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Abstract 

Bifacial n-type TOPCon and p-type PERC solar cells represent a market share of 90%. The reduction of 
production costs is a goal of the industry, and a way to address this challenge is to develop a manufacturing 
process with a reduced number of steps. Considering these facts, the aim of this study is to compare and analyse 
the bifaciality coefficients of p-type and n-type bifacial solar cells developed with the diffusion of boron and 
phosphorus in a single thermal step. The co-diffusion of dopants was performed according to the patent 
application BR1020180085760. The sheet resistance (Rsh) and I-V characteristics of p-type and n-type bifacial 
solar cells produced with boron diffusion temperatures ranging from 940 - 970 °C were measured to determine 
the bifaciality coefficients. For both types of substrates, the Rsh of the emitters was higher than the Rsh of the 
back surface field, and the phosphorus-doped layer was affected by the boron diffusion temperature. The short-
circuit current density (Jsc) of p-type bifacial solar cells with incident irradiance on the boron-BSF was low. 
Consequently, the Jsc and the maximum power output bifaciality coefficients of the p-type devices were 
approximately 0.6, lower than those of the n-type solar cells, which were close to 1.0. The results demonstrated 
that the bifaciality coefficients of commercial n-type TOPCon solar cells have the potential to be improved 
from 0.8 to approximately 1.0. 
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1. Introduction 
The first bifacial solar cell with a p+np+ structure was reported in the 1960s (Cuevas, 2005). In the 1970s, 
bifacial solar cells with a conversion efficiency of 17.2% were reported (Arndt et al., 1975). Two decades 
passed to achieve efficiencies of 18.1% and 19.1% (Moehlecke et al., 1994) in the p+nn+ configuration and 
incident irradiance on the boron-doped emitter and phosphorus-doped back surface field (BSF), respectively. 
This solar cell was passivated with a silicon oxide layer thermally grown on both faces. Three years later, in 
1997, with this configuration and floating junction concept to reduce recombination, Glunz et al. (1997) 
reported efficiencies of 20.6% and 20.2% under emitter and BSF illumination, respectively. 

The passivated emitter and rear solar cell (PERC) was reported in 1989, with an efficiency of 21.8%, and was 
the dominant commercial technology in the last decade (Green, 2015). This solar cell technology represented 
35% of the market share in 2024 (VDMA, 2025). The main features of the PERC configuration are the 
reduction of minority charge carrier recombination and the increase of internal reflectance at the rear side. 
PERC solar cells are manufactured in p-type monocrystalline silicon wafers with passivation layers of AlOx 
and SiNx (Wei et al., 2024). Currently, tunnel oxide passivated contact solar cells (TOPCon) are the dominant 
technology, accounting for 55% of the market share (VDMA, 2025). TOPCon solar cells manufactured in n-
type monocrystalline silicon wafers have high-quality passivation on the rear side, which includes ultrathin 
tunnel silicon oxide and phosphorous-doped polycrystalline silicon layers (Kafle et al., 2021; Ullah et al., 
2023). The efficiency of mass production PERC solar cells is approximately 23–24% (VDMA, 2025; Wang et 
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al., 2024; Huang et al., 2024; Yuan et al., 2025). This efficiency is lower than that of TOPCon devices, which 
is 25–26% (VDMA, 2025; Wang et al., 2024; Linke et al., 2025; Wang et al., 2025). Both solar cell structures 
enable the manufacturing of bifacial devices. Currently, bifacial solar cells are the standard technology, with 
a market share of approximately 90% (VDMA, 2025). 

The passivated emitter and rear totally diffused (PERT) solar cell is one of the configurations of the PERC 
family. Bifacial PERT solar cells can be developed in p-type or n-type crystalline silicon wafers with n+pp+ or 
p+nn+ structures. As in TOPCon devices, phosphorus diffusion into one side of a silicon wafer and boron 
diffusion into the other side are required to form the emitter and the back surface field. 

