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Abstract. A thermal vacuum evaporation system has been used to deposit zinc telluride (ZnTe) thin film on

glass substrate in order to investigate the structural, morphological, optoelectronic and electrical properties of

the deposited film. The deposited film has been characterised by X-ray diffraction (XRD), atomic force

microscopy (AFM), and UV-VIS-NIR spectrophotometer. The polycrystalline and cubic structure of the sample

has been confirmed by XRD. The order parameter(s), which determines the crystallinity and good environmental

stability of the sample, has been obtained for the peak (1 1 1) to peak (2 0 0) and is found to be 0.83. The XRD

patterns and Bragg’s law have been examined to determine the microstructural parameters (lattice parameter,

inter-planar spacing, crystallite size, number of crystallites per unit area, strain, dislocation density) of the

investigated film. Optical properties (transmittance, absorbance, refractive index, absorption coefficient,

extinction coefficient, optical density) of ZnTe thin film were extensively studied in incident photon energy

range of 0.5–3.5 eV, where direct optical transition has been obtained with a band gap of 2.63 eV. The surface

morphology of the evaporated ZnTe thin film has been checked by AFM.

Keywords. Order parameter; crystallite size; surface morphology; dislocation density; absorption coefficient;

extinction coefficient.

1. Introduction

Polycrystalline, semiconducting, binary metal chalcogenide

materials belonging to II–VI groups have emerged a rapidly

increasing area of research due to their potential applica-

tions in a variety of solid-state devices. Wide-gap II–VI

compound semiconductors are particularly efficient elec-

troluminescence materials (ELs) as compared to III–V

compounds because of their nature of indirect band gap. On

the other hand, all IIb–VIb compounds are direct band-gap

materials and they are chemically stable and show high

luminescence. Additionally, the high ionicity of these

compounds makes them good candidates for high opto-

electronics and electro-optical coupling. Zinc telluride

(ZnTe) is one of the promising semiconducting materials

for solid-state optoelectronics devices (photo-detectors,

photovoltaic solar cells, light-emitting diodes, laser diodes,

microwave devices, thermoelectric devices, etc.) because of

its size-dependent characteristics, large band gap, low

resistivity and high transparency in visible spectral domain

[1–3]. The optical properties of ZnTe can be tuned by

changing their structure or composition. It is an intrinsically

p-type semiconductor due to its non-stoichiometric (Zn

vacancy) characteristic with an ideal band gap of 2.26 eV

[3]. This type of material ensures high transparency in the

visible spectral range and is widely used in multi-junction

tandem solar cells. The photovoltaic (solar energy to elec-

tricity) activity of ZnTe homojunction diodes showed open-

circuit voltage of 0.9 V under one-sun intensity [4]. Fur-

thermore, ZnTe is a promising material for the fabrication

of purely green light-emitting diode, THz emitters,

switching devices and buffer layers for HgCdTe IR detec-

tors [5–7]. A variety of vapor-phase and solution-based

techniques are available for the deposition of ZnTe thin

films. These include vacuum evaporation, sputtering, elec-

tron beam evaporation, chemical bath deposition (CBD),

molecular beam epitaxy (MBE), and close space sublima-

tion (CSS) techniques [8–13]. A much smaller band gap of

1.0 eV is reported for the laser-ablated films and much

larger values (2.62–3.24 eV) have been observed for vac-

uum-evaporated films [14, 15].

Here we discuss the importance of vacuum evaporation

method for the deposition of ZnTe thin film as compared to

other methods. At first, the comparison was made with

pulsed laser deposition technique. The pulsed laser depo-

sition technique is a physical vapor deposition (PVD)*For correspondence
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similar to vacuum evaporation, but it is very complex,

expensive and requires ultra-high vacuum as compared to

the vacuum evaporation technique. Splashing is an intrinsic

problem that is difficult to overcome and a major drawback

of pulsed laser deposition [16]. Secondly, a comparison was

made with the sputtering process. Sputter deposition, for

polycrystalline films, produces the film grain structure that

has typically many crystallographic orientations without a

preferred texture [17]. However, kinetic energy of sputtered

atoms in sputter deposition is higher than that of atoms in

the evaporative deposition because of the argon gas (Ar)

existence in the sputtering system. Therefore, the surface of

deposition in sputtering process exhibits more damage and

defective nucleation than in thermal evaporation. Based on

the advantages and disadvantages of different deposition

process, it was found that vacuum evaporation can be used

on a large area and the physical properties of the films can

easily be controlled by the deposition conditions (e.g.

deposition rate, temperature and thickness) [18]. In addi-

tion, kinetic energy of the atoms of the material is low in

thermal evaporation, and therefore, the deposition surface is

protected from defective nucleation and damage. Hence, it

can be concluded that even though there are some draw-

backs associated with thermal vacuum evaporation, the

benefits probably outweighed the disadvantages.

