
 

 

 
Abstract—Zinc sulphide (ZnS) quantum dots (QDs) were 

synthesized successfully via simple sonochemical method. X-ray 
diffraction (XRD), scanning electron microscopy (SEM) and high 
resolution transmission electron microscopy (HRTEM) analysis 
revealed the average size of QDs of the order of 3.7 nm. The band 
gap of the QDs was tuned to 5.2 eV by optimizing the synthesis 
parameters. UV-Vis absorption spectra of ZnS QD confirm the 
quantum confinement effect. Fourier transform infrared (FTIR) 
analysis confirmed the formation of single phase ZnS QDs. To 
fabricate the diode, blend of ZnS QDs and P3HT was prepared and 
the heterojunction of PEDOT:PSS and the blend was formed by spin 
coating on indium tin oxide (ITO) coated glass substrate. The diode 
behaviour of the heterojunction was analysed, wherein the ideality 
factor was found to be 2.53 with turn on voltage 0.75 V and the 
barrier height was found to be 1.429 eV. ZnS-Graphene QDs 
nanocomposite was characterised for the surface morphological 
study. It was found that the synthesized ZnS QDs appear as quasi 
spherical particles on the graphene sheets. The average particle size 
of ZnS-graphene nanocomposite QDs was found to be 8.4 nm. From 
voltage-current characteristics of ZnS-graphene nanocomposites, it is 
observed that the conductivity of the composite increases by 104 
times the conductivity of ZnS QDs. Thus the addition of graphene 
QDs in ZnS QDs enhances the mobility of the charge carriers in the 
composite material. Thus, the graphene QDs, with high specific area 
for a large interface, high mobility and tunable band gap, show a 
great potential as an electron-acceptors in photovoltaic devices. 

 
Keywords—Graphene, mobility, nanocomposites, photovoltaics, 

quantum dots, zinc sulphide. 

I. INTRODUCTION 

N recent decades, organic photovoltaics based on 
conjugated polymer and semiconductor QDs have attracted 

more attention. To fulfill the increasing demand of clean 
energy, conversion of solar energy into electrical energy at 
economically viable cost is needed [1]-[4]. Bulk 
heterojunctions (BHJ) based on the blends of conjugated 
polymer donors and inorganic acceptors are one of the most 
promising candidates for the fabrication of low-cost solar cells 
to meet the clean-energy demands of the 21st century. This 
type of solar cells possesses unique advantages of the both the 
components such as low-temperature processing of organic 
semiconductors and high dielectric constant of inorganic 
semiconductors. QDs (e.g., CdSe, CdTe, PbTe, PbS) are 
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emerging as the leading acceptor materials in photovoltaics 
3,4 due to their size-tuned optical response, efficient multiple 
carrier generation, and low cost. QD solar cell brought the 
revolution in photovoltaics owing to their quantum 
confinement effect, their tuned band gap that allows to absorb 
entire gamut of sunlight (from UV to IR), multiple exciton 
generation efficiency etc. [5], [6]. The crucial task in 
developing high performance QD solar cell is the effective 
dissociation of excitons and transfer of these carriers to their 
respective electrodes. Recently, it was reported that a newly 
emerging material, graphene quantum dots (GQDs) is useful 
for optoelectronic applications due to its tunable band gap 
which in turn depends on its size and chemical functionality, 
which is important to improve the efficiency of the 
optoelectronic devices [7], [8]. Carbon nanostructures, due to 
their unique and novel properties, have generated potential 
applications in QD solar cells [9], [10]. Particularly, SWNTs 
and stacked-up carbon nanotubes have been used as efficient 
acceptors to enhance photoinduced charge transfer for 
improved performance because of their unique one-
dimensional nanostructure and appropriate band energy [11]-
[13]. 

