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Polycrystalline Cd–Te–In films have been grown on glass substrates by close-spaced vapor
transport combined with a free evaporation technique and the stoichiometric, structural and
electrical properties were investigated as functions of In2Te3 concentration added in solid solution
into the CdTe structure during In incorporation. Indium was introduced by evaporation during film
preparation and the incorporation was controlled by the temperature of the In source. The
composition of the films was investigated by Auger electron spectroscopy, showing that, when In
concentration increases the Cd concentration decreases they have a similar value~'22 at. %! at
about 750 °C In source temperature. The dark resistivity decreased monotonically four orders of
magnitude with the In2Te3 concentration and reached a minimum point. From the structural
characterization employed it was shown that the In atoms are incorporated in two ways:~I! for as
low-In concentration, the In atoms substitute the Cd atoms, decreasing the resistivity; and~II ! for
high-In concentration, the In atoms form with the CdTe a solid solution like (CdTe)12x(In2Te3)x .
The x-ray spectra were calculated for In source temperatures of 550 and 750 °C using structure
refinement by the Rietveld method and general structure analysis system software. A good
agreement between experimental and calculated spectra was found for both temperatures. ©2001
American Vacuum Society.@DOI: 10.1116/1.1322643#
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I. INTRODUCTION

Semiconductor thin films have specific importance a
interest for possible applications to optoelectronic devi
such as smart pixel arrays. Therefore, the search for
development of preparation methods which lead to fil
with sophisticated optical qualities in easily controllab
ways have attracted growing interest for both research
technical applications. CdTe is a II–VI semiconductor co
pound which has been used in several optoelectronic dev
such as infrared and gamma radiation detectors, solar c
etc. The energy of its band gap of 1.5 eV,1 located at the
maximum of the solar energy density incident on the Eart
surface, makes this material very suitable for photovolt
applications. The incorporation of In atoms at low conce

a!Electronic mail: romano@mda.cinvestav.mx
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tration into doped CdTe monolayers has been achieved
photoassisted molecular beam epitaxy.2 The effects of heavy
doping in CdTe due to high In concentrations has been
served in CdTe polycrystalline films obtained by therm
coevaporation3 and cosputtering4 of CdTe and In. In order to
explain all the compounds formed by mixing CdTe and
they are described using the phase diagram of
CdTe–In2Te3 system5 from the In2Te3 added in solid solu-
tion into the CdTe structure as (CdTe)12x(In2Te3)x during
the incorporation of In. In this system the CdTe has a z
blende structure ~a phase! with lattice parameter a
56.481 Å. As In2Te3 is added to the lattice parameter
decreased, and several ternary compounds have bee
ported: b phase with a chalcopyrite-like structure andx
50.42– 0.72 is a very wide phase field to call it CIT~par-
ticularly the ternary compound CdIn2Te4 is formed at x
2461Õ19„1…Õ246Õ5Õ$18.00 ©2001 American Vacuum Society
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50.5!, CdIn8Te13 ~d phase! with a cubic structure atx
50.8, and CdIn30Te46 ~g phase! with a cubic structure a
approximatelyx50.94. This system has been investigated
melting of different concentration of these elements.5–7

Close-spaced vapor transport combined with free eva
ration ~CSVT-FE! is a convenient method by which to gro
ternary materials because it is possible to control the t
peratures of different compounds separately.8 It is also cost
effective since it can operate at atmospheric pressure u
inert gas and uses moderate temperatures; its operatio
simple, and films are compact, with few voids. In this wo
the chemical composition and structural and electrical pr
erties of Cd–Te–In films as a function of In2Te3 concentra-
tion are presented in order to explain the mechanisms
incorporation of In atoms into the CdTe structure.