Although there have been a number of investigations on

the ZnTe films by many researchers all over the world, in-

depth studies on the structural, morphological, optical and

electrical properties of ZnTe thin films are scarce. The

structural, optical and electrical properties of semiconduc-

tor compounds are drastically affected by impurities and

native defects. Hence, this study aimed to better understand

the growth mechanisms involved in the formation of ZnTe

thin films and how a growth parameter such as annealing

temperature affects their overall properties. The novelty of

the present study is to investigate the structural, morpho-

logical, optoelectronic and electrical properties of ZnTe

thin film and to comprehend the optical behaviors for its

utilisation as optically active material in various opto-

electronic devices.

In this study, ZnTe thin film has been deposited onto a

cleaned glass substrate by vacuum evaporation and

annealed at various temperatures in vacuum for 1 h. The

deposited film has been characterised by using X-ray

diffraction (XRD), and atomic force microscope (AFM).

Structural, morphological, optoelectronic and electrical

properties of the deposited ZnTe thin film have been

investigated.

2. Experimental details

2.1 Sample preparation

Zinc telluride thin film has been deposited on to a well-

cleaned glass substrate with the help of a high vacuum

coating unit (Edwards, UK, and Model E306A) under

vacuum of 10-5 Torr, as shown in figure 1. Pure (99.99%)

ZnTe was used as the source material. The material was

placed into a thin tantalum boat used as a source heater.

The boat was heated indirectly by passing current through

the electrodes.

The glass slide was cleaned with an ultrasonic cleaner

and distilled water. The distance between the source and

substrate was maintained at 14.5 cm. The substrate tem-

perature was constant at 373 K. The substrate was heated

by a spiral resistance heater and the temperature was

measured by a chromel–alumel thermocouple placed in the

middle of the substrate. Deposition of the film on the

substrate was controlled by using a source shutter. When all

the parameters (vacuum, rate of deposition, deposition

temperature, etc.) were optimised, the source shutter was

displaced and film deposited on the substrate. As the as-

deposited samples have a high order of resistivity, it is

essential to anneal the sample. The annealing temperature

must be maintained higher than the evaporation tempera-

ture in order to create homogeneous films. Hence, the

sample was annealed in vacuum for 1 h at different tem-

peratures of 423 K, 473 K, 523 K and 573 K. In order to

avoid contamination and oxidation, the film was allowed to

cool down inside the vacuum chamber at room temperature.

The thickness of the deposited thin film was estimated as

400 nm.

2.2 Structural characterisation

Several methods are available to characterise the structure

of semiconductor thin films. X-ray diffraction (XRD),

atomic force microscope (AFM), scanning electron micro-

scope (SEM), transmission electron microscope (TEM) and

scanning electron microscope (STM) are some of the

Figure 1. Preparation of ZnTe thin film. Sample using high

vacuum coating unit (Edwards, U.K., and Model E306A).
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widely used methods for structural characterisation

[19–22]. XRD studies confirm the compound formation and

unit cell parameters, crystallite site [14] etc.

In this present study, the polycrystalline and cubic

structure of the sample has been confirmed by XRD. The

effect of annealing temperature on the structure of these

films is clearly seen from the XRD data. X-ray diffraction

measurements have been taken using Philips Pan Analytic

X’Pert Pro X-ray diffractometer having CuKa as a radia-

tion source of wavelength k = 1.5406 Å with 2h = 20�–

70� at the scan speed 0.5�/min for the determination of the

structure of the films. The data has been analysed using

Powder X program.

