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ZnTe thin films of 300nm thickness were prepared on glass substrates by thermal 

evaporation. These thin films were annealed in vacuum at 400°C for an hour, thereafter 

these films were immersed in Cu(NO3)2.H2O solution (1g/1000ml) for 20 minutes for Cu 

doping. Furthermore these doped samples were annealed in vacuum for diffusion of Cu in 

thin films for different annealing temperatures (one sample as doped, samples annealed 

after doping at 100°C - 400°C) for one hour with interval of 100°C. The crystalline nature 

and other structural parameters like lattice parameter, dislocation density and microstrain 

were analyzed by X-ray diffraction (XRD). The optical properties, such as transmission 

spectra, absorption coefficient, band gap and optical density were investigated with a UV–

VIS-NIR spectrophotometer. The determined band gap was shifted from 2.22eV to 2.19eV 

with annealing. The resistivity of as doped sample was 148 Ω-cm and after annealing at 

400°C it was reduced to 30 Ω-cm. The conductivity type was investigated by hot probe 

method and was found p-type. 
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1. Introduction 
 

Photovoltaic solar cells based on CdTe polycrystalline thin films are promising for low 

cost large scale manufacturing due to their low cost material, high absorption coefficient and 

stability [1, 2]. These solar cells can be manufactured with low film thickness (1-1.5μm) [3]. At 

present the module efficiency of CdTe thin film solar cells (TFSC) is in the range of 10% only, the 

opportunity of improving efficiency of these TFSC is high. One of the main issues of low 

efficiency of these TFSCs is non-ohmic back contact with the p-type CdTe because no metal is 

available with work function for ohmic contact with p-type CdTe [4]. This issue could be 

overcomed by incorporating an interfacial layer between p-type CdTe thin film and suitable metal 

back contact layer. Such interfacial layer should have small band offset with p-type CdTe thin film 

[5]. ZnTe has small band offset value of ~0.1eV [6] and is a good candidate for interfacial layer 

[7] in CdTe based TFSCs. An interfacial layer must facilitate high p-type doping to provide low 

resistance at back contact, ZnTe exhibited p-type doping with Cu [5]. Researchers have used a 

variety of doping techniques including diffusion, co-evaporation, ion exchange process etc. 

However, due to simplicity and low cost, ion exchange process is commonly utilized for doping of 

II-VI semiconductors including ZnTe by Ag, In and Cu [8, 9]. 

In the present work, we deposited ZnTe thin films by thermal evaporation method and Cu 

doping was achieved by ion exchange route. These doped thin films were annealed in vacuum at 

different temperatures. Further the effects of dopant and annealing temperatures on the structural 

and optical properties were studied. 
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2. Experimental 
 

Thin films of ZnTe with thickness 0.3μm were prepared on glass substrates by thermal 

evaporation. ZnTe in powder form of purity 99.99% was used as precursor. Thin films were 

deposited in vacuum ~2x10
-5 

mbar at the chamber ambient temperature of ~106°C. Before 

deposition, substrates were first cleaned by detergent and filtered water and then in ultrasonic bath 

cleaner using distilled water. Finally these substrates were cleaned ultrasonically in isopropyl 

alcohol (IPA) [10]. The ZnTe powder was placed in a molybdenum boat. The source to substrate 

distance during depositions was kept 15cm. Source current was applied after achieving a vacuum 

~2x10
-5 

mbar in the chamber. The source current was increased slowly to heat the source material. 

Controlling all parameters i.e. vacuum level, substrate temperature, evaporation rate, source 

current etc, source shutter was moved and allowed the ZnTe source material species to start 

depositing on the substrate. After depositing thin film of required thickness shutter was closed. 

The source current was turned off and chamber was cooled down to room temperature. All 

prepared samples were annealed in vacuum ~3x10
-4

mbar for an hour at 400°C. Then these samples 

were immersed in Cu(NO3)2.H2O solution (1g/1000ml) for 20 minutes for Cu doping. After 

immersion, these samples were cleaned in distilled water and dried by hot compressed air. Further 

these doped samples were annealed in vacuum for different annealing temperatures (one sample as 

doped, annealed after doping at 100°C - 400°C) for one hour with interval of 100°C. Annealing 

before doping and after doping at different temperatures is given in table 1. 

 
Table 1: Annealing of ZnTe thin films before and after doping 

 

Sample  Annealing in vacuum ~8x10
-5

mbar for 1 hour  

Before doping After doping 

ZT-1 400°C Not annealed 

ZT-2 400°C 100°C 

ZT-3 400°C 200°C 

ZT-4 400°C 300°C 

ZT-5 400°C 400°C 

 

 

3. Characterization 
 

Cu doped ZnTe thin films were characterized by studying mainly structural properties like 

the crystalline nature, lattice parameter, dislocation density and microstrain by using X-ray 

diffraction (XRD). Optical properties such as transmission spectra, absorption coefficient, bandgap 

and optical density were investigated with a UV–VIS-NIR spectrophotometer (Perkin Elmer 

Lamda 950). XRD characterizations were done by using PANalytical X'Pert PRO XRD with 

CuKα radiation (λ = 1.5406 Å). These XRD measurements were taken for 20
◦
 to 60

◦
 values of 2θ. 

