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Abstract: In this work，Ga doped ZnO ( GZO) /CdS bilayer films were prepared on p-Si substrate by magnetron
sputtering to form GZO /CdS /p-Si heterojunction device． The structural，optical and electrical properies of the
nanocrystalline GZO /CdS bilayer films were studied by XＲD，SEM，XPS，UV-VIS spectrophotometer and Hall
effect measurement． The J-V curve of GZO /CdS /p-Si heterojunction device shows good rectifying behavior． And
the value of IF / IＲ ( IF and IＲ stand for forward and reverse current，respectively) at ± 3 V is found to be as high as
21． The results indicate that the nanocrystalline GZO /CdS /p-Si heterojunction possesses good diode characteristic．
High photocurrent density is obtained under a reverse bias． The nanocrystalline GZO /CdS /p-Si heterojunction de-
vice exhibits clear photovoltaic effect． Because the lattice constant of CdS is between GZO and Si，it can be used
for a buffer layer between GZO and Si，to effectively reduce the interface states between GZO and p-Si． Therefore，

we observed the clear photovoltaic effect of GZO /CdS /p-Si heterojunction．

Key words: nanocrystalline GZO /CdS bilayer films，magnetron sputtering，heterojunction，current-voltage ( I-V)

characteristics
PACS: 78． 67． Bf
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摘要: 采用磁控溅射制备 Ga 掺杂 ZnO ( GZO) /CdS 双层膜在 p 型晶硅衬底上以形成 GZO/CdS /p-Si 异质结器

件。纳米晶 GZO/CdS 双层膜的微结构、光学及电学特性，通过 XＲD、SEM、XPS、紫外-可见光分光光度计和霍

尔效应测试系统表征。GZO/CdS /p-Si 异质结 J-V 曲线显示良好的整流特性。在 ± 3 V 时，整流比 IF / IＲ ( IF 和

IＲ 分别表示正向和反向电流) 已达到 21。结果表明纳米晶 GZO/CdS /p-Si 异质结具有好的二极管特性，在反

向偏压下获得高光电流密度。纳米晶 GZO/CdS /p-Si 异质结显示明显的光伏特性。由于 CdS 晶格常数在

GZO 和晶 Si 之间，它能作为一个介于 GZO 和晶 Si 之间的缓冲层，能有效地减少 GZO 和 p-Si 之间的界面态。
因此，我们获得了 GZO/CdS /p-Si 异质结明显光伏特性。
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Introduction

In recent years， transparent conducting oxide
( TCO) /Si heterojunction solar cells have received in-
creasing attention［1-3］，because the device structure is
simple，cheap and not using pn junction．

Zinc oxide ( ZnO) is a very important Ⅱ-Ⅵ com-
pound semiconductor material with direct wide bandgap
of 3． 3 eV． It can be used for various photoelectronic ap-
plications such as flat panel displays，liquid crystal dis-
plays，organic light emitting diodes，thin film transistors
and thin film solar cells． It has many merits such as a-
bundance in natural resource，low cost，non-toxicity and
high stability． ZnO naturally shows n-type conduction
and the electrical behaviour of ZnO thin films could be
significantly improved by replacing Zn atoms with higher
valence elements，such as B，In，Al and Ga［4-9］． Ga
doped ZnO ( GZO ) film has more advantages than Al
doped ZnO ( AZO) film． Because the radius of Ga3 + ion
and Zn2 + ion are similar，it leads to only a small lattice
deformation． Compared to aluminum，gallium is less re-
active and oxidative． GZO films are more stable than
AZO films． However，GZO has been relatively less re-
searched than AZO．

Cadmium Sulfide ( CdS ) is an important Ⅱ-Ⅵ
compound semiconductor optoelectric material． It has an
ideal energy band gap of 2． 4 eV． Many techniques have
been used to grow CdS films: magnetron sputtering［10］，
PLD［11］，ultrasonic spray method［12］，sol-gel［13］ and so
on． Among these techniques，magnetron sputtering is
simple，convenient and fast for large area deposition of
polycrystalline CdS film．

