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A new type of solar cells – Zinc Oxide/Silicon (ZnO/Si) hetero-junction are explored for their potentially 

low cost application. In order to find the optimal design structure of ZnO/p-Si solar cells, numerical model-

ing using SCAPS-1D (Solar Cell Capacitance Simulator One Dimension) is performed. We study the most 

important quality parameters, their variations and their impacts on performances of solar cells. The thick-

ness of emitter and buffer layers is varied to observe its effect on the cell performance. Thus, the defects lo-

cated in ZnO and Si layers, as well as, the role of the of interface defects’ density of the ZnO/c-Si hetero-

junction solar cells have been investigated in detail to provide guidelines for achieving high performance. 

The results indicate that the cell with an optimum thin buffer layer has higher performance. Also the out-

put characteristics of these cells are significantly more sensitive to the defects in silicon surface than ZnO 

surface. The results also show that the interface defect states have an obvious effect on the open circuit 

voltage of these cells. We argue that the conversion efficiency of ZnO/c-Si heterojunction solar cells could be 

increased beyond 17 % by efficiently regulating interface Dit and defects in silicon layer. 
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1. INTRODUCTION 
 

Among different kinds of solar cells, p–n junction so-

lar cells based on c-Si wafers are undoubtedly favored 

as they allow solar cells with efficiencies above 20 %  

[1-3]. However, c-Si based solar cells require high man-

ufacturing cost [1]. Therefore, reducing the cost be-

comes a major issue, which attracts much attention. 

Recent research shows that depositing transparent 

conductive oxide (TCO) on c-Si substrates becomes an 

effective way to overcome these limitations [4-8]. 

Among all those TCO materials, there has been in-

creasing interest in zinc oxide (ZnO) films due to their 

superior electrical and optical properties in combina-

tion with low resistivity and high optical transparency 

( 80 %) to visible light [9-13].  

Intrinsically, ZnO is an n-type material due to the 

number of defects introduced during the growth, irre-

spective of growth method. These defects are commonly 

believed to be Zn interstitial and oxygen vacancy [14]. 

However, n-type conductivity of ZnO can be very bene-

ficial to the current thick film Si solar cell fabrication. 

The emitter of a silicon solar cell is made by a high 

temperature and long diffusion of phosphorus into the 

bulk silicon to form a pn junction. ZnO can be an alter-

native to the emitter formation by phosphorus because 

of high n-conductivity as well as antireflection coating. 

This will remove the high temperature diffusion step 

from the current Si solar cell fabrication process. 

In recent years, ZnO has drawn global research in-

terest due to its unique conductive, piezoelectronic and 

optoelectronic properties. These promising properties 

such as wide band gap (3.37 eV), large exciton binding 

energy (~ 60 meV), large saturation energy and high 

thermal and mechanical stability makes it a suitable 

choice for photodetectors, solar cells, light emitting 

diodes, sensors and piezoelectronic devices [15-17]. 

With a wide band gap, high transparency and low re-

sistivity material, it can be used as a window layer and 

simultaneously heterojunction partner for heterojunc-

tion based solar cells [18-23]. Using ZnO over Si pro-

vides a window for photon transfer, gives a higher built 

in potential to increase the open circuit voltage Voc and 

to passivate the surface and grain boundary defects to 

reduce the dark current [19]. Note that the n-ZnO/p-Si 

heterojunction solar cells, the solar light (the visible 

spectrum and near infrared) can be efficiently collected 

owing to the wide band gap of ZnO (Eg  3.3 eV).  

There are many researches on ZnO/c-Si heterojunc-

tion solar cells. For example, without interface states 

density, Babar et al reported with simulation of n-

ZnO/p-Si solar cell a conversion efficiency of ~ 19 % [2] 

and Zeng et al fabricated B:ZnO/Si solar cell and reach 

a Voc of 628 mV, Jsc of 41 mA. Cm – 2 and efficiency of 

17.78 % [24]. Gluba et al reported the growth of  

ZnO/p-Si structure by Pulsed Laser Deposition (PLD) 

with excellent interface passivation due to trap density 

reduction from 1012 to 1011 cm2 [25]. Baturay et al re-

ported good rectifying junction properties by Gallium 

doping of ZnO grown on Si [26]. Pietruszka et al 

showed that the incorporation of Magnesium (Mg) into 

ZnO with Atomic layer deposition (ALD) method at low 

temperature, can lead to the improved interface with Si 

for solar cell fabrication [6]. Belaid et al have studied 

the effect of In doped ZnO/Si solar cells and showed 

improved performance compared to undoped ZnO/Si 

solar cells [27].  

