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Enhancing the Selectivity and Transparency of the Electron
Contact in Silicon Heterojunction Solar Cells by Phosphorus
Catalytic Doping

Weiyuan Duan,* Gilbert Mains, Habtamu Tsegaye Gebrewold, Karsten Bittkau,
Andreas Lambertz, Binbin Xu, Volker Lauterbach, Alexander Eberst, Nathan Nicholson,
Lars Korte, Muhammad Ainul Yaqin, Kai Zhang, Qing Yang, Uwe Rau, and Kaining Ding*

An intrinsic hydrogenated amorphous silicon (a-Si:H(i)) film and a doped
silicon film are usually combined in the heterojunction contacts of silicon
heterojunction (SHJ) solar cells. In this work, a post-doping process called
catalytic doping (Cat-doping) on a-Si:H(i) is performed on the electron
selective side of SHJ solar cells, which enables a device architecture that
eliminates the additional deposition of the doped silicon layer. Thus, a single
phosphorus Cat-doping layer combines the functions of two other layers by
enabling excellent interface passivation and high carrier selectivity. The overall
thinner layer on the window side results in higher spectral response at short
wavelengths, leading to an improved short-circuit current density of
40.31 mA cm−2 and an efficiency of 23.65% (certified). The cell efficiency is
currently limited by sputter damage from the subsequent transparent
conductive oxide fabrication and low carrier activation in the a-Si:H(i) with
Cat-doping. Numerical device simulations show that the a-Si:H(i) with
Cat-doping can provide sufficient field effect passivation even at lower active
carrier concentrations compared to the as-deposited doped layer, due to the
lower defect density.

1. Introduction

Global photovoltaic (PV) installation is increasing every year and
has reached 228.5 GW in 2022,[1] while the cumulative installed
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solar capacity exceeds 1 TW and has to
grow even faster.[2] The majority of PV sys-
tems have used silicon solar cells since
1970 and are now the cheapest source of
electricity among all others.[3] One way to
further reduce the overall cost of the PV
power generation system, known as the
Levelized Cost of Electricity (LCOE), is to
improve the conversion efficiency of sili-
con solar cells. Silicon heterojunction (SHJ)
solar cells represent a promising techno-
logical approach for higher PV efficiencies
and lower fabrication cost, which is consid-
ered as a good candidate for next-generation
mainstream products. SHJ solar cells can
be fully processed at low temperatures
and with lean processes. In recent years,
SHJ technology has successfully developed
and increased the world record for sili-
con solar cell conversion efficiency to over
26.81%.[4] This has demonstrated the ad-
vantage of this technology and generated in-
terest in both academy and industry to fur-
ther improve the efficiency of the solar cells.

In SHJ solar cells, stacks of intrinsic hydrogenated amorphous
silicon (a-Si:H(i)) and phosphorus or boron doped hydrogenated
amorphous silicon (a-Si:H(n/p)) layers are used on both sides of
the crystalline silicon wafer (c-Si), providing excellent passivation
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Figure 1. a) Sketch of a traditional SHJ solar cell using a-Si:H(i)/a-Si:H(n) stack on the window side. b) Sketch of a SHJ solar cell using a-Si:H(i) with
Cat-doping on the window side, the as-deposited a-Si:H(n) is omitted. The two cell structures have the same rear configuration.

quality and charge carrier selectivity.[5–7] Initially, heterojunction
solar cells with a structure of doped a-Si:H deposited directly on c-
Si wafer were investigated but yielded relatively low open-circuit
voltage (VOC) and fill factor (FF).[8–11] Substitutional doping of a-
Si:H leads to the formation of energetically deep defect states in
the bulk of a-Si:H.[12] but also at or near the a-Si:H/c-Si inter-
face. This high number of defects leads to high recombination
rates and reverse leakage currents at the a-Si:H/c-Si heteroint-
erface. A turning point in SHJ technology was reached when
researchers at Sanyo inserted a few nm thin a-Si:H(i) layer be-
tween the doped a-Si:H and the crystalline Si wafer.[13] The a-
Si:H(i) (passivation) layer has a low defect concentration and a
high hydrogen concentration,[14] effectively saturating the silicon
dangling bonds and thus achieving good chemical passivation
of the critical interface.[15] Since then, this bilayer structure (as
shown in Figure 1a) has become the state-of-the-art enabling the
success story of SHJ and becoming one of the most efficient and
industrially relevant types of wafer-based silicon solar cells.

However, the parasitic light absorption in the short-wavelength
range of the solar spectrum by the bilayer stack reduces the short-
circuit current density (JSC) in SHJ solar cells and is consid-
ered as an important efficiency-limiting factor of this solar cell
technology.[16–18] Therefore, numerous studies have focused on
replacing the highly absorbing a-Si:H layers with wider bandgap
materials such as hydrogenated nanocrystalline silicon oxide (nc-
SiOX:H)[19–21] or hydrogenated nanocrystalline silicon carbide
(nc-SiC:H).[22,23] In contrast, the present paper demonstrates that
this JSC limitation can be tackled by using a single undoped a-
Si:H(i) passivation layer and replacing the doped silicon thin film
layer with phosphorus catalytic doping (Cat-doping) of the un-
doped layer. In this way, the three functions of the bilayer stack,
the chemical surface passivation by the undoped layer, the elec-
trostatic passivation induced by the doped layer,[24] and finally
the low contact resistivity between the a-Si:H and the transpar-
ent conductive oxide (TCO) window layer, can be achieved by a
single layer as shown in Figure 1b.