However，the lattice mismatch between ZnO and Si
is as high as 40% ． According to some research，the effi-
ciency of ZnO /p-Si heterojunction is low． For example，
L Li et al． reported that under AM1． 5G ( 100 mW/cm2 )
sunlight illumination，the open-circuit voltage ( Voc ) of
the n-ZnO /p-Si heterojunction made by molecular beam
epitaxy ( MBE) is 131 mV［14］． This shows that the pho-
tovoltaic characteristics of n-ZnO /p-Si heterojunctions
are facing great challenges． In order to improve the pho-
tovoltaic characteristics of n-ZnO /p-Si heterojunction，
CdS can be used as a buffer layer，since the lattice con-
stant of CdS is between ZnO and Si． On the other hand，
Ga doped ZnO ( GZO) film with low resistivity and high
transmittance in the visible region can be used as a top
transparent collecting electrode．

In this work，GZO /CdS bilayer films prepared by
magnetron sputtering were deposited on p-Si wafer to fab-
ricate GZO /CdS /p-Si structure heterojunction device．
The characterizations of the GZO /CdS bilayer films were
carried out by X-ray diffraction ( XＲD) ，scanning elec-
tron miscroscope ( SEM) ，X-ray photoelectron spectros-
copy ( XPS ) ，ultraviolet-visible ( UV-Vis ) spectropho-
tometer and Hall effect measurement． The electrical
GZO /CdS /p-Si heterojunction properties were investiga-

ted by current-voltage ( I-V) measurement．

1 Experiment

For the purpose of fabricating GZO /CdS /p-Si struc-
ture heterojunction，p-type polished Si wafer was used as
the substrate of the heterojunction． The thickness of the
wafer used was 300 μm and the crystal orientation was
( 100) ． The wafer was prepared by a standard cleaning
procedure，then it was dipped in 10% HF solution for
one minute to remove native oxide layer． Finally，the
wafer was dried in a flow of nitrogen．

By thermal evaporation，1 μm-thick Al electrode
was deposited on the back side．

CdS layer was deposited on p-Si substrate by radio-
frequency ( ＲF) magnetron sputtering． The CdS ceramic
target was fabricated through hot pressed sintering． CdS
power was used． The purity of the target is 99． 99% and
the size is Φ 60mm × 4mm． The distance between the
target and the substrate was 5 cm． The base pressure in-
side the chamber was pumped down to less than 5 × 10 －4

Pa． Sputtering was carried out at a working gas ( pure
Ar) pressure of 1 Pa． The Ar gas flow ratio was 80 sc-
cm． The ＲF power and the temperature on substrates
were kept at 80 W and 300℃，respectively． The sputte-
ring was proceeded for 15min． The thickness of CdS film
is about 200 nm．

GZO thin film was deposited on CdS /p-Si substrate
by direct-current ( DC) magnetron sputtering． The target
was sintered ceramic disks of ZnO doped with 2 wt%
Ga2O3 ( purity 99． 99% ) ． The base pressure inside the
chamber was pumped down to less than 5 × 10 －4 Pa．
Sputtering was carried out at a working gas ( pure Ar )
pressure of 1 Pa． The Ar flow ratio was 80 sccm． The
DC power and the temperature on substrates were kept at
60 W and 300℃，respectively． The sputtering was pro-
ceeded for 30 min． The thickness of GZO film is about
500 nm．

Finally，by coating，Ag paste was deposited on the
top side of GZO /CdS /p-Si heterojunction． The area of
the device is 0． 5 cm2 ．

Microstructure of the GZO /CdS bilayer films was in-
vestigated by XＲD，SEM and XPS． The optical transmis-
sion of the GZO /CdS films was measured by a UV-VIS
spectrophotometer ( Lambda35 ) ． The electrical proper-
ties of the films were characterized by Hall effect meas-
urement ( Accent HL5500pc) at room temperature． The
current-voltage ( I-V) characteristics of the GZO /CdS /p-
Si heterojunction device were measured by Agilent 4155C
semiconductor parameter analyzer at dark and under illu-
mination of 100 mW/cm2 ( AM1． 5) simulated light．

2 Ｒesults and discussion

2． 1 Microstructural，optical and electrical proper-
ties of GZO /CdS bilayer films

