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Rapid Thermal Annealing Effects on Passivation
Quality of p-TOPCon Silicon Solar Cells

Arpan Sinha
Ajeet Rohatgi

Abstract—Unlike the traditional tube-furnace annealing at
875 °C, rapid thermal annealing (RTA) and laser annealing offer
flexibility, high throughput, and control of the heating and cooling
rates and holding times for effective crystallization, dopant acti-
vation, and passivation quality in the B-doped p-TOPCon device.
A comprehensive scientific understanding of the effects of RTA
is required. Slower RTA heating (< 798 K/min) and cooling (<
156 K/min) rates and optimal 60 s holding time at 825 °C enhanced
the passivation quality, which was further improved by postanneal
forming gas annealing (FGA). Faster heating and cooling rates
(> 4800 K/min) damaged the passivation quality irreversibly and
did not improve further by FGA. The optimized RTA parameters
yielded iV, of 638 mV and sheet resistance of ~1.0 k€2/sq. The
dopant activation was independent of the heating and cooling rates.

Index Terms—Boron, cooling, heating, holding, p-tunnel oxide
passivated contacts (TOPcon), rapid thermal annealing (RTA),
silicon solar cells.

I. INTRODUCTION

HE tunnel oxide passivated contacts (TOPCon) Si solar
T cell, one of the most competitive c-Si solar cell architec-
tures, is known for its simple architecture, easy fabrication, high
thermal stability, and resilience to postmetallization annealing.
The state-of-the-art lab-based efficiencies of n-TOPCon (based
on n-type Si wafer) and p-TOPCon (based on p-type Si wafer)
solar cells are 25.8% and 26.1%, respectively [1], [2]. The
TOPCon c-Si architecture comprises stack layers of ultrathin
(~1.5 nm) SiOy, highly doped polycrystalline Si (poly-Si), and
an optional SiNy:H or SiCy:H coating.

One of the essential steps in the fabrication of TOPCon
solar cells is thermal annealing, which is necessary for dopant
activation, crystallization, lower c-Si/SiO interfacial defects,
and lower sheet resistance. Generally, annealing is performed
at high temperatures (800-900 °C) using the traditional tube-
furnace anneal and conveyor belt-furnace anneal under an inert
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atmosphere, such as Ny [3], [4], [5], [6]. The disadvantages
of furnace annealing are an enormous thermal budget, longer
annealing time, less flexibility, and lower throughput.

Due to its several advantages, such as the choices of annealing
atmosphere, better control of the annealing durations (from a few
seconds to several minutes), and flexible ramping rates of heating
and cooling, rapid thermal annealing (RTA) has emerged as an
alternative cost-effective, high-yield processing tool for dopant
activation and crystallization [7], [8]. Moreover, the RTA has
been used to perform forming gas annealing (FGA) for external
hydrogenation. In our recent publication, we have shown the
RTA and FGA applications to achieve high implied open-circuit
voltage (iV,) of 706 mV through crystallization and high dopant
activation in B-doped p-TOPCon c-Si solar cells with SiN,:H
capping layer [9]. Yang et al. [8] reported the fabrication of
23.04% efficient Al;O3-capped P-doped n-TOPCon c-Si solar
cells with iV, as high as 727 mV by RTA treatment. Similar
studies are needed for p-TOPCon c-Si solar cells. Since RTA
shows such promising results, it is crucial to understand the
physics behind the thermal cycle dynamics and achieve results
equivalent to the traditional furnace annealing for p-TOPCon
¢-Si solar cells. It will also help understand and optimize fast
laser processing for p-TOPCon c-Si fabrication since laser pro-
cessing involves fast heating and cooling rates [10].

The highly B-doped poly-Si layer on top of the ultrathin SiOy
layer provides additional field-effect passivation, provided that
the thickness of SiOy is < 1.6 nm. At annealing temperatures
< 850 °C, the charge carrier transport occurs through the
quantum tunneling effect as pinhole formation is minimal. At
temperatures beyond 850 °C, more pinholes form, and charge
conduction through pinholes dominates the tunneling mecha-
nism. The pinholes created in the SiOy layer act as a gateway
for the B-dopant to diffuse into the bulk Si. This diffused layer
further enhances the electrical field to maximize the field-effect
passivation. On the other hand, excess dopant diffusion into the
bulk Si causes more considerable Auger recombination, which
cannot be compensated by the enhanced field-effect passivation
and leads to passivation degradation [11], [12].

