
energies

Article

Bifacial p-Type PERC Solar Cell with Efficiency over
22% Using Laser Doped Selective Emitter

Caixia Zhang 1,2, Honglie Shen 1,3,*, Luanhong Sun 1, Jiale Yang 1, Shiliang Wu 2

and Zhonglin Lu 2

1 College of Materials Science and Technology, Jiangsu Key Laboratory of Materials and Technology for
Energy Conversion, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
zcxnorm@126.com (C.Z.); sunluanhong@126.com (L.S.); jerryyoung_nuaa@foxmail.com (J.Y.)

2 Jiangsu Sunport Power Corp., Ltd., Wuxi 214028, China; wusl@sunportpower.com (S.W.);
luzl@sunportpower.com (Z.L.)

3 Jiangsu Collaborative Innovation Center of Photovoltaic Science and Engineering, Changzhou University,
Changzhou 213164, China

* Correspondence: hlshen@nuaa.edu.cn

Received: 31 January 2020; Accepted: 12 March 2020; Published: 16 March 2020
����������
�������

Abstract: In this paper, we report one bifacial p-type PERC solar cell with efficiency over 22% using
laser doped selective emitter produced in larger-scale commercial line on 6-inch mono-crystalline
wafer. On front side of the solar cell, square resistance of p-n junction was found to be closely related
with laser power at certain laser scan speed and frequency. On the other side, the rear fingers with
different ratios of height and width and rear silicon nitride (SiNx) layer with different thickness were
optimized, and a highest rear efficiency of the bifacial solar cell was obtained. Finally, bifacial silicon
solar cells with the front and rear efficiencies exceeding 22% and 15% (AM1.5, 1000 W/m2, 25 ◦C)
were successfully achieved, respectively.

Keywords: p-type; bifacial; laser doped selective emitter; passivated emitter and rear (PERC) solar cells

1. Introduction

In recent years, more photovoltaic companies and researchers [1,2] began research and production
of silicon bifacial solar cells and passivated emitter and rear cells (PERC) based on p-type crystalline Si
wafers are mainstream high-efficiency cell technology although most of the advanced cell technology
has their own dual-generation properties. The performance of industrial-type screen-printed 6-inch
PERC solar cells has been significantly increased over the past few years. PERC solar cell efficiencies
surpassing 22% have been reported [3]. Normally, mainstream p-type PERC cell efficiency is about
over 21% [4]. Therefore, p-type bifacial PERC cell is predicted to be the cell technology with the largest
gain in market share in the next few years.

The efficiency of the c-Si (crystalline silicon) solar cells with traditional homogeneous emitter
fabricated in the screen-printed metallization process is limited by inherent limitations [5,6]. Forming a
selective emitter is an effective solution to overcome these limitations and increase the cell efficiency [7–11].
However, selective emitters have not yet been commercialized in practical manufacturing in the
last ten years, mainly because creating a selective emitter is very complex, and the cost of cells is
quite high [12–14]. The main methods of forming selective emitters include oxide masking, screen
printing silicon ink, ion implantation and laser doping. In order to lower the thermal budget and make
the process more compatible with the existing standardized production line, laser-doping (LD) was
proposed as an alternative way to form the selective emitter [15–20]. For PERC cell production line,
selective emitter (SE) based on PERC cell has more advantages than that based on regular p-type cells.
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Bifacial silicon solar cell is a special kind of crystal silicon solar cell structure, which can receive
sunlight and produce electricity power from both front and back sides. These cells are designed with
special structure and finger contact, so they can absorb more sunlight and produce much power from
both sides. The efficiency gains of bifacial solar cells relative to single-sided solar cells are difficult to
measure by single cell. Therefore, in most cases they need to be made into modules. Bifacial modules
can be installed flexibly in wide range of applications. The form of conventional single-sided cell
module installation application, such as ground photovoltaic power station and roof photovoltaic
system, is equally suitable for bifacial modules. The bifacial modules are especially good for ground
installation because they take advantage of the ground’s reflected light, generate more electricity under
the same conditions, and are also suitable for installation on the roof. Ground and roof mounted
bifacial modules should be mounted tilted on the scene. The bifacial cell and module can also be free
from the direction of installation. The back is as beautiful as the front, especially suitable for the vertical
installation of the scene, such as vertical installation as a fence, soundproof wall, highway guardrail,
etc. Therefore, the bifacial modules are suitable for installation in various scenarios, such as ground
power station, uniaxial tracking system, water surface power station, sunshine room, photovoltaic
shed, highway soundproof wall, curtain wall, car shed, building integrated PV, and so on. Meanwhile
in some ground power plant or rooftop power plant, bifacial cells and modules also were installed and
have been run steadily for several years [21].

