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Abstract
Zinc Telluride (ZnTe) has become a very fascinating research material for the scientists over past many years. This p type

semiconducting material has a wide band gap, which makes it useful in many optoelectronic applications such as solar

cells, light emitting diodes, laser screens etc. With the desire for eco-friendly alternative energy resources, it excites to

investigate potential semiconducting materials at nano scale for solar cell applications. Due to direct, wide and controllable

optical band gap of ZnTe with easy doping makes it a potential material for photoelectrochemical applications. In the

present work, an attempt has been made to compile the work done by various researchers on optical properties (band gap,

refractive index and absorption/transmission spectra, etc.), structural properties (crystallite/grain size, lattice constant and

Zn:Te, etc.) and electrical properties (resistivity, activation energy, carrier concentration and hall mobility, etc.) of ZnTe

thin films with main emphasis on the effect of deposition techniques, doping and annealing on these properties. Most of the

thin films reported in literature shown polycrystalline cubic structure. It is found that annealed ZnTe thin films show

enhanced optical, structural and electrical properties at different annealing temperatures. Doping methods used by various

researchers have been discussed in detail and results show good doping impact on these properties as well.
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Introduction

Elements from group II (metals) and group VI (chalcogens)

of the periodic table forms the compound with semicon-

ducting nature. Such semiconducting materials have

attracted substantial attention in both fundamental research

and technological applications (Mahmood et al. 2011;

Singh et al. 2018a; Kshirsagar et al. 2013; Akkad and

Abdulraheem 2013; Tanaka et al. 2018; Sharma et al. 2018;

Sharma et al. 2017a). Amidst these compounds, Group IIB

and group VI compounds such as ZnO, ZnS, ZnSe, ZnTe,

CdO, CdS, CdSe, and CdTe are widely used in solar cells,

semiconductor lasers, light emitting diodes, visible light

photodetectors, nonlinear optical materials, magneto-

optical devices, radiation detectors and other optoelec-

tronic applications (Contreras et al. 1999; Wu et al. 2001;

Ramanathan et al. 2003; Schrier et al. 2007; Gangopadhyay

et al. 2004; Shen et al. 2008; Jiao et al. 2006; Liu et al.

2006; Ruda 1992).

Chalcogenides form four elongated electron clouds

around each atom. With hybridization of the s-and p-or-

bitals, the electron clouds have sp3 configuration (Abriko-

sov et al. 1969). It makes the crystal lattice where atoms

are tetrahedrally coordinated in such a way that every atom

is symmetrically encircled by four nearest neighbor atoms

of the other element. Hence, chalcogenides have cubic and

hexagonal crystal structures (Ignatowicz and Kobendza

1981).

ZnTe is one of the most prominent materials among

these wide-gap semiconductor compounds. It has potential

to be used for preparing heterostructures with quantum-

dimensional properties (Singh et al. 2018b). As it is

transparent to photons of energy below 2.26 eV, which

makes it nominee for a back contact of ZnTe based solar

cells. ZnTe is used as an intermediate layer between
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metallic back contact and CdTe absorber to improve the

performance of CdTe thin films solar cells (Singh et al.

2018c). Due to the optimum direct band gap energy of

2.26 eV, ZnTe is chosen for light emitting diode (LED)

applications (Tanaka et al. 2010; Millerd et al. 1996; Fang

et al. 2009; Mochizuki et al. 1995; Sato and Katayama-

Yoshida 2001; Smith et al. 1995). Furthermore, the band

gap of ZnTe can be tuned in the visible region of electro-

magnetic spectrum (1.8–3.1 eV) which makes it a potential

candidate in optoelectronic applications. Besides these

properties, its additional advantages include potentially low

cost, environmental stablity and easily manufacturable

(Kashyout et al. 1997; Nishio et al. 2001).

At the early stages, studies reflect that thin films possess

significantly different properties as compare to same

material in bulk form. Improvement in controlling the

properties of the thin films in next years, revolutionized the

use of thin films in electronic, opto-electronic and other

devices. Scientists had explored compound semiconduc-

tor’s thin films from more than 40 years. The potential of

thin films of these semiconducting materials in high-per-

formance electronic devices has been explored in terms of

photovoltaic solar cells, non-linear optical detectors and

laser screen materials (Bhargava 1997; Tamargo 2002;

Sidorov et al. 2000; Mirov et al. 2007; Gessert et al. 1997).

The size dependent properties were related with mechani-

cal, optical, electrical, electronic and optoelectronic

applications (Chandhuri and Pal 2001). The ZnTe nanos-

tructured thin films with tunable optical band gap are of

great interest for its use as window layer in the fabrication

of solar cells (Ibrahim et al. 2004).

In the present article, an attempt has been made to

compare the properties of ZnTe thin films synthesized by

using different techniques. In particular, the effect of

deposition techniques, annealing temperature and doping

on the structural, optical and electrical properties of ZnTe

thin films are reviewed, described in detail and tabulated.

Furthermore, the importance of ZnTe thin films in various

applications and its future scope are provided.

ZnTe deposition techniques

There are various methods used to synthesize ZnTe thin

films. These methods are mainly classified in two cate-

gories viz. physical and chemical deposition techniques.

Physical deposition technique includes thermal evapora-

tion, e-beam evaporation, closed space sublimation and

pulsed laser deposition technique, etc. Chemical deposition

technique comprises electrodeposition, brush plating and

spin coating techniques, etc. These techniques have been

discussed briefly in the following sub-sections.

Physical deposition techniques

Physical deposition techniques use mechanical, elec-

tromechanical or thermodynamic means to deposit a thin

film from solid form. High quality films can be deposited

using one of the techniques in high vacuum deposition

conditions (Beke 2011). Various physical deposition tech-

niques are as follows:

Thermal evaporation technique

Most of the authors have adopted thermal evaporation

technique for ZnTe thin film deposition (Ibrahim et al.

2004; Ibrahim 2006; Hsu et al. 2013; Hussain et al. 2018;

Yoshino et al. 2002; Kalita et al. 1999). In this technique,

resistive heating melts the material to be deposited and

raise vapors of depositing material towards substrate in a

high vacuum chamber (& 10-3–10-5 Pa). It is a simple,

low-cost, scalable and reproducible technique to deposit

thin films of excellent purity over large substrate area.

Physical properties like deposition rate, temperature and

thickness can be controlled (Ibrahim et al. 2004). Thin film

depositions at vacuum ranging from typical 3 9 10-2–

10-5 Pa have been reported. Deposition rates of 0.5 to

3–5 nm/s have been reported (Ibrahim 2006; Bacaksiz

et al. 2009; Rao et al. 2009; Jeetendra et al. 2014; Raju

et al. 1992). It has been observed that ZnTe thin films of

various thickness viz. 85 nm (Hsu et al. 2013), 300 nm

(Ibrahim 2006; Yoshino et al. 2002; Jeetendra et al. 2014),

300–600 nm (Ibrahim et al. 2004), 300–900 nm (Rao et al.

2009) and & 2000 nm (Raju et al. 1992) can be deposited

using thermal evaporation technique. It can be observed

from Table 1 that this technique can be applied at below

and above room temperature under different vacuum con-

ditions. Thickness of the film can also be controlled by

controlling the rate of deposition.

e-beam evaporation technique

In this technique, target is bombarded with an electron

beam under high vacuum conditions. The impact of the

e-beam helps in transforming atoms from the target into the

gaseous phase. Then these atoms precipitate into a thin film

form. Similar to thermal evaporation technique, this tech-

nique is also requiring high vacuum conditions. It is

reported that ZnTe thin films are deposited at vacuum

pressure of * 10-5 Pa–10-4 Pa. Deposition rate can also

be controlled, reported values are 0.1, 2.05 and 8 nm/s

(Salem et al. 2008; Hossain et al. 2008; Mahmood et al.

2015). It has been observed that ZnTe thin films of various

thicknesses can be prepared using this technique viz.
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150 nm (Hossain et al. 2008) and 564–880 nm (Salem

et al. 2008).

