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Effect of ZnO films on CdTe solar cells�
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Abstract: The ZnO high resistivity transparent (HRT) layers were prepared by DC magnetron sputtering on the 1
mm borosilicate glass with 150 nm ITO coating. The structural, optical and electrical properties of the as-deposited
films were investigated by XRD, UV/Vis spectroscopy and four-probe technology. The interface characters of the
ITO/ZnO and ZnO/CdS systems were studied by ultraviolet photoelectron spectroscopy (UPS) and X-ray pho-
toelectron spectroscopy (XPS) depth profiling tests. The results show that ZnO has good optical and electrical
properties. The insertion of the ZnO films decreases the energy barrier between ITO and CdS films. The energy
conversion efficiency and quantum efficiency were found to be 12.77% (8.9%) and > 90% (79%) with or (without)
ZnO films of CdTe solar cells. Furthermore, the effect of thickness, mobility and carrier density of ZnO films on
CdTe solar cells was analyzed by AMPD-1D.
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1. Introduction

Thin film CdTe/CdS solar cells are typically of the con-
figuration. One of the important CdTe technology issues is the
fabrication of thin CdS films. Thin CdS films can lead to in-
crease the number of incident photons that reach the CdTe and
therefore increase the efficiency. WuŒ1� and RomeoŒ2� have re-
ported the efficiency of 16.5% and 15.8% with < 100 nm
and 80 nm CdS thickness, respectively. However, as the thick-
ness of CdS is decreased, the films would become discontinu-
ous leading to the formation of localized CdTe/TCO junction,
which lead to excessive shunting and therefore lower the so-
lar cell efficiencyŒ3�. The deposition of pinhole free CdS films
is critical in achieving high solar cell efficiencies. Using high
resistivity transparent (HRT) layers are known as a feasible
method to improve the characteristics of CdTe thin films so-
lar cells. The uses of HRT layers between TCO and CdS lay-
ers have been reported to improve the CdS film morphology
by providing large grains during depositionŒ4� and increase the
device performance, such as the short-circuit current density
(Isc), the open voltage (Voc), or the filling factor (FF)Œ5�.

The HRT layers in CdTe solar cells include SnO2, Al2O3,
ZnSnO4 et al. Andreas KleinŒ6� and Hasitha MahabadugeŒ7�

have summarized and compared the characterization of ZnO,
SnO2 and Al2O3 layers as high resistance transparent conduct-
ing oxides. S N Alamri and A W BrinkmanŒ8� have fabricated
and studied the efficiency of CdTe solar cells with SnOx as
HRT layers. A. Fuchs et al.Œ9� have studied SnO2 layers as
HRT in CdTe solar cells by XPS. The ZnO has the direct en-
ergy gap structure of 3.37eV, and can be prepared with using
low temperature technology such as DC magnetron sputtering,
CVDŒ10;11�. So the ZnO is a promising candidate to be used as
HRT layer in CdTe thin film solar cells.

UPS and XPS-deep profiling were applied to investig-
ate the interface characterization of ITO/ZnO and ZnO/CdS
films, and energy band diagrams of the ITO/ZnO and ZnO/CdS
were illustrated. Furthermore, numerical simulations of differ-
ent ZnO properties have been done, employing the widely used
AMPS-1D (analysis of microelectronic and photonic struc-
tures)Œ10�.

2. Experiment

ZnO films were deposited on ITO-coated quartz glass by
DC magnetron sputtering (JS500-6/D, Nanguang Instrument).
The target was metallic Zn (99.999%). The substrate was held
at 300 ıC and the deposition apparatus is 81 W. The working
pressure is 2.4 Pa of high purity argon (99.999%) mixed with
30% oxygen. The sputtering procedure took 107 min and the
ZnO films were about 150 nm. The CdS layers were deposited
by chemical bath deposition (CBD), and were about 150 nm
thick. The CdTe layers were deposited by closed-space subli-
mation (CSS) technology, and the thickness was about 6 �m.
The back contact CdZn:Cu films were deposited using the co-
vacuum evaporation method and were about 80 nm.

The structural property of the as-deposited ZnO films were
analyzed by X-ray diffraction (DX-2500, Dandong Fangyuan
Instrument LLC) using CuK˛ radiation (� D 0.15405 nm). The
sheet resistance was measured with a Digital Four Probe Tester
(SZT-2, Suzhou Tongchuan Electronics). Measurement of the
film thickness was done with a stylus profiler (XP-2, Am-
bios Technology Inc.). The optical transmission was obtained
using a UV/Vis spectrometer (Perkin Elmer Inc., Lambda-
950). The XPS and UPS measurements were carried out in
an AXIS-ultra-DLD photoelectron spectrometer. The spectra
were obtained using constant analyzer energy with He (hv D

21.2 eV) in a UHV system (the base pressure was below 5.0 �
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Fig. 1. X-ray diffraction of ITO/ZnO thin films.

10�9 Torr). For excitation, monochromatized AlK˛ radiation
(1486.6 eV) was used. The Fermi level position was aligned to
a binding energy Ebin D 0 eV using Ag samples.

