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A B S T R A C T   

Copper-doped Zinc Tellurium (ZnTe:Cu) films were deposited on borosilicate glass using 
magnetron co-sputtering technique. The influence of the substrate temperature on the structural, 
morphological, optical and electrical properties of ZnTe:Cu films was investigated by X-ray 
diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), atomic force 
microscopy (AFM), UV–Vis spectrophotometer and Hall effect measurement system. The results 
indicate that substrate temperature significantly affects the properties of the ZnTe:Cu films. When 
the substrate temperature increases from room temperature to 600 ◦C, the (111)-preferred 
orientation of ZnTe:Cu films is gradually replaced by the (220)-preferred orientation. At high 
substrate temperatures (≥500 ◦C), the CuxTe phase appears in the ZnTe:Cu films, resulting in 
higher carrier concentration (>1019 cm− 3) and lower resistivity (<10− 2 Ω cm) of the prepared 
films.   

1. Introduction 

Zinc Tellurium (ZnTe) is a crucial semiconductor in the II-VI group with a wide bandgap. It has gained significant attention in 
recent years for its potential applications in optoelectronic devices due to its direct band gap of approximately 2.26 eV [1–4]. ZnTe, 
with its small valence-band offset (0.05 eV) to CdTe [5], is an excellent candidate material as a back contact for CdTe-based solar cells 
owing to its low resistivity. The ZnTe layer is usually deposited between the CdTe absorber and the metallization layer to realize a 
better ohmic contact. This triple-layer structure is in favor of the improvement of the fill factor and open-circuit voltage of the module 
[6]. Additionally, the similar structural characterization between ZnTe and CdZnTe (CZT) make it a suitable material to act as the back 
contact of CZT-based devices [7]. 

Generally speaking, high carrier concentration and low resistivity are required for back contact materials. To obtain the ZnTe films 
with high carrier concentration and low resistivity, p-type doping methods are commonly used. However, finding an appropriate p- 
type dopant for ZnTe films has been challenging. Various elements have been tried, including group V elements of N [8], P [9], As [10], 
Sb [11], Bi [12], and transition elements of Ag [13] and Cu [14]. Among these, the Cu doping is considered to be a cost-effective and 
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more efficient way of doping ZnTe films [15]. It is attributed that the Cu diffusion and Cu–Zn substitution process is easy to be achieved 
due to the alignment of ionic radius between Cu2+ and Zn2+ [16]. Therefore, Cu-doped ZnTe films typically exhibit higher carrier 
concentration (>1018 cm− 3). 

A variety of deposition techniques have been carried out to fabricate Cu doped ZnTe (ZnTe:Cu) films, including thermal evapo-
ration [6,16,17], pulsed laser deposition (PLD) [18,19] and magnetron sputtering [20–22]. Among them, the magnetron sputtering 
process is simple and low cost, which is conducive to the deposition of ZnTe: Cu thin films with good adhesion and large area. However, 
since the magnetron sputtering system typically utilizes a mixed target of ZnTe: Cu with fixed composition, it restricts the ability to 
modify doping concentration. The magnetron co-sputtering technique, which employs two distinct targets (ZnTe and metallic Cu), was 
proposed to get around this problem. 

In this work, ZnTe: Cu films were prepared using a magnetron co-sputtering technique. The effects of substrate temperature on the 
structure, morphology, optical and electrical properties of ZnTe: Cu films were studied in detail. 

2. Experimental details 

ZnTe:Cu films were deposited on ultrasonically cleaned borosilicate glass (2 cm × 2 cm) using a magnetron co-sputtering technique 
at different substrate temperatures (room temperature, 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C and 600 ◦C). The co-sputtering process 
was executed by simultaneously operating a radio-frequency (RF) source (ZnTe target) and a direct current (DC) source (Cu target) in a 
vacuum chamber with a base pressure of 5 × 10− 4 Pa. The growth parameters are as follows: Ar gas flow rate of 40 sccm, sputtering 
power of 100 W for the ZnTe target and 2 W for the Cu target. The ZnTe target and the metallic Cu target with high-purity (>99.99 %) 
were used during the deposition process. The total deposition time was set to 30 min, involving 10 min of pre-sputtering to avoid 
contamination. The substrate was rotated with a speed of 5 r/min to ensure film uniformity. The heating process was executed by a 
quartz lamp. The substrate temperature was confirmed through a thermocouple. In addition, undoped ZnTe films were produced under 
the same conditions to examine the impact of Cu doping on ZnTe:Cu film properties. 

