the doping
concentration is mostly accessable by indirect measurement methods (e.g.
determining the carrier concentration by ECV or Raman). Determining the
doping profile for a single laser spot is a tough task.

Here, a selection of methods were tested on PassDop single laser spots. The
main goal was to gather information about the dopant distributions, i.e. local
inhomogeneities. As the specific measurements are not necessarily related
to each other and in some cases were not even performed for the same layers,
each method will be discussed individually.

Right Edge of Spot

123...
\|/

Laser Spot

Figure 7.2: Sketch of the scanning SIMS technique, referred to as »3D«-SIMS here. A
focused sputter beam is used to scan the surface. For each spot, the concentration
of the desired element can be logged.
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7.1 Profile Characterization
»3D« SIMS

Motivation

The advantage of the SIMS technique is that the actual concentration of an
element can be measured (almost) directly. Usually it is applied on a spot with
a size in the range of mm and thus of much larger scale than a PassDop laser
spot. However, the spot size can be reduced significantly, until the measured
area would fit easily into a laser spot. An estimation for a lateral distribution
of dopants can be made if the technique is used in a scanning mode (see Figure
7.2). Thus, it is an interesting method to test on PassDop laser structures.

Experimental

For the experiment a SiC PassDop Gen2 sample was used. The laser spot was
created at a laser fluence of 9 J/cm?.

The technique makes use of a small focused Cs™ sputter beam of 8 um width.
The sputter depth for each step was approx. 37nm. The beam was then
moved by approx. 0.58 um and another measurement sample was taken. The
schematic is shown in Figure 7.2. As 256 measurements were taken per row
in 256 rows, this resulted in a measurement area 150 pm X 150 pm. Due to
the overlapping measurement spots, each spot cannot be viewed individually,
but an integration of multiple spots has to be performed. Here, 4 areas were
chosen, each at a size of 11 X 11 spots, and thus an area of approx. 34 pm?>.

Results

Figure 7.3c shows a slice of the determined phosphorus concentration close
to the surface by »3D« SIMS. The area with a high phosphorus concentra-
tion—the area of the LBSF— shows a high contrast to the c-Si bulk. Figure
7.3a shows the determined phosphorus counts of the fifth measurement slice.
A high amount of counts was detected in the surrounding area. This influ-
ence decreased with each slice until it was only visible in the edges. Figure
7.3b shows the sixth slice, which indicates this development in the measure-
ment data. Figure 7.3d shows the profiles that were determined for the areas
indicated in Figure 7.3c. Each point corresponds to the integration over the
respective area of one measurement slice. The measurement showed that in
each case the surface concentration for the layer was found in the range of
1 x 10*° cm™ or above. For the different areas the strongest influence was

129



7 Properties of the PassDop LBSF

found in the profile depth. For region 1 and 3, a depth of approx. 2 pm was
determined, for region 2 and 4, the depth was found to be 30 um.

Discussion

For the interpretation of the results, it is important to bear in mind the fun-
damentals of the method. The nature of overlapping (relatively large) mea-
surement spots results in a collection of particles from a wider range and an
influence of neighboring spots. Thus, the method indicates a localization that
is not—or only partly—present. This was especially visible with the influence
of the SiC, PassDop layer in the edge regions. Although the regions were not
chosen very close to the edge of the laser spot, an influence in the data was
found within the first 500 nm of the evaluated data. This explains the peaks
in the concentration that were found for the regions 1 and 3, as here, the sig-
nal was a mix between the phosphorus concentration in the SiC, layer and
that of the LBSF. As the phosphorus concentration in the SiC, layer can be
atalevel of 1 x 10*' cm™3 or higher, it dominated the measurement until the
SiC, layer was removed. In comparison, influence of the lowly doped bulk is
not expected to be as high, as the concentration is orders of magnitude below
that of the LBSF. An influence was found up to a (c-Si) depth of just below
500 nm, which is significantly above the thickness of the SiC, PassDop layer
stack. However, the sputter rate of the SiC,, layer is not known and could be
significantly below that of c-Si which was the material being assumed dur-
ing the measurement. This and the inclusion of carbon (see Section 7.1.4)
could affect the results significantly and therefore the results within the first
500 nm should be taken with care.

Having discussed these influences the profiles can now be discussed. Here
the most important result was to see that in all regions the concentration
showed a tendency towards the same level (see the range between 500 and
700 nm depth). The decrease in the laser fluence towards the edge of the
ablated region mostly seemed to influence the depth of the doped region, but
not the level of surface concentration. This is an important observation, since
this leads to the conclusion that for the process of contacting the metal, the
whole ablated spot can contribute.

Another important influence of the profile (both depth and surface concen-
tration) would be expected on the LBSF recombination. However, for the
current processes, the doping concentration was not found to be of major
importance for the level of recombination in the LBSF (see Section 7.2). Still,
the decreasing depth towards the ablation edge could indicate that at the edge
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the profile was very shallow. This could lead to increased recombination in
these areas.

In conclusion, this method has the strong advantage of the direct measure-
ment of the phosphorus concentration, which allowed for localized profile
calculation of the PassDop LBSF. However, the measurement method itself
already limited the application of the method to structures where the con-
centration remains constant over at least 10 to 15 pm. Especially in regions
where a rather sharp change in the concentration is expected (within a few
pm), a reliable evaluation is not possible.
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7 Properties of the PassDop LBSF

(a) P: Slice 5

(c) Investigated areas

Figure 7.3: Results from the »3D«-SIMS investigation. Slice 5 and 6 of the phos-
phorus counts are shown to illustrate the influence of the surrounding Plasma-
Enhanced Chemical Vapor Deposition (PECVD) layer. The profiles were deter-
mined by integrating the counts over the indicated areas.
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7.1 Profile Characterization
Micro Raman

Motivation

Raman spectroscopy describes the inealistic scattering of photons with matter
[195]. It is one of the most important methods to gather information about
the lattice vibration frequencies [196]. For incident photons of energy hyv,,
the scattering leads to a frequency shift of the secondary photons A(vy + Av),
where Av is characteristic for the investigated matter. For crystalline silicon,
the width of the resulting peak can be correlated to the doping concentration
[197]. As the width in this work was the only parameter of interest, it is here
referred to as » Raman signal«. It can be used to (locally) evaluate the doping
concentration for an A1 BSF [197]. However, for n-type doping, a doping con-
centration above 1 x 10" em™ is required to be detectable. Thus, for n-type
doping, the method can only be applied for very high doping concentrations
and is not directly useful for the processes investigated here [197]. Instead,
an indirect method was applied. Here, two variants were investigated:

1. The idea of the first method is based on a paper published by Miiller et
al. [198]. They found out that a present concentration of phosphorus
can block the diffusion of boron. The effectivity of the blocking de-
pends on the doping concentration at the surface. Therefore it would
be interesting to find out if the PassDop LBSF has a high enough con-
centration of phosphorus to induce such a blocking effect. Any signifi-
cant amount of boron that diffused into the surface should be easily
detectable by Raman. Thus the method could reveal inhomogeneities
in the surface concentration.

2. The basic idea of the second method was that a change in the hole
concentration can be detected by more precision than that of electrons
due to the reason given above. To achieve such a situation with nPass-
Dop, a high background p-type doping generated by boron diffusion
and drive-in steps was used. On these surfaces, the PassDop layers
were deposited and the PassDop laser process was applied. The in-
duced phosphorus doping leads to a compensation of the background
p-type doping and thus to a decreased net carrier concentration which
should be detectable by the Raman signal.

In this section, the term » Micro Raman« is used. This always refers to Raman
excitation and measurement through an optical microscope.
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7 Properties of the PassDop LBSF

Experimental

For these experiments, the SiN PassDop Genl layer was used and is here
referred to as a-SiN:P. n-type 1Qcm Floatzone (FZ) shiny-etched samples
were used as base material.

Method 1: The SiN PassDop Gen1 layer was deposited onto the samples. The
laser process was performed at a fluence of 9 J/cm?. After the laser process,
the samples received BBr; furnace diffusion at 990 °C followed by etching
the boron glass in Hydrofluoric Acid (HF). The samples were then measured
by Microscopic Raman (Micro-Raman) to determine the effective hole con-
centration. To differentiate between blocking by phosphorus and (possible)
blocking by nitrogen, two reference samples were included. For the first,
denoted as a-SiN:H, phosphorus was replaced with pure hydrogen, to inves-
tigate blocking by nitrogen. For the second, the nitrogen gas flow was set
to 0 sccm, thus depositing an a-Si:P layer. This sample is a reference for the

phosphorus blocking.

Method 2: The samples first received BBr; furnace diffusion at 850 °C fol-
lowed by a drive-in step at 1075 °C in Ar atmosphere for 120 min and etching
of the boron glass in HF. Then, the PassDop layer was deposited onto the sur-
face followed by the laser process at a fluence of 9 J/cm?. Finally, the samples
were measured to determine the change in the effective hole concentration.

The boron diffusion processes differ for the two methods as they serve a
different purpose. For the first method, a high diffusion temperature would
be expected to highlight differences in the doping concentration (and there-
fore the blocking effect) in a stronger way. For the second method, a high
and almost constant background concentration of boron was the goal, thus
diffusion at a moderate temperature followed by a long drive-in step.

In all cases, the signal level could not yet be calibrated to a specific doping
concentration, as a reliable calibration source would be required (e.g. SIMS).

Results

Method 1: Figure 7.4 shows the Micro-Raman image for the first method,
where the samples received the boron diffusion after the deposition of the
PassDop layer and the laser process. As references layers, a-Si:P and SiN, :H
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(a) Boron diffusion on a-Si:P background (b) Boron diffusion on a-SiN:P back-
ground

(c) Boron diffusion on a-SiN:H background
Figure 7.4: Method 1: Micro-Raman pictures of PassDop samples that were processed
by the PassDop laser process and then received a tube BBr; furnace diffusion. The
pictures were embedded in corresponding microscopy images of the same spots.
The scale for all pictures is identical.

were used. The Raman mappings were embedded into the corresponding mi-
croscopy images. For a-Si:P (Figure 7.4a) outside of the laser spot, a high sig-
nal was found with the signal significantly decreasing within the laser spot.
For a-SiN:P (Figure 7.4b) the signal was generally lower both inside and out-
side of the spot. Only a few spots showed a strong signal. For a-SiN:H (Figure
7.4c) the signal outside the spot was similar to a-SiN:P. A strong signal was
observed at spots around the edge, while the signal inside the spot was again
lower. Figure 7.6 shows the line scans that were performed for the three sam-
ples (roughly along the horizontal center line). The a-SiN:P sample showed
the lowest overall line scan with a very high scattering. The a-Si:P sample
showed a nearly constant signal level outside and inside the spot with the
connecting areas transiting between the two levels. For a-SiN:H, the signal
outside of the spot was similar to a-SiN:P, but increased to the level of a-Si:P
at the edge of the spot. For this sample a higher signal was determined inside
the spot than for the other two.
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ple spot.

Method 2: Figure 7.5 shows the Micro-Raman image for the second method,
where the samples first received boron diffusion and drive-in to create a high
boron background doping level and then were coated with the SiN :P layer
and processed by the PassDop laser. The Raman mapping was embedded into
the corresponding microscopy image. A constantly high signal was found
outside of the laser spot with only a few black spots. Inside the laser spot, the
signal was more splattered into dark and glowing areas. In the intermediate
ring between the fully opened and the »untouched« areas, the signal was
relatively constant with the level being slightly lower than in the outside.
The line scan is shown in Figure 7.6. For this sample, the signal overall was
significantly higher than for the other samples. The signal decreased slightly
when reaching the intermediate ring structure and showed a high variation
inside the laser doping spot.

Discussion

Method 1:

The results for a-Si:P (Figure 7.4a) clearly showed that the blocking of the
boron diffusion by phosphorus was in place. While the thin a-Si:P layer itself
would not be expected to significantly block the diffusion (but possibly still
retarded it to some degree), inside of the laser spot, the Raman signal was
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significantly lower, leading to the conclusion that phosphorus was blocking
the diffusion process.

However, phosphorus is not the only element that can hinder boron diffu-
sion. It is known that silicon nitride can block dopant diffusion [199] and
this effect showed clearly outside of the laser spot for the a-SiN:P and a-SiN:H
samples (see Figure 7.4b and 7.4c). Here, the boron diffusion was blocked by
the respective amorphous (non-ablated) layers.

Inside the laser spot, it would be expected that the blocking of the a-Si:P layer
would be improved due to its superior doping efficiency (surface concentra-
tion of the LBSF approx 8 x 10'” cm™) compared to a-SiN:P (surface con-
centration approx 3 X 10" cm™). As the results—especially the line scans
shown in Figure 7.6—showed, the a-SiN:P LBSF (signal 1 to 5 X 10'8) led to
a stronger blocking than the a-Si:P LBSF (signal ~ 5 x 10'®), which means
that inside the laser spot, phosphorus cannot be the only influence on the
boron diffusion. Since for a-SiN:H blocking was determined inside the laser
spot as well (signal 6 to 8 x 10'®), this led to the conclusion, that nitrogen
had to be present in the LBSF and hindered the boron diffusion. This means
that the method cannot distinguish between blocking by phosphorus and by
nitrogen in a reliable way. Hence, it cannot be used to estimate the (local)
phosphorus content and distribution in the LBSF

One interesting feature for the a-SiN:H sample was the hot spots at the edge
of the laser spot that can be observed in Figure 7.4c. Since the sample did not
contain phosphorus, this means that in these areas the nitrogen concentra-
tion is significantly lower. One explanation would be that here the a-SiN:H
layer was ablated, but the surface was not or only briefly molten, thus no ni-
trogen was induced into the surface. The second explanation would be that
the area was molten, but the nitrogen was transported to other areas during
the melting process, e.g. to the middle where the melt solidified the latest
(due to the Gaussian fluence distribution). From the results, it was impossi-
ble to judge which of the two occurred.

Method 2:

For the second method, boron diffusion was performed before the laser pro-
cess. For this kind of sample, there would always be expected to be a high
signal level given the high boron background level. However, one has to
keep in mind that the melting process could result in a redistribution of the
dopants in addition to the compensation effect. Thus, while outside of the
laser spot, a high constant level was observed, the doping level inside the
spot was lower (see Figure 7.5 and 7.6) and reference samples without dop-
ing (and without nitrogen) are required to find out if this reduced doping
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level was due to a compensation by phosphorus or redistribution of boron.
Measurements of the cross-section could help in this regard as well. The most
interesting feature of the measurement was the observed clustering of dark
and glowing parts inside the spot (see Figure 7.5). This could be an indica-
tion of the silicon nitride clustering that was observed by X-Ray Diffraction
(XRD) (see Section 7.1.3).

An additional feature was the signal in the ring structure that was observed
by microscopy. The corresponding range in the linescan would reach from
approx. 20 to 25 pm (Figure 7.6, black squares). As discussed in the next sec-
tion, this was expected to be an improperly ablated part of the layer, where
the passivation was damaged, but the silicon possibly was not molten. While
the doping signal from Micro-Raman was slightly lower in this area, the de-
crease would be explained by the optical influence of the damaged PassDop
layer. This contrast in behavior between the area of this ring structure and
the inner part of the laser spot was a direct indication that in the ring struc-
ture, no significant doping by the laser process occurred in this ring structure
and therefore no LBSF formation happened. Overall, the method showed
promising results. To better judge its value at understanding the phospho-
rus distribution in the LBSF more test samples would be required to better
understand the effect of the laser process on the boron background.

To conclude, both methods yielded interesting results. However, it can be
hard to separate the influences of phosphorus and nitrogen, especially for
Method 1. The prominent result from Method 2 was the direct indication
that the area of laser-induced damage to the surface passivation and that of
the LBSF do not have to match, giving an explanation for possibly elevated
recombination within the laser spot. However, for an improved qualitative
analysis and especially for a quantitative evaluation, measurements of more
reference samples would be required for both Methods, especially for differ-
ent PassDop layers as well as SIMS measurements to calibrate the signal.
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7.1.3 Nitrogen as an Impurity in the PassDop LBSF

Motivation

During the development of the SiN,.:P-based PassDop layers, 4pp and ECV
measurements were used for a fast and basic analysis of the doping efli-
ciency. A significant mismatch between the Rgy,..; determined from the 4pp
measurement and the Rg;, ... acquired by integration of the doping profile
determined by ECV was found. It was suspected that nitrogen incorporated
into the silicon was responsible for this mismatch. Therefore, this section
is dedicated to the characterization of the effect of nitrogen in the PassDop
LBSF for the SiN :P-based PassDop layers.

The first part in this section is an experiment that was performed to confirm
the results obtained by 4pp using a separate method. In the second part, the
influence of nitrogen on the profile measurements and the LBSF formation
will be discussed using methods like SIMS, XRD and Energy-Dispersive X-
Ray spectroscopy (EDX).

Most of this section was published in [154].
Validity of the 4pp Measurement

Experimental

For this experiment SiN PassDop Gen2 and fPassDop Gen3 were used. The
laser process was performed at a laser fluence of 9J/cm?. For these mea-
surements the lasered area was increased such that it span across half of the
wafer. The other half remained untouched.

In addition to 4pp, Rg} .. Was determined by inductively measuring the con-
ductivity of the sample. For this measurement, the Sinton WCT-120 lifetime
tester was used. The measurement is therefore referred to as »QSSPC«. As
a reference for Rgj..; of the c-Si bulk, the same measurement was taken on
the half of the wafer that was not processed by the laser. For the calculation
of Rgjct Of the LBSF a parallel circuit of the LBSF and the base was assumed,
thus: 1/Rgpeet = 1/Rgpeet.meas — 1/ Rsheet base: AS base material 1 Qcm p-type
FZ c-Si wafers were used. The wafer thickness was 200 pm and therefore an
expected Rgp.; in the range of 50 €/sq for the base.
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Table 7.1: R, . comparison for 4pp and Quasi-Steady-State Photoconductance
(QSSPC). Bold characters highlight the values in each row that should be com-
pared.

PassDop Layer Type 4pp QSSPC
Meas Calc|Meas Calc Base
Rgheet
[€/sq]
SiN PassDop Gen2 p 297 - 192 30 528
fPassDop Gen3 p 1035 - 355 108 52.8

Results

The results for a comparison of QSSPC and 4pp can be found in Table 7.1. The
bold characters highlight the values that should be compared. The Rg;, ... de-
termined by QSSPC for the base was 52.8 /sq. The Rg},..; results determined
by both methods were at approx. 30 €2/sq for SiN PassDop Gen2 and approx.
105 Q/sq for fPassDop Gen3 similar.

Discussion

Before discussing the results, it should be mentioned that due to process-
ing issues the layers exhibit a lower doping efficiency. Rg; .. values are not
comparable to other depositions of these layers.

However, the experiment can still be used to compare the results by the two
methods to determine Rg, ;- This comparison is shown in Table 7.1. The
inductive method to determine the conductivity (and thus the Rg},..;) for the
structure has the advantage that contacting errors (as would be possible for
4pp) can be excluded. The main uncertainty for the method is the resistivity
of the base but since a reference measurement on the same wafer (but within
a different area) could be performed it is well known for the respective wafers.
The results—as shown in Table 7.1—for the inductive method (QSSPC) and
4pp matched very well (the difference was well below 10 %) and thus it can
be concluded that 4pp for the PassDop layers can be used as the reference for
the Rgj .. Of the PassDop LBSF.
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The Effect of Nitrogen in the LBSF

Experimental

Three PassDop layers are investigated: fPassDop Gen2 and Gen3 as well as
SiN PassDop Gen1 (low-temperature metallization). The layers are described
in the Sections 6.3.2 and 6.2.2.

Rg}.: samples were prepared for all three stacks as described in 6.1, although
only the 20mm X 20 mm area that was processed with a laser fluence of
9 J/cm? was further investigated here. On these samples 4pp measurements
as well as ECV measurements were performed. For the ECV measurement,
no cleaning prior to the measurement was performed. A dip in HF was pre-
viously found to influence the propability of electrolyte leakage but not the
resulting profile. Thus if the time frame between the laser process and the
ECV measurement was kept reasonably low (less than approx. two weeks),
a dip in HF was not required. The area enlargement factor of the surface
due to the laser process was determined to be in the range of 1.02 and thus
neglected.

For comparison to ECV, SIMS was measured on the same samples. The first
Gen2 sample was measured at RTG Berlin, the second Gen2 sample as well
as those for Gen3 and SiN PassDop Genl were measured at the National Re-
newable Energy Laboratory (NREL). The second Gen2 sample was measured
to verify the profile. The electron profile determined from ECV and the phos-
phorus profile determined from SIMS were integrated to calculate Rg; .. as-
suming the carrier mobility as defined by Klaassen [193, 194]. The nitrogen
and phosphorus doses were calculated by integration of the corresponding
SIMS profiles. For nitrogen, the integration was performed three times: The
»Nmax Dose« refers to the integration of the profile as determined by SIMS.
»Nmin Dose« refers to the integration of the nitrogen profile but with the
surface peak disregarded. »N Dose« refers to the integration of the profile,
but with a constant value replacing the surface peak based on the first mea-
surement point that was taken into account. The actual nitrogen dose was ex-
pected to be above Nmin, below Nmax and close to N. From a comparison of
the electron (ECV) and phosphorus (SIMS) concentrations, { = Ngcy/ Nopvs
and 6 = Ngcy — Ngpys Were calculated.

For Gen2, on the areas that were processed with 8 and 10J/cm?, XRD was
recorded to detect Si; N, as well as polycrystalline silicon. For XRD, a Philips
X’Pert MRD system equipped with a Cu K-alpha 0.154 nm x-ray source was
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used. The maximum signal intensity was achieved under an angle of inci-
dence of @ = 0.3°. The measurement range for 20 was selected from 10° to
90°. The measurement was performed such that any signal from the (<100~
oriented) c-Si bulk should vanish. The depth of XRD for this setup was un-
known but should exceed the LBSF depth. A quantitative analysis using XRD
could not be performed.

To support the observations determined by the results on Rgy..; samples,
single laser spots were investigated by SEM for fPassDop Gen2 and Gen3,
where EDX mappings were performed for nitrogen. These spots were created
at a laser fluence of 9 J/cm?. Images were acquired both at an electron energy
of SkeV as well as 10keV highlighting features at the surface and slightly
beneath, respectively.

Table 7.2: Ry, .., determined by 4pp, ECV and SIMS. All values were determined for
a laser fluence of 9J/cm?.

PassDop Layer 4pp ECV  SIMS
[Q/sq] [€/sq] [€2/sq]
fPassDop Gen2 792 51.6 774
fPassDop Gen3 185 141 158
SiN PassDop Genl 32.7 182 25.0

Results

A comparison of Rgy,..; as measured by 4pp and as determined by integration
of ECV and SIMS is shown in Table 7.2 for all investigated PassDop layers. As
already described in the sections 6.2.2 and 6.3.2, the fPassDop Gen3 approach
is expected to achieve the lowest Rg,..; and did so with just under 19 Q/sq
(4pp). fPassDop Gen2 was determined significantly above that at approx.
80 Q/sq. SiN PassDop Genl was in between the two at approx. 33 Q/sq. The
sheet resistances determined by 4pp were the highest, while ECV resulted in
significantly lower values and SIMS being in between the two. It is impor-
tant to point out that these trends were similar for all investigated PassDop
processes. The absolute discrepancy was the highest for the fPassDop Gen2
process and the lowest for the fPassDop Gen3 process.

Figure 7.7a shows the profiles that were determined by ECV and SIMS for the
fPassDop Gen2 and Gen3 layers. Figure 7.7b shows the same information for
the SiN PassDop Genl layer and the second fPassDop Gen2 sample. For all
layers, the ECV electron, SIMS phosphorus and SIMS nitrogen profiles were
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Figure 7.7: Electron profiles as determined by ECV and profiles for phosphorus and
nitrogen as determined by SIMS. In addition, the 6 of the electron (ECV) and phos-
phorus (SIMS) profiles is shown. The profiles were determined for ¢ = 9 J/cm?.

acquired. As additional information, the graphs show the determined 6 (the
difference between ECV and SIMS) in dependence of the depth as well as the
limits that were used for the evaluation of 6 and &.

For both the SIMS phosphorus as well as the ECV electron profile roughly
a Gaussian profile shape was observed. For the ECV measurements a peak
concentration within 200 to 300 pm from the the surface was observed with
a decrease of the determined concentration at the surface. This effect was
most pronounced for SiN PassDop Genl (open black squares, Figure 7.7b).
The phosphorus SIMS profiles showed no such decrease but instead either
followed the Gaussian shape up to the interface or showed an increase as
found for SiN PassDop Genl and fPassDop Gen2. Except for these surface
effects the ECV profile was always found to indicate a higher concentration
than the respective SIMS measurement up to the interface, where uncertain-
ties in the depth calibration can lead to a crossover point.

The differences in the doping level in between the different layers was sig-
nificant. SiN PassDop Genl and fPassDop Gen3 both showed a phospho-
rus (SIMS) concentration well above 1 x 10! cm™, while the fPassDop Gen2
samples were found to be in the range of 3 to 4 x 10'8 cm™ (excluding the
surface peak).

The concentration of nitrogen determined by SIMS did not follow a Gaussian
shape as the phosphorus profiles did. As can be observed in Figure 7.7a and
7.7b, the Gaussian shape was superposed by an additional peak starting at a
depth of around 600 to 1000 nm leading to a more pronounced increase in
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Table 7.3: Nitrogen and Phosphorus doses for the SiN, PassDop layers. Nitrogen
doses are given in 1 x 10" cm™2, while the values for the phosphorus doses are
given in 1 x 10" cm™. For nitrogen, three values for the dose are given: Nmax,
Nmin and N. Nmax refers to the integration of the profile as provided by SIMS.
Nmin disregards all of the values related to the surface peak, where the SIMS mea-
surement might have a larger error. For N, a constant value was assumed as a
replacement of the original values, based on the first measurement point that was
taken into account. The actual nitrogen dose was expected to be above Nmin, be-
low Nmax and close to N.

PassDop Layer Nmax Dose Nmin Dose N Dose P Dose
[10ecm™2] [10Pem™2] [10%em™] [10%em™2]

fPassDop Gen2 57 30 35 3.6
fPassDop Gen3 6.2 3.0 3.6 42
SiN PassDop Genl 7.6 0.76 1.3 23
fPassDop Gen2 2nd 53 25 30 5.6

the nitrogen concentration. For the fPassDop layers (Gen2 and Gen3), a de-
crease after reaching a peak concentration of approx. 6 x 10" cm™ (Gen3)
and 4 X 102 cm™ (Gen2) was observed. SiN PassDop Gen1 did not reveal
such an effect. Close to the surface (within the first 200 nm) a surface peak
was observed for all layers, with the concentration increasing by an order
of magnitude. The highest concentration of nitrogen was observed for the
fPassDop Gen2 samples, reaching concentrations above 1 x 10?! cm™. Both,
the profile shape and the concentration level were similar for the two fPass-
Dop Gen2 samples. For these samples, the nitrogen concentration was found
to be higher than that of phosphorus by approx. two orders of magnitudes
and deeper by approx. 1.5pm. For SiN PassDop Genl and fPassDop Gen3,
the nitrogen concentration was similar to or lower than the phosphorus con-
centration except for surface effects.

The results for the dose of nitrogen as well as phosphorus in the LBSF for
the respective layers can be found in Table 7.3. Note that the nitrogen dose is
given per 1 x 10" cm™2, while the phosphorus dose is givenin 1 x 104 cm™2.
The values were determined from the integration of the profiles as outlined
in the Experimental section. Three values are given for the nitrogen dose:
Nmax (complete profile), Nmin (excluding surface peak) and N (constant con-
centration towards the surface). The overall trend is the same for all three:
SiN PassDop Genl and fPassDop Gen3 had a dose of nitrogen within simi-
lar range, while the dose for fPassDop Gen2 was larger by a factor of ~ 10.

For SiN PassDop Gen1 and fPassDop Gen3, the nitrogen dose was lower than
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Figure 7.8: Representations of 6 and £ in dependence on the concentrations of nitro-
gen and phosphorus. The range for the evaluation for each layer can be extracted
from Figure 7.7. For the second Gen2 and the SiN PassDop Genl sample, areas
where inactive phosphorus might be as well as measurement errors during the
ECV measurement where still included to show the strong effect they can have on
the respective values. For the other samples, the range was adapted such that the
effects do not occur.

the phosphorus dose if not taking Nmax as a reference. For fPassDop Gen2,
the nitrogen dose was higher than that of phosphorus by an order of magni-
tude.