Cat-doping is essentially a post-deposition process in which sil-
icon samples are exposed to phosphorus or boron-related radicals
produced by a catalytic reaction on a heated catalyzing filament
in a hot-wire chemical vapor deposition (HWCVD) system.[25–27]

The radicals can move from the filament surface and diffuse
into the silicon to form a shallow doping layer. A sketch of the
Cat-doping chamber used in this work is shown in Figure S1
(Supporting Information). Former studies have shown that Cat-
doping can further improve the conductivity of silicon thin films

compared to the values that is achievable for as-grown films,[28] or
improve the passivation quality of SHJ structures with treating on
different interfaces.[29,30] Primary results of applying Cat-doping
on SHJ solar cells have also been demonstrated by Ohdaira
et al.[31] and Liu et al.,[32] even though low efficiency was achieved
and the limitations still need more investigation.

In this work, we have systematically investigated the phospho-
rus Cat-doping on a-Si:H (i) layer through a validated approach
combining experiments and simulations to gain deeper insights
into the Cat-doping mechanism and its beneficial application in
SHJ solar cells. As shown in Figure 1b, the a-Si:H(i) was first
deposited on the window side of the c-Si, and then converted
to n-type with phosphorus Cat-doping. A certified efficiency of
23.65 ± 0.28% was demonstrated with a VOC of 731.5 mV and a
JSC over 40.31 mA cm−2, re-validating the potential of Cat-doping
for SHJ solar cells. By slightly increasing the thickness of the
front a-Si:H(i) layer, an improved certified efficiency of 23.76%
was achieved, but the JSC is compromised. The efficiency limi-
tations for the application of Cat-doping on SHJ solar cells was
analyzed and discussed. In-depth analysis of comprehensive nu-
merical simulation reveals that the a-Si:H(i) with Cat-doping bal-
ances two levels of responsibility, providing excellent passivation
and sufficient carrier selectivity. By combining two layers into one
layer on the front side of SHJ solar cells, higher spectral response
at short wavelengths is achieved. This cell concept also demon-
strates that good passivation of c-Si directly with doped a-Si:H is
possible when Cat-doping method is used.

2. Thin Film Changes with Cat-Doping

Since the phosphorus distribution in the a-Si:H(i) after Cat-
doping is important for the final device performance, the phos-
phorus concentration profiles were characterized with time-of-
flight secondary-ion mass spectrometry (SIMS) on ≈10 nm thin
films deposited on c-Si. There are several important parame-
ters that affect the Cat-doping process, such as filament tem-
perature, substrate temperature, and processing pressure, which
have been systematically studied in our previous work.[32] In this
work, we specifically investigated the effect of Cat-doping time
on the evolution of phosphorus distribution in a-Si:H(i) films.
Figure 2a shows the phosphorus concentration (NP) profiles in
a-Si:H(i) films with different Cat-doping time and in as-deposited
a-Si:H(n) layer processed by plasma enhanced chemical vapor de-
position (PECVD). The doping depth is defined from the surface
of the silicon thin films to the point where the phosphorus profile
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Figure 2. Electrical and optical properties of different a-Si:H layers. a) SIMS phosphorus profiles in a-Si:H(i) with 10 min Cat-doping (dark solid line),
a-Si:H(i) with 30 min Cat-doping (red dash line) and as-deposited a-Si:H(n) (blue dot line). The pink solid line indicates the detection limit for SIMS.
b) Box plots (minimum-maximum, 25–75%, mean: open circle symbol, median: solid line) of conductivity measurements and c), absorption coefficient
measured by PDS for a-Si:H(i), a-Si:H(i) with Cat-doping and as-deposited a-Si:H(n).

reaches the detection limit of SIMS. The slope signal measured
in the c-Si could be affected by the knock-on effect of the probe
ions.[33] The a-Si:H(i) samples with Cat-doping reach a very high
phosphorus concentration in the first few nanometers (≈2 nm)
below the surface, with a measured NP of 4.0 × 1021 cm−3. There-
after, the concentration decreases rapidly with depth, and the pen-
etration depth of phosphorus atoms is slightly more than 10 nm.
The time of Cat-doping does not seem to play a major role in the
present condition; there is only slightly increase in the maximum
peak point with an NP of more than 4.3× 1021 cm−3 for the 30 min
doping. To simplify the process, 10 min Cat-doping time is always
used in the following studies. The as-deposited a-Si:H(n) sam-
ple shows a very constant phosphorus concentration through the
layer with an NP of 1.1 × 1021 cm−3. In the first few nanome-
ters (≈4 nm) of the a-Si:H films, the Cat-doped layer shows a
much high phosphorus concentration than the as-deposited n-
type layer.

