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Abstract: The aim of this paper is to study the optical properties of thin films with composition 

Cu0.9(In0.7Ga0.3)Se2 (CIGS) for a photovoltaic solar cell absorber. Samples with different film thicknesses were 

prepared using the doctor blade technique of previously co-precipitated aqueous precursors. The materials were 

characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). For the first time, the optical 

properties of the thin layers with this composition, obtained using the doctor blade technique, were investigated. 

The optical properties were studied by transmittance and reflectance measurements in the infrared region and are 

correlated with film thickness. The dependence of the absorption coefficient on wavelength and the energy gap was 

found to be affected by the layer depth. The greater absorption coefficient is related to thinner CIGS layer. The 

refractive index results in an abnormal dispersion. The optical band gap was also determined in accordance with the 

sample chemical composition. 

Keywords: chalcogenide films, optical properties, optical band gap, refractive index, absorption coefficient. 

太阳能电池用硫族化物薄膜的光学特性 

摘要：本文的目的是研究用于光伏太阳能电池吸收器的 Cu0.9(In0.7Ga0.3)Se2 (CIGS)

薄膜的光学特性。使用预先共沉淀的水性前体的刮刀技术制备具有不同膜厚度的样品。通过

X 射线衍射(X 射线衍射)和扫描电子显微镜(扫描电镜)对材料进行了表征。首次研究了使用刮

刀技术获得的具有该组合物的薄层的光学性质。通过红外区域的透射率和反射率测量来研究

光学特性，并与薄膜厚度相关。发现吸收系数对波长和能隙的依赖性受到层深度的影响。较

大的吸收系数与较薄的 CIGS 层有关。折射率导致异常色散。光学带隙也根据样品的化学成

分确定。 

关键词：硫族化物薄膜，光学性能，光学带隙，折射率，吸收系数。 

Introduction
Solar cells based on chalcogenide materials are 

widely considered one of the most promising 

technologies because of their long-term stability [1] 

mailto:danche@uctm.edu
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and high values of efficient conversion of solar energy. 

CIGS based thin films are considered as the most 

promising material because of their high stability 

against photo degradation [2], high efficiency and 

optical absorption in the visible spectrum. The best 

solar cells based on Cu(In, Ga)(Se, S)2 materials (non-

tandem device) have been recently reported with 22.9% 

conversion efficiency [3-7]. The energy efficiency of 

the layers studied is 7.2% [8]. Therefore, we 

investigated their optical properties to determine the 

possibility of increasing energy efficiency and the areas 

of application. 

High vacuum-based processes like co-evaporation 

or magnetic sputtering usually deposit CIGS high-

efficiency devices [9-13]. Many attempts have been 

made to fabricate CIGS films by non-vacuum methods 

such as chemical spray deposition [14], spray pyrolysis 

[15], ink print techniques [16-18], electrodeposition 

[19-22], pulsed laser deposition [23], chemical bath 

deposition [24], and soft-chemistry synthesis routes [8, 

25]. The non-vacuum techniques do not reach the same 

high efficiencies as the vacuum processes, but they 

provide lower costs, better large area homogeneity and 

this would make them highly competitive for future 

applications at industrial scale. 

Therefore, it is important to find a suitable film 

deposition method because all vacuum deposition 

techniques are heavy and expensive. Non-vacuum 

techniques such as electrodeposition do not reach the 

same high efficiencies as the vacuum processes, but 

they provide lower costs, better large area homogeneity 

[26]. 

The present work contributes to the field of the 

optical properties of CIGS thin films deposed by one of 

the widely used techniques for producing thin films on 

large area surfaces, the so-called doctor blade or tape 

casting technique [27]. This deposition was chosen as a 

low-cost, re-scalable on future large industrial scale, 

and simple way of layer preparation as no specific 

equipment was required. It consisted of knife spreading 

of slurry onto casting surface. In this study, the surface 

was stationary, and the blade was mobile. The 

thickness of the layers is determined by adjusting the 

gap between the blade and the substrate by modifying 

the rheological properties of the slurry. Thin film 

deposition and precursor synthesis are essential steps 

for tailoring optical and electrical properties of 

photovoltaic (PV) absorbers. The influence of chemical 

composition, film thickness, and layer morphology is 

evaluated in terms of layer optical response. 

 

1. Experiment 
 

1.1. Sample Preparation 

In the present work, the CIGS compound was 

planned as a solid solution Cu0.9In0.7Ga0.3Se2 with a 

metal ratio of [Cu]/([In] + [Ga]) = 0.9 and [Ga]/([In] + 

[Ga]) = 0.3 [28]. 

