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Close-spaced vapor transport combined with free evaporation was used for the growth of
polycrystalline CdInTe films on glass substrates. The optoelectronic properties of the films were
investigated by absorption at 77 and 300 K, and photoluminescence at 77 K with the indium
concentration ranged from 0 to 22 at. %. The band-gap energy was found to vary linearly, and the
band-gap temperature coefficient increases as the indium concentration increases. It was found that
the ionization energy of indium displaced from the cationic sites of the CdTe lattice corresponds to
a donor level atED.32 meV (ED.36 meV! below the conduction-band bottom. This level and the
acceptor level associated with Cd vacancies stay at the same energy distance of their corresponding
bands for all the indium concentrations studied. The relation betweenEg and the lattice parameter
is also shown. ©1999 American Vacuum Society.@S0734-2101~99!04706-5#
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I. INTRODUCTION

In recent years, thin films of semiconductor compoun
have been of interest due to their application in optoelectr
ics, integrated optics, and the photovoltaic industry.1 The
II–VI compounds are attractive candidates. CdTe is one
the II–VI semiconductors with a good outlook becau
among other characteristics, it has an optimum band
~near 1.5 eV! for solar-energy conversion.

Many binary and ternary semiconductor compounds h
been studied in the last decades. Considerable attention
been devoted to II–III2–VI4 compounds as CdIn2Te4 , which
crystallize in the tetragonal system, but are def
structures.2,3 In many cases, the nature of the optical prop
ties of such materials is still under discussion. Recen
many efforts have been made toward growing high-qua
CdIn2Te4 . All the techniques used for obtaining this com
pound had been limited to the bulk materials. The succes
growth of pseudoternary CdInTe films on glass substra
using close-space vapor transport combined with the f
evaporation~CSVT-FE! technique4 has opened possibilitie
for applications that require large-area coverage. It is kno
that for large-area applications the growth of high-qua
II–VI films on foreign substrates has become a critical te
nological issue.5

On the other hand, it is well known that as-grown Cd
films by the CSVT-FE technique are normally rich in C
vacancies (VCd), which leads top-type conductivity.2,6 This
is one of the reasons for its limited introduction.7 When at-
oms of indium are introduced into the lattice of CdTe, t
indium atoms could fill Cd vacancies and substitute the
atoms of CdTe crystallites. Therefore, this would result

a!Also at CICATA-IPN; electronic mail: augusto@ff.oc.uh.cu
b!Also at CICATA-IPN; electronic mail: JuanLuis@mail.cicata.ipn.mx
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the compensation of such the vacancies8 and the conductivity
would turn inton type.

The indium atoms can also be displaced from the Cd
cancy sites of the CdTe lattice. In this case, a donor ene
level deeper than a hydrogenic donor level can appear.9 The
growth of CdTe films with high indium concentration lead
to the formation of a compound based on the solid-solut
CdTe–In2Te3 ~Ref. 6! with a wider energy range of absorp
tion.

In this article, the optoelectronic characterization of po
crystalline CdInTe films grown by the CSVT-FE techniqu
on glass substrates is described.

II. EXPERIMENT

The samples were prepared using the CSVT-FE techn
at a base pressure of 1026 Torr.4 The raw materials were
CdTe powder 99.99 at. % and indium 99.999 at. % pur
from Balzers. Corning 7059 glass slides were used as
substrates. The CdTe source was maintained at 600 °C
ing the growth procedure, while the In source temperat
was varied between 600 and 765 °C to achieve different c
centrations~between 0 and 22 at. %). The temperature of
substrate was fixed at 500 °C. The control gas used du
the film growth was Matheson argon 99.999 at. % pure. T
deposition time of the growth was 5 min. The graphite w
used as the container~5 mm high! and the heater blocks wer
made from high-density graphite. The temperature w
sensed with a Cr–Al thermocouple. A ceramic ring of 6 m
diam was introduced into the graphite block of the Cd
source in order to guide the atoms of the evaporated In
to introduce them into the container. The distance betw
the In source to the substrate was 8 mm.