The AMPS-1D was based on Poisson’s equation, the hole
and electron continuity equations in one dimensionŒ11�. It was
used to estimate the band diagram and carrier transport. The
effects of ZnO thickness, carrier density and electron mobility
on CdTe solar cells were simulated.

3. Results and discussion

Figure 1 shows the XRD spectrum of as-deposited
ITO/ZnO films. The main peaks come from the ITO film. It
presents only one peak at 36.10ı corresponding to the (101)
peak diffraction of the hexagonal wurtzite phase. This indicates
that the deposition of ZnO films onto the ITO films has differ-
ent growth mechanisms compared to growth on glass.

Optical transmittance spectra (Fig. 2) of the ZnO films ex-
hibit very high transmittance (85.27%) in the 400–1200 nm re-
gion. The optical band gap Eg can be calculated as 3.27 eV
from the Tauc plot, which is very close to the theoretical value
of 3.37 eV. The sheet resistance and calculated resistivity were
108 �/� and 1.5 � 103 (��cm)�1 respectively, within one or-
der of magnitude of the CdS layer. It is beneficial to avoid the
pinhole effect of CdS films and improve the touching between
the CdTe layer and the front contactŒ12�.

3.1. ITO/ZnO system

Before analysis with XPS/UPS, all of the samples were
cleaned by sputtering with HeC ions for 1 min in HUV to elim-
inate surface factors. The layers were profiled using XPS and
UPS by taking spectra after each profiling time until it revealed
the ITO films.

Figure 3 illustrates the characterization of ITO/ZnO at dif-
ferent profiling times. It shows the valence band maximum
(EVBM/ increases from 3.11 to 3.21 eV at the interface of the
ITO/ZnO films. The “valence band offset” at low binding en-
ergy corresponds to the EF – EVBM and provides a direct mea-
sure of the Fermi level at the sample surface. At the other end
of the schematic UPS spectrum the secondary electron onset,
referenced to the 21.22 eV Helium source energy, provides a
direct measure of the specimen’s work function (Evac – EF/.

Fig. 2. (a) Transmission spectra and (b) plot of (˛hv)2 versus hv of
the ZnO thin films.

Fig. 3. UPS spectra of ITO/ZnO thin films.

The work functions were determined from the low-kinetic en-
ergy cut-off in the UPS spectra (the intersection of the linear
extrapolation with the baseline).

Figure 4 shows the evolution of the In3d peak and Zn2p
peak of the ITO/ZnO films. A significant increase in the inten-
sity of In3d was observed for the sample. The work function
and interface dipole can be obtained by the XPS/UPS spectra:
ı D 0.05 eV. And the valence band offset �EV and conduc-
tion band offset �EV were calculated as 0.05 eV and 0.4 eV,
respectively.
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Fig. 4. XPS spectrum in the In3d and Zn2p reigns for n-ITO/n-ZnO
isotype heterojunction under various profiling times.

Fig. 5. Energy band diagram of the ITO/ZnO isotype heterojunction.

The final band alignment at the interface ITO/ZnO hetero-
junction is presented in Fig. 5. The difference between the vac-
uum energy (Evac/ and the conduction band energy is the elec-
tron affinity. The results show that the conduction band bends
downward in the ITO layer at the interface while the ZnO films
bends upward. The barrier energy is about 0.4 eV, which is
lower than that of the ITO/CdS heterojunction potential energy
barrier (0.9 eV). So the introducing of the ZnO film as a HRT
layer is beneficial for the transfer of electrons from the CdS
films to the ITO films.

Fig. 6. UPS spectra of ZnO/CdS thin films.

3.2. ZnO/CdS system

Samples were also cleaned by sputtering with HeC ions for
1 min. The XPS and UPS spectra were obtained for each pro-
filing time. Figure 6 shows the characterization of ZnO/CdS
at different profiling times. It shows that the EVBM decreases
from 3.18 to 2.0 eV at the interface of the ZnO/CdS films dur-
ing the profiling. The difference of the EVBM value of ZnO
films is attributed to the different ambience in the ITO/ZnO
and in the ZnO/CdS systems.

Figure 7 shows the evolution of the Cd3d peak and Zn2p
peak of the ZnO/CdS films. A significant increase of the inten-
sity of Zn2p was observed for the sample. The interface dipole
can be obtained: ı D 0.23 eV. And �Ev and �Ec were calcu-
lated as 0.45 eV and 0.5 eV, respectively.

The band alignment at the interface ZnO/CdS heterojunc-
tion is presented in Fig. 8. The energy barrier is about 0.5 eV,
whichwould not obstruct the transfer of electrons from the CdS
to ZnO films.

