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Abstract—In this paper, we propose symmetrical and crossed bi-
facial crystalline silicon solar cells with heterojunctions employing
a double-sided emitter, for use in environments with ambient light.
We perform real measurement-based simulation analysis by using
Silvaco TCAD Atlas. At an albedo level of 30%, our symmetrically
structured solar cell achieves a 47.42 mA/cm2 short-circuit current
(Jsc ) and a 29.72% conversion efficiency (η), due to the double-
sided emitter’s large area. These Jsc and η values are, respectively,
14.2% and 16.1% better than for a conventional Interdigitated
Back Contact (IBC) [1]. The crossed structure obtains an 84.34%
fill factor (FF) and a 29.81% conversion efficiency, due to its sur-
rounding electric field. Conversion efficiency is increased by 16.4%
compared with a conventional IBC solar cell [1]. Also, conversion
efficiencies for the symmetrical and crossed bifacial SHJs are in-
creased by 11.60% and 11.94%, respectively, compared with the
state-of-the-art IBC solar cells [2].

Index Terms—Bifacial, heterojunction with intrinsic thin-layer
(HIT), interdigitated back contact (IBC), solar cell.

I. INTRODUCTION

INTERDIGITATED Back Contact (IBC) solar cells are one
of the most efficient Si devices for converting sunlight into

electricity [1], [2]. The IBC’s heterojunction of a hydrogenated
amorphous silicon thin film to a crystalline substrate has fewer
dangling bonds and better interface quality, leading to a higher
open-circuit voltage Voc [3]. The short-circuit current is also im-
proved by avoiding optical loss due to moving the amorphous
thin film, the Transparent Conducting Oxide (TCO) layer, and
the metal from the front of the wafer to the back. An antireflec-
tion layer can enhance the light trapping ability [4]. Thick metal
contacts decrease resistance and increase the fill factor (FF) [5].
According to the above reasons, IBC solar cells have been de-
veloped with high open-circuit voltage (0.74 V), short-circuit
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current (42.5 mA/ cm2), and FF (84.65%), which all leads to a
high conversion efficiency (26.63%) [2].

In order to reduce optical loss, the conventional IBC solar
cell moved the metal and the depletion region to the back side.
In consequence, however, some carriers are lost before reach-
ing the back-side depletion region, particularly if the minority
carrier diffusion length is much less than the cell thickness. The
conventional monofacial solar cell also has the problem that
its maximum output power occurs during a narrow portion of
the daytime, while energy storage systems have limitations [6].
Another challenge is that conventional monofacial electrodes
cannot use reflected light, while the heat thereby generated de-
creases solar cell performance [7].

We address the above problems through a bifacial crystalline
silicon solar cell with a heterojunction and double-sided emit-
ters. We propose two versions of the silicon solar cells with het-
erojunctions (SHJ) device, symmetrical and crossed. These two
new SHJ structures each improve the recombination problem,
the maximum output power problem and the thermal degrada-
tion problem, while retaining a high open-circuit current, a high
FF, and a high conversion efficiency performance.

An extra 20% to 30% albedo is typically available to solar
cells, due to reflected and scattered light from the ground or
clouds [8]. A bifacial SHJ structure helps to convert this extra
light. Moreover, the bifacial SHJ structure can have two peak
output times per day, if mounted appropriately, unlike the mono-
facial structure [3], [9]. An additional advantage of the bifacial
SHJ structure is that the maximum output power benefits from
the decreased working temperature resulting from the lessened
infrared absorption in the absence of aluminum back metalliza-
tion [10]. The temperature coefficient of a bifacial SHJ structure
is therefore better than a monofacial SHJ structure. With albedo
light, photons not only are gathered at the front surface but also
at the back surface. The double-sided emitter reduces the path
distance that minority carriers have to travel, allowing for a re-
duced recombination rate. By considering both symmetrical and
crossed placements of these double-sided emitters, we observe
the effect of altering that path.

When incident light arrives at the cell surface, it is absorbed
and the solar cell generates electron–hole pairs. In a conven-
tional monofacial SHJ cell [3], majority carriers must then
traverse the whole thickness of the substrate before reaching
the back surface field (BSF). In contrast, our symmetrical SHJ
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Fig. 1. Schematic diagram of the symmetrical version of our double-sided
emitter crystalline silicon solar cell with a heterojunction . The symetry property
refers to the fact that the p+ (and n+ ) regions are horizontally alligned (i.e., the
ITOs at the center-top and center-bottom both touch p+ regions). The double-
sided emitter layers lead to an improved energy boost.

structure allows the generated electron–hole pairs to separate
and move to their respective optimal regions. The crossed ver-
sion of the SHJ structure has additional surrounding electric
fields that can further enhance carrier mobility and decrease
carrier recombination.

