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silicon heterojunction (SHJ) solar cells. This is key for conventional single-junction cell

investigated the effects of ())a-Si:H deposition temperature on passivation quality
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140°C to 200°C, it was observed with Fourier-transform infrared spectroscopy

bilities. However, with additional hydrogen plasma treatments (HPTSs), those (i)a-Si:H
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On the other hand, even though we observed the highest Vs for cells with (i)a-Si:H
deposited at the lowest temperature (140°C), the related FFs are poorer as compared
to their higher temperature counterparts. The optimum trade-off between Voc and
FF for the SHJ cells was found with temperatures ranging from 160°C to 180°C,
which delivered independently certified efficiencies of 23.71%. With a further
improved p-layer that enables a FF of 83.3%, an efficiency of 24.18% was achieved.
Thus, our study reveals two critical requirements for optimizing the (i)a-Si:H layers in
high-efficiency SHJ solar cells: (i) excellent surface passivation quality to reduce
losses induced by interface recombination and simultaneously (ii) less-defective (i)a-

Si:H bulk to not disrupt the charge carrier collections.

KEYWORDS
FTIR, intrinsic amorphous silicon, passivation, silicon heterojunction solar cells

1 | INTRODUCTION (2T) perovskite-silicon tandem efficiencies of 30.93% and 31.25%

with a front-flat and a front-textured surfaces, respectively.? One of
Front/back-contacted silicon heterojunction (FBC-SHJ) solar cells the crucial ingredients that enable such high efficiencies is the excel-
have achieved a remarkable efficiency of 26.50%.* Application of SHJ lent open-circuit voltage (Voc) above 750 mV of SHJ cells, which is
cells in tandem devices resulted in record two-terminal mainly provided by a few nanometer thick hydrogenated intrinsic
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amorphous silicon ((i)a-Si:H) film. Therefore, careful optimization of
the (i)a-Si:H deposition conditions is essential to enable high-
efficiency SHJ solar cells and their application in tandem solar cells. In
general, optimized (i)a-Si:H should be deposited with dense bulk qual-
ity while suppressing the detrimental epitaxial growth at the c-Si/(i)a-
Si:H interface.> Approaches have been proposed to enhance the sur-
face passivation qualities of (i)a-Si:H layer, such as using hydrogen-
diluted SiH4,*7 pre- or post-hydrogen plasma treatment (HPT),2"2° (i)

516-22 and post-annealing.>?%2* Subsequent

a-Si:H bilayer stacks
overlaying of doped layers and transparent conductive oxide (TCO) on
the (i)a-Si:H layers also impose challenges on preserving their passiv-
ation qualities of the c-Si surface.?>2¢

Apart from the necessity of having excellent passivation induced
by (i)a-Si:H, SHJ solar cells should also feature efficient charger carrier
transport from c-Si bulk to the TCO. Notwithstanding the importance
of tuning the electrical properties of doped layers and TCO layers for
achieving efficient selective transport of charge carriers,?” different
bulk qualities of (i)a-Si:H may also impact differently the charge carrier
collections.1”-28:2? |nterestingly, either (i)a-Si:H monolayers or bilayers
that feature an underdense (i)a-Si:H close to c-Si surface showed bet-
ter passivation qualities as compared to their dense counterparts. On
the other hand, those underdense films may also cause increased
series resistance of solar cells.'”?82? Therefore, the revealed trade-
off between passivation and carrier collections with respect to (i)a-Si:
H requires attentive optimization efforts.

Aiming at further understanding and exploring the potential of
the excellent passivation induced by (i)a-Si:H, in this study, we ana-
lyzed in detail the optical and microstructural properties of (i)a-Si:H
layers deposited under various temperatures between 140°C and
200°C, and applied them to SHJ solar cells. Besides, the effects of our
optimized HPT and very-high-frequency treatment (VHF treatment)'®
on (i)a-Si:H passivation quality are also studied. We addressed the
microstructural evolution of (i)a-Si:H layers under various conditions
via Fourier-transform infrared (FTIR) spectroscopy measurements.
Accordingly, those microstructural properties of (i)a-Si:H layers pro-
vided possible explanations for their passivation capabilities and their

impacts on solar cells.