The film thickness was measured using a step profiler (Surfcorder ET150 from Kosaka Laboratory). The composition of the films 
was examined using an energy dispersive spectroscopy (EDS) device from Oxford Instruments. The structural and phase properties 
were investigated by using X-ray diffraction (XRD), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). The XRD 
patterns were obtained by Rigaku Industrial Corporation D/MAX2200-3 kW, using Cu-Kα1 radiation (λ = 0.15406 nm) with a scan 
range between 20◦ and 80◦ and step length of 0.02◦. The Raman spectra were measured by the HORIBA JOBIN YVON HR800 UV, with 
a 514 nm, 100 mW Ar+ laser irradiation. The XPS spectra were obtained by Thermo ESCALAB 250Xi, using Al-Kα radiation with a 
power of 150 W and beam spot size of 500 μm. The surface morphologies of the samples were observed via atomic force microscopy 
(AFM) with the tapping mode. The AFM examined area is 3 μm × 3 μm. The UV–Vis spectrophotometer was used to investigate the 
optical properties of samples with a wavelength range of 400–1000 nm, a bandwidth of 1 nm and a step of 0.5 nm. The electrical 
properties of the samples were characterized by a Hall effect measurement system (Accent model HL5500PC). 

3. Results and discussion 

3.1. Structural properties 

The XRD patterns of ZnTe:Cu films in Fig. 1 reveal that ZnTe:Cu films exhibit two distinct diffraction peaks at approximately 25.4◦

Fig. 1. XRD patterns of ZnTe:Cu films deposited under different substrate temperatures.  
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and 51.8◦ when the substrate temperature is below 400 ◦C, which correspond to the (111) and (222) planes of cubic ZnTe (c- ZnTe) 
phase (JCPDS card No. 75–2085), respectively. The second-order diffraction of the (111) crystal plane produces a diffraction peak of 
(222). During the growth of the polycrystalline ZnTe films, this preferred orientation above commonly appears due to the low crys-
tallization energy for forming (111)-oriented plane. A new diffraction peak corresponding to (220)-oriented c- ZnTe emerges at around 
42.0◦ as the substrate temperature exceeds 400 ◦C, and its intensity increases with higher temperatures. Additionally, the (111) 
diffraction peak gradually disappears while two weak diffraction peaks at 49.7◦ and 66.9◦ emerge, corresponding to the (311) and 
(331) peaks of c- ZnTe, respectively. Two other peaks at about 43.7◦ and 45.7◦ cannot be matched to the phase structure of c- ZnTe. To 
clarify the origins of these peaks, the XRD characterization of undoped ZnTe films was performed (Fig. 2). 

In general, during the growth process of the ZnTe:Cu film, secondary phases and clusters of hexagonal ZnTe (h-ZnTe) or CuxTe may 
appear at elevated substrate temperatures or under post-annealing treatment [18,21,23]. Fig. 2 (a) and (b) indicate no significant 
difference between the doped and undoped samples deposited at room temperature (RT) and 300 ◦C. When the substrate temperature 
is raised to 500 ◦C, a new diffraction peak appears at 45.7◦ in the doped sample compared to the undoped sample (Fig. 2(C)), cor-
responding to the CuxTe phase (JCPDS card No. 45–1283). Compared to undoped ZnTe, the diffraction peak intensity of the (220) 
crystal plane of Cu-doped ZnTe films remains basically unchanged, while the peak intensity of the (111) crystal plane significantly 
decreases. This suggests that at higher substrate temperatures (≥500 ◦C), the formation of CuxTe disrupts some crystal structures, 
leading to a weakening of the preferred orientation of the (111) crystal plane. In addition, for undoped samples, as the substrate 
temperature increases, the preferred orientation of the (111) crystal plane exists, while the diffraction peak intensity of the (220) 
crystal plane continuously increases. This indicates that a higher substrate temperature provides greater crystallization energy, leading 
to the formation of preferred orientation of crystal planes with higher crystallization energy, such as (220) and (311). 