Fig. 1 shows the structure of our double-sided symmetrical
emitter crystalline silicon solar cell with a heterojunction. This
structure preserves as high quality an amorphous silicon layer
as the hydrogenated one in an IBC solar cell, with a good tem-
perature coefficient. Moreover, the larger depletion region area
obtained by double-sided emitters allows for increased carrier
collection.

II. DEVICE SIMULATION AND PARAMETER CALIBRATION

In this paper, the solar cell was operated under a global stan-
dard solar spectrum (AM 1.5G) illumination with a total in-
cident power density of 100 mW/cm2. The light intensity was
calculated for each wavelength from 300 to 1200 nm [12]. Simu-
lations were performed using Silvaco Atlas with the ray-tracing
model.

The optical constants values were obtained in an initial cal-
ibration step. By taking the geometry and process-related pa-
rameters presented in the Panasonic reference paper [1] along
with the defect parameters presented in [13], initial calibration
could be performed to ensure that the simulation results are
consistent with the reported measurements [1]. The models, as-
sumptions, and their related parameters were carefully checked
and adjusted to minimize the differences to the reported values.
Fig. 2 compares the measured I–V curve with the calibrated sim-
ulation curve of the IBC solar cell. The close agreement of the
two curves in Fig. 2 ensures the authenticity of the simulation.

The calibrated parameters are shown in Table I. By using
these values, all of our extended simulations are based on
measurements and the same processes as discussed in the cali-
bration reference [1].

Fig. 2. Comparison of the physically measured I–V curve of the IBC solar
cell [1] and the calibrated simulation curve of that cell.

TABLE I
DEVICE PARAMETERS* USED IN ALL OUR SIMULATIONS

Parameters n-c-Si i-a-Si:H p+ -a-Si:H n+ -a-Si:H

Energy gap (eV) 1.12 1.8 1.8 1.8

Donor doping density
(cm−3)

1 × 1016 0 0 1 × 1019

Acceptor doping
density (cm−3)

0 0 5 × 1019 0

Electron mobility
(cm2/Vs)

1500 20 20 20

Hole mobility
(cm2/Vs)

500 0.1 0.1 0.1

Electron life time (s) 7 × 10−4 1 × 10−5 1 × 10−5 1 × 10−5

Hole life time (s) 7 × 10−4 1 × 10−6 1 × 10−6 1 × 10−6

Effective valence
band density (cm−3)

1.04 ×
1019

2.5 × 1020 2.5 × 1020 2.5 × 1020

Effective conduction
band density (cm−3)

2.8 × 1019 2.5 × 1020 2.5 × 1020 2.5 × 1020

Permittivity (F/m) 11.9 11.9 11.9 11.9

Affinity (eV) 4.05 3.8 3.8 3.8

Thickness 150 (μm) 10 (nm) 10 (nm) 10 (nm)

Conduction
tail states [13]

N c–ta il
A N/A 1 ×

1018 cm−3
1 ×

1021 cm−3
1 ×

1021 cm−3

Ec–ta il
A N/A 0.06 eV 0.07 eV 0.07 eV

Valence tail
states [13]

N v –ta il
D N/A 1 ×

1018 cm−3
1 ×

1021 cm−3
1 ×

1021 cm−3

Ev –ta il
D N/A 0.09 eV 0.12 eV 0.12 eV

Acceptor-like
dangling bond
states [13]

N db
A N/A 1 ×

1016 cm−3
1 ×

1019 cm−3
1 ×

1019 cm−3

Edb
A N/A 1.1 eV 1.3 eV 0.7 eV

δdb
A N/A 0.15 eV 0.2 eV 0.2 eV

Donor-like
dangling bond
states [13]

N db
D N/A 1 ×

1016 cm−3
1 ×

1019 cm−3
1 ×

1019 cm−3

Edb
D N/A 0.9 eV 1.1 eV 0.45 eV

δdb
D N/A 0.15 eV 0.2 eV 0.2 eV

*These parameters are calibrated from the real fabrication of an IBC cell [1].
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Fig. 3. Influence of the WBSF1+BSF2 : Wem itter ratio with respect to the
Jsc , Vo c , FF, and η in monofacial and bifacial SHJs with different intensities
of albedo. (a) Monofacial condition. WBSF1+BSF2 : WEm itter = 1: 10 has
better η than other ratios. (b)–(e) Bifacial symmetrical condition with 10%,
20%, 25%, and 30% albedo. As the intensity of albedo increases, larger emitter
widths have better η.

