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1. Introduction

Silicon heterojunction (SHJ) solar cells cur-
rently exhibit the highest efficiency among
silicon-based devices. The cell efficiency
has steadily improved in recent years and
reached 26.8% for the two sides contacted
structure as reported by Longi.[1] Due
to its low-temperature processes, low-
temperature coefficient, and high bifacial-
ity, SHJ solar cell technology is considered
promising for large-scale terrestrial PV
applications.[2–4] The increasing commer-
cial interest in SHJ solar cells has inspired
research in further increasing the power
conversion efficiency and understanding
the underlying causal mechanisms.

Intrinsic and doped hydrogenated amor-
phous silicon (a–Si:H) layers are used for
surface passivation and carrier selectivity,
which are the key materials in SHJ solar
cells for achieving high open-circuit voltage
(VOC) and good carrier selectivity.[5]

Discovered by Staebler and Wronski in
1977, exposure to light can increase the defect density in a–Si:
H, resulting in performance degradation in thin-film solar
cells.[6,7] This effect raises concerns whether SHJ solar cells fab-
ricated with ultrathin a–Si:H layers are stable under prolonged
light exposure. Fortunately, in 2016, Kobayashi et al. reported
an enhanced light-induced performance of SHJ solar cells under
1 sun illumination, which was attributed to a reduced density of
recombination-active interface states, leading to an improvement
in VOC and fill factor (FF).[8] These authors also showed similar
kinetics by applying a dark forward-voltage bias, where an
increase in minority carrier injection in the absorber would be
generated, which could contribute to near-interface state
healing.[9,10] Multiple subsequent publications utilizing different
light-soaking (LS) techniques have also revealed improvements
in the efficiency of SHJ solar cells. These enhancements stem
from systematic improvements in the VOC and FF, as well as sig-
nificant reductions in series resistance (RS).

[11,12] Light-induced
performance enhancement has been observed at the module
level by several research groups, in addition to cell-level
effects.[13,14] While some publications highlight the benefits of
LS, there are also reports indicating harmful illumination effects.
Wright et al. demonstrated a notable decline in the efficiency of
commercial n-type SHJ solar cells when subjected to annealing

W. Duan, T. Rudolph, H. T. Gebrewold, K. Bittkau, A. Lambertz, D. Qiu,
M. A. Yaqin, K. Ding, U. Rau
IEK-5 Photovoltaik
Forschungszentrum Jülich GmbH
52428 Jülich, Germany
E-mail: w.duan@fz-juelich.de; k.ding@fz-juelich.de; u.rau@fz-juelich.de

T. Rudolph, H. T. Gebrewold, D. Qiu, M. A. Yaqin, U. Rau
Jülich Aachen Research Alliance (JARA-Energy) and Faculty of Electrical
Engineering and Information Technology
RWTH Aachen University
52062 Aachen, Germany

X. Xu
LONGi Central R&D Institute
Longi Green Energy Technology Co., Ltd.
Xi’an 710018, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/solr.202400383.

© 2024 The Author(s). Solar RRL published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly
cited, the use is non-commercial and no modifications or adaptations
are made.

