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Abstract - In this study, TiO2 semiconductor thin film were deposited onto glass substrate by drop coating . Then graphene 
was grown on copper foil by chemical vapor deposition (CVD) and transferred onto TiO2 semiconductor thin film. Finally, 
Sb2S3 semiconductor thin film were deposited onto graphene by chemical bath deposition (CBD) respectively. The 
responsivity of graphene on UV light and visible light was increased with this enhancement. The effect of different casted 
TiO2 layers on the responsivity of the device was studied. The optimized device was defined. The most suitable responsive 
wavelength and responsivity of the device were measured by full-spectrum technique. The best responsivity and time 
response of the optimized device were determined by Xenon (Xe) lamp, Light Emitting Diode (LED) and Laser. Irradiated 
light with 365 nm and 1 μW by Xe lamp showed best responsivity which is 732 A/W, whereas 365 nm and 50 mW of LED 
light showed shortest rising and falling time which are 0.16 s and 0.59 s respectively. And Irradiated light with 405 nm and 1 
μW by Xe lamp showed best responsivity which is 14.33 A/W, 405 nm and 50 mW of LED light showed shortest rising and 
falling time which are 4.7 ms and 4.5 ms respectively. The deposition of TiO2 and Sb2S3 semiconductor on graphene 
photodetector was proven increasing the responsivity of the device and successfully fabricated. 
 
Keywords - Graphene, Sol-gel method, Chemical bath deposition, TiO2, Sb2S3, Photodetector, Multiple-unit semiconductor 
device 
 
I. INTRODUCTION 
 
Photodetectors can convert optical signals into 
current signals, common in communications, sensing 
and imaging applications. Most of the photodetectors 
use III-V semiconductors, which generate electron-
hole pairs after the material absorbs photons, creating 
a current flow after separation. 
In recent years, graphene is a newly developed 
flexible electronic material. Although graphene is a 
single-atom planar carbon material with many unique 
physical and mechanical properties. So far at least 
five related mechanisms have been the application of 
graphene composite materials, including photovoltaic 
effect1, thermoelectric effect2, radiant heat effect3 
and oxygen desorption4. Possession of high 
penetration, high electron mobility, low impedance, 
has great potential inthe development of 
optoelectronic materials, has become a new 
generation of soft electronic materials have been 
studied and explored in recent years. 
Many literatures that use graphene or reduced 
graphene oxide (r-GO) as material to grow or mix 
different semiconductor or quantum dot materials on 
the surface to enhance the light absorption of 
graphene, such as Cds5, CdSe6, ZnO7, Sb2S3

8 and 
TiO2

9. 
TiO2 has been widely used in photocatalysis because 
of its outstanding photocatalytic activity and 
electronic properties.10–15 Many nanotechniques have 
been developed to fabricate one-dimensional (1D) 
TiO2, such as nanorods,16nanowires,17 nanobelts,18and 

nanotubes.19 Three crystal phases of TiO2 are well 
known as rutile, anatase, and brookite.20Although the 
bandgap energy for anatase phase (∼3.2 eV) is larger 
than the rutile (∼3 eV), it shows high photocatalytic 
activity and efficiency of the charge carrier 
photogeneration when combining anatase and rutile 
mixtures of TiO2 nanocrystalline with a radio of 80% 
and 20%21,22.As we known, few research has reported 
about the photoresponse performance of TiO2-based 
photodetector.  
Chalcogenides thin films have wide applications in 
optoelectronic devices23,24, therefore a lot of studies 
have been made for them in recent years. Both the 
pure and doped Sb2S3 thin films have been used for 
photovoltaic devices in most of the chalcogenides25,26. 
The reason to use Sb2S3 thin films is their properties 
like having a direct band gap of 1.78–2.50 eV 27,28 
and a high absorption coefficient of 104–105 cm−129. 
 
