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a b s t r a c t

CdTe thin films were prepared onto water-white glass substrates by the close spaced sublimation tech-
nique. The films annealed right after the deposition were then immersed in copper nitrate solution for
different periods of time. These films were again annealed at 500 oC for 1 h to ensure the diffusion of cop-
per in the films. The samples were characterized by X-ray diffraction and scanning electron microscopy.
The electron microprobe analyzer showed an increase of copper-content in composition. The dc electrical
conductivity showed a credible increase with increasing copper-content in the films. With the increase of
copper-content, the hole mobility increased systematically. The optical parameters were deduced by fit-
ting the optical transmittance in the wavelength range 300–2500 nm.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Cadmium Telluride (CdTe) is considered as a promising material
for several applications like photovoltaic cells, high performance
electro-optic modulators and photorefractive devices [1]. The
II–VI materials like CdTe and Hg CdTe etc are critical in wide range
of detector technology operating in the infrared, ultraviolet, X-ray
and gamma-ray spectrum [2]. Thin films of CdTe can exhibit both n
and p type electrical conductivity, which makes it useful for diode
technology and field effect transistors [3]. It also exhibits a semi-
insulating state [4]. CdTe has a direct band gap of 1.5 eV at room
temperature, which is optimum for single junction solar cell effi-
ciency [5]. Britt and Ferekides [6] have reported a CdTe/CdS solar
cell with an efficiency of 16.8%. Due to its low sublimation temper-
ature, CdTe polycrystalline films can be prepared by several tech-
niques [7–13]. The close spaced sublimation (CSS) technique is
one of the various techniques that have produced encouraging
results. The CSS process offers the advantages of simple deposition
apparatus and high transport efficiency conducted under low vac-
uum conditions at moderate temperatures, thus, simplifying scale-
up for high-volume continuous processing [14]. The CSS approach
can be applied to other congruently subliming chemical systems.

The group I elements silver (Ag) and copper (Cu) are known as sub-
stitutional acceptors in CdTe. Doping of polycrystalline CdTe thin
films is usually achieved using Cu as a p-dopant [15]. There have
been many reports on CdTe films doped by elements, including
Sb, Ag, Cd and Te etc. [16–19]. However, CdTe polycrystalline thin
films doping with Cu is problematic [20]. Cu can show high
solubility and diffusivity in II–VI compounds at above several hun-
dred degrees centigrade. Cu plays dual role in devices like solar
cells; it aids the formation of better ohmic contacts by increasing
the p-doping of CdTe near/at the back-contact interface and also
responsible for the degradation of solar cells [21].

In the present paper, we report physical properties of CdTe thin
films deposited by CSS technique and then immersed them in Cu
solution by ion exchange process. The effects of immersion time
and subsequent heating in vacuum on the crystal structure, optical
properties and measurements on the electrical conductivity are
presented. To our knowledge this is a novel report on Cu treated
CdTe thin films by CSS technique.

2. Experimental

CdTe thin films were deposited onto substrates of water-white
glass by CSS technique [8]. The substrates of size 25.4 � 76.2 mm
were cleaned for 40 min in extra pure isopropanol bath in
ultrasonic cleaner. CdTe powder (99.99% pure 12 mg) of Aldrich
chemical company (USA) was used as source material. It was placed
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in a graphite boat of size 20 � 45 mm, heated by a 1000 W halogen
lamp through a temperature controller with K-type thermocouple
inserted in the graphite boat. The distance between source and sub-
strate was fixed at about 4 mm. A separate 500 W halogen lamp
was used to heat the substrate controlled by another K-type ther-
mocouple. Source and substrate temperatures were kept 500 and
400 ± 5oC, respectively. The chamber was evacuated down to about
10�3 mbar with the help of a rotary pump. The deposition time for
each film was fixed at 5 min. After that the source and substrate
lamps were switched off for cooling down to 50 oC before opening
the chamber. These films were then annealed at 500 ± 5 oC for
about 30 min at a pressure of about 10�3 mbar. In the next step,
the films prepared at the above mentioned deposition parameters,
were chemically treated by immersing in low concentrated (1 g/1L)
Cu(NO3)2�H2O solution for different periods of time as 0, 15 min,
1 h, 3 h and 15 h. The solution was kept at 60 ± 2 oC inside cole-
parmer heating bath. The films after immersion in copper nitrate
solution were cleaned in distilled water and then dried.