2 | EXPERIMENTAL DETAILS

In this study, we deposited thin-film silicon layers with a multi-
chamber plasma-enhanced chemical vapor deposition (PECVD) tool
(Elettrorava S.p.A.). The PECVD operates at either radio-frequency
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(RF, 13.56 MHz) or very-high frequency (VHF, 40.68 MHz). We
adjusted the PECVD deposition conditions to obtain various (i)a-Si:H
layers as listed in Table 1. Additionally, we also applied the previously
optimized HPT and VHF treatment (thereafter simplified as HPTs) on
(i)a-Si:H layers, and their main PECVD parameters are provided in
Table 1. The VHF treatment consists of highly H-diluted SiH,4 plasma,
which mainly modifies the microstructure of (i)a-Si:H layers rather
than depositing (i)nc-Si:H, as no change in the thickness of (i)a-Si:H
was detected via spectroscopic ellipsometry (SE) after 6 min of this
VHF treatment.’® The detailed deposition conditions of doped layers
can be found in our previous studies.>%%*

Different glass and n-type c-Si samples, as schematically illus-
trated in Figure 1, were prepared to evaluate the effects of the depo-
sition temperature and HPTs on (i)a-Si:H layers and their further
applications in SHJ solar cells. The abbreviations, stack descriptions
and temperatures for layers and HPTs investigated in this study are
given in Table 2. Specifically, SE (M-2000DI system, J.A. Woollam Co.,
Inc.) was used to extract the optical bandgap (Eos) and refractive index
(n at the wavelength of 632 nm) of (i)a-Si:H layers deposited on glass
substrates (Corning Eagle XG). FTIR spectroscopy (Thermo Fisher
Nicolet 5700 in the transmittance mode) was used to analyze the evo-
lution of the hydrogen bonding configurations and the microstructure
of (i)a-Si:H layers under various conditions. Effective lifetimes (z.¢) of
the minority carriers in symmetrical passivation samples were mea-
sured with Sinton WCT-120 with either transient photoconductance
decay mode or quasi-steady-state photoconductance mode. Note, the
deposition conditions of HPT for the p-side, as listed in Table 1, were
used as the representative HPT for both FTIR and symmetrical (i)a-Si:
H passivation samples. The HPTs etches around 2 nm of the (i)a-Si:H
bilayer on each side of the c-Si wafer.

For FTIR characterizations, we used single-side-flat Siegert Czo-
chralski (CZ) <100> c-Si wafers with thicknesses of 480 + 20 pm and
resistivities of 15+ 5 Q-cm. For symmetrical passivation tests and
solar cell fabrications, we used (n)-type Topsil float-zone (FZ)
<100> c-Si wafers, which are 280 + 20-pm-thick with resistivities of
3+ 2 Q.cm. Prior to PECVD depositions, both types of wafers were
textured to obtain a random distribution of pyramids in diluted tetra-
methylammonium hydroxide (TMAH) solution with ALKA-TEX as
additives.3? Subsequently, they were sequentially cleaned by room-
temperature 99% nitric acid (HNO3), 110°C 69.5% HNO3, and lastly
0.55% HF. During PECVD depositions for solar cells (precursors), we
firstly deposited layer stacks for the n-side. Then with a short vacuum
break, the wafers were flipped for subsequent depositions of the layer

stacks for the p-side. After PECVD, RF magnetron sputtering

TABLE 1 PECVD deposition parameters of different (i)a-Si:H layers, HPT and VHF treatment
(i)a-Si:H-1 (i)a-Si:H-2 HPT VHF treatment
fIH2]/f[SiH4] (sccm/sccm) 0/40 30/10 200/0 120/1.2
Pressure (mbar) 0.7 1.4 2.7 (for n-side)/2.2 (for p-side) 4.0
Power density (mW/cm?) 20.8 20.8 62.5 90.3
Temperature (°C) 140-200 140-200 180 180
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FIGURE 1
junction FBC-SHJ solar cells fabricated in this study

TABLE 2 Abbreviations, stack descriptions and deposition
temperatures for layers and HPTs forming the SHJ solar cells

Abbreviations Descriptions Temperature (°C)

i 1 nm (i)a-Si:H-1 + 7 or 8 nm 140-200
(i)a-Si:H-2*

HPTs HPT + VHF treatment 180

n 3 nm (n)nc-Si:H** 4- 2 nm 180
(n)a-Si:H

p 5 nm (p)nc-SiOcH** + 16 nm 180
(p)nc-Si:H

*7 nm and 8 nm (i)a-Si:H-2 for n- and p-layers, respectively.

**With such thin thicknesses, both the 3 nm (n)nc-Si:H 3* and 5 nm (p)nc-
SiO,:H (not shown) are amorphous-phase dominant and yet to develop
well-defined nanocrystals.