The n-type substrate presents several advantages. The minority carrier lifetime in n-type silicon wafers is 
higher than in p-type substrates (Sugiura et al., 2021). Metallic impurities are more effective in capturing 
electrons than holes because of their positive charge, leading to a lower minority carrier lifetime in p-type 
silicon than in n-type silicon (Macdonald et al., 2012). Therefore, n-type solar cells are less affected by metallic 
contaminants present in silicon substrate or introduced during processing. Additionally, the mobility of holes, 
which are minority carriers in n-type substrates, is lower than that of electrons, which are minority carriers in 
p-type silicon. In bifacial solar cells, the minority carrier diffusion length should be 2-3 times the thickness of 
the solar cell (Moehlecke et al., 1995; Jimeno et al., 2007) and should be higher in p-type solar cells than in n-
type devices (Moehlecke et al., 1995). 

Zhang et al. (2020) developed bifacial p-type PERC solar cells with efficiencies of 22% and 15% measured 
under incident irradiance on the emitter and rear sides, respectively. The selective emitter was laser doped, and 
an optimized silicon nitride layer was deposited on the rear side. Using a method based on the simultaneous 
formation of a phosphorus-doped emitter and a boron-doped BSF, Khelifati et al. (2020) obtained an efficiency 
of 12.8%, under incident irradiance on the emitter side and a bifaciality coefficient of 52.5%. In n-type 
substrates, Ingenito et al. (2023) reported an efficiency of 22.8% under incident irradiance on the emitter. The 
bifacial n-type solar cells were produced with a homogeneous boron emitter and phosphorus-doped polysilicon 
deposited by DC sputtering on thin silicon oxide. A high bifaciality coefficient of 94.3% was achieved in 
TOPCon solar cells, incorporating new concepts of processing and passivation layers of SiO2/poly-
Si/Al2O3/SiNx under silver electrodes and Al2O3/SiNx on the rear side (Feng et al., 2025). The simulation of 
rear emitter TOPCon solar cells revealed that the strategy to improve device performance is to reduce carrier 
recombination in the front surface field (FSF) and in the contact area. The optimized device by simulation 
demonstrated the potential of achieving a 26.62% efficiency under incident irradiance on the FSF (Zhou et al., 
2024). 

In the manufacturing process of solar cells, reducing the number of thermal steps to implement phosphorus 
diffusion into one side of the silicon wafer and boron diffusion into the other face is a way to decrease the 
production cost. Wei et al. (2017) developed bifacial n-type solar cells with boron and phosphorus co-diffusion. 
Boron paste was deposited via the spin-coating method, and the emitter and BSF were produced in one co-
diffusion process. The boron paste acted as a barrier to phosphorus diffusion. The efficiencies achieved under 
front and rear side illumination were 20.4% and 18.3%, respectively. Yin et al. (2020) developed n-type 
bifacial solar cells with the diffusion of boron and phosphorus in the same thermal step and with a laser-doped 
selective BSF. The emitter was formed by depositing a boron silicate glass layer using the atmospheric pressure 
chemical vapour deposition (APCVD) method. The efficiency achieved under incident irradiance on the 
selective phosphorus-doped region was 21.5%. 

In bifacial solar cells, passivation layers are essential for reducing the recombination of minority charge carriers 
at the surface and achieving high efficiency and bifaciality coefficients. Different materials can be deposited 
to form a passivation layer and/or antireflective coating. In current technology, silicon nitride, silicon oxide, 
aluminum oxide and titanium oxide are the typical materials employed (Muduli and Kale, 2023). However, 
the most effective method for passivating crystalline silicon wafers is the use of a thermally grown silicon 
oxide layer. Silicon oxide thin films are usually more effective at passivating phosphorus-doped surfaces than 
boron-doped surfaces (Glunz and Feldmann, 2018; Bhajipale et al., 2022). On the other hand, experimental 
results demonstrated that a 10 nm layer of thermally grown silicon oxide passivated both doped regions, the 
n+ emitter and the boron-BSF of p-type silicon solar cells (Zanesco and Moehlecke, 2015; Zanesco et al., 
2017). Double layers of SiO2/SiNx have also been investigated (Bhajipale et al., 2022). Ultrathin silicon oxide 
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layers have been developed for passivated contacts in TOPCon solar cells (Huang et al., 2020; Ullah et al., 
2023). 

