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Abstract
ZnS nanocrystals were prepared by the chemical co-precipitation method. The effect of annealing temperature
(Ta) on the morphological, structural and optical absorption behavior was investigated using x-ray diffraction
(XRD), high resolution transmission electron microscope (HRTEM), UV-vis spectroscopy, selected area electron
diffraction (SAED) and Fourier transform infrared (FTIR) spectroscopy. Analysis of XRD patterns for as prepared
and annealed samples showed that, increasing Ta leads to an increase in the crystallite size (D) from 2.67 to
19.6 nm. It is noticed that the obtained values of lattice parameters from HRTEM Images and SAED patterns are
in good agreement with that deduced from XRD analysis. Furthermore, annealing process at 600 oC and 700 oC
results, in complete phase transformation from as prepared ZnS cubic structure to ZnO hexagonal structure.
Analysis of the XRD patterns, SAED, HRTEM and FTIR confirm this phase transition. Analysis of the optical
absorption spectra indicates noticeable decrease in the direct band gap
from 4.70 to 3.22 eV with
increasing Ta. This behavior is attributed to the enhancement in crystallinity and the increase in particle size of
ZnS nanoparticles. Moreover, UV photo-induced effect on the optical absorption edge was studied.
Keywords: annealing and UV induced effects, morphology, nanostructure, ZnS phase transition, optical
absorption behavior
1.

INTRODUCTION

In recent years, studies on semiconductor nanocrystals such as ZnS and CdS have drawn significant attention
due to their unique structural, electronic and optical properties originating from their large surface to volume ratio
and quantum confinement effect [1]. Usually the absence of appropriate stabilizer results in the reactivity and
agglomeration of semiconductor nanoparticles [2]. ZnS is a promising material for various device applications
such as electroluminescence devices [3], field emission displays [4] and sensors [5,6], light emitting diodes in
the near UV region [7]. Considerable effort has been paid to tune properties of ZnS nanoparticles such as optical
band gap, electronic structure and luminescence properties by changing their particle size. The thermal
annealing process results in remarkable changes in the structure, absorption edges due to the movement of
dislocations, native defects and adsorption / decomposition on the surface. In this study nanoparticles of ZnS
capped with EDTA were prepared by the chemical co-precipitation method. Thermal annealing effects on
morphological, structural and optical properties have been studied. In addition UV induced effect on optical
absorption edge was investigated.
2. EXPERIMENTAL DETAILS
2.1. Sample preparation
ZnS nanoparticles were synthesized at room temperature using the chemical precipitation method. Zinc acetate
(Zn(CH3COO)2) and sodium sulfide (Na2S) were used as source materials and EDTA (C10H16N2O8) as a capping
agent. All chemicals used were of AR grade. 0.8 M Zn(CH3COO)2.2H2o was dissolved in 75 ml double distilled
water, 0.08 M EDTA was added to solution of Zn+2 ions as capping agent and 0.8 M of Na2S was dissolved in
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75 ml double distilled water and added drop wise at fixing stirring 400 rpm. The obtained fine white precipitate
was filtered out and washed several times with distilled water and ethanol to remove unnecessary impurities
formed during the preparation process. ZnS samples were dried at 100 oC for 3 hrs to remove moisture. To study
the effect of annealing process on morphological, structural and optical properties, the samples of ZnS were
annealed in the temperature range 125–700 oC in atmospheric air with the step of 100 oC, then the samples were
cooled to room temperature at the rate of 10 °C/min.
2.2.

Characterization

The Crystal structure of ZnS nanoparticles was characterized by X-ray diffraction (PW 1700 X-ray
diffractometer with Cu Kα radiation λ=1.54056 ). Diffraction patterns were recorded in the range of the
diffraction angle 2

from 20o to 70o with a step of 0. 06°. UV-vis optical absorption spectra were studied using

Perkin Elmer lambda 750 spectrophotometer at room temperature. Fourier transform infrared spectroscopy
(FTIR) [Nicolet™ iS™10 FTIR Spectrometer] was used to identify the functional groups in the samples. Particle
size, morphology and crystalline nature were investigated by using HRTEM [Jeol Jem 2100 microscope
operating at 200 kV]. UV induced effect was studied by using mercury lamp [VL-6.LC] at λ =254 nm and power
of 6 watt.
3.