(Polyteknic AS) was used for depositing room-temperature tungsten-
doped indium oxide (IWO).3® Then, solar cell precursors with both-
sides as-deposited IWO were annealed in air at 180°C for 5 min.
Eventually, solar cells were fabricated with screen-printed (SP) Ag
contacts on both sides with a curing step in the air at 170°C for
40 min. Alternatively, we also applied our optimized room-
temperature copper-plating metallization approach to form front
metal grids while using 500-nm-thick thermally evaporated Ag for
forming the rear contact.®* To further improve the anti-reflection
effect of the completed solar cells, a 100-nm-thick SiO, was optionally
deposited via e-beam evaporation on the front side of the
devices.33%> Solar cells fabricated in this study have a designated area
of 3.92 cm?

Along the fabrication process of solar cells, we also measured the

to¢ Of cell precursors before and after IWO sputtering with Sinton

SP Ag

- INNWW
i+HPTs
+HPTs

VVVW /WWW

Schematic sketches of sample structures for (A) extracting Eqs and n, (B) FTIR measurements, (C) obtaining ze¢;, and (D) rear

AANAAAAAAA, i44PTs

~ 460 um
CZ (n)c-Si
10-20 Q'cm

VVVVWVWVVWWY

| JV, pFE SunsVo. |

Cu
' Evap. Ag seed

~ 260 um
FZ (n)c-Si
1-5Qcm

Evap. Ag

WCT-120. The current-voltage (I-V) characteristics of solar cells were
evaluated with a AAA class Wacom WSX-90S-L2 solar simulator
under standard-test-conditions (STC). To extract the series resistance
of solar cells,*® we obtained the pseudo-FF (pFF) from Sinton Suns-
Voc-150 lllumination-Voltage Tester. The independently certified I-V
parameters were obtained from the CalTeC of the Institute for Solar
Energy Research Hamelin (ISFH), Germany.

Based on FTIR measurements, we extracted the microstructure
factor (Rsn) that is defined for Si-H stretching modes (SM) of (i)a-Si:H
layers as®”

Rsm = Insm/ (ILsm + IHsm) (1)

where LSM and HSM stand for low-frequency SM (at 1980-
2010 cm™Y) and high-frequency SM (at 2070-2100 cm™1)38-40

respectively, and I is the integrated absorbance®’:

::J(“;) do 2

a*(w) is the effective absorption coefficient at w and it is proportional
to -In(T(w))/t if a*(w)t<< 1. The T(w) is the transmittance obtained
from the FTIR measurements, and t is the effective thickness of the
film, which counts for films deposited on both sides. Traditionally,
FTIR analyses are performed on films deposited on flat c-Si sub-
strates; however, in this work, the textured c-Si substrates as inte-
grated in the SHJ solar cell devices are used. For simplicity, the
effective film thickness on each side is assumed to be 1.7 times of film
thickness that is perpendicular to the pyramid facet. Note, in reality,

the effective film thickness is larger than this assumption due to
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effects induced by the use of textured samples, such as reduced
reflection thus resulting in enhanced light incorporation and pro-
longed optical path. Nevertheless, the relative comparisons among

samples are still valid with this assumption.

3 | RESULTS AND DISCUSSIONS

3.1 | Temperature effects on (i)a-Si:H monolayers'
optical properties

To understand the effects of (i)a-Si:H deposition temperature on their
optical properties, we deposited the two types of (i)a-Si:H (~ 20 nm)
described in Table 1 on glass substrates (see Figure 1A). Figure 2 pre-
sents the extracted Eg4 and n at the wavelength of 632 nm of (i)a-Si:H
layers via SE.

As shown in Figure 2, for the temperature range investigated
(140°C to 200°C), we observed monotonic decrements of the Eq, and
increments of the n with higher deposition temperatures for both (i)a-
Si:H layers. A higher Eq4 often indicates a higher hydrogen content in
the (i)a-Si:H Iayer“; that is, both (i)a-Si:H layers deposited under lower
temperatures are likely to be more H-rich than the higher temperature
counterparts. Besides, we ascribe the lower n of (i)a-Si:H deposited
under lower temperatures to the relatively lower film densities. Those
observations agree well with previous studies.*?* Therefore, based on
both Eg4 and n, the films seem to become denser but they incorporate
less hydrogen by increasing the deposition temperature of the (i)a-Si:

H layers.