DOI: 10.1002/solr.202400383

Heat-assisted intensive light soaking has been proposed as an effective post-
treatment to further enhance the performance of silicon heterojunction (SHJ)
solar cells. In the current study, it is aimed to distinguish the effects of heat and
illumination on different (doped and undoped) layers of the SHJ contact stack. It
is discovered that both elevated temperature and illumination are necessary to
significantly reduce interface recombination when working effectively together.
The synergistic effect on passivation displays a thermal activation energy of
approximately 0.5 eV. This is likely due to the photogenerated electron/hole pairs
in the c–Si wafer, where nearly all of the incident light is absorbed. By distin-
guishing between the effects of light and heat effects on the conductivity of p- and
n-type doped hydrogenated amorphous silicon (a–Si:H) layers, it is demonstrated
that only heat is accountable for the observed rise in conductivity. According to
numerical device simulations, the significant contribution to the open-circuit
voltage enhancement arises from the reduced density of defect states at the
c–Si/intrinsic a–Si:H interface. In addition, the evolution of the fill factor is highly
dependent on changes in interface defect density and the band tail state density
of p-type a–Si:H.
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temperature above 85 °C under 1 sun illumination.[15] Cattin et al.
found that the hole selectivity of the intrinsic/boron-doped layer
stack is reduced when the p-type layer on the light-incoming side
is not thick enough.[16] Therefore, efficiency changes vary signifi-
cantly with different cell parameters under various combinations of
elevated temperature and illumination. It is likely that various pro-
cesses are stimulated by LS at elevated temperatures concurrently.
Thus, a thorough comprehension of these processes is required to
optimize SHJ devices for highest and stable performance.

In the studies cited, LS was predominantly applied under 1 sun
conditions with prolonged treatment time and, at times, elevated
temperature. Recently, several reports have proposed a high-
intensity LS process that can be completed within minutes.[11,17]

This process has emerged as a novel method for systematically
enhancing the efficiency of SHJ solar cells within the industrial
production process. In this study, our goal is to comprehensively
understand the mechanism responsible for the heat-assisted
intensive LS effect. We conduct experiments to differentiate the
effects of thermal treatment and intense light illumination, which
exhibit both independent and synergistic effects. We develop the
SHJ solar cell layer stack methodically, examining the surface
passivation and carrier transport characteristic in conduction
heat-assisted intensive LS experiments. Finally, we employ finite-
element method-based device simulations using Sentaurus
Technology Computer Aided Design (TCAD) to analyze various
defect densities within the device structure.

2. Results and Discussions

2.1. Process Decomposition

During the heat-assisted intensive LS process, the samples were
heated on a hot table with a set temperature of 175 °C, under
continuous illumination from light-emitting diodes (LED) for
a duration of 90 s. The LED spectrum utilized has two prominent
peaks centered at 450 and 600 nm, as shown in Figure S1A,
Supporting Information. The spectral irradiance was adjusted
to achieve a photon density that is equivalent to ≈20 suns.
Incident light of this particular spectrum exhibits significant
absorption and rapid intensity decay on the surface of the n-type
silicon wafer, as shown in Figure S1B, Supporting Information.
The absorption length has been determined using the absorption
coefficient of a crystalline silicon (c–Si) wafer, listed in Figure
S1C, Supporting Information. These findings suggest that there
is almost no light penetrating through the SHJ solar cell fabri-
cated on a 135 μm-thick wafer. Unlike some 1 sun LS conditions,
where the temperature was regulated below 50 °C, an elevated
temperature was introduced in this experiment. This introduc-
tion needs careful consideration, particularly for the SHJ technol-
ogy processed at low temperatures.[8,18] To have an idea about the
temperature evolution during the LS process, the temperature
profile on the samples was monitored using a pyrometer, and
the results were plotted in Figure 1. The cells were transported
through a track onto a preheated table under illumination.
Thanks to the excellent thermal conductivity of silicon and the
reliable temperature control system, the sample temperature
experiences sharp increases (upon insertion) and decreases
(upon removal) while maintaining a steady 210 °C throughout

the LS process. This high-intensity illumination rapidly increases
the temperature of the sample, exceeding the table set tempera-
ture (175 °C) on the heated table.

Since a proper post-thermal treatment could also enhance the
passivation and carrier transport in SHJ solar cells, what role does
heat play in the LS process?[19,20] What occurs after absorption of
high-intensity light in the first few micrometers of cells? To clarify
these questions, three independent treatments were created for
comparison: a pure heat process (Annealing), a low-temperature
processed intensive LS (Low-T LS), and the heat-assisted LS pro-
cess. Figure 1 displays the sample temperature profiles under each
treatment. The LED spectrum was switched off during the
Annealing process. The table heating temperature was elevated
to attain the same thermal budget on the samples as in the LS
condition. It is evident that the two curves (red and brown) overlap
well. In the Low-T LS process, the table heating was deactivated.
Even though light exposure increases the temperature of the sam-
ple, the final sample temperature remains below 45 °C due to the
short 90 s process time. As a result, the samples are minimally
affected by thermal conditions.