Considering that bifacial solar cells represent approximately 90% of the market share and the advantages of a 
reduced number of thermal steps in solar cell processing, the aim of this study is to compare and analyse the 
bifaciality coefficients of p-type and n-type bifacial solar cells developed with the diffusion of boron and 
phosphorus in a single thermal step. The co-diffusion of dopants was performed according to the patent 
application BR1020180085760 (Zanesco and Moehlecke, 2018). This analysis enables a comparison of the 
potential to improve the bifaciality coefficients of n-type TOPCon and p-type PERC solar cells. 

 

2. Bifaciality coefficients 
The bifaciality coefficient affects the electrical energy produced by a bifacial photovoltaic module. This 
parameter is described in the IEC 60904-24 standard. Three bifaciality coefficients are defined: bifaciality 
coefficient of power output at the maximum power point (δPmp), short-circuit current (δIsc), and open-circuit 
voltage (δVoc). The short-circuit current and maximum power output bifaciality coefficients are typically 
reported in the literature. The bifaciality coefficient is the ratio of the electrical parameter measured under 
incident irradiance on the face with lower efficiency to the electrical parameter measured under irradiance on 
the side with higher efficiency. In Equations (1), (2) and (3), the bifaciality coefficients are represented. 

 

δPmp =  �
ηlower−η

ηhigher−η
� (eq. 1) 

 

δIsc =  �
Isclower−η

Ischigher−η
� (eq. 2) 

 

δVoc =  �
Voclower−η

Vochigher−η
� (eq. 3) 

 

Considering that the sum of Isc under standard test conditions with solar irradiance incident on each side 
independently and keeping the other side in the dark may differ from Isc under simultaneous front and rear 
illumination, in IEC 60904-24, two methods were defined to evaluate bifacial solar cells and photovoltaic 
modules. In one method, the I-V curve is measured under the irradiance of 1000 W/m² on the front face (higher 
efficiency) and the irradiance of 135 W/m² on the rear side (lower efficiency). In the second approach, the 
irradiance on the rear side is increased to 300 W/m². In commercial photovoltaic modules, the maximum power 
output bifaciality coefficient is close to 0.70 and 0.80 for PERC and TOPCon photovoltaic modules, 
respectively (VDMA, 2025). 

 

3. Materials and methods 
3.1. P-type and n-type bifacial solar cell processing 
Bifacial solar cells were produced in p-type and n-type Si-Cz wafers with thickness of 200 μm and resistivity 
ranging from 1 Ω.cm to 20 Ω.cm. The average minority carrier lifetime of p-type Si-Cz wafers was (33 ± 9) 
μs. This value was lower than the average minority carrier lifetime of n-type substrates, which was (79 ± 40) 
μs. Figure 1 shows the configuration of the bifacial n+pp+ and p+nn+ solar cells developed with a reduced 
number of thermal steps and silicon oxide passivation layers. 

Figure 2 compares the process sequences for manufacturing bifacial solar cells by using the co-diffusion of 
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boron and phosphorus with the baseline process using BBr3 and POCl3 as dopant sources. The boron diffusion 
into one side of the silicon wafers and phosphorus diffusion into the other side were carried out in a single 
thermal step according to the patent application BR1020180085760 (Zanesco and Moehlecke, 2018), avoiding 
three thermal steps and two chemical etching and cleaning steps. 

 
 (a)                                                                              (b) 

Figure 1: Configuration of the developed (a) p-type and (b) n-type bifacial solar cells with a silicon oxide layer for passivation. 

 
Figure 2: Comparison of the baseline process sequence with the diffusion of boron and phosphorus in a single thermal step to 

develop bifacial solar cells. 

