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On the influence of oxygen contamination
on the properties of CuAIX, (X =Se, Te)
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CuAlSe, and CuAlTe; thin films have been obtained by annealing, in an open reactor, thin
layers of the constituents deposited by evaporation in the stoichiometric ratio. It is shown
that an annealing of half an hour at 673 K (CuAlTe,) and 717 K (CuAlSe,), under an argon
flow, allows to achieve CuAlTe, and CuAlSe, chalcopyrite thin films. However, even after
optimization of the technique, there is some oxygen contamination. It is shown that this
contamination is not only related to Al but also to Te in the case of CuAlTe,. This justifies
the higher discrepancy between single crystal and CuAlTe, thin film performances. This is
related to the contamination, not only of the grain boundary, which is the case of CuAlSe,,
but also of the crystallite induced by Te. On the other hand, structural and optical properties
of CuAlSe; films are very similar to those measured on single crystals and epitaxial layers.
© 2001 Kluwer Academic Publishers

1. Introduction cleaned and rinsed in deionised water. The depositions
Ternary I-111-VI, chalcopyrite semiconductors have re- were done in a vacuum of 1 Pa. The substrate tem-
ceived considerable attention in recent years becauggerature during deposition was @& . Cu, Al, Se
of their applications in photovoltaic devices, as shownand Te of 99.999% purity were deposited in the se-
by the use of CulnSg(CIS) as absorbing films in so- quence, earlier discussed [6], Al/Cu/Al/X/Al/CuU/.....IX.
lar cells [1]. Moreover some compounds of this family The evaporation rate and the thickness were measured
have larger gap than CIS (Eg=1.01 eV) and can be in situ by an hf quartz monitor. A rotating substrates
used for others applications such as buffer layer in solaholder allows to put alternatively the samples above the
cells but also electroluminescente semiconductor filmglifferent crucibles. The layer thicknesses (10-45 nm)
in photo electroluminescente diodes (LED). CuAlSe were calculated to achieve a near stoichiometric com-
(Eg=2.67eV) and CuAlTe (Eg=2.03eV) belong to  position.
these compounds [2]. We have earlier described a very The CuAlX; films were then synthesized by anneal-
simple and cheap technique which allows to obtainng under an argon flow. We have shown in earlier pa-
well crystallized CuAlSgand CuAlTe polycrystalline  pers [5, 6] that the optimum annealing time is half an
layers [3, 4]. hour. Therefore all the films studied in the present work
However, finner analysis of the films, by using micro- have been annealed for half an hour.
probe analysis, is necessary. It has been shown that theAt the end of the synthesis the samples were stored
presence of oxygen in the films can be drastically dein a plastic box at room atmosphere.
creased after optimization of the deposition and anneal- Using X-ray diffraction, the films were analysed in
ing conditions [5, 6]. Nevertheless, some oxygen is syserder to investigate the compound and/or phase forma-
tematically presentin the films at the end of the processtion and to estimate the grain size as well as their
4 <O at.%<10. This contamination is mainly related preferential orientation. X-ray diffraction measure-
to the high affinity of aluminum to oxygen. However ments were carried out on an automated step-scanned
it is shown in the present paper that the oxygen interSiemens diffractometer with CudKradiation source
action with the semiconductor films depends not only(x = 0.15406 nm). The g spacings were given direct-
on aluminum but also on the chalcogen of the ternaryy by the graphics program EVA used by the diffracto-
compounds. meter.
For microprobe analysis, we used a JEOL 5800 mi-

croscope and a built-in software program (PGT-IMIX
2. Experimental technique PTS) that did the background correction and gave the
The process used to obtain thin CuAlXms has been percentage of the elements (down to C), which allows
described earlier [5, 6] and it will be recalled shortly to obtain quantitative analysis of the relative atomic
here. The substrates were soda lime glass chemicallyercentage of the oxygen present in the films.

