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Résumé. 2014 Des nouvelles méthodes de synthèse de matériau, de croissance cristalline et de pré-
paration de films de CuInS2 ont été développées, quelques-unes de leurs propriétés ont été détermi-
nées. Des monocristaux de CuInS2 ont été obtenus par transport à l’iode en phase vapeur. Les plans
de croissance étaient (112) et (110). Les paramètres du réseau étaient a = 5,517 Å, c = 11,122 Å
(tétragonal). Les cristaux bruts de croissance étaient de type n avec des résistivités de l’ordre de
106 03A9 cm. Huit modes de vibration du réseau ont été caractérisés par diffusion Raman. Les films minces
ne présentant que la phase CuInS2 ont été préparés par pulvérisation RF. Les films bruts de dépôt
étaient de type p avec des résistivités de l’ordre de 10-1 à 101 03A9 cm. La rétrodiffusion des rayons X
a été utilisée pour l’analyse des couches minces. La possibilité de déposer la seule phase CuInS2
sous forme de films par évaporation flash a aussi été étudiée.

Abstract. 2014 Novel methods for the material synthesis, crystal growth and film preparation
of CuInS2 were developed, some of their properties were characterized. CuInS2 single crystals were
grown by iodine vapour transport. The habit-planes were determined to be (112) and (110). The lattice
parameters were determined to be a = 5.517 Å, c = 11.122 Å (tetragonal). The as-grown crystals
were n-type with resistivities in the order of 106 03A9-cm. Eight lattice vibration modes were charac-
terized by Raman Scattering. Single phase CuInS2 thin films were prepaed by RF sputtering
The as-deposited films were p-type with resistivities in the range of 10-1 to 101 03A9-cm. Back scattering
was used for the film analysis. The feasibility of using flash evaporation to deposit single phase CuInS2
films has also been studied.

1. Introduction. - In recent years, the I-III-VI2
ternary chalcopyrite compounds have found increas-
ing interest in semiconductor science [1]. Mainly due
to its direct gap of 1.55 eV, CuInS2 could be used in
high efficiency solar cells [2]. Single crystal platelets
of CuInS2 grown from melt have been reported [3-5].
Thin films of CuInS2 obtained by double source
evaporation have been reported [6]. In this work
iodine vapour transport is proposed to grow crack-
free and stoichiometric CuInS2 single crystals. And
CuInS2 thin films have been deposited by RF sputter-
ing and flash evaporation. An important feature of
sputtering is that the chemical composition of a

sputtered film will often be the same as that of the
cathode from which it was sputtered. Flash evapo-
ration was proposed to produce stoichiometric films
of compounds whose constituents have widely dif-
ferent vapour pressure.

The CuInS2 chalcopyrite structure is shown in

figure 1. It possesses the tetragonal El, structure-type
space group 142d, with four formula units per cell.
Figure 2 shows a portion of a (112) metallic plane.
In those planes the Cu and In atoms Zigzag in the
directions [221] along altemate lines. (112) Sulfur

(*) This work was supported by National Science Council of
Republic of China under contract No. NSC-67E-0404-03(01).

FIG. 1. - The tetragonal chalcopyrite structure illustrated for the
I-III-VI2 compounds. Two cubic zinc blende structures are illustrat-

ed on the left.

planes can be seen to alternate with metallic ones [7].
1-111-V’2 compounds can be regarded as the temary
analogs of the II-VI binary compounds [1]. If I-

and III-atoms were replaced by with II-atoms, the
cubic zincblende structure would result (Fig. 1). Thus
the chalcopyrite structure is a superlattice of zinc-
blende structure with the cla ratio approximately
equal to 2. The melting point of CuInS2 is 1 000-
1050 °C [3]. The conductivity type of CuInS2 could be
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FIG. 2. - (112) metallic plane in the chalcopyrite structure. Solid
circles indicate Cu atoms, the dotted circles are In.

changed by annealing under maximum S vapour
pressure to give p-type or under minimum S vapour
pressure to give n-type which could not be achieved
for its binary analog [8]. Electrical properties on single
crystals and thin films are tabulated in table I. The
electron mobilities of CuInS2 single crystals lie in the
range from 100 to 200 cm2/V-s, while hole mobilities
are 1 to 15 cm2/V-s. And mobilities of CuInS2 thin
films lie in the range from 10-1 to 101 cm2/V-s.
Work on material synthesis, crystal growth are

reported in section 2. Work on sputter-deposited and
flash-deposited films are reported in sections 3 and 4.
respectively.

