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The bifacial passivated emitter and rear-side contact cells (PERCs) are capturing a growing photovoltaic market
share, with a trend to replace monofacial device. Here, we reported five different rear pyramidal light trapping
structures prepared by acid etching, with the monofacial counterparts as a comparison. The impact of the rear
pyramid angles on the efficiency between under front and rear illumination shows an opposite trend due to a
wavelength-dependent optical performance. To accurately optimize devices in real outdoor environments, the

photovoltaic performance of mofacial and bifacial PERCs at different incident angles is simulated and integrated
with an omnidirectional efficiency. Consequently, a significant improvement in bifaciality under omnidirectional
incidence is obtained compared to vertical incidence, and a rough surface structure yields the maximum bifacial
gain when the albedo is greater than 30 %. Furthermore, the power yield of monofacial and bifacial devices was

predicted for every day in 2022.

1. Introduction

The p-type crystalline silicon (c-Si) passivated emitter and rear cells
(PERCs) currently dominate the photovoltaic market due to low indus-
trial cost and simple manufacturing process [1-3]. Another advantage of
PERCs is that the fabrication of bifacial solar cells is fully compatible
with existing production lines [4], thus the amount of consumed Al paste
is dramatically reduced by up to 90 % and generate a higher open-circuit
voltage (Voc) [5]. Bifacial solar cells, compared with traditional mon-
ofacial devices, can absorb both the front incident light and the rear
reflected light to generate electricity, thereby improving the energy
output up to 30 % [6,7]. In 2022, shipments of bifacial photovoltaic
modules have already reached 40 % in China [8], and the global market
share of bifacial modules is projected to grow to almost 70 % by 2030
[°1.

In 2015, Dullweber et al. [10] developed a new bifacial PERC solar
cell design named PERC + that applies a screen-printed rear Al finger
grid. The device obtained a front efficiency (1) of 20.8 % and a rear 5 of
16.5 %. Although an excellent bifaciality of up to 79 % for p-type cells

was obtained with bifacial structured pyramids, the front # is not
competitive compared to monofacial devices [11-13]. A planar rear
surface was beneficial for monofacial PERCs [14,15] owing to an
improved internal long-wavelength reflection and superior passivation
property, but it was detrimental for rear light trapping in bifacial PERCs,
resulting in low bifaciality [16]. With the popularity of bifacial PERCs,
various studies were undertaken to improve the performance of bifacial
PERCs [17-24]. Recently, Li et al. [21] proposed a gradient-designed
capping layer to improve antireflection effect in the short wavelength,
achieving a higher front # of bifacial PERCs than monofacial counter-
parts with the same rear planar surfaces. Meanwhile, by application of
structured pyramids on both sides, Ma et al. [22] have reported the best
front 5 of 23.42 % and a rear # of 17.13 % in bifacial PERCs. Never-
theless, a lower bifaciality of 74.5 % was obtained mainly due to the rear
short-circuit current density (Jsc) loss.

Apparently, the rear surface morphology constraints the optical and
electrical performance of bifacial PERCs. Therefore, Shen group [25] has
investigated the impact of four different rear pyramid title angles based
on acid solution etching on bifacial PERCs in 2020. The results
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demonstrate a smaller decrease in the front  and a larger increase in the
rear 7, as the tilt angle of the rear pyramid increases. Hence, a highest
front 7 of 22.57 % achieved for PERCs with a nearly planar rear surface,
with a bifaciality of 74.7 %. Then, Ding et al. [26] derived a similar
conclusion by six different rear pyramid structures using the same acid
etching method. However, the preference of the rear structure is not
sufficient only by the measured results with a same light power under
vertical incidence, considering the actual solar motion. In addition, the
bifacial gain between monofacial PERC and bifacial PERC with rear
pyramid morphologies has not been concerned. Conversely, a large of
simulations and experiments were conducted to confirm the advantages
of bifacial solar cells, combining the effects of weather, albedo, tem-
perature, installation angle, etc [27-34]. However, these efforts hardly
focus on light trapping structures and utilize mature products available
on the market, which restricts the applicability of the research results to
guide the development of new photovoltaic devices.

