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Abstract. In this work, the imbalances in band gap energy between p-window layer and intrinsic layer (p/i interface) in p-i-n type solar
cells to suppress charge recombination adopting with the addition of buffer layer, at p/i interface, namely solar cell structures without
buffer (Cell A) and with buffer (Cell B). Using well-practiced AFORS-HET software, performances of Cell A and Cell B structures are
evaluated and compared to experimental data. A good agreement between AFORS-HET modelling and experimental data was obtained
for Cell A (error = 1.02%) and Cell B (error = 0.07%), respectively. The effects of dopant concentrations of the p-type and n-type were
examined with respect to cell B for better performance by analysing the energy band diagram, the electric field distribution, the trapped
hole density, the light J-V characteristics, and the external quantum efficiency. The simulated results of an optimised Cell B showed that
the highest efficiency of 8.81% (VOC = 1042 mV, JSC = 10.08 mA/cm2, FF = 83.85%) has been obtained for the optimum dopant values of
NA = 1.0 x 1019 cm-3 and ND = 1.0 x 1019 cm-3, respectively. A comparison between experimental data and simulation results for Cell B
showed that the conversion efficiency can be enhanced from 5.61% to 8.81%, using the optimized values.
Keywords: p-type, n-type, AFORS-HET, dopant concentration, p/i interface, efficiency
Article History: Received: 22nd July 2021; Revised: 25th Sept 2021; Accepted: 31st Oct 2021; Available online: 10th Nov 2021
How to Cite This Article: Hamdani, D., Prayogi, S., Cahyono, Y., Yudoyono, G. and Darminto, D. (2022) The Effects of Dopant Concentration on
the Performances of the a-SiOx:H(p)/a-Si:H(i1)/a-Si:H(i2)/µc-Si:H(n) Heterojunction Solar Cell. International Journal of Renewable Energy
Development, 11(1), 173-181
https://doi.org/10.14710/ijred.2022.40193

1.

Introduction

The sun is one of the largest energy sources on earth and
it is converted into electrical energy with photovoltaic (PV)
technology which is expected to support the increasing
needs. The continuous study and development of this
scientific system in respect to different fabrication and
techniques aim to improve their conversion efficiency
(Kabbani & Shaik, 2021). Presently, the solar cells being
developed, including thin-film silicon types received a lot
of attention, as the next generation models, because it has
several advantages, such as the availability of Si raw
material, which is abundant in nature. Therefore, low-cost
and efficient solar cells are continuously developed, to
assess the economic viability of photovoltaic power
generation (Cho et al., 2018). The thin-film types have
been the subject of extensive study for several decades as
solar energy-harvesting devices, whereas presently the
highest efficiencies for a-Si:H (triple-junction), CIGS, and
CdTe are 14.04%, 23.35%, and 22.1%, respectively (Efaz et
al., 2021).
Its conversion efficiency is enhanced by utilizing highquality p-window and intrinsic layers. Furthermore, from
*

the device standpoint, the p/i interface also plays a crucial
role in reducing the mismatch bandgap and minimizing
charge carrier recombination. The trap centers at the p/i
interface appear at the internal electric field distribution
due to its localized state (Hamdani et al., 2021). The
optoelectronic properties of the p-i-n structure silicon thinfilm solar cells depend on the quality of the layered
window which affects the overall performance. The use of
materials with a wide bandgap is the solution to improve
the optical and electrical properties (Park et al., 2013).
Moreover, a-SiOx:H film is widely used as the p-window
layer, due to its characteristics, especially a wide bandgap
(>1.9 eV), lesser conductivity (<10-6 S/cm), and high
activation energy (0.6 eV), which are suitable for solar cell
applications (Ahmad et al., 2017; Choi et al., 2019; Park et
al., 2015).
However, the a-SiOx:H(p)/a-Si: H(i) interface is related
to higher built-in potential (Vbi), greater VOC, and also
spectral responses at the blue region of the spectrum,
which was enhanced due to the extremely transparent
material with wide bandgap. Furthermore, due to the
different values for (p)- (~2.05 eV) and absorber layers
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(~1.72 eV), bandgap discontinuity is likely to occur at the
p/i interface, where a thin defective region is formed and
acts as recombination loss of photogenerated carriers
(Park et al., 2013). Certain methods have also been applied
to diminish the recombination loss at the p/i interface by
inserting a buffer between (p) and absorber layers,
including carbon alloys, a-SiC:H (Myong & Lim, 2005),
silicon oxide, a-SiOx:H (Ahmad et al., 2017; Fang et al.,
2014; Pham et al., 2018). This includes the intrinsic double
layers with different bandgap (Choi et al., 2019; Prayogi et
al., 2021).
In this study, the structure of the Glass/ITO/aSiOx:H(p)/a-Si:H(i1)/a-Si:H(i2)/µc-Si:H(n)/Ag solar cell
designed by Choi et al., (2019), was investigated by
applying numerical method, using the AFORS-HET
simulator. The proposed structure consists of a wide
bandgap a-SiOx:H and a-Si:H as p-window and buffer
layers. This includes structure without and with buffer
(Cell A) and (Cell B), respectively. The calculation was
carried out to understand the influences of the inserted
buffer and the dopant concentrations of the doped layers
on the solar cells' output characteristics. The reasons for
the high performances in terms of energy band diagrams,
electric field distribution, trapped hole density, light J-V
characteristics, and external quantum efficiency, for the
proposed heterojunction solar cell, was analysed.
2. Solar cell structure and simulation details
2.1 Simulation approach
AFORS-HET is a 1D numerical simulated program, which
is widely used to simulate heterojunction solar cells
developed at the Helmholtz Zentrum Berlin (HZB). It is
divided into two parts, namely optical and electrical
simulations. The defect state distribution in accordance
with the Shockley-Read-Hall (SRH) recombination
statistics, the modelling of each bulk layer is calculated
using the Poisson and continuity equations, for electrons
and holes. In the steady-state, the mathematical model
defines the electric transport within the semiconductor as
expressed in Eqs. (1-3) (Ahmad et al., 2017; Qiao et al.,
2016; Stangl et al., 2010).
∇2 . 𝜓 = −