Graphene, a 2D sheet composed of sp 2-bonded single-layer 
carbon atoms with the honeycomb lattice structure, has 
attracted great research interest in physics, chemistry, 
materials science, etc. Its extremely high room-temperature 
carrier mobility (≈20 000 cm2 v−1 s−1) makes graphene a 
promising candidate to replace the conventional 
semiconductor materials in the electric circuit [14]. Higher 
carrier mobility means that charges are transported to 
respective electrodes more quickly, which reduces current 
losses via recombination and therefore improves the efficiency 
of a solar cell. Moreover, the high optical transparency of 
graphene (only 2.3% of incident light absorbed in the range 
from near-infrared to violet) makes it promising for next-
generation transparent conductive electrodes, which may 
replace traditional ITO in optoelectronics, displays, and 
photovoltaics [15]. Lots of impressive results have been 
reported [16], where graphene was used as the electrodes, i.e., 
transparent & non-transparent anodes, transparent cathodes 
and catalytic counter electrodes etc. Uses of graphene as an 
active layer, for example light harvesting material, Schottky 
junction, electron and hole transport layer as well as interfacial 
layer in the tandem configuration are also reported [17]. In 
addition, graphene shows much better mechanical flexibility 
than ITO and metal electrodes. Therefore, it is suitable for the 
applications in flexible electronics. However, the easy 
aggregation and the poor dispersion of 2D graphene sheets in 
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common solvents limit its application in such devices. 
Although effort has been made to prepare solution-processable 
functionalized graphenes (SPFGs), the non-uniform size and 
shape, on a scale of several hundred nanometers and even 
micrometers of SPFGs, remain big challenges for the 
fabrication of high performance photovoltaic cells with active 
layer thicknesses of only nanometer scale [7]. To facilitate the 
application of graphene in nanodevices and to effectively tune 
the bandgap of graphenes, a promising approach is to convert 
the 2D graphene sheets into 0D GQDs [16]-[22]. 

A. Graphene as Transparent Conducting Anode 

Graphene is used as a transparent conducting anode in 
organic photovoltaic device with composition PET/rGO/ 
PEDOT:PSS/P3HT:PCBM/TiO2/Al with the transparency of 
65%. The CVD grown graphene as anode in quartz/graphene/ 
PEDOT:PSS/CuPc:C60/BCP/Ag cell shows the efficiency of 
0.85%. PET/graphene/PEDOT:PSS/CuPc:C60/BCP/Al shows 
increase in efficiency of 1.18% with 89% transparency. The 
flexible photovoltaics shows better performance with quartz/ 
graphene/MoO3:PEDOT:PSS/P3HT:PCBM/LiF/Al as 
compared to ITO substrates. It gives efficiency of 2.5% and 
transparency of 90%. The photovoltaic device with 
configuration of Au-graphene/PEDOT:PSS/P3HT:PCBM/ 
ZnO/ITO shows graphene as transparent electrode with 
efficiency 3.04% [23]-[39]. 

B. Graphene as Transparent Conducting Cathode 

In the hybrid solar cell with configuration Quartz/rGO/ 
ZnO/P3HT/PEDOT:PSS/Au, graphene was used as a 
transparent cathode with 61% transparency and shows an 
efficiency of 0.31% and CVD grown graphene in hybrid 
device glass/graphene/PEDOT:PEG(PC)/ZnO/PbS 
QD(P3HT)/MoO 3/Au shows 4.2% efficiency. The Au/ 
graphene/Al-TiO 2/P3HT:PCBM/MoO 3/Ag flexible organic 
photovoltaics show 2.58% efficiency with 96%transparency. 
CVD synthesized graphene shows 4.17% efficiency in thin 
film solar cell: Glass/graphene/ZnO/CdS/CdTe/graphite paste 
[40]-[42]. 

C. Graphene Used in Active Layers 

Various methods have been used for the functionalization of 
graphene. The solution processed functionalized graphene was 
used to synthesize poly(3-octylthiophene):graphene composite 
blend for active layer in BHJ device. The ITO/ 
PEDOT:PSS/P3OT:graphene/LiF/Al cell has achieved the 
power conversion efficiency of 1.4% by using the graphene as 
electron acceptor material. In the active layer of ITO/P3HT/ 
ANI-GQDs/Al photovoltaic device, P3HT acts as a donor 
material and aniline functionalized GQDs as an acceptor 
achieves an efficiency of 1.14%.  