RESULTS AND DISCUSSION

3.1.

XRD analysis
The structure of the as prepared and annealed samples of ZnS nanoparticles was characterized using xray powder diffraction. Fig. 1(a) shows that, XRD pattern for as prepared sample exhibits three diffraction peaks
at 2 values of 28.34o, 47.48o and 56.12o, which match perfectly with the (111), (220) and (311) crystalline
planes of ZnS cubic phase with standard card [JCPDS:04-012-7581]. The peak broadening in the XRD patterns
indicates the nanocrystalline nature of the samples. The average particle size (D) of the as prepared and
annealed samples of ZnS nanocrystallites is estimated by using Debye Scherer's formula [8]:

(1)
Which,
0.9 is the particle shape factor, the x-ray wavelength λ = 0.154nm, β is the full width at half-maximum
intensity (FWHM), is the Bragg angle in degrees. According to the above equation, the average crystallite size
(D) of the as prepared ZnS nanocrystallites was 2.67nm. In the temperature range 35 oC-150oC D slightly
decreases accompanied by remarkable increase in
due to the capping effect. Furthermore, it has been
observed that increase in Ta from 150oC to 700oC leads to an increase in D, accompanied by decrease in the
internal local strain ( ) which is deduced from the following equation [9]:
(2)

Fig. 1(a) XRD patterns of ZnS nanoparticles
at different annealing temperatures

Fig. 1(b) Plot of
vs. sin
of ZnS
nanoparticles at different annealing temperatures.
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Fig. 1(b) shows the plot of
versus
for ZnS. (ε) was determined from the slope of the straight
line. The results of XRD, SAED patterns and HRTEM images are given in table 1. The lattice parameters and
dhkl for all phases at 400oC and 500oC reveal good agreement with these values of ZnS and ZnO bulk crystals.
The percentage of all phases has been estimated based on the integrated intensity of the diffraction peaks.
Moreover, in the presence of air at T a = 600 oC, the mixed phases of ZnS were converted completely into ZnO
hexagonal phase [10]. The average particles size of ZnO was found to be 14.8 nm. Furthermore, with increasing
Ta up to 700 oC, D increases to 19.6 nm, and was associated with enhancement in crystallinity. The phase
transition of ZnS into ZnO can be explained as follows: 1) Oxidation of ZnS takes place during annealing
process in the ambient air via the exchange reaction between oxygen and sulfur according to the following
equation [11]: 2ZnS + 3O2 600oC
2ZnO + 2SO2
(3)
2) Formation of ZnO hexagonal phase as a result of sulfur sublimation as H 2S due to thermally assisted
chemical decomposition of hydroxyl group. From our point of view the first reason is the most probable.
Moreover, the above interpretation is confirmed by FTIR spectral analysis.
3.2.

FTIR analysis

Fig. 2(a) show the FTIR spectrum of the as prepared ZnS, which demonstrates a strong sharp peak at
1632 cm-1, which could be attributed to the carbonyl (stretching C=O) group and stretching peak at 3426cm -1 for
OH group. In addition, vibration peaks at 561cm –1 (asymmetric bending), and 671cm –1 (symmetric bending) are
attributed to stretching vibrations of Zn-S bonds.

Fig. 2 FTIR spectra for as prepared ZnS and annealed samples at Ta= 500 oC and 700 oC
FTIR spectrum of the pre-treated ZnS nanoparticles at 500 °C (fig. 2(b)) reveals a broad vibration at 3441 cm –1
(due to stretching vibrations O-H bond), which confirmes the presence of moisture on the surface of ZnS
nanostructures. Furthermore, fig. 2(c) shows the FTIR spectrum of ZnS nanoparticles after annealing at 700 °C
for 3 hrs, indicates the appearance of new vibration peak at 433cm−1 that could be assigned to the ZnO
stretching and the disappearance of two vibration peaks at 561 cm -1 and 671 cm-1 (ZnS). These results
indicate that the annealing of ZnS nanoparticles for 3hrs results in, the oxidation of ZnS and the formation of
ZnO.
3.3.

