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Abstract The present paper reports the electrical character-
ization of nc-CdTe thin films in different temperature ranges.
Thin films of nc-CdTe are deposited on the glass substrates
by Physical Vapor Deposition (PVD) using the Inert Gas
Condensation (IGC) method. The Transmission Electron
Microscopy (TEM) studies are made on the CdTe nanocrys-
tals. The surface morphology and structure of the thin films
are studied by the Scanning Electron Microscope (SEM) and
X-Ray Diffraction (XRD) measurements. Dark conductiv-
ity measurements are made on the nc-CdTe thin films in the
temperature range 110–370 K in order to identify the con-
duction mechanism in this temperature range. The obtained
results reveal three distinct regions at high, low, and suffi-
ciently low temperature regions with decreasing activation
energies. The analysis of the high temperature conductivity
data is based on the Seto’s model of thermionic emission.
At very low temperatures, dc conductivity (σd) obeys the
law: lnσT 1/2 ∝ T −1/4, indicating variable-range hopping
in localized states near the Fermi level. The density of the
localized states N (EF) and various other Mott’s parameters
like the degree of disorder (TO), hopping distance (R), and
hopping energy (W ) near the Fermi level are calculated us-
ing dc conductivity measurements at low temperatures. Car-
rier type, carrier concentration, and mobility are determined
from the Hall measurements. The transient photoconductiv-
ity decay measurements are performed on the nc-CdTe thin

K. Sharma · A.S. Al-Kabbi · G.S.S. Saini · S.K. Tripathi (�)
Centre of Advanced Study in Physics, Department of Physics,
Panjab University, Chandigarh 160014, India
e-mail: surya@pu.ac.in
Fax: +91-172-2783336

S.K. Tripathi
e-mail: surya_tr@yahoo.com

films at different intensities in order to know the nature of
the decay process.

1 Introduction

The investigation of the transport properties of II–VI com-
pound semiconductor thin films, particularly CdSe, CdS,
and CdTe have attracted considerable interest because of
their high potential in photovoltaic devices. Thin films of
these materials are used in many semiconductor devices
such as photoconductors and photodetectors, IR detectors,
solar cells, photodiodes, and field effect transistors [1, 2].
Most of the studies on thin films of these materials have con-
centrated on the electrical and optical properties.

Among these, CdTe is considered at present one of the
most promising materials, for device applications. It has a
high absorption coefficient in the visible range of the solar
spectrum and its band gap is close to the optimum value for
efficient solar energy conversion [2]. CdTe is unique among
the semiconducting II–VI compounds, in its ability to ex-
hibit both n-type and p-type conductivity at relatively high
levels, which permits the utilization of solar cells in both ho-
mojunction and heterojunction configurations [3]. Consider-
able amount of data is available on the irradiation effects of
γ -rays, electrons, and protons on CdTe films.

nc-CdTe thin films find its applications in the fabrication
of cost effective thin film solar cells. The performance of
such devices depends on the physical properties of the mate-
rial, particularly in thin film form, which depends markedly
on the preparation conditions. Different techniques of depo-
sition have been developed to obtain device-grade CdTe thin
films, among which electrodeposition [4], r.f. sputtering [5],
closed space vapour transport [6], spray pyrolysis [7], and
vacuum evaporation [8] are widely used. From the methods
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discussed above, the thermal evaporation in vacuum using
the Inert Gas Condensation (IGC) method is often preferred
because it offers large possibilities to modify the deposi-
tion conditions and to obtain films with determined structure
and properties. The IGC process is one of the most known
and simple processes for the formation of nanoparticles. The
structure of CdTe films is sensitive to preparation conditions
and exists into two different types (Cubic zincblende and
Hexagonal wurtzite structure). The performance and effi-
ciency of thin film-based devices are determined strongly by
the electrical, dielectric, and optical properties of the com-
ponent films. A study of these properties and their depen-
dence on the film properties is very important as it helps in
optimizing film parameters for better device applications.

