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ABSTRACT: Herein, we fabricate and characterize p-type passivating contacts
based on industrial intrinsic polycrystalline silicon (poly-Si)/thermal-SiOx/n-type
crystalline Si (c-Si) substrates using a spin-on doping technique. The impacts of
drive-in temperature, drive-in dwell time, and intrinsic poly-Si thickness on the
boron-doped poly-Si passivating contacts are investigated. First, the contact
passivation quality improves with an increasing thermal budget (<950 °C) but
then decreases again for excessive thermal annealing (>950 °C). Second, the
thickness of the intrinsic poly-Si film shows only a little impact on the
performance. After a hydrogenation treatment by depositing an AlOx/SiNx stack
and subsequent annealing in forming gas, the optimized poly-Si passivating
contacts show an implied open-circuit voltage (iVoc) > 720 mV, together with a
contact resistivity (ρc) below 5 mΩ cm2. These results demonstrate that boron
spin-on doping is a promising alternative to the conventional BBr3 thermal
diffusion for the fabrication of p-type poly-Si passivating contacts.
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1. INTRODUCTION

Polycrystalline silicon (poly-Si)-based passivating contacts are
an established technology for high-performance silicon solar
cells, with many groups reporting light-to-electricity efficiencies
of >25%, thanks to a low carrier recombination current density
(J0) of less than 5 fA/cm2 and a contact resistivity (ρc) on the
order of 1 mΩ cm2.1−10 Furthermore, the poly-Si passivating
contact has a higher temperature stability than Si hetero-
junction structures, making it compatible with existing high-
temperature industrial processes.11−14

The doping of poly-Si passivating contacts can be
categorized into two approaches: in situ and ex situ doping.
The former approach utilizes the deposition process to
incorporate dopants into Si films at the same time, followed
by an annealing step.15−20 Disadvantages of this approach are
the complexity in controlling various parameters of the
deposition and annealing and the inclusion of dangerous and
toxic gases (e.g., phosphine and boron tribromide) which
require additional safety measures. The latter approach, ex situ
doping, separates the deposition and doping processes, making
the optimization of each process easier.21−26 Among the ex situ
doping methods, liquid dopant-based doping,27−35 specifically
spin-on glass, has shown several unique advantages compared
to gas diffusion and ion implantation doping. First, dopant-
containing solutions are less toxic, hence reducing extra safety
measures often seen in the gas diffusion36 or ion implantation
processes.37 Also, the dopant-containing liquids can be applied
on patterned regions easily without shadow masks through

printing technologies.38,39 Besides, the solutions can convey
diverse dopant species of different concentrations at the same
time, which enhances the versatility of the doping processes.
In our previous work,31 we demonstrated that phosphorus

spin-on doping can be an effective alternative doping method
to the conventional POCl3 diffusion in n-type poly-Si
passivating contacts’ fabrication. In this work, the effects of
annealing temperature, drive-in time, and poly-Si film thickness
on the performance of spin-on boron-doped p-type passivating
contacts will be investigated. Based on the optimal processing
parameters obtained from these studies, we demonstrate that
boron spin-on doping could be employed as a new and
promising doping method for poly-Si/SiOx passivating
contacts.

2. EXPERIMENTAL DETAILS
The experimental process flow is described in Figure 1. Industrially
planarized n-type (100)-oriented Czochralski wafers with a base
resistivity of 5.5 ± 0.4 Ω cm and a thickness of 164 ± 3 μm were used
for all experiments. Following an industrial saw damage etch and
wafer cleaning step, a thermal oxidation process at 700 °C for 5 min
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was performed in pure oxygen to form an ultrathin (<2 nm) silicon
oxide (SiOx) layer on both sides of the substrate. Subsequently,
intrinsic poly-Si layers with different thicknesses (100, 175, and 230
nm) were deposited on top of the oxide layers using an industrial low-
pressure chemical vapor deposition (LPCVD) system. These
depositions were performed by Jinko Solar using their industrial
scale tools. The thickness of the poly-Si layers was measured by an
ellipsometer (J.A. Woollam ESM-300) using focusing probes. Before
the spin-on doping process, the symmetric LPCVD poly-Si/SiOx/Si
samples were cleaned by a standard RCA procedure. A boron-
containing spin-on glass layer (B-1500, [B] 7.2 × 1021 cm−3, Desert
Silicon) was spin-coated on both sides of these substrates using a spin

coater (Laurell WS-650-23NPPB). The samples were then soft-baked
at 90 °C for 10 min in a furnace and hard-baked at 200 °C for 6 min
on a hot plate. The average thickness of spin-on glass layers in this
experiment is ∼115 nm, which was measured by the focused
ellipsometer on polished sister samples using the Cauchy models for
SiO2. Next, to drive and activate the dopants into the poly-Si films and
the underlying wafer, annealing steps with N2 in a quartz tube furnace
were performed at various temperatures and dwell times. The drive-in
temperature was varied from 850 to 1000 °C for 60 min, and the
drive-in dwell time was varied from 10 to 90 min at 950 °C.
Subsequently, the silica glass layers were removed by dipping the
samples in a diluted 3% HF solution. Finally, the samples were

Figure 1. Flowchart of the experimental processes.

