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1. Introduction

Owing to the excellent surface passivation, the low-temperature
process, and the lean fabrication steps, silicon heterojunction
(SHJ) solar cells have triggered more and more attention both
in the academic field and photovoltaic industry over the past
few years.[1,2] Recently, a world-record power conversion effi-
ciency (η) of 26.5% was demonstrated for a both-side contacted
SHJ solar cell, in which the n-type hydrogenated nanocrystalline

silicon (nc-Si:H) film was used as the con-
tact layer.[3] The nc-Si:H is a mixture of
materials with crystalline silicon phases
embedded in an amorphous silicon (a-Si:
H) matrix.[1,4–6] Due to the higher doping
efficiency in the crystalline phase, its dark
conductivity can be up to two orders of
magnitude higher than that of the doped
a-Si:H, which is beneficial for the improve-
ment of fill factor (FF) in SHJ solar
cells.[7–11] The thickness of the doped layer
in high-efficiency SHJ solar cells is usually
maintained below 10 nm to avoid too
much parasitic absorption in the front
layers. Besides, using a thin layer for
devices is essential to bring the production
cost down, especially in terms of the
processing time and the material consump-
tion. However, it is a big challenging
task to prepare the thin nc-Si:H layer with-

out compromising their electronic properties.[4,7,12] In addition,
the thin nc-Si:H/a-Si:H stack should be able to withstand the
sputtering damage from the transparent conductive oxide
(TCO) sputtering process.[2,13] The sputter damage from ener-
getic ion bombardment or luminescence of the sputter plasma
can lead to deterioration of passivation at the a-Si:H/c-Si
interface.[2,13–15] Thus, avoiding the detrimental effects of TCO
depositions on underlying nc-Si:H/a-Si:H layers is very critical
for achieving high-efficiency SHJ solar cells.

To eliminate the passivation degradation during sputtering,
many methods were proposed and developed, such as using soft
atomic layer deposition (ALD) instead of sputtering,[16–18]

reducing the initial energy of ions by decreasing sputtering
power density or increasing the process pressure,[19,20] and softly
pre-depositing protective TCO layer against subsequent sputter-
deposition.[20,21] Most of these methods are related to the adjust-
ment of the TCO deposition conditions. However, the strategies
associated with the optimization of the doped layer properties are
not often investigated in detail, especially for the SHJ cells with
an nc-Si:H thin film.

In this article, ultra-thin (�5 nm) phosphorus doped nc-Si:H
(nc-Si:H(n)) layers were utilized as contact layer in rear-junction
SHJ solar cells. We first discussed the differences in the sputter-
ing effect between devices with nc-Si:H(n) layers prepared at
various deposition parameters. Second, the link between the
sputtering damage and the optoelectronic properties of
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Mitigating the adverse effect of transparent conductive oxide (TCO) sputtering on
the passivation quality of the heterojunction contact is very critical for achieving
high-efficiency silicon heterojunction (SHJ) solar cells. Herein, n-type ultra-thin
(5 nm) nanocrystalline silicon (nc-Si:H) is utilized as a contact layer in rear-junction
SHJ solar cells. It is revealed that the TCO sputtering damage on the contact layer is
caused by the ion bombardment during the sputtering process and cannot be fully
recovered by low-temperature annealing. A more severe passivation deterioration
is observed for the devices with nc-Si:H(n) having a higher microstructure factor.
This result is explained by an increased ion penetration depth in the porous nc-Si:H
film. By applying denser nc-Si:H(n) in SHJ solar cells, the front silicon film stack
shows more resilience to sputter damage, yielding a remarkable cell performance
on the M2-size wafer with certificated power conversion efficiency (η) of 23.87%.
The sputter damage on nc-Si:H by TCO in SHJ solar cells is explored in depth for
the first time from the perspective of silicon thin films.
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nc-Si:H(n) layers was revealed and established. Third, a strategy
to reduce the sputtering damage was developed and the corre-
sponding devices were fabricated to assess its validity.