Al-Ghamdi et al. [9] and Shaaban et al. [10] have pre-
pared nc-CdTe thin films by the thermal evaporation tech-
nique and investigated the effect of thickness on the opti-
cal properties of nc-CdTe thin films. Al-Ghamdi et al. [9]
have found that the absorption coefficient, refractive index
(n), and extinction coefficient (k) decrease while the values
of the optical band gap increase with an increase in thick-
ness. Singh et al. [11] have prepared nc-CdTe thin films
by electrodeposition and determined their deposition poten-
tial, Cd:Te ratio, structural properties, morphological behav-
ior, and the optical properties, respectively. Ikhmayies et
al. [12] have studied the optical properties of nc-CdTe and
calculated the effective band gap energies of the nanocrys-
tallites. They have also estimated the radii of nanocrystal-
lites using the hyperbolic band model. Nanocrystalline CdTe
has been prepared by mechanical alloying using Cd and Te
equiatomic powder mixture slight oxidized due to air ex-
position by Campos et al. [13]. The Raman results showed
the disappearing of high frequency modes of α-TeO2 after
milling and suggested the photoinduced decomposition of
CdTe phase. Changes of the physical and chemical prop-
erties of CdTe nanoparticles at increased temperature have
been studied by thermal analysis and the probable mech-
anism has been proposed by Ban et al. [14]. Thus, from
the above discussion, it is clear that considerable progress
has been made in the understanding of the optical processes
in nc-CdTe. Porter et al. [15] have measured the transport
properties of CdTe NC films in FET structure. They have
reported that majority carriers are holes and the hole den-
sity can be modulated with gate voltage. Variable range hop-
ping conduction has also been studied in detail by some re-
searchers. Mentzel et al. [16] have described the electrical
transport properties of PbSe nanocrystals in FET structures
by using a simple model of hopping between intrinsic lo-
calized states. Yu et al. [17] and Liu et al. [18] have stud-
ied variable range hopping conduction in nanocrystalline
CdSe. There are only few reports which discuss the electri-
cal conduction mechanism of nanocrystalline CdTe in dif-
ferent temperature ranges.

In the present work, the electrical properties of the nc-
CdTe films in different temperature ranges have been inves-
tigated. nc-CdTe thin films are prepared by thermal evapo-
ration using the IGC technique in the presence of argon as
an inert gas. These thin films have been characterized us-
ing the Transmission Electron Microscopy (TEM) and X-
Ray Diffraction (XRD) techniques. Electrical properties of
these films have been studied in the different temperature
ranges. In the low temperature region (110–160 K), the con-
duction has been found to exhibit a variable range hopping
process while in the higher temperature region (>250 K),
the thermionic emission of the carriers is responsible for the
conduction over the grain boundaries. The electronic trans-
port of the nc-CdTe thin films in the higher temperature
range is explained using a model proposed by Seto [19].
Hall measurements are performed on the nc-CdTe thin films
to calculate the carrier concentration, carrier type, and mo-
bility of charge carriers.

2 Experimental

The CdTe material (99.999 % pure) used for the prepara-
tion of thin films has been purchased from Sigma–Aldrich.
Thin films are prepared by thermal evaporation using the
IGC technique in the presence of argon as inert gas at room
temperature and on well-degassed Corning 7059 glass sub-
strates. The material is evaporated from a heated Tungsten
source into a chamber which has been previously evacuated
to about 2 × 10−5 mbar. The films are kept in the deposi-
tion chamber in the dark for 24 hours before taking mea-
surements to attain thermodynamic equilibrium. TEM has
been done using the Hitachi H7500 electron microscope,
operating at 100 kV. Samples for TEM measurements are
prepared by depositing very thin layer of the material on
carbon coated copper grids by thermal evaporation method
using the IGC technique. The surface morphology of the nc-
CdTe thin films on the glass substrate has been studied by
using a Jeol Scanning Electron Microscope (JSM-6610 LV).
Crystallographic study is carried out on the nc-CdTe in X-
ray diffractometer (Spinner 3064 XPERT-PRO) using CuKα

