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A B S T R A C T   

The bifacial p-type silicon (p-Si) passivated emitter and rear cells (PERCs) are predicted to dominate the in-
dustrial bifacial solar cells. In this work, we have investigated the impact of different rear surface morphologies 
on the electrical performance of bifacial PERCs with both five-busbar (5BB) and nine-busbar (9BB) grid design. 
The passivation and optical properties with differing rear surfaces are evaluated on semi-device structures. The 
depth of local aluminum back surface field is hardly affected by the rear surface morphology. The calculated 
efficiency loss analysis indicates that the negative electrical impact with enlarged rear surface area is more 
serious for rear side than that of front side. The batch conversion efficiency of 9BB bifacial PERCs increases by 
0.2%–0.3% comparing to 5BB ones depending on the rear surface roughness. Consequently, a highest front-side 
average efficiency of 22.57%, with a champion efficiency of 22.75%, has been achieved for 9BB bifacial p-Si 
PERCs with a nearly planar rear surface. A highest bifaciality of 78.7% is realized for both 5BB and 9BB bifacial 
PERCs with the roughest rear surface. We have further simulated the relative enhancement of electric generation 
to compare the performance of bifacial PERCs in practical application.   

1. Introduction 

Recently, the crystalline silicon (c-Si) passivated emitter and rear 
cells (PERCs) have dominated the highly competitive photovoltaic 
market due to low industrial cost, simple manufacturing process and 
high power conversion efficiency (η) [1–3]. The average efficiency for 
mass produced Czochralski (Cz) p-type Si based PERCs has stepped into 
the stage of 22.5% and LONGi solar declared the world-record efficiency 
of PERCs to be 24.06% in 2019 [4]. The annual production capacity of 
p-Si PERCs has already reached over 100 GWp in 2019 in China. Another 
advantage of the p-Si PERCs is the easy processing sequence and the 
fabrication of bifacial solar cells are fully compatible with existing PERC 
production lines only by replacing full area aluminum back surface field 
(Al-BSF) with Al finger grids on the rear side [5,6]. The amount of 
consumed Al paste has been proved to be dramatically reduced by 90% 
and deeper pþ-doped Al-BSF can be yielded for higher open-circuit 
voltage (Voc) [7]. 

As we know, bifacial solar cells have received extensive attention [8, 

9] because of their potential to absorb sunlight from the front side and 
rear side simultaneously, which was predicted to increase the annual 
produced electricity by up to 30% [10,11], thus causing the reduction of 
the levelized cost of electricity. Such a concept was first proposed by 
Mori in 1960s [12], but bifacial solar cells were transferred into mass 
production in recent years driven by mature passivation technology [13, 
14], high conductive metal paste [15,16] and advanced laser ablation 
technology [17]. According to the International Technology Roadmap 
for Photovoltaic (ITRPV) 2020 [18], the market share of bifacial solar 
cells in 2019 was about 20% and predicted to increase to 70% in 2030. 
However, the typical n-type silicon bifacial solar cells, such as n-PERT 
(passivated emitter, rear totally diffused) [19,20] and HIT (hetero-
junction with intrinsic thin layer) [21,22], still encounter the challenge 
of low market share (only ~5 GWp in 2019) and significant high amount 
of silver paste due to the bifacial screen-printed silver finger grids, 
despite the bifaciality factor can be higher than 90%. 

Dullweber et al. [7], pioneered the bifacial p-Si PERCs (PERC þ
concept) with front-side and rear-side efficiency of 20.8% and 16.5%, 
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respectively, i.e., a bifaciality of 79.3%. By application of selective 
emitter and double-printed rear Al electrode, Wu et al. [23], reported in 
the literature the best front-side efficiency of 22.0% in bifacial p-Si 
PERCs so far, but with a low rear-side efficiency of 15.3%, a corre-
sponding bifaciality of 69.5%. The lower bifaciality in bifacial p-PERCs 
comparing to that of bifacial n-PERT or HIT is mainly attributed to the 
nearly one fourth lower short-circuit current density (Jsc) value of 
rear-side [7,23], which is further limited by the inferior light-trapping 
property of polished rear surface in combination with high metalliza-
tion shading fraction of rear Al grids [7]. A planar rear surface was 
favorable in case of monofacial PERCs [24,25] due to improved internal 
long-wavelength reflection and superior passivation property, while a 
planar surface was detrimental for light trapping when light comes from 
the rear side in bifacial PERCs. The impact of rear surface morphology 
on the performance of bifacial PERCs has not been investigated in detail. 