0022-2461 © 2001 Kluwer Academic Publishers 87



X-ray photoelectron spectroscopy measurementSABLE | Lattice parameters
were performed with a magnesium X-ray source
(1253 eV) operating at 10 kV and 10 mA. The XPS
study was made at the University of Nantes-CNRS and JCPDS  Thin A JCPDS  Thin A
a Leybold (HS 12 model) spectrometer was used. ~ Sample  44-1269 fim  (nm)  75-0102 film  (nm)

The transmission measurements were carried out %t(nm) 0.560 0561 +0.001 0596 0.608 +0.008
room temperature using a Carry spectrophotometeg im 1097 1.098 +0001 1.197 1195 —0.002
The measurements were carried out at wavelengths
from 2 um to 0.4m. The Optical studies were per-

formed at the LPC-IMN. TABLE Il Average quantitative EPMA analysis (X = Se or Te)

CuAlSe CuAlTe,

Atomic percentage

. C Al X* o]
3. Experimental results !

The microprobe analysis showed that the films couldneoretical 25 25 50 0
be strongly contaminated by oxygen (up to 40 at. %)cuAiSe 24+2 2742 4442 542
during the deposition process. Therefore, while the deCuAlTe 21+2 24+2 45+2 10+2
position rate of aluminium has been increased from
0.2 nm/minto 1 nm/min, the deposited aluminium films
were immediately covered with a chalcogene layer in T
order to prevent oxide formation. By using such a4, [ a
process, the relative atomic concentration of oxygen
present in the films at the end of the deposition was de
creased to 10 at. % or less, whatever the chalcogene i: i

The thickness of the films ranged from 200 nm to [
750 nm, in that range the thickness variation did not -
significantly affect the experimental results. -

It has been shown [7, 8] that often during Cu-IlI»VI
thin films growth some Cui VI forms at the surface
of the films. Systematically this upper layer is removed [
by KCN etching [1]. KCN is very useful for such etch- -
ing because CN-complex very easily with noble metals
such as Au, Ag and Cu... which allows the chemical
etching of the copper binary compounds. Therefore the
results described here concern films after KCN treat I " T y T " T " T
ment [5, 6].

As shown Fig. 1, after annealing half an hour undei
argon flow at 673 K (CuAITg [5] or 773 K (CuAlSe)
[6], the films are crystallized in the expected chalcopy-
rite structure as demonstrated by the presence of tt
(101) and (103) peaks; which excludes the disordere
sphalerite structure. The temperatures used have be
found to be the optimum values to obtain well crys-
tallized films with small oxygen contamination. The
experimental results obtained by XRD measurement o
are summarized Table I. As usual in such I-1l1l-\bm- J Q A
pounds the peak corresponding to the (112) directiol ) \ . . ,
is dominating. Also are reported in this table, the lat- 1 Y 3 40
tice parameters calculated from the inter planar spacing 20
measured by XRD. It can be seen that there is a googgure 1 X-ray diffractogramms of a: (a) CuAlpdilm after annealing
agreement between the measured values and those G an hour at 673 K. (b) CuAISdim after annealing half an hour at
tained with a single crystal. 773 K.

However some small difference should be noted
mainly in the case of CuAlTesince the experimental
incertitude related to the use of glass substrate, which XPS analyses of the films have been discussed in pre-
thickness can vary slightly from one sample to anothewrious papers [4, 5]. Inthe presentwork, we have focused
one, can be estimated #60,001 nm. our investigation more precisely on the chalcogen be-

EPMA results are summarized in Table Il. It can havior after contact with oxygen and the consequences
be seen that the small oxygen contaminatiors@  on the under layer.
at. % <10) is systematically associated with a small First, thin pure selenium and tellurium films have
aluminum excess in comparison with copper (Al/€u  beeninvestigated. It can be seen on Fig. 2a, b thatthe se-
1). Moreover it appears that the oxygen contaminatioienium is not chemically contaminated by oxygen even
is slightly higher in CuAlTe films. at the surface (Se3d55.3 eV in pure Se and 59.2 eV
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in SeQ). At the contrary, there is some systematical

interaction between the tellurium and the oxygen with au

some TeQ@ formation (Te3g,>=5830 eV in pure Te
and 586.5 eV in Te@) (Fig. 3a, b). The same result

is obtained when the sequentially deposited structure:

(Cu/AlIX/AIICuU ... Al/X with X = Se or Te) are sub-

Figure 4 XPS spectra of Al at the interface (when the Al2p line appears
after chalcogen etching): (a) in Al/Te structure after air exposure. (b) in
Al/Se structure after air exposure. (a) aluminum at the interface Te/Al
after selenium and tellurium etching.