Closed space sublimation (CSS) technique

In CSS technique, depositing material is evaporated and

vapor species move and condense onto a substrate surface

closely located above source. This technique is a fast, low

cost and utilizes the depositing material more efficiently,

due to small distance between source and the substrate.

But, thickness control is poor due to very fast rate of atoms

impinging on substrate. Various researchers (Mahmood

and Shah 2014; Aqili et al. 2012; Potlog et al. 2012; Farooq

et al. 2014) utilized CSS technique for deposition of ZnTe

thin films. It has been observed that ZnTe thin films with

500 nm thickness are deposited by CSS technique (Aqili

et al. 2012; Potlog et al. 2012).

Pulsed laser deposition (PLD) technique

PLD is a physical vapor deposition (PVD) technique

which is based on ablation process. A pulsed laser beam is

focused with an energy density (Ed) on target of depositing

material. The reported values for Ed are 0.78 J/cm2 (Lastra

et al. 2014), 0.82 J/cm2 (Erlacher et al. 2005) and 0.8 J/cm2

(Lee et al. 2015). The material get vaporized and converted

into plasma. This plasma plume deposits on substrate as a

thin film. The whole process is performed in high vacuum

conditions or in the presence of background gas. It is a

simple and versatile technique therefore; many researchers

have applied this technique for film formation. Various

types of lasers such as excimer laser (Lastra et al. 2014)

and Nd: YAG (Erlacher et al. 2005; Lee et al. 2015) has

been employed by researchers at different wavelengths

ranging from 248 to 1064 nm. ZnTe thin films of various

thicknesses are reported, using PLD technique viz.

83 ± 7 nm (Lastra et al. 2014), 250 nm (Lee et al. 2015)

and 2300 ± 300–2800 ± 400 nm (Erlacher et al. 2005).

Molecular beam epitaxy (MBE)

In this technique, monolayer is deposited on substrate at a

time. In compound deposition, firstly one of the elements is

deposited (by repeatedly applying a layer) and then a layer

of the other element is deposited. The beam of material can

be originated by either chemical reaction (chemical beam

epitaxy) or any physical means. It is a slow and laborious

technique and the equipment used is complex and very

expensive. Binary and quasi-quarternary thin films are

reported by MBE technique (Franta et al. 2004; Nakasu

et al. 2015; Ueta and Hommel 2002; Chang et al. 2002).

Franta et al. (2004) deposited binary thin films on (100)

GaAs single crystal substrates, with substrate temperature

maintained at 300 �C. The thickness of these thin films is

reported in the range 10–799 nm. Nakasu et al. (2015) also

deposited binary ZnTe thin films (thickness = 3.5 nm) on

a-plane sapphire substrates. Elemental Zn and Te are

source materials with 99.9999% purity. The substrate

temperature was maintained at 340 �C. The film thickness

and growth rate were kept constant at 1 lm and 0.5 lm/h

respectively. Ueta and Hommel (2002) have grown

ZnMgSeTe quasi-quaternary and ZnCdSeTe layers on

(001) ZnTe substrates. The growth temperature was set at

330 �C. Chang et al. (2002) have grown Zn0.8Mg0.2Se0.12-
Te0.88 layers on p-type ZnTe (001) substrates with

260–330 �C substrate temperature range.

Sputtering technique

In sputtering technique, particles are ejected from a solid

target material with bombardment by energetic particles

such as gas ions. Sputtered species have typical energies

depending on the nature of the target, their atomic mass,

and the type and energy of the bombarding ions/particles

(Beke 2011). It is an economical, widely used and low

temperature deposition technique and would be potentially

suitable for large area flat panel displays (Zhang et al.

2013). It is observed that amorphous thin films with

thickness varying from 128 to 477 nm corresponding to

growth time variation from 5 min to 30 min are reported

(Zhang et al. 2013). Also, crystalline thin films, having

thickness in the range 255–1650 nm (depending upon the

r.f. power varying from 50 to 300 W) are deposited using

sputtering technique (Bellakhder et al. 2001).

Chemical deposition techniques

In chemical deposition technique, thin film is grown when

fluid precursor go through a chemical change at substrate

surface. As the precursor encompasses the solid surface,

the deposition happens on each part, with minimal regard

to direction. The films on large area can deposited with

economical cost. Various chemical deposition techniques

are as follows:

Brush plating technique

Brush plating technique uses a hand held portable tool for

deposition of thin films. It is also known as contact plating,

selective plating or swab plating. Plating is applied by

means of a swab or brush, soaked with solution and con-

nected to a flexible anode cable (Mohan and Venkataci-

ialam 1998). This technique has been applied using

aqueous solution of 0.5 M ZnSO4 and 50 mM TeO2 as

precursor solutions to prepare ZnTe film of thickness

1.5–2.5 lm (Murali et al. 2006).
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Table 1 Different parameters of ZnTe thin films deposited by various methods

S.

no.

Deposition

pressure

(Pa)

Substrate

temperature

(�C)

Optical

bandgap

(eV)

Structural and

morphological

parameters

Electrical parameters Remarks

e = relative permittivity

l = mobility (cm2 V-1 s-1)

Rd/Ri = ratio resistance in

dark to resistance in

illumination

References

Crystallite/grain

size, D (nm)

Resistivity,

q (X cm)

Activation

Energy,

Ea

(eV)

Thermal evaporation technique

1 3 9 10-2 - 123

27

2.13

2.16

46

52

32

1.0 9 104
–

–

Cubic Bacaksiz

et al.

(2009)

2 10-5 27

100

200

280

–

–

–

–

37.9

43.3

50.3

55.2

1538

709

310

287

–

–

–

–

l = 12.8

l = 21.22

l = 36.92

l = 37.62

Rao et al.

(2009)

3 6.6 9 10-3 30

100

200

250

300

2.10

2.15

2.20

2.26

2.28

10.5

30.5

36.0

41.0

46.0

–

–

–

–

–

0.05

0.07

0.09

0.04

0.11

Cubic, average lattice

constant = 0.6114 nm, refractive

index = 2.50–2.65

Raju et al.

(1992)

4 10-3 Room

temperature

– 50–80 2.5 9 104–

1.7 9 107
– Cubic, ohmic and SLSC conduction Ibrahim et al.

(2004)

5 1.3 9 10-3 27

100

200

280

–

–

–

2.26

37.9

43.3

50.3

55.2

1538

709

310

287

–

–

–

–

l = 12.8, Rd/Ri = 3.73

l = 21.2, Rd/Ri = 5.23

l = 36.9, Rd/Ri = 15.33

l = 37.6, Rd/Ri = 21.11

Rao et al.

(2010a)

S.

no.

Deposition

pressure (Pa)

Deposition

rate (nm/s)

Optical parameters Structural and

morphological

parameters

Remarks References

Band gap, Eg (eV) and

refractive index, n

Particle size, D

(nm)

e- beam evaporation technique

1 8 9 10-5 8 Eg = 2.265

n = 2.548

26.1 Cubic

Strain, n = 8.6 9 10-3 Lin-2 m-4

Salem et al.

(2008)

2 8 9 10-4 2.05 – – Amorphous, p type with Activation

energy = 0.484–1.035 eV

Hossain et al.

(2008)

3 1.3 9 10-4 0.1 2.24 – Cubic, Raman peaks at 203–607 cm-1 Mahmood

et al. (2015)

S.

no.

Deposition

pressure

(Pa)

Substrate

temperature

(�C)

Source

temperature

(�C)

Optical parameters Structural and

morphological

parameters

Electrical

parameters

Remarks References

Band gap,

Eg (eV)

Refractive

index, n

Grain size, D

(nm)

Resistivity,

q (X cm)

Closed space sublimation technique

1 10-2 350 450 2.23 – 420 1.01 9 106 Cubic, Raman peak at

314 cm-1, no void or

pinholes

Mahmood

and Shah

(2014)

2 1 400 600 2.24 2.71 300 4.5 9 106 Cubic, Surface

roughness = 16–18 nm,

Activation

Energy = 0.63 eV

Aqili et al.

