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Abstract

Two edge of Cu(In;«Gay)Se, (CIGS) thin film semiconductors for x=0 (CulnSe) and x=1 (CuGaSe:) have been produced onto the
soda lime glass substrates at 250 °C by sputtering from Cu, InSe and GaSe targets. The effects of In and Ga ratio and the post-
annealing at 350 °C and 400 °C on the properties of CulnSe; (CIS) and CuGaSe; (CGS) thin film samples have been investigated. The
structural properties of the deposited films have been examined by using X-ray diffraction (XRD) and the compositions of samples
were analyzed by performing energy dispersive X-ray diffraction analysis (EDXA) techniques. Raman spectra of thin film samples
were studied at room temperature to determine the Raman active modes. The most intensive line (A; modes) at 178 cm™ and 185 cm’!
were observed for CIS and CGS thin films annealed at 400 °C, respectively. This is the most active mode detected in the Raman
spectra of this type of chalcopyrite structures. For as-grown and annealed CGS thin films at 350 °C , the line 486 cm™ was observed
however intensity of this line decreased with increasing annealing temperature and totally disappeared after annealing at 400 °C. Optic
transmission measurements showed that the deposited CIS and CGS thin films have optic band gap values for as grown and annealed
(at 400 °C) samples changing from 1.28 eV to 1.45 ¢V and from 1.68 eV to 1.75 eV respectively. The room temperature electrical
conductivities of the samples were measured as 8.6x107 and 13.6x10?2 (Q.cm)™! for n-type CIS thin film samples; 1.6 and 1.9 (Q.cm)!
for p-type CGS thin film samples before and after annealing at 400 °C, respectively.

Keywords: CIS, CGS, Thin films, Sputtering, XRD, Raman Spectroscopy.

CulnSe; ve CuGaSe; Ince Filmlerin Ozellikleri Uzerine
Karsilastirmah Cahisma

Oz
Cu(In1-xGax)Sez (CIGS) yariiletken ince filmlerin iki kenar noktasi olan x=0 (CulnSey) ve x=1 (CuGaSe,) ince filmleri, Cu, InSe ve

GaSe hedeflerden sagtirma yontemi ile 250 °C sicaklikta soda lime cam alttaglar lizerine kaplandi. In ve Ga orani ve iiretim sonrast 1sil
islemin CulnSe; (CIS) ve CuGaSe, (CGS) ince filmlerin dzellikleri iizerine etkileri arastirildi. Uretilmis filmlerin yapisal dzelliklerini
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incelemek i¢in X-1s1m1 kirmnimi (XRD) ve drneklerin bilesenleri enerji dagilimli X-1s1m1 kirmnimi analizi (EDXA) yontemi kullanilarak
analiz edildi. Ince film 6rneklerinin Raman aktif modlarinin tayini i¢in oda sicakliginda Raman spektroskopi 6l¢iimleri yapildi. 400 °C
sicaklikta 1s1l islem uygulanmis CIS ve CGS ince film drneklerinin en aktif modlari (A; modu) en yogun gizgilerin sirayla 178 cm™ ve
185 cm? oldugu gozlendi. Bu mod kalkopirit yapilarm Raman spektroskopisinde gdzlemlenen en giiglii moddur. Isil islem
uygulanmamis ve 350 °C’ta 1s1l islem uygulanmis CGS 6rneklerinde 486 cm™ ¢izgisi gdzlenmis olmasina ragmen bu ¢izginin
yogunlugu artan 1sil islem sicakligi ile ters orantili olarak azaldigi ve 400 °C uygulanan 1sil islem sonrasi tamamen yok oldugu
gdzlenmistir. Uretilen CIS ve CGS ince filmlerin optik gegirgenlik 6l¢iimleri sonucunda 1s1l islem uygulanmayan filmler ve at 400 °C
sicaklikta 1s1l islem uygulanan filmler igin optik bant araliklarindaki degisim degerleri CIS i¢in 1.28 eV ile 1.45 eV, CGS ig¢in 1.68
eV ile 1.75 eV araliklarinda degistigi hesaplandi. Numunelerin oda sicakligindaki elektriksel iletkenlikleri 1s1l iglem dncesi ve 400 °C
1s1l islem sonrasinda n-CIS igin sirayla 8.6x1073 ve 13.6x102 (Q.cm)?, p-CGS igin sirayla 1.6 and 1.9 (Q.cm)* olarak 6lgiildii.