2. Vapour-growth of CuInS2 single crystals. -

Single phase CuInS2 powders were synthesized and
used for the crystal growth and film preparation.
Stoichiometric amounts of the constituents were

sealed in silica tubes under high vacuum. Due to the
high vapour pressure of sulfur (2 atm at 493 °C) and to
avoid explosion, the samples were heated at 600 °C
for 1 day (to have the sulfur reacted with Cu and In
completely) and held at 1 100 °C for another 2 days
(to produce homogeneous materials by thermal

diffusion) then slowly cooled down. The powders
were then identified to be single phase CuInS2 by
X-ray diffraction (Fig. 3).

FIG. 3. - X-ray diffraction pattern of the synthesized CuInS2
powders.

The single phase CuInS2 powders, together with
about 7 mg/cc-20 mg/cc iodine as the transport
agent were sealed in a 14 mm I.D. silica tube under
high vacuum (10-6 torr). Chemical transport were
done in a single zone Linderberg furnace. The sche-
matic diagram is shown in figure 4. The charge end was
heid at 800 °C while the optimal growth zone was
determined to be in the range of 740-760 °C. The

transport were done in eight days and the system was

FIG. 4. - Experimental arrangement for crystal growth of CuInS2.

TABLE 1

Comparison of properties of single crystals and thin films of CuInS2

(*) Annealed under minimum S pressure.
(**) Annealed under maximum S pressure.
(***) Recrystallized in H2S, initially N-type.
(****) Recrystallized in H2S, initially P-type.
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cooled down slowly at a rate of 9 °C/h to avoid

straining of the crystals. The as-grown platelets are
black, and the typical shape of the grown crystals is
shown in figure 5.

FIG. 5. - Typical shape of the grown CuInS2 single crystals.

The orientation of the as-grown facets were deter-
mined to be (112) and (110) by Back-Reflection Laue
method. The lattice parameters were determined,
by X-ray rotating crystal method with Syntex diffrac-
tometer, to be a = 5.517 Â, c = 11.122 Â (tetragonal).
Furthermore, the grown crystals were grounded and
examined by X-ray diffraction. The above X-ray
results verify the grown crystals are CuInS2 single
crystals.
The as-grown CuInS2 crystals were n-type with

resistivity in the order of 106 Q-cm. Those grown from
melt were p-type with resistivities of 5 x 103 Q-cm [9].
Since a large amount of iodine is present during the
crystal growth, it is possible a significant amount of
iodine could be incorporated into the vapour-grown
CuInS2 crystals. Whether the difference mentioned
above is caused by iodine doping should be further
investigated.
The Raman spectra of the grown CuInS2 crystals

at 300 K were recorded using 300 mW 5 145 À laser.
Figure 6 shows typical spectra obtained by the

FIG. 6. - Backward Raman spectrum of CuInS2 excited with
300 mW 5 145 À laser line and recorded with 4 cm-1 spectrometer

bandpass.

TABLE Il

Lattice vibration modes characterized

from Raman Spectrum

q : quasi.

backward Raman scattering from CuInS2. Eight
Lattice vibration modes were characterized and the
results are listed in table II.

In a CuInS2-12 closed system, when compared its
equilibrium constants of the forward reaction with
those of other reactions, only the following reaction
was considered [11].
CuInS2 + 2 I2(g) ~ CuI(g) + i In2S(g) + 4 S2(g) ~
Theoretical transport equation have been derived by

several works [12-14], and the computer calculation
method developed by Arizumi and Nishinaga [14-16]
was employed. Figure 7 shows the calculated transport

FIG. 7. - Functional relationship of QCuInS2 vs MI’
1



748

rate as a function of iodine concentration when the

temperatures of the source and growth zones were
maintained at 800 °C and 750 °C, respectively. This
calculation indicates that the transport rate should
strongly depend on the iodine concentration, and the
relationship shown in figure 7 had the same tendancy
as the results on vapour growth of Ge [14] or GaAs [15J
or ZnTe [17]. The only experimental transport rate
data on the temperature conditions of the present
calculation is 5.154 8 x 10-’ mole CuInS2/s at

MI = 7.25 mg/cc. From this and figure 6, the gas phase
diffusion coefficient thus determined is 0.251 cm2/s
at 300 K which is reasonable when compared with
diffusion coefficients of the gaseous molecules listed
in table III.