(2012)

3 – 420 590 2.259–2.256 – – – Cubic, no cracks or

pinholes

Potlog et al.

(2012)

4 1 450 500 2.23 2.27 – 2.91 9 108 Cubic, less porosity, p

type, positive hall

coefficient

Farooq et al.

(2014)
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Electrodeposition technique

Electrochemical deposition is one of the suitable tech-

niques to deposit continuous and semiconducting thin

films. This technique has many advantages such as low

temperature processing, control of film thickness and

morphology, economical etc. (Mahalingam et al. 2002a).

It has been observed that ZnTe thin films with thickness

(0.1–0.7 lm) are reported (Mahalingam et al. 2002a).

This technique requires less starting capital investment

and provides great production rates with few limitations

of shape and size. Mahalingam et al. (Mahalingam et al.

2012) used electrodeposition technique for thin film

deposition.

Other techniques

Some other techniques such as, Successive ionic layer

adsorption and reaction method (SILAR) (Kale et al.

2007), Chemical Vapor Deposition (CVD) (Baghchesara

et al. 2015), Metal–Organic Chemical Vapor Deposition

(MOCVD) (Shan et al. 2002), Metalorganic vapour phase

epitaxy (MOVPE) (Nishio et al. 1999) and Spray Pyrolysis

(De Merchant and Cocivera 1996) were also reported for

depositing ZnTe thin films.

Characterization techniques of ZnTe

The bulk and thin films are characterized for crystallinity,

size, structure and other properties so as to investigate its

utilization in various applications. In this section, various

Table 1 continued

S. no. Deposition pressure

(Pa)
Wavelength (nm) Optical band gap, Eg (eV) Remarks References

Pulsed laser deposition technique

1 1.3 9 10-7 248 – Cubic, Sheet resistance = 2.52 9 1010 X/sq

Resistivity = 2.26 9 105 X cm

Lastra et al. (2014)

2 \ 10-4 532

1064

1.25

1.32

Amorphous

Cubic, crystalline

Erlacher et al. (2005)

3 1.3 9 10-4 266 – Cubic, Raman peaks at 210–614 cm-1, Semi insulating resistivity Lee et al. (2015)

S.

no.

Deposition

pressure

(Pa)

Sputtering

gas

Optical parameters Structural and

morphological

study

Electrical parameters Remarks References

Band

gap,

Eg

(eV)

Refractive

index, n

Crystallite/grain

size, D (nm)

Resistivity,

q (Xcm)

Activation

Energy,

(eV)

Sputtering technique

1 1.5–1.6 N2 1.70 – 19 1.4 9 104 – Cubic, crystalline Rakhshani

(2013)

2 10-2 Ar 2.26 2.55 213 – 0.48 Cubic, crystalline,

resistance = 0.0872–8.0 9 1011

X

Bellakhder

et al.

(2001)

S.

no.

Technique

name

pH Optical

bandgap

(eV)

Structural and morphological

parameters

Electrical parameters Remarks

Tc = texture

coefficient

References

Grain/crystallite

size, D (nm)

Zn:Te

Chemical deposition techniques

1 Brush plating

technique

2.0 2.30 40.0–100.0 49.5:51.5 Resistivity, q = 103–104 Xcm, Carrier

concentration, p = 1014–1015 cm-3,

Mobility, l = 5–60 cm2 V-1 s-1

Cubic, crystalline, p

type

Murali et al.

(2006)

2 SILAR

technique

10.0 2.75–3.15 – 53:47 – Nanocrystalline, no

pinholes or cracks

Kale et al.

(2007)

3 Electro-

chemical

technique

2.5 2.26 35.5–44.9 50.18:49.82 – Cubic, crystalline,

Tc = 2.12–2.83

Mahalingam

et al. (2012)
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optical and electrical characterization techniques, used to

study ZnTe thin films have been discussed.

Optical characterization

The optical study of thin film provides information regar-

didng optical transmission, absorption and reflection

properties and correlation, if any among these properties to

the optical constants of thin film. Various researchers used

UV–Vis spectroscopy and PL spectroscopy to study optical

properties of ZnTe.

UV–Vis spectroscopy

Absorbance of chalcogenide materials strongly lies in

visible region of electromagnetic spectrum with absorption

coefficient of the order of 104 cm -1. Generally, absorption

co-efficient of semiconductors in pure state drops rapidly in

near or infra-red region and material becomes quite trans-

parent at longer wavelength. Absorption of light can

instigate various kind of transitions. These transitions are

responsible for the shape of absorption peaks in spectra. To

determine the optical band gap (Eg), the absorption coef-

ficient (a) is calculated from transmission curves using

relation (Sharma et al. 2017b):

a ¼ 1

d
ln

1

T

� �
ð1Þ

where, d and T are thickness of film and transmittance

respectively. The band gap and absorption coefficient

relation is given by (Rao et al. 2009):

ahtð Þ
1
r ¼ A ht� Eg

� �
ð2Þ

where, Eg is band gap, r is the index with values 2, 3, 1/2

and 3/2 for allowed indirect transitions, forbidden indirect

transitions, allowed direct transitions and forbidden direct

transitions respectively. A is a constant that depends on the

transition probability. Now, for direct band gap materials

Eq. (2) can be written as,

ðahtÞ2 ¼ Aðht� EgÞ ð3Þ

A typical transmission spectrum for chalcogenide thin films is

shown in Fig. 1. Envelop method is generally applied to find

refractive index (n) using interference minima and maxima

observed at a wavelength from the transmission spectra and

band gap can be estimated from (ahm)2 versus hm plots by

extrapolating straight line portion of curves to hm axis (Ma-

halingam et al. 2012; Singh et al. 2018d).

n ¼ N þ N2 � n2s
� �� �2 ð4Þ

N ¼ n2s þ 1

2
þ 2nsðTmax � TminÞ

TmaxTmin

ð5Þ

where ns is refractive index of substrate, Tmin and Tmax are

the minimum and maximum transmittances of the fringes.

Photoluminescence (PL) spectroscopy

This spectroscopy is a non-destructive and contactless

technique to explore the electronic structure of samples. PL

is used to estimate material quality by finding the defect

levels, deep and shallow impurities in the samples. The

electrons residing in valence band are excited by external

energy source. These electrons emit light enegy with de-

excitation of electrons i.e. electrons coming back from

conduction band to valence band (ground state).

PL Spectroscopy is of two types i.e. intrinsic PL and

extrinsic PL, depending on the nature of electronic transi-

tion producing it. Intrinsic luminescence owes to recom-

bination of an electron and a hole, with absence of any

external incorporated impurities or defects. It has three sub

types: (i) band to band luminescence, (ii) exciton lumi-

nescence and (iii) cross luminescence. Extrinsic lumines-

cence is caused by intentionally incorporated impurities,

mostly metallic impurities or defects. In most of practical

applications, extrinsic luminescence is observed. It has two

types: (i) unlocalized and (ii) localized. In pure samples,

the photon energy with formation of excitons at low tem-

perature is given as (Jayakrishnan 2008).

ht ¼ Eg � Ex ð6Þ

where Ex denotes excitonic binding energy.

Electrical characterization

The electrical characterization of ZnTe thin films includes

measurement of conductivity/resistivity of material. These

measurements are done in dark (dark conductivity) and in

presence of light (photoconductivity) as a function of tem-

perature and intensity of light. In transient photoconductivity,

rise and decay of photocurrent is studied on illumination with

light as a function of time as shown in Fig. 2.

Effects of deposition methods on optical,
structural and electrical properties of ZnTe
thin films

Researchers used various physical and chemical deposition

techniques such as thermal evaporation, e-beam evapora-

tion, closed space sublimation, pulsed laser deposition,

molecular beam epitaxy and electrodeposition technique,

etc. to deposit ZnTe thin films as explained thoroughly in

‘‘ZnTe Deposition Techniques’’ section. Presently the

effects of deposition methods on optical, structural,
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morphological and electrical properties of ZnTe thin films

have been presented in detail.

