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1. Introduction

The silicon heterojunction (SHJ) technology has enabled
world-record power conversion efficiencies in single-junction
silicon solar cells.[1] When combined with an interdigitated back

contact (IBC) contacting scheme, SHJ solar
cells achieved a conversion efficiency of
27.30%.[2] In a traditional front and back
contact scheme, SHJ solar cells achieved
a peak conversion efficiency of 26.81%
on an n-type Czchoralski-grown crystalline
silicon (Cz-Si) wafer.[3]

Laboratory and industrial SHJ solar cells
are traditionally based on n-type wafers.
The three main reasons for using n-type
wafers are 1) lower susceptibility to recom-
bination caused by metallic impurities,
2) the susceptibility of p-type boron-doped
wafers to boron–oxygen-related light
(in fact, carrier)-induced degradation, and
3) challenges with surface passivation of
p-type wafers.[4,5] Recent progress in
defect-engineering of SHJ solar cells com-
bined, with the availability of high-lifetime
gallium-doped (Ga-doped) Cz-Si wafers,
resulted in high-efficiency[6,7] and stable[6,8]

p-type SHJ solar cells, including a record
conversion efficiency of 26.56%.[7] This

record p-type efficiency is only ≈0.2%abs lower than its n-type
counterpart (both cells using a front and back contacting
scheme). Work from Chang et al. indicates (assuming a wafer
premium of 8% for n-type wafers) that replacing n- by p-type
wafers in SHJ manufacturing may be cost effective if the effi-
ciency gap between p-type and n-type can reach 0.4%abs.

[9] The
recent high-efficiency results for p-type indicate there may be an
economic incentive to investigate the use of this cheaper wafer
type in manufacturing. When trap-assisted recombination in the
silicon bulk is excluded, theoretical modeling indicates a higher
conversion efficiency limit for p-type compared to n-type SHJ
solar cells.[7] Thus, the economic incentive to replace n- by p-type
wafers could become more favorable as approaches to reduce
trap-assisted recombination in the silicon bulk are further
improved.

Apart from traditional rigid modules, there has been recent
progress in the development of thin (and flexible) SHJ solar cells,
with demonstrated conversion efficiencies exceeding 25% for
n-type[10] and p-type[7] wafers. Thin and flexible lightweight
SHJ modules are of particular interest for space photovoltaics.[11]

In such application, p-type wafers show greater stability
(under electron radiation) than their n-type counterparts.[12]

Therefore, progress in defect engineering of SHJ solar cells
can also contribute to the development of thin solar cells for
space applications.
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Silicon heterojunction (SHJ) cell architectures, which have dominated silicon
single-junction efficiency records for the past 10 years, are processed at relatively
low temperatures, on the order of ≈250 °C. Recombination-active oxygen com-
plexes in crystalline silicon, formed from interstitial oxygen (Oi), typically require
temperatures higher than this to form. Therefore, it is typically assumed that
SHJ cells are immune to such defects. This contrasts with the high-temperature
passivated emitter and rear cell (PERC) and tunneling oxide passivating contact
(TOPCon) architectures, which can suffer from oxygen precipitates that are
recombination active and difficult to predict. Herein, ring-like defects are observed
in boron-doped p-type SHJ solar cells, which leads to a degradation of open-circuit
voltage. It is shown that the spatial variation of this recombination activity is related
to the boron–oxygen defect, the variation of which is likely due to the radial Oi

distribution. Although boron-doped p-type wafers are no longer the industry
standard, the defect engineering of wafers for SHJ production, using high-
temperature processing, is gaining significant interest. Such wafers can have an
increased susceptibility to ring-like defects. Therefore, spatially inhomogeneous
defects causing recombination may become increasingly relevant for SHJ cells.
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The Cz-Si wafers used in solar cell manufacturing are suscep-
tible to oxygen-related recombination-active defects, such as
thermal donors.[13,14] These defects are related to the relatively
high concentrations of oxygen introduced during Cz-Si ingot
growth.[15–17] Oxygen-related defects in Cz-Si wafers can appear
as rings, which can be seen via photoluminescence (PL) imag-
ing.[15] The radial nonuniformity of these defects is related to
the low segregation coefficient of oxygen in silicon, which is
considerably smaller than unity, resulting in higher impurity
concentration in the center of Cz-Si wafers.[18] The radial gradi-
ent in impurity concentration is impacted by ingot growth
conditions.[19]