III. RESULTS AND DISCUSSION

Calibrated parameter simulation clarifies the advantages of
bifacial SHJ structures. We evaluate the effects of the width
ratio WBSF1+BSF2 : Wemitter (i.e., the summation of BSF widths
compared with the emitter width), and the substrate thickness.
We also measure the photogeneration rate, the electric field
direction, and the electron hole current density.

Fig. 3 shows the influence of WBSF1+BSF2 : WEmitter with
respect to the short-circuit current density (Jsc), open-circuit
voltage (Voc), FF, and conversion efficiency (η), at different
albedo levels. The conversion efficiency is dominated by the
short-circuit current density. In Fig. 3(a), a ratio of 1: 10 has the
best conversion efficiency. This agrees with the previous work
[14]. Unlike that previous work, however, we also look at other
albedo conditions. Fig. 3(b) and (c) give the results for 10% and
20% albedo, where a ratio of 1: 11 yields the best conversion
efficiency. Fig. 3(d) and (e) show that at albedos of 25% and
30% the optimal ratio is 1:12.

Thus, as the albedo intensifies, the emitter should be widened
for optimal conversion efficiency. This is due to the differences
in the respective collection and absorption abilities of minor-
ity carriers and photons. Just as some photons coming down
from sunlight will pass through to reach the rear-side substrate,
so also some reflected light coming back up will pass through
and reach the surface of front-side substrate. When these pho-
tons convert into electron–hole pairs, more current is generated

Fig. 4. Influence of substrate thickness to the Jsc , Vo c , FF, and η. (a) Mono-
facial condition, where a substrate thickness of 100 μm gives the best η. (b)–(e)
Bifacial symmetrical condition with 10%, 20%, 25%, and 30% albedo. As the
intensity of albedo increases, the optimal substrate thickness increases.

than in the monofacial condition. Increasing the emitter width
can enhance the collection ability of the holes. But the col-
lection ability of electrons wouldn’t decrease as much due to
a narrower BSF width, because the n-type substrate’s excess
electrons have about three times greater mobility than holes do.
Since albedos of 20% to 30% are typical [8], we chose 1:12 as
the WBSF1+BSF2 : WEmitter ratio for our double-sided symmet-
rical emitter structure.

Fig. 4 shows the influence of substrate thickness on Jsc ,
Voc , FF, and conversion efficiency. Fig. 4(a) shows that, in the
monofacial condition, a thickness of 100 μm gives the best
conversion efficiency, due to the short minority transport dis-
tance [15]. But, as the albedo increases, so also does the optimal
thickness: 120 μm at 10% albedo, 140 μm at 20% albedo,
150 μm at 25% albedo, and 160 μm at 30% albedo. The rea-
son for this thickness increase is related with the quantities of
photons and the double-sided emitter layer. Although a thicker
substrate means that it can trap more photons, it also means
that some minority carriers will need to travel farther and will
have more chance to recombine and will thereby decrease the
open-circuit voltage and the fill factor. Whereas a conventional
monofacial solar cell only has an emitter layer on one side, our
double-sided emitter allows the holes and electrons to move
only half as far to reach the anode or cathode. The short-circuit
current increases when the substrate thickness become thicker.
In order to achieve the best conversion efficiency with 30%
albedo, we choose 160 μm as our substrate thickness.



444 IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 8, NO. 2, MARCH 2018

Fig. 5. Photogeneration profiles for different intensities of albedo. (a) Mono-
facial condition. The vertical range up to 100 μm accounts for most of the
photogeneration. (b)–(e) Bifacial symmetrical condition with 10%, 20%, 25%,
and 30% albedo. The higher photogeneration regions are: (0–100 μm, 180–
200 μm), (0–100 μm, 160–200 μm), (0–100 μm, 150–200 μm), and (0–100 μm,
140–200 μm), respectively. A 10% increase in the albedo increases the height
of the important region by about 20 μm.

