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High-Intensity Illuminated Annealing of Industrial
SHJ Solar Cells: A Pilot Study
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Abstract—Here, we demonstrate the effectiveness of illuminated
annealing using high-intensity light to improve the efficiency of
industrial n-type silicon heterojunction (SHJ) solar cells. The ap-
plication of high intensity laser light during annealing at 200 °C led
to efficiency improvements as large as 0.7%abs and final efficiencies
as high as 24.5%. This was demonstrated on industrial SHJ solar
cells from five different manufacturers, indicating the robust appli-
cation of this technique. We show that the annealing process with
high-intensity light leads to significant efficiency enhancements
compared to previous observations using light soaking under 1-sun
conditions, meaning the process can be completed in 30 s, rather
than hours. The observed enhancements were related to increased
VOC and fill factor. If this approach can be tailored to time scales
amenable with mass production, the associated efficiency enhance-
ments could drive reductions in the levelized cost of electricity
for SHJ solar cells, making them more competitive in the face of
existing technologies.

Index Terms—Illuminated annealing, light soaking, silicon
heterojunction (SHJ), surface passivation.

I. INTRODUCTION

THE current world record efficiency of 26.7% for a sin-
gle junction silicon solar cell was achieved using silicon

heterojunction (SHJ) device architecture [1]. The SHJ cell ar-
chitecture allows for very high open-circuit voltages (VOC),
of up to 750 mV [2]. The ability to achieve such high VOC

is related to the excellent surface passivation provided by the
intrinsic hydrogenated amorphous silicon (a-Si:H) layers, which
significantly reduce recombination at the surfaces [3]–[5]. Ad-
ditionally, the carrier selectivity of the contacts is determined by
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thin, doped amorphous silicon layers, which removes the need
for a thermally diffused homojunction. The lack of a heavily
doped surface region reduces Auger recombination, increasing
the achievable VOC. Another advantage of SHJ cells is the lower
temperature coefficient, meaning that modules perform better
when operating under elevated temperatures in the field [6]. Due
to these advantages, SHJ cells are very suitable as the bottom cell
in perovskite/silicon tandem solar cells [7]–[9]. The design of the
SHJ structure, which relies on intrinsic and doped a-Si:H layers,
changes the processing temperature requirements compared to
other cell designs, such as passivated emitter and rear cell
(PERC) and tunneling oxide passivating contact (TOPCon) cells
[10]–[14]. Both PERC and TOPCon solar cells include a thermal
diffusion and contact firing process, which occur at temperatures
>700 °C. However, during SHJ processing, the temperature is
kept below ∼200 °C [4]. Special low temperature silver paste is
used for contact formation at this low temperature [15]. The
main reason for the temperature constraint is the instability
of the surface passivation from the a-Si:H layers. At elevated
temperature, the chemical passivation of surface states begins to
deteriorate, due to the rupturing of Si-H bonds at the interface
[16]–[18].

Extensive studies have shown instabilities in p-type solar cells
under the presence of light and elevated temperature. Efficiency
reduction in p-type solar cells are related to two primary forms of
defects: first, boron-oxygen light induced degradation [19]–[21];
and second, light and elevated temperature induced degradation
(LeTID) [22]–[24]. Multiple reports have displayed efficiency
enhancements in n-type SHJ cells using light soaking [25],
[26]. In 2016, Kobayashi et al. [27] reported on changes in
the efficiency of n-type SHJ solar cells under extensive light
soaking with an illumination intensity of 1-sun. Remarkably,
they showed that the efficiency of SHJ solar cells increased
following light soaking by up to 0.3%abs. This increase was
related to improved VOC and fill factor (FF), which was at-
tributed to a reduction in interfacial defect states [27], [28]. They
also showed similar kinetics of increased efficiency following
current injection, indicating that the increase is related to the
generation of carriers in the c-Si layer. A follow-up publication
showed a similar result on minimodules with n-type SHJ cells
[29]. The time frame to reach the saturated efficiency gain of
0.3%abs was ∼15 h. This is far too long to be incorporated
into a production scenario. Multiple reports have shown that the
use of high-intensity light produced by a laser can significantly
accelerate the rate of degradation in p-type PERC solar cells
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TABLE I
AVERAGE PHOTOVOLTAIC CHARACTERISTICS OF INDUSTRIAL SHJ CELLS FROM HEVEL LLC

[30], [31]. It would be advantageous if these approaches could
be used to accelerate the observed efficiency enhancements in
n-type SHJ solar cells so that the time frame of the process could
be reduced.