Optical absorption characteristics

3.3.1 Annealing effect
Fig. 3(a) shows the Optical absorption spectra of the as prepared and annealed samples of ZnS nanoparticles. It
is observed that the absorption inset lies below 300 nm. In the temperature range from 35 oC to 300 oC, these
spectra reveal an excitonic absorption shoulder at about 310 nm due to strong quantum size effect, where the
average particle size (2.6 - 2.8nm) is smaller than the Bohr exciton radius ~ 3 nm of ZnS. Further increase of
annealing temperature results in an increase in the exciton absorption, without any change in its position. Similar
excitonic absorption peak was observed in ZnS and CdS nanocrystals at 300 nm and 314 nm respectively [12].
The optical band gap
was determined by using Tauc relation [13]:
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(αhν) = B (hν −

)n

(4)

Where
for the direct allowed transition α is the absorption coefficient, hν is the photon energy and B is
the steepness parameter. The plots of (αhν)2 vs. hν at different annealing temperatures are given in fig. 3(b).
The values of

are given in table (1). In the temperature range 35 oC-150 oC the particle size exhibit a slight

decreasing accompanied by a remarkable increasing in

(i.e blue shift). Moreover, it is noticed that

of

oC

annealed samples below 400
is greater than ~ 3.6eV for bulk ZnS [14, 7]. This blue shift is attributed to the
quantum size effects of ZnS nanoparticles [15, 16]. In addition, increase in T a from 150 oC to 500 oC results, in
remarkable increase in D accompanied by red shift in the absorption edge. The disappearance of exciton
shoulder at 400 oC and 500 oC may be ascribed to one or both of the following reasons:(1) when the particle size
increases the quantum confinement of electrons and holes decreases, consequently, both the overlap factor
between their wave functions and the absorption cross-section decrease, this results in disappearance of exciton
peak.

Fig. 3(a) Optical absorption spectra for
Fig. 3(b) plots of (αhν)2 versus hν at different Ta, the
as prepared and annealed samples of
inset represents dependence of Egopt and D on Ta
ZnS nanoparticles at different Ta
(2) The presence of trapping centers for electrons and holes due to surface defects within the energy gap results
in strong interaction between the trapped electron–hole pair and exciton and hence bleaching of exciton
absorption [17]. Furthermore, from the blue shift of the band gap values
, the
average particle size D was calculated using the brus equation [18, 19]:
(5)
where

and

are the optical band gap of nano and bulk ZnS semiconductor

[20,21]),
and
are the effective masses of electron and hole respectively,
is the relative dielectric
constant,
is the permittivity of free space. The obtained values of D are listed in table (1). In a strong
confinement as in the present case, the second term is small and may be neglected [22].

Fig. 3(c) Dependence of

and D on

Fig. 4 Dependence of steepness parameter (B) and

annealing temperatures

internal lattice strain ( ) on annealing temperatures
As a result of the annealing process both the degree of crystallinity and particle size increase, hence
decreases [fig. 3(c)]. The overall decrease in
may be ascribed to one or more of the following reasons:

(1) the reduction in the density of surface defects and dangling bonds on the surface of ZnS nanoparticles via
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the annealing process. At Ta = 500oC, HRTEM image in fig. 8(b) reveals small number and large size of domains
with different orientations. This observation together with SAED confirms enhancement in crystallinity. (2)
Reduction of the tail states width which can be ascribed to reduction of structure and surface defects which are
localized on the domain boundaries accompanied with the increase in ordering parameter B as shown fig. 4,
which indicates the enhancement in crystallinity.
3.3.2. UV induced effect
Fig. 5(a, b) show tauc analysis for optical absorption of ZnS dispersed in double distilled water, which irradiated
by UV photons at different times in the range from 0 to 120

