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Abstract. After deposition, by evaporation under vacuum, of Al/Cu/Te. multilayer structures, annealing
at 673 K or more for half an hour, under argon flow, allows CuAlTe2 films crystallised in the chalcopyrite
structure to be obtained. The optical and electrical properties are interpreted by introducing the influence
of impurity foreign phases present in the films. The optical properties are sensitive to the small Al2 O3
domains randomly distributed into the CuAlTe2 polycrystalline matrix. The optical band gap is slightly
increased (2.35 eV) by the presence of alumina. The conductivity measurements show that a short circuit
effect can be induced by a binary Cu2−x Te degenerate phase present at the surface of the films. This effect
can be suppressed by KCN etching of the samples that allows the superficial foreign phase to be dissolved.
PACS. 68.55.Jk Structure and morphology; thickness – 81.15.Ef Vacuum deposition

1 Introduction
I-III-VI2 chalcopyrites have received serious attention as
attractive candidates for active layers in polycrystalline
thin films [1,2]. The production of efficient devices based
on Cu(In,Ga)Se2 film as an absorber, has been tied closely
with the use of CdS windows [3]. The CdS is deposited by
chemical bath deposition. However, while this technique
provides conformal coverage of the absorber semiconductor, it is not suitable for industrial processes. Moreover,
the use of cadmium raises the apprehension of consumers
for ecological reasons.
Therefore, elimination of CdS is viewed as a major
contribution to reducing the negative environmental perception of technology. One possibility is to substitute for
CdS another thin film with similar properties (band gap
# 2.5 eV, n and p types of material accessible, lattice
matching with Cu(In,Ga)Se2 , stability, etc.).
In the ternary I-III-VI2 family, CuAlX2 appear as good
candidates for buffer layers in Cu(In,Ga)Se2 based solar
cells. They have the same chalcopyrite structure, their
band gap varies from 2 eV (X = Te) to 3.5 eV (X = S) and
they can be either p or n type. We have shown earlier [4]
that CuAlTe2 films can be obtained by post-annealing under argon flow of Cu/Al/Te/Al...Cu/Al/Te sequentially
deposited structures.
In this paper, after checking the quality of the films
by X-ray diffraction, scanning electron microscopy and
a
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microprobe analysis, they are optically and electrically
characterized. It is shown that an upper binary compound
(Cu2−x Te) layer is present at the surface of the film. After
removing this layer by a KCN treatment, as expected, the
films behave like a semiconductor with a large band gap,
as expected.