II. SAMPLE PREPARATION

All films were prepared in a conventional vacuum evap
ration system evacuated by an oil-diffusion pump with
liquid-nitrogen trap, capable of obtaining a background pr
sure of 1026 Torr. The pressure during evaporation was b
low 1025 Torr. To obtain Cd–Te–In films we used the dep
sition technique previously reported by two of the autho9

consisting of CSVT combined with free evaporation. In o
experiments we used high-purity Balzers metallic indiu
~99.999 at. % pure!. The CdTe powder~99.99 at. % pure Bal-
zers! sublimes at a temperature of 500 °C during the grow
process, while the In source was varied between 500
800 °C, in steps of 25 °C, to achieve different In concent
tions. Corning 7059 glass slides were used as substrates
kept the substrate temperature at 400 °C and the depos
time of 10 min fixed. The control gas used during fil
growth was Matheson argon 99.999 at. %.

III. MEASUREMENT EQUIPMENT

Compositional measurements were performed by the
ger electron spectroscopy~AES! technique with an ESCA
SAM Perkin Elmer PHI 560 equipped with a double pa
cylindrical mirror analyzer, with a base pressure of;2
31029 Torr. AES signals were obtained in differential mod
using a 3 keV, 0.2mA electron beam incident at 45° to th
surface normal. AES profiles were obtained with an A1

beam with energy of 4 keV and current density of 0.
mA cm22, yielding a sputtering rate of about 10 nm/min. T
calibration of the sensitivity factor of Auger data was ma
using stoichiometric CdTe. X-ray diffraction~XRD! mea-
surements in a grazing incidence geometry with 0.5° be
inclination were done under CuKa radiation at 40 kV with
35 mA and an aperture diaphragm of 0.2° using a Siem
D5000 x-ray diffractometer with monochromatic radiatio
~l51.5418 Å!. The films were carefully mounted so the
was no misalignment. The scanning step of the goniom
was 0.01° with a counting time of 10 s. Scattered radiat
passed through an arrangement of horizontal slits to the
tector. The dark electrical conductivity of the films was me
sured at room temperature using the van der Pauw met
JVST A - Vacuum, Surfaces, and Films
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Electrical contacts were made with metallic indium pre
ously evaporated onto the film, and are heated 50 °C over
melting point of indium for 5 min under inert atmosphere

IV. RESULTS AND DISCUSSION

The surfaces of the films were smooth and slightly gra
ish. All the films firmly adhered to the substrate. The film
are polycrystalline, with uniform thickness~around 25mm!.
The relative atomic concentration values for all films we
determined by AES. Figure 1 shows the relation betwe
atomic concentrations of the films and the In temperat
source. From to 550 °C, the In concentration increases mo
tonically and the Cd concentration decreases while the
concentration remains constant. Then, the atomic concen
tion of the In and Cd shows a similar value~'22 at. %! at
about 750 °C. From 700 °C a mixture of the elements Cd,
and In as a solid solution like (CdTe)12x(In2Te3)x is formed,
as a result of the In2Te3 added in solid solution into the CdT
structure. The molar fraction of the In2Te3 in the above so-
lution was calculated from the AES data, and the resul
shown in the inset. This will be used in the following discu
sions. On the other hand, the relation between the dark re
tivity of the films at 20 °C and the molar fraction of th
In2Te3 is shown in Fig. 2. The dark resistivity first decreas
monotonically four orders of magnitude with the In2Te3 mo-
lar fraction and reached a minimum point. Afterwards, t
resistivity increased to a maximum point, after that it show
a saturation tendency. Similar behavior was found in pre
ous work10 from a measurement of thermal diffusivity.