In this work, we show enhancements in SHJ solar cells under
light soaking with high-intensity light from a laser. Efficiency
enhancements of up to 0.7%abs were observed, which is larger
than the enhancements previously reported under 1-sun con-
ditions. Importantly, we demonstrate that this approach works
for industrial cells from five different manufacturers. The use
of high-intensity light significantly accelerates the performance
enhancement, with a processing time-scale on the order of
seconds rather than hours. This short time-scale means that tem-
peratures exceeding 200 °C can be explored, which contradicts
conventional thinking on the potential temperature processing
windows for SHJ solar cells. We also observe that illuminated
annealing leads to reduced short-circuit current density (JSC) for
cells from one manufacturer. This indicates that the enhancement
is sensitive to the processing conditions used.

II. EXPERIMENTAL DETAILS

The primary pilot study experiment in this work was per-
formed on n-type SHJ solar cells, fabricated in an industrial en-
vironment by Hevel LLC. The SHJ cells were all M2, busbarless
and bifacial. Two distinct groups of cells were studied; results
from 50 cells in each group are described in this article. The dif-
ference in the groups is the cell efficiency, group 1 had a starting
efficiency of 22.53 ± 0.12%, and group 2 had a starting effi-
ciency of 21.25±0.09%. Groups with two significantly different
efficiency bins were used deliberately to compare the effect of
the illuminated annealing depending on the initial cell efficiency.
In addition to the 100 cells from Hevel LLC, the demonstration
of illuminated annealing in this report was performed on n-type
industrial SHJ solar cells from a range of leading manufacturers.
Due to commercial sensitivity, the exact processing methods and
company names are not disclosed for each set of cells. The cells
were heated on a hot plate with a setpoint temperature of 200 °C
and were illuminated with a continuous wave (λ= 980 nm) solid
state diode laser with monochromatic illumination intensity of
∼55 kW/m2. Accounting for photon density, this is equivalent
to approximately 100 suns. This illumination intensity caused
the sample temperature to increase to ∼255 °C during exposure.
The time of the process used was 30 s. This post-cell illuminated
annealing was performed at The University of New South Wales
(UNSW). Current-voltage (I–V) measurements were performed
in house at Hevel LLC under standard testing conditions. The

I–V measurements before and after the illuminated annealing for
cells from all other companies were performed at UNSW under
standard testing conditions using either a Wavelabs Sinus 220
or pvtools Loana I–V testing system. Photoluminescence (PL)
images were obtained using a BT imaging LIS-R3 luminescence
imaging tool before and after the post-cell process [32]. The
same tool was used to generate the series resistance mapping,
based on a methodology developed by Kampwerth et al. [33].

III. RESULTS AND DISCUSSION

First, high intensity illuminated annealing using a laser was
performed at UNSW on 100 n-type SHJ cells fabricated in an
industrial environment at Hevel LLC. Table I shows the average
I–V parameters before and after the process for each group,
as well as the absolute change in each parameter caused by
the processing. Fig. 1 graphically displays the change in JSC,
VOC, FF, and efficiency using box plots. Fig. 1 displays a clear
increase in efficiency after the illuminated annealing. The aver-
age efficiency improves by 0.58%abs (2.58%rel) and 0.63%abs

(2.96%rel) for group 1 and group 2, respectively. It appears
these improvements are slightly more pronounced when the
starting efficiency is lower. However, significant improvements
are still observed on group 1, with initial efficiencies exceeding
22.5%. This efficiency increase under high intensity illumination
conditions, which occurs during the 30 s process, is much larger
than that observed previously under 1-sun illumination [27]. No
statistically significant changes were observed in the JSC, the
increased efficiency is related to changes in both VOC and FF.
The increased FF can be correlated with a reduction in series
resistance (RS). The RS reduced by 0.13 Ω·cm2 (11.8%) and
0.33 Ω·cm2 (16.9%) for group 1 and group 2, respectively.

This observed efficiency enhancement is promising, particu-
larly considering that these results are achieved using cells fully
fabricated in an industrial environment and with a relatively large
sample size of 100 cells. The fabrication of industrial n-type SHJ
cells is a rapidly evolving landscape. Aspects of cell design,
such as the metallization scheme and structure/approach for the
n-doped layer, as well as the deposition tools used, are constantly
updating. This is leading to impressive annual increases in the
average production cell efficiencies [34]. To provide further
validation for the observations in Fig. 1, the same high intensity
illuminated annealing process was applied to n-type SHJ cells
from a range of different leading cell manufacturers. All cells
were treated at a sample temperature of ∼255 °C under 55
kW/m2 laser illumination intensity. Fig. 2 displays a summary
of the changes in efficiency for cells that have been subjected to
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Fig. 1. Comparison of JSC, VOC, FF, and efficiency for both as-received (As
Rec.) and processed (Proc.) cells.

illuminated annealing for 30 s. All cells used commercial n-type
Cz wafers and were fabricated in a fully industrial environment.

