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Abstract

In this study, design and optimization of bifacial solar cell was done with PC-1D simulation program. The
influence of various parameters such as emitter doping, bulk doping, minority carrier lifetime, wafer thickness,
front and rear surface recombination and illumination from front and rear surfaces were investigated using PC1D
software simulation. The efficiencies obtained from this design were 16.42 % and 14.18 % for front and back
surfaces, respectively. The results from these simulation studies prove that it is possible to propose these design
parameters for bifacial solar cell fabrication. Our results also provide critical insight regarding fabrication of
bifacial solar cells on good or poor quality Si wafers. From this study, it was found that minority carrier lifetime
and wafer thickness are critical parameters to bifacial solar cell performance.
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1. Introduction

Bifacial solar cell is a symmetric solar cell configuration in which sunlight is harnessed from both front and rear
surfaces. Bifacial solar cells are attractive because they represent an elegant solution to enhanced output at lower
material costs. There are several advantages of the bifacial solar cell configuration including lower temperature
coefficient, capability to process thinner wafers, and ease of packaging both n and p type wafers in the same
module. In some application environments, bifacial solar cell has an advantage since it works well in vertical
configuration. This is, in contrast, with monofacial solar cells, which are often used at fixed angles. Therefore,
bifacial solar cell can be implemented as structural component, i.e., fence or wall in building integrated
photovoltaic systems. Similarly, bifacial solar cell panels can be mounted easily over carports, canopies, and
other types of coverings.

The amount of power produced from the rear side of a bifacial solar cell is a function of the amount of sunlight
incident on it. Thus, reflector or mirror should be appropriately placed on the backside of a bifacial solar module.
The sunlight directed into the rear surface can potentially provide an additional light source to generate current
almost identical to that of the front surface.

There are countless numbers of fabrication in bifacial solar cell. A few works has been reported modeling of
bifacial solar cells using Matlab Simulink and PC1D. Mbodji et al. 2006 presented a theorical study of bifacial
solar cell (n"pp") under constant magnetic field and under constant illumination using Matlab Simulink. The
effect of the magnetic field on both photocurrent and photovoltage has been described for each illumination
mode.

Fateha et al., 2001 investigated a bifacial solar structure in order to achieve maximum output power. Their
design featured a symmetrical structure consisting of two sub-cells on the front and rear surfaces using Matlab
Simulink. They optimized the thickness of each sub-cell and varied back illumination ratios. They observed
that the optimum thickness decreases with increase of rear surface illumination ratio based on the electrical
mismatch between the two sub-cells.

Mihailetchi et al., 2007 reported on n-type silicon solar cell with Al back junction using PC1D software. They
focused on n'np” configuration and varied the surface recombination velocity in order to enhance the front side
performance. Higher efficiency, namely 17.5% was demonstrated after material optimization, higher wafer
resistivity and increased lifetime. Using PC1D simulation software, You Lee 2004 observed that following boron
diffusion, diffusion length was degraded. He was assumed that this was attributed to the impurities or
contamination from the boron dopants diffused into the bulk of silicon material during high temperature thermal
process.

In this study, a detailed description of bifacial solar cell based on PC1D simulations has been carried out. The
structure of npp’ was selected for all simulations. This choice was made due to the excellent results obtained
from this structure. This structure is the simplest structure, most widely used method, is highly accurate and can
be adapted for all types of solar cells. PC1D has been chosen as a simulation tool for this research regarding its
user-friendly system. PC1D is the most common and perhaps simplest simulation software. The process
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parameters can be adjusted by choosing the appropriate layers or contacts in the schematic diagram of the device.
PCI1D is usually used for solving the one-dimensional semiconductor equations based on Shockley—Read Hall
recombination statistics (Shui-Yang et al. 2009). Based on these considerations, PC1D was chosen to describe
bifacial solar cell in this study.

2. Simulation by PC1D

Computer-based simulations play a critical role in the design, development, and functionality of solar cells.
Device modeling techniques substantially reduce the time and costs through optimization of process steps,
choice of materials, and wafers. In this study, solar cell devices have been modeled using actual physical device
configurations. This paper focuses on optimization of npp” configuration bifacial solar cells by employing
PCI1D simulations. Fig.1 schematically describes the bifacial solar cell configuration and identifies the process
parameters impacting the performance of the device.

