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Investigation of Culny,Ga,Se, thin films co-evaporated
from two metal sources for photovoltaic solar cells
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CulnixGaxSe: (CIGS) thin films were grown by co-evaporation using two sources for the metal elements (Cu, Ga and In). A
Mo coated soda lime glass substrates heated at 500 °C was used for the deposition. X-ray diffraction (XRD) and scanning
electron microscopy (SEM) confirm that these films are polycrystalline with a chalcopyrite structure and showed
homogeneous grain size estimate about 25 nm. X-ray photoelectron spectroscopy (XPS) was performed to analyse the
binding energy values of Ga3d and O1s onto CIGSe layers. The conductivity measurements in the temperature range of
40-400 K were carried out for 0.05< x < 0.23. The effect of grain boundary scattering on the electrical transport played an
important role in describing the transport processes in these films. The bowing factor is discussed taking into account the
deposition techniques of CIGS films. It has been noticed that the open circuit voltage (Vo) is influenced by Ga content and

the energy gap value of the absorber CIGS thin layers and yielded a poor efficiency of solar cells.
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1. Introduction

Solar cells based on Cu(In,Ga)Se, (CIGS) thin films
have emerged as a leading candidate for low cost solar
electric power generation. The Cu(In,Ga)Se, band gap
(Eg) can be increased to match the solar spectrum for
higher efficiency by alloying the group Il or VI
elements[1-6]. The Cu(In,Ga)Se, thin film absorber solar
cells allows to achieve high efficiency (20.8 %)in
laboratory [7]. A comparative study of some physical
properties of CIGS absorbers was presented as a function
of preferred orientation, namely <112>- and <220/204>-
oriented CIGS samples [8]. It is found that there are
significant physical differences (e.g., morphology, defect
formation, density of structural defects, optoelectronic)
between materials of nominally the same atomic
composition but with different preferred orientation. Such
record cells are grown with the help of the three stage
process using Knudsen effusion cells [5]. Less performing
but cheaper cells can be grown by using simple classical
tungsten source. However, during the co-evaporation, it is
not easy to supervise the three simple metal evaporation
sources in sequence required by the three stage process.
Therefore, our contribution in this paper we describe the
co-evaporation method using two simple sources for the
metal elements and investigate some principal
characterizations of polycrystalline p-Culn,GaSe, thin
films using as the absorber layer in solar cells.

2. Experimental procedure

It consists to evaporate Cu, In, Ga and Se pure
elements (99.99%) through a three-stage process using two
metal sources of tungsten onto glass (SLG) substrates
coated with molybdenum (Mo) and heated at 500 °C. The
whole deposition time was 25 min. The CIGS films were
1.5um thick. Different combination of the metal sources
has been tested using three and two metal sources like: Cu
+Ga, Cu + In, Se. Details of the CIGS preparation
procedure is described elsewhere [9]. The Mo films were
sputtered from a molybdenum target foil (diameter 75 mm,
thickness 0.25 mm) [10] . In order to complete the device
structure, a buffer layer of n-In,S; was deposited by a
PVD method. The deposition process of this buffer layer
has been described precisely in ref.[11]. After the buffer
evaporation, the ZnO layers were deposited using an rf
magnetron sputtering system. A first thin no-conductive
ZnO film (ZnO) was sputtered using a ZnO (2% Al,O3)
target and an Ar+2% O, gas. Then the ZnO:Al conductive
layer was deposited using the same crucible but in pure Ar
sputtering gas. The conductivity of this ZnO:Al doped film
was about: ¢ = 2.10° (Q.cm)™ . To complete the cells,
NiCr/Al grids were deposited at the top of the devices.

The films have been characterized by X-ray
diffraction (XRD) by means of a Siemens D-500
diffractometer using the CuKa, radiation source
(A=0.15406 nm) (Institut des Matériaux de Nantes ). The
surface morphology were observed with a field effect
scanning electron microscope (SEM) JEOL-F6400.
Electron probe microanalysis (EPMA) were performed
using a JEOL-F5800 LV scanning electron microscope
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equipped with a Princeton Gamma-Tech (PGT)
microanalysis system, in which X-rays were detected by a
germanium crystal (Centre de microcaractérisation,
Université de Nantes).

X-ray photoelectron spectroscopy (XPS) analyses
were performed with Leybold LHS-12 apparatus. The data
were obtained with a magnesium source of radiation
(1253.6 eV) operating at 10kV and 10 mA. The energy
resolution was 1 eV at pass energy of 50 eV. High
resolution scans were obtained in the Ga3p and O1s region
of the spectrum. The quantitative XPS studies were based
on the determination of the peak areas with respectively
5.3, 3.8, 0.59, 0.58, 4.1 and 0.6 as sensitivity factors (the
sensibility factors are given by the manufacturer,
Leybold). The samples were grounded with silver paste to
decrease the charge effect.