Oxygen-related defects can limit the η of solar cells fabricated
with such wafers. Haunschild et al. observed conversion effi-
ciency losses of 4%abs (initial efficiency> 18%) due to the pres-
ence of ring defects.[20] Thermal donors are thought to be formed
via the aggregation of silicon and interstitial oxygen atoms.[13,21]

Their formation can occur at a wide temperature range (with
peak formation rates at ≈470 °C) and it relates to the wafer’s ther-
mal history.[22] Annealing the wafers at temperatures >600 °C
can annihilate thermal donors.[23] Thus, homojunction designs,
such as the passivated emitter and rear cell (PERC) and tunnel
oxide passivating contact or polysilicon on oxide (TOPCon/
POLO), are not significantly impacted by thermal donors. This
is related to the high-temperature processing routes used to man-
ufacture PERC and TOPCon cells, where p-n junction formation
and metallization occur at temperatures well above 600 °C. SHJ
solar cells, on the other hand, are traditionally manufactured at
temperatures <250 °C.[4] The low-temperature regime used for

cell fabrication prevents the potential formation of thermal
donors during cell fabrication. However, it also prevents the
annihilation of thermal donors generated during crystal growth.
In this article, we report the occurrence of ring-like defects in
SHJ solar cells fabricated with p-type boron-doped (B-doped)
wafers for the first time. We investigate the defect behavior under
illumination and the impact of an advanced hydrogenation
process on passivating the defect.

2. Results and Discussion

2.1. Boron–Oxygen-Related Degradation

We fabricated SHJ solar cells with p-type B-doped Cz-Si wafers.
These wafers did not undergo prefabrication defect engineering
processes. The solar cells exhibited an average conversion
efficiency of 20.8% and an average open-circuit voltage of
723mV. Table 1 displays the cells’ current–voltage characteris-
tics. PL imaging of the solar cells unraveled the presence of
ring-like defects (see Figure 1a).

Ring defects typically represent nonuniform concentrations of
oxygen impurity in the wafers. The susceptibility of B-doped
Cz-Si wafers to the boron–oxygen (BO) defect can exacerbate
the negative impact of these ring defects on solar cell perfor-
mance. The BO defect concentration is known to increase
quadratically with the concentration of interstitial oxygen and
substitutional boron.[24] Consequently, spatial variations in the
concentration of boron and oxygen can result in spatial variations
of BO defects.[25,26] Thus, we next investigate the potential
correlation between the observed ring and BO defects.

We first subjected a p-type B-doped SHJ solar cell to a light-
soaking (LS) process to fully form BO defects. During LS, the
cells were kept at 25 °C for 48 h while the entire cell area was
illuminated using an LED light source with an intensity equiva-
lent to 0.02 suns. This illumination intensity was selected
because it allows the generation of BO defects[27,28] while ensur-
ing that Δn≪NA and minimizing the impact of other potential
carrier-induced effects. The ring defects were found to be exac-
erbated after LS (see Figure 1b). PL imaging highlighted a

Table 1. Current–Voltage characteristics of the p-type boron-doped
Czchoralski-grown SHJ solar cells.

Number of cells η [%] JSC [mA cm�2] VOC [mV] FF [%]

22 20.8� 0.4 39.2� 0.1 723.2� 6.3 73.6� 1.0

Best-performing cell

– 21.5 38.8 726.5 75.6

(a) (b) (c)

Figure 1. PL images of SHJ solar cell fabricated with p-type boron-doped wafers a) before any additional processing, b) after light soaking (LS), and
c) after dark annealing (DA).
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gradient in PL counts, where the wafer corners exhibited >2
times greater counts than the center region. We performed local
Suns-VOC measurements using a point probe as a function of
distance from the cell corner. The Suns-VOC measurements
allow us to quantify the changes in wafer quality in terms of
injection-dependent VOC.