In accordance with Fig.1, critical process parameters investigated include emitter doping, bulk doping, minority
carrier lifetime, wafer thickness, back surface doping, front and rear surface recombination and illumination from
front and rear surfaces. These studies lead to a deeper understanding of the solar cell parameters impacting its
performance. The optimized process parameters can then be the starting point in solar cell fabrication process.
Using PCID software, a working model of the bifacial solar cell was developed in order to investigate the
influence of process parameters identified above. Table 1 summarizes the process parameters in basic working
model. The constant parameters in this simulation were base resistance, internal conductor and light intensity that
were set at 0.0015Q, 0.3 S and 0.1 W/cm?, respectively. The spectrum that used in this model was AM1.5 G.
During the simulations, all the parameters were adopted as the default values except for the specific declared
ones.

3. Results and Discussions

In this study detailed simulation studies of I-V characterization of bifacial solar cells have been carried out in
order to get more insight into the factors determining the bifacial solar cell performance. The most critical part in
this cell structure is the preparation and optimization of the emitter and back surface field (BSF) layer. In order
to develop a deeper understanding of the physics of this device we carefully analyzed emitter, bulk and BSF
layer and studied the variation of the cell parameters. The attention has been focused on the role of the minority
carrier lifetime for the device performance.

3.1 Optimization of Emitter Doping Level

Diffusion to form p-n junction is perhaps the most critical step in solar cell fabrication. Based on experimental
process parameters such as temperature, time, gas flow rate, configuration, doping level can vary over a wide
range. Therefore, it is important to understand its influence on efficiency. For PC1D simulations, the emitter
doping level was varied from 2.87E17 to 2.87E21 cm™; these values are well within experimentally observed
values.The wafer p-type doping level has been kept constant at 1.513E16 cm™ for all simulations. The
performance variation as a function of emitter doping level have been shown in Fig.2.

From the figure, it can be seen the similar trends of the curve for open circuit voltage (V,.), fill factor (FF) and
efficiency. The curve are gradually increased from the emitter level of 2.87E17 to 2.87E20 cm™ and decrease at
the heavily doped emitter, namely 2.87E21 cm™. Meanwhile, the different has been seen in the current density
(Jse) curve. For a front side, the J, values are constant until the doping level of 2.87E20 cm'3, then at highest
emitter doping level, the J are rapidly decrease. However, the J;. values for backside are constant for all emitter
doping level.

The highest efficiency is observed for the emitter doping of 2.87E20 cm™. The efficiency for the front side
increases with the increasing emitter concentration. The front side efficiency values were 14.55 %, 15.44%,
16.22 %, and 16.37 % as the doping level increases from of 2.87E17 to 2.87E20 cm™. However, at the doping
level of 2.87E21 cm™, the efficiency starts to decrease presumably due to recombination in the heavily-doped
emitter layer. Similar trend is observed for the rear side. The emitter doping level strongly influences the V.,
with relatively little impact on I.

These performances can be explained by sheet resistance values. The sheet resistance of the emitter is an
essential process control parameter. The relationship between sheet resistance and junction depth has been
summarized in Table 2. For lightly doped emitters, large sheet resistances lead to high series resistance and poor
fill factors. Additionally, the heavily doped emitter is considered as a dead layer with very high carrier
recombination. The heavy diffusion limits the V. in solar cell performance (Cueves 2005). Therefore, cell
efficiency is poor for both low and high emitter doping levels.
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According to Markvart 2005, high doping narrows the bandgap. As doping level exceeds around 1E19 cm™, the
effective bandgap of silicon is reduced. This results in an increase in intrinsic carrier concentration, n; as well as
the current density. Therefore, increasing doping to increase V,. becomes counter-productive after a certain limit
is reached. It is also important to note that, the representative values of emitter-saturation current density, J,, for
industrial n" region and p” diffusions are 8 x 10" Acm™ and 5 x 10™"° Acm™ respectively. The J,, value from our
simulations for an emitter concentration at 2.87E20 cm™ and p-type wafer of 1.513E15 cm™ are 3.47 x 107"
Acm™ and 5.627 x 10" Acm™ respectively. These values are similar to the industrial standard. From the
simulations, it is apparent that the sheet resistance value for the highest efficiency bifacial solar cell is 50 ohm/sq
for the emitter concentration of 2.87E20 cm™. This value is in good agreement with high efficiency solar cells
reported in journals (Markvart 2005).