Fig． 1 shows the XＲD spectra of GZO /CdS bilayer
films on glass in the range of 2θ = 20 ～ 60°，which was
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deposited by magnetron sputtering method． From these
spectra，it was seen that the sample shows a polycrystal-
line phase． The XＲD peak of 34． 18° corresponds to Ga
doped ZnO ( 002 ) ． In addication，the XＲD peak of
26. 9° corresponds to CdS ( 002 ) ． The result indicates
that not only CdS film，but also GZO film has a hexagonal
wurtzite structure with its dominant orientation strongly a-
long the c-axis perpendicular to the substrate surface． The
XＲD peaks of CdS and GZO are sharp，this indicates the
high crystallinity of CdS and GZO films．

Fig． 1 XＲD spectra of the GZO /CdS bilayer films
图 1 GZO /CdS 薄膜 XＲD 谱

Fig． 2 shows the SEM images of the surface and
cross-section of GZO /CdS bilayer thin films deposited by
magnetron sputtering on p-Si substrate． Fig． 2 ( a) -( d)
show the film surface is dense and continous． They indi-
cates that the film consists of compact structure grains
with sub-micron size and low roughness． The GZO film
has the hilly shaped grains． It can be easily seen that the
grains are tightly packed and the size varies from 100 to
300 nm． Fig． 2 ( e) -( h) show the cross-sectional SEM
images of the GZO /CdS structure． The CdS thin film de-
posited on the p-Si wafer exhibits densely packed crys-
tals． The GZO /CdS films deposited on the p-Si substrate
exhibits good coverage and densely packed crystal． They
shows that columnar GZO structure grew on the CdS /p-Si
substrate． The average thickness of the CdS and GZO
was about 200 nm and 500 nm，respectively．

XPS was used to study the elemental compositions．
Fig． 3 ( a ) shows the X-ray photoelectron spectroscopy
( XPS) survey scan of GZO /CdS bilayer films on Si sub-
strate． It is obviously that there are Ga 3d，Zn 2p and O
1 s peaks． The intensity of Ga 3d peak is obvious． A
peak at 22． 28 eV is detected in Ga 3d XPS spectrum
( Fig． 3 ( b) ) ． The Zn 2p3 /2 and Zn 2p1 /2 peaks shown in
Fig． 3( c) are located at 1 020． 88 eV and 1 043． 88 eV，
respectively，with a peak splitting of 23 eV，which indi-
cates the presence of Zn2 + state［15］． In Fig． 3( d) ，the
O 1 s peak located at 529． 78 eV shows chemisorbed oxy-
gen． The XPS study indicated the sample contains Ga，
Zn and O． It is in agreement with XＲD study．

Fig． 4 shows the optical transmittance spectra in the
wavelength range of 300 ～ 900 nm of the GZO /CdS bilay-
er films deposited on glass substrate． The average trans-
mittance of the GZO /CdS bilayer films is about 80% in
the visible region． The GZO /CdS bilayer films exhibit a

Fig． 2 The SEM images of the GZO /CdS bilayer films ( a) -
( d) surface ( e) -( h) cross-section view
图 2 GZO /CdS 薄膜的 SEM 照片( a) -( d) 表面形貌( e) -
( h) 剖面图

sharp absorption edge in the 400 ～ 450 nm region． This
is due to the absorption of GZO /CdS bilayer films． The
energy bandgap of CdS is 2． 4 eV． The wavelength of
CdS absorption edge is 516 nm．

Electrical properties of the GZO /CdS bilayer films
were measured by Hall effect measurement． It is a n-type
semiconductor． The resistivity is 5． 836 × 10 －2 Ω·cm，
the electron concentration and mobility are 2． 208 × 1019