3.2 | Temperature and HPTs effects on (i)a-Si:H
layers' microstructural properties

To prevent possible epitaxial growth of the highly H-diluted (i)a-Si:
H-2 when deposited directly on c-Si, we followed the bilayer
approach that improved the passivation quality and efficiency of our
SHJ solar cells (see Table S2). The bilayer consists of a 1-nm-thick (i)a-
Si:H-1 layer without additional H-dilution®? that acts as a buffer for
the subsequent deposition of the highly H-diluted (i)a-Si:H-2 layer. To

1.91 : - -
i " laos
o,
1.90 S~ .. —14.26
b Jaz2a —
= 189 1422 €
% <
- 1420
< 188} 3
3
w 1418 @
187} 1416 <
o E, n @632 nm la1a
186 @ —W—()aSiH-1  —@—(i)a-Si:H-1
O (aSitH-2  --O--(i)a-Si:H-2 44.12
140 150 160 170 180 190 200

Temperature (°C)

FIGURE 2 The Eg, and n of (i)a-Si:H layers deposited at variable
temperatures
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gain more insights into the (i)a-Si:H layers with cell-relevant growth
conditions, it is worth noting that we used double-side-textured sub-
strates with the same (i)a-Si:H thicknesses as used in solar cells for
FTIR measurements. The microstructure and hydrogen-bonding con-
figuration of bilayer stacks deposited under various temperatures
were assessed by FTIR on dedicated samples as sketched in
Figure 1B. Besides, we also evaluated the effects of HPTs on the
microstructural properties of the bilayer stacks. The infrared spectra
of different (i)a-Si:H bilayers are presented in Figure 3. The infrared
spectra of single (i)a-Si:H layers deposited at 160°C were given in
Figure S2.

As seen in Figure 3A, detailed information from the peaks around
the wavenumber of 2000, 880 and 640 cm™! can be extracted to
characterize our (i)a-Si:H bilayers. Firstly, the peak around 2000 cmt
can be typically deconvoluted into two Gaussian distributions for a-Si:
H, which are related to the Si-H LSM and HSM as visible in Figure 3A.
It has been demonstrated that the LSM is attributed to monohydrides

in small volume deficiencies,*>**

whereas HSM is assigned to mainly
the monohydrides and some polyhydrides at internal surfaces of
larger volume deficiencies like nano-sized voids.2?*3%* As a result of
the different Si-H bonding nature of LSM and HSM, a higher fraction
of HSM, thus a higher Rsy; (defined previously in the experimental
details) indicates a less compact or void-rich film. For simplicity, as for
()a-Si:H bilayers without HPTs, peaks centered at 2000 and
2090 cm 2 are assigned to LSM and HSM, respectively.

As seen around the SM region in Figure 3A, for (i)a-Si:H bilayers
without HPTs, instead of the I sy that only slightly vary with deposi-
tion temperatures, we observed more significant monotonic decre-
ments of lyspm with increasing deposition temperatures. As a result, (i)
a-Si:H bilayers deposited at lower temperatures featured larger Rsym
values as compared to the higher temperature counterparts. In other
words, (i)a-Si:H bilayers are more void-rich as they contain silicon
hydrides at internal void surfaces when deposited at lower tempera-
tures, which could result in higher hydrogen content in the films as
well. This finding is in good agreement with the optical properties we

reported in Figure 2 as well as with previous studies.*?**°~*” More-

1 which reflects the

over, at the wavenumber of around 880 cm™
bending modes (BM) of polyhydrides,*® we observed peaks with grad-
ually decreased absorption strength for layers with higher deposition
temperatures. This also suggests the relatively higher fractions of
polyhydrides for films deposited under lower temperatures.

Similar to (i)a-Si:H bilayers without HPTs, the Rs\ for the (i)a-Si:H
bilayers with HPTs is also higher for films deposited at lower tempera-
tures, although the Rsy differences between different temperatures
are less prominent (see Figure 3A). The overall increased Rsy, indicates
that H-incorporation through our HPTs reconfigures the Si-H bonding
configurations and favors the formation of the HSM components in
the (i)a-Si:H bilayers. The formation of polyhydrides that contribute to
the HSM after HPTs is also reflected in the observed peaks that rep-
resent polyhydrides BM as presented in Figure 3A. It is worth noting
that we applied a slight shift of frequency from 2000 to 2010 cm™?!
for the LSM to obtain better fittings to the raw data. This shift of fre-

quency is a result of the reduced electrical screening of the Si-H
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spectra of (i)a-Si:H bilayers
deposited (A) at various
temperatures with (w/) or without
(w/0) HPTs; (B) with various
thicknesses w/ or w/o HPTs. For
part (A), the thickness of
deposited layers before HPTs is in
total 18 nm on both sides of the
substrate. For part (B), those (i)a-
Si:H bilayers consist of a 1-nm-
thick (i)a-Si:H-1 layer with a (i)a-
Si:H-2 layer featuring varied
thickness, the deposition
temperature was fixed at 160°C
and the indicated thickness
numbers are total thickness on
both sides of the wafer. The
infrared spectra were normalized
according to the thicknesses of (i)
a-Si:H bilayers as discussed in
experimental details. Those
thicknesses are based on the
deposition rates calculated from
flat samples. In both parts, W-RM
stands for Si-H wagging-rocking
modes, BM refers to Si-H
polyhydrides bending modes, SM
represents Si-H stretching modes.
In the SM region, the green and
(i red dashed lines represent the