Yang et al. [13] recently reported the heating and cooling
effects on TOPCon structures using quartz tube-furnace an-
nealing. As the annealing temperature increases during heating,
poly-Si, ultrathin SiO, and c-Si substrates expand. Due to
higher thermal expansion coefficients, c-Si and poly-Si expand
more than ultrathin SiOy, which produces compressive stress in
the substrate and tensile stress in the ultrathin SiOy. This tensile
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stress grows faster, causing concave distortion and fracture in
the SiOy, forming pinholes to relieve the accumulated tensions.
On the contrary, cooling induces more inward shrinkage of both
¢-Si and poly-Si than ultrathin SiOy, causing tensile stress in
the substrate and compressive stress in the SiOy, eventually
increasing pinholes.

Although this pinhole mechanism finding provides a good
understanding of tube-furnace annealing effects, understanding
of RTA effects is still lacking as the overall heating, holding, and
cooling methodologies differ. So, there is a need to understand
the effects of RTA heating and cooling rates and holding time
on the surface passivation quality, dopant activation, crystal-
lization, and defect states in B-doped poly-Si-based p-TOPCon
devices. Previously, Hollemann et al. [14], [15] showed that
significant temperature gradients increase mechanical stresses
and the density of defect states at the SiO,/c-Si interface during
tube-furnace annealing of P-doped poly-Si-based n-TOPCon
devices. Earlier reports also stated that cooling times influence
the severity of thermal stress more than heating times [16].
Moreover, similar findings on the effects of slower RTA cooling
rates on the minority carrier lifetime and defect densities were
demonstrated in the fabrication of n™-p-p™ Si and p-type mc-Si
devices. Still, the optimization of heating rates and holding
times remained unexplored [17], [18], [19]. It has also been
suggested that the high radial-temperature nonuniformity in
Si substrates causes stresses beyond its yield point due to the
one-sided heating in the RTA system [20]. Earlier, Yang et al. [8]
described the optimization of longer RTA holding and cooling
times of n-TOPCon devices, and Shou et al. [21] used similar op-
timization for annealing their TOPCon devices. However, their
findings were limited to PECVD P-doped n-TOPCon devices
with a total RTA processing duration of ~27 min (similar to the
traditional tube-furnace annealing durations), and the effects of
heating times were not discussed.

Hence, in this article, we investigated the effects of RTA
heating and cooling rates as well as holding time on the pas-
sivation quality, iV, and dopant activation of in situ B-doped
poly-Si-based p-TOPCon Si solar cells. The potential of using
RTA for fast processing was also evaluated for high throughput.
Device characterizations were conducted using photolumines-
cence (PL), quasi-steady-state photoconductance (QSSPC), and
four-point probing to better understand the RTA processing.

II. EXPERIMENT

The p-TOPCon architecture involves an in situ B-doped
poly-Si/SiOy stack on n-type c-Si wafers. This approach offers
advantages over ex situ boron doping, including simplicity,
independence from dopant predeposition, higher throughput,
elevated poly-Si deposition rate, increased boron concentration,
enhanced field-induced passivation, and reduced optimal an-
nealing temperature. Fig. 1 illustrates the schematic diagram
of the TOPCon test structure. These structures were fabricated
on 200 pm thick n-type monocrystalline Cz-type <100> silicon
wafers featuring a bulk resistivity of 3.2 2-cm. After removing
the saw damage in 9% wt. KOH at 80 °C for 12 min, the
surface was semiplanarized. The wafers underwent cleaning

B-doped poly-Si (100 nm)
Tunnel SiO, (1.5 nm

Tunnel SiO, (1.5 nm)
B-doped poly-Si (100 nm)

Fig. 1.  Schematic diagram of p-TOPCon structure.
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Fig. 2. Schematic diagram of the RTA temperature profile.

