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Effect of KCN Treatment on Cu-Se Secondary Phase of One-step
Sputter-deposited CIGS Thin Films Using Quatemary Target
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ABSTRACT: The structural, optical and electrical properties of sputter-deposited CIGS films were directly influenced by the sputtering
process parameters such as substrate temperature, working pressure, RF power and distance between target and substrate. CIGS thin
films deposited by using a quaternary target revealed to be Se deficient due to Se low vapor pressure. This Se deficiency affected the overall
stoichiometry of the films, causing the films to be Cu-rich. Current tends to pass through the Cu-Se channels which act as the shunting
path increasing the film conductivity. The crystal structure of CIGS thin films depends on the substrate orientation due to the influence
of surface morphology, grain size and stress of Mo substrate. The excess of Cu was removed from the CIGS films by KCN treatment,
achieving a suitable Cu concentration (referred as Cu-poor) for the fabrication of solar cell. Due to high Cu concentrations on the CIGS
film surface induced by Cu-Se phases after CIGS film deposition, KCN treatment proved to be necessary for the fabrication of high
efficiency solar cells. Also during KCN treatment, dislocation density and lattice parameter decreased as excess Cu was removed,
resulting in increase of bandgap and the decrease of conductivity of CIGS films. It was revealed that Cu-Se secondary phase could be
removed by KCN wet etching of CIGS films, allowing the fabrication of high efficiency absorber layer.
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1. Introduction and scale up of large area devices extremely difficult because of
its complicate processing steps using Cu, In, Ga and Se

CulnGaSez (CIGS) based thln ﬁlm SOlaI' CellS haVC achieved elements3). On the Other hand, the Sputtering PI"OCCSS typlcally

high efficiency with the absorber of very thin thickness because provides fast deposition rate, excellent reproducibility, and

good morphology for obtaining high-quality, large-area CIGS
thin films. Also sputtering process has the advantage of stoichiometry

it’s a direct bandgap semiconductor and have high optical

absorption coefficient. In the last few years the CIGS solar cell

efficiencies of about 20% have been recorded, which makes it transfer of the target material to substrate film. The properties of

an useful material to replace silicon solar cells; therefore, the CIGS thin films are very sensitive to deposition conditions

hence the deposition conditions of sputtering technique employed

to prepare CIGS thin films are of particular importance”.

CIGS thin film is one of the most promising solar cell absorber

layer material to be used in the next generation photovoltaic

researches’. The reduction of the production cost and the The properties of the CIGS films have a strong relationship

development of reproducible large scale manufacturing modules with the stoichiometry of the films. In order to obtain high

are key factors for the employment of CIGS solar cells in the conversion efficiency, the film should have a suitable stoichiometry

photovoltaic field. CIGS thin films have been prepared using a of Cu, In, Ga and Se elements in the film. Due to the low vapor

variety of techniques including co-evaporation, sputtering, pressure of elemental Se, post selenization was required in order

electrochemical deposition and chemical spray pyrolysis'™®. to obtain the desired CIGS stoichiometry. Recently, the fabrication

Co-evaporation process which has achieved the highest efficiency techniques of quaternary target containing Cu, In, Ga and Se

by NREL is the most successful technique for the preparation of have been improved so that CIGS thin films can be deposited by

. . . .4
CIGS thin films. However, this method makes mass production sputtering process without post selenization .

The structural, optical and electrical properties of sputter-

deposited CIGS thin films were directly influenced by the

*Corresponding author: cwchung@inha.ac.kr sputtering process parameters such as substrate temperature,
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substrate”'”. According to previous researches, the RF power
and distance between target and substrate have the effect on the
improvement of deposition rate while the properties of CIGS
thin films show little change. Up to date, several researches have
reported that substrate temperature and working pressure have a
strong influence on the properties of the film*'"'*. CIGS thin
films deposited by using a quaternary target revealed to be Se
deficient due to Se low vapor pressure. This Se deficiency
affected the overall stoichiometry of the films, causing the films
to be Cu-rich. Previous studies reported negative effects on the
cell efficiency due to the presence of Cu-Se channels in Cu-rich
CIGS thin films. Current tends to pass through the Cu-Se
channels which act as the shunting path, resulting in increasing
the film conductivity'""”. The crystal structure of CIGS thin
films depends on the substrate orientation due to the influence of
surface morphology, grain size and stress of Mo substrate'?.
Therefore, we suspect that the crystal structure of CIGS thin
films deposited on glass and Mo substrates can be different.

