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ARTICLE INFO ABSTRACT

Keywords: Effective surface passivation is one of the primary prerequisites for high-efficiency silicon solar cells. In this
SiO, paper, high-quality silicon dioxide (SiO,) films with excellent surface passivation abilities have been realized by
Surface passivation thermal oxidation and plasma-enhanced chemical vapor deposition, respectively. By employing SiO, capped
Solar cell with hydrogenated silicon nitride (SiN,:H) (SiO,/SiN,:H stacks) as the front passivation layers, the emitter sa-
EvavCillumination response turation current density has been reduced from 90.5fA/cm? to 62.3 fA/cm? We have successfully mass-pro-
duced thermal-oxidized p-type Czochralski-Si (CZ-Si) solar cells with high conversion efficiency (1) of 20.1%,
which is 0.2% absolutely higher than that of the conventional Al back surface field (Al-BSF) solar cells. With a
rational design of process integration, we have further presented a cost-effective way to fabricate high-efficiency
SiO, passivated emitter and rear cells (PERCs) at an existing production line. The introduction of SiO5/SiNy:H
stacks on the rear surface can effectively increase the long wavelength response and the rear surface re-
combination is also suppressed with a rather low surface recombination velocity of 26 cm/s achieved after a
post-annealing process. The industrial SiO, passivated p-type CZ-Si PERCs possess outstanding performances
with the average 7 of 21.3% and the highest » of over 21.9%, absolute 1.3% increment in average n compared
with the conventional Al-BSF solar cells. Moreover, we have demonstrated that the relative low illumination
response (below 50 W/m?) loss of our SiO, PERCs over a day is extremely limited to be less than 0.2%.

1. Introduction impressive passivation properties of Al,Os is related to the combination

of a reasonable chemical surface passivation with a low interface trap

Although silicon based solar cells have developed rapidly in the last
decade, the photovoltaic (PV) industry still occupies a rather low
market share, compared with that of the conventional coal power in-
dustry. There are lots of works lying ahead for us to reduce solar energy
cost and realize grid parity. Enhancement in the conversion efficiency
(n) of silicon solar cells with low cost is one of the most important tasks
in reduction of levelized cost of electricity in the PV industry. To
achieve high-efficiency silicon solar cells, a high level of surface pas-
sivation is a prerequisite. Passivated emitter and rear cell (PERC) [1],
which possesses excellent rear surface passivation, has been re-
developed rapidly in the past few years. Recent researches demon-
strated that aluminum oxide (Al,O3) capped by hydrogenated silicon
nitride (SiNx:H) is a promising candidate for the rear surface passiva-
tion of industry-dominated p-type silicon solar cells [2-5]. The

density and a field-effect passivation generated from a high density of
fixed negative charges [6-8]. Industrially relevant deposition techni-
ques for Al,O3 are atomic layer deposition (ALD) and plasma-enhanced
chemical vapor deposition (PECVD). Huang et al. [9] have reported
industrial Al,O3 PERCs with 7 of 20.8%. Although ALD and the devel-
oped PECVD [10] devices have already been employed in some new
production lines in the current PV industry, the introduction of the new
devices to the existing production lines maybe not lucrative. It may take
a long time and a high cost to integrate the new devices and the old
ones to achieve a high compatibility. Moreover, the trimethylaluminum
(TMAL) precursor material is also costly.

The high-efficiency p-type silicon solar cells should also feature a
low recombination at the front surface. SiN,:H film is well known for its
good antireflection properties and is widely used in the silicon solar
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Fig. 1. Schematic illustration of the main steps for the fabrication (right) of the silicon solar cells, together with the diagram of the SiO, PERC structure (left).

cells as a front surface antireflection coating (ARC) layer [11]. Never-
theless, the passivation effect of SiN,:H films is inadequate [12]. Al-
though the Al,03/SiN,:H stack films perform excellent passivation ef-
fect on silicon surfaces, they are not suitable for passivating the front
n* emitter of p-type silicon solar cells as an inversion layer will be
formed. The inversion layer is associated with a lifetime reduction at
low injection levels [13-15]. Moreover, it acts a sun desired conduction
pathway to metal contacts, depressing the solar cell performance via
the open circuit voltage (Voc), short circuit current (Isc) and fill factor
(FF).

