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GROWTH AND OPTICAL PROPERTIES OF Cu(In,Ga)Se: THIN FILMS
OX FLEXIBLE METALLIC FOILS
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Polverystalline CudIn Ga)Ses (CIGS) thin films on flexible metallic foils were prepared by nwo-stage selenizanon of spurter-
deposited Cu- Ga- In precursors. The phases. surface morphologies. microstwuctures and elemental depth profiles of the CIGS alms
prepared on different metailic flexible rouls (ntanmum, molvbdenum. alununum and stamless steel) were analvzed, To charactenze the
strucrure quality and winnsic defect nanwe low-temperature (4.2 = 300 K) photolumumescence (PL). photoluminescence exciation
(PLE) and opucal transmussion measurements wvere performed. EXperuments snow that the structural and opucal properties of CIGS
zpsorber lavers strongly depend on the growth condition, chenucal composition and type of the substrate. The band gap energy (E;) of
C1GS chalcopirite compounds, grown on nontransparent flexible metallic substrates was estimated from PLE data. Excitation power

and temperature dependent PL measurentents shows that the broad bands in the near-band edge specual region are caused by the
band-rail reconmbinauon

1. INTRODUCTION using JEOL 6400 SEM appararus. The chenucal

The chalcopvrite senuconductor  Cu(In,Ga)Se: composition and the depth profiling were determuned by
(CIGS) thn-film cells have demonstrared the highest  energy dispersive X-ray (EDX) analysis using a CAMEC
efficiency on the laboratory and industrial scale. The  $X-100 and Auger electron spectroscopy (AES) with
conversion efficiency approaching the theorencal value of  sumultaneous  sputter etchung usmmg a Perkin Elmer
over 20 % are already reached for CIGS thin-film solar  Physics Electronic 590 model apparatus. The crystalline
cells on glass substrates [1.2]. In the last years an  structure of the layers was studied by the X-ray
mereasing number of the stuches have been performed on diffraction (XRD) using a Stemens D5000 diftractometer
die CIGS thin films fabricated on uliralightweight flexible  with CuKg (A = 1.5418 A) rachauon. The opucal
metallic foils and polvmer substrates [3-3]. The use of  parameters of the reference CIGS thin films deposited
Nexible substrates nstead of the commonly used ngid  onto Coming glass substrates were deternuned trom
coda lume glasses affers new possibthues tor the rransmittance (T) and reflectnion (R) measurements i e
application of solar cells wm  space and terrestrial  spectral range of 200 - 3000 nm ar room temperature
photovoltaic power svstem. Conversion effictencies up to  using a Carry 500 Scan UV-Vis-NIR spectrophotometer
16 — 175 % have achieved for the CIGS solar cells on  (Varian, USA). The PL spectra were analyzed using a 0.6
flexible metallic substrates [6). m chiffraction monochromator. A hqud nitrogen cooled

In this paper we repon new results on a study of InGaAs p-i-n detector (Hamamarsy, Japan) was used for
phvsical properties (structural. morphological and opucal)  the PL signal detecuon. Signal amplification was based
of CIGS thin films grown on different flexible metallic  on lock mn techmque. For excitation, the 488 lue ot the
foils (ntamum. molybdenum, alununum. stamnless steal).  Arion laser was used i the PL experiments. The samples

To study the wmtrinsic defect nature detailed low-  were immersed into liquid nitrogen or helium during the
temperature (4.2 — 300 K) PL and PLE measurements of  measurements of the PL at 78 are 4.2 K, respecnvely.
CIGS thin films were performed. Temperature dependent measurements from 4.2 1o 300 K

were carried out 1 an evaporaton cryostar equipped with
2. EXPERIMENTIAL suitable heaters and temperature sensors. The PLE

The CIGS films with thickness about of 1 = 2.5 pm spectra were measured using a 400 W halogen ningsten
were grown on thin metallic foils by DC maguetron  lamp combined with a graung monochromartor (1200
sputtening of the Cu-In-Ga merallic alloys with subsequent  groves mm”, focal length of 0.3 m) as an excitanon
rwo-stage selemzaton. In the first stage the precursor  source.
layers were heated for 10 nun 1o temperature of
260 °C. and the minal reaction period for all selemization 3, RESULTS AND DISCUSSION
processes was mamtamed at 20 min. The selenization was The aim of these mmvesuganons was to develop a
completed by second recrvstallizanon step (T wnder reproducible process of CIGS thu films deposinon on
temperatures 400 — 520 °C for - 20 = 60 nun. The CIGS  different metallic foils for solar cells applications. Table
Alms with the same chenucal composition were also 1 presents the average values of Cu, In. Ga and 5¢
prepared on soda lime glasses at the tume for comparison. amounts deternuned by AES method 1or the all