Thermal evaporation technique

Various parameters of ZnTe thin films, deposited by vari-

ous researchers using thermal evaporation technique are

represented in Table 1. It is well understood that various

properties of ZnTe thin films can be controlled by adjusting

the deposition pressure and substrate temperature. Differ-

ent studies revealed that thermal evaporated thin films

under mostly similar vacuum conditions were polycrys-

talline in nature with cubic zinc blende structure (Ibrahim

et al. 2004; Ibrahim 2006; Hsu et al. 2013; Hussain et al.

2018; Yoshino et al. 2002; Kalita et al. 1999; Bacaksiz

et al. 2009; Rao et al. 2009; Jeetendra et al. 2014; Raju

et al. 1992; Rao et al. 2010a). Direct band gap (Eg) values

were found to be substrate temperature and film thickness

dependent. It was observed that Eg value increases with

increase in substrate temperature (Bacaksiz et al. 2009;

Raju et al. 1992) but Rao et al. (2009) reported that Eg

decreased with increasing substrate temperature due to

improvement in crystallinity and stoichiometry at higher

temperatures (Table 1). Jeetendra et al. (2014) reported

decrease in band gap value with increase in film thickness.

Crystallinity of thin films improved with raising substrate

temperature suggested by increase in grain size (Rao et al.

2009; Raju et al. 1992; Rao et al. 2010a). Electrical study

showed that ZnTe films are p-type (Rao et al. 2009).

Ohmic, SLSC, Schottky and Poole-Frenkle conduction

mechanisms were reported (Ibrahim et al. 2004; Ibrahim

2006; Rao et al. 2009). Mobility, carrier concentration and

conductivity improved with increasing substrate tempera-

ture attributed to improvement in grain size at elevated

temperatures (Table 1) (Rao et al. 2009, 2010). The ratio of

film resistance under dark (Rd) and illumined conditions

(Ri) increased as photoresponse improved with increasing

substrate temperature (Rao et al. 2010a).

e-beam evaporation technique

Salem et al. (2008), Hossain et al. (2008) and Mahmood

et al. (2015) deposited polycrystalline ZnTe thin films

using e-beam evaporation technique. ZnTe thin films were

polycrystalline with cubic structure (Salem et al. 2008;

Mahmood et al. 2015) whereas, Hossain et al. (2008)

obtained amorphous ZnTe films with 150 nm thickness

(Table 1). In this method deposition pressure and deposi-

tion rate are two main controlling parameters. Particle size,

lattice constant, refractive index and activation energy

increased as thickness of film increased whereas band gap

and strain have opposite effect (Raju et al. 1992; Hossain

et al. 2008).

Closed space sublimation technique

Various researchers deposited ZnTe thin films under low to

moderate vacuum conditions (Mahmood and Shah 2014;

Aqili et al. 2012; Farooq et al. 2014). The developed thin

films were polycrystalline in nature with cubic structure

without any cracks or pin holes (Mahmood and Shah 2014;

Aqili et al. 2012; Potlog et al. 2012; Farooq et al. 2014).

Band gap and refractive index values are given in Table 1.

P-type (Farooq et al. 2014) films show electrical resistivity

of the order of 106 Xcm for substrate-source temperature

difference of 100–200 �C (Mahmood and Shah 2014; Aqili

et al. 2012), but high resistivity of order of 108 Xcm was

observed for films developed with substrate-source tem-

perature difference of 50 �C (Farooq et al. 2014). Study

revealed that substrate-source temperature difference play

important role in controlling the properties of thin films.

Pulsed laser deposition technique

Under high vacuum conditions, PLD technique was applied

to develop crystalline, cubic thin film (Lastra et al. 2014;

Lee et al. 2015; Achharya et al. 2007). Lastra et al. (Lastra

et al. 2014) used excimer laser (KrF, k = 248 nm) with

energy density (Ed = 0.78 J/cm2) in 1.3 9 10 -7 Pa vac-

uum to grow crystalline ZnTe thin films. The source and

substrate were separated by 6.5 cm distance with deposi-

tion rate of 0.1 nm/s. Erlacher et al. (Erlacher et al. 2005)

deposited thin films at two different wavelengths i.e. kpld-
= 532 nm and kpld = 1064 nm using Nd: YAG laser. It

was found that films had amorphous dominating portion

which may be due to absence of substrate heat treatment.

Films grown at kpld = 1064 nm showed some crystallinity

with zincblende structure. Lee et al. (Lee et al. 2015)

Fig. 1 Typical transmission spectra of chalcogenide thin film
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deposited ZnTe films on sapphire substrate using Nd: YAG

laser at kpld = 262 nm. The repetition frequency of the

laser was 10 Hz. Films were crystalline cubic in nature.

Target and substrate heater were separated by 7 cm. Sub-

strate was kept at 250 �C.

Molecular beam epitaxy technique

MBE technique was used to deposite crystalline ZnTe thin

films at different substrate temperatures (Table 1). Franta

et al. (2004) deposited ZnTe thin film on GaAs single

crystal substrate. The flux of Zn and Te atoms was moni-

tored by a reference gauge. The beam equivalent pressure

was 1.3–2.6 9 10 -5 and 5.3–21.3 9 10-5 Pa for Zn and

Te respectively. Nakasu et al. (2015) used Zn (6 N pure)

and Te (6 N pure) to deposit on sapphire substrate with

thickness of 3.5 nm at 100 �C. The growth rate and film

thickness was maintained at 0.5 lm/h and 1 lm respec-

tively. Quasi-quarternary films were also reported using

MBE technique (Ueta and Hommel 2002; Chang et al.

2002). 30 nm thick crystalline films were reported depos-

ited at substrate temperature in 300–370 �C range with

Raman peaks observed at 204.5, 411.1 and 614.6 cm-1

(Zhang et al. 2015). The photoluminescence spectra with

emission peaks at 2.121–2.377 eV and crack density in the

range 4.8 9 107–1.3 9 108 cm-3, were measured based

on intensity of Zn and Te beams (Nakasu et al. 2017).

Sputtering technique

Sputtering technique was used under low/moderate vacuum

conditions to coat ZnTe thin films (Späth et al. 2005;

Gessert et al. 1995). Nitrogen and Argon were used as

sputtering gases (Bellakhder et al. 2001; Rakhshani 2013).

Films were crystalline in nature having cubic lattice

structure. Optical band gap and refractive index had values

2.26 and 2.55 eV, respectively for films deposited at r.f.

power equals to 250 W (Bellakhder et al. 2001). Electrical

resistivity, carrier concentration, mobility and activation

energy were also calculated (Table 1) (Bellakhder et al.

2001; Rakhshani 2013). Zhang et al. (Zhang et al. 2013)

deposited amorphous ZnTe thin films with nanocrystalline

embedded using magnetron sputtering. Pulse frequency

was fixed at 40 kHz. The sputtering pressure and current

was maintained at 5 Pa and 1 A, respectively.

Chemical deposition technique

Various chemical deposition techniques such as Brush

plating (Murali et al. 2006), SILAR (Kale et al. 2007) and

electro-chemical (Mahalingam et al. 2012) were reported

for depositing ZnTe thin films with different pH values.

The films had cubic structure. Murali et al. (2006) reported

deposition of p-type films with composition of Zn:Te =

49.5:51.5. 270 nm thick film with composition Zn:Te =

53:47 had shown Eg= 3.15 eV (Kale et al. 2007). All the

observations are given in Table 1.

Different physical and chemical deposition techniques are

discussed. It was observed that maximum optical band gap

value (Eg = 2.28 eV) among various physical deposition

techniques was obtained from Thermal evaporation technique

depending upon its deposition conditions (Raju et al. 1992).

Similarly brush plated technique provides utmost optical band

gap, Eg = 2.30 eV among chemical deposition techniques

(Murali et al. 2006). All techniques provide polycrystalline thin

films with cubic structure. Only thin films prepared by thermal

evaporation technique are incorporated to study ohmic, SLSC,

Schottky and Poole-Frenkle conduction mechanisms (Ibrahim

et al. 2004; Ibrahim 2006; Rao et al. 2009).

