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ABSTRACT. Cadmium antimonide telluride thin films with Sb concentrations, z, in the range
8-60 at% were grown onto glass substrates by an r.f. sputtering deposition technique at substrates
temperatures of ~ 50 °C. Film composition was measured by an Auger electron spectroscopy
(AES) system, and from a depth profiling analysis in the samples monitoring the Cd, Te and Sb
AES lines, we found an amphoteric behavior of Sb with nearly equal chances of substituting either
Cd or Te in the CdTe lattice. Sample structure was studied by X-ray diffraction (XRD), having
found the presence of the cubic phase resembling the CdTe XRD pattern with a preferential growth
along the (111) direction, for low Sb concentrations. The main effect of Sb in the lattice was the
amorphization of the structure for films with z > 0.30. We also present the results for the electrical
resistivity dependence on z, as well as the behavior of the activation energy for the CdSbTe films
with different Sb content.

RESUMEN. Peliculas delgadas de cadmio-antimonio-telurio con concentraciones, z, en el intervalo
8-60 (% at) fueron crecidas sobre substratos de vidrio por sputtering de radio frecuencia a
temperaturas de substratos de ~ 50 °C. La composicién de las peliculas se determiné por
espectroscopia de electrones Auger (AES). De un andlisis del perfil de profundidad en las muestras,
midiendo las lineas AES del Cd, Te y Sb, encontramos un comportamiento anfotérico del Sb, con
aproximadamente igual probabilidad de sustituir al Cd o al Te de la red del CdTe. La estructura
de las peliculas fue estudiada por difraccién de rayos X (XRD), habiéndose encontrado la presencia
de la fase cibica semejante al patr6n XRD del CdTe con una orientacién preferencial en la
direccién (111), para bajas concentraciones de Sb. El principal efecto del Sb en la red consistié
en la amorfizacién de la estructura para peliculas con z > 0.30. Presentamos resultados de la
dependencia de la resistividad con z, asi como también de la energia de activacién para las peliculas
de CdSbTe con diferente contenido de Sb.

PACS: 61.42.Th; 73.60.Cs
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1. INTRODUCTION

Ternary and pseudo-binary alloys are currently being investigated due to their electro-
optical properties that make them particularly suitable for optical, acoustic, electro-optic,
and electronic devices. The crystalline structure for this type of compounds is normally
derived from the diamond-like structure modified to accommodate three or more atoms
of different sizes which allow additional symmetries resulting in crystals with larger re-
fractive indices, and bandgap energies running from narrow (< 1 eV) to wide (> 3 eV)
gaps allowing optical transmission ranges from UV through visible to the near infrared.
These properties have been used in the development of devices such as acousto-optic and
electro-optic modulators, switches, optical filters, frequency doublers, and photovoltaic
solar cells [1-5].

Thin film growth of ternary and pseudo-binary alloys can be achieved by different
methods; in particular, the radio frequency (r.f.) sputtering deposition technique offers
the possibility of a wide range control of compositions, and an extensive investigation of
their structural, optical and electrical properties is required for any practical applications.

In this paper, we report the method and deposition parameters for the growth of
CdSbTe films with Sb concentrations in the range from 0 to 60 at% as determined by
Auger electron spectroscopy (AES) analysis, and the characterization of their structural
and electrical properties as a function of the antimony concentrations in the film.

2. EXPERIMENTAL

The CdSbTe films were grown in a diode r.f. sputtering system with a CdTe target with
5 cm? in area (A) placed on a water-cooled cathode. The target used as the source for the
sputtering process was made by vacuum pressing 99.999% pure CdTe powder, adding in
the top a piece of antimony with a variable area A; = (0.016,0.04,0.078,0.15,0.18, and
0.25) A. As substrates we used 7059 Corning Glass slides. Separation between target and
substrate was around 3 cm. The sputtering system was preevacuated to ~ 5 x 10~% Torr
and then flushed through with purified Argon gas for at least 15 min, at a working pressure
of 5 mTorr, before the plasma was initiated. The target was usually presputtered under
growth conditions for 15 min just before deposition. The samples were growth under
the following typical conditions: Background pressure = 5 x 1075 Torr; Ar pre_sure =
5 mTorr; r.f. power = 100 watts; deposition time = 120 min; and substrate temperature
== 50 *C.