Normallized o.'/® (-)

[L}
600 800 1800 200
Wavenumber (cm™)

2200

dipole vibrations by a less dense dielectric and additionally indicates
the formation of more porous films after HPTs as discussed in the
previous work.*® Besides, we also noticed the overall improved
absorption strength of the SM as compared to films without HPTs.*®
This could be correlated to the following causes: (a) the HPTs incorpo-
rate significant amounts of additional H into the films*®; (b) as the (i)a-
Si:H bilayers after HPTs are thinner, H-rich “interface” or “surface”
layers will be more dominant (HSM) in reference to the “bulk” compo-
nent (LSM),*° and therefore featuring relatively higher volume defi-
ciencies. Thus, the average dielectric constant will be lower and, as a
consequence, the proportionality constant of the dipole oscillation is
lower as well.>° For a given hydrogen content, this lower proportion-
ality constant will eventually result in enhanced absorption signals for
layers with HPTs. Nevertheless, the latter cannot be the main contri-
bution to the overall enhanced absorption signals, and HPTs indeed
result in significant additional H-incorporation into the (i)a-Si:H bila-
yers. Overall, it is not straightforward to calculate absolute hydrogen

concentration based on the proportionality constants provided in

- fitted Gaussian function for LSM
600 700 and HSM, respectively. The blue

Wavenumber (cm'l) solid lines are the overall fittings.
Note that the series of samples in

Figure 3A were processed in
different batches as compared to
Figure 3B.

previous study®® because these “constants” may vary with layers'
thicknesses for very thin films, and with the textured morphology of
our FTIR samples, which enables the prolonged optical path of infra-
red light inside the (i)a-Si:H bilayers as compared to typically used flat
samples.

With respect to the Si-H wagging-rocking mode (W-RM), com-
monly one absorption peak centered at the wavenumber of 640 cm™*
is observed.3?°1733 |nstead, it should be noticed that we observed at
least three distinguishable peaks at around 610, 620 and 645 cm™?
(see Figure 3A). Although similar observations were reported in the lit-
erature for a-Si:H, only two peaks around 590 and 635 cm™! were
identified.>®>* To the best of our knowledge, here, we report for the
first time at least three distinctive peaks around the W-RM for (i)a-Si:
H. To further investigate the possible origin of this unexpected multi-
peak characteristic, we carried out experiments with variable (i)a-Si:H
bilayer thickness as shown in Figure 3B. Those (i)a-Si:H bilayers con-
sist of a 1-nm-thick (i)a-Si:H-1 layer with a (i)a-Si:H-2 layer featuring
varied thickness. Interestingly, with a thicker bilayer, we noticed a
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progressively decreased absorption strength of the peak at around
610 cm~?! (see Figure 3B). Meanwhile, the signature of peaks at
around 610 and 620 cm™! became less distinguishable for thicker
layers as they started to merge with the third absorption peak cen-
tered at around 645 cm™L. This thickness-dependent characteristic
suggests that the peak at around 610 cm™! may be attributed to well-
defined silicon-hydride wagging mode(s) that is (are) specific to the
“surface” or “interface” nature between the (i)a-Si:H and c-Si surface,
while peaks at around 645 cm~t (also 620 cm™Y) may be ascribed to
the “bulk” component as proposed in*’ (detailed discussions can be
found in Figure S3). Unlike that of SM, due to the insufficiently dis-
tinctive assignments of absorption peaks around W-RM,38435155 it js
not possible for us to deconvolute the observed W-RM absorption
peaks. Still, several attempts for deconvoluting W-RM have been
reported previously for investigating the phase transition from a-Si:H
to pc-Si:H, in which a similar vibrational origin for peaks at 620 and
2100 cm~! was proposed.®®°”

