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Simulation design and optimization of amorphous silicon/crystalline silicon
heterojunction solar cells based on localized p-n junctions
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Hydrogenated amorphous silicon/crystalline silicon heterojunction solar cells are currently
a hot research topic in the field of photovoltaics, where parasitic absorption due to
hydrogenated amorphous silicon layers has not been effectively addressed. For this reason,
amorphous silicon/crystalline silicon heterojunction solar cells with localized p-n junctions
(HACL cells) have been designed, which can significantly improve the parasitic
absorption losses while maintaining the original advantages such as high open-circuit
voltage. In this paper, we mainly use ATLAS 2D simulation software to conduct device
simulation and parameter optimization of HACL cells, and simulate the effects of factors
such as passivation inlet region width, insulation layer width, emitter width, passivation
inlet region doping concentration and substrate doping concentration on the cell

performance, respectively.
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1. Introduction

In the past decades, heterojunction solar cells based on hydrogenated amorphous
silicon/crystalline silicon (a-Si:H/c-Si) have attracted much attention due to their high open-circuit
voltage, low-cost manufacturing process and low temperature coefficient [1-9]. In 1992, Sanyo
(later acquired by Panasonic) developed an a-Si:H/c-Si heterojunction solar cell with intrinsically
thin layers (referred to as HIT solar cell). For HIT solar cells, the doped a-Si:H layer located at the
cell surface acts as the emitter, and the intrinsic a-Si:H layer acts as a passivation defect. However,
the a-Si:H material has a high light absorption coefficient, which results in large light absorption
losses. Holman et al [10] theoretically demonstrated that the relative efficiency of heterojunction
solar cells can be improved by more than 5% by reducing parasitic absorption. To reduce the
absorption loss of a-Si:H, several research teams have proposed to improve the parasitic
absorption by using the interdigitated back contact (IBC) technique in silicon-based heterojunction
solar cells [11-15] . Solar cells combining HIT and IBC technologies have achieved a world record
conversion efficiency of over 26% [12,13] . However, the cell structures using HIT and IBC
technologies are very complex and do not facilitate mass production. Our team proposed a new
amorphous silicon/crystalline silicon heterojunction solar cell with localized p-n junction
(a-Si:H/c-Si heterojunction with localized p-n structure, or HACL cell) [16-18] . The localized p-n
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junction can significantly improve the parasitic absorption loss of a-Si:H and reduce the
recombination of photogenerated carriers in the emitter, and also maintain the high open-circuit
voltage of the cell, while this cell structure is simplified compared to the HIT+IBC structure,
which is convenient for mass production.

In this paper, the HACL cell structure was constructed mainly using the ATLAS device
simulator[19,20], and the effects of passivation region width, insulating layer width, emitter width,
doping concentration in passivation and inlet regions, and substrate doping concentration on the
performance of HACL cells were investigated.

2. Physical models and simulation parameters

Figure 1(a) shows the device structure used in this simulation. The device structure is a
crystalline silicon heterojunction bifacial solar cell structure with a local amorphous silicon emitter
[16] , with an n-type crystalline silicon wafer as the substrate. The emitter side is divided into the
emitter-conducting region and the passivation-inlet region. The emitter-conducting region is
consists of an intrinsic amorphous silicon passivation layer (a-Si:H(i)), a heavily doped p-type
amorphous silicon layer (a-Si:H(p)), and a metal grid line. The passivation-inlet region is consists
of a heavily doped n-type crystalline silicon field passivation layer and a SiNx passivation and
reflection reduction layer. The back-electric field side is divided into a back-electric
field-conducting region and a passivation-inlet region. The back-electric field-conducting region is
consists of an intrinsic amorphous silicon passivation layer (a-Si:H(i)), a heavily doped n-type
amorphous silicon layer (a-Si:H(n)), and a metal grid line, and the passivation-inlet region is
consists of a heavily doped n-type crystalline silicon field passivation layer, a SiNx passivation
and reflection reduction layer. It is worth noting that an insulating layer is inserted between the
passivation-inlet area and the conductive area to insulate the passivation-inlet area and the
conductive area, and SiNx is used for this simulation. The initial values of the widths of the
regions set in the simulation are 1000 um for the passivation region, 500 pm for the insulation
layer, and 100 pum for the emitter. The passivation-inlet area and conductive area are
cross-distributed without overlapping, and Figure 1(b) illustrates a top view of the periodic
structure of the device.
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Fig. 1. (a) HACL cell structure diagram, (b) Top view of HACL cell.
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The ATLAS device simulation module of Silvaco TCAD software is used in this study,
and the simulation method is based on Poisson's equation and the electron and hole continuity
equations.