In this study CIGS thin films were deposited on Mo substrate
by RF sputtering of quaternary CIGS target, followed by KCN
treatment in order to obtain Cu-poor films. The electrical and
optical properties of both Cu-rich and Cu-poor films were

compared.
2. Experimental Details

CIGS thin films were prepared on Mo coated soda lime glass
by a one-step RF magnetron sputtering system. Mo thin films
were deposited as an electrode by DC sputtering on a soda lime
glass of 1 um thickness. A 3 in. diameter quaternary target
composed of Cu, In, Ga and Se elements with atomic percent
ratios of 25, 17.5, 7.5, 50, respectively was employed. The
deposition chamber was evacuated to a base pressure of
0.93-1.20x 10 Pa using a turbomolecular pump backed up by
a mechanical pump. Sputtering process was carried out with an
Ar flow rate of 30sccm. An RF power of 80 W was applied to the
CIGS target. The distance between target and substrate was
fixed at 6.0 cm and the substrate was rotated at the speed of 10
rpm. During deposition, the substrate temperature was held at
400°C and the chamber pressure was varied from 0.13 Pato 2.0
Pa. The overall thickness of all CIGS thin films were around 1 um.
Prior to the film deposition, pre-sputtering was carried out for 15

min to remove any contaminants from the target surface.

The thickness of CIGS films was measured by using a
Tencor-P1 surface profiler. Philips X’Pert PRO X-ray diffraction
(XRD) analysis using Cu K, irradiation was employed to
examine the crystalline structure of the films. Microstructure
and surface morphology of the films were observed using
HITACHI S-4300 field emission scanning electron microscopy
(FESEM). Energy dispersive x-ray spectroscopy (EDX) with a
beam energy of 15 keV was used to investigate the element
contents of the films. The bandgap of CIGS films were evaluated
from the measurements of optical transmittance through the
films using Lambda spectroscopy from 400 nm to 2500 nm. The
carrier concentration and resistivity of CIGS films were measured
using Van der Pauw method through HMS-3000 Hall effect
measurement system in 0.55 T magnetic fields at room temperature.
In soldering in Hall effect measurement was applied onto the

surface as the ohmic contact.

3. Results and Discussion

CIGS thin films of 1 wm thickness were deposited using a
single quaternary target by RF magnetron sputtering on Mo
coated soda lime glass. An RF power of 80 W was employed,
substrate temperature was maintained at 400°C in order to
crystallize the films during deposition, and working pressure
was varied from 0.13 Pato 2.0 Pa. Wet etching by KCN solution
(hereafter called KCN treatment) was carried out in order to
remove Cu-Se secondary phase from the surface of CIGS films.

Fig. 1 shows the carrier concentration and resistivity of the
CIGS films deposited under various working pressures, which

were obtained by Hall effect measurement. When working
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Fig. 1. Carrier concentration and resistivity of CIGS thin films
deposited at various working pressures from 0.13 Pa to
2.0Pa
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pressure increased, the carrier concentration increased and
resistivity decreased from 10”to 10" Q cm. The decrease in the
film resistivity is attributed to the formation of metallic
impurities on the film, presumably Cu-Se secondary phases.

The chalcopyrite phase of the CIGS films should possess
high resistivity (10°~10" Qcm) in order to achieve a high
efficiency CIGS solar cell.

The XRD patterns of the CIGS films deposited under
different working pressures are shown in Fig. 2. All films
presented several peaks near 26.9°, 44.65° and 52.94° locations
corresponding to (112), (220), and (312) crystal planes, which
reveal the existence of the CIGS chalcopyrite structure (JCPDS
35-1102). The peak locations of XRD corresponding to the
chalcopyrite structure are in good agreement with those of
Culng;Gag3Se; films. As the working pressure increase from
0.13 Pato 2 Pa, the intensity of (112) peak decreased, revealing
that at high working pressures, the collisions between Ar ions
and sputtered ions reduce the deposition rate and uniform
incident onto the substrate due to the scattering event, therefore
reducing the film crystallinity'>'®.

CIGS films exhibit a dominant diffraction peak at (112)
plane, due to the movement of sputtered particles to lower
energy sites, in order to achieve higher stability on the substrate
surface. According to phase diagram of CIGS materials, CIGS
films tend to have mixed chalcopyrite CIGS and Cu,.Se
phases'”. However, the diffraction peaks of Cuy.xSe phases
could not be detected because they are close enough to overlap
with CIGS peaks. Therefore, we can deduce that the value of Ry
(112) is close to 1 hence the films exhibits strong texture for
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Fig. 2. XRD patterns of CIGS thin films deposited at various

working pressures: (a) 0.13 Pa, (b) 0.67 Pa, (c) 1.33 Pa
and (d) 2.0 Pa

(112) orientation for all working pressures, suggesting that the
films are Cu-rich. R;(112) was defined as the ratio of the (112)
diffraction peak intensity to the sum of all the peaks intensities

in the XRD patterns'®:

[(112)

R(112)= )

b)) all peaks[(hkl )

Where I(hkl) is the intensity of (hkl) peak.