𝐽𝑝 = −𝑞𝜇𝑝 𝑝∇𝜓 − 𝑘𝑇𝜇𝑝 ∇𝑝

(5)

𝐽𝑛 = −𝑞𝜇𝑛 𝑛∇𝜓 − 𝑘𝑇𝜇𝑛 ∇𝑛

(6)

where 𝜇𝑝 and 𝜇𝑛 are hole and electron mobilities,

respectively.
The defect states in amorphous material present
within the band gap with localized DOS strongly influence
the solar cell. In the simulation, the DOS models control
the trapp carrier density and recombination center within
the space charge distribution. These defect states mainly
consist of exponential band-tail states and deep danglingbon (DB). The total defect density of conduction band-tail
(acceptor-like) 𝑁𝐶−𝑡𝑎𝑖𝑙 and valence band-tail (donor-like)
𝑁𝑉−𝑡𝑎𝑖𝑙 within energy distribution E is stated in Eqs. (6,7)
(Hua et al., 2012):
𝐸

𝑁𝐶−𝑡𝑎𝑖𝑙 (𝐸) = ∫𝐸 𝐶 𝑁𝑂𝐶 𝑒𝑥𝑝 (
𝑉

(2)

∇. 𝐽𝑛 = −𝑞(𝐺 − 𝑅)

(3)

where 𝑞 is electron charge, 𝜀 is the electric constant, 𝜓 is
the electric potential, 𝐺 and 𝑅 are generation and
recombination rate, respectively, 𝜌 is the net charge
carrier density as expressed in Eq. (4).
𝜌 = 𝑝 − 𝑛 + 𝑁𝐷+ − 𝑁𝐴− + 𝑁𝑇𝐷 + 𝑁𝐷𝐵

(4)

where 𝑝 and 𝑛 are the free holes and electron
concentration, 𝑁𝐷+ , and 𝑁𝐴− are ionized donors and
acceptors concentration, 𝑁𝑇𝐷 and 𝑁𝐷𝐵 are trapped
electrons and holes in the tail as well as dangling bond
states, respectively. The current densities of the electron
and hole from Eqs. (2,3) are stated in eqs. (5-6).

(7)

) 𝑑𝐸

𝐸𝐶 − 𝐸
𝑁𝑉−𝑡𝑎𝑖𝑙 (𝐸) = ∫ 𝑁𝑂𝑉 𝑒𝑥𝑝 (
) 𝑑𝐸
𝐸𝑂𝑉

(8)

𝐸𝑉

where 𝑁𝑂𝐶 and 𝑁𝑂𝑉 are the densities per energy range at

the conduction and valence band edges, 𝐸𝑂𝐶 and 𝐸𝑂𝑉 are
inverse logaritmic slope (Urbach energies) of the
conduction and valence bands, respectively. The 𝑁𝑂𝐶 and
𝑁𝑂𝑉 values taken from 2.0 x 1021 – 4.0 x 1021 cm-3/eV and
vary with doping concentration (Schmidt et al., 2004).
The DB defect states lies near the mid-gap as
recombination centers result from dangling sp-hybrid
orbtals of Si atoms. The DB states are continuously
distributed in forms as two Gaussian distribution
functions and can have three charge states, namely netral
state (D0 ), positively charged (D0 ⁄D+ ), and negatively
charged (D− ⁄D0 ). The donor-like and acceptor-like
densities can be described by Eqs. (9,10) (Hua et al., 2012)
𝐸𝐶