div(eVyp) = —p (1)

where v is the electrostatic potential, € is the local permittivity, and p is the local space charge
density. Here p is the sum of the effects of all moving and fixed charges (including electrons, holes,
and ionized impurities).

d 1,.

a—: = Edl’.'[?]ﬂj Gn — Rn (2)
dp 1,.

E_ —Edﬂ?fp+ Gp—Rp (3)

where n and p are electron and hole concentrations, J, and J, are electron and hole current densities,
Gy and Gp, are electron and hole generation rates, R, and R, are electron and hole recombination
rates, and q is the magnitude of the electron charge.

For a-Si:H materials, the density of states in the band gap has been confirmed to have both
acceptor-like states (located in the upper half of the band gap) and donor-like states (located in the
lower half of the band gap). Both the acceptor-like and donor-like states consist of an exponential
band tail state (caused by bond angle distortion) and a Gaussian band gap state (caused by
dangling bonds). The conduction and valence band tail states can be described as follows.

E-E
9acE) = Gao exp( EAC) 4)

Ey—E
9o = Gpo exp( : ) (%)

D

where Gao and Gpo are the densities of states on Ev and Ec, respectively, Ea is an characteristic
energy that determines the slope of the band tail extension into the band gap, and Ep is another
characteristic energy that indicates how fast the band tail extends into the band gap.

The Gaussian mid-gap states of the acceptor-like and donor-like states are given by the
following equations:

ga(E) = Nyg {_ % [w_fifk)zn (6)
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where Nag and Npg denote the density of states of the Gaussian acceptor and donor, respectively,
Eax and Epk are the Gaussian peak energy locations, and 64 and op are the standard deviations of
the Gaussian acceptor and donor.

The initial values of the main material and structural parameters used in this simulation are
shown in Table 1 [21-23] , and the numerical calculation methods used in the simulation are the
Newton iterative method and the Gummel iterative method. The recombination models used are
Shockley-Read-Hall (SRH) recombination model, auger recombination model (Auger), and optical
recombination model (optr); the mobility model related to the doping concentration, and the
bandgap narrowing model due to heavy doping are also used. The simulated light conditions are
AM 1.5G, 100 mW/cm?, considering ground reflected light, with the temperature of 300 K.

Table 1. Main parameters used for the simulation.

Parameters and units a-Si:H(p+) | a-Si:H(i) | a-Si:H(n+) ¢-Si(n) c-Si(n+/p+)
Thickness/nm 10 10 10 1.5x10° 20
Electron affinity/eV 3.8 3.8 3.8 4.05 4.05
Band gap/eV 1.72 1.72 1.72 1.12 1.12
Relative dielectric 11.9 11.9 11.9 11.9 11.9
constant

Effective conduction band | 2.5x10%° | 2.5x10% | 2.5x10%* | 2.8x10Y 2.8x10%
density/cm™

Effective valence band 2.5%10%° | 2.5x10% | 2.5x10%° | 1.04x10! 1.04x10"
density/cm™ 0

Electron 10 20 10 1350 1350
mobility/cm?.v'.s!

Hole mobility/cm?.v-!.s™! 2 5 2 450 450
Donor concentration/cm™ 0 0 1x10" 3x10' 1x10'3
Acceptor 6x10'3 0 0 0 1x10'3
concentration/cm-

3. Results and discussion

The cell defined by the parameters listed in Table 1 is the starting point of our simulation
work. On this basis, ATLAS is used to simulate the effects of different parameter settings on the
performance of the cell so as to investigate the carrier transport characteristics of the HACL cell
and thus to further optimize its parameters.

