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Abstract— Passivating contacts created via a thin inter-
facial oxide and a highly doped polysilicon layer, e.g. the
TOPCon technology, are on the verge of being imple-
mented in solar cell mass production. Investment decisions
rely on R&D to identify the most promising implemen-
tation option, meaning a trustworthy roadmap based on
predicted performance gains. This work shows how to
thoroughly quantify the performance potential via numeri-
cal simulation, focusing on an evolutionary upgrade of a
busbarless p-type bifacial PERC technology. We specifi-
cally highlight the need to consider not only the electrical
gains of passivating contacts, but also the associated opti-
cal losses due to parasitic absorption in the polysilicon
layers for front and rear illumination. The influence of
free-carrier absorption (FCA) in polysilicon on the solar
cell optics is characterized on experimental test structures
in order to verify our optical simulation model. Intro-
ducing TOPCon fully at the rear and also locally aligned to
the front fingers can boost the PERC efficiency by
approximately 1%,,.. The final device is strongly limited
by losses in the p-type c-Si bulk and phosphorus-doped
front emitter. Consequently, the presented evolutionary
TOPCon upgrades may well be of increased relevance for
future improved p-PERC cells, as an alternative to the
current focus on n-type TOPCon cells with boron emitter.

Index Terms— Passivating Contacts, TOPCon, Roadmap,
Simulation, Parasitic absorption, Free-carrier absorption,
Sentaurus TCAD, Quokka3

I. INTRODUCTION

Passivating contacts created via a thin interfacial oxide and
a highly doped polysilicon layer, e.g. the TOPCon
technology by Fraunhofer ISE [1], are currently being
evaluated concerning their suitability for mass production. The
high potential of TOPCon and similar technologies have been
proven by laboratory solar cells reaching ~ 26% efficiency [2,
3]. Consequently, a focus of the current global silicon solar
cell R&D is to establish mass production compatible processes
to transfer the technology to industry. While sharing the
common goal of minimizing contact recombination, there are
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several possibilities of how to integrate TOPCon via various
cell architectures into industrial cells. One approach is to
apply TOPCon in an evolutionary manner to the PERC tech-
nology by either replacing the full rear side with p-type
TOPCon, and/or by replacing the local phosphorus emitter by
n-TOPCon on the front side. This might require the fewest
changes to the current standards of industrial PERC mass
production by sticking to p-type material and a phosphorus
diffused front emitter. A more fundamental change not investi-
gated in this paper would be to replace the bulk material by n-
type ¢-Si and using a boron-doped front emitter. In any way,
educated decisions are required to direct investment into the
most promising routes, i.e. creating a roadmap based on
expected performance gains.

This work shows how to thoroughly quantify the perfor-
mance potential via numerical device simulation. We specifi-
cally highlight the need to fully consider not only the electrical
gains, but also the associated optical losses, with the goal of
extending the methodology of previous roadmaps [4, 5]. In
this work we analyse an evolutionary TOPCon upgrade of a
high efficiency bifacial PERC solar cell on p-type Cz wafers
with screen-printed metallization and a zero busbar concept,
with properties realistically achievable in industrial manu-
facturing. We explicitly consider the parasitic absorption with-
in the polysilicon layers which (partly) compensate the electri-
cal gains of TOPCon. The influence of free-carrier absorption
(FCA) in polysilicon on the solar cell optics is characterized
on experimental test structures in order to verify our optical
simulation model. To the best knowledge of the authors, this is
presented for the first time in this detail and allows us to make
a more trustworthy prediction of the efficiency potential,
including both mono- and bifacial illumination.

