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ABSTRACT

This paper reports the microstructure, optical, and electrical characteristics of

undoped and Cu-doped CdTe nanostructured thin films prepared on glass

substrates by electron beam evaporation technique. The crystallographic study

of X-ray diffraction shows that CdTe and Cu-doped CdTe films crystallize in the

form of a cubic zinc blende structure. Microstructure analysis reveals that as the

Cu-doping level increases, the average crystallite size increases, while the

microstrian decreases due to the improvement of the crystallinity, thereby

reducing defects. XRD and AFM investigations confirmed the nanostructure

characteristic of undoped and Cu-doped films. It was found that the optical

band gap energy increases from 1.485 to 1.683 eV as the Cu concentration

increases from 0 to 10 wt%, which may be related to the Burstein–Moss effect.

The refractive index is calculated from the Swanepoel envelope method and

found to decrease with the increase of the Cu doping due to the decrease in the

polarizability. Similarly, the extinction coefficient decreases with the increase of

Cu in the CdTe matrix. The dc electrical conductivity is found to increase with

increasing Cu doping, which is attributed to the increase in the grain size,

thereby reducing the scattering of the grain boundary. Furthermore, two con-

duction mechanisms of the carrier transport in nanostructured undoped and

Cu-doped CdTe films were observed. The low-temperature dependence of the

conductivity of undoped and Cu-doped CdTe nanostructured films is explained

based on Mott’s variable range hopping conduction mechanism model (VRH).

Interestingly, the calculated values of hopping distance R, the hopping energy

W, and the density of states at the Fermi level N(EF) are consistent with Mott’s

VRH. Finally, Hall effect measurements show that all the films have p-type

conduction behavior. Besides, the results show that as the Cu doping level
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increases, the carrier concentration and the Hall mobility increase due to the

decrease in grain boundary scattering with the increase in grain size. Accord-

ingly, it can be concluded that by increasing the Cu doping level in the CdTe

film, the conductivity is increased, thereby improving the performance of the

CdTe absorber layer in the solar cell structure.

1 Introduction

In recent years, the binary semiconductor com-

pounds AIIBVI are provided a great deal of interest

due to their potential application in solar cells and

photoconductive devices [1]. Cadmium telluride

(CdTe) is a member of the AIIBVI semiconductor

compound family, which is considered to be one of

the most outstanding absorber layers for solar cells

because of its unique characteristics, such as direct

band gap (1.5 eV) at room temperature located in the

central spectrum of the solar spectrum, highly

absorption coefficient in the visible region of the solar

spectrum (a & 105 cm-1) [2], good transport perfor-

mance, high average atomic number (50), high

resistivity, and exhibiting n-type and p-type con-

ductivity, which allows the production of solar cells

with heterojunction and homojunction structure [3].

