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Abstract. Microcrystalline silicon (uc-Si) is a silicon semiconductor material with a crystalline structure in
the amorphous phase. Here, the transport phenomenon in this phase has been modeled to produce
charge carrier distribution profile and current density-voltage characteristics. The calculations were
obtained by solving Poisson and Continuity equations on crystal and amorphous materials which are
modeled in one-dimensional p-i-n homojunction, using finite element method. The simulation results of
the charge carrier distribution profile show that the highest electron concentration in the n-layer of 10*
cm™, and the highest hole concentration in the p-layer of 10'® cm™. The result current density-voltage (J-
V) characteristics curve show that the open circuitt voltage of 0,6 volts and short-circuit current density of
26.4 mA/cm. The energy conversion efficiency of 9.02% with a fill factor of 0.569.
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Introduction

A solar cell is a device that converts solar energy into electrical energy directly. Solar cells are
made of semiconductor material from the result of covalent bonding between material elements.
One example of semiconductor materials that have been applied as production materials for
transistor electronic devices, diodes, and solar cells is silicon [1]. Silicon is one of the basic
semiconductor materials of IV groups which is composed of atoms with a specific structure. As
material from solar cell devices, silicon can be used to some structures, that is amorphous,
microcrystal, polycrystal, and monocrystal.

Microcrystal silicon (uc-Si) is a silicon semiconductor material with a crystalline structure in the
amorphous phase [2]. In 2004, Klein et al. reported the results of experiments on the growth
microcrystal silicon solar cell with Hot Wire Chemical Vapor Deposition (HWCVD) techniques
with a conversion efficiency of 9.4%, open-circuit voltage of 0.58 V, and short circuit current
density of 23.3 mA/cm?® [3]. To support the research without a large cost, a simulation of
hydrogenated microcrystal silicon (uc-Si: H) solar cell which has been done by Lin et al. in 2013
used the Centaurus TCAD simulator [4]. That simulation conversion efficiency of 9.7%, the
open-circuit voltage of 0.523 V, and short circuit current density of 26.8 mA/cm? [5].

The effect of i-layer thickness on the characteristics of current-voltage in p-i-n junction of silicon

crystalline based solar cell has been reported by Herawati [5]. In 2016, Sholeha has modeled
the transport phenomena in hydrogenated amorphous silicon (a-Si: H) solar cell devices by
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modifying the Herawati's result [6]. In this study, a simulation of hydrogenated microcrystal
silicon (uc-Si: H) solar cell on p-i-n homojunction structure has performed the charge carrier
distribution profile and current density-voltage (J-V) characteristics by combining amorphous
and crystalline material modeling. To find out the results of modeling the device of solar cell
based on hydrogenated microcrystal silicon (uc-Si:H) on p-i-n homojunction structure, the finite
element method had been applied. The finite element method is a method that can be used to
modify according to the geometric structure simulated.

Materials and Methods
The geometry of the simulated solar cell device is in the form of a p-i-n junction. The thickness

of layer p, layer i, and layer n are 0.015 m, 0.550 m, and 0.300 m, respectively [6]. Figure 1
shows the geometry of solar cells in a one-dimensional structure.
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Figure 1. The geometry of hydrogenated microcrystalline silicon (uc-Si: H) solar cell device on
p-i-n junction 1D.

The first equation which used to determine the charge carrier distribution of solar cell

based of hydrogenated microcrystal silicon (uc-Si: H) is the Poisson equation, as mention in
equation 1 [7].
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The second equation which used the charge carrier distribution (electron-hole) is Continuity
equation. Continuity equations for the charge carrier distribution of electron and hole, each
written in equations 2 and equations 3 [7],
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The variables used as input parameters based on Poisson and continuity equations are given in
Table 1. The input parameters in the simulation of solar cell based on microcrystal silicon

hydrogenated (uc-Si: H) used c-Si and a-Si: H parameters.