In this work, we have investigated the optical and electrical corre-
spondence with five rear pyramidal structures on industrial bifacial
PERCs under front and rear illumination, with the monofacial cells
featuring a rear planar structure as a reference. Performance discrep-
ancies at different light incident angles were simulated in front and back
light. In addition, the omnidirectional # was achieved by simultaneously
introducing variations in incident angle and power to reevaluate the
bifaciality and bifacial gain. Finally, the calculations were carried out to
access the energy yield for every day of monofacial and bifacial PERCs in
practical application.

2. Experiment and simulation
2.1. Fabrication of monofacial and bifacial PERCs

The schematic structure of the fabricated bifacial PERCs was shown
in Fig. 1(a). The p-type silicon wafers with a size of 158.75 mm x
158.75 mm and a thickness of 180 pm were used in this work. The
manufacturing process underwent the following steps on the production
line: (1) RCA cleaning and wet chemical alkaline texturing were con-
ducted to achieve a random pyramid structure, then underwent a
diffusion (DS-300C, S.C.) with POCl3 to form n™ emitter with a sheet
resistance (RSH) of 130 Q/sq; (2) the highly doped n*™ area was ob-
tained by a laser-doping process (DR-AL-Y40, DR Laser) with a sheet
resistance of 80 Q/sq; (3) As shown in Fig. 1(b) the rear acid etching was
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performed on the original pyramids with mixed HF/HNO3/H0 solution
reported in our previous work [25]. In brief, the etching process started
with the oxidation of Si to SiO, by HNOg, followed by the dissolution of
SiOg as a result of reacting with HF. The volume ratio of HF to HNOs
solution was changed to lower the tilt angle of pyramids with an initial
value of 55.2°, with detailed formula presented in Table 1.

After etching, the PSG layer was removed in HF solution, and the
thermal oxidation process was carried out on the samples to form the
SiO9 layer; (4) 6 nm AlOy layer was prepared by the atomic layer
deposition (ALD, Ideal Energy) on the rear-side surface; (5) SiNy films
were deposited on the rear-side surface with a thickness of 85 nm by
plasma-enhanced chemical vapor deposition (PECVD, PD-405C, S.C.)
and (6) SiNy films with a thickness of 75 nm were deposited on the front-
side surface; (7) laser ablation (DR-AL-Y40, DR Laser) was conducted on
the rear-side to obtain an opening contact; (8) screen-printing (Softline-
DL-SP, Maxwell) was used for the metallization process. The rear-side of
bifacial PERCs has applied an Al metal grid with a 9-busbar design.

2.2. Simulation of monofacial and bifacial PERCs

The impact of rear surface morphology on the optical performance of
the monofacial and bifacial PERCs was simulated by the wave optic
module of COMSOL 5.5 software [35,36]. Material properties and geo-
metric structures are constructed in simulated models for reference to
the prepared devices, as the schematic of the structured bifacial PERCs
exhibited in Fig. 1 (b). The models are constructed on a perfect matching
layer (PML), SiNx (75 nm) and SiO; (10 nm) as rear passivation layers,
followed by c-Si as an active layer (170 pm), AlOx (6 nm) and SiNx (85
nm) as rear passivation layers. We utilized periodic boundary conditions
on the left and right sides of the models to simplify the calculation. The
standard AM 1.5G spectrum was introduced as the incident light source
under both front and rear illumination, and the wavelength-dependent
complex refractive indexes (N) [37-40] of the stacks were provided in
Fig. S1, including refractive index (n) and extinction coefficient (k) as

Table 1

Acid etching formula for different rear pyramid angles.
HF/HNOs/ polished  65/240/ 45/240/ 45/240/ 30/50/
H,0 30 30 60 140
o (degree) 0 16.8 25.8 35.3 51.1

lAcid etching e

(a) (b)
1
Texturization I\ _____ P a0
POCI3 Diffusion
Laser Doping
PSG etch & Rear-side etching ]r ''''' Aﬁ_ —3
Thermal Oxidation 1
Rear ALD-AIOx R
Rear PECVD SiNx
Front PECVD SiNx o

Pp-type Si

Laser Ablation {
|

Screen Printing Metallization |
|

Co-Firing

_______ / AL Metallization

AlC
SiN,

Fig. 1. (a) The industrial process for bifacial PERC. (b) Illustration of acid etching process on the rear-side to prepare different pyramid structures of bifacial PERCs.