CdTe has a sharp absorption edge, which allows 90%

of incident photons to be absorbed in a 2-lm opaque

CdTe layer, whereas the absorption of similar radia-

tion intensity needs thick layer of 20 lm in the case of

Si [4] All these characteristics make CdTe an ideal

candidate materials for various applications, e.g.,

photovoltaic conversion, solar cell structure, field

effect transistors, and X-ray and gamma-ray detectors

(role [5, 6]). Several deposition techniques have been

used to fabricate CdTe thin films, such as RF sput-

tering. [7], chemical bath deposition, [8], pulsed laser

deposition [9], close-range sublimation [10], elec-

trodeposition [11], thermal evaporation [12], and

electron beam evaporation [13]. Nevertheless, the

difficult duty is to obtain stoichiometric CdTe films to

better design the absorber layer in the solar cell

structure, since defects and/or impurities generated

during the deposition process will affect the opto-

electronic properties of prepared thin films, thereby

changing the efficiency of the solar cells [14–17]. Also,

it is reported that the electrical and optical properties

of CdTe thin films are tuned by doping with an

appropriate dopant (Bi, Co, Ag, Cu, In, and Mo) into

CdTe semiconductor lattice, which enhances the

efficiency of solar cells [18–23]. In this context, Cu

was reported to be an amphoteric dopant type, that

can be involved in the CdTe lattice as an interstitial

ion (Cui
?), producing a shallow donor level, or sub-

stituted by Cd atoms to form a deeper acceptor level

(CuCd
-), or complexes contain Cu? and Cd vacancies

(Cui
? ? VCd

-2) and (Cu?–CuCd), forming shallow

acceptors [24]. One of the main advantages of Cu

doping into CdTe is the increase in carrier concen-

tration, which can improve the ohmic contact.

In this paper, the electron beam evaporation tech-

nique is used to deposit high-quality undoped and

Cu-doped CdTe nanocrystalline thin films with dif-

ferent Cu concentrations on glass substrates. The

detailed analysis of the microstructure, morphology,

optical, and electrical properties of CdTe and Cu-

doped CdTe nanocrystalline films is studied, which is

very important for the design of the absorber layer in

the solar cell structure.

2 Materials and methods

CdTe and Cu-doped CdTe ingots with different Cu

concentrations (0, 2, 4, 6, 8, and 10 wt%) have been

synthesized using the mechanical milling method.

Analytical grades with stoichiometric CdTe and

Cu2Te powders (with a chemical purity of (99.999%,

Aldrich) were mixed and milled in a mechanical ball

mill machine at 200 rpm for 6 h. The mixture is made

disk shaped to avoid splashing the mixture powders

during the evaporation process. The prepared pure

and Cu-doped CdTe ingots were used as a source for

thin film deposition. The CdTe and Cu-doped CdTe

thin films with various Cu concentrations were

deposited by electron beam evaporation technique

(Edward Auto 306) at room temperature. Amorphous

glass with a size of (25 mm 9 25 mm) is used as the

substrate. To clean the substrate carefully, the sub-

strate was immersed in acetone for 15 min and then

washed with purified water for 15 min, and subse-

quently with alcohol for 10 min. At last, the substrate
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was ultrasonically cleaned in deionized water for

15 min and then was dried in air at a temperature of

100 �C. The substrates and ingots have been placed in

the chamber, which was then evacuated at the pres-

sure of 5 9 10–6 Pa. The pellet ingot was preheated

for 5 min before evaporation to remove any pollu-

tants and degas the pellets. The distance from the

substrate to the source is kept at about 20 cm. The

thickness of the film was adjusted at 300 nm at a

deposition rate of 2 nm/sec, which was controlled by

a thickness monitor device (model; FTM6). More

details of the deposition methodology are explained

elsewhere [25].

X-ray diffractometer (XRD, Cu–Ka = 1.54056 Å,

Philips diffraction 1710) was used for crystallo-

graphic investigation. The ratio of the elemental

composition of the film was checked by using energy-

dispersive X-ray spectroscopy (EDXS). The surface

morphology of the film was performed using an

atomic force microscope (AFM, model MLCT-MT-A).

The transmission and reflection spectra were mea-

sured with a dual-beam spectrophotometer (UV–Vis-

NIR, Shimadzu model V-670). The electrical perfor-

mance was studied by using the Hall measurement

technique in van der Pauw configuration with a 0.6 T

magnetic field (model Ecopia-HMS-3000).

3 Results and discussion

3.1 Elemental composition analysis

The elemental composition analysis of Cu-doped

films with different Cu doping levels has been per-

formed by EDXS measurements. The quantitative

weight percentage of the elemental composition is

given in Table 1. The results show that the calculated

weight percentage of the Cd, Te, and Cu elements are

close to the nominal stoichiometry within the exper-

imental error range. Besides, the data further reveal

that nominal Cu content increases with the increase

of Cu doping. This specifies that the Cu ions have

successfully incorporated into the CdTe matrix and

replaced Cd ions, thus verifying the conclusion of

XRD results.