We annealed the same p-type B-doped SHJ solar cell in the
dark to anneal all BO defects. This allows for the assessment
of the limiting lifetime (thus PL response and VOC) when all
BO defects are recombination inactive. The sample was annealed
for 600 s at 200 °C.[29] We recorded PL images (see Figure 1c) and
Suns-VOC measurements using the same procedure. The VOC

values as a function of distance from the cell corner are shown
in Figure 2.

The spatial distribution of VOC agrees with the trend observed
via PL imaging. VOC is higher (≈626mV) at the cell edges than in
the center (≈613mV) when BO defects are fully formed (i.e.,
after LS). Yet, the VOC distribution is much more uniform when
BO defects are fully annealed (after DA). We calculated the rela-
tive boron–oxygen defect concentration (N�

BO) as a function of the
distance from the cell corner using Equation (1) and the carrier
lifetime at a minority carrier density (Δn) of 1.4� 1014 cm�3,
where τdegraded is the lifetime after LS, and τannealed is the lifetime
after DA. Figure 3a illustrates where we performed local Suns-
VOC measurements as a function of distance from the cell corner
and Figure 3b presents the corresponding N�

BOvalues.

N�
BO ¼ 1

τBO
¼ 1

τdegraded
� 1
τannealed

(1)

We observed that N�
BO varies spatially across the wafer. The

cell exhibits an N�
BO of ≈0.08 μs�1 close to the edges and a

N�
BO ≈0.13μs�1 on its center, corresponding to a >60% increase

in N�
BO This result agrees with the findings from Lim et al.[26] In

their study, the authors found N�
BO to depend on the distance

from the wafers’ edge—albeit a variation of one order of magni-
tude was reported. Lim et al. attributed the N�

BO spatial variation
to a spatial variation in interstitial oxygen concentration, given
they observed the boron dopant concentration to be much more
uniform.

The root cause of spatial variations in defect concentration
cannot be confirmed solely based on the PL and current (or suns)
and voltage measurements performed. Yet, the observation of
ring-like defects indicates that the spatial distribution of defects
might be caused by spatial variations in interstitial oxygen con-
centration. This hypothesis is supported by the observation of
increased or decreased recombination activity upon BO defect
formation or annihilation, respectively.

We modeled the VOC as a function of defect concentration to
verify whether the observed changes in VOC between the DA and
LS states could also be explained by a uniform distribution of
N*BO combined with a nonuniform background recombination

Figure 2. Open-circuit voltage (VOC) as a function of distance from the
solar cell’s corner after light soaking (LS) for boron–oxygen (BO) defect
formation (red diamonds) and after dark annealing (DA) for BO defect
annihilation (blue circles).

(a) (b)

Figure 3. a) PL images of a p-type B-doped SHJ solar cell illustrating the region when Suns-VOC measurements were taken (green arrow). b) Relative
boron–oxygen defect concentration N�

BO as a function of the distance from the solar cell’s corner.
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associated with the ring-like defects. We calculated the injection-
dependent effective lifetime (τeff ) before and after BO-LID based
on Equation (2), where τBO is the lifetime associated with the BO
defect, τSRH,background is the background SRH lifetime, τsurface is
the surface lifetime, and τintrinsic is the intrinsic lifetime.

1
τeff

¼ 1
τBO

þ 1
τSRH,background

þ 1
τsurface

þ 1
τintrinsic

(2)

We then used the resulting minority carrier density as a
function of defect concentration to calculate the expected
1 sun VOC based on Equation (3), where k is the Boltzmann con-
stant, T is the temperature, q is the elementary charge, NA is the
bulk dopant concentration, and Δn is minority carrier density at
1 sun equivalent illumination.

