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Abstract. As tunnel oxide passivated contact (TOPCon) cell technology has established itself
as the dominant cell technology in global photovoltaic production, this study investigates com-
peting architectures, including TOPCoRE (TOPCon with Rear Emitter), and local TOPCon?
(passivated contacts on both sample sides), to identify paths for enhancing power output by
improving the cells’ front side. The authors conduct a comprehensive simulation analysis using
Quokka3, with input parameters derived from internal measurements and published data.
While pointing out the necessary surface parameters to achieve a certain cell efficiency evo-
lution, the sensitivity of the cell concepts to wafer quality, base resistance, and minority carrier
lifetime is evaluated. The results indicate that the TOPCoRE concept on p-type wafers can be
a strong contender to the standard iTOPCon, reaching 26%+ efficiency, if equally high electri-
cal wafer quality can be achieved. The findings highlight the importance of further optimization
paths, with local Front Surface Fields or local front TOPCon layers, demonstrating potential
efficiencies of up to 26.5% and more.
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1. Introduction

As TOPCon [1] cell technology has established itself as the dominant cell technology in global
photovoltaic manufacturing, manufacturers who start or upgrade their production are pre-
sented with multiple avenues for advancement. Consensus indicates that improving the TOP-
Con cell's front side represents the most promising target for enhancing power output. Conse-
quently, competing architectures such as TOPCoRE [2] and local TOPCon? (with the index
referring to tunnel-oxide passivation on both contacts of the cell) have emerged within the
research and development community. We compare these cell designs purely from a simula-
tion standpoint, showing parameter requirements for achieving efficiency improvements and
their sensitivity to wafer quality. A full area TOPCon? concept was not pursued after initial
investigation due to high optical absorption.

2. Experimental

The experimental part has been conducted entirely with Quokka3 [3] simulations. Input param-
eters are taken from internal measurements, ITRPV predictions [3], as well as published manu-
facturer numbers [4, 5]. For direct comparison input parameters are identical where the cell
structure allows for it. The contact pitch, i.e. the metallization finger distance was always opti-
mized. Based on recent experiments [6], the base resistance and Shockley-Read-Hall (SRH)
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lifetime in standard high-quality Cz-Si material have shown little correlation, thus we varied
them independently, in contrast to previous studies on Si:B [7]. The simulated cell designs are
depicted in Figure 1. The TOPCORE architecture on n-type substrate is considered to have a
higher recombination at the p-type polycrystalline contact compared to the n-type poly-Si [8]
and hence lower efficiency and is not considered here. The benefit of local rear TOPCon layers
[9, 10] on the short-circuit current and bifaciality can be an additional benefit for all cell archi-
tectures investigated here.
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Figure 1. Schematic cross sections of (a) the iTOPCon cell concept, (b) the TOPCoRE cell concept,
(c) the TOPCoRE concept with local FSF, and (d) the local TOPCon? cell concept

3. Results

3.1 Baseline

The first table shows a general comparison of the cell concepts under the base parameter set
“25%-iTOPCon”, meaning they share the parameter set wherever the architecture is shared.
This is followed a sensitivity analysis to the wafer lifetime and base resistivity. Subsequently,
we review the enhancement paths of each concept related to improved surfaces.

Table 1. Design comparison with “25%”-parameters on 1.5 Qcm/10 ms SRH liftetime wafers.

Design Wafer polar- | jsc (mA/cm?) | Voc (mV) FF (%) 7 (%)
ity

iTOPCon n 41.6 723 82.9 25.0
TOPCoRE p 41.4 723 83.7 25.1
TOPCoRE p Introduced

LFSF later

Local TOP-|p Introduced

Con? later

The Free Energy Loss Analysis [11] for the iTOPCon cell, here in relative representation,
shows that the front surface is the major loss channel at this stage with 68% of the electrical
power loss. This is the reason why the front surface is our main focus in this work
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Figure 2. Relative electrical free energy losses for the 25% iTOPCon cell. The darkest green color
represents the non-contacted front surface recombination. The other sub-groupings of similar color are
not specified in detail

3.2 Reducing front recombination

In the steps 2-4, the improvement options of each concept are evaluated, mirrored in the sim-
ulations’ surface parameters (Table 2). The full parameter set is given in the Annex.

Table 2. Input parameters for the considered cell concepts for the four development steps. The up-
grade solution of a local FSF and local TOPCon? is already listed as well

Parameters Dev. step 1 | Dev. step 2 | Dev. step 3 | Dev. step 4
Finger width (screen printed) 27 ym 20 ym 17 ym 15 ym
Front contact resistance 2 mQcm? 1 mQcm? 0.9 mQcm? | 0.8 mQcm?
Front contact recomb. 260 fA/cm? 100 fA/cm? 90 fA/cm? 80 fA/cm?
Front non-contact recombina- | 12 fA/lcm? 8 fAlcm? 5 fAlcm? 3.5 fA/cm?
tion

Front Rsheet 230 Q/sq 300 Q/sq 350 Q/sq 400 Q/sq
Rear TOPCon layer, contact re- | 5 fA/lcm? 5 fA/cm? 5 fA/cm? 4 fA/lcm?
combination

TOPCoRE local FSF

Front non-contact recombina- | 5 fAlcm? 4 fA/lcm? 3 fAlcm? 2 fAlcm?
tion (AlOx)

Local TOPCon?