3.2 Structural and microstructure
characterizations

Figure 1a shows the XRD patterns of undoped and

Cu-doped CdTe (CdTe: Cu) thin films deposited by

electron beam evaporation method at room temper-

ature on a glass substrate with different Cu concen-

trations of 2, 4, 6, 8, and 10 wt%. The results reveal

that all films have a polycrystalline-like structure

with three reflection lines belonging to (111), (220),

and (311) diffraction planes of cubic zinc blende

structure suggested the existence of the cubic phase

of CdTe structure (JCPDS No. 01-075-2086). Also, the

XRD patterns reveal a preferred oriented grain

growth toward the (111) plane due to the challenge

between the energy of surface and strain energy [26].

It is worth noting that the XRD patterns did not show

any foreign peak related to copper phases, such as

copper oxide and or copper cluster, indicating a

successful inclusion of Cu2? ions into the CdTe lattice

without change of cubic structure of CdTe. It was

found from Fig. 1b that the peak position of the (111)

plane is shifted toward higher diffraction angles due

to the strain in the film by the incorporation of Cu

ions in the CdTe structure of the semiconductor

matrix with remarkable shrinks in the cell volume.

Figure 2a shows the reduction of the lattice parame-

ter (a) with increasing Cu incorporation into CdTe

host lattice, which is calculated from interspacing

planner distance (d) and lattice indices (hkl) of the

most predominantly preferred oriented peak by

using the standard equation of cubic structure:
1
d2
hkl

¼ h2 þ k2 þ l2
� ��

a2. The observed reduction of the

lattice parameter is attributed to the incorporation of

Cu2? ions of smaller ionic radius (0.72 Å) by Cd2?

ions of larger ionic radius (0.97 Å). The calculated

value of the lattice parameter of Cu doped film with

different Cu doping levels is provided in Table 2. As

can be observed, the obtained lattice parameter (a)

Table 1 The quantitative weight percentage of the elemental

composition of the as-deposited nanostructured Cu doped CdTe

films from EDXS analysis

Compound wt%

Cd Cu Te

CdTe: Cu 0 wt% 48.42 – 51.58

CdTe: Cu 2 wt% 47.91 2.09 50.70

CdTe: Cu 4 wt% 46.72 3.88 50.80

CdTe: Cu 6 wt% 43.89 6.07 50.04

CdTe: Cu 8 wt% 40.98 8.11 50.91

CdTe: Cu 10 wt% 39.07 10.04 50.89

J Mater Sci: Mater Electron (2021) 32:15095–15107 15097



Fig. 1 a XRD diagrams of

undoped and Cu doped thin

films at Cu concentrations,

b The magnification of

diffraction peak at (111) plane

Fig. 2 a The lattice parameter versus Cu concentration in CdTe matrix. b The variation of the microstructural parameters with different Cu

concentrations of undoped and Cu doped CdTe films

Table 2 Structural and microstructural properties of undoped and Cu doped CdTe thin films

CdTe:

Cu

a V Average crystallite size obtained

from XRD

e 9 10–3 Average grain size obtained

from AFM

Surface

roughness

RMS surface

roughness

(wt%) (Å) (Å)3 (nm) (Lin m-2) (nm) (nm) (nm)

0 6.4093 263.29 16.07 1.19 28.61 2.446 2.283

2 6.4089 263.23 19.15 1.04 34.34 2.102 2.112

4 6.4078 263.10 22.54 0.85 41.12 1.283 1.113

6 6.4066 262.95 26.47 0.75 43.56 1.134 1.072

8 6.4043 262.67 28.18 0.72 49.56 0.812 0.623

10 6.4038 262.61 28.87 0.70 56.23 0.622 0.420
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value of undoped CdTe is consistent with the stan-

dard value of CdTe cubic structure (6.41 Å, JCPDS

No. 01-075-2086). Furthermore, the intensity of the

preferred oriented peak (111) is improved and its full

width at half maximum of diffraction peak (FWHM)

decreases with the increase of the Cu doping, which

is attributed to the improvement of the crystal growth

of the film due to the occupation of Cd site by Cu

ions. This behavior was given in the literature for Mo

doped CdTe [24] and Cu doped CdTe thin films [27].

