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The effect of annealing of ZnSe nanocrystal thin films in air atmosphere
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Abstract: The zinc selenide (ZnSe) nanocrystal thin films have been prepared on glass substrates by chemical bath

deposition at 80 �C. The ZnSe films have been annealed in an air atmosphere at 373, 473, 573, 673 and 773 K for 1 h. The

crystallographic structure and size of the crystallites, dislocation density, number of crystallites per unit surface area and

strain have been studied by X-ray diffraction on as-deposited and annealed films. The surface morphology of ZnSe coated

thin films obtained at different annealing temperatures has been elucidated by AFM studies. The optical properties of the

films have been investigated by recording the transmission spectra. It has been observed that the energy band gap decreases

upon annealing temperature. The conductivity measurements have been carried out using four probe methods. It is

observed that the conductivity and activation energy change upon annealing temperature.
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1. Introduction

The semiconductors, the group of II–VI compounds such

as the sulphide (S), selenides (Se) and tellurides (Te) of

cadmium (Cd) and zinc (Zn) are interesting to study by

different techniques since these semiconductors are used in

important technological materials. Zinc selenide (ZnSe), a

direct and wide band gap (2.7 eV for bulk at room tem-

perature) are greatly analyzed because of its potential use

in optoelectronic devices, laser diodes and solar energy

conversion (as a window material) etc. [1–7]. ZnSe thin

films are prepared by physical vapor deposition [8], metal

organic chemical vapor deposition [9], pulsed laser depo-

sition [10], molecular beam epitaxy [11], electro-chemical

methods [12], spray pyrolysis [13], sol–gel deposition [14],

successive ionic layer deposition and reaction (SILAR)

[15] and chemical bath deposition (CBD) etc. [5, 16–21].

The CBD method is found to be a useful technique due to

it’s simple, inexpensive, low temperature and an easy

application for coating large surfaces. Also, ZnSe thin films

are highly adherent and uniform in the CBD method.

Generally, ZnSe films are grown on glass [17, 18, 20, 21],

silicon wafer (Si) [22, 23], fluorine tin oxide (FTO)/glass

[19, 24], indium tin oxide (ITO)/glass [25, 26] and tin

oxide (SnO2)/glass [27–30] substrates.

In present work, ZnSe films with a thickness of 1.30 lm
are grown on glass substrates by the CBD technique at

80 �C. The films are annealed in air atmosphere. The

investigation of the effects of annealing temperature on the

structural, optical and electrical properties of chemically

deposited ZnSe films is the scope of this work and is dis-

cussed in detail.

2. Experimental details

The ZnSe thin films were deposited on glass substrates by

the CBD method. Aqueous solutions of 1.0 M zinc sul-

phate, 0.225 M sodium selenosulphate, 80 % hydrazine

hydrate and 25 % ammonia solutions were prepared

without any precipitation to deposited ZnSe films. One

100 ml chemical bath for the deposition of the ZnSe films*Corresponding author, E-mail: hulmetin@gmail.com
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was prepared by the additions of the following: 10 ml zinc

sulphate, 10 ml of 80 % hydrazine hydrate, 10 ml 25 %

ammonia solution and 60 ml deionized water. Finally,

10 ml sodium selenosulphate was slowly poured into the

solution only when the appropriate temperature (80 �C)
was reached. The temperature of the water bath was kept

constant with the help of a temperature controller. The

stock solution sodium selenosulphate of this reactive was

prepared as follows: 2.84 g sodium sulfite and 1.78 g of

selenium power were introduced into a 250 ml conical

flask containing 100 ml of deionized water. The mixture

was prepared at 85 �C for 6 h.

Commercially available glass slides (with a size of

75 mm 9 25 mm 9 2 mm) washed with detergent and

rinsed with deionized water followed by rinsing in propa-

nol and ethanol were used as substrates to deposited thin

films on. The clean glass slides were placed vertically on

the walls of the 100 ml beaker containing the deposition

mixture. The films were deposited by keeping it vertically

in the beaker having mixed deposition solution without

stirring at 80 �C for 1 h. This process was repeated for

eight times to increase the film thickness and the solution

was refreshed for each time. After deposition process, the

ZnSe films on the glass substrate were washed with pro-

panol to remove the loosely adhered ZnSe particles on the

film and finally dried in air. The as-deposited films with

1.30 lm thickness were uniform and adhered well to the

substrates. The same process was repeated in order to

produce six uniform ZnSe films. Five of the films were

annealed in air atmosphere at different temperatures; 373,

473, 573, 673 and 773 K by using Furnaces and dwelling

time was 1 h.