Figure 2 XPS spectrum of the Se3d peak: (a) pure selenium film befOI'Emitted to air atmosphere before annea“ng Moreover,

etching (b) pure selenium film after one minute of etching. (c) in a
CuAlSe film before etching. (d) in a CuAISdilm after one minute of
etching.

|
590 570 eV
Figure 3 XPS spectrum of the Te3d peak: (a) pure tellurium film before
etching (b) pure tellurium film after one minute of etching. (c) in a
CuAlTe; film before etching. (d) in a CuAlTefilm after one minute of
etching. (e) at the interface Se/Te after selenium etching.

after annealing, XPS analyses of the ternary thin films
show that if in the CuAlSgfilms, Se is not contami-
nated by oxygen, tellurium at the surface is oxidized in
the case of CuAlTg(Figs 2c, d and 3c, d).

Therefore, we have proceeded to some more careful
investigation on the oxygen influence on the different
structures. When aluminum and tellurium layers are
sequentially deposited, after air exposure there is not
only oxidation of the surface of the Te film but also
quick formation of a continuous aluminum oxide film
at the Al/Te interface (Fig. 4a). When aluminum and
selenium are sequentially deposited, not only the se-
lenium surface is not oxidized but also the aluminum
film is preserved from large oxidation (Fig. 4b). When
these Al/Te layers are covered by a Se film before air
exposure, there is not any oxidation not only of the Se
capping layer but also of the tellurium (Fig. 3e), while
the small aluminum oxidation is similar to that obtained
in the case of Al/Se structure (Fig. 4c), it corresponds to
aluminum oxidation during the deposition process [9].
When the crystalline structure of the Se and Te films is
checked by XRD, it can be seen that selenium films are
amorphous while those of tellurium are polycrystalline
but continuous has shown Fig. 5.

Moreover, after etching of the CUARX =Te, Se)
films the binding energy of the O1s peak of the oxygen
still present in the films is about 532.5 eV whatever the
chalcogen, which cannot be attributed to copper oxide,
but corresponds to some aluminum oxide [10].

The absorption coefficiend has been calculated
from the measured transmissian(log %: OD (op-
tical density: OD)) of two samples with different
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TABLE Il Optical transition

Optical transition (eV) A B C
CuAlSe Single crystal [9] 2.65 2.86 3.01
Thin film 2.66 2.78 291
CuAlTe; Single crystal [2] 2.06
Thin film 2.3

hv are reported Fig. 6 and Table Ill, since, for allowed
direct band gap transition, the absorptiencan be
related to the photon energy by:

(ehv)? = A(hv — Eg)

Figure 5 Surface visualization of a thin '_I'e layer deposited in a stackedWhereA is a constant and Eg is the optical energy gap.
elemental layer structure before annealing.

thicknesses:

o

= lo Lk
-ty g T,

with t the thickness of the film.

Any errors occurring in the values due to uncertain-

The band gap can be extrapolated from the intercept
of the straight line issued from the high absorption do-
main and the photoenergy axis. It can be seen that if the
properties of the CuAlSdilms are very similar to that
of references [2], there is some discrepancy in the case
of CuAlTe,. The absorption spectrum of the CuAjTe
films is not so well discriminated and only the band gap
can be estimated.

ties induced by this technique are much less than the
errors in the thickness measurements which dominat4. Discussion

the experimental errors.

As proposed, the discussion will be focused on the influ-

CuAlSe and CuAlTe being direct band gap semi- ence of oxygen on the two ternary compounds presently
conductors, the plots affw)? versus the photon energy studied. A more general description of the structural,

(ahvy

hv

@

410"

, 310
hv)

210* 1

110"
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Figure 6 Plots of ghv)? versus the photon energy lfor: (a) CuAlSe

film, (b) CuAlTe, film.
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optical and electrical behavior of the compounds has
been given elsewhere [3-6].

First it should be noted that the oxygen contami-
nation in CuAlTe (7-10 at.%) is significantly higher
than in CuAlSe (4—7 at.%). Moreover it is shown from
XRD measurements that if the chalcopyrite structure
expected is systematically obtained, there is some small
differences between the lattice parameters of single
crystals and those measured here. Remarkable varia-
tions are obtained only in the case of the CuAlTe
There is a small increase of the a parameter while the
c axis decreases slightly. At the same time, the optical
properties of CuAlSgfilms are more similar to that
of the corresponding single crystal than in the case of
CuAlTe, samples.