D. Du et al.

follow.

N(2) =n(2) + ik(4) ¢8)

To simulate the influence of the rear pyramid structures on the op-
tical properties, we defined the parameter « that represents the tilt angle
of the pyramids, which is fitted to 0°, 16.8°, 25.8°, 35.3°, and 51. 1° of
the rear side without considering the rounding effect.

In order to evaluate the energy output of bifacial PERCs with
different rear pyramids for outdoor applications, the energy yield based
on monofacial and bifacial PERCs has been further evaluated according
to the cell efficiency and the daily solar irradiance spectra, which were
extracted from solar spectrum on online PV lighthouse.

3. Results and discussion
3.1. Comparison between monofacial and bifacial PERCs

Fig. 2(a) distinguishes the structures of monofacial PERCs with a flat
rear surface. The mass efficiency distribution of monofacial PERCs is
shown in Fig. 2(b). Excluding individual products [17,21], the 5 displays
a Gaussian distribution between 22.55 % and 23.05 %, with an average
value of 22.83 %. The representative J-V curve of the monofacial PERC
was drawn in Fig. 2(c), exhibiting a Jsc of 41.26 rnA/cmz, Voc of 681.8
mV and fill factor (FF) of 81.15 %. The bifacial photovoltaic parameters
were measured using a non-reflective black cloth on the other side when
the illumination came from one side. Instead of the full area Al-BSF used
in monofacial PERC, the rear-side of bifacial PERC has applied an Al
metal grid in Fig. 2 (d). As exhibited in Fig. 2(e), the average 5 reaches
22.79 %, and 16.65 % under front and rear illumination, respectively.
Compared to the monofacial one, the bifacial PERC obtains an extremely
close n under front illumination, which results from the increase of V¢
on the one hand and the decrease of Jsc and FF on the other hand. Based
on a similar front #, a net increase in rear power generation indicates
why bificial solar cells are popular. A low 75 of the rear side is mainly
attributed to a small Jg¢ due to the absence of a trapped light structure.
Fig. 2(f) presents the measured J-V curves of bifacial PERC under front
and rear illumination.
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3.2. Impact of rear structures

The ability to light trap fundamentally affects the current generation
and is highly dependent on the front and rear surface structures. Hence,
the representative electric field intensity distributions at different pyr-
amid angles are presented in Fig. 3. For the visualization of the pyramid
structure, we have reduced the thickness of the Si wafer from the actual
170 pm to a modeled 20 pm. It can be observed from the electric field
intensity in Fig. 3(a) that the rear pyramid structures provide a weak
optical enhancement under front illumination since the light trapping
effect is mainly determined by the same front surface. Considering the
actual thickness of PERCs, the rear pyramids only contribute in the long
wavelength range because the absorption coefficient (a) of the crystal-
line silicon here is sufficiently small to allow photons to reach the bot-
tom [37] using Eq. (2).

 4k(1)
=7

@

On the contrary, when light is under rear illumination, the photons
need to reach the rear structure first. Hence, the electric field intensity in
the pyramid structures is much higher than the surroundings under rear
illumination as exhibited in Fig. 3(b), revealing the strong light-trapping
effect of the rear pyramid structure. Moreover, this effect strengthens
with the increased tilt angles.

To quantify the impact of the rear surface on optical performance,
Fig. 4(a) exhibits the measured reflectance and external quantum effi-
ciency (EQE) results illuminated from the front side in three charac-
teristic wavelengths at 400 nm (short), 700 nm (middle) and 1000 nm
(long). The effect of the rear surface is distinct in the long wavelength.
Meanwhile, the performance in short and middle wavelengths is similar,
and the reflection of planar samples exceeds that of the others signifi-
cantly in the long wavelength. Reflection decreases with increasing o
value. Interestingly, the EQE values exist an opposite variation
compared to reflectance in the long wavelength but little change in the
middle and short wavelength, which is induced by the discrepancy in the
internal quantum efficiency (IQE) as follows.
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Fig. 2. Schematic structure, statistical distribution of # (800 cells for each group) and representative J-V curve corresponding to (a—c) monofacial and (d-f) bifa-

cial PERCs.
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Fig. 3. Electric field intensity distributions of the bifacial PERCs at wavelength of 700 nm versus rear pyramid angles under (a) front and (b) rear illumination.
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Fig. 4. Reflectance and EQE versus rear pyramid angles under (a) front and (b)
rear illumination.