The depth profile was studied by recording successive
XPS spectra obtained after argon ions etching. Etching
was accomplished at pressures lower than 5x10* Pa, a
10mA emission current and a 5kV beam energy using an
ion gun. The Ar* ions could etch the entire sample surface.
Using these etching conditions the etching rate has been
estimated to be 6.5 nm.s™. Electrical characterizations
were preformed with an automated 1-V tester under 1 sun
global AM 1.5 simulated solar illuminations.

3. Results and discussion
3.1. Structure and morphology of CIGS thin films

In Fig. 1, we present typical X-ray diffraction spectra
for three Culn,,Ga,Se; thin films x=0 (CulnSe,), x= 0.2
(CIGS) and x=1(CuGaSe,). The XRD indicated a strong
reflection from (112) plan followed by (220/204) and
(116/312) peaks. It is noted, there are no peaks visible
after 2teta =60 ° as mentioned by JI et al. [12]. This
confirmed that in the coevaporation process the
temperature is higher and the InxSe phase is completely
dissolved.  The (101), (103) and (211) diffraction peaks
visible in the spectra are typical of the chalcopyrite
structure, which testify that the films are crystallized in the
expected structure are in good agreement with JCPD cards
No 87-2265. It is reported by several authors [13-14] this
structure is necessary to obtain good quality solar cells

with high efficiency. In our study of CIGS thin films, we
don’t observe XRD peak ratio namely <220/204> over
<112> estimate by Miguel A. Contreras et al. [8] of 1.94.
Always, the <112> is much more accentuated than
<220/204> peak. A shift of the peaks is observed when x
varies from 0(CulnSe,) to 1(CuGaSe,). This behaviour
shows that the lattice parameters a and c follows the
Vergard's Law [9].
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Fig. 1. X-ray diffraction diagram of CIGS thin films
versus composition for (x = 0, 1and 0.2)

We reported in Fig. 2 a), b); SEM micrograph of
typical CIGS thin films for two compositions
X= 1%5 =0.23 and 0.05 with predominant

polycrystalline texture. The composition of this layer was
determined from EPMA. The grain size D was calculate
from Debye-Scherrer formula 5__ K4 Where K=0.9
£ cos@)
when B is estimate from the full width at half maximum
(FWHM) of the peak (112) and A is the wavelength of the
X-rays. The typical value of grain size for these films is
250 nm. As visible by SEM micrograph, the grains are
homogenous and confirm this size. Usually, we try to use a
Cu evaporation rate which allows achieving Cu rich
compound during the first part of the coevaporation. The
Cu rich phase induces the presence of liquid Cu,.,Se
phase, which facilitates the growth of large CIGS grains
[15].

Fig. 2. Microphotography of CIGS film deposited by two metal sources a) x=0.05, b) x=0.23
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In order to control the Ga composition and the oxygen
contamination through the CIGS thin films obtain by the
coevaporation using three and four metal sources, we scan
the surface and the bulk of the samples by XPS. Fig. 3a
shows the Ga3p signal before and after three minutes of
etching. We can see, that the signal exhibits a doublet at
105.80 and 105 eV. The area ratio between these peaks is
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fixed equal to 0.80 eV. This implies that the Ga is
associated to the metal elements In or Se. Before etching,
only one peak of Ga3p at 105.8 eV is present. On the
surface, the Ga was as Ga,0O; [16]. In fact, the surface is
very contaminating with oxygen indicated by a strong
signal at 532 eV as visible in Fig. 3c.
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Fig. 3. XPS spectrum of Ga3p and O1s of CIGS film.s a), ¢) Four metal sources, b), d) Three metal sources

After 1mn of etching, the Ol1s peak has disappeared
and no presence of oxygen is revealed. A depth profile of
CIGS thin films was studied (no present here) and showed
that the Ga concentration is homogenous in the CIGS bulk
films. We can see that there is no significantchange in the
binding energy of the elements study in the case of three
and four metal sources. So, the good quality of the films
does not depend of the number of evaporation sources. In
order to study the effect of Ga on the behavior of the band
gap of the CIGS according to the technical development ,
we present in Fig.4 the band gap variation as a function of
Ga content (x=Ga/Ga+In) for various preparation methods.
One can observe that the data variation tendency is similar
for different synthesis processes and obeys the Vegards
low:

Ey(x) = ES™ + (E§® — E§").x+b.x (1 —x)

where b is the bowing parameter, ES'® and ES®* are the
band gap for x= 0 (CIS) and x =1 (CGS) which are
induces a difference with linear averaged behaviour (see
inset Fig. 4).

The derived bowing factor for our measurements is
0.28 which is in good agreement with those reported in the
literature from CIGS crystals [17], four sources
coevaporated thin films [18] and thin films synthesised by
bilayers technique [19]. The fit (red line) indicates that the
bowing factor is around 0.20.
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Fig. 4. Evolution of the band gap (Eg) of CIGS films
as a function of Ga/Ga+In.