Therefore, it appears that if aluminum is the main
cause of oxygen contamination, the nature of the
chalcogen is not neutral. This is in good agreement with
the different reactivity with oxygen of the chalcogen as
shown by XPS.

The presence of some ADs in the films in the de-
posited condition used presently is very probable as
shown by the presence of a residual peak on the high
binding energy domain of the Al2p XPS spectra what-
ever the sample studied is (Figs 3b, 4b). This partial
oxidation can be predicted from the work of Kim and
co-cookers [8]. However a careful observation of the
XRD diagram neither indicate the presence of polycrys-
talline alumina nor of an amorphous phase (no broad
diffusion domain visible in the 2 domain: 10-30°).
Therefore AyO3 should be present in the films in very
small domains, there is probably some segregation of
this oxide at the grain boundaries. It can be thought that



this amorphous AlQ, segregated at the grain boundary, stability of these compounds increases with the elec-
is present in both compounds. It corresponds to the urtronegativity difference between the chalcogen and the
avoidable oxygen present in the filmsf4l at.%). By = metal. Therefore the selenium compounds are more sta-
comparison with CuAlSgoxygen contamination, the ble than the tellurium compounds, often the former are
small excess present in the CuAfTEms (3-5 at.%) stoichiometrics, while the later are tellurium deficient
will interact with the ternary compound itself, mainly which facilitates oxygen contamination [15]. This con-
with the Al as shown by XPS. This justifies not only tamination, in the present work, not only induces lattice
the small excess of aluminum detected in the filmsparameters variation but also introduces some disorder
which corresponds to this oxide formation, but alsoin the films, which explains the discrepancy between
the good properties of CuAlgeompared to those of the band gap measured and that expected.
CuAlTe,.

Therefore CuAlSg films are composed of nearly 5. Conclusion

pure ternary crystallites crystallized in the chalcopy-.l.he,[ernary compounds CuAlgean be obtained in the

rite structure with some AlQdispersed at the grain : ;
. ; . t hal te struct the ch
boundaries. These crystallites have properties (struce—Xpec ed chalcopyrite structure by using the cheap and

. . ) o simple technique of annealing in open reactor.
twre, optical rransitions .) Wh'c.h are not modified by However if oxygen contamination can be drastically
;Tﬁg?:%?;;taﬁg?lt{w]erefore similar to those of CuAlSe decreased by using optimized technique there is sys-
On the contrary the 3-5 at.% more of oxygen presen ematically some residual oxygen present in the films

. . . t the end of the process. The oxygen contamination
in the CuAlTe films enter the crystallites themselves . _: ; : . ;
which justify the modification of their properties. s slightly higher in the case of CuAl3dilms. This

The lattice parameters are sensibly different fromfact could be correlated to the structural and opti-
P y cal properties of the films, they are more similar to

those expected. There is an increase of the a Paranfose of the corresponding single crystal in the case of
eter and a small decreasemf CuAlSe

The oxygen present in the crystallites can be substi- Probably in that case the oxygen precipitates with

tm%? to ttellrﬁirlurrn gind/orflntfrcalr?tied 'rr';hlf ?riﬁt?‘”':ﬁsithe aluminum excess at the grain boundary of the films
€ atomic radius of oXygen Is smafier than that,, i, ajiows to obtain crystallite with properties nearly

of tellurium, which could Justn_‘y, for geometrical rea- similar to those of CuAlSesingle crystal. In the case of

son, the decrease of the laltice parameters. HowevpéuAlTez oxygen reacts in addition with some tellurium

| ) fthe a latti as shown by XPS which allows oxygen to enter the
electrostatic reason, an increase of the a lattice parana'rystallites and modify theirs properties. This result is
eter, because this mcludes_ an increasing repulsion .b onfirmed with the help of electronegativity difference
tween atoms that are negatively charged [12, 13], whlcrﬂ)etween Se and Te
could justifies the increase of a. Moreover intercalation '
could also induces an increase of the lattice parameters.
Howeverc decreases slightly and more probably oxy-Acknowledgment
gen is substituted to tellurium which is in good agree-The authors wish to thank the CMEP (France &ig)
ment with the composition analysis, since there is som&0 MDU 510 for its financial help.
chalcogen deficiency.
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