The chemicals applied to the preparation of the 

CIGS absorber were Cu(NO3)2.3H2O (99%, Sigma 

Aldrich), In(NO3)3 (98%, Aldrich), Ga(NO3)3 (99.9%, 

Aldrich), SeO2 (99.8%, Acros), NH4OH (25%, 

Panreac). They were used as received without further 

purification. Precursor solution was obtained by 

dissolving copper (2.52x10
-3

 mol), indium (1.96x10
-3

 

mol) and gallium (0.84x10
-3

 mol) nitrates in 125 cm
3
 of 

distilled water with a final metal ratio of 

[Cu]/([In]+[Ga]) = 0.9 and [Ga]/([In]+[Ga]) = 0.3 [8]. 

Separately, 10x10
-3

 mol SeO2 was dissolved in 

distilled water, resulting in colorless transparent 

solution. The two solutions obtained were mixed at 

stirring. The pH of the mixed solution was determined 

to be pH = 6 (neutral solution). Ammonia was added in 

a single batch to obtain the desired metal selenium 

precipitate. The resulting powder was washed with 

water and ethanol, filtered and dried. 

 

1.2. Thin Film Preparation 

To make the ink, triethanolamine as surfactant and 

reducer (C6H15NO3) and ethanol (C2H5OH) were used. 

The obtained paste was deposited by a simplified 

doctor blade method (knife coating) on soda-lime glass 

substrates. Two samples were prepared: sample V1 

with two layers and sample V2 with tree layers. The 

obtained layers were pre-heated on a hot plate at 400°C 

for 2 min to partially remove the solvent, for further 

precursor decomposition, and selenite reduction [8]. 

Finally, the CIGS films were selenized using elemental 

Se under Ar atmosphere in a tubular furnace. The 

applied thermal cycle corresponds to a heating velocity 

rate of 20ºC/min up to a maximum temperature of 

525ºC. Elemental selenium powder (Se, 99.5%, Merck) 

was introduced separately into the furnace as a 

selenium source to prevent Se volatilization during the 

treatment. 

 

1.3. Thin Film Characterization 

 

1.3.1. X-Ray Diffraction 

The crystal structure of the materials was analyzed 

by X-ray powder diffraction (XRD) with a Siemens 

D5000D diffractometer. The data were collected by 

step-scanning from 10 to 80º 2θ with a step size of 

0.05º 2θ and 1s counting time per step. The particle 

size was calculated using the Scherer formula: 





cos

94.0
Dp




                                                        (1) 

where Dp is the average crystallite size, β - line 

broadening in radians, θ – the Bragg angle, and λ - X-

ray wavelength. 

 

1.3.2. Scanning Electron Microscopy (SEM) 

The morphology of the powders and films was 

determined by scanning electron microscopy (SEM) 

using a Leica-Zeiss JEOL 7001F coupled with a 

spectrometer for energy-dispersive X-ray spectroscopy 
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(EDX) employed to study the morphology and 

elemental composition of the CIGS powders and films. 

The layer thickness was valued from cross-section 

micrographs. 

 

1.3.3. Transmission and Reflection Spectra 

In order to study the optical properties, the 

transmission and reflection spectra of CIGS thin films 

in the spectral range of 1000-2500 nm were examined 

using a UV-VIS-NIR Jasco 670 spectrophotometer. 

 

2. Results and Discussion 
The precursor powder prepared using the aqueous 

co-precipitation method was analyzed by SEM/EDX 

(Fig. 1). It can be observed that uniformly distributed 

small spherical particles with an average size > 30 nm 

were obtained. The crystal aggregates are inferior to 

100 nm and suitable for further thin film deposition 

after a previous dispersion procedure to desegregate the 

agglomerates by ultrasonic bathing. The chemical 

composition analyzed by EDX corresponds to the 

initial stoichiometry (Cu/In/Ga = 1:0.78:0.33). 

 

 
Fig. 1 SEM images of the prepared CIGS precursor powder: a) at 

30000x; b) closer view 95000x (Developed by the authors) 

 

The X-ray diffraction spectra of CIGS films treated 

at 525°C are exposed in Fig. 2. The diffraction peaks 

labeled with hkl could be assigned to Cu(In0.7Ga0.3)Se2 

(CIGS) crystalline phase (JCPDS 35-1102). It can be 

highlighted that V1 exhibits a unique CIGS crystalline 

phase, while V2 contains some secondary phases 

labeled as (*) on the diffractogram. These additional 

peaks in sample V2 (the sample has three layers) could 

be associated to the formation of Cu1.8Se (JCPDS 96-

900-8067) during the thermal selenization. 