Table 1. Input Parameter

Parameter

Value

Electrical charge (q)

Permittivity in vacuum (e,)
Temperature (T)

Boltzmann constant (k)

Relative Permittivity of material (¢,)
Photon flux (F)

Transmission factor (P)

Light absorption coefficient (a) a-Si:H
Light absorption coefficient (a) c-Si
Charge carrier concentration (n;)
Donor concentration (Np) a-Si:H
Acceptor concentration (N,) a-Si:H
Donor concentration (Nj) c-Si
Acceptor concentration (N4) c-Si
Electron diffusion (D,,) a-Si:H

Hole diffusion (D,) a-Si:H

Electron diffusion (D,;) c-Si

Hole diffusion (D,) c-Si

Ratio between charge and neutral (c)
Electron mobility (u,,) a-Si:H

Hole mobility (u,,) a-Si:H

Electron mobility (u,,) c-Si

30

1.602 x 10-1°C [8]
8.85x 107 F/cm [8]
300 K [8]
1.38x10723J/K
11.8 F/cm [8]
107cm™2s71 [9]
0.71 [7]

22222 ¢cm™1 [10]
30000 cm™* [11]
1.46 x 10°cm™2 [8]
8.8x10Ycm™3 [12]
1x10Ycm™3 [12]
8x107cm™3 [12]
7.6 x107cm™3 [12]
40 cm?/s [7]

10 cm?/s [7]

800 cm?/s [8]

200 cm?/s [8]

50 [9]

40 cm?/V.s [7]

10 cm?/V.s [7]

800 cm?/V.s [7]
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Parameter Value
Hole mobility (u,) c-Si 200 cm?/V.s [7]
Electron life time (z,,) 2.5x10725[12]
Hole life time () 1x107 s [12]
Minimum energy density in donor and acceptor (gmin) 10%%cm=3eV~1 [13]
Donor energy (Ep) 0.088 eV [7]
Acceptor energy (E,) 0.053 eV [7]
Minimum energy of conduction band (E,,,.) 0.65 eV [7]
Gap energy in p-type (E;) pc-Si:H 1.88 eV [14]
Gap energy in i-type (E;) pc-Si:H 1.7 eV [14]
Gap energy in n-type (E;) pc-Si:H 1.1 eV [15]
Energy in the valence band (E,) 0.045 eV [4]
Cross-section of the catcher at thermal velocity (v,,oy) 10*cm™3s71 [7]
Mesh 0.00115

The microcrystal silicon films have been divided into 4 regions (Figure 1). The division of region
in the microcrystal silicon films has been two types of boundary conditions, namely Dirichlet and
Neumann. Dirichlet boundary conditions are using to describe the electric potential and charge
carrier concentration. The charge carrier concentration device gives rise to the electric potential
of the same magnitude as the outgoing voltage coupled with energy changes throughout the
device. The electric potential and charge carrier concentration (electron-hole) are written in
equations 4, 5, 6 [16].

N 2
_ kT 2 (5) +1;°
1!1 —_ VA + 711‘1 Tli (4)
N N\ 2
n=5+]() +n?
5)
2

While the boundary region is not related to the conductor (metal), it can be explained using
Neumann boundary conditions, as written in equations (7), (8), and (9) [16]

AE=0 @)
=0 (8)
Afy =0 9)
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Results and Discussion
The simulation obtained charge carrier distribution and current density-voltage (J-V)

characteristics from solar cell devices based of hydrogenated microcrystal silicon (uc-Si: H) on
p-i-n junction with a thickness of 150A / 5500A / 300A respectively. The result of the charge
carrier distribution profile is shown in Figure 2 and Figure 3.
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Figure 2. One dimensional simulation of the electron concentration profile of hydrogenated microcrystal
silicon- (uc-Si: H) solar cell on p-i-n homojunction structure with a thickness of 150A/ 55004/ 300A
and output voltage of 0 volts

In Figure 2, the profile of electron concentration performs that the lowest number of the electron
concentration is at the end of the p-layer, indicated by a dark blue indicator located at 10* cm™.
The concentration of electrons in the i-layer is relatively constant of 10*cm™ indicated by a
green indicator. Meanwhile, the highest electron concentration is the maximum concentration of
donor atoms located at the end of the n-layer connected to the metal contacts indicated by a
deep red indicator of 10™ cm™.
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Figure 3. One dimensional simulation of the hole concentration profile of hydrogenated microcrystal
silicon (pc-Si: H) solar cell devices on p-i-n homojunction structure with a thickness of
150A/ 55004/ 300A and output voltage of 0 volts

In Figure 3, it can be obtained that the highest hole concentration in the p-layer is close to the
anode indicated by a deep red indicator of 10 cm™. The highest hole concentration is the
maximum concentration of the N acceptor atom. At i-layer, the concentration of the hole load
carrier is relatively constant of 10*>cm™. Then for the n-layer, there is a decrease drastically in
hole concentration until it reaches the lowest hole concentration at the end of the n-layer of
10°cm™. The majority of electron concentrations in the n-layer, while the concentration of the
majority of holes lies in the p-layer.