As shown in Figure 7.7, for all layers a discrepancy between the respective
ECV electron profiles and the SIMS phosphorus profiles was found. To fur-
ther evaluate the data, the representations of the quotient § = Nycy/Ngps
and the difference 6 = Ngcy — Ngpis Were calculated. In dependence on the
depth, a increasing 6 with decreasing depth was observed (see Figure 7.7).
In all cases, the 6 was within the range of the phosphorus concentration or
slightly below. Figure 7.8c and Figure 7.8d show the calculated quotient £ in
dependence on the phosphorus and the nitrogen concentration respectively
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for all of the investigated samples. Figure 7.8a and 7.8b show the the same for
the calculated difference 6. The used limits for the investigations as well as a
representation of 6 in dependence on the depth are shown in the respective
graphs for the ECV and SIMS profiles (see Figure 7.7a and 7.7b). The limits
were chosen such that inactive phosphorus (as indicated by ECV) was not
included as well as data beyond the crossover point of ECV and SIMS, thus
¢> 1L
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Figure 7.9: XRD measurements of fPassDop Gen2 samples for laser fluences of 8 and
10J/cm?. The red dotted vertical lines indicate peaks that were attributed to crys-
talline silicon, the blue solid vertical lines indicate peaks that identified f-Si;N,.

Both & and 6 were found to increase with the respective concentrations of
phosphorus and nitrogen. For the second fPassDop Gen2, the ECV measure-
ment had a pronounced “hump” in the electron profile which showed sig-
nificantly in ¢ and 6 and was marked in the graphs. For 6 the trends for all
layers in dependence on phosphorus or nitrogen was similar as § increased
with increasing concentration, but the level was different for each layer, thus
the horizontal shifts in the graphs. For & in dependence on phosphorus, in-
creasing trends with increasing phosphorus concentration were observed,
but again the level was different for each layer. For ¢ in dependence on nitro-
gen, a correlation could be postulated as for a similar nitrogen concentration
a similar £ was determined. This was especially the case above a nitrogen
concentration of 1 x 10! cm™.

To determine if Si3N, as a product of the laser process was present, XRD
measurements were performed at a laser fluences of 8 and 10J/cm?. This
was done for fPassDop Gen2. The results are shown in Figure 7.9. Several
peaks were found within the measured range, some of these peaks could be
attributed to -Si3Ny, others were found to indicate c-Si. For the lower laser
fluence of ¢ = 8 J/cm?, the signal corresponding to f-Si;N, was lower, while
the signal for c-Si was higher.
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Figure 7.10: SEM images taken at SkV of single laser spots for the fPassDop Gen2
and Gen3 layers. Both layers were processed with a laser fluence of ¢ = 9J/cm?.
For Gen2, several ring-like structures were observed denoted as R1 to R3. Debris
from the laser process was found within the spot and in the surrounding. For Gen3,
no such ring structure or debris was observed, but lumps of silicon paved the spot.

A circle marks the area where a high nitrogen concentration was determined by
EDX.

EHT = 5,00k

Fraunhofer ISE EHT= 5008/ "% VEigrabirs Inkiand’ * 10 4m
= 50mm, 00K X

- e —
WD = 51 mm Mag= 500KX

Figure 7.10a and 7.10b show the SEM images that were gathered for fPassDop
Gen2 and fPassDop Gen3 single laser spots respectively. For fPassDop Genz2,
the spot showed multiple ring structures declared in the image as R1 (inner
ring), R2 (middle ring) and R3 (outer ring) accompanied by a large amount of
debris from the laser process. For the fPassDop Gen3 layer, the laser spot was
observed to be much more like a clean cut without significant ring structures
and no debris outside of the laser spot. SEM characterization at higher energy
(10keV) shown in Figure 7.11 indicated that for fPassDop Gen2 voids can be
found in the region between R2 and R3. For fPassDop Gen3, no such effect
was observed. Instead, a large amount of small Si »Lumps« were observed
that seemed to lie on top of the c-Si surface. Increasing the electron energy
didn’t not reveal any voids but a smooth surface apart from the Si lumps.
The image at higher energy suggested that the Si lumps were solid and not
hollow.

EDX-Mapping of nitrogen within these spots shown in Figure 7.12 indicated
that the behavior was significantly different for the two layers. For fPassDop
Gen2 a high concentration up to the R1 area was observed, while for fPassDop
Gen3, the opposite was found: the nitrogen signal was the largest in the
middle. As the scale of the two images was not adapted to each other, the
color intensity cannot be compared for the two layers. Oxygen mappings
(not shown) showed that for fPassDop Gen2, the oxygen concentration was
only high in the R1 area. For fPassDop Gen3, the surrounding of the laser
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Figure 7.11: SEM images taken at 10kV of single laser spots for the fPassDop Gen2
and Gen3 layers. The SEM settings were chosen similar for both layers. The higher
energy resulted in a deeper penetration. Therefore the measurement shows fea-
tures slightly below the intermediate surface.
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spot showed a high oxygen concentration and the laser spot itself a lower
one.

Discussion

The comparison of 4pp, ECV (integrated electron profile) and SIMS (inte-
grated phosphorus profile) suggested that at least one of the methods yielded
wrong results, see Table 7.2. As a first reason for this discrepancy a possible
enlargement of the surface due to roughening after the laser process had to
be considered. However, an investigation with a laser microscope revealed
that the enlargement of the surface was in the range of 1.02 and thus can
be neglected. Hence, it became imminent that alternative interpretations of
these differences would be required.

Since it was established that 4pp is the best reference for the (overall) dop-
ing of the LBSF and since (e.g. for fPassDop Gen2) SIMS (77 /sq) and 4pp
(79 Q/sq) match much better than 4pp and ECV (52 Q/sq) it seemed very
likely that the latter yielded erratic results for the doping profile. For fPass-
Dop Gen3 and SiN PassDop Gen1 the agreement of 4pp and SIMS was not as
good, but that can be attributed to inactive phosphorus being present close to
the surface. The presence of inactive phosphorus is suggested by a significant
»surface dip« that can be found for the ECV measurement within the first
200 nm. For SiN PassDop Gen1 (Figure 7.7b, open black squares) and fPassDop
Gen3 (Figure 7.7a, open black squares), these effects were most pronounced
and for these the mismatch between 4pp and SIMS was the strongest. Such
a »dip« was not present for SIMS or even a surface peak was observed (as
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Figure 7.12: EDX mappings of single laser spots for the fPassDop Gen2 and Gen3 lay-
ers. The scale for both layers was not set similar, thus intensity and color cannot be
compared to each other. The pictures show a relative change in the concentration
of nitrogen for each sample. The laser spots were identical to the ones in Figure
7.10, thus the same annotations apply, especially the ring structures.

for SiN PassDop Gen1), thus the disagreement between SIMS and 4pp can be
attributed to these effects.

As the (integrated) »electron concentration« determined by ECV was found
to disagree with the corresponding 4pp measurement and as this concen-
tration was higher than that for phosphorus as determined by SIMS, it is
important to conclude that the amount of phosphorus cannot be the only
influence on this concentration determined by the ECV measurement. One
observation by SIMS was that the nitrogen concentration in the LBSF was
very high, especially for fPassDop Gen2 (see Figure 7.7a and 7.7b). The dis-
crepancy (compare 4pp and ECV in Table 7.2) was found to be the strongest
for the fPassDop Gen2 samples and as shown in Table 7.3, these were the
samples with the highest nitrogen dose in the range of 3 to 4 x 10> cm™2.
Thus, a more deep investigation was required to determine if this influence

was indeed related to the concentration of nitrogen.

If such a high amount of nitrogen can be found in the LBSF for the SiN, -based
PassDop layers, what happens with it? The first observation to note here is
that the concentration exceeds the equilibrium solubility of nitrogen (in the
range of 5 X 10> cm™) in ¢-Si [200] and the segregation coefficient in the lig-
uid phase (k < 5 x 107*). While Wood et al. suggested that the segregation
coefficient for rapid laser doping might be significantly higher (e.g. for phos-
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phorus: equilibrium k£ = 0.35, non-equilibrium k = 1), for impurities with
a very low equilibrium segregation coeficient like In (k = 0.0004) the non-
equilibrium segregation coefficient was still given significantly lower than 1

(k = 0.10 to 0.20) [164].

The accumulation of nitrogen at the surface was therefore likely a segrega-
tion effect and can be explained by the low solubility of nitrogen in crystalline
silicon [200]. Such an effect was observed by Hameiri et al. as well, for which
they gave the same explanation [168]. Due to the low solubility and as indi-
cated in the phase diagram (see [189]), the nitrogen is expected to be included
in the LBSF in the form of SiN clusters or precipitates. This was proved for
fPassDop Gen2 using XRD which—as shown in Figure 7.9—clearly indicated
the presence of f-SisN,. While this is the form of Si;N, that is expected to
be formed at higher temperatures [189], it does not exclude that crystallites
of a-SizN, or amorphous structures were present as well. However, the fact
that crystalline Si; N, was found proves that this is a by-product of the laser
process and not (non-ablated) left-overs of the previously amorphous layer.
This was confirmed by an XRD control measurement of the areas that were
not processed by the laser and for which no corresponding signal was de-
tected. As shown in Figure 7.9 the results suggest that the amount of SiN
was reduced with a decreased laser fluence, but this was not necessarily the
case as the SiN could have been present in the amorphous state, which would
not have been visible in the measurement. Also a change in the crystallite
size would influence the XRD signal despite the amount of Si;N, remaining
similar. A higher laser fluence resulted in a higher amount of energy induced
into the laser spot as well as a longer relaxation time, thus a higher thermal
budget. This seemed to be at least partially used to form (more) SiN in the
crystalline state or to cluster the crystallites.

As SizNy is an insulator, two effects can immediately be pointed out: i) The
»dip« that was found within the ECV measurement could be explained by
phosphorus dopants that were trapped within the Si;N, particles and thus
cannot contribute to the electron concentration. ii) Any Si;N, or SiN, layer
that is still (or again) present at the surface can result in electrical shielding
of these areas and therefore partly prevent contact formation and thus (in
addition to the low phosphorus concentration) be an explanation for the ob-
served contacting issues with the Gen2 layer as well as the high scattering
of the FF observed in Section 8.1 for the Gen2 process. Such an effect was
proposed by Hameiri et al. [168].

To analyze the observed difference between the amount of determined free
carries by ECV and the actual concentration of phosphorus atoms in the LBSF
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by SIMS, the representation of 6 as the difference and & as the quotient of the
two concentrations were chosen as shown in Figure 7.8. As origins for the
indicated mismatch, the following were considered:

1. Modified mobility of c-Si due to the impurities (i.e. nitrogen).
2. Validity of the ECV assumptions?

3. Increased conductivity during the ECV measurement, e.g. due to traps.
Effects in 6 could suggest this.

4. Misinterpretation of valid ECV data, i.e. wrong assumptions during
the evaluation. Effects in & would be a bias toward this.

While it has to be considered that the nitrogen clusters in the LBSF modified
the mobility of the charge carriers, the match of SIMS and 4pp was so good
that this seemed rather unlikely but cannot be fully excluded. SRP was tried
to solve this, but while the surface roughness was not found to be critical for
ECV and SIMS, it rendered the SRP measurement unusable due to the large
uncertainty in the measurement probe positioning. Hall measurements were
performed to compare with 4pp and did not indicate a change in the mobility.
However, the measurements could not be performed on the same samples
(but similarly processed), thus the comparability is questionable. To fully
exclude a change in the mobility a dedicated comparison of a larger amount of
samples would be required, especially with »stripping« Hall profiling, which
would allow a direct comparison to SIMS. This was unfortunately not possible
within this work.

The second point to be discussed is the validity of ECV, especially the as-
sumption of having a meta-semiconductor interface and if the Mott-Schottky
relation holds true. A comparison to a diffused profile at similar doping con-
centration to fPassDop Gen2 showed that all parameters during the measure-
ment were within similar range. Especially the serial and parallel resistances
were normal, the dissipation was low. The JV and CV measurement curves
were shaped as expected, the 1/C? curves linear around Vg, Thus, from the
measurement setup, it was not obvious that the ECV measurement might be
invalid and did not seem to be completely “off”. While it still has to be con-
sidered that the ECV measurement was not usable, it can certainly be used
for comparisons.

The third effect that was considered was an increase in the conductivity, i.e.
more free carrier are available than phosphorus atoms. The increase in &
with the nitrogen concentration could lead to the assumption that nitrogen
as a donor could be responsible (see Figure 7.8a). In principle, nitrogen could
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form a shallow donor and therefore increase the electron concentration, but
the dopant activation is expected to be orders of magnitude below the given
phosphorus concentration (Kaiser et al. give an upper limit of 1 x 1012 cm™>
[200]). If nitrogen as a donor was not present, then it might be possible that
nitrogen introduced defects (e.g. grain boundaries or substitutional defects)
that could carry charge. Even if considered so, such an effect should be visible
not only in the ECV measurement, but in the 4pp measurement as well. In-
stead a mechanism responsive only to dynamic current methods like CV was
required. One possibility would be traps that in a steady-state measurement
like 4pp would be filled and not contribute to the conductivity, while for CV
there might be an influence, depending on the frequency of the Alternating
Current (AC) source as discussed by Kimerling [201]. This was investigated
by stopping the ECV etching process and repeating the measurement using
multiple frequencies at this measurement point. While the uncertainty of the
capacitance measurement increased due to a higher dissipation, the result-
ing slopes of the 1/C? curves—and therefore the electron concentration—re-
mained the same within the measurement error and the electron concentra-
tion did not decrease significantly. Unfortunately, the ECV profiler is limited
to frequencies in the range of 1 to 50 kHz, which might no be broad enough
to fully exclude traps but still made them less likely.

The other argument against traps is the shift in the curves shown in Figure
7.8a and 7.8b. If traps were present, a correlation to either of these impurities
would be expected, as these were the ones that could induce material defects
in the c-Si. For fPassDop Gen2, this would mean that based on a phosphorus
doping level of around or below 1 X 10'® cm™3, the traps led to an increase
in the conductivity by a factor of 1.5 to 2 and therefore to an active trap den-
sity within the same range as the phosphorus concentration. For fPassDop
Gen3, where the phosphorus concentration exceeded 1x 10" cm™ 6 was
still found to be within the same range as the phosphorus concentration,
reaching up to 2 x 10" cm™. As can be observed, § for SiN PassDop Genl
was in between the two. However, if phosphorus solely would have been re-
sponsible for the observed increase in the conductivity (e.g. via traps), 6 for
all of the layers would be expected to match for similar phosphorus concen-
trations and thus no shift should be observed. Instead all of the investigated
layers showed their own level of 6 and only the two fPassDop Gen2 samples
did match (apart from the »Hump«). Similar could be said about the depen-
dence on nitrogen, where again different levels for the layers were observed
(see Figure 7.8a). Especially, an inverted effect was observed. For Gen3—as
shown in Table 7.3—the phosphorus dose was found to be higher by a fac-
tor of approx. 10 and the nitrogen dose lower by a factor of 10 compared
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to Gen2. If the traps were caused by nitrogen, it would therefore require an
increase in the activation ratio of the traps by two orders of magnitude and
therefore a relation of the traps to nitrogen was very unlikely. Similar (but
not as extreme) relations showed for SiN PassDop Gen1. Thus, an explanation
for an increased conductivity would require a more complex mechanism that
is not bound to only the nitrogen or phosphorus concentration, but rather a
combination of the two. For example, the properties of phosphorus bound to
nitrogen (P-N) in silicon are unknown and have to be considered as a candi-
date for such behavior. Here, even an influence on the SIMS measurements
of phosphorus and nitrogen has to be considered, as P-N might not be de-
tected.

The last explanation would be a misinterpretation of the ECV results in a way
that wrong properties were assumed during the evaluation of the data, most
of which would be expected to show in &. From Figure 7.8d it can be extracted
that an influence of phosphorus was rather unlikely, as again different lev-
els of & were observed for the layers at similar phosphorus concentrations.
However, as shown in Figure 7.8c, a correlation of £ to nitrogen could be
postulated as for a similar nitrogen concentration a similar £ was observed
for all layers with nitrogen concentration in the range of 4 X 10'® to approx.
3x10* em™.

So, if such a correlation was present, what would it affect? The carrier con-
centration from the ECV data was evaluated with a relation (see [202] as well)
derived from Gauss’s law:

-2
Ngcy = (7.2)

d 1
qege A%~ ( o )

Here, €y and €, denote the vacuum and the relative permittivity. A gives the
area of the sample that is in contact with the liquid (and therefore in electri-
cal contact). g is the elementary charge.

Investigations using Laser Excitation Microscope (LEXT) did not show a sig-
nificant increase in the surface area (factor 1.1 at most, but more likely 1.02).
In addition, such an influence would not necessarily explain the observed
correlation of £ to the nitrogen concentration. On the other hand if a larger
portion of the surface would be covered by SiN, remnants, this would lead
to a decreased surface area (due to inactive areas) and therefore to an un-
derestimation of the electron concentration, thus the opposite of what was
observed. A nanostructure in the surface could be an explanation, but it was
unclear if such a nanostructure was present and how it would influence the
measurement.
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The other parameter that could be adjusted would be the relative permittivity
€, as all other parameters are known and/or constant. The effective values
for the relative permittivity could be determined as ¢, = & - €,g; = & - 11.68.
Therefore values in the range of €, = 20 to ¢, = 30 would be required for
the ECV and SIMS measurements to match. However, it is unknown why the
permittivity of c-Si would increase this much by incorporation of nitrogen or
SizNy. The permittivity of the latter would actually be expected in the range
of 6 to 7 and therefore lower than that of silicon. For some mixtures (e.g.
paraffin wax in titanium-oxide by Ghosh [203]) calculations and measure-
ments were reported and in those cases, the effective permittivity was found
to be in between the values of the host and the embedded material. Thus—es-
pecially at the present concentrations—the effect of the lower permittivity of
SizN, on the effective permittivity of the LBSF would be expected to be low
and of reducing nature (not increasing as observed).

In addition, a relation of the mobility and permittivity would be expected,
although this relation is not currently expressed in the commonly used mod-
els. While the relation (both form and strength) is not known at this time,
such a large change in the permittivity would likely be visible in the mobility
due to modified scattering of the charge carriers.

Still, the results show that such effects have to be considered when discussing
and comparing ECV and SIMS measurements on impure laser doped materi-
als. To fully understand and explain the origin of these effects dedicated mea-
surements of both ECV and SIMS as well as other comparing methods would
be required, more than was possible within this work. Therefore, while the
discrepancy could not be fully explained, the results showed that an evalua-
tion of ECV profile data for such laser spots has to be taken and interpreted
carefully. Relative comparisons of ECV profiles for different layers should
still be possible, but the effect of nitrogen has to be taken into account, i.e. if
a different amount of nitrogen has to be expected in the LBSF, an influence
on the ECV profile (of increasing nature) is expected. Thus even the use for
relative comparisons of PassDop SiN, layers is limited.

For the profiles for Gen2 determined by SIMS (see Figure 7.7) a substantial
difference was found in the profile depth of phosphorus and nitrogen. It
should be pointed out that this was the case for both fPassDop Gen2 samples
even though they were measured by two independent institutions. The origin
of this difference in depth was not completely clear but thought to be caused
by the high nitrogen dose (higher than phosphorus by a factor of approx.
100), especially since the solubility of nitrogen in liquid silicon is relatively
low (in the range of 1 x 10" em™ [200]). Such an influence of the dose was
observed by Young et al. for laser doping of implanted boron [204].
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The further evaluation will focus on SIMS. As measurements by Wenclawiak
showed, the phosphorus content in the fPassDop SiN,:P layers does not de-
pend significantly on the composition [192]. However, as can be extracted
from the phosphorus profiles in Figure 7.7a, the resulting phosphorus dop-
ing in the LBSF was found to be much higher for the fPassDop Gen3 process.
As discussed in Section 6.3.2, the layer stack from fPassDop Gen2 to Gen3
was changed to include an a-Si:P Doping layer instead of Si-rich SiN_:P on
top of the Passivation layer. This raised the question after the effect causing
the higher phosphorus doping profile in the LBSF. Was this a result of an in-
creased dopent content or just a change in the doping efficiency during the
laser doping process. While it should still be considered, that the a-Si:P Dop-
ing layer contained more dopants an increase in the dopant concentration
by a factor of 10 compared to the previous Doping layer was not realistic.
Instead additional effects reducing the doping efficiency for fPassDop Gen2
have to be considered.

Figure 7.10a and 7.10b show SEM images of single laser spots for fPassDop
Gen2 and fPassDop Gen3, respectively. As can be observed from the images
the structures defined by the laser process were significantly different. For
fPassDop Genz2, the ring structures R1 to R3 suggested that only the R1 was
properly ablated. In R2 and R3, the passivation is thought to be damaged,
but the layer was at least partially still present, thus possibly hindering con-
tact formation. This was accompanied by a large amount of debris, which
indicated some kind of explosion behavior and therefore high pressures and
temperatures. For Gen3, no such ring structures were found. The laser spot
looked like a clean cut in the passivation with no debris as found for Gen2. In-
stead, a large amount of small lumps were found that indicated a completely
different melting behavior.

To understand this, one has to take into account that both Si;N, as well as
SiN, are rather stable at high temperatures, as the material melts or decom-
poses above 1900 °C [189]. In the nitrogen-rich fPassDop Gen2 concept, this
led to a high laser fluence and therefore a high thermal budget being required
to increase the temperature of the molten silicon in such a way that at least
some parts of the SiN_:P layers were induced into the melt. Due to the high
temperature requirement at this point the pressure from the molten silicon
beneath is already high, possibly leading to a burst of the not yet molten
parts of the fPassDop Gen2 stack and therefore to the debris found in the
SEM image (see Figure 7.10a). Thus, the thermal stability of the layers led
to a decreased doping efficiency as only parts of the PassDop stack could be
used for laser doping. And it leads to the conclusion, that the laser fluence
has a significant influence on the doping efficiency. This is indicated in the
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SEM image (Figure 7.10a), where only in the R1 area »proper« laser doping
and ablation is expected. In the R2 area laser doping happened, but due to the
reduced laser fluence (due to the Gaussian laser profile) it was incomplete,
hence leaving SiN, remnants at the surface. Such an effect of the dependency
of the laser doping process on the laser fluence was also regularly observed
for Rg; .. samples, e.g. see Figure 6.16b in Section 6.3.2. In the R3 area, the
fluence was too low to achieve significant laser doping, but the influence of
the laser process still led to a damage of the passivation, which can be ob-
served optically. An indication of the edge of the molten area can be found
in Figure 7.11a, where the dark holes indicate voids in the crystalline silicon
created by the laser process. Such voids were already observed by Geisler et
al. and Hameiri et al. [168, 169]. According to Geisler et al. these voids were
caused by nitrogen bubbles forming during the laser process at the edge of
the molten silicon.

As described in Section 6.3.2, the main difference between fPassDop Gen2
and Gen3 was the change of the Doping layer to a-Si:P. This a-Si:P layer is
also expected to have a much lower melting point than the SiN_:P layers and
much closer to that of ¢-Si (around 1400 °C [188]). Hence, the melting of
the doping layer can start earlier during the laser process and both support
melting the passivation layer as well as improve contribution to the doping
process itself. A strong indication toward such an effect are the Si lumps that
were observed in the SEM image. These were found to be of low nitrogen
content and are thought to be leftovers of the a-Si:P layer, which would mean
that the melting of the a-Si:P layer started separately from that of the c-Si
bulk, very much in contrast to the behavior of the SiN, layer. The lumps are
thought to be parts of the a-Si:P layer that recrystallized prior to the c-Si,
thus cannot contribute anymore to the laser doping process. Hence with an
adapted laser process (i.e. lower fluence, longer pulse duration or multiple
pulses) the doping efficiency of the layer might be further improved.

As shown in the EDX images (see Figure 7.12), the nitrogen distribution was
found to be significantly different for the two layers. This is already notice-
able for the passivation layer itself for which the signal for fPassDop Gen2
was found to be higher, for fPassDop Gen3 lower than within the laser spot.
While the scale was different for the images and therefore the signals from
the layers cannot be compared, it allows for certain conclusions. First, for
fPassDop Gen2—as already mentioned above—only the R1 area is thought to
be properly ablated, for the rest, at least some parts of the SiN, layer might
still present. In the EDX image (Figure 7.12a), this is visible in a nitrogen
concentration that remained high until the R1 area, where a few black spots
(meaning low nitrogen concentration) were found).
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For fPassDop Gen3, the surrounding a-Si:P layer resulted in a low nitrogen
concentration indicated by EDX with an increase toward the middle of the
laser spot. As expected for a-Si:P, in this area the oxygen concentration was
high as well due to native oxidation of the a-Si:P layer, an effect that is not as
strong for SiN | :P. The highest nitrogen concentration was found in the mid-
dle as this was the area with the highest laser fluence and therefore the high-
est thermal budget recrystallizing the latest. Due to the segregation effects
of nitrogen in silicon outlined above it was expected that nitrogen enriched
in the melt and therefore concentrated in the middle as observed. In fact, a
similar behavior would be expected for fPassDop Gen2 as well, but the high
surface concentration (i.e. due to non-ablated SiN,) might hide this effect.
Due to the significantly higher concentration of nitrogen that was detected
by SIMS for fPassDop Genz2, it would be expected that even in the R1 area, the
nitrogen concentration would be higher than for fPassDop Gen3. This leads to
an important conclusion, regarding the contact ability of the fPassDop Gen2
approach. Not only is the afore-mentioned reduction of the contact area ex-
pected to have as significant influence on the contact resistivity, but as the
R1 area is expected to retain the highest concentration of nitrogen within the
LBSF, even for the properly ablated areas a high specific contact resistivity
is expected in case of fPassDop Gen2. This again emphasizes the importance
of reducing the nitrogen concentration in the PassDop LBSF.

In contrast to fPassDop Gen2, for fPassDop Gen3 no voids were found at the
edge of the molten area (see Figure 7.11b), instead the spot looks more like a
»clean« cut. This and the lower dependency of fPassDop Gen3 on the laser
fluence (e.g. see Figure 6.20b) was expected to lead to a much more homoge-
neous laser doping.

One additional feature that was observed within the XRD measurement was
the presence of c-Si peaks. This was not expected, as the measurement setup
was chosen as such that the bulk signal vanished. Therefore, the presence
of c-Si signal indicated that c-Si having a crystal orientation other than that
of the bulk (<100>) existed within the measured area. In a »perfect« laser
process, this would not happen, as the silicon would recrystallize in the ori-
entation defined by the bulk. Thus the presence of these peaks could indi-
cate that parts of the molten silicon crystallized in a polycrystalline structure,
possibly influenced by (e.g. nitrogen-related) defects. These defects could be
similar to those observed by Hameiri et al. when applying a Yang etch [205]
after laser doping from SiN, stacks [168]. These peaks were reduced as the
laser fluence was increased due to the higher relaxation time and therefore
possibly reducing the amount of polycrystalline Si in the LBSF, which would
be another indication that longer laser pulses might be rewarding. As the ni-
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trogen is most likely expected to be incorporated into the silicon as clusters
of SisNy, such polycrystalline structures could very well be a result of the
incorporation of these clusters, as the lattice constants and atom distances of
the two crystals differ. Such a polycrystalline structure is a good candidate
when discussing increased recombination often found when analyzing the
recombination properties of laser doped spots.
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7.1.4 Carbon as an Impurity in the PassDop LBSF

Motivation

As shown in the previous section, nitrogen can have a significant influence
on the laser doping process. Both on determining the doping profile as well
as on the doping efficiency. Similarly, carbon would be expected to have an
influence as well. However, in this case it has to be considered that silicon
carbide itself is a semiconductor as well and thus the influence might be sig-
nificantly different.

Therefore, the goal of this section is to determine if an influence of carbon on
the characterization methods was present and if it was similar to nitrogen.