The main advantage of using bifacial solar modules to build photovoltaic power plants is high
power generation. Generally, the bifacial cells are made into bifacial modules. When the orientation,
inclination and height of the bifacial modules are fixed, the power generation gain of the bifacial
modules mainly comes from the back side, which improves the current and maximum output power
of the assembly by receiving the atmospheric scattered light and the reflected light of the ground.
In addition, the power generation gain of the back can be improved by raising the height of the
component and increasing the inclination angle of the component. Such matching tracking bracket
can highlight more the stacking advantage of 1 + 1 > 2, which is expected to achieve 20% to 30% of
the power generation gain. The power generation gain of the bifacial module is closely related to the
practical application scene. Combined with different double-sided illumination conditions, 10% to 30%
power generation gain can be realized [22,23].

All the time, n-type bifacial cells were paid close attention to by many PV researchers all the
time [24–26], and a higher efficiency of solar cell was obtained [27,28]. Currently n-type wafer is much
more expensive than p-type wafer and n-type PERC cell process is very complex. The equipment
upgrade into n-type PERC cell process line from the p-type cell process line is almost impossible. At the
same time, many investors consider that the cost of n-type bifacial solar cells is too high to realize the
commercialization of n-type PERC cell process. Therefore, it will be of far-reaching significance to
study the p-type bifacial cell and improve the efficiency of the cell to maximize the power generation
benefits of the solar system.

In this work, we investigated fabrication of p-type bifacial silicon solar cells, and bifacial silicon
solar cells with realizable structure for high efficiency were introduced. The proper technical path was
used to fabricate these bifacial solar cells, and p-type silicon wafer was used. The selective emitter in
the PERC structure was illustrated in Figure 1. The anti-reflection coating and finger contact were
fabricated on both surfaces of the solar cells. The rear fingers with different ratios of height and
width and rear SiNx with different thickness were adopted for high rear efficiency, and bifacial silicon
solar cells with the front and rear efficiencies exceeding 22% and 15%, respectively, were successfully
produced in solar cell production line.
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2. Bifacial Solar Cell Fabrication Process 

2.1. Cell Fabrication 

PERC solar cells were produced in our research and development experimental production line. 
1.6-Ω·cm boron-doped Czochralski (Cz)-grown wafers (242.21 cm2) with an initial thickness of 180 
μm were used in our experiment. After texturization in front-side (KOH + additives, time 10–15 min, 
temperature 80–83 °C), the wafers underwent a phosphorous-doped emitter, then laser doping under 
the busbars and fingers region with phosphorosilicate glass. Diffusion square resistances in lightly 
doped region and in heavily doped region were 130 and 85 Ω/□, respectively, according to measure-
ment results by 4-point probe. On the front side, 80 nm SiNx (n = 2.10 at 632 nm, NH3:7000 sccm, 
SiH4:730 sccm, Time: 850 s, temperature: 15 min, power: 6800 w, pressure: 1500 mTorr) was deposited 
by plasma-enhanced chemical vapor deposition (PECVD). On the rear side, we deposited a stack of 
5-nm-thick Al2O3 (time 150 s, temperature 300 ± 30, pressure 6 ± 2 mba, PM H2O push 30 ± 20 slm) 
and 70~110 nm-thick SiNx (parameters range (NH3: 7000 sccm, SiH4: 730 sccm, Time: 400–850 s, tem-
perature:15 min, power: 4000–6800 W, pressure: 1400–1800 mTorr)). The Al2O3 layer was deposited 
by atomic layer deposition and the SiNx layer by PECVD. The dielectric layers were ablated by a 
picoseconds laser for line contact formation. The front side metallization was realized with regular 
screen-printing technology. 

