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Abstract: For further uptake in the solar cell industry, n-ZnO/p-Si single heterojunction solar cell
has attracted much attention of the research community in recent years. This paper reports the
influence of bandgap and/or electron affinity tuning of zinc oxide on the performance of n-ZnO/p-Si
single heterojunction photovoltaic cell using PC1D simulations. The simulation results reveal that the
open circuit voltage and fill factor can be improved significantly by optimizing valence-band and
conduction-band off-sets by engineering the bandgap and electron affinity of zinc oxide. An overall
conversion efficiency of more than 20.3% can be achieved without additional cost or any change in
device structure. It has been found that the improvement in efficiency is mainly due to reduction in
conduction band offset that has a significant influence on minority carrier current.

Keywords: zinc oxide; silicon; ZnO/Si; electron affinity; bandgap tuning; conduction band offset;
heterojunction; solar cells; PC1D

1. Introduction

Zinc oxide (ZnO) is an emerging material in the semiconductor industry due to its abundance
and being environmentally friendly. The only major drawback of ZnO that hinders its use in the
fabrication of a homojunction device is that it cannot be p-doped reliably and reproducibly. However,
n-ZnO has been found to have applications in several optoelectronic devices, such as photovoltaic
cells [1]. Since the proposed use of n-ZnO as an emitter layer and antireflection (AR) coating, several
researchers have employed n-ZnO thin films to fabricate potentially high efficiency and low-cost solar
cells [2–4]. Apart from several other properties which make ZnO a unique wide bandgap material, its
bandgap and electron affinity can be tuned over a large range by doping or alloying. Recently, nickel
(Ni) doped ZnO thin films were prepared using spray pyrolysis and an optical bandgap decrease
from 3.47 eV for the undoped ZnO film to 2.87 eV for 15% Ni doping was achieved [5]. In 2010,
Mayer et al. demonstrated that the bandgap of ZnO prepared using pulsed laser deposition can be
narrowed down to 2 eV by Se incorporation [6]. Later, the same research group reported effects of
growth parameters on the electron affinity of ZnO [7]. Furthermore, there are various reports available
demonstrating significant reduction in conduction band offset (or electron affinity) by incorporating
magnesium (Mg) in ZnO. We have previously reported synthesis of ZnO thin films using metal
organic chemical vapor deposition (MOCVD) with optimized parameters for the fabrication of a
n-ZnO/p-Si solar cell [1]. It was anticipated that an overall conversion efficiency of 19% and fill
factor of 81% can be achieved using the proposed structure. Following this, several groups reported

Electronics 2019, 8, 238; doi:10.3390/electronics8020238 www.mdpi.com/journal/electronics

http://www.mdpi.com/journal/electronics
http://www.mdpi.com
http://www.mdpi.com/2079-9292/8/2/238?type=check_update&version=1
http://dx.doi.org/10.3390/electronics8020238
http://www.mdpi.com/journal/electronics


Electronics 2019, 8, 238 2 of 8

different experimental results [8–12] for the n-ZnO/p-Si solar cell with the best efficiency of 14%
achieved by Pietruszka et al. recently [13]. Also, few groups have recently reported simulation results
optimizing different parameters of ZnO/Si solar cell. Chen et al. investigated the influence of ZnO
thickness, buffer layer and work function of electrodes on the performance of ZnO/Si solar cell
using AFORS-HET tool and proved that the conversion efficiency of 17.16% can be achieved [10].
Ziani and Belkaid reported similar performance of ZnO/Si solar cell using SCAPS-1D software [14].
Very recently, Vallisree et al. used Silvaco ATLAS simulator and reported that efficiency up to 14.46%
can be achieved by incorporation of Mg in ZnO [15]. Askari et al. provided an interesting study on
the interface properties of ZnO/Si heterojunction and computed ~14% efficiency of ZnO/Si solar cell
using TCAD simulations [16]. The ZnO/Si heterojunction solar cell is a relatively new idea and there
is no study available that reports optimized values of electron affinity and bandgap of ZnO, which
dictate conduction- and valence-band offsets, to achieve best performance of the solar cell.

In this paper, we report simulation based optimization of bandgap and electron affinity of ZnO to
enhance the conversion efficiency of a ZnO/Si single heterojunction solar cell. The schematic of the
solar cell structure is depicted in Figure 1. The effects of valence-band and conduction-band off-set
engineering on the open circuit voltage (VOC), short circuit current density (JSC), fill factor (FF), and
overall conversion efficiency (η) have been investigated using PC1D software. The simulations prove
that the conversion efficiency as high as 20.3% can be obtained from ZnO/Si solar cell.
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Figure 1. Schematic of the n-ZnO/p-Si single heterojunction solar cell structure.