3.2 Optimization of Bulk Doping Level

The Si wafer doping level also plays a critical role in cell performance. The wafer doping concentration
influences the emitter and BSF doping level for junction formation. For simulations reported here, the emitter
and BSF concentrations were kept constant at 2.87E20 cm™ and 1E20 cm™ respectively while the bulk doping
level was varied from 1.513E15 to 1.513E20 cm™. Fig.3 plots the efficiency as a function bulk doping.

From Fig.3, it is observed that efficiency increases slowly to a maximum value at a concentration of 1.5E15 cm™,
and then decreases rapidly at the bulk concentration of 1.51E18 ¢cm™ for the front side. For the rear surface,
efficiency variation is relatively invariant up to bulk concentration of 1.51E16 cm™ after which decreases rapidly;
the highest efficiency is achieved at the bulk doping of 1.513E15 c¢m™. Higher doping concentrations lead to
higher carrier recombination or reduced minority carrier lifetime. According to Goetzberger et al., 1998, for
doping less than 10" ¢cm™, typical for most Si devices, radiative recombination plays virtually no role, and
carrier lifetime is determined by the impurity level. While for a doping level greater than 10'® cm™, the Auger
recombination become dominant. Since Auger process is assigned as lifetime, the relationship obtained
empirically by Kendall (Goetzberger et al. 1998) is frequently used at the moment, accordingly, to which the
lifetime in this range is calculated as;

T= T (Eq. D
1+ _Np_
7E15

In this equation the carrier lifetime 1, in pure, undoped silicon was assumed to be 400 ps. Therefore, it is clear
that the higher the doping concentration, the recombination is more probable.

The bulk concentration significantly influences the emitter and BSF doping profiles. Table 3 summarizes the
change in junction depth of emitter and BSF as a function of bulk doping level. The highest junction depth for
emitter and BSF is observed at the lowest doping level of Si wafer. Cueves 2005 proposed that the resistivity and
subsequently bulk doping concentration is a critical factor in the optimization of the fabrication process as well
as the interpretation of solar cell performance, since both the V. and the I, exhibit strong dependence on it. The
lifetime and the diffusion length are also correlated to the resistivity of the substrate, with lower bulk resistivity
wafers usually characterized with lower lifetime. Therefore, performance loss at higher bulk concentrations is
largely due to significant reduction in minority carrier lifetime.

Typical value of resistivity for p-type Si wafer used in industrial manufacturing is 0.5-3 ohm-cm. From the
simulated value of resistivity, it can be determined that for the bulk Si with a doping level of 1.513E15 and
1.513E16 cm™, resistivity falls in this range. The good resistivity value for a Si wafer with a doping level of
1.513E15 and 1.513E16 cm™ varies from 0.1 ohm-cm and 1.0 ohm-cm, respectively.

Therefore, in accordance with simulations described above, it can be argued that the Si wafer with a doping
concentration of 10" to 10'® cm™ should be used in the fabrication of bifacial solar cell.

3.3 Optimization of Back Surface Field (BSF) Doping Level

BSF is one of the most important regions in a bifacial solar cell. The BSF doping level was varied from 10'° to
10%° cm™ while keeping the emitter doping level at 2.87E20 cm™ and bulk concentration at 1.513E15 cm™. Fig.4
plots J., V. and efficiency as a function of BSF doping level for front and back surface. It is observed that key
solar cell parameters increase rapidly as doping level is increased to 1.5E20 cm™; at higher doping
concentrations, performance decreases rapidly.