Il. SIMULATION METHOD

Optical modelling of the cell architectures is performed
with Sentaurus TCAD [6] using raytracing combined with the
Transfer-Matrix-Method (TMM). All thin-layers at the front
and the rear side are modelled via TMM, which takes into
account the refraction and parasitic band-to-band and free-
carrier absorption (FCA) of the incoming light. Our simulation
model effectively describes the roughness of the rear side by a
combination of a rear angle and the Phong diffusion model [7,
8]. The free-carrier absorption in the poly-Si regions was
described as suggested in [9] by the parametrization for
crystalline Si by Baker-Finch [10]:

al¥ S = Ny - A
where o is the FCA coefficient; C and y are parametrization
parameters, A is the wavelength and Np the doping
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concentration of the poly-Si layer. The optical model allows

for bifacial illumination (details are listed in Table I).

Subsequently, 3D electrical modelling of the cell architectures

is performed using Quokka3 [11, 12] with a ‘zero busbar’

symmetry element. This means that finger resistance as well
as bushar shading and recombination is neglected in the
simulation, essentially assuming a busbar-less interconnection
concept. For both PERC and TOPCon a low contact resistivity
was previously measured [13-16]. Since these values result in

a relatively small cell performance loss, and because there is

no clear quantitative difference between PERC and TOPCon

contact resistivity, we assume the same low (ohmic) value of

1 mQ/cm? for front and rear contacts in both concepts (PERC

and TOPCon). We however stress the importance of achieving

such low values with TOPCon technology, and advise to
include the effect of contact resistivity in future works based
on a thorough characterization.

Figure 1 on the left shows a bifacial PERC cell which is
used as a reference and starting point with 23.25% front
efficiency representing a high-end industrial solar cell with
zero busbar design, which we will refer to as ‘cell A’. For all
cell structure variations the front and rear finger pitch was
optimized in order to reach the highest efficiency.

Our choice of parameters for the electrical simulation, listed
in Table 11, is our best guess in accordance with literature ([4,
5, 8, 15, 17]). Many of those parameters may be substantially
different to actual cells from different manufacturers; however
the main point is not the choice of parameters, but to showcase
the methodology, which in particular thoroughly considers the
trade-off between electrical gains and optical losses when
introducing TOPCon. Proceeding from this PERC cell
reference (Figure 1, left) we investigate two TOPCon up-
grades as shown in Figure 1 on the right (see also list of varied
parameters in Table II):

I. Full Rear is featuring a full-area rear p-type TOPCon with
a poly-Si thickness of 60 or 140 nm (Rs= 320 or 137Q/o,
Jo,pass,p-Topcon = 5 TA/cm? [14, 17]) and with a rear dielectric
and local contacts with slightly higher recombination
(jomet= 20 fA/cm?).  Since TOPCon allows for screen-
printing of Ag-fingers instead of Al, we take the same
finger width of 45 um as on the front side. The optical
properties of TOPCon were verified by reflection
transmission measurements of experimental test structures

Alignment

as addressed in the next section. The charge carrier
mobility in the poly-Si layer is taken from [9].

Il. Local Front features an n-type TOPCon with a poly-Si
thickness of 60 or 140 nm aligned to the front contact
(Wropcon = 135 UM, Weontaet = 45 um). Due to screen-print-
ing of the metal we assume the recombination underneath
the contact to be jometn-torcon = 20 FA/CM2. The optical
properties of n-TOPCon are modelled analogously to
step I, fully considering parasitic absorption through band-
band and free-carrier absorption.

I11. Fully TOPCon-upgraded p-PERC combines steps 1) Full
Rear and 1) Local Front. We will refer to this as the ‘final’
cell B.

I1l. VERIFICATION OF OPTICAL MODEL

To the best knowledge of the authors, a predictive optical
cell model including the parasitic absorption in the poly-Si
layers of TOPCon has not been published yet. Therefore, we
will first validate the optical model of our simulations in this
chapter using reflection and transmission measurements on
experimental test structures.