A(l)=1—-R(1) — T(4) 3

EQE(2) =A(2) e IQE(4) (€3]
Where A is the wavelength of the incident light, R/T/A is reflectance/
transmittance/absorption, respectively.

This indicates that the weak optical enhancement brought by the rear
pyramids cannot compensate for the passivation loss under front illu-
mination. The reflection and EQE performance when illuminated from
the rear side was also assessed, as shown in Fig. 4(b). Reflection de-
creases significantly with increasing a, indicating more trapped photons
and higher EQE. The EQE performance is inferior to that of Fig. 4(a) in
the short and middle wavelength, improved significantly with the rising
a. The above results demonstrate that superior optical performance was
achieved with a rear pyramid under rear illumination.

The bifacial PERCs featuring different rear pyramid angles were
developed to assess the impact of rear structures on photovoltaic per-
formance. Fig. 5 presents the normalized average parameters under
vertical front illumination using the planar PERCs as a standard. The Jgc,
Voc, FF and 7 all steadily decreases with the increased o value. The V¢
of PERCs with maximum « (51.1°) decays to 0.993 of the planar samples.
The Vo evolution brought about by the rear structure is unified whether
the front or rear light. The smaller the rear roughness, the lower the
surface recombination [41], thus higher the V¢ of PERCs.

Nevertheless, the Jgc exhibits an opposite regularity when the di-
rection of light turns, reduced to 0.987 and raised to 1.061 with
increasing o from O to 51.1°, respectively. Through Eq. (5), we can
establish the relationship between Jsc and EQE. According to the pre-
ceding EQE analysis, it can be found that the difference of Jsc mainly
comes from the middle wavelength region as well.

_a [
Jsc—h—c /M MEQE(M)@())dA (5)

Where q is the electron charge, @()) is the standard solar spectra.
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Fig. 5. (a-b) Front and (c-d) rear average parameters including Voc, Jsc, FF and 7 of the bifacial PERCs (800 cells for each group) versus rear pyramid angles.

Meanwhile, the FF maintains high stability within 0.4 % fluctuation.
According to Eq. (6), the change in 7 is determined by Js¢ x Voc, with a
fixed Pj, of 1000 W/m? under test conditions.

Pour _ Vo XJsc XFF
Pin Pin

(6)

Where Pj,/Poyt represents the input/output power. Detailed parameters
of bifacial PERCs versus rear pyramid angle a were listed in Table 2. To
summarize, the rear pyramid with a large o results in a smaller loss of
0.023 in front # originated from damage from interfacial recombination
and a larger improvement of 0.052 in rear n due to enhanced light
absorption.

3.3. Impact of incident angle

Since the incident angle of sunlight in an outdoor environment varies
throughout the day, simply comparing the parameter of PERCs under
vertical incidence is not adequate to optimize the rear pyramid struc-
tures. Therefore, the omnidirectional performance of the PERCs was
explored from 0° to 80° of incident angle 6, which was set to 0° corre-
sponding to the normal incidence. To focus on the effect of 6 variation,
the Jgc calculated through Eq. (5) was normalized taking the results of
0° illumination as 1.

Table 2
Average normalized parameters of bifacial PERCs with different rear pyramid
angles under front and rear illumination.

o (degree) 0 16.8 25.8 35.5 51.1

Front Jsc 1 0.9944 0.9905 0.9893 0.9874
Voc 1 0.9975 0.9955 0.9946 0.9927
FF 1 0.9985 0.9981 0.9973 0.9969
n 1 0.9903 0.9984 0.9811 0.9772

Rear Jsc 1 1.0122 1.0211 1.0353 1.0607
Voc 1 0.9966 0.9944 0.9930 0.9902
FF 1 1.0030 1.0041 1.0033 1.0017
n 1 1.0120 1.0198 1.0318 1.0523