The distribution profile of the carrier concentration produced is further used to describe the
current density-voltage (J-V) characteristics of solar cell devices. Figure 4 show the simulation
results of current-voltage (J-V) characteristics of pc-Si: H solar cell on p-i-n junction with a
coating thickness of 150A/ 5500A/ 300A respectively.
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Figure 4. J-V characteristics curve of a pc-Si: H solar cell devices on p-i-n homojunction structure with a
thickness of 1504/ 55004/ 300A, where the shaded area indicates the maximum area used in the
calculation of device output power

Figure 4. indicates that the open-circuit voltage (V) of the simulation result is 0.6 volts, and short
circuit current (J) of 26.4 mA/cm. A comparison of the current density-voltage (J-V)
characteristics curve from the simulation results in this study, Klein's experiments [3], and Lin's
simulations [4] is shown in Figure 5.
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Figure 5. The current density-voltage (J-V) characteristics of hydrogenated microcrystal silicon (uc-Si: H)
solar cell by Lin’s simulation, Klein’s experiment, and simulation in this study
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The simulation of current density-voltage (J-V) characteristics curve of this study occurred
changes in current tightness significantly not as sharp as Klein’'s experiments. The tight circuit of
the Klein’s experiment (J-V) was relatively stable for the current-density value at a voltage of O-
0.4 volts. While at a voltage of 0.4-0.58 volts, the change in current tightness decreases
drastically. The change in the current-density is insignificant.

The result of current density-voltage (J-V) characteristics curve on this simulation is not as
sharp as the Lin's simulation and decreases in current value significantly. Lin's simulation
current density-voltage (J-V) characteristics curve is relatively stable for current tight values at
voltages of 0- 0.4 volts. While at a voltage of 0.4-0.53 volts, the change in current tightness
decreases drastically.

The addition of equations for crystal-structured semiconductor materials in an amorphous
structure, semiconductor materials can affect the tight current density-voltage (J-V)
characteristics. Figure 6. indicated the difference in the results of the calculation of electrical
current-density between the modeling of amorphous and microcrystal materials.
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Figure 6. The current density-voltage (J-V) characteristics curve of hydrogenated microcrystal
silicon (pc-Si: H) solar cell conducted in simulation (in this study) and Sholeha simulation using
hydrogenated amorphous silicon (a-Si: H) solar cell

The simulation results by Sholeha using a hydrogenated amorphous silicon device (a-Si: H)
solar cell in the p and i layers and using a hydrogenated microcrystal silicon solar cell device in
the n-layer is resulting circuit open voltage of 0.8 volts and a short circuit current of 15.61
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mA/cm [6]. While the current density in this study of 26.4 mA/cm. By adding semiconductor
equations for crystal materials to semiconductor equations for amorphous materials, it can
increase the electrical current-density devices by 69%.

The energy conversion efficiency is a reference to the magnitude of the performance of solar
cell devices. The amount of calculation of conversion efficiency of hydrogenated microcrystal
silicon (pc-Si: H) solar cell on p-i-n homojunction structure obtained in this study of 9.02 %.

Conclusions
The conclusion of this study that the charge carrier distribution profile of hydrogenated

microcrystal silicon (uc-Si: H) solar cell devices on p-i-n homojunction structure with a thickness
of 1504/ 55 00A/ 300A is the highest charger carrier concentration of electron in the n-layer of
10'® cm™ and the highest charger carrier concentration of hole in the p-layer of 10'® cm™. The
current density-voltage (J-V) characteristics curve obtained an open-circuit voltage up to 0.6
volts. While the close the short circuit current of 26.4 mA/cm. In addition, the energy conversion
efficiency of 9.02% with a fill factor of 0.569.
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