Experimental

Results for two variants of SiC PassDop Gen2 are presented: The first »Sample
1« is SiC PassDop Gen2 as described in Section 6.2.1. The second »Sample 2«
is (SiC PassDop Gen2+), for which the thickness of the Capping layer was
increased to 70 nm (standard: 15nm). This sample featured a MgF, Optical
layer instead of SiC,.

Both Sample 1 and 2 were processed at a laser fluence of 9 J/cm?. Sample 1
was used for the »3D« SIMS measurements discussed in Section 7.1.2. This
sample featured both single laser spots (used for »3D« SIMS) as well as over-
lapping structures (used for the other methods). The results for Region 2 of
that measurement is repeated here for comparison. To determine the profiles
for phosphorus and carbon, SIMS measurements were performed by NREL.
To calculate Rg; .., from the profiles determined by ECV and SIMS, the mo-
bility model of Klaassen [193, 194] was assumed.

For SiC PassDop Gen2, XRD was measured. This area was processed at a laser

fluence of 10 J/cm?.

To further investigate the influence of carbon on the ECV profiling, 4 sam-
ples were prepared based on the SiC PassDop Doping layer where the gas
flow of CH, during the deposition was varied from 0 to 60 sccm (standard:
30 sccm). The thickness of the layers was approx. 40 nm. The given carbon
concentrations correspond to the values determined by Suwito [143].
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Results

The values determined by integration for electrons (ECV) and phosphorus
(SIMS) as well as the values determined by 4pp can be found in Table 7.4.
Rg}.t Values for Sample 2 at around 7 2/sq were generally lower. For Sample
1, a Rg} et Of 14 Q/sq was determined by 4pp. In both cases 4pp values were
the highest, SIMS close to 4pp and ECV was significantly lower.

Figure 7.13a shows the determined ECV and SIMS profiles for Sample 1 (SiC
PassDop Gen2). The phosphorus concentration determined by SIMS followed
a nearly perfect Gaussian shape, with a surface concentration in the range of
4% 10" cm™ and a depth of approx. 3.5 pm. The (electron) concentration
determined by ECV showed a similar shape in the range of 600 nm to 3 pm.
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Table 7.4: Ry,,.., determined by 4pp, ECV and SIMS for the SiC PassDop samples
as well one pPassDop sample. All values were determined for a laser fluence of
9J/cm?.

PassDop Layer 4pp ECV  SIMS
[Q/sq] [Q/sq] [€2/sq]
Sample 1 (Gen2) 14.0 5.7 12.9

Sample 2 (Gen2+/MgF,) 7.2 2.5 7.1

Below 600 nm a strong increase of the concentration was found reaching a
concentration of 1 x 10*! cm™. Above 3 pm the decrease in the concentra-
tion was faster than determined by SIMS leading to a profile depth in the
range of 3 pm. The carbon concentration determined by SIMS showed a very
similar shape to the ECV profile with the surface peak starting at a similar
depth. The »3D SIMS« profile discussed in Section 7.1.2 indicated a higher
concentration compared to the other profiles, the profile shape followed that
of the SIMS phosphorus profile.

Figure 7.13b shows the profiles determined for Sample 2 (SiC PassDop Gen2+).
Most of the general observations outlined for Sample 1 hold for Sample 2 as
well. The phosphorus concentration determined by SIMS indicated a higher
doping level with a surface concentration of approx. 1 X 102%cm™ and a
depth of 2.5 pm. The concentrations for carbon (SIMS) and electrons (ECV)
were significantly different for this sample, but both showed a surface peak
starting at a similar depth of approx. 500 nm. Compared to the phosphorus
(SIMS) profile, the ECV profile indicated a higher doping level over the whole
range, even at higher depth than the surface peak. The maximum concentra-

tion indicated by ECV in this case was 7 x 10*! cm™.

Figure 7.14 shows ECV profiles for a variation of the carbon content of the
Doping layer. Only the first 250 nm of the profiles are shown, the depth for all
profiles was similar, with a slightly higher depth with higher carbon content.
For a carbon content of 0 % (a-Si:P), the profile shape close to the surface was
flat with a decreasing tendency towards the surface. At 1.5 % concentration
of carbon in the layer the profile was still flat, but now with an increasing
tendency towards the surface. For a carbon concentration of 3.5 and 7% a
significant increase of the ECV concentration towards the surface was ob-
served with the effect being more pronounced for 7 % carbon.

Figure 7.15 shows the XRD measurement performed for SiC PassDop Gen2
processed at a laser fluence of 10J/cm?. Three peaks were detected in the
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measured range. All of these peaks could be attributed to 3C-SiC. No peaks
related to crystalline silicon were detected.

Discussion

As was the case for nitrogen, significant differences between the Rgy,..; de-
termined by 4pp and that determined by integration of the ECV profile were
observed as shown in Table 7.4. ECV yielded a significantly lower Rg; .., than
4pp. However, the comparison of the profiles shown in Figure 7.13 suggested,
the effect was very different to that of nitrogen. While ECV indicated a sig-
nificantly higher concentration than the phosphorus profile determined by
SIMS, the more pronounced effect was the presence of a surface peak (below
a depth of 500 to 600 nm) in the ECV concentration, which was not present
in the phosphorus profile determined by SIMS. As a similar surface peak was
determined by SIMS for carbon (thus for a different element), this suggested,
that the surface peak was caused by carbon.

To further investigate this an experiment was performed utilizing only the
Doping layer, for which the (well known) carbon content was varied. As
shown in Figure 7.14, a direct correlation between the formation of the sur-
face peak and the increase in the carbon content could be found, since at 3.5 %
the surface peak formed and was more pronounced at 7 % carbon. Thus, it can
be concluded, that the surface peak was indeed caused by carbon and—sim-
ilar to nitrogen again—questionable results were determined by ECV. This
was supported by the fact that again the agreement between 4pp and (inte-
grated) SIMS was good.

For the complete SiC PassDop Gen2 stack, the carbon content was signifi-
cantly higher, especially due to the high content in the Capping layer (ap-
prox. 50 %) and Optical layer (approx. 63 %). While the profiles suggest
something different, the carbon dose for Sample 1 and 2 was actually within
similar range (3 to 4 x 10'® cm™2). However, as the optical properties of the
two stacks were slightly different due to the adapted Capping and Optical
layer, the effective laser fluence changed and the profiles cannot be compared
directly.

The carbon concentration at which the surface peak started to appear was at
approx. 6 x 10! and 3 x 10'” cm™ for Sample 1 and 2, respectively. Thus
it might be possible that an accumulation effect of carbon in silicon was the
trigger at this concentration or higher. Such a concentration would already
exceed the equilibrium solubility of carbon in ¢-Si (3 X 10'” cm™ close to
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the melting point of silicon [206]). Newmann [206] pointed out that oxy-
gen can result in a higher amount of carbon incorporated into the silicon,
by building a carbon-oxygen complex. He noted that with an oxygen con-
centration of about 1 x 10'® cm™ it was »easy« to introduce substitutional
carbon up to 2 X 10'® cm™ into the crystal. As the oxygen concentration in
case of the PassDop LBSF was likely within the same range (see 7.1.5), such
an effect might be possible. Together with the increase in the segregation
coeflicient as proposed by Wood for dopants for non-equilibrium rapid laser
processes [164], this could explain the high concentrations of carbon that
were observed.

The high concentration of carbon alone however does not explain the effects
that were observed and why the ECV measurement yielded incorrect results
for the electron concentration. The XRD measurements depicted in Figure
7.15 showed that crystalline SiC was found within the LBSF area. As the
PassDop layer was amorphous this cannot be the result of improperly ab-
lated passivation layer parts, but instead the c-SiC was a product of the laser
process. Thus the energy induced by the laser processed seemed to have been
partially used to form 3C-SiC. Given the high concentrations of carbon, this
was expected. Siand C are known to build no mix phases other than SiC at a
concentration of 50 %, so similar to Si; Ny, it would be expected that exceed-
ing the solubility would result in the formation of SiC crystallites embedded
into the c-Si matrix. While other polytypes of SiC do exist, it might be pos-
sible that in c-Si, the 3C variant might be preferred due to the same cubic
crystal system. However, as the crystal geometrics do not match completely,
crystal defects might be the result, which could be the origin of increased
recombination (in comparison to the respective Auger limit) as discussed in
Section 7.2.

Regarding the ECV measurements this does not yet explain the observed be-
havior. Similar to SiN,, a frequency dependence on the CV measurement
was investigated within the frequency range allowed by the ECV profile, but
similar to SiN_, no significant influence was found other than the capaci-
tance measurement error increasing. Therefore traps as the origin were again
rather unlikely. The observed SiC crystals however are a very good candi-
date due to the good correlation to the carbon concentration, as SiC itself is
a semiconductor and thus an influence on the CV measurement would be
expected. To predict this influence too many variables are unknown, e.g. the
size of the crystallites.

Aside of the measurement via ECV, carbon can be thought to be much less
critical as an impurity in the PassDop LBSF as the doping efficiency remains
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high even if a large amount of carbon was incorporated as shown in Figure
7.13b. For an estimation of the doping profile, ECV can be used if the surface

peak is removed by extrapolation, i.e. by assuming a Gaussian profile.
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7.1.5 Other Impurities

Motivation

As it was shown that nitrogen and carbon are induced into the LBSF during
the laser process if the respective layers contain them, other impurities have
to be considered to affect the LBSF formation as well, if provided within the
layer stack at the time of the laser process. Here, especially magnesium and
fluorine are of interest, as MgF, was extensively used as an optical layer to
enhance light trapping within the solar cells. However, not only the elements
within the PassDop layer have to be considered, but also impurities like oxy-
gen and nitrogen as the laser process was performed under air ambient or
carbon due to organic contamination during wafer handling.

Therefore in this section, the concentration of carbon, fluorine, magnesium,
nitrogen and oxygen after the laser doping process is investigated. However,
the investigations presented here were not within the explicit focus of this
work, thus only brief results and discussion are presented.

Experimental

All of the investigations outlined here were done on Rg; .. type samples with
the point and line distances set to 25 pm. The measurements were done using
SIMS. Five different samples were investigated:

1. SiC PassDop Gen2 (SiC1): C and N

2. SiC PassDop Gen2+ (SiC2): C, F, Mg, N and O
3. fPassDop Gen2 (SiN1): C, F, Mg, N and O

4. fPassDop Gen3 (SiN2): C and N

5. SiN PassDop Gen1 PassDop (SiN3): C and N

The carbon results for the SiC-samples as well as the nitrogen results for the
SiN-samples were already presented in the previous sections and are only
shown for comparability. In addition, for the samples SiC2 and SiN1, SIMS
measurements of fluorine and magnesium were performed. For two samples,
the oxygen concentration was tracked as well.
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Figure 7.16: SIMS results for two SiC, and three SiN, PassDop samples. For all sam-
ples C and N were detected. For the SiC2 and SiN1 samples, O, F and Mg were
detected as well. Only the SiC2 sample had a MgF, layer.

Results

Figure 7.16a to 7.16d show the results of the SIMS measurements for the re-
spective samples. Note that the same scale was applied to all graphs for com-
parability.

The measurements of carbon showed that carbon can be found in all of the
samples, even if the layers themseleves did not be contain carbon. The limit
that was detected was in the range of 7 to 8 X 10'®cm™ for three of the
samples, while for two of the samples it was found in the range of 3 to
4 % 10'® cm™3. The two SiC samples showed a pronounced carbon peak with
a surface concentration of more than 1x 10**cm™. The three SiN sam-
ples showed a significant increase in the carbon concentration towards the
surface from the background concentration up to a peak concentration of
1x108cm™3,2to 3cm™3 and 3 x 1017 cm™ for SiNT1, 2 and 3, respectively.
At the surface a steep increase towards even higher concentrations was found.
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For nitrogen, the picture looked different. A strongly varying background
signal was observed. The background level for the respective samples was
in between 1 x 10'* cm™ and 2 x 10'® cm™3. Nitrogen as a background ele-
ment was found to be detectable up to 2 pm depth. The SiN samples showed
a high concentration of nitrogen. The SiC samples showed an increase of the
concentration from background level of 1x 10'®cm™ up to 7 x 10'®cm™3
(SiC1) and 2 x 10" cm™ (SiC2) close to the surface.

For both the SiC2 and the SiN1 sample, oxygen was detected. The determined
oxygen concentration was almost identical for the two samples. From the
background level of approx. 1 x 10! cm™ an increase in the concentration
towards the surface up to just below 1 x 10'? cm™ was found with a steep
increase in the concentration directly at the surface.

Fluorine was measured on the SiC2 and the SiN1 sample, only the SiC2 sam-
ple had the additional MgF, source. The measured concentrations for the
two samples were significantly different. At around 5 x 10'> cm™, the back-
ground level was similar for the two samples. The SiC2 sample (with MgF,)
showed an increase from the background level starting at a depth of around
1.5 pm towards the surface. At a depth of approx. 500 nm, the increase was
stronger with a peak in the concentration of over 1 x 10 cm™. The SiN1
sample (no MgF,) showed an increase starting at around 1.5 pm in the flu-
orine concentration as well. At 400 pm a plateau in the concentration was
observed with a strong increase up to 1 x 10'° cm™ close to the surface.

Magnesium was measured on the SiC2 and SiN1 as well. For the SiC2 sample
(with MgF,), the constant concentration at around 1 x 10*cm™ was de-
tected at depths higher than 2 um. At a depth of around 2 pm, an increase
in the concentration was found resulting in a plateau at a concentration of 3
to 4cm™. At around 600 nm a strong increase in the concentration towards
the surface was observed with a peak concentration of over 1 x 10%° cm™.
For the SiN1 sample, no magnesium was expected. The background level was
very low at below 1 x 10'* cm™. Only close to the surface a steep increase

in the concentration was determined. The peak concentration was approx.
1x10"7 em™.

Discussion

The most important aspect to note regarding these measurements is that all
of them were taken with one dominating impurity, carbon for the SiC sam-
ples and nitrogen for the SiN samples. This aspect is import as one has to
consider an influence of this dominant impurity, both on the laser process
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and therefore the diffusion of the investigated impurities as well as the mea-
surement itself, as the calibration standards were done for crystalline silicon.
In addition, it has to be noted that the background level for the measurements
depends on the amount of time that was invested to evacuate the SIMS mea-
surement chamber, thus the observed differences in the background signal
for carbon [207].

As an example for such an influence on the calibration the sample SiN1 (see
Figure 7.16c¢) is of interest, for which the shape of the nitrogen concentration
was found again in the fluorine concentration and an influence on the other
investigated impurities seemed to be present as well. As noted above the
sample was not coated with a MgF, layer and since magnesium and fluorine
are not expected to be common impurities during the laser process no devia-
tion from the background signal would be expected. A cross-contamination
with a MgF,-coated sample can be excluded as well as the SiC2 and other
such samples were not processed at the PassDop laser at the same time. This
means that for the SiN1 sample, within the first approx. 200 nm, the SIMS
calibration was not correct. Therefore, the concentrations that were deter-
mined for all of the elements in this range cannot be trusted and should be
disregarded. While it is not clear what concentration of nitrogen is tolera-
ble, concentrations above 1 x 10** cm™ have to be seen critical, especially
as an influence on the measurement of nitrogen itself has to be considered
as well.

Similarly, carbon seemed to have an influence on the measurement as well.
Especially for fluorine, carbon and magnesium, correlations of the profiles
with carbon were found. However, as in this case a MgF, layer was actually
present at the surface, it has to be considered that at least to some degree the
measurements correspond to actual concentrations in the LBSF, especially
as MgF, at 1251 to 1263 °C [208] is expected to have a melting point below
that of crystalline silicon. For fluorine, Jeng et al. [209] noted that it tends to
diffuse to the surface. At the surface it can build SiOF, which then exaporates
from the surface. However, Robinson [210] found that while pure fluorine in
silicon shows that exact behavior, boron as an additional element can modify
the diffusion mechanisms when both are implanted subsequently or simul-
taneously. As the carbon-fluorine bond is expected to be rather strong, such
an effect has to be considered for carbon as well and hinder the out-diffusion
of fluorine. However, from the results due to the high carbon concentration,
it cannot be said definitely that fluorine was still present in the sample. Since
the concentration of fluorine in the SiC2 sample (with the MgF, layer) was
found to be well above that of the SiN1 sample (without the MgF, layer), it
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has to be considered, but if so, it was bound closely to the surface, within the

first 500 nm.

Similar to fluorine, magnesium was found to tend to diffuse to the surface
by Francois-Saint-Cyr et al. [211]. Even after deep implantation of magne-
sium (up to 0.8 pm shown) a high temperature treatment 900 °C or above
resulted in migration of the element to the surface, with some Mg remain-
ing in the bulk. For our samples the differences in the concentration of the
two samples indicated that magnesium was present at some level even in the
deeper parts of the LBSF. A slight deviation from the background signal in the
range of 1 to 2 pm indicated this effect although the absolute concentration
would be an order of magnitude below the one observed by Francois-Saint-
Cyr et al. In addition, it is not clear if the signal they showed corresponded to
the background or was meant as actual concentration of magnesium. How-
ever, the strongest signal for magnesium was detected at the very surface.
While this might have been influenced by the carbon concentration (a corre-
lation to the strong increase in that concentration below 500 nm seems to be
present), such an increase would be in good agreement with the observations
by Francois-Saint-Cyr et al.

Assuming that magnesium was present in the LBSF, what would it affect?
Additional recombination in the LBSF due to the magnesium was briefly in-
vestigated on samples similar to the ones discussed in Section 7.2, but no
effect was found (Jp ¢ identical to the values note in that section before
and after annealing). Chen et al. [212] noted that magnesium occupies an
interstitial lattice site and has two donor energy levels. This was confirmed
by Arutyunyan et al. who determined an n-type doping for magnesium [213]
for laser-annealed implanted magnesium for concentrations in the range of
5% 10 ecm™ to 1 x 10'® cm™. However, as the doping in the LBSF by phos-
phorus is significantly higher, no impact by this would be expected. Thus, the
MgF, layer is not expected to have a significant impact on the performance
of the PassDop LBSF, neither regarding the doping nor regarding recombina-
tion. While an influence cannot be completely ruled out, at the current level
of recombination other effects were found to be dominant.

This leaves the »contamination« impurities carbon, nitrogen and oxygen.
While oxygen and nitrogen are provided as ambient gases during the process,
the amount of carbon would be expected to be dependent on the handling and
storage for the SiN layers, explaining the differences in the concentrations
determined for the three samples. While an influence of nitrogen on the
SIMS measurement has to be considered, it can be ruled out as the origin for
the differences, as the sample with the lowest amount of nitrogen showed
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the highest concentration of carbon, while the lowest influence would be
expected. Only within the first 300 nm, a decrease in the concentration can
be attributed to nitrogen. As the concentration of carbon is well above the
solubility, it is unclear what effect would be expected from this. More SIMS
measurements with dedicated »clean« samples would be required. As noted
in Section 7.1.4, carbon would be expected to form SiC crystals, which could
lead to changes in recombination (increase/decrease?) or material properties.
In addition, it has to be considered that organic impurities at the surface
during the laser process can transport other severe impurities into the c-Si.

For nitrogen, the picture was different. Again, it was the sample with a lower
amount of carbon that was found to exhibit the higher amount of nitrogen.
However, this was the sample with a lower effective melting depth (see the
carbon profiles), which means that the effective laser fluence changed, possi-
bly influenced by the replacement of the optical layer (MgF, instead of SiC).
Due to the low solubility in the solid phase, a strong increase in nitrogen to-
wards the surface is the result similar as observed for the SiN layers, just at
a lower level. However, at this level, the nitrogen is not expected to have a
significant impact on the performance of the LBSF.

The last element that was investigated was oxygen. While the background
level was high, an increase close to the surface indicated that oxygen was
incorporated into the LBSF. The concentration was at a similar level for both
SiN1 and SiC2 and thus an influence of the major impuritiy—nitrogen and
carbon, respectively—is unlikely. In addition, very similar concentrations
were observed for pPassDop samples. Therefore, the observed concentration
should correspond to the actual oxygen concentration. The effects that could
be thought of would be i) formation of SiO, close to the surface ii) oxygen-
related defects reducing recombination and iii) thermal donors due to oxy-
gen. While i) would be expected in any case if a c-Si surface is exhibited to
air ambient, the oxide could increase in thickness due to the additional oxy-
gen provided resulting in a formation of a dielectric layer hindering contact
formation if metal is applied and thus reducing the contact resistivity. The
formation of such an oxide was suggested by the EDX measurements that
were shown in Section 7.1.3, where oxygen formation happened mostly if
the nitrogen concentration was relatively low. An influence of the contact
resistivity and therefore on the fill factor was mostly found to rather correlate
with the nitrogen content of the layer, whereas PassDop LBSF with low nitro-
gen concentration were not found to exhibit fill factor issues. Therefore this
effect is thought to be minimal. ii) was briefly investigated on a pPassDop
sample, for which the lifetime was measured after several annealing steps.
First, the samples were annealed at 400 °C, which could lead to degradation
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due to the boron-oxygen defect. Afterwards, the samples were annealed at
200 °C, which should reverse this mechanism. No difference in the lifetimes
after these annealing steps were found. Therefore, boron-oxygen defects are
not thought to significantly influence recombination. For nPassDop, oxygen
is not thought to strongly add to recombination, therefore the observed con-
centration is thought to be uncritical. iii) was not investigated, but might be
a an interesting topic.
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7.2 Recombination

In a Passivated Emitter and Rear Locally Diffused (PERL) solar cell,
the recombination at the passivated surface and at the contacts is very
different, as at the contact the passivation has to be locally removed.
While it is easy to determine the .S, of the passivated surface, de-
termining S,,,; at the contacts and therefore Jy, .., is more difficult.
Here two methods based on the work by Fischer ([56] and Section 2.2.5,
referred to as »Fischer-Model«) and Saint-Cast ([58] and Section 2.2.6,
referred to as »p;ps-Model«) are presented and their implications, ad-
vantages and disadvantages are discussed.

Experimental

The LBSF recombination was investigated for three layers: SiC PassDop Gen2
(see Section 6.2.1), SiN PassDop Genl1 (single layer SiN_:P) and SiN PassDop
Gen2 (SiN,.:P/a-Si:P double layer, both see Section 6.2.2).

The layers were deposited onto both sides of 1 Qcm FZ shiny-etched n-type
wafers. After the passivation the samples were processed single-sided with
the PassDop laser at a laser fluence of 9 J/cm?. L, was varied from 140 pm

up to 600 pm such that the 1/Lp2 values were roughly equidistant. Subse-
quently, the samples received a Forming Gas Anneal (FGA) anneal at 425 °C
for 25 min in case of SiN PassDop and at 400 °C for 5 min for SiC PassDop.
After each step, QSSPC measurements were performed in the transient mode
to determine the passivation performance. The lifetime and thus all following

parameters were determined in low-injection at An = 5 x 10!* cm™.

From the lifetime data p.4 was extracted as described in Section 2.2.6. The
point diameter was determined using LEXT but only used as a reference as
the »real« recombination diameter cannot be determined optically. Thus for
the calculations, a point diameter of 50 pm was assumed, which is well within
10 % of the optically determined diameter (48 to 52 pm). Using the point di-
ameter, p;py Was determined after checking that it was evaluable (see Section
2.2.6 and especially Figure 2.3). From pyp,, both S, .. and J, ,,.; Were calcu-
lated as values comparable to those extracted using the Fischer-Model.

For the point diameter, an uncertainty of 10 % was found to describe both
measurement errors as well as variations in the laser process well. For r gy,
an uncertainty of 1 % was assumed for the calculation of p;p,. The uncer-
tainty of p.4 was determined from the linear regression. The propagation of
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uncertainties was taken into account by calculating the partial derivatives
of the respective relations under the assumption that the variables do not
correlate (which should hold) and applying the variance formula as shown
in Section 2.2.6. To evaluate the Fischer-Model, .S, was fitted to S g ver-
sus L, according to equation (2.38) for each L. Calculating the uncertainty
for the Fischer-Model is not as easy, as the Formula is rather complex and
simplifications are not straight forward. To estimate the uncertainty, S, .
was calculated for both the minimum (45 pm) and maximum (55 pm) value
of d, - Thus, minimum, maximum and mean value of S, ., is given which
indicates the range in which S, ., would be expected. Note that in this case
the min/max subscript refers to the min/max value of d_,,, and not S|, thus

S will yield the lowest result.

met,max

con et

To further evaluate the annealing, samples were fabricated with the SiN Pass-
Dop Gen1 process to which the laser process was applied with a point dis-
tance of 140 pm on each side, leading to a contact fraction of approx. 10 %.
Thus the recombination in the LBSF should be the strongly limiting factor
in the determined lifetime and S g. The lifetime was determined by QSSPC
before and after the annealing in the generalized evaluation mode.

In addition, for a selected sample, Microscopic Photoluminescence (Micro-
PL) was measured before and after annealing on a single laser spot. It was
ensured that the same spot was measured in both states. This allowed for
analyzing the areas that improved due to the annealing process.

» ' Laser Fit ' = Laser——Fit
300tc Laser + Anneal------ Fit " 300+= Laser + Anneal ------ Fit "
200+
100+
0 E-E!--.-E’r""'?T”"”.D””ﬂ.ﬂﬂﬂ-a
0 2000 4000
Lp'2 [cm™]
(a) Fischer-Model (b) p;ps-Model

Figure 7.17: The Fischer- and p,,-Model applied to the SiN,-PassDop Genl sample.
The solid symbols and lines correspond to values determined directly after the laser
process, the open symbols and dashed lines correspond to values after annealing.
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tion of having a contact diameter of determined at approx. 30 ps.
dcont =50 pm.
Results

Figure 7.17a and 7.17b show exemplary the fit of the corresponding models
to the measurement data for the SiN PassDop Genl samples. In each graph,
the solid and open symbols represent the values determined directly after
the laser process and after annealing, respectively. The red solid and dashed
lines correspond to the model fits to the respective data sets. Scattering was
found to be high, but the trend did roughly correspond to that predicted by
the models. Table 7.5 and 7.6 show the results for p.g, pyps and S, for the
Fischer- and p;pp-Method, respectively. Directly after the laser process, the
values determined for the SiN PassDop layers were significantly higher, by
a factor of 5 to 8, depending on the parameter that is compared. After an-
nealing, these showed a strong benefit resulting in significantly lower p.g,
prpa and S, ... In case of SiC PassDop, a low S, . in the range of around
600 cm/s could be determined directly after the laser process, but the benefit
of the anneal was lower. Thus, after the annealing, the recombination was
found to be lower for SiN PassDop than for SiC PassDop. The S, values de-
termined from the Fischer-Model and from the p;ps-Model at d_,,, = 50 pm
were similar and usually within the uncertainty to each other.

Figure 7.18 shows the Ji, .., that was calculated from p g under the assump-
tion of having contacts with a diameter of d.,,, = 50 pm. The graph illus-
trates the strong improvement in recombination observed for the SiN Pass-
Dop layers after annealing. Prior to the annealing step, the Jg, ... values

were in the range of 10000 fA/cm?, after the annealing they decreased to
values slightly above 500 fA/cm?. For SiC PassDop, the effect was slightly
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Figure 7.20: Photoluminescence (PL) signal of a single laser spot measured by Micro-
PL before and after the annealing step. The spot was chosen such that after the
annealing step it could be ensured that the same spot was selected again. The red
lines and blue shaded areas indicate the orientation and position of the shown line
scans.

lower. Starting with J, ., around 1400 fA/cm? the gain was small with a
resulting Jo, ¢ after anneal of approx. 1000 fA/cm?.

Figure 7.19 shows the lifetime after the annealing process for a selection of
temperatures and durations. The lifetime level for all of the samples before
the annealing step was in the range of 25 to 35 ps with only one sample being
measured at slightly higher 44 ps. After the annealing step, a trend toward
higher lifetimes was observed, possibly with a peak at a temperature around
425°C.

