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Investigations on Electron Beam Evaporation of a Ball-milled
Cu(In1−xGax)Se2 Powder
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CuIn1−xGaxSe (CIGS) powder was synthesized via the direct reaction of elemental copper, in-
dium, gallium and selenium using ball milling. CIGS thin films were deposited onto glass substrates
by using electron beam deposition at different substrate temperatures ranging from 200 ◦C to 500
◦C. The effect of substrate temperature on the structure, surface morphology and optical prop-
erties of the films were investigated by using X-ray diffraction, energy dispersive X-ray analysis,
atomic force microscopy and optical spectroscopy. Increasing the substrate temperature improved
the crystallinity of the films; in addition, the (112) preferred orientation became stronger, the grain
size increased from 222 Å to 414 Å and the unit cell volume increased from 350.4 Å3 to 384.1 Å3.
The stoichiometry of the films varied with the substrate temperature. The optical properties, band
gap and refractive index were reduced as the substrate temperature was increased.
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I. INTRODUCTION

CuInSe2-based chalcopyrite materials (CIS) with di-
rect band gaps and high absorption coefficients have re-
ceived considerable attention as the most interesting ma-
terials for thin-film solar cells. The material properties
can be varied by replacing part of the indium with gal-
lium and/or part of the selenium with sulphur to form
Cu(In,Ga)(S,Se)2. Indium can be partially replaced with
gallium to increase the band gap from 1.04 eV for pure
CuInSe2 to 1.67 eV for pure CuGaSe2 [1]. High CIGS
solar-cell efficiencies above 20% [2] have been demon-
strated at a band-gap energy of about 1.15 eV, which
corresponds to a [Ga]/([In] + [Ga]) composition ratio
of 0.3 [3]. CIS thin films have been deposited by us-
ing several techniques including sputtering [4], molecu-
lar beam epitaxy [5], hot wall epitaxy [6], chemical ion
exchange [7], sequential vacuum evaporation [8], elec-
trodeposition [9], spray pyrolysis [10], solvothermal and
spin-coating processing [11], flash evaporation [12], co-
evaporation [13] and nanoparticle-ink fabrication [14].
To the best of our knowledge, only two articles have been
published concerning the use of e-beam evaporation to
prepare these films. This technique was used to fabricate
CuIn0.5Ga0.5Te2 [15] and CuIn0.85Ga0.15Se2 thin films
[16] from bulk alloy sources. The sources were prepared
by using direct synthesis and crystallisation in a slowly
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cooling cycle after the complete melting of the stoichio-
metric elements. The preparation of bulk alloy sources is
a long and costly procedure compared to ball milling of a
powder. The main aim of this work was to prepare CIGS
thin films directly from a ball-milled powder of elements
without melting them and to investigate the changes in
the optical and structural properties of the films with
substrate temperature and post-deposition annealing.

II. EXPERIMENTS

The starting materials for the CuIn0.75Ga0.25Se2 pre-
cursor, copper (Cu 99.9% pure), indium (In 99.99%
pure), granulated gallium (Ga 99.99% pure) and sele-
nium (Se 99.95% pure), were mixed in accordance with
their atomic percentages. Then, the mixed powder was
milled for 15 h in air at room temperature by using a
high-energy ball mill (Retsch planetary ball mill PM400)
at 400 rpm. The powder was evaporated without pel-
letization from a graphite crucible by using an Edward
Auto306 electron-beam coating unit at substrate tem-
peratures of 100, 200, 300, 400 and 500 ◦C. The system
was pumped to a base pressure of less than 5 × 10−5

mbar, and the films were deposited for 25min by using
an acceleration voltage of 5 kV and an electron-beam
current of 10 mA. The thicknesses of the deposited films
were determined by using a stylus surface profilometer
(Veeco, Dektak150).
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Fig. 1. (Color online) Quantitative results for the source
and thin films.