𝑁𝑡𝐷 (𝐸) = ∫ 𝑁𝐷𝑂 𝑒𝑥𝑝 (−
𝐸𝑉
𝐸𝐶

𝐸𝑉

∇. 𝐽𝑝 = 𝑞(𝐺 − 𝑅)

𝐸𝑂𝐶

𝐸𝐶

𝑁𝑡𝐴 (𝐸) = ∫ 𝑁𝐴𝑂 𝑒𝑥𝑝 (−

𝜌
𝜀

𝐸−𝐸𝐶

(𝐸 − 𝐸 0/+ )

2
2 ) 𝑑𝐸

(9)

2 ) 𝑑𝐸

(10)

2(𝐹𝑊𝐻𝑀⁄2)
(𝐸 − 𝐸 −/0 )

2

2(𝐹𝑊𝐻𝑀⁄2)

where 𝑁𝐷𝑂 and 𝑁𝐴0 are the peak of defect states that are
associated with D0 ⁄D+ and D− ⁄D0 transitions,
respectively, with 𝐸 0/+ and 𝐸 −/0 are the peak energy
positions beyond 𝐸𝑉 and FWHM is the full width at half
maximum of the Gaussian distribution functions.
In this simulation, the DB density was calculated using
the defect pool model developed by Powell and Dean. The
analytical expression for this model as expressed in Eq.
(11) (Bouhdjar et al., 2015):
2 𝑘𝐵 𝑇∗⁄2𝐸𝑣0
𝐹𝑊𝐻𝑀 2
𝐷(𝐸) = 𝛾 ( 0
)
𝑃 (𝐸 +
)
𝑓 (𝐸)
2𝐸𝑣0

(11)

where 𝛾 is scalling factor can be written in eq. (12):
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2
𝐺𝑣 2𝐸𝑣0
𝐻 𝑘𝐵𝑇∗⁄4𝐸𝑣0
𝛾=(
)(
)
(2𝐸𝑣0 − 𝑘𝐵 𝑇) 𝑁𝑆𝑖𝑆𝑖

1
𝐹𝑊𝐻𝑀 2
𝑥 𝑒𝑥𝑝 (−
(𝐸𝑝 − 𝐸𝑣 −
))
2𝐸𝑣0
4𝐸𝑣0

2.2 Device structure and input parameters
(12)

where 𝑃(𝐸) is the defect pool function (Gaussian
distribution), 𝐸𝑝 is the most probable energy for defect
formation, 𝐻 is the total hydrogen concentration
amorphous materials, 𝑁𝑆𝑖𝑆𝑖 is the total number of electrons
in silicon bonding, and 𝑇 ∗ is the equilibrium freeze-in
temperature.
In this model, the optical generation rate of carriers
(electrons and holes), with photon flux density Φ0 (𝜆) of
wavelength 𝜆 and device thickness 𝑑 is stated in Eq. (13)
(Ahmad et al., 2017):

𝐺(𝑥) = ∫ ∫ 𝛼(𝑥, 𝜆)Φ0 (𝜆)
𝑑

𝜆

(13)

𝑥 (1 − 𝑅(𝜆))𝑒𝑥𝑝(−𝛼(𝑥, 𝜆))𝑑𝑥𝑑𝜆

Fig. 1 denotes the schematic diagram for the
heterojunction solar cell structure Glass/TCO(ITO)/aSiOx:H(p)(20nm)/a-Si:H(i1)buff(20nm)/a-Si:H(i2)(180nm)/µc
-Si:H(n)(30nm)/Ag was deposited on soda-lime glasses
using plasma-enhanced chemical pavor deposition
(PECVD) reactor. The optoelectronic properties of the
intrinsic films were tested with various hydrogen dilution
(R) = [H2]/[SiH4] = 4 and 12, meanwhile, the results were
adopted from the study carried out by Choi et al.
Meanwhile, the doped (a-SiOx:H (p) and µc-Si:H(n)) layers
were also deposited using PECVD reactor with gas
mixtures of B2H6 (diborane) and PH3 (phosphine) for
doping in addition to SiH4 (silane), hydrogen (H2), and CO2
at a temperature as low as 150 0C. To depress charge
recombination at the p/i interface, the buffer layer (a-Si:H)
was added to p-i-n-type structure to relieve the band gap
mismatch between the p-window and absorber layers (pi1-i2-n-type) using various hydrogen dilution. Moreover, as
light sources, the radiation AM1.5G spectrum with 100
mW/cm2 power density and 300 K operational
temperature was used.