The solar cell processing sequence involved several steps, including texture etching in a KOH solution, RCA 
cleaning, deposition of a boron-containing solution (PBF20, Filmtronics) via spin-coating, diffusion of boron 
and phosphorus in the same thermal step in a quartz tube furnace with POCl3 as the phosphorus source, 
borosilicate and phosphosilicate glass etching and RCA cleaning, growth of a silicon oxide layer for 
passivation and deposition of a TiO2 antireflective coating on both sides of silicon wafers, screen printing of 
Ag and Ag/Al pastes and firing, and laser edge isolation. 

Eight batches were produced. Silicon wafers were loaded into the quartz tube, and the temperature was raised 
to 940, 950, 960, or 970 °C for boron diffusion. In the same thermal step, the temperature was lowered to 845 
°C to perform phosphorus diffusion using POCl3 as the source (Wehr et al., 2019). Borosilicate glass and 
silicon oxide grown during boron diffusion formed a phosphorus diffusion barrier on the boron-doped side. 
After boron and phosphorus diffusion, borosilicate and phosphosilicate glass layers were removed in 
hydrofluoric acid. In the sequence, a thermal process at 800 °C was carried out to grow a silicon oxide layer 
on both sides for passivation (Glunz et al., 2018; Zanesco et al., 2017). 
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3.2. Characterization methods 
The sheet resistance in a sample of each batch was measured in thirteen regions to analyse the boron-doped 
and phosphorus-doped layers as a function of the boron diffusion temperature. All bifacial solar cells were 
characterized by measuring the electric current as a function of voltage under standard test conditions (I-V 
curve) in a solar simulator class AAA. The I-V curve was measured under incident irradiance on one side with 
the other face kept in the dark to calculate and compare the bifaciality coefficients of p-type and n-type bifacial 
solar cells. 

From the I-V curve, the short-circuit electric current density (Jsc), open-circuit voltage (Voc), and efficiency (η) 
were obtained to determine the bifaciality coefficients, which were defined in the IEC 60904-24 standard. The 
bifaciality coefficients are analysed as a function of the sheet resistance of the boron-doped region. The 
maximum power output bifaciality coefficient (δPmp) was obtained from Equation (1), and with Equations (2) 
and (3), the short-circuit electrical current and open-circuit voltage bifaciality coefficients were calculated. 

 

4. Results and Discussion 
4.1. Analysis of the sheet resistance of the boron-doped and phosphorus-doped layers 
Figure 3 shows the average sheet resistance (Rsh) of the boron-doped and phosphorus-doped layers as a 
function of the boron diffusion temperature (TB). As expected, the sheet resistance of the boron-doped emitter 
in n-type wafers and the boron-BSF in p-type substrates decreased with increasing boron diffusion temperature. 
This result indicated that the barrier layer for phosphorus diffusion formed in the boron-doped region was 
effective. However, the sheet resistance of the phosphorus-doped emitter and BSF increased as TB increased, 
despite the phosphorus diffusion being performed at 845 °C in all processes. This effect is a consequence of a 
silicon oxide layer growing during boron diffusion on the side of the Si wafer where phosphorus diffuses in 
the next step, which becomes thicker with increasing TB and acts as a barrier for phosphorus diffusion. 
Consequently, the sheet resistance of the phosphorus-doped emitter and BSF increased with increasing boron 
diffusion temperature. 

      
 (a)                                                                 (b) 

Figure 3: Sheet resistance of the (a) boron-BSF and phosphorus-doped emitter produced in the p-type Si-Cz substrate and (b) 
boron-doped emitter and phosphorus-BSF formed in n-type Si-Cz wafers with a reduced number of thermal steps as a 

function of the boron diffusion temperature. 