On the other hand, numerous researches have put focus on the 
optimization of rear Al finger grids, including laser contact opening 
(LCO) width, finger printing width and pitch of fingers. Kranz et al. [26], 
demonstrated that narrower rear Al contact width would lead to deeper 
Al-BSF, thus lowered contact recombination loss and improved Voc 
values in bifacial PERCs. Dullweber et al. [27], also showed that nar-
rower LCO width had advantage in enhancing long wavelength reflec-
tance and reducing the rear contact recombination due to reduced 
contact area. A contact width of 32 � 2 μm, a finger opening width of 
100 μm and a finger pitch of 1 mm were suggested considering the 
trade-off between the series resistance loss and rear shading area [6,28]. 
Meanwhile, the above works all adopted five-busbar (5BB) design for 
metal grid, the busbars also account for large shading fraction and series 
resistance loss. The market share of 5BB was predicted to decrease in the 
following ten years and replaced by multiple-busbar (MBB) technology 
[18,29,30]. The MBB technology was also confirmed to have a larger 
tolerance of Al finger width in order to keep the Al finger series resis-
tance below 0.05 Ω cm2 [29]. 

In this study, we have investigated the impact of rear surface 
morphology on the performance of bifacial p-type PERCs both experi-
mentally and theoretically. The electrical and optical characteristics 
with variable rear surface textures were evaluated systematically. By 

integrating these rear surfaces into bifacial PERCs, cells with both 5BB 
and nine-busbar (9BB) configuration for rear Al grids were successfully 
fabricated with suggested design [6,28]. Finally, a calculation of the 
relative enhancement of energy generation was conducted to compare 
the performance of bifacial PERCs with differing rear surface morphol-
ogies in practical application. 

2. Experimental and simulation 

2.1. Fabrication of bifacial PERCs 

The p-type Cz-grown silicon wafers with a size of 158.75 mm �
158.75 mm, a thickness of 180 � 20 μm and a resistivity of 0.8–2.0 Ω cm 
were used in this work. Fig. 1(a) shows the industrial process to fabricate 
the bifacial PERCs. First, the wafers were treated with RCA cleaning and 
alkaline texturing. After that, the samples underwent a diffusion (DS- 
300C, S.C.) back to back with POCl3 as diffusion source to form a ho-
mogeneous nþ emitter with the sheet resistance of nearly 130 Ω/□. The 
highly doped nþþ area with a sheet resistance of 80 Ω/□ was formed 
with driving the P atoms originated from phosphorous silicate glass 
(PSG) layer into Si by a laser-doping process (DR-AL-Y40, DR Laser). 
Then, the single-sided chemical etching was performed on the textured 
pyramids with mixed HF/HNO3 solution by an inline industrial system 
(InOxSide, RENA). The detailed etching process started with the 
oxidation of Si to SiO2 by HNO3, followed by the dissolution of SiO2 as a 
result of reacting with HF. The mass fraction of used HF and HNO3 so-
lutions is 49% and 45%, respectively. To obtain different rear surface 
morphologies, the volume ratio of HF to HNO3 solution was changed to 
adjust the tilt angle of pyramids. After etching, PSG layer was removed 
in HF solution, and the thermal oxidation process was carried out on the 
samples with O3 to form the SiO2 layer. The AlOx layer prepared by the 
atomic layer deposition (ALD, Ideal Energy) was capped by triple SiNx: 
Hs to passivate the rear surface of the p-type wafers. Here, the SiNx:Hs 
with a thickness of 85 nm were deposited by plasma-enhanced chemical 
vapor deposition (PECVD, PD-405C, S.C.) with the precursor gases: 
silane and ammonia. Next, the rear passivation layers were patterned 
with laser (DR-AL-Y40, DR Laser) to obtain a line width of about 32 μm, 

Fig. 1. (a) The industrial process for bifacial PERCs. Schematic structure of the fabricated bifacial p-Si PERCs with a (b) planar and (c) rough rear surface.  
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thus Al paste can diffuse into Si to form the local Al-BSF. Al screen- 
printing (Softline-DL-SP, Maxwell) was used to form the front and rear 
electrodes. Instead of the full area Al-BSF used in PERCs, the rear-side of 
bifacial PERCs applied an Al metal grid with a 5BB or 9BB design. With 
regard to the rear-side finger design, for both 5BB and 9BB, a printing 
width of 100 μm and a finger pitch of 1 mm were adopted as other re-
searchers suggested [6,28], while the busbar width drops from 900 μm 
(5BB) to 400 μm (9BB). Finally, the fast sintering (~800 �C at peak 
temperature) was conducted in an infrared industrial belt-furnace 
(CFSeries, Despatch) to form the metal contacts and activate H atoms 
originated from SiNx:H/AlOx layers. Fig. 1(b) and (c) show the sche-
matic illustrations of fabricated bifacial PERCs with planar and rough 
rear surface, respectively. 