Anahtar Kelimeler: CIS, CGS, ince Filmler, Sagtirma, XRD, Raman Spektroskopisi.

1. Introduction

Polycrystalline chalcopyrite Culn;«Ga,Se, (CIGS) thin film is one of the appropriate materials for high-efficiency photovoltaic
(PV) devices because of desirable band gap for solar cell applications. The recorded laboratory efficiency of CIGS polycrystalline thin
film based solar cells has exceeded 22.9 % (K.K. 2015). The structural, optic and electrical properties of CIGS thin film changes with
various parameters such as the proportions of Cu/(IntGa) and Ga/(IntGa) or In/(IntGa) and/or film thickness (Zhang et al. 1998;
Caballero & Guillen 2003). It was detected that with increasing contribution of Ga, the conduction band minimum increases as a
result of enlargement of the band gap of CIGS thin film, while the valence band maximum of it decreases marginally (Chaure et al.
2005). It is possible to adjust the band gap values by scanning Culn;.«GaxSe, compound as a function of x in the range of 0-1 (Fan et
al. 1982). The quaternary CIGS compound materials have been grown on various substrates by different methods such as electron
beam evaporation (e-beam evaporation) (Venkatachalam et al. 2008; Ramanathan et al. 2005; Li et al. 2011), reactive magnetron
sputtering (Gillespie et al. 1997), thermal evaporation (Klenk et al. 2002; F. Smaili et al. 2008), thermal co-evaporation (Niemi et al.
1996; Basol et al. 2000; Kushiya et al. 1995), flash evaporation (Ahmed et al. 1998), pulsed laser deposition (PLD) (Levoska et al.
1994; Matsubara et al. 2003) and physical vapor transport (Bhattacharya et al. 1999). Furthermore, thin layers of CIGS are regarded
as the most encouraging material for high-efficiency and low-priced solar cells, due to their stability against photo-erosion and high
absorptivity (>10°cm™) (Chaure et al. 2005). Additionally, The CulnSe; (CIS) and CuGaSe, (CGS) compounds are of special interest
because of their suitability for near infra-red region (NIR), solar cell applications, non-linear optics in IR, sensors, detectors (Shay &
Wernick 1975; Chichibu et al. 2004; Botha et al. 2003).

The focus of this research is to examine the changes in the structural, optic and electrical properties of chalcopyrite Culn.«GaxSe;
(CIGS) thin film samples for x=0 (CIS) and x=1 (CGS), produced by the sputtering method and the effects of the post-heat treatment
procedure at different temperatures on the film properties.

2. Experimental Details

CIS and CGS chalcopyrite thin films have been produced onto the chemically cleaned soda-lime glass substrates by the
sequential sputtering growth method using the Cu, InSe and GaSe targets. During production, the substrate temperature was kept at
250 oC and Inficon XTM/2 thickness controller was used to follow the thickness of the deposited films. Following to the depositions,
Dektak 6M profilometer was used to check the thickness of the samples electromechanically and the values were measured around
500 nm (+10 nm) for CIS and CGS samples. In order to find out the effects of post annealing process on the deposited samples, the
thin films were annealed at the temperature of 350 oC and 400 oC for 30 minutes under the atmosphere of nitrogen. Rigaku Miniflex
XRD system equipped with radiation source of CuKo was used to measure X-ray diffraction (XRD) profiles of produced CIS and
CGS samples. The compounds of the deposited film samples were measured by using JSM-6400 Scanning Electron Microscope
(SEM) equipped with NORAN 6 X-ray Microanalysis System. The measurements of confocal Raman spectra were performed by
Jobin Yvon Horiba confocal Raman and excitation source provided by 532 nm Nd:YAG laser at room temperature. Peltier cooled
CCD detector and double monochromator were used to designate Raman shifts. Optic characterizations of the thin films were
performed by transmittance measurements using a Shimadzu UV-1201 spectrophotometer in the wavelength region 350-1100 nm. For
the electrical measurements, high-purity indium (In) was evaporated to apply the ohmic contacts on the thin films by evaporation
technique through the copper masks in cloverleaf geometry. The temperature dependent dark- and photo-conductivity measurements
of the deposited thin films were done in a Janis liquid nitrogen cryostat under vacuum and the temperature of samples was followed
and controlled by using Lake-Shore 331 temperature controller in between 100 - 400 K.
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3. Results and Discussion

3.1. Compositional Analysis

The elemental compositions of deposited CIS and CGS thin films were determined by EDXA measurements taken from different
part of the sample surfaces and average values were listed in Table 1. As observed from Table 1, annealing processes resulted in the
systematic decrease in Se, increase in Cu, and In (or Ga) compositions for CIS and CGS thin film samples. This can be accepted as
the indication of re-evaporation or segregation of Se with the post annealing process (De Blasi et al. 1989).