where 𝛼(𝑥) is the absorption coefficients of the layer, 𝑅(𝜆)
is reflectivity at the surface of the glass/TCO/(p)-layer
structure.
Furthermore, the recombination process and trapping
of a model in the case of amorphous material is described
by the sum of the recombination rate through a single level
trap, the tail, and DB states (D+, D0, D-). Therefore, the
total recombination rate is expressed in Eq. (14).
𝑅𝑡𝑜𝑡𝑎𝑙 (𝑥) = 𝑅𝑆𝑅𝐻 (𝑥) + 𝑅𝑇𝐷 (𝑥) + 𝑅𝐷𝐵 (𝑥)

(14)

(a)

where 𝑅𝑆𝑅𝐻 (𝑥) is the recombination rate through single
level trap, 𝑅𝑇𝐷 (𝑥) and 𝑅𝐷𝐵 (𝑥) are recombination rate of tail
states and DB states, respectively.

(b)

(c)
Fig.1 Sketch of proposed of the heterojunction solar cell structure
Glass/ (ITO)/a-SiOx:H(p)/a-Si:H(i1)buffer/a-Si:H(i2)/µc-Si:H(n)/Ag.

Fig. 2 The gap states distribution of (a) a-SiOx:H layer, (b) aSi:H, and (c) µc-Si:H. D0/+ and D-/0 denotes donor-like DB and
acceptor-like DB, respectively.
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Table 1
Some input parameters for AFORS-HET simulator
Parameters
d (nm)
r
 (eV)
EG (eV)
NC (cm-3)
NV (cm-3)
µe (cm2/Vs)
µh (cm2/Vs)
NA (cm-3)
ND (cm-3)

(p)a-SiOx:H

(i1)a-Si:H buffer

(i2)a-Si:H

(n)µc-Si:H

20
11.9
3.90
2.05
2.0 x 1020
2.0 x 1020
7.85
3.14
1.0 x 1018
0

20
11.9
4.05
1.90
2.0 x 1020
2.0 x 1020
9.78
3.14
0
0

180
11.9
3.8
1.78
2.0 x 1020
2.0 x 1020
9.78
3.14
0
0

30
11.9
4
1.60
2.0 x 1020
2.0 x 1020
30
6
0
1.0 x 1019

1.5 x 1020
1.5 x 1020
0.04
0.07
2.5 x 10-15
2.0 x 10-14
2.0 x 10-14
2.5 x 10-15

1.0 x 1020
1.0 x 1020
0.03
0.04
2.5 x 10-15
2.0 x 10-14
2.0 x 10-14
2.5 x 10-15

1.0 x 1020
1.0 x 1020
0.03
0.04
2.5 x 10-15
2.0 x 10-14
2.0 x 10-14
2.5 x 10-15

4.0 x 1021
4.0 x 1021
0.04
0.07
1.0 x 10-16
1.0 x 10-15
1.0 x 10-15
1.0 x 10-16

3.98 x1017
3.98 x1017
1.22
0.70
1.0 x 10-14
1.0 x 10-15
1.0 x 10-15
1.0 x 10-14

2.35 x 1016
2.35 x 1016
1.22
0.70
1.0 x 10-14
1.0 x 10-15
1.0 x 10-15
1.0 x 10-14

2.35 x 1016
2.35 x 1016
1.22
0.70
1.0 x 10-14
1.0 x 10-15
1.0 x 10-15
1.0 x 10-14

1.0 x1017
1.0 x1017
1.22
0.70
1.0 x 10-15
1.0 x 10-16
1.0 x 10-16
1.0 x 10-15

Tail states
NOC (cm-3/eV)
NOV (cm-3/eV)
EOC (eV)
EOV (eV)
de (cm-2)
dh (cm-2)
ae (cm-2)
ah (cm-2)
Dangling-bond states
NDO (cm-3)
NAO (cm-3)
EDO (eV)
EA) (eV)
de (cm-2)
dh (cm-2)
ae (cm-2)
ah (cm-2)

The abbreviations in Table 1 are follows: d: thickness of the semiconductor layers, r: dielectric constant, : electrons affinity, Eg: band gap, NC: effective
conduction band density, NV: effective valence band density, μe: electron mobility, μh: hole mobility, NA: acceptor doping, ND: donor doping, NOC/NOV:
exponential prefactors of donor-like or acceptor-like tail states, EOC/EOV: characteristic energy of the donor-like/acceptor-like tail states, σde, σdh: capture crosssection for donor states; σae, σah: capture cross-section for acceptor states, NDO/NAO: Gaussian density for donor and acceptor states, E DO/EAO: donor and
acceptor Gaussian peak energy position.