Figure 7.20 shows the PL signal determined by Micro-PL for a single laser
spot before and after the annealing. It was ensured that the same spot was
reused, for improved comparability. The dark part in the middle roughly cor-
responded to the area up to the outer ring of the PassDop laser spot (d.,; ~
50 pm) shown in Figure 7.21a. Both before and after the anneal, there was a
strong contrast between the laser-damaged part of the spot and the outer area
where the passivation would be expected to be intact. Figure 7.21b shows the
line scans of the luminescence signal before and after annealing. The position
and orientation of the line scan is indicated by the redlines and blue shaded
area in Figure 7.20. The translation was corrected (—7.5 pm). The line scan
confirmed that the PL signal within the dark area increased after the anneal.
The elevation factor was in the range of 2.5 to 4. The flanks showed a slight
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(a) Microscpe image of the laser spot.  (b) Line scans of the Micro-PL signal.
Figure 7.21: Microscope image and PL line scans for the investigated laser spot. For
the line scans, the translation was corrected for better matching curves.

improvement as well with the surrounding of the spot having pretty much
the same PL as before.

Discussion

Before further evaluating the p g data, it is necessary to check if the recom-
bination was limited by the diffusion resistance as noted in Section 2.2.6,
which was not the case. This evaluation is shown in Figure 2.3. In essence for
the highest p_g of 570 x 107 cm?/s, the minimum d__, the point may have
would be in the range of 20 pm. Experimentally a d ., of around 50 pm was
observed, a factor of 2.5 higher than required. Thus p;py, — oo does not have
to be assumed and further evaluation can be performed.

The first conclusion to be drawn from the results is that both models can be
used to describe the recombination of point contacts and, if given the compa-
rable input, lead to similar results. However, the p;py-Model has one advan-
tage here: Some parts of the evaluation are possible even without specifying
critical parameters like d_ ;. As the min/max calculations for the Fischer-
Model show, this is a parameter that has a very strong influence on the result
and unfortunately, this is the one parameter with the highest uncertainty. As
a first reason for an uncertainty, a variation in the laser focus and fluence has
to be considered that could lead to small variations in the point size. Local
inhomogeneities in the layer can add their portion to these variations. The
second reason is that despite the microscopic pictures, one cannot always be
certain about what diameter to define as the contact opening. For the recom-
bination properties the area where the passivation was removed or damaged
is certainly the most relevant, but this does not always have to correlate the
same way with the observed contact opening by microscopy.

178



7.2 Recombination

With the p;pp Model, the recombination is almost fully characterized by p.g
and the rest of the calculations can mainly be performed to achieve val-
ues comparable to other models or to be used with simulation programs.
The latter was the main reason for the given procedure of using a constant
d ot = 50 pm as variations in the contact diameter only play a minor role in
the simulations as long as the matching d.,,;/Jo}, met Pair was selected. For a
specific d,; selected, the calculated J, ;. would be required to parameter-
ize the recombination according to the determined p.g. The second »new«
parameter from the model is the name giver: p;p,. The influence of d ., on
S et 18 basically that of the area, thus quadratic. In case of p; p,, the influence
is linear and therefore p; py —as shown in Table 7.6 can be determined at sig-
nificantly lower uncertainty than .S, ... It should also be noted that while a
large uncertainty is given in S, ., (in the range of 20 to 30 % relative), in case
of an input parameter for device simulations as performed in Chapter 8, the
precision of S, is actually that of p;p,. In this case, the area of recombi-
nation is well defined in the simulated unit cell and p; p5 has to be evaluated
such that this area is matched. Here, the uncertainty for .S, is mainly given

to allow for a comparison to the Fischer model.

Applying the models did show that both can be used to describe the data.
While the large scattering especially directly after the laser indicated that
process fluctuations (e.g. by the PECVD process or the PassDop laser) did
limit the precision at which the data could be evaluated with either model,
the overall trend did correspond to the prediction in both cases. In case of
the p;psy model (Figure 7.17b)—as noted in Section 2.2.4 and 2.2.6—two main
errors are being made during this evaluation. At a LPA density of 5000 cm™2,
which corresponds to an area fraction of 9-10 %, the r4;4 is underestimated
(see Figure 2.2). If taken properly into account, this would show in a devi-
ation from the simple linear model that is being used here. While the lin-
ear regression was far from being perfect, the uncertainty in the regression
was much stronger influenced by the scattering of the data rather than a
trend. For a very reproducible local processing, such an influence might be
detectable though. In addition, it should be mentioned that the Fischer model
is affected as well. This is the case as Equation (2.37) is only a valid approx-
imation for a small f, ., which at approx. 10 % is an ambitious assumption.
The second effect that has to be kept in mind—for both models equally—is the
error being made in the calculation of S.4 for high S.4 values. As outlined
in Section 2.2.4, in this case S, g was being underestimated. This means that
Set 18 underestimated as well, which however is acceptable as such a high
S et 1S unacceptable even in the underestimated case. Therefore its precise

m
knowledge is of minor importance.
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7 Properties of the PassDop LBSF

The initial recombination behavior of the investigated layers was found to
be significantly different. p g for the SiC,-based PassDop layer was by a fac-
tor of approx. 5 lower than that of SiN,. However, p.4 for the SiN, layers
improved significantly during an annealing step. To further investigate this,
Micro-PL measurements were performed for a SiN, sample as shown in Fig-
ure 7.20. While before the annealing inner structure of the spot can hardly
be seen due to the high contrast, after the annealing an inner ring structure
can be observed indicating that either the inside improved or (unlikely) the
outside of the spot degraded significantly. The ring structures themselves
were caused by improperly ablated SiN, layers as can be observed from the
microscopy picture (Figure 7.21a). In the Micro-PL measurements these are
expected to be optical effects resulting in a variation of the signal. The line
scans (see Figure 7.21b) showed that it was mostly the inner parts of the spot
that showed an improved PL signal and therefore could be responsible for the
reduced recombination. The line scans also showed clearly that the change in
signal is not due to a change in the before-mentioned optical properties, but a
real increase in the PL signal, as the curves shapes before and after annealing
matched quite well. This leads to the question what effect caused these mas-
sive differences in the behavior. The investigated annealing temperature of
425 °C would not be high enough to allow for a massive effusion of nitrogen,
thus a reduction of nitrogen in the LBSF can be excluded. As the FGA does
not provide atomic hydrogen a saturation of dangling bonds or crystal defects
by hydrogen was unlikely by this source at these temperatures. Hydrogen
from the molten layer would not be expected to be available at large amounts
after the laser process due to the high temperature (up to 2000 °C), which
would exclude this hydrogen source as well. However, it could be possible
that hydrogen from the (mainly untouched) passivation layer is mobilized
at the given temperatures and migrates to the LBSF reducing recombination
at defects. This would be an effect that should be present for both SiC, and
SiN, in relatively similar ways as both contain high amounts of hydrogen.
Such an effect could already be present at relatively low temperatures like
300 °C as shown in Figure 7.19. Unfortunately, proving this would be hard,
as in effusion experiments mainly hydrogen originating from the (unlasered)
areas would dominate the results and after the effusion, the lifetime would be
expected to be low due to the missing passivation effect. It could be possible
to use a method like the discussed »3D-SIMS«, but on request it turned out
that most likely the sensitivity would be too low. One way to increase the
sensitivity would be to use Deuterium-based precursors, but such a change
would be too expensive to be feasible.
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7.2 Recombination

However, as can be observed in Figure 7.19, it seemed like a certain thermal
budget was necessary to reduce the recombination to the optimum. Here, it
should be mentioned that two samples (at 425 and 450 °C) did not fit into the
trend. Checking the sample history revealed that they were in the same spot
during the PassDop deposition and only these two samples used this spot.
Thus inhomogeneities during the PassDop proces could be responsible for
the diverting behavior. The lifetime that was measured for these two sam-
ples before the laser process indicated that it was significantly lower than
that determined for the samples surrounding them, which supports this pos-
siblity.

The second possible effect might be partly coupled to hydrogen and could
explain the observed trend in Figure 7.19 as well. Due to the locally high
temperatures during the laser process an influence on the surrounding pas-
sivation layer is expected even if the passivation layer seems untouched, both
by heat migration as well as remaining laser fluence of the Gaussian-shaped
fluence profile. This could lead to an increased defect density in the passiva-
tion layer while at the same time hydrogen can effuse if the thermal budget
was high enough, thus being visible in the reduced lifetime. Due to relaxation
processes and mobilized hydrogen, these defect could be healed out during
the annealing step. For this, low temperatures could be sufficient (e.g. see
[143]). Figure 7.21b indicated that such an effect might be present as a slight
gradient towards the middle in the PL signal level in the passivated areas
was observed. After the annealing step, these areas showed an improved PL
signal indicating the healing process. However, it has to be considered that
this could be at least partially influenced by the PL signal within the laser
spot, due to carrier migration and optical smearing. Also, the main effect
seemed to be present within the laser spot and not the edge, thus healing of
the passivation at the edge did not seem to be the dominant effect.

As a third effect, (both intrinsic and non-intrinsic) crystal defects have to
be considered. As the laser process melts the silicon and the recrystalliza-
tion phase is very short, vacancies, dislocations, impurity defects etc. would
be expected in the LBSF. A temperature step could lead to relaxation pro-
cesses here, even if performed at moderate temperatures in the range of 400
to 500 °C. This could explain the trend that was found in Figure 7.19 where
higher temperatures seemed to have a positive influence, while the hydrogen
effusion process (both within the LBSF and the passivation) would limit the
usable upper temperatures. This effect would be expected to be the best can-
didate explaining the found differences between SiC PassDop and SiN Pass-
Dop directly after the laser process as nitrogen-related impurities could lead
to a higher density of such crystal defects. The thermal treatment could lead
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7 Properties of the PassDop LBSF

to a relaxation of crystal defects and thus reduce recombination, possibly
combined for mobilized hydrogen passivating crystal defects.

The fourth effect that was considered was the formation of a surface SiO, that
passivated the LBSF and therefore reduce recombination. This was excluded
by putting the wafers into a solution of 1 % HF for a couple of minutes which
should remove any SiO, present at the surface. Excluding this was important,
as this effect would not expected to hold when applying a metal layer to the
surface and therefore vanish in the solar cell process.

This all means that while the initial recombination in the PassDop LBSF was
found to be very high, especially for the SiN,-based process, it can be re-
duced significantly by simply performing a FGA anneal in the range of 400
to 450 °C. This leads to a very low pg of around 5 x 1073 cm?/s. Under the
assumption of having 50 pm contacts as used as input in the simulations, this
would result in an S, ., of around 250 cm/s and a J, ., of below 600 fA/cm?,
Thus, assuming a J, 1, of 600 fA/cm? seemed like a sensible choice for sim-
ulations, as performed in Chapter 8.2. At the L, (400 pm) that is used in the
solar cell, an S5 < 10 cm/s can be achieved after FGA using the SiN PassDop
layer. Therefore the total J,, contribution of the rear side is in the range of 10
to 15 fA/cm? emphasizing the excellent recombination performance.
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7.3 Summary

7.3 Summary

In this chapter, the properties of the PassDop LBSF were investigated. The
main results were that the impurities driven into the LBSF during the laser
process can have a significant influence on the measurements and the elec-
trical performance of the LBSF. The doping profile characterization for laser
doped samples is necessarily straight forward and many effects have to be
considered. The recombination at the LBSF can be very high directly after
the laser process. It was shown that this can be significantly improved dur-
ing a dedicated annealing step.

Profile Characterization

The first part was dedicated to the laser doping process itself, thus determin-
ing the doping profile. Here, two types of samples were used. The first type
of samples exposed a (series of) single laser spot(s) that were characterized
by microscopic methods. The second type used a structure of overlapping
laser spots, which form 20 mm X 20 mm areas which can be characterized by
macroscopic means.

Measurements on single laser spots is the ultimate goal, but due to the micro-
scopic nature hard to perform. The first method that was investigated was
»3D« SIMS. This method uses a small sputter spot which scans the surface
and thus can reveal localized inhomogeneities in the doping profiles. Using
this method it could be shown that for SiC PassDop close to the edge of the
laser spot a similar surface doping concentration than in the middle is ex-
pected, however with a lower profile depth. Due to the finite spot size the
lateral resolution was limited and nothing could be said about the »very«
edge of the laser spot. As an alternative Micro-Raman was investigated to
characterize the electrical doping properties as the Raman signal can be cor-
related to the doping concentration [197]. In case of n-type (like for the Pass-
Dop LBSF) the sensitivity however is low, which is why approaches were
investigated to work around this limit. In the first method, the PassDop LBSF
was exposed to a BBry furnace diffusion making use of the »blocking« effect
[198] and the LBSF was characterized by Raman for p-type doping (for which
the sensitivity is much better). Here it could be shown that the amount of
boron diffused into the LBSF is significantly hindered by the presence of both
phosphorus and nitrogen. Thus it was not possible to distinguish between
phosphorus and nitrogen and to determine the localized dopant distribution.
The second method was to perform the PassDop laser process on a highly
doped p-type background, looking for a compensation of the p-type doping.
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7 Properties of the PassDop LBSF

This method looked more promising, but due to the lack of more reference
samples it was not possible to determine the localized dopant distribution as
well. However, using this method, it was possible to show that at the edge of
the spot there were areas where the PassDop layer seems to be damaged, but
not properly ablated, while in this area no significant laser doping seemed to
have happened. Thus an indication for local inhomogeneities in the doping
concentration was observed. While uncritical in terms of contact formation
(due to the non-ablated remnants), recombination could be higher in these
areas.

On the structures for macroscopic measurements, mainly 4pp, SIMS and ECV
were investigated. The results determined by the two profiling methods
diverted significantly and such that the typical explanations like inactive
dopants cannot be responsible for the observed differences. 4pp and (inte-
grated) SIMS matched quite well and 4pp was verified independently by mea-
suring the inductive conductivity of the sample. Using XRD, it was shown
that for both SiC, and SiN, a high amount of the respective impurity was
incorporated into the LBSF, e.g. in the form of the corresponding crystalline
structures SiC and SizN,. For both impurities it was shown that a strong
correlation between the differences observed between ECV and SIMS and
the concentration of the impurity was present. While the exact mechanism
could not be determined, some causes could be excluded like traps or doping
of the c-Si using carbon/nitrogen.

By a comparison of the fPassDop Gen2 and Gen3 layers, it was shown that
the amount of nitrogen (much higher for Gen2) has a significant influence on
the laser doping process, visible in SEM pictures as well as EDX mappings.
The high amount of nitrogen can lead to voids [169], contact hindering [168]
as well as a lower doping efficiency. In addition, it was shown using XRD
that in case of nitrogen polycrystalline silicon can be determined, which can
be seen as a candidate for increased recombination.

Not only carbon and nitrogen, but also fluorine, magnesium and oxygen
were investigated as possible impurities in the PassDop LBSF, the former
two originating from the optional MgF, optical layer. Magnesium and oxy-
gen could be detected, but only oxygen at a relatively high concentration of
above 1 x 10'® cm™. In case of fluorine no trace of a relevant concentration
was found by using SIMS. These measurements showed as well that SIMS
measurements have to be carefully interpreted as material modifications re-
sulted in a detection of impurities (e.g. fluorine) even if there was no such
source available during the laser doping process. for these samples, nitro-
gen and carbon were tracked again, but this time as a background element
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(e.g. nitrogen for SiC PassDop). Nitrogen as a background element (from the
ambient) was incorporated only at low concentrations and can therefore be
seen uncritical. The concentration of carbon on the other hand increased to
around 1 X 10'® cm™ during the laser doping.

Recombination

To characterize the recombination at the LBSF, two models were compared,
the Fischer model and the p;p, model. While it was found that both yield
similar results for .S, (within the respective uncertainties), the p;p, model
was found to be superior due to defining two parameters that characterize
the LBSF recombination but do not (p.g) or only weakly (p;ps) depend on the
LBSF diameter d

cont*

Using the p;p, model, it was found that the recombination between the SiC
and the SiN PassDop layers differs significantly directly after the laser pro-
cess, the SiN PassDop layers showing significantly higher recombination ini-
tially. However, annealing steps at temperatures > 300 °C significantly re-
duced the LBSF recombination leading to a better performance for SiN Pass-
Dop if annealed at 425°C. The effect could not be identified exactly, but it
was likely that stress release and mobilized hydrogen played a major role in
the improved recombination.

After applying the annealing to SiN PassDop, S, in the range of 250 cm/s
could be determined for 1Qcm n-type base material. This would mean a
local J,, contribution of ~ 600 fA/cm? and a total J,, of the rear of around 10
to 15 fA/em?®.
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In the previous two chapters, multiple PassDop layers were developed
and the PassDop Local Back Surface Field (LBSF) was characterized. The
purpose of these layers was to act as a rear side passivation in a n-type
Passivated Emitter and Rear Locally Diffused (PERL) silicon solar cell.
Thus it is essential to implement the layers into a full solar cell structure.
This is to both verify predictions made on test samples as well as to find
issues that the test samples might not be sensitive to. All of the different
PassDop approaches presented in section 6 were tested on compatible
solar cell structures to verify their performance, find bottlenecks and
for characterization at the device level. In addition to the device char-
acterization, simulations were performed to compare the performance
prediction with the measurements and to performace a loss analysis for
the cells as described in Chapter 3. While all of the cell concepts are
based on the same rear side approach, the determined results differ sig-
nificantly. These differences become apparent in the loss analysis and,
if possible, solutions are discussed.

8.1 fPassDop for n-Type PERL Solar Cells with
Screen Printed Front Side Contacts

The most commonly used technique for creating metal contacts on silicon
solar cells is the screen printing technique. It makes use of a mask (=screen)
through which a paste based on Ag (or in case of boron emitters Ag + Al) is
printed onto the wafer followed by a drying step. Usually the printed paste
has a low conductivity and—if printed directly onto the Anti-Reflective Coat-
ing (ARC)—no contact to the emitter. Therefore a thermal treatment is nec-
essary for reorganisation of the paste resulting in conductive metal fingers.
The paste usually contains glass particles as well that remove the ARC dur-
ing the thermal treatment allowing a contact to the emitter. This thermal
treatment is done commonly using a firing step at a peak temperature from
700 to 800°C for 1 to 3s. Therefore, for a rear side being compatible with
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such metal pastes firing stability is required which led to the development of
the fPassDop layers. While metal pastes exist for low-temperature contacting
approaches, these pastes are usually more expensive and less tested.

8.1.1 Single Layer: Question of Feasibility

Motivation

As mentioned in section 6.3.1, a single layer simplifies the PassDop process
and therefore reduces costs. However, the results showed that compromises
have to be made when trying to implement such a single layer based on
a-SiN,:P. Despite the questionable feasibility, the layer was brought onto
n-type silicon solar cells and compared to a double layer system (fPassDop
»Genl«) to verify the results found on test samples. These results were pre-
sented in [179].

Cell Process

For these cells, 1 Q cm shiny-etched Floatzone (FZ), 200 pm thick n-type sili-
con material of 100 mm diameter was used. With a mask created by thermal
oxidation, texturization in KOH and BBr; emitter diffusion were performed
in a tube furnace at 890°C within the active cell area creating a shallow
diffused boron emitter with a Rg,..; of 90 Q/sq on inverted pyramids. The ac-
tive cell area was defined to be 20 mm X 20 mm. The emitter was passivated
by a stack of Al,O5 (Atomic Layer Deposition (ALD)) and SiN, (Plasma-
Enhanced Chemical Vapor Deposition (PECVD)). After the front side pas-
sivation, the rear side was passivated with the fPassDop layer followed by
the PassDop laser process. The laser fluence was set to 9.1 Jcm™. A rear
side contact spacing of 400 pm was chosen. After the laser process, a firing
step in a Fast Firing Oven (FFO) was performed at 810°C set temperature
(around 700 °C wafer temperature). While there was no metal present on the
cells yet, this was required to simulate the effect of such a thermal treatment
when used in combination with screen printing pastes as well as to activate
the passivation on the front and the rear. The front side was opened using
photolithography, the metallization was performed by Physical Vapour De-
position (PVD) of a seed layer consisting of titanium, palladium and silver,
followed by electroplating to thicken the contacts. The rear side was metal-
lized by PVD aluminum.

The two PassDop layers are described in detail in Section 6.3. The depositions
were performed at a set temperature of 475 °C. For the single layer, a SiN, :P
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layer with a refractive of & 2.1 and a thickness of & 130 nm was deposited. In
case of fPassDop Genl1 the same SiN,.:P layer was used at a lower thickness
of & 40nm as a Passivation layer, but combined with a Doping layer with
130 nm thickness and n =~ 2.5.
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Figure 8.1: Results of the internal JV measurement for the small area
(20mm X 20 mm) fPassDop cells comparing a single layer to the fPassDop Genl
stack.

Results

Figure 8.1 shows the results of the J V' measurement for # for both the single
layer fPassDop as well as the double layer (fPassDop »Genl«). V. was de-
termined similar for both the single layer and fPassDop Gen1, with the mean
around 670 mV, but the scattering being slightly higher for Genl. For J a
slightly higher mean was determined for the single layer but both showed
a high deviation. As can be observed in Figure 8.1c, the most significant
difference was determined in the fill factor, where the mean was determined
at 75.6 % for the single layer and 80.3 % for the stack. Here, the deviation
was much higher for the single layer with a standard deviation of 1.6 %,
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Figure 8.2: Series resistance of the small area fPassDop cells and Suns-V,, measure-
ments for some of these cells illustrating the Schottky diode effect.
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Figure 8.3: SR results for the small area fPassDop cells in a comparison to the original
SiC,-based PassDop cell.

while Genl was at 0.7 %,;,. The differences in FF reflected into the device
efficiency where the single layer reached a maximum of 20.3 %, while where
the Genl1 stack reached efficiencies up to 21.1 %.

The PFF (not shown) was very similar for all cells, both with the single layer
and with fPassDop Genl, with the mean around 83.5 %. Figure 8.2a shows
the series resistance in the form of the difference AFF = FF — PFF which
showed a similar trend to the FF. Here, the mean values for the single layer
were around —8 % and for Gen1 around —3 %. Figure 8.2b shows a Suns-V,,
measurement at high injection for three layers: i) a single layer fPassDop cell
with a low FF ii) a single layer fPassDop cell with a medium to high FF iii) a
fPassDop Genl1 cell. The measurement was performed to detect the presence
of a Schottky diode (in the form of a reversion point [214]) at the rear due
to inadequate surface doping. For the first measured cell, a reversion point
was detected at around 200 suns, for the second, one could surmise a similar
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Table 8.1: JV results for the best small fPassDop cell. The asteriks marks inter-
nal measurements. All others were determined in a calibrated measurement by
Fraunhofer ISE CalLab.

V. Iy FF PFF g
[mV] [mA/em?®] % % %
Single Layer 672 39.0  77.7 83.3* 20.3

fPassDop Genl 675 389 80.9 83.7" 21.3

trend, but without a reversion point within the measured range. For the
double layer, no such effect was present, instead the cell behaved as expected
for a single-diode. Figure 8.3 shows the Internal Quantum Efficiency (IQE)
of the best cells for the single layer and Gen1 in comparison to the IQE for a
reference SiC PassDop cell [19]. The graph shows that the IQE is reduced in
the infrared, which can be attributed to suboptimal light trapping.

Table 8.1 shows calibrated JV data for the best single layer cell as well as
the best fPassDop Gen1 cell. Therefore, the best cell for the single layer was
verified at an efficiency of 20.3 %, while the double layer reached an efficiency
of 21.3 %, thus being slightly higher than the internal measurement shown
above.

Discussion

The results show that the implementation of the fPassDop layer at the device
level was successful. At around 670 mV the V. can be considered relatively
high, however it was at least partly limited by the front side structure which
did not feature a low recombination emitter. For the rear, a similar influence
would be expected as the Passivation layer was similar in composition. Due
to the reduced thickness of the Passivation layer from 130 nm (single layer)
to 40 nm (Gen1 stack) an influence could be present and was observed for
other stacks. It was however not observed for these exact processes at the
lifetime level. Still this as well as differences in the LBSF recombination have
to be considered to be responsible for the differences and deviation observed
inV,.

The differences in J, are not due to the rear side, as reflectivity measure-
ments showed that inhomogeneties in the ARC thickness were responsible.
In case of a J, loss at the rear, it would be expected to be visible in the Ex-
ternal Quantum Efficiency (EQE) and especially IQE. As Figure 8.3 shows
the IQE of the two measured cells were nearly identical at the rear, but also
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showed that improvements in light trapping should be a goal, if compared to
the original SiC based layer, e.g. by an additional optical layer.

The most interesting part within the cell results was definitely the FF. As
the differences in the determined PFF were rather low for all of the cells,
the deviation in the FF showed in AFF as well, which is proportional to the
series resistance [75]. Here, it seemed that the single layer with its relatively
low doping of approx. Rgp..i = 120 €/sq was right at the edge of what can
be contacted by aluminum. In addition, the high-injection Suns-V,, measure-
ments showed that these differences in AFF correlated to some degree to the
building of a Schottky diode leading to a reversion point as shown in Figure
8.2b. For the double layer due to the higher doping efficiency, no such effect
was present and therefore all except one cell had AFF < 4 % which would
translate into a total Rg < 0.8 mQ cm? (see Section 3.2.2). Hence, it can be
concluded that a single layer is questionable as an implementation for the
fPassDop process. The results suggest that it might be possible when invest-
ing a high amount of time into optimizing the process, but a second doping
layer (be it a-SiN, :P or a-Si:P) allows for a higher spectrum of variation and
therefore it is more straight forward in its realization.

8.1.2 Double Layer Stacks: Influence of the Doping
Layer Choice

Motivation

In the previous section it was shown that a double layer gives a significant
advantage in terms of contact ability over the single layer. However, as it
was shown in Section 7.1.3, even the double layer stacks Gen1 and Gen2 that
featured an a-SiN_:P Doping layer are at the edge of contact ability. Slight
variations in the process can result in a decrease in the donor concentration
at the surface of the LBSF (see section 7.1.3) or to improper ablation, leading
to a high Rg and therefore a low FF as the safety margin is not large. There-
fore, while a successful implementation was shown using the Gen2 stack
[179] subsequent solar cell batches suffered from a large variation in FF. The
Gen3 stack—on test samples—suggested that these problems can be solved,
but the actual prove at the device level was pending. Thus, the goal of this
experiment is to fabricate solar cells featuring the fPassDop Gen2 and Gen3
layers and compare their performance at the device level.
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In contrast to the previous section, large area n-type solar cells with screen
printed front contacts were chosen as a test vehicle. Most of the results in
this section were published in [154].

Cell Process

As material, 1 Q cm shiny-etched FZ, 250 pm thick n-type silicon material of
150 mm diameter was used. Before processing, the material was cut to a size
of 125 mm X 125 mm pseudo-square defining the cell area of 148.6 cm?. To
prevent texturization and diffusion on the rear, thermal SiO, was used as a
mask. With the rear side masked, texturization and BBr; tube furnace diffu-
sion were performed to create a shallow diffused, highly doped emitter on
random pyramids. The surface concentration of this emitter was in the range
of 8 x 10" cm™, the Ry, was 70 Q/sq. The measured profile is shown in
Figure 8.10. With the mask removed, the rear and front were passivated by
the fPassDop process and a stack of Al,O5 (ALD) and SiN,. (PECVD), respec-
tively. The front side contacts were created by a two-step printing of an Al-Ag
paste to define the contact fingers followed a printing step of a non-firing-
through Ag paste for the bus bars. For contact and passivation activation, a
firing step in an in-line FFO at a set temperature of 770 °C (approx. 700°C
wafer temperature) was performed. After the front side metallization, the
rear was coated by a PVD MgF, layer to enhance internal reflectivity fol-
lowed by the PassDop laser process at a fluence of 11J/cm?. The rear side
contact spacing was set to 400 pm. Finally the rear side was metallized by
PVD of aluminum.

The fPassDop Gen2 and Gen3 layers are described in detail in Section 6.3.2.
Both have the structure of a Passivation layer applied directly to the silicon
surface and a Doping layer on top (see Figure 6.14 on page 103). The main
difference between the two is that Gen2 uses SiN, :P for both layers, while for
Gen3 an a-Si:P Doping layer was used together with the necessary Passivation
layer adaptions as shown in Section 6.3.2.

Results

Figure 8.4 shows the results for V., J,., FF and 5 for both Gen2 and Gen3.
For both variants V., was determined at above 670 mV with the mean at
671 mV for Gen2 and 673 mV for Gen3. J,. was determined at a mean of
39.6 mA/cm? for Gen2 and 39.2 mA/cm? for Gen3 with the latter showing a

large spread of the values.
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Figure 8.4: Results of the JV measurement for the large area fPassDop cells with
screen printed front contacts at one sun illumination.