A comparison of the results presented in Figure 4 demonstrated that for both the substrates and the dopants, 
the sheet resistance of the emitter was higher than that of the BSF. This is a condition for producing bifacial 
solar cells with good performance. As Table 1 shows, in the range of boron diffusion temperatures from 940 
to 970 °C, the sheet resistance of the boron-doped emitter decreased from (112 ± 6) to (79 ± 3) Ω/sq, whereas 
the sheet resistance of the boron-BSF ranged from (68 ± 3) to (45 ± 3) Ω/sq. The sheet resistance of the 
phosphorus-doped emitter layer increased from (65 ± 3) to (87 ± 5) Ω/sq. These values were higher than those 
measured in the phosphorus-BSF, which ranged from (51 ± 2) to (66 ± 2) Ω/sq. The results confirmed that the 
Rsh of the phosphorus-doped layer was affected by the boron diffusion temperature. The sheet resistance of n+ 
regions increased by approximately 29% and 34% in the n-type and p-type samples, respectively, as the TB 
increased from 940 to 970 °C. 
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 (a)                                                                 (b) 

Figure 4: Comparison of the sheet resistance of the (a) boron-doped emitter (n-type Si-Cz) with boron BSF (p-type Si-Cz) and 
(b) phosphorus-doped emitter (p-type Si-Cz) with phosphorus-BSF (n-type Si-Cz) as a function of the boron diffusion 

temperature. 

Table 1: Average sheet resistance of the boron-doped and phosphorus-doped layers as a function of the boron diffusion 
temperature (TB) produced in p-type and n-type Si-Cz substrates. Boron and phosphorus diffusions performed in a single 

thermal step. 

 P-type Si-Cz N-type Si-Cz 

TB (°C) Rsq-BSF (Ω/sq) 
(boron) 

Rsq-Emitter (Ω/sq) 
(phosphorus) 

Rsq-Emitter (Ω/sq) 
(boron) 

Rsq-BSF (Ω/sq) 

(phosphorus) 
940 68 ± 3 65 ± 3 112 ± 6 51 ± 2 
950 58 ± 2 67 ± 6 95 ± 4 53 ± 3 
960 48 ± 1 74 ± 5 82 ± 6 54 ± 3 
970 45 ± 3 87 ± 5 79 ± 3 66 ± 2 

 

4.2. Comparison of the bifaciality coefficients of p-type bifacial solar cells 
Figure 5 shows the J-V curves of the developed p-type bifacial solar cells under incident irradiance on the 
phosphorus-doped emitter and boron-BSF. The short-circuit current density under boron-BSF illumination was 
lower than the value obtained under incident irradiance on the emitter because the higher minority carrier 
recombination in the p+ BSF than in the n+ emitter. Additionally, in bifacial solar cells, the minority carrier 
diffusion length should exceed twice the thickness of the solar cell (Moehlecke et al., 1995; Jimeno et al., 
2007). The sample processed with a TB of 960 °C probably has a low minority carrier lifetime and, 
consequently, a low minority carrier diffusion length. 

Figure 5 shows that the boron diffusion temperature slightly affects the open-circuit voltage and fill factor. 
Consequently, the conversion efficiency and power output at the maximum power point under incident 
irradiance on the boron-BSF were affected mainly by the short-circuit current density. The efficiencies 
obtained under incident irradiance on the emitter and BSF were 16.3% and 10.2%, respectively, in p-type 
bifacial solar cells processed with a boron diffusion temperature of 950 °C. 

      
 (a)                                                                 (b) 
Figure 5: J-V curves of the developed p-type bifacial solar cells under incident irradiance on the (a) phosphorus-doped emitter 

and (b) boron-BSF produced with boron and phosphorus diffusion in a single thermal step and at different boron diffusion 
temperatures. 
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The bifaciality coefficients are presented in Figure 6. Owing to the low short-circuit current density under BSF 
illumination, the Jsc bifaciality coefficient of the p-type solar cells was approximately 0.6 and slightly improved 
with increasing boron diffusion temperature. This result is similar to the maximum power output bifaciality 
coefficient reported for p-type solar cells (VDMA, 2025; Crestani et al., 2025). The open-circuit voltage 
bifaciality coefficient was close to 1.0 and independent of the boron diffusion temperature. Consequently, the 
maximum power output bifaciality coefficient was affected by δIsc. 

 
Figure 6: Bifaciality coefficients of short-circuit current density (δJsc), open-circuit voltage (δVoc) and maximum power output 

(δPmp) obtained in p-type bifacial solar cells produced with a reduced number of thermal steps as a function of the sheet 
resistance of the boron-BSF. 