atom /cm3 and 4． 843 cm2 /V·s，respectively．
2． 2 Device characteristics

Fig． 5 is the linear current-voltage ( I-V) behaviors
between the two Ag electrodes on the surface of the
GZO /CdS films． The inset shows the schematic of the
test structure． It indicates a good ohmic contact． The
distance of the two Ag electrodes on the film is 1cm．
Fig． 6 shows a typical J-V characteristic of the GZO /
CdS /p-Si heterojunction device measured at room tem-
perature in dark． The inset in Fig． 6 shows the hetero-
junction device structure and image． The J-V curve of
device shows an envident diode-like behavior． A small
leakage current is observed in the reverse bias region，
but the forward current is much higher than the reverse
current． And the rectification ratios of IF / IＲ ( IF and IＲ
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Fig． 3 XPS spectra of the GZO /CdS bilayer films on surface
( a) surveyscan，( b) core-level spectrum for Ga 3d，( c) core-
level spectrum for Zn 2p，( d) core-level spectrum for O 1s
图 3 GZO /CdS 薄膜的 XPS 谱( a) 全谱图，( b) Ga 3d 精细
谱，( c) Zn 2p 精细谱，( d) O 1s 精细谱

Fig． 4 Optical transmittance of the GZO /CdS bilayer films
图 4 GZO /CdS 薄膜的光学透射谱

Fig． 5 I-V characteristic of Ag ohmic contacts to the
GZO /CdS films
图 5 GZO /CdS 薄膜的银电极欧姆接触 I-V 曲线

stand for forward and reverse current，respectively) at ±
3 V is found to be as high as 21． The results indicate

Fig． 6 J-V characteristic of the GZO /CdS /p-Si hetero-
junction in dark
图 6 无光照 GZO /CdS /p-Si 异质结 J-V 曲线

that the GZO /CdS /p-Si heterojunction possesses good di-
ode characteristic．

Fig． 7 J-V characteristic of the GZO /CdS /p-Si hetero-
junction in dark and in light ( light 1: 6． 3 mW /cm2

white light; Light 2: 20 W halogen lamp)
图 7 GZO /CdS /p-Si 异质结无光照及光照( 6． 3 mW /
cm2 白光 LED 及 20 W 卤钨灯) 条件下 J-V 曲线

The photo J-V characteristics were measured under
illumination by low power white light ( 6． 3 mW/cm2 )
lamp and 20 W halogen lamp． The representative dark
and photo J-V characteristics for the GZO /CdS /p-Si het-
erojunction are shown in Fig． 7． Typical rectifying and
photoelectric behavior were observed for the device． The
dark leakage current density is small，whereas its photo-
current density generated under illumination is much
higher． For example，when the reverse bias is － 3 V，
the dark current density is only 1． 88 × 10 －3 A /cm2 ．
While the photocurrent reach to 8． 78 × 10 －3 A /cm2 and
1． 22 × 10 －1 A /cm2 in low power white light lamp and
halogen lamp，respectively． This is generally understood
that the photoelectric effect results from the light-induced
electron generation at the depletion area of the p-Si，par-
ticularly near the heterojunction interface．

CdS absorbs UV photons，and p-Si absorbs lower
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energy photons to generate electron-hole pairs． The
build-in potential at the interface of CdS and Si derives
the generated electrons and holes，so electrons and holes
are seperated at the junction． The photocurrents are con-
sequently obtained．

Fig． 8 ( a) J-V characteristic of the GZO /CdS /p-Si het-
erojunction under AM1． 5 spectrum ( 100 mW /cm2 )
condition ( b) photoelectric efficiency of the GZO /CdS /
p-Si heterojunction
图 8 ( a) AM1． 5 ( 100 mW /cm2 ) 光照条件下，GZO /
CdS /p-Si 异质结 J-V 曲线 ( b) GZO /CdS /p-Si 异质结
的光电转换效率

The GZO /CdS /p-Si heterojunction performance was
measured under AM1． 5 illumination with a solar intensi-
ty of 100 mW/cm2 at 25℃ ． The current density ( J ) -
voltage ( V) curve of the GZO /CdS /p-Si heterojunction
measured under 100 mW/cm2 illumination ( AM1． 5 con-
dition) is shown in Fig． 8( a) ． The device exhibits clear
photovoltaic effect and the open-circuit voltage ( Voc ) ，
short-circuit current density ( JSC ) ，filll factor ( FF) and
calculated power conversion efficiency ( E ff ) of the de-
vice are 196 mV，1． 31 mA /cm2，28% and 0． 07%，re-
spectively( Fig． 8 ( b ) ) ． The result indicated that the
GZO /CdS /p-Si heterojunction is an attractive candidate
for low-cost photovoltaic applications in the future．