Besides, the nanostructure nature of the films is

examined by using Debye–Scherrer’s equations from

the calculations of the mean crystallite sizes,

D ¼ k0k
b cos h, and lattice microstrain, e ¼ b

4 tan h, where, h,

b, k
0
, and k are the Bragg angle of the most preferred

oriented peak, radian FWHM, shape factor (& 0.9),

and the wavelength of the CuKa radiation, respec-

tively. The value of the average crystallite size of the

Cu doped CdTe film is found to vary from 16.07 nm

for CdTe to 28.87 nm for CdTe: 10 wt%, confirming

the nanostructure characteristic of the film. Figure 2b

displays the dependence of the microstructure

parameters with Cu doping, see also Table 2. It can be

observed that as the Cu doping increases, the average

crystallite size increases, while the microstrian

decreases, which refers to the improvement of the

crystallinity and the reduction of the defects due to

the complete integration of Cu2? ions into the CdTe

lattice. Such an increase in the average crystallite size

and decrease in microstrain is reported for films that

have smaller ionic radius dopants [28].

3.3 Surface morphology analysis

The microscopic description of the surface morphol-

ogy of the undoped and Cu-doped CdTe films has

been performed using AFM investigation. Figure 3

shows the three-dimensional (3D) AFM images of

CdTe, CdTe: 4 wt%, and CdTe: 10 wt% films. The

images show that the surface of the films has a highly

densely spherical elongated packing grain with a

uniform arrangement. The observed regular distri-

bution of the elongated spherical grains with similar

directions confirms the observed preferred oriented

grain growth toward the (111) plane. The micro-

graphs of the CdTe and Cu-doped films were ana-

lyzed in detail to identify the microscopic surface

morphology parameters, such as the grain size, sur-

face roughness, and root mean square (RMS) surface

roughness, see Table 2. The data show that the grain

size increases with the increase of the Cu concentra-

tion into CdTe lattice. However, it was found that the

surface roughness and RMS surface roughness are

decreased with the increase of the Cu doping. The

reduction in the surface roughness with the increase

of Cu doping into the CdTe films [27] and ZnO films

[29] is reported in the literature. It has to be men-

tioned that the grain size obtained from SEM is

higher than the crystallite size calculated by XRD.

This inconsistency can be ascribed to the fact that the

crystallite size is a record of the size coherent scat-

tering domain, while the grain size is a set of this

coherently scattering domain separated by a grain

boundary. Besides, crystallite size reveals two dis-

tinct ranges when dislocations are located in the

Fig. 3 3D AFM micrographs of Cu doped CdTe films
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composition, while the difference between them is

not visible in the SEM micrographs [30].

3.4 Optical properties

The optical band gap energy of the semiconductor

films is calculated from the absorption spectra of the

films via their transmission and reflection measure-

ments. Figure 4 shows the spectral dependence of

transmittance T and reflectance R measurements of

nanocrystalline Cu doped CdTe film with various Cu

doping levels in the wavelength range 200–2500 nm.

