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Copper indium gallium diselenide (CIGS) becomes more significant for solar cell applications as an alternative
to silicon. The quality of the layer has a critical impact on the final efficiency of the solar cell. An influence of
the post-deposition millisecond range flash lamp annealing on the optical and microstructural properties of the
CIGS films was investigated. Based on the Raman and photoluminescence spectroscopy, it is shown that flash
lamp annealing reduces the defect concentration and leads to an increase of the photoluminescence intensity by a
factor of six compared to the nonannealed sample. Moreover, after flash lamp annealing the degradation of the
photoluminescence is significantly suppressed and the absolute absorption in the wavelength range of 200-1200 nm
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increases by 25%.
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1. Introduction

Thin-film semiconductors have attracted much atten-
tion as an inexpensive and highly efficient solar cell.
The most investigated thin-film materials for photo-
voltaic applications are different polycrystalline chal-
copyrites (ATBMICY!). The copper indium gallium dise-
lenide (CIGS) thin film solar cells deposited on glass
reach efficiencies of up to 20.0% on the laboratory scale
and 13.5% on large area which is comparable with poly-
crystalline silicon solar cells [1]. The recent world record
for the energy conversion efficiency of flexible solar cells
made of CIGS presented by the Swiss Federal Labora-
tories for Materials Science and Technology is 18.7% [2].
Such high efficiency has been not obtained for any type
of flexible solar cell grown on polymer or metal foil be-
fore. The main advantage of CIGS over different solar
cell materials is its energy band gap tunability by vary-
ing layer composition during deposition. Using a non-
-uniform Ga/In ratio throughout the film thickness the
band gap can be adjusted over a range of 1.04 eV for low
gallium content up to 1.67 eV for a gallium concentration
higher than 70% [3, 4]. The band gap energy of CIGS
determines directly the open circuit voltage (Voc) and
the efficiency of solar cell. Usually, the high-efficiency
devices have minimum band gaps of 1.1-1.2 eV with the
Voc in the range of 650 mV. In fact, an increase of Ga
content in CIGS films increases the Vo but the efficiency
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drops down for Ga concentrations higher than 30% due
to deep defect formation which are the non-radiative re-
combination centres [5, 6]. Therefore, an improvement of
the optical properties of the CIGS absorber is a milestone
for high efficient solar cells production.

In this paper we have investigated the influence of post-
-deposition millisecond range flash lamp annealing (FLA)
on the optical and microstructural properties of the CIGS
layers deposited on glass. It is shown that after FLA the
band gap photoluminescence intensity increases by a fac-
tor of six and the ordered defect compound (ODC) re-
lated peak in the Raman spectra disappears. Moreover,
the main Raman peak observed from crystalline CIGS
becomes narrower confirming the crystallinity improve-
ment of CIGS films. An advantage of the FLA over con-
ventional annealing techniques (furnace annealing, rapid
thermal annealing) is that within milliseconds only the
CIGS film is effectively heated to the required temper-
ature without affecting the glass substrate. The FLA
systems are successfully used for silicon recrystallization
in many laboratories for applications ranging from ultra-
-shallow junction formation via recrystallization of amor-
phous layers to silicon based light emitter fabrication
[7-9] and nanodot formation [10-12]. Recently our FLA
system was applied for the solar cell emitter formation
in multicrystalline solar grade p-type silicon wafers im-
planted by phosphorus [13].

2. Experimental

The CIGS films were deposited on molybdenum coated
glass substrate. First, the metallic precursor Cu—In-Ga
was deposited by DC sputtering. Copper and gallium
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were prepared by a CuGa alloy target (30% Ga) and in-
dium by a metalic In target. The sequence was CuGa/In/
CuGa/In. The substrate was kept at room temperature
during deposition. Then the element Se was evaporated
by solid particles. After deposition, the sample was pre-
-annealed at 400°C in Ar atmosphere with a pressure
of 200 Pa for 30 min. The final thickness of the film
is around 1 pum. After deposition and selenization sam-
ples were annealed by the flash lamp system for 20 ms
in forming gas ambient (Ngs¢,:Hso,). For the optical and
microstructural investigation of deposited and annealed
samples p-Raman spectroscopy, photoluminescence, re-
flectivity and X-ray diffraction (XRD) were used. XRD
was performed using a Siemens D5005 diffractometer
with a Cu-target source. The setup was equipped with
a Gobel mirror to enhance the brilliance. The p-Raman
and photoluminescence spectroscopy were performed un-
der 532 nm Nd:YAG laser excitation. The room temper-
ature PL spectra were recorded with a liquid nitrogen
cooled InGaAs detector. For the reflectivity measure-
ments the Solidspec-3700 DUV spectrophotometer in the
wavelength range of 200-2000 nm was used.