VOC ¼ kT
q
ln

ΔnðNA þ ΔnÞ
n2i

� �
(3)

We fixed the intrinsic and surface-related lifetimes while vary-
ing both the k-value and concentration of a background SRH
defect [SRHbackground]. The VOC as a function of defect capture
cross-sectional ratios (k) and defect concentration is shown in
Figure 4, where the solid line represents the VOC before LID.
We then added the BO lifetime component ([SRHBO]) to repre-
sent the lifetime after LID. The concentration of [SRHBO] was
equal to the lower bound of [SRHbackground]. The VOC after
LID is represented by the dashed lines in Figure 4. The results
in Figure 4 indicate that a large (>30mV) VOC gap before LID is
required to yield small (≈1mV) variations in the VOC after LID.

However, when we fix [SRHbackground] concentration and vary
[SRHBO], the model accurately describes the nonuniform VOC

variation after LID. The modeled (lines) and measured (markers)
VOC as a function of [SRHBO] before and after LID are displayed
in Figure 5. These results support the hypothesis that the
nonuniform defect concentration observed via PL imaging is

predominantly caused by a nonuniform distribution of BO
defects. However, we note that variations in the background
recombination (either present before LID or formed during
LS despite the mild conditions) can also contribute to a lower
degree.

2.2. Advanced Hydrogenation

Illuminated annealing treatments are now widely used to
improve cell conversion efficiency in SHJ manufacturing.[30]

These treatments were shown to improve surface passivation[31]

and charge carrier transport[32,33] in SHJ solar cells. In our pre-
vious work, we found that advanced hydrogenation processes
(AHP) commonly used for defect passivation in homojunction
p-type solar cells can also be used for illuminated annealing
of SHJ solar cells, regardless of wafer type and polarity.[34]

AHP treatments can stabilize BO defects in p-type
boron-doped SHJ solar cells. The stable VOC after treatment is
dependent on the processing conditions and initial BO defect
concentration.[5] Thus, one could expect a nonuniform stable
VOC after AHP for a cell that exhibits a nonuniform spatial dis-
tribution of N�

BO. To test this hypothesis, we applied an AHP
treatment in two small (52� 52mm) samples sourced from
two different areas of a p-type SHJ solar cell. We first LS these
samples to fully form BO defects. This was followed by an AHP
treatment and a second LS to form any residual BO defects not
stabilized during AHP. Figure 6 shows the PL images of samples
cut from the a) corner and d) center of a p-type SHJ solar cell after
the initial LS. We note that the PL intensity (IPL) is higher closer
to the edge when BO defects are fully formed. The AHP treat-
ment increased the overall IPL of both samples to the same level
(depicted in Figure 6b,e), indicating a more uniform distribution
of IPL (∝VOC) when BO defects are recombination inactive (either
in the annealed or stabilized states). After a subsequent LS, we
observed a reduction in the IPL of both samples (depicted in

Figure 4. Modeled open-circuit voltage (VOC) as a function of relative
[SRHbackground] with capture cross-sectional ratios (k) of 1 (red lines),
10 (yellow lines), and 100 (green lines) before (solid lines) and after
(dashed lines) boron–oxygen light-induced degradation (BO-LID).

Figure 5. Measured (markers) and modeled (lines) open-circuit voltage
(VOC) as a function of relative [SRHBO] before (blue) and after (red)
boron–oxygen light-induced degradation (BO-LID).
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Figure 6c,f ), which is expected due to the formation of residual
BO defects not stabilized during AHP.