We prepared two experimental structures optically similar
to final non-metallized solar cells, with and without TOPCon
on the rear side. The reference structure features a textured
ARC coated front side and a saw-damage-etched, ARC-coated
rear side. The reflection and transmission for front and rear
illumination were measured by a spectrometer and are shown
in Figure 2a and ¢ as blue and red dotted lines, respectively.
The experimental absorption was calculated by 1 —R - T and
is shown as green dotted line. Moreover, both Figure 2a and ¢
show the simulated RTA for front and rear illumination as
solid lines. One can see that the overall agreement of
simulated and measured data is good. However, Figure 2a
shows that our simulation slightly overestimates the measured
reflection and transmission by 5%.,s for wavelengths greater
than 1200nm. Therefore, the FCA of the c-Si bulk (highlighted
by the arrows) is slightly lower than the measured absorption.
For rear illumination shown in Figure 2c we see that for
A > 1200 nm both the reflection and transmission match the
measured data and also the FCA in the c-Si bulk (see arrow).

Our second experimental cell structure includes a 150 nm
n-type TOPCon layer on the rear side for which the measured

e lolerance o II) Local Front
Local emitter (n™) Ph‘?SPhor:‘S Local n-TOPCon Phosphorus
emitter (n*) emitter (n*)
p-PERC III) TOPCon upgraded p-PERC
Local AlI-BSF
p-TOPCon

.

I) Full Rear

SiN,-ARC SiO,
- Phosphorus emitter (n*+/n*) Poly-Si (n/p)
B ~0,/siN, B veta

Figure 1:

Investigated cell architectures. On the left: A standard industrial PERC cell as reference. On the right: Two TOPCon upgrade architectures:

1) Full Rear: Full-area rear p-type TOPCon with rear dielectric and local contact openings. 11) Local Front: n-type TOPCon locally aligned to front contacts.
111) Combination of I and Il. Note that the texturing of the front surface is not depicted.
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Figure 2: Reflection, transmission and absorption data shown in red, blue and green, respectively. A reference cell without poly-Si is shown in (a) and (c) for
front and rear illumination. The data for a cell with a 150 nm thick n-TOPCon on the rear side is shown in (b) and (d) for front and rear illumination. The
experimental data is shown as dotted curves; the simulated data is shown as solid lines. The free-carrier absorption (FCA) is indicated by arrows.

and simulated RTA data is shown for front and rear
illumination in Figure 2b and Figure 2d, respectively. We can
see that the simulation model predicts the increased absorption
due to FCA above 1200 nm very well for a poly-Si doping of
Np = 1.3-10° cm™®, which is consistent with the measured
sheet resistance and recent mobility measurements [18].
Figure 2d shows some deviations of the reflection and
transmission above 1000 nm, possibly due to the rough rear
surface which we only effectively describe by Phong diffusion
and a rear angle in the simulation. However, the 5% lower
reflection and 5% higher transmission cancel out to still match
the absorption (as shown by the arrow in Figure 2d).

As a result, we see that our simulation approach combined
with the Baker-Finch parametrization is useful to describe the
effect of FCA in the n-type TOPCon layers, which means they
can optically be well described as doped crystalline silicon. In
the following we also use the Baker-Finch parametrization for
the FCA in p-type TOPCon.

IV. EFFICIENCY POTENTIAL OF TOPCON ON PERC

A. Influence of Electrical Gains and Optical Losses on the

Maximum Power Output

By means of the simulation model and the choice of
parameters (Table | and Table II) we now showcase the
roadmap highlighting the role of the optical losses. Figure 3a
shows the power output at maximum power point ppyy, for the
cell architectures presented in Figure 1 with one sun front
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illumination (in this case equal to the cell efficiency in %).

Starting from the 23.25%-PERC reference (cell A) the front

and rear TOPCon upgrades are applied. For each step the

electrical gains and optical losses are shown separately:

I. Full Rear (green): The simulations show that ~0.4%.s
efficiency is possible to gain electrically with reduced rear
recombination. In terms of electrical gains, thicker
TOPCon layers are slightly more beneficial due to higher
lateral conductance towards the metal contacts (as shown
for the green dotted curve with 140 nm p-type TOPCon).
However, when additionally considering the optical losses,
we see that thicker TOPCon layers (dotted green) are in
total less beneficial than thin layers (solid green), mostly
due to free-carrier absorption (FCA) in the poly-Si(p)
layer. In terms of efficiency this results in a loss of 0.1-
0.2%ps.