using piranha solution and SC-2, with oxide removal (5% wt.
H.F. solution) between steps. A thin (~1.5 nm) SiOy layer was
grown on both sides of the Si using 70% wt. electronics grade
HNO3 at 100 °C for 15 min. Subsequently, in situ boron-doped
polysilicon of 100 nm thickness was grown on both sides in a
Tystar tube low-pressure chemical vapor deposition system at
588 °C for 27 min using silane and diborane precursor gases. A
specific sample was annealed in nitrogen at 875 °C for 30 min in
a Centrotherm tube furnace to enhance crystallinity and activate
dopants.

Both RTA and forming gas anneals (FGAs) were conducted
using the AnnealSys rapid thermal processing system, employ-
ing diverse processing gas environments, such as ultrapure Ny
and forming gas (5% Ha: 95% Ar) from Praxair. The ambient
humidity was approximately 40%. RTAs included heating from
room temperature, holding at 825 °C and cooling in an Ny at-
mosphere [9]. Variations were made in heating time (30-150 s),
holding time (10-150 s), and cooling time (30-300 s). The
temperature profile of the RTA process is depicted in Fig. 2.
An example of actual RTA temperature and power profile for
heating, holding, and cooling times of 150 s, 150 s, and 600 s,
respectively, is illustrated in Fig. 3. An average overshoot of +-25
°C temperature was observed during the RTA heating time. The
pyrometer works well at temperatures above 250 °C. In the first
~600 s, there was no temperature rise. For reference, p-TOPCon
samples underwent annealing in a tube furnace at 875 °C for
30 min in Ny, with a ramp-up from 600 °C at approximately
10 K/min. The FGA process comprised of annealing at 425 °C
in forming gas for 1 h.

As shown in Fig. 4, the pulsed form of RTA was used to
study the passivation quality under a series of pulsing heating,
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Fig. 3. Actual RTA temperature and lamp-power profile of annealing conditions at heating and holding times of 150 s each and a cooling time of 600 s.
[—*— Pulsed RTA temperature profile] To investigate the effect of the B-doped poly-Si layer on the
825 Pulse— pata™ 10, 60 sec passivation quality and the extent of the boron dopant diffusion
— at the SiO,/Si interfaces, four test samples of 1 cm x 1 cm area,
o . . .
< including the starting and the reference furnace anneal samples,
Fi 550 were selected. The B-doped poly-Si layer was selectively etched
z using 20% wt. KOH at 40 °C for 250 s at an etch rate of
=5 .
£ —0.4 nm/s. Sample | was as-prepared (starting), sample 2 was
= 275 furnace annealed, the third sample was KOH etched, and the
% 1 fourth sample went through RTA and then KOH etched. The
E KOH etching kept the SiOy layer on the silicon wafer.
<
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Time (sec) III. RESULTS AND DISCUSSION
Fig. 4. Schematic diagram of the five pulses RTA temperature profile. A. Effects of Heating Time Theat

holding, and cooling times. Only #},,1q Was varied as 10 s or 60 s.
All other time frames, including time between any two pulses
at 550 °C, consisted of 60 s. Such a design was formulated to
relieve thermal stress.

Initial samples were extracted from a 6-in test wafer cut to a
1 cm X 1 cm area before further processing. QSSPC minority
carrier lifetime and iV, measurements were conducted using 1”
x 1" area test samples on a WCT-120 Sinton Instruments system
with a 4 cm diameter QSSPC sensor coil. Three samples were
prepared for each thermal annealing test, with a film thickness
variation of £5% within 1 cm length. Boron concentration
homogeneity was not measured. For sheet resistance measure-
ments, a Jandel four-point probe station was utilized.

The PL measurement is a nondestructive technique, and the
intensity is related to the radiative carrier recombination. Higher
PL intensity implies higher radiative recombination and less
nonradiative recombination due to defects. So, higher PL inten-
sity is related to higher junction quality. All PL. measurements
employed a 532 nm excitation wavelength with a ~150 um
focused spot size. The peak PL intensity counts were determined
at a wavelength of 1150 nm (~ 1.1 eV Si bandgap) at an average
of ten readings. The error bar for PL. was measured to be 6%.