2 Experimental technique
The process used to achieve CuAlTe2 films has been described earlier [4], it will only be briefly recalled here. The
films were sequentially deposited on soda lime glass in
vacuum (5 × 10−5 Pa) by thermal evaporation from three
tungsten crucibles to give Cu/Al/Te/Al...Cu/Al/Te layers. The CuAlTe2 films were synthesised by reaction between the constituents during a half hour post-annealing
under argon flow. The evaporation rates and layer thicknesses were measured in situ by the vibration quartz
method. The thickness of the thin layers of the constituents were calculated in order to achieve the desired
composition. The total thickness was 1 µm.
The quality of the films was checked by X-ray diffraction (XRD), scanning electron microscopy (SEM) and microprobe analysis. Then the CuAlTe2 films were characterized electrically and optically. The absorption coefficient
of the films has been deduced from the transmission of two
samples with different thicknesses [5], while conductivity
measurements were done after gold electrode deposition
on planar samples.
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The optical measurements were carried out at room
temperature using a Cary 2300 spectrophotometer. The
optical density (O.D) was measured at wavelengths
2−0.5 µm1 . For electrical measurements, gold electrodes
were evaporated after the deposition of the thin films.
Gold was selected because it gives a good ohmic contact.
The films’ dc conductivity was measured with an electrometer between 100 K and 500 K.
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3.1 Film quality
We have shown in an earlier paper [4] that the optimum
annealing time is half an hour. Therefore all the films studied in the present work have been annealed for half an
hour.
The microprobe analysis showed that the films could
be strongly contaminated by oxygen (up to 40 at.%) during the deposition process. Therefore, while the deposition
rate of aluminium has been increased up to 1 nm/min, the
deposited aluminium films were immediately covered with
a chalcogene layer in order to prevent oxide formation. By
using such a process, the relative atomic concentration of
oxygen present in the films at the end of the deposition
was decreased to 8 at.%, whatever the annealing temperature (673 or 773 K).
The typical thin film composition of a good film is:
Te 46 at.%, Cu 21 at.%, Al 24 at.% and oxygen 9 at.%.
The small aluminium excess is bonded to oxygen to give
Al2O3 amorphous micro-domains randomly distributed in
a CuAlTe2 (Fig. 1) polycrystalline matrix. The presence
of some Al2 O3 in the films with the deposition conditions
used is probable as shown by Kim et al. [4]. However, since
a careful observation of the DRX diagram does not indicate the presence of an amorphous phase, Al2 O3 should
be present in the films in very small domains, it may accumulate at the grain boundaries. Moreover, some oxygen
can be substituted to some Te in the CuAlTe2 and can
also be intercalated.
If it can be seen that there are neither pinholes nor
cracks in the films (Fig. 2a), the visualisation of the films
with higher magnification shows that they are polycrystalline. Some large crystallites are randomly distributed
onto the films (Fig. 2b). It can be seen by microprobe
analysis that they can be attributed to some Cu2−x Te
compound.
The average grain size in the polycrystalline matrix is
about 50–100 nm while the superficial binary compound
micro-crystallites are larger (100–300 nm). The binary
compound, can be etched by KCN solution. The KCN
concentration used is 0.1 M. After etching (Fig. 2c), while
the broad binary crystallites have disappeared, the surface
of the films appears quite rough. The presence of Cu2−x Te
binary compound before etching is also visible in the XRD
diagrams (Fig. 1). The cross-section of films (Fig. 3) shows
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Fig. 1. X-ray diffraction diagrams of 1 µm thick CuAlTe2
films (λ Cu Kα = 0.153406 nm-peaks labeled are CuAlTe2 );
(a) annealed for half an hour at 773 K, (b) annealed for half an
hour at 673 K, (c) after removing the Cux Te phase by etching
in KCN.

that only small crystallites, typical of the CuAlTe2 compound, are visible in the bulk, which confirms that the
binary is only present at the surface of the films.
Figure 1a shows the X-ray diagram of a 1 µm thick film
after annealing at 773 K, whereas Figure 1b is the diagram
obtained from a sample deposited in the same run but
annealed at 673 K. It can be seen that these temperatures
allow one to obtain well-crystallised CuAlTe2 films. If the
peak intensity increases with the annealing temperature,
the amount of binary phase also increases.
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Fig. 3. Micrograph of a cross-section of a CuAlTe2 film.

The CuAlTe2 crystallises in the D12 space group with
a = 5.964 Å c = 11.975 Å [8]. When these parameters
are calculated from the inter-planar spacing measured by
XRD, it can be seen that there is a small increase of
the lattice parameters: a = 6.042 Å and c = 11.975 Å.
As discussed earlier, some oxygen can be substituted for
selenium and intercalated in the films. With the oxygen
size being smaller than that of tellurium, a decrease of
the lattice parameter should be expected in the case of
substitution, however, some oxygen can be also intercalated; in that case [9] the structural unit would increase,
which is the present case. Therefore, there is probably
some intercalation effect during the crystallisation process
of the film.
3.2 Optical and electrical characterisation
All the films studied below were annealed for half an hour
at 673 K. The absorption coefficients α were calculated
from the measured transmission T (log(1/T ) = O.D (optical density) of two samples with different thicknesses:
α=

Fig. 2. Micrograph of a 1 µm thick CuAlTe2 film; (a) small
magnification, (b) large magnification, (c) “after KCN” etching
1 min in 0.1 M KCN.