The DOS distribution model in AFORS-HET for each
heterojunction solar cell is described as the conductionvalence band-tails and the donor-acceptors such as DBs
for -p, -i, and -n layers, as shown in Fig. 2 using equations
7 to 10. The results are obtained in Table 1 were generated
with AFORS-HET software. Also, in hydrogenated silicon
oxide, the energy values (Urbach energy) of 0.07 and 0.04
eV, were used by the donor and acceptor-like states, to
generate a valence defect density and conduction band
edges of approximately 1.5 x 1020 cm-3eV-1, the Gaussian
was realized at 3.98 x 1017 cm-3, with values of the carrier
mobilities being 7.85 and 3.14 cm2 1/Vs for electrons and
holes. However, the defect densities of -i2 and -n for both
layers, are characterized with 2.35 x 1016 and 1.0 x 1017
cm-3, respectively.
The TCO work function value which generates a
𝑛
neutral contact at ITO/p-window layer interface 𝑊𝐹𝑇𝐶𝑂
=
5.40 𝑒𝑉 (𝜑𝑏0 = 1.50 𝑒𝑉) was used to carry out this research.
Meanwhile, the work function at µc-Si:H(n)/Ag interface of
the neutral back contact is WBTCO = 4.2 eV (𝜑𝑏𝐿 = 0.2 𝑒𝑉).
Furthermore, the surface recombination velocities for
electrons and holes were set at 1.0 x 107 cm/s. However,
the dopant concentration of the p-window and n-layers
varies from 1.0 x 1015 to 1.0 x 1023 cm-3. The light reflection
on the front and back contact (RF and RB) were set at both
0.05 and 0, respectively. This was based on the

assumption that there was no back reflector on the
simulated structure. The input parameters used in the
simulation of cell B are shown in Table 1 (Ahmad et al.,
2017; Choi et al., 2019; Hernández-Como and MoralesAcevedo, 2010; Kouider and Belfar, 2020).
3. Simulation results and discussion
3.1 Numerical validation of the heterojunction solar cells
According to Choi et al, 2019, several a-Si:H layer films
have been developed with different band gap energy due
to various R values, which are shown in Table 2. The
Urbach energy would be decreased for higher R, which
correlates to reduced defects (density of state) on the
valence and conduction band tails and deep state defects
(DB). The decrease in Urbach energy due to the increase
in R causes band gap energy of (i)a-Si:H to increase. The
increase of band gap energy is related to the effect of
quantum confinement charge carriers, which indicates a
change in the lattice from amorphous to nanoscale
crystalline structure in the a-Si:H film according to the
effective mass theory (Cahyono et al., 2018).
The imbalances in bandgap energy between p-window
layer and intrinsic layers (p/i interface) in p-i-n type solar
cells to suppress charge recombination adopting with
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adding buffer layer p/i interface, namely solar cell
structures without buffer (p-iR4-n) and with buffer (p-iR12iR4-n), as shown in Table 3. The bandgap energy and
thickness of n-layer are 1.60 eV and 30 nm, respectively.
Meanwhile, the solar cell structure without a buffer device
was fabricated with intrinsic layer (R4) thickness of 200
nm, whereas for solar cells with buffer layers thickness
consisted sum of buffer layers’ (20 nm) + absorber
thickness layer (180 nm) = 200 nm.
The simulation results were compared using AFORSHET software to experimental data from Choi et al, 2019
to evaluate the effect of the interface layer (buffer) on
bandgap energy and solar cells performances, as shown in
Table 3. In addition, the validity model was confirmed
using Table 1. Referring to cell A (without buffer), a
simulated efficiency of 4.85% suitably corresponds with
the experimental result of 4.83%. Meanwhile, for cell B,
after the insertion of the buffer layer (R=12) at the p/i
interface, the efficiency of the simulated and measured
output characteristics of the solar energy is improved by
5.61% and 5.57%, respectively, as shown in Table 4. The
addition of a buffer layer on p-i-n solar cells causes
bandgap energy imbalance (band offset) and repression
charge recombination at the p/i interface which correlates
with an increase in VOC and FF values. The buffer layer
causes a high internal electric field at this region, thereby
sweeping out electron-hole pairs as well as minimizing
recombination in the DRR (defect rich region) and the p/i
interface. In addition, the charge carrier collection
increases, in accordance with the performance of solar cell
terraces (Ahmad et al, 2017).
Table 2
Variation of band gap energy of (p)a-SiOx:H and (i)a-Si:H layers
with hydrogen values R = [H2]/[SiH4] = 4 and 12.
Layers
Band gap energy (eV)
a-SiOx:H(p)

