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ABSTRACT:

ZnTe thin films have been prepared at room temperature by thermal evaporation technique. The deposited
films were immersed in AgNO3 solution for different periods of immersion time followed by annealing at 473
K. The structural characterization of the deposited films has been investigated by X-ray diffraction, and
transmission electron microscope. The X-ray and electron diffraction studies indicate that the deposited films
are polycrystalline in nature. It was also confirmed through the transmission electron micrograph that Ag
diffused into the ZnTe layer at an annealing temperature of 473 K. The electrical resistance of the prepared
films was found to decrease from 2.9×10gΩ for as-deposited film to 5.3×105Ω for ZnTe film immersed in
AgNO3 solution for 90 s. The variation of the conductivity versus temperature exhibits two linear parts at two
different temperature ranges, the first extends between 303 and 388 K and the second between 388 and 575
K. The values of the activation energy calculated for such conduction mechanisms decreases with increasing
the periods of the immersed time.
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Introduction

ZnTe is a promising material for pure-green light emitting diode, windows layer in tandom solar cells, and
transparent conductive thin films Sato et al., (2000). ZnTe can be used for back contact layer (BCL) onto p-
CdTe absorber layer in CdTe based solar cells before its metallization due to the fact that the valence-band
offset between p-ZnTe and p-CdTe is less than 0.05 eV Rioux et al., (1993). This direct band gap nature of
ZnTe with a value of 2.26 eV makes it a potential candidate for the fabrication of pure-green LED devices
(Shan et al., 2002; Ueta and Hommel, 2002; Yoshino et al., 2002; Chang et al., 2002). Because of its high
electro-optic coefficient, ZnTe also promises to be useful in the production and detection of terahertz (THz)
radiation (Shan et al., 2002; Guo et al., 2007). Since there is only a small valence-band offset of 0.05 eV
between ZnTe and CdTe, ZnTe can be used as a back contact material to obtain higher solar energy conversion
efficiency in CdTe based solar cells Spath et al., (2005). Though some research groups have reported the
fabrication of ZnTe based devices like LEDs and terahertz detectors, most of them have preferred highly
sophisticated techniques like molecular beam epitaxy (MBE), metal organic chemical vapor deposition
(MOCVD), etc. to obtain ZnTe films (Shan et al., 2002; Ueta and Hommel, 2002; Yoshino et al., 2002; Chang
et al., 2002; Guo et al., 2007; Spath et al., 2005), electrodeposition from aqueous solution (Ishizaki et al.,
2004; Shan et al., 2002).

In solar cell and other optoelectronic devices two basic requirements are needed, namely moderate
electrical resistivity and high optical transmittance. The ZnTe buffer layer being very thin, it should be quite
resistive to avoid a short circuit effect between the electrodes through the grain boundaries of a semiconductor.
However, the electrical resistivity of the undoped ZnTe thin films at room temperature is high enough ~107–108

W.cm Rusu et al., 2006, which limits its use as a buffer layer in solar cells. To make the undoped ZnTe thin
films useful in optoelectronic applications, the film resistivity must be reduced to appropriate value.
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Therefore, we aim in the present work to study the structure and electrical properties of Ag-doped ZnTe
thin films.

Experimental details:

Pure zinc telluride powder (99.99% Aldrich chemicals company, USA) was evaporated from a molybdenum
boat under vacuum of 10!3 Pa by thermal evaporation technique via high vacuum coating unit (Type Edwards
306A). The ZnTe films were deposited onto glass substrates maintained at room temperatures during
evaporation process. The thickness of the deposited films was controlled during evaporation process via quartz
crystal thickness monitor (Type FTM4, Edwards). ZnTe films of thickness ~ 422 and 80 nm, respectively,
prepared under the above mentioned deposition parameters, were treated chemically by immersing it in low
concentrated (0.5 g/1 L) AgNO3–H2O solution at 323 K for different periods of time (15, 30, 60 and 90s,
respectively). The treated films were dipped in distilled water to remove the loosely Ag ions and were left to
dry under flow of Ar gas for 30 min.

