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Abstract — Layers of hydrogenated aluminum nitride have
proven excellent passivation properties on lowly doped silicon.
Effective surface recombination velocities below 8 cm/s have been
reached due to a very low interface defect density. In this work,
the passivation of highly doped silicon is studied by measuring the
emitter saturation current of boron as well as phosphorous
emitters. It is shown that hydrogenation is a prerequisite for
reaching effective passivation. Emitter saturation current
densities of around 100 fA/cm’ are presented for highly doped p*-
type and n'-type silicon allowing maximal open circuit voltages of
~680 mV for silicon solar cells.
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1. INTRODUCTION

One of the key approaches to reach higher efficiencies in
silicon photovoltaics is the reduction of recombination losses
[1]. As the trend of using thinner silicon wafers is expected to
persist, recombination at the surface of the wafers will be even
more important in the future.

Hydrogenated aluminum nitride layers have been shown to
provide excellent surface passivation on lowly doped p-type
silicon. Effective surface recombination velocities of 8 cm/s
have been reported for 1 Qcm p-type FZ silicon wafers [2].
The underlying mechanism of this high level of surface
passivation is related to a very low interface defect density in
the range of 5x10'°eV'cm™ in combination with a fixed
negative charge density of 1x10" em™ [2].

For some cell concepts highly doped n'-type and p'-type
surfaces exist on the same side of the silicon wafer. This is for
example the case in back-contact back-junction solar cells [3].
Dielectric layers which can effectively passivate both types of
surfaces are needed in these concepts.

a-SiN,:H has proven good passivation for n* surfaces and is
the standard passivation layer of phosphorous emitters.
Nevertheless only poor passivation was reached for p* surfaces
due to positive fixed charges in the film [4, 5]. For these p"
surfaces excellent surface passivation was achieved using
AL O; [6-8]. Hoex showed that AlL,O; grown by plasma-
assisted ALD and capped with SiN,:H can also satisfactorily
passivate n' surfaces [9].

Due to the very low interface defect density, AIN:H is an
appealing alternative material for the passivation of p" and n"
surfaces. It has furthermore very interesting optical properties
as the refractive index and the extinction coefficient are very
similar to SiN,:H [2, 10]. Using Al,O; as a passivation layer

on the front of a solar cell, a capping layer of 75 nm of SiN,:H
is needed to ensure good anti-reflective properties. In contrast
to this dual layer stack, AIN:H can be used as a combined
passivation layer and anti-reflective coating on the front of
silicon solar cells.

II. EXPERIMENTAL

Symmetrical lifetime test structures (n'pn” and p'np") were
fabricated on FZ wafers (1 Qcm, shiny etched, thickness
250 um) to investigate the passivation of sputtered AIN:H on
three different emitters. The characteristics of the emitters are
summed up in Table 1.

TABLE 1
PROPERTIES OF THE PASSIVATED EMITTERS
P75 P120 B70
Doping Phosphorus | Phosphorous Boron
Sheet resistance| 75 Q/sq. 120 Q/sq. 70 Q/sq.
Surface doping 7x10%cm™ | 2x10%cem™® | 4x10"® cm™
Emitter depth 300 nm 300 nm 400 nm

The diffusion process used for P75 is a typical process for
the fabrication of standard solar cells, P120 could be used in
solar cells featuring selective emitters [11] and B70 is
applicable in the fabrication of n-type solar cells [6]. The
samples received a SC1/SC2 clean and an HF dip directly
before these diffusions. The AIN:H layers studied in this work
were deposited by reactive sputtering of an aluminum target
using argon, nitrogen and hydrogen as process gases. An
industrial coater manufactured by Applied Materials was used
for this purpose. Further information can be found in
[2, 12, 13]. The hydrogen content of the layer was controlled
precisely by a variation of the H, flow during sputtering to
ensure an optimal passivation of these layers as shown below.

As a reference, some wafers featuring emitter P75 and P120
were coated with PECVD SiN,:H (SiNA, Roth&Rau) which is
typically used as a combined anti-reflective coating and
passivation layer on phosphorous doped emitters. Reference
wafers for the passivation of the boron doped emitter B70
were coated with a laboratory-type ALD reactor (OpAL,
Oxford Instruments, plasma-assisted ALD) and capped with
PECVD SiN,:H [7].



A firing step in an industrial firing oven at temperatures
above 800°C was carried through as such steps are typically
used for the contact formation during the fabrication of solar
cells. Samples were characterized before and after firing by
quasi-steady-state photoconductance decay QSSPC [14] with a
Sinton Instruments WCT-120 at an excess carrier density of
An=10"cm>. The passivation quality of the different
dielectrics was quantified by the emitter saturation current
density [15, 16]
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The parameters used in this equation are the intrinsic carrier
concentration n;, the doping concentration Ny, the sample
thickness W and the diffusion constant D. The Auger
recombination model of Richter [17] was used for the
determination of the bulk lifetime 7., recombination via
defects in the bulk is neglected. Furthermore, an upper limit of
the attainable open circuit voltage Voc max for silicon solar cells
was determined using the one-diode equation
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and neglecting recombination losses in the base and on the
rear side. Vocmax Was calculated for a temperature T =25 °C
and a short circuit density of Jgc =35 mA/cm?.