The films surface morphology and nucrostructure  mvestgared films on metalhic toils. The same ¢lemental
were analvzed Ly scanning elecron mucroscopy (SEM) composition (Cuw:In:Ga:Se m atonuc %e) m near-surface
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region of CIGS films has been confirmed by EDX
method. The chenucal c-:mpoaim:m was determuned by

averaging the values from 5 different pomnts on the surface
of the same film.

Table 1. Chenucal composinon of CIGS m nlms depossted on
different metallic substrates (selemzauon teirperanure Wwas
manmtaiaed at 220 °C for 10 nun)

Sanple Type Cu. T, Ga. Se.
NOALoN substrate ar ¥y ar e at %y A%
Fells glass 6.2 4.8 10 46.7
B Ao 201 Thd 3.3 43,4
T Ti 241 0.1 13 47.6
1TAMX Tiwih 250 234 20 49.6
Mo iaver
THCOMX stamless 26.7 e ES 48.9
steel
witn Mo
laver
1AIDX Al 217 26.0 32 S0.1
1AIMX Al with is4 IS 2.1 39.7
Mo laver

The AES spectra of CIGS riun hilms were analyzed
over a range of kmenc energies trom 100 o 1400 eV,
using the pnmary e¢lectron beam of energy 5 keV. An
a:umple of these spectra, raken with a unﬂmt;mncnu of
1000 x. equuivalent to an area of 100x100 um® is shown in
Fig. 1. This spectrum showed the presence of the
following chenucal elements: mndium ar 298. 345 and 408
e\ copper at 775, 848 and 921 ¢\ galhum at 1010 eV
seleum ar 1193, 1205, 1237, 1312

and 13352 eV, The elemental composinon at the
surface was calculated from the relanve mtensity of the
peak i the AES spectra and 1o be as follows: copper 30 at
%. mdm 21 ar %, galhhum 3 at %o and selemum 46 at %o,
The chenucal composinon analvzed by EDX gives the
same average alomic concentrauon {5 pomt on the surtace
of tilms).

The AES depth profile measurements were used to
study the element distribunion m the bulk of CIGS films.
The chenucal composition was obramned by sputtening on
area with dimension approxmuate by of 100x100 pum* with
energetic argon ions at a rate 500 A min or 1000 Anun,
The npical depth profile for IMX sample obtamed at
oprmal selemzanon conchtions (T, - 320 °C. 1= 20 nun)
15 shown i Fig. 2. The depth profile presented i Fig. 2 15
irom the surface up 10 wolvbdenum forl. As observed, Cu,
In. Ga and Se atonuc concentrations remamned fairly
wnform through the depth of the CIGS nilms during § nun
of the sputtering process.

Further copper and mdivm concentranon decreased
rapidlv. Ga concentranon remained constant durmng the 6
nun of the sputtering process. and then shghtly mncreased.
It 15 clear seen from Fig. 1 thar Mo aronuc concentraton 1s
sharply mcreased after uunal stage ot spurtening (8 nun).
The wregular distnbunon of elements Cu. In and Mo m
the bordermng to Mo-substrate region indicates formation
of nwo-phase material MoSe, and CIGS w1 the botrom of
the layver and agrees with XRD data and SEM mmage.

The AES measurement for other CIGS run films
{see Table 1) showed the umform distribunion of elements
Cu. In, Ga and Se through rthe depth of the lavers
withought the formation addinonal phases i matenal that
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agrees with the XRD dara. The mnhomogeneous elemental
distribution was found only near mnrerface benveen CIGS
lavers and corresponding merallic touls.
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Fig. I A npical AES specuum of the CIGS film (sample
2X118)
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Fig. 2 A AES depth profile of CIGS films on Mo foil (sample
2X118)