2. Background

The energy band diagram of an ideal n-ZnO/p-Si heterojunction is depicted in Figure 2, which
appears similar to a type-II heterojunction. The features of the band alignment are determined based
on the Anderson energy-band rule also known as the electron affinity model. The conduction band
offset (∆EC) and valence band offset (∆EV) according to Anderson’s rule are given by

∆EC = χ2 − χ1 (1)

∆EV =
(
χ2 + Eg2

)
−
(
χ1 + Eg1

)
, (2)

where χ is electron affinity, Eg is bandgap, and subscripts 1 and 2 correspond to Si and ZnO, respectively
in our case. The electron affinity and bandgap of Si are well known to be 4.05 and 1.12 eV, respectively.
These values vary significantly in literature for ZnO. Actually, the bandgap of ZnO can be tuned
over a large range from 3 to 5 eV by alloying, which is considered as one of the unique advantages
of ZnO. Sundaram et al. have reported the electron affinity of ZnO to be around 4.5 eV, which was
calculated using I-V measurements and the Shottky-Mott model [17]. Since the ZnO films are highly
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doped, their fermi level almost overlaps with the conduction band edge. Therefore, the work function
of ZnO is considered the same as electron affinity. These values result in ∆EC and ∆EV of ~0.4 eV
and 2.55 eV, respectively. Sundaram et al. have also considered a very thin (1–2 nm) oxide layer at
the interface that is likely to develop due to high energy process like magnetron sputtering [18,19].
The carrier flow across the junction is largely affected by oxide layer thickness, which dictates the
tunneling coefficient [20].

There are two limitations of Anderson’s rule [21]. The first is that Anderson’s rule neglects the
electron correlation effect. The correlation effect occurs when the electron moves to the vacuum
level (according to the definition of electron affinity) and surrounding electrons rearrange themselves
to reduce the total energy of the system. The magnitude of the correlation effect is generally very
small. The second drawback is the lack of consideration of lattice mismatch and interface defects.
Dangling chemical bonds at the interface of two semiconductors form interface states. Conduction and
valence band discontinuities are affected by the dipole effect induced by electron transfer. Interestingly,
the dipole effect is significantly reduced and becomes negligible if there is large lattice mismatch, as is
the case with a ZnO/Si heterojunction [22]. Therefore, Anderson’s rule is valid to determine the band
edge offsets of a highly mismatched ZnO/Si heterojunction.
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of the material mentioned in the subscript.

When a photon gets absorbed in p-Si after being transmitted through a wide bandgap in n-ZnO,
it generates an electron, a minority carrier, in the conduction band, as shown in Figure 2. The minority
carrier current plays a vital role in solar cell performance. For an applied bias voltage Vb, the electron
minority carrier current is given by [23]

Jn =
Jn0

(1 + υ)

(
exp
(

qVb
kT

))
, (3)

where
Jn0 = kT

µn1

Ln1
n1, (4)
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and µn, Ln, and n1 denote minority-carrier mobility, diffusion length, and concentration, respectively.
The subscript 1 represents the depletion region extended in p-type material (Si in our case). The factor
‘υ’ appearing in Equation (3) defines the influence of the conduction band offset (∆EC) on the minority
carrier electron current and is given by

υ =
1

Ln1

∫ x2

x1

(
µn1Nc1

µnNc

)
exp
(
−Ec1 − Ec + qΨ

kT

)
dx, (5)

where x1 < 0 to x2 > 0 is the depletion region extended from Si to ZnO, and Ψ(x) is the potential function.
The subscripts 1 and 2 here represent Si and ZnO material respectively. The abrupt pn heterojunction
with applied bias near-zero, Equation (5) can be solved to get

υ =
Iυ1

Ln1
+

1
Ln1

(
µn1Nc1

µn2Nc2

)
Iυ2exp

(
−Ec1 − Ec2

kT

)
, (6)

where

Iυ1 =
∫ 0

x1
exp
(

qΨ(x)
kT

)
dx, (7)

and

Iυ2 =
∫ x2

0
exp
(

qΨ(x)
kT

)
dx. (8)

The potential function can be supposed to be decoupled from the carrier transport equations and
it satisfies Poisson’s equation as

d2Ψ
dx2 = −ρ(Ψ)

ε
, (9)

where ρ is charge distribution and ε is the permittivity of the medium. The electrostatic potential Ψ(x)
obtained from Equation (9) can be used to solve Equations (3)−(8) for a wide bandgap n-layer (ZnO)
on a narrow bandgap p-layer (Si) to get [24]

Jn = kT
µn1Nc2n2

i1
Iυ2Nc1NA

exp
(
−|∆Ec|

kT

)(
exp
(

qV
kT

)
− 1
)

, (10)

which proves that for a wide bandgap n-layer on a narrow bandgap p-layer heterojunction, the minority
carrier current Jn prominently decreases due to the conduction band offset ∆EC. The simulation results
demonstrated in Section 3.1 (Figure 3) confirm this phenomena.