 
Figure 1. Illustration of selective emitter (SE) passivated emitter and rear cells (PERC) cell Structure. 

In order to realize the structure of bifacial solar cells with a simple technical flow, we redesigned 
the fabrication flow and compared the regular PERC and SE PERC cell technical flow, which was 
shown in Figure 2. The different technique between regular PERC and SE PERC was laser doping. 
However, the difference between bifacial PERC solar cell and one-sided PERC cell was printing rear 
finger. One-sided solar cell needed printing aluminum field without busbars and fingers for the rear 
side of cells. Certainly, back polishing in tech and cleaning process was also necessary but it was not 
within discussion in the present work.  

2.2. Characterization 

Square resistance was measured by four-point probe method, and five points were tested in each 
wafer. Laser doped position and screen print line width was observed by microscope (KEYENCE 
VN-2500R). A picture of height and width of rear fingers was taken by three-dimensional microscope 
(ZETA-20). Thickness of SiNx layer was measured by laser ellipsometer (EMPro-PV). Front and rear 
I-V curves and detailed electric data were measured under the simulated AM1.5 (air mass 1.5) sun-
light at 1000W/m2 irradiance, generated by a light source of AAA simulator on the h.a.l.m. system. 

3. Results Discussion and Analysis  

3.1. Laser Doping and Resulting Square Resistance 

For emitter of solar cell, lower square resistance will reduce contact resistance and series re-
sistance, but in this case, carrier recombination would increase, and the lifetime of minority carriers 
would correspondingly decrease to reduce Open-Circuit Voltage (Voc) and Short-Circuit Current 

Figure 1. Illustration of selective emitter (SE) passivated emitter and rear cells (PERC) cell Structure.

2. Bifacial Solar Cell Fabrication Process

2.1. Cell Fabrication

PERC solar cells were produced in our research and development experimental production
line. 1.6-Ω·cm boron-doped Czochralski (Cz)-grown wafers (242.21 cm2) with an initial thickness
of 180 µm were used in our experiment. After texturization in front-side (KOH + additives, time
10–15 min, temperature 80–83 ◦C), the wafers underwent a phosphorous-doped emitter, then laser
doping under the busbars and fingers region with phosphorosilicate glass. Diffusion square resistances
in lightly doped region and in heavily doped region were 130 and 85 Ω/�, respectively, according
to measurement results by 4-point probe. On the front side, 80 nm SiNx (n = 2.10 at 632 nm, NH3:
7000 sccm, SiH4: 730 sccm, Time: 850 s, temperature: 15 min, power: 6800 w, pressure: 1500 mTorr) was
deposited by plasma-enhanced chemical vapor deposition (PECVD). On the rear side, we deposited
a stack of 5-nm-thick Al2O3 (time 150 s, temperature 300 ± 30, pressure 6 ± 2 mba, PM H2O push
30 ± 20 slm) and 70~110 nm-thick SiNx (parameters range (NH3: 7000 sccm, SiH4: 730 sccm, Time:
400–850 s, temperature: 15 min, power: 4000–6800 W, pressure: 1400–1800 mTorr)). The Al2O3 layer
was deposited by atomic layer deposition and the SiNx layer by PECVD. The dielectric layers were
ablated by a picoseconds laser for line contact formation. The front side metallization was realized
with regular screen-printing technology.

In order to realize the structure of bifacial solar cells with a simple technical flow, we redesigned
the fabrication flow and compared the regular PERC and SE PERC cell technical flow, which was
shown in Figure 2. The different technique between regular PERC and SE PERC was laser doping.
However, the difference between bifacial PERC solar cell and one-sided PERC cell was printing rear
finger. One-sided solar cell needed printing aluminum field without busbars and fingers for the rear
side of cells. Certainly, back polishing in tech and cleaning process was also necessary but it was not
within discussion in the present work.

