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Abstract. Interface state density plays a significant role in determining the behaviour and 

characteristics of optoelectronic devices. In this paper, we investigated the effect of the interface 

state density on the carrier transport and performance in ZnO based-metal-instulator-

semiconductor (MIS) type solar cells. Semi-analytical calculations were performed to obtain the 

solar cell’s performance characteristics, i.e., the short circuit current, open-circuit voltage, fill-

factor, and efficiency. Most possible carrier transport mechanisms including minority carrier 

diffusion, field emission (tunnelling) and carrier recombination were taken into account in 

investigating the role interface state density on the current profile. It was found that the effect of 

interface state density is dependent on the oxide thickness. At thicknesses higher than the critical 

thickness of the oxide layer the increase of the density of states causes the performance of the 

solar cells to drop. 

1.  Introduction 

Metal-insulator-semiconductor (MIS) type solar cells have attracted a lot of interest in the search for 
low cost photovoltaic solar energy conversion. Compared to p-n junction solar cells, they are relatively 

easy to fabricate and much cheaper for large scale production [1-4]. The introduction of insulating layer 

between the metal and semiconductor has been proven to be able to improve the performance 
characteristics of the solar cells. In the last decades, the development of MIS type solar cells has 

considerably much progressed, such as the use of transparent conductive oxides (TCO) to replace metals 

that have low transparencies [5 -8]. TCO are basically semiconductors with wide band gap thus are 

mainly used as front contact allowing the incident light to penetrate into the substrate layer without 
losing much energy due to absorption [9]. TCO usually used in MIS structures are indium tin oxide 

(ITO), SnO2, TiO2, fluorine tin oxide (FTO) and ZnO [10-13]. Among these TCO, ZnO and ITO have 

the major advantage for their low-cost fabrication process and low-temperature needed for 
deposition[14]. However, ZnO has more superiority for its excellence property to enhance the light 

trapping effect owing to its textured surface [15-16].  

In MIS structures, the interface states or interface traps are always present at or very close to the 
insulator/semiconductor interface containing an energy distribution within the band gap of the 

semiconductor. Previous experiments have shown that the existence of interface states influence the 
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MIS device behavior and degrade the electrical characteristics of the device [17]. However, to our 

knowledge, the impact of interface states on the MIS solar cells has not been fully understood.  

  The objective of the present work is to investigate analytically the effect of interface state density on 
the carrier transport and performance characteristics of a ZnO-based MIS type solar cell. We use some 

simple semi-analytical calculation to obtain the cell characteristics such as the short-circuit current, the 

open-circuit voltage and the power conversion efficiency.  

2.  Theoretical formulation 

In this work, the ZnO based-MIS type solar cell analyzed is illustrated in Fig. 1. Wide band-gap ZnO 

acts as a window for incoming light replacing the metal electrode. Although ZnO is actually a 

semiconductor, but due to its wide band gap it behaves similarly to a metal with a Fermi energy lies 
closely above the conduction band. The SiO2 layer is assumed to be very thin (less than 2 nm), which 

is used to increase the Schottky barriers. The n-type doped silicon substrate performs as the absorber 

layer.  

 
Figure 1. Schematically illustration of ZnO-based MIS type solar cell 

 

The energy band diagram of ZnO-based MIS type solar cell in equilibrium condition and under 
illumination is shown in Figure 2. The diagrams show some parameters including ZnO work function 

(ΦM), the electron affinity of silicon (χ), the interfacial layer potential (Δ) resulted from the difference 

between ΦM and χ in the equilibrium condition, the interface state density (Dit), the surface state density 

at silicon (Qss), the potential barrier between ZnO and silicon (ϕBn0) which is affected by the ZnO work 

function and interface states, the neutral energy level at interface states (qϕ0), the built-in potential at 

silicon (Bi), the energy difference between conduction band edge and Fermi level at silicon (ϕn), the 

SiO2 layer width (), the depletion width (WD), the energy gap of ZnO and silicon (EgZnO and EgSi, 

respectively) and the potential drop across the SiO2 layer (Vi) and silicon (VS), respectively. In 

equilibrium condition, the band bending in silicon layer is caused by the difference between the ZnO 

metal function and the electron affinity. This bending is further modified by the presence of surface 
charges at SiO2 and/or interface states, and the density of states at the interface change. At the interface, 

it can be found the acceptor interface trap (because Fermi level lies above ϕ0) with the density Dit 

states/cm2-eV having a constant value across the energy range from qϕ0 + EV up to the Fermi level. Thus 
the charge density at the silicon surface, Qss is given by [19] 