The sample size of the experiment varied from 9 to 50. The
results from the Hevel group 1 cells are also shown in Fig. 2.
This presents a positive view of the impact of high-intensity
illuminated annealing on industrial n-type SHJ cells. For five

of the six companies displayed, efficiency enhancement ranges
from 0.37%abs to 0.70%abs. However, for one company, the ef-
ficiency enhancement was only 0.06%abs. The presented results
show significant efficiency enhancements on cells with a very
wide range of starting efficiency, from 21.67% to>24.00%. Five
of the six companies show a larger efficiency gain under these
high intensity illumination conditions compared with the light
soaking under 1-sun conditions reported by Kobayashi et al.
[27]. This highlights the potential of using high intensity light
to improve the efficiency of n-type SHJ cells. In all cases except
for Company Y, the JSC is remarkably stable before/after the high
intensity illuminated annealing. For Company Y, the JSC reduces
by ∼0.3 mA/cm2, indicating that the response of these cells is
different. This is discussed further below. The improvements
in efficiency are attributed to increases in VOC and FF. To
investigate the spatial distribution of these changes PL imaging
and RS mapping was used.

Fig. 3(a) displays open-circuit PL images before and after
the high intensity illuminated annealing on n-type SHJ cells
from company X, measured under 1-sun illumination conditions.
A clear increase in the PL counts can be observed, depicted
graphically in the histogram (right). The peak shifts towards
higher counts, with a tighter distribution. The cell is impacted
by processing marks. It appears the illuminated anneal improves
the lifetime in these dark regions caused by processing marks, as
well as generally in unaffected areas of the cell. The defectivity
caused by processing marks can also have an impact on the FF
[35]. To study spatial variations in FF, RS mapping of the same
cell was also taken before/after illuminated annealing. These are
displayed in Fig. 3(b). This shows two distinct benefits of the
illuminated annealing: first, a reduction in the mean RS value;
and second, a reduction in standard deviation of the spatially
measured RS. This change in the distribution is clearly depicted
in the accompanying histogram. The RS can be very sensitive
to the thin layers in the contact stack. Busbar to busbar resis-
tance measurements (not shown) indicated that the illuminated
annealing was not causing a reduction in the resistance in the
metal. Thus, we tentatively ascribe the reduced RS to improved
conduction in the contact stack (a-Si:H(i)/a-Si:H(doped)/ITO).
The broader distribution on the as-received sample may indi-
cate that the RS is sensitive to spatial nonuniformities in these
layers. The tighter spread in the values following illuminated
annealing may indicate that the annealing causes the FF to
be less sensitive to spatial nonuniformities in the deposited
layers. The corresponding RS value extracted from the I–V curve
reduced from 1.12 ± 0.17 to 0.83 ± 0.13 Ω·cm2. The result in
Fig. 3(b) indicates that the reduction in RS has a large impact
on the FF improvement. In order to help quantify this, the FF,
pseudo fill factor (pFF) and RS for cells from Company X are
plotted in Fig. 4. As shown, the FF increased from 77.90 ±
0.82% to 79.90 ± 0.76% after the high intensity illuminated
anneal. Correspondingly, pFF increased from 83.53 ± 0.29% to
83.95 ± 0.33%. Therefore, the absolute change in FF and pFF
was 2.00%abs and 0.42%abs, respectively. The pFF provides
a measure of FF without the impact of resistive losses. So,
0.42%abs of the changes (approximately 20% of the total change
in FF) are not related to changes in resistance. Therefore, the
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Fig. 2. Box plots showing the impact of illuminated annealing on the efficiency of industrial n-type SHJ solar cells sourced from five different companies. The
company name is displayed on the x axis, in one case; the company named is withheld from publication.

remaining 1.58%abs increase can be attributed to the reduced
RS. This represents approximately 80% of the 2.00%abs FF
improvement, indicating that RS dominates the modulation of
FF.

Multiple reports have shown that the changes in passivation
at the a-Si:H/c-Si interface via annealing is related to a change
in the density of interfacial states via hydrogen passivation,

rather than a modulation of fixed charge at the interface [36],
[37]. Specifically, this hydrogen passivation is facilitated by a
transition from a higher hydride state in the a-Si:H film, to a
monohydride c-Si surface state [16]. Mahtani et al. [28] showed
that modulating the metastability of the a-Si:H layers via light
soaking can lead to improvements in effective lifetime, which
was particularly pronounced for surface passivation containing
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Fig. 3. (a) Open-circuit PL image and (b) series resistance mapping before/after the high intensity illuminated annealing. A frequency histogram, extracted from
the displayed image, is also displayed.

