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Abstract: Wider band-gap window layers can enhance the transmission of sunlight in the
short-wavelength region and improve the performance of CdTe solar cells. In this work, we
investigated the band structure of In-doped Zn1−xMgxO (ZMO:In) by using first-principles
calculations with the GGA + U method and simulated the performance of ZMO:In/CdTe devices
using the SCAPS program. The calculation results show that with the increased Mg doping
concentration, the band gap of ZMO increases. However, the band gap of ZMO was decreased
after In incorporation due to the downwards shifted conduction band. Owing to the improved
short circuit current and fill factor, the conversion efficiency of the ZMO:In-based solar cells show
better performance as compared with the CdS-based ones. A highest efficiency of 19.63% could be
achieved owing to the wider band gap of ZMO:In and the appropriate conduction band offset (CBO)
of ~0.23 eV at ZMO:In/CdTe interface when the Mg concentration x approaches 0.0625. Further
investigations on thickness suggest an appropriate thickness of ZMO:In (x = 0.0625) in order to
obtain better device performance would be 70–100 nm. This work provides a theoretical guidance for
designing and fabricating highly efficient CdTe solar cells.

Keywords: Zn1−xMgxO(In); window layer; band structure; CdTe solar cell; conversion efficiency

1. Introduction

Cadmium telluride (CdTe) solar cells are some of the most representative thin-film solar cells,
characterized by high efficiency and low-cost. CdTe solar cells are widely utilized in power stations,
building integrated photovoltaics system (BIPV) and so on [1–3]. In recent years, the world record
efficiency of CdTe thin-film solar cells has improved significantly, from 17.3% (2011) [4] to 22.1%
(2016) [5]. Studies show that this rapid progress has mainly resulted from enhancements in short-circuit
current density (Jsc), both in the short and long wavelength regions, by optimizing the window
layers [6]. Typically, CdTe solar cells use n-CdS window layer to form heterojunctions [7]. However,
CdS is a strong absorber of light with energy lower than its band-gap 2.4 eV. Photons absorbed by the
CdS layer will not generate any photocurrent and as a result, poor response to the shortwave solar
spectrum (below 510 nm) was witnessed [8].
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Wide band-gap semiconductor materials play an important role in the window layer of CdTe solar
cells in terms of optimizing the spectral response in the short wavelength range [9]. Mg-substituted
ZnO (Zn1−xMgxO) is an important transparent conducting oxide candidate due to its wide band-gap
and tunable electron affinity [10]. The band gap in Zn1−xMgxO (ZMO) alloys increases with the
increasing concentration of Mg and the conduction band alignment as well as the Fermi-level position
in oxide-heterostructures are correlated with the varied concentration [11]. The increased band gap
of the top contact offers the potential for improving the ultraviolet (UV) response in solar cells [12].
The Colorado State University (CSU) research group reported that ZMO window layer can essentially
eliminate short-wavelength response losses [11]. Minemoto et al. applied ZMO thin films in Cu(In,Ga)Se2

(CIGS) solar cells to replace the conventional CdS and found that the majority carrier recombination
via ZMO/CIGS interface defects could be greatly suppressed and good device performances were then
obtained with appropriate CBO between ZMO and CIGS device performance could be significantly
affected by CBO the device performance [13].

The first-principles approach is an important and pervasive tool to calculate the electronic
structure of periodic crystalline materials. SCAPS is a one-dimensional solar cell simulation program.
It is a powerful program to model the performance of the solar cells, developed by the Burgelman
group of the University of Ghent in Belgium. SCAPS was originally developed for cell structures of
the CuInSe2 and the CdTe solar family. Several extensions however have improved its capabilities
so that it is also applicable to crystalline solar cells (Si and GsAs family). The basic principle of
the program is to solve the Poisson equation and continuity equations of the current under some
constraints according to the established device structure model. It was widely used to simulate the
device parameters of CIGS [14,15], CZTS [16,17] and CdTe [18,19] solar cells. Most of the simulation
results are consistent with the experimental performances and provide important indications for
experimental work. Therefore, in this work, we use first principles combined with SCAPS to explore
the device performance of CdTe solar cells.