2.2. Characterization 

The three dimensional (3D) morphologies and roughness parameters 
of the etched samples were characterized by atomic force microscope 
(AFM, Nanonavi E-Sweep). The morphologies were also investigated by 
field emission scanning electron microscopy (FE-SEM, Zeiss Ultra Plus) 
to measure the pyramid facet angle. The resistivity of wafers and sheet 
resistance (Rsh) were tested by four-point probes (280I Series, Four Di-
mensions Inc.). The refractive index and thickness of AlOx and SiNx 
layers were determined by spectroscopic ellipsometry (SE400adv-PV) at 
λ ¼ 632 nm. The reflectance and external quantum efficiency (EQE) of 
the solar cells were measured by PV Measurements system (QEX10). The 
transmittance spectra of the wafers were detected by Fourier transform 
infrared spectroscopy (FTIR, VERTEX 70, Bruker). Finally, the electrical 
parameters were measured under standard test conditions (AM 1.5G 

spectrum, 25 �C) by Halm 3600. 
To investigate the influence of rear surface morphology on the 

passivation property, the effective minority carrier lifetime (τeff), 
implied open circuit voltage (iVoc) and dark saturation current density 
(J0e) of symmetrical structures were measured by a quasi-steady-state 
photoconductance method (WCT-120, Sinton Instruments) at an injec-
tion density of 1 � 1015 cm� 3. After texturization, both sides of the 
wafers were polished with a similar single-sided etching process using 
mixed HF/HNO3 solution. Then stack of SiNx:H/AlOx passivation layers 
were deposited symmetrically on both sides of the wafers with a SiNx:H/ 
AlOx/Si/AlOx/SiNx:H structure, followed by a high temperature 
annealing process in an industrial firing furnace. 

2.3. Simulation 

The impact of rear surface morphology on electrical performance of 
the bifacial PERC unit cell was simulated by PV Lighthouse software 
Quokka 2 [3,31,32], and free energy loss analysis (FELA) was extracted 
to understand the recombination loss and resistive loss of cells. Here, the 
electrical impact of different rear surface morphologies was represented 
by the varied value of rear passivated dark saturation current density J0, 

passivated when light comes from front side or rear side. The optical 
generation file applied in Quokka 2 was extracted from ray tracing 
simulator OPAL 2. It should be noted that the rear surface morphology 
also has a significant influence on optical characteristic. Meanwhile, it is 
difficult to accurately describe the morphology due to the rounding at 
peaks and valleys of etched pyramids (see Fig. 2). Therefore, when 
carrying out the OPAL 2 simulation, only the pyramid facet angle was 
changed without considering the rounding effect. The main simulation 

Fig. 2. (a–d) AFM images of the rear surface etched in four different acid solutions. (a1–d1) Height distribution and the root mean square Rq along a line on the 
surface. (a2–d2) Cross-sectional SEM images of the processed rear surface. (a3–d3) SEM images of the local aluminum silicon contacts. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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parameters were listed in Table 1. 
To evaluate the performance of bifacial PERCs with different rear 

surface structures in practical application, the electric energy generation 
on, as an example, June 22nd was calculated based on the measured 
EQE spectra and the photon flux of solar irradiance spectra [33,34]. The 
solar irradiance spectra were extracted from solar spectrum calculator 
on online PV lighthouse software. The modules were assumed to locate 
in Shanghai (121�, 31�), with a tilt angle of 30� and azimuth angle of 
180� (face due south). 