II. DETAILS EXPERIMENTAL 
 
A. Materials and Procedures 
In this study, the preparation process of sintered 
Sb2S3/graphene/TiO2 composite element was carried 
out by using melt-gel method to prepare titanium 
dioxide. 
TTIP was hydrolyzed in glacial AcOH .The mixture 
was added dropwise to the De-Ionized water and the 
final solution was aged under continuous stirring for 
48 h at normal temperature. The obtained sol was 
treated in a rotary evaporator at 40 °C for 2 h under 
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vacuum conditions. The final TiO2 sol, homogeneous 
and stable for weeks, was then used for the 
preparation of TiO2 nanoparticles in both forms of 
powder and film30. 
The concentrated TiO2 solution, got after the rotary 
evaporator treatment, was spin-coated by using a two 
steps program: 1000 rpm for 10 s followed by 2000 
rpm for 30 s.Finally, the films were annealed at 400 
°C for 10 min in air. 
The transfer of the graphene films onto glass 
substrates was performed by the wet-etching of the 
copper substrates. The graphene was grown on both 
sides of the copper foils, and one side of the 
graphene/copper surface was spin-coated with 
PMMA (poly(methyl methacrylate); 495 PMMA C2, 
MicroChem) and baked at 70 °C for 10 min. After 
that, the Cu foils were etched away using copper 
etchant (APS), resulting in a free-standing 
PMMA/graphene membrane floating on the surface 
of the etchant bath.ThePMMA/graphene filmwas 
washed with deionized water for several times, and 
then transferred onto a glass substrate. After air 
drying, the PMMA was dissolved by acetone and the 
substrate was rinsed with isopropyl alcohol to yield a 
graphene film on the substrate. 
The solution of Sb2S3 was prepared using 650 mg of 
antimony chloride (SbCl3, Merck, 99%) which was 
dissolved in 10 ml of Acetone (CH3COCH3, Merck, 
99%) and then it was dissolved in 1 M solution of 25 
ml Sodium Thiosulphate (Na2S2O3, Aldrich, 99%). 65 
ml of distilled water were also added in the solution.  
The solution was stirred well and kept for 15–20 min. 
The colorless solution turned to orange-yellow color. 
These were placed vertically in the solution beaker 
with the help of a substrate holder for fabrication of 
thin film by chemical bath deposition technique31. 
 
III. RESULTS AND DISCUSSION 
 
A. TiO2 and Graphene Characteristic 
Fig.1 can be seen that the carrier mechanism.We 
regard graphene as an electron collector. When the 
device irradiates light, an electron-hole pair is 
generated. After the electrode is applied voltage, the 
electron is conducted through the graphene. The 
device utilizes titanium dioxide, antimony sulfide 
semiconductor. The film enhances the absorption of 
graphene in the ultraviolet and visible light bands, 
and utilizes the properties of graphene to conduct 
electrons rapidly to achieve a fast light-detecting 
element. The XRD pattern of the TiO2 film coated by 
the spin-coating method is shown in Fig.2 where the 
phase is anatase and the corresponding phase of the 
JCPD 89-4921. 
In this study, different layers of TiO2/graphene 
werespin-coated with titanium dioxide and sintered 
for annealing. We measured the absorption spectra as 
shown in Fig.3, and the absorbance increased with the 
stacking number, It was found that TiO2 / graphene 
composite elements have significant absorption in the 

250 nm to 350 nm part, which can improve the low 
absorption of pure graphene. The energy gap of TiO2 
film is calculated to be around 3.1 eV. Fig.4, 
calculated TiO2 energy gap at 3.1 eV by Tauc-Sunds 
equation. Where K is a constant, Eg is the separation 
between the valence and conduction bands, and n is a 
constant equal to 1 for direct gap materials and 4 for 
indirect gap materials. The variation of (αhν)2 vs. hν 
is linear, which means that the mode of transition in 
these films is of a direct nature. 
First of all, we discuss the electrical properties of 
titanium dioxide.We analyze the electrical properties 
and the optimal number of layers. We compare in 
different layers, respectively: 1,2,3,4,5,6, 365nm LED 
light intensity of 50 mW , Spot area of 0.127 cm2, 
laser switching time of 5 s, a fixed voltage of 5 V, 
measuring the light response shown in Fig.5. As the 
thickness of titanium dioxide increases, there is a 
relatively increased chance that photo-generated 
carriers encounter defects in the titanium dioxide 
material so that electron-hole pairs are already 
recombined, resulting in a decrease in photocurrent 
generated. 