III. RESULTS

A. Influence of hydrogen on the passivation of AIN:H layers

Recent experiments for reactively sputtered aluminum
nitride in silicon photovoltaics reached only a low level of
passivation with lifetimes of 12 ps [10]. It has been shown for
sputtered SiN,:H that the hydrogen concentration in the layer
can significantly influence the obtainable solar cell efficiency
[12, 18]. Therefore, hydrogen was added additionally to argon
and nitrogen into the sputter chamber during deposition for the
here presented AIN:H layers. The hydrogen amount leading to
an optimal passivation was determined in a preliminary
investigation. For this purpose, lifetime samples (1 Qcm FZ
silicon, p-type, shiny etched) were coated on both sides with
AIN:H using different hydrogen flows during sputtering. Fig. 1
shows typical microscopy images before and after the
described firing step.

As can be seen, blistering occurs depending on the hydrogen
concentration after or even before the firing process. It is
believed that the visible structures are caused by a partially
delamination of the passivation stack due to the formation of
hydrogen blisters at the surface. Such behavior has also been
reported for Al,Os3 [7, 8, 19].

(a) Before firing:

(b) After firing:
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Fig. 1.  Typical microscopy images for layers of AIN:H (a) before
and (b) after firing at temperatures above 800°C. Hydrogen flows of
2.5 scem (left), 5.0 sccm (middle) and 7.5 scem (right) have been
used during sputter deposition additionally to argon and nitrogen.

The lifetime 7. and the interface defect density D; were
determined for these samples to get a deeper insight into the
influence of hydrogen on the passivation. A COCOS tool
(corona oxide characterization of semiconductor) [20] was
used for determination of the interface defect density which
can be considered as a contactless capacitance voltage
measurement. Fig. 2 shows the influence of the hydrogen flow
on the passivation of the samples.
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Fig. 2.  Influence of the hydrogen flow during sputter deposition of
AIN:H on the resulting lifetime 7. (cyan) and the interface defect
density Dy (purple) after firing. For an optimized sputter process
lifetimes up to 1 ms have been reached [2].

Inserting no hydrogen into the sputter chamber leads only to
very low lifetime as can be seen which is correlated with a
high interface defect density in the order of 10 eV'cm?.
Similar high values of D; have also been reported by other
groups for non-hydrogenated aluminum nitride [21] and this is



also consistent with the low level of passivation reported by
Kaminski [10]. Increasing the hydrogen flow leads to an
increase in lifetime accompanied by a decrease of the interface
defect density. This can be explained by a diffusion of
hydrogen atoms to the interface where dangling bonds are
successfully passivated. Similar conclusions have also been
drawn for Al,O; [22]. A further increase of the hydrogen flow
leads to blistering (Fig. 1) which causes defects at the
interface. The lifetime is therefore decreasing at a certain
hydrogen flow. The here described preliminary investigation
allows the determination of an optimal hydrogen flow which
on the one hand lead to optimal passivation of the interface
and on the other hand avoids blistering.

B. Emitter passivation using AIN:H

These observations concerning the hydrogen flow carried
through on lowly doped silicon have been confirmed for
samples featuring highly doped surfaces (emitter P75, P120
and B70) by measuring Jy.. Results before and after the firing
step for these samples with an optimized AIN:H sputter
process are shown in Fig. 3.
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Fig. 3.  Emitter Saturation current densities for passivation layers

of sputtered AIN:H on three different emitters. Values for reference
wafers passivated with PECVD SiN,:H and ALD Al,O; (with SiNy:H
capping layer) are shown as well.

The passivation quality of the as-deposited AIN:H films is
very poor (Fig. 3, open symbols). The corresponding Jy. are in
the range of a few hundred fA/cm® for the two phosphorous
emitters P75 and P120 and even above 1000 fA/cm’ for the
boron emitter B70. This is in the range of unpassivated
emitters as reported by Kerr [4,23]. The passivation is
activated by the firing step resulting in a low Jy. (Fig. 3, filled
symbols).

Table I summarizes for AIN:H the emitter saturation
current Jy, and the corresponding maximal open circuit voltage
Voc.max for the best wafer of every group.

TABLE II
EMITTER SATURATION CURRENT AND MAXIMAL OPEN CIRCUIT
VOLTAGE USING SPUTTERED ALUMINUM NITRIDE LAYERS AS

PASSIVATION LAYER
P75 P120 B70
Joe 94 fAlcm?® | 73 fA/lcm® | 120 fA/cm?
Voo max 685 mV 691 mV 678 mV

IV. DISCUSSION

A. Phosphorous emitters

Sputtering of AIN:H allows emitter saturation currents down
to 94 fA/cm? (P75) and 73 fA/cm? (P120) for the phosphorous
emitters studied in this work. The reference wafers coated with
SiN,:H reached emitter saturation currents down 179 fA/cm?
(P75) and 51 fA/ecm® (P120) which are typical values for
phosphorous emitters passivated with SiN,:H [4, 23, 24]. For
ALD Al,O; Hoex reached emitter saturation currents between
100 fA/cm? and 60 fA/cm?® for the passivation of phosphorous
emitters with sheet resistivities in this range [9].