2.2. Characterization

Square resistance was measured by four-point probe method, and five points were tested in each
wafer. Laser doped position and screen print line width was observed by microscope (KEYENCE
VN-2500R). A picture of height and width of rear fingers was taken by three-dimensional microscope
(ZETA-20). Thickness of SiNx layer was measured by laser ellipsometer (EMPro-PV). Front and rear
I-V curves and detailed electric data were measured under the simulated AM1.5 (air mass 1.5) sunlight
at 1000 W/m2 irradiance, generated by a light source of AAA simulator on the h.a.l.m. system.

3. Results Discussion and Analysis

3.1. Laser Doping and Resulting Square Resistance

For emitter of solar cell, lower square resistance will reduce contact resistance and series resistance,
but in this case, carrier recombination would increase, and the lifetime of minority carriers would
correspondingly decrease to reduce Open-Circuit Voltage (Voc) and Short-Circuit Current (Isc) of the
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solar cell. On the other hand, higher square resistance would decrease carrier recombination and raise
the lifetime of minority carriers, but it also would increase the contact resistance, leading to a higher
series resistance. Selective emitter can combine the higher square resistance and the lower square
resistance on the different region to create lower carrier recombination on higher square resistance
region and lower contact resistance on lower square resistance region then to get a higher efficiency.
In our work, different square resistance was designed via laser doping in the emitter region. Source
of laser doping is phosphorosilicate glass (PSG) that is a byproduct of POCL3 diffusion in step 2
in Figure 2.
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osition 15 min, N2/O2  = 1:1；step2: temperature 845 °C，drive in 13 min) and n+ layer of p-n junction 
was doped into n++ layer by laser with high power, using short wave laser equipment on the corre-
sponding region of the front electrode and finger. 

Normally laser spot distance is controlled by changing scan speed. Spot distance responses scan 
speed/frequency. The lower scan speed, the higher the degree of overlap is, which will reduce square 
resistance. High square resistance will induce lower surface concentration and higher contact re-
sistance. Certainly, laser spot distance also was controlled by changing frequency. In our experiment, 
firstly the laser debugging interface was opened after equipment was powered on. Then the laser 
power of about 10 W was set. Before laser device was turned on, the laser light source should be 
preheated for 5–10 minutes to reach a stable operation temperature of about 150 °C. The button “Open 
Carving Graphic” in the operation software was clicked to select the laser carving graphic, which 

Figure 2. Comparison SE PERC bifacial cell process flow with other two.

After POCL3 diffusion,130 Ω/� square resistance was realized (step1: temperature 790 ◦C,
deposition 15 min, N2/O2 = 1:1; step2: temperature 845 ◦C, drive in 13 min) and n+ layer of p-n
junction was doped into n++ layer by laser with high power, using short wave laser equipment on the
corresponding region of the front electrode and finger.

Normally laser spot distance is controlled by changing scan speed. Spot distance responses scan
speed/frequency. The lower scan speed, the higher the degree of overlap is, which will reduce square
resistance. High square resistance will induce lower surface concentration and higher contact resistance.
Certainly, laser spot distance also was controlled by changing frequency. In our experiment, firstly
the laser debugging interface was opened after equipment was powered on. Then the laser power
of about 10 W was set. Before laser device was turned on, the laser light source should be preheated
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for 5–10 minutes to reach a stable operation temperature of about 150 ◦C. The button “Open Carving
Graphic” in the operation software was clicked to select the laser carving graphic, which corresponded
to the front electrode and finger region, and square spot size of 120um was set. Some parameters
such as 515 nm laser wavelength, 100 KHz frequency, and 18 m/s maximum speed were fixed in our
experiment. One batch of wafers with the same light diffusion of 130 Ω/� and the same thickness
PSG after diffusion was prepared, and then, the different laser power was adjusted, and doping was
carried out. After doping different piece of wafers with the same light square resistance by each fixed
laser power, different groups of wafers with different square resistance on heavy diffusion region were
obtained. After testing square resistance of every group of wafers (four-point probe method, five
points tested in each wafer), relationship between laser power and square resistance after laser doping
was found as shown in the following Figure 3.
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that of regular PERC cells resulting mainly from higher Isc and Voc values. Isc value was raised from 
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A compatible square resistance was found in 23.4 W as shown red circle in Figure 3. At the same
time, it could be seen from Figure 3 that square resistance in heavy diffusion region after laser doping
became more lower when the larger laser power doping was carried out on the same wafers with
lightly diffused 130 Ω/� and the same thickness PSG.