Another candidate for the silicon surface passivation dielectric films
is silicon dioxide (SiO,) and SiN,:H stacks (SiO,/SiN,:H). Literatures
reported that a SiO, layer helps to improve the passivation quality of a
textured front surface with emitters for both n- and p-type silicon sur-
faces, as well as the rear surfaces [16-21]. The SiO, layer can effec-
tively passivate the dangling bonds on the Si surface and a low surface
recombination velocity (Seg) (~ 30cm/s) is achieved after a post-an-
nealing process [18]. Additionally, SiO, layers can be either grown by
liquid phase deposition (LPD), ALD, thermal oxidation, PECVD and
chemical oxidation processes [7,16,19-22]. Among them, thermal
oxidation and PECVD techniques are very promising for mass produc-
tion considering the cost-effectiveness and the compatibility with the
existing production line. By employing these methods, Gatz et al. [23]
and Munzer et al. [24] have developed industrial feasible PERC fabri-
cation processes, respectively. However, the promotion of the SiO,
passivation techniques in the industry is extremely limited, which may
be mainly due to the reduced response at low illumination levels [25]
and the limited » enhancement of SiO, passivated solar cells.

In this study, we have successfully developed industrial feasible
SiO, passivation techniques based on the existing production lines. By
employing thermal oxidization SiO, capped with PECVD SiN,:H as the
front passivation layers, the emitter saturation current density (Jo.) on
the front surface has been reduced from 90.5fA/cm? to 62.3 fA/cm?.
The average 7 of the fabricated thermal-oxidized p-type CZ-Si solar cells
reaches 20.1%, which is 0.2% absolutely higher than that of the con-
ventional Al back surface field (Al-BSF) solar cells. In addition, we have
presented a cost-effective way to fabricate high-efficiency SiO, PERCs
by PECVD, which is highly compatible with the existing production
lines. By introducing SiO,/SiN,:H layers on the rear surface, a low S
of 26 cm/s is achieved. The industrial SiO, PERCs exhibit high perfor-
mances with average Voc of 657 mV, Isc of 9.86 A and 5 of 21.3%.
Compared with the conventional Al-BSF solar cells, absolute 1.3% in-
crement in # is achieved and the highest 5 of our SiO, PERCs reaches
21.9%. Moreover, via a careful calculation with considering the varia-
tion of solar spectrum with time, relative low illumination response
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(below 50 W/m?) loss of our SiO, PERCs over a day is expected to be
less than 0.2%, which is a great importance in the real application.

2. Experimental and simulation

P-type Czochralski-Si (CZ-Si) wafers with a size of pseudo square
156.75 x 156.75 mm? and p-type diamond wire sawn (DWS) mc-Si
with a size of 156.75 x 156.75 mm?, a thickness of 180 * 10 um and
resistivity of 1-3 Q+cm were used for this work.

2.1. Surface textures

For the CZ-Si wafers, industrial texturing method was followed,
namely, silicon wafers were etched in an alkaline solution containing
1.1% NaOH and 8 vol% IPA under the solution temperature of 83 °C for
30 min. The surface texturing for the mc-Si wafers was produced in a
production line by employing a black silicon method, which has been
detailed in our previous research [26]. After the texturing processes,
industrial cleaning processes were employed to remove metal ion
contamination and oxide layer.

2.2. Fabrication of solar cells

The solar cell fabrication processes are shown in Fig. 1. For con-
ventional Al-BSF solar cells, the textured wafers underwent a standard
industrial solar cell fabricating process, including n-type diffusion with
POCl; as diffusion source (M5111-4WL/UM, CETC 48th Research In-
stitute), edge isolation in HF/HNO; solution (InOxSide, RENA), re-
moval of the phosphorous silicate glass (PSG) in dilute HF solution
(InOxSide, RENA), deposition of double SiN,:H layers on the front
surface by PECVD system (M82200-6/UM, CETC 48th Research In-
stitute), the fabrication of front and back electrodes by screen printing
technique (PV1200, DEK) and co-firing process (CF-Series, Despatch).
The composite refractive index of the double SiN,:H layers was 2.05 at
632.1 nm while the refractive index of the bottom SiN,:H layer was
2.18.