 

( ) 2

0 0 .      C/cmss it g BnQ qD E q q = − − −   (1) 
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Figure 2. Energy band diagrams of proposed ZnO-based MIS type solar cell (a) in equilibrium condition 

and (b) under illumination. (Adopted from Ref [18]) 

 
 Under illuminated condition, the potential drop Vs appears in the silicon layer causing the height of 

Schottky barriers to be lower by Bi - Vs . In addition, Vs also affects the depletion width through [19] 

( )
2

/ .s
d bi s B

D

W V k T q
qN


= − −     (2) 

Furthermore, the surface charge is modified due to the potential drop because of the change of 

Schottky barriers by 

( )( )0 .ss it g bi s nQ qD E q q V q  = − − − − −  (3) 

 Illumination also develops a voltage across the SiO2 layer, denoted as Vi, causing the alteration of 

the interfacial layer potential by Δ - Vi  (See Fig. 1 (b)). If the space charge at the silicon is ignored, this 
potential drop is given by 

,ss
i

i

Q
V




 − = −  (4) 

where i is the permittivity of SiO2. Therefore, the voltage developed during illumination is given by 

s iV V V= + . The appearance of this voltage allows the flow of carriers in the cell resulting the cell is in 

forward bias condition. When the interface states are in equilibrium condition with the silicon, Vs can 

be expressed as [19] 

( )2 ,s s D Bi Bi s

i

V V qN V


   


= − − −  (5) 

where  

2

1
.

1 it

i

q D






=

+

 (6) 

Here, s and ND represent the permittivity and doping density of silicon, respectively.  

(b) 

ZnO SiO2 Si (N) 

(a) 
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 The current flows in an illuminated solar cell is given by [20] 

.total light darkJ J J= − (7) 

where Jlight is the current generated under by photon-electron interaction under illumination and Jdark is 

the current under bias condition. In the MIS-type solar cells, the photogenerated current is mainly 
created in the neutral region of the silicon Jpw and in the depletion region Jdl, which is strongly dependent 

of the wavelength of the incident photons, given by [18,20] 

( ) ( )
min

.

g

light dl pwJ J J d





   = +   (8) 

where min is the minimum wavelength of the solar spectrum, and g is the wavelength corresponding to 

the silicon bandgap. For a monochromatic light, Jdl can be calculated by integrating the generation rate 

across the depletion region for a particular wavelength. Generation rate depends on the absorption 
coefficient of the silicon and the flux density of the solar spectrum. Since the ZnO has a high 

transparency owing to its wide band gap, the reflection rate at the top surface of the solar cell can be 

ignored. Jpw is mainly contributed by hole diffusion in the neutral region and can be calculated by solving 
the hole continuity equation at the depletion region boundary. Beside the contribution of Jdl and Jpw, the 

photocurrent can also be contributed by inverted holes at the semiconductor surface that quantum 

mechanically pass through the SiO2 potential barrier by tunnelling process from silicon into ZnO [5]. 

The dark current is dominated by three possible transport mechanisms, namely, the tunnelling current 
of the majority carriers (electrons), the minority carriers (holes) diffusion and the recombination of 

carriers (electron-hole pairs) [18, 19]. Previous report [18,21] showed that the tunnelling current is 

dominant under high bias voltage while minority carrier diffusion and carrier recombination dominate 
the dark current when the cell is moderately and lowly biased, respectively.  

 The performance parameters of the MIS-type solar cells can be deduced from the I-V characteristic 

curve, given by 

( )exp 1  , sc jo jj
I I I V = − −

 
  (9) 

where βj = q/(njkT) and Σj is a summation of the dark saturation currents. Isc is called the short-circuit 

current defined as the current at which the voltage is zero. Open-circuit voltage Voc , defined as the 

voltage at which the current is zero, is obtained from Eq. (9) by setting I = 0,  

( )exp .jo j OC sc joj j
I V I I = + 

 (10) 
The power conversion efficiency can be expressed as  

( )
,

OC SC

in

FF V I

P
 =

 (11) 

where Pin is the total input power and FF is called the Fill Factor, which is defined as  

m m

sc oc

I V
FF

I V
=  (12)     

where Im and Vm represent the current and the voltage of the cells under maximum power condition. In 

this simulation, all parameters used in the computation are referred to Ref [18]. 