3. Results and discussion

The quaternary chalcopyrite I-III-VI system with
space group I42d contains 8 atoms per primitive unit cell
with 20 Raman active optical phonon modes [14, 15]. In
case of CIGS material, the dominant A; mode located at
around 176 +£5 cm~! (depends on the gallium content)
represents the vibration of the selenium anions in the
x—y plane with other cations [16]. In fact, the position of
the A; mode depends not only on the Ga concentration.
Witte et al. have investigated an influence of the copper
content on the optical and microstructural properties of
CIGS absorbers [15]. They have observed a decrease of
the A; mode frequency with increasing Cu content in

CIGS films.
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Fig. 1. p-Raman spectra of virgin and flash lamp an-
nealed samples for 20 ms. Inset shows the change of
the maximum peak position (4; mode) after flash lamp
annealing. The spectra have been shifted vertically for
clarity.
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Figure 1 shows the p-Raman spectra obtained from
samples after selenization and flash lamp annealing for
20 ms at different pulse energies in forming gas ambient.
The main A; mode recorded from virgin sample (without
FLA) is located at 172.9 cm ™! with FWHM of 3.52 cm 1.
Besides the A; mode a weak broad band at 150 cm~! is
visible. This band corresponds to the ODC commonly
present in Cu-poor CIGS absorber or low-quality chal-
copyrite crystals. Simultaneously the high quality of the
CIGS absorber is confirmed by absence of the CuSe or
CuzSe Raman mode at around 260 cm ™! [17].

After flash lamp annealing the ODC related band dis-
appears and a slight down shift of the A; mode was
observed (see inset, Fig. 1). Moreover, the FWHM of
A; mode decreases from 3.52 ¢cm~! for virgin down to
3.37 cm~! for double flashed sample (2 x 9.7 J/cm?) and
the relative intensity of the A; mode peak increases. Tak-
ing into account that the composition of the investigated
samples was the same in all experiments, the vanishing
of the ODC mode and shift of the A; mode in the Raman
spectra to the lower frequency after post-selenization an-
nealing indicates an improvement of the CIGS absorber
quality due to the incorporation of free copper atoms into
the chalcopyrite system during flash lamp annealing.

In general, the optical properties of any photovoltaic
material determine finally the efficiency of solar cell de-
vices. Shirakata et al. have investigated the correlation
between photoluminescence intensity and conversion ef-
ficiency (n) in CIGS films with emphasis on the near-
-band-edge photoluminescence (NBE-PL) of CIGS dur-
ing the solar cell fabrication process [18]. The highest n
(9.1%) was obtained from samples revealing the highest
near-band-edge emission [15]. Moreover, strong degra-
dation of the PL efficiency with time was observed. In
case of non-passivated surface of the CIGS absorber the
NBE-PL intensity decreases by two orders of magnitude
within 24 h. The exact mechanism of PL quenching is un-
known [19]. One explanation is the enhancement of the
surface recombination process by some oxide formation
on the surface [20].

Figure 2a shows the room-temperature photolumines-
cence spectra obtained from virgin and flash lamp an-
nealed samples. The PL spectrum of the virgin sample
consists of broad band with a maximum intensity located
at 1210 nm due to near-band-edge emission and free-to-
-bound (FB) transition at about 1250 nm [21, 22]. The
flash lamp annealing leads to an enhancement of the max-
imum NBE-PL intensity and shifts its position of about
10 nm to the longer wavelength (smaller band gap) and
the separation between the two observed emissions (NBE
and FB) is clearly visible. Typically, the band gap energy
of CIGS samples is in the range of 0.98-1.7 ¢V depending
on the gallium content [4].