The elemental concentration of each sample was de
mined by x-ray photoelectron spectroscopy~XPS! using a
3433/17 „6…/3433/4/$15.00 ©1999 American Vacuum Society
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Perkin-Elmer PHI-560 ESCA-SAM. The anode was alum
num ~1486.6 eV!. Before analysis, samples were cleaned
immersion for 30 s in a 3% methanol bromine solution. X
measurements of the elemental composition were obta
after 30 min of argon ion sputtering on an area of 535 mm2.
For this work we used an x-ray source power of 300 W, a
detection of the photoelectrons was carried out with
double-pass cylindrical-mirror analyzer. X-ray diffractio
measurements were performed with a Siemens D5000
fractometer fitted with a CuKa radiation anode operating a
40 kV and 35 mA.

The thickness was of about 30mm for CdTe and the
lower-indium-concentration films. For those with highe
indium concentrations the thickness was about 10mm.

We performed photoluminescence~PL! at 77 K and ab-
sorption experiments at 77 and 300 K. The absorption
periment was done with chopped white light focused on
monochromator entrance slit using a lens system. On
other hand, PL spectra at 77 K were recorded employin
15 mW He–Ne laser as the exciting light and a cold-fing
cryostat. The luminescence response signal was equally
cused in the monochromator. The detection system cons
of a Lomo MDR-23 monochromator equipped with
FEU-62 photomultiplier in its outlet slit. A SR-510 lock-i
amplifier connected to a computer received and recorded
electrical response.

III. RESULTS AND DISCUSSION

The x-ray measurements shown in Fig. 1 indicate tha
single phase with a cubic structure (a phase! is found for the
samples with lower-indium concentration. At low-indiu
concentration the strain and distortion of the lattices ca
structural disorder in the material. This is because of
indium in the cation sites of the cubic structure, which brin
about the peak shift as observed in Fig. 1. Such a shift
ward higher angles is a result of the lattice contraction.

For the samples with indium concentrations equal to a
greater than 12.8 at. %, a peak corresponding to theb phase,
which is a solid solution based on CdIn2Te4 with a tetragonal

FIG. 1. X-ray diffraction measurements of CdInTe with different indiu
concentrations.
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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structure, begins to be appreciable, and therefore, a mix
of both thea and b phases with different types of lattice
takes place.2 Thereinafter, theb phase becomes dominan
with indium increase as shown in Fig. 1.

Figure 2 shows a plot of the absorption profiles atT
5300 K. The edge shape varies for low indium concent
tion, and afterward the edges shift toward low energies. T
profiles were corrected by subtraction of the attenuation
to scattering.10 The edge behavior was observed to be line
in a plotting of (ahn)2 vs hn, wherea is the absorption
coefficient andhn the photon energy. This indicates, as e
pected in CdTe-like compounds, that the transitions are
rect. In spite of the high-indium concentration, the films a
contain the CdIn2Te4 tetragonal phase with indirect-band
gap energy.3

The variation ofEg for CdInTe films with indium concen-
trations up to 22 at. % at 77 and 300 K is presented in Fig
The obtainedEg corresponding to CdTe agrees with previo
reports11,12 for both temperatures. Introducing indium lea
to a linear decrease ofEg . The fitting of the dependence o
Eg on indium concentration obeys the following expressio

FIG. 2. Absorption profiles of CdInTe samples at 300 K.

FIG. 3. Behavior of the band-gap energy of CdInTe at 77 and 300 K with
variation of the indium concentration.
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Eg51.47220.007 52x, ~1!

for 300 K, and

Eg51.54920.004 63x, ~2!

for 77 K, whereEg is given in eV, andx is the indium
concentration in the films in at. %.