3. Results and Analysis

We prepared ZnO thin films using RF sputtering and performed detailed characterization.
The experimental details have been reported elsewhere [25]. The photoluminescence and absorption
measurements performed in our labs showed a bandgap value of 3.27 eV, which was used in the
simulation. The most common value of electron affinity (4.5 eV) provided in literature was used initially.
The absorption spectrum of ZnO of thickness ~0.5 µm measured in our lab using the Filmetrics tool
was used in the simulation to investigate the effect of electron affinity. The details of the n-ZnO/p-Si
solar cell modeling, structure schematic, and other optimized parameters for PC1D can be found in
earlier reports [1,26].

3.1. Personal Computer One Dimensional (PC1D) Simulations

In the photovoltaic community, PC1D is a popular software package to simulate optical and
electrical behavior of solar cell devices. This software was originally developed in the 1980s by
Basore et al. [27] and has been continuously improved alongside progress in experimental work and
theoretical models [28].
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Figure 3 illustrates PC1D based simulation results of improvement in efficiency with reduction in
electron affinity of ZnO. It is obvious that the conversion efficiency exceeds 20% by lowering electron
affinity to 4.3 eV. The reason behind this phenomenon is reduction in conduction band offset ∆EC
that leads to an increase in minority-carrier current Jn as proved by Equation (10). Another factor
contributing to improved efficiency is the decrease in the dark current. In other words, when a
barrier for majority carrier electrons is formed by conduction band offset, it increases the probability
of recombination via interface defects by the Shottky-Read-Hall (SRH) mechanism. The maximum
efficiency of 20.34% can be achieved with ZnO having a bandgap of 3.27 eV and electron affinity of
~4.1 eV. Further reduction in electron affinity deteriorates cell efficiency. This can be theoretically
confirmed by the band-bending diagram of the ZnO/Si junction as shown in Figure 4. Since the
electron affinity of Si is ~4.05 eV, the electron affinity of ZnO below this value results in formation of a
spike in the conduction band of the n-ZnO region. This spike acts as a potential barrier and blocks
electron flow from the p-Si to the n-ZnO region. Therefore, it is difficult for the p-Si region to contribute
to the photocurrent. This reasoning is supported by Figure 5 which depicts significant increase in VOC

with reduction in electron affinity. A negligible increase in JSC can be attributed to the same reason.
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cell using PC1D simulations.

The efficiency of the solar cell alters by modifying the bandgap as well. The change in conversion
efficiency with a bandgap value of ZnO is shown in Figure 6 for three different values of electron
affinity. The absorption spectrum was altered for values of bandgap other than 3.27 eV to get realistic
results. The efficiency increases by decreasing the bandgap (or valence-band off-set). This improvement
in efficiency cannot be explained using a band-bending diagram based on the famous Anderson’s rule
which ignores the effects of chemical bonding. The chemical bonding or electrical polarization due
to interface states can alter the band bending significantly. Figure 6 also illustrates that the efficiency
reduces significantly below a certain bandgap value. It is predictable because a considerable part of the
solar spectrum gets absorbed in ZnO for such a small bandgap value. The ZnO layer is much thinner
(0.5 µm) than Si (160 µm), but it has a higher absorption coefficient due to the direct bandgap of ZnO.
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Figure 6. Change in overall conversion efficiency of n-ZnO/p-Si solar cell with modification of bandgap
value of ZnO for three different values of electron affinity (EA). Few data points have been interpolated
because numerical solution was not converging for those points in PC1D.

We have grown Ga rich ZnO:Ga films using MOCVD to examine the bandgap tuning.
Trimethylgallium was used as the Ga source. The experimental details are provided elsewhere [1].
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The photoluminescence (PL) spectra of both ZnO and ZnO:Ga were dominated by the near band edge
(NBE) emission. The bandgap was blue-shifted by ~105 meV (12 nm). The molar ratio of Ga was ~50%
during our growth process which lead to a bandgap of around 3.35 eV (370 nm). This is in accordance
with the model reported by Zhao et al. [29]. We attribute this increase in the bandgap of ZnO to the
well-known Burstein-Moss effect in which effective bandgap of a heavily doped semiconductor is
increased as the absorption edge in the conduction band moves to higher energies because all states
close to the conduction band edge are filled.

4. Conclusions

It is ascertained using PC1D simulations that the open circuit voltage of a n-ZnO/p-Si single
heterojunction solar cell can be significantly improved by tuning the bandgap and/or electron affinity
of ZnO by doping or alloying. The experimentally measured bandgap and absorption spectrum of
ZnO was used in simulations using modified PC1D software. The major reasons for improvement in
the solar cell efficiency are reduced conduction band offset that results in an increase in the minority
carrier current and reduction in the dark current. The best values calculated for open circuit voltage,
short circuit current density, fill factor, and conversion efficiency are 0.662 V, 37.7 mA/cm2, 0.815, and
20.34%, respectively, for ZnO having a bandgap of 3.27 eV and electron affinity of 4.1 eV.
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