The biggest influence of the respective PassDop stacks was determined in
FF. For Gen2, only one cell had an acceptable FF of 78.2 %, while the rest
was in the range of 72 %. For Gen3, the mean was at 78.4 % with only three
cells below the mean for one of which a Rp problem was detected. Except
for this cell, the PFF (not shown) determined by Suns-V,. was similar for
both Gen2 and Gen3. Figure 8.5a shows the series resistance in the form
of AFF. This indicated a similar trend for Rg as described for FF. Figure
8.5b shows that there was a clear correlation of AFF (thus Rg) and #. Figure
8.6 shows the reflection, EQE and IQE for the best cells of Gen2 and Gen3.
The measured reflection was about 0.7 % higher for a wavelength range from
500 to 1000 nm. At higher wavelengths, the determined reflection increased
stronger for Gen2 than for Gen3. Similar effects can be observed in the EQE,
which was determined to be lower for Gen3 than for Gen2 at wavelengths
above 400 nm. The calculated IQE for both cells was identical up to 1000 nm,
above which a stronger decrease was determined for Gen3.
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comparison.

Discussion

As outlined in the motivation, the main focus of the experiment was on a
more stable FF, which was not satisfactory within previous batches. This
effect was again clearly visible in the present experiment, where the scatter-
ing of FF for the Gen2 cells was high (see Figure 8.4c). As the results show
the Gen3 stack indeed provided a clear improvement here. The represen-
tation of the series resistance in the form of AFF in Figure 8.5a and 8.5b
clearly showed that it was the bottleneck in the respective cell performance.
To ensure that the front side was not limiting the cell performance due to
a high series resistance contribution, Transfer-Length Measurement (TLM)
was performed and a reasonable specific contact resistivity of 5 mQ cm? was
determined for the front side for both Gen2 and Gen3. Similarly, no signifi-
cant variation in the grid resistance could be determined. Therefore, it was

clear that a high Rg contribution was causing the FF losses determined for
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some of the cells. This means that with respect to the doping efficiency the
significant improvements achieved for fPassDop Gen3 can be confirmed to
have a significant influence at the device level as well. Especially as not only
the best cell had a significantly higher FF, but even the mean FF was higher
than for the best Gen2 cell. It should be mentioned that there was one Gen3
cell which had a very low FF. For this cell a low PFF was determined as
well and especially a low Rp, of which the origin remained unknown. With

respect to the series resistance, this cell was within the same range as the
rest of the cells (AFF = —4.3 %).

While the focus in the experiment was on FF for fPassDop Gen3 to be fully
successful the cells have to be on par with Gen2 with respect to the other
parameters as well. In section 6.3.2 it was shown that the firing stability
does not have to be sacrificed for an improved doping efficiency and this
showed in the determined V,_ as well. Not only was the V. of Gen2 (mean:
671 mV) matched, but even slightly exceeded (mean: 673 mV). Especially it
should be pointed out that the cells featuring the highest V. of 675 mV at the
same time had FF of 80 %. This can be seen as a direct confirmation that the
good performance that was determined for fPassDop Gen3 on test samples
(see Section 6.3.2) translated well to the device level.

A slight drawback for Gen3 could be determined with respect to J,.. Most
of the differences determined in J. as well as the large scattering shown in
Figure 8.4b can be attributed to the front side grid. During the processing (the
Gen2 cells were first) an alignment problem emerged and thus the first and
second printing steps (both Ag-Al for the fingers) were not properly aligned
leading to a higher metallization fraction, which is visible in the increased
reflection for the Gen3 cells (see Figure 8.6) accounting for approx 0.2 to
0.4 mA/cm?. However, there was also a contribution in the infrared visible in
the lower escape reflection as well as the IQE in the range of 1000 to 1200 nm.
Here, the measured Gen2 cell indicated better light trapping with a gain in
the range of 0.1 to 0.2mA/cm?. The differences in the refractive index of
the Doping layer (higher for Gen3) should not be responsible as the MgF,
Optical layer should prevent a significant decrease caused by this. As for
Gen3 a 100 nm a-Si:P layer was used as a Doping layer, it might be possible
that Free-Carrier Absorption (FCA) was responsible for this decrease. If this
was the case, it might be possible to prevent such a decrease by adding a
small portion of nitrogen to the layer, but this will have to be investigated
separately.

Overall the improvements in the fPassDop layer translated well into the de-
vice efficiency with a significant increase in the process stability. While the
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maximum efficiency of the Gen2 cells at 20.7 % was not far behind the se-
ries resistance limited the cell performance. For Gen3 most of the cells were
measured close to 21 % with a couple of cells exceeding this limit slightly.
While the calibrated measurement of the best cell lowered this efficiency
slightly to 20.9 % this still means that these large area (148 cm?) fPassDop
Gen3 cells achieved a similar performance as the small area (4 cm? with PVD
contacts) discussed in the previous section. This alone is already a good
achievement. In comparison to the results presented in [179] (V. = 668 mV,
J,. = 38.4mA/cm?, FF = 78.2%, n = 20.1 %), even for the Gen2 layer, an
improved performance was achieved. The improvements in V, were mainly
achieved by a the new generation of Ag-Al screen printing pastes, the float-
ing Bus Bar (BB) and the improvements in the fPassDop layer (Gen2 to Gen3).
For the improvement in J . two contributions have to be considered. The
two-step printing resulted in a smaller finger width on the front and thus
less shading, the addition of an optical layer on the rear resulted in enhanced
light trapping. Finally the improved contact resistance both on the front (due
to the new screen printing pastes) and the rear (due to the improved fPassDop
stack) as well as an optimized grid led to the gain in the FF. All of this put
together a gain in the efficiency of almost 1 % was achieved with only low
variation.

Thus, it can be concluded, that the fPassDop Gen3 layer at the device level
was a great success. The decoupling of the passivation and doping properties
allowed for a broader process window resulting in a more stable cell output.
The improved doping efficiency resulted in an improved series resistance al-
lowing for higher FF without sacrificing V..

Loss Analysis — Motivation

The results determined for fPassDop Gen3 both on test samples as well as
at the device level suggest that most of the limiting factors at the rear were
removed or at least reduced to an acceptable level. To further investigate this
and to determine if the balancing of the front and rear with respect to resistive
and recombinative losses was good, a Free Energy Loss Analysis (FELA) was
performed. The goal for this analysis is mainly to determine if with the given
front side structure a significant improvement can still be achieved or if it is
now the front that needs significant adaptions. Before the loss analysis, a
brief comparison of the simulation to the measured cell will be performed to
verify the model.

For the interpretation of the loss analysis graphs, the remarks from Section
3.3.2 should be kept in mind.
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Loss Analysis — Parameters

The J, contributions for the front (50 fA/cm?) and rear (20 fA/cm?) side pas-
sivated surface are based on values determined for the respective layers,
in case of the front side for a symmetrical J, lifetime structure. Jo, .

(1400 fA/cm?) was calculated using EDNA [215], assuming recombination at
the surface limited by the thermal velocity of the carriers. Jy, ,; is based on
values determined in Section 7.2 for the low temperature layer, which should
be a good estimate. Based on these results, two values for Jy, ., Were as-

sumed: 1) before annealing (4500 fA/cm?), which would correspond to the
cells as measured above 2) a reduced J, ey of 1000 fA/cm? conservatively
estimated from the measured Jy, ..., after annealing in Section 7.2. Such a
reduction might be achieved if the laser process would be performed before
firing. This was the only variation between the two simulations.

The shading was calculated by determining the finger width in the properly
aligned regions, for the simulation an effective value was determined to in-
clude the effect of the bus bar within the unit cell. This resulted in an overall
shading of 5.7 % or an effective finger width of 45.6 pm. The misalignment
observed for some of the Gen3 cells was not taken into account. For the
emitter, a collection efficiency of 99 % was assumed. The front side transmis-
sion was determined by a scanning reflectivity measurement, thus no ARC
absorption is included within the simulation. The rear side optics were cal-
culated using a ray tracer [77].

The contact resistivities on the front and rear were set to 5 and 2 mQ cm?

respectively. While the former was determined by TLM, the latter is an as-
sumption, but could not be determined precisely. The grid resistivity was
simulated analytically [78] and provided to the simulation as an external se-
ries resistance.

Table 8.2: JV results for the best fPassDop Gen3 cell in comparison to the Quokka
simulation. The first simulation was performed with a Jy, .., of 4500 fA/cm?, the
second simulation with a lower J, ... of 1000 fA/cm®.

Ve Jo. FF PFF g

[mV] [mA/em?] % % %
Measured 675.0  39.0 80.2 83.2 21.1
Sim. - High Jgp, ¢ 675.6 39.8 79.6 84.3 21.5

Sim. - Low Jgp mer 680.6 399 79.7 84.4 21.8
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Figure 8.7: FELA in mW/cm? for the fPassDop Gen3 cell structure, if simulated with
the lower Jg, ... of 1000 fA/cm?.

Loss Analysis — Results

A comparison of the results for the cell measurement and the simulation
can be found in Table 8.2. The simulation resulted in a V. of 675.6mV, a
J,. of 39.8mA/cm? and a FF of 79.6 %, while the PFF was simulated to
be 84.3 % for the higher Jyp, .y of 4500 fA/cm?. With the lower Jobmet Of

1000 fA/cm? V,_ increased to 680.6 mV while the other parameters increased
only marginally. In comparison to the measured fPassDop Gen3 cell, V. was
reproduced well, while J. and PFF were predicted to be higher than in the
measurement. In contrast, the simulated FF was lower than the measured
one.

Figure 8.7 shows the results of the FELA [79] for the simulated fPassDop Gen3
cell with the lower Jg, ,¢; of 1000 fA/cm?®. Overall, the optical losses were
dominating, with a higher power loss than both resistive and recombination
losses combined. Within the optical losses, the grid and the reflection on the
front were the highest contributions with each approx. 1.5 mW/cm?. In case
of the resistive losses, the grid was the biggest contribution, while the rest of
the contributions were evenly split. The recombination losses with the lower
Job.met Were biased towards the front. The rear contact recombination loss

very low at around 0.1 mW/cm? (with the higher J, obmet around 0.3 mW/cm?),
the higher contributions originated from the front, both the passivated as
well as the contacted areas.

Loss Analysis — Preface

Before starting with the loss analysis, the simulation was compared to the
measured cell data for validation. Here, not only the JV data was taken
into account, but also the measured and simulated EQE and IQE (both not
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shown). If the measured spot (4 cm?) was chosen such that alignment issues
do not have to be considered, the spectral match between simulation and
experiment was good, although the comparison showed that the used values
for the pathlength enhancement Z were possibly chosen too conservatively.
Thus, while the difference in the simulated and measured J, is quite large,
the simulation does actually represent well the J . could have had, if taking
technological issues aside.

Similar statements can be made regarding the PFF, which in the simulation
was = | % higher. Here, Dark Lock-In Thermography (DLIT) and dark J V'
measurements showed that at the edge minor shunting led to this decrease,
which was not taken into account for the device simulation, as the focus
was on the balancing of the front and rear. This difference in PFF means
that while the differences in the simulated FF is relatively low, the series
resistance (represented by the difference of the two) at AFF = 4.7 % is over-
estimated in the simulation, as in the measurement a difference of 3 % was
determined. Here, the contributions with the highest uncertainties are the
rear contact resistance, for which no reliable values could be determined and
the grid resistance, for which not all of the input parameters could be veri-
fied. The difference in AFF of 1.7 % would correspond to a series resistance
loss equivalent to 0.3 mW/cm?, which is more than the contact resistance
contribution from the rear meaning that this contribution alone cannot be
responsible for the observed difference. As the emitter and base contribu-
tions were well known, it was mainly the grid resistive contribution that
was over-estimated.

The differences in V. in case of the simulation with the higher J, ., of

b,me
4500 fA/cm?® were negligible as the actual cell was measured with only 0.6 mV
below the simulated value. However, this value did correspond to a Jy, e
in the unannealed state, as determined for SiN PassDop in Section 7.2. While
the firing step for the cells was performed before the laser process, an anneal-
ing step followed at 350 °C after the evaporation of aluminum to activate the
rear side metallization. This should have some effect on J, ... and therefore
the Jo, et Would be expected to be lower. Thus, the rear contact recombina-
tion in the simulation was over-estimated, which is why the simulation with
the lower Jy, ;.. was performed in addition. The lower J, ;,,.; should repre-
sent a value that is closer to the optimum which might be achieved (e.g. by
performing the laser process before annealing), the real Jy, ..., for the given
cell would be expected to be in between the two. The lower Jy, .. led to
a higher V. as shown in Table 8.2 and that would have to be compensated
by other contributions. Here one candidate is the front side contacted area.
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For this contribution the simulated value using EDNA might under-estimate
the recombination as additional recombination might be caused by Al spikes
forming during the firing step [216-218].

Loss Analysis — Discussion

The main focus for the loss analysis was on the balancing of the loss contri-
butions. Especially the question raised if with the current cell layout it would
be possible to achieve a significant gain in the cell efficiency. Here, from the
results shown in Figure 8.7 it becomes clear that this is not the case. Even if
considering that the resistive loss in the grid was over-estimated, the front
side has the significantly higher contributions in all three categories.

This was especially the case for the recombinative losses. Even though the
simulation with a Jg, .., of 1000 fA/cm? might slightly under-estimate the
recombination at the rear, this was likely the case for the emitter contact
as well. This means that approx. 2/3 of the recombination losses can be
attributed to the emitter contact and passivation. While certainly some im-

provements can be made for the fPassDop layers, e.g. by reducing the Jyp, .

to around 5 fA/cm?, the gain in V. would be negligible (in this range) as the
relation of V. and J; is of logarithmic nature. Even the reduction in Jg, 0t

(weighted from 55 to 12 fA/cm?) »only« resulted in a gain of 5 mV. For com-
parison, the total (yet under-estimated) J,,. for the front was in the range of
100 fA/cm?. Thus to achieve a higher efficiency, it would be key to reduce
the recombination on the front, which could be done by using a drive-in step
after the diffusion of the boron emitter.

However, a deep diffused emitter can be problematic to be contacted by the
Ag-Al screen printing pastes due to the reduced surface concentration. Thus
it is currently not known if it is feasible. A way to work around this would
be a selective emitter, but that could potentially increase complexity in the
process significantly.

The other strongly limiting factor is the front side grid. While some sacrifice
will always have to be made here due to the balancing of shading and grid
resistivity, it was clear that even with the optimized grid the combined loss
was too high. Here, significant progress at printing small finger widths would
be required to reduce the amount of shading and possibly allow for smaller
finger distances on the front.

201



8 PassDop PERL Solar Cells

8.2 PassDop for n-Type PERL Solar Cells with
Low-Temperature Front Side Contacts

8.2.1 Small-Area Cells with Evaporated Contacts

Motivation

Two approaches aiming for low temperature metallization were pursued in
Chapter 6, SiC PassDop and SiN PassDop. The former is based on the original
PassDop layer presented by Suwito et al. and therefore it was already tested
on cells. The SiN PassDop Genl layer was a new development and such a
proof at the device level was still pending.

Thus, the first goal of this experiment is to test the new SiN PassDop layer, the
second to approve the development that was done for the SiC PassDop layer.
In addition, for these small area cells, less compromises have to be made in
the design of the front side due to the smaller finger length. This should
allow for efficiencies up to 24 % [95], thus providing a vehicle to really test
the performance of the PassDop layers at the device level.

Cell Process

As the development of the two layers was not done in parallel, the solar cells
for the two investigated PassDop layers were fabricated in separate batches
with slightly different properties.

In case of the SiC PassDop layer, the cells were fabricated on 150 mm shiny-
etched, 1.7 Q cm Cz n-type c-Si wafers with a thickness of 250 pm. With the
rear side masked by thermal oxide, texturization by KOH and BBr5 tube fur-
nace diffusion were performed in the 20 mm X 20 mm active cell area. After a
subsequent drive-in step the final 140 Q/sq deep diffused emitter was formed.
With the thermal oxide mask removed, the front was passivated by a stack
of 10nm Al,O5 and 65 nm SiN, followed by thermal activation at 425 °C for
25 min in a Forming Gas Anneal (FGA). With the front passivation activated,
the SiC PassDop Gen2 layer was deposited on the rear. The metallization of
the rear was performed by applying the PassDop laser process at a laser flu-
ence of 9J/cm? followed by PVD of aluminum. The front side was opened
using lithography and metallized by PVD of titanium, palladium and silver.
The contacts were activated in a FGA at 350 °C for 15 min. The front contacts
were thickened using electroplating. After initial measurements (denoted as
»Single Layer Anti-Reflective Coating (SARC)«), an additional ARC layer of
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MgF, was deposited by PVD on the front (denoted as »Double Layer Anti-
Reflective Coating (DARC)«), although it should be noted that the initial ARC
thickness was not optimized for the additional MgF, layer.

For the SiN PassDop layer, the cell process was similar, but with small changes.
These cells were processed on 100 mm shiny-etched, 1 Qcm FZ n-type c-Si
with thickness of 200 pm. The emitter formation was done as described above
for the SiC PassDop cells. The active cell area was 20 cm X 20 cm as well. In
case of the SiN PassDop cell, the rear was passivated by SiN PassDop Gen1
(single layer a-SiN  :P) first followed by the passivation of the front by 10 nm
Al,O5 and 65 nm SiN,.. The passivation was activated at 425 °C for 25 min in
a FGA step. The rest of the cell process was as described above for the SiC
PassDop cells.

Table 8.3: Results of the certified JV measurement for the best small area cells with
the SiC PassDop Gen2 or SiN PassDop Genl rear side. Excluding PFF, the results
were achieved by calibrated measurements by Fraunhofer ISE CalLab. All cells had
an active cell area of 4 cm?.

PassDop Layer ARC V. Jo FF PFF g

[mV] [mA/em®] [%] [%] [%]
SiC PassDop Gen2 SARC 6989  41.3  80.5 84.6 23.2
SiC PassDop Gen2 DARC 698.7  41.7  80.5 84.6 23.5

SiN PassDop Genl/MgF, SARC 694.2 404 81.0 84.0 22.7
SiN PassDop Genl/MgF, DARC 6949  40.7 80.8 84.0 22.8
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Figure 8.8: EQE, IQE and reflexion measurement for the SiC, - and SiN -based Pass-
Dop cells. These measurements were performed without the additional MgF, ARC
layer.
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Results

Table 8.3 shows the determined J-V results for the best high-efficiency small-
area PassDop cells.

For SiC PassDop, a high V. of almost 700 mV was reached. J. for this well
was measured at 41.3 mA/cm? before (SARC) and 41.7 mA/cm? after apply-
ing the additional MgF, layer (DARC) on the front. With a FF of 80.5 %, this
resulted in an efficiency of 23.2 %. The PFF was at 84.6 %. With DARC, the
efficiency climbed to 23.5 %.

For SiN PassDop, a high V. was measured as well at 694 mV. J . was mea-
sured at 40.4 mA/cm® with SARC and at 40.7 mA/cm* with DARC. FF was
determined at 81.0 % but decreased slightly to 80.8 % after applying MgF, on
the front. This resulted in an efficiency of 22.7 % with SARC and 22.8 % with
DARC. For this cell, a PFF of 84.0 % was determined.

Fig 8.8 shows the external and internal Quantom Efficiency (QE) as well as
the reflection for the two cells. The EQE for both cells was similar, but with
the SiN PassDop cell reaching a slightly lower spectral responce over the
complete wavelength range. In accordance the reflection was equal or higher
for SiN PassDop as well. A significantly higher reflection was determined
in the infrared for the SiN PassDop cell with a reflectance of above 60 % at
1200 nm. The IQE was close to 1 for both SiC and SiN PassDop over a broad
range of wavelengths. Here, the higher determined infrared reflectance for
SiN PassDop resulted in a higher IQE than SiC PassDop at wavelengths above
1000 nm.

Discussion

As outlined in the motivation, the focus on the batch was on testing the SiN
PassDop Genl layer at the device level. The results show that this test was
successful. The high V. of over 690 mV approves the excellent passivation
quality of the layer, the high FF of 81.0 % the good doping efficiency.

The second goal was to approve the development that was done for the SiC
PassDop Gen2 layer. This was very successful as well. Especially the im-
provements on the front (better adapted SiN, ARC thickness) led to a very
high J. of 41.3mA/cm?). On the rear the improvements in the SiC Pass-
Dop Gen2 layer allowed for a pitch of 400 pm. This allowed for a high FF of
80.5 % while retaining a V. close to 700 mV.

The third goal was to compare the two PassDop layers. Due to the fact that
the two layers were tested in separate batches and especially on separate

204



8.2 PassDop for Low-Temperature Metallization

materials, this comparison is hindered, but still possible. First, the results
obtained on test samples should be recalled (see Section 6.2.1 and 6.2.2). With
regard to the passivation, the performance of both layers was very good, with
SiC PassDop Gen2 reaching an S, below 1cm/s and SiN PassDop Genl
approx. 2cm/s. The higher influence on recombination would be expected
from the LBSF, for which (see Section 7.2) significant differences in J, ;0
were observed, especially directly after the laser. Here SiC PassDop Gen2
achieved a Jy, . after laser of around 1400 fA/cm? while for SiN' PassDop

Genl 10000 fA/cm? was determined. While a dedicated anneal at 425°C
would result in a reduced J, ,,.; for the SiN PassDop Genl1 layer, such an
anneal was not performed. Instead the only annealing after the laser process
was performed at 350 °C for 15 min to activate the rear side metallization.
In terms of doping efficiency, differences were obtained, but the influence
would be expected to be low.

The outlined differences would mean that the biggest difference in perfor-
mances of the SiN PassDop cell and the SiC PassDop cell would be expected
in the V. and that this difference would be due to the higher LBSF recom-
bination. If taking the values determined directly after the laser process, the
difference in V. between the two cells would be expected to be in the range
of 7 to 8 mV. Instead a difference of 4 to 5mV was determined, the lower
difference being a consequence of the annealing at 350 °C.

For both J,. and FF, there were no significant differences expected that were
caused by the use of the respective PassDop layer. Still a significant differ-
ence was determined in J,.. Here, most of the difference can be attributed
to reduced shading of the metal contacts leading to an improvement in J.
of 0.8 to 1.0mA/cm?. This can be observed in the EQE, which was almost
constantly higher for the SiC PassDop cell. In addition, the used material re-
sulted in a higher J . as well. The higher base resistivity of 1.7 Q2 cm of the
SiC PassDop cell (the SiN PassDop cell had 1.0 Qcm) led to an increase of
approx. 0.1 mA/cm? due to the higher diffusion length according to simula-
tions used Quokka and the higher thickness of 250 um to 0.2 to 0.3 mA/cm?
improvement. The only effect that can be attributed to the rear can be best
observed in the IQE as well as the reflection of the two cells. Here the SiN
PassDop cell shows a significant higher IQE at wavelengths above 1000 nm
suggesting improved light trapping (see Figure 8.8). This can be attributed to
the used MgF, optical layer in case of SiN PassDop Genl. MgF, has a refrac-
tive index of 1.38, while for SiC PassDop Gen2, a SiC, :P layer was used that
had a refractive index of 1.8. The improved light trapping resulted in a J.
increase of 0.1 to 0.2 mA/cm? for the SiN PassDop cell in comparison to the
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SiC PassDop cell.

Regarding the series resistance in the representation of AFF, differences were
determined for the two cells was well. The SiC PassDop cell had a AFF of
4.1 %, while the SiN PassDop cell had 3 %. Most of this can be explained
by the higher base resistivitiy of the SiC PassDop cell (1.7  cm) which led
to an increase in the spreading resistance as well as a slightly higher grid
resistivity. An influence of the rear in form of a higher contact resistivity for
SiC PassDop Gen2 compared to SiN PassDop Gen1 cannot be fully excluded as
the contact resistivity could not be determined. It is however highly unlikely
given the high surface concentration of 3 to 4 X 10" cm™ for the LBSF.

To conclude, most of the differences that were determined for the SiN Pass-
Dop and SiC PassDop cells can be attributed to the slight differences that were
made in the device processing. The performance for both SiC PassDop Gen2
and SiN PassDop Genl would be expected to be much closer when being
processed within the same batch. In that case the differences in Jy, .o and
Job.met Would be visible mostly in a small difference in V. of approx. 4-5mV
which would separate them by approx. 0.1 to 0.2 %, in the cell efficiency.
This difference should decrease further when applying a dedicated annealing
step after the laser process, which could possibly even result in an advantage
for SiN PassDop Genl1 as determined in Section 7.2.

Cell Simulation and Loss Analysis — Motivation

The results showed that the SiN PassDop layer was successfully transferred
to the device level. However, within the interpretation of the results there
was an uncertainty regarding the LBSF recombination and therefore J, ;.-
While directly after the laser process this would be expected to be around
10000 fA/cm?, an annealing after the laser process can reduce this signifi-
cantly as was shown in Section 7.2. At the time of the cell process, this was
not known and an annealing at 350 °C was performed rather than 425 °C,
thus possibly further away from the optimum. Therefore the exact Jg, .
was unknown.

For the cell simulations performed for this structure, there are therefore three
goals:

1. Determine the range for Jy, ... that would be expected in the actual
cell

2. Simulate the optimum V. and cell efficiency based on the results that
were achieved for Jo, ¢ in Section 7.2
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8.2 PassDop for Low-Temperature Metallization

3. Simulate the maximum cell efficiency that could realistically be reached
using an optimized solar cell front featuring a selective emitter and
adapted metallization fractions

For the interpretation of the loss analysis graphs, the remarks from Section
3.3.2 should be kept in mind.

Table 8.4: JV results for the best SiN-based PassDop cell in comparison to the sim-
ulation. For the simulation a variation of the rear side J, ., was performed. As
a technological outlook, the simulation with an optimized cell structure was per-
formed as well. This featured a selective emitter, adapted pitch on the front and
rear and a double layer ARC as well as designated area (bus bar out of cell area).

Jobmet  Voc Joc FF PFF n

[fA/cm?] [mV] [mA/em?] [%] [%] [%]
Measured 694.2 40.4 81.0 84.0 22.7
Simulated 10000 683.6 40.7 80.6 84.2 22.5
Simulated 5000 689.0 40.8 80.9 84.5 22.7
Simulated 2000 695.2 40.8 81.1 84.7 23.0
Simulated 1000  698.7 40.8 81.2 84.8 23.2
Simulated 600 700.0 40.8 81.2 84.8 23.3

Simulated — Optimized Cell 600  705.3  42.0 83.2 84.9 24.7

Cell Simulation and Loss Analysis - Parameters

All simulations were performed for a temperature of 298.15 K. As the perfor-
mance of the two layers is expected to be relatively similar, the loss analysis
was only performed for the SiN PassDop Cell. Jy 5 (15 fA/cm?) and Job,pass

(5 fA/cm?) were determined on symmetrical lifetime structures.

Joemet (1800 fA/cm?) was calculated using EDNA [215], assuming that re-
combination is limited by the thermal velocity of the charge carriers to the
surface. For Jy, .o;» the values in section 7.2 were used as a reference. Based
on this, the simulation was done in a broad range from worst (Jg, et =
10000 fA/cm?) to best (Jobmet = 600 fA/cm?) case. Apart from the varia-
tion in Jo, e, for this series of simulations all other parameters were kept
constant. Shockley-Read-Hall (SRH) recombination was assumed to be in-
significant.

The shading was calculated by determining the finger width. For the sim-
ulation an effective finger width of 11.6 pm was determined to include the
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Figure 8.9: FELA for the small area PassDop cells with varying Ji, . ... For compari-
son, the loss contributions were added on top of the simulated cell efficiency. For
the interpretation, the remarks outlined in Section 3.3.2 should be considered.

shading of the bus bar within the unit cell. For the emitter, a collection effi-
ciency of 100 % was assumed. The front side transmission was determined
by a reflectivity measurement, thus no ARC absorption is included within the

simulation. The rear side optics were calculated using a ray tracer provided
by [77].

The specific contact resistivity for the front (1 mQ cm?) were determined
from TLM samples. The specific contact resistivity for the rear was assumed
as 2mQ cm’. Measured values were not available. The grid resistivity was
simulated analytically [78] and provided to the simulation as an external se-

ries resistance of 0.2 Q cm?.