The phase formation and structure of CIGS thn
films were charactenized by X.ray diftracnon. Fig. 3
show XRD pattern of suucture - molybdenum
foil’chalcopyrnite senuconductor absorbing layer (sample
INMX). The observed phases m XRD partern were
idennfied by comparing the d-spacing with  Joun
Commiuttee on Power Diffraction Standard (JCPDS) dara
files. The intense peak at 20 == 58.63? and weak peak at 2
© = 73.6 ¢ were from Mo foul, reflecuon (200) and (211).
respecuvely, (JCPDS card 42-1120), that agrees with
XRD data for sinular structures [7]. The XRD pattern
mndicare the formaron of nvo-phase matenal — MoSe, and
CIGS. It was found that both of the matenials MoSe- and
CIGS are polycrystalline w nature. In the Fig. 3, the
peaks at 20 = 55.9° belong 1o the MoSe, plmac (JCPDS
card 72 —= 1420). The XRD pattern also contamns main
reflections of CIGS phase such as (101), (112), (103).
(211), (204)/(220), (116)/(312), (008)/(400), (316):(332),
(228)/(424). The strongest peak for chalcopyrite
semiconductor compound CIGS was from the (112)



A.V. MUDRYL AV, KOROTKIV.F. GREMENOK, EP.ZARETSKAYA, V.B. ZALESSKI N.\, MURSAKULOV, NN.ABDULZADE,

ChESABZALIVEVA

plane. indicating that the layer have preferred orientation
towards to [112] direction.

2 Ha

im12)

224),220)

Intensity (arb units)
1

MIEN 325
lnﬁn

20 (degree)

Flig.3 X-ray diffraction spectra for a CIGS thin films on Mo foil
(sample 2X118)

It was found that the degree of preferred orientation,
evaluated from the intensity ratio I;;5Trpg 229 to be ~ 1.4, It

15 shown that in the case of random orientation this ratio
should be ~ 5 [8]. Lower value of I;;5/Tspi0 for 1 MX
film shows a poor degree of (112) preferred orientation.
However, the degree of preferred orientation for 1MX
film 1s increased from 1.1 to 1.4 with increasing of
selenization temperature from 400 to 520 °C, respectively.
XRD patterns of other samples (see Table 1) show
characteristic diffraction peaks that can be also index on
the basis of the tetragonal chalcopyrite structure CIS. All
patterns showed a domunant (112) reflection and two
weaker double reflections 204/220 and 116/132. The
degree of preferential orientation of these films varies
from 1.5 to 4. The diffraction peak (112) is strong in all
patterns and becomes more dominant with increasing
selenization temperature from 400 to 520 °C. No other
phases were found for all CIGS thin films indicated in
Table 1, excluded 1MX sample.

The surface morphology of CIGS thin films grown
on metallic foils was found to be strongly dependent on
the deposition condition and selenization temperature. The
surface SEM micrograph of 1MX sample is shown in
Fig.4. SEM image showed large, well-faceted dense grain
structure and grain size to be about ~ 1-2.5 pum, ie.
comparable to the film thickness. It was also found from
the SEM micrographs that the uniformity and adhesions of
the films on different metallic foils improved with
increasing of selenization temperature from 400 to 520 °C..
The presence of the MoSe, sublayer (additional phase) the
interface region it is clear seen from Fig. 4. SEM surface
micrographs for other samples (Table 1) revealed structure
that changed in density and grain sizes ~ 0.3 — 2.5 um in
dependence of selenization temperature and type of
metallic substrate. Our investigations show that CIGS thin
films with remarkable structural quality can be prepared
by ntwo-stage selenization method with different
morphology ranging from polvervstalline to continuous
single-crystalline  depending on the selenization
temperature and time of annealing. However, we observe
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that CIGS films are not always as dense as shown in Fig.
4. In some cases the layer can become porous.

e b i i it B e o s il
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E0Q330 Z0nw Xi%.0%

Fig.4 SEM micrographs of CIGS of CIGS films on Mo foil
(sample 2X118): (a) - plane view:; (b), (¢) - cross-section
image of a different parts of film with and without MoSe,
sublayer, respectively