Fig. 5(a) shows the variation of peak PL intensity and the
sheet resistances w.r.t. the RTA heating time #;,.,¢ at constant
thold = 300 s and #.001 = 300 s. At fpeat = 10 s or heating rate
Rpeat = 4800 K/min, the peak PL intensity dropped from 450
to 110 a.u. As the time #,¢,¢ Was increased from 60 to 300 s (or
Ryeat < 780 K/min), the peak PL intensity climbed back and
saturated at the PL intensity of the starting sample. The FGA
recovered the peak PL intensity of test samples treated only at
theat > 60 s to a saturated value of ~1525 a.u. comparable with
the furnace-annealed reference sample (~2100 a.u.), and the fast
heated #,02¢ = 10 s sample did not recover. This showed that a
fast heating rate (Rpeat = 4800 K/min) irreversibly degraded the
surface passivation quality beyond recovery, and FGA could not
improve it further. The optimized value of #j,0.¢ 1S > 60 s.

The sheet resistance dropped significantly and saturated at
0.9-1.1 k€¥/sq. at fast heating rate Rye,t = 4800 K/min, com-
parable with furnace anneal. The dip at #;,0,4 = 10 s should be
treated as within the error bar. This proved that a fast heating
rate of 4800 K/min generates significant dopant activation.

B. Effects of Holding Time T4

Fig. 5(b) shows the variation of peak PL intensity and the sheet
resistances w.r.t. the RTA holding time #;,,1q at constant ty,cqy =
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TABLE I
CARRIER LIFETIME, 7V, AND SHEET RESISTANCE AFTER OPTIMIZED RTA
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Fig. 5. Schematics of the dependence of peak PL intensity counts and sheet

resistance on RTA (a) heating, (b) holding, and (c) cooling times. The data for
as-prepared (start), after FGA treatment only, and furnace annealed are also
shown.

60 s and #.001 = 300 s. From #,519 = 10 s to 100 s, the peak PL
intensity showed an increasing trend w.r.t. the starting condition.
At fho1q > 100 s, PL intensity counts saturate. After FGA, both
test samples under #,,1g = 60 s and 300 s showed a significant
jump in the peak PL intensity and saturated at ~1800 a.u. The
test sample with the shortest hold time of 10 s did not recover
the PL intensity. This showed that a short holding time of 10 s
caused irreversible degradation to the surface passivation quality
beyond recovery, and FGA could not improve it further. The
optimized condition for the value of #,414 starts from 60 s.

The sheet resistance dropped significantly and saturated at
0.9-1.1 k€)/sq. starting at a short holding time of 10 s, compara-
ble with furnace anneal. Hence, dopant activation occurs at 10 s
or longer hold time.

C. Effects of Cooling Time T o0;

Fig. 5(c) shows the variation of peak PL intensity and the
sheet resistances w.r.t. the RTA cooling time #.,,) at constant
theat = 00 s and #1019 = 300 s. At 7,01 = 10 s or cooling rate
Rcoo1 = 4800 K/min, the peak PL intensity dropped from 450
to 12 a.u. As the time regime of #,,, was increased from 60 to
300 s (or Reoo1 < 156 K/min), the peak PL intensity climbed
back gradually to the starting sample PL intensity counts. The
peak PL intensity of the test sample treated under the shortest
cooling time t.,o,1 = 10 s did not recover after FGA. On the
other hand, the FGA regained the peak PL intensity of test
samples treated at 7., = 60 s to a value of ~800 a.u., and the
highest peak PL intensity rise to 1550 a.u. was recorded at ., =
300 s comparable to furnace-annealed reference sample (~2100
a.u.). It was observed that a fast quenching/cooling rate (R.ool
= 4800 K/min) irreversibly degraded the surface passivation
quality beyond recovery, and FGA could not improve it further.
The optimized value of 7., is > 300 s.

Sheet resistances decreased gradually as the cooling rate fell,
which showed that the dopant activation was affected moderately
with a fast cooling rate.