radiation in the 2θ range from 10° to 80°. The accelerat-
ing voltage is set at 45 kV with a current of 40 mA. The
electrical measurements of these thin films are carried out
in a specially designed metallic sample holder where heat
filtered white light of the intensity 200 W tungsten lamp
is shone through a transparent quartz window. A vacuum
of 2 × 10−3 mbar is maintained throughout these measure-
ments. Light intensity is measured using a digital luxme-
ter (MASTECH, MS6610). Planar geometry of the films
(length ∼1.2 cm; electrode gap ∼8 × 10−2 cm) is used for
the electrical measurements. Thick Indium (In) electrodes
used for electrical contacts are deposited by thermal evap-
oration at room temperature. For Hall measurements, four
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Fig. 1 TEM image of nanocrystals of CdTe

Indium electrodes are formed on the surface of nc-CdTe.
Typical sample dimensions are ∼2.5 × 2.5 cm2 and width
of electrodes ∼1 mm2. The photocurrent (Iph) is obtained
after subtracting the dark current (Id) from the current mea-
sured in the presence of light. The dark and photocurrent are
noted using a Keithley Electrometer (6517A).

3 Results and discussion

TEM image of the sample is shown in Fig. 1. The average
size of the nanoparticles as obtained from the TEM is 3 nm.
From the observed size of nanoparticles, it is difficult to say
whether the majority of particles is in strong or weak con-
finement limit, which is defined by the exciton’s Bohr ra-
dius, aB being smaller (or larger) than the dimension of the
spherical particle, respectively. Therefore, aB is estimated
for heavy-hole (hh) or light-hole (lh) excitons for CdTe us-
ing:

ab =
(

4πε0εrη
2

e2μ

)
(1)

where e is the elementary charge; εr, the static dielectric
constant of the semiconductor (εr = 10.2) for CdTe [20]
and μ = [memh/(me + mh)] is the exciton’s reduced mass,
which depends on the effective masses, me of the electron
and mh of the hole. The effective mass of the hole can be
approximated by mlh for lh and mhh for hh transitions. Us-
ing me = 0.110m0, mhh = 0.600m0, and mlh = 0.180m0

[21] for CdTe, where m0 is the free electron mass, results
in alh

B = 8 nm for light hole, and ahh
B = 5 nm for heavy hole

excitons. The Bohr radii are more than the average particle

Fig. 2 SEM image of nc-CdTe thin film

Fig. 3 XRD pattern of nc-CdTe thin film

size found in the TEM studies, i.e., aB � r which indicates
the strong confinement in the CdTe nanoparticles.

Figure 2 shows the surface morphology of nc-CdTe thin
film. The micrograph shows that the substrate is well cov-
ered with a large number of densely packed polycrystalline
grains. The absence of cracks and pinholes in the micro-
graph reveals that the nc-CdTe thin films are smooth and
have uniform surface.

Figure 3 shows the XRD pattern of nc-CdTe thin films.
The corresponding peak positions and their calculated in-
terplanar distance values d are listed in Table 1. The XRD
pattern of the films show a mixed structure (cubic and hexag-
onal) with peaks at 2θ = 23.8°, 25.8°, and 46.5° correspond-
ing to cubic (111), hexagonal (101) and cubic (311) orien-
tations, respectively [22]. The intensity of the (111) peak is
very strong, which confirms that the films have a preferential
orientation of (111). Since the (111) direction is the close-
packing direction of the zinc-blende structure and this type
of ordering is often observed in polycrystalline films grown
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Table 1 The calculated values of crystallite size (D), dislocation den-
sity (ε), strain (δ) for as- grown nc-CdTe thin films

Deposition
condition

2θ° d (Å) (hkl) D (nm) ε × 10−3

(lines−2 m−4)
δ × 1015

(lines m−2)

