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Abstract. Modern industrial silicon heterojunction (SHJ) solar cells are increasingly limited by
the short-circuit current density (Jsc) and there is a strong interest in understanding how much
novel approaches such as window layers, novel transparent conductive oxides (TCOs) and
anti-reflection coatings (ARCs) could improve the Jsc of SHJ solar cells. In this work, the prac-
tical Jsc limits of SHJ solar cells are determined using a carefully calibrated ray-tracing model,
validated using empirical data from in-house solar cells as well as recently published high-
efficiency front-and-back contacted (FAB) SHJ solar cells. The model is then further refined to
obtain a detailed Js: loss breakdown of the latest record efficiency FAB SHJ solar cells, for
which there are no published Js loss breakdowns. Notable advances made in these advanced
solar cells with regards to window layers, TCOs and ARCs at the cell level are analysed. Based
on the magnitude of impact on the solar cell Js¢, the most critical factors for achieving high-Jsc
SHJ solar cells are identified and ranked. Allowing for additional improvements and combining
the best approaches identified, an estimate of the practical upper limit of Jsc for FAB SHJ solar
cells is determined to be 41.81 mA/cm?. This work serves as a useful reference for the current
state of play for Jsc improvements in SHJ solar cells and highlights practical pathways and
issues for improving commercial SHJ solar cells.

Keywords: Silicon Heterojunction, Solar Cell, Short-Circuit Current Density, Ray Tracing,
Modelling.

1 Introduction

The years 2019-2022 were an active period of development for industrial front-and-back con-
tacted (FAB), large-area silicon heterojunction (SHJ) solar cells, with cell efficiency records
being broken in rapid succession and reaching 26.81% in late 2022 [1]. Efficiency gains in
recent records were largely due to Jsc and fill factor (FF) improvements. In particular, enablers
for improved Js are the main distinguishing factor for the recent records, with nano-/microcrys-
talline silicon (or silicon-compound) doped layers, novel TCOs (transparent conductive oxides)
and ARCs (anti-reflection coatings) being actively employed to improve the Jsc to as much as
~41.5 mA/cm? for FAB SHJ solar cells [1], as shown in Figure 1. Interestingly, however, not all
high-Jsc record solar cells appear to utilize all available enablers, and the question of what
exactly the ultimate Jsc limit of a FAB SHJ cell is remains open.

In this work, we focus on using modelling to derive key practical insights and quantify
Jsc gains from these various innovative approaches, with the goal of arriving at a practical upper
limit of Jsc for FAB SHJ solar cells utilizing demonstrable state-of-the-art technologies to im-
prove Jsc.
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Figure 1. Certified power conversion efficiencies (PCEs) of > 25% of commercial FAB SHJ
solar cells vs Jsc from the past years [2-15].

2 Modelling of FAB SHJ solar cells

2.1 Development of baseline optical model

An in-house fabricated SHJ solar cell was used to create a reference optical model of a SHJ
device (PCE = 22.0%, Jsc = 37.7 mA/cm?), the structure of which is shown in Figure 2. This
was done using GenPro4 [16], a ray tracing software that combines ray and wave optics for
incoherent and coherent layers, respectively. The model was calibrated by matching modelled
and measured reflectance and transmittance (RT) spectra. Complex refractive indices of vari-
ous functional layers were also used as a key input to the model.
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Figure 2. Cross-sectional schematic structure of the simulated FAB SHJ solar cell.

When calibrating the reference optical model, a mismatch between the measured and mod-
elled RT spectra for solar cells can be cumbersome to correct since isolating the layer(s) caus-
ing the mismatch can be very difficult. This is because in a SHJ solar cell, there are 7-8 func-
tional layers, each with their own complex refractive index and thickness, which give rise to the
final observed RT spectra. In this work, we have addressed this issue by creating several test
structures at each intermediate step of the solar cell fabrication. In each case, the RT spectra
of the precursor is measured from the front and rear side and is used to calibrate the optical
model.