D. Optimization of RTA Parameters

For better device performance, the optimized RTA heating,
holding, and cooling times were 60, 60, and 300 s. Table I
presents some of the optimized performances of p-TOPCon
devices after RTA.
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Fig. 6. Dependence of PL intensity counts for five cases described in Table II.

Table I also presents that the reference furnace anneal sample
had sheet resistance of 0.9-1.0 k{2/sq., a lifetime of ~300 pus,
and iV,. of 688 mV. Postanneal FGA further enhanced the
overall performances. The sheet resistances were reduced to
~0.9 k€/sq, which showed that complete dopant activation was
achievable under RTA conditions. However, the best perfor-
mance of the RTA-annealed p-TOPCon device lagged behind
the furnace-annealed device by ~50 mV. Using longer RTA
durations may probably increase the iV,. and lifetime, but it
will defeat the purpose of “rapidity” of our RTA processing.

The results of this study show that the iV, of RTA p-TOPCon
falls short compared with the furnace annealing. The RTA pro-
vides flexibility but the throughput of p-TOPCon is limited.

E. Effect of B-Doped Poly-Si on Passivation Quality

Fig. 6 shows the dependence of PL intensity counts on the
presence of boron-doped poly-Si layer. The test samples were
treated under the RTA conditions tycq; = 60 S, fholg = 100 s,
and f..o1 = 300 s at 825 °C in Ny. To evaluate the effect of
boron diffusion into Si during the furnace and RTA annealing
process, the doped poly-Si layer was chemically etched away
after annealing, and the PL. was measured. These results were
compared with the samples that did not have doped poly-Si
but went through RTA and furnace annealing under similar
conditions.

The peak PL intensity counts derived from Fig. 6 have been
tabulated in Table II. Comparing Case 1 with Case 2, it is
observed that the RTA enhanced the passivation quality of the
ultrathin SiOy layer. Comparing Cases 1 and 3, it is observed
that the presence of poly-Si layer provides additional passivation
in the absence of RTA. In Case 4, it is observed that the RTA
moderately improved the overall passivation quality. Case 5
shows the best passivation quality after furnace annealing.

In the case of RTA with a poly-Si layer, the boron dopants
could diffuse through the pinholes in the SiOy layer into
bulk Si. This diffused layer will provide additional field-
effect passivation, exhibiting higher PL counts even after remov-
ing the poly-Si layer. The furnace-annealed samples showed the
best performance due to the slower boron diffusion in bulk Si
under a longer duration of heating and cooling times. In the case

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 14, NO. 2, MARCH 2024

TABLE II
PEAK PL INTENSITY OF THE EFFECTS OF B-DOPED POLY-ST ON THE
PASSIVATION QUALITY

Case RTA at 825°C flfti';::tl;

theat= 60 S5 Thold= 100 Sy Leool™ 300 s (a.u.)

1 After SiOy deposition on Si 25
After the RTA of SiOy deposited

2 . 57
on Si

3 After poly-Si deposition on 33
SiO,/Si

4 After RTA of poly-Si deposition 108
followed by its chemical etch
After Furnace anneal of poly-Si

5 | deposition followed by its 127
chemical etch

TABLE III
IVoc AND SHEET RESISTANCE AFTER OPTIMIZED PULSED RTA

Pulsed Starting After After
RTA | Number sa';'(pll,i R:’;L F(k;‘;L Sheet
Holding | of RTA ,peta . !)eta . .peta . resistance
time pulses intensity | intensity | intensity (kQ/sq.)
(sec) counts counts counts
(a.u.) (a.u.) (a.u.)
1 120 330 1.9
10 5 380 1200 145
10 410 1350 1.35
1 410 100 570 1.8
60 5 450 660 1.6
10 390 1100 1.4

Both heating and cooling times were fixed at 60 s.

of RTA with a poly-Si layer, overdiffusion of boron might have
caused Auger recombination, which lowered the passivation
quality. This might also explain the cause of the discrepancy in
the iV, between optimized RTA and reference furnace anneal
samples. The performance lag of p-TOPCon compared with
the n-TOPCon could possibly be due to lower improvements
in interface properties and the amount of boron diffusion in Si.
It has been reported that boron diffusion is much faster under
RTA compared with slow furnace annealing [22].