As
deposited

23.8° 3.74 (111) 26 1.37 1.48

25.8° 3.52 (101) 10 3.48 10

46.5° 1.95 (311) 12 2.81 6.94

on amorphous substrates [23]. Thus, nc-CdTe thin films are
polycrystalline in the zinc-blende phase with (111) as the
preferential orientation. The crystallite size (D) is calculated
using the Scherrer formula [24] from the full-width at half-
maximum (FWHM) (β) of the XRD peaks:

D = 0.94λ

β cos θ
(2)

where λ is wavelength of the X-rays and θ is Bragg angle.
The strain (ε) is calculated using the formula:

ε = β cos θ

4
(3)

The dislocation density (δ), defined as the length of disloca-
tion lines per unit volume of the crystal, is evaluated from
the formula [24]:

δ = 1

D2
(4)

The average crystallite size of the nc-CdTe thin films is es-
timated to be 16 nm. The discrepancy between the particle
size and crystallite size obtained from the TEM and XRD
measurements may be due to the difference in the thickness
of the samples studied for these measurements, since the
TEM grid requires very thin layer deposition on the carbon
coated copper grid. But for film characterizations (XRD,
electrical characterization), film deposited on the glass sub-
strate is thicker (several monolayers) as compared to that
made for the TEM characterization.

Nanocrystalline thin films, in general, consist of grains
and grain boundaries in the nanometer range and they are
characterized by the presence of large surface to volume ra-
tios of the crystallites constituting the film. This gives rise to
properties different from those in the bulk in which there are
large grains with a long range order. Grain boundaries play
a significant role in the nanocrystalline materials because
a large fraction of the atoms in the nanocrystalline mate-
rials is located within a few atomic distances of the grain
boundaries. Understanding the origin of the unique proper-
ties of nanocrystalline materials requires complete study of
the electrical conduction phenomena in different tempera-
ture ranges by using the existing theoretical models.

As observed from the SEM micrograph (Fig. 2), the con-
ducting particles are in close proximity. So, electrons can
jump gaps between the particles by tunnelling or hopping,

Fig. 4 Dependence of lnσd vs. 1000/T in the temperature range
110–370 K for nc-CdTe thin film. Inset shows variation of conductivity
in intermediate temperature region

thus creating a current flow. Wuelfing et al. [25] have sug-
gested an Arrhenius type activated tunnelling model to de-
scribe the transport phenomenon. The relation governing
this phenomenon is given as

σ(x,T ) = σ0.e
−βx.e

−EA
kT (5)

where β is the electron tunnelling coefficient, x is the av-
erage interparticle distance. The first term in the above ex-
pression gives the electron tunnelling between particles and
depends exponentially on the distance. Thus, the probabil-
ity of tunnelling decreases exponentially with interparticle
distance [25].

The variation of the current with voltage is found to be
linear up to the operating range of the applied voltage (graph
not shown here) which shows the ohmic behavior. The tem-
perature dependence of the dark conductivity (σd) of nc-
CdTe thin films has been studied and ln σd vs. 1000/T

curve is plotted in Fig. 4. On the basis of the nature of
the slope, the temperature is divided into three regions [26]
(high temperature region, intermediate temperature region,
and low temperature region). The plot of lnσd vs. 1000/T

in three temperature regions are straight lines, indicating
that the conduction is through an activated process in all the
three regions. The intermediate region is less clear and is
shown in the inset of Fig. 4. The boundaries are approxi-
mate between regions where a particular conduction mech-
anism dominates. Furthermore, the passage from one region
to another is not sharp; the straight lines in three temperature
regions meet smoothly at the boundaries.