For the best case J, e, an additional simulation was performed with simu-
lating an optimized cell structure. This cell structure is based on the current
record cell achieving 25.15 % efficiency processed at Fraunhofer ISE. It fea-
tures an adapted front side with a selective emitter and outlying bus bars.
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8.2 PassDop for Low-Temperature Metallization

Both the front and rear side pitches were adapted to give the optimum cell
efficiency. To account for the selective emitter, the specific contact resistivity
for the front contact was set to 0.2 mQ cm? (selective emitter), the Joe.met tO

200 fA/cm?. The simulated grid resistivity reduced to 0.062 Q cm?.

Cell Simulation and Loss Analysis - Results

The JV results for the simulation in comparison to the best SiN-based Pass-
Dop cell can be found in Table 8.4. The biggest influence of J, ;o Was found

in the cell voltage which ranged from 634 mV (Jy, ¢ = 10000 fA/cm?) to

700mV (Jop ey = 600 fA/cm?). An additional small gain was observed in
both J . as well as PFF due to the reduced recombination. This led to a
range in the cell efficiency from 22.5 % for the highest Jy, .., to 23.3 % for
the lowest simulated J, et

For the optimized cell structure, all of the JV results improved. V. increased
to 705mV, J,_ to 42.0mA/cm? and FF to 83.2%. This led to an estimated
cell efficiency of 24.7 %.

Figure 8.9 shows the loss analysis for the simulations with a J, ;. of 10000,

2000 and 600 fA/cm? as well as for the optimized cell structure. The graphs
8.9a to 8.9c visualize the constant reduction of the »RS (Cont.)« (rear side
contact) recombination contribution, which is quantified by Jg, ,.;. At the
same time the other recombinative loss paths increase and especially the re-
combination loss at the front (passivated and contacted areas) is higher than
at the rear for a Jy, .o of 600 fA/cm?. Figure 8.9d shows the loss analysis
for the optimized cell structure. Here, the contribution of the rear contact
recombination becomes large again, but most contributions are significantly
reduced. Together with the front side passivation, the rear contact recombi-
nation is now the larges loss contribution. Thus further optimization would
focus on reducing these contributions.

Cell Simulation and Loss Analysis - Discussion

The first goal of the simulation was to estimate the actual J, ., that was
likely present in the measured cells. From the simulation results shown in
Table 8.4 it can be obtained, that the influence of J, .., on V. is large, de-
spite the low metallization fraction. The large influence of Jy, .., on V. and
therefore # is also visualized in the loss analysis in Figure 8.9. Especially
at 10000 fA/cm? almost 0.5 mW/cm? can be attributed to the recombinative
loss at the rear contact (even more if considering the synergy effects). The
best match was achieved for a J, .., of 2000 fA/cm?. This is in accordance
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with the results determined in Section 7.2, where an effect of the anneal on
the lifetime and therefore on Jy, ... was already determined at 350°C, the
temperature at which the cells were annealed. The cell results therefore
suggest that with this anneal, the optimum J, ... could not be achieved.
To achieve a V. close to that of the SiC PassDop cell, a Jy, e of around

1000 fA/cm? would be required. This is actually very close to the Jobmet that
was determined for SiC PassDop Gen2 in Section 7.2.

The second important influence of J, . Was visible in the simulated PFF.
This is a result of the rear contact recombination limiting the injection de-
pendent minority carrier lifetime. This results in a reduction of An at the
pseudo-Maximum Power Point (mpp) and hence a reduction of V,,,,,. As the
series resistance of the solar cell was nearly constant (AFF ~ 3.6 %) through-
out the Jg, ¢ variation, PFF and therefore FF increased by 0.6 %,

These simulation results make clear that the rear contact recombination is
an important parameter that should be kept low. With the annealing experi-
ments in Section 7.2 it was found, that with a dedicated anneal after the laser
process, a Jy, e 0f around 600 fA/cm? can be achieved. Therefore the sim-

ulation with 600 fA/cm? can be used as a prediction of what the rear side
would be able to achieve within this cell structure. However, before getting
into this the simulation results should be compared to that of the actual cell
measurement and possibly divergences caused by uncertainties in the simu-
lation parameters should be discussed. With the front side contact opening
created by photolithography, all J, contributions except for Jy, ,,.; are well

known. Thus with the matching of V. for Jy, e = 2000 fA/cm? this set of
J, parameters describes the cell well. In the following, only this simulation
will be discussed.

From Table 8.4 it can be extracted that there is a difference in PFF. This
difference in PFF could be taken into account by adding a J), of the boron
emitter. As it is not critical for the interpretation of the cell results it was
not further pursued, but one should keep in mind that the actual PFF is ap-
prox. 0.5 %, lower than that of the simulation. FF in the simulation was
actually lower than expected. Thus the series resistance (determined in the
form of the difference between PFF and FF) in the cell was over-estimated.
Here the same arguments as for the fPassDop cells in Section 8.1.2 applies
and likely this effect can be attributed to an over-estimated contact resistiv-
ity at the rear. The last parameter to be compared is J.. Here the simulation
predicted a higher J,. by approx. 0.4 mA/cm?. A comparison of the simu-
lated to the measured EQE (not shown) revealed that this can be attributed
to uncertainties in the light trapping.
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8.2 PassDop for Low-Temperature Metallization

All of this put together this means that by using a dedicated anneal at 425 °C
after the laser process, V. could be improved to 700 mV. At the same time,
PFF would be expected to improve to 84.3 % resulting in a FF of approx.
81.3 % Therefore the cell efficiency would increase to 23.0 %.

If such a cell would be fabricated, the front side and the optics would limit the
device efficiency. Thus another simulation was performed to see if a signifi-
cantly higher efficiency could be achieved with SiN PassDop given an opti-
mized front side. The selective emitter of this structure results in a significant
reduction of both the resistive and recombination losses at the front side con-
tacts as can be observed in Figure 8.9. The outlying bus bar means that the
effective finger lengths will be reduced. Together with a better aspect ra-
tio of the contact fingers, this would result in a significant reduction of the
grid shading while being able to reduce the grid resistivity as well. On the
rear, the pitch could be reduced from 400 to 250 pm resulting in a significant
improvement in FF. Due to this change, the rear contact recombination is
again one of the largest contributions. While a higher V. of around 710 mV
could be achieved with a contact spacing of 400 pm, the increase in FF is
worth sacrificing approx. SmV in V..

All of this put together, SiN PassDop Gen1 should be able to reach efficiencies
up to 24.7 % if given an appropriate front side design. While it will be de-
manding to achieve this level of cell efficiency, this shows the high efficiency
potential of the PassDop approach.

8.2.2 Large-Area nPassDop Cells with evaporated Front
Contacts

Motivation

To evaluate the potential of the PassDop process, the small area cells (ac-
tive cell area: 20 mm X 20 mm) were a good test vehicle. However, for an
industrial implementation of such a cell concept a process on larger area is
a required. The final process aims for Laser Contact Opening in combina-
tion with Ni- and Cu-plated (NiCu-plated) contacts on the front. To prevent
taking all of these steps at once the purpose of this experiment is to create
a reference implementation for the large area process. Similar to the small
area cells presented previously, this reference implementation will feature
photolithography contact opening and evaporated seed layers. The final cell
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Figure 8.10: Comparison of the emitter profiles that were used throughout this work.
Black squares: the emitter used for small area reference cells; Red circles: the
emitter used for the large area PassDop cells with low temperature metallization;
blue triangles: emitter used for screen-printed contacts. All profiles were deter-
mined by the Electrochemical Capacitance-Voltage Profiling (ECV) technique.

Table 8.5: Comparison of the J, for the emitters used within this work. The profiles

can be extracted from Figure 8.10. J,

e.pass Was determined from symmetrically tex-

tured and diffused/implanted lifetime samples, J .. was calculated using EDNA
at 300 K for planar surfaces. To take the textured surface into a factor of 1.7 was ap-
plied. Finally as all measurements and the simulations were performed at 298.15 K
the J, ... was recalculated to this temperature by taking the reduced n; 4 into ac-

count.

Emitter

Usual

RSheet J Oe,pass J Oe,met

Metallization [Q/sq] [fA/cm?] [fA/cm?]

Small Area PVD 140 15 1800
Large Area PVD/Plating 100 30 1100
Large Area Screen-print 70 60 1400

concept including NiCu-plated contacts will be presented in the next section.

Front Side Design

The main two reasons that a change in the front side design might be required
are the finger length and the contact opening. To allow for a process that can
be replicated on a ps pulsed laser to create the front side contact opening,
the opening of the front side was set to 20 pm. The finger length is mainly
determined by the number of bus bars with fewer bus bars resulting in a
higher finger length (2 cm for the small area cells, 3.125 cm for the large area
cells). A higher finger length requires a higher finger cross-section to account
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Table 8.6: Potential V,_ calculation for the emitters. The values taken from Table 8.5
were weighted with their respective area. For the small area cells, the contact area
was 1.1 % and for the large area cells 2.6 %. Both were determined from the lithog-
raphy masks. Note that the shallow emitter was used for screen printed contacts
and in case of screen printed contacts (as used in Section 8.1.2) a higher contact
fraction of 4.1 % on the front would have to be assumed. As this comparison aims
for plated contacts the lower contact fraction of 2.6 % was used for the shallow
emitter as well. From J,, a V. was calculated using Equation (3.2). For this cal-

culation a Jy, . of 3 fA/cm® and a J, ., of 600 fA/cm* were taken into account
resulting in a total J, of 20 fA/cm?, including the 1 cm base. The metallization

fracton on the rear was 1.23 %.

Weigthed Weighted Total Total

Emitter JOe,pass JOe,met JOe J, 0 I/oc
[fA/cm?] [fA/cm?] [fA/em?] [fA/cm?] [mV]
Small Area (deep) 15 20 35 55 702.5
Large Area (deep) 29 29 58 79 693.5
Large Area (shallow) 58 36 95 115  683.7

for the higher current flowing through it. To prevent increased shading this
results in an increased finger spacing and thus in a reduction of the emitter
sheet resistance. Thus, for a large area cell, the compromises to be made can
have a strong influence on the cell performance.

Usually emitter formation is done by a shallow diffusion resulting in a doping
profile like shown in Figure 8.10 (blue triangles). Such an emitter featuring a
high surface concentration is commonly required when creating the contacts
by screen-printing (paste development might change this in the future). For
NiCu-plating, such a high surface concentration is not required and there-
fore leads to more flexibility in the emitter design. It was shown that even a
lowly doped boron emitter as used for the small area cells (Figure 8.10, black
squares) can be contacted by Ni [219]. However, the higher width of the
contact opening of 20 pm for the large area cells will lead to a higher contact
spacing to reduce shading and therefore a higher emitter doping is desirable
as shown in Figure 8.10 (red circles). Table 8.5 gives an overview over the
relevant properties of the three discussed emitters. The emitter for the small
area cells allows for an excellent surface passivation, but the low surface
concentration results in a high Jy, ... contribution. The high Rgp.. would
require a relatively low contact spacing around 1000 pm. The emitter origi-
nally used for the screen printed cells would allow for a higher contact spac-
ing, but the Jy , is 4 times higher due to the high surface concentration.
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The new emitter represents an excellent compromise. Joe s at 30 fA/cm? is
only 2 times higher and the increase in J ,,¢; can be partially compensated
by alower J, o Table 8.6 gives the area-weighted Jj, contributions for the
three emitters as well as the total J,, and the calculated V. if implemented
into a PassDop cell. For the small area cells with a contact spacing of 800 pm
on the front (total contacted area including bus bar of 1.1 %), the total J,;, was
35 fA/cm? and thus is an optimum V,_ of 702.5mV. The new deep diffused
emitter for the large area cells would result in an increase of the total J, to
approx. 60 fA/cm? and thus still allow for a high V. of above 690 mV given
a contact spacing of 1300 pm. If instead the shallow emitter were used, the
total J,, would be close to 100 fA/cm? and thus result in a further decrease
in V. of about 10 mV.

All of this put together, the initial cell design on 125 mm X 125 mm wafers
was set to 2 bus bars. The width of the bus bars was set to I mm. The contact
spacing was found to be close to optimum at 1300 pm for contact opening of
20 um and a plated finger width of 35 pm.

Cell Process

The cells were processed on shiny-etched FZ 1 Qcm n-type Si material at
a wafer size of 125 mm X 125 mm (pseudo-square). As the the active cell
area covers the complete wafer, less structuring was required compared to
the small area cells. With the rear side masked by thermal SiO,, the front
side was textured in KOH to form random pyramids. For emitter forma-
tion, boron was implanted on the front and activated by thermal oxidation
at 1050 °C. The emitter profile is shown in Figure 8.10 (red circles). After
etching the SiO,, the rear side was passivated by SiN PassDop Genl. The
front was passivated by Al,O; (10 nm) and SiN, (65 nm). Before metalliza-
tion, the passivation on the front and rear were activated by a FGA at 425 °C
for 25 min. The front side metallization was done in a lift-off process of PVD
titanium, palladium and silver. In contrast to the values listed in Table 8.6, for
this batch the bus bar was not contacted resulting in a lower contact fraction

of 1.6 %.

Before the PassDop laser process, a layer of MgF, (100 nm) was evaporated on
the rear to enhance light trapping. The rear side metallization was done using
the PassDop laser process followed by PVD of aluminum. The metallization
on the front and rear were activated by FGA at 350 °C for 15 min. Finally, the
front side metallization was thickened by electroplating of silver.

After initial characterization, the edge of the best cell was cutted using a chip
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8.2 PassDop for Low-Temperature Metallization

saw to reduce the series resistance close to the edge. This was done in two
steps, first only the straight wafer edges were cut and in a second step the
rond edges as well. After cutting, an additional ARC of MgF, (100 nm) was
evaporated on the front.
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Results

The JV results for the best cell from the batch are summarized in Table 8.7.
After plating the cell featured a high V. close to 690 mV. J . was measured
at 40.0 mA/cm?. PFF and FF were determined at 82.5 % and 78.4 %, respec-
tively. This resulted a cell efficiency of 21.6 %.

In this state the local Rg was determined as shown in Figure 8.11 ([220]). It
was found that close to the wafer edge the series resistance was increased by
a factor of 2 to 3 compared to the area in between the bus bars.

Figure 8.11: R, image of the cell in the inital state after plating [220]. The values in
the legend are given in Q cm?.

To reduce this series resistance influence and hence to improve FF, the wafer
was cutted in two steps. The JV results after these cutting steps are shown in
Table 8.7 as well. V. decreased slightly to 686 — 687 while with each cutting
step J,. and FF improved. A significant influence on PFF (internal mea-
surement using Suns-V,.) was not observed. Thus, the cutting of the wafer
led to an improvement in the device efficiency to almost 22 %.

Finally, the cell received a second layer of ARC before the final measurement.
This led to an improvement in J, to 40.6 % and therefore to a cell efficiency

of 22.1 %.

Discussion

As outlined in the paragraph about the front side design, more compromises
compared to the small area cells were necessary. However, the results show
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that the compromises were well chosen with V. reaching close to 690 mV.
In fact the highest V. determined within the batch was 692 mV, although
this particular cell had a series resistance problem. Therefore, the large area
cells reached a V. that was at the same level as that determined for the small
area cells. This is mainly accomplished by the new emitter used for the large
area cells. Since the Jy, ,o; for this new emitter is lower than for the lowly
doped emitter used on small area, a high V. can be kept despite the increase
in the contact fraction from 1.1 % to 1.6 %. Thus the total J,,. increased from
approx. 35 to 50fA/cm?. Assuming a contribution Jy, from the rear and
base of 40 fA/cm? (for reasonable Jobmet = 2000 fA/cm? as discussed in the
previous section for the small area cells) the V., would only decrease from
695 mV to 691 mV, which is in good agreement to the determined results.

While J. was reasonably high at above 40.4 mA/cm? (after edge cutting), it
has to be considered that the limitation by the bus bar is stronger. At 1 mm
width, each bus bar leads to additional shading of 0.8 % and thus the bus bar
shading at 1.6 % is more than three times larger than on the small area cells
(0.5 %). Here, significant improvements could be made by reducing the bus
bar width, which however might not be compatible with bus bar soldering.
Nevertheless, the difference to the small area cells (40.6 mA/cm?) was small.
This can be explained by the J. losses that were discussed for these cells in
the previous section.

The good compromise that was found with the selected emitter and the grid
design did not only show in an excellent V. and J ., but also in FF. At
78.6 %, this was already reasonably high directly after plating. Here the first
limitation was found in PFF, which after plating was determined at 82.5 %.
While some wafers in the batch reached a PFF up to 83.6 %, the mean value
was still below 83 %. In comparison to the small area cells, this means a loss
of 1 to 2% in PFF. DLIT measurements showed that the wafer edge had a
significant contribution here, leading to a higher J, and therefore a lower

PFF.

The second influence on FF was the series resistance. After plating AFF =
4.1 % was determined and thus significantly higher than for the small area
cells (around 3 %). As Figure 8.11 shows, in this state, there was a high con-
tribution from the wafer edge. The first reason for this was that the distance
between the wafer edge and the grid was relatively high at 1.5 to 2 mm. And,
as no redundance line was present, this would be expected to lead to a high
series resistance contribution at the edges orthogonal to the finger direction.
However, it were the edges parallel to the finger direction that gave the high-
est contribution. One effect that had to be considered is that on the left side
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in Figure 8.11, there was one finger that was not metallized. On the right side
in the Figure, as well as on two of the round edges, the maximum spacing of
the grid to the wafer edge of around 2 mm was reached leading to a higher
series resistance contribution. Both of these losses are caused by the limit
of photolithography at the wafer edge. During the spin-on coating of the
resist a wall builds up at the edge. During illumination and development of
the resist, it might not be possible to reliably remove the resist at the edge.
Thus the grid spacing at the edge had to be increased. As the wafers had no
dedicated alignment symbols, alignment had to be done with respect to the
wafer edge and thus much lower precision. In some cases—as with the wafer
shown in Figure 8.11—this could lead to some fingers not or not completely
being metallized during the seed layer evaporation.

To reduce the influence of the high series resistance onto the cell perfor-
mance, the wafer edge was cutted off in two steps. This allowed AFF to de-
crease to around —3.2 %, which is in range of the small area cells and which
once again emphasizes the good compromise that was made with the emitter
and grid design. With the lower series resistance, FF increased to 79.2 %
and was now clearly limited by PFF. While a side effect of the wafer cutting
should have been the edge isolation and thus a possible improvement in PFF,
this was not observed.

Thus, PFF and hence edge recombination was the strongest limitation for
the cell performance and future work should focus on improvements here.
Despite the losses, an excellent cell efficiency was achieved with close to 22 %
before and 22.1 % after applying the additional MgF, ARC.

Cell Simulation

The limitation of the SiN PassDop small area cells already revealed the po-
tential of the approach and discussed the influence of several PassDop pa-
rameters (e.g. Jop, met) on the cell performance. The main difference between
the small area cells and the large area cells were the front side design and
edge recombination. The influences of grid and emitter were already widely
discussed previously and cell simulations would only confirm these while
not revealing new information. Taking the edge recombination into account
is not straight forward, especially as the origin and nature of the observed
effect is not known.

Thus, no further cell simulations and loss analysis are shown here.
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8.2.3 Large-Area nPassDop Cells featuring NiCu-plated
Contacts

Motivation

The cells with evaporated contacts discussed in the previous section were a
good test vehicle to analyze the cell performance of the newly developed cell
process on large area. However, the final cell structure would feature Laser
Contact Opening (LCO) and nickel and copper plated contacts instead of Pho-
tolithographically defined Contact Opening (PLO) and evaporated contacts.
Thus, the focus in this section is to test and investigate the influence of these
processes.

The first selection (»Batch I«) of cells directly compares the combinations:
1. PLO and evaporated contacts (TiPdAg)
2. PLO and NiCu plated contacts
3. LCO and NiCu plated contacts.
The main questions investigated within this experiment are:
1. Does LCO result in a reduction in V. due to laser damage?

2. Is the contact resistivity of nickel on a boron emitter comparable to
titanium?

3. Can copper be used as a replacement of silver without significant losses?

Cell Process

The main cell process was similar to the one described in the previous section,
but with the respective opening and metallization steps being replaced. In
contrast to the cells discussed in the previous section, the bus bars were fully
contacted for all cells. Thus, the contact fraction increased from 1.6 % to

2.6 %.

For Batch I, the rear side reflector (MgF,) was omitted. In principle LCO
would not suffer from the same issues regarding edge spacing that were dis-
cussed in the previous section. To ensure comparability of all cells, the PLO
grid was replicated identically using LCO, thus the edge spacing is identical
for all cells in Batch L.

For Batch II, MgF, on the rear was included again to improve light trapping.
The edge spacing of the grid was reduced to approx. 100 pm as PLO was no
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longer used. In addition, the grid for these cells featured a redundance line.
For this batch the main goal was to improve the plating homogeneity and
edge spacing, thus a lower series resistance.

Results

Table 8.8: Results of the JV measurements for the large-area n-type PassDop cells
with nickel plated contacts in comparison to evaporated contacts. All measure-
ments were performed internally with a calibrated reference cell. The PassDop
layer (here abbreviated with »SiN« was SiN PassDop Gen1

PassDop  B. Contact Area V. Jo FF PFF g
Layer [cm?] [mV] [mA/ecm?] [%] [%] [%]
SiN I PLO/TiPdAg 148.6 674.1 387 78.6 82.8 20.5
SiN I PLO/NiCu 1486 6723 384  68.6 828 17.7
SiN I LCO/NiCu 148.6 6758 385 78.0 829 20.3

SiN/MgF, II LCO/NiCu 148.6 668.2 39.2 80.1 83.0 21.0

(a) Batch I R (b) Batch II
Figure 8.12: Ry image of the LCO/NiCu cells from Batch I and II. For the best cells
from either batch, no Ry-Imaging was available. Instead the measurements were
performed on cells showing similar performance. The Rg-Imaging illustrates the
improvements in Rg homogeneity and level that were made for Batch II. The values
in the legend are given in Q cm?. The scale was selected identical for both cells.

Table 8.8 shows the JV results determined for the cells using the respective
contact technologies.

In Batch I, a reasonable V. in the range of 670 to 675 mV was determined.
J,. was relatively low with values below 39 mA/cm?. Both PLO/TiPdAg as
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(a) Distance to BB: 0 cm (b) Distance to BB: 3cm
Figure 8.13: Light microscope image of a NiCu plated finger for Batch I close to the
bus bar and 3 cm away.

well as LCO/NiCu showed a reasonable fill factor above 78 %. However, the
combination of PLO/NiCu showed a much lower fill factor of only 69 %. For
this cell, finger adhesion was found to be low. PFF was determined similar
for all cells (close to 83 %). The efficiency for PLO/TiPdAg and LCO/NiCu
was 20.5 % and 20.3 %, respectively. The PLO/NiCu cell was limited by the
low FF resulting in an efficiency of 17.7 %.

For PLO/TiPdAg and LCO/NiCu, TLM measurements were performed to an-
alyze the contact ability. For the former, a specific contact resistivity of 0.3
to 0.4mQ cm? was determined, for the latter we determined 0.4 mQ cm?.
Measurements of the grid resistance were performed to analyze the finger
conductivity. 60 mQ was measured for PLO/TiPdAg and 40 to 45 mQ for

LCO/NiCu.

In Batch II, V. decreased to below 670 mV, while J. (39.2 mA/cm?) and FF
(80.1 %) improved significantly. This led to an increase in the cell efficiency
to 21.0 %.

Figure 8.12 shows the Rg-Imaging for an exemplary cell with LCO/NiCu from
Batch I and Batch II. The cell from Batch I showed a hot spot in the at one of
the edges, where the finger adhesion was not optimal. The cell from Batch
IT showed a generally lower Rg and a low contribution from the wafer edge.
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However, the local Rg showed that the cell from Batch II suffered from at
least 16 finger interruptions, most of them close to the bus bars.

Figure 8.13 shows microscopy images of the front grid of the LCO/NiCu cell
from Batch I. Close to the bus bar a finger width of 17 um was determined
while 3 cm away the finger width was 26 pm.

Discussion

For Batch I, there were three main questions: 1. Does LCO result in additional
recombination in comparison to PLO? 2. Can nickel achieve a similar specific
contact resistivity? 3. Does a copper grid result in a similar grid resistance?
For the second and third the answers were directly given by the results. The
specific contact resistivity for nickel was identical to that of titanium and
therefore the front contact resistivity at the given contact fraction (2.6 % will
not be a limiting factor in the cell performance. The grid resistance for the
copper grid was actually determined to be lower than for silver, despite not
resulting in a higher shading.

For the first question, V. is the best indicator. Here, only insignificant differ-
ences were found within the scattering determined for the whole batch (PLO:
670.3 to 676.3 mV LCO: 670.2 to 675.6 mV). Thus it can be concluded that
at least at the current V__ level, no additional recombination by laser damage
was found to influence the cell performance.

So while in principle all of the cells from Batch I should show the same per-
formance differences were observed. These differences were mostly visible
in FF. Figure 8.12a shows a hot spot in the Rg-Imaging and this hot spot
was a consequence of a low finger adhesion in this area leading to a high
local resistance. Generally, Ni-plating on LCO was found to work signifi-
cantly better, with low finger adhesion increasing the local resistance only
occasionally. On PLO, Ni-plating resulted in low finger adhesion over a large
area and therefore the significant decrease in FF.

The last influence on the series resistance was found in inhomogeneous plat-
ing. As Figure 8.13 shows, the fingers close to the bus bars were showed
reduced width from 26 (close to the middle) 17 pm (at the bus bar). This ei-
ther results in an additional finger width and shading in the middle of the
wafer or in an increased series resistance at the connection of bus bar and
finger. For TiPdAg, this was not visible. The phenomenom is caused by the
large contacted area of the bus bars. In the plating process, each part of
the surface has to be seen as being part of a net of resistances in a parallel
circuit. In the electroplating process, a deposition of metal (here, nickel or
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copper) will happen wherever there is a current of charge carriers exposed
at the surface. Thus, the strongest amount of metal will be deposited where
the parallel resistance is the lowest, which is the case for the bus bar. The
bus bar will draw carriers away from the fingers initially, which further de-
creases the resistance in this area leading to an amplification of the effect.
For TiPdAg contacts, during the silver plating, this is not visible, as the seed
layer is deposited by PVD and a subsequent lift-off. The seed layer allows for
a sufficiently good initial distribution of carriers and currents at the surface
and therefore for an improved homogeneity of the fingers.

For plating of nickel, a seed layer is not available. Instead, this issue was
reduced to a minimum by inducing a lower current into the silicon by the
external circuit for Batch II. This led to a reduced deposition rate allowing for
a more homogeneous growth of the metal. Thus, for cells from Batch II, such
a reduction of the finger width close to the bus bar was not observed with
the fingers having a homogeneous width over the complete wafer (38 pm
finger width at the bus bars, 39 pm in the middle of the wafer and 40 pm
close to the wafer edge). Together with the reduced spacing at the wafer
edge, this accounts for a significant improvement in the fill factor of 80.1 %,
out-performing even the 22 % cell from the previous section. As shown in
the Rg image (Figure 8.12b) this was despite the presence of several finger
interruptions, leading to the conclusion that the fill factor potential of the
given cell layout is even higher.

As is visible from the results, both V. and J,. were rather low. This was
especially the case in comparison to the cell results discussed in the previ-
ous section, where a V. of 687mV and a J. of 40.4mA/cm? was deter-
mined. For J,. an effect of increased shading was excluded. Some effect was
expected on V. as the contacted area increased due to the fully contacted
bus bar. However, if Jo 55 and Joe ¢ remain similar, this decrease in V.
should not be above 5 mV. Instead the observed effects were caused by high
recombination in the emitter and/or bulk. Especially for Batch II, reference
samples showed that the bulk lifetime degraded during the process, limiting
V... While recombination has the strongest influence on V,, a high level of
recombination in the emitter or bulk can result in a decreased J,. (and the
respective value at mpp) as well, which was the case for both batches. With
the solar cell batch from the previous section it was shown that the process
can achieve much reduced recombination and thus, this problem should be
solvable.