a

b

Fig. 5(a, b) (αhν)2 vs. hν of ZnS nanoparticles at different UV irradiation times

and T% vs. λ on the inset

The Increase in UV irradiation times results, in enhancement of transmittance spectrum (photo-bleaching) [fig.
5(a,b)], accompanied by increase in Egopt. This behavior can be explained in terms of two stages process
stimulated by optical excitation: (a) photoionization which occur essentially due to Auger process, in which one
electron – hole pair recombine providing an extra electron energy to leave the crystallite. (b) Stimulated
photolysis providng an irreversible corrosion i.e. reduction of particle size, which leads to stronger overlap
between electron and hole wave function, hence enhancement of transmittance and increase Egopt[23].
Photoionization induces sequence of chemical reactions by means of Auger process yield an excess electron
outside the crystallite and an excess hole inside or at the surface that is can be expressed simialr to those
reported for CdS by Henglein [24]:
(ZnS)n hν (ZnS)n(e-+ h+) hν (CdS)n(e-+ h+)2
(ZnS)n(h+) + e-.
(6)
After photoionization, the remaining hole may act an oxdizing agent and itiate the secondary chemical reactions
-

at the ZnS surface i.e photo passivation. Sulfide anions can be oxidized to the radical anion S by h+ with further
-

-

oxidation by air oxygen SO 2 or SO4 that is , h+ + S-2

S-, S- + O2

SO2-

O2

SO4-2

(7)

Fig. 6 dependence of Egopt on UV irradiation time
Such anions have been detected after photolysis of CdS nanoparticles colloidal solution by Kamat [25]. Fig. 6
shows the dependence of Egopt on UV irradiation times ( ) which obey an empirical equation in a good
agreement with Boltzmann fitting for our data, with adjusting R2 = 0.998 as follow:
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It is observed that two characteristic regions of Egopt dependence on UV irradiation time

. First region from the

start of UV exposing up to nearly 40 minute, the second from 40 minute up to 120 minute. We suggest that, in
the first region, photolysis stimulated by photo ionization of nanoparticles is more prominent, consequently rapid
decrease in the corresponding dispersed particle size and enhancement of quantum size effect that leads to
increasing of optical band gap and transmittance enhancement. Second region photo-oxidation is the most
prominent, results, in photo-passivation on the surface of, Hence stability of particle size value, which reflect the
saturation in Egopt with irradiation time at higher times
3.4.

Morphological studies

The morphologies of ZnS nanoparticles have been investigated by using analysis of TEM images. Calculation of
the mean value of particle size (D) was carried out by the statistical distribution method. Analysis of TEM image
and the corresponding particle size distribution of the as prepared ZnS [fig. 7(a)], showed that, the particles are
monodispersed (where standard dev.
< 7%) and exhibit narrow size distribution in the range 3 - 23 nm.
TEM image indicates that ZnS nanoparticles exhibit nearly spherical shapes of different sizes. The large value of
D (8.5 ± 3.5nm) can be ascribed to the aggregation process of small nanocrystallites to produce large
agglomerates, as a result of moisture effects during preparation of ZnS for TEM studies. FTIR for as prepared
sample confirms our point of view.

Fig. 7(a) TEM image of as prepared ZnS
Fig. 7(b) HRTEM image and SAED for as prepared
nanoparticles and histogram on the inset
ZnS nanocrystallites
Fig. 7(b) indicates that, HRTEM image of the as prepared ZnS reveals a number of polycrystalline domains with
distinct domain boundaries. The inset of fig. 7(b) represents SAED pattern for as prepared capped ZnS, it
consists of three concentric intense and sharp diffraction rings, which demonstrate the polycrystalline nature of
the cubic ZnS [26]. The lattice parameters and interplanar distances d hkl of the cubic ZnS nanoparticles deduced
from HRTEM image are consistent with that deduced from SAED, XRD as shown in table (1). TEM morphology
at Ta = 500oC in fig. 8(a) reveals large domains (agglomerates) that consist of a nearly spherical and hexagonal
shaped structure. From the corresponding histogram D = 19.7 ± 3.5 nm. The noticeable large average particle
size deduced from TEM morphology as a result of the annealing process can be attributed to the following
reasons: (1) Thermally assisted aggregation and flocculation of small nanocrystallites to produce large irregular
agglomerates. This results in good agreement with that obtained by Kitamura [19]. (2) The reduction of structural
defects which results in an increase in the crystallinity and decrease in the internal local strain (ε) associated
with decreasing in the surface tension