Low-temperature (100–160 K) data for these samples has
been replotted as lnσT 1/2 vs. T −1/4 (Fig. 5). According to
Mott [27], the linear region of this plot represents an electron
transport by hopping among localized states. The conduc-
tivity in the low-temperature region increases slowly with
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Table 2 Electrical parameters
of as-deposited nc-CdTe thin
films

Sample σd at 300 K
(�−1 cm−1)

T0 (K) N(Ef)

(eV−1 cm−3)
R (cm) W (eV) αR

As deposited
nc-CdTe

2.89 × 10−8 1.81 × 105 2.20 × 1021 1.81 × 10−7 0.018 2.24

Fig. 5 The plot of lnσT 1/2 vs. T −1/4 for nc-CdTe thin film

an increase in the temperature, which suggests that the con-
duction is due to the variable-range hopping in the localized
states near the Fermi level. In amorphous materials, variable
range hoping conduction (VRH) occurs at temperatures at
which the phonons do not have sufficient energy for trans-
fer to a nearest neighbor atom and charge carrier hops from
a neutral atom to another neutral atom situated at the same
energy level which can be situated at many interatomic dis-
tances away. However, in polycrystalline materials, the VRH
conduction process exists in the grain boundaries at temper-
atures at which the carriers do not have sufficient energy
to cross the potential barrier and to transfer themselves into
grain by the process of thermionic emission. However, hop-
ping in this case takes place due to the transfer of the charge
carriers from a charged trap state to a neutral trap state [28].

This variable-range hopping (VRH) mechanism is char-
acterized by Mott’s [29–31] expression:

σdT
1/2 = σ0 exp

(
−

(
T0

T

)) 1
4

(6)

The preexponential factor (σ0) and the degree of disorder
(Mott temperature) T0 are related to the density of states
N(EF), and the inverse-fall-off length of the wave function
of a localized state near the Fermi-level α by the following
relations [32]:

σ0 = 3e3vph

(8πk)
1
2

[
N(EF)

α

] 1
2

, (7)

T0 = C0
α3

kN(EF)
(8)

where N(EF) is the density of hopping sites at the Fermi
level and C0 = 18 is a numerical constant which depends
on the detailed assumptions. α is the coefficient of the ex-
ponential decay of the localized states wave function and is
assumed to be 0.124 Å−1 [33–35]. The experimental data
obey Mott’s VRH relation [36], giving rise to a linear re-
lationship between ln(σT 1/2) and (T −1/4) as is clear from
Fig. 5. Therefore, the conduction mechanism at low temper-
ature is due to the hopping of the charge carriers among the
localized states. Other Mott parameters, the distance R, and
average energy W are determined at T = 140 K using the
following relations [31]:

R =
[

9

8παkT N(EF)

] 1
4

, (9)

W = 3

4
πR3N(EF) (10)

From the slope of Fig. 5, we have calculated various Mott
parameters such as the degree of disorder (T0), density of
states (N(EF)), hopping distance (R), and hopping energy
(W ) for nc-CdTe thin films at 140 K as listed in Table 2. Ac-
cording to Mott and Davis [37–41], αR and W should have
values greater than unity and kT , respectively, for VRH con-
duction. It is evident from this Table 2, αR > 1 and W > kT ,
which agrees with the Mott’s condition for VRH. Degree of
localization of the carriers in the trap states, indicated by
αR > 1, shows that the charges are highly localized. From
the above discussion, it may be concluded that at low tem-
peratures, σ obeys the law: lnσT 1/2 ∝ T −1/4, indicating
VRH in localized states near the Fermi level [42].

In the temperature range (255–370 K), the plots of lnσd

vs. 1000/T have two linear portions, first in the lower tem-
perature range (255–310 K), characterized by a small slope
and second in the high temperature range (315–370 K), char-
acterized by large slope. The electronic transport proper-
ties of thin polycrystalline semiconductor films are strongly
influenced by their structural characteristics (the crystallite
shape and size, intercrystal boundaries, lattice defects, etc.)
and purity (nature and concentration of the impurities, ad-
sorbed and absorbed gases, etc.). So, the conduction mech-
anism in nc-CdTe thin film samples can be explained on the
basis of the models [43, 44] developed for the films with
polycrystalline (discrete) structure. These models are based
upon the consideration that the crystallite boundaries have a
space charge region due to the interface [43, 44]. The Seto’s
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Fig. 6 The plot of Hall Voltage (VH) vs. current (I ) for nc-CdTe thin
films