The difference betweenEg at 77 and 300 K indicates tha
the band-gap temperature coefficient increases as the In
centration increases fromDEg /DT523.531024 eV K21

for CdTe to26.231024 eV K21 for films with 22 at. % In,
which agrees very well with other values previous
reported.11,13

The photoluminescence spectra were constituted of
typical defect band.14 The energy value of the photolumine
cence peaksEPL, max shifts to lower energies as the indiu
concentration increases, as shown in Fig. 4. From the dif
ence between theEg values and the PL peak energy positi
EPL, max, it is possible to estimate the energy levels that p
ticipate in the transition. In Fig. 5 it can be appreciated t
the difference is 150 meV for CdTe, which agrees with
acceptor level related to Cd vacancies.11,15,16When indium is

FIG. 4. Normalized 77 K PL spectra corresponding to CdTe~a!, and CdInTe
with 0.1 ~b!, 7.3 ~c!, 12.8 ~d!, and 22 at. % In~e!. Spectrum~e! was
smoothed.

FIG. 5. Behavior of band-gap energy and PL peak energy position as f
tions of the indium concentration.
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present the difference sharply increases and reaches a
of about 180 meV. That difference is maintained practica
constant from low-indium concentrations until a concent
tion of 22 at. %, as verified by the behavior ofEPL, maxgiven
by

EPL, max51.36720.004 73x, ~3!

in which the slope is approximately equal to that ofEg in
expression~2!. In this fitting CdTe was excluded.

That behavior is attributed to the appearance of a do
level. The presence of this level leading to the PL band co
be due to the recombination of donor–acceptor pairs~DAP!.
The maximum of the DAP band is known to be17

EPL, max5Eg2~ED1EA!1
e2

esR
, ~4!

whereEA is the acceptor ionization energy,es the static di-
electric constant, andR the mean donor-to-acceptor pair di
tance. From this expression we estimated thatED.32 meV
below the conduction band, assuming the Coulomb inter
tion term to be zero. Considering an ionized impurity co
centrationND'1016 cm23, the Coulomb interaction term is
about 4 meV, andED.36 meV. This value ofED suggests
that it is associated with In displaced from the cation v
cancy sites of the CdTe lattice.ED is higher, but consisten
with 22 meV reported for this impurity level in Ref. 11, an
with 26.4 meV in Ref. 9. Hence, the transitions take pla
between such a level and the deep acceptor level previo
mentioned.14 The results indicate that the position of both t
levels remains constant with respect to their correspond
bands, as is schematically represented in Fig. 6.

A linear dependence of the lattice constant with the
dium concentration increase in these samples was previo
reported.18 Combining this result with that ofEg at 300 K in
the present work, the relation between the band-gap en
and the lattice parameter of CdInTe forx<22 at. % was
found, and is presented in Fig. 7. From low-indium conce
tration it is possible to observe that theEg variation is mono-
tonically decreasing, but mildly different from the reporte
linear behavior between CdTe and CdIn2Te4 obtained in the
CdTe–In2Te3 stoichiometric solid solution.20,21 That differ-
ence is explained from the lack of stoichiometry given by t
film growth characteristics. The maximum difference b

c-

FIG. 6. Schematic behavior of the donor and acceptor energy levels with
variation of the indium concentration.
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tween the behavior of our films and the reported one is fo
for an indium concentration of about 7 at. %, however, fo
higher-indium concentration of around and greater than
at. % the curve approaches the stoichiometric line indica
a tendency to the stoichiometry of the compound.

IV. CONCLUSIONS

We have measured the indium concentration depende
of band-gap energy and PL of CdInTe thin films grown
CSVT-FE. It was found thatEg diminishes linearly and the
band-gap temperature coefficient increases as the ind
concentration increases. The acceptor-level position over
top of the valence band is 150 meV for CdTe, but a do
impurity level appears atED.32 meV (ED.36 meV! below
the bottom of the conduction band associated with the i
ization of indium atoms displaced from the Cd vacancy s
in the CdTe lattice, as obtained from comparingEg and
EPL, max at 77 K. Both levels remain at the same energy d
tance of the corresponding bands in all the studied range
indium concentration. A departure from the line of th
CdTe–In2Te3 stoichiometric solid solution was found in th
relation betweenEg and the lattice parameter, but above
at. % indium the curve approaches the stoichiometry line
result of improvement of the compound stoichiometry.

FIG. 7. Relation between the band-gap energy and the lattice consta
CdInTe with different indium concentration.
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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