The impact of Cat-doping on the electrical properties of a-
Si:H(i) films is evaluated by measuring the conductivity with
evaporated silver coplanar contacts in vacuum. Since reliable con-
ductivity requires a certain thin film thickness, a stack consist-
ing of four times 5.5 nm a-Si:H(i) with Cat-doping was prepared
(Figure S2, Supporting Information), where each deposition of
5.5 nm a-Si:H (i) is followed by the Cat-doping process. The rea-
son for choosing 5.5 nm a-Si:H(i) is that this is the thickness used
in the SHJ solar cells with Cat-doping which will be discussed

later. On the other hand, although the phosphorus can penetrate
more than 5.5 nm into a-Si:H (i), the NP is below 1 × 1020 cm−3

thereafter, which is much lower compared to the peak point.
Thus, Cat-doping on the later deposited layer does not change the
phosphorus distribution in the previous a-Si:H(i) layer. As shown
in Figure 2b, the average conductivity of a-Si:H(i) with Cat-doping
was measured to be 6.8 × 10−8 S cm−1, which is an improvement
of almost three orders of magnitude over the undoped a-Si:H(i)
layer. However, the average conductivity of the as-deposited a-
Si:H(n) shows a much higher value of 3.1 × 10−4 S cm−1 com-
pared to the a-Si:H (i) with Cat-doping. While the SIMS analysis
can only give the total dopant concentration, the electrochemi-
cal capacitance–voltage (ECV) measurements can provide an ap-
proximation of the electrically active dopant concentration. To
clarify the activation ratio of phosphorus atoms, ECV measure-
ments were carried out on the a-Si:H(i) films with Cat-doping
and on the as-deposited a-Si:H(n) films; the results are shown
in Figure S3 (Supporting Information). It should be noted that
ECV profiling in amorphous materials is very difficult to per-
form. We conducted many measurements to obtain a reliable
peak value for both types of samples. Then, we assume a decay
profile for the sample with Cat-doping. For the as-deposited a-
Si:H(n) film, we adopted the peak value and the step function ac-
cording to the depth. The maximum active dopant concentration
in a-Si:H(i) with Cat-doping is found to be 2.0 × 1019 atoms cm−3,
which is two orders of magnitude lower than the phosphorus
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concentration measured by SIMS. This means that less than 1%
of the phosphorus is activated and contributes to the electrical
properties of the film with Cat-doping. In contrast, the maximum
active dopant concentration in as-deposited a-Si:H(n) was mea-
sured to be 3.2 × 1020 atoms cm−3. This corresponds to an activa-
tion efficiency of 29%, demonstrating the effectiveness of in situ
deposition in activating phosphorus atoms. The low conductivity
of a-Si:H(i) with Cat-doping is obviously due to the low activation
efficiency of phosphorus atoms.

The efficiency of doping with impurities can differ by the way
how the impurities have been introduced into the material. In
the deposition of a-Si:H(n), the doping is done in the gas-phase
by adding appropriate amounts of phosphine dopant gas. The
high energy of the plasma could allow much phosphorus to be
incorporated into the silicon networks and complete the bond-
ing construction, ensuring a highly doping configuration.[34] It is
believed that a-Si:H films are mainly composed of two phases: A
densely packed phase containing relatively little hydrogen, and a
defect- and hydrogen-rich phase.[35] This structure provides chan-
nels for phosphorus atoms to enter the a-Si:H(i) during the Cat-
doping process. The phosphorus atoms in the dense part can be
located in the interstices, which require large energies to form the
Si─P bonds. The porous part has some voids, boundaries, or dan-
gling bonds, which are sensitive to low temperature transport[36]

and may form Si─P bonds more easily and become an active
doping region. Thus, the electrical properties of a-Si:H(i) with
Cat-doping may be limited to the low-temperature process and
affected by the microstructure of the thin films. The exact mech-
anism needs further investigation.

When used as a window layer, not only the electrical properties
are important, but also the optical properties of a-Si:H(i) with Cat-
doping should be clarified. As shown in Figure 2c, photothermal
deflection spectroscopy (PDS) measurements were performed on
various a-Si:H films. At lower photon energies, the absorption
coefficient is highest for the as-deposited a-Si:H(n) film, which
can be attributed to the increased bulk defects formation due to
the dopants. The lowest defect density is found for the a-Si:H (i)
layer. After Cat-doping, the defect density appears to increase but
still remains significantly lower than that of the a-Si:H(n) layer.
The incorporation of phosphorus atoms into the a-Si:H matrix in-
creases the density of the atoms, thereby increasing the bandgap.
This can be seen from the relative shift of the curve to higher pho-
ton energies.