, where

equals σ as D

therefore, the
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particle size D increase [29]. Moreover, HRTEM image at 500 oC fig. 8(b) reveals a smaller number of large
polycrystalline domains rather than that observed for as prepared sample as a result of thermally assisted
aggregation and emerging of domain. Hence as T a increases domain boundary decreases, as well as two
preferable orientations corresponding to the lattice parameters of ZnS cubic and hexagonal structure were
observed. These results are in good agreement with standard cards [JCPDS:04-012-7581and 04-015-3042.
XRD pattern show that the equilibrium temperature for the cubic to hexagonal transition in ZnS nanoparticles is
400°C which is significantly smaller than that of the bulk value (1020°C) [27-28].

Fig. 8 (a) TEM image and the corresponding
histogram of annealed ZnS at Ta = 500oC

Fig. 8(b) HRTEM image and SAED for annealed ZnS
at Ta = 500oC

HRTEM and SAED results confirm the existence of the two mixed phases at T a = 500°C.results confirm the
existence of the two mixed phases at T a = 500°C. This behavior can be attributed to tendency of nanoparticles to
move and aggregate easily, thereby increasing the average particle size. TEM morphology at Ta = 700oC as
seen in fig. 9(a) exhibits large and single crystalline particles of ZnO, as a result of complete phase transition of
as prepared polycrystalline domains of ZnS cubic phase to monocrystalline domain of ZnO hexagonal phase.
These domains reveal a hexagonal-shape. It is found that, the mean particle size obtained from TEM higher than
that deduced from Debye-Scherer equation [table (1)]. This discrepancy can be ascribed to one or more of the
following reasons:(1)The particle size calculated from XRD data represent thickness averaged magnitude, which
is usually dominated by the smallest crystallites [30].(2) TEM image demonstrates the surface features and give
the maximum possible size of grains [31],since the nanocrystalline particles near the surface of ZnS domains
have a tendency to increase its size via the annealing process.(3) The use of different detection techniques.(4)
During sample preparation for HRTEM characterization, the smaller nanoparticles may physically merge and
contact each other to form a larger particle size as a result of moisture effects [32].

Fig. 9(a) TEM image of annealed sample at
Ta = 700oC and the corresponding histogram
on the inset

Fig.9 (b) HRTEM image and SAED for annealed
ZnS nanoparticles at Ta = 700oC
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Fig. 9(b) shows that, HRTEM at Ta =700oC reveals single crystalline domain where all lattice planes
take the same preferable direction of orientation. Lattice parameters calculated from HRTEM image were in
good agreement with XRD data and standard card (04-008-8199). Moreover, the SAED pattern indicates clearly
bright and non uniform distribution of ZnO crystalline particles. Furthermore, HRTEM at T a = 700oC exhibits
single crystalline domain, where all the lattice planes take the same preferable direction of orientation. Lattice
parameters calculated from HRTEM image were in good agreement with XRD data and standard card (04-0088199). Moreover, the SAED pattern indicates clearly bright and non uniform distribution of ZnO crystalline
particles.
Table (1): Dependence of D,

dhkl and lattice parameters of ZnS nanoparticles on the annealing

Ta
(oC)

Phase

Average particle size
D (nm)

as
prepared

TEM

125
150
175
200
300

8.5
ZnS(C)
100%

___
___
___
___
___

XRD

2.67

2.46
2.45
2.51
2.54
2.8

Brus

2.45

1.6
1.6
1.8
2.3
2.9

Egopt (eV)

temperatures.