2.2. SHJ Solar Cell Performance

First, we conducted LS on two types of bus-bar-less SHJ solar cells
from the n side. The two cell types differ in the p-side interface
treatment during fabrication. Specifically, “cell type 1” received
a hydrogen plasma pretreatment to improve the c–Si surface
cleaning before intrinsic a–Si:H (a–Si:H (i)) deposition, while “cell
type 2” did not undergo such a process.[21] Figure 2 shows the pre-
and post-process current–voltage (I–V ) characteristics for each
group using box plots, along with the absolute change in each
parameter. The average efficiency improves by 0.15%abs and
0.50%abs for “cell type 1” and “cell type 2”, respectively. The
increase in efficiency can be attributed to the improvement of both
the VOC and FF in both cell types. However, the short-circuit cur-
rent density (JSC) did not show any statistically significant changes.
The improvement in “cell type 2” under the applied LS condition
is considerably better than what was previously reported under
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Figure 1. Sample temperature profiles during pure Annealing, Low-T LS,
and LS processes.
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1 sun illumination. This demonstrates a promising pathway for
improving efficiency, even with an initial average cell efficiency
exceeding 23.3%.[8,9] A deeper analysis of the light-induced
changes reveals distinctive origins for each of the two cell types.
The different initial VOCs for the two cell types indicate that the
different cell fabrication techniques result in different effects on
the passivation process. A more pronounced VOC increase occurs
for “cell type 2” compared to “cell type 1”. The improved passiv-
ation of “cell type 2” after LS significantly enhances its pseudo FF
(pFF), which measures FF without RS loss. Here, the RS values
were determined through I–Vmeasurements at varying illumina-
tion intensities. The RS was reduced by the same magnitude for
both types of cells, contributing to the FF improvement. It is note-
worthy that the stronger increase of FF in “cell type 2” arises not
only from the lowered RS, but also from the substantial enhance-
ment in pFF, which is not the case for “cell type 1”. In the latter, RS

dominates the slight variation of FF. The corresponding RS-driven
FF gain calculated as ΔFFRs=Δ(pFF� FF) was determined to be
roughly 0.3%abs for “cell type 2”. It can be seen that a decrease in
RS and an enhanced passivation led to ≈28% and ≈72% of the
overall FF gain (1.1%abs), respectively. The impact of LS on solar
cell performance is greatly influenced by processing conditions,
specifically the initial state of SHJ solar cells. As we observed a
decrease in resistance that was identical between both cell types,
but a notably greater increase inVOC in “cell type 2”, this study will
mainly focus on examining the evolution of passivation and
carrier transport for “cell type 2”.

2.3. Heat-Assisted Light-Induced VOC Enhancement

To investigate the origin of enhanced VOC after LS, we analyzed
various samples with symmetric passivation layers, such as a–Si:

H (i) structure (i/i), a–Si:H (i)/n-type a–Si:H (a–Si:H (n)) struc-
ture (i–n/i–n), and a–Si:H (i)/p-type a–Si:H (a–Si:H (p)) (i–p/i–p)
structure. In Figure 3, we show how the excess carrier lifetime
(τeff ) of these symmetric structures develops after Annealing,
Low-T LS, and LS processes at the carrier injection level of
1� 1015 cm�3. The τeff of the i/i and i–n/i–n samples both
increase after Annealing treatment, as demonstrated in
Figure 3A,B. This phenomenon can be explained by the effects
of isothermal Annealing on the microstructural Si─H bonding
environment, which promotes the passivation of the c–Si/
a–Si:H interfaces.[22,23] In contrast, the τeff of the i–p/i–p struc-
ture shows a slight decrease after Annealing as shown in
Figure 3C. This phenomenon may be attributed to the Fermi
energy-dependent defect generation in the a–Si:H (p) films dur-
ing annealing.[24] The surface passivation of the i/i structures
appears to degrade slightly after Low-T LS, consistent with
Kobayashi’s research, and can be explained by the Staebler–
Wronski effect (SWE), where light creates defects in the a–Si:H
bulk that trigger electron–hole recombinations.[25,26] For samples
passivated by doped layers (i–n/i–n and i–p/i–p), τeff values either
slightly improved or remained stable after Low-T LS. The
presence of the doped layer shifts the Fermi level toward one
of the band edges, which may reduce or even reverse the negative
SWE upon passivation.[24] We conclude that this enhancement,
induced by light at low temperatures, must compete with the
potentially negative SWE upon passivation. Remarkably, the
τeff of all structures increases twofold following the LS treatment.
After observing the τeff evolution of the symmetrical structures
under the three different treatments, it is clear that the LS effect
is not a simple superposition of Annealing and Low-T LS. Rather,
it is a synergistic effect. The significant improvement of τeff in i/i
samples suggests that the passivation enhancement by LS can be
attributed to the change in interface states density between c–Si
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Figure 2. A) VOC, B) JSC, C) FF, D) efficiency, E) pFF, and F) RS of two types SHJ solar cells before and after LS. The values are based on more than 20M2þ
industrial sized cells per batch. The light was incident from n side.
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and a–Si:H (i) interface as well as the defects density in
the a–Si:H (i) bulk.

Isochronal LS cycles with different time steps were performed
to calculate the activation energy and examine how the LS
process heals passivation. The isochronal LS process began with
i–n/i–n samples, which were coated on both sides with Sn-doped
indium oxide (ITO). The sputtering process caused a significant

implied VOC (iVOC) loss. The samples underwent LS for a fixed
time increment of Δt, with temperatures increasing successively
by ΔT of ≈40 K. The initial temperature was room temperature,
and the final temperature was where the iVOC reached saturation.
During the intervals between LS, measurements were taken on
the lifetime and iVOC of the samples. Figure 3D depicts the rela-
tionship between the VOC loss (ΔVOC) and the LS process at
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Figure 3. Changes in the minority carrier lifetime for samples with A) i/i, B) i–n/i–n, and C) i–p/i–p symmetric structure. The evaluation was performed at
the carrier injection of 1� 1015 cm�3. D) Isochronal LS experiments with time steps 50, 90, and 180 s for ITO sputtered i–n/i–n samples. E) Arrhenius plot
of the restored time constants τn gained from the isochronal LS experiments with different time steps.
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different substrate temperatures, with Δt values of 50, 90, and
180 s. Even though room temperature was maintained for all
samples during the lowest LS temperature, the light-induced
thermal effect caused a slight increase in the actual temperature
of the sample. When the LS temperature is lower than 400 K,
increasing the Annealing temperature leads to a considerable
reduction in ΔVOC, indicating a rapid restoration of passivation
quality. For instance, even for low temperatures such as 314 K,
ΔVOC reduces from 146 to 86mV for the sample light soaked for
Δt= 180 s. This strongly suggests that light has a significant
impact on the entire process.