Fig. 3 shows the surface morphologies of as-deposited CIGS
thin films at various working pressures. All of the CIGS films
have polycrystalline phases with densely packed grains. The
variation in working pressure strongly affected the film density.
As the working pressure increases; the mean free path of the
CIGS atoms is reduced by collisions between sputtered CIGS
particles and Ar ions'”. Atomic collisions increase the possibility
of low mobility particles to be deposited on the substrate surface;
therefore decreasing the CIGS film density and yielding uniform
and well grown grains of 200 nm in diameter. However at high
working pressures of 2 Pa, the SEM micrographs revealed that
the particles were decreased to be irregular shape. We assume
that the small particles are less-grown impurities, mostly composed
of Cu-Se secondary phases. The Cu-Se secondary phase can be
removed by treating the films in a KCN solution.

The surface morphology of KCN treated as-deposited CIGS
films is shown in Fig. 4. SEM micrographs revealed that by wet
etching the CIGS films with a KCN solution, impurities were
removed, resulting in clear and uniform CIGS films. The
particles size did not change but the surface was cleaner and

flatter compared to as-deposited CIGS films. Based on these

Fig. 3. SEM micrographs of CIGS thin fiims deposited at
various working pressures; (a) 0.13 Pa, (b) 0.67 Pa, (c)
1.33 Pa and (d) 2.0 Pa
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Fig. 4. SEM micrographs of KCN treated CIGS thin films
deposited at various working pressure; (a) 0.13 Pa, (b)
0.67 Pa, (c) 1.33 Pa and (d) 2.0 Pa
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Fig. 5. Carrier concentration and resistivity of KCN treated
CIGS thin films deposited at various working pressures
from 0.13 Pato 2.0 Pa

results, it can be concluded that the impurities on the surface
were removed during wet etching in KCN solution.

The electrical properties of the CIGS films post KCN
treatment are shown in Fig. 5. KCN treated CIGS films revealed
an increase in resistivity and a decrease in carrier concentration
compared to the as deposited CIGS films. Besides, the resistivity
and carrier concentration of as-deposited CIGS films (Fig. 1)
compared to KCN treated CIGS films (Fig. 5) revealed to have
opposite trends as working pressure increases. This result is
supported by the effect of pressure on the deposition rate and
film properties. It was found that as working pressure increased,
the deposition rate decreased. The CIGS films deposited at
higher pressures have lower density compared to films deposited
at lower pressures; furthermore, KCN etching has a stronger
effect on the less dense films.

The element compositions of the as-deposited and KCN
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Fig. 6. Bandgap of as-deposited and KCN treated CIGS films
deposited at various working pressures from 0.13 Pa to
2.0Pa

treated CIGS films analyzed by EDX are summarized in Table
1. All of as-deposited CIGS films exhibits slightly Cu-rich film
with Cu/IIT > 1 and Se/Cu <2, Cu-rich composition tend to form
mixed phases of chalcopyrite CIGS and Cu-Se phase. In
contrast, in the KCN treated CIGS films, Cu ratio decreased
below 1. At the same time In and Se content relatively increased
causing a decrease in Ga ratio and approach 2 in Se/Cu ratio of
the films. In general for a high efficiency CIGS solar cell, the
ratio of Cw/III should range from 0.75 to 0.98, if the value
exceeds 1.03, there is no photovoltaic effects .

Bandgaps were evaluated based on the optical transmittance
through the films. Using the standard expression for direct
transition between two parabolic bands (ahv)ZZA(hv-Eg), the
optical bandgap (E,) of the CIGS films was calculated by
extrapolating the linear (ahv)’ vs. hv plot to (ahv)* =0. The
bandgaps of as-deposited CIGS films and KCN teated CIGS
films are shown in Fig. 6.

The bandgaps of the as-deposited CIGS films showed little
change with increasing working pressure, maintaining values
close to 1.3 eV. On the other hand, the bandgap of KCN treated
CIGS films increased compared to as-deposited CIGS films.
The increase in bandgap is attributed to an increase of the film
transmittance which results from the decrease of the scattering
by the removal of small Cu-Se particles. The band gaps of
Cu-poor films increase by a decrease of the lattice constant due
to areduced p-d hybridization along with lattice deformation'”.