For thermal-oxidized solar cells, the wafers underwent the above-
mentioned standard industrial solar cell fabricating process together
with a thermal oxidation process by a Centrotherm diffusion furnace
(E2000) at 700 °C for 60 min with two steps after removing the PSG.
The gas flow rates of N, and O, were 5 slm and 2 slm at the first step
while they were 6 slm and 1 slm at the second step. The thickness of the
SiO, layer was nearly 2nm. The composite refractive index of the
double SiN,:H layers was 2.05 at 632.1 nm while the refractive index of
the bottom SiN,:H layer was 2.15.
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For SiO, PERGs, firstly, the stack SiO,/SiN,:H passivation layers
were deposited on the rear surface by PECVD at 450 °C after alkali
etching. The thickness of SiO,/SiN,:H stacks ranged from O to 300 nm.
After the texturization process, n*-emitter was formed on the front
surface during the diffusion process for about 100 min at 800 °C. After
that, local line openings were formed by laser ablating (DR-LA-Y40, DR
Laser), followed by the PSG removing process and an annealing process
at 700 °C for 30 min. The gas flow rate of N, was 12 slm during the
annealing process. Then the stack SiO5/SiNy:H passivation layers were
deposited on the front surface by PECVD. Finally, the wafers underwent
the conventional screen printing and the co-firing processes.

2.3. Fabrication of the samples for recombination comparison

For the study of Jy., SiN,:H passivation layers (conventional AL-BSF
samples) and stack SiO,/SiN,:H passivation layers (thermal-oxidized
samples) were deposited on both surfaces of the textured and diffused
wafers. After that, the wafers underwent the conventional sintering
process without metallization.

For the study effective minority carrier lifetime (t.¢) of SiO5 PERCs,
stack SiO,/SiNy:H passivation layers were deposited on both surfaces of
polished wafers, followed by an annealing process in air atmosphere at
500-800 °C for 30 min. The t.¢ was measured at the injection density of
1% 10" cem™3.

2.4. Characterization

The morphologies of the wafers were investigated by field emission
scanning electron microscopy (FE-SEM) (Zeiss Ultra Plus). The re-
flectance and quantum efficiencies of the solar cells were measured by
QEX10 (PV Measurements) system. Quantum efficiencies varying with
illumination intensity were measured by Enlitch-S6. Refractive index
and thickness of the SiN,:H layers were measured by an ellipsometer
device (SE400PV). Dopant concentration profiles of the phosphorus
emitters were measured by electrochemical capacitance voltage (ECV)
profiling (CVP21, WEP). Sheet resistance was measured by fourpoint
probes (2801 Series, Four Dimensions Inc.) And the electrical para-
meters of the solar cells were measured under AM1.5 spectrum at the
temperature of 25 °C.

2.5. Simulation of current loss

The simulations of current loss were carried out by Cell Doctor
software developed by Solar Energy Research Institute of Singapore
(SERIS) based on the measured reflectance and quantum efficiencies of
the solar cells.

2.6. Simulation of optical absorption in Al-BSF

The simulations of optical absorption in Al back surface field (Al-
BSF) were carried out by the online wafer ray tracer (PV Lighthouse).
Stack SiO,/SiNy:H layers were set on both surfaces of the silicon sub-
strate. The thickness of the stack layers at the front surface was 80 nm
while it varied 0-450 nm at the rear surface. Pure Al layer was treated
as the Al-BSF in our cases, and the thickness of Al layer was 2 pum, which
guaranteed that no light can transmit through it.