Fig. 4. Box plots displaying changes in FF, pFF, and RS for cells from company X before/after high intensity illuminated annealing.

a doped a-Si:H layer on top of the intrinsic layer. In this case,
light soaking was performed at 25 °C under 1-sun AM 1.5G con-
ditions and the changes in lifetime were observed over hundreds
of hours. They showed that, unlike bulk a-Si:H solar cells, the
photostability of the a-Si:H/c-Si interface is largely governed by
the initial density of interfacial defects, rather than changes in
the microstructure in the a-Si:H layer. As such, they attribute the
larger improvements in stacks containing doped a-Si:H layers to
the higher interfacial defect concentration, due to the presence
of the doped layer and a reduced generation of defects due to the
field effect provided by the doped layer. This increase in lifetime

was extended by Kobayashi et al., [27] who showed an increase
in VOC on n-type SHJ solar cells after extended light soaking
at 1 sun conditions. This led to an efficiency enhancement of
0.3%abs, which saturated after ∼15 h. This increase was also
related to a reduction in the density of interfacial defect states.
Multiple reports have also indicated that annealing at tempera-
ture higher than 200 °C can lead to performance reductions [37],
[38]. One key difference between these prior studies and the
work reported herein is the intensity of the illumination during
light soaking. It is likely that the previously discussed mecha-
nism of improved surface passivation via hydrogen passivation
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of interfacial surface defects is occurring in this study, which
corresponds with the increased VOC in Fig. 2. However, the
high intensity of the light significantly accelerates this reaction
and leads to a larger increase compared to light soaking under
1-sun conditions. As such, this demonstration moves the concept
of annealing industrial n-type SHJ cells closer to a commercial
application.

While the results displayed in Fig. 2 are very promising,
further work is required to understand the photostability of
surface passivation in SHJ cells. This is highlighted by Mad-
umelu et al. [39] who actually showed substantial efficiency
reductions in industrial n-type SHJ cells under light soaking at
160 °C [40]. Dark annealing under the same conditions caused
a slight increase in efficiency. They also showed that increasing
the light intensity up to 40 kW/ m2 can alter the kinetics of the
subsequent recovery of efficiency. This indicates that the meta
stable state achieved at the a-Si:H/c-Si interface is very sensitive
to annealing conditions. As shown in Fig. 2, the cells from
Company Y responded differently to the others. The efficiency
enhancement was much smaller. Additionally, unlike the other
groups for which the JSC was very stable, the JSC for cells from
Company Y underwent a reduction. All of the results in Fig. 2
used a set point temperature of 200 °C (sample temperature of
∼255 °C). When samples from Company Y were subjected to
illuminated annealing at higher set point temperatures (data not
shown), the reduction in JSC was exacerbated. It is currently not
clear what caused this loss in JSC. It may be related to variations
in the type of doped interlayers used; however, this information
is not available. A recent report by Cattin et al. [41] provides
some insight. They showed that for optimized n-type SHJ cells,
light soaking or current injection can cause an efficiency gain of
0.3%abs over a time frame of ∼100 h. However, light exposure
on a non-optimized p-doped layer can have a negative impact on
cell efficiency. The observed reduction in VOC and FF is caused
by reduced selectivity, which is attributed to defect generation
in the p-doped layer (or the a-Si:H(i) layer underneath) via UV
light. This provides strong justification for the “rear emitter”
design approach for n-type SHJ cells, where the problematic
p-doped layer is on the rear of the cell. In light of this literature,
the promising results outlined in this article require further
consideration before a commercial solution is fully developed.

IV. CONCLUSION

In this work, we demonstrated the effectiveness of a 30 s high-
intensity illuminated annealing process to improve the perfor-
mance of n-type SHJ solar cells. The intensity of the illumination
from the laser was on the order of 100 suns. The initial study
was performed on 100 cells fabricated at Hevel LLC. Efficiency
enhancements of 0.63%abs and 0.58%abs were shown, for cell
groups with efficiencies starting at 21.25% and 22.53%, respec-
tively. This improvement is attributed to increased VOC and FF.
The wide applicability of this approach was then demonstrated
by testing on cells from five different SHJ cell manufacturers.
Efficiency enhancements seen on this range of industrial n-type
cells varied from 0.37%abs to 0.70%abs, indicating the widely
applicable nature of this annealing approach. This indicates

that not only can the high-intensity illumination significantly
accelerate the cell improvement compared to 1-sun, from >10
h to a matter of seconds; the achievable efficiency boost is
also larger. Future work will focus on studying the kinetics
of this illuminated annealing process to identify a minimum
processing time, such that this improvement can be achieved in
a commercial manufacturing environment.
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