Fig. 3 shows the Raman spectra of ZnTe:Cu films prepared under different substrate temperatures. The strongest peak, located at 

Fig. 2. XRD patterns of undoped and Cu-doped ZnTe films grown under different substrate temperatures: (a) RT; (b) 300 ◦C; (c) 500 ◦C.  
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207 cm− 1, corresponds to the ZnTe LO mode [24]. Additionally, a peak at around 179 cm− 1 indicates the presence of the ZnTe TO 
mode in the spectra of samples deposited at substrate temperatures of 500 ◦C and 600 ◦C. In the spectra of other samples, a "rise" 
centered from 164 cm− 1 to 173 cm− 1 is observed, with the centers of the "rises" encountering different levels of redshift. Similar 
redshifts of the TO peak at about 165 cm− 1 have been reported [25]. The reduction in substrate temperature results in a greater redshift 
of the peak, which is attributed to the internal stress induced by the lattice mismatch between film and substrate. The other two peaks 
at about 410 cm− 1 and 616 cm− 1 of the Raman spectra, correspond to the second and third order of ZnTe LO mode, respectively. These 
findings are supported by previous research [26]. 

In addition, although Te phonon modes (the most common examples being the A1 mode at 122 cm− 1 and the E2 mode at 142 cm− 1) 
have been reported in other works of undoped ZnTe films [27–29], no similar results were found in this study. This may be because for 
Cu doped ZnTe films, excess Te is prone to combine with Cu to form CuxTe, which is consistent with the results of XRD. 

3.1.1. X-ray photoelectron spectroscopy 
To investigate the chemical bonding characteristics of the Te, Zn, and Cu elements in co-sputtered ZnTe:Cu films, XPS survey was 

conducted. Fig. 4 shows the original and Voigt-fitted Te3d, Zn2p, and Cu2p XPS core level spectra of samples deposited at RT, 300 ◦C, 
and 500 ◦C. Distinctive changes in these spectra take place in samples deposited at 500 ◦C for all three elements. The intensity of peaks 
increases and all the peaks have a shift of 1.2 eV towards lower binding energy. This increase can be explained by morphology change, 
which is also observed in Raman spectra analysis, as both techniques are morphology sensitive. However, chemical environment may 
also be involved [30]. Test errors were ruled out because the locations of the C1s peaks (not plotted) of all samples align well. 

In Fig. 4(a), four peaks of Te3d are observed, consisting of two Te3d3/2 and Te3d5/2 doublet peaks of Te and oxide Te. The doublet 
peaks of Te indicate the presence of ZnTe, and previous testing showed no sign of a pure Te phase. For RT and 300 ◦C samples, the 
intensity of Te peaks is almost as strong as that of oxide Te peaks. It was previously hypothesized that Cu catalyzed the oxidation of 
tellurium, which could explain this observation [5]. However, this hypothesis is not sufficient to account for the increased intensity of 
oxide Te peaks for samples taken at 500 ◦C, which is considerably stronger than that of Te peaks. Another study discovered that the 
CuxTe-related Te3d peaks are in nearly the same location as TeO2-related peaks [31], which suggests that at 500 ◦C, the oxide Te peaks 
are the result of both Te oxidation and CuxTe. 

There are two separated peaks for all Zn2p and Cu2p spectra in Fig. 4 (b) and (c) represents the 2p1/2 and 2p3/2 doublet peaks of Zn 
and Cu. The peaks of Zn2p are typical of the Zn–Te bond. The chemical state of Cu cannot be recognized specifically by the peaks of 
Cu2p though, since the binding energies for Cu0, Cu1+ and Cu2+ are all close to 0.05 eV [32]. 

3.2. Surface morphology 

The atomic force microscopy (AFM) was utilized to obtain the topography characteristics of ZnTe:Cu films. Fig. 5 displays the 3D 
micrographs with topographical features of representative samples with substrate temperatures of RT, 300 ◦C, and 500 ◦C. The root- 
mean-square (RMS) roughness was calculated and was presented in the corresponding figure. For the RT sample in Fig. 5 (a), the grain 
size is relatively small. In Fig. 5 (b), the surface morphology of the 300 ◦C samples is similar to that of the RT sample, except that a small 
number of larger grains appear in the 300 ◦C samples. The RMS roughness of the 300 ◦C samples rises from 1.44 nm to 1.97 nm. Fig. 5 
(c) indicates that the RMS roughness of the 500 ◦C samples increased to 11.59 nm. This is attributed to recrystallization occurring in 
the film as the substrate temperature increased. 

In addition, the step profiler is also a device used to characterize surface morphology and characteristics, and can accurately 
measure the average thickness of thin films. An accurate step meter was used to measure the thickness of thin films grown at different 
substrate temperatures, and the growth rate of the thin films was further determined based on the growth time. From Table 1, it can be 

Fig. 3. Raman spectra of ZnTe:Cu films deposited under different substrate temperatures.  
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concluded that the thickness of all samples is around 600 nm, as the substrate temperature increases, the growth rate of the thin film 
gradually accelerates. 