2.7. Simulation of electrical field intensity

The electrical field intensity was numerically calculated by
Lumerical finite difference time domain (FDTD) software. The silicon
substrate thickness was set to be 10 pm. A single pyramid with a lateral
size of 4 um was located at the front surface of silicon substrate. A
80 nm thick SiN,:H layer was covered on the surface of the pyramid and
250 nm thick SiO,/SiNy:H stack layers was located at the rear surface of
silicon substrate. While 200 nm thick Al layer was set at the bottom of
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the rear SiO,/SiNy:H stack layers. The refractive index of Si, SiO,,
SiN,:H and Al were acquired from the website of PV lighthouse. Bloch
boundary in the x-y region and perfectly matched layers (PML)
boundary in the z-direction was adopted in our case. The light source
was a plane wave with a fixed wavelength of 750 and 1150 nm. The
polarization angle was set to be 45°, which will lead to the simulated
results the same with averaging those of P polarization and S polar-
ization.

2.8. Simulation of solar spectrum

The solar spectrum irradiances under clear-sky conditions at dif-
ferent dates and time were obtained by solar spectrum calculator on the
website of PV lighthouse. The module location was assumed to be in
Shanghai, namely latitude of 31° and longitude of 121°.

3. Result and discussion
3.1. Front surface passivation by SiO,/SiN,:H stacks

To evaluate the passivation effect of SiO,/SiN,:H stacks after for-
mation the emitter (the dopant concentration profiles of the emitters
are shown in Fig. S1 in the Supplementary information), we have car-
ried out the calculation of Jo. based on the following equation [27]:

1 1 1

Teff

2'JOe
gniD

TSRH

(Nd0p+An)
(€9

where 75uger and zgry respectively represent the carrier lifetime related
to Auger recombination and Shockley-Read-Hall recombination, q the
electron charge, n; the intrinsic carrier density, D the wafer thickness
(=170 um in our cases), Ngop the doping concentration of the substrate
and An the excess carrier density. Through the linear fit of (1/teg —1/
Tauger) With respect to the An, as shown in Fig. 2a, Jo. is calculated to be
62.3 fA/cm? for the thermal-oxidized samples, much lower than that of
90.5 fA/cm? for the reference sample. The lower Jy. of the thermal-
oxidized sample means lower carrier recombination at the front surface
and suggests a higher Vpc.

In order to evaluate how the SiO, passivation affects the solar cell
performances, we have compared the measured reflectance and internal
quantum efficiency (IQE) spectra of the fabricated thermal-oxidized
solar cells and the conventional Al-BSF solar cells, as illustrated in
Fig. 2b. The reflectance spectra of the two samples are nearly over-
lapped over the whole wavelength range, suggesting that the SiO,/
SiN,:H stacks little affect the optical absorption of the solar cells. While
the modified sample exhibits a higher IQE in the short wavelength
range from 300 to 500 nm (shown in the zoomed-in figure), indicating
that a better front surface passivation is achieved.

To further reveal the mechanism behind the results, we have carried
out the simulation of current loss based on the measured reflectance
and IQE data, as shown in Fig. 2c. Obviously, there is little difference in
base collection loss, parasitic absorption, front surface escape and ARC
reflectance loss of the modified sample and the counterpart, while blue
loss is significantly suppressed in our modified sample with a value of
0.08 mA/cm?, which is 10% less than that in the counterpart. Note that
blue loss is a combined loss of recombination in the emitter and front
surface recombination. These results clearly demonstrate that the SiO,
layer provides a considerable chemical passivation effect on Si surfaces
and well plays the role of transition layer between SiN,:H layer and
silicon substrate, which is consistent with the results illustrated in
Fig. 2a.

TAuger

3.2. Application of SiO,/SiN,:H stacks in the mass production of Al-BSF
cells

We have further applied the SiO,/SiNy:H passivation technique in
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the mass production of Al-BSF cells. Fig. 3a presents the distribution of
the measured current-voltage (I-V) parameters including open circuit
voltage Voc, short circuit current I, fill factor FF and efficiency 5 of the
thermal-oxidized CZ-Si solar cells against the conventional Al-BSF
counterparts (reference). Apparently, the performances of the thermal-
oxidized solar cells exceed the reference ones significantly. Compared
with the reference solar cells, the average Voc of the thermal-oxidized
solar cells is much higher with an absolute increment value of 3.5mV,
reaching 645.6 mV. Meanwhile, higher Isc with the average value of
9.40 A is also achieved, which is 60 mA absolutely higher than that of
reference solar cells. Although there is a little decrease in FF, the
average 7 of the thermal-oxidized solar cells reaches 20.1%, possessing