Film thicknesses were determined by an interferometric method on test samples, and
was usually in the range: 0.2-0.3 gm. The film antimony concentration obtained when the
different targets of area A; were used, was measured using a scanning Auger microscopy-
electron spectroscopy for chemical analysis (PHI560/ESCA-SAM) system. The electron
gun was operated at 3 keV and beam currents were kept around 2.5 pA. Auger data
were recorded after cleaning the surface from contaminants by using a 2 keV argon ion
beam with a diameter of around 0.4 mm, which gives a current density on the sample of
12 pA/cm?. The film crystalline structure was studied through the XRD patterns using
an X-ray diffractometer Siemens D500 (CuK,).
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FIGURE 1. Percentages of Cd, Te and Sb in the CdSbTe thin films as measured by AES analysis.
Sample Ay corresponds to a pure CdTe film. Note that the Cd concentration decreases slightly
more than the Te does, as the Sb concentration increases.

Resistivity measurements were performed at room temperature (~ 300 °K) using a
two-electrode method [6]. Samples of 0.5 x 0.5 cm? with gold coplanar electrodes were
used in the resistivity experiments. Special care was taken in the measurement of the
electrical conductivity as a function of temperature in order to minimize any possible
annealing effect at high temperatures (100-150 °C) on the A4, As and Ag amorphous
samples.

3. RESULTS AND DISCUSSION

3.1. Thin film composition

The CdSbTe film composition was determined by Auger electron spectroscoy (AES).
Auger survey of films exposed to air showed CI, C, O, and S as the main surface contam-
inants. Argon ion bombardment for a short time was necessary in order to get a clean
surface spectrum. The Auger measurement took into account the Auger sensitivity for
the peak-to-peak height ratio between the Cd and Te signals. Here, we used a 1.17:1 ratio
for the Cd:Te intensities of stoichiometric CdTe which was obtained from the best fit of
our measurements, and is in good agreement with the existing literature [7,8].

Figure 1 shows the film composition in terms of the Cd, Te and Sb percentages for
the different A;’s samples. Ay indicates a zero Sb content; 4; = (0.016)A for target
top surface covered with Sb, etc. As it can be observed in Fig. 1, both the Cd and Te
concentrations decreases as the Sb content increases; this is a possible indication of the
amphoteric character of antimony in the CdTe lattice at the Cd and Te sites. AES accurate
analysis by scanning profile showed that the films were homogeneous and free of antimony
clusters (7,9].
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FIGURE 2. Functional relationship between the Sb concentration and, a) Cd concentration; b) Te
concentration. Note that there exists an almost linear dependence in both figures with a slope very
close to one.

The functional relationships between the cadmium and tellurium percentages respect to
the antimony percentage are shown in Figs. 2a and 2b. As can be observed in those plots,
the function is linear in both figures with an almost ideal slope (m = 1), indicating that
the Sb atoms have almost equal chance in substituting to Cd or Te sites in nearly equal
quantities; this fact is represented by means of the chemical formula: Cd;_, /25bzTe;_z /9
with x = at% of antimony as determined by AES.

3.2. Dependence of structure on Sb concentration

X-ray diffractometry was used to determine the crystallinity, structure, and grain size of
the films. In Fig. 3 we show the X-ray diffraction patterns (XRD) for the CdSbTe thin films
grown with different Sb concentrations. In this figure the Ao(XRD) pattern corresponds
to a pure CdTe film. Scattering geometry allows us to detect only those planes parallel
to the substrate. The film is polycrystalline and has a cubic (zincblende) structure with
a strong (111) texture. The XRD patterns for the A;, A, and A3 samples, corresponding
to Sb concentrations of 8, 10 and 12%, respectively, resemble the Ay pattern for CdTe
showing also an intense (111) preferential orientation. The presence of the cubic phase
throughout the range 0 < z < 0.12 of Sb concentration agrees with the trend observed
for other II-VI-based thin film compounds [10,11], but it disagrees with the results and
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FIGURE 3. X-ray diffraction patterns for the films Ay through Ag. Films Ay to A3 show the pres-
ence of the cubic structure with a strong (111) texture; whereas for films A, to Ag the amorphous
phase is observed.

observations of mixtures of the hexagonal and cubic phases reported for CdTe and CdFeTe
thin films grown by several methods [12-15]. At this time, it is not possible for us to say
conclusively that no hexagonal phase is present in our CdSbTe films, due to the very close
registry of the two patterns and the very strong (111) texture.