The elemental composition of prepared thin films was obtained by using energy-dispersive X-ray 

(EDX) and data is given in the table 2. The conductivity type of Cu doped ZnTe films was 

investigated by hot probe method measuring the potential difference between a hot and cold 

contact [11, 12]. 

 
Table 2: Elemental composition (at.%) of doped ZnTe thin films 

Sample  Zn at.% Te at.% Cu at.% 

Not annealed 43.34 44.07 12.59 

100°C 43.56 43.69 12.75 

200°C 42.56 44.24 13.20 

300°C 43.27 44.06 12.67 

400°C 43.15 44.11 12.74 

 



463 

 

4. Results and discussion: 
 
4.1 Structural Characterizations 

 

Fig 1 shows the X-ray diffraction (XRD) patterns of one sample as doped (not annealed) 

and samples annealed after doping ZnTe thin films at different temperatures. These XRD 

measurements provide insight into the structural properties of these thin films. XRD patterns of 

films exhibit polycrystalline nature of these doped ZnTe thin films. All these films reveal cubic 

structure with preferential orientation along the (111) planes and this peak fits well with JCPDS 

reference data.  
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Fig. 1. X-ray pattern of Cu doped and annealed ZnTe thin films 

 

 

The lattice parameter ‘a’ for (   ) values has been calculated by using the following 

expression [13], 

  
 

√        
                                                          (1) 

 

The grain/crystallite size ‘D’ of these Cu doped ZnTe thin films was calculated from XRD 

patterns using Debye-Scherrer’s formula [14]. 

 

  
    

     
                                                                 (2) 

 

Where ‘λ’ is the wavelength of radiation used, ‘β’ the full width half maximum, and ‘θ’ is the 

diffraction angle. Fig 2 show the crystallite size variations of sample as doped and samples 

annealed ZnTe thin films. 
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Fig. 2. Crystallite size variations of sample as doped and samples annealed ZnTe thin films 

 

 

The micro strain ‘ε’ of these films was estimated using following formula [15]. 

 

  
     

 
                                                                             (3) 

 

The dislocation density ‘δ’ of these thin films was estimated using the following equation 

[16]. 

 

  
 

  
                                                                                 (4) 

 

Where ‘D’ is the grain/crystallite size calculated from equation ‘1’. These calculated structural 

parameters are given in table 3. The crystallite size remained unaffected up to annealing 

temperature of 200°C, which showed that Cu was not diffused properly for these annealing 

temperatures. When thin films were annealed further then crystallite size became larger for 300°C 

that showed settlement of dopant atoms. Crystallite size became smaller for further annealing 

temperature at 400°C.  

 

 
Table 3: Calculated structural parameters of doped and annealed ZnTe thin films 

 

Sample Lattice constant 

(Å) 

Crystallite size 

(nm) 

Microstrain (x10
-4

) Dislocation density 

x10
12 

(lines/m
2
) 

Not annealed 6.0924 41 8.374 5.836 

100°C 6.0863 41 8.374 5.836 

200°C 6.0940 41 8.374 5.837 

300°C 6.0938 52 6.700 3.736 

400°C 6.0801 46 7.535 4.725 

 

Raman spectra of Cu doped ZnTe thin films are shown in Fig 3. Three pronounced peaks 

are located at Raman frequencies 207, 410 and 614 cm
-1

, which are well matched with the 

literature [17-19].  
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Fig. 3. Raman spectra of Cu doped ZnTe thin films; as doped sample and after annealing 

 

 

4.2 Optical characterization 

 

The optical transmission spectra of Cu doped and annealed at different temperatures ZnTe 

thin films are shown in Fig 4. Small shift in absorption edges of samples was observed. These 

optical transmission spectra have also been used to determine the band gap energies of these thin 

films. Transmission% of these samples found annealing temperature dependent which became 

lower for annealing up to 300°C. The absorption coefficient ‘ ’ was calculated from the following 

relation. 

   
   

 
                                                                            (5) 

 

Where ‘ ’ is transmission and ‘ ’ is the thickness of thin films. 

The relationship between the absorption coefficient ‘ ’ and the incident photon energy 

‘  ’ is governed by the following relation [20]. 

 

     (     )
 

                                                          (6) 

 

where, ‘ ’ is Planck’s constant, ‘ ’ is the frequency of the radiation, ‘ ’ is a constant which 

depends on the nature of transition and ‘ ’ is a number (  =1/2, 3/2 or 2), depending on whether 

the transition is direct-allowed, direct-forbidden, indirect-allowed or indirect forbidden. In the 

present study the plots of (   )  vs    showed a linear portion as given in the Fig 5. This 

indicated that the relation given in equation ‘6’ holds good for these doped and annealed ZnTe thin 

films if ‘    ⁄ ’. This indicated that optical transition for these thin films is direct transition. 