To calculate the relaxation time τ, we computed the excess
defect concentration Nexc(n) after each LS process using the
ΔVOC values presented in Figure 3D. The relaxation time
constant τn(Tn) at the LS temperature Tn can be determined
by analyzing the changes in Nexc caused by LS and can be
expressed as τn ¼ Δt=lnfNexcðn� 1Þ=NexcðnÞg.[27] The use of
three different time steps allows a greater range of relaxation
times to be covered. Figure 3E depicts an Arrhenius plot of
the relaxation time τn against the 1000/Tn during the correspond-
ing LS interval. It is found that the relaxation time can be
described according to τn ¼ τ0expðEA=kTnÞ with EA = 0.5 eV
and τ0 ¼ 4� 10�5s. The activation energy is about 12 times
the thermal energy at 210 °C.[28] This shows that the intensive
light during the process requires the support of heat to restore
passivation. An identical VOC gain was observed after LS, regard-
less of whether the illumination originated from the hole or elec-
tron contact side, as illustrated in Figure S2, Supporting
Information. As the intense light gets mostly absorbed in the illu-
minated contacting stack and the first several micrometers of
c–Si, the findings suggest that the passivation enhancement is
not due to the absorption of photons in the front-contacting
stacks. Instead, it could be because of the absorption of photons
in the bulk of the wafer since it is independent of the illumina-
tion side. Similar to Kobayashi et al.’s study demonstrating that
carrier injection during 1 sun LS enhances passivation,[8] the
increased carrier injection from the wafer bulk during heat-
assisted intensive LS should also contribute to passivation
enhancement. The high carrier concentration can partially
recombine through charged trap states in the a–Si:H thin films,
releasing energy to reconstruct the interface microstructure.
Eventually, thermally activated hydrogen movement allows for
the passivation of interface defects after the recombination
process. This reduces the density of defects and enhances the
performance of solar cells.

2.4. Heat-Assisted Light-Induced RS Reduction

Next, we examine the source of the RS reduction in our cell device
to understand how carrier transport is enhanced by the heat-
assisted intensive LS process. When one side of the solar cell
is illuminated by intense light, only thermal effects can influence
the opposite side of the solar cell. This is due to the fact that the
light cannot penetrate through the bulk of the wafer as previously
discussed. Surprisingly, a very similar absolute RS reduction was
observed after the LS process, as shown in Figure 4A, regardless
of whether the n side or p side was illuminated. In an SHJ solar
cell, RS is the average lumped resistance that a charge carrier

experiences through its path inside the solar cell. This includes
the transport loss through the wafer bulk, the interfaces between
thin-film layers, the lateral collection to the grid, the contact with
the metallization grid and the grid itself.[29] The capacitance–
voltage measurement results shown in Figure S3, Supporting
Information, demonstrate that the resistivity of the wafer bulk
remains unchanged after the LS process, as indicated by two
nearly coinciding curves. The transport losses in the grid can also
be disregarded due to the application of a finger resistivity
neglecting contacting scheme to measure the bus-bar-less solar
cell, which is similar to the one utilized at the Institut für
Solarenergieforschung in Hameln’s (ISFH’s) CalTec.[30] To gain
insight into the localization of light-induced reduction of RS, we
conducted the transfer-length-method (TLM)measurement. This
method extracted total vertical contact resistivity from both sides
of the solar cells. Figure S4, Supporting Information, displays the
TLM measurement structures, utilizing n-type wafers and p-type
wafers to determine contact resistivity on the n side and p side,
respectively. Thanks to the optimized metallization process, the
contact resistivity between ITO and Ag is too low to be measured
properly by the TLM method. Thus, the primary contribution to
the contact resistivities shown in Figure S4, Supporting
Information, derives from the contact resistivities between
ITO and a–Si:H (n) and ITO and a–Si:H (p), respectively. The
TLM measurement results are presented in Figure 4B,C, with
“face table” and “face light” denoting whether the TLM pattern
is oriented toward the heating table or the light source during the
LS process. In addition, “face table” implies similar conditions as
for pure Annealing. The specific contact resistivity between ITO
and a–Si:H(n) reduces from an average value of 125 to
100mΩ cm2 for both cases, which shows a similar trend to that
of p-type samples where the average value of 150mΩ cm2 drops
to 110mΩ cm2. This explains and correlates well with the infor-
mation displayed in Figure 4A. As depicted in Figure 2F, the
average total drop in Rs is ≈90mΩ cm2 after undergoing the
LS process. This indicates that about 44% of the improvement
arises from improved vertical transport at the p-side due to
the thermal effect, and ≈28% results from the illuminated n-side.
The remaining portion can be attributed to enhanced lateral
carrier collection by the more conductive ITO, as will be shown
later.