Solar cells based on Schottky junctions between graphene 
sheets and CdSe has been designed with configuration of Si/ 
SiO2/graphene-CdSe nanobelt/In-Au. An ideal Schottky 
junction facilitates the electron-hole separation and diffusion 
driven by the built-in potential between graphene and 
semiconductor. It shows the open-circuit voltage of 0.51 V, a 
short-circuit current density of = 5.75 mA cm–2 and an overall 

power conversion efficiency of 1.25% has been obtained. 
Bis(Trifluoromethanesulfonyl-amide) (TFSA) doped graphene 
has lower sheet resistance. TFSA increases the work function 
of graphene, thus increasing the built-in potential between the 
doped-graphene and n-Si in solar cells. The Schottky junction 
solar cell In/Ga eutectic/n-Si/TFSA doped graphene/Cr/Au 
increases the efficiency from 1.9% to 8.6% after doping with 
TFSA [43]-[46].  

Due to the high electron mobility, graphene can be used as a 
transport material in solar cell. In BHJ solar cell of 
configuration ITO/PEDOT:PSS/P3HT:PDI-graphene/LiF/Al, 
graphene was used as an electron transport layer and achieves 
an efficiency of 1.04%. In the organic photovoltaic device of 
ITO/PEDOT:PSS/PCDTBT/PC71BM/GO/TiO2/Al, graphene 
was first functionalized by using nitric acid and sulphuric acid 
and achieves an efficiency of 7.5. The hole blocking layer of 
graphene oxide enables the photogenerated electron towards 
the Al electrode. It enhances short circuit current density and 
power conversion efficiency [35]. 

In organic photovoltaics of ITO/GO/P3HT:PCBM/Al, GO 
acts as hole transport layer showing enhanced PCE 3.5% as 
compared to the ITO/PEDOT:PSS/rGO-P3HT/C60/Al device 
with 0.61% efficiency. To reduce the resistance in polymer 
solar cell, reduced graphene oxide (rGO) was used as a hole 
transport layer. p-toluenesulfonyl hydrazide was used to 
reduce GO. The device ITO/r-GO/P3HT:PCBM/Ca/Al with 
rGO shows the increased PCE of 3.7%. Huang et al. [36], [37] 
have used the GO and SWCNT as a hole transport layer in 
configuration of ITO/GO-SWCNT/P3HT:PCBM/Ca/ Al 
polymer solar cell. The addition of SWCNT in GO increases 
the conductivity of GO film. The composite film decreases the 
hole transport resistance and increases the efficiency by 4.1% 
as compared to simple GO device. 

GO can be used as hole as well as electron transport 
material. The work function for pure GO is 4.6–4.8 eV and it 
can be reduced to 3.9–4.1 eV by changing the COOH group in 
GO with COOCs groups (cesium neutralized GO). The device 
ITO/GO/P3HT:PCBM/GOCs/Al shows the PCE of 3.67% as 
GO work function matches with ITO and P3HT and COOCs 
work function matches with PCBM and Al [47]-[50]. 

II. EXPERIMENTAL 

A. Synthesis of Zns-Graphene Nanocomposites 

Graphene was covalently functionalized by acidic 
treatment. Graphene was added to the mixture of sulphuric 
and nitric acid in the ratio 3:1. The mixture was ultrasonicated 
for homogenous solution and then it was diluted with 
deionized water. The mixture was centrifuged for 5 min and 
washed many times with water. The precipitate was dried at 
100 °C, that gives the functionalized graphene. 

The functionalized graphene was dispersed in deionized 
water by ultrasonication. Equimolar zinc acetate and 
thioacetamide was mixed thoroughly in water. After complete 
mixing, both the solutions mixed together by stirring and 
ultrasonication process for 2 hrs. The precipitate was collected 
by centrifugation. The product was washed many times with 
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water and ethanol, annealing was done at 60 °C. The dried 
product gives the ZnS-graphene nanocomposites. 