3. Results and discussion 

3.1. Morphology 

After wet chemical etching, the morphologies and roughness pa-
rameters of the wafers were analyzed by AFM. Fig. 2(a–d) show the 3D 
topography of the rear surface prepared in etching solution with 
different volume ratios of HF/HNO3/H2O, all the images were scanned 
in a region with the scale of 15 μm � 15 μm. After etching in HF/HNO3/ 
H2O solution at a volume ratio of 30/150/140 (Fig. 2(a)), the silicon 
surface is covered by uniformly distributed random pyramids. The 
height of pyramids decreases with increasing the concentration of HF 
and HNO3 in Fig. 2(b), while the pyramid structure is still obviously 
visible. Further increasing the concentration of HF and HNO3, smoothed 
pyramid peaks and troughs are observed in Fig. 2(c), this is ascribed to 

the higher etching rate of pyramid peaks than that of pyramid valleys 
[35]. The smoothing effect is enhanced with higher proportion of HF 
solution, thus the nano-pyramids tend to disappear and combine to form 
the larger pyramids in Fig. 2(d), leading to the decreased vertical 
roughness and larger horizontal structure expansion as illustrated in 
Fig. 2(d1). 

To characterize the height distribution, two dimensional (2D) pro-
files corresponding to each AFM image were generated by taking a linear 
measurement on the surface, as shown in Fig. 2(a1–d1). The height of 
biggest pyramid in Fig. 2(a1) is about 2 μm. The root mean square Rq of 
profiles was used to represent vertical roughness [36]. The Rq value 
drops from 342.7 nm to 187.5 nm in Fig. 2(a1–d1). The surface 
enlargement factor was also applied to characterize the surface rough-
ness, defined by AF ¼ AeS/ApS, where AeS is the effective surface area 
with all valleys and peaks, ApS is the macroscopic base area corre-
sponding to the rectangle area in the AFM observation. The value of AF is 
summarized in Table 2. 

The cross-sectional FE-SEM images of the prepared rear surface 
during different etching processes are displayed in Fig. 2(a2–d2), and 
the measured pyramid facet angle is recorded on each image. Appar-
ently, the random pyramids textured rear surface becomes smoother 
with increasing the concentration of HF and HNO3 gradually. In addi-
tion, the height of pyramids gets flattened and the pyramid facet angle 
becomes narrower. The approximate pyramid facet angle α of these 
samples is fitted to 51.1�, 35.3�, 25.8� and 16.8� from rough to planar. 
The α values are mainly used to represent different rear surface struc-
tures in the OPAL 2 simulations. 

The local Al-BSF SEM images of fabricated bifacial PERCs with four 
different rear surfaces are presented in Fig. 2(a3–d3). It is observed that 
the Al–Si eutectic layer is uniformly established and few voids are 
formed, indicating the formation of favorable Al–Si contacts [37,38]. 
The depth of all the Al-BSFs is around 5 μm, considering that the height 
of largest pyramids in Fig. 2(a1–d1) is only about 2 μm, thus the rear 
surface morphology of cells hardly influences the thickness of Al-BSF. 

3.2. Impact of rear surface morphology on passivation and optical 
characteristics 

The passivation quality is an extremely important factor for high 
efficiency solar cells. In order to evaluate the effects of rear surface 
morphology on passivation property, the τeff and iVoc of 100 symmetric 
samples (shown in the inset of Fig. 3(a) with the same morphology and 
passivation layers on both sides) were measured. It is necessary to 
explain that the different samples are represented by corresponding AF 
values in the following measurements and experimental results. The 
decreased AF values indicate that the rear surface structures become 
smoother. Fig. 3(a) plots the τeff and iVoc as a function of AF, both 
exhibiting a strong correlation of the rear surface morphology. The τeff 
increases gradually with decreasing AF value. The τeff (166 μs) of sam-
ples with an AF value of 1.068 is almost twice that of 1.621 (92 μs), 
which is attributed to decreased surface recombination rate and more 
uniformly deposited passivation films. A similar trend is observed for the 
iVoc. The iVoc represents the maximal Voc that a completed cell can 
potentially achieve. Decreasing AF value from 1.621 to 1.068, the mean 
iVoc increases from 679.2 mV to 683.8 mV, a gain of up to 4.6 mV could 
be yielded. The above analysis demonstrates the positive influence of 
flattend surface on passivation owing to changed crystal orientation, 
decreased surface area, rounded peaks and troughs, more uniform 
passivation films. An AF value below 1.1 is recommended to achieve a 
good passivation quality of rear surface. 

Light trapping has a fundamental impact on the capacity of gener-
ating current and greatly depends on the front and rear surface struc-
tures of solar cells. Generally, the front surface applies random upright 
pyramids to absorb light, thus the structures of rear surface will be 
emphatically studied. To quantify how the rear surface morphology 
affects the optical characteristics in the targeted bifacial PERCs when 

Table 1 
The main input parameters for the Quokka 2 simulations.  