2. Experimental Section

The nc-Si:H(n) films in this work were prepared in a plasma-
enhanced chemical vapor deposition (PECVD) system from
Meyer Burger and the precursor gases are silane (SiH4), hydro-
gen (H2), and phosphine (PH3, 1% diluted in H2). The gas com-
position is defined by the ratios: fPH3¼ [PH3]/([PH3]þ [SiH4])
and fSiH4¼ [SiH4]/([H2]þ [SiH4]), where the [H2], [PH3], and
[SiH4] are the gas mass flow rate of H2, PH3, and SiH4, respec-
tively. The plasma excitation frequency of the generator was set at
13.56MHz and the substrate temperature was fixed at 200 °C.
For material characterization, nc-Si:H(n) films with a thickness
of �35 nm were deposited on glass (1.1mm, Corning Eagle
2000) and double-side polished wafers (525 μm, p-type,
10–20Ω cm), where 6 nm intrinsic a-Si:H (a-Si:H(i)) was pre-
deposited. The thickness of the films and the refractive index
(n) was determined by spectroscopic ellipsometry (SE) from
J. A. Woollam M-2000. UV Raman scattering spectroscopy
was performed to determine the fraction of crystallites (Fc) in
the nc-Si:H films.[22] The lateral dark conductivity (σ) of the films
was measured by two coplanar silver electrodes at room temper-
ature. The transmittance T and reflectance R were characterized
by a dual beam photo spectrometer Lambda 950 in the wave-
length range of 300–1300 nm, from which the absorption
coefficient (α) was calculated. The optical bandgap (E04) was
determined at the photon energy, where the absorption coeffi-
cient reaches 104 cm�1. To characterize the microstructure of
these films, Fourier transform infrared spectroscopy (FTIR) in
a Nicolet 5700 system with the wavenumber range between
400 and 4000 cm�1 was used.

For the fabrication of solar cells, 165 μm textured n-type M2
(244 cm2) sized Czochralski silicon wafers from LONGi company
with a resistivity of 0.3� 2.1Ω cm were used. Ozone cleaning
procedure and dipping in 1% hydrofluoric (HF) acid were carried
out for the wafers, followed by the PECVD depositions of front
and rear side silicon stacks. Afterward, 70 nm indium tin oxide
(ITO) layers were prepared on each side of the wafer at a sub-
strate temperature of 200 °C by direct current magnetron sput-
tering. Subsequently, the Ag fingers were screen printed on
both sides of the solar cells, followed by annealing treatment
at 170 °C for 40mins. The cross-section structure of the rear-
junction solar cells is sketched in Figure 1.

The passivation quality in terms of effective lifetime, implied
open-circuit voltage (iVoc), and implied fill factor (iFF) was
quantified by quasi-steady-state photo conductance (QSSPC)
Sinton WTC-120 in transient mode.[23] The front total contact
resistivity was determined by the transfer-length method
(TLM) with a specific pattern, details of which can be found
in ref. [24,25] To evaluate the solar cells performance,
current–voltage ( J–V ) characteristics were measured under stan-
dard test conditions (AM1.5, 25 °C, and 100mW cm�2) by the
LOANA system from pv-tools with a Wavelabs Sinus 220 light
source. The external quantum efficiency (EQE) and reflectance
(R) were measured on a 20� 20mm2 area of the cells with grids

inside. The series resistance (Rs) was extracted from a set of J–V
curves obtained at different illumination intensities and the
pseudo fill factor (pFF) was determined by short-circuit current
versus open-circuit voltage (Isc–Voc) measurements.[23]

3. Result and Discussion

3.1. Material Properties

The optical and electrical properties of nc-Si:H(n) layers can be
adjusted by tuning the deposition parameters, such as the silane
gas fraction ( fSiH4), phosphine gas fraction ( fPH3), and power density
(P).[26] In this work, two kinds of nc-Si:H(n) films, namely F1 and
F2, were produced, the deposition parameters and opto-electronical
properties of which are listed in Table 1. By reducing fSiH4 from
0.75% to 0.5%, decreasing P from 200W to 100W and increasing
fPH3 from 2% to 4%, a more conductive and crystalline nc-Si:H(n)
film is obtained with a slightly higher bandgap and lower reflective
index. Afterward, we applied these two kinds of films (5 nm) in SHJ
solar cells as a contact layer, namely D1 and D2, respectively.