2.05

a-Si:H(i) (R=4)

1.78

a-Si:H(i) (R=12) buffer

1.90

Sources: Choi et al., 2019
Table 3
Set of p-i-n type heterojunction solar cells
Structures

Cells

a-SiOx:H(p)/R4/µc-Si:H(n) (p-i-n)

A

a-SiOx:H(p)/R12/R4/µc-Si:H(n) (p-i1-i2-n)

B

Table 4
Comparison of the experimental and simulation results of the
solar cell without buffer (A) and with buffer (B).
VOC
JSC
FF
Eff
Cells
(mV)
(mA/cm2)
(%)
(%)
Experimental A

855.0

9.56

59.10

4.83

AFORS-HET A

856.4

9.53

59.64

4.88

Error (%)

0.16

0.03

0.91

1.02

Experimental B

912.0

9.86

61.95

5.57

AFORS-HET B

915.5

9.81

62.48

5.61

Error (%)

0.38

0.51

0.85

0.07

3.2 Effect of the p-type and n-type dopants concentration
to heterojunction solar cell performance
The subsequent discussion focuses on the analysis of the
p-i1-i2-n structure (Cell B) because generally, it is better
compared to the p-i-n (Cell A). The electric field which
serves as a driving force for electrons and holes in the
absorber of the p-i-n solar cell was generated by the p and
n layers. Fig. 3(a) to (d) shows the external parameters
(VOC, JSC, FF, and Eff) of cell B with respect to the changes
in the p-type doping concentration (NA). Furthermore, this
greatly affected the VOC and FF, due to the influences of
transition on resistance series and recombination loss, at
the p/i interface (Lin et al., 2012).
Additionally, the effect of the p-type dopant
concentration on the p/i1 interface significantly terraced
the Vbi (built-in potential), which causes an increase in VOC
and FF (885.9 to 915 mV and 68.98 to 82.80%) including
NA from 1.0 x 1017 to 1.0 x 1019 cm-3, that further saturates
after NA > 1 x 1019 cm-3. This was observed to be consistent
with other studies (Dutta & Chatterjee, 2004; Jia et al.,
2017). However, the values of JSC decreases with NA from
1.0 x 1017 to 1.0 x 1018 cm-3, then slightly increased with
the maximum value of 10.26 mA/cm2 when the NA of 1.0 x
1020 cm-3, due to reduction of parasitic absorption in the pp-window layer, therefore permanently decreased for
heavily doped p-window layer. Based on this reason, the
conversion efficiency (Eff) value increased for high the ptype dopant concentration of 1.0 x 1019 cm-3 at 7.77%
(maximum efficiency) and started to saturate at higher
levels of the NA. In the case of optimized structure, the
value of NA = 1.0 x 1019 cm-3 was used in this study.
Fig. 4(a) and (b) show the effect of ND dopant
concentration on the performance of cell B. It is evident
that VOC sharply increases when the ND concentration was
operated from 1.0 x 1017 to 1.0 x 1021 cm-3 in Fig. 4(a). The
VOC value is strongly determined by the NA and ND
dopants concentration as shown in Eqs. (15,16) (Belfar,
2015; Jensen et al., 2002).
𝑉𝑂𝐶 =

𝑉𝑏𝑖 𝑛𝑘𝑇
𝑞𝑁𝑉 𝑆𝑖𝑡
−
𝑙𝑛 (
)
𝑞
𝑞
𝐽𝑆𝐶

𝑉𝑏𝑖 =

𝑘𝑇
𝑁𝐴 𝑁𝐷
𝑙𝑛 ( 2 )
𝑞
𝑛𝑖

(15)
(16)