The structural characteristics of the investigated films (of thickness ~ 422 nm) treated with AgNO3 solution
for different periods of immersion time (15, 30, 60 and 90 s, respectively) were examined by means of an X-
ray diffractometer (Type Philips X' pert) with Ni-filtered CuKα radiation. The microstructure of as-deposited
ZnTe film (of thickness ~80 nm) immersed in AgNO3 solution for the same periods of immersion time was
examined using transmission electron microscope (Type JEOL 1230). The elemental composition of the
prepared films was examined using the energy dispersive X-ray unit (Type INCA x-sight Oxford England)
interfaced with the scanning electron microscope (Type JEOL 840 A). The resistance R, of the prepared films
was measured in the temperature range 300-575 K, using a high impedance electrometer (Type Keithley 614)

Results and discussions  

Fig. 1a-f shows the comparative XRD patterns of pure and Ag-doped ZnTe films prepared at different
conditions. The presence of a number of peaks in such diffraction pattern of the investigated samples is the
indication of polycrystalline nature of the prepared films. The comparison of the diffraction peaks of as-
deposited ZnTe film with the standard diffraction data file (JCPDF card No. 75-2085) exhibited three major
peaks in the diffractogram at around 25.65°, 42.02°, and 49.53°, reveal a cubic lattice structure corresponding
to ZnTe. These peaks could be readily assigned to the planes (111), (220), and (311), respectively of ZnTe
zinc blend structure with a preferred (111) orientation. One the film being annealed at 473 K (Fig.1b) the
intensity of the oriented plane increases and the background of the irrespective diffraction pattern improves.
This indicates the increase of crystallinity of the deposited films due to annealing process.  It was also
observed the X-ray diffraction patterns of ZnTe films immersed in AgNO3 solution for different periods of time
followed by annealing at temperature 473 K for 1h (Fig.1c-f) have the same feature. The Ag-doped ZnTe films
were found to exhibit also three major peaks associated with (111), (220) and (311) planes. Further increases
in the peak intensity of the oriented (111) plane (as compared to pure ZnTe films annealed at 473 K),
accompanied with very slightly shift of the peak position to lower 2q value. This behavior was observed also
for ZnTe films treated with AgNO3 solution for different periods of time followed by annealing at 473 K.

No peaks related to any of Ag compounds have been detected in the X-ray diffraction patterns (Fig.1 c-f).
Only, the intensity of the oriented (111) plane was found to increases with increasing the periods of the
duration immersion time, which in turn increase the sharpness of the peak followed by annealing. This result
indicates that the process of annealing after immersion in AgNO3 solution facilitates the grain growth in ZnTe
thin films, which decreases the number of grain boundaries. As a result the microstructure of the Ag-doped
films has been improved. The intensity variation in the films can be attributed due to reorientation of the
planes after immersion and annealing. Similar results have been observed for Cu-doped ZnTe thin films
prepared by electrochemical deposition process Akram et al., (2001), for thermally evaporated ZnTe films
doped with Indium via ion exchange process (like the present work) Pattar et al., (2009) and for Hg doped
CdSe thin films prepared in situ by chemical bath deposition technique Bhuse et al., (2005). Fig. 2 shows the
variation of intensity of the oriented plane I(111) and the corresponding interplaner spacing d(111) as a function
of the periods of immersion durations time.

Due to ion exchange process between the thermally evaporated ZnTe films and AgNO3 solution and the
fact that the effective ionic radii of Ag+ and Zn+2 are quite similar of (Zn+2 ~ 0.6 Ao and Ag+ ~ 0.67Ao)
Shannon et al., (1976), the incorporation and/or substitution of Zn+2 by Ag+ in the ZnTe host matrix might be
possible according to the following reactions Chemical perdictor software (1997): 

  (1)2 2   ,      Zn Zn e Ag e Ag    
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Fig. 1: (a-f) XRD patterns of pure and Ag-doped ZnTe films (Film thickness ~ 422 nm)

Fig. 2: Variation of the intensity “I(111)” and plane spacing “d(111)” main oriented plane (111) vs. immersion
time. 