In Table I we present the calculated lattice parameters based on the cubic indexing.
From the ASTM X-ray powder data file (cards nos. 15-770 and 19-193) is clear that
the CdTe film has a slightly larger lattice parameter than the one corresponding to the
monocrystal and powder sample (a = 6.481 A). This result could be due to an internal
stress effect and the polycrystalline character for the film. Lattice parameters for the Ay,
Az and Az samples are 0.2, 0.21 and 0.26 % larger than the value for the A, sample; this
last result can be understood because of the larger size of the Sb atom as compared to
the Cd and Te atoms that results in a lattice expansion when the Sb enters in the Cd and
Te sites (Sb: 2.45 A, Te: 2.21 A, Cd: 0.97 A; ionic radios).

From the FWHI of the X-ray diffraction peak, we estimated the film grain size (16]
obtaining values between 200-300 A for the Ay, A;, As and Az samples. The films Ay,
As and Ag show an amorphous-like pattern (see Fig. 3) with a well-defined band centered
at about 26 = 25° this position agree with the ones reported by Valentovic et al. (17)
for amorphous CdTe, and by Alvarez-F. et al. (18] for amorphous Cdg gs5Feg5Te thin
films. From the XRD patterns in Fig. 3 we observe that the main effect of the high Sb
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TaBLE I. Calculated lattice parameters values based on the cubic indexing for the different CdSbTe
thin films, with Sb concentration varying in the range 8-60 at %. The CdTe single-crystal value
for the lattice parameter as taken from the ASTM X-ray powder data file is a = 6.481 A.

Lattice
Sample Nominal Film Structure Parameter a (A) hkl
Ao CdTe Cubic 6.497 111
A1 Cdo_gsSbo,ogTeo_gﬁ Cubic 6.510 11|
Ag Cdg.95Sbo.10Teg.05 Cubic 6.511 111
Az Cdp.94Sbo.12Teg.04 Cubic 6.514 134
Aq Cdo‘g,_r, Sbg_;;gTeg_s,s Amorphous — ——
A5 Cdgjs Sbg.50T80_75 Amorphous — —
Asg Cdo.70Sbo.60Teo.70 Amorphous — _

concentration in the A4, As and Ag samples consists in the amorphization of the crystalline
structure.

3.8. Room-temperature resistivity measurements

In Fig. 4 it is shown the dependence of the room temperature resistivity on the Sb
concentration. The Ay sample was found to be insulating (p = 9.8 x 10® Q-cm), and
it is a typical result for this type of compounds [19]. The A;, A2 and A3 samples showed
resistivities around three orders of magnitude lower, indicating that some part of the
Sb concentrations is effectively doping the sample. Due to self-compensation problems
for II-VI compounds [19,2], the amount of Sb which is really doping the film has not
been determined because we have experienced considerable difficulties in the Seebeck and
Hall measurements. However, it has been shown by Bicknell, Giles and Schetzina [21]
that under special conditions Sb can really substitutionally dope CdTe layers without
self-compensation problems.

The resistivity of the A4 sample increases in relation to the ones for the A;-Aj3 films,
reflecting the structural amorphization of the film. For samples As and Ag the resistivity
values drop to values between 10% and 10* Q-cm as a result of the very high Sb concen-
tration, which can result in impurity conduction like in Sb-doped a-Ge and a-Si [22] and
Ge;Se;_; amorphous thin films [23].