an absolute increase of 0.2% over the reference solar cells with the
average 1 of 19.9%. Moreover, we have further mass-produced (~1000
pieces) mc-Si solar cells based on the thermal oxidation technique. The
distribution of the parameters Vg, Isc, FF and 5 of the thermal-oxidized
solar cells against the reference solar cells are shown in Fig. 3b. Ob-
viously, similar trend is also observed in mc-Si solar cells. By employing
SiO,/SiN,:H passivation on the front surface, the thermal-oxidized mc-
Si solar cells exhibit high performances with V¢ of 639.3 mV and Isc of
9.09 A. And the average 5 reaches 19.0%, which is 0.1% absolutely
higher than that of the reference counterparts. These results presented
above demonstrate that SiO,/SiNy:H passivation can effectively en-
hance the solar cell performances no matter whether CZ-Si or mc-Si

382



Y.F. Zhuang et al.

750 nm

1150 nm

Solar Energy Materials and Solar Cells 193 (2019) 379-386

Fig. 4. Electric field distributions in the silicon substrate without (al&a2) and with (b1&b2) SiO,/SiN,:H stacks on the rear surface at the incident wavelength of 750

and 1150 nm, respectively.

solar cells.

3.3. Rational design of the rear surface

Based on the results presented above, we have successfully im-
proved the front surface passivation and the spectral response of the
solar cells in the short wavelength range by the introduction of SiO,/
SiNy:H stacks on the front surface. However, to realize high-efficiency
silicon solar cells, it is also very important to improve the solar cell
properties in the long wavelength range by the rational design of the
rear surface. PERCs, which introduce a dielectric passivation layer on
the rear surface, can effectively enhance the longwave response of the
solar cells. SiO,/SiN,:H stacks were employed in our cases and sys-
tematic investigation was carried out.

Here, we have studied the electric field distributions in the con-
ventional Al-BSF cell (Fig. 4 al&a2) and our design (SiO»/SiNy:H stacks
on the rear surface) (Fig. 4 b1&b2) at the incident light wavelength of
750 and 1150 nm, respectively. Note that shortwave light (< 950 nm)
can be easily absorbed at the front surface. As a result, the resonance
behaviors remain the same whatever the rear surface changes (Fig. 4 al
&b1). When the incident wavelength is increased (i.e., 1150 nm), the
incident light cannot be totally absorbed by the silicon substrate due to
limited thickness and thus multiple inner reflection occurs (Fig. 4 a2&
b2). Obviously, the electric field distribution in our design is much
stronger, compared with that in the conventional Al-BSF cell. The re-
sults reveal that the rear SiO»/SiN,:H layers act as an inner reflector and
more longwave light can be reflected back to the silicon substrate,
which is beneficial to longwave spectral response of solar cells.

To further understand how the SiO,/SiN,:H stacks affect the long-
wave properties, we have carried out the simulation of the longwave
absorption in Al-BSF with rear SiO,/SiN,:H stacks varying from 0 to
450 nm, as shown in Fig. 5a. The optical absorption in Al-BSF decreases
rapidly with increasing thickness of the SiO,/SiN,:H layers. And it
reaches the minimum for SiO,/SiN,:H thickness of more than 200 nm,
which is owing to less penetration of evanescent waves and the di-
minishing parasitic absorption in Al-BSF [28]. Therefore, more light in
long wavelength can be reflected back into the silicon substrate and
increased optical absorption in silicon substrate is achieved.
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In the real production, the planeness of the rear surface is of great
importance, which can be evaluated by measuring the surface re-
flectance. Fig. 5b displays the averaged reflectance of the rear surface
with different etching processes. Note that conventional acid etching
with the weight reduction of 0.15 g is employed in the production line.
Evidently, alkali etching presents preferable surface etching behaviors
compared with acid etching, when the weight reduction of the silicon
substrate is over 0.15g. More importantly, alkali etching is 70% cost
less than acid etching, and shows better environment performance [29].
Note that 0.3 g is the appropriate weight reduction value in our cases,
which satisfies the planeness requirement, as well as the production
cost. The SEM image of the 0.3 g alkali etched sample is shown in the
inset of Fig. 5b. The size of the pyramid base is over 20 um and the
averaged surface reflectance reaches 50%.