AFM measurements were carried out using a scanning

probe microscope (using TT-AFM, AFM Workshop, USA)

in contact mode. Rectangular cantilevers of silicon nitride

(length 200 mm and width 40 mm) having a force constant

of 3 N/m were employed for the measurement. Optical

properties of the ZnTe thin films were observed out using a

UV-VIS-NIR spectrophotometer (Shimadzu, UV-3100PC,

Japan). Electrical properties of the prepared samples were

measured using four probe methods. All the characteristics

were measured at room temperature.

3. Results and discussion

3.1 Structural properties

The present work focuses on the influence of annealing

temperature on structural, electrical and optical properties

of ZnTe thin films. Figure 2 shows the XRD patterns of

vacuum-evaporated ZnTe thin film annealed at (a) 423 K,

(b) 473 K, (c) 523 K and (d) 573 K respectively. It was

found that the diffraction peaks at 2h angles of 23.87�,
25.47�, 42.79� and 46.62� correspond to (1 1 1), (2 0 0),

(2 2 0) and (3 1 1) planes of the cubic structure of the

ZnTe. It is evident from figure 2 that the intensity of (1 1

1), (2 0 0), (2 2 0) and (3 1 1) reflection increases with the

increase in annealing temperature and becomes sharper on

reducing the peak width. It is also observed that the XRD

pattern of ZnTe film annealed at 573 K (figure 2d) is

polycrystalline in nature, having cubic crystal structure,

preferred orientation along (1 1 1) together with other

planes (2 0 0), (2 2 0) and (3 1 1). The peak intensity is

found to increase with the increase in annealing temper-

ature, which may be due to the enhancement of clusters,

rearrangement of atoms and removal of residual stresses/

defects formed during the film deposition [23]. Literature

report showed that substrate temperature also has an effect

on the evaporated thin film; the peak intensity, the number

of peaks and the grain size were found to increase with

the increase in substrate temperature [24]. Surface mor-

phology of the film is sensitive to annealing temperature;

hence, increment of annealing temperature generates

microscale surface roughness and the amount of aggre-

gations on the films also increased.

Different diffraction peaks were identified and the cor-

responding values of inter-planar spacing, dhkl ((hkl) are

Millers indices), were calculated from the Bragg equation:

nk ¼ 2dhkl sin h: ð1Þ

The lattice parameter, ‘a’ for ZnTe cubic phase structure

was determined using the relation:

a ¼ dhkl �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

: ð2Þ

The number of crystallites per unit area is determined by

using the relation given as follow:

N ¼ t

D3
: ð3Þ

The crystallite size is determined from XRD data using

the Scherrer formula:

D ¼ kk
b cos h

ð4Þ

where k is the constant, b is full-width at half-maximum

(FWHM) in radians, k is the wavelength of X-ray used, h is

the Bragg angle. The crystallite size can be increased by

increasing the film thickness, so the crystal defects (stack-

ing fault), internal microstrain and dislocation density will

be decreased in the lattice [25, 26]. The strain is related to

the geometric measure of lattice deformation, which in turn

depends on the deposition conditions. Dislocation is an

irregularity in a crystal structure associated with the lattice,

which in turn depends on the growth mechanisms. The

microstrain (e) and the dislocation density (q) of the film

were estimated using Eqs. 5 and 6, respectively.

e ¼ b cos h
4

: ð5Þ
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Figure 2. X-ray diffraction patterns for ZnTe thin film annealed

at (a) 423 K, (b) 473 K, (c) 523 K, and (d) 573 K respectively.
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q ¼ 1

D2
: ð6Þ

The crystallite size (D), strain (e), dislocation density (q)
and lattice spacing (dhkl), lattice parameter (a) were esti-

mated and are presented in table 1.

3.2 Ordering parameter measurement

In order to achieve better crystallinity and good environ-

mental stability, high atomic order parameter is crucial for

the investigation of thin films [27, 28]. The order parameter

for a bulk material is calculated by measuring the X-ray

integrated intensity ratio of a super lattice peak to a fun-

damental peak. Comparing this ratio to a theoretical value,

order parameter can be calculated for a fully ordered

sample, which can be expressed as

S ¼
Is � I�f
If � I�s

� �

1
2

ð7Þ

where S is the atomic order parameter whose value is

between 0 (disorder) and 1 (fully ordered), the subscript s

refers to the super lattice peak and the subscript f refers to

the fundamental peak. I�f and I�s are the theoretically cal-

culated peak intensities obtained for a fully ordered speci-

men, and If and Is are the integrated peak intensities

obtained from the experimental results for a sample whose

order parameter is to be measured.