To obtain the final Jsc of the device, a 100% collection efficiency (CE) for the ¢-Si(n), and
32% CE for the front a-Si:H(i) layer were assumed to ensure a good match to external quantum
efficiency (EQE) measurements. A very similar approach was adopted by Holman et al. [17].
The final model for the in-house cells overestimates the integrated EQE Jsc by 0.55 mA/cm?,
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which we believe is due to the c-Si(n) wafer having less than 100% CE in our devices. For the
record SHJ solar cells modelled in this work, a 100% CE is assumed and was found to result
in a better fit to the reported EQE data. To ensure fidelity to EQE measurement conditions, a
rear stack of air/Cu is added to simulate a rear chuck. Finally, since a 1D optical model is used,
the effect of metal shading is factored in by reducing the (non-shaded) simulated Jsc by an
effective shading fraction that takes into account the metallization fraction as well as the optical
shading fraction for individual fingers.

2.2 Modelling of recent certified records

Here, the details regarding how the recent record SHJ FAB solar cells were optically modelled
are explained. We start by calibrating models to published data from recent records of Sun-
Drive [11] and LONGI [18]. It is important to note that the published Js. data that were modelled
in these works are not from the record solar cells made by the respective groups. Rather, a
cell with a lower Jsc than the record solar cell was modelled. In order to validate our model,
these lower-Jsc cells are modelled first to ensure an accurate match to the published loss anal-
ysis in Refs. [11] and [18]. After this, further adjustments are made to the model to achieve the
best possible match to the EQE data from the record solar cells from the two groups. Using
these calibrated models as a baseline, we estimate the Jsc loss contributions from the various
functional layers, allowing a side-by-side comparison of these record devices for the first time.

For in-house fabricated layers, the complex refractive indices of the individual layers
(a-Si:H(i), a-Si:H(n), a-Si:H(p), front TCO and rear TCO) were measured in-house using spec-
troscopic ellipsometry performed on thin films deposited on glass followed by curing at 200 °C
for 10 min (same conditions as the metal curing process used during device fabrication). To
estimate the refractive index of other materials (more transparent a-Si:H(i), nc-SiOx:H(n), nc-
Si:H(p) and other TCOs), complex refractive index data reported in the literature was used. It
was assumed that the reported refractive index data from literature matches the layer proper-
ties in the final device. However, in certain cases where a match to the reported EQE / Jsc (for
record solar cell data) could not be obtained using the reported refractive index data, minor
adjustments were applied to the extinction coefficient (k) data from the literature to ensure a
reasonable fit to the published EQE and reflectance data. The final complex refractive index
(n and k values) for all layers used in the models shown in Figure 3 can be found in Appendix
A.

2.2.1 SunDrive: from 40.24 to 40.80 mA/cm?

To begin, the 25.54%-¢efficient SHJ solar cell with Jsc = 40.24 mA/cm? [11] is calibrated first.
Information regarding layer thicknesses as described in Ref. [11] and reference complex re-
fractive indices found in the literature [19-22] and measured in-house are used as starting
inputs. A thickness variation of up to 4 nm from the published thickness data in Ref. [11] is
allowed in our model for each layer, allowing for spectrally resolved losses for the layers to be
approximated as closely as possible. Within these constraints, it was found that the parasitic
absorption of the reported device in Ref. [11] could not be fitted using only literature reported
refractive index data. This is not surprising, since Ref. [11] claims several improvements were
made to the thin film layers comprising the device, which resulted in significantly lower parasitic
absorption. Since no refractive index data for individual layers was published in Ref. [11], it
was attempted to adjust the refractive index data in order to achieve a good fit to the reported
EQE and reflectance.

The reported EQE and reflectance data suggested a significantly lower parasitic ab-
sorption compared to the output of the model where the refractive index of layers was not
adjusted. However, the reflectance losses in the device could be sufficiently well-modelled
using the non-adjusted refractive index data. Hence, only the extinction coefficient (k) of certain
layers was adjusted, keeping the real refractive index (n) the same. In the absence of raw n
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and k data for all layers used in the device, this approach represents a reasonable approxima-
tion of the layer properties.

The low parasitic absorption indicated by the EQE and reflectance data in Ref. [11]
could only be obtained by scaling the k values of the front-side nc-SiOx:H(n) and TCO layers
by a factor compared to the k values in the literature (see Appendix B). No adjustment was
required for the refractive index of the a-Si:H(i). Finally, a 2% shading is assumed, which
agrees with the reported metal finger dimensions. The resulting model was found to result in
an excellent fit to the reported Jsc as well as the reported loss breakdown published in Ref.
[11].