TABLE III

Binary gaseous diffusion coefficients

3. Sputter-deposited CUInS2 thin films. - CuInS2
thin films were deposited by RF sputtering using the
system shown in figure 8. The well-characterized

CuInS2 powders were pressed into a 12"-diameter disk
under the pressure of 60.000 psi. This disk was used as
the sputtering target. An earthed shield and a glass

FIG. 8. - Experimental arrangement for RF sputtering of CuInS2.

shield were used to prevent the discharge at the back
of the cathode and to limit the discharge to the
cathode-anode region. The system was first evacuated
to  10-’ torr, and the Ar pressure was kept between
20-40 g, the d-c voltage was 2-3 keV, the discharge
current was 5 mA, and the RF frequency was kept
between 12 to 14 MHz. There is no substrate heating,
and the deposition rate was about 1 200 Â/h.
The as-deposited films on slide-glasses were verified

to be single phase CuInS2 by the X-ray diffraction
(Fig. 9). Figure 10 shows the T.E.D. pattern, in which
the indexing of the pattern is also shown. Since all

rings are of CuInS2, this further identified the as-

deposited films were single phase CuInS2 chalcopyrite
structure. The grain size, calculated from the line

boarding of the X-ray diffraction patterns, are a few
hundred angstroms. (T.E.M. photographs confirmed
that the grain size are smaller than 1 000 A.) The
as-deposited films were p-type and had the resistivities
of the order of 10-1 to 101 Q-cm. These values are

FIG. 9. - X-ray diffraction pattem of a RF sputter-deposited CuInS2 film.
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FIG. 10. - T.E.D. (Transmission electron microscopy) pattern
of a RF sputter-deposited CuInS2 film.

lower than those of Kazmerski [6], possibly due to the
impurity and the variation of stoichiometry. Post heat
treatments in static vacuum or in maximum sulfur

vapour pressure were found to increase both the

resistivity and the grain size. However, the increases
were not substantial.

It was found that the target size are very critical to
the composition of the deposited films. When using
4" target, the CuInS2 and InS peaks as well as some
unidentified peaks appear in the X-ray diffraction
patterns. However, when using 1!" target, only
CuInS2 peaks were presented. It was also found when
small amounts of sulfur were placed around the

substrates during the sputtering, the X-ray diffraction
pattern showed the change of the orientation pre-
ference in the thin films. The (220) peak became
dominant while in general the (112) peak should
dominate (Fig. 11).

Back-scattering were also done to analyze thin
films. Approximate 200 Â thin films were deposited
on graphite substrates in orders to have distinct peaks
for the corresponding elements. The backscattering
spectrum of a typical sample is shown in figure 12,
and the results for four samples are analyzed in
table IV. It is seen that not only the sulfur content is
increased but the Cu/In ratio is increased for sulfur
added sputtering. Despite of the variation of stoi-
chiometry, the films are still single phase. This indicates
that the chalcopyrite structure for Cu-In-S system
exists not only in the exact composition of CuInS2. It
should be noted that chalcopyrite structure for

FtG.11. - X-ray diffraction pattern of a RF sputter-deposited CuInS2 film when small amount of sulfur were placed around the substrates.
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FIG. 12. - The back-scattering spectrum of a RF sputter-deposit-
ed CuInS2 film on graphite substrate.

TABLE IV

Analyses of the back-scattering spectra of four samples

(*) Sputtered with sulfur added.
(**) Sputtered without sulfur added.

Cu-Ga-S system varies from CuGaS2 to Cu,).,3, GaS 1. 9
in composition after Belova et al. [18]. Other than the
variation of composition, the impurity contents were
also checked by Back-scattering. Apparently, the

oxygen and argon contents are lower than the reso-
lution of backscattering technique. But there is a small
peak exists in the high atomic weight range (around 82
or 83), which was verified to be Pb by Atomic absorp-
tion experiments. How it was introduced and what
effect it might cause should still be investigated.