3. Cat-Doping on SHJ Solar Cells

The ability of phosphorus Cat-doping and each layer deposition
to passivate SHJ solar cells is shown in Figure 3. The minority
carrier lifetime measurements were performed after each fabri-
cation step: 1) a-Si:H depositions on both sides (PECVD precur-
sor), 2) Cat-doping on a-Si:H(i) films when a-Si:H(n) is omitted,
3) TCO coating on both sides, and 4) post-treatment including an-
nealing and light soaking, which mimics the post-metallization
curing process for solar cells. For the reference sample with
3.5 nm a-Si:H(i) and 4.0 nm a-Si:H(n) on the window side, as
shown in Figure 3a, slight degradation is observed after TCO de-
position. Here, Sn-doped indium oxide (ITO) was used as TCOs
on both sides of the cells. This degradation can be fully recov-
ered after the post-treatment process. It should be noted that the

bending in the low carrier density region is not due to sputtering
damage, but mainly due to the mismatch of the work functions
between ITO and p-type a-Si:H (a-Si:H(p)).[37] When the doped
layer on the window side is omitted, we observed a much lower
lifetime with the PECVD precursor (see Figure 3b) compared to
the reference in Figure 3a. At the same time, degradation caused
by ITO sputtering was also observed, which cannot be fully re-
covered after the post treatment. As the thickness of a-Si:H(i) in-
creases, the surface passivation saturates with only a-Si:H(i) on
the front surface at a film thickness of about 5 nm, and a minor-
ity carrier lifetime of around 1.5 ms at a charge carrier density
of 1.0 × 1015 cm−3 is achieved. The degree of sputter-induced
degradation also strongly dependent on the a-Si:H(i) thickness,
as the gap between the blue dashed lines and the red dotted lines
gradually decreases with increasing thickness of the a-Si:H(i), see
Figure 3b–e. For 6.5 nm thick a-Si:H(i), the sputtering damage
can be fully cured by post treatment. When the lifetime of the
PECVD precursor is not limited by the thickness of a-Si:H(i), as
shown in Figure 3c–e, the lifetime can be increased throughout
the charge carrier density range after the Cat-doping process. For
instance, in Figure 3d, the minority carrier lifetime is 2.4 ms
with an implied VOC (iVOC) of 745 mV after Cat-doping, which
is slightly higher than the PECVD precursor in reference sample
with a lifetime of 2.0 ms and an iVOC of 742 mV.

In SHJ solar cells, a-Si:H(i) with a porous interfacial layer is re-
quired to suppress epitaxial growth and ensure a high passivation
quality.[38] An optimal thickness of the a-Si:H(i) layer to ensure
a good passivation is approximately the thickness at which the
growth of the a-Si:H(i) layer reaches a steady state after the forma-
tion of the porous interface structure.[39] This is the main reason
for the lower minority carrier lifetime for the PECVD precursor
in Figure 3b when the a-Si:H(i) layer is too thin. In Figure 3c–e,
the lower lifetime of the PECVD precursors compared to the ref-
erence is due to lack of field effect passivation. As discussed in
our previous work,[40] the coexistence of thermal annealing and
phosphorus doping in the Cat-doping process could lead to an
improvement in chemical passivation and field effect passivation,
respectively. Since the thickness of the a-Si:H(i) layer used in the
passivation structure is thinner than the penetration depth of the
P atoms, a shallow doped region should form on the surface of
the c-Si substrate, which could also act as a front surface field
and improve the passivation.[24] This important aspect will be
particularly discussed in the following section. During ITO sput-
tering, the energetic particles generated by the sputtered atoms,
reflected neutrals and ions with energies up to the target volt-
age multiplied by the elementary charge can penetrate through
a-Si:H layer and create defects at the a-Si:H/c-Si interface, lead-
ing to passivation deterioration.[41] The silicon-hydrogen config-
uration of the a-Si:H(i) thin film can be permanently altered if
too much energy is introduced, and the passivation cannot be
restored after post-treatment.[42] As the a-Si:H(i) film thickness
increases, a smaller number of harmful particles are expected to
reach near the a-Si:H/c-Si interface, and the degradation in life-
time caused by sputtering is reduced. This explains the trend be-
fore and after ITO deposition in Figure 3b–e.

As mentioned earlier, a certain thickness of a-Si:H(i) is manda-
tory to keep good passivation, which is required to achieve high
VOC and pseudo-FF (pFF) in SHJ solar cells. However, a greater
thickness of the a-Si:H(i) film also leads to higher parasitic
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Figure 3. Information of minority carrier lifetime evolution for different samples after different process. These are lifetimes for a) reference SHJ sample
with a-Si:H(i/n) stack, b) 3.5 nm a-Si:H(i) with Cat-doping, c), 5.0 nm a-Si:H(i) with Cat-doping, d), 5.5 nm a-Si:H(i) with Cat-doping and e) 6.5 nm
a-Si:H(i) with Cat-doping after prepared from PECVD system, Cat-doping, ITO deposition on both side and post treatment. All the samples have the
same a-Si:H(i/p) stack on the rear side after PECVD process.