Figure 2. Implied open-circuit voltage (iVoc) and electrically active boron profiles of different poly-Si samples (A,C) annealed at different
temperatures for 60 min and (B,D) annealed at 950 °C for different dwell times, respectively, before and after hydrogen treatments (ECV measured
before hydrogenation). Locations of the SiOx layers vary with thicknesses of the poly-Si films, as denoted by green vertical lines in (C,D). The iVoc
value was measured using a PCD (QSSPC) technique in the transient mode at 1 sun intensity.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c00550
ACS Appl. Energy Mater. 2021, 4, 4993−4999

4994

https://pubs.acs.org/doi/10.1021/acsaem.1c00550?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00550?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00550?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00550?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00550?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00550?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00550?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00550?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c00550?rel=cite-as&ref=PDF&jav=VoR


hydrogenated by depositing a ∼20 nm thermal-assisted atomic-layer-
deposited AlOx:H layer covered by a ∼50 nm plasma-enhanced
chemical-vapor-deposited SiNx:H layer, and/or annealed in forming
gas (FGA, 5% H2, 95% Ar) at 425 °C for 30 min. For contact
resistivity measurements, another set of samples, which had gone
through the same processes as those described above, received a
single-side coating of 300 nm of Al. Subsequently, a photolithography
step was used to define transfer length method (TLM) contacts on
the poly-Si surface, and Al in the non-contact area was etched using a
mixture of phosphoric acid, nitric acid, and deionized (DI) water. The
poly-Si films uncovered by the metal contacts were removed using an
etching solution of tetramethylammonium hydroxide, isopropanol,
silicic acid, and DI water. Care was taken during the etching process
to fully remove the poly-Si layer between the metal pads while
stopping at the interfacial SiOx, leaving the buried shallow diffused
doped region in the wafer intact. Finally, the samples were sintered in
forming gas at 250 °C for 10 min before the contact resistivity
measurements. The contact resistivity for each drive-in temperature
was obtained by averaging the values from a set of four different
samples fabricated at the same condition. The maximum and
minimum of the error bars were determined by the maximum and
minimum variations of the measured data.
A Sinton WCT-120 lifetime tester based on the photoconductance

decay (PCD) method in the transient mode was used to measure the
resulting implied open-circuit voltage (iVoc) values at 1 sun before and
after the hydrogenation process (AlOx/SiNx + FGA). The Kane−
Swanson method40 was used to extract the recombination current
density (J0) from the PCD results at a minority carrier density of 5 ×
1015 cm−3. The J0 values were divided by 2 to represent the single-side
recombination. The electrically active dopant profiles were measured
by an electrochemical capacitance−voltage (ECV) setup (WEP Wafer
Profiler CVP21). Based on the doping profiles, the Auger
recombination current density (J0,Aug) of the diffused part in the c-
Si substrates can be calculated via the EDNA2 software41 following
the procedure described in ref 19. This allows us to separate the total
J0 into contributions of the Auger recombination, the lower threshold
for J0, in comparison with the recombination at the poly-Si/SiOx/
wafer interface, which is dependent on the surface (interface)
recombination velocity. Different sheet resistance values were
obtained using four-point probe (4PP) measurements, integrating
the doping profiles, in combination with the contact resistivity by the
TLM. There are differences in the values simulated by EDNA2 and
those measured by the 4PP and TLM. This is due to the fact that, as
in the 4PP method, the current flows from one probe, through the
poly-Si and SiOx films, to the other probe. In the TLM as well as
simulated results from EDNA2, the translational conduction only
occurs in the diffused c-Si film as the non-contacted poly-Si layer has
already been removed.