3.3. Optical properties 

The transmittance spectra and band gap values were analyzed to investigate the optical properties of ZnTe:Cu films deposited at 
various substrate temperatures. Fig. 6 (a) depicts the acquired transmittance spectra of samples in the 400–1000 nm range at all 
substrate temperatures. The results indicate that within the visible light range, the transmittance of ZnTe:Cu films slightly increases 
with the increase of substrate temperature. 

For direct band gap materials, optical band gap energy (Eg) can be determined using Tauc’s direct optical transition model [33], 
given as follows: 

αhν= A
(
hν − Eg

)1/2 (1)  

where α is the absorption coefficient, hν is photon energy, and A is a constant depending on the optical transition probability. Through 
equation (1), it can be known that there is a linear relationship between (αhν)2 and hν, which can be used to calculate the value of Eg. 
The absorption coefficient α can be calculated with transmittance data by equation (2) as shown in the following relationship: 

α= 1
d

ln
(

1
T

)

(2)  

where d is the film thickness and T is the transmittance. Fig. 6 (b) shows the Tauc plot of the samples, where (αhν)2 is plotted as a 
function of hν. By extrapolating the linear parts of the curves, intercept values on the x-axis (hν) can be obtained, which correspond to 
the values of Eg. The Eg of all samples is lower than that of crystalline ZnTe (2.26 eV), which is due to the band gap narrowing effect 
caused by Cu doping, which is common when the semiconductor material is heavily doped [34]. 

Fig. 4. XPS core level spectra of ZnTe:Cu films deposited at RT, 300 ◦C and 500 ◦C: (a) Te3d (solid line for cumulative fitted curve and dashed line 
for each peak fitted); (b) Zn2p; (c) Cu2p. 
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3.4. Electrical properties 

The semiconductor Hall effect tester is widely used to measure important parameters such as carrier concentration, mobility, 
resistivity, Hall coefficient, carrier type, block resistance, etc. of semiconductor materials. It can be used for films or bulk materials, and 
its principle is mainly based on the van der Pauw method. This method does not have special requirements for the shape of the sample, 
but requires a uniform thickness of the thin film sample and no holes on the surface. All ZnTe:Cu films are dense and uniform in 
thickness with a surface size of 2 cm × 2 cm. Electrodes were grown at the four corners of the film sample edges for Hall testing. Table 2 
shows Hall effect measurements results of ZnTe:Cu films deposited at different temperature, and Fig. 7 visualizes the carrier con-
centration, Hall mobility, and resistivity changing trend with increasing substrate temperature. To expound on the findings, we 
introduce the grain boundary trapping theory developed by Seto [35], which is based on three assumptions: (1) the polycrystalline film 
is composed of identical crystallites with a grain size of L cm; (2) there is only one type of impurity atom present, the impurity atoms 
are totally ionized and are uniformly distributed with a concentration of N/cm3; (3) the grain boundary is of negligible thickness 
compared to L and contains Qt/cm2 traps located at specific energy with respect to the intrinsic Fermi level. The grain boundary energy 
barrier EB can then be given as follows: 

EB=
q2L2N

8ε (LN < Qt) (3)  

EB=
q2Qt

2

8εN
(LN > Qt) (4) 

Fig. 5. AFM images of ZnTe:Cu films deposited at: (a) RT; (b) 300 ◦C; (c) 500 ◦C.  

Table 1 
Analysis of the film thickness results of the step profiler test.  

Substrate temperature film thickness deposition time growth rate 

RT 568.4 nm  0.4737 nm/s 
100 ◦C 593.5 nm 1200s 0.4946 nm/s 
200 ◦C 575.4 nm 0.4795 nm/s 
300 ◦C 598.8 nm 0.4990 nm/s 
400 ◦C 595.6 nm 0.4963 nm/s 
500 ◦C 604.6 nm  0.5308 nm/s 
600 ◦C 642.8 nm 0.5375 nm/s  
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where q is the quantity of electric charge and ε is the dielectric permittivity. When LN < Qt, the additional carriers brought by 
increasing the number of effective dopants will compensate for the traps first, thus causing EB to rise. The increased dopants can truly 
begin to lower the barrier only when LN > Qt. Moreover, the following relationship exists between the mobility μ and the resistivity ρ of 
the polycrystalline film: 

μ∝exp
(

−
EB

kT

)

(5)  

ρ= 1
qpμ (6)  

where p is the average carrier concentration of the film. 
The carrier concentration of ZnTe:Cu polycrystalline films deposited at different substrate temperatures varies. The carrier 

Fig. 6. (a) Transmittance spectra and (b) Tauc plot of ZnTe:Cu films deposited at different substrate temperatures.  