Based on the optimized rear surface etching, we have investigated
the optical behaviors of the silicon wafers with the introduction of
SiO,/SiNy:H layers on the rear surface, as shown in Fig. 5c. With in-
creasing the thickness of SiO,/SiN,:H layers on the rear surface, the
longwave reflectance increases dramatically and finally reaches the
maximum (about 55% at 1200 nm). These results are consistent with
the simulation results shown in Fig. 5a. Considering the cost-effec-
tiveness, SiO,/SiN,:H layers with ~ 15 nm SiO, and ~ 85 nm SiN,:H on
the rear surface are adopted in our cases.

Besides the increased optical absorption in silicon substrate, SiO/
SiN,:H layers can also effectively passivate the silicon surface to sup-
press the electrical losses of the solar cells after an annealing process.
Fig. 5d illustrates the influence of different annealing temperatures on
the T of the passivated silicon substrate. Compared with the acid
etched sample, the alkali etched one exhibits a higher t.¢ (~ 210 ps).
Furthermore, the surface passivation ability of the SiO,/SiN,:H stacks
can be further improved by a post-annealing process. The g of the
post-annealed samples are much higher than those of the as-deposited
ones, and reaches the maximum of 275 s at the optimized annealing
temperature of 700 °C. This improved t.¢ may be attributed to the re-
construction of the Si/SiO, interface which makes the dangling bonds
on Si wafer surface effectively passivated and the H passivation released
from SiN,:H [30], resulting in a low S.g of 26 cm/s, which is de-
termined by the following equation [31]:
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where 7,y presents the bulk recombination lifetime. Here, we only
consider the intrinsic 7, according to the formula by Richter et al.
[32], and thus the calculated S.g represents the upper limit of the
surface recombination velocity.

3.4. 21.3% industry SiO; PERCs

By employing SiO,/SiNy:H stacks as the passivation layers for both
the front and rear surfaces, we have mass-produced SiO, PERCs in a
production line. We compare the reflectance, external quantum effi-
ciency (EQE) spectra and I-V parameters of the SiO, PERCs with those
of the conventional Al-BSF solar cells in Fig. 6. As shown in Fig. 6a,
owing to the excellent surface passivation effect by SiO,/SiNy:H stacks
and the suppressed penetration of evanescent waves, our SiO, PERCs
exhibit higher EQE in both short and long wavelength ranges, demon-
strating a stronger spectral response.

Fig. 6b illustrates the measured output parameters including Voc,
I, FF and 7 of the industrial SiO, PERCs and the conventional solar
cells (about 10,000 pieces for each group). Compared with the con-
ventional Al-BSF counterparts, the average V¢ of SiO; PERCs is much
higher with an absolute increment value of 17 mV, reaching 657 mV.
The result suggests that the passivation for the both surfaces of the si-
licon substrate by SiO,/SiN,:H stacks effectively suppresses the elec-
trical losses. In addition, owing to the enhanced spectral response in
both short wavelength and long wavelength, high Isc with the average
value of 9.86 A is achieved, which is 0.46 A absolutely higher than that
of the conventional Al-BSF counterparts. Resulting from the high
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performance of V¢ and Isc, we have successfully produced high-effi-
ciency industrial SiO, PERCs with an average 5 of 21.3%. Compared
with the conventional Al-BSF solar cells, absolute ; increment of about
1.3% is achieved. Furthermore, the 5 distribution of the solar cells is
presented in Fig. 6¢. The result shows that there is a lot of room for
improvement during the fabrication processes of SiO, PERCs and the
average ; can be further enhanced. Fig. 6d shows the I-V characteristics
of the best SiO, PERC and the best conventional Al-BSF solar cell. The
highest 5 of our SiO, PERCs reaches 21.9% and the maximum output
power is 5.36 W on the wafer size of 244.32 cm?, which is 0.39 W ab-
solutely higher than that of conventional Al-BSF solar cell.