absorption and thus lower JSC. A careful compromise between
these parameters must be made in cell fabrication. First, we fabri-
cated SHJ solar cells with Cat-doping on 5.5 nm a-Si:H(i) for com-
parison with a-Si:H(i/n) reference cells. The reason for choosing
this layer thickness is the relatively low sputter-induced passiva-
tion degradation and the thinner thickness compared to the refer-
ence cell, which has a total a-Si:H layer stack of 7.5 nm. Figure 4
summarizes the in house measured J–V parameters of SHJ solar
cells with a-Si:H(i/n), a-Si:H(i), and a-Si:H(i) with Cat-doping as
window layers. It can be seen that the cells with only one a-Si:H(i)
layer have much worse parameters compared to the other groups.
Since the a-Si:H layer is not doped, the solar cells have no field ef-

fect passivation, which leads to very low VOC and FF values. The
cells with Cat-doping on a-Si:H(i) exhibit a decent efficiency of
over 23%, as shown in Figure 4a. This demonstrates the capa-
bility of applying Cat-doping on SHJ solar cells, where the Cat-
doped a-Si:H(i) can provide sufficient carrier selectivity and pre-
vent excessive carrier recombination. The JSC values of the Cat-
doped solar cells shown in Figure 4c are quite high compared to
the a-Si:H(i/n) reference cells. The JSC gain is due to lower par-
asitic absorption by using a thinner a-Si:H window layer. This is
confirmed by the higher external quantum efficiency (EQE) in
the short wavelength region, as shown by the arrow in Figure
S4 (Supporting Information). In contrast, the average VOC of the
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Figure 4. Comparison of J–V performances of SHJ solar cells fabricated with a-Si:H(i/n), a-Si:H(i) and a-Si:H(i) with Cat-doping as window layers. Box
plots (minimum-maximum, 25–75%, mean: open circle symbol, median: solid line) shows the a) efficiency ƞ, b) open-circuit voltage VOC, c) short-circuit
current density JSC, d) fill factor FF, e) pseudo fill factor pFF, and e) series resistance RS measured in house.

solar cells with Cat-doping is about 8 mV lower than that of the
reference cells, as shown in Figure 4b. This VOC limit is primar-
ily due to passivation degradation caused by sputtering, which is
consistent with the previous discussion on lifetime. This is also
reflected in the lower pFF, as displayed in Figure 4e. Another no-
ticeable piece of information in Figure 4f is that the solar cells
with Cat-doping have a higher series resistance (RS) than the
reference cells. To investigate the reason for the RS difference,
measurements were made using the transmission line method

(TLM) to determine the contact resistivity in the front stack. As
shon in Figure S5 (Supporting Information), the average front
contact resistivity in stacks with Cat-doping is 0.32 Ω cm2, which
is much higher compared to the a-Si:H(i/n) reference sample
with an average value of 0.12 Ω cm2. This is mainly due to the
higher contact resistivity between the a-Si:H(i) with Cat-doping
and ITO. Thus, the lower FF in the solar cells with Cat-doping can
be attributed to two factors: the unrecoverable sputter-induced
passivation degradation and higher contact resistivity in the
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Figure 5. IV results of the certified SHJ solar with Cat-doping. a) Cat-doping on 5.5 nm a-Si:H(i) and b) Cat-doping on 6.5 nm a-Si:H(i) were used on
the front side of the solar cells.

window layers. Overall, the JSC in SHJ solar cells with Cat-doping
has increased obivously, however, the efficiency is currently lim-
ited by the relatively lower VOC and FF in our case. In order to
address these issues, one can work from two aspects. First, soft
TCO deposition on thin a-Si:H(i) with Cat-doped layer needs to
be carefully investigated to improve the VOC and FF. Besides, fur-
ther optimization of Cat-doping process or modification of the
microstructure of a-Si:H(i) may help active more dopants in the
layer with Cat-doping, in order to reduce to contact resistance
with the following TCO.

An MgF2 layer was then used as a double antireflection coating
to reduce the reflectivity, and an Ag back reflector was sputtered
on to increase the rear reflection of the best solar cell in the series
with Cat-doping on 5.5 nm a-Si:H(i). The performance of this cell
was independently certified by CalTeC at the Institute for Solar
Energy Research in Hamelin as shown in Figure 5a. An efficiency
of 23.65% and a high JSC of 40.31 mA cm−2 were demonstrated,
proving the potential of using Cat-doping to enhance the current
generation in high-efficiency SHJ solar cells. In addition, a solar
cell with Cat-doping of 6.5 nm a-Si:H(i) was fabricated and certi-
fied, as shown in Figure 5b. The use of a thicker a-Si:H(i) layer
results in an improved efficiency to 23.76% due to increased VOC
and FF, but a reduced JSC of 39.83 mA cm−2. The evolution of
solar cell parameters suggests again the importance of soft TCO
deposition on thin a-Si:H(i) with Cat-doping.