Next, the record solar cell from SunDrive [9] (Jsc = 40.80 mA/cm?, not analysed in Ref.
[11]) was modelled. The various reported innovations implemented in SunDrive’s highest-effi-
ciency SHJ solar cell [9] were taken into account. First, the shading fraction was reduced from
2% to 1.5%, as deduced from the new finger dimensions [23]. Second, a MgF2 ARC is added
on top of the front TCO to reduce reflection losses. Finally, the same transparent TCO that
was used at the front side of the 40.24 mA/cm? cell was also introduced to the rear side, boost-
ing the near-infrared (NIR) response of the solar cell. All in all, the final device Js. for the 40.80
mA/cm? solar cell [9] was able to be modelled to an accuracy of within £0.01 mA/cm? as seen
in Figure 3.

2.2.2 LONG:I: from 41.22 to 41.45 mA/cm?

Here, the model of a SHJ solar cell with an efficiency of 26.74% and Jsc = 41.22 mA/cm?[18]
is calibrated first. We assume a state-of-the-art pyramidal texturing, with a weighted average
reflectance (WAR) of 12.9% in the 300-1200 nm range. A similar modelling approach as ex-
plained in Section 2.2.1 is used, where the front layers were even more transparent than in the
modelled 40.80 mA/cm? solar cell.

In modelling the 41.22 mA/cm? solar cell, there was a mismatch in the NIR response of
the solar cell, which resulted in a Js; of about 0.2 mA/cm? higher. Changes to the model to
correct for this deviation were evaluated, such as reducing the texturing, changing the n of the
front TCO, varying the material of the back reflector, and reducing the wafer thickness. Some
changes effectively reduced the c-Si absorption in the NIR, such as adjusting the wafer thick-
ness. Nevertheless, these changes deviated significantly from the reported structure of the
device, so they were not implemented. Instead, given that the 41.22 mA/cm? solar cell and
LONGI's record 41.45 mA/cm? solar cell differ only in their NIR response, we assume our model
to represent the 41.45 mA/cm? cell, for which no Jsc loss decomposition is available. The sim-
ulated EQE resulted in an excellent fit to the reported EQE in Ref. [1]. Here, a 2.1% shading is
assumed, which is the same as for the 41.22 mA/cm? solar cell, as estimated from Refs. [1,
18]. The device Jsc was modelled to an accuracy of within £0.04 mA/cm?, as shown in Figure
3.

2.3 Practical Jsc limit

Here, all the high-efficiency strategies are combined to arrive at an estimation of the practical
Jsc limit of FAB SHJ solar cells. The lowest shading fraction, estimated at 1.5%, is used in
combination with the ultra-transparent layers from Ref. [18]. Finally, the thickness of the ARC
is adjusted to minimize front reflectance, giving a final Jsc of 41.81 mA/cm?.
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3 Insights from Jsc modelling

3.1 Loss analysis for recent record solar cells
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Figure 3. Detailed Jsc loss analysis of the latest FAB SHJ commercial record cells and practi-
cal Jsc limit.

The detailed Jsc loss breakdown of the modelled record solar cells reported in Section 2 are
shown in Figure 3. The device Js. increases from left to right. It can be seen that the originally
published model from SunDrive for the 40.24 mA/cm? cell [11] (extreme left of Figure 3) has
Jsc losses lumped in to “blue” and “rear” losses. In contrast, the more detailed model in this
work further decomposes these lumped losses into contributions from all of the individual lay-
ers for SunDrive’s record device (40.80 mA/cm? [9]). The main innovation seen here is the
ultra-low shading fraction, made possible due to < 10 um wide and high-aspect ratio Cu-plated
fingers [23]. Moreover, the use of IMO (M=TiO2+CeO2+Ta20s) [11] as TCO and nc-SiOx:H(n)
as the front-side n-type charge extraction layer improves the overall transparency of the de-
vice.

Moving on to the world-record solar cell from LONGi (41.45 mA/cm? [1]), the main inno-
vations in this device are the use of indium-doped cerium oxide (ICO) as the front and rear
TCO [18], greatly reducing front-side absorption in the solar cell. Moreover, the transparency
of the a-Si:H(i) and nc-SiOx:H(n) in the LONG:i solar cells is remarkably high, resulting in a very
low parasitic absorption. Combining all these innovations and adjusting the thickness of the
ARC, we arrive at the practical Js. limit for FAB SHJ solar cells of 41.81 mA/cm?, with Js; losses
decomposed as shown in the extreme right bar of Figure 3.