B. Characterization 

The material was structurally characterized by XRD using 
X’pert-Pro (PANalytical) diffractometer with CuKα radiation 
(λ=1.5406 Å). Surface morphology of  ZnS-graphene particles 
was observed with the help of FEG-SEM (Hitachi, S-4800). 
The composition of the sample was measured by EDX 
spectrometer (Bruker). The particle size was determined by 
using TEM (JEM-2100, Jeol). FTIR spectra were recorded by 
using Perkin Elmer spectrophotometer. Analysis of V-I 
characteristics of nanocomposites was done by using a Four 
probe set up. 

III. RESULTS AND DISCUSSION 

A. Structural Characterization of ZnS-Graphene 
Nanocomposites 

XRD analysis of ZnS-graphene is shown in Fig. 1 (a). The 
spectra showed various diffraction peaks at 2θ values 29.04°, 

48.7° and 56.8° assigned to the (111), (220), (311) crystal 
planes of cubic zinc blende phase of ZnS respectively. These 
values are in agreement with JCPDS file no. 05-0566. 
Notably, no diffraction peaks for (002) in graphene can be 
observed in the nanocomposites of ZnS/graphene, which 
might be due to the low crystallinity and relatively low 
diffraction intensity of graphene in the nanocomposites of 
ZnS/graphene. 

Fig. 1 (b) shows the SEM image of ZnS-graphene 
nanocomposites. These particles show the random aggregation 
between small particles.  

EDX spectrum of ZnS/graphene is shown in Fig. 1 (c). The 
atomic ratio of ZnS-graphene sample was found to be 
Zn=54.56%, S=20.12% and C=10.96%.  

TEM image of ZnS-graphene is shown in Fig. 1 (d) and 
HRTEM images are shown in Figs. 1 (e), (f). It can be found 
that the synthesized ZnS QDs appear as quasi spherical 
particles present on the graphene sheets. The particle size of 
ZnS- graphene nanocomposites was found to be 8.4 nm. 
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 Fig. 1 (a) XRD pattern of ZnS-graphene composites    Fig. 1 (b) SEM image of the ZnS-graphene sample 
 

 

Fig. 1 (c) EDX spectrum of a ZnS-graphene sample 
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Fig. 1 (d) TEM image of the ZnS-graphene        Fig. 1 (e) HRTEM image of the ZnS-graphene    Fig. 1 (f) HRTEM image of the ZnS-graphene 
 

B. FTIR Analysis of ZnS-Graphene Nanocomposites 

The FTIR spectrum of ZnS-graphene nanocomposites is 
shown in Fig. 2. The band at 660 cm-1 corresponds to Zn-S 
stretching vibration and band at 1560 cm-1 shows absorption 
of graphene. The band at 1106 cm-1 corresponds to C-O-C 
stretching vibration. The band broadening at 3400 cm-1 
corresponds to the O-H stretching bond. 
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Fig. 2 FTIR spectra of ZnS-graphene nanocomposites 
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Fig. 3 Voltage-current characteristics of ZnS-graphene 
nanocomposites 

 

C. Electrical Characterization of Zns-Graphene 
Nanocomposites 

The four probe set up was used to measure the voltage–
current characteristics of ZnS-graphene nanocomposite. 
Conductivity of ZnS-graphene QDs was measured by using 
the equation: 

 

ᴨ
  

                                        
The conductivity of the sample was found to be 8.1×10-4 

S/cm. 

IV. CONCLUSION 

ZnS-graphene nanocomposites were prepared successfully 
by sonochemical method. XRD, SEM, TEM analyses confirm 
the formation of nanocomposites in cubic phase. From XRD 
spectra, average size of the nanocrystals was found to be 8.4 
nm. TEM analysis reveals bonding of ZnS QDs with graphene 
sheet. EDX spectrum shows the presence of carbon with zinc 
and sulphur. Current-voltage characteristics of ZnS-Graphene 
nanocomposite indicates 104 times increase in conductivity of 
nanocomposite as compared to the conductivity of ZnS. 
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