However，we could not observe any photovoltaic
effect of GZO /p-Si heterojunction solar cell，which did
not contain a CdS buffer layer ( Fig． 9) ． Fig． 10 and Ta-
ble． 1 show the crystal structure of GZO，CdS and Si． The
ZnO: Ga is wurtzite structure，while the crystal structure
of silicon is diamond structure． The lattice constant of

Fig． 9 J-V characteristic of the GZO /p-Si heterojunction
under AM1． 5 spectrum ( 100 mW /cm2 ) condition
图 9 AM1． 5 ( 100 mW /cm2 ) 光照条件下，GZO /p-Si
异质结 J-V 曲线

GZO is 3． 25，while the lattice constant of Si is 5． 42．
The lattice mismatch between GZO and Si is as high as
40% ． There are so many interface states between GZO
and p-Si． CdS is an n type semiconductor，and the crys-
tal structure is wurtzite structure． The lattice constant of
CdS is 4． 14，which is between GZO and Si． There-
fore，it can be used for a buffer layer between GZO and
Si，and it can also effectively reduce the interface states
between GZO and p-Si． So we observed the clear photo-
voltaic effect of GZO /CdS /p-Si heterojunction．

Fig． 10 The crystal structure of GZO，CdS and Si
图 10 GZO，CdS，Si 的晶体结构

Table 1
表 1

material crystal structure lattice constant Bandgap

ZnO: Ga wurtzite structure
a 3． 25 
c 5． 21 

3． 3 eV

CdS wurtzite structure
a 4． 14 
c 6． 72 

2． 4 eV

Si diamond structure 5． 43  1． 12 eV

The incident light can pass through the GZO /CdS
double films，then be absorbed by the p-Si wafer to gen-
erate photoinduced electrons and holes pairs． Because
the workfunction of GZO is lower than the p-Si substrate，
a build-in field is near the surface of p-Si wafer． As
shown in Fig． 11，the photogenerated electrons can be
swept to the GZO side and the photogenerated holes can
be swept to the p-Si side［16］． We can find the clear pho-
tovolatic and photoelectric effect．
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Fig． 11 The bandgap of GZO /CdS /p-Si heterojunction
solar cell under light illumination
图 11 GZO /CdS /p-Si 异质结光照下的能带图

3 Conclusion

The GZO /CdS /p-Si heterojunction photoelectric de-
vice has been fabricated successfully by depositing highly
c-axis oriented GZO /CdS films on p-Si ( 100 ) wafer u-
sing magnetron sputtering． The structural，optical and e-
lectrical properies of GZO /CdS films were studied by
XＲD，SEM，XPS，UV-VIS spectrophotometer and Hall
effect measurement． From optical transmittance measure-
ment，the average transmittance of the GZO /CdS bilayer
films is about 80% in the visible region． The J-V curve
of GZO /CdS /p-Si heterojunction device shows good rec-
tifying behavior． And the value of IF / IＲ ( IF and IＲ stand
for forward and reverse current，respectively) at ± 3 V is
found to be as high as 21． The results indicate that the
nanocrystalline GZO /CdS /p-Si heterojunction possesses
good diode characteristic． High photocurrent is obtained
under a reverse bias． The lattice constant of CdS is be-
tween GZO and Si，so it can be used for a buffer layer
between GZO and Si，to effectively reduce the interface
states between GZO and p-Si． The GZO /CdS /p-Si het-
erojunction device exhibits clear photovoltaic effect． Un-
der an AM1． 5 illumination condition，the open-circuit
voltage ( Voc ) ，short-circuit current density ( JSC ) ，filll
factor ( FF) and calculated power conversion efficiency
( E ff ) are 196 mV，1． 31 mA /cm2，28% and 0． 07%，
respectively． The above results indicate that the GZO /
CdS /p-Si heterojunction suggests wider applications for
low-cost solar cell and photodetector in the future．
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