Region Quokka 2 parameters Unit Value 

Main Cell thickness μm 170 
Front width μm 1500 
Rear width μm 600 
Cell depth μm 1037 

Front (Emitter) Contact shape  Line 
Half width μm 18 

Emitter 1 Shape  Full area 
Sheet resistance Ω/□ 130 
Junction depth μm 0.28 

Contact J0e A/cm2 7.13E-13 
J02 A/cm2 0 
Contact resistivity Ω⋅cm2 1.33E-03 

Non-contact J0e A/cm2 6.50E-14 
J02 A/cm2 0 

Emitter 2 Shape  Line 
Half width μm 75 
Sheet resistance Ω/□ 80 
Junction depth μm 0.35 

Contact J0e A/cm2 7.13E-13 
J02 A/cm2 0 
Contact resistivity Ω⋅cm2 1.33E-03 

Non-contact J0e A/cm2 1.20E-13 
J02 A/cm2 0 

Bulk Doping type  p-type 
Resistivity Ω⋅cm 1.0 
Background lifetime μs 250 

Rear (Base) Contact shape  Rectangle 
Number of contacts  1&3 
Half width X μm 16 
Half width Y μm 250 

BSF 1 Shape  Rectangle 
Half width X μm 16 
Half width Y μm 250 
Sheet resistance Ω/□ 15 
Junction depth μm 0.8 

Contact J0BSF A/cm2 7.33E-13 
J02 A/cm2 0 
Contact resistivity Ω⋅cm2 2.10E-3 

Remaining area 
Non-contact J0, passivated A/cm2 1.041E-13 

7.347E-14 
3.968E-14 
2.315E-14  
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illuminated from the front side, reflectance and transmittance spectra 
were measured on semi-device structures (non-metallized and non- 
passivated of Fig. 1(b) or (c)) in a wavelength range of 300–1100 nm. 
Fig. 3(b) plots the reflection curve against wavelength for four different 
AF values (i.e. different rear surface morphologies). The impact of rear 
surface is distinct in the wavelength range from 900 nm to 1100 nm. 
Meanwhile, the performance in short wavelength range is identical, 
since its reflection is mainly determined by the structures and antire-
flection coatings of front surface, which is the same for these samples. 
Obviously, the reflection of nearly planar samples (AF ¼ 1.068) exceeds 
that of the other samples significantly in the long wavelength range, 
indicating a higher reabsorption of long wavelength photons. Reflection 
decreases with increasing AF value. The lowest long wavelength 

reflection can be observed for the case of highest value of AF, and the 
corresponding surface displays the highest transmission loss in Fig. 3(c), 
which are detrimental for the re-utilization of long wavelength photons, 
despite the transmission losses are two orders of magnitude lower than 
the reflection losses. The two sets with AF values of 1.108 and 1.068 
show similar lower transmittance. The reflection performance when 
illuminated from rear side was also assessed, as shown in Fig. 3(d). 
Reflection decreases significantly with increasing AF value, indicating 
more trapped photons and higher Jsc value. 

The above results demonstrate that superior optical performance is 
achieved on a planar rear surface when light comes from the front side, 
while worst light trapping ability is also performed on a planar surface 
when illuminated from the rear side. The optimal rear surface 

Table 2 
Average experimental electrical parameters.  

HF/HNO3/H2O 30/150/140 45/240/60 45/240/30 65/240/30 
AF 1.621 1.243 1.108 1.068 
J0,passivated (E-15 A/cm2) 104.12 73.47 39.68 23.15 
Average electrical parameters 5BB Voc (mV) Front 677.3 678.6 679.0 680.6 

Rear 668.9 670.6 671.3 673.1 
Jsc (mA/cm2) Front 40.29 40.37 40.39 40.51 

Rear 31.82 31.08 30.69 30.38 
FF (%) Front 80.69 80.76 80.88 80.74 

Rear 81.42 81.53 81.68 81.45 
Efficiency (%) Front 22.02 22.13 22.18 22.26 

Rear 17.33 16.99 16.83 16.66 
Bifaciality (%) 78.70 76.77 75.88 74.84 

9BB Voc (mV) Front 677.5 678.8 679.4 680.8 
Rear 669.3 671.2 672.1 673.6 

Jsc (mA/cm2) Front 40.66 40.74 40.79 40.95 
Rear 32.14 31.37 30.94 30.67 

FF (%) Front 80.83 80.86 80.93 80.96 
Rear 81.46 81.59 81.71 81.56 

Efficiency (%) Front 22.27 22.36 22.43 22.57 
Rear 17.52 17.18 16.99 16.85 

Bifaciality (%) 78.67 76.83 75.75 74.66  

Fig. 3. (a) The τeff and iVoc determined from symmetric samples shown in the inset. (b) Reflectance and (c) transmittance spectra when illuminated from front side 
with the enlarged parts shown in the inset. (d) Reflectance spectrum when illuminated from rear side. 
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morphology is uncertain just considering the optical property of semi- 
device. Hence, the four rear surface morphologies were further inte-
grated into bifacial PERCs to evaluate which rear surface morphology is 
optimal for bifacial application. 