Nevertheless, for (i)a-Si:H bilayers without HPTs as shown in
Figure 3A, we noticed that the absorption strength of mainly the peak
at the wavenumber of 610 cm™? decreases with increasing deposition
temperatures, while the absorption strength of peaks at 620 and
645 cm~! seemingly only slightly varied. That is, ()a-Si:H bilayers
deposited at higher temperatures feature reduced “surface” or “inter-
face” components, thus resulting in a higher fraction of “bulk” compo-
nents according to our speculations based on samples with varied
thicknesses. It is known that the “surface” and “interface” part of the
(i)a-Si:H are more void- and H-rich as compared to the “bulk” counter-
part mainly due to their higher fraction of polyhydrides.*?°8¢° Thus
the variations of absorption strength around the W-RM may reflect a
denser film with higher deposition temperatures. This finding agrees
well with the observed lower Rsy with higher deposition
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temperatures as seen from the SM (see Figure 3A). Further for (i)a-Si:
H bilayers with HPTs, the same temperature-dependent trend was
found. Similarly, we also observed systematically enhanced absorption
strength of peaks after HPTs, which can be attributed to the same
reasons as proposed for the SM. Overall, especially for layers with
HPTs, those absorption peaks around W-RM seem to be more sensi-
tive to varied deposition temperatures as compared to those around
the SM. Thus, those peaks around W-RM might be capable of reveal-
ing more details about the changes in microstructure and Si-H bond-
ing configurations in the film or the interface between c-Si and the
film (see also the discussion in Figure S3). To understand more about
these absorption peaks around the W-RM, more distinct assignations
of specific Si-H vibrational modes around those wavenumbers would
provide more insights.

To summarize, for layers with and without HPTs, a lower deposi-
tion temperature tends to result in more void-rich and H-rich (i)a-Si:H
layers. The HPTs significantly incorporate additional H into the films
and increase the large volume deficiencies of the films, and conse-
quently, resulting in more hydrogenated surfaces in the (i)a-Si:H

layers.

3.3 | Temperature effects on passivation quality
for SHJ solar cells

We investigated the effects of (i)a-Si:H deposition temperature on the
passivation qualities of the (i)a-Si:H layers and the effects of the addi-
tional HPTs on symmetrically coated c-Si wafers (see the schematic
sketch in Figure 1C). Further, the passivation qualities of the (i)a-Si:H
layers coated with doped contacts were also investigated. The .
values of symmetrical samples are plotted in Figure 4A.

Temperature of (i)a-Si:H beneath doped layers (°C)

FIGURE 4 The 7 values of (A) symmetrical samples for individually checking passivation of different (i)a-Si:H layers under various
temperatures and with doped layers, and (B) solar cell precursors without TCO with various deposition temperatures of (i)a-Si:H bilayers. In (A),
lines are guides to the eye. Note in (B), Tj,-si:n_n and Tja-si:n_p represent the deposition temperature of (i)a-Si:H layer beneath the n- and p-layers,
respectively. The deposition temperatures of doped layers and HPTs were kept constant at 180°C as listed in Table 2. In part (B), for the samples
that feature Tja-si:n_n = Tija-sin_p = 180°C, the box plot is duplicated for easier comparison in different temperature series.
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As seen in Figure 4A, for passivation samples with only (i)a-Si:H
bilayer (open symbols), higher deposition temperatures of (i)a-Si:H
bilayers result in better passivation qualities. This could be attributed
to the denser or less-defective (i)a-Si:H bilayers deposited at higher
temperatures as confirmed by our FTIR measurements (see
Figure 3A).*® However, when additional HPTs were applied, the trend
is reversed. For (i)a-Si:H bilayer deposited under 140°C (160°C) and
treated with HPTSs, the 7.+ was boosted from 1.4 ms (4.2 ms) to
11.7 ms (12.3 ms), while the passivation qualities with the additional
HPTs showed fewer improvements and even degraded r.¢ with
increasing deposition temperature of (i)a-Si:H bilayers to above
160°C. As known from the FTIR results shown in Figure 3A, the HPTs
increase both the porosity and the hydrogen concentration of the (i)a-
Si:H bilayer. In the meanwhile, HPTs could also create defects near
the c-Si/()a-Si:H interface.* We ascribe the observed better passiv-
ation qualities with (i)a-Si:H bilayer deposited under lower tempera-
ture conditions to (a) their initial highly porous microstructure, which
is beneficial for more effectively preventing the possible detrimental
epitaxial growth induced by highly H-diluted (i)a-Si:H-2; (b) protecting
near-surface c-Si bulk from defect formations induced by H-radicals
within HPTs?%; (c) their higher concentrations of polyhydrides, which
could be beneficial for further passivating the c-Si dangling bonds as
they can act as H-reservoir for hydrogenations during the thermal
processes®’; and (d) their more void-rich or defect-rich films that
could promote easier H-diffusion to the c-Si/(i)a-Si:H interface.®? %%
Lastly, with doped layers, we observed similar trends to that of the
bilayer with HPTs. We found overall increments of the passivation
qualities when n-layers were applied. It is worth noting that a 7. of
nearly 21.0 ms was achieved with the (i)a-Si:H bilayer deposited at
140°C and coated with n-layers. Notwithstanding, we observed non-
negligible degradations of z.¢ after the depositions of the p-layer that
may require further passivation optimizations. Nevertheless, those
degraded 7. values could be also ascribed to the over-annealing of
the firstly deposited i/p stack during the deposition of the second i/p
stack on the other side of the wafer.2>¢°