3.1. Effect of passivation inlet region and insulating layer width on the performance
of HACL cells
Keeping the other parameters constant, we simulated the effect of the width of the
passivation inlet region on the cell performance with the insulating layer width as the second
parameter. Figure 2 shows the simulation results that the short-circuit current density (Jsc),
open-circuit voltage (Voc), fill factor (FF) and conversion efficiency of the HACL cell with the
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width of the passivation region when the width of SiNx insulation layer is 100um, 300um, 500pum
and 800um, respectively. It can be seen that the width of the SiNx insulating layer has a small
effect on the open-circuit voltage and the filling factor of the cell within the studied range, and the
open-circuit voltage and the filling factor of the cell increase with the decrease of the width of the
SiNx insulating layer at the same width of the passivation inlet region. The values of the
open-circuit voltage and the filling factor of the cell tend to converge when the width of the
passivation inlet region increases. From Fig. 2(a), we can see that the short-circuit current density
of the cell is sensitive to the change of the width of the passivation zone when the insulating layer
width is small (100 pm), and the maximum and minimum values of the short-circuit current
density are obtained when the insulating layer width is 100 um in the range of the width of the
passivation range in this study, while the variation of short-circuit current density and conversion
efficiency is relatively small when the insulating layer width is 300um, 500um and 800um. When
the width of the insulation layer is 100pm, the short-circuit current density of the cell increases
with the width of the passivation inlet region, and when the width of the insulation layer is 300um,
500um and 800um, the short-circuit current density of the cell increases with the width of the
passivation inlet region and then decreases, and when the width of the insulation layer decreases,
the width of the passivation inlet region corresponding to the maximum short-circuit current
density of the cell increases. This is because the increase in the width of the passivation region of
the cell can increase the light absorption area of the cell and produce more photogenerated carriers,
but the increase in width will also lead to an increase in the transverse transport distance of more
photogenerated carriers (including the transverse transport distance of photogenerated carriers in
the passivation region and the transverse transport distance of the insulating layer) and an increase
in the chance of carrier recombination. At the beginning, the gain of increased photogenerated
carriers due to the increase in the width of the passivation inlet area is greater than the loss due to
the increase in the carrier transverse transport recombination caused by the increase in width, the
carrier collected at the electrode increases, the short-circuit current density increases, with the
increase in the width of the passivation inlet area, the gain due to the increase in the optical
absorption area and the loss due to the carrier transverse transport recombination tend to balance,
the short-circuit current density reaches the maximum, with the further increase of the width of the
passivation inlet area, the gain brought by the increase of the light absorption area is not enough to
offset the loss brought by the carrier transverse transport complex, and the short-circuit current
density starts to decrease [19] . Figure 3 shows the transport characteristics of the substrate carriers
at the emitter side. It can be seen that the heavily doped passivated inlet region forms a high-low
junction with the substrate, creating an electric field toward the substrate on the substrate surface,
so that the photogenerated few carriers (in this case, holes) generated near the passivated inlet
region can be driven to the interior of the substrate, and the photogenerated few carriers driven to
the interior of the substrate are transported laterally near the emitter and finally collected by the
emitter conducting region. From Fig. 2(d), the cell can achieve the best conversion efficiency
when the insulating layer width is small. In this simulation, the maximum value of cell conversion
efficiency is achieved at a passivation inlet region width of 1200 um when the insulating layer
width is 100 pm.
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Fig. 2. Effect of passivation inlet region width on HACL cells.
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3.2. Effect of emitter width on HACL cell performance

We adjusted the width of the insulating layer and the passivation inlet area to the
optimized width (i.e., 100 pm for the insulating layer and 1200 pm for the passivation inlet area),
and kept the other parameters unchanged to investigate the effect of the emitter width on the
HACL cell. As shown in Fig. 4, the short-circuit current decreases with the increase of emitter
width, the open-circuit voltage is basically not affected by the change of emitter width, the filling
factor increases rapidly and then slowly with the increase of emitter width, and the conversion
efficiency increases rapidly and then decreases slowly under the combined influence of the above
factors, the highest conversion efficiency is achieved when the emitter width is 200pm (7.14% of
the whole light-access area).

Because the a-Si:H layer of the emitter has a high light absorption coefficient, the number
of photons absorbed in the substrate region covered by it becomes low, and thus fewer
photogenerated carriers are generated. Figure 5 shows the generation rate of photogenerated
carriers near the emitter side, where different colors represent different rates of photogenerated
carrier generation. It can be seen from the figure that near the emitter side, the generation rate of
photogenerated carriers in the substrate region covered by the emitter (X-axis 15 to 16 region in
the figure) is lower than other regions, so the short-circuit current density of the cell decreases as
the width of the emitter increases. The emitter width increases and the series resistance of the cell
decreases, so the fill factor of the cell increases.
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Fig. 5. Generation rates of photogenerated carriers in different regions near the emitter side.