From Fig. 4, it is observed that J, and efficiency show the similar response for the rear surface of bifacial solar
cell. Both J and efficiency increase until the doping level of 10" ¢cm™ is reached, and then rapidly decrease at
the doping levels of 10*° and 10*' cm™. The highest V. is observed at the BSF doping level of 10" ¢cm™ and
exhibits only a slight decrease at the doping level of 10*” cm™. It is interesting to see that the V. value for front
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an(ligrear3surface of bifacial solar cell is almost identical at 0.6296 and 0.6284 V respectively at doping level of
10”7 cm™.

Table 4 summarizes the junction depth and sheet resistance as a function of BSF doping. BSF with a doping of
10" and 10*° cm™ exhibits a practical value of sheet resistances of 107.8 ohm/sq and 19.96 ohm/sq respectively.
Higher sheet resistance leads to larger contact resistance which will reduce cell V.. High resistivity makes the
solar cell more independent of the quality of the surfaces (Cueves 2005). The thickness of the BSF or p layer is
an essential parameter to achieve an optimized pp' interface with low surface recombination velocity
(Szlufcik et al. 2005). The difference in thickness between a shallow and highly doped BSF is approximately 2
pum.

Variation of bifacial solar cell efficiency as a function of Si wafer thickness and minority carrier lifetime at
shallow (10'® cm™) and heavily-doped (10*° cm™) BSF layer has been carried out in order to determine lower and
upper performance limits. Fig. 5 and 6 summarize key solar cell parameters at low (10 ps) and high (1000 ps)
lifetime for shallow and highly doped BSF.

From Fig. 5, it is observed that front side efficiency increased while backside efficiency decreases with
increasing thickness. High lifetime wafers exhibit superior performance than low lifetime. For thin wafers, the
performance of low lifetime and high lifetime solar cell is comparable. As the thickness increases, the efficiency
gap between high and low lifetimes becomes significant. From these simulations, it can be argued that, for a
shallow-doped BSF, thinner wafer is required in order to achieve comparable performance from front and rear
surfaces of the bifacial solar cell independent of its lifetime value.

Fig.6 plots efficiency of low and high lifetime wafers as a function of thickness for heavily-doped BSF for (a)
front and (b) back surface. From the plotted results, it is noted that for a low lifetime Si wafer, the performance
of the rear surface is poor. This is in contrast with the high lifetime wafer, where the rear surface performance is
comparable to a low lifetime wafer for a front side at the thickness of 100 pm and 150 pm.

For both shallow and heavily doped BSF, it is noted that the heavily doped BSF exhibits superior performance
in comparison with shallow-doped BSF for both low and high lifetime Si wafers. It can be summarized that
either heavy or shallow doped BSF, comparable performance can be achieved for thin and high lifetime Si
wafers.

3.4 Influence of Surface Recombination Velocity

Recombination of electrons and holes also occurs at the solar cell surfaces. The speed at which electron-hole
pairs recombine at the surface is called the surface recombination velocity, S. Firstly, the performance variation
with respect to front surface recombination velocity, S is carried out. The back surface recombination velocity,
Sy is kept constant at 10*, while S; is varied at 10* to 10° cm/s. For convenience, this variation is carried out at a
high minority carrier lifetime Si wafer, namely 1000 ps.

Fig.7 plots the simulated efficiency versus S¢ for four thicknesses of the bifacial solar cell. Since the performance
of 10% and 10° cm/s of S was observed to be identical, the plotted data only exhibits the performance from S; at
10° to 10° cm/s. As expected, efficiency is reduced as S; is increases. Both front and rear surfaces exhibit similar
response. The highest efficiency achieved by front and back surfaces of bifacial solar cell are 16.84% and
14.32% respectively. From the simulated response in Fig.7, can be argued that, at the high minority carrier
lifetime, the S; must be in a range of 10° and 10* cm/s. Highest value of S; make the recombination faster,
therefore the high S;shows the lower efficiency. In comparison, the performance as a function of S, is
different. Back surface recombination velocity is varied from 10 to 10° cm/s while S; is constant at 10°. Fig.8
plots the calculated efficiency versus S, for four thicknesses of the bifacial solar cell. It is clearly observed that
the rear surface contact is significantly impacted with the change in S, while the front surface efficiency exhibits
little efficiency of 15.5 % to 16.45 %. The thinner the solar cell, the stronger is this effect.