4.3. Comparison of the bifaciality coefficients of n-type bifacial solar cells 
The J-V curves of bifacial n-type solar cells under incident irradiance on the boron-doped emitter and 
phosphorus-BSF are shown in Figure 7 (a) and (b), respectively. The J-V curves are similar, indicating that the 
electrical parameters are slightly affected by the incident irradiance on the emitter or BSF. The efficiency 
obtained under incident irradiance on the boron-doped emitter was 15.3%, which was slightly lower than the 
efficiency of 15.5% obtained under phosphorus-BSF illumination. This result can be explained by the lower 
minority carrier recombination in the phosphorus-doped region and surface. Moreover, the silicon oxide 
passivation layer is more effective on phosphorus-doped surfaces than on boron-doped regions, leading to 
lower minority carrier recombination. The solar cell with higher efficiencies was processed with a boron 
diffusion temperature of 960 ºC. 

      
 (a)  (b) 

Figure 7: J-V curves of the developed bifacial n-type solar cells under incident irradiance on the (a) boron-doped emitter and 
(b) phosphorus-BSF produced with boron and phosphorus diffusion in a single thermal step and at different boron diffusion 

temperatures. 

Figure 8 presents the bifaciality coefficients of the n-type bifacial solar cells. The three bifaciality coefficients 
were close to 1.0. For this type of silicon substrate, the maximum power output bifaciality coefficient tended 
to decrease with increasing boron diffusion temperature. Nevertheless, the short-circuit current bifaciality 
coefficient slightly increased. As the open-circuit voltage bifaciality coefficient remained close to 1.0, δPmp 
was affected by the fill factor, which decreased with increasing sheet resistance of the boron-doped emitter 
because of the augment in contact resistance. 
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Figure 8: Bifaciality coefficients of short-circuit current density (δJsc), open-circuit voltage (δVoc) and maximum power output 

(δPmp) obtained in n-type bifacial solar cells produced with a reduced number of thermal steps as a function of the sheet 
resistance of the boron-doped emitter. 

4.4. Comparison of the bifaciality coefficients of p-type and n-type bifacial solar cells 
A comparison of Figure 7 (a) with Figure 7 (b) reveals that the short-circuit current density measured under 
emitter or BSF illumination was similar in solar cells produced in the n-type substrate. However, in p-type 
bifacial devices, the short-circuit current density under incident irradiance on the boron-BSF was 37% lower 
than the Jsc under emitter illumination. The efficiency under incident irradiance on the emitter was higher in p-
type solar cells than in n-type bifacial devices. On the other hand, the efficiency of n-type solar cells under 
phosphorus-BSF illumination was higher than the value obtained under emitter illumination and was 52% 
(relative) greater than the efficiency measured in p-type solar cells under incident irradiance on the boron-BSF. 

Figure 9 compares the bifaciality coefficients as a function of the sheet resistance of the boron-doped layer. 
The bifaciality coefficients of the n-type solar cells were close to 1.0. Nevertheless, the Jsc bifaciality coefficient 
of the p-type devices was low, indicating higher minority carrier recombination in the pp+ region than in the 
nn+ layer.  

      
 (a)                                                                          (b) 

 
(c) 

Figure 9: Comparison of the bifaciality coefficients of (a) short-circuit current density (δJsc), (b) open-circuit voltage (δVoc) and 
(c) maximum power output (δPmp) obtained in p-type and n-type bifacial solar cells as a function of the sheet resistance of the 

boron-doped layer. 
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The δPmp obtained in p-type solar cells was 0.62–0.63, similar to the value of 0.7 reported for solar cells 
passivated with a silicon oxide layer (Crestani et al., 2025). For both substrate types, δIsc tended to increase 
with increasing sheet resistance of the boron-doped layer because of the lower minority carrier recombination 
in the doped region. The open-circuit voltage bifaciality coefficient was close to 1.0, and this parameter was 
slightly lower for p-type solar cells. For this substrate, δIsc affected the maximum power output bifaciality 
coefficient. A different behaviour was observed for the maximum power output bifaciality coefficient of the 
n-type solar cells, which tended to decrease with increasing sheet resistance of the boron-doped layer. 