model [19, 45] with several modifications proposed by Bac-
carani et al. [46, 47] could explain the mechanism of elec-
tron transfer in nc-CdTe films. The following assumptions
have been made in this model: (i) the crystallites have simi-
lar size and shape, (ii) only one type of monovalent trapping
states (having concentration Nt and energy Et with respect
to Fermi level at the interface Ei) is present and is uniformly
distributed within crystallites, (iii) the traps are initially neu-
tral and become charged by trapping a free carrier and (iv)
the crystallite boundary thickness is negligible with respect
to crystallite size.

The Hall measurements have been used to investigate the
type and concentration of charge carriers. Figure 6 shows the
variation of current (I ) vs. Hall voltage (VH) for nc-CdTe
film. Using the slope of this curve, we have found carrier
concentration. The results of the Hall measurements indi-
cate that the nc-CdTe film has p type conduction with car-
rier density 1.13×1013/cm3. The hole mobility for nc-CdTe
is about 1.59 × 10−2 cm2/V·sec which is small. The major
reason for small mobility may be due to the scattering of
carriers at grain boundaries, since the grain size of nc-CdTe
is as small as 16 nm. The obtained results are in accordance
with the results obtained by M. Miyake et al. [48].

Since the CdTe crystallites’ are p type as confirmed by
Hall measurements and NA is defined as the acceptor con-
centration. For any assigned values of L, Nt, and Et, there
will be an impurity concentration N∗

A such that, when NA <

N∗
A the crystallites are entirely depleted and the energy bar-

rier can be written in the form [46]:

Eb = e2D2NA

8εr
(11)

and in this case electrical conductivity of thin films can be
expressed as

σf = e2D2NCNAν
[
2kT (Nt − DNA)

]−1 exp

(−Ea

KT

)
(12)

where

ν =
(

kT

2πm∗

) 1
2

(13)

and activation energy is given by

Ea = 1

2
Eg − Et (14)

In the second case, NA > N∗
A, the crystallites are partially

depleted and the expression of electrical conductivity can
be determined corresponding to the two following energy
domains [47]:

• For energy domain

Ef − Et − Eb � kT (15)

Electrical conductivity of the film can be described by the
expression

σf = e2DN2
Cνno

kT
exp

(−Ea

kT

)
(16)

and the activation energy Ea is

Ea = Eb (17)

• For energy domain

Et + Eb − Ef � kT (18)

Electrical conductivity of the films can be written as

σf = eN2
C

(
2εrN

−1
A Eb

) 1
2 (kT Nt)

−1 exp

(−Ea

kT

)
(19)

where

Ea = 1

2
Eg − Et (20)

In the Eqs. (11)–(20), the following notations have been
used: e, electron charge; D, average size of the crystal-
lites; NC, effective state density for the conduction band;
k, Boltzmann’s constant; Nt, concentration of surface (in-
terface) states with Et energy with respect to Ei at the in-
terface; T , absolute temperature; m∗, scalar effective mass
of charge carriers; Eg, energy bandgap (forbidden band);
Eb, barrier height (crystallite boundary, barrier potential);
εr, low-frequency dielectric constant of crystallites; no, elec-
tron concentration in neutral region of crystallites, and EF,
energy of Fermi level.

