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Abstract: This paper reports the synthesis of Zinc sulfide (ZnS) nanoparticles by the wet-chemical precipitation method 
with their transformation to ZnS-ZnO mixed system through the annealing treatment method. The characterizations of the 
system are made by using structural, electrical and optical techniques. The crystal structure has been changed from cubic ZnS 
phase to hexagonal ZnO phase in the midst of ZnS-ZnO mixed system with variation in the temperature by using X-ray 
diffraction technique (XRD). The morphology changed from the nanorods to nanoparticles with increasing annealing 
temperature as confirmed by transmission electron microscopy (TEM). To find the role of organic impurities trapped inside the 
material has been studied by the Fourier Transform Electron Microscopy (FTIR). The dc-electrical conductivities of the ZnS-
ZnO system at room temperature were measured from I-V characteristics curves made by using the keithley electrometer and 
the semiconducting electrical behavior has been observed and found that the electrical conductivity from ZnS phase to ZnO 
phase decreases with the increasing annealing temperature. The change in the vibration bands related to sulfur and oxygen 
were also investigated in this system. 
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1. Introduction 

In the recent years, a lot of effort has been devoted to 
design and controlled the fabrication of nanostructure 
materials with functional properties [1-3]. Among them, the 
mixed system doesn’t only demonstrate the small size effect, 
the surface effect and the quantum-dimensional effect, but 
also merge the advantages of all the constituents. Therefore, 
the nano-mixed systems have involved much more interest 
due to their tailored properties and potential application in 
photonic crystals [4], drug delivery [5], biological markers 
[6], bio-separations [7] and catalysts [8]. A variety of mixed 
system have been successfully fabricated such as metal/metal 
[9], metal/semiconductor [10], semiconductor/semiconductor 
[11], inorganic particle/polymer [12] and inorganic particle/ 
inorganic particle [13], showing tailored magnetic, optical 
and electrical properties. They can also provide p–n junctions 
and more compound electronic structures such as bipolar 
transistors and optoelectronic devices [14]. However, the 
properties of nanomaterials depend heavily on their 
composition, structures, morphologies, and sizes [15-17]. As 

we know already, ZnO is an important II-VI semiconductor 
with unique optical and electronic properties and has a wide 
range of technological application including UV light-
emitting diodes, laser diodes [18], solar cells [19], field 
emission display [20] and gas sensors [21]. On the other 
hand, ZnS has wide band gap energy of 3.66eV at room 
temperature (RT), which is the highest among all II-VI 
compounds. It is a well-known luminescent material, having 
prominent application in flat-panel display [22], 
electroluminescent devices [23], sensors [24] and lasers [25]. 
Now, the modification of ZnS to ZnS-ZnO system is another 
important issue for the possible applications in ultraviolet 
optoelectronics [26]. The oxidation of ZnS is one of the 
simplest methods for the obtaining the ZnO–ZnS mixed 
system, especially in nanostructures crystallites where a large 
surface area is available for oxygen diffusion. Earlier, we 
have studied the structural and morphological changes during 
phase transition of ZnS to ZnO [27]. In this paper, the 
structural, electrical and optical characterizations of ZnS 
along with ZnS-ZnO mixed system with study of influence of 
annealing temperature have been reported. The current-
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voltage characteristics of ZnS-ZnO system and the variation 
of dc electrical conductivity with the phase percent of ZnS-
ZnO mixed system were investigated. The FTIR and Raman 
spectra of the mixed system were also analyzed in order to 
obtain the optical information from ZnS to ZnO mixed 
system. 

2. Experimental 

2.1. Synthesis of ZnS–ZnO Mixed System 

Zinc acetate di-hydrate (Zn(CH3COO)2.2H2O) and Sodium 
Sulfide (Na2S) were purchased from CDH, India of analytical 
reagent (AR) grade that were used without further 
purification. As-prepared ZnS were synthesized by using a 
simple chemical precipitation method. A stoichiometric 
aqueous solution (in doubly distilled deionized water) of 
0.5M sodium sulfide was added drop wise (~1ml/min) to the 
aqueous solution of 0.5 M zinc acetate during rigorous 
stirring and was stirred for 2 hours. The obtained solution 
was turbid which indicates the formation of the product 
(ZnS) and this solution was centrifuged (~4500 rpm) to 
separate the nanoparticles of ZnS. The product was then 
dried in vacuum oven at 60°C for 48 hours. The dried flakes 
were crushed in a pestle mortar till a very fine powder was 
obtained and was collected in airtight containers. The 
obtained product was annealed in air at different 
temperatures and then subjected to their characterization and 
measurements. 