αhν = A(hν − E )  

 
Fig.1.Device carrier mechanism diagram. 

 
Fig.2.XRD pattern of TiO2 thin film. 

 
Fig.3.UV-Vis spectra shows absorbance of TiO2/graphene. 
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Fig.4. (훂퐡훎)ퟐ as a function of photon energy for the TiO2 thin 

films. 

 
Fig.5.Optical properties of TiO2/graphene I-Tcurves of the 

device under different stack layers. 
 
B. Photoelectric Characteristic Of  Sb2S3 
The XRD pattern of the antimony sulfide thin film 
deposited by the CBD method is shown in Fig.6. It 
can be observed that the crystalline form of the 
antimony sulfide (Sb2S3) thin film produced in the 
experiment is amorphous, and the control JCPDS 65-
2434. 
The energy gap (Eg) of antimony sulfide (Sb2S3) can 
be got by plotting the formula (αhν) 2 = A (hν-Eg), as 
shown in Fig.7. Antimony sulfide (Sb2S3) film Eg is 
2.2 eV, where T is the transmittance, d is the 
thickness, hν is the photon energy, and A is a 
constant. 
 
The antimony tri-sulfide element had the best 
photoreaction for a deposition time of four hours and 
the photocurrent was found to increase with 
deposition time, but the photocurrent over four hours 
began to decrease because the antimony sulfide film 
we deposited was By a grain of particles, with the 
increase in the thickness of antimony sulfide, light 
generated by the carrier of antimony sulfide material 
in the chance of encountering defects is also 
relatively improved, making the electron-hole pairs 
have not been transferred to the graphene have been 
complex As a result, the photocurrent generated 
thereby also becomes smaller.As shown in Fig. 8, the 
switching time was 3 seconds, the light power was 40 
mW and a voltage of 5 V was applied to study the 
effect of different deposition times of antimony 
sulfide 
 

 
Fig.6. XRD pattern of Sb2S3 thin film 

 

 
Fig.7.(훂퐡훎)ퟐ as a function of photon energy for the Sb2S3 thin 

films. 
 

 
Fig.8. Antimony sulfide at different deposition times, 40 mW at 

405 nm Laser and 1 s at lamp source. 
 