To explain the characteristics observed in both Figs. 1
2, we analyzed the film structure in detail using x-ray d
fraction analysis. Indium can be doped into Cd vacancies
CdTe crystallites substitutionally and can act as a donor d
ing the low-In concentration stage~500–625 °C!. The de-
crease in the film resisitivity at low-In concentration stage
thought to be due to this effect. The resistivity increase o

FIG. 1. Atomic composition of the Cd–Te–In films determined by AES
indium source temperature. The inset shows the relationship between t
at. % and the mol % of In2Te3 in CdTe.
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the peak may be that the lattice becomes greatly disto
because the radius of the In31 ion ~0.92 Å! is smaller than
the Cd21 ion radius~1.03 Å!, and the distorted lattice ma
enhance the electron scattering and decrease the mob
Therefore, a CdTe lattice doped with substitutional In ato
may shrink and become distorted. This can clearly be see
Fig. 3. Figure 3 displays the normalized three-dimensio
~3D! x-ray diffraction pattern showing the evolution of th
present structural phases in our samples, from 0 to abou
mol % In2Te3 . The films presenta phase and the only ob
served effect is a decrease of the lattice parameter. For In2Te
concentration greater than 10 mol % progressive shifting
deformation of the@111# CdTe peak can be observed and t
presence of another peak, which tends towards the pos
of the CdIn2Te4 @112# peak. At about 30 mol % of In2Te3

both of the peaks are well defined.

FIG. 2. Dark electrical resistivity of the Cd–Te–In films as a function
In2Te3 mol % in CdTe.

FIG. 3. Three-dimensional normalized x-ray diffraction patterns plotted a
function of the In2Te3 mol % in CdTe.
J. Vac. Sci. Technol. A, Vol. 19, No. 1, Jan ÕFeb 2001
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Such behavior is related to the presence of theb phase
from 10 to 15 mol % of In2Te3 . The above results agree ver
well with the phase diagram for the CdTe–In2Te3 system
reported by Thomassenet al.5 According to this diagram, for
concentrations below 10 mol %, only thea phase can be
present. In Cd deficient polycrystalline films like CdTe film
the In can occupy the Cd vacancies in this mol % regi
From 10 to 42 mol % In2Te3 the a andb phases have to be
present. Thus in this region the films are a solid solution
the above phases. Besides the above, we did not find
CdTe @111# peak in the x-ray diffraction pattern of the film
grown at In source temperature of 800 °C. It is due to
mol % In2Te3 of this film ~75 mol %! which lies in the region
of the phase diagram where thea phase cannot be present

Mixtures of a II–VI compound like CdTe and III–VI
compound like In2Te3 form extended regions of solid solu
tions. As both components crystallize in the zinc blende
tice, one would expect that the solid solutions are also
zinc blende type. However, because of the stoichiome
ratio of 2:3 for In:Te, one third of the sites in the catio
sublattice of In2Te3 are vacant. The concentration of the
structural vacancies in the solid solutions decreases with
increasing amount of the II–VI component. In the solid s
lution the content of vacancies will be randomly distribute
The structural vacancies in the cation sublattice, which
caused by the different valences of Cd21 and In31 ions, are
characteristic for all solid solutions of II–VI and III–V
compounds.

In fact, the ternary compound (CdTe)12x(In2Te3)x could
be written as Cd12xIn(2/3)xTe, and the relation between th
lattice parameter and the molar function of In2Te3 in CdTe
has been reported by Weitze and Leute7 as

a~x!~Å!56.48420.336x ~0,x,0.7!, ~1!

a* ~x!~Å!56.12010.455x20.413x2 ~0.7,x,1!, ~2!

wherea is a cubic lattice constant,a* is a pseudocubic lat-
tice constant,x is a molar fraction of In2Te3 in CdTe and
from these results we calculated the lattice parameter a
function of the cation vacancies in the solid solutions. Us
Cd12xIn(2/3)xTe, we can write the cation vacancies~CV! as
CV512(12x)2(2/3)x5(1/3)x where 1 represents the to
tal cation sites, (12x) are the sites occupied by Cd an
(2/3)x are the sites occupied by In. The lattice paramete
a function of CV can be written, with substitution in Eqs.~1!
and ~2!, as

a~CV!~Å!56.48421.008 CV ~0,CV,0.233!, ~3!

a* ~CV!~Å!56.12011.365 CV23.717~CV!2

~0.2337,CV,0.333!. ~4!