The dark conductivity of doped a–Si:H layers and the sheet
resistance (Rsh) of ITO were further investigated to uncover
the underlying mechanism behind the reduced contact resistivi-
ties. Since the samples for conductivity measurement were
prepared on Corning Eagle 2000 glass substrates, which have
lower thermal conductivity than silicon wafers, the film sides
were adhered to a silicon wafer using Ag paste to ensure proper
thermal conductance with the table during the short process.
Please refer to Figure S5, Supporting Information, for a detailed
schematic. The glass substrate allows for over 90% transmittance
at 450 and 600 nm emission peaks, enabling most of the light to
pass through to reach the film layers. Figure 5 displays the elec-
trical properties of doped a–Si:H layers and ITO undergoing dif-
ferent treatments. The average dark conductivity of the a–Si:H
(n) layer increases from 1.4� 10�3 to 5.0� 10�3 S cm�1 with
all the treatments applied to the samples. A similar trend is also
found in a–Si:H (p) thin films, with an increase in the average
dark conductivity from 7.1� 10�6 to 2.0� 10�5 S cm�1. The Rsh
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of ITO decreases from ≈208 to ≈195Ω sq�1 after Annealing or
LS processes. This differs from Low-T LS, where the values
remain constant. This demonstrates that the improvement in
ITO conductivity results solely from the heat effect. The consis-
tent evolution trend after Annealing and LS processes for these
three thin films can well explain the TLM results mentioned ear-
lier. The increase in dark conductivity observed in a–Si:H (n) and
a–Si:H (p) due to Low-T LS can be explained as a light-induced
improvement in doping efficiency.[31–33] Taking a–Si:H (p) as an

example, atomic hydrogen can deactivate boron acceptors by
forming weak H–B–Si components. The intensive LS can pro-
mote the diffusion and hopping of these weakly bound hydrogen
atoms, so that the increase in the B–Hmode will be obtained and
efficient B–Si4 doping can be activated.[31,32] While light-induced
creation of dangling bonds typically results in decreasing dark
conductivity in a–Si:H (i) and lightly doped a–Si:H layers, the
high dopant concentrations utilized in this study for the doped
layers can quench this effect.[6,34] It should be noted that the
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Figure 4. A) RS evolution when cells are illuminated from n side or p side under heat-assisted intensive light-soaking process. TLM measurement results
showing the variations in B) electron contact resistivity and C) hole contact resistivity when the structures are facing the table or facing the light during the
heat-assisted intensive light-soaking process.
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Figure 5. Conductivity changes of A) a–Si:H (n), B) a–Si:H (p), and C) sheet resistance changes of ITO thin films after treated with “Annealing,” “Low-T
LS,” and “LS” processes separately.
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observed increase in conductivity for the Annealing and Low-T
LS cases is merely a coincidence. The magnitude of the conduc-
tivity increase is related to the nature of the thin film itself and
process conditions. However, the light-induced changes in con-
ductivity can be completely annealed out with adequate heat
treatment.[33] This may explain why the LS treatment does not
offer additional conductivity enhancement compared to the
Annealing process. To confirm the dominance of thermal effects
in reducing RS during the LS, one group of solar cells cured at
170 °C for 40min underwent the extra Annealing process and
were then subjected to LS again. As shown in Figure S6,
Supporting Information, the RS values drop significantly after
Annealing. However, with the additional LS step, no further
reduction in RS values was observed. From the above findings,
it can be inferred that the decrease in RS values after the LS pro-
cess only occurs when the SHJ solar cells have not been suffi-
ciently treated. Thus, even though illumination could increase
the conductivity of heavily doped layers, it is still mainly driven
by the thermal effect here.