The performance of the heterojunction cell strongly 

depends on the doping concentration, the bulk defect 

density and the respective thicknesses of n-ZnO and p-

Si layers. Indeed, modifying their properties affects 

both charge carrier transport at the junction (recombi-

nation, field effect) and photogeneration. Mostly, the 

bulk defects within the ZnO film and defects/traps at 
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the interface of ZnO/Si layers [28] have blame for poor 

photovoltaic performance. In this paper, device model-

ing and numerical simulations of ZnO/Si solar cells are 

performed to analyze the influence of (a) the buffer and 

emitter layers thickness, (b) the defect states in the Si 

absorption layer and those in the ZnO emitter layer 

and (c) the ZnO/c-Si interface defect state density on 

the solar cell characteristics.  

 

2. MODELING 
 

Numerical Modeling has been increasingly used as 

a tool to understand the physical operation of the solar 

cells. Various measurements are done to understand 

the optical and electrical properties of the solar cell. 

However, it is difficult to analyze these measurements 

without the precise model. Therefore, numerical model-

ing is necessary to interpret the advanced measure-

ment on complicated structures, design and optimiza-

tion of advanced cell structures. Following are the most 

important things to consider in simulation software: 

Capability of solving the basic equations – Poisson 

equation and the continuity equation for electron and 

hole. The simulation program for proposed ZnO/p-Si 

heterojunction solar cell structure has been developed 

in SCAPS simulator to obtain various electrical and 

optical characteristics. SCAPS-1D (a solar cell capaci-

tance simulator in one dimension) is written and main-

tained at the University of Gent [29]. It is mainly used 

for modeling CdTe, CIS and CIGS based thin film solar 

cells. SCAPS-1D solves the one dimensional semicon-

ductor equations. The three equations read: 
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where,  – electrostatic potential, Efn, Efp – quasi-Fermi 

level for electron and hole respectively, D is the dis-

placement field. p, n – hole/electron densities. pt – net 

charge, ND, NA – donor and acceptor impurity concen-

tration respectively, Jn, Jp – electron and hole current 

density respectively, G – optical generation rate, Rn, Rp 

– electron and hole recombination rates.  

Recombination in deep bulk levels and their occupa-

tion has been described by the Shockley-Read-Hall 

(SRH) formalism. Recombination at the interface states 

is described by an extension of the SRH formalism, 

which allows the exchange of electrons between the 

interface state and the two adjacent conduction bands, 

and of holes between the state and the two adjacent 

valence bands. Conduction band discontinuity, valence 

band discontinuity, effective density of states for elec-

trons in the conduction band and holes in the valence 

band respectively, separation between Fermi levels and 

band gap edges in p- and n-type regions (p, n) are 

calculated during the simulation using the following 

equations: 
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where ZnO, Si – electron affinity for ZnO and Si, EgZnO, 

EgSi – band gap of ZnO and Si, respectively, me*, m*h – 

effective mass of electron and holes, k – Boltzmann 

constant, T – lattice temperature and q is the charge of 

electron. 

The heterostructures have been treated with the af-

finity rule to divide the difference in band gap. 

Transport across the interfaces is modeled with ther-

mionic emission. The modeled structure is shown in 

Fig. 1. The first layer represents doped ZnO. The se-

cond layer is either identical to the first one or it repre-

sents an intrinsic ZnO buffer layer. The defect states of 

ZnO principally consist of acceptor like and donor like 

defect states, which are both single distribution. For 

the crystalline absorber a p-type c-Si is set 200 m 

thick with doping concentration of 1  1016 cm – 3. It is 

characterized by a single donor-type defect centered at  

mid-gap with a density of 5  1011 cm – 3 and the cap-

ture cross section for holes and for electrons is equal to 

10 – 8 cm2. The front side of the crystalline silicon is 

modeled by a defect rich surface layer with defect state 

densities varying from 1  109 cm – 3 to 2  1014 cm – 3. At 

the rear side a highly doped back surface field layer 

(1017 cm – 3) is assumed. Interface properties have fur-

ther been studied by introducing acceptor traps (single 
 

 
 

Fig. 1 – Structure used for modeling the ZnO/p-Si heterojunc-

tion 
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Fig. 2 – Band structure of ZnO/Si(p) heterojunction solar cell 
 

energy level at 0.3 eV below the conduction band) [19], 

with the capture cross sections of electron and hole both at 

10 − 12 cm2, at the heterointerface of ZnO buffer layer and 

Si substrate. Fig. 2 shows the energy band diagram for 

ZnO/Si heterostructure. Light is assumed to be falling 

from the top of the heterojunction. Table 1 shows set of 

parameters that has been taken into consideration for the 

simulation of heterojunction cell. The temperature is set 

to 300 K by accepting the default value. 