3. RESULTS AND DISCUSSION

First, we investigate the effects of drive-in temperature and
drive-in dwell time on the performance of the poly-Si/SiOx
passivating contacts with various poly-Si film thicknesses (100,
175, and 230 nm). The implied open-circuit voltage (iVoc)
reflects the passivation quality of the passivating contacts. Four
different drive-in temperatures (850−1000 °C) with a fixed
annealing time of 60 min are presented. Additionally, the dwell
time at a fixed 950 °C annealing temperature was varied
between 10 and 90 min. Figure 2 shows the iVoc from samples
with different poly-Si film thicknesses (100 nm as black, 175
nm as red, and 230 nm as blue color) as a function of the
annealing temperature (A) and for different dwell times (B)
before (filled symbols, solid lines) and after hydrogen
treatments (open symbols, dashed lines). As can be seen
from Figure 2A, all of the as-annealed samples show increased
iVoc with increasing annealing temperatures, reaching their
highest values of ∼690 mV at 950 °C. Further increasing the

annealing temperature (>950 °C) results in a decrease in iVoc.
A similar trend is observed after a hydrogen treatment via
AlOx/SiNx stacks and subsequent annealing in forming gas at
425 °C for 30 min.42−44 After the hydrogenation, the iVoc
values increase to ∼720 mV at 950 °C. This indicates that 950
°C is likely to be the optimal drive-in temperature for all of the
poly-Si samples with thicknesses of 100−230 nm. Interestingly,
decreasing drive-in annealing temperatures (<950 °C) show a
larger variation in iVoc of different poly-Si thicknesses. The
trend observed in this work agrees well with those of other
studies on ex situ B diffusion using BBr3 sources.

45

Figure 2B shows the iVoc values from various poly-Si
thicknesses (100 nm: black, 175 nm: red, and 230 nm: blue) as
a function of drive-in dwell time (ranging from 10 to 90 min)
at 950 °C before and after a hydrogen treatment by annealing
in forming gas at 425 °C for 30 min (solid and dashed lines,
respectively). Please note that here only molecular hydro-
genation via FGA is applied in contrast to the atomic
hydrogenation via the AlOx/H/SiNx/H stack for the variation
of annealing temperatures in Figure 2A. Compared to the
drive-in temperature case, the drive-in dwell time shows less
influence on iVoc (with ΔiVoc ∼10 mV) for different poly-Si
thicknesses and before and after FGA. Longer drive-in dwell
time results in increasing iVoc for all thicknesses of the as-
annealed samples, reaching an optimal dwell time of ∼60 min,
and then iVoc begins to decrease upon further prolongation of
drive-in dwell time, except for the thinnest poly-Si sample (100
nm, Figure 2B), where it continues to increase. A short
annealing time possibly does not drive enough dopants into
the substrates; meanwhile, a long dwell time introduces more
dopants into the c-Si substrate. In fact, the higher doping
concentration in the bulk of c-Si results in higher Auger
recombination in the diffused part, which will likely reduce the
performance of the passivating contacts. After forming gas
annealing, all samples, regardless of their thickness, show a
similar and improved iVoc (∼705 mV) when annealed for not
longer than 60 min, compared to the non-hydrogenated
samples. Meanwhile, on the prolonged-dwell-time samples
(≥60 min), the improvements after FGA are minimal (ΔiVoc
<5 mV). It is worth noting here that the improvement after
FGA is less pronounced than that obtained when using AlOx/
SiNx + FGA, as reported in other studies.42,46

To verify our observations from the PCD measurements,
doping profiles of the spin-coated samples were measured
using the ECV method, as shown in Figure 2C,D. The
concentration of boron inside the poly-Si layers is relatively
uniform (∼1020 cm−3) for the samples annealed at temper-
atures ≥900 °C. Meanwhile, for the annealing temperature of
850 °C, we observe a significantly lower concentration of
boron in the poly-Si film (∼5−8 × 1019 cm−3). The location of
the oxide layer is identified by a steep drop in the
concentration of boron (illustrated by a green stripe, Figure
2C,D). Higher annealing temperatures, as well as longer dwell
times, show higher in-diffusion rates of boron into the c-Si
substrate (Figure 2C,D). This may lead to the formation of
more defects at the SiOx/c-Si interface upon driving-in at
higher temperatures and for longer time. On the other hand, a
longer drive-in time will diffuse more dopants into the c-Si
substrate, while the doping level in the poly-Si film remains
almost unchanged regardless of the poly-Si thickness (Figure
2D). Therefore, it suggests that the iVoc variation is dominated
by dopant activation and in-diffusion into the c-Si substrate.
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Next, we investigate the effects of the drive-in temperature
and dwell time on the recombination current density J0. The
ECV profiles shown in Figure 2C,D are used to calculate the
Auger contribution (using EDNA241) for comparison with the
total measured J0. Figure 3A,C shows the measured total
recombination and simulated Auger recombination after
annealing at different temperatures for 60 min and annealing
at 950 °C for different time periods, before and after a
hydrogenation step by AlOx/SiNx + FGA or FGA only,
respectively. Increasing the annealing temperature shows a
significant increment in the Auger recombination (solid
columns, Figure 3A). At higher annealing temperatures
(1000 °C), the recombination is largely dominated by the
Auger recombination, whereas at lower annealing temper-
atures, there is still significant room for improvement in the
surface passivation. A similar trend can also be observed on the
samples annealed at 950 °C for different dwell times (Figure
3C). Increasing the drive-in time shows a slight increment in
the Auger recombination and also a little change in the total
surface recombination (Figure 3C). Annealing in the forming
gas also shows a slight effect on the total recombination
(bringing the total J0 down to similar values across different
thicknesses) but little effect on the Auger recombination as the
doping density is not affected (Figure 3C). This explains the
similar iVoc values observed after FGA for the three poly-Si
thicknesses (Figure 2B).
Figure 3B,D presents sheet resistances (Rsh) measured by a