The theoretical relative integrated intensity from an XRD

is usually expressed as

I ¼ Fj j2p 1þ cos2 2h

sin2 h cos h

� �

ð8Þ

where I is the relative integrated intensity (arbitrary units),

F is the atomic structure factor, p is the multiplicity factor,

and h is the Bragg angle. The trigonometric terms in the

parentheses are Lorentz polarisation factor. The intensity

calculation is carried out in table 2, where fTe and fZn are

the atomic scattering factor [29] of tellurium and zinc,

respectively. The order parameter can be obtained by

measuring the X-ray integrated intensity ratio of the super

lattice peak (1 1 1) and the fundamental peak (2 0 0). By

comparing it to the theoretical value for a fully ordered

sample, the order parameter of the ZnTe thin film has been

obtained as 0.83.

3.3 Surface morphology

Atomic force microscope is used to check the surface

morphology of the thin film. The surface roughness of the

film can be measured by AFM, which is a measure of the

texture of the film. Figure 3 shows the AFM images of

ZnTe thin film annealed in vacuum at (a) 423 K, (b) 473 K,

(c) 523 K and (d) 573 K, respectively, for 1 h. It is evident

from figure 3 that the films are smooth and continuous.

AFM images also revealed that the crystallinity of the film

increases with increase in annealing temperature. These

results are in good agreement with those resulting from

XRD patterns (figure 2). The surface roughness estimated

from the AFM images of the evaporated ZnTe films

annealed at 423 K, 473 K, 523 K and 573 K was 1.11 nm,

2.27 nm, 2.81 nm and 3.08 nm respectively, indicating that

roughness increases with increase in annealing temperature.

3.4 Optoelectronic properties

The optical properties of group II–VI semiconductor

materials can be tuned by changing their structure or

Table 1. Structural parameters of vacuum deposited zinc telluride thin film.

Thickness of

the film (t) in

(nm)

Crystallite

size (D) in

(nm)

Number of

crystallites (m-2)

Strain (e) in
lines-m2

Dislocation density (q)
lines/min2

Lattice spacing

(d) in Å

Lattice parameter

(a) in Å

400 33.045 1.14 9 1016 1.18 9 10-3 9.16 9 1014 2.82008 6.4689

Table 2. Intensity calculation of zinc telluride thin film.

Line hkl sin h h
(sin h /k)
(A-1) fTe fZn |F|2 P 1þcos2 2h

sin2 h cos h

� �

Relative integrated intensity

Theoretical

value

Experimental

value

Observa-

tion

1 111 0.206 11.93 0.134 45.78 25.48 43920 8 43.88475 15.419 9 106 15.13 Strong

2 200 0.220 12.73 0.143 45.14 25.04 6464 6 38.29313 1.4852 9 106 2.1 Strong

3 220 0.364 21.39 0.236 38.94 20.88 57254 12 12.41701 8.5312 9 106 2.7 Weak

4 311 0.395 23.31 0.256 37.76 20.12 29290 24 10.23446 7.1944 9 106 5.0 Strong
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composition. When two materials with different band

structures meet, there will be an offset in the valence and

conduction bands. This can significantly change the optical

and electronic properties of the material, and allows further

tailoring for the fabrication of devices. Figure 4 shows the

optical transmittance spectrum of ZnTe thin film annealed

at 573 K. The optical transmittance spectrum of this film

was obtained from the UV-VIS-NIR spectrophotometer at

room temperature in the wavelength range of

370–2500 nm. It is also found from figure 4 that the

maximum transmittance of about 87.73% is obtained at a

wavelength of 520 nm that can be attributed to the

improvement in geometry and homogeneity of the film. The

emergence of interference fringe in the transmission spec-

trum confirmed the excellent quality and homogeneity of

ZnTe thin film. The transmittance of the film depends on

the film thickness; the lower the thickness of the film, the

higher the transmittance of the film and vice versa [30].

By applying the Swanepoel model [31], the optical

parameters such as energy band gap and refractive index

can be determined from the transmission spectrum. The

optical thickness d was obtained from the following

relation:

d ¼ kmax � kmin

4nðkmax � kminÞ
ð9Þ

where n is the refractive index, kmax is the maximum and

kmin is the minimum wavelength.