FE. Effects of Pulsed RTA Processing

This study aimed to investigate the effects of a series of short
pulses of RTA on the dopant activation and passivation quality of
p-TOPCon devices. The results have been tabulated in Table III.

At both holding times (10 and 60 s), the number of pulses
varied from 1 to 10. There was a preliminary decrease in PL
intensity after RTA for each holding time, which improved after
multiple pulses. This confirmed that as the cumulative holding
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times increased, the PL intensity counts increased, and the pas-
sivation quality improved, reaching back to the starting sample
condition. A trend in PL intensity counts was observed with the
increase in the number of pulses, which improved postanneal
FGA. It is to be noted that the cooling time of each of the RTA
pulses is the most influential aspect, as it eradicates any sort
of defects formed during the heating and holding times of each
RTA pulse. If we compare the results based on different holding
times, the changes in PL intensity counts were similar within
the error bar and suggested no significant difference in the final
PL intensity counts.

In the case of sheet resistance measurements, a gradual de-
crease was observed with the increase in the number of RTA
pulses. This suggested that the first RTA pulse started the dopant
activations process, and the sheet resistance decreased from
2.4 to 1.9 k€¥/sq. Later, this trend saturated as the number of
pulses increased. It is possible to lower the sheet resistance fur-
ther by increasing the cumulative holding time and the number
of RTA pulses, but it will defeat the purpose of “rapidity” in
our RTA processing. Our results show that the RTA process
for p-TOPCon does not improve the iV, at the same level as
furnace annealing and for n-TOPCon. This possibly could be
due to higher boron diffusion under the RTA process.

IV. CONCLUSION

A scientific study was conducted to investigate the effects of
heating, holding, and cooling time on the passivation quality
and dopant activations during RTA processing (at 825 °C/Ny)
of in situ boron-doped p-TOPCon solar cells. Fast heating and
cooling rates (> 4800 K/min) damaged the passivation quality
irreversibly, beyond any postanneal FGA recovery. Slower heat-
ing (< 780 K/min) and cooling (< 156 K/min) rates provided
the best PL intensity results. The start of the dopant activation
process required at least 10 s of holding time, which was deter-
mined by the decreasing trend in the sheet resistance. The RTA
parameters were optimized at a heating time of 60 s, a holding
time of 60 s, and a cooling time of 300 s. At optimized param-
eters, considerable improvements in peak PL intensity counts
and passivation quality of the test devices were observed, which
further improved with the external FGA hydrogenation. The best
performances were recorded as carrier lifetime of 133 us, iV,
of 638 mV, and sheet resistance of ~0.9 k{/sq. at a heating time
of 150 s, aholding time of 150 s, and a cooling time of 600 s. The
RTA processing of etched poly-Si proved that the boron dopant
diffusion could provide additional field-effect passivation. An
overdiffused dopant profile creates Auger recombination and is
detrimental to the overall passivation quality. The pulsed RTA
processing showed the potential to adequately create dopant
activation and passivation, and longer cumulative holding times
can give better results.

Based on the study of RTA of p-TOPCon Photovoltaic (PV)
devices, the following observations are made.

1) The iV results of RTA n-TOPCon are comparable to fur-

nace annealing [8]. However, our results show that iVoc
for RTA of p-TOPCon is lower than furnace annealing.

2)

3)

4)
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The RTA of p-TOPCon sheet resistance is similar to fur-
nace annealing.

The mechanism of the cooling rate effects on iV needs
to be further investigated so that shorter RTA duration
can be achieved. Further research is required to improve
the performance of p-TOPCon devices under short RTA
conditions in order to achieve high throughput.

The RTA of poly-Si/SiO/c-Si improves the SiOy/c-Si
interface quality and may induce boron diffusion to the
interface, as evidenced by the observation of higher PL
intensity after the poly-Si removal.

The RTA studies show that the heating and the hold time
can be in minutes. This information could be applied to
furnace annealing conditions to lower the thermal budget
and total annealing duration further.
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