The crystallographic structure of the ZnSe films were

determined by XRD technique, in the range of diffraction

angle 20� B 2h B 80� in steps of 0.02� with 40 kV at

30 mA, CuKa1 radiation (k = 1.5406 Å) using Bruker

AXS Advance D8 diffractometer and by the help of EVA

and Winindex software. The microstructures of the films

were characterized using a Zeiss-Supra 55 scanning elec-

tron microscope (SEM) equipped with an energy dispersive

X-ray (EDX) spectrometers as well as a computer con-

trolled image analyzer. The optical transmission spectra

and the thicknesses of the films were recorded by using

UV–visible spectrophotometer Shimadzu UV-1700 and

Analytic Jena-Specord 210 Plus, in the wavelength range

of 190–1100 nm at room temperature, respectively. The

temperature dependence of electrical resistivity of the films

was measured by four point probe technique. The details

about the experimental set up were given elsewhere [31].

Atomic force microscopy (AFM) studies were carried out

in non-contact mode using a Park System XE-100 SPM

instrument. The AFM topographic images were analyzed

using Park Systems XEI software.

3. Results and discussion

3.1. Crystallographic structure and elemental analysis

TheX-ray diffractograms of the films are shown in Fig. 1(a)–

1(f). ZnSe are known to exist either cubic (C), zinc blende

type structure (JCPDS 37-1463, JCPDS 80-0021) or

hexagonal (H), wurtzite type structure (JCPDS 80-0008) or

sometimes amixture of both phases [32]. In order to study the

crystal structure of ZnSe film deposited using CBD method,

XRD patterns of as-deposited and annealed ZnSe thin films

are recorded in the range 20�–80�.
The as-deposited [Fig. 1(a)] and the films annealed at

373, 473 and 573 K [Fig. 1(b–d)] shows mixed phase of

cubic and hexagonal. The 2h = 26.66 value of diffraction

peaks observed in the as-deposited and the films annealed

at 373, 473, 573 K are attributed to the (111) cubic. On the

other hand, the 2h values of diffraction peaks observed at

45.28 and 53.88 of the ZnSe thin films in the as-deposited

and the film annealed at 373 K are found (220) C and (311)

C ZnSe planes, respectively. The peaks (111) C, (220) C

and (311) C completely lost at another annealing temper-

atures. Also, the (111), (220) and (311) cubic peaks are turn

into (002), (110) and (112) hexagonal peaks, respectively.

Kale et al. [18] and Chaliha et al. [33] have reported that

the films annealed at 473, 573 K exhibits the cubic struc-

ture. Further, the ZnSe thin film annealed at 573 K is

polycrystalline with a mixture cubic along with hexagonal

structure with the highest intense reflection peaks. Thus,

when the annealing temperature is increased from 573 to

773 K [Fig. 1(a)–1(f)], the hexagonal phase becomes more

dominant than cubic phase. Many workers have observed

phase change from metastable cubic to stable hexagonal

because of annealing effect of chemically deposited ZnSe

thin films [11, 24, 27, 28, 31, 34].

Some structural parameters such as crystallite size,

dislocation density, number of crystallites and strain are

calculated from XRD data are given in Table 1. We use the

standard (111) C reflection at 2h = 26.66� for the calcu-

lations. The full width at half maximum (FWHM) values

are seen to be decreased with increasing annealing tem-

perature. The Scherrer formula given by following relation

was used to calculate the crystallite sizes.

Dhkl ¼
Kk

bCosh
ð1Þ

where K is a constant which is taken as 0.9, b is FWHM in

radians, k is the wavelength of X-ray used, h is the Bragg

angle. The crystallite size of the films increases from

68.20 nm up to 245.32 nm with increasing annealing

temperature (see Table 1).