This simulation indicates that in order to achieve high efficiency bifacial solar cell, the S, should be in 10* to 10°
cm/s range. These results also suggest that superior surface passivation layers should be deposited to improve the
performance from the rear surface. This is by virtue of reduction in the recombination of electron and holes at the
surface.

4. Conclusion

All the process parameters that potentially influence the bifacial solar cell performance have been investigated, It
was observed that the best doping for emitter, bulk and BSF were 2.87E20 ¢cm™, 1.513E15 c¢m™ and 1E20
cmrespectively. For the minority carrier lifetime, even though the 10,000 us exhibits the highest performance,
for most of the studies for this parameter, focus was on 10-1000 ps, which were closer to the practical values.
The optimum wafer thickness for high efficiency bifacial solar cells was determined to be in ~ 150-200 pm
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thickness range. The best combinations of front and rear surface recombination velocity were 10° and 10* cn/s,
respectively.

From these simulation results, the assumptions on what type of Si wafer to be used, the best concentration for
each layer, and the choice of materials to be used were determined. In a fabrication process, for the case of
emitter concentration, BSF doping level, reflectivity, temperature and wafer thickness, these parameters can be
adjusted in accordance with modeled values. In a real case, the thinning process can be done to thin down the
thick Si wafer. In order to adjust process parameters relating to concentration, layer thickness, sheet resistance
value, resistivity and junction depth; experimental conditions including furnace temperature, gas flow rate, gas
ratios, and combination of chemical and deposition times are optimized. However, it is critically important to
note that the minority carrier lifetime cannot be controlled since it depends on the wafer used for fabrication.
Therefore, further research on fabrication of bifacial solar cell and comparison of experimental and simulation
results will be carried out in the future.
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Table 1.

Process parameter for the bifacial solar cell model

Process Parameter

Value and unit

Device area 100 cm?

Front surface texture depth 3 um/ 54.74°
Rear surface texture depth 3 um/ 54.74°
Front / Rear surface coating SiN - 70 nm
Internal / external optical reflectance 10%

Base contact 0.015Q
Internal conductor 03S
Thickness 200 um
Material Silicon (Si)
Carrier mobilities for electron and holes (ne /1450 cm?*/Vs
Mn) 413 cm’/Vs
Dielectric constant 11.9

Band gap 1.124 eV
Intrinsic conc. At 300K 1E10 cm™
Absorption coefficient Silicon

Free carrier absorption enabled Yes

P-type background doping 1.513E15 cm®
1* front diffusion: n type 2.87E20 cm”
2" front diffusion -

1™ rear diffusion: p type 1E20 cm™
Bulk recombination 1000 ps

Front surface recombination 1ES cm/s
Rear surface recombination 1E4 cm/s
Temperature 25°C

Base circuit -0.8t0 0.8V
Collector circuit Zero

Light source Front/Rear
Constant intensity 0.1 W/em®
Spectrum AM 1.5G
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Table 2. Junction depth and sheet resistance variation with emitter doping
Junction depth Sheet resistance
Emitter doping (cm™) (um) (ohm /sq)
2.87E+17 0.2069 5611
2.87E+18 0.2571 1340
2.87E+19 0.2999 313
2.87E+20 0.3378 50
2.87E+21 0.3721 5.83
Table 3. Junction depth and resistivity variation with bulk doping
Bulk doping (cm™) Junction depth (um) p (ohm-cm)
Emitter BSF
1.51E+13 0.4037 3.71 879.2
1.51E+14 0.3721 3.401 88.41
1.51E+15 0.3378 3.06 9.058
1.51E+16 0.2999 2.679 0.9997
1.51E+17 0.2571 2.243 0.1392
1.51E+18 0.2069 1.718 0.02803
1.51E+19 0.1437 1.015 0.006019
1.51E+20 0.0469 - 0.0009184
Table 4. Junction depth and sheet resistance variation with BSF doping
BSF doping (em™) Junction depth (um) Sheet resistance (ohm/sq)
1E16 1.015 27730
1E17 1.718 3096
1E18 2.243 509.1
1E19 2.679 107.8
1E20 3.06 19.96
1.5E20 3.122 14.31
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