All the films were again annealed at 500 ± 5 oC under pressure
of about 10�3 mbar for 30 min. Further annealing for extra
30 min was required for maximum diffusion of Cu into the films.
This was deduced by comparing the optical transmission spectra.
The transmission spectra before and after annealing of as deposited
films along with immersed in Cu solution and post immersion an-
nealed samples were recorded by Perkin Elmer Lambda 900 UV/
VIS/NIR spectrophotometer alongwith UV WinLab software. These
samples are given in Table 1. Finally, all the Cu-treated samples
were cut into four pieces for taking different measurements.

The structure of the samples was studied by XRD using Cu–Ka
radiation. The microstructure of the samples was observed by
scanning electron microscopy (SEM). The elemental composition
of Cu, Cd and Te of all the samples were measured with the help
of electron microprobe analyzer (EMPA) attached to the SEM.
Two pieces of each sample were used to study the electrical prop-
erties by two-probe method and Van der Pauw geometry. Ther-
mally evaporated gold was used to ensure quasi-ohmic contact
for electrical studies [22]. The dark conductivity as a function of
temperature was taken to determine the activation energy of each
sample. The temperature range was 40–200 oC under pressure of
about 10�3 mbar. The film thickness and optical properties such
as refractive index, absorption coefficient and optical band gap
were measured from the transmission spectra between 300–
2500 nm recorded by the spectrophotometer.

Due to the effect of surface roughness on the transmission T of
the films, transmission formula [23], which includes the rough-
ness, was used as:

T ¼ ð1� qÞT123U

1� qR321U2 ; ð1Þ

R321 ¼ r321r�321; ð2Þ
T123 ¼ ðn3=n1Þt123t�123; ð3Þ
q ¼ ½ðn1 � n3Þ2 þ k2

3�=½ðn1 þ n3Þ2 þ k2
3�; ð4Þ

U � 1 ¼ ð1� qÞ2=2Ts þ ½ð1� qÞ4=4T2
s þ q2�1=2

; ð5Þ

where, r321 and t123 are the amplitudes of the electric field of the
wave reflected and transmitted in 321 and 123 directions respec-
tively. Ts is the transmittance of the substrate and for transparent
substrate U = 1, k3 = 0. The refractive indices of air, film and substrate
are n1, n2 and n3, respectively. However, the above formula can not be
used for the films where the reduction in transmission is due to both
the roughness as well as the internal absorption. In the case of Cu
treated films, an approximate formula [23,24] was used.

T ¼ Ax

B� Cx cosð/Þ þ Dx2 ; ð6Þ

where, T is the normal transmittance for the system consisting of a
thin film on a transparent substrate surrounded by air (refractive
index = 1), and taking into account all multiple reflections at the
interface for the case of k2 � n2; which is true for this kind of semi-
conductor thin films. The other parameters are defined as,
A ¼ 16n2s; B ¼ ðnþ 1Þ3ðnþ s2Þ; C ¼ 2ðn2 � 1Þðn2 � s2Þ; D ¼ ðn� 1Þ3

ðn� s2Þ; / ¼ 4pnd=k; x ¼ expð�adÞ, k ¼ ak=4p. Here n and s are
the refractive indices of the film and the substrate; d and a are
thickness and absorption coefficient of the film, respectively and k
is the wavelength. Here n varies with the wavelength as,

n ¼ aþ b

k2 ð7Þ

and polynomial approximation for a as:

a ¼ c þ f
k
þ g

k2 ; ð8Þ

where, a; b; c; g and f are constants obtained from the fitting of the
transmission spectra. The fitting parameters c; f ; g are good only for
transparent region where the values of a are very small and varying
slowly with wavelength. In the medium and high absorption re-
gions, exact solution for x of Eq. (6) gives the value for a at every
wavelength.

Table 1
Cu immersion time, composition, thickness, optical constants and activation energy of
as deposited and Cu immersed samples.

Samples with
Cu immersion
time

Composition at.% Thickness ± 20 nm Energy
gap ± 0.01
(eV)

Ea ± 0.01
(eV)

Te Cd Cu

As deposited 52.9 47.1 0 510 1.49 0.76
15 min 52.7 46.1 1.2 480 1.48 0.72
1 h 52.5 43.8 3.7 506 1.48 0.58
3 h 52.3 42.8 4.9 530 1.47 0.56
15 h 31.9 2.1 66.0 �500 1.40 �0.0 Fig. 1. Indexed XRD pattern of (a) as deposited (b, c) Cu immersed samples for 1 h,

15 h after annealing at 500 �C.
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