For the electrical measurement, the obtained samples were 
consolidated in the form of cylindrical compacts having a 

diameter of 7mm and a thickness of about 0.40mm by 
applying a uniaxial pressure of 3torr for 2 minutes using a 
hydraulic press under the same conditions. The colloidal 
silver paste was used as electrode and carefully applied on 
both faces of the pellets to serves as electrode. The dc 
conductivity of pellets of the samples was measured by 
holding the sample between two electrodes (made of thick 
brass blocks) in a specially fabricated conductivity cell. 

2.2. Characterization 

The XRD was made to confirm the formation of the 
materials of the obtained powder samples on the machine 
D8–Advance model of Bruker Inc. using monochromatic 
Cu–Kα line (λ = 1.54056 Ǻ) and they are well matched with 
the JCPDS data files. The change in morphology (shape and 
size) of the material was studied and the images were 
recorded on a transmission electron microscope (FEI TEM 
model TECNAI G2 T30, U–TWIN) at 300 kV. The DC 
electrical measurement was carried out using two probes in 
Keithley Model 2410 electrometer. DC electrical resistance 
was measured in the V/I mode while applying a voltage of 
20V across the samples from a constant voltage source using 
keithley electrometer. The surface chemistry of the samples 
was analyzed by Fourier Transmission Infrared spectroscopy 
(FTIR) which was performed on a Perkin Elmer spectrometer 
spectrum RX-I (at resolution of 4 cm-1). A Raman 
spectrometer built around an in-Via model single grating 
monochromator is used to record the Raman spectra of the 
samples. The spectra were taken at room temperature using 
784 nm line of Ar ion laser as the light source. 

3. Result and Discussion 

3.1. Structural Study 

 

Figure 1. a) XRD of the pristine ZnS nanocrystalline powder (b) annealed at 200°C, c) 300°C, d) 350°C, e) 400°C, f) 500°C, g) 600°C, h) 700°C.  

The representative XRD patterns of pristine (ZnS) along 
with the annealed samples of ZnS-ZnO system are shown in 

Figure 1. The XRD pattern of the pristine sample in Figure 
1(a) are showing three peaks at 2θ values of 29.1°, 47.7° 
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and 57.3° and matched with the JCPDS file No. 00–80–
0020 of the cubic phase of ZnS. These three diffraction 
peaks corresponding to the reflections (111), (220), and 
(311) planes with d-values 3.08, 1.89, 1.61 Ǻ. There was no 
existence of other impurities detected by XRD in the 
product after washing. Similar XRD pattern was obtained 
for the sample annealed at 200°C (Figure 1 (b)) as in Figure 
1 (a). In the samples annealed at high temperatures, fresh 
peaks starts appearing at 2θ values 31.9°, 34.4°, 36.3°, 
47.5°, 56.7°, 62.8° and 68.0° along with the diffraction 
peaks of pristine sample shown in Figure 1 (c–h). These 
peaks were indexed and corresponding to the reflections 
from the (001), (002), (101), (102), (110), (103) and (112) 
planes with the d–values 2.82, 2.60, 2.48, 1.91, 1.63, 1.48 
and 1.38 Ǻ and they are matched with the JCPDS file No. 
00–80–0075 of the hexagonal phase of ZnO. Therefore, the 
ZnS-ZnO system is obtained between temperatures in the 
range 300- 500 º C. The peaks intensity increased as the 
annealing temperatures were increased. The oxidation of 

the ZnS to ZnO by the atmospheric oxygen is governed by 
the following chemical equation [28], 

( ) ( ) ( ) ( )2 2

3
 ?    ?

2
+ → ↓ + ↑

annealing

ZnS s O g ZnO s SO g  (1) 

The particle size of all the samples was determined from 
the X-ray line broadening and calculated using the Scherrer’s 
equation [29]: 

B

0.9
D

Cos
λ=

β θ                                     (2) 

Where, ‘D’ is the mean grain size in nm, ‘λ’ the X-ray 
wavelength in nm, ‘β’ the FWHM of diffraction peak in 
radian and ‘θ’ the diffraction angle in °C. The crystallite 
diameters corresponding to prominent diffraction peak for all 
the samples are found in the range 26-88 nm and tabulated in 
the Table 1. 

Table 1. Fraction (in %) of ZnS/ZnO phases, variation of the conductivity and the particle size of the ZnS pristine and the annealed samples at different 

temperatures. It is to be noted here that the conductivity changes when ZnS gets converted into ZnS-ZnO mixed systems on annealing in air. 