By assuming that in the lower temperature range
(255 K < T < 285 K), the expression (16) is valid. From the
slopes of lnσ vs. 103/T curves in this temperature range,
the values of the energy barrier, Eb, have been calculated.
These values are listed in Table 3. The values of impurity
concentrations NA, have been calculated by taking into ac-
count the expression (11). In this expression, the values of
the crystallite size have been determined by XRD and the
low frequency dielectric constant is taken to be 10.2 [20].
The obtained values for NA are also indicated in Table 3.
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Table 3 Characteristic parameters of investigated sample∗ using Seto model

Sample D (nm) �Tt (K) Eb (eV) Ea1 (eV) Ea2 (eV) T1 (K) T2 (K) T3 (K) NA (cm−3) Nt (cm−2)

nc-CdTe 16 255–370 0.16 0.23 0.82 255 310 370 3.54 × 1019 5.67 × 1013

∗D, average size of crystallites; �Tt , temperature range in which sample is given heat treatment; Eb, barrier height, Ea1, activation energy for the
temperature range �T = T2 − T1; Ea2, activation energy for the temperature range �T = T3 − T2; NA, impurity concentration; Nt , concentration
of surface states

Fig. 7 Rise and decay of photocurrent at different intensities for nc-CdTe thin films

Substituting the NA and σf values at 365 K into Eq. (12) (the
values of σf have been estimated from the lnσ vs. 103/T

curves), the values of Nt are calculated which are also listed
in Table 3. For the investigated sample, the value of scalar
effective mass of charge carriers is assumed to be m∗ = 0.35
mo (mo is free electron mass) [20].

The study of transient photoconductivity measurements
as a function of light intensity is a valuable tool in achiev-
ing a good understanding of the recombination process and
distribution of localized states which control the phototrans-
port kinetics. In order to understand the recombination and
trapping mechanisms, transient photoconductivity measure-
ments are conducted by exposing the sample at different

light intensities at 300 K. Figure 7 shows the rise and de-
cay of photocurrent in nc-CdTe film at different intensities.
It is evident from the figure that the photocurrent rises in a
monotonic manner. After cessation of steady illumination,
trapped electrons and holes combine and the photocurrent
decay is initially quite fast and then reaches a steady-state
value known as the persistent photocurrent. This persistent
photocurrent may not be simply due to carriers trapped in
the localized states. So, to simplify the analysis, the persis-
tent photocurrent is subtracted from the measured photocur-
rent.

The decay of the photocurrent is plotted at different inten-
sities on a semilogarithmic scale as shown in Fig. 8. These
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Fig. 8 Plot showing variation of ln Iph vs. time (t ) at different intensi-
ties

curves must be straight lines in case of a single trap level.
But Fig. 8 shows that ln Iph vs. t curves are not straight lines.
Also, the slope of the decay curve goes on decreasing con-
tinuously as the time of decay increases. This indicates that
the traps may be present at all the energies in the bandgap of
sample. These traps have different time constants, and hence
give the nonexponential decay of photoconductivity. To an-
alyze the decay rates in the case of nonexponential decay,
the differential lifetime (τd) is calculated using the relation
[49]:

τd = −
[

1

Iph

(
dIph

dt

)]−1

(21)

From the slopes of the Iph vs. time curves, we have calcu-
lated the values of τd using Eq. (21) at various times of the
decay curve of Fig. 7. The decay times observed for nc-CdTe
thin films at all intensities are found to be time dependent. In
order to study the dependence of τd with time, τd is plotted
against t on a double logarithmic scale at different intensities
as shown in Fig. 9. The plots are found to be straight lines
indicating that the decay is time dependent and nonexpo-
nential [50]. If the decay is nonexponential, then the decay
law is hyperbolic, and obeys the power law of the form t−n

[50, 51]

n = d(ln τd)

d(ln t)
(22)

If the value of n is unity, the distribution of traps is uniform,
otherwise it is said to be nonuniform or quasiuniform. In
the present case, values of n vary in the range of 0.44–0.62,
which shows the distribution of traps is nonuniform. Also,
from Fig. 9, the values of τd increase with an increase in the
intensity of light which may be due to increase in trap levels
induced by light.

Transient conductivity also provides information of some
other processes such as dispersive transport. Nonexponential

Fig. 9 Plot of ln τd vs. ln t for nc-CdTe thin films at different intensi-
ties

decays arise from the thermal excitation of electrons from
the traps when there is a distribution of traps; in particular, a
power-law decay results when the distribution is exponential
in energy N(E) of the form [52]:

N(E) =
(

Nt

EO

)
exp

(−E

EO

)
(23)

where Nt is the total gap state density and EO = kTO is the
distribution parameter.