. Local Front (red): For the locally aligned n-type TOPCon
on the front side we see the same trend as for step I, but
with a slightly lower absolute gain in efficiency, ~0.3%gys.
However, depending on the n-TOPCon thickness (60 nm
solid, 140 nm dotted) more than half of the electrical gains
are compensated by optical losses, even though TOPCon is
only locally applied. The optical losses on the front side
are dominated by parasitic absorption of light with short
wavelengths, whereas FCA plays a secondary role. The
optical losses have to be countered by reducing the width
of the local TOPCon region beneath the metal finger which
requires an improved alignment in the printing process (the
influence of alignment will be shown in the following step)
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Figure 3: Two roadmaps showing the power at maximum-power-point (MPP) for a zero busbar design starting from a PERC reference cell (cell A) under
(@) only front illumination of one sun or (b) additional 20% rear illumination (bifacial illumination). In a first step the TOPCon upgrades are applied as
introduced in Figure 1, first by only replacing either the rear side (I, green) or the front side (I, red). The electrical gains and optical losses (including free-
carrier absorption, FCA) are separately shown for two different poly silicon layer thicknesses (solid for 60nm, dotted for 140nm). Step Il in blue shows the
combination of both I and 1l and the influence of ideal alignment of the metal fingers on the local n-TOPCon at the front (cell B).

I1. Full Rear + Local Front (blue): Proceeding from step | for
a 60nm p-TOPCon full rear side, we additionally apply the
local TOPCon (step I) in order to get the final structure.
For our set of cell parameters, the electrical gains again
reach ~0.4%,s, Which is higher than step Il alone, due to
synergy effects. However, another 0.1-0.2%, in effi-
ciency is lost due to parasitic absorption in the local front
n-TOPCon layer. In a last step the influence of contact
alignment is investigated. Since optical losses are critical
in the local front TOPCon region, it is beneficial to reduce
the TOPCon width to the contacts width (in this work from
135 um to 45 um). Technologically this comes at the cost
of a higher requirement on precise contact alignment.
Figure 3a shows that an improvement of around 0.1%,ps
can be achieved by aligning the local n-TOPCon ideally to
the region underneath the contact (Wropcon= Weontact =
45 um, denoted as ‘cell B).

Once again, we emphasize, that the absolute numbers of these

electrical gains and optical losses depend on the initial

reference cell and parameter assumptions (€.9. jomet). How-
ever, this roadmap showcases the importance of thoroughly
taking into account both electrical gains and optical losses.
Since bifacial applications of solar cells become even more
important in the future, we show the same roadmap with
additional rear illumination of 20% AM1.5g spectrum in

Figure 3b. One can see that this roadmap starts with a

maximum power output density ppg, 0f 27.4 mW/cm? for the

PERC reference. When applying the TOPCon upgrades we see

the following for a bifacial application (Figure 3b):

I. Full Rear (green): The electrical gain of 0.7 mW/cm? is
higher than for front illumination only, however, depen-
ding on the p-TOPCon thickness, around 0.3-0.6 mW/cm?
are compensated by optical losses. These optical losses are
relatively high due to additional parasitic absorption of
light from the rear side in the full-area TOPCon layer for
short wavelengths (in addition to FCA).

Il. Local Front (red): The electrical gain is higher than for
only front illumination, whereas the optical loss is in the
same range.

1. Full Rear + Local Front (blue): Under bifacial illumination
cell B gains 0.8 mW/cm?2 in total compared to cell A.

One can see, that it depends on the illumination setup and the

choice of cell parameters, whether Full Rear or Local Front is

a better option for a first evolutionary step towards a TOPCon
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based industrial cell. However, in any case, Figure 3 high-
lights that optical losses are substantial and should be
quantitatively taken into account when we want to make a
reasonable choice on the next evolutionary steps of the PERC
cell technology towards passivating contacts like TOPCon.