 
Fig. 2 XRD patterns of the CIGS layer after thermal treatment 

(Developed by the authors) 

 

Fig. 3 and 4 show the SEM images (a - cross section, 

b - top-view) of the films. It displays that the CIGS 

layers are compact and adherent with uniform 

thickness close to 4.1 µm for sample V1 and 6.3 µm 

for sample V2 in accordance with the number of 

deposition steps. 

 

 
Fig. 3 SEM micrographs of sample V1: (a) cross section; (b) top-

view (Developed by the authors) 
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Fig. 4 SEM micrographs of sample V2: (a) cross section; (b) top-

view (Developed by the authors) 

 

The size of the particles is in the range of 200-250 

nm in the volume and on the surface for the sample V1 

is in the range of 200-680 nm and for the sample V2 - 

330-930 nm. Their type is agglomerates composed of 

little crystal nanoparticles. In Table 1, the crystal nano-

particle´s sizes are determined from the XRD spectra 

for the reflections hkl (112, 220, and 312). It can be 

noticed that the crystallites keep the initial size of 

around 30-40 nm of the precursor powder. The thermal 

treatment and the triethanolamine applied as surfactant 

inhibit the CIGS crystal growth. It is known that the 

amines act as reduction and gelatin agents [30, 31]. 

Reducers help to transform the precipitated selenite 

powder to selenides, while the gelatin effect helps to 

stabilize the paste for further layer deposition. 

However, further thermal treatment is applied to 

increase the sample crystallinity. 

 
Table 1 Crystal sizes of samples V1 and V2 obtained from X-ray 

diffraction (Developed by the authors) 

Sample Pos./º2th FWHM/º2th Crystal size/nm 

V1 27.00 0.2460 34.71 

44.75 0.2952 30.42 

52.95 0.3444 26.94 

65.30 0.3936 25.05 

V2 27.05 0.1968 43.38 

35.95 0.2952 29.57 

44.80 0.2460 36.49 

53.10 0.1968 42.18 

 

For the study of the optical properties of CIGS thin 

films, the transmission and reflection spectra were 

registered in the spectral range λ = 1000-2500 nm. The 

transmittance (Fig. 5a), T, of the thin film with 

thickness of 4.1 μm (sample V1) reaches 7.46% and 

this of the thin film with thickness of 6.3 μm (sample 

V2) - up to 4.56%. These results show that in this 

spectral range, the CIGS thin films absorb the incident 

light, and the absorption decreases as the wavelength 

increases and the films with greater thickness transmit 

less. 

 

 
Fig. 5 CIGS thin films: (a) transmission and (b) reflection spectra 

(Developed by the authors) 

 

In the same spectral range, the coefficient of 

reflection (Fig. 5b), R, of the sample V1 reaches 2.05% 

and these for the sample V2 - up to 1.23%. The results 

show that in this area the CIGS thin films slightly 

reflect the incident light. As the wavelength increases, 

the reflection coefficients increase and the films with 

greater thickness reflect less. The obtained results make 

the studied CIGS thin films suitable for use as 

absorbers in solar cells. 

For a thin film without interference, with thickness 

d, refractive index n, extinction coefficient k, and 

absorption coefficient α in the case of normal-incidence 

light, the coefficients of transmission and reflection are 

calculated by the following formulas [32]: 
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x = exp(–αd)                                                          (5) 

Since in this study n>>k according to [33], the 

above equations become 
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From these formulae for the refractive index, we 

derived 

0
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To obtain the refractive index values of the studied 

CIGS thin films, the values of the transmission and 

reflection coefficients of the received spectra were 

used. The spectral dependencies of refractive index of 

CIGS thin films are presented in Fig. 6. For both films, 

the refractive index increases with increasing 

wavelength (abnormal dispersion) as the thin layers in 

this part of the spectrum absorb the incident radiation. 

 
Fig. 6 Spectral dependencies of refractive index of CIGS thin films 

(Developed by the authors) 

 

The refractive index values were calculated by 

Formula (9). For V1 CIGS thin films, they range from 

1.189 to 1.336, and those of V2 CIGS thin films range 

from 1.155 to 1.253. It can be seen that the greater the 

film thickness, the smaller the values of the refractive 

index. 

Based on [32, 33] the absorption coefficient of the 

studied CIGS thin films is estimated using the formula: 

 





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






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
T2

T4TRR21TRR21
ln

d

1
222222

  (11) 

The values of absorption coefficient were calculated 

with the values of coefficients of transmission and 

reflection of the obtained transmission and reflection 

spectra and the thickness values of the thin films. CIGS 

absorption coefficient values are in the range of 10
5
-10

6
 

cm
-1

. The smaller the thickness, the greater the 

absorption coefficient. 