Dislocations are an imperfection in a crystal associated

with the misregistry of the lattice in one part of the crystal
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Fig. 1 X-ray diffractograms of films (a) as-deposited and annealed in air atmosphere at (b) 373 K, (c) 473 K, (d) 573 K, (e) 673 K and

(f) 773 K
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with respect another part. Unlike vacancies and interstitial

atoms, dislocations are not equilibrium imperfections, i.e.

thermodynamic considerations are insufficient to account

for their existence in the observed densities. In fact, the

growth mechanism involving dislocation is a matter of

importance. In the present study, the dislocation density of

thin films is estimated by using the Williamson and

Smallman’s relation [35]

d ¼ n

D2
hkl

ð2Þ

where n is a factor, with a value which is usually close to 1

and Dhkl is the grain size. In addition, the number of

crystallites per unit surface area (N) and strain of the films

(e) are determined by using the XRD data and following

relations:

N ¼ d

D3
hkl

ð3Þ

e ¼ b cos h
4

ð4Þ

where d is the film thickness. The dislocation density and

strain on the surface are well explained in the literature [11,

27, 33, 36–38]. The defects like dislocation density and

strain in the films are reduced by increasing annealing

temperature. The results dislocation density, the number of

crystallites per unit surface area and strain of the as-de-

posited and annealed ZnSe thin films are given in Table 1.

The SEM micrographs of the as-deposited and annealed

ZnSe nanocrystalline thin films are shown in Fig. 2(a)–

2(f) at 5.00 KX magnifications. The ZnSe thin films are

composed of a large number of uniform spherical particles.

Figure 2(a) and 2(b) shows the small spherical nano-sized

grains which indicates the nanocrystalline nature of ZnSe

films. In the annealed films [Fig. 2(c) and 2(d)], the grains

are more distinct and of bigger size. The increase in grain

size leads to decrease in the grain boundaries. In the film

annealed at 673 K, the grains are small with non-uniform

and no well-defined grain boundaries. Hence it is not

possible to calculate the exact average value of grain size.

At the same time, films are observed increasing cracks with

increasing the annealing temperature. Figure 2(f) shows

the film is uniform homogeneous and well covered to glass

substrate as shown in Fig. 2(a, b). However, it is shown

that in the film annealed at 773 K is found in Zn rich and Se

poor. Thus, the surface in Fig. 2(f) is completely covered

with Zn. The results indicate that the grain size of the ZnSe

nanocrystals increases with an increasing annealed tem-

peratures. Similar type of behavior of grain size of the as-

deposited and annealed films has been investigated by

Hankare et al. [39] and, Chaparro et al. [40]. Wei et al. [41,

42] have reported that the SEM micrographs of the ZnSe

nanocrystalline thin films are increased the grain size of the

ZnSe nanocrystals as a function of different hydrazine

hydrate and ammonia concentration.

The stoichiometry of the film quantitative analysis has

been carried out by using the EDAX technique. The EDAX

patterns of the films are shown in Fig. 3(a)–3(f) along with

elemental, atomic concentration and the ratio of elemental

percentage of Zn and Se. The results show that the films are

quite Zn rich. The ratio of elemental percentage of Zn:Se is

47.88:38.13 for the as-deposited film, whereas a little Se is

detected for the film annealed at 773 K.

The morphological features (surface morphology, parti-

cle shape and size) of ZnSe coated thin films are elucidated

by AFM studies. Figure 4(a)–4(f) shows representative non-

contact mode AFM images of ZnSe coated thin films

obtained at different annealing temperatures. AFM studies

of the thin films annealed at 573 K and 673 K exhibit the

relatively ordered spherical clusters [Fig. 4(d)–4(e)]. The

individual bright objects that exhibit a spherical morphology

can be attributed to the change crystal lattice structure of

ZnSe with increasing annealing temperature. While the

mixed lattice structures (hexagonal and cubic structure) are

observed up to 573 K, only hexagonal structures are

observed at the annealing temperatures 673 and 773 K

[Fig. 1(d–e)]. These changes can be partially seen from the

differences of the AFM topographic images. The high

magnification AFM image also reveals the presence of

smaller spherical clusters inside a single nanoparticle

(Fig. 4(d), 1 9 1 lm2). This situation can be explained by

the deposition mechanism of ZnSe film which occurs via

Table 1 The FWHM, crystallite size, dislocation density, number of the crystallites/unit area, and strain of the as-deposited and annealed ZnSe

films

Annealing

temperature (K)

FWHM b
(10-3 rad)

Crystallites

size (nm)

Dislocation density

(1014 lines/m2)

Number of crystallites/

unit area (1015 m-2)
Strain

(10-4)

As-deposited 2.10 68.20 2.15 4.09 5.09

373 1.59 90.00 1.24 1.79 3.85

473 1.32 107.75 0.86 1.03 3.21

573 1.16 122.60 0.66 0.70 2.82

673 0.79 179.90 0.31 0.22 1.92

773 0.58 245.32 0.17 0.09 1.41
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cluster by cluster nucleation and growth. The ZnSe film is

well covered to the glass substrate without any cracks or

pinholes. The images noticeably show the three-dimensional

growth of ZnSe thin film with more surface roughness.