4. Proof-of-Concept with Simulation

To investigate how Cat-doping works for SHJ solar cells even at
very low active dopant concentration, we use the Sentaurus Tech-
nology Computer Aided Design (TCAD) device simulation tool
to model the solar cells. Figure 6 shows the cell performance
parameters as a function of the active carrier concentration of
doped a-Si:H window layers in SHJ solar cells with Cat-doping
on a-Si:H(i), a-Si:H(n), and a-Si:H(i/n), respectively. The detailed
device information of the three cell configurations can be found
in Figure S6 (Supporting Information). Figure 6a shows that the
SHJ solar cells with Cat-doping can keep a high VOC value as long
as the active carrier concentration is higher than 2 × 1019 cm−3.
However, the reference cell with a-Si:H(i/n) requires a carrier
concentration higher than 1× 1020 cm−3 to maintain a stable VOC.

In the solar cell with only as-deposited a-Si:H(n), due to the ab-
sence of a-Si:H(i), an even higher active carrier concentration in
the a-Si:H(n) is required for good surface passivation to obtain
a sufficiently high VOC. The evolution for FF and JSC displayed
in Figure 6b,c shows a similar trend as for the VOC. In the a-
Si:H(i/n) reference solar cell, the underlying a-Si:H(i) can provide
very good surface chemical passivation, but when electrons pass
through the highly defective as-deposited a-Si:H(n), a high active
carrier concentration is required to achieve sufficient field effect
passivation for successful collection by the subsequent ITO lay-
ers. In contrast, in the SHJ solar cell with Cat-doping, the material
defect density of the a-Si:H(i) is relatively low, so the carriers are
not recombined as easily and thus there is less requirement for
field effect passivation. Moreover, the penetration of phosphorus
atoms through thin a-Si:H(i) onto the c-Si surface also plays an
important role here. Here we have considered the same phospho-
rus diffusion in c-Si as in a-Si:H(i). The comparison of the band
diagrams of the three cell configurations at a working voltage of
600 mV is plotted in Figure 7. It shows that an order of magnitude
lower peak active carrier concentration in the Cat-doping profile
results in comparable band bending in the wafer toward the in-
terface as in the a-Si:H(i/n) and a-Si:H(n) samples. This is also
confirmed by an independent surface photovoltage (SPV) mea-
surement, where the a-Si:H(i) with Cat-doping exhibits similar
band bending to the c-Si as the as-deposited a-Si:H(n) layer. Fur-
ther details can be found in Figure S7 and Table S1 (Supporting
Information). The doping impurity in the c-Si surface can lead
to the formation of band bending, which prevents minority hole
carriers from reaching the a-Si:H/c-Si interface. This is benefi-
cial for field effect passivation and carrier selectivity. Compared
to the other two types of solar cells, a higher potential barrier is
observed between a-Si:H(i) with Cat-doping and ITO, which is
due to the low carrier activation in Cat-doped a-Si:H(i) layer. This
is responsible for the higher RS in the Cat-doped SHJ solar cell,
as shown in the last section.

As the active carrier concentration decreases, the carrier selec-
tivity deteriorates and lead to a significant decrease in JSC and VOC
as already shown in Figure 6. However, the VOC suddenly goes
up when the active carrier concentration is very low, as shown in
Figure 6a. To explain this, the band diagrams at different active
carrier concentrations of the three cell configurations are given
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Figure 6. Simulated cell performance parameters versus active carrier concentration of carrier-selective a-Si:H window layers in SHJ solar cells with
Cat-doping on a-Si:H(i), a-Si:H(n), and a-Si:H(i/n), respectively. For reasonable comparison of the three configurations, thickness of 5.5 nm a-Si:H (i)
in the solar cell with Cat-doping, 5.5 nm a-Si:H(n) in the cell without a-Si:H(i) and 3.5 nm a-Si:H(i)/4.0 nm a-Si:H(n) in the reference cell were used. For
the Cat-doped solar cell, ND represents the peak value of ND (𝜆) which has the same profile shape as in Figure S3a (Supporting Information).

Figure 7. Band diagram comparison of SHJ solar cells with Cat-doping
on a-Si:H(i), a-Si:H(n) and a-Si:H(i/n) in the front side. The profiles were
plotted at a working voltage of 600 mV for all the cells.

in Figure S8 (Supporting Information). Below a certain value of
active carrier concentration, a reverse band bending is observed,
leading to a potential barrier for electrons near the interface. As
a result, the charge carriers are confined to the bulk region, and
recombination at the interface is suppressed. This will increase
the total free carrier lifetime. Therefore, a jump in VOC can be
observed at very low active dopant concentration, as shown in

Figure 6a at the lowest ND for the a-Si:H(i/n) reference cell. Even
though the shape of the band structure varies for different cell
types, all SHJ configurations show this effect. From the band di-
agram of the solar cell with Cat-doping in Figure S8a (Supporting
Information), the bandgap of c-Si narrows significantly near the
interface at an extremely high active carrier concentration. This
is the result of Cat-doping on the c-Si surface after penetration
of the thin a-Si:H(i) layer. At extremely high activation, the ex-
pansion of charge carriers onto the wafer is so high that there
is a significant narrowing of the effective bandgap, which can
be seen from the difference between the conduction and valence
band energy. The Bennett–Wilson bandgap narrowing model im-
plemented in Sentaurus TCAD is used for these simulations.[43]