As shown in Fig. 6(a), the increasing 0 leads to an attenuation of the
normalized Jsc when illuminated from the front side, and the effect
among the rear pyramidal structures grows pronounced after 40° of
incident angle. Compared to that of 0.895 with « of 0°, a slightly bigger
0.913 with a of 51.1° at an incidence of light reveals a faint impact of the
rear structures for PERCs in Jsc. Furthermore, the 7 of the monofacial
and bifacial PERCs were plotted in Fig. 6(b) at different 6. Interestingly,
the 5 of different pyramid structures tends to be uniform with the 6
rising, rather than diminishing sequentially by increasing o in the case of
0° incidence.

Similarly, the normalized Jsc and n of PERCs were exhibited in Fig. 6
(c—d) when illuminated from the rear side. The more inclined the light,
the more prominent the contribution of the pyramidal angles to light
absorption, as demonstrated by the normalized Jsc of 0.601 « of 0° and
0.912 with a of 51.1°. And the change in 7 is significantly consistent with
Jsc.

In order to comprehensively evaluate the effect of different incident
angles on photovoltaic performance, we defined the 1 (4omni) of PERCs
under omnidirectional incidence to accurately assess the actual impact
of the rear structure.

0 11(6) Py, (6)do

Momni =
0P, (0)do

0

)

Fig. 7(a) shows the variation of sun incident power with zenith angle
(i.e., ) without considering the influences of weather. Consequently,
with the increasing 0, 57omn;i of bifacial PERCs slowly reduces from 16.17
% to 15.93 % under front illumination, while improving from 12.55 to
13.74 under rear illumination. And the monofacial PERC maintains a
front #omni of 16.19 %, fractionally exceeding the bifacial ones.

In industrial production, bifaciality is an intuitive and vital indicator
for bifacial solar cells, which can be obtained by Eq. (8).

Bifaciality = e % 100%
n, (front

®

Therefore, the bifaciality of devices under vertical and omnidirectional
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Fig. 6. Simulated (a-b) front and (c—d) rear parameters both normalized Jsc and 5 for the monofacial and bifacial PERCs.

(a) %0 g (b) 164
100 = 16.24
) 1 16.0 4 .\-\-‘.\.\-
X 80 4 15.8
[ = =
[ ' =
= o X 1381 —a&— Front illumination v.
8_ €13.6 —@— Rear illumination /
= . 2134 o
D 40 13.2 4 y
= g
S | 13.0 1 »
= 12.8 g
20 1 1264 o
9 124 T T T T T T
0 0°%(mo) 0°%bi) 16.8° 25.8° 353° 51.1°
©) (d) Pyramid angle (degree)
88
gg —® Verticall incidence 40 - o =
—&— Omnidirectional incidence E (116 &
= 84 4 =304 [ 25.8° s
Lias ] ot [_J3s3°
el £ . 51.1°
F ®©
= 80+ 220
‘g @
784 o
5 £,
76 @
741
0 T—emrpr
72 —r T T T T T r T T T
00 16.8° 25.8° 35.3° 51.1° 0 10 20 30 40 50

Pyramid angle (degree)

Albedo (%)

Fig. 7. (a) Incident light power versus zenith angle, (b) #7omni of monofacial PERC and bifacial PERCs versus rear pyramid angles, (c) the bifaciality of bifacial PERCs
under vertical and omnidirectional incidence, (d) bifacial gain versus rear pyramid angles.

incidence was counted in Fig. 7(c). The omnidirectional conversion does
not change the pattern of bifaciality evolving with the pyramid struc-
tures but boost the specific value of the same device. For example, a
bifaciality of 73.06 % under vertical incidence was improved to 77.63 %

under omnidirectional incidence, since the variation of the sunlight
power was introduced into the comparison. Moreover, the enhancement
was sequentially increased due to the excellent oblique light capture
with a large o, reaching 4.57 %-7.62 %. Our findings correct the
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recognition that the bificiality of bifacial PERCs is generally lower than
80 % [21], which can contribute to further exploiting the potential of
PERGCs.

However, the bifaciality cannot determine the contribution of the
rear pyramids on photovoltaic performance due to simultaneous
changes in front and rear 5 (see Fig. 6). The output power gain of the
bifacial PERCs compared to the monofacial competitor was calculated as
follow.