3.2. Cell Performance

The effective carrier lifetime (τeff ) of the D1 and the D2 before and
after the ITO sputtering process is illustrated in Figure 2a. There is
no noticeable difference between the lifetime curves of the two
samples before the ITO deposition, reaching τeff of 3.7ms at
the minority carrier density of 1015 cm�3. After the ITO deposi-
tion, a drop in lifetime curve can be observed in Figure 2a, espe-
cially for the D2 from 3.8 to 1.4ms, which is much more severe
than the D1. The difference in the passivation degradation
between the D1 and the D2 reveals that the sputtering damage
could be affected by the properties of nc-Si:H(n) layers. The

Figure 1. The cross-section structure of the rear-junction solar cells with
n-type nc-Si:H thin films.

Table 1. Deposition parameters and opto-electronical properties of two
kinds of nc-Si:H(n) layers, named F1 and F2, at thickness of �35 nm
with 6 nm a-Si:H(i) underneath.

fSiH4 [%] P [W] fPH3 [%] p [mbar] σ [S cm�1] Fc [%] E04 [eV] n@632 nm

F1 0.75 200 2 2.5 0.9 49 2.01 3.98

F2 0.50 100 4 2.5 27 63.5 2.03 3.82
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iVoc and iFF of the samples before and after ITO depositions are
plotted in Figure 2b,c, respectively. The iVoc and iFF of both sam-
ples are similar before the ITO depositions, achieving 740mV and
86.1%, respectively. After ITO depositions about 5mV reduction
of iVoc can be noted for the D2, while the iVoc of the D1 is almost
the same as before. Nevertheless, the iFF degradation of the D1
(1%abs) is much less than that of the D2 (3%abs).

Figure 3 shows the cell performance of the solar cells with dif-
ferent nc-Si:H(n) as contact layers. Compared to the D1, a lower Voc

and pFF are obtained for the D2, which is consistent with the trend
of iVoc and iFF after ITO deposition mentioned in Figure 2. This
result illustrates that the deterioration of the passivation for the D2
during the sputtering process cannot be fully recovered by the
annealing treatment after screen printing. Around 0.1mA cm�2

reduction of Jsc is obtained for the D2 compared with the D1, which
is due to the lower internal quantum efficiency (IQE) in the wave-
length range between 600 and 1000 nm as shown in Figure S1
(Supporting Information). It could be interpreted by the worse car-
rier collection related to the passivation issue in the D2.[27] A
decreased gap between the pFF and FF but an increase of FF from
76% to 79% are observed for the D2 compared with the D1. Even
though cells with the F2 exhibit relatively weak resistance to sput-
tering damage, replacing the F1 with the F2 does lead to a decline of
the front contact resistivity from 1.3 to 0.5Ω cm2, which contributes
to the reduction of total series resistance from 1.6 to 0.9Ω cm2.
Consequently, more than 0.6%abs gain of η is achieved, reaching
22.8%, by applying more conductive and crystalline nc-Si:H(n) in
SHJ solar cells as a contact layer. However, the irreversible damage
to theVoc, Jsc, and pFF of the D2 caused by sputtering damage could
still be the limitation of η. Therefore, reducing the sputtering dam-
age is very critical to further improve cell performance above 23%.

3.3. Analysis of the Sputtering Damage

According to the previous discussion, a change in the sputter
damage behavior can be found when modifying the deposition

parameters of nc-Si:H(n) layers. To reveal the correlation
between the microstructure of nc-Si:H and the sputtering dam-
age, the F1 and F2 were deposited on the a-Si:H(i) coated pol-
ished wafer and the corning glass at a device-relevant
thickness to evaluate their structural and optical properties.