Subsequently, solar cell precursors following the findings in
Figure 4A were fabricated. The deposition temperatures of (i)a-Si:H
bilayers underneath either only the p-layer or both doped layers were
varied. The description of solar cell precursors and their z.¢ values are
presented in Figure 4B. As expected, cell precursors that feature (i)a-Si:
H bilayer with lower deposition temperatures exhibit better passivation
qualities for both temperature series as shown in Figure 4B. Especially,
a high z.¢ of 16.3 ms was achieved with the (i)a-Si:H bilayer deposition
temperature fixed at 140°C for both doped layers. This good passiv-

ation is promising to achieve high-efficiency SHJ solar cells.

3.4 | Temperature effects on solar cells' J-V
parameters

As (i)a-Si:H not only passivates the c-Si surface but should also con-
tribute to the transport of charge carriers, different bulk qualities of (i)

a-Si:H may impact the charge carrier collections differently. To this

end, we fabricated FBC-SHJ solar cells with screen-printed Ag con-
tacts (sketched in Figure 1D) to evaluate the effects of (i)a-Si:H depo-
sition temperature on devices' J-V parameters. The results are
summarized in Figure 5. Note that the effects of HPTs on solar cells
were discussed in our previous publications when optimizing either n-
or p-type nc-Si:H-based contact stack with (i)a-Si:H deposited at
180°C.15%931 |y those studies, we found that solar cell performances
were improved after applying the HPTs mainly due to the H-rich and
porous (i)a-Si:H layers formed after the HPTs (see Figure 3), where
the H can largely suppress the surface recombination (see Figure 4A).
Besides, the nucleation of overlaying doped nc-Si:H layers could also
be promoted resulting in an enhancement of the selective transport
of charger carriers.®¢¢?

For cells with a fixed (i)a-Si:H deposition temperature underneath
the n-layer (Tj,-si:n_n) (see Figure 5), we observed higher average Voc
values for cells with lower (i)a-Si:H deposition temperatures as
expected from the trends discussed in Figure 4. However, the FF
values of cells with (i)a-Si:H deposited at 140°C beneath p-layer (T(.-
si:n_p = 140°C) are averagely lower than those obtained for (i)a-Si:H
deposited at higher temperatures. We ascribe this fact mainly to the
more porous or defect-rich (i)a-Si:H bilayer deposited at 140°C as elu-
cidated in Figure 3A. Besides, the rather wide distribution of FF for
cells with Tasin_p = 140°C could be attributed to the less micro-
structurally homogeneous films under such deposition conditions. The
observation of those lower FF values is also supported by literature,
where more defect-rich (i)a-Si:H deposited under lower temperature
also increases the device series resistance®? (see also Figure S4).
Besides, it was also discussed in the literature that void-rich (i)a-Si:H
layers result in increased contact resistivity as those layers may fea-
ture unfavorable energetic position of defect states, the possible
lower effective contact area on the c-Si surface, and likely the stron-
ger effects on weakening the band bending induced by doped
layers.?’ While cells with slightly less-defective (i)a-Si:H that was
deposited at 160°C exhibited significantly improved FF to above 80%
as compared to those with 140°C. Further, by increasing the deposi-
tion temperatures up to 200°C, solar cells showed saturated or
slightly lower FFs, which are mainly due to the increased surface
recombination as indicated by their lower Voc values.287° Therefore,
a trade-off between the passivation and carrier collections is revealed
for varied T(),-si:n_p. Minor effects of (i)a-Si:H deposition temperature
on Jsc were found (see also Figure S4).

Interestingly, by comparing solar cells with fixed T,-si.i_p, higher
Tia-sizn_n Seems to result in slightly lower FF values despite having
denser (i)a-Si:H bilayers (see Figure 3A). This suggests that higher
deposition temperatures are not favorable for the passivation and
transport of charge carriers, thus resulting in lower Voc and FF than
samples with (i)a-Si:H deposited at lower temperatures. This observa-
tion is also well-aligned with our previous study where nearly 3%.ps.
FF gain was reported by applying the HPTs before the n-layer deposi-
tion, which improved mainly the Voc of solar cells.®* Therefore, as
expected, for efficient collections of charge carriers, it is crucial to
have (i)a-Si:H layers fostering the passivation quality. Nevertheless, p-

contact is particularly more sensitive to the bulk quality of (i)a-Si:H
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FIGURE 5 The J-V parameters of FBC-SHJ solar cells prepared under various temperatures of (i)a-Si:H bilayers. Solar cells feature both sides

screen-printed Ag contacts. Note, Tya-si.n_n and Tya-si.i_p represent the deposition temperature of (i)a-Si:H layer beneath n- and p-layers,
respectively. The deposition temperatures of doped layers and HPTs were kept constant at 180°C as listed in Table 2. For the samples that
feature Tija-sin_n = Tia-sin_p = 180°C, the box plot is duplicated for easier comparison in different temperature series.