The lattice parameter “a” for cubic system can be calculated using Cullity, (1967)

(2)2 2 2 1 2( )a d h k l  
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Information on the particle size and strain of the investigated samples can be obtained from the X-ray
diffraction data. The full-width at half-maximum (FWHM) of the diffraction peak can be expressed as a linear
combination of the contributions from strain, h and particle size through the relation Salem et al., (2008). 

  (3)cos 1 sin

D

   
 

 

where D is the particle size, b is the full-width at half-maximum of the peak (in radian) and q is the 

corresponding Bragg’s diffraction angle at the peak position (in degrees). Therefore, plotting of             vs.cos /  

           for the investigated samples as shown in Fig.3 allows us calculating the particle size and film strainsin / 

form the intercept and slope, respectively. The calculated values of the particle size and strain of the
investigated samples are listed in Table 1. It is clearly seen from the data reported in the Table 1 that an
abrupt decrease in the strain of the annealed ZnTe films was observed as compared with the as-deposited one.
This indicates the presence of strain in the as-deposited films, which might be caused by mismatch of thermal
expansion coefficients of both the film and substrate. However, the strain value for ZnTe films immersed in
AgNO3 solution for different periods of time remains almost constant. This result is acceptable since there is
no considerable variation in the lattice constant has been detected due to immersion of ZnTe films in AgNO3

solution.

Fig. 3: Plot of             vs.           for the investigated samples.cos /   sin / 

Table 1: Structural parameters of pure and Ag-doped ZnTe films.
Film conditions a [nm] D [nm] η
Pure as-deposited ZnTe 0.6051 27.55 0.0312
Pure ZnTe,       Ta=473 K 0.6073 30.68 0.0126
Ag/ZnTe, 15 s, Ta=473 K 0.6072 34.48 0.0122
Ag/ZnTe, 30 s, Ta=473 K 0.6073 46.73 0.0125
Ag/ZnTe, 60 s, Ta=473 K 0.6071 58.14 0.0124
Ag/ZnTe, 90 s, Ta=473 K 0.6070 69.44 0.0121

Fig.4 a-f shows the TEM micrograph and the corresponding electron diffraction patterns of ZnTe films
corresponding to as-deposited, annealed in Ar atmosphere at 473 K for 1h and ZnTe samples immersed in
AgNO3 solution for a periods of time 15 and 90s as a typical representative samples.  It is clearly seen from
the TEM micrograph of the as-deposited ZnTe film (Fig.4a) that the small particles uniformly distributed
through the investigated region. The corresponding electron diffraction consists of continuous rings of different
intensities, confirming the polycrystalline structure. When this film being annealed at 473 K (Fig.4b) the
particle size increases and the observed rings pattern become sharper, confirming the polycrystalline structure
of ZnTe cubic phase. The increase in the particle size with annealing process may be due to the coalescence
of the small particles. These observations agree well with our earlier conclusion based on the XRD results
obtained in the present work. Fig.4c-f shows the TEM investigation of pure and Ag-doped ZnTe films. It is
clearly show a significant difference between Ag/ZnTe films before and after annealing process. Whereas, the
transmission electron micrograph for the ZnTe film immersed in AgNO3 solution (before annealing process)
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showed agglomerate randomly distributed regions of Ag particles on the surface of the deposited ZnTe films.
The area of these regions was found to increase with increasing the periods of the immersion time. When these
films being annealed at 473 K for 1h, the randomly distributed regions of the Ag particles which were
observed onto the surface of the ZnTe films disappeared and diffused into the ZnTe layer. The diffraction
patterns of these samples consist of continuous rings, confirming also the polycrystalline structure. This result
confirmed that Ag diffused into the ZnTe layer at an annealing temperature of 473 K. Similar observation has
been detected for thermally evaporated Bi2Se3 films treated with AgNO3 solution Sakr et al., (2011).

Fig. 4: (a-f) TEM for a typical representative samples (Film thickness ~80 nm) 

Electrical properties of pure and Ag doped ZnTe films:

To study the temperature-dependence of film resistance, different samples of pure ZnTe film have been
immersed in AgNO3 solution for different periods of time 15, 30, 60 and 90s, respectively. Two-point probe
technique was employed for measuring the electrical resistance of the pure and Ag doped ZnTe films. The
measured was carried out in the temperature range 300-550 K. Thick silver electrodes using Ag past has been
used for the electrical contacts. 