Average square resistance of 85 Ω/� was obtained by laser doping with a reasonable power of
23.4 W on 50 nm thickness phosphorosilicate glass (PSG). Then, 85 Ω/� and 130 Ω/� average square
resistances corresponding to heavy diffusion and light diffusion were found to be a best combination.
For the experiment process, local square resistance with 85 Ω/� ± 5 and 130 Ω/� ± 5 should be well
balanced. Uniformity of square resistance in each wafer should be lower than 12%, and uniformity of
square resistance between two wafers should be lower than 8%, which was equal to (max–min)/2 *
average of square resistance. Then the residual PSG on the laser-irradiated surface was removed by
HF dipping after laser doping.

3.2. Laser Doping Region and Overprint Effect in front Finger

Instead of the typical four busbars, the cells featured five 0.7-mm-wide busbars on the front side
in order to reduce the series resistance by the metal fingers. For collecting the more photon-generated
carriers and getting higher conversion efficiency, more fingers were used than those used in regular
cells and the quantity of fingers is 110 in the front side of solar cells. In our design, every printed
finger should be overlapped with laser doped position as shown Figure 4b. Laser doping line width is
118 µm as shown Figure 4a and screen print of Ag finger with 40 µm should be overprinted within laser
doping line so that maximum of allowable screen-printing deviation of 39 µm as shown in Figure 4b
could be realized.
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As shown in Table 1, an efficiency enhancement of 0.35% of SE PERC solar cell was realized
than that of regular PERC cells resulting mainly from higher Isc and Voc values. Isc value was
raised from 9.93 A to 10.03 A, with 0.1A gain, and Voc value was improved from 0.657 V to 0.673 V.
In our experiment, the square resistance of regular PERC cells by POCL3 diffusion was 95 Ω/� (step1:
temperature 790 ◦C, deposition 15min, N2/O2 = 1:1; step2: 865 ◦C, drive in 13 min).

Table 1. Detailed electric data of regular PERC and SE PERC solar cells.

Eff (%) Voc (V) Isc (A) FF Rs (Ω) Rsh (Ω) *

Best SE PERC 22.23 0.673 10.03 79.75 0.0025 1172
Regular PERC 21.88 0.657 9.93 81.23 0.0016 1689

Improper SE PERC 21.47 0.667 10.01 77.87 0.0035 364.29

* Rsh is the abbreviation of shunt resistance.

But if overprint in laser doping region was improper, the efficiency of the solar cell would be greatly
reduced, even lower than that of regular PERC solar cell. As can be seen from Table 1, the efficiency
(Eff in Table 1) of improperly printed SE PERC cell was 21.47% while the efficiency of regular PERC cell
was 21.88%. The about 0.4% reduction was mainly due to the drop of fill factor (FF in Table 1) value.
The larger series resistance (Rs in Table 1) value, with a difference of 0.001 Ω compared with that of
the best SE PERC group, illustrated that there was an unfriendly contact between finger or busbars
and emitter.

3.3. The Influence of Ratio of Height and Width in Rear Finger

On the rear side, five busbars in parallel lines matching with the front busbars position were also
applied, but the quantity of fingers (150) was more than those on front side. As we all know, narrow
metal front side coverage will result in a decrease of shadowing and surface recombination but an
increase of resistive losses [29]. The second printing with narrow fine fingers would compensate the
losses by large resistance and lead to the excellent Voc, Isc, FF, and Eff [30].