B. Electrical loss analysis

Figure 4A shows the free energy loss analysis (FELA, [19])
for the PERC reference under bifacial illumination (cell A in
Figure 3b). The electrical losses on the left show that the bulk
(grey) and the phosphorus front emitter (light red) both
account for around a third of the total electrical losses. The
remaining third of the losses is made up by the regions that are
going to be optimized by the two TOPCon upgrades, namely
the local front emitter (red and dark red) and rear side (green
and dark green). The contribution of the front and rear contact
resistivity is included in the share of front and rear contact.

Figure 4B shows the electrical loss analysis for the final
upgraded cell architecture (cell B in Figure 3b). The total
electrical losses were lowered by about 25% compared to
PERC, and the two TOPCon upgrades on the front and rear
minimized the corresponding electrical losses to a share of
about 15% (see brace in Figure 4B). However, this gain is
partly compensated by the phosphorus diffused front emitter
(shown in light red) whose electrical losses absolutely increase
by 0.16 mW/cm? (this is 25% of the electrical gains) due to
synergy effects. Electrically, cell B is now almost completely

B TOPCon-upgraded PERC bifacial

A PERC bifacial
0.23

TO PCon

0.76
0 08

¢-si(p) 0.00__
bulk ¢-Si(p)
03 bulk
Phosphorus
Phosphorus diffused
0.16 diffused front emitter
front emitter

0.96

0.80
Electrical Losses [mW/cm?]:
Bulk Front: Phosphorus Emitter M Front: Local Emitter
B Front: Contacted M Rear: Contacted
Figure 4: Electrical loss analysis (FELA) for both PERC (cell A) and the final
TOPCon-upgraded cell (cell B) under bifacial illumination.

Rear: Non Contacted
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limited by the phosphorus diffused front emitter (53%, with
Reneet=149 Q/0 and jo=30 fA/cm?, see Table 11 in the appendix)
and the p-type silicon bulk (32%), being also the main reason
for the only moderate absolute efficiency improvement to still
below 24%. This explains why a more substantial efficiency
improvement is only possible by improvement of the phos-
phorus emitter or a change to n-type silicon bulk material
(with a boron emitter and full-area rear n-TOPCon), the latter
being the current focus of industrialization. This will be
further discussed in chapter V.

C. Optical loss analysis

Figure 5 shows the optical losses taken from current loss
analysis as a bar chart for the PERC (‘cell A’, patterned bars)
and TOPCon cell (‘cell B, blank bars). The first pair of bars
shows the shading losses of the metal fingers (shown as grey
bars). This optical loss is similarly high for both cell concepts
(~1.7 mA/cm?), since two opposing effects compensate each
other: On the one hand, TOPCon has an optical benefit in rear
shading due to its smaller rear finger width (45um Ag-fingers
instead of 100um Al-fingers for PERC). On the other hand,
shading increases for TOPCon due to smaller optimum finger
pitch on the front side (see also to Table II).

The second pair of bars shows the incoupling losses due to
external reflection and parasitic band-to-band absorption
which occur when the front (rear) illumination is impinging
for the first time on the front (rear) layers. The external
reflection Ry is equally high for both cell concepts
(~1.56 mA/cmz, shown in light blue). The parasitic absorption
in the anti-reflection coating (ARC) is shown in yellow which
is equally high for both PERC and TOPCon. However, the
TOPCon layers add to the parasitic band-to-band absorption
with 0.09 mA/cm? in the local front poly-Si(n) (shown in
orange) and another 0.41 mA/cm2 for the full rear poly-Si(p)
(shown in dark blue), whereby the latter losses only occur for
bifacial illumination.