Uniform silicon layers on the polished wafers can be noted for
both samples in Figure S2 (Supporting Information) and their
average total thickness is at a similar value, around 13.5 nm.
As shown in Figure 4a,b, the F2 is more transparent and with
lower absorption coefficient than the F1, which is consistent with
the optical band gap listed in Table 1. The IR spectra of the F1
and the F2 in the wavenumber range of 1800–2200 cm�1 are dis-
played in Figure 4c,d, respectively. It can be fitted with two
Gaussian-deconvoluted curves, which are the Si–H low stretch-
ing mode (LSM) at 2000 cm�1 and the high stretching mode
(HSM) at 2090 cm�1,[28,29] marked with different colors.
Commonly the Si–H vibration in LSM is associated with the iso-
lated monohydride embedded in dense a-Si bulk and that in
HSM is related to the clustered H on the inner surfaces of
voids.[28,29] The bonded hydrogen content in LSM (CM

H) and
HSM (CHSM

H ) can be extracted from the IR spectrum.[30,31] It
is notable that higher CHSM

H and slightly lower CLSM
H is obtained

for the F2 compared with the F1, revealing more voids and less
dense structures are generated in the amorphous network of the
F2. Consequently, an increased microstructure factor (R*),
defined by R� ¼ CHSM

H =ðCLSM
H þ CHSM

H Þ, is found for the F2 in
Figure 4f compared with the F1, indicating that the film becomes
more porous.[32–35] The difference of iVoc (ΔiVoc) before and after
ITO deposition for the devices with different nc-Si:H(n) layers in
Ref. [26] is plotted versus the material properties, such as Fc, α, n
and R*, and shown in Figure 5. No noticeable relationship
between Fc and ΔiVoc is observed in Figure 5a, while a lower
absolute value of ΔiVoc is obtained at lower R and higher α
and n. This result suggests that the microstructure of the
nc-Si:H layers could play a dominant role in the generation of
sputter damage.

Evidence from the literature demonstrates that the sputtering
damage could be assigned to the luminescence of the sputtering
plasma and the ion bombardment during the sputter-deposition
of the ITO.[13–15,20,36,37] During sputtering, the substrate is
exposed to a broad spectrum of radiations, thermal and
high-energy electrons, and the atoms/ions of the target material
or the process gases.[38] The vacuum ultraviolet (VUV) or ultra-
violet (UV) radiations related to the oxygen or Argon plasma
could induce metastable defects in the a-Si:H bulk or the wafer
surface, such as the dangling bonds, causing a deterioration of
the surface passivation. An excess of charge carriers or electron–
hole pairs in the silicon film could be excited by the secondary
electron emission or the ionization energy provided by the
ion neutralization process. These energetic excess carriers
would facilitate the emission of H and the breakage of the
Si-H bonds in a-Si:H(i) or on c-Si surface, causing the deteriora-
tion of the surface passivation.[14,39–41] It was demonstrated that
the F2 is more transparent and porous than the F1, as shown in
Figure 4. Thus, two possibilities could be responsible for the
worse passivation obtained in the D2. One is the increased
transparency of the silicon layers, which lets more VUV or
UV photons reach the passivation layer or the wafer surface,

Figure 2. a) The effective carrier lifetime (τeff ) versus the minority carrier
density (n), b) the implied open-circuit voltage (iVoc), and c) the implied fill
factor (iFF) of the precursor devices of the D1 and the D2 were evaluated
by the quasi-steady-state photo conductance (QSSPC) lifetime measure-
ment before and after ITO sputtering process. The value of τeff indicated in
the graph was determined at the minority carrier density of 1015 cm�3. The
nc-Si:H(n) films (5 nm), named F1 and F2, were used in the D1 and the
D2, respectively, the detailed parameters of which are listed in Table 1.
The box plots summarize the statistic of 4 samples per group and the line
is the median position.
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yielding the breakage of Si-H bonds and more dangling bonds in
a-Si:H(i) bulk or a-Si:H/c-Si interface.[42–46] The other one is the
porous film cannot stand the ions bombardment during the sput-
tering, allowing more ions to penetrate the deeper films and
causing more metastable defects along the incursion paths in
the films.