The average transmittance in the near-infrared region

was found to vary from 78 to 82%. Thus, the highly

transparent Cu-doped CdTe films can be used in n-

type window layer for photovoltaic solar cell appli-

cations as reported for highly transmission CdS film

[31, 32] and CdO [33] thin film. It is clearly observed

that the transmittance reasonably increases with the

increment of the Cu content into the CdTe host lattice

which is attributed to the improvement of the crys-

tallinity, see XRD analysis. The thickness uniformity

and surface smoothness of the film can be verified by

the appearance of interference fringes, which is due

to the coherence of multiple transmitted lights at the

interface between the film and substrate. Further-

more, the transmission curve drops sharply at the

absorption edge due to the transition of an electron

from the valence band (VBM) to the conduction band

(CBM). It is found further that as the concentration of

Cu into CdTe increases, the absorption edge blue

shifts, which indicates that the fundamental energy

gap increases with the increase of Cu doping. Fig-

ure 5a depicts the absorption coefficient as a function

in photon energy of nanostructured Cu-doped CdTe

film with different Cu dopants, which are evaluated

from the transmission and reflection measurements

in the strong absorption region by using the follow-

ing relation [34]:

aðkÞ ¼ 1

d

� �
ln X � Yð Þ; ð1Þ

X ¼ 1� R1ð Þ 1� R2ð Þ 1� R3ð Þ½ �= 2T 1� R2R3ð Þ½ �; ð2Þ

and

Fig. 4 The spectral variation of the transmittance and reflectance

of pure and Cu-doped CdTe films with various Cu contents

Fig. 5 a The absorption coefficient versus photon energy of pure

and Cu-doped CdTe films at different Cu dopants b (ahm)2 versus
hm of undoped and Cu-doped CdTe films at different Cu contents

15100 J Mater Sci: Mater Electron (2021) 32:15095–15107



Y ¼ 1

þ 1þ R1 R2 þ R3 � 2R2R3ð Þ½ �
�
1� R2R3ð ÞA2�

� �1=2
;

ð3Þ
where d is film thickness, and R1, R2, and R3 represent

the power of Fresnel reflection coefficients for an air–

film interface, for film–substrate interface, and for a

substrate–air interface, respectively. The films show a

high absorption coefficient value (& 105 cm-1),

which can be used as an absorber layer in solar cells.

The results reveal further that the absorption coeffi-

cient decreases with increasing copper concentration.

Moreover, the absorption value suddenly decreases

at the absorption edge, which is observed to shift to

higher energy as the Cu incorporation level increases.

The optical band gap energy of nanostructured Cu

doped film with the variety of Cu contents is esti-

mated using Tauc’s model [35, 36]:

ðahmÞ1=n ¼ a0ðhm� EgÞ; ð4Þ

where a0 is constant and the value of the exponent n

represents the direct (n = 1/2) [37]. The Tauc’s rela-

tion is represented in Fig. 5b by (ahm)2 versus (hm).
The linear part of Tauc’s plot is extrapolated to

(ahm)2 = 0. The optical band gap energy Eopt
g is deter-

mined from the intersection of the extrapolated line

with (ahm)2 = 0. The obtained values of Eopt
g for

nanocrystalline undoped and Cu doped CdTe film is

provided in Table 3. Obviously, the optical band gap

energy of undoped CdTe film (Eopt
g = 1.485 eV) is in

accordance with the published value (Eopt
g & 1.49 eV)

[1]. Moreover, it is observed that the optical band gap

energy increases with the increase of Cu incorpora-

tion level in CdTe lattice, which may be related to the

Burstein–Moss effect. This effect is corresponding to

degenerate doping semiconductors, in which the

Fermi level lies inside the conduction band. Accord-

ing to the Burstein–Moss effect, as the Cu incorpo-

ration increases into CdTe, the electron carrier

density of states of the conduction band edge

increases. Therefore, the energy band gap increases

with increasing Cu incorporation level when the

electrons are excited from the maximum edge of the

valance band to the conduction band above the Fermi

level since all the states below the Fermi level are

occupied. This effect is also reported for the increase

of energy band gap in Mo doped CdTe films [23] and

Mo doped CdO films [38].