The third pair of bars in Figure 5 shows the imperfect light-
trapping and FCA of the photons once they are bouncing
inside the wafer. This includes escape reflection Re. and
transmission T in the range of long wavelengths (~2.4 mA/cm?
for PERC, and ~2.1 mA/cm? for TOPCon, shown as red bars).
Parasitic absorption due to free-carrier absorption (FCA) is
shown in green for the crystalline silicon bulk (~0.43 mA/cm?
for PERC, and ~0.39 mA/cm?2 for TOPCon) and in dark blue
for the full rear p-TOPCon layer (~0.44 mA/cm?). Despite
these high FCA losses in TOPCon, the overall losses

3
' Absorption losses:
£ [ Arc
o [ Local front poly-Si(n)
2 I Full rear poly-Si(p)
€ o5 ] B FCA in c-Si bulk
w
18}
7]
w
it
— 1 =
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0T PERC | TOPCon | TOPCon TOPCon
Shading I Incoupling Losses l Imp. Lighttrapping + FCA I

Figure 5: Optical loss analysis for both PERC (‘cell A°) and TOPCon on both
sides (‘cell B’) under bifacial illumination (20% rear illumination), resolved
in shading of front and rear metal fingers (grey), incoupling losses and
imperfect light trapping and FCA. More details see paragraph 1V.C
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according to imperfect light trapping is only rising by
0.16 mA/cm? with respect to PERC, since the share of Reg, T
and FCA in the c-Si bulk is getting smaller due to synergy
effects. Further note, that most of the imperfect light trapping
losses are inevitable. Employing the limit defined by Green
[20] gives a figure of merit for the inevitable losses, which is
approx. 2 mA/cm2 for both PERC and TOPCon-upgraded cell.

To sum up, one can see that the optical properties of PERC
are better and it is very important to take the optical losses of
TOPCon into account for an appropriate description of
efficiency potentials.

D. Influence of the illumination spectrum

Besides the rear illumination intensity (which is assumed to
be 20% of AM1.5¢ to this point), also the spectral distribution
of the illumination intensity is influential when the optical
properties of the PERC technology are compared to TOPCon.

Figure 6 shows the simulated external quantum efficiency
(EQE) for both PERC (‘cell A’) and TOPCon-upgraded cell
(‘cell B’). The EQEs of PERC and TOPCon for the front side
(shown in black and red, respectively) are almost identical,
apart from the slightly lower EQE for TOPCon above
1000 nm due to FCA in the poly-Si layers. However, the
EQEs for rear illumination of PERC and TOPCon (shown in
blue and green) are quite distinct. We see that the TOPCon
cell is disadvantageous for rear illumination with wavelengths
smaller than 500nm due to parasitic absorption in the TOPCon
layers. However, for wavelengths greater than 600nm, the
EQE of the TOPCon-upgraded cell is better than for PERC,
due to better electrical properties and smaller finger pitches.
As a consequence red-shifted spectral distributions are
beneficial for bifacial TOPCon relative to PERC devices, such
as it is the case for the albedo of many different grounds like
brick or grass [21, 22].

Figure 7 shows the bifaciality of PERC (‘cell A’, patterned
bars) and TOPCon-upgraded cell (‘cell B’, blank bars) for
different rear illumination spectra. The light blue pair of bars
to the left show the bifaciality factor pn according to the
standard definition of bifaciality:

1n1(AM1.5g)

[;Tl,standard n (AMI.Sg)
where 1, () is the efficiency for front (rear) illumination with
1 sun of AM1.5g. We see that the PERC and TOPCon-
upgraded cell show a very similar bifaciality (f1~90%). We
note that the uncommonly high PERC bifaciality is due to
overall high quality of assumed cell parameters, as well as the

100 T T T T
80 + 4
= 60 Front illumination |
o e PERC
w
s TOPCoN
8 40 F E
Rear illumination
20 F PERC A
s TOPCoON
1 1 1 1
400 600 800 1000 1200

Wavelength [nm]