This demonstrates that AIN:H allows effective passivation
of the 75 Q/sq. emitter P75 which is used in standard solar
cells. Even lower J;, than for predominantly used SiN,:H are
reached. An explanation is the very low interface defect
density of the AIN:H layers which was achieved by a precise
control of the hydrogen concentration in the layer. The defect
density of AIN:H is in the order of 10'°eV™"' cm™ and therefore
significantly lower than for SiN,:H where interface defect
densities above 10" eV cm™? are typically reached for layers
applicable as anti-reflective coating in silicon photovoltaics
[1]. On the other hand, the passivation of the 120 Q/sq. emitter
P120 is more effective if SiN,:H is used as a passivation layer
rather than AIN:H. A possible explanation is that for the lower
doped 120 Q/sq. emitter P120 the minority carrier density is
more affected by the negative fixed charges present in the
AIN:H layer compared to the positive fixed charges in SiN,:H
[1] whereas the density might not be significantly affected by
the higher doped 75 Q/sq. emitter.

The passivation quality in this sheet resistance range is
similar to ALD Al,O;[9]. This indicates that the passivation of
the studied AIN:H layers is not caused by a field effect
passivation, but rather by an excellent chemical passivation as
ALD ALO; and AIN:H feature similar interface defect
densities below 10" eV'em™. However, it should be
mentioned that the emitters passivated by ALD Al,O3
passivation might have different doping profiles and thus
different intrinsic recombination rates [25], e.g. due to Auger
recombination. This prevents a direct comparison of emitter
saturation currents densities for different emitters.



The reached level of emitter passivation with Jy. below
100 fA/cm® and Vocmax above 680 mV for both studied
phosphorous emitters is sufficient for solar cell efficiencies
exceeding 20% in industrial production [26]. Parasitic
shunting as observed for SiN,:H on boron emitters [27] could
complicate the integration of AIN:H as passivation layer on
phosphorous emitters. This effect and the firing through of
silver finger will be studied for solar cells featuring an AIN:H
layer as a combined anti-reflective coating and passivation
layer of a phosphorous emitter.

B. Boron emitter

On highly doped p-type silicon (B70) emitter saturation
current densities down to 120 fA/cm® were reached using
sputtered AIN:H as a passivation layer. For the reference
wafers coated with ALD Al,O; capped with PECVD SiN,:H
Joe of 46 fA/em® were measured. This is in the expected range
as Richter reported values of 57 fA/cm? (75 Q/sq.) for textured
samples which typically have 1.5 to 2.5 higher emitter
saturation currents [23].

The difference of the passivation quality of the boron
emitter for AIN:H and the Al,Os/SiN,:H stack can be
explained by the density of fixed charges at the interface. The
interface defect density of both dielectrica is similar whereas
AIN:H contains a lower charge density of 1x10"cm™ [2]
compared to charge densities up to 10" cm™ reported for ALD
Al,O; [28]. This higher charge density in the Al,O; layer can
repel electrons more effectively and thus reduce the
recombination rate.

The effect of the different densities of fixed charges is more
prominent for the boron emitter than for the two studied
phosphorous emitter as the surface doping concentration is of
the order of 10" cm™ for the boron emitter but of the order of
10 cm™ for both phosphorous emitter. For a larger surface
doping concentration the density of fixed charges has only a
minor impact [9].

Maximal open circuit voltages of 678 mV can be reached
using sputtered AIN:H as a passivation layer on the studied
70 ©Q/sq. boron emitter. It is believed that an optimization of
the sputter process can be carried through so that the
efficiency of an industrial n-type solar cell will not be limited
by the surface passivation quality of the AIN:H layer.

Results presented here are without the application of an
annealing step at moderate temperatures. For Al,O;3 it was
reported that this can significantly increase the passivation
quality [19, 28]. Further increase of the passivation might be
achieved by a variation of the preconditioning of the surface.
Different cleaning sequences and plasma pre-treatments
directly before deposition will be studied in further
experiments.

VI. CONCLUSION

In this work, we demonstrate that aluminum nitride prepared
by sputtering can provide a good level of surface passivation
for highly doped n'-type and p'-type silicon. It is shown that
hydrogenation of the layer is an important prerequisite to reach
excellent chemical passivation. Emitter saturation currents of
~100 fA/cm’ and maximal open circuit voltages of around
680 mV are reached for both doping types after an industrial
firing step with temperatures above 800°C. This makes AIN:H
an interesting material e.g. for the use in back-contact back-
junction solar cells where highly doped p'- and n'-type
surfaces have to be passivated on the same side of the wafer.
In this cell concept AIN:H could be applied as rear side
passivation for both types of highly doped surfaces as well as
an anti-reflective coating and passivation layer on the front.
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