It is worth mentioning that the optical constants,

such as the refractive index and extinction coefficient,

of semiconducting materials are essential optoelec-

tronic parameters for designing the solar cell and

photovoltaic devices. The refractive index of semi-

conductor thin films was calculated with different

methods [39–44]. In this context, the refractive index

of nanostructured Cu doped CdTe thin film is cal-

culated by using Swanepoel method [45], and then

later improved by Manifacier et al. [46]. This method

is based on the suppression of the observed inter-

ference patterns in the transmittance spectra by con-

structing envelope curves around maxima and

minima transmittance. The detailed process of this

method has been described elsewhere [47, 48]. The

spectral variation of the refractive index of nanos-

tructured Cu doped CdTe films is shown in Fig. 6a.

The figure shows a normal dispersion behavior for

the spectral variation of the refractive index of the

undoped and Cu-doped CdTe nanostructured films.

It is important to note that as the Cu-incorporation

level increases, the overall behavior of the refractive

index decreases. This decrease in refractive index is

related to the observed increase in optical band gap

energy with increasing Cu incorporation level, which

is inversely correlated through different empirical

models [49–51]. Lorentz–Lorenz equation relates the

refractive index directly with the polarizability [52].

The substitution of Cd of larger atomic radius

(1.61 Å) by Cu of smaller atomic radius (1.45 Å) rai-

ses the density and thus diminishes the polarizability.

Accordingly, the decrease in the refractive index

with the increase of Cu incorporation level is due to

the decrease in the polarizability. On the other hand,

the increase of the crystallinity and the grain size of

CdTe film with the increase of the Cu concentration

may also be another reason for the decrease in

refractive index [53]. The extinction coefficient (k) of

CdTe and Cu-doped CdTe films is determined from

the following equation a ¼ 4pk=k [54]. The spectral

behavior of the excitation coefficient of undoped and

Cu doped CdTe nanocrystalline films is displayed in

Fig. 6b. It is can be observed that the extinction

coefficient drastically dropped to the lowest value at

the strong absorption region that is due to the total

absorption of the incident photons at the fundamen-

tal absorption edge. The figure further shows that the

overall extinction coefficient decreases with the

increase of the Cu incorporation levels.
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3.5 Electrical properties

The room-temperature carrier concentration, carrier

type, and carrier mobility of undoped and Cu-doped

CdTe nanostructured films with different Cu con-

centrations were determined by Hall effect mea-

surements. It can be observed that these films have p-

type conduction behavior, which is determined by

the sign of the positive Hall coefficient. Figure 7

depicts the room-temperature values of Hall mobility

lH, carrier concentrations nH, and resistivity q of

nanostructured undoped and Cu-doped CdTe film

with various Cu incorporation levels. The results

show that as Cu increases from 0 to 10 wt%, the

carrier concentration and the Hall mobility increase

from 7.20 9 1018 cm-3 to 33.75 9 1018 cm-3 and from

14.08 to 83.19 cm2 V s-1, respectively. The increase in

Hall mobility and carrier concentration with Cu

doping is attributed to the decrease in the scattering

of the grain boundary, which is due to the increase in

grain size originated with the rise in Cu doping level.

This can be confirmed from AFM measurements,

where the lack of any voids or carks is remarked due

to the improved crystallinity and the absence of

defects in the films. Thus, as a result of the enhanced

mobility, the resistivity of undoped and Cu doped

CdTe thin films at room temperature decreased with

the increase of Cu incorporation level from

66.38 9 10–4 (X cm) for CdTe: 0 wt% to 2.93 9 10–4

(X cm) for CdTe: 10 wt%. This is in accordance with

the reported huge reductions in the electrical resis-

tivity of CdTe single crystals [55–58] and thin films

[59] upon the incorporated tiny amount of Cu. Thus,

upon the increase of Cu2? ions concentration instead

of the Cd2? ions concentration, more electrons (free

carrier concentration) are promoted to the conduction

band, resulting in a further decrease in resistivity.