In the present work, standard single-printed Al metallization design was used rather than
second-print metallization design in the rear side. Three different printing screen line widths (80 µm,
100 µm, 150 µm) were used in our experiment. One batch of wafers was divided into three groups in
screen printing process (previous procedures such as diffusion were the same) and printed with three
different sets of screens followed by firing process and solar cells were produced. Total cell numbers
for the three groups are 1210 pieces in 80 µm group, 2440 pieces in 100 µm group and 294 pieces in
150 µm group. In addition, special aluminum paste 8401A from Rutech, a professional paste company,
for PERC bifacial cell in rear side was used.

At the same time, one piece of cell from every group was selected to measure the height and
width of rear fingers. A picture was taken to represent each group of fingers in Figure 5. In Figure 5,
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height and width of the waveform in picture (a) show the height and width of the 80 um group finger.
Values of height and width in picture (a) are shown as column 2 and 3 (height 19.28 µm and width
113.49 µm) in Table 2. The right to picture (a) is its two-dimensional photo for 80 µm finger. Height and
width of the waveform in picture (b) show the height and width of the 100 um group finger. Values of
finger’s height and width are shown as columns 2 and 3 (height 21.34 µm and width 143.01 µm) in
Table 2. The right to picture (b) is its two-dimensional photo for 100 µm finger. Height and width of
the waveform in picture (c) show the height and width of the 100-um group finger. Values of the height
and width are shown as column 2 and 3 (height 11.08 µm and width 203.87 µm) in Table 2. The right
to picture (c) is its two-dimensional photo for 150 µm finger. Ratio of height and width (column 4 in
Table 2) is calculated according to following formula.

Ratio of height and width = (height (µm)/width (µm)) × 100 (1)

* Ratio of height and width is the factor evaluating size of finger. Height and width were taken by
three-dimensional microscope.
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Figure 5. Height and width of three groups of rear finger: (a) 80 µm printing screen line; (b) 100 µm
printing screen line and (c) 150 µm printing screen line.

Table 2. Ratio of height and width in the rear cell and average electronic data of each group.

Screen Print
Line Width

Height
(µm)

Width
(µm) Ratio Quantity

(pcs)
Average
Eff (%) Voc (V) Isc (A) FF

80 µm 19.28 113.49 16.99% 1210 21.77 0.657 9.99 80.29
100 µm 21.34 143.01 14.92% 2440 21.85 0.657 10.01 80.41
150 µm 11.08 203.87 5.45% 294 21.84 0.656 10.1 79.82

In Table 2, 100 µm width of screen group in three groups showed a best electronic performance
and the best average FF was 80.41%, corresponding to 14.92% ratio of height and width for rear
fingers. Normally a high ratio of finger height and width was desirable for high efficiency solar cell.
The narrower finger, the less finger shade area was, which could make more light into p-n junction.
However, in practical use, due to the limitation of technical level, the contact interface between
aluminum and Si materials would possibly form hollow, which increases the local contact resistance
of aluminum and silicon. Certainly, the laser contact openings could be increased, but too deep and
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wide laser openings would lead to wafers damage which would affect the mechanical character of
cells. At the same time, if the finger is too narrow, difficulty of screen printing and the probability of
broken finger line would be increased. Therefore, in our work, the efficiency in 80 µm finger group
was shallower than that in 100 µm group, resulting from lower FF value.

3.4. Dependence of SiNx Layer Thickness in Rear Side

Four different thickness SiNx thin films were fabricated to optimize rear efficiency. Thickness of
SiNx film was adjusted from 70 nm to 110 nm. Total cell numbers for the four groups are 46 pieces in
75 nm group, 72 pieces in 80.4 nm group, 84 pieces in 95 nm group, 45 pieces in 104.3 nm group and
additional 50 pieces single-side cells group as baseline. Then four kinds of cells with different rear SiNx

thickness were produced as shown in the following Figure 6 and detailed electric data of bifacial cell
with different thickness SiNx.film were shown in following Table 3. Parameter range (NH3: 7000sccm,
SiH4: 730 sccm, Time: 400–850 s, temperure: 15 min, power: 4000–6800 w, pressure: 1400–1800 mTorr)
was adjusted for each group.
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reflected back to p-n junction when the photons in the long wave band reached the rear side of the p-
n junction, so that more photon-generated carrier would be produced, thus improving the front con-
version efficiency of solar cell. However, if the rear SiNx was too thick, then the photons from the 
back side needed to pass through the thicker passivating layer in order to reach the p-n junction. The 
light into the p-n junction would become less and the current would become low, which could affect 
the rear efficiency. On the other side, if the SiNx layer is too thin, the Al paste is locally firing through 
the SiNx layer thereby forming additional parasitic Al contacts which increase contact recombination, 
so as to affect the cell efficiency. 