2.5. Insights from Simulation

Summarizing the aforementioned information, we conclude that
the changes induced in SHJ solar cells by heat-assisted intensive
LS occur in the thin-film layers and at the interfaces situated on
the n-type c–Si wafer. The gain in efficiency after LS is primarily
due to an increased VOC and FF as a result of improved passiv-
ation and carrier transport. To further quantify and confirm the
impact of individual layer and interface properties, we use
Sentaurus TCAD device simulation tool to vary the defect densi-
ties at different positions in the device structure, to determine the
possible individual contribution from each layer or interface and

explain the observed effects from the LS process.[35] The detailed
input parameters for the simulation can be found in Table S1 and
S2, Supporting Information. Figure 6 illustrates the performance
of SHJ solar cells while varying the density of the band tail states
in doped and intrinsic a–Si:H layers as well as the interface defect
density between c–Si and a–Si:H (i). The changes in conductivity
in doped a–Si:H are assumed to result from the impact of the
density of band tail states on the concentration of charge carriers.
The solid lines with solid symbols denote an interface defect den-
sity of Dit= 1� 1010 cm�2 eV�1, which corresponds to “cell type
2” before LS. The dashed lines with cross symbols denote an
interface defect density of Dit= 3� 109 cm�2 eV�1. The shaded
area depicts the interesting region for SHJ solar cells in this
work, as all the cell parameters presented in Figure 2 come under
this range. As can be seen from Figure 6A, to increase the Voc by
6mV for “cell type 2”, it can be obtained by reducing the band tail
states density in a–Si:H (p) (red solid line) or reducing the inter-
face defect density (from the solid lines to the dash lines).
However, the variation in the band tail states density in a–Si:
H (p) will cause a much more substantial FF change as depicted
in Figure 6B, contradicting the measured results after LS.
Only by changing the interface defect density to Dit= 3�
109 cm�2 eV�1, a good agreement with the measured solar cell
parameters for “cell type 2” after LS be achieved. Therefore,
the gain in Voc has to be explained by a decrease in the interface
defect density between c–Si and a–Si:H (i), which results in
enhanced surface passivation. This finding is supported by the
significant improvement in τeff after LS in the contactless (with-
out doped layers) i/i structure, as previously shown in Figure 3A.

Deeper insights are shown in the contour plots of VOC and FF
as a function of band tail state density in a–Si:H (p) and interface
defect density in Figure S7, Supporting Information. Assuming

Figure 6. Effects of band tail states density (Urbach tail pre-factor in cm�3 eV�1, see Table S2, Supporting Information) in doped and intrinsic a–Si:H
layers and interface defect density Dit (cm

�2 eV�1) on SHJ solar cells performance. Dash lines with cross symbol represent effect from interface defect
density of Dit= 3� 109 cm�2 eV�1, and solid lines with solid symbol represent effect from interface defect density of Dit= 1� 1010 cm�2 eV�1.
The shaded area depicts the interesting region for SHJ solar cells in this work.
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conductivity of a–Si:H (p) and interface defect density are the pre-
dominant factors, band tail state density is estimated before and
after LS, with values extracted from Figure S7, Supporting
Information, to be from 2.03� 1021 to 1.75� 1021 cm�3 eV�1.
From the difference between the quasi-Fermi level energy and
the valence band energy, we extracted the relative change in con-
ductivity for those two band tail state densities, resulting in a fac-
tor of ≈2.4 (after vs before LS, cf. Figure S8, Supporting
Information). This is in very good agreement with the ≈2.8 factor
improvement of the measured average conductivity of a–Si:H (p)
as shown in Figure 5, which proves the reliability of the
simulation, supporting the drawn conclusions.