3.3. Effect of doping concentration in the passivation inlet region on the performance

of HACL cells

We adjusted the width of passivation inlet area, insulating layer width and emitter width to
the optimal state, and changed the doping concentration of passivation inlet area at the emitter side
while keeping the doping concentration of passivation inlet area at the back-electric field side as
Table 1 value and changed the doping concentration of passivation inlet area at the back-electric
field side while keeping the doping concentration of passivation inlet area at the emitter side as
Table 1 value, respectively, to investigate the effect of doping concentration of passivation inlet
area at the emitter side and the back-electric field side on HACL cells. Figure 5 shows the effect of
varying the doping concentration from 5x10'® cm™ to 1x10* cm™ in the passivated inlet region of
the emitter side and the passivated inlet region of the back-electric field side on the performance of
the HACL cell.

It can be seen that except for the difference in the magnitude of short-circuit current
density decrease at high doping (1x10' cm™ to 1x10* ¢cm™), the trends of the other performance
parameters of the HACL cell are almost the same with the doping concentration in the passivation
inlet region of the emitter side and the passivation inlet region of the back-electric field side. The
short-circuit current density of the cell increases slightly at the beginning with the increase of the
doping concentration in the passivation inlet area, and then remains basically unchanged. When
the doping concentration is relatively high (greater than 3x10" cm™), the short-circuit current
density of the cell starts to decrease, and the open-circuit voltage rises slowly at the beginning with
the increase of the doping concentration. When the doping concentration exceeds 3x10'® cm™, the
open-circuit voltage starts to decrease and the rate of decrease has a tendency to accelerate. The
trend of filling factor is different from that of the open-circuit voltage, and the filling factor
decreases slightly with the increase of the doping concentration when the doping concentration is
low, but starts to increase rapidly when the doping concentration is high. Under the combined
influence of the above factors, the conversion efficiency of the cell shows a slow increase at the
beginning and then a rapid decrease, and the best conversion efficiency is achieved when the
doping concentration in the passivation region is 3x10'® cm™.
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Fig. 6. Effect of doping concentration in the emitter side passivated inlet region and doping concentration

in the back-electric field side passivated inlet region on the performance of HACL cells.

Fig. 7 shows the auger recombination rate and electric field intensity of the passivated
inlet region at the emitter side under different doping concentrations of the passivated inlet region.
It can be seen that as the doping concentration of the passivation inlet region increases, the auger
recombination rate of the passivation inlet region increases rapidly, and the electric field strength
at the high-low junction formed between the heavily doped passivation inlet region and the
substrate also increases rapidly. The increased electric field strength at the high-low junction can
better reflect the photogenerated carriers, thus reducing the surface recombination, which is
conducive to improving the short-circuit current density of the cell. At the same time, the reduction
of surface recombination will also reduce the reverse saturation current of the cell, which is
beneficial to increase the open-circuit voltage of the cell. When the doping concentration in the
passivation inlet area becomes quite high, the auger recombination in the passivation inlet area
begins to have a relatively large impact on the performance of the cell. The greater the doping
concentration in the passivation inlet area, the greater the auger recombination rate, so that when
the passivation inlet area is highly doped, the short-circuit current density of the cell decreases, and
the open-circuit voltage of the cell decreases due to the increased reverse saturation current at this
time. Due to the special structure of HACL cell, the photogenerated carriers generated near the
passivation inlet area need to travel a long lateral distance to be collected by the electrode, which
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will lead to an increase in the series resistance of the transport and thus affect the filling factor. The
passivation inlet region of HACL cell has low resistivity due to high doping concentration, which
can be regarded as a low resistance channel for the lateral transport of photogenerated carriers,
thus reducing the lateral transport distance of photogenerated carriers in the high resistance cell
body region and decreasing the series resistance loss caused by the lateral transport of
photogenerated carriers, and the filling factor of the cell will be improved.
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Fig. 7. The auger recombination and electric field intensity near the passivation inlet region of the emitter
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is the heavily doped passivation inlet region.