The optical properties of reference CIGS thin films
on glass substrate were studied by measuring both
transmittance (T) and reflection (R) spectra. Fig. 5a
shows the T spectrum taken at room temperature. Sample
2X118 exhibst transparency ~ 35 - 45% in near-mfrared
region and has relatively sharp edge of an intnnsic
absorption. The absorption coefficient of the film has
been calculated using both optical transmission and
reflection data and following relation [9):
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JA=R)} +4T°R? +(1-R)?
2T ’

o =—-§-ln

(1)

where o is the absorption coefficient, d 1s the thickness of

the film, T and R are the transnussion and reflection,
respectively. The reflectivity R was measured i the
photon energy region of 1-2.5¢V and to be ~ 0.21 for
2X118 sample. In the case of allowed direct transitions the
absorption coefficient 15 wrtten as a function of the
incident photon energy /v using the following equation

[10]:
a=A(lv - E,)% (2)

were E; and A are the optical band gap and a constant,
respectively. The optical bang gap of the CIGS film was
determined by extrapolating of the linear part of the
spectral dependence o’ ~ f (hv) to the photon energy axis,
Fig. 5b. The E; value determined from transmittance
measurements to be ~ 1.06 eV for 2X118 sample.

& ,
10 = g) 20 0%, ~ .
. 33 . n
- -]
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a_l S
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= e E 13-
(= =
e =
3 »
e P 1008 1300 + 433
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T v
0.7 .2 i1 1.3

Pholon enegry (eV)

Fig. 5. Transmittance (a) and the dependence of a” vs hv (b) for
CIGS film on glass substrate (sample 2X118).

A typical PL spectra of CIGS films at 4.2, 78 and
300 K are shown n Fig. 6. The single brood band at 1.03
with full-width at half-maximum intensity (FWHM) ~ 80
meV dominates the spectrum from I1MX sample at 4.2 K.
It can be seen that broad band has an asymmetric spectral
shape with a longer tail towards lower energies. This band
shifts to a higher energy with increasing temperature as
seen in the normalized PL spectra in Fig. 6b. Tlus
significant temperature shift can not be attributed to the
band gap vanation since the experimentally observed
increase up to around 80 — 100 K 1s only about of 1.5 -2
meV [11.12]. The FWHM and shape of a broad band
change also upon increasmg the temperature. The PL band

become more symmetrical and it's FWHM slightly
increase from 4.2 to 300 K. The single bands with sumular

temperature effects were also found in the PL spectra of

other CIGS samples which composition a given in Table
1, see as an example Fig. 6. In order to identify the origmn
of the broad bands the excitation power dependence of the

PL bands have been carried out. The excitation density

411

dependence of the PL bands 1s known to usually give an
mdication of the type of a recombination process
involved. As an example Fig.7 shows the dependence of
the broad bands energy position on excitation power at
4.2 K for three different levels of excitation density — 1
Wem?, 5 Wem™ and 100 Wem™, It 15 clear seen that
increasing excitation intensity generare a significant high-
energy shift of the bands (blue j-shift). The experiments
show that j-shift has a different value and strongly
depend on chemical composition and structural quality of
CIGS films, Table 1. The shuft increases for our samples

from 2 to 18 meV per decade of change in excitation
density.

| L] 1 . I
w
'5 .
£
L5
i
B E
E i PL :
o | 3 '_‘_‘F.L‘E,E_;E.HT eV
ITMX L
i | ’ I 3 |
0.8 10 12
Photon energy (V)
Fig.6 PL spectra of CIGS films taken at different temperatures

4.2, 78 and 300 K and PLE spectra taken at 78K.

Such large blue shift is in contradiction with donor-
acceptor pair (DAP) recombination process. Usually the
moderate shift-rate of 2 meV /decade of excitation
density are characterized for donor-acceptor pair
recombination in  semuconductors [13,14]. Our
experimental results may be consistently explained in the
framework of the model of fluctuating potentials n
highly doped and compensated semiconductors
introduced by Shklovskii and Efros [15]. The statisucally
distributed potential fluctuations are due to ligh
concentration of charged donors, acceptor and other
defects. The spatial fluctuations in CIGS films cause
fluctuations of the band gap energy and widenng of the
impurities levels within the forbidden gap of matenial and
so-called band tails are formed [16,17]. The strong blue
shift of the PL bands with increasing excitation density
and temperature are due to changes of the carmer
distribution in the energy levels of band tails. The
amplitude of potential flucruations strongly depends of
the level defect concentration and degree of
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compensation which are govemed by the excess of
(In+Ga) over Cu. This ratno determines the energy
position of the band in PL spectra and )-shift magmitude
[16,17]. More higher amplitude of potential fluctuation are
induced the greater j-shift. As follows from Table 2 and
Fig. 7 sample 1AIMX has more smaller j-shift for the
main PL band at 0.97 eV.