Figure 3. AFM images of vacuum evaporated ZnTe thin film annealed at (a) 423 K, (b) 473 K, (c) 523 K, and (d) 573 K respectively.
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Figure 4. Optical transmission spectrum of ZnTe thin film

annealed at 573 K.
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The refractive index n was obtained by using the relation

n ¼
N þ ðN2 � 4s2Þ

1
2

h i

2
ð10Þ

where

N ¼ 1þ s2 þ 4s
Tmax � Tmin

Tmax � Tmin

� �

ð11Þ

and s is the refractive index of glass, Tmax is the maximum

and Tmin is the minimum transmittance. The refractive

index of the film was calculated as 2.66 from the interfer-

ence fringe of the transmittance spectrum. A porous film

has a lower refractive index because air trapped in the pores

of the film can effectively lower the refractive index. Post-

deposition annealing eliminates the pores of the films,

which considerably increases the refractive index, hence,

enhances the crystallinity and density of the film.

The energy band gap for direct band-to-band transmis-

sion can be calculated by using Eq. (11) is given as follows:

aht ¼ Aðht� EgÞ
1
2 ð12Þ

where A is a constant, ht is the incident photon energy, and

Eg is the energy band gap of the material. Therefore, a plot

of (aht)2 against (ht) is expected to yield a straight line

whose intercept with the energy axis measures the band gap

energy as shown in figure 5. Using figure 5, an optical

energy gap (Eg) of 2.67 eV was obtained from the vacuum-

evaporated ZnTe thin film. This value is in good agreement

with the value reported in literature (2.62–3.24 eV) for

vacuum-evaporated films [15]. The absorption coefficient

(a) was estimated using the following relation [30]:

a ¼ 4pkk
k

ð13Þ

where kk is the extinction coefficient, which is calculated

from the following relation:

kk ¼
lnð1=TÞk

4pd
ð14Þ

where T is the transmittance, d is the film thickness and k is

the incident photon wavelength. The absorption coefficient

and the extinction coefficient are plotted against the

wavelength (k) and the photon energy (ht). The absorption
coefficient (a) and extinction coefficient (k) are depicted in

figures 6 and 7, respectively. It has been observed from

figure 6 that at the photon energy of 2.5 eV there is a sharp

increase in absorption coefficient near the band-gap region.

Compounds with higher absorption coefficients absorb

photons more readily, which enhanced the excitation of

electrons into the conduction band. The absorption coeffi-

cients of materials help the engineers in determining which

material is suitable for their solar cell designs. From fig-

ure 7, it is evident that the extinction coefficient of ZnTe

thin film sharply increased from visible to near-infrared

region, which justifies the possibility of using this film as

window layers in heterojunction thin-film-based solar cells.

Figure 8 shows the room temperature optical absorption

spectrum of ZnTe thin film in the wavelength range of

400–600 nm. Figure 8 shows that a strong absorption peak
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Figure 5. Determination of band gap energy from (aht)2 versus
(ht) plot for ZnTe thin film annealed at 573 K.
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appears in the UV region at a wavelength of 320 nm. The

absorption of photons creates both majority and minority

carriers. The basis of the photovoltaic fabricated energy is

the generation of charge carriers by photons. The higher

the peak, the more ZnTe there is per unit sample of the

film.

The optical density, which is a measure of the trans-

mittance of an optical medium for a given wavelength, was

calculated from transmittance data using the following

relation [32]:

OD ¼ log10
1

T
: ð15Þ

Note that when the optical density of a medium is high,

then the transmittance of that medium is low, and vice

versa. Optical density is related to the refractive index

(n) of a material; a higher value of refractive index means

higher optical density. Figure 9 shows the optical density of

ZnTe thin film with respect to the wavelength. It is apparent

from this figure that the optical density is higher at a lower

wavelength and it rapidly decreased with increase in

wavelength.