Effect of annealing on optical, structural
and electrical properties of ZnTe thin films

Annealing is a heat treatment that amends optical, struc-

tural and electrical properties of materials. Annealing

improves the crystallinity of material as grain growth

occurs during annealing process. The optical and electrical

properties can easily elevate with improvement in optical

band gap and conductivity, respectively. Hence, annealing

plays important role in achieving high performance devi-

ces. Also, annealing environment plays an important role in

controlling various properties of thin films. ZnTe thin films

were annealed at various temperatures under different

annealing atmospheres. The effect of annealing on optical,

structural, morphological and electrical properties of ZnTe

thin films is described in Table 2. ZnTe thin films were

annealed in air (Mahalingam et al. 2002b; Bhatti et al.

2004; Raj and Xavier 2013), vacuum (Farooq et al. 2014;

Garcia et al. 2000), Argon (Kashyout et al. 1997; Bacaksiz

et al. 2009; Shanmugan et al. 2009), Nitrogen (Aqili et al.

2011; Hossain et al. 2015) and Zn (Yoshino et al. 2004)

environments for different time periods. Most of the films

remain crystalline with cubic structure when annealed at

different temperatures (Table 2) (Bacaksiz et al. 2009;

Farooq et al. 2014; Mahalingam et al. 2002b; Raj and

Xavier 2013; Aqili et al. 2011) whereas Hsu et al. (2013)

obtained hexagonal structure and Shanmugan et al. (2009)

reported presence of mix phase of hexagonal and

orthorhombic along with cubic phase. Bacaksiz et al.

(2009) reported that optical band gap increased with

annealing which was attributed to grain growth and crys-

tallinity improvement. Also the film texture was random-

ized with annealing. Electrical resistivity was reduced with

increase in annealing temperature with improvement in

carrier concentration. Aqili et al. (2011) annealed the ZnTe
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thin films at 400 �C for 1 h under nitrogen pressure range

104–105 Pa. Optical band gap and refractive index reduced

which might be due to doping during annealing in Nitrogen

environment. Te atoms might be replaced by nitrogen

atoms which resulted in decrease in Te ratio (Table 2). It

was observed that films lose transparency and smoothness

with increase in nitrogen pressure during annealing.

Resistivity decreased with annealing whereas dark activa-

tion energy also reduced with heat treatment which indi-

cated a rise in nitrogen concentration and strong interaction

among impurities. Farooq et al. (2014) also found small

decrease in optical band gap and electrical resistivity with

annealing in vacuum at 380 �C for 1 h. P-type, polycrys-

talline films (as deposited and annealed) showed improved

refractive index after annealing. Hossain et al. (2015)

annealed ZnTe thin films for 1 h in temperature range of

300–425 �C under nitrogen ambient. P-type (as deposited

and annealed) ZnTe films had lower band gap value as

annealing temperature was increased, which is attributed to

improvement in crystallinity after annealing (Table 2).

SEM images showed smooth and crack free surface with

large granular shaped identical grains after annealing at

425 �C. This showed the improvement in crystallinity of

ZnTe thin films with grain growth due to annealing of thin

films. Kashyout et al. (1997) annealed ZnTe thin films in

argon atmosphere for 10 min by varying temperature from

350 to 400 �C. It was observed that transmittance and

optical band gap increased as annealing temperature rose

from 350 to 400 �C. At 350 �C, low transmittance and

band gap (1.80 eV) was observed which attributed to

presence of significant amount of Te elemental in thin film.

The thin films grown from elemental Te to Cubic ZnTe as

annealing temperature is raised from 350 to 400 �C. With

increase in grain size upon annealing, Hall mobility for

majority carriers also increased. Mahalingam et al. (2002)

annealed ZnTe thin films in air for 1 h at 350 �C. It was
observed that optical band gap of ZnTe thin films increased

from 1.90 to 2.25 eV upon annealing at 350 �C which was

attributed to removal of excess unbound Te content in

films. Sharp and intense peaks suggested improved crys-

tallinity after annealing. Coarse grained structure turned

into smooth surface with reduced intergranular spacing on

air annealing. Shanmugan et al. (2009) studied annealing

effect on structural properties of ZnTe thin films prepared

by Stacked Elemental Layer (SEL) method. ZnTe thin

films were annealed at different temperatures from 200 to

425 �C for 1 h under argon gas atmosphere. XRD results

revealed that films were polycrystalline with mixed phases

of Orthorhombic and Hexagonal ZnTe, along with peaks of

elemental (Zn and Te) at low annealing temperature

(200 �C). At maximum annealing temperature (425 �C),
hexagonal phase changes to cubic ZnTe but hexagonal

phases of ZnTe and Te still existed suggesting that Zn

atoms were present at stack surface when annealed at high

temperature. Hsu et al. (2013) reported that ZnTe thin films

were crystalline having hexagonal structure on annealing at

600, 700 and 800 �C in an rapid thermal annealing (RTA)

system for 1 min. Less intense diffraction peaks were

observed at 800 �C due to higher surface kinetic energies

produced by maximum annealing temperature damaging

the microstructure. The grain size and uniformity improved

on annealing and was temperature dependent. Raj and

Xavier (2013) annealed ZnTe thin films in air for 15 min at

temperature range 50–200 �C. It was observed that

absorption, crystallinity and photoconductivity of ZnTe

thin films improved with annealing up to 150 �C and

attributed to smoothness of film attained after annealing.

Activation energy decreased with increasing annealing

temperature. Film decomposed and lost its crystallinity

with annealing at 200 �C. Bhatti et al. (2004) air annealed
ZnTe thin films for 15 min at various temperatures

(100–375 �C). Otical properties of annealed ZnTe thin

films had been studied. The band gap value slightly

increased with rise in annealing temperature.

Garcia et al. (2000) studied annealing effect on photolu-

minescence of ZnTe thin films excited at 514 nm with 10 K

cooling conditions. ZnTe thin filmswere annealed in vacuum

(9.3 9 10-3 Pa) for 4 h at different annealing temperatures

(200, 300 and 400 �C).As deposited sample hadPL emission

in excitonic range at 520, 522, 526 and 532–536 nm corre-

spond to recombination of free excitons, Cu impurities, Zn

vacancies and free to bound and donor–acceptor emissions,

respectively. Similarly, deep level emission spectra band at

551–564 nm was attributed to donor–acceptor band where

Cu was an acceptor. Emissions at 575 and 598 nm were

related to structural and grain boundary defects, respectively.

Red emission observed at 660 nm was related to oxygen

centres. With annealing, the free exciton line decreased in

excitonic range corresponding to nonradiative centres cre-

ated by annealing,which can capture excitons and change the

crystalline quality of sample. The intensity of peak at 522 nm

(Cu impurities) improved as annealing temperature

increased. This was attributed to formation of shallow

acceptor centers by dissociation and diffusion of Cu complex

or other aggregates. For emission spectra in deep level

region, the intensity of peak at 575 nm increased for 200 �C,
reduced at 300 �C and peak disappeared at 400 �C. With

increasing annealing temperature, increase in intensity of

DACu band (donor–acceptor band) and appearance of new

emission at 586–588 nm was observed (Raj and Xavier

2013). An emission band at 650 nm was also seen for

annealing at 400 �C. Yoshino et al. (Yoshino et al. 2004)

studied the annealing effect in Zn atmosphere (0.77–34 Pa).