Figure 6: Simulated external quantum efficiency (EQE) for PERC (cell A)
and TOPCon on both sides (cell B) for front illumination (black and red,
respectively) and rear illumination (blue and green, respectively).
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assumed zero-bushar concept, which in particular results in
rear metallization fractions lower than the current industrial
standard. Our simulations thereby also suggest that bifacial
PERC cells approaching 90% bifaciality is realistic. To
compare different rear illumination spectra, we extended the
standard definition of the bifaciality to arbitrary rear
illumination spectra:
n1(rear spectrum)

P = L AM15g)

where we used measured albedos of different grounds
(AM1.5qg scaled by reflectivities extracted from [22]) in order
to calculate n.(rear spectrum), and integrate front and rear
spectrum to 1200nm to calculate the incident intensity.
Figure 7 shows the bifaciality of both PERC and the TOPCon-
upgraded cell for a rear illumination spectrum of 20% AM1.5g
in dark blue. One can see that the bifaciality drops to fn~83%,
with the drop being somewhat less for TOPCon.

When more realistic albedos are assumed (like asphalt, red
cinder, wheat, grass shown in grey, red, yellow and green,
respectively) we see that the bifaciality factor increases for
both PERC and TOPCon, since the red-shifted spectra are
better for both cell concepts. However, we see that the
difference in bifaciality factor between PERC and TOPCon
gets bigger to the benefit of the TOPCon concept. This gives
an additional advantage of TOPCon over PERC in a bifacial
deployment commonly not considered in roadmaps, which in
particular holds for agro-photovoltaics with grass-like albedo.

V. OUTLOOK: INFLUENCE OF FUTURE PERC IMPROVEMENTS

The last chapter has shown that front and rear TOPCon
upgrades on the current mainstream p-PERC technology
achieve efficiency gains of below 1%, (Figure 3). The final
TOPCon-upgraded p-PERC cell is highly limited by specific
PERC features like the p-type c-Si bulk and the phosphorus-
doped front emitter (Figure 4). However, as we will discuss in
the following, evolutionary TOPCon upgrades benefit from
ongoing development of the p-PERC technology in the future.

Figure 8 to the left shows the power output density for the
PERC and TOPCon-upgraded cell as black and blue data
point, respectively, with the parameters as used throughout
this paper (‘reference’) leading to a gain in power output of
0.7 mW/cmz (green arrow, corresponding to Figure 3b).

Subsequently, we assume an exemplary ‘future’ scenario,
including smaller finger widths, an improved phosphorus-
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Figure 8: Simulated power output density (Pmp, 20% illumination from the
rear side) for both PERC and TOPCon-upgraded cell, shown in black and
blue, respectively. The reference scenario (on the left) shows the pmp, for the
parameters used in this paper, the ‘future’ scenario (on the right) shows a
possible development of the PERC technology, leading to an improvement of
PERC (black arrow) and likewise to an even more improved TOPCon
upgraded future cell (blue arrow).

doped emitter and higher bulk lifetime (see parameters to the
right in Figure 8, ‘future’). Note, that these improvements are
not based on current experiments, but sketch a possible future
scenario based on predictions extrapolated from the past
development [23]. The black arrow shows the predicted power
gain of the PERC cell (0.9 mW/cm?) for this exemplary future
development. However, the TOPCon-upgraded cell also
benefits from these PERC developments, leading to an even
higher gain of the pmp (1.2 mW/cm?, blue arrow). The
difference in power output between the PERC cell and the
TOPCon-upgraded cell even increases with 0.7 mW/cmz2 for
‘reference’ scenario to 1.0 mW/cm2 for the ‘future’ scenario
(as shown by the grey arrows) due to synergy effects.

VI. CONCLUSION

In this paper we highlighted the importance to fully take
into account the optical effects of current solar cell techno-
logies in order to obtain reliable efficiency predictions from
simulation. We presented a simulation model which is able to
describe the optics of PERC and TOPCon solar cells,
especially accounting for the parasitic absorption in the doped
poly-Si layers including free-carrier absorption (FCA).