3.3. Characteristics of 5BB bifacial PERCs 

The bifacial PERCs featuring different rear surface structures were 
developed to assess the impact of rear surface on their electrical per-
formance. The bifacial PERCs were measured using a non-reflective 
black cloth on rear side when light came from front side, the same test 
method when illuminated from back side. Fig. 4(a) presents the 
measured front-side and rear-side current density-voltage (J-V) param-
eters. The Voc steadily increases with the decreased AF values when 
illuminated from front side and rear side, as predicted by the trend of 
iVoc shown in Fig. 3(a). The average Voc of nearly planar samples (AF ¼

1.068) reaches 680.6 mV, an absolute increment of 3.3 mV compared to 
the cells with an AF value of 1.621. The thicker the Al-BSF, the lower the 
contact recombination, thus higher Voc value of cells [39]. While the 
thickness of Al-BSF shown in Fig. 2(a3–d3) is independent of rear sur-
face morphology, thus the increased Voc for cells with a lower AF value 
can be attributed to the decreased surface area and surface recombina-
tion velocity. The difference of 7–8 mV in the observed Voc between 
front side and rear side will be illustrated by analyzing electrical losses 
in the following Sec. 3.5. Meanwhile, the Jsc exhibits an opposite ten-
dency when illuminated from front side and rear side, improving from 
40.29 mA/cm2 to 40.51 mA/cm2 and decreasing from 31.82 mA/cm2 to 

30.38 mA/cm2 with reducing AF from 1.621 to 1.068, respectively, 
which is consistent with preceding reflectance and transmittance spectra 
analysis in Fig. 3(b–d). The FF values remain a high level of about 81%. 
For nearly planar samples (AF ¼ 1.068), an average front-side η of 
22.26% is achieved, which is 0.24% higher than the cells with an AF 
value of 1.621 due to superior passivation quality and improved 
long-wavelength response. In contrast, the rear-side η value decreases 
from 17.33% to 16.66% when AF drops from 1.621 to 1.068, which is 
ascribed to the sharply decreased Jsc values. The relatively lower 
rear-side η is mainly limited by lower Jsc values compared to that of 
front-side. Under the premise of ensuring excellent rear surface passiv-
ation, the Jsc value can be further improved by optimizing antireflection 
property of rear passivation layers. The bifacial PERCs with an AF value 
of 1.621 exhibit the highest bifaciality of 78.70%, with a front-side and 
rear-side η of 22.02% and 17.33%, respectively. The lowest bifaciality of 
74.84% is obtained for bifacial PERCs with an AF value of 1.068. The 
average electrical parameters of bifacial PERCs with different rear sur-
faces are summarized in Table 2. 

In order to investigate the different electrical performances of the 
bifacial PERCs with various rear surface morphologies, Fig. 4(b) and (c) 
show the EQE spectra when the bifacial PERCs are irradiated from front 
side and rear side, respectively. It can be seen from Fig. 4(b) that the EQE 
spectra exist difference mainly in the long wavelength range (850–1100 
nm) (shown in the inset) but little change in the middle and short 
wavelength range. This suggests that the different front-side electrical 
results (Fig. 4(a)) are derived from the rear passivation quality and rear 
current generation ability, rather than the bulk and emitter region. 

Fig. 4. (a) Experimental J-V parameters including Voc, Jsc, FF and η of the fabricated bifacial PERCs with a 5BB design for metal grid (about 800 cells for each group). 
Measured EQE spectra when illuminated from (b) front-side and (c) rear-side. 
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Additionally, the trend of EQE spectra in the long wavelength range is in 
accordance with the experimental Voc and Jsc variation in Fig. 4(a). The 
EQE spectra when illuminated from rear side were also measured as 
shown in Fig. 4(c). The short-wavelength EQE performance is obviously 
inferior to that of Fig. 4(b), where the value of EQE approaches 100% in 
a wide wavelength range. This can be used to illustrate the nearly one 
fourth lower rear-side Jsc values than those of front side. The EQE per-
formance improves significantly with the increased AF (i.e. increased 
roughness of rear surface and light trapping ability), which is consistent 
with the observed rear-side Jsc values in Fig. 4(a). 