Table 1. EDXA results of as-grown and annealed CIS and CGS samples.

Sample Cu In Ga Se
(%) (%) (%) (%)

CIS As-grown 20.7 314 - 479
CIS A400 °C 23.5 36.8 - 39.7
CGS As-grown 24.7 - 30.6 44.7
CGS A 400 °C 26.7 - 35.6 37.7

3.2. Structural Analysis

Figure 1 (a) and Figure 1 (b) show the XRD patterns of CIS and CGS thin film samples, respectively. Both as-grown CIS
and CGS thin film samples were observed to have amorphous structure. However, after annealing at 400 °C for CIS and at 350 °C for
CGS under nitrogen atmosphere, they showed polycrystalline behavior as observed in Figure 1 (a) and (b). XRD diffractograms
indicate that the most intense peaks of the deposited CIS and CGS films were around 26.6° and 27.4° respectively and the preferred
orientation direction was along (112) plane (Klenk et al. 2002; Chichibu et al. 1998; Steichen et al. 2011). The crystallinity of the thin
film samples increased with increasing annealing temperature as seen from the Figure 1 (a) and (b). Structural analyses with XRD
showed that CIS and CGS films had the tetragonal zinc-blende structure with the lattice constants of a, b: 5.8 A, c: 11.6 Aanda, b :
5.6 A, c: 11.2 A, respectively (Jaffe & Zunger 1983; Fearheiley et al. 1985; Abrahams & Bernstein 1974).
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Figure 1. X-ray diffraction patterns of as-grown and annealed (a) CIS and (b) CGS thin films at 350 and 400 °C.

Although the as-grown CIS and CGS samples were observed to have amorphous structure, the switch to the polycrystalline
phase from the amorphous took place with annealing. The reason for the switch the amorphous structure to polycrystalline phase
might be the production of samples at low temperature, since the impinged atoms prefer to place at constant location because of the
nucleation processes during the production and deficient thermal energy for the movement, and the transition to the polycrystalline
phase might be triggered by thermal heating process (De Blasi et al. 1989).
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On the other hand, the observed peaks at 20~44.1° and 45.6° were identified as the main peaks of Cu,-«Se phase along
(220)/(204) and (213)/(105) directions. The enhancement of crystallinity was observed with increasing annealing temperature because
of the decreasing in structural disarrangement with ascending annealing temperature. In addition, the weakly bounded selenium atoms
in the structure were possibly freed and separated to the surface of samples with increasing annealing temperatures (see Table 1)
(Julien et al. 1990; Thomas & Kutty 1990). The Scherrer’s formula was used to calculate the by using the value of main XRD peak’s
full width half maximum (FWHM) (Langford & Wilson 1978). The values of grain size were detected to be in between 160 and 205
nm for CGS thin films increasing with ascending annealing temperature. The enlargement in the grain size is the confirmation of the
advance of the crystallinity with the annealing procedure as detected in X-ray diffraction pattern of CGS thin films. However, the
grain size of the CIS thin film annealed at 400 °C was calculated as 206 nm since below this annealing temperature it showed
amorphous behavior as observed from XRD patterns.

3.3. Raman Analysis

The crystal structure of chalcopyrite CIGS is related to the space group, 142d, i.e. to the point group D32 (Choi 2011; Roy et
al. 2002). In the naturel vibration for group D4, the primitive cell’s oscillations containing acoustic modes and optic modes are split
as follows;

T, =A, +2A4,+3B, + 4B, + 7E (1)

The number of Raman active modes A; + 24, + 3B; + 3B, + 6E is 19 and the symmetry of acoustic modes is Bo+E (Rincén &
Ramirez 1992). The tetragonal ternary (I-III-VI,) composition can be imagined as two permeate face centered cubic (fcc) lattice, the
initial anion lattice takes place group VI atoms and the other being an ordered draw up group I and group III cations. Accordingly,
super lattice structure cuts down the cubic zinc blende (sphalerite) symmetry to that of a tetragonal chalcopyrite structure (Ar Bur Crv)
(Albin et al. 1988). Two structural differences are in existence between the chalcopyrite and sphalerite structures. These differences
are;

e  The tetragonal deformation (c/a ratio) is not equivalent to 2.0.

e The group VI atoms displacement of from their ideal value of u=25, here u being the tetrahedral deformation (Roy et al.
2002).