5. Conclusion

The present work has demonstrated the potential of using a-
Si:H(i) with Cat-doping as window layer in SHJ rear junction
solar cells to reduce the parasitic absorption of the silicon thin
films. A single a-Si:H(i) passivation layer with Cat-doping pro-
vides the functionalities in terms of passivation and carrier se-
lectivity that otherwise would require an a-Si:H(i)/a-Si:H(n) bi-
layer stack with higher parasitic absorption. It is found that even
though lots of phosphorus atoms can be incorporated into the a-
Si:H(i) during the Cat-doping process, the dopant activation is too
low to improve its conductivity significantly. Besides, Cat-doping
on a-Si:H(i) improves the passivation quality by introducing field
effect passivation in the structure. However, the TCO sputter
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damage needs to be carefully considered here especially when
thinner window layer is used. Finally, a JSC of 40.31 mA cm−2

and efficiencies exceeding 23.6% have been preliminary demon-
strated. There are two aspects that need to be further investi-
gated to improve the efficiency of the solar cell with Cat-doping,
namely, developing soft TCO sputtering on thinner a-Si:H(i) lay-
ers for higher VOC and how to get higher dopant activation in
the a-Si:H(i) with Cat-doping to reduce the contact resistivity with
TCO. Numerical simulations using Sentaurus TCAD show that
SHJ solar cells with Cat-doping have much lower active carrier
concentration requirement for sufficient field effect passivation
and carrier selectivity compared to the traditional SHJ reference
solar cells. This is mainly due to the lower defect density in the
a-Si:H(i) even with post doping. In addition, the penetration of
phosphorus through the thin a-Si:H(i) into the c-Si surface could
lead to increased doping impurity and cause the formation of
downward band bending, which is beneficial for field effect pas-
sivation. The combination of the above experimental and simu-
lation discussions provides a comprehensive understanding of
applying Cat-doping in SHJ solar cells that shows current limita-
tions that needs to be addressed in future research work.

6. Experimental Section
Cat-Doping Process: Cat-doping was performed in a HWCVD chamber

with three curved tantalum filaments arranged parallel to each other. The
samples were placed face-down 90 mm above the filaments. The heater
temperature was set at 200 °C. To achieve a stable temperature on the
substrates, hydrogen gas was allowed to enter the chamber for 10 min
while the pressure in the chamber was maintained at 0.5 mbar. After pre-
heating, the hydrogen gas was pumped out of the chamber and Cat-doping
could be initiated. A gas consisting of 2% phosphine in helium was intro-
duced into the chamber at a flow rate of 20 sccm while the pressure in the
chamber remained constant at 0.01 mbar. The filament temperature was
set at 2200 °C.

Fabrication of Passivation Samples and Solar Cells: The passivation
samples and solar cells were fabricated using Czochralski grown n-type as-
cut <100> wafers from LONGi with a thickness of 160 μm and resistivity
of around 1 Ω cm. First, the wafers were removed from saw damage and
textured in alkaline solution to form surface pyramids. Then, the wafers
were cleaned with an ozone process followed by native oxide removal in
1% diluted hydrofluoric acid for 5 min. The a-Si:H layers were deposited
in a Meyer Burger AK1000 PECVD system. Different thickness of a-Si:H(i)
layers and 3.5 nm a-Si:H(i)/4.0 nm a-Si:H(n) were deposited on the front
surface of the Cat-doped samples and the reference samples, respectively.
Afterward, 6 nm a-Si:H(i) and 13 nm a-Si:H(p) layers were sequentially de-
posited in two chambers. Subsequently, Cat-doping process was applied
to the a-Si:H(i) layers for Cat-doped samples. About 70 nm ITO layers were
sputtered on both sides of the samples from a 3% doped rotary target at
a sample heater temperature of 250 °C. For passivation samples, the ITO
layers were sputtered on the entire surface of the substrates. For solar cells,
the ITO layers were fabricated by masking to create four 2 × 2 cm2 solar
cell pieces on each wafer. The Ag grids (width of ≈60 μm) with busbars on
the edge of the cells were screen printed on an MT-650TVC screen printer
from Microtec using a low-temperature silver paste. They were then dried
at 150 °C for 10 min and cured at 170 °C for 40 min. Heat-assisted light
soaking treatment was then performed in a Gsola system with a heater
temperature of 175 °C under 20 suns for 90 s. A 110 nm thick MgF2 dou-
ble antireflection coating layer was thermally evaporated on the front side
of the best solar cells using an electron beam, followed by sputtering of a
200 nm thick Ag back reflector. The photographs of the actual device are
shown in Figure S10 (Supporting Information).

Material Characterization: The main objective of the SIMS measure-
ment was to determine the phosphorus concentration in the Cat-doped
a-Si:H(i) on the c-Si wafer substrate. The SIMS measurements were per-
formed using a ToF-SIMS-5-NCS from IONTOF GmbH. The surface of the
samples is bombarded with a primary ion beam of Cs+ with an energy of
1 keV. A collision cascade is induced by this bombardment and secondary
ions are generated from the sample. These secondary ions are accelerated
by an electric field and their time of flight from the surface to the detector is
determined and depends on the mass/charge ratio. Due to the high detec-
tion accuracy, the mass resolution of the SIMS measurement is extremely
high.[44] When the secondary ions leave the sample, a crater is formed
in which the primary ion beam continues to sputter secondary ions. This
leads to a good depth resolution.