3.5 Electrical properties

In order to understand the electrical properties of the vac-

uum-evaporated ZnTe thin film, it is essential to know the

resistivity and conductivity of the prepared film. Figure 10

shows the temperature-dependence of electrical resistivity

of the ZnTe thin film. It is well known that low resistivity is

favorable for ohmic contact. It is evident from figure 10

that the resistivity is decreasing with increase in tempera-

ture, which is the characteristic property of semiconductors

(the increase in the number of free electron is associated

with the electrical conductivity in semiconductor materi-

als). Hence, at a low temperature range (300–500 K), the

temperature dependence of mobility would generally be

small in comparison with that of the hole density. There-

fore, temperature dependence of conductivity can be

approximated by that of the hole density, p; i.e.,

p ? exp(DE/kT). The result obtained in this way is in good

agreement with the previously reported literature value

[33]. Since mobility and conductivity are directly related

and conductivity and resistivity are inversely related, hence,

with the increase in carrier mobility, resistivity decreases or

conductivity increases [34]. The plot of the lnr versus

1000/T for ZnTe thin film is shown in figure 11. It is
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observed from this figure that the conductivity changes

rapidly with temperature. This result indicates that the

conduction mechanism observed here is due to thermally

assisted tunneling of charge carriers in the localised states

in band tails. The result obtained for ZnTe thin film is in

good agreement with the previously reported literature

value [24].

Finally, we have compared the properties of our vacuum-

evaporated ZnTe thin film with previously reported results.

Pattar et al [35] studied the structural, optical and electrical

properties of vacuum-evaporated indium-doped ZnTe thin

films. They observed that doped films were found to exhibit

two diffraction peaks associated with (1 1 1) and (2 2 0), of

which the intensity of (1 1 1) orientation is predominant.

They revealed that there is a slight decrease in absorbance for

the doped films due to the incorporation of indium atoms into

the film. However, the optical band gap of doped films

decreased with the increase in doping concentrations, which

is the main purpose of doping. As compared with this result,

we have obtained four diffraction peaks with improved

intensity for undoped ZnTe thin film with crystallite size of

33.045 nm, micro strain (e) of 1.18 9 10-3 (lin-2 m-4) and

dislocation density (q) of 9.16 9 1014 (lin/min2) with opti-

mum band gap. Jeetendra [36] and co-workers have studied

the concentration-dependent optical and structural properties

of molybdenum (Mo)-doped ZnTe thin films prepared by

e-beam evaporationmethod. They showed that the crystallite

size decreased up to 14.579 nm with increase in doping

concentration, and the strain and dislocation density

increased continuously up to 2.482 (lin-2 m-4) and

4.704 9 1015 (lin/m2), respectively, for 25 wt% of

ZnTe:Mo, with decrease in optical energy band gap. They

also found that the optical transmittancewas decreasedwith a

range of 14–8% in the wavelength range of 700 nm to

900 nm, with increase in doping concentration from 5 wt%

to 25 wt%. In the present study, we have obtained the max-

imum transmittance of about 87.73% at the wavelength of

520 nm and comparatively better result achieved in the

wavelength range of 1000 nm to 2500 nm for undoped ZnTe

thin film. John et al [37] also studied copper-doped ZnTe thin

films and showed that the XRD studies have not revealed any

change in the film structure of the as-deposited and copper

(Cu)-doped samples. They have noticed that the transmission

is reduced due to doping of Cu in ZnTe films. But, in our

present study, a maximum optical transmittance of about

87.73%, a refractive index of 2.66 and the crystallite size of

32.045 nm were obtained for undoped ZnTe thin film.

4. Conclusions

ZnTe thin film was deposited on glass substrate by thermal

vacuum evaporation (TVE) technique. XRD studies

revealed that the sample is polycrystalline with cubic

structure. Order parameter, crystallite size, microstrain,

dislocation density, lattice parameter and lattice spacing

were calculated from the XRD data. Morphological inves-

tigation of the film was carried out using AFM, which gives

the surface roughness of the film. The XRD results also

support the AFM investigation. The optical study indicated

a band-to-band transition with a band gap of 2.63 eV.

Transmittance, optical thickness, refractive index, extinc-

tion coefficient and absorption coefficient have also been

investigated here. The electrical properties have been

studied in the temperature range of 300–500 K, where

conduction is due to thermally assisted tunneling of the

charge carriers and confirmed the semiconducting nature of

the film. Different characteristics studies of ZnTe per-

formed in this paper revealed the motivation for further

studies in the field of solar energy-to-electricity conversion.
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