C. Characteristic Of Sb2S3/Graphene/TiO2 Device 
Antimony Sulfide Using the CBD deposition film on 
the surface of the TiO2 / graphene composite element, 
the morphology is shown in Fig. 9, with the cross-
sectional view shows that the Sb2S3 film is about 384 
nm thick and the TiO2 is about 311 nm thick. 
Five layers of titanium dioxide uniformly coated with 
UV ozone modification. The surface of the graphene 
is hydrophobic, so the metal ions and anions are not 
easily attached to the surface of graphene. Graphene 
modified surface will increase a large number of 
oxygen functional groups , These functional groups 
can more easily deposit antimony sulfide on the 
surface of graphene. The deposition time is 
respectively 2, 4, 6 and 8 hours, as shown in Fig. 10, 
the optical power is 50 mW, the switching time is 1 s 
and the applied voltage is 5 V. After 4 hours 
depositing the antimony sulfide film, the 
optoelectronic characteristics of the device are the 
best. We find that the device will increase the 
photocurrent generated after the light deposition with 
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the increase of the deposition thickness. However, 
when the threshold voltage exceeds a certain critical 
thickness, the photoreaction will be decreased due to 
too many defects. Sb2S3/TiO2/graphene composite 
device has the shortest rise time and fall time of 0.16 
s and 0.59 s respectively when the applied voltage is 
5 V and 365 nm LED intensity is 50 mW, as shown 
in Fig.11. 
We fixed at 20 V bias to change the light intensity of 
different 405 nm Laser (20 ~ 90 mW), the spot area 
of 0.127 cm2, to explore the characteristics of  the 
device, as shown in Fig.12. It is found that when the 
intensity of light decreases, the rate of increase of 
photocurrent decreases, indicating that when a weak 
laser light source is irradiated on a cadmium sulfide 
film, the number of photons possessed by the laser 
source can not effectively generate carrier due to the 
small number of photons. The number of carriers that 
can be attracted by the electric field is small, resulting 
in a decrease of photocurrent increasing rate. 
However, when the optical power exceeds 60 mW, 
there is no over shoot phenomenon, representing no 
instantaneous saturation of the current illumination, 
and the device can withstand very high optical 
intensity. 
From the above, it is found that the device has the 
shortest rise time and fall time of 4.7 ms and 4.5 ms 
respectively at the applied voltage of 20 V and the 
light intensity of 60 mW, as shown in Fig. 13 
In order to determine the light absorption band of   
deposited films, we performed UV-Vis spectral 
analysis, from which the light absorbance ranged 
from about 280-550 nm and covered both the UV and 
visible bands. It is presumed that TiO2 and Antimony 
sulfide in UV light and visible light in the production 
of light detectors have contributed. As shown in Fig. 
14. 
As shown in Fig.15, we compare the optimized 
structure of the optimized law of the power law of 
TiO2, Sb2S3, and composite devices with x = 0.21 and 
0.25, respectively, while the composite components 
show x = 0.35 and 0.56, respectively, very low 
density, better than the devices. 
We fixed at a bias voltage of 5 V using a xenon lamp 
as a light source, changing the grating angle by a 
monochromator to adjust the light wavelength and 
controlling the light intensity at 1 μW with a spot size 
of 0.096 cm 2. Antimony sulfide and titanium dioxide 
/ graphite The light response of the olefinic composite 
was shown in Fig.16. and it was found that the 
titanium dioxide had no absorption in the 450 nm 
band and that the antimony sulfide had a very low 
response in the UV range so we decided to make a 
graphene composite with two materials and finally 
The results show that the absorption of light and the 
absorption range are increased because of the 
deposition of antimony sulfide film, and the response 
value of the device in the ultraviolet wavelength 
range is as high as 723 A / W, and has a better 

response value than the antimony sulfide element in 
the visible range. 

 
Fig.9. SEM images of Sb2S3/TiO2 thin film after sintering last 
20 minutes in the air. (a) The top-view angle SEM images of 

400 .(b) The cross-sectional SEM images of 400 espectively. 

 
Fig.10.I-T curves of Sb2S3/TiO2/graphene composite device 

under the illumination of a 365 nm laser under different times. 

 
Fig.11. I-T curves of one cycle device after 4 hours depositing. 

 
Fig.12. I–T curves of the device under the illumination of a 405 

nm laser with different optical intensity. 
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Fig.13. I-T curves of one cycle device at the applied voltage of 

20 V. 
 

 
Fig.14.UV-Vis spectra shows absorbance of the device. 

 
(a) 

 
(b) 

 
(c) 

 

(d) 

 
Fig.15. The fitting of the relationship between the photocurrent 
and light intensity, (a) TiO2 at λ = 365 nm. (b) Sb2S3 at λ = 405 

nm. (c) Sb2S3/graphene/TiO2 device at λ = 365 nm. (d) Sb2S3 
/graphene/TiO2 device at λ = 405 nm. 

 

 
Fig.16. Sb2S3/TiO2/graphene composite device full spectral 

response under the Xe light. 
 
CONCLUSIONS 
 
The results show that the Sb2S3 film is deposited to 
increase the light absorption rate and the absorption 
range, and the two elements are complementary to 
each other, thereby improving the defect of low 
response in the UV wavelength band and narrow 
absorption band in the visible light band. 
The conclusions are as follows: 
We found out the best response band and light 
response value of the device through the whole 
spectrum measurement, and then find out the 
maximum light response and the fastest response time 
by Xe lamp and laser. From the experimental results, 
the best response was 732 A / W with a xenon lamp 
of 0.5 μW and 0.5 μW, and the shortest rise time and 
fall time were 0.16 s and 0.59 s respectively at 365 
nm and 50 mW LED. At 405 nm, 1 μW xenon lamp 
radiation response of the best 14.33 A / W, 405 nm, 
and at 405 nm, 60 mW of laser irradiation the shortest 
rise time and fall time were 4.7 ms and 4.5 ms 
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