In our previous work [20], we demonstrated higher Jsc in a ZMO window layer than CdS due
to its wider band gap than CdTe-based solar cells. Despite of the impressive ZMO/CdTe solar cell
improvement compared with CdS/CdTe, it is still only ~18%. We speculated this was mainly caused by
a relatively weak diode and insufficient built-in potential between ZMO and CdTe, which was derived
from a ZMO window layer with a low doping density about ~1015 cm−3 [21]. Such low-level doping
of n−-type layers is detrimental to form a high-quality n+-p heterojunction with enough driving force
to repel the photogenerated carriers. Furthermore, Ke et al. [22] have reported that a substantial and
usually undesired decrease in the maximum obtainable conductivity with increasing Mg content,
which limits its practical application as a wider-gap semiconductor. Also, like ZnO itself, ZMO can be
degenerately doped n-type by substitutional doping on the cation lattice with Al3+, Ga3+ or In3+ [23,24].
Many studies have shown that doping by these impurity atoms can increase the conductivity of ZMO
(to create electronic carriers) [25,26]. Furthermore, the electron affinity and Fermi energy levels of ZMO
could also be further modulated [23]. This tunability is very important to optimize the performance of
ZMO-based optoelectronic devices. Here, we investigated the electronic structure of In doped ZMO
(ZMO:In) by adopting the first-principles calculation with GGA + U method based on the density
function theory (DFT). Based on the band structure of ZMO:In, the ZMO:In/CdTe solar cell was
simulated by using the SCAPS program. This work may offer a theoretical basis for the n-type doping
experiments and the optoelectronic applications of ZMO-based devices.

2. Theoretical Model and Computational Methods

2.1. ZMO:In Model and Computational Method

We consider a 2 × 2 × 2 supercell of a ZnO with wurtzite structure, which contains 32 atoms
(16 Zn atoms and 16 O atoms). In order to simulate In-doped ZMO, one of the Zn atoms is substituted
with an In atom. The doping concentration of Mg is set as 0, 0.0625, 0.125, 0.1875, 0.25 and the
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dopant concentration of In is 0.0625. Figure 1 gives the crystal structure of Mg-In co-doped ZnO.
It is generally acknowledged that for Al, Ga, In and Mg doped ZnO, substitute doping is the most
common type [23,27]. Here, we assumed that two Zn atoms were substituted by one Mg and one In
atom, respectively.
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Figure 1. Crystal structure of ZnO super cell and doping position.

Our calculations are carried out by using the Cambridge Serial Total Energy Package (CASTEP)
code, which is based on DFT [27], using the ultra-soft-pseudopotentials method. We propose the
generalized gradient approximation (GGA) with the introduction of the on-site Coulomb interaction
parameter GGA + U method, to investigate the band structure of In doped Zn1−xMgxO (0 ≤ x ≤ 0.25).
The U values thus obtained are: Ud,Zn = 10.5 eV and Up,O = 7.0 eV [28]. We use an energy cut-off equals
to 480 eV for the plane-wave basis-set expansion. Integrations in the Brillouin zone are performed
using k-point sampling on a 4 × 4 × 2 mesh parameter grid. All the structures are fully relaxed and
are finished when the total energy and the max force converged to less than 10−6 eV/atom and lower
than 0.01 eV/nm, respectively.

2.2. CdTe Solar Cell Model and Simulation

Figure 2 shows a schematic diagram of a CdTe solar cell with CdS or ZMO:In films as the window
layers. The device structure of CdTe solar cells used in the simulation consists of SnO2:F (FTO) layer,
CdS or ZMO:In layer, CdTe absorber, back contact (ZnTe: Cu) and metal electrode.
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The CdS/CdTe-based structure is used as the baseline and the simulation was conducted with
ZMO:In replacing the CdS layer and the input parameters of the other layers kept unchanged,
and constrained to the more reasonable ranges of the experimental data for the typical CdTe solar cells.
A defect density of 5 × 1016 cm−3 was chosen for the CdS layer [19]. The defect density of 1016 cm−3

was used for the ZMO:In layer for the simulation.
Table 1 summarized all the input parameters. All of the parameters for simulation are all fixed

except where otherwise stated. This model is a simplification of the actual cell and ignores any
phenomena related to polycrystallinity, such as the loss of surface reflection. Furthermore, the facts that
light is absorbed in the transparent conductive film and window layer, and all the incident light passes
through to the absorption layer are also neglected. Relevant electric and optical parameters are given
in Table 1, and most input parameters for the simulations were mainly collected from relevant theories,
the literature [14,19,20,29] or estimated in a reasonable range, etc. Density of at states the conduction
band minimum (Nc) and valence band maximum (Nv) are calculated using Equation (1) [14]:

Nc/v = 2(
2πme/p

∗kT
h

)
3/2

(1)

where m∗
e/p are the effective band masses of electrons/holes, h is Planck’s constant and k is the Boltzmann

constant. Thermal velocities for electrons (ve)and holes (vp) are obtained from Equation (2) [14]:

ve/p =

√
3kT

m∗
e/p

(2)

We can get the values on the effective electron and hole masses of the ZMO:In layers by the
first-principle, and the other layers are drawn from the literature [25,26,30]. The simulated CdS/CdTe
solar cell efficiency is close to the results that calculated by using the SCAPS software in [19].

Table 1. Simulation parameters for the models of CdS/CdTe and ZMO:In/CdTe solar cells using SCAPS.

Layer
Parameters

FTO [19]
CdS

[14,19,29]
Zn1−xMgxO(In) [20,29]

CdTe [29] ZnTe:Cu
[29]x = 0 x = 0.0625 x = 0.125 x = 0.1875 x = 0.25

Eg/eV 3.6 2.4 2.98 3.12 3.32 3.48 3.61 1.45 2.26
ε/ε0 8.9 9 10 10 10 10 10 10 10.1

Nc/cm−3 5.2 × 1018 2.2 × 1018 5 × 1018 9 × 1017 1 × 1017 9 × 1016 1 × 1016 9.2 × 1017 1.5 × 1018

Nv/cm−3 1.0 × 1019 1.8 × 1019 9 × 1018 9 × 1018 1 × 1018 9 × 1017 1 × 1017 5.2 × 1018 1.16 × 1019

Ve/cm.s−1 1.0 × 107 3.1 × 107 2.4 × 107 2 × 107 2 × 107 2 × 107 2 × 107 1 × 107 1 × 107

Vp/cm.s−1 1.0 × 107 1.6 × 107 1.3 × 107 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107

µn/cm2.v−1.s−1 100 340 100 100 100 100 100 400 400
µp/cm2.v−1.s−1 25 50 50 50 50 50 50 60 50

Carrier
density/cm−3

n = 1 ×
1020

n = 1 ×
1017

n = 5 ×
1017

n = 9 ×
1016

n = 1 ×
1016

n = 9 ×
1015

n = 1 ×
1015

p = 1.5 ×
1014

p = 1.5 ×
1020

Thickness/nm 350 70 70 70 70 70 70 5000 70

ε/ε0: relative permittivity; Nc: effective density of states in conduction band; Nv: effective density of states in
valance band; Ve: recombination velocity of electrons; Vp: recombination velocity of holes; µn: electron mobility;
µp: hole mobility; n: effective carrier concentration of n-type semiconductor layers; p: effective carrier concentration
of p-typed semiconductor layers.

3. Results and discussion

3.1. The Band Structure of ZMO:In

The band structures of ZMO:In (0 ≤ x ≤ 0.25) are calculated by connecting the high-symmetry
point in the Brillouin zone. Figure 3 shows the band structures of pure ZnO and In-doped ZnO.
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The calculated band structure indicates a direct band gap of ZnO. The corresponding band gap is
about 3.32 eV at the highly symmetric Γ point (see Figure 3a), which is close to the experimental value
(3.4 eV) [26]. However, the incorporation of In decreases the band gap of ZnO, which is consistent with
a previous report [30]. The reason is that conduction band moves to the low-energy region as In atoms
are incorporated into ZnO lattice, and as a result, the band-gap becomes narrower.