A plot of these theoretical results and the experimen
film data are shown in Fig. 4. The theoretical curve and
experiment, in general, agree well. However, we conside
it necessary to make a distinction in the region correspond
to the 10 mol % In2Te3 value, below which only thea phase
is present. This is shown in the inset of Fig. 4. One can se

a
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linear region corresponding to occupation of the Cd vac
cies by In and a parabolic region corresponding to the s
solution. The fitting of the regions is

a~CV!~Å!56.4879721.10919 CV ~0,CV,0.028!,
~5!

a~CV!~Å!56.5145221.48079 CV12.24766 CV2

~0.028,CV,0.25!. ~6!

The break region of the plot corresponds to the 10 mol %
In2Te3 .

To explain the results observed in Fig. 4, we had s
posed from our x-ray results that the In incorporation in
CdTe was made in two ways:~I! for low-In concentration,
where the In atoms substitute the vacancies of Cd atoms,
~II ! for high-In concentration, where the In atoms form wi
the CdTe as a solid solution (CdTe)12x(In2Te3)x .

In order to confirm our observation, two representat
samples, one for each incorporation mechanism@~I! and~II !#,
were selected to perform structure refinement by the Rietv
method using the general structure analysis system~GSAS!
program.11 The structures were refined with the space gro
F-43M . The refined instrumental and structural paramet
were peak shape~using a pseudo-Voigt peak profile func
tion!, scale factor, background, unit cell parameters, posi
parameters, isotropic thermal parameters and preferred o
tation. We introduced the effect of cation vacancies into
site occupancy factors of the atoms and fixed them. The fi
refinement cycles yielded conventional reliability factors
RBragg59.8% and 9.0%, which give irrefutable evidence
our structural model.

The plot of observed and calculated x-ray diffraction p
terns is shown in Fig. 5 for the sample with indium sour
temperature of 550 °C. The curves are vertically shifted. T
plot corresponds to the sample of mechanism~I!. In this case

FIG. 4. Lattice parameter as a function of cation vacancy in the solid s
tion (CdTe)12x(In2Te3)x .
JVST A - Vacuum, Surfaces, and Films
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we supposed that the In atoms substitute for the Cd ato
We can see the peaks related to the~111!, ~220!, ~331!,
~400!, ~331!, and~422! planes.

Figure 6 shows x-ray diffraction for the sample with
source temperature of 750 °C. We can see the plot co
sponding to mechanism II. The curves are vertically shift
In this refinement we supposed that two In atoms substitu
for three Cd atoms, yielding one vacancy. By calculating
lattice constant, we obtained the amount of vacancies pre
in the solid solution~using Fig. 4!. We can see additiona
peaks related to the~200!, ~222!, and ~420! planes. This
could be due to the fact that an increase of vacancies
creases the relative intensities of these peaks, and to a
erential orientation effect.

In addition to the above models, another model may
considered: many In atoms may deposit at grain bounda
or upon the surface of the film after growth; however, if th

-FIG. 5. Rietveld method refined profile of x-ray diffraction data for a sam
with an indium source temperature of 550 °C.

FIG. 6. Rietveld method refined profile of x-ray diffraction data for a sam
with an indium source temperature of 750 °C.
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is true, the larger peaks corresponding to In should appea
the x-ray-diffraction pattern shown in Fig. 3, and these pe
were not detected in our films as can be seen in Fig. 3.

V. CONCLUSIONS

In summary, all the results obtained from the structu
characterization employed indicated that the In atoms
incorporated in two ways:~I! for as low-In concentration, the
In atoms substitute for Cd atoms, decreasing the resisti
by four orders of magnitude; and~II ! for high-In concentra-
tion, where the In atoms form with the CdTe a solid soluti
like (CdTe)12x(In2Te3)x . All the results agree well with the
phase diagram for the CdTe–In2Te3 system.
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