In this work, Raman spectra of samples were performed at room temperature to find out the active modes of Raman in CIS and
CGS the thin film samples.
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Figure 2. Raman spectra of as-grown and annealed (a) CIS and (b) CGS samples at 350 and 400 °C.

Figure 2 (a) and Figure 2 (b) show the Raman spectra of CIS and CGS thin films recorded at room temperature, respectively. For
400 °C annealed CIS thin films, the most concentrated line at 178 ¢m™ might be allocated to the A1 mode, that is the most powerful
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mode, detected in the Raman spectra of chalcopyrite structure (Tanino et al. 1992). Moreover, as-grown and annealed CGS thin film
sample at 350 °C has the most intensive line at 486 cm™!. Figure 2 (b) exhibits that the intensity of peak at 486 cm™' decreases with
annealing and disappears. After annealing at 400 °C, CGS sample has a strong peak at 185 cm-1. This peak is the powerful line of Al
mode that might be the result of the separation of Se atom in the structure (De Blasi et al. 1989). The existence of the phase of Cus.«
Se at 240 cm™ was observed in as-deposited and annealed CGS films at 350 °C. However, this phase totally disappeared after
annealing at 400 °C. Apparently, the heat treatment has the significant effect on the crystallinity and the component of the deposited
films. The results of Raman spectra were coherent with the results of XRD as shown in the previous part.

3.4. Optical Analysis

In order to find out the optic properties of the thin film samples, transmittance measurements were performed at room
temperature in the wavelength value of 350-1100 nm and absorption coefficient was computed by using the equation;

_1 ’_0)
a=2ln (1 2
here d being the film thickness, I being the transmitted light intensity, and Iy being the incident light vertical to the sample surface.

After computing the absorption coefficient in the analyzed spectral domain, Tauc plot (Touc 1974) was used to compute the optic
band gap, E,, values in accordance with the following relation;

(ahv) = Ahv - Eg)” 3)

here A being a constant and n being the power exponent that varies with regard to the types of transition, as for direct transition n =
1/2 , and for indirect transition n =2 (Pankove 1971). One may decide the type of direct or indirect transition by plotting (chv)!/®
versus hv. In order to obtain the E, values of CIS and CGS thin film samples, (¢hv)? versus hv were plotted due to CIS and CGS thin
films have direct optic transition (Jaffe & Zunger 1983). Figure 3 (a) and Figure 3 (b) illustrate the typical plot of transmission
versus wavelength for CIS and CGS thin film samples, respectively.
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Figure 3. Transmission spectra for as-grown and annealed (a) CIS and (b) CGS thin films at 350 and 400 °C. The variation of (ahv)’

as a function of incident photon energy for as-grown and annealed (c) CIS and (d) CGS thin films at 350 and 400 °C.
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As shown in Figure 3 (a), there is significant change in transmission with the annealing temperature. Transmittance value
significantly increases following the annealing at 400 °C for CIS thin film sample. On the other hand, there is not significant change
in transmission values of CGS thin film sample. Figure 3 (c¢) and Figure 3 (d) show the plot of (ahv)? versus (hv) for the as-grown
and annealed CIS and CGS thin film samples at 350 and 400 °C, respectively. The band gap values were calculated from the linear
regression of the least squares fit to the plot of (ahv)? versus (hv) on the energy axis (hv) and were tabulated in Table 2 for the as-
grown and annealed CIS and CGS thin films.

Table 2. The calculated band gap values for the as-grown and annealed CIS and CGS thin films at 350 and 400 °C.