Annealing Temp (K) Percentage of mixed ZnS/ZnO cubic/Hex.phase (%) Particle size from XRD peaks (nm) Conductivity (*10-6 (Ωcm)-1) 

Pristine sample (300) 100/0 39.60 0.37 
473 70/30 46.03 0.42 
523 51/49 53.31 0.43 
573 35/65 360.49 0.28 
673 35/65 474.53 0.19 
773 20/80 481.69 0.11 
873 5/95 536.79 0.05 
973 0/100 564.94 0.02 

The surface morphologies of the samples were investigated by TEM with their SAED patterns as shown in Figure 2. The 
pristine ZnS sample consists of nanorods having ~30–40 nm diameter and ~ 300–400 nm length shown in Figure 2(A). 

 

Figure 2. TEM images of (A) ZnS pristine and sample annealed at B) 700°C with their corresponding SAED patterns. 

On annealing at higher temperature, the particles coalesce and 
grow bigger in size Figure 2(B). Therefore, the TEM images of 

the ZnS-ZnO mixed system shows that ZnS nanorods are 
converted to the nanoparticles due to the phase transition in the 



59 Geeta Rani:  Current–Voltage Characteristics in ZnS-ZnO Mixed System  
 

sample of ZnS-ZnO as confirmed from XRD. The selected area 
electron diffraction (SAED) pattern marked the crystalline 
nature of the samples. Both bright-dark rings and diffraction 
spots were observed and they were originated from the long 
range ordered structure of the grain crystals and spots were 
formed due to overlapping of the diffraction patterns from 
various tiny crystals with different orientations [27]. 

3.2. Electrical Conductivity 

I–V characteristics of ZnS-ZnO mixed system at room 
temperature (27°C) were shown in Figure 3 exhibiting 
semiconductor like characteristics. As the temperature increases 
to 300°C, the grain growth of the particle increases so that the 
grain boundary decreases and the dc conductivity increase. 

 

Figure 3. I–V characteristics of ZnS-ZnO system: a) ZnS Pristine, b) 250°C, c) 300°C, d) 350°C, e) 400°C, f) 500°C, g) 600°C, h) 700°C. 

When the sample annealed at different temperature, the 
ZnS-ZnO mixed system is developed and found by 
observations that the dc conductivity decreases because as the 
temperature rises, the ZnS-ZnO mixed system becomes more 
and more prominent and the possibility of more charge carriers 
being trapped in shallow trap states decreases, so that the 

barrier height of the grain boundary increases and the thermo 
ionic emission of charge carrier from one grain to another 
become easier and then dc conductivity (σdc) decreases. The 
conductivity of the ZnS-ZnO mixed system has been 
calculated and tabulated in the Table-1 and also have been 
plotted with the annealing temperatures as shown in Figure 4. 

 

Figure 4. Variation of conductivity with annealing temperature of ZnS-ZnO mixed system. 
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It is observed that dc conductivity first increases and then 

decreases with the increasing annealing temperature. Figure 5 
shows the variation of the conductivity of ZnS-ZnO mixed 
system with the phase percentage of ZnS and ZnO. 

 

Figure 5. Variation of the conductivity of ZnS-ZnO system with the phase 

percentage of ZnS-ZnO system a) ZnS % b) ZnO %. 

The σdcof the samples has been found to decrease from 
0.37×10-6 Ω-1cm-1 to 0.02×10-6 Ω-1cm-1 because of the 
increase in particle size with annealing temperature. As a 
result, it has been revealed that σdc decreases with increase in 
particle size and increase in the phase percentages of ZnO 
with increasing annealing temperature [30]. 

The dc conductivity (σdc) was calculated from the 
measured resistance (R) by using the equation below, 

 
dc

l

RA
σ =                                     (3) 

where, ‘l’ is the thickness and ‘A’ is the electrode area of the 
sample. 

Furthermore, the variation in conductivity could also be 
attributed to the peculiar nature of the grain boundaries of 
nanocrystalline materials. These play an important role in the 
transport properties of these materials or in determining the 
electrical conductivity [31, 32-34]. The grain boundaries are in a 
disordered state that is they contain large number of defects, 
dangling bonds, vacancies, etc. These defects can act as traps 
and the corresponding localized states are produced in between 
the conduction band and valence band [33]. In a mixed sample, 
the grain boundary structure become more complex and the 
property will be changed. This change in grain boundary 
properties should be a function of the annealing temperature. 
Due to the increased reactivity of the surface layers of 
nanoparticles, there is a chance of interaction between the grain 
boundary layers of ZnS and ZnO and then a new phase might 
have formed at the grain boundary region. 

3.3. Optical Study 

The FTIR-spectra of the ZnS-ZnO mixed 

systemconfirming the interaction of acetate anions derived 
from the starting zinc acetate with the ZnS nanoparticles are 
shown in Figure 6. 