3.4 Effect of substrate doping concentration on the performance of HACL cells

Under the conditions that the width of the passivation inlet region, the width of the
insulation layer, the width of the emitter, and the doping concentration of the passivation inlet
region are adjusted to the optimal level, and other parameters are kept constant, Fig. 8 shows the
effect of the change of the substrate doping concentration on the performance of the HACI cell,
which varies from 3x10" cm™ to 1x10'7 ¢cm™. From the figure, we can see that the short-circuit
current density of the cell decreases as the concentration of the substrate increases, and the rate of
decrease becomes faster as the concentration increases, and when the doping concentration of the
substrate reaches 1x10'” cm™, the short-circuit current density decreases to 42.9mA/cm?. While the
open-circuit voltage remains essentially constant at doping concentrations less than 5x10'® cm?, it
decreases slightly when the doping concentration is greater than 5x10'® cm™, from the original
0.76 V to 0.75 V. At doping concentrations less than 6x10'® cm™, the fill factor increases with the
doping concentration, from 81% at the beginning to 84.99%, while when the doping value
decreases slightly when the doping concentration is greater than this value. The conversion
efficiency, on the other hand, shows a numerical increase followed by a decrease under the
combined effect of the above factors, and the cell reaches the maximum conversion efficiency at a
substrate doping concentration of 4x10'® cm™.

The recombination and generation of substrate photogenerated carriers for substrate
doping concentrations of 2x10'® cm™ and 1x10'” cm™ are given in Fig. 9. Where the X-axis value
equals to 0 um is the light-receiving surface of the substrate, the X-axis value equals to 150 um is
the backlight surface of the substrate, and the Y-axis value is treated by taking the logarithm. It can



433

be seen from Fig. 9(a) that with the increase of the substrate doping concentration, the
recombination rate of photogenerated carriers increases in most regions of the substrate except for
the part of the region near the light-receiving surface, while it can be seen from Fig. 9(b) that the
generation rate of photogenerated carriers does not increase with the increase of the substrate
doping concentration, and then the number of photogenerated carriers in the substrate becomes
relatively lower. In addition, the relative diffusion length of carriers decreases as the substrate
doping concentration increases, which further decreases the collection rate of photogenerated
carriers by the electrode, so the short-circuit current density of the cell decreases as the substrate
doping concentration increases. The carrier recombination rate of the substrate increases with the
increase of the substrate doping concentration; the reverse saturation current of the cell increases
and the open-circuit voltage of the cell decreases. The conductivity of the substrate increases with
the increase of the substrate doping concentration, so when the substrate doping concentration
increases, the series resistance of the cell decreases and the fill factor increases.
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3.5. Cell performance after parameter optimization

The parameters optimized by the preliminary simulation are: width of passivation inlet
region (1200 pum), width of insulation layer (100 pm), width of emitter (200 um), doping
concentration of passivation inlet region at the emitter side and the back-electric field side (3x10'®
cm™) and doping concentration of substrate (4x10'® cm™), the conversion efficiency of HACL cell
obtained from the above optimized parameters can reach28.07%. The I-V curve of the optimized
cell is shown in Fig. 10. From the optimized IV curve, it can be seen that the HACL cell has the
characteristics of both high open-circuit voltage and large short-circuit current.
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Fig. 10. IV curve of the optimized HACL cell.

4. Conclusion

A crystalline silicon heterojunction bifacial solar cell structure (HACL) with a localized
amorphous silicon emitter was modeled using ATLAS software. The effects of passivation inlet
region width, insulation layer width, emitter width, passivation inlet region doping concentration
and substrate doping concentration on the HACL cell performance were simulated. The results
show that the width of the passivation inlet region mainly affects the conversion efficiency by
influencing the short-circuit current density, and a narrow insulating layer width is a prerequisite
for optimizing the width of the passivation inlet region to achieve the best conversion efficiency.
The conversion efficiency of the cell shows a pattern of increasing and then decreasing with the
increase of the values of the passivation inlet region width, emitter width, passivation inlet region
doping concentration and substrate doping concentration. The optimized area ratio of passivation
inlet area, insulating layer and emitter area is 12:1:2. The optimized doping concentration of
passivation inlet region is 3x10'®cm™, and the optimized doping concentration of substrate is
4x10"°cm™. The conversion efficiency of the HACL cells can reach 28.07%, which indicates that
this kind of solar cell with localized p-n junction is a promising photovoltaic device.
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