3.2. Electrical properties

Measurements of electrical conductivity Culn,.
xGaySe, thin films for 0.05<x <0.23 were carried out using
the Van Der Pauw method. Before measurements, gold
electrodes were evaporated on CIGS films. The majority
carrier type was studied by the hot probe technique and the
CIGS layers are p-type. Fig.5 shows the variation of
electrical conductivity (Lnc) with temperature of CIGS
thin films. It can be seen that the electrical conductivity
varies from 2.4 107 to 0,5 @ .cm™ at room temperature
when x varies from 0.05 to 0.23 respectively. The results
are similar to those reported by Guha et al. [18] for CIGS
thin films obtained from four sources.

The conductivities of thin films with end
compositions x= 0.05 and x= 0.23 were interpreted in
terms of Werner model [20] introducing potential
variations among different boundaries and modeling the
fluctuating barrier ¢p by a Gaussian distribution:

exp _(CT) _ ¢)2
0'¢\/E 20'¢2

P(¢) =

with ® mean barrier and agstandard deviation. We obtain

2

_ O'¢
Gerrry = P(T) — 2KT/q

The barrier @ is replaced by an effective current
barrier ¢¢r. The second term of this equation results in a
decrease of ¢, rupon cooling and consequently the slopes
of Arrhenius plots of the conductivity are curved upwards.
From fig.(6), a good agreement between the Werner theory
and experimental data is observed.

Table 1. Electrical parameters of CIGS thin films

Ga/Ga+In 6, (MeV) ®(meV) H
x=0.23 10,60 40,50 3,82
x=0.05 7,10 23,72 3,34

The temperature dependence of the conductivity is
well described by a parabola such as In(c/T)= ax?+ bx + ¢
with x =1/T (Fig. 6). The values of the standard deviation
oo the mean potential barrier height &(T =0) are
obtained from a and b. The homogeneity factor H is the
ratio of ®(T = 0)/og@. Their respective values are given in
table 1. We can see that the Ga content affect the CIGS
thin films quality when x varied from 0.05 to 0.23.
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Fig. 5. Variation of the conductivity CIGS films
v.s the reciprocal temperature
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3.3. Photovoltaic characteristics

To study the current-voltage (I-V) data under standard
conditions (100mWcem 2, 25 <C), we exploited the formula
[21]:

qN7 Rs‘])
AKT

V-RJ

sh

J=1J, exp{ }—JO—JL+

where Jo is the saturation current density. R;, Ry, are
series and shunt resistance. The ideality factor A and
J. =Js. at open circuit- voltage

Under illumination at V =V, (J = 0), the equation
above, can be transformed to

where Joo is a prefactor depend on voltage and room
temperature (T).

The latter three sources (Cu +Ga, Cu+ln, Se)
coevaporated thin films are used to fabricate
SLG/Mo/CIGS/In,S3/ZnO/Ni-Al solar cells for
x = 0,14 - 0,28 and 0,60. The (I-V) characterization
(Fig.7) under illumination exhibit a diode behavior and the
derived efficiency is given see inset fig.7; where Voc is
the open circuit voltage, FF the fill factor, Jsc is the short-
current density and 1) is the efficiency.

- e
800 o
y=431.61+575.78 X
720 o
-
e -
640 Ref[19] - )
e [ 2 -
el e
—~ 560 e ,//
> e s
= g " our work
s 480 - - ur wor
> ~ <
_ e
. = s
400 -~ _
/// y=244.69 + 575.68 X
320 —
//’./
240 4 s
T T T T T T T
-0,1 0,0 0,1 0,2 0,3 0,4 05 0,6 0,7

x = Ga/Ga+In

Fig. 7. J-V characteristics of Mo/Cu(In,.,Ga,)Se,/In,S,/
ZnO/NiAl solar cells (x = 0.14; 0.2; 0.6).

It is noted that the efficiency depends considerably of
the interface CIGS thin films absorber and the (In,Ss)
buffer layers. Furthermore, one can notice the Vg
increases when the Ga content increases as observed in
Fig. 8. This effect of the V. is also observed by
Malmstrom et al. [19] for CIGS thin films obtain by four
sources coevaporation. On the other hand, one can expect
the same behavior for the variation of V. as a function of
band gap (Fig. 9). This confirmation data is reported by
H.W. Shock et al. [22] when Eg is less than 1.4 eV. This
indicates that the increase of V,. can be explained by a

reduction of the back-interface recombination velocity
[23] with increasing back-side Ga gradient.
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3.4. Conclusion

The XRD revealed that the synthesis of CIGS thin
films was successfully achieved using three evaporation
metal sources. The XPS study confirmed that the bulk
quality of the obtained layers is not affected by oxygen.
The derived bowing factor of our materials is comparable
with that reported in the literature for four sources. The
conductivity measurements showed that transport process
in the synthesized thin films is governed by the grain
boundary scattering mechanism.  The current-voltage
study showed that the open circuit voltage presents a linear
variation as a function of Ga content in both three and four
deposited thin films. The low derived efficiency is mainly
attributed to the mechanism CIGS/buffer layer interface
since the physico-chemical properties of the achieved
three sources thin films are satisfactory and are
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comparable with sources

evaporation.

those obtained by four
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