4.06

4.66
4.70
4.43
4.10
3.93

Lattice parameters (

400

HRTEM

SAED

(111)

3.125

3.15

3.154

3.12

(220)

1.90

___

1.86

1.913

(311)

1.637

___

1.68

1.632

___

___

___

___

___

___

___

___

(111)

3.106
3.120
3.108
3.127
3.179

___

___

3.7

5.2

3.7

ZnS(H)
9%

ZnS(C)
66%

500

20

5.4

__

3.500

(111)

3.129

3.18

___

-

3.120

(311)

1.630

___

1.6

1.632

(220)

1.910

___

1.93

1.913

(100)

3.487

___

___

3.31

(102)

___

3

___

2.930

3.310

(109)

___

___

1.27

1.283

(2010)

___

___

1

1.020

(101)

2.49

___

2.46

2.460

(103)

___

___

1.48

1.482

3.5

__

14.8

__

152

19.6

__

2.83

___

___

2.820

(002)

2.63

___

___

2.600

(100)

2.823

___

___

2.820

(002)

2.614

___

___

2.600

(100)
(101)
(102)
(200)
(202)

2.813
2.475
1.91
1.41
-

2.83

___

___

2.45
1.93
1.43
1.24

2.830
2.49
1.912
1.41
1.238

___
___
___

Ref.
card

HRTEM

SAED

a =5.456

a =5.432

b= 5.456

b= 5.432

c =5.456

c =5.432

a = b = c = 5.380
a = b = c =5.404
a= b = c = 5.383
a= b = c =5.416
a=b = c = 5.510

___

___

___

___

___

___

___

___

___

___

a=b = c = 5.45

___

___

___

___

___

___

a =5.5

a =5.409

a =5.411

b= 5.5

b= 5.409

b= 5.411

c =5.5

c =5.409

c =5.411

a =3.96

a =3.827

b= 3.96

b= 3.827

c =12.3

c=12.521

a =3.256

a =3.251

b= 3.256

b= 3.251

c =5.2

c =5.209

a = b= c =5.406

a =5.411
b= 5.411
c =5.411

___

(100)

(100)

ZnO(H)
100%
700

___

XRD

a = b= c =5.41

ZnO(H)
8%

600

3.12

3.146
__

ZnS(H)
26%

Average lattice constant
a, b and c
Ref.
card

XRD

ZnS(C)
91%

)

Interplanar distance dhk l

Hkl

___

a = b= 3.268
c =5.26

a = b= 3.26
c =5.228

a = b= 3.248
c =5.21

___

___

___

___

___

a =3.268
b= 3.268
c =5.238

a =3.251
b= 3.251
c =5.209
a =3.251
b= 3.251
c =5.209

4.
CONCLUSIONS
ZnS nanocrystals were prepared by chemical co-precipitation method. The samples were annealed in air for 3 h
in steps of 100°C in the temperature range of 125–700°C. Phase change, lattice parameters, grain size has
been deduced from XRD patterns, HRTEM and SAED. The main conclusions of the present work are:
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(1) XRD analysis showed that, the equilibrium transition temperature for the cubic to hexagonal transition in ZnS
nanoparticles starts at 400°C.(2) The absorption edge exhibits blue shift at T a = 150oC (
), further
increasing in Ta results in, an increase of the particle size accompanied by decrease in the optical band gap (red
shift) from 4.7eV for ZnS cubic phase at 150 oC to 3.22eV for the hexagonal phase of pure ZnO at T a = 700oC.(3)
HRTEM image at Ta = 700oC shows phase transition of the two mixed phases of ZnS and ZnO polycrystalline
domains which appeared at 500oC to ZnO monocrystalline single-particle (4) Optical band gap, particle size and
phase change were dependent on the annealing temperature, hence ZnS band gap can be tuned in the range
4.7 - 3.7eV via annealing process from 150oC to 400oC. (5) The annealing temperature 150oC is the more
reasonable temperature for synthesizing of ZnS nanocrystallites. (6) UV irradiation of colloidal solution of ZnS
nanoparticles leads to an enhancement in transmittance accompanied by increase in the optical band gap
(photo brightening) as a result of photolysis and photo-passivation.
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