The as-deposited films at 250 ◦C were subsequently an-
nealed for 1 h at 100, 200, 300, 400 and 500 ◦C in air. The
annealing was performed mainly to study the modifica-
tion of the band gap induced by the heat-treatment pro-
cess compared to that induced by elevating the substrate
temperature. The structures of the CIGS thin films were
examined by using a Shimadzu XRD-6000 X-ray diffrac-
tometer with Cu Kα radiation (λ = 1.5418 Å). The X-ray
tube voltage and current were 40 kV and 30 mA, respec-
tively. Scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX) analyses were performed using a
Quanta FEG250 field-emission scanning electron micro-
scope Quanta FEG250. The transmittance, T(λ), and
the reflectance, R(λ), spectra of the deposited films were
measured at normal incidence and at an incident angle
of 5◦. These measurements were conducted in air and at
room temperature in the spectral range of 190 − 2500
nm by using a computer-aided double-beam spectropho-
tometer (Shimadzu 3150 UV−VIS−NIR) with a resolu-
tion of 0.1 nm. The deposited films surface morphologies
were examined by using atomic force microscopy (AFM,
Veeco CP-II) in the non-contact mode with Si tips at a
scan rate of 1 Hz.

III. RESULTS AND DISCUSSION

The composition in the films varies with the substrate
temperature because the substrate temperature influ-
ences the kinetic energies of the atoms, which in turn
either breaks or creates bonding between atoms to give a
different composition. Qualitative and quantitative cal-
culations were performed for the ball-milled powder and
the deposited thin films. The results are presented in
Fig. 1. The Se and the Ga contents decreased slightly
with increasing substrate temperature until 400 ◦C and
then increased nearly to their ratio in the source at 500
◦C. The ratio of Cu increased dramatically as the sub-
strate temperature was increased from 100 to 200 ◦C.

Fig. 2. X-ray diffraction patterns of the ball-milled powder
source and the deposited thin films.

Cu-rich growth is reported to occur in the presence of
secondary phase segregation of CuxSe [17]. Then, the
Cu-rich growth decreased as the substrate temperature
was increased from 400 to 500 ◦C to reach the ratio of In
in the source. Therefore, the percentage of In in the thin
films nearly compensates for the percentage of Cu at 500
◦C. The Cu-poor CuInGaSe2 (CIGS) layers are, indeed,
suitable for the fabrication of CIGS-based thin-film so-
lar cells [18]. The films fabricated via vapor deposition
techniques in high-efficiency CIGS solar cells are always
Cu-deficient [19,20].

In the chalcopyrite structure (tetragonal), the (112),
(204, 220), and (116, 312) peaks are the prime inten-
sity peaks in which the (112) diffraction is the preferred
orientation or the highest intensity peak in most of the
cases [18].

The X-ray diffraction patterns of the ball-milled pow-
der source and the thin films deposited at different sub-
strate temperatures are presented in Fig. 2. This re-
sult confirms the polycrystalline nature of the ball-milled
powder with the chalcopyrite structure. As the substrate
temperature was increased, the (112) preferred orienta-
tion became stronger due to the increased crystallinity
of the thin films samples [17]. The grain size, D, of the
crystallites was calculated by using Scherrer’s formula
[21]:

D = 0.9λ/β cos θ, (1)

where λ is the X-ray wavelength and is equal to 1.54 Å
for Cu Kα radiation, θ is the diffracted angle, and β is
the full width at half maximum of the respective peak
in radians. The grain size, D, increased from 222 Å to
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Fig. 3. (Color online) Variations of the lattice parameters
and the unit cell volume for the thin films with substrate
temperature.

414 Å as the substrate temperature of the deposited thin
film was increased from 200 ◦C and 500 ◦C.

The lattice parameters of the thin films, as shown in
Fig. 3, were calculated according to the relation between
the interplanar distance d and the indices (hkl) for the
tetragonal system:

1
d2

=
h2 + k2

a2
+

l2

c2
. (2)

The unit cell volume increased from 350.4 Å
3

to 384.1
Å

3
as the substrate temperature was increased from 200

◦C to 500 ◦C. The increase in the unit cell volume is
mainly due to the increase in the lattice constant a. The
thickness of the films increased as the substrate temper-
atures was increased, as shown in Fig. 4. This increase
provides evidence of the increase in the unit cell volume
and the grain size. Then, the increase in the thickness
with increasing substrate temperature is due to an in-
crease in the grain size [22], which can be attributed to
the higher surface mobility of the particles impinging on
the substrate during the nucleation process [23].