 

3. RESULTS AND DISCUSSION 
 

In these section simulation results of ZnO/p-Si het-

erostructure solar cells has been presented. The J-V 

characteristics under illumination, at the spectrum of 

Air Mass 1.5 used in the SCAPS software modeling tool 

is shown in Fig. 4. The ZnO/Si junction can be approx-

imated as a metal-semiconductor junction with a deple-

tion region occurring mainly in the Si substrate. Simu-

lated energy band diagram of ZnO/p-Si heterojunction 

is illustrated in Fig. 3. 

 

3.1 Effect of Emitter Layer Thickness on Cell 

Performance 
 

Front and back contacts were assumed as flat band 

and surface recombination velocities were set as 

l.0  107 cm s – 1. ZnO emitter thickness is varied from 

100 nm to 500 nm. Fig. 5 shows the output characteris-

tics of ZnO/Si(p) solar cell as a function of ZnO emitter 

thickness. 

 

Table 1 – Modeling parameters used in the simulation 

 

 n-ZnO i-ZnO p-Si 

Layer thickness 100-500 nm 20-50 nm 200 m 

Electron affinity  (eV) 4.65 4.65 4.05 

Electron mobility (cm2/Vs) 100 100 1500 

Hole mobility (cm2/Vs) 2500 2500 480 

Band gap (eV) 3.37 3.37 1.12 

Effective density of states in the 

conduction band Nc (cm – 3) 
2.8  1019 2.8  1019 2.8  1019 

Effective density of states in the 

valance band Nv (cm – 3) 
2.8   1019 2.8  1019 1.04  1018 

Doping concentration (cm – 3) 1  1019 0 1  1016 

Dielectric constants () 8.5 8.5 11.9 

Hole capture cross (cm2) 10 – 10 – 10 – 8 

Electron capture cross (cm2) 10 – 10 – 10 – 8 

 

 
 

Fig. 3 – Simulated energy band diagram of ZnO/Si solar cell 
 

 
 

Fig. 4 – J-V characteristic of ZnO/Si heterojunction device 

measured at the AM1.5 
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From Fig. 5a, we can be seen that the emitter 

thickness increases, the open circuit voltage and the 

short circuit current density decreases slightly around 

0.79 mV and 0.49 mAcm – 2 in the range of 100 nm to 

500 nm. This is due to the increasing of the absorption of 

the photon in the thicker emitter. However, due to the 

absence of electric field in the emitter and at presence of 

recombination centers, the photo-generated porter can 

not to arrive the edge of the space charge region and 

participate to the light current. They recombined in the 

region and disappear, resulting in the reduced short-

circuit current density. In the low thicknesses, the fill 

factor increase, when the thickness is larger than 

250 nm, FF considered constant (Fig. 5b). Due to the 

decrease of Voc and Jsc, the efficiency () decrease with 

emitter layer thickness. Taking into account the tech-

nical production and conversion efficiency, the emitter 

thickness should be chosen at about 100 nm. 

 

3.2 Effect of Buffer Layer Thickness on Cell 

Performance 
 

The zinc oxide buffer layer is introduced between 

the doped zinc oxide and the crystalline silicon; the role 

of the buffer layer is to reduce density of defect states, 

therefore reduced the interface recombinaison. 
 

 
 

 
 

Fig. 5 – Simulated performances (a) Jsc, Voc and (b) efficien-

cy, FF of ZnO/c-Si(p) solar cells as a function of ZnO emitter 

layer thickness 
 

In order to evaluate the buffer layer thickness effect, 

on the ZnO/p-Si heterojunction solar cell properties, we 

vary the thickness in our simulation from 10 nm to 50 nm 

as shown in Fig. 6. As can be seen, with the increase of the 

buffer layer thickness, the short circuit current density of 

the cell decreases, resulting in the reduced efficiency and 

fill factor. This is mainly because, more photons will be 

absorbed in the thicker interlayer and fewer photons can 

achieve the absorber layer, consequently, the recombina-

tion at the buffer layer enhances. The variation of the 

open circuit voltage is insignificant when the buffer layer 

thickness increases. 

Counterbalancing the production processes and the 

conversion efficiency, the optimal intrinsic layer thick-

ness should be set at 20 nm. 

 

3.3 Effect of Emitter and Absorber Defect Den-

sity on Cell Performance 
 

Then, in this section, we try to find out how the de-

fect layer influences the performance. After the optimi-

zation of cell thickness without defects state, the pho-

tovoltaic parameters by assuming the defects in the 

region p-Si and n-ZnO have been calculated. Effects of 

defect state in p-Si and n-ZnO are shown in Fig. 7 and 

Fig. 8. As can be seen from the Fig. 7, Voc is reduced 

from 600 to 420 mV and as the total density of defect 

states increases, and thus, the efficiency is reduced. 