ZnTe thin films were annealed at 600 �C for 400 h. PL

observed at 4.2 K for as deposited films had four peaks at

2.382 eV due to free exciton related to lower polaritons,
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2.381 eV for upper polaritons, 2.379 eV because of radiative

recombination of excitons bound to neutral donors and

2.375 eV for neutral acceptors in band-edge region. DAP

(donor-to-acceptor pair) and FA (free-to-acceptor) emmi-

sions observed at 2.334 and 2.343 eV, respectively were

related to residual impurities when annealed at 600 �C for

400 h, the peaks at 2.382, 2.381 and 2.379 eV disappeared as

Zn vapor pressure increased. Whereas intensity of peak at

2.375 eV decreased with Zn vapour pressure and also dis-

appeared at high pressure which might be due to substitution

of Zn atoms in VZn site. The intensity of DAP emission

decreased below 2.8 Pa and improved with increase in Zn

vapor pressure due to change in recombination frombetween

VZn acceptor and VTe donor, to between Zni donor and Tei
acceptor. Te precipitates appeared in as deposited films

reduced and disappeared with annealing under Zn pressure

beyond 50 Pa.

The study revealed that annealing had an enhancing

impact on optical, structural and electrical properties of

ZnTe thin films. For optical study, it can be concluded that

annealing improved the transmittance of ZnTe thin films.

Enhancement in optical band gap value with annealing was

reported by many researchers (Kashyout et al. 1997;

Bacaksiz et al. 2009; Mahalingam et al. 2002b; Bhatti et al.

2004; Hossain et al. 2015) except few authors (Farooq et al.

2014; Aqili et al. 2011; Hossain et al. 2015) whose results

show slight decrease in Eg with annealing due to improve-

ment in crystallinity and annealing in nitrogen ambient.

Similarly in structural and morphological study, the

improvement in crystallinity, grain size/crystallite size of

ZnTe thin films was observed after annealing (Kashyout

et al. 1997; Bacaksiz et al. 2009; Mahalingam et al. 2002b;

Raj and Xavier 2013; Hossain et al. 2015). It was studied that

Te elemental films grown into Cubic ZnTe films after

annealing (Hossain et al. 2015). Also phase conversion from

hexagonal to cubic phase was observed after annealing

(Shanmugan et al. 2009). Annealing effect on electrical

study showed that resistivity reduced with increase in carrier

concentration and mobility for p-type ZnTe thin films

(Kashyout et al. 1997;Bacaksiz et al. 2009;Aqili et al. 2011).

Films annealed in nitrogen ambient showed that dark con-

ductivity activation energy decreased with increase in

nitrogen pressure (Aqili et al. 2011). Increase in photocon-

ductivity was also observed (Raj and Xavier 2013).

Effect of doping on optical, structural,
morphological and electrical properties
of ZnTe thin films

Doping is intentional addition of impurity to tailor the

various properties of a material. With incorporation of

impurity atoms the crystallinity and electrical conductivity

of material get affected up to good extent (Mahmood et al.

2015; Gul et al. 2014; Rao et al. 2010b). Optical properties

also vary with doping as dopant atom replace parent atom

from its crystal structure. Doping enhances the applica-

bility of chalcogenides. ZnTe thin films have been doped

with different elemental compositions. The effect of dif-

ferent dopants on optical, structural, morphological and

electrical properties of ZnTe thin films is studied and the

observations are given in Table 3.

Indium doping

Pattar et al. (2009) doped amorphous ZnTe thin films with

Indium by immersing in the solution containing 1 g

(In(NO3).5H2O) in 1 litre H2O. The ZnTe thin films were

immersed for different times (5, 10 and 15 min). It was

observed that optical band gap lowered as doping con-

centration was increased which might be due to incorpo-

ration of Indium into ZnTe thin films. With heat treatment,

the amorphous film was grown into crystalline film with

increasing doping level. Gain growth and improved crys-

tallite size with less strain was observed. Doping also

enhanced the electrical conductivity of ZnTe thin films due

to increase in mobility and carrier concentration. Pal

(1993) doped ZnTe thin films with indium (6 wt%) using

vacuum evaporation technique. Improvement in electrical

conductivity was observed after doping.

Copper doping

Lastra et al. (2014) doped ZnTe thin film by immersing in

6, 7, 9, 11, 13, 15 and 60 mg Cu(NO3)2–3H2O in 150 ml

deionized H2O for 1 min. After doping films were heated at

200 and 300 �C for 10 min. Structural study revealed that

the undoped films have only cubic phase with preferential

orientation along the (1 1 1) plane. It has been observed

that the thin films (immersed in 15 mg Cu(NO3)2–3H2O

and annealed at 200 �C), exhibits hexagonal phase at

2h = 44.55� in XRD pattern. For the same sample, the

hexagonal phase disappeared with annealing at 300 �C but

orthorhombic phase was observed at 2h = 27.45�. The

cubic phase is also observed in annealed sample (at 200

and 300 �C) with preferential orientation along the (1 1 1)

plane. This might be due to copper atoms incorporation in

grain boundaries of ZnTe/ZnTe:Cu. Mobility and carrier

concentration improved with increasing doping level

whereas sheet resistance and resistivity of doped thin films

reduced at 300 �C annealing temperature (Table 3). Gul

et al. (2014) doped ZnTe thin films with copper (0, 6, 8 and

10 at.%) using thermal evaporation technique. Optical band

gap decreased (from 2.24 to 1.64 eV) with increasing

doping content (0–10 at.%) which was attributed due to Cu

incorporation forming solid solution. Cu-doped films had
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shown higher refractive index which was due to decrease in

crystallite boubndaries, improved crystallinity and packing

density (Table 3). With substitution of Zn atom with Cu,

blue shift from 194 to 203 cm-1 in fundamental LO (lon-

gitudinal optical phonon mode) was observed in Raman

spectra. No significant change in crystal structure was

observed on doping. Improvement in crystallinity was seen

from sharp and intense diffraction peaks after doping.

Mahmood et al. (2014) doped ZnTe thin films by

immersing in solution containg 1 g copper in 1 l of dis-

tilled water. Films were immersed for different times (5,

10, 15 and 20 min). Optical study showed decrease in

transmission from 80% (undoped) to 67% (20 min

immersion). Decrease in optical band gap was observed

which attributed to defects after doping as the localized

states density was reduced in band structure. Structural

study of doped films revealed that crystallite size was

improved due to Cu diffusion. No peak corresponding to

Cu was observed in diffraction pattern. Intensity of domi-

nant peak was reduced due to disturbance in crystal

structure. As-deposited and annealed films had smooth,

dense void free surface. Compositional analysis showed

that Cu replaced Te with little rise in Zn concentration. It

was reported that electrical resistivity reduced with doping

with improvement in crystal structure due to less micro

structural defects (Table 3). Reduced mobility after doping

was also reported.

Nitrogen doping

Lee et al. (2015) doped ZnTe using pulsed laser deposition

under different partial pressure of N2 gas (13 9 10-3 Pa,

6.6 and 9.3 Pa). It was found that the intensity of Raman

modes of doped samples decreased with annealing due to

decrease in crystallinity of ZnTe thin films. Lattice con-

stant varied from 6.08 to 6.13 Å as N ions were placed in

interstitial sites. Electrical results showed that mobility and

resistivity decreased whereas hole concentration increased

with increasing doping level (from 6.6 to 9.3 Pa N2 pres-

sure) due to high concentration of (N)Te defects in ZnTe

thin films.

Nickel doping

Mahmood et al. (2015) deposited Zn1-xNixTe thin films

using electron beam evaporation technique with different

compositions (x = 0.05, 0.10, 0.15 and 0.20). Linear fall in

optical band gap with increasing doping concentration was

reported due incorporation of Ni into ZnTe thin films.

Diffraction angle of polycrystalline cubic thin films shifted

to smaller angle values with increasing doping content and

the lattice constant also increased (Table 3). This also

confirmed the formation of ternary compound. Increase in

grain size and decrease in micro strain was also observed

with increasing Ni concentration. EDAX spectra showed

that peak corresponding to Ni increased with increase in

doping content. Decrease in Zn peak was attributed to

substitution of Zn atoms by Ni atoms in the crystal lattice.

Chromium doping

Sharma et al. (2013) deposited chromium doped Zn1-x-

CrxTe alloy thin films with thermal evaporation technique

using x = 0.1 and 0.2. Slight decrease in absorbance was

observed with incorporation of Cr atoms. A linear decrease

in band gap was observed with increase in Cr doping

(Table 3). Doped films had mix phase of Cubic and

Hexagonal ZnTe structure. I–V characteristics showed

improvement in electrical conductivity.