Nevertheless it was possible to achieve a small increase in J, from Batch I
to Batch II. Most of this was attributed to the improved light trapping by the
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applied MgF, reflector on the rear with an expected improvement of approx.
0.5mA/cm? in J,_. The rest was caused by slightly improved shading due to
the optimized plating homogeneity.

To conclude, it was found that LCO/NiCu can be used as a suitable replace-
ment for PLO/TiPdAg. PLO/NiCu was not found to be a feasible solution
due to low adhesion of the contacts. The cell performance was limited by
bulk recombination caused by the cell process, but this should be solvable as
indicated in the previous section. Apart from the small decrease in V. due
to the fully contacted bus bars, no reason was found why the cells should
not be able to achieve the same level of performance in the range of 22 %.
Or even exceed the performance as the laser process allows to overcome the
limitations discussed regarding PLO in the previous section. Thus, improving
the bulk quality and reducing bottlenecks in the process should allow these
scalable technologies to show their full potential in the future.

8.3 Summary

The PassDop layers that were described in the previous chapters were suc-
cessfully transferred into solar cell devices. Multiple approaches were inves-
tigated. For new layers, commonly small-area cells to evaluate the potential
were fabricated first. This step was especially important for the fPassDop
layers, for which a completely new device had to be developed as screen-
printing on boron emitter was not broadly investigated within the photo-
voltaic community before. Thus, to test the fPassDop layers, small area cells
with evaporated contacts on the front were used. The focus was on testing
a single layer versus a double layer stack. The single layer was not found
to provide a good balance between doping and passivation properties and
therefore the fill factor of the fabricated cells suffered badly due to a high
series resistance. This was further analyzed using High-Injection Suns-V,
measurements which showed that a Schottky barrier had formed on some
of these cells. In contrast the double layer fPassDop cells already showed
the potential of the approach reaching fill factors of 80 % or even above.
The concept was then transferred to larger areas, where the focus was on
the Gen2 (SiN,.:P(N-rich)/SiN, :P(Si-rich)) and Gen3 (SiN,:P(N-rich)/a-Si:P)
versions of the fPassDop layer that were described in Chapter 6. The con-
cept was then transferred to larger areas, where the focus was on the Gen2
(SiN,:P(N-rich)/SiN, :P(Si-rich)) and Gen3 (SiN,.:P(N-rich)/a-Si:P) versions of
the fPassDop layer that were described in Chapter 6. Here it was shown that
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the latest iteration featuring an a-Si:P doping layer resulted in a very stable
process with AFF being in the range of —4 % for almost all of the fabricated
Gen3 cells. This allowed for a very stable efficiency output within the batch
resulting in a mean efficiency of 20.9 %. Improvements in the screen-printing
on the front allowed for a high V,_ of 675mV and a J,_ of 39.0mA/cm?. A
loss analysis of the cell performance was performed showing that the rear
side contribution to the cell’s loss mechanisms was relatively low and that
the focus should be on reducing recombination on the front.

The second route that was pursued at the device level was an approach for
low-temperature metallization, i.e. plated contacts. Small area cells with the
SiC PassDop Gen2 and SiN PassDop Genl1 layers were presented that could
show the potential of the PassDop approach especially in the case of SiC_, for
which the cells reached an efficiency of 23.5 %. The single layer SiN PassDop
Genl at 22.8 % was not far behind and the difference was mostly attributed
to differences in the cell processing (resulting in differences in J,.) and only
a small portion to the layer performance due to a higher Jy, ... A significant
difference in Jy, ., Was not expected as both showed an excellent perfor-
mance in Chapter 6. This was a very good result for SiN PassDop Gen1 given
the novel nature of the SiN_:P approach and its simple structure of a single
layer. A loss analysis of the cell using Quokka was performed showing es-
pecially the influence of J, ¢ on the recombination properties. With the
optimized Jo, ¢ of approx. 600 fA/cm? (as determined in section 7.2) the
contribution of the rear side to J,, was found to be low when keeping the
metallization fraction constant.

After successful implementation of this single layer PassDop system based
on SiN,, a transfer to large areas was presented. In a first step, a cell layout
was defined still with evaporated front side seed layers (and subsequent sil-
ver plating). As no base process existed for this kind of cell, a new process
sequence had to be developed and tested. The emitter formation was now
based on implantation and high-temperature annealing, the front side dop-
ing was adapted to a wider finger pitch on the front. A H-pattern grid was
defined with industrial-feasible properties. With evaporated contacts, a high
voltage of approx. 690 mV was kept for these first low-temperature PassDop
cells, with the best V. reaching 692 mV and therefore very close to that of
the best small-area cell (694 mV). Despite the grid adaptions that had to be
made due to the bigger cell area a high J,. of 40.6 mA/cm?* could be kept as
well with the FF being determined at 79.3 %. Overall this resulted in a cell
efficiency of 22.1 %, which at the time was a record efficiency at Fraunhofer
Institute for Solar Energy Systems (Fraunhofer ISE) for large area c-Si based
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solar cells. The cell performance was thoroughly analyzed showing that the
PFF of 82.4 % is currently the strongest limitation that should be handled
for future batches.

In the last step, the migration towards a solar concept with plated NiCu front
contacts was made, thus removing the necessity for a PVD seed layer and
lithographic structuring of the ARC. To investigate the potential and impli-
cations of these technologies, a comparison of LCO and PLO was performed
as well as a comparison of TiPdAg with NiCu metallization.

For the laser process, no significant influence of possible laser damage was
found on the cell performance, as a similar V. was achieved for both LCO
and PLO. For the metallization, p_ for Ni and Ti were both found to be ap-
prox. 0.4 mQ cm? and therefore only having a minor influence on the series
resistance and cell performance. The copper grid was found to have similar
grid resistivities as the reference silver grid, thus no significant impact on
FF was found. Remaining differences in FF were found to be caused by in-
homogeneities in the plating process.

After this comparison was performed, the grid was slightly optimized for
LCO + NiCu metallization and the optimized cell showed a good plating ho-
mogeneity as well as a high FF of 80.1 %. As process degradation limited the
cell performance, V. was found to be low at 668 mV, but the good FF still
allowed for a good starting efficiency of 21.0 % and thus even with the given
limitations being in the range of typical Passivated Emitter and Rear Cell
(PERC) p-type solar cells. Once the process degradation will be removed, it
should be possible to once again achieve a V. in the range of 680 to 690 mV
and therefore efficiencies of 22 % or above, as shown previously.
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The main objective of this work was to develop and characterize PassDop
layers for high-efficiency n-type silicon solar cells. This means that these
layers, deposited by Plasma-Enhanced Chemical Vapor Deposition (PECVD),
have to both act as an excellent surface passivation as well as contain dopants
to act as a doping source during the PassDop laser doping process. As an
alternative to the original PassDop approach based on SiC,:P (SiC PassDop),
PassDop layers based on SiN, :P were presented. Based on SiN, :P variants for
low temperature metallization like plating (SiN PassDop) and screen printed
contacts (firing-stable fPassDop) were developed. These new layers have the
advantage of being deposited only by the use of microwave plasma excitation
which would allow for a transfer to in-line deposition tools. The effect of the
new layers on the Local Back Surface Field (LBSF) formation and its doping
and recombination properties was studied in detail. By applying the new
layers to n-type silicon solar cells their viability at the device level was shown
and analyzed.

In summary, the main results of this work are:

1. SiN_:P can be used as an alternative to SiC,:P for fully functional Pass-
Dop layers.

a) A single SiN_:P layer is only feasible if firing stability is not a
requirement

b) a-Si:P can be used as an excellent Doping layer in SiN_:P/a-Si:P
stacks

¢) SiN PassDop Gen2 (up to 450°C): S5 & 2 cm/s (1 Qcm n-type)
and Rgp..¢ & 25 Q/sq.

d) fPassDop Gen3: Sy, =~ 6-8cm/s (1Qcm n-type) after firing
(700-850°C) and Rgy,..; ~ 20 €Q/sq.

2. The nitrogen content in the PassDop layer or stack was found to be of
utter importance. A high nitrogen content can lead to

a) reduced doping efficiency (thermal stability of the layers).
b) improper ablation.
c) reduced contact ability (SiN, remnants at the surface).
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3. Every element present in the PassDop layer can be present in the LBSF
after laser doping.

4. Annealing at 425 °C is indispensable to reduce recombination at the
LBSF for SiN PassDop. Jo, er & 600 fA/cm? (after annealing).

5. Realization of fPassDop cells with screen printed contacts with an effi-
ciency of up to 20.9 % on large area.

6. Achieving an excellent solar cell efficiency of 23.5 % on small area with
evaporated contacts.

7. Proof of concept of large area PassDop cells with low temperature met-
allization achieving 22.1 % efficiency with PVD contacts and 21 % with
Ni- and Cu-plated contacts.

In the following, more details on the results are given:

The basis for the PassDop development was already build by Suwito and Jager
[19, 182]. In a first step, this original SiC PassDop layer was further developed
with the main goal on improving the thermal stability of the stack. This
was achieved by the introduction of a stoichiometric Capping layer in the
stack to prevent or retard outdiffusion of hydrogen during thermal treatment.
With this Capping layer SiC PassDop Gen2 was found to be stable at higher
temperatures achieving a Sy, of 1cm/s after annealing at 400°C for one
hour. Due to adjustments in the thickness of the Passivation layer in the
stack Rgy .. Was reduced to 13 Q/sq.

Based on SiN:P an alternative was developed, with the focus on low-tempera-
ture metallization like nickel plating. It was shown that a single layer (SiN
PassDop Gen1) is feasible for this approach resulting in a Rgy,..; of approx.
33Q/sq and a .S, of approx. 2cm/s. The SiN, surface passivation did not
require a dedicated activation anneal but can slightly improve when anneal-
ing at 425 °C as commonly used for the activation of Al,O5. After the single
layer was established, SiN,:P/a-Si:P stacks were investigated. For this SiN
PassDop Gen2, it was observed that such a stack improves the doping effi-
ciency (Rgpeo of approx. 25 Q/sq) and is less prone to process fluctuation.

The third approach that was developed had the focus on solar cells with
screen printed (front) contacts. Therefore the surface passivation had to be
stable after a firing step. Both SiC PassDop and SiN PassDop were not suitable
for such a process. Therefore a modified SiN, :P layer, fPassDop, was devel-
oped that provided a good surface passivation after firing. For fPassDop, it
was found that a single layer is not easily realizable as either the surface pas-
sivation or the doping efficiency have to be sacrificed. Instead double layer
stacks were pursued as alternatives. For these stacks the combination of a N-
rich SiN_:P Passivation layer and an a-Si:P Doping layer were found to deliver
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the best performance. With this fPassDop Gen3 stack a S, of 6-8 cm/s can
be achieved after firing at peak temperatures of 700-850 °C. At the same time
this fPassDop stack achieves a Rg}..¢ of 25 €2/sq. The other two variants that
were investigated (Si-rich SiN :P + N-rich SiN, :P and N-rich SiN, :P + Si-rich
SiN, :P) either did not provide a suitable surface passivation after firing or
were not fully compatible with the laser doping process. By using a-Si:P as a
Doping layer in a two-layer stack, a decoupling of the surface passivation and
doping efficiency was achieved for both SiN PassDop as well as fPassDop.

While SiN, can be doped with phosphorus, the material properties were
found to have a significant influence on the laser doping process. In case of
SiN,, especially the thermal stability was found to be problematic. Due to this
thermal stability (increasing with N-content) of the SiN_, layers laser doping
from SiN, :P was found to work best for Si-rich layers (n > 2.45). N-rich lay-
ers (n < 2.2) were found to be only compatible with the laser doping process
when used in combination with a-Si:P. If the laser fluence is too low, their
thermal stability led to remnants of the layer at the surface preventing con-
tact formation. Such an effect was already observed by Hameiri et al. [168].
In addition, the thermal stability of the SiN,.:P layers can lead to a burst-off
of parts of the layers before the layer/stack is completely molten, thus reduc-
ing the doping efficiency. This was investigated in Chapter 6, where it was
shown that for laser doping from SiN,.:P the first approx. 30 nm were very
important. If this part of the layer was undoped, the phosphorus dose in the
LBSF decreased by a factor of 3.8 compared to a fully doped SiN, :P layer.
a-Si:P as a Doping layer was able to cushion this effect, but even in that case
a decreased phosphorus dose (factor of 1.7) was observed.

One implication of using composite layers like SiN, :P or SiC,:P for a laser
doping process is the presence of (possibly unwanted) impurities that can be
incorporated into the LBSF. For both nitrogen and carbon (originating from
the respective PassDop layers) very high concentrations above 1 X 102 cm™3
were observed by Secondary Ion Mass Spectrometry (SIMS) in the LBSF after
the laser doping process. Both were found to significantly influence the
results determined by Electrochemical Capacitance-Voltage Profiling (ECV)
meaning that this technique cannot be used to reliably determine the doping
profile. In addition, the crystalline forms f-SiC and f-SisN, were observed
by X-Ray Diffraction in the respective LBSF after laser doping. While for the
presence of carbon in the LBSF, no negative influence was observed (apart
from the influence on ECV), for nitrogen, the nitrogen dose available during
the laser process was found to be important. In addition to the thermal stabil-
ity (see above), the presence of nitrogen during the laser doping process can
lead to the formation of voids [169], which was observed for N-rich stacks
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(fPassDop Gen2). Nitrogen can also be seen as a candidate for crystal defects
in the LBSF. Signs of such defects were determined using X-Ray Diffraction
(XRD), where polycrystalline structures were detected. It should also be con-
sidered that Si; N, crystals in the LBSF could lead to regions in the LBSF with
low conductivity as proposed by Hameiri et al. [168].

In addition to the macroscopic methods to determine the doping profile like
SIMS, microscopic methods were investigated as well. For SIMS a method
(»3D« SIMS) with a very small spot size was used scanning the surface and
thus resulting in information about the doping distribution. With this method,
it was shown that the surface concentration over the LBSF is mostly uniform
and it was the depth of the doping profile that varied. However, for a laser
doping process the edge region where no ablation occurs is the most interest-
ing area and this method was not able to deliver reliable information here due
to the spot size and the overlapping, scanning nature of the method. Alter-
natively, microscopic Raman measurements were investigated as the width
of the Si Raman peak can be correlated to the concentration of free carriers.
However, for n-type doping, the sensitivity is much lower than for p-type
[197]. Therefore two methods using compensated p-type doping were inves-
tigated. In the first method, the PassDop LBSF was exposed to a BBr; furnace
diffusion making use of the »blocking« effect [198]. Here it was shown that
the amount of boron diffused into the LBSF is significantly hindered by the
presence of both phosphorus and nitrogen. However, it was not possible to
distinguish between blocking by phosphorus and nitrogen and thus to deter-
mine the localized dopant distribution. The second method was to perform
the PassDop laser process on a highly doped p-type background, looking for
a compensation of the p-type doping. This method looked more promising,
but due to the lack of more reference samples it was not possible to determine
the localized dopant distribution as well. However, using this method, it was
possible to shown that at the edge of the spot there are areas where the Pass-
Dop layer seems to be damaged, but not properly ablated, while in this area
no significant laser doping seemed to have happened. Thus an indication for
a mismatch of the area where the surface passivation was damaged and the
area where (significant) laser doping occurred was found.

The last property of the LBSF that was investigated is the recombination at
the LBSF. Here two models were compared, the Fischer model [56] and the
pLPA model [58]. While it was found that both yield similar results for S|,
the p;pp model was thought to be superior due to defining two parameters
that characterize the LBSF recombination but do not (p.g) or only weakly
(prpa) depend on the LBSF diameter d.. ... Using the p; pp model, it was found

that the recombination between the SiC and the SiN PassDop layers differs
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significantly directly after the laser process, the SiN PassDop layers show-
ing significantly higher recombination initially. However, annealing of the
LBSF at temperatures > 300 °C significantly reduced the LBSF recombina-
tion leading to a better performance for SiN PassDop. The effect could not be
identified exactly, but it was likely that stress release and mobilized hydrogen
played a major role in the improved recombination. The best performance
was observed if annealed at 425 °C. After applying the anneal an S, in the
range of 250 cm/s (1 Q cm n-type) was determined. This would mean a lo-
cal contribution of approx. 600fA/cm? and a total J, for the rear of around
10-15 fA/cm?.

Finally the PassDop layers that were developed were transferred into solar
cell devices. For fPassDop, it was shown once more at the device level that
a single layer is not feasible, as no realiable contact formation was observed.
Using fPassDop Gen3, solar cells with Ag-Al screen printed front contacts
were fabricated achieving an efficiency of 20.9 % on an area of 148.6 cm?.
The use of a-Si:P as a Doping layer allowed for a low variation in the series
resistance and therefore a high mean FF of 78.4 %. A loss analysis was per-
formed for this cell structure and revealed that the front side was limiting
the cell performance strongly (both in recombination and optics). Thus im-
provements in paste develop and adjustments in the front side emitter and
grid design would be required to significantly improve the cell efficiency for
this approach.

The second route that was pursued at the device level was an approach for
low-temperature metallization. Small area cells with the SiC PassDop Gen2
and SiN PassDop Gen1 layers were presented that could show the potential
of the PassDop approach especially in the case of SiC,, for which the cells
reached an efficiency of 23.5 % with a V. of 699 mV. The single layer SiN
PassDop Gen1 at 22.8 % and a V. of 694 mV was not far behind and the differ-
ence was mostly attributed to differences in the cell processing, resulting in
differences in J,. and only a small portion to the layer performance due to a
higher Jg, o1, the cells were fabricated before the effects of the anneal were
investigated. This was a very good result for SiN PassDop Genl given the
novel nature of the SiN, approach and its simple structure of a single layer.
A loss analysis of the cell using Quokka was performed analyzing especially
the influence of Jy, .. on the recombination properties. With the optimized

Job.met of approx. 600 fA/cm? (as determined in Section 7.2) the contribution
of the rear side to J, was found to be low and a V. in the range of 700 mV
would be the result.
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9 Summary

After successful implementation of this single layer PassDop system based
on SiN,, a transfer to large areas was presented. In a first step, a cell layout
was defined still with evaporated front side seed layers (and subsequent sil-
ver plating). As no base process existed for this kind of cell, a new process
sequence had to be developed and tested. With evaporated contacts, a high
voltage of approx. 690 mV was kept for these first low-temperature PassDop
cells, with the best V. reaching 692 mV and therefore very close to that of
the best small-area cell (694 mV) featuring the same SiN PassDop Genl1 rear
side. Despite the grid adaptions that had to be made due to the bigger cell
area a high J,_ of 40.6 mA/cm? could be kept as well with the FF being de-
termined at 79.3 %. Overall this resulted in a cell efficiency of 22.1 %, which
at the time was a record efficiency at Fraunhofer Institute for Solar Energy
Systems (Fraunhofer ISE) for large area c-Si based solar cells.

Finally solar cells with contacts structured by Laser Contact Opening (LCO)
and plated by nickel and copper were presented as a proof of concept. To
investigate the potential and implications of these technologies, a compari-
son of LCO and Photolithographically defined Contact Opening (PLO) was
performed as well as a comparison of TiPdAg with NiCu metallization. For
the metallization, p, for both Ni and Ti was found to be approx. 0.4 mQ cm?
and therefore only having a minor influence on the series resistance and cell
performance. The copper grid was found to have similar grid resistivities as
the reference silver grid, thus no significant impact on FF was found.
While the cell efficiency for this batch was limited by bulk degradation dur-
ing the fabrication of the cells (resulting in a significant loss in V. and J )
a high FF of 80.1 % and a good plating homogeneity indicated the potential
of the approach. The good FF allowed for a good starting cell efficiency of
21.0 % for the (large area) NiCu-plated PassDop cells and thus even with the
degraded bulk in the range of typical PERC p-type solar cells. Once the pro-
cess degradation will be removed, it should be possible to once again achieve
a V,. in the range of 680 to 690 mV and therefore efficiencies of 22 % or
above, as shown previously.
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10 Deutsche Zusammenfassung

Das Hauptziel dieser Arbeit war es PassDop Schichten fiir hocheffiziente n-Typ
Silizium Solarzellen zu entwickeln und charakterisieren. Wichtig ist hierbei,

dass diese Schichten — abgeschieden mit der PECVD Technik - sowohl eine

gute Oberflachenpassivierung als auch eine gute Dotiereffizienz wérend des

Laserdotierprozesses bieten. Als eine Alternative zu dem originalen PassDop

Ansatz auf Basis von SiC:P (SiC PassDop) wurde ein Ansatz basierend auf
SiN, :P vorgestellt. Dabei wurden sowohl Varianten fiir Niedertemperatur-

metallisierung wie Plating (SiN PassDop) als auch fiir siebgedruckte Kontakte

(feuerstabiles fPassDop) entwickelt. Diese neuen Schichten haben den Vorteil

nur die Mikrowellenquelle zur Erzeugung des Plasmas zu nutzen und daher

mit nicht-stationdren Abscheide Methoden besser kompatibel zu sein. Der

Effekt der neuen Schichten auf die Formierung der lokalen Hochdotierung

(LBSF) wurde detailliert untersucht. Mit den neuen Schichten wurden n-Typ

Silizium Solarzellen hergestellt um ihre Eignung fiir Solarzellen zu testen und

analysieren.

Kurz zusammengefasst sind die wesentlichen Ergebnisse dieser Arbeit:

1. SiN_:P kann als Alternative zu SiC,:P fiir voll funktionale PassDop
Schichten verwendet werden

a) Eine Einzelschicht wurde nur als machbar bestimmt, wenn keine
feuerstabile Passivierung benétigt wird
b) a-Si:P kann als exzellente Dotierschicht verwendet werden, z.B.
in SiN_:P/a-Si:P Schichtstapeln
¢) SiN PassDop Gen2 (stabil bis 450°C): .Sp,,¢ von 2cm/s (1Qcm
n-Typ) und Rg; .. von 25 Q/sq.
d) fPassDop Gen3: S, von 6-8 cm/s (1 cm n-Typ) nach Feuern
(700-850°C) und Ry}t Von 20 Q/sq.
2. Der Stickstoff in den Schichten hat einen signifikanten Einfluss auf den
Laserdotierprozess. Mehr Stickstoff bedeutet:

a) Reduzierte Dotiereffizienz auf Grund der thermischen Stabilitat
der Schichten.
b) Unvollstandige Ablatierung.
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c) Rickstande auf der Oberflaiche konnen negativen Einfluss auf die
Kontakteigenschaften haben.

3. Jedes Element das in den Schichten oder wéhrend des Laserprozesses
verfiigbar ist kann in das LBSF eingebaut werden.

4. Thermische Behandlung bei 425 °C ist essenziell fiir geringe Rekombi-
nation ams LBSF. Jg, .. nach Tempern: ca. 600 fA/cm?.

5. Herstellung von fPassDop Solarzellen mit Siebdruckkontakten mit ei-
ner Effizienz von bis zu 20.9 % auf grofler Flache.

6. Erreichen von einer exzellenten Zelleffizienz von 23.5 % auf kleiner
Flache mit aufgedampften Kontakten.

7. Erreichen von 22.1 % Zelleffizienz mit aufgedampften Kontakten und
21 % mit galvanisch aufgebrachten Kontakten auf grofier Flache.

Im Folgenden sind die Resultate detaillierter ausgefiihrt:

Die Basis fiir die PassDop Entwicklung wurde bereits von Suwito und Jager
aufgestellt [19, 182]. In einem ersten Schritt wurde der urspriingliche SiC
PassDop Schichtstapel weiterentwickelt. Das Ziel dieser Entwicklung war
eine verbesserte Temperaturstabilitat. Dies wurde erreicht indem eine sto-
chiometrische Capping Schicht eingefiihrt wurde deren Funktion es ist die
Ausdiffusion von Wasserstoff zu verhindern oder verlangsamen, wenn der
Schichtstapel getempert wird. Mit dieser Capping Schicht konnte fir SiC
PassDop Gen2 ein S, von 1 cm/s nach einer Temperaturbehandlung von ei-
ner Stunde bei 400 °C bestimmt werden. Durch Anpassungen in der Schicht-
dicke der Passivierschicht wurde zudem Rg; .. auf 13 €/sq reduziert.

Basierend auf SiN,:P wurde eine Alternative zu SiC,:P entwickelt. Der Fo-
kus dieser Entwicklung war auf einer Niedertemperaturmetallisierung wie
Nickelgalvanik. Es konnte gezeigt werden, das eine Einzelschicht (SiN Pass-
Dop Genl) in diesem Fall moéglich ist und in einem Rgp,..; von ca. 33 Q/sq
sowie einem .S, von ca. 2 cm/s resultiert. Diese Passivierung benétigt kei-
nen Temperschritt zur Aktivierung aber ist bei 425 °C stabil, wie es tiblicher-
weise fiir Al,O; verwendet wird. Nachdem der Prozess fiir die Einzelschicht
etabliert war wurden Schichtstapel basierend auf SiN :P als Passivierschicht
und a-Si:P als Dotierschicht untersucht. Fiir diese zweite Generation von SiN
PassDop wurde festgestellt, dass die Verwendung von a-Si:P als Dotierschicht
zu einer Verbesserung der Dotiereffizienz fithrt und weniger anfillig gegen-

uber Prozessfluktuationen ist.

Der dritte Ansatz der verfolgt wurde hatte den Fokus auf siebgedruckten
Kontakten (auf der Vorderseite). Daher war eine Oberflachenpassivierung
Voraussetzung die einen Feuerschritt tibersteht. Das war weder fiir SiC Pass-
Dop noch fiir SiN PassDop der Fall. Daher wurde eine modifizierte SiN, :P
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Schicht, fPassDop, entwickelt, die nach einem Feuerschritt eine gute Ober-
flachenpassivierung bereitstellt. Fiir fPassDop zeigte sich, dass eine Einzel-
schicht nicht einfach realisierbar ist, da entweder Kompromisse bei der Ober-
flachenpassivierung oder bei der Dotiereffizienz eingegangen werden miiss-
ten. Stattdessen wurden Schichtstapel aus zwei Schichten als Alternative de-
taillierter untersucht. Bei diesen Schichtstapeln wurde die Kombination von
stickstoffreichem SiN, :P mit a-Si:P als beste Variante befunden. Mit diesem
fPassDop Gen3 Stapel konnte ein S, von 6-8 cm/s nach Feuern bei einer
Temperatur von 700-850 °C erreicht werden. Gleichzeitig bewirkt die a-Si:P
Schicht ein niedriges Rg..; von 25 €/sq. Die anderen beiden untersuchten
Varianten (Si-reiches SiN :P + N-reiches SiN,:P sowie N-reiches SiN,:P +
Si-reiches SiN, :P) konnten entweder keine entsprechende Oberflichenpas-
sivierung bewirken oder waren nicht voll kompatibel mit dem Laserdotier-
prozess. Durch die Verwendung von a-Si:P als Dotierschicht konnte sowohl
fiir SIN PassDop als auch fiir fPassDop eine weitgehende Entkopplung der
Oberflachenpassivierung von der Dotiereffizienz erreicht werden.

Zwar kann SiN, mit Phosphor dotiert werden, allerdings wurde festgestellt,
dass die Materialeigenschaften signifikanten Einfluss auf den Laserdotierpro-
zess haben. Insbesondere die thermische Stabilitdt war problematisch, wel-
che mit steigendem N Inhalt stirker wurde. Auf Grund dieser thermischen
Stabilitdt der SiN,, Schichten funktionierte der Laserdotierprozess am Besten
mit Si-reichen Schichten (n > 2.45). N-reiche Schichten (n < 2.2) konnten
nur dann sehr gute Ergebnisse erzielen, wenn sie in Kombination mit a-Si:P
verwendet wurden. War die Laserfluenz niedrig, so fithrte der Laserprozess
zu Uberresten der Schicht an der Oberfliche, welche die Kontaktflache po-
tentiell verringerten. Solch ein Effekt wurde auch schon von Hameiri et al
diskutiert [168]. Zudem kann die thermische Stabilitdt der SiN, :P Schichten
dazu fithren, dass Teile der Schichten nicht aufgeschmolzen werden, sondern
unter dem Druck der Schmelze abplatzen. Diese Teile konnen folglich nicht
mehr zum Laserdotierprozess beitragen. Dies wurde in Kapitel 6 untersucht.
Es konnte gezeigt werden, dass fiir Laserdotieren aus SiN, :P Schichten die
ersten ~ 30 nm sehr wichtig sind. Waren diese nicht dotiert, so war eine Ver-
ringerung der Phosphordosis im LBSF um einen Faktor von 3.8 im Vergleich
zu einer voll dotierten Schicht die Folge. Mit a-Si:P als Dotierschicht war die-
ser Effekt weniger stark ausgepragt, allerdings wurde auch in diesem Fall
eine Verringerung der Dosis um einen Faktor 1.7 festgestellt.