The concentration of active phosphorus doping of Cat-doped a-Si:H(i)
was measured by ECV. The measurements were conducted with a Wafer
Profiler CVP21 from WEP. During the measurement, the Cat-doped a-
Si:H(i) film was pressed against a sealing ring, which determined the con-
tact area A. Through this ring, the electrolyte (0.1 m NH4HF2) was brought
into contact with the Cat-doped a-Si:H(i) layer. During etching, a Schottky
contact was formed, creating a depletion zone in which no charge carriers
were present. This depletion zone contained ionized donors and electri-
cally active defects, that acted like a capacitor. The capacitance C was mea-
sured. Therefore, the active doping concentration (ND) can be obtained
with:

ND = 1
qA2𝜀r𝜀0

C3

dC∕dV
(1)

where q is the elementary charge, ɛr is the relative permittivity of the Cat-
doped a-Si:H(i), ɛ0 is the vacuum permittivity, and V is the voltage. Af-
ter each capacitance measurement, the surface of the semiconductor was
electrolytically etched to obtain a depth profile of the carrier concentra-
tion. The profiling depth was the sum of the etch depth and the depletion
width since the active carrier concentration was measured at the end of
the depletion zone. The etch depth is obtained using Faraday’s law and
the depletion width (Xdep) is determined with[45]:

Xdep =
𝜀0𝜀rA

C
(2)

Passivation Characterization: The passivation quality of the layers was
characterized by measuring the photo-conductance of the samples using a
Sinton WCT-120 lifetime tester. From these measurements, the iVOC at one
sun and the effective minority charge carrier lifetime at an excess carrier
density of 1 × 1015 cm−3 were extracted.

Device Characterization: Contact resistivity was measured on an in-
house setup using the TLM. The contact resistivity was evaluated for the
complete front side layer stack of c-Si/Cat-doped a-Si:H(i) or a-Si:H(i/n)/
ITO/Ag. Parameters related to solar cell performance were measured by
IV measurements under standard test condition (AM1.5 g, 25 °C and
100 mW cm−2) using the LOANA solar cell analysis system from pv-tools
with a Wavelabs Sinus 220 light sources. The EQE was also measured with
the LOANA system.

Simulation Procedures: The opto-electrical device simulation model
used in this work is based on Sentaurus TCAD.[46] A virtual representa-
tion of the physical device was created based on a finite-element mesh. It
was then used to numerically solve the physical equations governing the
optical and electrical properties of the device. The device simulation was
decoupled into an optical and an electrical part. The optical response of
the solar cell was simulated using raytracing in the thick c-Si layer, coupled
with transfer matrix method for the thin contact films. For this purpose, the
optical properties of the materials involved were taken from spectroscopic
ellipsometry measurements. The optical generation profile resulting from
the optical simulation was then used for the subsequent electrical simu-
lation. To model the charge carrier transport via band-to-band tunneling
at the doped a-Si:H/ITO contact, a non-local tunneling model as imple-
mented in Sentaurus TCAD was used in the 2D electrical device simula-
tion. Furthermore, a contribution of trap-assisted tunneling via traps in
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a-Si:H layers was included. The basic input parameters for the electrical
model are listed in Table S2 (Supporting Information). The distributions of
trap states in the a-Si:H layers and interfaces used in this work are adapted
from the literature and are listed in Table S3 (Supporting Information). The
device model has been validated to agrees with the certified efficiency of
24.5% on a mono facial SHJ solar cell.[35]

Three types of SHJ solar cells were simulated to investigate the ef-
fect of active carrier concentration on the cell performance, including the
solar cells with Cat-doping on a-Si:H(i), solar cells with only a-Si:H(n)
and solar cells with a-Si:H(i/n). Comparable VOC values were estimated
for an interface defect density of 3 × 1011 for cells with a-Si:H(i/n) and
1 × 1013 eV−1 cm−2 for cells with a-Si:H(n), with active carrier concentra-
tion ND = 2 × 1020 cm−3 of a-Si:H(n) layer. For solar cell with Cat-doping
on a-Si:H(i), the defect density of 5 × 1010 eV−1 cm−2 gave a good approx-
imation to the cell VOC and FF with the measured active carrier concen-
tration profile ND

cat-dop(𝜁) as the ECV profile shown in Figure S3a (Sup-
porting Information). In Figure 6a (Supporting Information), the active
carrier concentration of Cat-doping sample represents the peak value of
kND

cat-dop(𝜁) profile, where k is a weighting value and 𝜁 is depth. The in-
put profile shape of active carrier concentration for Cat-doping sample was
always kept identical, except weighted with certain values of k, as shown
in Figure S9 (Supporting Information).

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