Bismuth doping

Rao et al. (2010) doped vacuum deposited ZnTe thin films

with new technique of using nano-spheres, where dopant

material is used in form of nano-spheres. ZnTe thin film

was vacuum deposited on pre-deposited discontinuous

bismuth film having bismuth nano-spheres. This technique

was found to be effective as proper diffusion of dopant was

achieved. Different concentrations of bismuth were used

(0.18, 0.23 and 0.32 at.%). No significant change in optical

band gap was reported after doping. The electrical

parameters changed with increasing dopant concentration.

Increase in carrier concentration was attributed to increase

in bismuth atoms. Marginally decrease in hole mobility

was reported due to increase in ionized impurities as it

disrupt the charge carriers flow. Decrease in resistivity and

activation energy with increasing doping content was also

observed (Table 3, Rao et al. 2010b).

Silver doping

Aqili et al. (2012) doped ZnTe thin films by immersing in

solution containing 1 g AgNO3 in 1 l H2O for 1, 5 and

30 min respectively. Films were annealed at 400 �C for

1 h. With high Ag doping concentration, band gap

decreased and refractive index increased. In diffraction

pattern, no peak for Ag was observed but peaks of Ag2Te

monoclinic structure appeared with high doping concen-

tration. AFM results revealed almost same grain size for all

samples due to same deposition parameters for all thin film

samples (Table 3). Dark activation energy reduced on

increasing annealing temperature due to strong interaction

among impurities. The electrical resistivity decreased

attributed to silver atoms diffusion in the entire film.

Mahmood et al. (2014) doped ZnTe thin films by

immersing in solution containing 1 g Ag in 1 l of distilled
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Table 3 Effect of doping on optical, structural, morphological and electrical properties of ZnTe thin films

S.

no.

Dopant Doping Heat

treatment

Doping effect on References

Optical

band

gap, Eg

(eV)

Structural and

morphological

parameters

Electrical

parameters

Remarks

n = refractive index

LO = longitudinal

optical phonon mode

e = micro strain

d = dislocation density

S.R. = sheet resistance

Ea = activation energy

Crystallite/grain

size, D (nm)

Resistivity,q
(Xcm)

1 Indium Undoped 127 �C,
3 h

2.37 – – Amorphous Pattar

et al.

(2009)5 min

immersion

127 �C,
3 h

10-1 Pa

– 13.0 – Crystalline, e = 3.04 9 10-3

lin-2 m-4

d = 5.86 9 1015 lin m-2

10 min

immersion

127 �C,
3 h

10-1 Pa

– 14.8 – Crystalline, e = 2.44 9 10-3

lin-2 m-4

d = 4.545 9 1015 lin m-2

15 min

immersion

127 �C,
3 h

10-1 Pa

2.14 – – –

2 Indium Undoped – – – 7.10 9 106 Polycrystalline, p type Pal (1993)

6 wt. % 127 �C,
6 h

– – 3.00 9 105

3 Copper Undoped

x = 6 mg

x = 7 mg

x = 9 mg

x = 11 mg

x = 13 mg

x = 15 mg

x = 60 mg

–

300 �C,
10 min

300 �C,
10 min

300 �C,
10 min

300 �C,
10 min

300 �C,
10 min

300 �C,
10 min

300 �C,
10 min

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

2.26 9 105

145.00

50.00

12.45

2.44

4.39

0.35

0.35

Cubic, orientation along (111)

(220), S.R. = 2.52 9 1010 X/
sq.

S.R. = 1.60 9 107 X/sq.

S.R. = 5.80 9 106 X/sq.

S.R. = 1.38 9 106 X/sq.

S.R. = 2.70 9 105 X/sq.

S.R. = 4.88 9 105 X/sq.

Cubic, (111) (220)

Orthorhombic CuxTe at (052)

S.R. = 3.90 9 104 X/sq.,

S.R. = 3.90 9 104 X/sq.

Lastra

et al.

(2014)
‘x’ mg of

Cu(NO)3-

3H2O in

150 ml

deionized H20

4 Copper Undoped – 2.24 64.7 – Cubic, n = 2.39,

LO = 194 cm-1
Gul et al.

(2014)

6 at.% – 2.00 66.3 – n = 2.47, LO = 199 cm-1

8 at.% – 1.84 67.4 – n = 3.03, LO = 201 cm-1

10 at.% – 1.64 67.7 – n = 3.20, LO = 203 cm-1

5 Copper Undoped – 2.23 420.0 1.01 9 106 Cubic, visible

transmission = 80%

Mahmood

and Shah

(2014)20 min

immersion

350 �C,
1 h,

10-2 Pa

vacuum

2.21 490.0 68.97 Visible transmission = 67%
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Table 3 (continued)

S.

no.

Dopant Doping Heat

treatment

Doping effect on References

Optical

band

gap, Eg

(eV)

Structural and

morphological

parameters

Electrical

parameters

Remarks

n = refractive index

LO = longitudinal

optical phonon mode

e = micro strain

d = dislocation density

S.R. = sheet resistance

Ea = activation energy

Crystallite/grain

size, D (nm)

Resistivity,q
(Xcm)

6 Nitrogen Undoped – – – – Most intense Raman modes,

polycrystalline

Lee et al.

(2015)

13.3 mPa – – – – Intensity of Raman modes

dec., crystallinity dec.

6.6 Pa – – – 54.90 Intensity of Raman modes

dec., crystallinity dec.

9.3 Pa – – – 9.32 Intensity of Raman modes

dec., crystallinity dec.

7 Nickel Undoped – 2.25 – – Cubic,

Zn:Te:Ni = 45.26:54.70:0.00

Mahmood

et al.

(2015)5% – – – – Zn:Te:Ni = 43.61:51.53:4.83

10% – – – – Zn:Te:Ni = 40.66:50.26:9.06

15% – – – – Zn:Te:Ni = 35.33:51.71:12.97

20% – – – – Zn:Te:Ni = 31.23:50.02:18.73

8 Chromium Undoped – 2.57 – – Cubic and hexagonal Sharma

et al.

(2013)
0.1 – 1.84 – – Hexagonal

0.2 – 1.47 – – Hexagonal

9 Bismuth Undoped – 2.25 – 1.32 9 103 Ea = 0.89 eV Rao et al.

(2010b)0.18 at.% – 2.25 – 1.19 9 102 –

0.23 at.% – 2.25 – 0.88 9 102 –

0.32 at.% – 2.25 – 0.85 9 102 Ea = 0.78 eV

10 Silver Undoped – 2.24 – 4.50 9 106 Cubic, crystalline, Aqili et al.

(2012)(1 min

immersion)

1 Pa,

400 �C,
1 h

2.21 – 8.10 9 103 p type, n = 2.71, Ea = 0.63 eV

Ea = 0.42 eV

(5 min

immersion)

1 Pa,

400 �C,
1 h

2.18 – 5.90 9 102 Ea = 0.25 eV

(30 min

immersion)

1 Pa,

400 �C,
1 h

2.16 – 3.54 Ea = 0.14 eV

11 Silver Undoped – 2.23 420.0 1.01 9 106 Cubic, visible

transmission = 80%, no

pinholes

Mahmood

and Shah

(2014)

20 min

immersion

350 �C,
1 h,

10-2 Pa

vacuum

2.19 430.0 4.00 9 104 Visible transmission = 60%,

no pinholes
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water for different time periods (5, 10, 15 and 20 min). It

was found that transmission of doped ZnTe thin films in

visible spectra decreased with doping. Decrease in band

gap was observed due to presence of more defect states.

Crystallite size also reduced with doping because the dif-

fusion energy of Ag layer on thin films was not attained,

which resulted in decrease in diffusion length of atoms and

increase in defects. Slight increase in grain size indicated

coalescence phenomenon. Decrease in electrical resistivity

was observed due to improvement in crystal structure and

decrease in structural defects. Decrease in mobility after

doping was also observed (Table 3).