We note that the extinction coefficient used in the models in this work were significantly
lower than the values published in the literature [19-22], suggesting that significant improve-
ments have been made to the optical properties of the thin film layers used in the record solar
cells. In the absence of published refractive index data for layers present in these record solar
cell devices, the adjusted refractive index data used in the models (see Appendix A and B)
represent a reasonable estimate for optical modelling purposes (as indicated by the good
match between modelled and published EQE and reflectance data). However, the authenticity
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of the refractive index data used in our models has not been verified and may not reflect the
true n and k of the layers present in the record solar cell devices.

3.2 Jsc improvement pathways for classic SHJ solar cells

Based on the insights above from the record high-Jsc FAB SHJ solar cells, a practical roadmap
to achieving high Jsc can be charted. The starting point here is a “classic” SHJ solar cell with a
Jsc Of ~37.7 mA/cm?, which utilizes only a-Si:H based functional layers, ITO as TCO, and 45
um wide screen-printed metal fingers with a shading fraction of ~3.5%. The difference in Jsc
between such a cell and the above-derived practical Jsc limit is quantified. Based on the mag-
nitude of the gap attributed to specific functional layers, a ranked Jsc loss breakdown is pre-
sented in Figure 4, wherein the key improvement factors that have the largest magnitude of Jsc
impact are ranked first. Figure 4 summarizes the simulated Jsc gains from the most to the least
critical improvement pathways.
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Figure 4. Jsc gains in mA/cm? for a baseline 37.7 mA/cm? FAB SHJ solar cell.
The ranked improvements are as follows:

1. Window layer: Replacing the a-Si:H(n) with more transparent layers (nc-Si:H(n) or nc-
SiOx:H(n)) has the largest impact on Jc.

2. Metal shading: Reducing the front metal fraction from 3.5% to ~1.5% also has a signif-
icant impact on the Js.. This low metal fraction can be achieved with either plating or
screen printing but is a major challenge currently for screen-printed contacts.

3. ARC: Using a refractive index-matched ARC above the TCO, such as MgF; or LiF,
leads to a gain in Jsc. A further Jsc gain is also obtained partly due to the reduction of
the optimal thickness of the front TCO for this new bi-layer structure. However, the use
of ARC leads to higher cell-to-modules losses, as explained later, thereby making this
a less relevant pathway for commercial SHJ solar cells.

4. Front TCO: Replace front ITO with more transparent TCOs such as ICO [18] and IMO
[11] has a positive impact on the transparency of the cell over the full spectrum.

5. Front a-Si:H(i): The use of multi-layer a-Si:H(i) films optimized for high transparency
(reduced parasitic absorption) but without reducing collection efficiency can improve
Jsc.

6. Rear TCO: The use of materials similar to the high-transparency front TCO layers but
optimized for transparency for wavelengths above 950 nm could improve Jsc marginally,
although the overall impact is significantly smaller than improvements on the front-side
TCOs or other layers.

7. Texture: Improving wafer texturing to reduce the WAR by ~1% (from 13.7% to 12.9%,
as measured on a bare textured silicon wafer) has the least impact on Jsc and is there-
fore the least-preferred pathway for Jsc improvement.



Spaans et al. | SiliconPV Conf Proc 1 (2023) "SiliconPV 2023, 13th International Conference on Crystalline Silicon
Photovoltaics"

We comment here in particular on the use of ARC layers, which is a popular method to achieve
a quick gain in Jsc and has been used to good effect in the recent world-record solar cells. It
has to be taken into consideration that the gain in Jsc at the cell level cannot be directly trans-
lated to gains at the module level; hence, the use of ARCs may not be very relevant for com-
mercial SHJ solar cells. To demonstrate this point, we simulate a SHJ PV module by adding
EVA/glass layers in our model (thicknesses of 0.45 mm and 3 mm, respectively) on top of the
front TCO of the cell to represent the typical optical structure in a PV module [24-26]. Note that
only the active cell area for a single-cell minimodule is considered here. When comparing a
SHJ structure with and without a MgF2 coating, it was observed that adding a MgF2 ARC results
in a net Jsc loss of ~0.2 mA/cm? at the module level. This is due to the refractive index mismatch
between the ARC and the EVA, which leads to a significant increase in front-side reflectance
(at the EVA/ARC interface) that offsets the reflectance reduction achieved by the ARC at the
cell level. This highlights that the high Jsc achieved via ARCs at the cell level is likely not trans-
ferrable to the module Jsc, which makes ARCs a less viable Jsc improvement pathway for com-
mercial SHJ solar cells.