The spectral dependencies of absorption coefficient 

of CIGS thin films are presented in Fig. 7. Upon 

increasing the energy to 0.7 eV for V1 thin films and to 

0.8 eV for V2 thin films, the absorption coefficient 

changes linearly, increasing with increasing energy. 

After these values, the change becomes exponential. 

From the spectra, it can be seen that the end of optical 

absorption for thicker films occurs at lower energies. 

 
Fig. 7 Spectral dependencies of the absorption coefficient of CIGS 

thin films (Developed by the authors) 

 

The absorption of light from the substance is 

characterized by the absorption coefficient. The 

expression of the coefficient of absorption α according 

to [34] has the following form: 

α(ν) = B(hν – Eopt)
r
/hν                                         (12) 

where  is the light frequency, B - a constant, h - 

Planck's constant, Eopt - the optical band gap, and r - a 

step indicator that characterizes the mechanism of 

electron transition from the valence zone to the 

conductive zone. 

To see what electron transitions occur in the CIGS 

thin films, we must find the degree of r by logarizing 

Expression (12): 

ln(αE) = r ln(BE – BEopt)                                     (13) 

A straight line equation is obtained in which the r 

rate is an angular factor (Fig. 8). 
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Fig. 8 Determining the types of electron transitions in CIGS thin 

films (Developed by the authors) 

 

From Fig. 8, it was determined that r ≈ 2, i.e., the 

electron transitions from valence to conductive zone 

are indirect for all CIGS thin layers. 

The end of optical absorption corresponds to the 

optical band gap. The values of the optical band gap 

Eopt for the CIGS thin films were calculated by 

extrapolating the slope of the (αE)
1/2

 curve vs. E at 

(αE)
1/2

 = 0 according to Tauc’s relation for the allowed 

indirect transition 29 (Fig. 9). 

 
Fig. 9 Dependence of (αE)1/2 on photon energy E for the two 

different CIGS films from which the optical band gap Eopt is 

estimated (Tauc’s extrapolation) (Developed by the authors) 

 

Using Tauc’s procedure for V1 CIGS thin layer, the 

optical band gap was estimated to be 1.10 eV and for 

V2 CIGS thin film - Eopt = 0.91 eV. The CIGS absorber 

band gap can be adjusted by tuning the composition 

ratio defined as [Ga]/([Ga] + [In]). The zoomed area in 

Fig. 2 displays a comparison of reflection (112) for the 

samples V1 and V2. It can be observed that for the 

sample V1 appears a small shoulder next to the 

principal peak. The presence of this shoulder at higher 

angles is related to gallium partial insertion (presence 

of gallium-rich phase). In the thicker layer (V2), the 

shoulder decreases, and the peak (112) is displaced 

toward higher angles. This is a confirmation of gallium 

incorporation into the crystal lattice [24]. Thus, the 

absorption band gap changes as a function of Ga 

incorporation into the crystal lattice (e.g. EgCuInSe2 is 1 

eV, while EgCuGaSe2 is 1.7 eV). In summary, the sample 

V2 has Ga losses that also explain the XRD result (Fig. 

2). The thicker layers have a smaller optical band gap, 

i.e., they will more easily and quickly transform the 

solar energy. 

 

3. Conclusion 
This study contributes to the field of optical 

properties of CIGS thin films deposed using a simple 

solution-based approach called the doctor blade 

technique. Using the doctor blade technique, 

homogeneous CIGS thin layers were obtained without 

three-dimensional defects such as pores, as confirmed 

by scanning electron spectroscopy. The transmission 

and reflection spectra of all CIGS thin films in the 

spectral range of 1000-2500 nm were studied. The 

value of the transmission coefficient T reaches 7.46%, 

and that of the reflection coefficient - up to 2.05%, 

which makes them suitable for use as absorbers in solar 

cells. The refractive index of the CIGS thin films was 

determined. Its value ranges from 1.155 to 1.336. The 

greater the film thickness, the smaller the value of the 

refractive index. For all thin layers, the refractive index 

increases with increasing wavelength (abnormal 

dispersion). The absorption coefficients were 

calculated. CIGS absorption coefficient values range 

from 10
5
 to 10

6
 cm

-1
. The smaller the thickness, the 

greater the absorption coefficient. The end of optical 

absorption for the thicker films occurs at lower 

energies. Using Tauc’s procedure for a CIGS thin layer 

with a thickness of 4.1 μm, the optical band gap was 

estimated to be 1.10 eV and for the CIGS thin films 

with a thickness of 6.3 μm - Eopt = 0,91 eV. The thicker 

layers have a smaller optical band gap, i.e., they will 

more easily and quickly transform the solar energy. To 

improve the optical parameters, one can work in two 

directions: increasing the thickness of thin films and 

reducing the amount of added gallium. 
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