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Bifacial photovoltaic (PV) modules make optimal use of diffuse and ground-reflected light. The gain in energy yield depends on both the local
climatic conditions and the PV system layout. These determine the additional irradiance on the rear of the PV panels. The rear response of the
(laminated) solar cell(s) determines how much additional energy this rear irradiance generates. Based on our experiments and simulations, the
main parameters that determine the bifaciality factor of solar cells with a front side junction are the rear metal coverage, the base resistivity and the
diffusion profile on the rear. These will be evaluated and discussed in this paper. Front-junction solar cells with low base resistivity have a lower
short circuit current when illuminated from the rear due to enhanced recombination in the BSF. Stencil printed rear metallization yields a higher
bifaciality factor compared to screen printed by reducing the metal coverage and consumption and maintaining the front side efficiency. For our
optimized 239 cm2 bifacial cell we estimate that the output with 20% contributed by the rear side is equivalent to that of a 24.4% efficient monofacial
cell. © 2017 The Japan Society of Applied Physics

1. Introduction

Bifacial solar cells with rear metal grid instead of a fully
metallized rear are already commercialized. Bifacial cells
produced by Yingli,1) Mission Solar, LG, and PVGS2) are of
the passivated emitter, rear totally diffused type (PERT).3–6)

The bifacial cells produced by Panasonic=Sanyo are based
on heterojunction technology.7) Other cell types such as
variations of the passivated emitter and rear cell (PERC)8,9)

and even back contact cell concepts can be bifacial.10–13)

When bifacial cells are mounted in a module with a reflecting
back sheet or with a reflecting material between the cells, a
high monofacial module efficiency is obtained.14) But with
a transparent rear, glass–transparent back sheet layout15) or,
glass–glass15–17) reflected and diffuse light as well as direct
light falling on the rear can add 20% or more to the energy
output depending on the location, albedo and orientation of
the module.18–20) As additional costs are small, application of
bifacial modules has the potential of a significant reduction
of the levelised cost of electricity.

The photovoltaic (PV) system layout and the local
irradiance conditions determine the amount of, mostly,
diffuse and ground-reflected light on the rear of bifacial
modules.21–23) The rear response of the (laminated) solar
cell(s) determines how much additional energy this rear
irradiance generates. Based on experiments and simulations,
some of the main parameters that determine the bifaciality
factor of solar cells, including base resistivity, metal coverage
and the back-surface field (BSF), will be discussed.

2. Experimental methods

The n-Pasha solar cells (Czochralski-silicon, Cz-Si, M0
wafers, 239 cm2) are manufactured with standard processes
on industrial tools as reported before.24,25) Random pyramid
texture is obtained with alkaline wafer etching. The diffused
emitter and BSF are processed using industrial tube furnaces
by Tempress.26) The emitter is made using BBr3 as precursor,
the BSF is made using POCl3 as precursor. The additional
lateral conductivity in the phosphorus doped BSF contributes
to a good fill factor (FF) despite the open rear side
metallization and increases the tolerance to high substrate
resistivities. SiNx layers for passivation and anti-reflective

(AR) coating are deposited on the front and on the rear side.
Screen or stencil printing27–29) can be used to apply the front
and rear side metallization grids. Both metallization grids
are fired in a single step in an IR-heated belt furnace. The
current–voltage (I–V ) measurements have been conducted
with a Class AAA solar simulator (Wacom) on a non-
conductive, low reflective (anodized) chuck according to the
IEC standard.30)

3. Results

For application in monofacial solar panels, the optical
properties of the BSF are not the most important factor.
Typically, the BSF is only optimized for passivation and
conduction properties. However, for bifacial application, the
optical behavior becomes more important. Figure 1 shows
the appearance of the rear side of n-Pasha solar cells with
uniform BSF (u-BSF) before and after optimization of the
homogeneity of the u-BSF. The solar cells with the more
homogeneous u-BSF show an improved rear side efficiency.

However, a higher front-side efficiency can be achieved by
a selective BSF (s-BSF). Solar cells with a s-BSF have been
manufactured by etch-back on wafers with resistivities in the
range 1.5 to 9Ω cm. Compared to the standard s-BSF solar
cells, the optimized s-BSF cells have a larger area that is
etched back. The short circuit current density Jsc and the
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Fig. 1. (Color online) Photographs of rear side of n-Pasha solar cells with
(left) standard uniform BSF and (right) optimized uniform BSF, by improved
co-diffusion.
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efficiency η are plotted in Figs. 2 and 3, respectively.
Increasing the etched-back area of the s-BSF has a positive
influence on both the front and the rear efficiency as can be
seen in Fig. 3. For a base resistivity of 5Ω cm, the front
efficiency improves by 0.2% absolute, the rear efficiency by
0.4%. This corresponds to a 2% relative increase in bifaciality
factor, i.e., the rear efficiency normalized to the front
efficiency. Figures 2 and 3 also shows that for low base
resistivity the difference between illuminating the front and
rear side of the solar cells increases strongly. In other words,
the bifacial factor becomes smaller at low base resistivity.