The variation of the electrical resistivity of ZnTe films as a function of the periods of the immersion
duration time is shown in Fig.5. It is observed that electrical resistance of the films decreases with increasing

the periods  of  the  immersion  time.  The  resistance  decrease  from             for as-deposited film to82.9 10 

            for ZnTe film immersed in AgNO3 solution for 90 s. The change of film resistance with increasing55.3 10 

the periods of the immersion time in AgNO3 solution can be attributed to the deviation from stoichiometry of
the deposited ZnTe film and consequently to variation of the carrier density. 

The electrical conductivity, σ of the deposited films was calculated using the measured film resistance R
via,

       (4)1 1( . )
. .

cm
R t
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where w, t and l are the film width, thickness and length, respectively, and R is the resistance of the film.
The temperature dependence of the electrical conductivity, σ of pure and Ag-doped ZnTe films is shown in
Fig.6.

Fig. 5: variation of the film resistance, R vs. the periods of the immersion time

Fig. 6: Plot of ln (s) vs. 103/T for the investigated samples.

It has been observed that the conductivity dependence of temperatures indicates two important features:
i. The conductivity increases considerably as the temperature increases, showing normal semiconducting

behavior.
ii. The conductivity versus 1/T consists of two linear parts at two different temperature ranges, the first

extends between 303 and 388 K (as shown in Fig.7a) and the second between 388 and 573 K (Fig.7 b)
indicating two type of conduction mechanisms through thermally activated process (Espevick et al., 1971;
Briones et al., 1981).   
The variation of the electrical conductivity, σ vs. temperature, T can be explained according to the well-

known Arrhenious relation of the form;

       (5)exp  ( )o E kT  

where DE is the activation energy for the generation process, σo is the pre-exponential factor and k is 
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Boltzmann`s constant. Plot a graph between Inρ and 103/T, (as shown in Fig. 7 a, b) a straight line is obtained

having sloped             and intercept       . Therefore, one can calculate the activation energy and the pre-3( 10 )E k ln o

exponential factor. These values are summarized in Table 2. It is clearly seen that both values decreases with
increasing the periods of immersed ZnTe films in AgNO3 solution. This result indicates that the conduction
is due to thermally assisted tunneling of charge carriers in the localized states in band tails.

Fig. 7-a: plot of ln (s) vs. 103/T in the temperature range 303-388 K

Fig. 7-b: plot of ln (s) vs. 103/T in the temperature range 388-575 K

Table 2: Electrical parameters of pure and Ag-doped ZnTe films

Im.T [s] ΔEI [eV] Region I                          Region I                   Region II                     Region II2 1 1[ 10 . ]o cm     [eV]IIE 1 1[ . ]o cm  

0 0.43 3.14 0.67 3.3×105

15 0.42 2.91 0.54 5.7×104

30 0.35 2.84 0.49 3.5×104

60 0.30 1.83 0.37 8.6×103

90 0.24 0.81 0.38 65.2×103
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Conclusions:

ZnTe thin films have been deposited at room temperature by thermal evaporation technique. The deposited
films were immersed in AgNO3 solution for different periods of time. The X-ray and electron diffraction
studies revealed that the as-deposited films are crystalline in nature belonging to zinc blend structure with a
preferred (111) orientation. The intensity of the oriented plane increases with annealing and also with the
increase of the periods of immersion time. This finding was accompanied by increasing in the particle size as
revealed from both X-ray analyses. It was also confirmed from transmission electron microscope that Ag
diffused into the ZnTe layer at an annealing temperature of 473 K.

The resistance decrease monotonically from             for as-deposited film to              for ZnTe film82.9 10  55.3 10 

immersed in AgNO3 solution for 90 s. The analysis of the conductivity dependence temperature data revealed
two linear parts at two different temperature ranges, the first is in the temperature range 300-388 K, while the
other in the temperature range 388-575 K the activation energy calculated for such region was found to
decreases with the increasing the periods of the immersion time.
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