Then the relation given in the equation ‘6’ became, 

 

(   )   (     )                                                        (7) 
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 In the relation given in the equation ‘7’ the absorption coefficient, ‘ ’ is related to the 

optical band gap ‘  ’by extrapolating the linear portions of the curves and x-intercept for zero 

absorption coefficients gave the optical band gap values and are shown in Fig 5. The band gap 

values were varied from 2.22 to 2.19 eV for different annealing temperatures. It could be 

hypothesize that Cu doping introduced extra energy levels close to the valance band of ZnTe thin 

films which reduced the band gap energy, same behavior of Cu doping for band gap in ZnTe thin 

films was also observed by other researchers [21]. 

 

500 1000 1500 2000 2500

0

20

40

60

80

100

 not annealed

 100
0
C

 200
0
C

 300
0
C

 400
0
C

Tr
an

sm
is

si
on

 %

Wavelength (nm)

300C

400C

200C

not annealed

100C

 
Fig. 4. Transmission spectra of Cu doped and annealed ZnTe thin films 

 

 

Optical density (OD) which is the measure of transmittance of an optical medium for a 

given wavelength was calculated from transmission data given in equation ‘8’ [22] and is shown in 

Fig 6, 

 

        
 

 
                                                                (8) 
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Fig. 5. Plots of (   )  vs    of Cu doped and annealed ZnTe thin films 



467 

 

500 1000 1500 2000 2500

0.0

0.5

1.0

1.5

2.0

400
0
C

 not annealed

 100
0
C

 200
0
C

 300
0
C

 400
0
C

O
D

 (
a
.u

.)

Wavelength (nm)

300
0
C

not annealed

200C

 
Fig. 6. Optical density(OD) vs wavelength of Cu doped and annealed ZnTe thin films 

 

 

4.3 Conductivity type determination  
 

The conductivity type of Cu doped ZnTe films was investigated by hot probe method 

measuring the potential difference between a hot and cold contact. For comparison and reference, 

we used n-type Si substrate/wafer. Keeping one probe hot compared to the other, thermal gradient 

generated current in the wafer and the electron current in n-type Si wafer produced a potential 

[23]. If samples have the same direction of potential, conductivity will be n-type and the 

corresponding reasoning leads to the opposite potential for p-type conductivity. All Cu doped 

ZnTe thin films were found to be p-type. 

 

 

4.4 I-V measurements 

 

In order to perform current-voltage (I-V) characteristics and conductivity type 

measurements, the coplanar circular Molybdenum (Mo) metal contacts were deposited on the front 

face of the films surfaces by DC magnetron sputtering at the chamber ambient temperature. Area 

of each deposited circular contact was 3.14 mm
2
 and separation between two adjacent contacts was 

3mm. Typical (I-V) characteristics were determined by two-probe technique using tungsten probes. 

Keithley 4200 semiconductor characterization system was used for the measurements. A box 

sample holder was used to enable measurements in the dark. These I-V characteristics were 

recorded at the room temperature. For all Cu doped ZnTe samples these measurements showed 

linear behavior and lines pass through the origin for both negative and positive characteristics as 

shown in Fig 7. This observation showed ohmic nature of the Cu doped ZnTe samples for the 

current and the applied voltage. The resistivity of as doped sample was 148 Ω-cm, after annealing 

it was decreased and reduced to 35 Ω-cm for a sample annealed at 400°C, which is better 

compared Cu doped ZnTe thin films prepared by close space sublimation [24]. Obtained values of 

resistivity are given in the table 4. Dependency of resistivity on annealing temperature is given in 

Fig 8. 
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Fig. 7. I-V characteristics of a typical Cu doped ZnTe thin film. 

 

 

Table 4: Resistivity of Cu doped ZnTe thin films annealed at different temperatures 

 

Annealing temperature 

(
o
C)  

Resistivity  

(Ω-cm)  

Not annealed  148  

100  141 

200  55 

300  35 

400  30 

 

 

 
Fig. 8. Dependency of resistivity on annealing temperature of Cu doped ZnTe thin films 
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5. Conclusions 
 

ZnTe thin films were prepared on glass substrates by thermal evaporation and were 

successfully doped by Cu with ion exchange technique. All samples were immersed for same time 

(20 minutes) in Cu (NO3)2 solution (1g/1000ml) and nearly same amount of Cu (~12 at.%) was 

found for all doped films. Annealing at different temperatures after doping affected the physical 

properties of thin films. Optical band gap decreased with annealing upto 300°C, which confirmed 

the incorporation of the Cu atoms in the ZnTe thin films. The resistivity of un-annealed sample 

was 148 Ω-cm and after annealing at 400°C it was reduced to 30 Ω-cm. The conductivity type of 

all Cu doped ZnTe thin films was found to be p-type. These findings can help in the CdTe TFSCs 

device fabrication. 
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