This result is in good agreement with earlier results [4].
After a half hour annealing at 673 K, as usual for chalcopyrite compounds such as CuInSe2 [7], the (112) peak
dominates, which shows that the crystallites of the films
are oriented along the (112) direction. Moreover, the (101)
and (103) peaks typical of the chalcopyrite structure are
visible (Fig. 1). Therefore, CuAlX2 films crystallised in
the chalcopyrite structure have been synthesised using the
technique described above.

1
T1
log
·
t2 − t1
T2

Where t is the thickness of the film. The plot of (αhν)2
vs. the photon energy is reported in Figure 4. The direct
optical band gap deduced from the high absorption domain is 2.3 eV. It should be noted that some absorption
subsists below the threshold energy value, which will be
discussed below.
In Figure 5 we show the conductivity, σ, of a typical film in an Arrhenius plot (log σ vs. 103 /T ). It can
be seen that before etching (Fig. 5a), σ increases with
the temperature, however the activation energy is relatively weak even in the high temperature domain. This
behaviour is not expected for a semiconductor with quite
a large band gap. The room temperature conductivity is
very high (σ300 K = 10 Ω−1 cm−1 ); this is the behaviour of
a degenerated semiconductor rather than a classical semiconductor.
We have shown above that on the surface of the
films there is a Cu2−x Te impurity phase that is highly
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Fig. 4. Curve of (αhν)2 versus energy.
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conductive. After removal of this phase by treatment
in a KCN solution the results are significantly different
(Fig. 5b). The conductivity at room temperature was
10−1 Ω−1 cm−1 . It was possible to measure a variation
in the conductivity of over two orders magnitude in the
temperature domain 160–500 K.

(b)

AE=0.01 eV

101 - .....__

α=

αCuAlX2 NCuAlX2 + αoxide Noxide
·
NCuAlX2 + Noxide

I

.

•

4 Discussion
The results of the optical and electrical measurements will
be discussed below in the light of the physicochemical
characterisation of the films. XRD diagrams have shown
that the main phase present in the films is CuAlTe2 with
a chalcopyrite structure. However, it has been shown by
microprobe analysis that some oxygen is systematically
present in the films (8 at.%). This oxygen contamination
should be correlated to the measured tellurium and copper deficiency. If we consider that the aluminium excess
is bonded to oxygen to form Al2 O3 we can conclude that
after KCN etching the films consist of a CuAlTe2 polycrystalline matrix where an Al2 O3 amorphous impurity is
randomly distributed in small amounts. We have shown
that the band gap deduced from density measurements is
2.35 eV which is sensibly higher than the usual value of
2.06 eV measured in CuAlTe2 [10].
This small increase of the optical gap can be explained
by the presence of the small Al2 O3 domains randomly
distributed in the CuAlTe2 polycrystalline matrix. In a
heterogeneous system we can assume that the sample can
be divided into two phases. If Nternary and Noxide are the
respective densities of the CuAlTe2 and Al2 O3 particles
in the films, α the absorption coefficient, is assumed to be
given by [11]:
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Fig. 5. Temperature dependance of the conductivity of
CuAlTe2 films versus the inverse of the temperature; (a) as annealed samples, (b) after removing the Cux Te phase by etching
in KCN.
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Table 1. Conductivity measurements.
CuAlSe2 film
Before etching
After etching

Room temperature
conductivity (Ω−1 cm−1 )
101
10−1

∆E1 (eV)

∆E2 (eV)

0.01
0.9

0.08

second phase particles. This absorption is present in our
samples as shown in Figure 4. Probably, in the temperature range concerned here, the measured activation energy
corresponds to carriers issued from localised states of the
band tail to the band of extended states. In that case the
conductivity is more precisely given by [16]:


∆E 0
σ = σ0 exp −
.
kT

Where αCuAlX2 and αoxide are the absorption coefficients
of the CuAlX2 and oxide phase respectively. From the
equation, α will depend on the absorption coefficient of
the oxide phase and therefore on its optical band gap.
Since the Al2 O3 band gap (Eg = 8.7 eV) is greater than
that of CuAlTe2 , (EgCuAlTe2 = 2.06 eV) there will be some
shift (∆Eg ) of the band gap [11]. The measured optical
band gap will be larger than that expected for a pure
chalcogenide compound.
However, as no amorphous phase is evidenced by XRD
analysis, and since some oxygen may be substituted and
intercalated in the CuAlTe2 matrix, we can assume that
the gap is also modified by the presence of oxygen. It has
been shown by Hill [12] that the energy gap of a semiconductor alloy varies with its composition.
The main values deduced from the conductivity measurements are reported in Table 1. It can be seen from
Table 1 and Figure 5 that before and after etching the
films exhibit a very different behaviour. Before KCN etching, the near zero (0.01 eV) activation energy and the
high room temperature conductivity should be attributed
to the superficial Cu2−x Te compound, a degenerate
semiconductor. As observed by SEM, the binary compound is randomly distributed at the surface of the films.
A percolation law such as that obtained by the fluctuation induced tunnelling conduction model in disordered
materials [13] can explain the small activation of the conductivity with the reciprocal temperature.
After KCN etching, the room temperature conductivity and activation energy values are typical of inorganic
semiconductors. It was possible to measure the conductivity increase by over two orders of magnitude. The resulting curve in the Arrhenius plot has linear points. At
high temperature (T > 350 K) we can extract from the
slope, an activation energy of 0.92 eV. At low temperature
the activation energy is 0.08 eV.
Classically in the higher temperature domain, semiconductivity follows the law:


Eg
σ = σ0 exp −
2kT

With, in the case of p type conductivity, ∆E 0 = EF −EB =
∆W . Where ∆W is the hopping energy in the localised
states, EB is the energy limit of the band tail and EF is
the Fermi level.
Therefore, the presence of the band tail induced in
the band gap could explain the small discrepancy between
the expected band gap value and the values deduced from
electrical measurements.
In the low temperature domain, the activation energy
could be attributed to activation of carriers from an energy level introduced in the band gap by some defects/or
impurities. Such ionisation energy (80 meV) has already
been measured in these ternary compounds [17,18].
It should be noted that activation energies of about
80 meV have already been attributed to intrinsic defect
levels such as vacancies and/or interstitial of the elements [14]. Another possibility is that the conductivity
is governed by grain boundary scattering. For this case it
has been shown [19] that


qΦB
σ ≈ exp −
.
kT

with k being the Boltzmann constant.
Therefore from the measured activation energy
(0.92 eV) we can estimate the electrical band gap at
E0 = 1.82 eV, this is slightly smaller than the expected
optical band gap (2.06 eV). This small difference is probably related to the disorder present in the films, which
induces band tail formation of localised states [14,15].
It has been shown that rather high sub-band gap absorption coefficients were observed for films containing

It has been shown that CuAlTe2 films can be obtained
from Cu/Al/Te...multilayer structures after a half hour
annealing at 673 K.
Some binary compound forms at the surface of the
films, which strongly influences the conductivity of the
films. After KCN etching the measured conductivity is
mainly controlled by the CuAlTe2 properties. The optical
properties of the films are also modified by foreign contributions: the small Al2 O3 domains randomly distributed

With ΦB being the barrier height at the grain boundary.
However, the room temperature conductivity is quite high,
and not very different from the expected value for a single
crystal. The temperature domain covered by the variation
law giving E = 80 meV is very large; down to 300 K,
which is quite unusual for such polycrystalline films [16].

5 Conclusion
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at the grain boundaries of the CuAlTe2 films and/or some
oxygen substitution and intercalation in the CuAlTe2 . The
optical band gap deduced from experimental measurements of 2.35 eV, is slightly higher than that expected
for pure material, which is promising for the use of these
films as buffer layers in solar cells, since the CdS layer
normally used, has a band gap of 2.45 eV.

This work was supported by a contract between France and
Algeria (CMEP 00 MDU 510).
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