where 𝑉𝑏𝑖 is the built-in potential, 𝑁𝑉 is the effective
density of state in valence band, 𝑆𝑖𝑡 is the interface
recombination velocity, 𝑁𝐴 and 𝑁𝐷 are doping
concentration of p-type and n-type, and 𝑛 is intrinsic
carrier concentration, respectively.
Furthermore, a slight decrease was detected in the
JSC value (Fig. 4(b)) with increasing ND doping from 10.26
to 10.01 mA/cm2. These results are illustrated by the band
bending between the ITO/p-layer interfaces which are
increased when the p-window is highly doped, as shown in
Fig. 5. However, it is evident that the front barrier height
(b0) ITO/p-window layer changed due to the NA dopant
concentration. The changes in the NA and ND dopants
concentrations caused the position of the Fermi energy
level to move downward towards the valence and
conduction bands. However, the barrier height in form of
surface band-bending (Esbb) hinders the photogenerated
holes trying to exit the cell.
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depending on the different NA dopant levels. For the
doping level which is approximately 1.0 x 1019 cm-3, the
generated electric field at the p/i interface was observed to
be weaker at 7.56 x 105 Vcm-1, while the electric field
strength was determined by p-window layer thickness.
This indicates that the front surface field (FSF) resulted
in an efficiency drop (Jia et al., 2017). Meanwhile, when
the dopant p-window layer concentration was increased to
1 x 1020 cm-3, the electric field strength was also increased
to 2.03 x 106 Vcm-1, which was strong enough to permit the
efficient accumulation of photogenerated charge carriers
at both terminals. Moreover, when the dopant
concentration was raised to 1.0 x 1021 cm-3, the overlystrong electric field of 3.48 x 106 Vcm-1 generated a higher
defect density at the p/i interface. This served as both
recombination and trapping centres for charge carriers
(Mehmood and Tauqeer, 2017). These results were
confirmed by calculating the trapped hole densities for 3
NA dopant concentrations, as shown in Fig. 6(b). It was
observed that the trapped hole densities at p/i1 interface
increased with increasing NA dopant concentration, i.e. 1.0
x 1019 cm-3 (4.52 x 1017 cm-3), 1.0 x 1020 cm-3 (7.89 x 1017
cm-3), and 1.0 x 1021 cm-3 (2.76 x 1018 cm-3), respectively.

Fig. 3 External parameters of heterojunction solar cells (cell B):
(a) VOC, (b) JSC, (c) Fill Factor, and (d) efficiency with variations
p-type dopant concentration (NA).

Meanwhile, the presence of the buffer layer
accommodates the band offsets at the p/i interface,
thereby reducing the trapped hole density and the
recombination rate. Fig 4(c) showed that the fill factor
(FF) also improved the ND dopant concentration from 1.0
x 1017 to 1.0 x 1019 cm-3 about 82.80 to 83.85%, and was
saturated to ND > 1.0 x1019 cm-3. According to Fig. 4(d), the
conversion efficiency of cell B is improved by increasing ND
from 1.0 x 1017 to 1.0 x 1019 cm-3 (7.77 to 8.81%) at a
constant of ND > 1.0 x1019 cm-3. Therefore, the results from
the simulation stated that for better performances, the
optimum ND dopant concentration of the heterojunction
solar cells was 1.0 x1019 cm-3, with a maximum efficiency
of 8.81%.
To provide an overview regarding the effect of changes
in NA and ND dopant concentrations on the performance of
heterojunction solar cell devices, it is important to analyse
the electric field distribution and the trapped hole density,
as depicted in Fig. 6(a) and (b). Furthermore, Fig. 6(a)
shows a potential difference explained by variations in the
distribution of the electric field, for four NA dopant
concentrations (ND = 1.0 x 1019 cm-3). It was observed that
the electric field in the ITO/p-window layer interface was
positive, which impedes that the photo-generated holes
have attained the front contact. However, the strength of
the electric field at the p/i1 interface was diverse,

Fig. 4 External parameters of heterojunction solar cells (cell B):
(a) VOC, (b) JSC, (c) Fill Factor, and (d) efficiency with variations
n-type (ND).
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layer (ND) dopant concentrations. However, upon further
optimization of dopant concentrations, the cell B
numerically reached a conversion efficiency of 8.81% (VOC
= 1042 mV, JSC = 10.08 mA/cm2, FF = 83.85%) for the
optimum dopant values of NA = 1.0 x 1019 cm-3 and ND =
1.0 x 1019 cm-3, respectively.
Therefore, the influence of p-type dopant
concentration on optical properties and photogenerated
current of cell B, as depicted in Fig. 8 was examined and
analysed. The photogenerated current Jphoto indicated as
JSC in the short circuit condition was a description of the
quantum efficiency, which is represented by Eqs. (16,17)
(Hao et al., 2019)
800

𝐽𝑆𝐶 = ∫
Fig. 5 Sketch of band diagrams of heterojunction solar cells
due to change of the p-layer dopants for three levels (p)aSiOx:H layer dopant at Thermodynamics equilibrium.