Advantage of bifacial cell mainly depended on two side electricity power output so it was ad-
visable that front efficiency of bifacial cell kept the similar or same level with regular single-side PERC 
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Figure 6. Rear surface images of bifacial cells with different thickness SiNx: (a) 75 nm-thick SiNx,
(b) 80.4 nm-thick SiNx, (c) 95 nm-thick SiNx and (d) 104.3 nm-thick SiNx.

Table 3. Detailed electric data of bifacial cell with different thickness SiNx.film.

SiNx Quantity Front
Eff

Front Front Front Rear
Eff

Rear
Voc

Rear
Isc

Rear Bifa-
Voc Isc FF FF ciallity

Unit (nm) ( pcs) (%) (V) (A) (%) (V) (A) (%)

Baseline N\A 50 22.23 0.671 9.87 81.3 \ \ \ \ \

(a) 75 46 22.13 0.673 9.94 80.13 13.51 0.661 6.18 80.1 61.05
(b) 80.4 72 22.22 0.675 9.95 80.12 14.86 0.662 6.77 80.33 66.88
(c) 95 84 22.27 0.676 9.96 80.13 15.39 0.663 6.98 80.53 69.11
(d) 104.3 45 22.29 0.677 9.95 80.14 14.56 0.663 6.61 80.45 65.32

Bifaciality of bifacial cell in Table 3 is calculated according to following formula.

Bifaciality of bifacial solar cell = (Rear efficiency/Front efficiency) × 100 (2)

Bifaciality is bifacial factor evaluating the power generation capacity of the back relative to the
front of the cell, usually expressed as a percentage. Front efficiency is the front efficiency of the
cell measured when there is non-irradiated on the cell backside under standard test condition (STC:
AM1.5 atmosphere profile, 1000 W/m2 illumination, 25 ◦C). Rear efficiency rear is the rear efficiency
measured when there is non-irradiated on the front of the cell under standard test condition (STC:
AM1.5 atmosphere profile, 1000 W/m2 illumination, 25 ◦C). The above calculations should be calibrated
according to IEC 60904-7.

According to experiment results in Table 3, efficiency and VOC of solar cell increased with rear SiNx

thickness. 104.3-nm-thick SiNx had a best front efficiency but the rear efficiency was lower than that of
group (c). Normally the thicker the thickness of rear SiNx was, to a certain extent, the passivation ability
of bifacial solar cell could be more improved. At the same time, more photons will be reflected back to
p-n junction when the photons in the long wave band reached the rear side of the p-n junction, so that
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more photon-generated carrier would be produced, thus improving the front conversion efficiency
of solar cell. However, if the rear SiNx was too thick, then the photons from the back side needed to
pass through the thicker passivating layer in order to reach the p-n junction. The light into the p-n
junction would become less and the current would become low, which could affect the rear efficiency.
On the other side, if the SiNx layer is too thin, the Al paste is locally firing through the SiNx layer
thereby forming additional parasitic Al contacts which increase contact recombination, so as to affect
the cell efficiency.

Advantage of bifacial cell mainly depended on two side electricity power output so it was
advisable that front efficiency of bifacial cell kept the similar or same level with regular single-side
PERC cell and the rear efficiency was maintained at a high level in order to maximize the benefits in
practical applications. 95nm-thickness SiNx was perfect to get a highest bifaciality (69.11%) and front
efficiency (Voc~0.676V, Isc~9.96A, FF~80.13% and Eff~22.27%), close to regular PERC cell.

The highest front and rear I-V curves were shown in the following Figure 7. 