3.2. Optical properties

The optical properties of the as-deposited and annealed

films are studied by recording the transmission spectra by

using the UV–visible spectrophotometer at room

temperature. The thickness of the films was calculated from

the transmission interference using following equation:

d ¼ kikiþ1

2 nðkiÞkiþ1 � nðkiþ1Þki½ � ð5Þ

where d is the film thickness, n(ki) and n(ki?1) are the

refractive indices at the two adjacent maxima (or minima)

at ki and ki?1 [43]. The thickness of the films is obtained as

1.30 lm using Eq. (5), also this thickness is checked out by

using Analytic Jena-Specord 210 Plus in the wavelength

Fig. 2 The SEM micrographs of the films (a) as-deposited and annealed in air atmosphere at (b) 373 K, (c) 473 K, (d) 573 K, (e) 673 K and

(f) 773 K
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range of 190–1100 nm at room temperature. The

fundamental absorption which is given by following

relation corresponds to the transition from valence to

conduction band and is used to calculate the band gap of

the films.

a ¼ A hm� Eg

� �n
=hm ð6Þ

where A is a constant, a is absorption coefficient, hm is the
photon energy and n is also a constant, and depends on the

type of the transitions. For instance, n may be 1/2 for the

Fig. 3 The EDAX analysis of films (a) as-deposited and annealed in air atmosphere at (b) 373 K, (c) 473 K, (d) 573 K, (e) 673 K and (f) 773 K

E Yildirim et al.



allowed direct transition, 2 for the allowed indirect tran-

sition, 3/2 for the forbidden direct transition, and 3 for the

forbidden indirect transitions [44]. Here, ZnSe shows direct

optical band gap (n = 1/2). Figures 5 and 6 show the

optical transmission spectra and a2 versus photon energy of

the ZnSe film of the as-deposited and annealed sequentially

Fig. 4 AFM topographic images ZnSe coated thin films obtained (a) as-deposited and annealed in air atmosphere at (b) 373 K, (c) 473 K,

(d) 573 K, (e) 673 K and (f) 773 K

The effect of annealing of ZnSe nanocrystal thin films in air atmosphere



at temperatures 373, 473, 573, 673 and 773 K. The value of

the energy where a = 0 is known as optical band gap

energy (Eg). The optical band gap energies of the as-de-

posited and annealed ZnSe films are listed in Table 2. The

Eg of the films decreased from 3.07 eV down to 1.90 eV

with increasing annealing temperature up to 673 K and at

higher temperature it starts to increase suggesting sintering

effect. At higher temperature, where the sintering effect

observed, the band gap started to increase, as shown in

Table 2. Both as-deposited and annealed films show high

transmittance in the visible region which enables them to

act as efficient window material where more light can

penetrate into the active region of the solar cells [45]. The

Eg value (2.39 eV) of the film annealed at 773 K is quite

low compared to bulk value of 2.70 eV. We conclude that

this is due to the evaporation of Se2- ions at 773 K which

is obvious from EDAX results. The Eg of the as-deposited

film (3.07 eV) is quite high compared to that of bulk ZnSe

(2.70 eV). The energy gap value of the ZnSe in the liter-

ature is 2.90 eV [5]. This value is given approximately at

473 K in Table 2.

3.3. Electrical properties

The variations of electrical conductivity of the as-deposited

and annealed ZnSe films with temperature are examined by

using bilinear four point probe technique. Four 0.5 mm

diameter platinum wires which are used for electrodes

directly contacted as on straight line with 0.2 mm distance

to the surface of the films to eliminate contact resistance of

the films. Electrical resistivity of the films has been

determined by using following relation [46]:

r ¼ I

2psV
ð7Þ

where I, V and s represent current, potential drop and the

distance between the probe tips, respectively. The tem-

perature dependence of conductivity results of the films are

given in Fig. 7(a)–7(f). The conductivity curves in

Fig. 7(a)–7(f) indicate that the values change in between

10-5 and 10-7 (X-cm)-1 at ambient temperature.