Table 2. Chenucal composition ratso and optical parameters of
CIGS thun films (E, values were determined from PLE
measurements at ?§ K)

Composition 1atio L
Sample Cit Ga B j-shuft,
hotation eV | meV/decade
m+Ga | In+Ga

2X118 0.99 0.07 1.08 15

IMX 1.14 0.13 1.08 18

2TX 0.85 0.08 1.05 13

1TMX 0.98 0.08 1.06 10

1HCMX 1.09 0.05 1.07 12

LAIDX 0.77 0.08 1.04 6

1AIMX 1.42 0.08 1.05 2

The dominant relatively narrow PL band at 0.97 eV has
several low-energy phonon replica with an energy
distance of hwio = 29 meV [18]. The narrow emission
peak at 1.034 eV can also be found m a PL spectra of
JAIMX films. This peak caused by a bound exciton
recombination [11,18]. Our earlier tentative identification
indicate the relation of intense narrow band at 0.97 eV
with the free-to-bound optical transitions, i.e. electron
transitions to the acceptor levels (e-A-transitions) of Cuy
[18]. This analyzes leads us to conclude that 1AIMX 1s
more structural and electronic perfect CIGS film among
others, which were investigated. As an example Fig. 7
also compares PLE spectra of the broad bands for
different samples. The PLE spectra were detected near the
maxima of the comresponding broad bands, 1.e. at Egy. as
indicated in Fig. 7. As seen from PLE spectra the enussion
slightly grows reaching a maximum near gap energy Eq
and than it slowly dropped fornung structure less tails. In
the most case the PL and PLE spectra are overlapped. This
can be explained in the framework a model of fluctuaung
potentials. The bending of energy bands of semiconductor
and the considerable increase in the density and depth of
impurity band tails are occurs. The PL and PLE spectra
are overlapped due to the absorption which extends to
energies that are lower that the apparent band gap E,;
(impurities tails). This experimental fact indicates that
PLE spectra in the case of highly doped and compensated
semiconductors. i.e. with fluctuating band edges, can be
used only for an approximation determunation of the
corresponding bang gap E, of semiconductor material. The
PLE spectrum of 1AIMX sample exhibit a sharp edge and
in this case the PL band the PLE tails do not overlap
indicating more perfect quality of CIGS films. The value
of the band gap E, determuned for such type of the PLE
spectra in this case is more reliable and exact. More
detailed consideration of these effects may be found in
recent paper [19].

So, our investigations show that under optiumzed
conditions of high-temperature stage selemzation (T, ~
500 — 520 °C, t ~ 20 min) single phase CIGS material with
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(112) preferred orientation can be grown. The chemical
composition of films to be independent on the type of
metallic foils but, as expected, strongly dependent on the
composition and unifornury of the precursors as well as
on the deposition conditions. It is also found that CIGS
films have a strong adhesion 1o Mo, Al and stawnless steel
with the exception to T1 foil.
s TN

Vi
- TMX

| .

R 1m Warcm;
A —— 5 Wicm?

12K

1TMX

PL intendty (arb.units]

Photon energy (eV)

Fig.7 Excitation power dependence of PL
for different excitarion densities.

specira

4. CONCLUSIONS

Thin films of CIGS were grown by two-stage
selenization of sequentially deposited Cu, Ga and In
precursors. The precursors were deposited on flexible
metallic foils by DC magnetron sputtering.. XRD, EDX
and AES measurements revealed a near stoichiometnic
composition of the films for T, not exceeding 520 °C. X-
ray patterns showed preferred [112] onentation for all
vestigated CIGS film on different metalic foils
(titanium, molybdenum, alununum, stainless steel).
Optical absorption measurements of the reference CIGS
films on the glass substrate revealed value of E; about of
1.06 eV. For the first time PLE measurements were
employed to determine the band gap energy of CIGS film
on nontransparent metallic substrates. It 15 found that the
structural and optical properties of CIGS absorber layers
are strongly depend on the growth condition, type of
substrate and chemical composition. CIGS films of hugh
structure and electromc quality were obramed with
selenization at 520 °C for 20 nun on Al fouls.
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