We have also simulated these solar cells under front and
rear illumination. The simulations were done with a
parameterization similar to the n-Pasha parameterization
described elsewhere, resulting in an efficiency of about
20.7%.31) We extracted the front and rear Jsc and front and
rear η as function of the base resistivity, the data is plotted as
lines in Figs. 2 and 3. The front and rear Jsc are in good
quantitative agreement with the measured data. Although the
same qualitative behavior is seen for the simulated and
measured efficiencies, the match is not so good due to
differences in simulated and observed fill factors. The
differences are caused by experimental group-to-group
variations of the external resistances, whilst the simulation

parameter for the external resistivity was kept constant. Also
pseudo FF effects, e.g., due to inhomogeneities, are not
corrected for. The relation between the ratio of front and
rear Jsc and the recombination properties of the two BSF
processes will be explained in the discussion.

In contrast, the Voc is hardly dependent on the base
resistivity and the illumination side. In our simulations,
assuming a bulk lifetime of 1ms, only a small increase,
<1mV, in Voc was observed below 3Ω cm compared with
high base resistivity for front side illumination (not shown).

The FF is lowest for material with a base resistivity of
10Ω cm. With decreasing base resistivity, the FF signifi-
cantly increases with 2 to 3% relative, especially for base
resistivities below 3Ω cm, both for front and rear illumination
(also not shown). The combined effects on Jsc, FF, and Voc

are that the front side efficiency slightly improves with
decreasing base resistivity whereas the rear side efficiency
decreases, dominated by effects on the Jsc. At 1Ω cm, the
difference in simulated total gain is 1.5% absolute (see
Fig. 3).

The final parameter that controls the bifaciality is the
metallization. The design of the rear side metal grid is a
competition between Ag consumption, area coverage and
resistive losses. Bifacial solar cells were manufactured on
wafers with base resistivity of 2.4, 4.8, and 9.0Ω cm. The
rear metal coverage was varied by changing the number and
width of the fingers on the screen design and also the printing
process parameters. In Fig. 4, the front and rear efficiency is
plotted as a function of the finger width. Clearly, for front
side illumination, there is no dependence of the efficiency on
the rear finger width. The front efficiency seems also not to
have a significant dependency on the base resistivity.

In contrast, the rear side efficiency does increase with
decreasing rear finger width. The lower shading by the
smaller finger width leads to a higher rear Jsc. For low
resistive wafers, the rear efficiency increase at the smallest
finger widths is less pronounced as the bifaciality is lower
(see Fig. 3).

Figure 5 shows the FF and the efficiency of the cells for
front side illumination as a function of the rear Ag paste
consumption for the different base resistivities. The effect of
the base resistivity (different colors in Fig. 5) on the front
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Fig. 2. (Color online) Front and rear short circuit density as a function of
base resistivity. Symbols represent experimental data for standard BSF
(closed blue) and optimized BSF (red, open). Solid red and dashed blue lines
indicate the modelling results, respectively for standard and optimized BSF.
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Fig. 3. (Color online) Front and rear efficiency as a function of base
resistivity. Symbols represent experimental data for standard BSF (closed
blue) and optimized BSF (red, open). Solid blue and dashed red lines indicate
the modelling results, respectively for optimized and standard BSF.
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Fig. 4. (Color online) Front and rear efficiency as a function of rear side
finger width for three wafer resistivities, as indicated in the legend. Symbols
represent experimental data, the lines indicate the average efficiency,
independent of base resistivity, with the dashed lines indicating the 95%
confidence intervals.
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side FF and front efficiency is more pronounced than the
effect of the rear Ag consumption (horizontal axis), at least
within the experimental ranges of this experiment. The trend
lines of the front side FF for solar cells on wafers with 2.4
and 4.8Ω cm show a small, hardly significant, decrease with
decreasing Ag consumption as the resistive losses increase at
lower Ag consumption. The solar cells on 9.0Ω cm wafers do
not show this increase in resistive losses, as the lateral
conductivity in the wafer is limiting the front side FF. Note
that the I–V curves were measured using a non-conductive
chuck.

The FF decrease with decreasing rear Ag consumption is
compensated by the positive trend in Jsc and Voc. A lower
Ag contact area contributes to a decrease in the contact
recombination losses, in turn improving the Jsc and Voc. The
resulting front efficiency does not change significantly with
decreasing rear Ag consumption. An average value of 20.5%
is found, for the three wafer resistivities, at a rear Ag
consumption of only 130mg. This value is in the same range
as the amount printed on the front side. As there is no
indication of a decrease in front efficiency with decreasing
Ag consumption, the optimum can be at even lower Ag
consumption without front side efficiency losses.