3.4. Electrical results of 9BB bifacial PERCs 

MBB technology has attracted considerable attention because of the 
decreased series resistance and metal shading area [30]. The bifacial 
PERCs with different rear surface morphologies were also implemented 
by applying a 9BB design of metal grid. The tested J-V electrical pa-
rameters were shown in Fig. 5, the tendency of which is consistent with 
the results shown in Fig. 4(a), here no further analysis is presented. The 
increased Jsc is observed for 9BB design compared to 5BB one due to 
shallower shading area and improved carrier collection ability. The se-
ries resistance decreases from 2.00 mΩ (5BB) to 1.86 mΩ (9BB), leading 
to the increase of FF. The bifacial PERCs with an AF value of 1.068 
achieve the highest front-side average efficiency of 22.57% (Voc ¼ 680.8 
mV, Jsc ¼ 40.95 mA/cm2, FF ¼ 80.96%). A highest bifaciality of 78.67% 
is obtained for cells with an AF value of 1.621, with a front-side and 
rear-side average efficiency of 22.27% and 17.52%, respectively. The 
electrical results are also summarized in Table 2. 

3.5. Electrical loss analysis 

The Quokka 2 simulation was performed to theoretically analyze the 
impact of rear surface structures on electrical losses, and FELA at 
maximum power point was illustrated. In order to carry out an accurate 
simulation, the experimental parameters in Table 1, such as junction 
depth, Rsh, J0,emitter, J0,contact and so on, were adopted in the simulations. 
The J0,passivated values extracted from WCT-120 measurements as listed 
in Table 2 are 104.12, 73.47, 39.68 and 23.15 fA/cm2 for cells with an 
AF value of 1.621, 1.243, 1.108 and 1.068, respectively. FELA results 
comprise of recombination losses and resistive losses. According to 
Fig. 6(a), when light comes from the front side, the recombination loss of 

rear passivated area decreases sharply with declined AF value. When the 
AF value is 1.621, the proportion of recombination loss resulted from 
rear passivated area ranks the third only behind the emitter resistive loss 
and Shockley-Read-Hall (SRH) recombination loss, while it is negligible 
as AF value decreases to 1.068, leading to a decrease of the total effi-
ciency loss. 

When the cells are illuminated from rear side, the resistive loss of 
electron bulk, the recombination losses of SRH and contact at BSF in 
Fig. 6(b) increase significantly compared to that in Fig. 6(a). Together 
with the measured EQE spectra in Fig. 4(c), these can be used to explain 
the 7–8 mV lower rear-side Voc values compared to that of front side. As 
a result, the efficiency losses of rear side become worse. Moreover, the 
negative impact of enlarged surface area is more distinct for rear side 
than front side. When comparing the cells with an AF value of 1.621 and 
1.068, a difference of 1.25 mW/cm2 can be deduced for the rear side, 
while the front side only have a difference of 0.47 mW/cm2. 

The front-side and rear-side relative η values are also shown for both 
the 5BB and 9BB design in Fig. 6(c) and (d), respectively, with regarding 
the cells with an AF value of 1.621 as the reference. The experimental 
and simulated front-side conversion efficiency increases gradually as the 
AF value decreases, which is consistent with the trend of simulated ef-
ficiency loss. In contrast, although a decreased AF value indicates the 
better passivation quality, the rear-side conversion efficiency still de-
creases sharply, this is mainly ascribed to the drastically reduced Jsc 
values. The slight difference between experimental and simulated rela-
tive efficiency value can be attributed to several reasons. The thickness 
of silicon substrate was kept constant in simulations, while it may be 
influenced by the different etching behaviors. Moreover, the rounding 
effect in pyramid peaks was ignored, and only the pyramid facet angle 
was used to represent different rear surface structures. 