In summary, the limiting factor of the short-circuit current density and maximum power output bifaciality 
coefficients of p-type bifacial PERC solar cells is the high carrier recombination in the boron-doped pp+ region 
and surface. However, the high bifaciality coefficients obtained in n-type solar cells demonstrated that 
commercial n-type TOPCon solar cells have the potential to achieve high bifaciality coefficients and that the 
δPmp can be improved from 0.8 to approximately 1.0. 

Another way to increase the bifaciality coefficient of silicon solar cells is to reduce the thickness of the silicon 
wafer to increase the ratio of the minority carrier diffusion length to the thickness. The resistivity of the silicon 
wafer also affects the bifaciality coefficients. Substrates with higher resistivity result in greater bifaciality 
coefficients. To obtain a δIsc of 0.9 with the n+pp+ structure, the resistivity of the crystalline silicon substrate 
must be greater than 20 Ω.cm, and the minority carrier lifetime must be higher than 200 µs (Moehlecke et al., 
1995). 

5. Conclusions 
The analysis of the sheet resistance of the boron-doped layer revealed higher values for the emitter in the n-
type substrate than for BSF in the p-type substrate. In the range of boron diffusion temperatures from 940 to 
970 °C, the sheet resistance of the boron-doped emitter in the n-type Si wafers decreased from (112 ± 6) to (79 
± 3) Ω/sq, whereas in the p-type substrate, the sheet resistance of the BSF ranged from (68 ± 3) to (45 ± 3) 
Ω/sq. The sheet resistance of the phosphorus-doped emitter was also higher than the value of phosphorus BSF, 
and Rsh was affected by the boron diffusion temperature. The sheet resistance of the phosphorus-doped layer 
increased by approximately 29% and 34% in the n-type and p-type samples, respectively, with increasing 
boron diffusion temperature. 

In p-type bifacial solar cells, the short-circuit current density under incident irradiance on the boron-BSF was 
37% lower than the Jsc under emitter illumination. Nevertheless, for n-type solar cells, the short-circuit current 
density was similar for both illumination modes. The boron diffusion temperature slightly affected the open-
circuit voltage and fill factor. Consequently, the conversion efficiency and power output at the maximum 
power point with irradiance on the boron-BSF were affected mainly by the short-circuit current density in p-
type bifacial solar cells. The efficiencies obtained under incident irradiance on the emitter were 16.3% and 
15.3% for p-type and n-type bifacial solar cells, respectively. Therefore, the diffusion of boron and phosphorus 
in a single thermal step successfully produced n-type and p-type bifacial solar cells with a reduced number of 
thermal steps. 

Owing to the low short-circuit current density under BSF illumination, the Jsc bifaciality coefficient of the p-
type devices was approximately 0.6 and slightly improved with increasing boron diffusion temperature. The 
open-circuit voltage bifaciality coefficient was close to 1.0, and consequently, the maximum power output 
bifaciality coefficient was affected by δIsc. Otherwise, the bifaciality coefficients of the n-type solar cells were 
close to 1.0. In this type of substrate, the maximum power output bifaciality coefficient tended to decrease 
with increasing boron diffusion temperature, and in p-type solar cells, this parameter increased with TB. 

The Jsc bifaciality coefficient of the p-type bifacial solar cells was lower than that of the n-type devices because 
of higher carrier recombination in the pp+ BSF than in the nn+ BSF. Therefore, carrier recombination in the 
boron BSF region and surface is the limiting factor of the short-circuit current density and maximum power 
output bifaciality coefficients of p-type bifacial PERC solar cells. On the other hand, the n-type TOPCon 
configuration has the potential to achieve high bifaciality coefficients, and these parameters may be improved 
from 0.8 to approximately 1.0 in commercial devices. 
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