To clarify where the sputtering damage comes from in this
work, ITO was sputtered on the a-Si:H(i)/nc-Si:H(n) passivated
sample with different filters placed on top, the detailed layout of
which is displayed in Figure 6a. The wafer was put into a metal
mask before the sputtering process, by which four small squares
with an area of 20� 20mm2 can be defined. During the ITO

Figure 3. a) Open-circuit voltage (Voc), b) fill factor (FF) and pseudo fill factor (pFF), c) short-circuit current density ( Jsc), d) front total contact resistivity
(ρc), e) series resistance (Rs), and f ) power conversion efficiency (η) of the solar cells, named D1 and D2. The nc-Si:H(n) films, namely F1 and F2, were
used in the D1 and the D2, respectively, the detailed parameters of which are listed in Table 1. The box plots summarize the statistic of 4 samples per
group and the line is the median position.

Figure 4. a) The transmittance (T ) and b) absorption coefficient (α) of the a-Si:H(i)/nc-Si:H(n) stacks as a function of the wavelength.
c,d) Deconvolution of the IR absorption spectrum for the a-Si:H(i)/nc-Si:H(n) stacks into Si-H low stretching mode (LSM) and high stretching mode
(HSM). The vertical dash lines define the position of LSM and HSM. e) The hydrogen content CLSM

H , CHSM
H and f ) microstructure factor R* estimated from

the equation indicated in the graph. The F1 and F2 correspond to the recipe used for nc-Si:H(n) layers, details of which are listed in Table 1.
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deposition, three of them were shielded by filters, using corning
glass (CG), MgF2, and quartz glass (QG), to distinguish whether
the degradation of passivation is from optical radiation or from
ion bombardment. The filter excludes ion bombardment and
other potential direct reactions of the plasma with the silicon
layers. Figure 6b shows the transmittance curves of the different

filters used in this work. The MgF2 filter blocks the photons with
wavelengths below 110 nm (>11.3 eV), whereas it allows a 60%
transmittance at the emission peak of 130.5 nm (9.5 eV) related
to the oxygen plasma and a 92% transmittance at the emission
peak of 210 nm (5.9 eV) associated with the Ar plasma. The cutoff
wavelength of the QG filter is 160 nm (>7.75 eV) while it has

Figure 5. The difference of implied open-circuit voltage (ΔiVoc) before and after ITO deposition for the devices with different nc-Si:H(n) layers versus:
a) the crystalline volume fraction (Fc), b) the absorption coefficient (α) at the wavelength of 325 nm, c) the refractive index (n) at a wavelength of 632 nm,
and d) the microstructure factor (R*). The dashed line works as a guide for the eyes.

Figure 6. a) Layout of the lifetime sample with metal mask and three kinds of filters, MgF2, quartz glass (QG), and corning glass (CG), on corresponding
positions. b) The transmittance of the filters as a function of the wavelength. The arrow marks locate in the emission peak of O2 plasma or Ar plasma. The
photoluminescence (PL) images of the lifetime sample: c) before and d) after the ITO sputtering process. The position of filters was marked with white
circles or rectangles.
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90% of transmittance at the emission peak of the Ar plasma.[18,37]

The usage of the CG could absorb photons with wavelength
<250 nm to get rid of the potential degradation induced by
VUV and UV radiation. Figure 6c,d shows the photolumines-
cence (PL) image of the lifetime sample before and after ITO dep-
ositions, respectively. A strong sputter damage is observed as
expected for the small square without a filter, while no noticeable
deterioration of the passivation is found for all the places with a
filter. This result reveals that ion bombardment is the dominant
reason for the sputtering damage in this work. Compared to the
F1, more hydrogen bonded on the inner surface of voids was
detected for the F2, which could suffer from a stronger rupture
of the Si-H bonds during the ITO sputtering process and pro-
mote the deterioration of passivation in the D2.[36] Furthermore,
the ions with kinetic energies impinging on the nc-Si:H(n) film
could displace surface or bulk Si atoms of nc-Si:H or even pene-
trate the a-Si:H(i) underneath by ion–Si atoms collisions, yielding
the generation of metastable defects in the Si network along the
ion incursion path in the film.[14,19,47] Voids in the network are
much easier to be passed through by ions, which could cause a
larger injured area in the F2 compared to the F1, giving rise to
more severe degradation of the passivation quality.