Fig. 5 shows the photogeneration profiles for 200 μm of
substrate. Comparing Fig. 5(a)–(e), the number of photons at the
bottom side in 200 μm’s substrate is an obvious consequence
of the albedo level (i.e., the amount of light coming from the
bottom). The optimal thickness is also suggested by the figure.
For Fig. 5(a), photogeneration is low after about 100 μm. This
agrees with what Fig. 4(a) had shown: that 100 μm was best
for the monofacial device. In Fig. 5(b)–(e), we find that an
albedo increase of 10% tends to extend the high-photogenerating
portions of the substrate by about 20 μm. At 30% albedo, for
example, the high generation regions are from 0 to 100 μm and
from 40 to 200 μm. This total of 160 μm is in agreement with
what Fig. 4(e) had found. Compared with Fig. 4, the insight of
Fig. 5 is that the albedo-induced increase in photogeneration
largely occurs at the bottom of the substrate.

Fig. 6 shows our second structure, the double-sided crossed
emitter crystalline silicon solar cell with heterojunction. The
only difference with Fig. 1 is that the p+ and n+ regions are
crossed. The large area of the front emitter allows the depletion
region to absorb more photons. This crossing means that each
p+ region will have an n+ region on the opposite side as well
as on both sides, thereby forming a surrounding electric field.
This surrounding electric field causes the solar cell to have a low
series resistance and a low recombination rate. This improves
the Voc and the FF of the cell.

Our simulations find that this structure has better conversion
efficiency for albedo intensities below 30%. At these low albe-
dos, the bifacial solar cell does not need much emitter width

Fig. 6. Schematic diagram of our double-sided crossed emitter crystalline
silicon solar cell with heterojunction. As compared with the symetrical version,
the p+ and n+ regions are both crossed. This can form a surrounding electric
field, which can allow the solar cell to have a low series resistance circuit and
recombination rate. This can improve the Vo c and FF.

on the bottom surface, because fewer photons reach this region.
In fact, even at high albedos, the best conversion efficiency still
required relatively narrower back-side emitters, when compared
to the width of the top-side emitters. This makes sense for three
reasons:

1) less light reaches the back surface, so the emitters do not
need to be as wide as at the top;

2) the space thereby saved allows for wider bottom BSF
regions to enhance carrier mobility;

3) the top-side emitter can compensate for the back-side re-
duction (we tested changing the bottom emitter to a BSF,
and found that the top emitter did indeed collect more
minority carriers).

Fig. 7 shows the electric field direction for the crossed ver-
sion of our bifacial device. Fig. 7(a)–(d) gives the direction
of the electric field in the p–n gap of our solar cell. Fig. 7(e)
is the schematic diagram of the electric field. As can be seen,
the crossed placement produces a surrounding electric filed that
reduces the chance of recombination, so as to significantly in-
crease Voc and the FF.

A back-surface field is generally used in conventional silicon
solar cells to push minority carriers away from the back-surface
field region [15]. So, we also use this function to increase the
mobility of minority carriers. Through this surrounding electric
field, the FF of the crossed structure reaches 84.34%. In order
to prove the electric field is useful, Fig. 8 shows the hole current
density of our crossed SHJ structure. Due to the surrounding
electric field, the holes are pushed near the emitter layers, so
there is high hole current density near those layers.

Fig. 9 shows the difference between a conventional hetero-
junction with intrinsic thin-layer (HIT) solar cell with a mono-
facial and bifacial structures [3]. The most important difference
is the metal being separated on the rear side. This was done so
as to allow some light to enter the solar cell from the bottom
surface, although this also does reduce the amount of light from
above that gets reflected back through the device.
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Fig. 7. Electric field direction of our double-sided crossed emitter crystalline
silicon solar cell with heterojunction. (a)–(d) The electric field in the p-n gap.
(e) Schematic diagram of the electric field in the crossed-emitter solar cell. The
crossed placement causes each emitter layer to be across from a BSF layer,
and also in between BSF layers to the left and right. This placement forms a
surrounding electric field for minority carriers.

Fig. 10 shows the I–V curves between the conventional stan-
dard HIT solar cell structure and the standard Bifacial Hetero-
junction with Intrinsic Thin-layer (Bi-HIT) solar cell, which are
SHJs. The conventional HIT solar cell had already been cali-
brated by Silvaco Atlas [3]. We then separated the bottom-side
metal and simulated our new standard Bi-HIT structure. The
conventional HIT solar cell has better short-circuit current due
to the nearly full reflection of light due to the full coverage of
the metal layer on the bottom side.