Eine Konsequenz von zusammengesetzten Schichten wie SiN, :P oder SiC, :P
in einem Laserdotierprozess ist, dass Elemente und Verunreinigungen, die
sich in der Schicht befinden ins LBSF eingebracht werden konnen. Sowohl
fur Stickstoff als auch fiir Kohlenstoff (aus den jeweiligen Schichten) wurden
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sehr hohe Konzentrationen (iiber 1 x 10%° cm™?) mit SIMS im LBSF nach dem
Laserprozess gemessen. Fiir beide wurde ein signifikanter Einfluss auf die
ECV Messung festgestellt, was bedeutet, dass diese Methode nicht geeignet
ist um das Dotierprfil fiir Laserdotieren aus diesen Schichten zuverlissig zu
bestimmen. Weiterhin wurde mittels XRD ermittelt, dass die jeweiligen LBSF
auch die kristallinen Formen #-SiC und f-Si;N, enthalten. Wahrend fiir Koh-
lenstoff — abgesehen von dem Einfluss auf die ECV Messung — kein negativer
Einfluss festgestellt wurde, war Stickstoff im LBSF wesentlich kritischer. Hier
spielte die Menge an Stickstoff die wéhrend dem Laserdotierprozess verfiig-
bar war eine wichtige Rolle. Zusétzlich zur oben angemerkten thermischen
Stabilitat fuhrte das dazu, dass Hohlraume am Rande des LBSF entstehen
konnen [169], wie es auch fiir stickstoffreiche Schichtstapel (fPassDop Genz2)
beobachtet wurde. Auch kann Stickstoff als ein Kandidat fiir Kristalldefekte
gesehen werden. Ein Hinweis auf solche wurde mittels XRD gefunden, wo
polykristalline Strukturen im LBSF detektiert wurde. Durch die Si;N, Kris-
talle, die ebenfalls mittels XRD detektiert wurden konnten zudem Bereiche
im LBSF vorhanden sein, die eine niedriegere Leitfdhigkeit aufweisen, ein
Effekt der bereits von Hameiri et al. vorgeschlagen wurde [168].

Nicht nur makroskopische (wie SIMS), sondern auch mikroskopische Metho-
den zur Bestimmung des Dotierprofils wurden untersucht. Eine Variante von
SIMS, hier genannt »3D« SIMS, mit kleinem Messdurchmesser wurde ver-
wendet um in einem Rasterverfahren die Oberfliche abzutasten und somit
Informationen iiber die Verteilung des Dotierstoffs zu erlangen. Mittels die-
ser Methode konnte gezeigt werden, dass die Oberflichenkonzentration iiber
das LBSF grof3tenteils konstant ist und, dass hauptsachlich die Tiefe der Pro-
file lokal variiert. Allerdings konnte mit dieser Methode keine Information
iiber Fehlstellen in der Dotierung oder die Randbereiche gewonnen werden,
da die Grofle der einzelnen Messbereiche sowie deren Uberlapp diese Infor-
mation verschmieren. Als Alternative wurden mikroskopische Raman Mes-
sungen durchgefiihrt. Bei dieser Messmethode kann fiir Silizium die Breite
des Raman peaks mit der Konzentrationen freier Ladungstréger korreliert
werden. Allerdings ist fiir n Dotierung die Sensitivitat deutlich geringer als
fur p-Typ [197], weshalb die Methode bei den gegebenen Konzentrationen
nicht direkt angewendet werden kann. Stattdessen wurden zwei Methoden
getestet bei denen eine kompensierte p-Typ Dotierung untersucht wurde. Bei
der ersten Methode wurde das PassDop LBSF nach dem Laserprozess einer
Bordiffusion ausgesetzt. Das Ziel war es zu untersuchen, ob es durch den
Phosphor des LBSF zu einem Blockiereffekt kommt, der die Bordiffusion ver-
langsamt oder stoppt [198]. Hier konnte gezeigt werden, dass das fiir das
PassDop LBSF definitiv der Fall war, wobei allerdings Referenzproben fiir
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Phosphor und Stickstoff zeigten, dass beide Elemente die Bordiffusion signi-
fikant hemmen. Es war nicht mdoglich fiir die SiN_:P Schichten zwischen den
Blockiereffekten der beiden Elementen zu unterscheiden und daher kann die
Methode nicht verwendet werden um ein lokales Phosphorprofil zu extrahie-
ren. Die zweite Methode wendete den PassDop Laserprozess auf eine Bordo-
tierung an, welche zuvor mittels Bortiefdiffusion erzeugt wurde. Wieder war
es das Ziel eine Kompensation der Bordotierung zu bestimmen. Diese Metho-
de brachte vielversprechende Resultate hervor, allerdings war es auf Grund
fehlender Referenzproben und -messungen auch hier nicht méglich die lo-
kalisierte Phosphor zu extrahieren. Allerdings konnten durch diese Methode
einige Bereiche am Rande der Laserpunkte aufgedeckt werden, bei welchen
die Passivierschicht beschadigt, aber nicht vollstandig ablatiert wurde. Nach
diesen Messungen scheint in diesen Bereichen keine signifikante Laserdotie-
rung erfolgt zu sein, was zu der Erkenntnis fithrte, dass der (in Bezug auf die
Oberflachenpassivierung) geschadigte Bereich und der dotierte Bereich nicht
tibereinstimmen.

Die letzte Eigenschaft des LBSF, die untersucht wurde ist die Rekombina-
tion an demselben. Hier wurden zwei Modelle verglichen, das Modell nach
der Theorie von Fischer [56] und das pLPA Modell [58]. Beide Modelle erga-
ben dhnliche Resultate fiir .S, allerdings hatte das p; p, Modell den Vorteil,
dass es zwei Parameter definiert, die die LBSF Rekombination charakteri-
sieren, aber nicht (p.g) oder nur schwach (p;ps) vom Durchmesser der La-
serpunkte d,.,, abhidngen. Durch Anwendung des p;py Modells auf SiC und
SiN PassDop Proben konnte gezeigt werden, dass die Rekombination fiir SiN

PassDop am LBSF direkt nach dem Laserprozess signifikant héher ist (Jgp, et

im Bereich von 10000 fA/cm?). Allerdings profitiert SiN PassDop stark da-
von, wenn die Proben bei Temperaturen > 300°C getempert werden, was
zu einer signifikanten Verringerung der Rekombination am LBSF fiihrte. Der
genaue Effekt konnte nicht bestimmt werden, aber es wurde vermutet, dass
der Abbau von Spannungen im Kristall sowie Diffusion von Wasserstoff eine
wichtige Rolle spielen. Der Effekt war am stérksten, wenn bei einer Tempera-
tur von 425 °C getempert wurde. Nach diesem Temperschritt wurde ein S, .
im Bereich von 250 cm/s (1 Q cm n-Typ) bestimmt. Das wiirde einen lokalen
Beitrag von Jy, ;¢ von ca. 600 fA/cm? und einen Beitrag fiir die komplette

Riickseite von 10-15 fA/cm? bedeuten.

Abschlielend wurden die entwickelten PassDop Schichten auf der Riicksei-
te von n-Typ Solarzellen getestet. Fiir fPassDop wurde auch auf dieser Ebe-
ne noch ein Test mit einer Einzelschicht durchgefiihrt, allerdings wurde ge-
zeigt, dass es nicht zu einer zuverldssigen Kontaktausbildung kommt. Bei
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den Schichtstapeln konnten mit fPassDop Gen3 Solarzellen hergestellt wer-
den, welche siebgedruckte Ag-Al Kontakte auf der Vorderseite verwendeten
und eine Zelleffizienz von 20.9 % auf einer Fliche von 148.6 cm? erreichten.
Die Verwendung von a-Si:P als Dotierschicht erlaubte hier eine Kontaktaus-
bildung mit geringer Variation, was in einem mittleren Fiillfaktor von 78.4 %
resultierte. Fiir diese Zellen wurde eine Verlustanalyse durchgefiihrt, deren
Ergebnis es war, dass die Vorderseite die Zellperformance sowohl in Bezug
auf die Optik als auch Rekombination weitgehend limitiert. Fiir eine signi-
fikante Verbesserung waren daher weiterentwickelte Pasten, sowie ein an-
gepasstes Grid und ein angepasster Emitter notwendig, sollte dieser Ansatz
weiterverfolgt werden.

Die zweite Route, die verfolgt wurde hatte den Fokus auf Niedertemperatur-
metallisierung wie galvanisch aufgebrachter Kontakte. Hier wurden sowohl
fiir SiC PassDop Gen2 als auch SiN PassDop Gen1 Solarzellen auf kleiner Fla-
che hergestellt um das Potential des PassDop Ansatzes auszutesten. Insbe-
sondere fiir SiC PassDop konnten hier exzellente Ergebnisse erzielt werden,
mit einem erreichten Wirkungsgrad von 23.5 % bei einem V. von 699 mV.
Die Einzelschicht SiN PassDop Genl war mit 22.8 % Wirkungsgrad sowie ei-
nem V. von 694 mV nicht weit zuriick. Hierbei konnte gezeigt werden, dass
die Unterschiede hauptsiachlich auf Unterschiede in der Zellprozessierung,
die sich auf die Kurzschlussstromdichte auswirkten, zuriickzufithren waren.
Allerdings kam ein geringer Unterschied von etwa 0.1 % im Wirkungsgrad
im Falle von SiN PassDop Genl durch eine hohere Rekombination am LBSF
zustande. Dies war darauf zuriickzufithren, dass die Zellen fertiggestellt wur-
den bevor der Einfluss des Temperschritts auf die Rekombination am LBSF
bekannt war. Vor dem Hintergrund, dass es sich bei SiN PassDop um einen
neuen Ansatz handelte und, dass die Struktur mit einer einzelnen Schicht
wesentlich einfacher ist als bei SiC PassDop, sind diese Ergebnisse sehr gut.
Auch fiir diese Zellstruktur wurden Simulationen sowie eine Verlustanalyse
durchgefiihrt. Hier stand insbesondere der Einfluss der LBSF Rekombination
in Form von J, .y im Vordergrund. Mit einem optimierten J, ;.. von etwa

600 fA/cm? (wie zuvor in Kapitel 7 bestimmt) wire der Beitrag der Riickseite
sehr klein gewesen und V. im Bereich von 700 mV.

Nachdem SiN PassDop erfolgreich in Solarzellen getestet wurde wurde ein
Transfer auf grofle Flichen angestrebt. Zuniachst wurde eine Zellstruktur
definiert, welche weiterhin aufgedampfte Saatschichten verwendete. Zwar
konnte auf dem vorhandenen Zellprozess aufgebaut werden, allerdings muss-
ten die Prozessequenz sowie einige Prozesse angepasst und getestet werden.
Mit dieser neuen Zellstruktur wurden hohe Offenklemmspannungen im Be-
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reich von 690 mV erzielt, wobei die Solarzelle mit der besten Offenklemm-
spannung von 692 mV sehr nahe an den zuvor hergestellten Solarzellen auf
kleiner Flache war (V,. von 694 mV). Trotz der notwendigen Anpassungen
im Grid konnte zudem eine hohe Kurzschlussstromdichte von 40.6 mA/cm?
sowie ein hoher Fiillfaktor von 79.3 % erreicht werden. Das fithrte zu einem
Zellwirkungsgrad von 22.1 %, was zu dem Zeitpunkt ein Rekord am Fraun-
hofer ISE fiir groBflachige, kristalline Siliziumsolarzellen war.

Abschlieflend wurden dhnliche Solarzellen hergestellt, wobei die Vordersei-
tenoffnung hier mittels Laser durchgefithrt wurde. Die Metallisierung der
Vorderseite erfolgte durch Galvanik von Nickel und Kupfer. Um das Potential
sowie die Implikationen dieser Technologie im Vergleich zu den bisher ver-
wendeten Technologien abschitzen zu kénnen wurde ein Vergleichstest auf
Solarzellen durchgefiihrt. Hier konnte gezeigt werden, dass der Kontaktiiber-
gangswiderstand fiir Nickel und Titan auf Boremitter bei jeweils 0.4 mQ cm?
liegt. Das Kupfergrid zeigte dhnliche Leitfahigkeit wie ein entsprechendes
Silbergrid und auch bei der Laser6ffnung konnte keine erhéhte Rekombinati-
on gegeniiber photolithographisch ge6fineten Kontakten festgestellt werden.
Wenngleich der Wirkungsgrad der Solarzellen in diesem Fall durch eine De-
gradation des Siliziums im Prozess limitiert wurde, was sich in einem signifi-
kanten Verlust in V. und J . wiederspiegelte, deuteten ein hoher Fillfaktor
von 80.1 % und eine gute Homogenitét der geplateten Kontakte das Potenti-
al dieses Ansatzes an. Der gute Fiillfaktor fithrte dazu, dass die initiale Effi-
zienz dieser neuen Solarzellenstruktur mit galvanischen Ni-/Cu-Kontakten
immerhin noch bei 21.0 % lag und damit auf einem Level zu typischen PERC
p-Typ Solarzellen. Sobald diese Degradation im Prozess entfernt wurde sollte
es moglich sein mit diesen Solarzellen ein V. im Bereich von 680 bis 690 mV
zu erreichen, was zu Wirkungsgraden von 22 % und hoher fithren wird.
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11 Outlook

While significant progress in the development of PassDop layers and PassDop
cells was made, it is an ongoing process. Therefore there are some aspects
with respect to PassDop layers and cells that should be implemented in the
future or possibly even were at the time of this writing. Most of these aspects
were inspired by this work.

In chapter 6 it was shown that a-Si:P can be used as an excellent Doping layer
in combination with SiN,.:P Passivation layers. However using such a layer
can have a negative side effect as well due to the conductivity of a-Si:P. This
was observed on Ni-plated solar cells where the conductivity of the a-Si:P led
to shunts at the wafer edge, as this layer is deposited both on the rear and on
the edge. This was solved by adding a touch of nitrogen to the layer (thus a
very Si-rich SiN, :P layer). Enough to reduce the conductivity to a minimum,
but not too much to reduce the doping efficiency.

For fPassDop, the use of the a-Si:P Doping layer led to such a significant
improvement in the doping efficiency that experiments with contacting the
LBSF using screen printing became feasible. It was shown that with silver
pastes a specific contact resistivity in the range of 1 Qcm? can be achieved
[154]. While it was not yet possible to demonstrate this at the device level,
it would be interesting to show that fPassDop cells can be fabricated making
the use of screen printed contacts both on the front and on the rear.

In chapter 7 it was shown that annealing of the LBSF results in significantly
reduced recombination at the LBSF. At the device level, it was not possible at
the time to show this, but the cell simulations shown in chapter 8 indicated
that in such a case a significant improvement in V. could be achieved, espe-
cially in combination with a selective emitter. To prove this and to further
evaluate the potential of the SiN PassDop Gen2 approach, such solar cells are
currently in the making, featuring a selective emitter and improved front side
optics.

In chapter 8, solar cells were presented that featured LCO and NiCu plated
contacts. Due to bulk degradation, these solar cells were not able to achieve
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the same performance as the reference batch. The source of this bulk degra-
dation was found and prevented, which allowed for a significantly improved
performance allowing LCO/NiCu to close this gap and leading to a new record
cell efficiency of 22.2 % (calibrated measurement by Fraunhofer ISE CalLab)
for large area silicon solar cells at Fraunhofer ISE.

The ultimative objective is not to fabricate »only« solar cells, but solar cell
modules. Therefore the rear side has to be compatible with module tech-
nology and all of the layers have to show good adhesion after soldering.
Here, some approaches are being investigated to contact the rear side alu-
minum [221] yielding promising results. However, due to low adhesion, the
MgF, layer should not be used when fabricating modules. As an alterna-
tive, SiO, would be desirable and with this layer the adhesion was found to
be good. However, it was shown by Suwito [143] that SiO, is not compati-
ble with the laser doping process due to its thermal stability and elasticity.
As a workaround, experiments are ongoing to determine if the remnants of
the SiO, can be removed using lowly concentrated HF without removing
the complete layer. While there are promising results it is not clear if a sta-
ble process can be found. Still, good FF above 80 % were already observed
when using SiO, as an Optical layer on the rear. Solar cells for module tests
featuring this approach are currently in the making.
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Glossary

Notion Description

4pp 4-point probes

AC Alternating Current

accumulation Surface state in which the majority carriers
are »accumulated« at the surface resulting in
a depletion of the minority carriers

ALD Atomic Layer Deposition

AM1.5 Solar spectrum with air mass 1.5, thus an in-
cident angle of 48°

ARC Anti-Reflective Coating

BB Bus Bar

BSF Back-Surface-Field

CalLab Institution at Fraunhofer ISE for calibrated
JV and SR measurements

COCOS Corona Oxide Characterization Of Semicon-
ductor

(4 Capacitance-Voltage measurement, e.g. of a
pn-junction

CVD Chemical Vapour Deposition

Cw Continuous Wave

Cz Czochralski-grown material

dangling bonds Unsaturized bonds that can be responsible for
increased recombination

DARC Double Layer Anti-Reflective Coating

DLIT Dark Lock-In Thermography

ECV Electrochemical Capacitance-Voltage Profil-
ing

EDNA Freeware 1D emitter model for silicon solar

cells
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Glossary

Notion Description

EDX Energy-Dispersive X-Ray spectroscopy

EQE External Quantum Efficiency

FCA Free-Carrier Absorption

FELA Free Energy Loss Analysis

FFO Fast Firing Oven

FGA Forming Gas Anneal

Fraunhofer ISE Fraunhofer Institute for Solar Energy Systems

FT-IR Fourier-Transformed Infrared Spectroscopy

FZ Floatzone

Hall Hall Measurement

HF Hydrofluoric Acid

HIT Hetero junction solar cell featuring an thin in-
trinsic passivation layer

HNO; Nitric Acid

IBC Interdigitated Back-Contact

inversion Surface state in which the majority carriers
are »depleted« from the surface resulting in
a doping inversion

IQE Internal Quantum Efficiency

JV Current-Voltage measurement of the solar cell

LBSF Local Back Surface Field

LCO Laser Contact Opening

LEXT Laser Excitation Microscope

LFC Laser Fired Contacts

LID Light Induced Degradation

LPA Locally Processed Area

Micro-PL Microscopic Photoluminescence

Micro-Raman Microscopic Raman

modPL modulated Photoluminescence

mpp Maximum Power Point

MW Microwave

nPERT n-type PERT

NREL National Renewable Energy Laboratory

oC Open Circuit
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Glossary

Notion Description

PECVD Plasma-Enhanced Chemical Vapor Deposition

PERC Passivated Emitter and Rear Cell

PERL Passivated Emitter and Rear Locally Diffused

PERT Passivated Emitter and Rear Totally Diffused

PL Photoluminescence

PLO Photolithographically defined Contact Open-
ing

pLPA Model describing the recombination at a “Lo-
cally Processed Area”

pn Interfacing areas with opposite doping

PV Lighthouse See https://pvlighthouse.com.au/

PVD Physical Vapour Deposition

QE Quantom Efficiency

QSSPC Quasi-Steady-State Photoconductance

Quokka 3D solar device simulator based on the con-
ductive boundary approach

Raman Raman Spectroscopy

RCA Standard cleaning sequence as defined by the
Radio Corporation of America

RF Radio Frequency

Rg-Imaging Rq imaging based on multiple images taken by
photoluminescence

SARC Single Layer Anti-Reflective Coating

Schottky A Schottky diode describes the interface of
a semiconductor and a metal with non-
matching work function resulting in a deple-
tion of the majority carriers and therefore in a
diode behavior.

SEM Scanning Electron Microscope

Sentaurus Device Semiconductor simulation program [222]

SIMS Secondary Ion Mass Spectrometry

SR Spectral Response measurement to determine
the External Quantum Efficiency (EQE)

SRH Shockley-Read-Hall

SRP Spreading Resistance Profiling
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Glossary

Notion Description

Suns-V,, SunsVoc measurement

TLM Transfer-Length Measurement

TOPCon Tunnel Oxide Passivated Contact, a concept
for full area selective contacts

XRD X-Ray Diffraction
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Symbols

Symbol Unit

Description

sz

cm?/s

Area of the measurement spot

Implicit parameter for the surface recombina-
tion model

Area of Locally Processed Area (LPA)
Area of the passivated surface

Coeflicient for the radiative recombination for
low dopant concentrations

Coefficient for the radiative recombination

Rel coeflicient of the radiative recombination
to account for coulomb screening

Capacitance

Coefficient for the Auger recombination
Coefficient for the Auger recombination
Diffusivty

Difference of the electron (ECV) and phospho-
rous concentration (SIMS)

Diameter of the laser spot
Excess generation rate
Difference of FF-PFF xRg
Surface defect density

Excess carrier density

Excess carrier density

Excess conductivity

Energy of the conductance band
Energy level of a trap/defect
Fermi energy

Quasi Fermi energy for the conductance band
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Symbols

Symbol Unit

Description

f met

f met,FS
f met,RS
GO
8ech

8ehh
JOZ
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eV
eV
eV

eV

%
%
%
—3 —1

cm ~ S

Acm

Acm™

Acm™

fA cm™
fA cm™
fA/cm?

fA/cm?

fA cm™
fA/cm?

fA/cm?

fA cm™

Acm™

mA/cm?

Quasi Fermi energy for the valence band
Width of the bandgap

Photon energy

Relative permittivity

Efficiency

Energy of the valence band

Fill factor of the solar cell

The theoretical maximum of FF as deter-
mined by Green et al.

Fraction of the contacted area

Fraction of the contacted area on the front
Fraction of the contacted area on the rear
Generation rate at thermal equilibrium
Auger coulomb enhancement factor
Auger coulomb enhancement factor

Reverse/dark saturation current density of the
second diode with n=2

Short-circuit current density
Terminal current density of the device
Saturation current density

Base saturation current density

Saturation current density contribution of the
emitter contacts

Saturation current density contribution of the
passivated rear side surface

Emitter saturation current density

Saturation current density contribution of the
rear side contacts

Saturation current desity contribution of the
passivated emitter

Surface saturation current density

Effective recombination current for the rear
side

The generated photo-current excluding metal
shading



Symbols

Symbol Unit Description

Jine Acm™ Incident illumination current density

JLPA Acm™ Recombination current at the LPA

I mpp Acm™ Current Density at MPP

s Acm™ Recombination current at the passivated sur-
face

k Extinction coeflicient

k Segregation coefficient

L cm (Minority Carrier) Diffusion length

L m Diffusion length for electrons

L, m Diffusion length for holes

n Ideality factor to account for injection depen-
dent effects

n cm™ Electron concentration

n Refractive index

n, cm™> Electron concentration at thermal Equilib-
rium

ny cm ™3 electron concentration of the Shockley-Read-
Hall (SRH) model

N, cm™ Conduction band state density

Np cm™> Donor concentration

Ngey  cm™ Electron concentration determined by ECV

Heg cm™> Effective carrier concentration

N off cm™> Intrinsic carrier concentration

Nipy  cm™> Density of the LPA

n1pA cm™> Average excess carrier density at the LPA

Ppass cm™> Average excess carrier density at passivated
surface

Nopeak cm™> Maximum concentration of a doping profile

A cm ™2 Surface recombination density for electrons

Ngys — cm™ Phosphorous concentration determined by
SIMS

N, cm™ Defect density

Vih cm/s Thermal velocity for charge carriers

N, cm™> Valence band state density
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Symbols

Symbol Unit

Description

g

S

Po
P
Dq
Defr

PFF

P,

mc

Prpa

mpp

Ps
O¢

RAuger
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pm
W cm™
Pa

cm’/s

J/cm?
W cm™

cm3/s

Wcem™

Qcm?

scm

cm_3 s_1

cm_3 s_1

cm_3 s_1

cm_2 s_1

Minimum width of the gaussian laser beam
Terminal output power density of the device
Pressure during the deposition

Hole concentration

Hole concentration at thermal Equilibrium
hole concentration of the SRH model

Laser pulse distance

Recombination parameter for the “Laser Pro-
cessed Area” Model for the complete pro-
cessed area

Pseudo fill factor of the solar cell
Laser fluence
Incident illumination power density

Point recombination for the “Laser Processed
Area” Model

Terminal output power density of the device
at maximum power point

Surface recombination density for holes
Fixed charge density

Recombination rate at thermal equilibrium
Auger recombination rate

Base resistivity

Specific contact resistivity

Radius of the laser spot

Diffusion resistance

Normalized diffusion resistance

Auger recombination rate for the electron-
electron-hole process

Auger recombination rate for the electron-
hole-hole process

Parallel resistance
Radiative recombination rate
Series resistance

Surface recombination rate



Symbols

Symbol Unit

Description

RSheet

Rspr

Rsrp
S

(o3
Sl

S,

S

cont

Seff

(03

Q

n

Q

p

%)

met

S

met,max

S

met,min

S

n

A

S

pass

SPeff
SPrpA

Srcont

ST qiff

met

Th

Teff

Q

m—l

cm_3 s_1
cms!

%
-1

cms
cms

cms
cms
Q lem™!

Sheet resistance

Spreading resistance

SRH recombination rate
Surface recombination velocity
Overlap of the laser spots

Surface recombination velocity of the first
surface

Surface recombination velocity of the second
surface

Contact recombination velocity
Effective surface recombination velocity
Conductivity

Cross-section for electrons
Cross-section for holes

Recombination velocity at the contact inter-
face

Recombination velocity at the contact inter-
face

Recombination velocity at the contact inter-
face

Electron surface recombination velocity
Hole surface recombination velocity

Recombination velocity at the passivated sur-
face

Uncertainty of p g

Uncertainty of p;pa

Uncertainty of r_.
Uncertainty of r ;g
Uncertainty of Smet
Temperature

Time

Minority carrier lifetime
Bulk lifetime

Effective minority carrier lifetime
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Symbol Unit

Description

Tintr

S

pm

Minority carrier lifetime including Auger and
radiative recombination

Electron lifetime in SRH trap
Hole lifetime in SRH trap
Surface lifetime

Effective SRH lifetime

Set deposition temperature
Maximum process temperature
Excess recombination rate
Terminal voltage of the device
Flat-Band voltage

Voltage at MPP

Open-circuit voltage
Normalized voltage V,_./Ut
Wafer thickness

Quotient of the electron (ECV) and phospho-
rous concentration (SIMS)

Depth of the edge of the space charge region

Pathlength enhancement. Effective optical
“thickness”

Depth factor for a Gaussian profile




Constants

Symbol Value

Description

2718 ...
8.85x 10712 AsV - Im!
11.68

8.617x 107 eVK™!
3.3x 107 ¢cm™3

7.0% 107 cm™3

1.6x 10719 C
25.7mV@298 K

Base of the natural logarithm
Vacuum Permittivity
Relative permittivity of silicon

Boltzmann constant

Elementary charge
Thermal Voltage
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Passivated emitter and rear locally diffused silicon solar cells have proven to offer a high efficiency
potential, but there were doubts about the industrial feasibility due to the complex structuring
being required for device fabrication. The PassDop concept introduced an approach that allowed
reducing the number of process steps significantly by using doped passivation layers in combina-
tion with a laser process.

The first topic of this work is focused on the development and characterization of the multi-
functional layers that form a central part of this concept. Here new layers based on a-SiNx:P are
introduced. It is shown that layers for both low temperature device fabrication as well as firing
stable layers (for screen printed contacts) are viable.

The next part aims for an improved understanding of the properties and implications of the local
laser processing. The laser spots are analyzed with focus on doping profiles, impurities as well as
minority carrier recombination.

Finally the transfer of the concept to the device level is described demonstrating that with this
industrially feasible approach high efficiency solar cells can be fabricated achieving efficiencies up
10 23.5%.
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