3.5. Excellent behaviors at low solar irradiance

In the real application, with the rotation of the earth, it is also
highly necessary to understand the solar cell performances over dif-
ferent solar irradiances, which is relevant to the electric energy gen-
eration. We have measured the EQE of our SiO, PERCs by varying the
solar irradiance, as illustrated in Fig. 7a. It can be seen that the EQE
spectra in the long wavelength decrease gradually with reducing solar
irradiance. When the solar irradiance is 50 W/m?, the degradation in
EQE of our solar cells is barely visible. The EQE spectra of the 50 W/m?
one and the 500 W/m? one are nearly overlapped. Nevertheless, the
decrease accelerates rapidly when the solar irradiance is lower than
50 W/m? and obvious EQE loss is observed. This phenomenon is mainly
due to the depletion condition introduced by the positive oxide charges
and the Si-Al work function difference, resulting in a high S.¢ at the rear
Si/SiO, interface under low illumination [33].

To understand how the solar irradiance affect the solar cell per-
formances in the real application, we have evaluated the effective
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Fig. 6. Comparison of (a) reflectance and EQE spectra, (b) measured I-V parameters including Voc, Isc, FF and #, (c) distribution of 5, and (d) I-V characteristics of the

SiO, PERCs and the conventional Al-BSF solar cells.

electric energy production of our SiO, PERCs over a day in different
seasons by calculations with taking Shanghai (121°, 31°) as an example
of module location with a normal incidence. The detailed calculation
processes are shown in the Supplementary information (Fig. S2). The
relative low illumination response loss of our SiO, PERCs is illustrated
in Fig. 7b. The impact of low illumination response on generating
electric energy over a day seems to be extremely limited. The relative
energy generation loss of our SiO, PERCs is less than 0.2%, demon-
strating the excellent behaviors of the SiO, PERCs at low solar irra-
diance.

4. Conclusions

In summary, we have mass-produced high-efficiency p-type CZ-Si
solar cells by employing SiO,/SiN,:H stacks as the front passivation
layers. The passivation quality of the front SiO,/SiNy:H stacks has been
evaluated from the Jy. of the solar cell precursors. It has been reduced
from 90.5 fA/cm? to 62.3 fA/cm?, resulting in a 10% reduction in blue
loss. Attributed to the high performance of V¢ (645.6 mV) and Isc
(9.40 A), the average 7 of the thermal-oxidized p-type CZ-Si solar cells
reaches 20.1%, which is 0.2% absolutely higher than that of the con-
ventional Al-BSF solar cells. With a rational design of process integra-
tion, we have further presented a cost-effective way to fabricate high-
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Fig. 7. (a) EQE spectra of the SiO, PERCs at the solar irradiance ranging from 1 to 500 W/m?. (b) Relative low illumination response loss of the SiO, PERCs over a

day.
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efficiency SiO, PERCs at an existing production line. The introduction
of SiO,/SiNy:H stacks on the rear surface effectively suppresses the
penetration of evanescent waves in Al-BSF in the long wavelength, and
hence more light can be reflected back into the silicon substrate and be
re-absorbed. The rear SiO,/SiN,:H stacks also perform excellent surface
passivation effects and a rather low S of 26 cm/s is achieved after a
post 700 °C annealing process. Consequently, the industrial SiO, pas-
sivated p-type CZ-Si PERCs possess high performances with average V¢
of 657 mV, Isc of 9.86 A and 5 of 21.3%. Compared with the conven-
tional Al-BSF solar cells, absolute 1.3% increment in 7 is achieved with
the highest 7 of the SiO, PERCs over 21.9%. Finally, we have demon-
strated that the impact of the low illumination response loss in the SiO,
PERCs on generating electric energy is extremely limited, via a careful
calculation with considering the variation of solar spectrum with time.
The relative low illumination response (below 50 W/m?) loss of our
SiO, PERCs over a day is expected to be less than 0.2%, which removes
the barriers in promoting SiO, passivation techniques in the PV in-
dustry. We believe that the present work is promising to realize high-
efficiency silicon solar cells with low cost, especially for the existing
production lines.
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