The lattice parameters (a and ¢) of CIGS films were determined
by using the miller indices. The value of lattice parameters,

dislocation density and strain (¢) of the CIGS films are given in
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Table 1. Composition of as-deposited and KCN treated CIGS thin films deposited at various working pressures

As—deposited Cu In Ga Se Cu/lll Ga/lll Se/Cu
0.13 Pa 27.27 17.09 7.58 48.06 1.11 0.31 1.76
0.67 Pa 2717 17.78 7.51 47.54 1.07 0.30 1.75
1.33 Pa 26.40 18.34 7.1 48.15 1.04 0.28 1.82
2.0Pa 27.20 17.82 6.80 4817 1.10 0.28 1.77

KCN treatment
0.13 Pa 23.83 19.17 7.1 49.89 0.91 0.27 2.09
0.67 Pa 22.85 20.21 6.90 50.04 0.84 0.26 219
1.33 Pa 23.55 20.06 6.69 49.70 0.88 0.25 211
2.0Pa 2317 20.67 7.00 49.16 0.84 0.25 212

Table 2. Lattice parameter, dislocation density and strain of as-deposited and KCN treated CIGS thin films at various working

pressure
Lattice parameter
as—deposited Dislocation density(L) Strain(e )
a c
0.13 Pa 5.745 11.461 1.28 1.24
0.67 Pa 5.748 11.470 1.24 1.22
1.33 Pa 5.750 11.469 1.17 1.19
2.0 Pa 5.754 11.474 1.27 1.24
KCN treatment
0.13 Pa 5.745 11.490 0.63 0.87
0.67 Pa 5.748 11.496 0.61 0.85
1.33 Pa 5.734 11.468 0.73 0.96
2.0 Pa 5.723 11.447 0.66 0.89
Table 2. The value of dislocation density (L) and strain (&) of the 10°
. . F —=— As-deposited
deposited CIGS films were calculated by using the eq.(2) and —®— KCN
10
(3" ~ a2 — . —— "
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It was observed that with increasing working pressure, lattice
parameters decrease, causing a low angle shift. This low angle
shift is directly related to a decrease of Ga atomic percent in the
CIGS films at high pressures (Table 1). By KCN treatment, the
lattice parameters, dislocations and strains of the CIGS films
decreased, suggesting that the CIGS films crystallites were
rearranged.

Fig. 7 shows the conductivity of CIGS films deposited on a
Mo substrate compared with as-deposited and KCN treated

Working pressure(Pa)

Fig. 7. Conductivity of as-deposited and KCN treated CIGS
films deposited on Mo film at various working pressure

CIGS films. The as-deposited CIGS films possess high conductivity
but after KCN treatment it was decreased by an order of 10° Q™'
cm™. The Cu content in the film exert a strong influence on the
electrical properties and the device performance. Cu-rich CIGS
films have negative effect on the properties of the film,

decreasing the cell efficiency; while Cu relatively poor films
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(Cu/I1I ratio range of 0.75 to 0.98) have positive effects on the
properties of CIGS film.

4. Conclusions

CIGS thin films of 1 um in thickness were deposited using
single quaternary target by one-step RF magnetron sputtering
on Mo coated soda lime glasses. The composition and electrical
properties of the CIGS films deposited at different working
pressures were investigated. The resistivity of CIGS films varies
from 10° to 10" Q cm with increasing working pressure. Also
all CIGS films showed a preference for the (112) orientation.
The existence of a Cu-Se secondary phase within CIGS films
revealed that the Cu concentrations near the film surface
significantly increased. After KCN treatment, the resistivity of
the CIGS films increased by a factor of 10" Qcm; while the
CIGS film surface became smooth and flattened. Measurements
of the as-deposited CIGS films revealed that the Cu/III ratio was
high enough to be considered that the films was Cu-rich. The
excess of Cu was removed from the CIGS films by KCN
treatment, achieving a suitable Cu concentration (referred as
Cu-poor) for the fabrication of solar cell. Due to high Cu
concentrations on the CIGS film surface induced by Cu-Se
phases after CIGS film deposition, KCN treatment proved to be
necessary for the fabrication of high efficiency solar cells. Also
during KCN treatment, dislocation density and lattice parameter
decreased as excess Cu was removed, resulting in increase in
bandgap and the decrease in the conductivity of CIGS films. It
was revealed that by KCN wet etching of CIGS films, Cu-Se
secondary phase could be removed, allowing the fabrication of

high efficiency absorber layer.
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