According to the trap controlled recombination model
[53], the photocurrent decay depends on the initial density
of photogeneration pulse when the total filling of gap states
is not achieved. Thereafter, an initial portion of the decay
is governed by the capture process and the recombination
is delayed. Over this portion, Iph ∼ IOt−1(1−α), where IO is
the photocurrent at the moment when the light is switched
off and α is the dispersion parameter. The dispersion pa-
rameter α is determined from the experimental relaxation
curves as an asymptotic of the power-law portions of de-
cay photocurrent, i.e., ln Iph vs. ln t plot (graph not shown)
of nc-CdTe thin films at different intensities. The local-
ized state distribution parameter EO is also estimated using
the values of the dispersion parameter α, using the relation
α = kT /EO, where k is Boltzmann’s constant and T is the
ambient temperature. Now EO = kTO is the characteristic
energy of the density of state distribution and TO is the char-
acteristic temperature. TO [54] is defined as the temperature
at which the impurities or the fluctuations of the potentials
are frozen in the cooling process. Also, TO determined for
various impurities also reflects the temperature for which
the diffusion coefficient of the impurities becomes negligi-
bly small [55]. Thus, α and relative parameters are deter-
mined from the slope of ln Iph and ln t (not shown) and are
tabulated in Table 4. The similar type of behavior has been
reported by our group on GeSeCu thin films [56].
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Table 4 Parameters α, EO, and TO for nc-CdTe thin films

nc-CdTe α EO (eV) TO (K)

306 Lux 0.66 0.039 453

1290 Lux 0.72 0.036 419

3290 Lux 0.73 0.035 407

7250 Lux 0.77 0.033 384

In our study, we have tried to make a special effort in
understanding the charge carrier transport properties of nc-
CdTe thin films due to its potentially economic applications
in solar cells and other optoelectronic devices. The elec-
trical transport properties of the materials are of great im-
portance in determining whether the material is congruent
with our necessities or not. We have studied the tempera-
ture dependence of electrical conductivity of nc-CdTe thin
film which offers a lot of information on the electrical con-
duction mechanism in the respective films in correlation
with their structure. In semiconducting thin films, carrier
transport may be influenced by the presence of native de-
fects, various trapping levels defect impurity complexes, and
self diffusion processes [57]. These trapping levels are the
centers of preferential recombination and one of the main
causes of the small minority carrier lifetimes which is the
main cause of poor luminescence. We have chosen nc-CdTe
system for study because for this system (in the temperature
ranges under study) the native defects only play a secondary
role in terms of complex formation with impurities [57]. We
have calculated the concentration of impurity atoms (NA)
and various trap states (Nt) in nc-CdTe thin films using the
Seto model. It can be observed that the values obtained for
Nt are equal with common values of this parameter calcu-
lated for different II–VI semiconducting compounds (CdS,
CdSe, ZnSe) in thin film form [43].

4 Conclusions

Electrical conduction mechanism of the nc-CdTe thin films
is investigated in the temperature range 110–370 K. It has
been observed that the conduction at low temperatures takes
place through a variable range hopping of charge carriers in
the localized states near the Fermi level (EF), which is in
fair agreement with the Mott’s condition of variable range
hopping conduction. The density of the localized states is
calculated using Mott’s parameters. nc-CdTe thin films are
found to be p type from Hall measurements. Carrier concen-
tration (p) and Hall mobility (μH) are also calculated. The
high temperature data on the other hand has been explained
on the basis of Seto’s model for thermionic emission of the
carriers over the grain boundaries in nc-CdTe. The results
of transient photoconductivity measurements show that the

decay is time dependent and nonexponential. The dispersion
parameter (α) of the localized state energy distribution, de-
termined from the decay curves at different intensities is also
calculated.
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