However, these defects create energy levels in the gap 

of Si layer which causes the recombination of free car-

riers, and reduces the conversion efficiency of the solar 

cell. We observed that the conversion efficiency  de-

crease with increasing the defects density in p-Si layer. 
 

 
 

 
 

Fig. 6 – Variation of (a) Jsc, Voc and (b) efficiency, FF of the 

solar cell with the buffer layer thickness 
 

Fig. 8 illustrates the dependence of the n-ZnO defect 

density on cell performance. When the defect density is 

varied from 1011 to 1017 cm – 3 in n-ZnO layer, we ob-

served that the defects have negligible impact on Jsc, 

Voc,  and FF. 

Those defects could be affected by a combination of 

defect density, defect capture cross section, and defect 

location. We can conclude that the performances of 

these cells are sensitive to the defects in silicon surface. 
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Fig. 7 – Variation of (a) Jsc, Voc, and (b) Efficiency, FF in  

n-ZnO/p-Si device as a function of defects density in p-Si layer 

 

3.4 Effect of Interface Defect States on Cell Per-

formance 
 

In order to study the influence of interface state 

density on n-ZnO/i-ZnO/p-Si characteristics, the inter-

face state densities (Dit) between i-ZnO and p-Si layers 

were varied, in the simulations, from the range of 

1  108 to 1  1013 cm – 2. Fig. 9 displays the simulated 

values of Voc, Jsc, FF and efficiency at various inter-

face state densities. Our calculation showed that by 

increasing the interface state density (Dit), the short 

circuit current density and open circuit voltage de-

creases as shown in Fig. 9a. In the lower value of inter-

face states, recombination current has minimum value 

and also Jsc is not sensitive to the defect state. By in-

creasing the Dit from 1  1012 cm – 2 to 1  1013 cm – 2, Jsc 

decreases from 35.29 mACm – 2 to 34.82 mACm – 2, Voc 

decreases sharply from 165 mV to 44 mV, and thus, the 

efficiency is reduced. So, the large recombination via 

the interface defects degrades the solar cell perfor-

mances. 

The interface defects affect mostly the open circuit 

voltage, this can be expressed by the following relation-

ship 10: 
 

 
1 v it

oc B

sc

qN S
V nKTLn

q J

   
     

   

 (10) 

 

where B represents the effective barrier height, n the 

ideality factor and Sit the interface recombination ve-

locity (deduced from Dit). 

 

 
 

 
 

Fig. 8 – Variation of (a) Jsc, Voc and (b) Efficiency, FF in n-

ZnO/p-Si device as a function of defects density in n-ZnO layer 
 

 
 

 
 

Fig. 9 – Simulated performances of ZnO/c-Si(p) heterojunction 

solar cells as a function of interface state densities 

a 

b
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Fig. 10 – Dependence of spectral response of the device with 

interface state densities 
 

Furthermore, Fig. 10 shows the external quantum 

efficiency (EQE) of the device with different interface 

states. All the cells demonstrate difference over a wide 

range of wavelength from 300 nm to 1200 nm. The 

higher interface states give a noticeably decreased 

response in the visible spectrum. It indicates that the 

carriers generated in the absorber layer are mainly got 

recombination. However, in presence of interface de-

fects, more photons are being absorbed by the interface 

states; fewer photons can contribute to the quantum 

efficiency and, consequently, the spectral response 

decreases.  

We notice that the cell efficiency () and fill factor 

(FF) obtained for different values of Dit reflects more or 

less the same nature as Jsc and Voc. 

 

4. CONCLUSION 
 

This work attempts to indentify the optimal device 

design and the performance properties of ZnO/p-Si 

heterojunction solar cells. Modeling the ZnO/p-Si solar 

cell structures on SCAPS gives an optimal design 

strategy. The results show that optimal ZnO layer 

should have a thin thickness of 100 nm. Due to the 

nature of heterojunctions, defects are very easily 

formed at the junction interface. The ZnO/p-Si solar cell 

simulation with high interface defects was also per-

formed. We observe that the efficiency of the cell de-

pends heavily on the interface defects density. Compar-

ing the SCAPS-1D simulation using defect density in Si 

layer and in ZnO layer, the output characteristics of 

these cells are sensitive to the defects in silicon surface 

more than the ZnO surface. Those defects are affected 

by a combination of defect density, defect capture cross 

section and defect location. 

The ZnO/p-Si based heterojunction solar cell ap-

pears to be an interesting alternative regarding the 

performance efficiency. This is due to its simple and 

low temperature processing steps which makes of it a 

low cost candidate. 
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