Figure 5 presents AFM images of the thin films at var-
ious substrate temperatures. The surface topograph of
the films deposited at lower temperatures, less than 300
◦C, reveal small-sized, spherically-shaped grains. These
grains merge at a higher temperature, 400 ◦C, to yield a
sharp triangular shape. Then, at a higher temperature,
500 ◦C, larger grains are formed.

SEM micrographs of the thin films are shown in Fig. 6.
The micrographs point out that the substrate temper-
ature has a marked influence on the surface morphol-
ogy. The films deposited at temperatures from 100 ◦C
to 300 ◦C are characterized by the presence of relatively
large spherical grains on smooth surfaces. These spher-
ical grains disappeared from the surface of the film that
was deposited at 400 ◦C, and a large number of grains

Fig. 4. Variation of the thickness of the thin films with the
substrate temperature.

Fig. 5. (Color online) AFM images of the thin films at
various substrate temperatures.

can be seen in the film. These grains in the film take a
clear shape at 500 ◦C and are evenly distributed. They
are nearly similar in size and shape with the estimated
average grain size of ∼ 174 − 217 nm.

In determining the values of the energy band gaps for
the thin-film samples, (αhν)2 was plotted against the
photon energy, as shown in Fig. 7. The absorption coef-
ficient, α, is given by [24]

α =
1
d

ln

{
(1 − R)2

2T
+

[
(1 − R)4

4T 2
+ R2

]1/2
}

, (3)

where T is the transmittance, R is reflectance, and d
is the film’s thickness. The absorption coefficient for a
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Fig. 6. SEM micrographs of CIGS thin films deposited at
different substrate temperatures.

direct transition is related to the energy gap of a semi-
conductor and is given by

(αhν) = A/(hν)[(hν − Eg)]1/2, (4)

where A is a constant, hν is the photon energy, and Eg

is the band gap. Extrapolation of the curves down to
a zero (αhν)2 level yields the values of the band gap,
which decreased from 1.73 eV to 1.07 eV as the sub-
strate temperature was increased from 100 ◦C to 500 ◦C.
The decrease in the band gap with increasing substrate
temperature can likely to be attributed to an increase of
the particle size and a decrease in the strain in films de-
posited at high substrate temperatures [25]. To further
investigate the effect of post-heating on the band gap
energy, we annealed the film deposited at 250 ◦C at var-
ious temperatures from 100 ◦C to 500 ◦C for one hour.
As observed in Fig. 8, post annealing clearly reduces the
band gap of the film.

The refractive index (n) depends on both the reflec-
tivity R and the extinction coefficient κ and is given by
[26]

R =
(n − 1)2 + κ2

(n + 1)2 + κ2
, (5)

where κ = αλ/4π, and λ is the wavelength. The varia-
tions in the refractive index (n) with the wavelength of
the incident photon for CIGS films deposited at various

Fig. 7. (Color online) Plots of (αhν)2 versus hν for thin
films deposited at various substrate temperatures.

Fig. 8. (Color online) Plots of (αhν)2 versus hν for thin
films deposited at various annealing temperatures.

substrate temperatures are shown in Fig. 9. The reduc-
tion of n with increasing substrate temperature might be
explained by the increasing thickness (d), which made
the CIGS less dense (decreasing the packing density)
and, in turn, increased the propagation velocity of light
through the film. This increased propagation velocity re-
sulted in an increase in n because n represents the ratio
of the velocity of light through a vacuum to that through
any medium.

IV. CONCLUSION

CIGS thin films were successively deposited from a
ball-milled powder by electron beam evaporation. The
variations of the structural and optical properties of the
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Fig. 9. (Color online) Variations of the refractive index (n)
with the wavelength of the incident photon for CIGS films
deposited at various substrate temperatures.

films with increasing substrate temperature were inves-
tigated. The concentrations of Se and Ga in the films
became similar to their concentrations in the source at a
high of temperature 500 ◦C, with a reduction in copper.
In addition, the crystallinity improved as the intensity of
the (112) peak increased. The grain size and the unit cell
volume increased from 222 Å and 350.4 Å3 to 414 Å and
384.1 Å3 as the substrate temperature was increased, re-
spectively. The increase in the unit cell volume is mainly
due to an increase in the lattice constant a. Increasing
the substrate temperature and post-heating to 500 ◦C re-
duced the band gap to approximately 1.07 eV and 1.04
eV, respectively.
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