Fig. 11 shows the conversion efficiency of a standard bifacial
HIT (Bi-HIT) solar cell, a symmetrical and a crossed SHJ struc-
ture, at different albedo intensities. The standard Bi-HIT solar
cell has its best conversion efficiency in the monofacial condi-
tion, due to the larger emitter at the top surface. As described
above, most of the photons are captured near the top surface;
in the monofacial condition, the larger emitter at the front sur-
face reduces the distance that minority carriers need to travel
and their recombination rate. However, the SHJ structures with
double-sided emitters have better conversion efficiency when
the albedo rises above 20%.

Fig. 12 shows the energy boost of the Bi-HIT solar cell,
the symmetrical and the crossed SHJ structures, for different

Fig. 8. Hole current density of the crossed structure. There is a high hole
current density near the emitter layers, due to the surrounding electric field, as
in Fig. 7.

Fig. 9. Change of conventional HIT solar cell from (a) standard mono-facial
[3] to (b) standard bifacial.

albedos. From this graph, we can understand that our bifacial
structure has three advantages. First, it has large emitters. Having
large emitters reduces the travel distance and recombination
rate of minority carriers. With an increase of albedo, there are
more photons available, so a larger emitter can collect more
minority carriers. Second, it has emitters on both sides. By
using double-sided emitters, the minority carriers which gather
near the bottom surface can be directly collected by the emitter.
Third, it has a sufficiently thick silicon substrate. Although a
thicker substrate would absorb more photons, it would also
have more recombinations. So the optimal substrate should be
thick enough to capture the photons, but not so thick as to
lose the carriers. And since the number of available photons
increases with the albedo, this means that the optimal substrate
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Fig. 10. I–V curves between the conventional HIT solar cell structure [3] and
the Bi-HIT solar cell. The conventional HIT solar cell has better short-circuit
current than the Bi-HIT solar cell because more light is reflected from the metal
layer since it fully covers the bottom side.

Fig. 11. Conversion efficiencies of a standard Bi-HIT solar cell, a symmetrical,
and crossed SHJ structures, at different albedo intensities. The intensity of
sunlight from the front side was set to 100 mW/ cm2 and the albedo was varied
from 0% to 100%. The SHJ structures with double-sided emitter have better
conversion efficiency when the albedo intensity exceeds 20%.

Fig. 12. Energy boost of a Bi-HIT solar cell, a symmetrical, and a crossed
SHJ structure, at different albedo intensities. The symmetrical structure has the
best energy boost as long as there is some albedo.

TABLE II
COMPARISON OF BIFACIAL HIT, SYMMETRICAL SHJ STRUCTURE, AND

CROSSED SHJ STRUCTURE

Solar Cell Bifacial
ratio
(%)

Jsc
(mA/cm2)

Vo c (V) FF (%) η (%)

Bi-HIT
[Fig. 9(b)]

0 38.29 0.75 83.25 23.92
30 46.12 0.75 83.65 29.10

100 64.77 0.76 83.67 41.23

Symmetrical
(Fig. 1)

0 36.69 0.75 83.26 22.77
30 47.42 0.75 83.11 29.72

100 71.50 0.77 82.91 45.54

Crossed
(Fig. 6)

0 36.94 0.75 84.35 23.50
30 46.41 0.76 84.34 29.81

100 68.53 0.77 84.31 44.69

thickness also increases. For our structure, when the substrate
thickness is 160 μm, our solar cell has the best η. Table II shows
also the benchmark comparison among the Bi-HIT, symmetrical
structure and crossed structure.

IV. CONCLUSION

We have developed symmetrical and crossed bifacial crys-
talline silicon solar cells with heterojunctions by using double-
sided emitters. As a result, we found that our bifacial SHJ solar
cells possess three unique characteristics that boost conversion
efficiency: large emitters, bifacial emitters, and an appropri-
ate substrate thickness. Through these, the bifacial symmetrical
emitter solar cell exhibits a 47.42 mA/ cm2 short-circuit current
density and a 29.72% conversion efficiency for a 30% albedo.
Also, the bifacial crossed solar cell achieves a 29.81% conver-
sion efficiency and an 84.34% fill factor, due to the electric field
surrounding its emitters.

Despite these positive results, it should be noted that the
widths of the BSF regions might be too narrow for current com-
mercial mass production. But as scaling improves in the future,
the proposed device could find application in an integrated pho-
toelectronics single-chip systems.
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