3.4. Conductivity versus temperature

The electrical conductivity as a function of the temperature produces a linear relationship
in an Arrhenius type plot [18], showing a single well-defined activation energy, E,, in the
temperature range (25-150 °C) analyzed; this is an evidence of thermally activated process
for the electrical conduction in the polycrystalline samples, and of a thermally activated
conductivity process in extended states for the amorphous samples of the form o =
Cexp(—E,/kT), where E, is the thermal activation energy for the conduction process,
k is the Boltzmann’s constant, and C = g¢exp(3/k), with og a parameter related to the
mobility and the density of states, and (3 the temperature coefficient [22-25].
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FIGURE 4. Dependence of the room temperature resistivity for the CdSbTe films as a function of a
the Sb content. A variation of almost seven orders of magnitude is observed between the resistivity
value for the CdTe film, and the value for the films with the highest Sb content.

The activation energies for the conductivity process as a function of the Sb concen-
tration, and the C;’s values for the amorphous films are shown in Fig. 5. The activation
energy value for the CdTe film (E, = 0.67 eV) is an indication of an intrinsic conduction
process. The marked increase in the electrical conductivity when the Sb concentration
increases from zero to 10% (see Fig. 4) is mainly caused by a reduction of the activation
energy (~ 0.34 eV) reflecting that Sb is effectively doping the samples A; and A;. For
sample A3 an increase in the E,—value of around 0.1 eV is observed; such increase could
be due to a scattering mechanism either via the Sb impurity atoms at that temperature
range, and/or via grain boundaries with different potential barriers heights and defect
states with respect to those of A; and A, [26,27].

For amorphous samples, the activation energy E, decreases from 0.48 eV to 0.24 eV with
C-values of around 10-100 2~ '-cm™!, as the amount of Sb increases. Also, the resistivity
drops from 10% Q-cm to about 100 Q-cm as the Sb concentration increases from 30 to
60%. A similar behavior has been reported for some other amorphous materials [28-30).
In those studies, the compositional and/or doping impurity effects on the amorphous
thin film conductivity were interpreted as due to an extensive participation of localized
states near the mobility edges in the conduction process at room temperature, and/or as
an effect of the impurities on the extended states with an activated mobility. From the
magnitude of the C; values, the decreases in E, and the high Sb content, we suppose that
an extensive participation in the conduction process of localized states near the mobility
edges, is the more feasible explanation to our results; however, more extensive studies are
needed to give a definitive conclusion.

A detailed study on the film growth, structure and bandgap energies as a function of
the substrate temperature (~ 50-250 °C) for different Sb concentration (0-60%) is being
carried out and will be published elsewhere.
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FIGURE 5. Variation of the activation energy for the conductivity process in terms of the Sb
concentration in the films. The activation energies were obtained from an Arrhenius-type plot of
the resistivity versus temperature in the range 25-150 °C. The C; values 4.5 x 10!, 3.2 x 102 and
7.3 x 10! Q! correspond to A4, As, As samples respectively.
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4. CONCLUSIONS

In summary, we have presented here the initial results on the structure, composition and
electrical properties of CdSbTe thin films and its dependence on the Sb concentration for
values in the range 0-60%.

From AES quantitative analysis we have shown the amphoteric behavior of Sb atoms in
substituting in nearly equal proportions the Cd and Te atoms in the CdTe lattice. Using
X-ray diffractometry we found that for Sb concentrations up to around 12%, the films are
polycrystalline, growing in the cubic phase with a strong (111) preferential orientation;
and also that the microcrystalline grain size is around 200-300 A. For the high values of
Sb concentration, films show an amorphous-like XRD pattern evidencing that the effect
of the high Sb content is in the amorphization of the CdTe lattice.

Finally, the electrical resistivity measurements at room temperature and as a function
of the sample temperature showed that for low z—values part of the Sb concentration
goes in doping the film; and that for the amorphous films with the highest Sb content
an impurity conduction mechanism is responsible for the drop in the resistivity down to
values of ~ 100 Q-cm. The activation energies for the conductivity process decreases for
films with low Sb content reflecting the doping by Sb atoms; and goes down even more for
the films with high Sb concentration, probably due to a participation in the conduction
process of localized states near the mobility edges.
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