4 Conclusion

In this work, we have investigated the main contributors and pathways to achieving high Jsc in
FAB SHJ solar cells using a calibrated optical ray-tracing model. We analysed losses in FAB
SHJ devices with the highest known Jsc values, comparing the loss components for two recent
world-record cells and identifying the key improvements necessary to achieve such high Jsc
performance for “classic” SHJ cells with a-Si:H active layers, ITO-based TCOs and typical
screen-printed Ag contacts. The most important improvement pathways were found to be the
use of high-transparency window layers, low metal shading (~1.5%) and the inclusion of an
ARC. By combining the innovations in the various record solar cells, we estimate the practical
Jsc limit of FAB SHJ solar cells to be 41.81 mA/cm?. However, a preliminary analysis of cell-to-
module losses suggests that such a high Jsc cannot be translated into gains at the PV module
level, with ARC layers being particularly ineffective for commercial solar cells and modules.



Spaans et al. | SiliconPV Conf Proc 1 (2023) "SiliconPV 2023, 13th International Conference on Crystalline Silicon
Photovoltaics"

Appendix A: Optical refractive index data used for record solar cell
device modelling (see Figure 5)
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Figure 5. Complex refractive index data of the layers used in the modelled device of a) Sun-
Drive (40.80 mA/cm?), b) LONGI (41.45 mA/cm?) and c) the practical limit (41.81 mA/cm?).
The TCO and a-Si:H(i) refractive indices are the same for the front and rear. Notation: (*) lit-
erature data has been modified, as explained in the main text, (**) measured in-house.
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Appendix B: Adjustment procedure for extinction coefficient (k) data

The original data for extinction coefficients for a-Si:H(i), nc-SiOx:H(n) and TCO are taken from
Refs. [21], [20] and [19], respectively. In order to achieve a good fit to the reported EQE and
reflectance data of record solar cell devices from SunDrive [9, 11] and LONGI [1], the extinction
coefficient (k) was multiplied by a scaling factor. In the case of a-Si:H(i) and nc-SiOx:H(n), a
constant scaling factor was applied over the entire wavelength range (300-1200 nm). In the
case of TCOs, a different scaling factor was applied to the short-wavelength range and the
long-wavelength range. The scaling factors applied are listed in Table 1 and a plot of the orig-
inal and adjusted data is shown in Figure 6.

Table 1. Scaling factors for complex refractive index data applied to reported data for various
thin film layers in order to achieve good fits to reported record solar cells.

Scaling factor in Scaling factor in Scaling factor in
model for SunDrive | model for LONGi rec- | model for_pr_actical Reference
Layer record solar cell [9] ord solar cell [1] Jsc limit data
n k n k n k
Front a-Si:H(i) - - - 0.6 - 0.6 [21]
Front nc-SiOx:H(n) - 0.6 - 0.35 - 0.35 [20]
Front TCO - 1.2*,0.8* - 0.45% - 0.45% [19]
Rear a-Si:H(i) - - - 0.6 - 0.6 [21]
Rear aS-i:SI_i;(I;I)()p)/nc- } ) } ) } } [21], [20]
Rear TCO - 1.2*,0.8* - 0.45% - 0.45% [19]
Copper chuck - - - - - - [27]

*Applied only to 300-700 nm; *Applied only to 700-1200 nm; #*Applied only to 800-1200 nm.

a-Si:H(i) - Original and used
for SunDrive’s record
_ a-Si:H(i) - Used for LONGi’'s
record and practical limit
—— TCO - Original
TCO - Used for SunDrive’s
record
_ TCO - Used for LONGi’s
record and practical limit
nc-SiOx:H(n) - Original
nc-SiOx:H(n) - Used for
SunDrive’s record

nc-SiOx:H(n) - Used for LONGi’s
record and practical limit

10°

1074 L

400 600 800 1000 1200

Wavelength (nm)

Figure 6. Original and adjusted extinction coefficients k for the record devices modelled in
Figure 3.
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