Figure 7a shows the penetration depth of the different atoms
with an initial kinetic energy of 270 eV in nc-Si:H(n)/a-Si:H(i)
stacks, evaluated via the Stopping and Range of Ions in Matter
(SRIM) software based on Monte Carlo simulation method.[48,49]

The detailed setup of SRIM in this work can be found in
Figure S3 (Supporting Information). All ions penetrate the
nc-Si:H(n) film and reach the bulk of the passivation layer,
whereas the incursion depth of Ar, In, and Sn is smaller than
O, which is expected to be the majority element of the negative
charge incident on the substrate during the sputtering
process.[38] A depth of 80 Å within the nc-Si:H(n)/a-Si:H(i) stack
for energetic oxygen atoms is demonstrated, which is very close
to the a-Si:H/c-Si interface, in good agreement with that reported
by Tusch et al.[19] There may be a high probability that some stray
ions reach the a-Si:H/c-Si interface and cause the deterioration of
the surface passivation. Figure 7b shows the oxygen ion
distribution in the nc-Si:H(n)/a-Si:H(i) stack when varying
the density of nc-Si:H(n). By depositing a denser capping layer
upon a-Si:H(i), a reduced spreading depth of O ions in silicon

films can be achieved, which could be a sufficient way to relieve
the TCO sputtering damage in SHJ solar cells.

3.4. Strategy to Reduce Sputter Damage

Research demonstrated that increasing the process pressure dur-
ing the nc-Si:H deposition gives rise to a reduced microstructure
factor of nc-Si:H as well as the intensity in HSM.[50,51] Therefore,
a variation of the pressure from 2.5 to 4.5 mbar, was carried out
to improve the layer density. The detailed deposition parameters
and optoelectronic properties of the corresponded nc-Si:H films,
namely F2, F3, and F4, are listed in Table 2.

Although a slight decrease of the optical bandgap and crystal-
line volume fraction is detected at higher deposition pressure, an
expected decreased microstructure factor of nc-Si:H(n) films is
acquired, accompanied by an increase of the refractive index.
This result indicates a denser nc-Si:H(n) film achieved at higher
pressure. The detailed deconvolutions of the IR absorption spec-
trum, refection index curve, and absorption coefficient curve of
these films are plotted in Figure S4 (Supporting Information).
Afterward, we applied the optimized nc-Si:H(n) films as an
electron-selective layer in rear-junction SHJ solar cells, namely
D2, D3, and D4. The QSSPC results of the precursor devices
before and after ITO deposition are plotted in Figure 8. All life-
time results before ITO deposition are quite similar, revealing
that no noticeable detriment to the passivation quality is found
when varying the pressure during the deposition of the n-layer.
The drop in the lifetime curve originating from the sputtering
processes is reduced by increasing the deposition pressure of
nc-Si:H(n) films. Hence, a decreased difference of iVoc from

Figure 7. Simulated distribution of: a) the different ions involved in sputtering plasma and b) the oxygen ions with an initial kinetic energy of 270 eV in the
a-Si:H(i)/nc-Si:H(n) stacks by SRIM Monte Carlo simulation. The properties of nc-Si:H(n) in prior graph were set constant while the density in the later
one was tuned by changing the Si/H ratio of the film. The detailed setup of SRIM in this work can be found in Figure S3 (Supporting Information).

Table 2. The deposition parameters and layer properties of the nc-Si:H(n)
layers, namely F2, F3, and F4.

fSiH4

[%]
P
[W]

fPH3

[%]
p

[mbar]
σ

[S cm�1]
Fc
[%]

E04
[eV]

n
@632 nm

R*
[%]

F2 0.50 100 4 2.5 27 63.5 2.03 3.82 73

F3 0.50 100 4 3.5 16.1 60.4 1.99 4.0 58

F4 0.50 100 4 4.5 6.8 56.1 1.96 4.1 41
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7.5 to 2.5 mV and iFF from 3.5 to 0.3%abs is noted in Figure 8b,c,
respectively. This result demonstrates the success of the strategy
to release the sputtering damage by using a denser capping layer
with lower defect density.