 

Figure 6. FTIR Spectra of the a) pristine ZnS nanocrystalline powder (b) 

annealed at 200°C, c) 250°C, d) 300°C, e) 350°C, f) 400°C, g) 500°C, h) 

600°C, i) 700°C. 

The bands at 1406 cm-1 and 1573 cm-1 are assigned as the 
symmetric and asymmetric stretching of the COO-, 
respectively [35]. 

The broadband at 3429 cm-1 is due to O-H stretching and 
band at 924 cm-1 corresponds to O-H out of plane bending 
whereas the band having moderate intensity at 1337 cm-1 
may be due to the in-plane C-O-H bending [36]. A strong 
intensity band at 1017 cm-1 is due to the S-O-C stretching. 
The stretching vibrations assigned to the C-S linkage occur in 
the region of 700-600 cm-1 and the weak S-S stretching 
vibration falls between 500 cm-1 and 400 cm-1. In Figure 6(b-
f), the change in vibration bands of the ZnS-ZnO mixed 
system are noticed with the change annealing temperature 
and found by the observations that their acetate bands have 
been decreased to a great extent and observed at 1406 cm-1 
and 1557 cm-1 respectively. The C=S stretching of acetate 
and sulfide is slightly shifted to the lower extent due to metal 
ions interactions so, the bending mode of C-S is observed at 
668 cm-1. Zinc acetate and hydroxyl vibration are decreased 
further and the new peak at 439 cm-1 is attributed to the 
vibration of ZnO as shown in Figure 6 (g, h). Further an 
increase of the annealing temperature results in the 
decomposition of zinc acetate as their corresponding bands in 
FTIR spectra disappears. These results of the above FTIR 
analysis are consistent with the XRD result. 

The Raman spectroscopy is a more sensitive technique 
than XRD for investigation of structural changes due to the 
presence of both inherent and extrinsic defects in 
nanomateials. So the Raman scattering can be used to 
determine the surface and defect structure in nanomaterials. 
ZnS belong to the point group Td (43 m) which has two 
atoms per primitive unit cell and so it has three optical 
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phonon with T2 = Γ15 symmetry. The optical modes which 
may be easily observed by first-order Raman scattering, are 
twice as degenerate TO and single LO phonon with a higher 
frequency. The characteristics of these modes are well-known 
by their polarization characteristics as depicted by the 
available infrared and Raman studies [37, 38]. The Raman 
features in non-activated ZnO powder (ZnO-0) are ascribed 
to Raman active modes of the ZnO wurtzite crystal [39]. The 
wurtzite-type ZnO belongs to the space group P63mc, with 
two formula units for each primitive cell. 

 

Figure 7. Raman spectrum of a) pristine ZnS nanocrystalline powder (b) 

annealed at 200°C, c) 250°C, d) 600 °C, e) 700°C. 

The zone center optical phonons can be classified 
according to the following irreducible representation: Γopt= 
A1+ E1+ 2E2+ 2B1, where B1 modes are silent, A1 and E1 are 
polar modes, both Raman and infrared active, while E2 
modes (E2

low and E2
high) are non-polar and Raman active only. 

Figure 7 shows the room temperature Raman spectrum for 
the sample annealed at different temperature. The Raman 
spectrum of the ZnS vibrations are multiples of the 1-LO 
zone center frequency at 343 cm-1 and that of ZnO vibrations 
are multiples of the 1-LO (E1) zone-center frequency of 575 
cm-1. There are T2 (TO) and T2 (LO) modes near the BZ 
centers which are located at 269cm-1 and 347cm-1. It has been 
observed that the Raman scattering peaks of ZnS disappear at 
T=700°C shown in the Figure 7(e). In the meantime, the 
number of numerous phonon scattering processes observed in 
the semiconductor which changes monotonically with the 
polaron coupling co-efficient [40]. Moreover, ZnO crystalline 
material has a large polaron coupling co-efficient with large 
phonon frequency (575 cm-1), which results in enormous 
frequency shifts. Furthermore, the similarities in the results 
of XRD and Raman scattering confirm that ZnS-ZnO mixed 
system have been obtained. 

4. Conclusion 

The mixed phase system has been prepared by 

precipitation followed by thermal annealing method. It is 
concluded that annealing temperature reduced the electrical 
conductivity of ZnS-ZnO mixed system but the samples still 
showing semiconducting electrical conduction behavior. The 
characteristic transmission from prominent FTIR peaks are 
also analyzed and assigned. The Lasing and Raman multi-
phonon scattering process in nanocrystalline ZnS-ZnO 
system shows the effectiveness of the thermal oxidation from 
ZnS to ZnO nanoparticles. This type of systems will be 
useful for various potential applications which include the 
properties of both the module of the system. 
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