Yet, the relative reduction in IPL was different for the two
samples. The center sample displayed an IPL reduction of
≈45–60%. In contrast, the corner sample displayed a much

lower reduction in IPL reaching ≈20% in the outermost area.
These changes are depicted in Figure 7. We cannot quantify
the N�

BO based solely on the PL images as they were registered
at a fixed generation rate, which results in changes in the
injection-level across the wafer. However, these observations

(a) (b) (c)

(d) (e) (f)

Figure 6. PL images of samples sourced from the a–c) corner and d–f ) center of a p-type boron-doped SHJ solar cell. (a,d) Taken after light soaking (LS)
(48 h, 25 °C, 0.02 suns), (b,e) taken after an advanced hydrogenation process (AHP), and (c,f ) taken after subsequent stability testing via LS (48 h, 25 °C,
0.02 suns).

(a) (b)

Figure 7. Reduction in the intensity PL counts (IPL) after stability testing via light soaking on advanced hydrogenation-treated samples sourced from the
a) center and b) corner of a p-type boron-doped SHJ solar cell.

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2024, 2400255 2400255 (5 of 7) © 2024 The Author(s). Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advenergysustres.com


provide evidence that the stabilization of BO defects in p-type
SHJ solar cells can vary spatially, possibly due to nonuniform
distribution of N�

BO. The results discussed in this section
highlight the high defect concentration present in the wafers
and reinforces the importance of limiting the initial N�

BO via
wafer-level defect engineering treatments (such as gettering[35,36])
to facilitate subsequent BO defect stabilization via AHP.

3. Conclusion

Herein, we fabricated SHJ solar cells using commercial-grade
p-type Cz-Si wafers. These cells presented ring-like defects,
which limited cell performance. We identified a radial distribu-
tion of BO defect activity in the cells through a combination of PL
imaging and local Suns-VOC measurements. We observed non-
uniform magnitude of BO-LID across the solar cell area, where
areas of high degradation corresponded to ring-affected areas.
The correlation between the BO defect and ring defects observed
via PL imaging is thought to be caused by a radial nonuniformity
of interstitial oxygen concentration. Further work is required to
quantify the radial distribution of impurities in the wafers. These
observations demonstrate the susceptibility of low-temperature
solar cell fabrication routes to ring defects introduced during
crystal growth. Finally, these results highlight the importance
of high temperature (>600 °C) prefabrication defect-engineering
processes for SHJ solar cells. Such processes have been widely
adopted in SHJ manufacturing,[30] can benefit both p- and n-type
SHJ solar cells,[34] and were used in the fabrication of the 26.56%
record p-type SHJ solar cell.[7] Further work is required to verify
whether prefabrication defect-engineering processes can miti-
gate ring defects in SHJ solar cells fabricated with commercial-
grade wafers susceptible to such defects.

4. Experimental Section
Bifacial SHJ solar cells were fabricated in an industrial pilot line by R&D Center
TFTE LLC using 156.75� 156.75mm B-doped silicon wafers with a
resistivity of 0.8Ω cm. These wafers were commonly used in the fabrication
of PERC solar cells and were acquired from SAS Sunrise. The wafers underwent
KOH-based saw-damage etch and anisotropic texturing, resulting in a thick-
ness of ≈165 μm. This was followed by a cleaning step to remove organic
and metallic contaminants. A stack of intrinsic and B-doped hydrogenated
amorphous silicon layers was deposited on the wafers’ rear. A stack of intrinsic
and phosphorus-doped hydrogenated amorphous silicon layers was then
deposited on the wafers’ front. Both depositions were performed using a
plasma-enhanced chemical vapor deposition tool. A physical vapor deposition
tool was used to deposit indium tin oxide layers on both sides of the wafers.
The front and rear busbarless metallization was screen printed using low-
temperature silver paste followed by a curing step. J–V measurements
were performed at R&D Center TFTE LLC directly after cell fabrication using
a GridTOUCH contacting unit for busbarless solar cells and a PASAN
SpotLIGHT HighCap tester under standard testing conditions. PL images of
finished SHJ solar cells were taken with a BTImaging LIS-R3 tool at 1 sun illu-
mination intensity. We performed localized VOC measurements using a point
probe in a WCT-120 lifetime tester Suns-VOC stage (Sinton Instruments).
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