E,
(eV)
Sample As-grown A 350 °C A 400 °C
CIS 1.28 1.36 1.45
CGS 1.68 1.72 1.75

As seen from Table 2, the band gap values are lying in between 1.28 eV and 1.45 eV for as grown and annealed CIS thin films
and between 1.68 ¢V and 1.75 eV for as-deposited and annealed CGS thin films. There is a considerable enlargement in the band gap
values of CIS samples during the conversion from amorphous phase to polycrystalline phase occurs with annealing between 350 and
400 °C. The optic band gap value of CIS firstly increases from 1.28 to 1.34 ¢V with annealing at 350 °C, and then demonstrates a
similar step up to 1.45 eV with annealing at 400 °C. The same kind of increasing behavior was also observed in CGS samples. Such
as, initially, the band gap energy was 1.68 ¢V for as-grown sample, and then it increased slightly from 1.72 to 1.75 eV with increasing
annealing temperature from 350 °C to 400 °C. In the amorphous form of CIS samples, the density of defects and the degree of
disorder are more prominent than in polycrystalline phase (Mott & Davis 1971). Generally, the defect density and the decrease in
disorder in the structure lead to a raise in the optic band gap energy. Additionally, other possible reason for observing enhance in band
gap with increasing annealing temperature might be the impregnation of suspended bonds in the amorphous structure (Mott & Davis
1971). Therefore, the behavior of shifting of band gap to the higher energy edge found while the phase alteration from amorphous to
crystalline phase may also be associated with CIS and CGS thin films crystallization. C. Julien et al. (Julien et al. 1990) and B.
Thomas et al. (Thomas & Kutty 1990) informed a similar event for InSe thin films. The increase in optic band gap value with
increasing annealing temperature was assigned to the loss of Se at high temperatures along with the creation of different phases (De
Blasi et al. 1989; Thomas & Kutty 1990; Julien et al. 1990). The optic absorption coefficient was computed from the transmission
data (Figure 3 (a) and (b)) and the room temperature absorption coefficient values for all samples were found to be about 10° - 10°
cm’! for the incident light in the range of 350-1100 nm (Kazmerski et al. 1983).

3.5. Electrical Analysis

The hot probe measurements indicated that CIS films have n-type and CGS thin films have p-type electrical conductivity (Chichibu et
al. 2004; Neumann et al. 1978). The temperature dependent conductivity measurements for as-deposited and annealed CIS and CGS
samples at 400 °C were performed in between 100-400 K. In order to eliminate the finite contact effects, a Cu-mask in the geometry
of van der Pauw was used to deposit the thin film samples. I-V measurements were measured for the films to check the ohmicity of In
contacts before the electrical measurements.
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Figure 4. Deviation of conductivity with reverse temperature for as-grown and annealed (a) CIS and (b) CGS thin films at 400 °C.

As shown in Figure 4 (a) and Figure 4 (b), the room temperature electrical conductivity values of both CIS and CGS films
increase systematically with increasing annealing temperature. The room temperature conductivity values were 8.6x10 and 13.6x1072
(Q.cm)! for CIS films; 1.6 and 1.9 (Q.cm)! for CGS films before and after post-annealing process, respectively. The variation of
conductivity with the absolute temperature in between 100-400 K, for both CIS and CGS thin film samples does not show any sharp
behavior. The reason for this type of electrical conductivity-temperature variation could be related to the metal rich composition of the
films consistent with the results obtained from the compositional analysis which showed that the samples had Se-deficient and CuzIn
(or Ga)-rich compositions.

4. Conclusions

Thin films of Culn;«GaxSe, (CIGS) with x=0 (CIS) and x=1 (CGS), were deposited by sputtering onto glass substrates and the
structural, optic, electrical properties of the deposited films were investigated as a function of the post annealing temperatures. The
compositional analyses showed that Se content of the samples decreases with increasing annealing temperature and Se-deficient and
Cu, In (or Ga)-rich thin film structures were detected. XRD measurements indicated that as-grown CIS and CGS thin films had an
amorphous structure and the conversion from the amorphous to the polycrystalline phase was seen following the annealing at 350 °C
and 400 °C with the preferred crystalline orientation in the direction of (112) plane for both structures. The grain sizes of all samples
were increased with annealing. The room temperature Raman measurements of the samples indicated that the main Raman peaks were
at 178 cm™! and 185 cm™! for CIS and CGS, respectively. In as-grown and annealed CGS films at 350 °C, the peak at 240 cm™! because
of the vibration mode of Cu,.«Se phase was observed and disappeared after annealing at 400 °C. The band gap values were found as
1.28 eV for as-grown and 1.45 eV for annealed CIS; and 1.68 eV for as-grown and 1.75 eV for annealed CGS thin film samples. The
optic and electrical properties of the samples showed different behavior depending on the advancement in the crystallinity and
modification of the films structure. Electrical measurements indicated that the room temperature electrical conductivity values of
both n-CIS and p-CGS films increase systematically with increasing annealing temperatures.
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