Figure 4 presents the DOS of ZnO and ZnO:In. It indicates that after In doping, the Fermi level enters
the conduction band. Because the energy of In-5p states is lower than that of Zn-4s states, antibonding
p, formed by the orbiting electrons between In-5p states and O-2p states, has lower energy than the
antibonding s in pure ZnO. Besides, In-5p states and O-2p states tend to the direction of low energy,
resulting in the decrease of conduction band. Therefore, Fermi level shift downward into valence band
and electrons of Fermi level jumps into the conduction band. As a result, the carrier concentration of
system increased. It may be because of the increased free electrons due to the addition of In.Energies 2018, 11, x FOR PEER REVIEW    6  of  12 
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Figure 5 presents the band gaps of Zn1−xMgxO and Zn1−xMgxO:In. The calculated band gap
shows a significant increase with the increased concentration of Mg. The band gap of Zn1−xMgxO
increases from 3.32 to 3.78 eV with the increase of Mg concentration among different doping cases,
which is consistent with [27]. The reason is that with an increased number of Mg atoms in the ZnO
lattice, the conduction band moves to the high-energy region and thus its band gap becomes larger
than that of pure ZnO. However, the incorporation of In decreases the band-gap of Zn1−xMgxO.
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The conduction band minimum and the valence band maximum of Zn1−xMgxO:In decrease with In
doping. The decrease of conduction band minimum is much more pronounced than that of the valence
band maximum, which leads to the reduction of the band gap. Moreover, it was found that the lattice
constant will be increased due to In-doping and this also reduces the band gap.
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3.2. The Photovoltaic Applications of ZMO:In

3.2.1. The Performance of CdTe Solar Cells with ZMO:In Window Layers

Figure 6 shows the illuminated current density-voltage and the external quantum efficiency (EQE)
for CdS/CdTe and ZMO:In/CdTe solar cells. Here, all SCAPS simulations have been performed under
standard illumination conditions: 100 mW/cm2 AM 1.5 spectrum at 300 K. The shunt resistance (Rsh)
and series resistance (Rs) were estimated from the J-V curves by fitting the slope of the current density
near the short circuit current point and open circuit voltage point, respectively [31,32].
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For the baseline model of CdTe solar cells, the cell structure is FTO/CdS/CdTe/ZnTe:Cu/Au.
The parameters of each layer are given in Table 1 and the simulated power conversion efficiency of the
CdS/CdTe solar cell is 15.06% (Jsc = 24.34 mA/cm2; Voc = 821 mV; FF = 75.18%), which is consistent
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with the previous report [21]. It is reasonable that the property parameters and defect settings for each
layer are close to that in the actual device performance. Table 2 shows that the Jsc of CdTe solar cells
increased to the maximum value 28.29 mA/cm2 when the Mg concentration x is 0.125, Although the
Jsc (28.16 mA/cm2) is a bit lower than 28.29 mA/cm2 when x is 0.0625, FF reaches its maximum value
81.7%, and the conversion efficiency reaches the maximum 19.63%. One may also notice that, as shown
in Table 2, with the increased concentration of Mg from x = 0 to x = 0.1875, the series resistance of device
increased from 5.2 Ω·cm2 to 9.6 Ω·cm2. This increase was mainly caused by a substantial decrease in
the ZMO conductivity with increasing Mg content [10]. On the contrary, the shunt resistance increased
from 1019 Ω·cm2 to 1253 Ω·cm2 with x varied from 0 to 0.0625, followed by a decrease with further
increased Mg content. The Rsh declined to 236 Ω·cm2 till x = 0.25. The variation of the Rs and Rsh is
consistent with the effect of conduction band offset.

Table 2. The performances of ZMO:In/CdTe solar cells.