Pyi +p X
Bifacial gain =" — 100% = Mront + P X Mrear

mo mo

—100% )

Fig. 7(b) shows the calculated bifacial gain of output power for
bifacial PERCs at different albedo, regarding the set with a monofacial
device as a reference. The bifacial gain was expanded to analyze the
impact of the incident angle in Fig. S2. The positive return can be
generated for bifacial PERCs, only requiring an albedo of much less than
10 %. As the albedo increases to 30 %, the advantages gradually emerge
of the a value of 51.1° to obtain the maximum gain, approaching 23.87
%. In summary, the bifacial PERCs with a planar rear surface are pref-
erable when the ground albedo is lower than 20 %, while, a rough rear
structure (a = 51.1°) is recommended under the albedo higher than 30
%.

3.4. Energy yield

The energy (E) yield based on monofacial and bifacial PERCs has
been further evaluated using Eq. (10).

E— / Poa(0)dt = / Po(0) o (0) dt a0

P;, with a specific zenith angle (0) is obtained from the website of PV
lighthouse [42]. We selected two representative cities in China,
Shanghai (~121°E, 30°N) and Beijing (~116°E, 40°N), as examples to
simulate for every day in 2022 under clear-sky conditions. The albedo
was chosen to be 20 %, which is close to the typical values for photo-
voltaic modules installed on grounds, such as soil (15 %), grass (22 %),
concrete (28 %), etc [5,43]. The daily energy yield of monofacial and
bifacial PERCs with different rear pyramid angles were plotted in Fig. 8.
The maximum and minimum energy yields were obtained in June and
December of the year at both Shanghai and Beijing because these two
cities are located at a similar longitude. Daily energy distribution in
Shanghai for monofacial PERC is 1.035-2.389 kWh/m?, while
1.194-2.756 kWh/m? for bifacial PERC with a of 51.1°. And they
correspond to 0.707-2.456 kWh/m? and 0.815-2.833 kWh/m? in Bei-
jing, respectively. It is reasonable to further assume that the further
away from the equator, the greater the difference between peaks and
valleys in power generation. The approximate energy outputs at 20 %
albedo were achieved of bifacial PERGs, reaching about 743 kWh/m? in
Shanghai and 673 kWh/m? in Beijing. The maximum yield was attained
with a of 51.1°, followed by 0°, 35.5°, 25.8°, 16.8°, which is consistent
with the trend observed in Fig. 7(d). Hence, by adjusting the albedo, the
more differentiated energy yield of bifacial PERCs can be further regu-
lated. Our results contribute to obtaining the maximum power yield
from PERC cells tailored to real environments, which also allows the
maximization of the economic efficiency of PV modules, according to
the omnidirectional illumination.

4. Conclusions

In summary, we have fabricated monofacial PERCs with an average 5
of 22.83 % and five sets of bifacial PERCs with different rear structures
using etching acid method. And the bifacial PERCs with a o of 0° ach-
ieved the highest front average 5 of 22.79 %. However, the rough sur-
faces led to a reduction up to 1 % in V¢ under rear illumination due to
reduced passivation properties and increased interfacial recombination.
On the other hand, the Js¢ gain under rear illumination was significant,
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Fig. 8. Daily energy yield of monofacial and bifacial PERCs in (a) Shanghai and
(b) Beijing versus rear pyramid angles.

leading to an increase in 7. The simulated photovoltaic performance at
different incident angles (6) confirmed the superiority of trapped light
with a large pyramid tilt angle («). Therefore, an omnidirectional # was
calculated to evaluate the bifaciality and bifacial gain of the device.
Consequently, the bifaciality was enhanced by 4.57%-7.62 % based on
omnidirectional incidence. We found that for the albedo exceeding 30
%, a largest rear pyramid angle (« = 51.1°) was optimal for achieving
the output power, while for an albedo below 20 %, a planar rear surface
was recommended. Finally, we predicted the daily energy yields for
monofacial and bifacial PERCs located in Shanghai and Beijing. Our
findings have significant implications for the development and practical
applications of efficient bifacial photovoltaic devices.
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