This explains the observed decrease in resistivity

with increasing Cu content. In order to investigate the

mechanism of conductivity, the temperature-depen-

dent dc conductivity measurements (in the form of

Ln r versus 1000/T representations) of nanocrys-

talline undoped and Cu-doped CdTe films with dif-

ferent Cu concentrations were analyzed and are

presented in Fig. 8a. Obviously, a non-linear tem-

perature-dependent conductivity behavior is

observed. Further, it was observed that the electrical

dc conductivity of nanocrystalline undoped and Cu-

doped CdTe films increases exponentially with

increasing temperature. As a consequence, the resultsT
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exhibit semiconducting-like behavior for all Cu-

doped CdTe films over the entire measurement

temperature region from 300 to 450 K. Additionally,

the dc conductivity increases with the increase of the

Cu incorporation level in the CdTe film which is

attributed to the increase in the grain size, thereby

reducing grain boundary scattering. Accordingly, it

can be concluded that by increasing the Cu incorpo-

ration level in the CdTe film, as the conductivity

increases, the performance of the CdTe layer in the

solar cell can be improved. Similar behavior has been

reported for Cu doped CdSe films [60], Cu-doped

CdTe films [27], and Ag–CdSe films [61]. Table 3

illustrates the decrease in the resistivity and the

increase of the electrical conductivity at room tem-

perature as the Cu content increases. Furthermore,

according to the Arrhenius relationship r ¼
r0 exp �Ea=kTð Þ; where Ea is the thermal activation

energy and k is the Boltzmann constant, the results

reveal two different regions with two slopes at low

Fig. 6 a The spectral

dependence of the refractive of

pure and Cu-doped CdTe film

with different Cu

concentrations. b The spectral

variation of k for Cu doped

films with various Cu

incorporation levels

Fig. 7 The Hall mobility lH,
carrier concentrations nH, and

resistivity q at room

temperature of nanostructured

undoped and Cu-doped CdTe

film with various Cu

incorporation levels
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and high distinct temperature ranges, which indi-

cates two conduction mechanisms for the carrier

transport in nanostructured undoped and Cu-doped

CdTe films.

Consequently, the high-temperature activation

energy (387–450 K) Ea1 and low-temperature activa-

tion energy (300–386 K) Ea2 of undoped and Cu-

doped CdTe films are evaluated based on the slope of

the curves in the two regions using the following

equation: r ¼ r1 exp �Ea1=kTð Þ þ r2 exp �Ea2=kTð Þ;
where r1 and r2 are the pre-exponential factors. The

values of Ea1 and Ea2 of undoped and Cu-doped

CdTe films are summarized in Table 3. The low-

temperature activation energy (Ea2) may be due to the

low-temperature conductivity by hopping of carriers

between the localized states above the edge of the

valence band to the extended states in the conduction

band, while in the high-temperature region, the

normal type of band conduction in extended states

can be considered to be the main mode of the con-

duction mechanism. On the other hand, it is found

that the low-temperature activation energy Ea2

decreases as the Cu content increases from 58 (CdTe:

0 wt%) to 25 meV (CdTe: 10 wt%). Also, the high-

temperature activation energy Ea1 is found to

decrease with the increase of the Cu incorporation

level from 578 (CdTe: 0 wt%) to 320 meV (CdTe:

10 wt%). The decrease in activation energy is attrib-

uted to the observed increase in crystallinity and

decrease in defects. Different groups similarly

reported a decrease in activation energy with

increasing dopant concentration [62, 63]. Besides, at

all temperatures up to room temperature, the

dependence of ln r and T-1/4 in the undoped and Cu-

doped CdTe nanocrystalline film is determined,

which is an excellent tool for examining the hopping

conduction mechanism, particularly the Mott’s vari-

able range hopping conduction model (VRH). It is

worth mentioning that VRH in semiconductors is

expected to dominate at appropriately low tempera-

tures [60]. Therefore, the low-temperature depen-

dence of the conductivity of undoped and Cu-doped

CdTe nanostructured films can be analyzed based on

Mott’s variable range hopping conduction model

(VRH) [64]:

rT1=2 ¼ r0 exp � T0=T

	 
1=4� �
; ð5Þ

where Mott temperature T0 is given by [65]