Front TOPCon layer width - - 30-80 um 30-80 uym
Front TOPCon non-contact & | - - 6-10 fA/lcm? | 6-10 fA/cm?
contact recombination

Rear TOPCon layer, non-con- | - - 0.8-2 fA/cm? | 0.8-2 fA/lcm?
tact recombination

Rear TOPCon layer, contact re- | - - 4-5 fA/lcm? 4-5 fA/cm?
combination

With the given parameter alterations, iTOPCon and TOPCoRE show a path from 25% well
up to 26.3% for the 10 ms SRH lifetime wafer at 1.5 Qcm base resistance (see Figure 3).
TOPCoRE’s small efficiency advantage (red line) is related to the p-type wafer with higher
doping density leading to increased quasi-fermi-level split, reflected in higher Voc (or increased
FF if the pitch is adapted accordingly).
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Figure 3. Development path with the altered cell parameters from Table 2 in four steps

For the same reason TOPCORE is less affected by lower lifetimes as visible at the lower
end of the corridors in Figure 3 comparing the same resistivity of p- and n-type wafers.
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Figure 4. Relative electrical free energy losses for the TOPCoRE and TOPCon cell in development
step 4 with 10 ms SRH lifetime

The Free Energy Loss Analysis shows, that although the front impact on the total losses
has been reduced to ~50% of total electrical losses, it is still the major loss component for both
concepts. Also, it shows that within the front recombination, Auger recombination (from the
doped full area front surface field) is the main contributor to recombination. Consequently, it
makes sense to reduce this area to the minimum, which is around the contact area. We cover
two options shown in Figure 5 here.

a) b)
120 pm local Boron FSF 30-80 pm ocal p-TOPCon

SiN, AlLO; SiN,  AlLO,

p-type Si p-type Si
n-TOPCon SiN, n-TOPCon SiN

Figure 5. (a) TOPCoRE LFSF (local Front Surface Field). (b) TOPCoRE with second TOPCon layer
beneath the front contact, “local TOPCon?®”
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One is a local Front Surface Field (LFSF), the second is a local TOPCon layer beneath
the front contacts, resulting in a “Local TOPCon?’ concept. Both concepts are an upgrade to
the TOPCOoRE cell on p-type wafer and both are in an early development stage. As before, the
input values can be found in Table 2.
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Figure 6. All four cell concepts compared over the four development steps. Local TOPCon? has a cor-
ridor instead of fixed values due to high uncertainty of assumed input parameters

A LFSF leads to an efficiency increase of An = 0.2-0.3% over TOPCoRE with the full area
FSF with otherwise equal cell parameters, driven by increased Voc. Replacing the LFSF by a
local TOPCon layer beneath the front contacts (blue area in Figure 6) also leads to increased
efficiency over TOPCORE (red line), but not necessarily more than the LFSF case. The reason
for this is, that we did not see parameters for p-TOPCon layers so far, that improve significantly
against a very good diffusion profile at the contacts. Also, the front TOPCon layer induces
slightly worse optics where it is applied.

Arriving at 26% efficiency it is visible in the loss charts, that the bulk takes over the largest
loss channel. Thus, wafer quality starts to become the bottleneck for cell efficiency again.
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Figure 7. Relative electric free energy losses for the TOPCoRE LFSF and local TOPCon? cell in de-
velopment step 4 with 10 ms SRH lifetime
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4. Wafer Impact

For all simulations so far, it was assumed that the SRH lifetime of the wafers is 10 ms and the
base resistivity is 1.5 Qcm (for n- and p-type). To evaluate the wafer quality impact and the
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effect of resistivity variation on the cell efficiency, both were varied. Wafer specifications in
manufacturing often state minimal SRH lifetimes of 1 ms, so we varied from 1 to 15 ms. Re-
sistivity was varied from 1 to 12 Qcm.