As the base resistivity has opposite effects on the efficiency
for front and rear illumination, we have calculated a weighted
bifacial efficiency, assuming a 1000W=m2 irradiation from
the front and 200W=m2 from the rear. In a first approx-
imation the bifacial efficiency ηbif is then calculated from the
front and rear efficiency as

�bif ¼ �front þ 0:2�rear: ð1Þ
Note that this definition does not account for the counter-
acting effects of increased Voc and for the higher resistive
losses that result from the higher total current. The resulting
bifacial power output is plotted in Fig. 6. No trend is
observed in the data, suggesting that within the range of solar
cells that were manufactured in this study, no dependency of
the bifacial power output on the base resistivity nor on the Ag

consumption can be resolved. The average bifacial power
of 5.83W for a 239 cm2 solar cell is equivalent to a 24.4%
monofacial solar cell at 1000W=m2 front side illumination.

4. Discussion

To understand the influence of the base resistivity of the
wafer on the bifaciality factor, first the implications of front
or rear irradiance on the charge carrier generation and the
recombination current is explained. Comparing front illumi-
nation with rear illumination for front-junction solar cells, the
main effect is that with rear illumination the minority charge
carriers have to travel through the bulk towards the junction
when a current is drawn from the cell. This increases the
excess concentration, Δn, near the illuminated side, the BSF.
The recombination current at the BSF is proportional to both
the donor concentration and the excess concentration. A
higher donor or a higher excess concentration will therefore
reduce the Jsc because they increase the recombination
current. This means that the recombination losses are larger
for rear illumination because Δn is larger. It also implies that,
as with decreasing base resistivity the donor concentration
increases, the Jsc for front and for rear illumination decreases
with decreasing base resistivity.

The results of Fig. 2 can be fully explained by this
description. First, for a given BSF process, an increase in the
rear Jsc is observed with increasing base resistivity, i.e.,
decreasing donor concentration. At lower donor concen-
tration, the description above stipulates that the BSF
recombination current decreases and thus the rear Jsc
increases, in line with the experimental observations. Second,
the improved BSF process reduces the recombination
properties of the BSF. This process also reduces the BSF
recombination current. Therefore the rear Jsc of the standard
BSF decreases faster with decreasing base resistivity than the
rear Jsc of the improved BSF (see base resistivity Fig. 2).

Whereas at short-circuit conditions the transport of current
determines the distribution of the excess concentration, at
open circuit conditions the distribution of the excess
concentration results from the recombination properties of
the cell. The recombination properties are not sensitive to the
illumination side. Therefore the Voc is in first order not
affected by the illumination side, in contrast with the Jsc.
Moreover, the Voc is hardly dependent on the base resistivity,
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Fig. 5. (Color online) Front fill factor and efficiency as a function of rear
side Ag consumption for three wafer resistivities, as indicated in the legend
of Fig. 4. Symbols represent experimental data, solid and dashed lines
indicate the average efficiency and 95% confidence intervals.
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Fig. 6. (Color online) Bifacial power output as a function of rear side Ag
consumption for three wafer resistivities, as indicated in the legend of Fig. 4.
Symbols represent experimental data, solid and dashed lines indicate the
average efficiency and 95% confidence intervals. The bifacial power output is
calculated for 1 sun irradiance at the front and 0.2 sun irradiance at the rear.
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as at open circuit conditions n-Pasha solar cells are in high
level injection conditions. This means that the majority
concentration is determined by the excess concentration
rather than the doping concentration.

Figure 4 shows that with decreasing rear finger width,
there is no change in the front efficiency. In contrast, a steady
increase in rear efficiency is observed, except for the most
narrow fingers on wafers with the lowest resistivity. The front
efficiency for this range of finger widths is in balance
between the FF, which decreases with decreasing finger
width, and the Jsc and Voc, which increase with decreasing
contact area, and thus with finger width. In contrast, for the
rear efficiency the original process that applied the highest
finger width in Fig. 4, is clearly not near the optimum.
Decreasing the finger width not only reduces the contact
area and associated contact recombination losses, but also
decreases the shaded fraction of the wafer surface, thus
increasing Jsc.

The efficiency bin distribution is partly influenced by
variation in base resistivity of the wafers, which is typically
larger in n-type compared to p-type. For different base
resistivities, the trend lines of FF and front efficiency
converge at lower Ag consumption (Fig. 5). Due to this
convergence, the efficiency is less depended on base
resistivity at lower Ag consumption. Besides reducing the
Ag consumption, this observed convergence reduces the
efficiency bin distribution of n-PERT solar cells.

5. Conclusions

We have shown that the bifaciality factor of front junction
cells depends on the base resistivity, the BSF properties and
the metal coverage. Simulation results support the exper-
imental observation that the bifaciality factor is higher for
higher base resistivity. Within the present study, reduction of
the rear metal coverage, i.e., narrower fingers and lower Ag
consumption, increases the bifaciality without compromising
the front side efficiency. Although the lower Ag consumption
decreases the front side FF, its effects are compensated by
the increasing trend in front side Jsc and Voc. An average
efficiency of 20.5% is obtained at a Ag consumption of only
130mg at the rear side. The bifacial power output is
equivalent to a 24.4% monofacial solar cell.
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