3.6. Electric energy production simulation 

The J-V parameters shown in Fig. 4(a) and Fig. 5 were tested under 
the standard conditions, with a temperature of 25 �C and irradiance 
intensity of 1000 W/m2, while the irradiance intensity can be varying 
since the sun goes from east to west over a day. Fig. 7(a) presents the 
solar spectrum irradiance varying with time on June 22nd in Shanghai. 
Moreover, the electric energy production of module is strongly associ-
ated with the ratio of direct and diffuse light, the albedo of ground and 
the mounting heights [29], thus simulations of energy yield were 

Fig. 5. Experimental J-V parameters of the fabricated bifacial PERCs with a 9BB design for metal grid (about 800 cells for each group).  
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indispensable for above fabricated bifacial PERCs to compare their 
performances in practical applications. Since the bifacial PERCs collect 
extra diffuse light reflected from the ground, the different ground albedo 
values depending on module installation surroundings have a significant 
influence on electric energy generation. Fig. 7(b) shows the calculated 
relative enhancement of energy production over a day for bifacial PERCs 
with different AF values, with regarding the set with an AF value of 1.621 
as reference. When the albedo is 10%, for example, asphalt floor, the 
lower the AF value is, the more output energy can be generated. The 
maximum relative enhancement can reach 0.73% for the solar cells with 
an AF value of 1.068. When the modules are located in normal grassland, 
an albedo of around 20%, the tendency of relative enhancement is 
similar to the situation of an albedo value of 10%, while the gap among 
different bifacial PERCs becomes narrower. The solar cells with an AF 
value of 1.621, 1.243, 1.108 own comparable electric energy production 
if the albedo is 30%. When the albedo value further increases to 40% (e. 
g., sand), the energy generation performance is enhanced with 
increasing the AF value. An albedo higher than 40% can be obtained on 

white roofing metal, light-gray roofing membrane and white-painted 
concrete. An albedo of up to 60%–80% is even possible on aluminum 
foil and snowfield, under this condition an increase in electric energy 
production of 0.50%–0.81% was predicted for bifacial PERCs with an AF 
value of 1.621 compared to that of 1.068. 

In summary, the bifacial PERCs with a nearly planar rear surface (AF 
¼ 1.068) is recommended if the ground albedo is lower than 30%. The 
bifacial PERCs with four different rear surfaces can generate compara-
tive electric energy if the albedo is between 30% and 40%. Under the 
case of albedo higher than 40%, solar cells with rougher rear surface (AF 
¼ 1.621) is preferable to apply in such conditions. 

4. Conclusions 

In conclusion, we have investigated the impact of rear surface 
morphology on the performance of bifacial p-Si PERCs both experi-
mentally and theoretically. By adjusting the concentration of etching 
acid solution, the bifacial PERCs with four different rear surface 

Fig. 6. Simulated FELA results for (a) front-side and (b) rear-side. Simulated and experimental relative efficiency for (c) front-side and (d) rear-side.  

Fig. 7. (a) Solar spectral irradiance at different times in a day. (b) Calculated relative enhancement of energy yield at different ground albedo values, with an AF 
value of 1.621 as reference. 
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morphologies were firstly fabricated with a 5BB metal grid. A smoother 
rear surface has been proved to be advantageous in passivation property, 
and an increment in front-side Voc of 3.3 mV was achieved with reducing 
AF value from 1.621 to 1.068. The invariable thickness of Al-BSF 
demonstrated that the difference of Voc was independent of rear Al–Si 
contact. A more flattend rear surface possesses superior optical charac-
teristic due to improved long-wavelength response when illuminated 
from front side. Meanwhile, a rougher surface is more beneficial when 
light comes from the rear side attributed to improved light trapping 
ability. Further integrating these rear surface structures into 9BB bifacial 
p-Si PERCs, a similar trend was observed. Attributed to the reduced 
metal shadowing and series resistance, the increased Jsc and FF values 
were obtained for 9BB design compared to 5BB one. Consequently, the 
cells with an AF value of 1.068 achieved the highest front-side average 
efficiency of 22.57%, with a champion efficiency of 22.75% (Voc ¼

683.0 mV, Jsc ¼ 41.03 mA/cm2, FF ¼ 81.19%). The highest bifaciality of 
78.67% was achieved for cells with an AF value of 1.621, with an 
average front-side and rear-side efficiency of 22.27% and 17.52%, 
respectively. Simulated electrical loss analysis indicated that the nega-
tive influence of increased J0,passivated values was more serious for rear- 
side electrical performance than that of front-side. Finally, by calcu-
lating the relative enhancement of energy generation in practical 
application, the bifacial p-Si PERCs with an AF value of 1.068 was rec-
ommended to install in surroundings with ground albedo lower than 
30%. Nevertheless, cells with an AF value of 1.621 were preferable if the 
albedo value was higher than 40%. 
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