The results show that there are similar conductivity

curve shapes and the conductivity increases exponentially

with increasing temperature which characterizes typical

semiconductor behavior for five samples. The films show

two district regions which indicate initially a linear region

in between 300 and 550 K. At high temperatures, the

Fig. 5 The transmittance versus wavelength for the as-deposited and

the annealed ZnSe films

Fig. 6 The a2 versus hm for the as-deposited and the annealed ZnSe

films

Table 2 The band gap, activation energies, resistivity and conductivity of the as-deposited and annealed ZnSe films

Annealing

temperature

(K)

Eg (eV) Activation

energy Ea

(eV) LT

Activation

energy Ea

(eV) HT

Resistivity q
(X-cm) 300 K

Resistivity q
(X-cm) 600 K

Conductivity r
(X-cm)-1 300 K

Conductivity r
(X-cm)-1 600 K

As-deposited 3.07 0.007 0.034 4.74 9 106 2.67 9 104 2.11 9 10-7 3.75 9 10-5

373 3.06 0.010 0.009 4.06 9 106 2.60 9 105 2.46 9 10-7 3.85 9 10-6

473 2.92 0.004 0.028 2.92 9 106 1.40 9 105 3.42 9 10-7 7.14 9 10-6

573 2.64 0.007 0.009 6.97 9 106 2.27 9 105 1.44 9 10-7 4.40 9 10-6

673 1.90 0.008 0.018 8.80 9 106 1.55 9 106 1.14 9 10-7 6.47 9 10-7

773 2.39 0.006 0.014 5.58 9 106 8.42 9 105 1.79 9 10-7 1.19 9 10-6

E Yildirim et al.



Fig. 7 Temperature dependence of the electrical conductivity of the ZnSe films (a) as-deposited and annealed in air atmosphere at (b) 373 K,

(c) 473 K, (d) 573 K, (e) 673 K and (f) 773 K
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conductivity results of the films show that the conductivity

starts to increase rapidly with increasing temperature

approximately above 550 K. This peculiar behavior may be

attributed to the polycrystalline structure in which the grain

boundary and particle size are in some way different than

each other and the other films, which affect the conduction

mechanisms.

The sample annealed at 373 K [Fig. 7(b)] shows rather

different step like type conductivity curves which are

indicated additional plateau in between temperature of

520–600 K. It is possible to explain that there are two

conduction mechanisms such as the low temperature

intrinsic and high temperature extrinsic regions (due to the

presence of donor states) [47]. It is concluded that the low

temperature region (LT) is due to grain boundary scattering

limited the conduction mechanism whereas high tempera-

ture region (HT) is due to variable range hopping con-

duction mechanism.

The activation energy Ea of the films has also been

determined by using the following relation:

r ¼ ro exp Ea=kBTð Þ ð8Þ

where r is the conductivity of the films, r0 is the pre-

exponential factor, Ea is activation energy, kB is Boltzmann

constant and T is temperature. The activation energy values

of the films are calculated for two different temperature

regions such as LT (300 K B T B 450 K) and HT

(450 K B T B 650 K). The results are given in Table 2.

The changes in Ea at LT region are more obvious compared

to those of at HT region.

4. Conclusions

ZnSe films are deposited using the CBD method. XRD

analysis show that the as-deposited ZnSe films have a

mixed phase of cubic and hexagonal. After annealing,

metastable cubic phase is transformed into stable hexago-

nal phase. The grain sizes are found to increase and dis-

location density, number of crystallites per unit surface

area and strain are found to decrease after annealing. FE-

SEM studies reveal that the ZnSe thin film is uniform,

homogeneous and well coverage to the glass substrate.

These results are also confirmed by AFM studies; the ZnSe

film is well covered to the glass substrate without any

cracks or pinholes. The images noticeably show the three-

dimensional growth of ZnSe thin film with more surface

roughness. The high magnification AFM images also

reveal the presence of smaller spherical clusters inside a

single nanoparticle which can be attributed to the change

crystal lattice structure of ZnSe with increasing annealing

temperature. The elemental analysis shows percentage of

Zn:Se was 47.88:38.13 for as-deposited ZnSe thin film.

However, a little Se is detected for the film annealed at

773 K. Optical absorption measurements show that band

gap is observed for the samples as-deposited and annealing

in air as 3.07 and 1.90 eV, respectively. The increase in the

electrical conductivity with the increase of temperature is

due to the increase of grain size. The electrical conductivity

of semiconductor ZnSe thin films at room temperature is

the order of 10-7 (X-cm)-1. The activation energy is cal-

culated using exponential form of Arrhenius equation. The

activation energies decreases with increase in annealing

temperature while specific conductance increases with

increase in annealing temperature. This is probably due to

improvement in grain size, decrease in band gap and in

grain boundary.
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