Based on the PL investigation the band gap of our
samples is 1.02+£0.01 eV which is in good agreement with
literature for the CIGS absorber containing less than 20%
of gallium. The small shift of the maximum PL peak
intensity after FLA (0.01 €V) can be due to free copper
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Fig. 2. Room temperature photoluminescence inten-

sity obtained from virgin and flash lamp annealed sam-
ples under 532 nm laser excitation just after preparation
(a) and the change of the maximum PL intensity after
3 months (b).

atoms incorporated into the chalcopyrite system. Our
assumption correlates with Raman spectra where after
annealing the ODC related peak vanishes completely. For
samples annealed at 11.3 J/cm? for 20 ms the NBE-PL
intensity increases by a factor of six compared to the
virgin sample.

Figure 2b shows the change of the maximum NBE-PL
intensity obtained from samples after annealing and three
months later (left scale) and NBE-PL degradation factor
within the same time (right scale). In case of virgin sam-
ple the NBE-PL after three months decreases by factor
of 16 while the flashed sample reveals to be much more
stable. After flash lamp annealing in the forming gas at-
mosphere (95%N-+5%H) the degradation of NBE-PL is
reduced by factor of two for 8.9 J/cm? and by factor of
four for 11.3 J/cm? flash. Annealing at energy higher
than 11.3 J/cm? leads to the decomposition of the CIGS
absorber. An influence of the annealing conditions under
different atmospheres on the electronic properties of the
CIGS layer was investigated by Sakurai et al. [23]. They
have found that an annealing of CIGS films in vacuum
or oxygen ambient promotes selenium vacancy formation
and indium oxidation at the surface which degrades the
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electronic properties of the film, although such degrada-
tion was not observed after annealing in nitrogen.
Hydrogen introduced to CIGS absorber neutralizes
negatively charged copper vacancies, reduces the indium
oxide, enhances in-diffusion of indium and may activate
selenium vacancy formation at the surface [24]. Hence,
the post-selenization annealing at forming gas atmo-
sphere reveals to be the most suitable for high-efficiency
CIGS absorber solar cell formation. Both nitrogen and
hydrogen passivate efficiently the surface of the CIGS
absorber and supress the oxidation which finally reduces
the degradation of the optical properties of CIGS films.
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Fig. 3. Reflectivity spectra of virgin and flash lamp an-

nealed samples as function of incident wavelength.

An improvement of the CIGS absorber quality after
FLA annealing was observed by the reflectivity measure-
ments as well. Figure 3 shows the reflectivity spectra of
virgin and FLA annealed samples as function of incident
light measured in the wavelength range of 200-1600 nm.
The average reflectivity measured in the range of 300-
1050 nm decrease from 10% for virgin sample to 7.9% for
sample annealed at 9.7 J/cm?. It corresponds to an in-
crease of the absolute absorption by 25%. An increase of
the reflectivity above 1200 nm is due to incident light re-
flection from the back molybdenum layer. The band gap
energy of CIGS absorber evaluated from the reflectivity
measurements is in the range of 1 eV which is in good
agreement with that obtained by photoluminescence and
p-Raman spectroscopy.

The quality of the crystal structure of the chalcopyrite
CIGS system was investigated by means of XRD. Fig-
ure 4 shows the XRD patterns of CIGS films grown on
molybdenum coated glass substrate. As can be seen, the
XRD spectra consist of sharp peaks relating to crystalline
CIGS and the molybdenum layer (Mo (110)). The main
XRD peak at 26.7 (20) corresponds to (112) orientation
of CIGS and it is three times higher than second intense
(220/204) peak [25]. The intensity ratio of the main (112)
and (220/204) peaks remain unchanged after flash lamp
annealing. The peak position and FWHM of all peaks
seems to be unaffected as well. Hence we can conclude
that after deposition and selenization (virgin sample) the
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Fig. 4. XRD spectra obtained from virgin and flash
lamp annealed samples. The spectra have been shifted
vertically for clarity.

CIGS absorber is a high quality (112) preferentially ori-
ented polycrystalline one and the post-selenization FLA
did not affect the crystal quality but improves the optical
properties by surface passivation and defect concentra-
tion reduction.

4. Conclusions

The influence of the post-selenization thermal treat-
ment on the optical and microstructural properties of
CIGS absorbers was investigated. It is shown that the
millisecond range flash lamp annealing improves signifi-
cantly the optical properties of the CIGS films. The PL
intensity increases by a factor of six and the ODC defects
are removed. Simultaneously the crystal structure is not
affected. Due to the surface passivation during FLA in
forming gas the CIGS layer becomes more stable against
oxidation. Moreover, the FLA treatment improves the
absolute absorption by 25%.
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