3.3. Application to the CdTe solar cells

We fabricated the CdTe solar cells by depositing ZnO
films on ITO coated glass. The CdS and CdTe films were de-
posited by CBD and CSS, respectively. Figure 9 shows the
current–voltage curve of the CdTe solar cell with or without
ZnO HRT films. The sample with the ZnO films has the ef-
ficiency of 12.77% (Voc D 857 mV, Jsc D 21 mA/ cm2, FF
D 70.7%, area D 0.5 cm2/ while the sample without the ZnO
films has a much lower efficiency of 8.9% (Voc D 783 mV, Jsc
D 24 mA/cm2, FF D 70.7%, area D 0.5 cm2/. The cell with
the HRT films also showed a low series resistance and a high
fill factor, which was partly attributed to good interface prop-
erties between the n-ZnO and CdS layers. Figure 10 shows the
quantum efficiency curve of samples with or without the ZnO
films. The QE of cells with the ZnO films (> 90%) are higher
than the QE without the ZnO films (79%).

3.4. Influence of thickness, mobility and carrier density of
ZnO in CdTe solar cells

In this reference, the influence of ZnO thickness, mobility
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Table 1. Parameters in AMPS-1D simulation.
Parameter ITO ZnO CdS CdTe
Eg (eV) 3.72 3.27 2.42 1.46
EPS 9.4 9 9 9.4
Electron mobility (cm2/(V�s)) 30 60–100 340 500
Hole mobility (cm2/(V�s)) 5 25 50 60
Carrier density (cm�3/ 4.3 � 1020 1016–1019 1017 2 � 1015

Density of state, CB (cm�3/ 4 � 1019 1.8 � 1019 1.8 � 1019 7.5 � 1017

Density of state, VB (cm�3/ 1018 2.4 � 1018 2.4 � 1018 1.8 � 1018

Electron affinity 3.6 4 4.5 4.28
Thickness (�m) 0.4 0–0.8 0.15 6

Fig. 7. XPS spectrum in the Cd3d and S2p reigns for n-ZnO/n-CdS
isotype heterojunction under various profiling times.

Fig. 8. Band diagram of the n-ZnO/n-CdS isotype heterojunction.

and carrier density on CdTe solar cells were studied further by
AMPS-1D simulation. The parameters used in the simulation
are shown in Table 1. The electron affinity energies and mobil-

Fig. 9. I–V curve of the CdTe solar cell with or without ZnO films.

Fig. 10. QE curve of the CdTe solar cell with or without ZnO films.

ity were obtained from Refs. [15, 16]. To simplify this calcula-
tion, we assumed that the working temperature is 300 K, there
is no light trapping and the surface recombination velocity is
107 cm/sŒ17�.

The first result obtained from the calculation is the effect
of ZnO thickness on the CdTe solar cell characteristics. The
ZnO thickness was changed from 150 to 800 nm. As shown in
Fig. 11, the insertion of the ZnO film significantly increases
the energy conversion efficiency Eff, owing to the increase
in short-circuit current density (Jsc/ and open-circuit voltage
(Voc/, which is in agreement with the experiment results. All
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Fig. 11. Effect of the ZnO film thickness on the performance of the
CdTe solar cell.

the characteristics increased drastically for film thicknesses be-
low 150 nm, while they decreased at thickness of 150–800 nm.
This is because with the increase in the thickness of the film,
the built-in electric field intensity distribution is significantly
affected. The photogenerated charge carriers will not be effec-
tively collected, so all the characteristics decreased with the in-
crease in film thickness. Themaximum value ofEff is achieved
when the thickness is about 150 nm. Also the ideal diode fac-
tor (A) and reverse saturation current density (I0/ were ob-
tained. The minimum A and maximum I0 were also obtained
at 150 nm.

Figure 12 shows the variation of Eff in the CdTe solar cell
with the change of carrier density (1016 to 1019 cm�3/ and
electron mobility (40 to 100 cm2/(V�s)) of the ZnO film, where
the thickness is fixed at 150 nm. TheEff increased significantly

Fig. 12. Effect of (a) carrier density and (b) electron mobility of the
ZnO film on Eff.

as the carrier density increased and reached its highest value.
The Eff increased little with the increase of the electron mobil-
ity.

4. Conclusions

The ZnO films were successfully deposited on the ITO
films by the DC magnetron sputtering method. The trans-
mittance in the visible region (85.27%) and sheet resistance
(108 �/�/ are obtained. The characterization at the interface
of the ITO/ZnO and ZnO/CdS were studied by UPS and XPS
deep profiling. The energy band diagrams were depicted, and
the energy barrier at the interface of ITO/ZnO and ZnO/CdS
films were almost 0.4 eV and 0.5 eV, they are much lower than
that in ITO/CdS. So the insertion of the ZnO films most likely
results in a strongly reduced minority carrier recombination at
the interface.

CdTe thin film solar cells with or without ZnO films were
prepared. The energy conversion efficiency and quantum effi-
ciency were found to be 12.77% (8.9%) and> 90% (79%) with
or (without) the ZnO films. Furthermore, we have also simu-
lated and analyzed the effect of the ZnO films on the CdTe
cells using AMPS-1D. The results show that inserting a ZnO
film in a CdTe solar cell significantly improves its efficiency,
which reached its highest value when the thickness of the ZnO
film was 150 nm. Carrier density and electron mobility have
different effects on Eff in CdTe solar cells.
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