We verified our simulation model against reflection and
transmission measurements allowing predictive simulations of
efficiency potentials. We showcased an evolutionary roadmap
from p-PERC by including TOPCon technologies on the front
and/or rear side, where both electrical gains and optical losses
were differentiated. It showed that TOPCon upgrades yield
electrical gains due to reduced contact recombination, which
however are substantially lowered by the introduced parasitic
absorption in the poly-Si layers resulting in an overall gain of
somewhat below 1%, Our loss analysis on the final
TOPCon-upgraded p-PERC cell reveals that its efficiency is
strongly limited by PERC features like the phosphorus
diffused front emitter and p-type bulk to below 24%. This
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explains why evolutionary TOPCon upgrades on current
p-type PERC solar cells are limited in potential performance
gains, which motivates a switch to n-type bulk material and
boron-doped emitter, as currently pursued by industry.
However, we have shown that the presented integration of
TOPCon on p-PERC as an evolutionary upgrade may well be
an attractive option, since the TOPCon-upgraded cell benefits
from the ongoing mainstream development of the p-PERC
technology.
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TABLE Il: ELECTRICAL SIMULATION PARAMETERS

TABLE I: OPTICAL SIMULATION PARAMETERS

Quantity Value

Sentaurus TCAD

Version L-2016.03-SP2 [6]

Global

Temperature 300 K

Spectrum AM1.5g, 1 sun (from [24])

Crystalline Silicon
Thickness
Resistivity

150 pm

1 Qcm

(n-type for RTA, p-type for roadmap)
Schinke et al. [25] extended with FCA
model of Baker-Finch [10]

Complex refraction data

PERC
Front layers textured

75 nm SiNy, Vogt et al. [26]
6 nm AlOy, Kumar et al. [27]
Rear layer etched, 75 nm SiNy [26]

Full Rear TOPCon

Anti-reflection coating
Thickness Oxide

Poly silicon complex ref. data
Poly silicon thickness

Poly silicon doping

Local Front TOPCon
same as full rear, but n-type

75 nm SiN;,, Vogt et al. [26]

1.4 nm

Schinke et al. [25] extended with FCA
model of Baker-Finch [10]

150 nm for RTA (as experiment)
60/140 nm for roadmap

1.3:10® cm’®

(n-type for RTA, p-type for roadmap)

Quantity Value
Quokka3
Version 126

Finger Pitches (optimized)
PERC bifacial (Front | Rear)
TOPCon bifacial (Front | Rear)
Crystalline Silicon Bulk
Resistivity

Recombination

PERC

Front finger width

Rear finger width

Finger shading fraction

Front contact width

Rear contact width

Contact resistivity

Busbar

Phosphorus diffused front emitter

Local front emitter

Full rear BSF

Full Rear p-TOPCon

same as for PERC except for:
Rear finger width

Rear contact width

TOPCon sheet resistance

Recombination

Local Front n-TOPCon
same as for PERC, except for:
Sheet resistance

Recombination

1400 pm | 900 pm
1100 pm | 700 um

1 Qcem, p-type
Auger, SRH (tmin=1 ms)

45 um (Ag)

100 um (Al)

70%

45 um

60 pum (dashed contacts)

1 mQ cm? (Front and rear)

zero busbar concept

Raneet = 148.8 Q/01 [15]

jo = 30.7fA/lcm? [15]

R gneet = 58.5 Q/01 [15]

Collection efficiency = 88.2% [15]
jo=120 fA/cm? (non-contacted, [15])
jomer = 800 fA/cm2 (contacted, [5])
jo=10 fA/cm? (non-contacted)
jomet = 400 fA/cm? (contacted, [4, 15])

45 um (Ag, screen printing)
45 um (line contacts)
calculated from hole mobility
=25 cm?/(V/s)

jo=5 fA/cm? (non-contacted)
Jomet = 20 fA/cm? (contacted)

calculated as parallel sheet resistance
of TOPCon and phosphorus emitter
jo=20 fA/cm? (non-contacted)

Jomet = 20 fA/cm? (contacted)
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