T
0
¼ C0

a3

kNðEFÞ

� �
; ð6Þ

where N(EF) is the density of states at the Fermi level,

a is the exponential decay coefficient of the localized

states wave function (& 0.124 Å-1 [66]), and

C0(& 24/P) is the constant of proportionality. The

observed linear low-temperature dependence of the

conductivity in ln (rT1/2) and (T-1/4) represents the

undoped and Cu-doped CdTe nanocrystalline films

(see Fig. 8b), indicating a dominant variable range

hopping (VRH) conduction mechanism where the

Fig. 8 a ln rdc versus 1000/T of undoped and Cu-doped CdTe

nanostructure film with various Cu incorporation levels. b ln

(rdcT
1/2) versus T-1/4 of undoped and Cu-doped CdTe

nanostructure film with various Cu incorporation levels
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low-temperature conduction mechanism is ascribed

to hopping of free carriers between localized states.

Furthermore, the hopping distance R, the hopping

energy W, and the density of states at the Fermi level

N(EF) are calculated at room temperature (300 K) for

undoped and Cu doped CdTe nanostructured films

from the linear correlation slope shown in Fig. 8b and

are summarized in Table 3 [60]. Apparently, as Cu

incorporation increases from CdTe: 0 wt% to CdTe:

10 wt%, the density of state increases from 1.178 9 10
17 eV-1 cm-3 to 14.28 9 10 17 eV-1 cm-3. Also, it was

found that the values of aR [734.51(CdTe: 0 wt%)–

60.58 (CdTe: 10 wt%)] are [ 1 and the values of

W [0.053 (CdTe: 0 wt%)–0.029 (CdTe: 10 wt%)] are

greater than the thermal energy (0.0259 eV), which

are essential conditions for the above-mentioned

factors to be consistent with the Mott’s VRH [67, 68].

Finally, aR[ 1 indicates that the carriers are more

localized in the trap states.

4 Summary

To summarize, pure and Cu-doped CdTe nanos-

tructured thin films were deposited by electron beam

evaporation technique on glass substrates. The XRD

investigation shows that all the films are cubic zinc

blende structure. It was found that as the Cu incor-

poration level increases from 0 to 10 wt%, the average

crystallite size increases from 16 to 18 nm, while the

microstrian decreases from 1.2 9 10–3 (Lin m-2) to 0.

70 9 10–3 (Lin m-2). The average transmittance of

Cu-doped CdTe films in the near-infrared region was

found to vary from 78 to 82%, which can be used as

an n-type window layer for photovoltaic solar cell

applications. The optical band gap energy of Cu-

doped CdTe films increases from 1.485 to 1.683 eV as

the Cu concentration increases from 0 to 10 wt%. The

optical analysis of the spectral behavior of the optical

constants of Cu-doped CdTe films shows that the

refractive index and extinction coefficient decrease

with the increase of the Cu concentration in CdTe

matrix. It is found that the resistivity decreases, while

the dc electrical conductivity increases at room tem-

perature with increasing Cu concentration. Addi-

tionally, it is observed that the temperature-

dependent conductivity of nanostructured undoped

and Cu-doped CdTe films shows two conduction

mechanisms of the carrier transport. Mott’s variable

range hopping conduction mechanism model (VRH)

is used to interpret the low-temperature dependence

of the conductivity, the behavior of hopping distance

R, the hopping energy W, and the density of states at

the Fermi level N(EF) of undoped and Cu-doped

CdTe nanostructured films. Finally, p-type conduc-

tion behavior is observed from Hall effect measure-

ments for all the films. Besides, the carrier

concentration and Hall mobility increase with

increasing Cu incorporation level. It can be con-

cluded that as the Cu incorporation level increases,

the conductivity increases, thereby improving the

performance of the CdTe absorber layer in the solar

cell structure.
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