Parameters CdS
Zn1−xMgxO:In (x Represents Mg Concentration)

x = 0 x = 0.0625 x = 0.125 x = 0.1875 x = 0.25

Voc (mV) 821 866 853 839 837 858
Jsc (mA·cm−2) 24.34 27.89 28.16 28.29 28.27 27.39

FF (%) 75.18 76.22 81.70 78.84 73.17 32.81
H (%) 15.06 18.43 19.63 18.72 17.33 7.72

Rs (Ω·cm2) 4.6 5.2 6.8 7.9 9.6 25.8
Rsh (Ω·cm2) 812 1019 1253 1156 971 236

The main contribution of the CdTe efficiency improvement was attributed to the increase of
short-circuit current density except for the case that x = 0.0625. Figure 6b shows that the lower quantum
efficiency of CdTe solar cell was achieved for the CdS window layer based device, especially in the short
wavelength range from 300 nm to 510 nm. The main reason is that CdS has a narrow band gap (2.4 eV),
and poor response to the solar shortwave spectrum. For the ZMO:In layers with Mg concentration
x increasing 0 to 0.25, a higher EQE was achieved. Obviously, the wide band-gap of ZMO:In films
resulted in more photons transmitted into the CdTe film. Consequently, more photogenerated carriers
were created in the CdTe film, and thus the short-circuit current density was improved. One may
notice that the EQE approaches 100% in the long wavelength region. This is because that this model is
a simplification of the actual cell and ignores any phenomena related to polycrystallinity, such as the
loss of surface reflection. Furthermore, the light absorption in the transparent conductive film and
window layer is also neglected. In this case all the incident light reaches the absorption layer without
any loss and the EQE will be exaggerated, but this will not affect the conclusions in the present work.
Similar results were also observed in other reports [19].

3.2.2. The Energy Band Alignment of the ZMO:In/CdTe Interface

The photon absorption and separation ability of the device is closely related to the CBO of the
window/CdTe layers. The orientation dependence of the energy band alignment at the CdS/CdTe
interface was first discovered by Niles and Hochst using synchrotron radiation photoelectron
spectroscopy back in 1990 [33]. Their experiments showed a CBO at the CdS/CdTe interface of
∆ECB = −0.1 eV, which is ideally suited for high conversion efficiency. Therefore, the fact that CBO
values affect the efficiency of solar cells is very crucial.

The improvement of Jsc can be attributed to the suppression of recombination at the ZMO:In/CdTe
interface due to the appropriate CBO. In order to further analyse the effects of intrinsic causes and
mechanisms on the CdTe device performance, here, we depicted the band diagrams of ZMO:In/CdTe
layers, as shown in Figure 7. The band alignment is based on the energy band parameters of ZMO:In,
as labelled in Table 3 and CdTe energy band parameters from the literature [11] (χCdTe = 4.5 eV,
Eg = 1.5 eV). A spike is formed at the window/CdTe interface due to different electron affinity of the
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window layer and CdTe layer. A barrier spike (∆Ec) was formed at the ZMO:In/CdTe interface due
to different electron affinity (χ) between ZMO:In and CdTe. The specific values of spike (∆Ec) could
be obtained from the formula ∆Ec = χZMO:In − χCdTe. The barrier spike gradually decreased from
0.27 eV (x = 0) to −0.26 eV (x = 0.25), with Mg concentration x increasing from 0 to 0.25. The results
indicate that the conduction band offset of ZMO:In/CdTe layers can be controlled by changing the
Mg concentration.

Table 3. The energy band structure parameters of Zn1−xMgxO:In with different Mg concentration x.

x 0 0.0625 0.125 0.1875 0.25

Eg (eV) 2.98 3.12 3.32 3.48 3.61
Ef (eV) 2.48 2.51 2.76 2.89 2.97
χ (eV) 4.77 4.73 4.53 4.37 4.24
Φ (eV) 5.37 5.34 5.09 4.96 4.88
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Figure 7a–c show the band diagrams of the CdTe solar cells when the conduction band minimum
of the window layers ZMO:In is above that of CdTe. A spike is formed at the ZMO:In/CdTe interface.
The Jsc reached 28.16 mA/cm2 due to the appropriate CBO when the spike is about 0.23 eV (x = 0.0625),
and the FF reached its peak. As the CBO becomes flat or a cliff, there is both a decreasing device Jsc

and FF and increasing loss of current due to interface recombination. As discussed above, Jsc and
FF can be improved by adjusting the CBO of window/CdTe layers. If the barrier is too high (∆Ec
over 0.23 eV), that will hinder the transport of photogenerated electrons from CdTe to ZMO:In. This
will then increase the equivalent series resistance of the CdTe solar cell (corresponding to x < 0.0625).
On the contrary, in the case of low barrier spike, it will act as a barrier against the injected electrons
from n-type region at forward bias. As a result, the recombination probability of the electrons and holes
at the ZMO:In/CdTe interface increases drastically, resulting in a leakage conduction (corresponding
to x > 0.125), as shown in Figure 7d,e. Furthermore, series and shunt resistance of the device also affect
the performances. The decreased Rs and increased Rsh resulted in an improved FF, that is an optimal
value of 81.70% when Mg concentration x = 0.0625.