Figure 8 and Figure 9 plot these variations for the development step 2 and development
step 4 of iTOPCon and TOPCoRE. The steep declines in efficiency, starting for SRH lifetimes
of 5 ms and below, especially for cell setups with efficiency potential >25.5%, are evident. The
n-type curve group (iTOPCon) seems to be more compact, i.e. more tolerant against base
resistivity changes. However, it has steeper drops towards low SRH lifetimes, i.e. wafer quality.
The p-type wafer (TOPCoRE) has wider efficiency spread over varied base resistivities, but is
more tolerant against low lifetimes. This is due to comparing base resistivities. Equal base
resistivities mean roughly a factor three in doping density between p- and n-type wafers. When
comparing equal base doping densities — i.e. 1 Qcm n-type with 3 Qcm p-type, the efficiency
differences between the two plots vanish almost entirely.
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Figure 8. iTOPCon dependence on wafer quality for development step 2 and 4.
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Figure 9. TOPCoRE offers higher lifetime tolerance for direct resistivity comparison with TOPCon
(Figure 8), but it is more sensitive to higher resistivity materials

5. Discussion

iTOPCon on n-type and TOPCoRE on p-type wafers as fraternal twins have a head-to-head
race for highest efficiencies over 26%. It should not be forgotten that other factors, such as
wafer availability or intellectual property constraints, may play a role in deciding for one or the
other wafer type. The stability of the wafer quality throughout the production chain will also
contribute, since p-type is more susceptible to impurities such as iron. On the other hand,
TOPCORE poses the option of adding a local FSF, erasing a major loss channel at the front
side, which facilitates a further efficiency gain of 0.2%. Local front-TOPCon layers showed a
similar performance in the final parameter sets compared to a local FSF, both reaching 26.5%
with input values which seem feasible for mass production. Both processes (local FSF and
local TOPCon) have no established processing route for mass production so far, so no prefer-
ence can be stated here. To reach these efficiencies, not only the surface quality, but also the
wafer quality is crucial. We think that we will need to see higher SRH lifetimes in the future
production to not only have high maximum efficiencies, but also reduce the production spread.

6. Conclusion

This study has demonstrated that the iTOPCon configuration on n-type wafers and the TOP-
CoRE design on p-type wafers are the leading candidates for achieving the highest photovol-
taic efficiencies for single-junction silicon solar cells. Specifically, the iTOPCon architecture
simulation has shown a maximum efficiency of 26.1%, while the TOPCoRE design reached an
efficiency of 26.3%. Our simulations, which focused on the front side optimization, indicate that
TOPCoRE has more upgrade options due to the rear emitter structure, namely with a local
FSF or a local front TOPCon layer. Both variants achieved a gain of further 0.2% over TOP-
CoRE, reaching 26.5% efficiency. The findings underscore the critical need for further research
into process optimizations that enhance the quality and performance of these advanced cell
technologies in particular for the local FSF and local TOPCon? architecture. Overall, the
streamlined development paths of iTOPCon and TOPCoRE and potentially local FSF or TOP-
Con? present the most promising strategies for advancing photovoltaic technology and improv-
ing energy conversion rates in future applications.
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Annex

Table 3. Full Input parameters for the considered cell concepts for the four development steps.

Parameters Dev. step 1 | Dev. step 2 | Dev. step 3 | Dev. step 4
Cell thickness 120 um 120 um 120 um 120 um
Finger width (screen printed) 27 um 20 um 17 um 15 um
Front contact resistance 2 mQcm? 1 mQcm? 0.9 mQcm? | 0.8 mQcm?
Front contact recomb. 260 fA/cm? 100 fA/ecm? | 90 fA/cm? 80 fA/cm?
Front non-contact recombina- | 12 fA/lcm? 8 fA/cm? 5 fA/cm? 3.5 fA/cm?
tion

Front Rsheet 230 ()/sq 300 (V/sq 350 (V/sq 400 Q/sq
Rear TOPCon layer, contact re- | 5 fA/cm? 5 fA/ecm? 5 fA/ecm? 4 fA/cm?
combination

Rear TOPCon layer, non-con- | 1 fA/cm? 1 fA/cm? 1 fA/cm? 0.8 fA/cm?
tact recombination

Rear poly thickness 80 nm 80 nm 80 nm 80 nm
Rear finger width 27 um 20 um 20 um 20 um
Rear contact resistance 2.5mQcm? | 1.5mQcm? | 0.9 mQcm? | 0.8 mQcm?
Vertical resistance rear TOP- | 15 mQcm? 15 mQcm? 15 mQcm? 15 mQcm?
Con layer

jo2 0 nA/cm? 0 nA/lcm? 0 nA/lcm? 0 nA/lcm?
TOPCoORE local FSF

Front non-contact recombina- | 5 fA/cm? 4 fA/cm? 3 fA/cm? 2 fA/ecm?
tion (AlOx)

Local TOPCon?

Front TOPCon layer width - - 30-80 um 30-80 um
Front TOPCon non-contact & | - - 6-10 fA/cm? | 6-10 fA/cm?
contact recombination

Vertical resistance front TOP- | - - 1-1.5 1-1.5

Con layer mQcm? mQcm?
Rear TOPCon layer, non-con- | - - 0.8-2 fA/em? | 0.8-2 fA/cm?
tact recombination

Rear TOPCon layer, contact re- | - - 4-5 fA/cm? 4-5 fA/lcm?
combination

Vertical resistance rear TOP- | - - 5-15 mQcem? | 5-15 mQcem?

Con layer

For all simulation the Auger model of Niewelt et al. [12] was used.
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