4. Flash-deposited CuInS2 thin fihns. - Thin films
were deposited by flash evaporation using the system
shown in figure 13, in which the sinusoidal signals in
the range of 50-100 Hz was amplified and sent to
vibrate the powder reservoir. Single phase CuInS2
powders were used as the evaporation source. The
evaporations were done in a vacuum of 10-6 torr, in
which an alumina crucible was used. For flash eva-

poration, slide glasses were used as the substrates, and
the source temperature varied in the range of 1 000-
1500 °C and the substrate temperature varied bet-
ween 25-400 °C. Thus far, single phase CuInS2 thin
films have not been obtained by Flash evaporation.
At lower source temperature (1000-1300 °C), the
dominant phases in the X-ray diffraction patterns

FIG. 13. - Experimental arrangement for flash-evaporation of

CuInS2.

were In and InS. At higher source temperature
(1400 °C), the dominant phases were CuInS2, In
and InS. The results are consistent with those of the
atomic absorption experiments. At Tsou. ~ 1 180 °C
and 7~. ~ 240 °C, the Cu : In ratio of the flash-
deposited films were determined to be ~ 1 : 144.
At Tsou. ~ 1310 °C and Tsub. ~ 220 °C, the ratio
is ~ 1 : 26. At T~ou. ~-- 1450 °C (the highest tem-
perature our system can attain) and 7s~. ~ 300 °C,
the ratio is N 1 : 1.66. In the last case, the residual in
the crucible has the Cu : In : S ratio of 1.28 : 0 : :1. The
above results indicate that to produce single phase
CuInS2 films by flash evaporation, a higher source
temperature could probably be needed. According to
a simple estimation [19], in order to evaporate comple-
tely the 100-150 pm grains within 1 - 2 s, the source
temperature should be in the range of 1600-1700 °C.
Furthermore, from a detailed analysis [19], in which
data of X-ray diffraction and atomic absorption were
used, it was found that when the source temperature
is in the range of 1000-1450 °C, the incongruent
dissociation process of CuInS2 in vacuum could

probably be as follows :

Due to the dissociation of sulfur, and the large
difference in vapour pressure of each constituent of
the dissolution, it is therefore that even at a higher
source temperature, the CuInS2 grains can evaporate
completely in a very short period, the films as-deposited
will still be of sulfur-deficient structure. In addition,
if raising too high the source temperature, some
unnecessary contaminants may be incorporated [20].
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For compound like CuInS2 whose electrical pro-
perties are very sensitive to its stoichiometry and
impurity contents, it would be very difficult to deposit
single phase CuInS2 thin films by flash evaporation.

5. Conclusions. - Novel methods for the material
synthesis and crystal growth of CuInS2 were deve-
loped. The suitable growth condition suggested are
T2 = 800 ~C and AT = 50-60 ~C with 7.25-9.84 mg/cc
iodine and powder source. The grown CuInS2 were
n-type with resistivity of 106 Q-cm. The as-grown
facets were (112) and (110). The lattice parameters
were determined to be a = 5.517 Á, c = 11.122 Á
(tetragonal). Eight vibration modes had been charac-
terized at frequencies of 61, 84, 240, 268, 289, 304, 321
and 342 cm-1. Preliminary thermodynamic cal-
culations suggest that the transport rate of CuInS2
solid phase in CuInS2-I2 closed system (in the tem-
perature profile of T2 = 800 OC, AT = 50-60 ~C) is

strongly dependent on the initial iodine concen-

tration.

Sputtering is a very useful and relatively simple
method to produce CuInS2 thin films. The use of a
small target (4") is not recommended since the inhomo-
geneous distribution of the sputtered species may cause
the film to be multiphases. Large target (1 tIf) produces

single phase CuInS2 films. It has been found that the
variation of the sulfur vapor pressure during sputter-
ing can change not only the stoichiometry of the films
but also the growth direction. The sulfur content and
the Cu/In ratio is increased when sputtered under
extra sulfur vapour pressure. The as-deposited films
were P type and had resistivity in the range of 10 -1
to 101 Q-cm. The grain sizes were determined to be a
few hundred angstroms, and post heat treatment can
increase the resistivity and grain size.

Flash evaporation was also tried but with little
success. When the source temperatures are in the range
of 1 100-1450 ~C, the flash-deposited films all contain
In and InS phases, the CuInS2 peaks became more
distinct at higher source temperature. The atomic
absorption experiments indicate that the higher
the source temperature, the closer the Cu/In ratio
approaches unity. Since CuInS2 is of incongruent
dissociation, it would be very difficult to deposit single
phase CuInS2 thin films by flash evaporation.
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