Gadolinium doping

Ma et al. (2008) doped up to 10% Gd into ZnTe thin films

using laser-assisted deposition/epitaxy technique. Results

showed that optical band gap improved with increasing dop-

ing content except for 7 at.% Gd doping. Structural results

showed that grain size reduced from * 30 nm (as deposited)

to * 15 nm (7 at.% doped sample). Most of the diffraction

peaks disappeared except (111) up to 7 at.% Gd doped sam-

ples as the defect sites were reduced due to Gd bonding and

other domains were suppressed. However, with increase in

doping concentration, (311) domain became dominant due to

additional defects like defect complexes.

Vanadium doping

Amorphous Vanadium doped thin films were deposited by

Hossain et al. (2008). Films were doped by e-beam evapora-

tion technique with different concentration of V varying from

0 to 10 wt%. It was observed that activation energy decreased

with increase in doping concentration for films of thickness

150 nm (Table 3). This indicated that conduction was taking

place in the states near the Fermi level for highly doped

samples whereas carriers were activated to participate in

conduction mechanism for less doped ZnTe thin films.

Doping effect on optical, structural, morphological and

electrical properties of ZnTe thin films was studied. Optical

results showed that transmittance and optical band gap

decreased due incorporation of dopant atoms in crystal

Table 3 (continued)

S.

no.

Dopant Doping Heat

treatment

Doping effect on References

Optical

band

gap, Eg

(eV)

Structural and

morphological

parameters

Electrical

parameters

Remarks

n = refractive index

LO = longitudinal

optical phonon mode

e = micro strain

d = dislocation density

S.R. = sheet resistance

Ea = activation energy

Crystallite/grain

size, D (nm)

Resistivity,q
(Xcm)

12 Gadolinium Undoped – * 2.26 30.0 – Oriented along (111) (200)

(311) (400) (422) (511)

Ma et al.

(2008)

3 at.% N2,

400 �C,
30 min

– – – Oriented along (111) (200)

(311) (400) (422) (511)

7 at.% N2,

400 �C,
30 min

– – – Oriented along (111)

8 at.% N2,

400 �C,
30 min

* 2.28 – – Oriented along (111) (311)

9 at.% N2,

400 �C,
30 min

* 2.31 15.0 – Cubic, oriented along (111)

(311)

13 Vanadium Undoped

(150 nm

thickness)

– – – – Temperature

range = 300–332 K,

Ea = 0.50 eV

Hossain

et al.

(2008)

2.5 wt.% – – – – Ea = 0.48 eV

5.0 wt.% – – – – Ea = 0.46 eV

7.5 wt.% – – – – Ea = 0.42 eV

10.0 wt.% – – – – Ea = 0.36 eV
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structure (Mahmood et al. 2015; Mahmood and Shah 2014;

Aqili et al. 2012; Gul et al. 2014; Sharma et al. 2013) how-

ever some researchers found no effect (Rao et al. 2010) or

improvement in optical band gap after doping (Pattar et al.

2009; Ma et al. 2008). Structural and morphological study

showed improvement in crystallinity leading to lower strain

after doping (Mahmood et al. 2015; Mahmood and Shah

2014; Pattar et al. 2009). Few authors reported decrease in

crystallinity (Lee et al. 2015) and amorphous films (Hossain

et al. 2008). Electrical results showed increase in conduc-

tivity and carrier concentration whereas resistivity, sheet

resistance, mobility and activation energy lowers with dop-

ing (Hossain et al. 2008; Aqili et al. 2012; Lastra et al. 2014;

Pal 1993; Rao et al. 2010). However non-linear behaviour of

carrier concentration and mobility was observed with

increasing doping concentration (Lastra et al. 2014).

Applications and future scope of ZnTe thin
films

ZnTe applications in different fields are given in Fig. 3.

Zinc telluride is commonly used semiconducting materials

in optoelectronics devices (Ibrahim 2006; Kalita et al.

1999; Salem et al. 2008; Erlacher et al. 2005; Achharya

et al. 2007; Sarma et al. 2006). Due to low cost and high

absorption coefficient, ZnTe is used in photovoltaic and

photoelectrochemical cells (Hossain et al. 2008). ZnTe thin

films and Zn-rich alloy films like ZnCdTe are used in

making of pure-green (Hussain et al. 2018; Yoshino et al.

2002; Ueta and Hommel 2002; Chang et al. 2002; Rao

et al. 2010) and green-yellow light emitting diodes, pho-

todetectors (Yoshino et al. 2002), laser diodes (Ueta and

Hommel 2002) and used in tandem solar cell applications

(Gashin et al. 1997; Rohatgi et al. 1989) and quantum well

structures (Kalita et al. 1999). ZnTe thin film is success-

fully used in Gamma ray detectors (Wang et al. 1994),

terahertz radiation detectors (Wennewisser et al. 1997; Liu

et al. 2002), switching devices (Ota and Takahashi 1973),

transparent heating elements and electromagnetic field

coatings (Bhatti et al. 2004). It is also used as back contact

for CdTe in CdTe/CdS heterojunction solar cells to obtain

high efficiency (Späth et al. 2005; Gessert et al. 1995; Feng

et al. 1996). It can be used to synthesize ternary semi-

conductor compounds like CdxZn(1 - x)Te and optical band

gap can be attuned by varying composition x. At visible

wavelength, sensor can be protected by Vanadium-doped

ZnTe which acts as a non-linear optical photorefrac-

tive material. As compare to conventional limiters, Vana-

dium doped ZnTe limiters are light and compact. High-

intensity jamming beam can be blocked by ZnTe:V from
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a laser dazzler and can pass a lower-intensity image of the

observed scene. For 600–1300 nm wavelength range, bet-

ter photorefractive performance is observed as comparison

to III–V and II–VI group semiconductors. Photorefractive

yield can be improved by using manganese as an additional

dopant (ZnTe:V:Mn) (Malik 2013). It is also used as

electro-optic detector under terahertz radiation which

causes it to show optical birefringence and change the

polarization of a transmitting light (Malik 2013; Patra and

Pardhan 2012).

It has been observed that various research groups have

reported the study on optical, structural and electrical

properties of ZnTe thin films. But, the compositional

dependent study on structural, optical and electrical prop-

erties of ZnTe has been limitedly reported. There is a scope

to investigate compositional dependent structural, optical

and electrical properties of nanocrystalline ZnTe thin films.

This kind of study is fruitful in providing the knowledge of

structural, optical and electrical properties of ZnTe at dif-

ferent Zn/Te compositions which is essential in fabrication

of opto-electronic devices. It has been observed that

annealing study is mostly reported for Zn50Te50 thin films.

There is a scope to study the annealing effect for other

compositions as well. Similarly, composition dependent

doping study on various properties of ZnTe has a wide

future scope. There is a scope to investigate ZnTe as

gamma rays shielding and sensing material as Te exihibit

high atomic number (Z = 52). The high atomic number

and higher density materials are required for shielding and

sensing gamma rays due to their higher probability of

interaction with materials. Additionally, ZnTe has low

melting point, which make easy manufacturing of a

shielding material.

Conclusion

ZnTe thin films have been deposited on substrate with

different methods. Each method has its own merits and

demerits. Quality of films, cost effective, time consump-

tion, easy to operate, thermal conditions and application are

the important parameters considered before selection of

any deposition technique. Physical deposition techniques

provide high quality thin films whereas chemical deposi-

tion techniques are used to produce thin films in large

extent. Annealing has enhancing effect on optical, struc-

tural, morphological and electrical properties of ZnTe thin

films depends upon annealing temperature, annealing

atmosphere and time period of annealing. Dopants can be

added either through physical or chemical (immersion)

methods. Similar to annealing, doping also improves the

structural, morphological and electrical properties of ZnTe

thin films. However optical study shows that band gap is

reduced with doping due to incorporation of dopant atoms

in crystallite sites.
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