4PP (solid symbols, solid lines) and simulated by EDNA2
without the contribution from the poly-Si layer (open symbols,
dashed lines) from the different boron spin-coated samples.
The two different Rsh values allow us to analyze the

contribution from the buried junction in comparison with
the contribution from the poly-Si layer. With the drive-in
temperature increasing from 850 to 1000 °C, the sheet
resistances for three poly-Si thicknesses all decrease (from 300
down to 50 Ω/sq with 4PP measurements and from 1000 to
∼100 Ω/sq with simulated results).
Increasing the poly-Si film thickness shows decreasing Rsh

(4PP, Figure 3B,D), while only a little difference is observed in
the EDNA2 results, revealing the strong contribution of the
poly-Si layer. Meanwhile, a prolonged dwell time indicates
negligible effects on the sheet resistance for different
thicknesses when measured by a 4PP (Figure 3D) as Rsh is
dominated by the high doping concentration within the poly-Si
layer. On the other hand, in the simulated results from the
diffused profile only (Figure 3D), a clear decrease in Rsh from
∼700 to ∼400 Ω/sq is visible (Figure 3D).
Finally, we investigate the electrical performance of the

boron spin-coated poly-Si/SiOx passivating contacts by
measuring the contact resistivity using the TLM47 and also
measuring the sheet resistances to verify our previous
observations. As can be seen from Figure 4, surprisingly,
increasing the annealing temperatures shows an increment in
the contact resistivity. This might be explained by the fact that
at higher temperatures (>900 °C), the interfacial oxide
possibly changes toward a more stoichiometric SiO2 layer,
that is, a denser oxide layer which likely blocks more boron
diffusion into the c-Si substrate,48,49 and also increases the
electrical resistance of this interfacial layer, leading to the
higher contact resistivities. Despite that, for all annealing
temperatures, the contact resistivities are low and in the range
of 1−10 mΩ cm2. Figure 4 also shows the correlating sheet

Figure 3. (A,C) Recombination current density (J0) before and after a hydrogenation step by AlOx/SiNx + FGA (A) or FGA only (C) of different
boron spin-on doped poly-Si/SiOx/c-Si samples annealed at different temperatures for 60 min (A) and annealed at 950 °C for different dwell times
(C), respectively. The hollow columns are the measured total Jo, whereas the solid columns represent the simulated contribution of the Auger
recombination using EDNA2.41 (B,D) Corresponding sheet resistance of the samples including the doped poly-Si layer, measured by a 4PP and the
simulated Rsh by EDNA2 using only the diffused doping concentration in the c-Si substrate.
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resistances obtained from the TLM measurements (triangular
symbols, dashed line) and simulated by EDNA2 (as shown in
Figure 3B, re-plotted here for clearer comparisons, round
symbols, dashed line). Generally, the measured and simulated
sheet resistances agreed well within the accuracy of the
measurement setups.

4. CONCLUSIONS
In conclusion, we have explored the impacts of drive-in
temperature, drive-in dwell time, and intrinsic poly-Si thickness
on the performance of boron spin-coated poly-Si passivating
contacts. For all poly-Si thicknesses, an optimal annealing
temperature of 950 °C for 60 min was found in terms of
passivation quality. After a hydrogenation treatment by
deposited AlOx/SiNx stacks and annealing in the forming
gas, an iVoc of 720 mV together with a low ρc of below 5 mΩ
cm2 was achieved. Prolonged annealing time shows a slight
increase in iVoc together with a stronger diffusion in the c-Si
bulk. The poly-Si thickness presents negligible effects on the
recombination studies. These results indicate the great
potential of boron spin-on doping as a promising alternative
doping method to fabricate high-performing poly-Si passivat-
ing contacts.
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