300

𝑞𝜆
(𝜆)𝐸𝑄𝐸(𝜆)𝑑𝜆
𝜙
ℎ𝑐 𝐴𝑀1.5

𝐸𝑄𝐸(𝜆) = 𝐼𝑄𝐸 (1 − 𝑅(𝜆))

(16)
(17)

where ℎ, 𝑐, 𝜆, 𝜙𝐴𝑀1.5 , 𝐸𝑄𝐸, 𝐼𝑄𝐸, 𝑅 are the Plank’s constant,
the speed of light, the wavelength, the solar spectral
irradiance under air mass 1.5G, the external quantum
efficiency, internal quantum efficiency, and reflectance,
respectively.

(a)

Fig. 7 The J-V characteristics of the cell B under illumination
condition for different NA dopant concentrations.

(b)
Fig. 6 (a) The electric field distribution, (b) the trapped hole
densities for cell B with different NA dopant concentration
with ND = 1.0 x 1019 cm-3 at short circuit current (V = 0V).

Fig. 7 depicts the J-V characteristics analysed under
different NA dopant concentrations used in the reference
structure based on a-SiOx:H/a-Si:H solar cell (cell B), as
shown in Table. 4. The simulated conversion efficiency of
Cell B was calculated by AFORS-HET is 5.61% (VOC =
915.5 mV, JSC = 9.81 mA/cm2, FF = 62.48%) was obtained
and optimised by exploring different p-window (NA) and n-

Fig. 8 The quantum efficiency of the Cell B for wavelength
range from 300 to 800 nm with different NA dopant
concentrations.
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Table 5
Simulated results of the Cell B using AFORS-HET sofware are
compared with Silvaco TCAD (Ahmad et al., 2017)
References

Buffer
layer

TCAD
AFORSHET

results obtained using AFORS-HET and Silvaco TCAD.
Therefore, the proposed design for the heterojunction solar
cell provided a reference for further technological
development.

VOC

JSC

FF

Eff

(mV)

(mA/cm2)

(%)

(%)

a-SiO:H

905.0

12.98

71.60

8.41

Acknowledgments

a-Si:H

925.5

12.64

72.81

8.52
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research through BUDI-LPDP scholarship (Grant
number: PRJ-5441/LPDP.3/2016). The authors are also
grateful to HZB for the AFORS-HET Simulation Program.

Moreover, Fig. 8 showed the quantum efficiency of cell
B with respect to changes to the dopant concentration of
the p-window layer. It was also observed that when the
dopant concentration was increased from 1.0 x 1017 to 1.0
x 1019 cm-3, the spectrum wavelength of the quantum
efficiency was also increased from 300 to 520 nm (blue
region). This further proves that the dopant concentration
had a good response in the blue region because the
recombination at the p/i1 layer interface was reduced. This
indicates that the photogenerated charge carrier was
efficiently extracted from the defect-rich region at the
interface (Ahmad et al., 2017). However, for the p-type
dopant concentration > 1.0 x 1019 cm-3 (high dopant), it was
observed that the quantum efficiency remains constant,
which implies that the JSC value is constant (Fig. 7).
Therefore, the simulation results of Cell B (with aSi:H as a buffer) using AFORS-HET simulator, were
compared to the solar cell using Silvaco TCAD (with aSiO:H as a buffer) which employed identical parameters,
as shown in Table 5 (Ahmad et al., 2017).
4. Conclusion
In this study, a p-i-n solar cell based on the (p)a-SiOx:Htype and a-Si:H buffer layer have been numerically
investigated and analysed using the AFORS-HET
software. The p-i-n structures without (Cell A) and with
buffer (Cell B) were studied and compared to determine
the relevance of inserting interfacial layer (buffer) as well
as to discover a realistic set of parameters for better solar
cell performances. A good agreement was reached between
AFORS-HET modelling and experimental data for Cells A
(error = 1.02%) and B (error = 0.07%), respectively. The
results show that the presence of a-Si:H buffer between
the window and active (intrinsic) layers, at the p/i
interface, improved the solar cell performances of cell B.
This addition on the p-i-n causes bandgap energy
imbalance (band offset) and repression charge
recombination at the interface p/i which is correlated with
an increase in VOC and FF values.
The impacts of the p-type and n-type dopant
concentrations in respect to Cell B performances were
determined by calculating and analysing the energy band
diagram, the electrical field distribution, the trapped hole
density, the J-V characteristics, and the quantum
efficiency. During optimization, the p-type (NA) and the ntype (ND) dopant concentrations, varied within the range
of 1.0 x 1017 to 1.0 x 1021 cm-3. It showed that Cell B has a
high efficiency of 8.81% (VOC = 1042 mV, JSC = 10.08
mA/cm2, FF = 83.85%) with an optimum dopant values of
NA = 1.0 x 1019 cm-3 and ND = 1.0 x 1019 cm-3, respectively.
Finally, the simulated device was compared with the
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