Table 2 
Hall effect measurements of ZnTe:Cu films deposited at different temperatures.  

Substrate temperature (◦C) Carrier concentration (cm− 3) Hall mobility (cm2V− 1s− 1) Resistivity (Ω⋅cm) 

RT 4.866 × 1017 3.410 3.760 
100 4.881 × 1018 2.230 0.574 
200 4.729 × 1018 2.140 0.615 
300 1.846 × 1018 2.490 1.360 
400 1.076 × 1018 3.340 1.735 
500 1.177 × 1019 12.100 0.044 
600 1.071 × 1019 11.200 0.052  
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concentration of the RT sample is the lowest, within 1017 cm− 3. Cu atoms tend to stay at grain boundaries when deposited at room 
temperature with the co-evaporation technique [36]. A similar process may happen during co-sputtering process in this work, where 
the major part of the sputtered Cu atoms doesn’t participate in the ZnTe nucleation and growth process, only settling at the grain 
boundaries. Since these Cu atoms are in the form of Cu0, they are unable to provide additional carriers to the film, making themselves 
invalid dopants. 

When the substrate temperature rises to the range of 100 ◦C and 200 ◦C, the carrier concentration sharply increases by an order of 
magnitude, indicating that some of the Cu atoms at the grain boundaries are thermally ionized, becoming Cu1+ or Cu2+, and are able to 
diffuse into the ZnTe lattice to become effective dopants. This results in an increase of N. However, LN is still lower than Qt, so equation 
(3) should still be adopted, and therefore EB should increase linearly and μ should accordingly drop down. When the substrate tem-
perature reaches 300 ◦C, the carrier concentration does not continue to increase but begins to decline due to the further ionization of 
Cu1+ to Cu2+, leading to its loss of effect as an acceptor impurity. As N decreases, μ increases slightly. The same illustration could also 
be applied to the 400 ◦C sample. 

Notably, a significant variation occurs in the samples when the substrate temperature is raised to 500 ◦C and 600 ◦C, mainly re-
flected in structure alterations, increased grain size, and formation of the CuxTe phase. The formation of the CuxTe phase can not only 
provide additional free carriers and increase the carrier concentration of the film, but also passivate the defects in grain boundaries. 
Combined with grain boundary trapping theory, these changes correspond to the increase of L and N and the decrease of Qt, 
respectively. Equation (4) is applicable when LN > Qt, and the correlation between EB and N changes from positive to negative. 
Combination with equation (5), μ will increase as N increases. Since the carrier concentration and mobility are increasing at this time, ρ 
is greatly reduced according to equation (6). The variation of electrical properties of ZnTe: Cu thin films with substrate temperature 
can be well explained by the grain boundary trapping theory. 

The ZnTe:Cu films acquire both high carrier concentration (>1019 cm− 3) and low resistivity (<10− 2 Ω cm) at a high substrate 
temperature (500 ◦C or higher), representing their appealing electrical performances and their great potential in corresponding 
applications. 

4. Conclusions 

This work meticulously examines how substrate temperature affects the properties of ZnTe:Cu films deposited on borosilicate glass 
by magnetron co-sputtering using two individual targets. The films displayed excellent surface flatness and uniformity across all 
substrate temperatures. At lower substrate temperatures (≤400 ◦C), the films exhibited a (111)-preferred orientation. However, as the 

Fig. 7. The carrier concentration, Hall mobility and resistivity of the ZnTe:Cu films as a function of substrate temperature.  
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substrate temperature increases (≥500 ◦C), the original (111) preferred orientation of ZnTe: Cu films weakens, while the (220) 
preferred orientation gradually increases. At this stage, the formation of CuxTe compounds in the ZnTe:Cu film significantly improved 
its electrical properties, with carrier concentrations exceeding 1019 cm− 3 and resistivity within 10− 2 Ω cm. The variation in the 
electrical properties of the ZnTe:Cu films with substrate temperature was consistent with the grain boundary trapping theory. These 
high-performance ZnTe:Cu films, prepared by magnetron co-sputtering, show great potential for device applications. 
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