As discussed above, an appropriate spike is necessary at the window/CdTe interface to depress
the majority carrier recombination via the interface defects while not impeding electrons transportation
to window layer. When the conduction band minimum of ZMO:In exceeded that of CdTe by more than
~0.23 eV (x = 0.0625), the highest conversion efficiency of 19.63% was achieved. This is significantly
optimized as compared with the CdS based one. The improvement of efficiency can be attributed to
the suppression of recombination at the ZMO:In/CdTe interface due to an appropriate conduction
band offset.
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3.2.3. Effect of ZMO:In (x = 0.0625) Thickness on CdTe Solar Cells Performances

To further optimize the window layer, the dependence of the CdTe solar cells on the thickness of
ZMO:In (x = 0.0625) film was investigated. We simulated the EQE of CdTe solar cells based on ZMO:
In when the thickness varied from 70 nm to 200 nm. Figure 8 gives the simulation results.
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Table 4 shows the detailed performance parameters of the champion cells for ZMO:In (x = 0.0625).
In this case, the short-circuit current density was decreased with the increase in the thickness of
ZMO:In due to the fact Rs increases slightly, while there was no substantial variation of the open-circuit
voltage and fill factor. This is because the CBO between ZMO:In and CdTe layers kept unchanged.
The results indicate that the window layer absorbs more short-wave photons with increased thickness,
which severely deteriorate the photo-electric current. Figure 8 presents that the spectral response in the
short wavelength range of 320 nm~400 nm decreases drastically when the ZMO:In thickness is increased
to over 100 nm. This is consistent with the performance, especially the Jsc of ZMO:In based solar cells.
Furthermore, ZMO:In window layers with the thickness from 70 nm to 100 nm lead to quite similar
device performances despite a negligible Jsc loss. This result suggests that the effect of ZMO:In thickness
is not significant in the range of <120 nm. Therefore, in the practical device fabrication, good performance
could be obtained if the thickness of ZMO:In window layer could be controlled at 70 nm~100 nm.

Table 4. Dependence of CdTe solar cell performance parameters on thickness of ZMO:In (x = 0.0625).

Thickness (nm) 70 100 120 150 200
Voc (mV) 853 853 853 852 852

Jsc (mA·cm−2) 28.16 28.03 27.96 27.88 27.78
FF (%) 81.71 81.71 81.71 81.71 81.70
η (%) 19.63 19.54 19.49 19.43 19.35

Rs (Ω·cm2) 6.8 6.9 6.9 7.1 7.3
Rsh (Ω·cm2) 1253 1208 1179 1093 1025

4. Conclusions

We have investigated the band structure of Mg-In co-doped ZnO based on the density function
theory (DFT). It is found that the band gap of Mg-In co-doped ZnO is smaller than that of the ZMO
and increases as the content of Mg is increased. Based on the theoretical calculation results of ZMO:In,
ZMO:In/CdTe solar cells were modeled using the SCAPS program and the device performances were
simulated and analyzed extensively. The results suggest that the optimal conversion efficiency of
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CdTe solar cell with ZMO:In window layer could be as high as 19.63% when an appropriate CBO of
0.23 eV (Mg content x = 0.0625) was formed at the ZMO:In/CdTe interface. Furthermore, the effect of
ZMO:In thickness is mainly on the short-circuit current density of CdTe solar cells. Our insights into
the device performance indicate that the performance of CdTe solar cells could be optimized by using
a 70–100 nm-thick ZMO:In window layer with dopant concentrations for both Mg and In of 0.0625.
These simulation results offer important indications for the design of window layers and provide a
theoretical guidance for the fabrication of highly efficient CdTe solar cells.
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