TABLE 3 The external parameters of

the best FBC-SHJ solar cells in this study. Taasin €€) Voc (mV)
Those cells feature Cu-plated front 160 724.5
electrodes and SiO,/IWO double-layer 180 722.1
anti-reflection coating. 160* 726.0

Jsc (mA/ecm®  FF(%) 7 (%) Certified/in-house measurements

39.81 82.2 23.71  ISFH CalTeC
39.71 82.7 23.71  ISFH CalTeC
39.97 83.3 2418  In-house

*This cell features further improved thickness combinations of the p-layer.

layers than n-contact.?®? This observation could be correlated to the
different dominant transport mechanisms for collecting electrons
(thermionic emission) and holes (tunneling) as also discussed in.2%%?
Overall, in this study, solar cells with (i)a-Si:H deposited at 160°C
exhibited the best efficiencies among all other investigated tempera-
ture counterparts owing to their better trade-off between the passiv-
ation qualities and the collection of charge carriers.

To exclude any temperature anneal effects during the screen
printing (Ag paste curing at 170°C for 40 min), we alternatively
applied our optimized room-temperature copper-plating metallization
approach®* for cells with (i)a-Si:H deposited under various tempera-
tures and with an additional 100-nm-thick SiO, capping the front
IWO to form a double-layer anti-reflection coating.*33>7* As provided
in Figure S4, the J-V parameters of those cells that feature front elec-
troplated Cu electrodes and rear thermally evaporated Ag contacts
exhibited similar trends as shown in Figure 5. Noticeably, likely due to
the “gentler” process of our optimized copper-plating process,®* the
optimum trade-off between V¢ and FF was found for the tempera-
ture range from 160°C to 180°C. For both T,-si. of 160°C to 180°C,

the best cells exhibited an independently certified conversion effi-
ciency of 23.71% (see Table 3 and Figure S5). Based on those results,
we improved further the thickness combinations of p-layer of SHJ
cells with (i)a-Si:H layers deposited at 160°C, which exhibited a high
FF of 83.3%, a Voc of 726.0 mV, a Jsc of 39.97 mA/cm?, and an effi-
ciency of 24.18% (see Table 3 and Figure Sé).

4 | CONCLUSIONS

We studied the effect of (i)a-Si:H deposition temperature on the pas-
sivation quality and solar cell performance. Within the investigated
temperature range (140°C - 200°C), we observed better passivation
qualities of (i)a-Si:H layers deposited under higher temperatures possi-
bly due to their denser film as confirmed by SE and FTIR measure-
ments. Interestingly, porous films deposited under lower temperatures
exhibited significantly improved and better passivation qualities with
additionally applied HPTs, which favor the formation of porous and H-
rich film. Besides, we also noticed distinctive peaks around Si-H W-
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RM in the infrared spectra, which seemingly reveal microstructural
properties of thin-film (i)a-Si:H layers that are still unclear, for which
further investigations on the vibrational origins of those peaks are still
required. At the device level, even though we observed the highest
Vocs for cells with (i)a-Si:H deposited at the lowest temperature
(140°C), the related FFs are poorer as compared to their higher tem-
perature counterparts. The optimal trade-off between Voc and FF was
found for SHJ solar cells fabricated with (i)a-Si:H layers deposited from
160°C to 180°C, which exhibited independently certified efficiencies
of 23.71%. Further optimized p-layers enabled an even higher FF of
83.3% and an efficiency of 24.18% for the cell with (i)a-Si:H deposited
at 160°C. As the deposition temperature of (i)a-Si:H and associated
materials properties affect solar cells performance, we showed that
high performance devices should meet critical requirements in opti-
mizing the (i)a-Si:H that are not only limited to an excellent surface
passivation quality to reduce losses induced by interface recombina-
tion. Furthermore, (i)a-Si:H films should feature less-defective bulk to
not disrupt the collection of charge carriers. We demonstrate that
carefully optimizing (i)a-Si:H layers that fulfill both requirements can

contribute to higher SHJ solar cell efficiencies.
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