3.  Result and Discussion 

In this section the computation results of the ZnO-based MIS-type solar cells based on the theoretical 
model developed in this work are presented and analysed. Here, the main objective is to study the effect 

of interface state density Dit on the carrier transport and performance of the MIS-type solar cells. Figure 

3 shows the effect of Dit on the short-circuit current Jsc that is plotted as a function of oxide thickness. 
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The values of Dit are varied in the same order from 1 to 5  1017 m-2eV-1. It can be seen that the Jsc drops 

drastically at lower SiO2 thickness as the Dit is increased. However, the value of Jsc remains constant at 

low oxide thicknesses. This can be explained as follows. It has been evident that increasing the oxide 

thickness until certain value (sometimes called as the critical thickness) can result in the decrease in 
short-circuit current, hence the efficiency of the solar cells (For further explanation, please read Ref 

[18]). When Dit increases, it will develop potential across the oxide layer resulting the increase of the 

barrier potential. As a consequence the tunneling current drops. Therefore, by increasing the interface 

state density, the abrupt decrease of short-circuit current becomes faster at lower oxide thicknesses. This 
finding suggests that the lower oxide thickness is favorable to get a constant short-circuit current. 

However, getting a very thin oxide thickness is challenging in fabrication wise. Therefore, one needs to 

find a limit of the oxide thickness above which the short-circuit current starts to drop.  

 
Figure 3. Short-circuit current Jsc as a function of SiO2 thickness of the ZnO-based MIS-type solar cells 

for different values of Dit (a) 1  1017 m-2eV-1, (b) 1,8  1017 m-2eV-1, (c) 3,5  1017 m-2eV-1, (d) 5  1017 

m-2eV-1. 

 

The same feature can be seen in the open-circuit voltage Voc and the fill factor FF, as shown in Figure 
4. Both Voc and FF starts to drop after some certain value of oxide thickness, and increasing the Dit only 

to make the drop becomes faster at lower oxide thicknesses. However, the values of Voc at lower oxide 

thickness slightly vary as the variation of Dit. This is different from the FF as it shows a constant value 
at lower oxide thickness akin to that of Jsc.  
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Figure 4.  Voc (left) and FF (right) as a function of SiO2 thickness of the ZnO-based MIS-type solar 

cells for different values of Dit (a) 1  1017 m-2eV-1, (b) 1,8  1017 m-2eV-1, (c) 3,5  1017 m-2eV-1, (d) 5 

 1017 m-2eV-1. 

 

 
Figure 5.  I-V characteristic curve of the ZnO-based MIS-type solar cells for different values of Dit (a) 

1  1017 m-2eV-1, (b) 1.2  1017 m-2eV-1, (c) 1.8  1017 m-2eV-1, (d) 3.5  1017 m-2eV-1. 

 
Figure 5 shows the current-voltage relation for the ZnO-based MIS-type solar cells. In order to see 

the effect of the Dit, the oxide thickness is chosen to be 1.9 nm, at which other parameters such as the 

doping density in the silicon and the carrier concentration at ZnO become optimum. As it is implicitly 
suggested from Jsc, Voc and FF, the efficiency of the solar cells decreases as the increase of Dit. From 

this curve, it can be clearly seen than the decrease of Jsc contributes dominantly to the efficiency of the 

cell compared to other parameters. 

4.  Conclusion 

The effect of interface state density on the performance parameters of the ZnO-based MIS type solar 

cells were studied using simple theoretical approach and semi-analytical simulation. Simulation results 

show that the interface state density can give a significant impact on the performance parameters of the 
MIS type solar cells. It is shown that the effect of interface state density is dependent on the oxide 

thickness. At thicknesses higher than the critical thickness of the oxide layer the increase of the density 

of states causes the performance of the solar cells to drop. Therefore, it is suggested to reduce the density 
of states in order to get a higher performance MIS solar cell.  
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