For the FF evolution, Figure 6B shows a strong dependency on
the band tail states density in a–Si:H (p). To understand this
impact on FF, band diagrams of SHJ solar cells at 620mV bias,
near the maximum power point (MPP), for different band tail
states densities in the doped a–Si:H layers are simulated and
plotted in Figure 7. As shown in Figure 7B, the reduction of
the band tail states density in a–Si:H (p) shows a significant band
shift due to enhanced free charge carriers. As a result, better
alignment of the valence band of a–Si:H (p) and the conduction
band of ITO can be obtained. Thus, there will be a higher con-
tribution of band-to-band tunneling and less dependency on trap-
assisted tunneling, which results in improved carrier transport
between a–Si:H (p) and ITO. This is also verified by the mea-
sured 40mΩ cm2 reduction in contact resistance, as presented
in Figure 4C. From Figure 7A, the decrease of the band tail states
density in a–Si:H (n) could also result in a slightly better band
alignment between the conduction bands of a–Si:H (n) and
ITO, which explains the reduced 25mΩ cm2 contact resistance,
as shown in Figure 4B. Obviously, the reduction of band tail
states density (or the increase of conductivity) in a–Si:H (p)
has a greater impact on the enhancement of carrier transport
(or RS reduction) after LS compared to a–Si:H (n). To find out
whether the change of band tail states density in doped layers
affects field-effect passivation, the minority carrier densities
on both surfaces of c–Si were plotted as shown in Figure S9,
Supporting Information. For the n side, the hole density reduces
from 3� 1012 to 2� 1012 cm�3 on the surface of c–Si; for the p
side, there is a more obvious drop in electron density from
5� 1013 to 6� 1011 cm�3 when the band tail states density

reduces from 5� 1021 to 1� 1021 eV�1 cm�3. More effective
blocking of minority carrier transport implies better field-effect
passivation. Thus, changes in the density of band tail states in
a–Si:H (p) can have a higher impact on field-effect passivation
compared to a–Si:H (n). However, this improved field-effect
passivation in a–Si:H (p) has a limited effect on VOC gain, as
demonstrated in Figure S7A, Supporting Information. But it con-
tributes to the FF gain, similar to reduced interface defect density
as shown in Figure S7B, Supporting Information; by looking at
the region we are interested in. As discussed previously, ≈72% of
the overall FF gain in “cell type 2” arises from the passivation
improvement. This passivation improvement mainly resulted
from the reduced interface defect density which contributes to
the chemical passivation and increased conductivity in a–Si:H
(p) which contributes to the field-effect passivation.

3. Conclusions

The present detailed investigation of heat-assisted LS of SHJ
solar cells establishes that at least two distinct mechanisms
are at work under the usually applied conditions for LS
(enhanced temperature and larger than 1 sun light intensity).
Summary key impact factors for solar cell performance improve-
ment can be found in Figure S10, Supporting Information. One
mechanism is directly connected to the passivation quality of the
interface between the c–Si wafer and the a–Si:H: i) passivation
layer as demonstrated by the lifetime enhancement in samples
that even have no doped layers. This effect clearly requires both
enhanced temperature and illumination. We argue that the effect
is due to the passivation of Si-dangling bonds at or close to the
amorphous/crystalline interface by hydrogen atoms or molecules
abundantly available close to the interface region of the device.
This passivation effect is mediated by the recombination of pho-
togenerated electron–hole pairs taking place precisely at these
dangling bonds and, therefore, would be a self-limiting process
for interface recombination. The second mechanism is the
enhancement of the active doping density in the n- and p-type
doped layers. This process is driven by the enhanced temperature
without the need for illumination. Note that even though a light-
induced conductivity increase was found for doped a–Si:H layers,
this effect may be annealed out by the heating effect. Our
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numerical simulations show that the VOC improvement stems
from the reduced defect state density at the c–Si/a–Si:H:
i) interface rather than the conductivity increase in doped layers.
The reduction of interface defect density and the enhanced
electrostatic effect in the doped layers are both responsible for
the FF enhancement. Among them, the passivation of interface
defect density and doping in a–Si:H (p) play more prominent
roles.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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