The final cell performance of the devices with different
nc-Si:H(n) layers is displayed in Figure 9. The average Voc of
the D4 increased by 12mV compared with the S2. This improve-
ment originates from the aforementioned decrease in sputter

Figure 8. a) Effective carrier lifetime (τeff ) versus the minority carrier density (n) and the difference of, b) implied open-circuit voltage (iVoc – iVoc_ITO) and
c) the implied fill factor (iFF – iFF_ITO) of the precursor devices, D2, D3, and D4, were evaluated by QSSPC lifetime measurement before and after ITO
sputtering process. The value of τeff indicated in the graph was determined at the minority carrier density of 1015 cm�3. The nc-Si:H(n), namely F2, F3, and
F4, were used in the D2, the D3, and the D4, respectively, the detailed deposition parameters of which are listed in Table 2. The box plots summarize the
statistic of more than 4 samples per group and the line is the median position.

Figure 9. a) Open-circuit voltage (Voc), b) short-circuit current density ( Jsc), c) FF, pFF, d) series resistance (Rs), e) front total contact resistivity (ρc), and
f ) power conversion efficiency (η) of the solar cells, namely D2, D3, and D4. The nc-Si:H(n) layers, namely F2, F3, and F4, were used in the D2, the D3, and
the D4, respectively, the detailed parameters of which are listed in Table 2. The box plots summarize the statistic of more than 4 samples per group
and the line is the median position.
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damage. A slight gain of Jsc is achieved when using denser
nc-Si:H(n) layers, which is contrary to the optical properties
shown in Table 2. It could be explained by the improvement
of the carrier transport and collection in the silicon bulk due
to the reduction of the front surface recombination. This inter-
pretation is demonstrated by the increased IQE in the range
between 600 and 1000 nm, as shown in Figure S5
(Supporting Information). More apparently, a dramatic increase
of FF from 79% to 81.5% and pFF from 83% to 85% are found in
Figure 9c as varying the nc-Si:H(n) layer from F2 to F4, which is
the benefit of the reduced sputter damage. Furthermore, a lower
Rs is also obtained in the D4 compared with the other devices,
suggesting a reduced resistive loss and an enhanced charge car-
rier transport due to the denser nc-Si:H(n) layer with lower defect
density. This hypothesis is verified by the reduced contact resis-
tivity between ITO and nc-Si:H(n) from 0.48 to 0.1Ω cm2 in
Figure 9e as increasing the deposition pressure of nc-Si:H(n),
which still has room to be further reduced in comparison with
the result reported by Long et al.[52] Finally, an enhancement of
the average power conversion efficiency from 22.4% to 23.6%
is acquired. The best solar cell in this work exhibits Voc of
741.8mV, FF of 82.2%, Jsc of 39.27mA cm�2 and η of
23.95% on the M2-sized wafer. Additionally, this cell was selected
to be certificated at ISFH CalTec (Hamelin, Germany) and the
measured IV parameters are represented in Figure S6
(Supporting Information), showing a total area efficiency of
23.87� 0.36%.

4. Conclusion

In this article, we observed TCO sputter damage in the rear-
junction SHJ solar cells with ultra-thin (5 nm) n-type nc-Si:H
layers and demonstrated a strategy to reduce it by increasing
the density of nc-Si:H film. PL images demonstrate that ion bom-
bardment is the dominant reason for the sputtering damage on
nc-Si:H. Estimated by SRIM simulation, the ions with an initial
kinetic energy of 270 eV are able to penetrate the 5 nm nc-Si:H(n)
protective layer, which may modify the underlying silicon thin
films or the a-Si:H/c-Si interface. The voids in nc-Si:H thin film
could provide a channel for the transport of the energetic ions in
the ITO sputtering plasma, resulting in the generation of meta-
stable defects along the ion incursion path in the films. By using
a denser nc-Si:H(n), a decreased sputter damage was demon-
strated, resulting in an enhancement of the average power con-
version efficiency from 22.4% to 23.6%. The best solar cell (area
244 cm2, on an M2-sized wafer) exhibits a Voc of 741.8mV, FF of
82.2%, Jsc of 39.27mA cm�2, and an efficiency η of 23.95%. The
sputter damage issue on nc-Si:H by TCO has been explored for
the first time from the perspective of silicon thin films, which
gives a diversified strategy for the application of nc-Si:H in
SHJ solar cells.

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