 
Figure 7. Front and rear IV curves of bifacial PERC solar cell. 
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case, we firstly tested the front efficiency under standard test condition (AM1.5 atmosphere profile, 
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cells are tested in production line. It is convenient and fast to assess the different classes of the bifacial 
solar cells in-line under different fabrication conditions. Present simplified cell structure and perfor-
mance assessment have great advantages in the current low-cost p-type bifacial c-Si solar cell indus-
trialization. 
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An absolute efficiency gain of a 0.35% has been achieved due to improvement of selective emitter. Isc 
value was raised from 9.93 A to 10.03 A with 100 mA gain, and Voc value was improved from 0.657 
V to 0.673 V. It was also found that improper overprint in laser doping region will greatly reduce 
front efficiency. For rear efficiency, 95 ± 6nm thickness SiNx showed a best bifaciality when comparing 
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From all of the above data, a highest front cell efficiency of 22.27% (Voc~0.676 V, Isc~9.96 A,
FF~80.13%) and a highest rear cell efficiency of 15.39% (Voc~0.663 V, Isc~6.98 A, FF~80.53%) were
achieved in this work. In the same time, a trend was found that the small increase of Voc value would
affect the cell efficiency greatly. In the actual power plant operation, Isc value would be affected
by the actual sunshine light intensity, which fluctuates greatly, but the Voc value fluctuates little.
The double-sided cell was mainly affected by the increase of light intensity to increase the power
generation, so that the improvement of Voc was to really improve the cell efficiency. Finally, a highest
front cell efficiency of 22.27% and a best bifaciality of 69.11% were highlighted in order to guide
and pursue the actual maximum power output income in the power plant. Combined with different
double-sided illumination conditions, 10% to 30% power generation gain can be realized over that of
regular modules.

For testing bifacial cell, it should be noted that the present work focuses on the bifacial c-Si
solar cells with industrial process, and currently all the bifacial silicon solar cells are fabricated in
conventional silicon production lines with the I-V measurements performed on the h.a.l.m. system
(AAA simulator). Certainly, the cell during in testing is in a small dark box environment, according
to the technical specification IEC TS 60904. The technical specification lists the requirements for the
single light source characterization: the ability of solar simulator to provide more than 1000 W/m2

of irradiance intensity with less than 5% of spatial non-uniformity (class B or better), irradiance on
the non-irradiated side must be limited below 3 W/m2 (0.3% of the front-side total irradiance at STC).
In this case, we firstly tested the front efficiency under standard test condition (AM1.5 atmosphere
profile, 1000 W/m2 illumination, 25 ◦C) to get a front efficiency, and then, we inverted the connection
of the probe line between the positive and negative poles, different to front side cell testing, to get a
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rear efficiency. Rear efficiency tests are performed only if necessary or for sample cells and not all
bifacial cells are tested in production line. It is convenient and fast to assess the different classes of
the bifacial solar cells in-line under different fabrication conditions. Present simplified cell structure
and performance assessment have great advantages in the current low-cost p-type bifacial c-Si solar
cell industrialization.

4. Conclusions

After laser doping through a 50 nm PSG with 23.4 W power, 85 Ω/� square resistance of heavy
diffusion is well matched with 130 Ω/� square resistance of light diffusion for higher front efficiency.
An absolute efficiency gain of a 0.35% has been achieved due to improvement of selective emitter.
Isc value was raised from 9.93 A to 10.03 A with 100 mA gain, and Voc value was improved from 0.657
V to 0.673 V. It was also found that improper overprint in laser doping region will greatly reduce front
efficiency. For rear efficiency, 95 ± 6 nm thickness SiNx showed a best bifaciality when comparing
different screen print line and different thickness SiNx. Finally, large area (242.21 mm2) bifacial p-type
PERC silicon solar cells with front and rear efficiencies 22.27% (Voc~0.676 V, Isc~9.96 A, FF~80.13) and
15.39% (Voc~0.663 V, Isc~6.98 A, FF~80.53), respectively, were achieved successfully using selective
emitter laser doping technology in our work. Bifaciality of 69.11% is a preferable result for p-type
bifacial cell.
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