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Abstract
The authors in this article present the synthesis of good quality  CuGaGeSe4 thin films of 
different thicknesses using electron beam deposition on well pre-cleaned glass substrates. 
X-ray diffraction patterns displayed the amorphous nature of as-prepared  CuGaGeSe4 thin 
films. In addition, the elemental compositional analysis of these films was examined by the 
energy-dispersive X-ray spectroscopy technique, which showed that there is good match-
ing between the selected and detected percentages. Transmittance and reflectance spectra 
of these  CuGaGeSe4 samples were measured to experimentally determine the absorption 
coefficient and some related optical parameters. Optical band-gap energy values of samples 
were determined via Tauc’s Plots; they are arisen owing to the indirect allowed transition. 
They are decreased from 1.43 to 1.29  eV by increasing the film thickness from 250 to 
445 nm. The skin depth, absorption index, and refractive index of  CuGaGeSe4 thin films 
were also obtained and extensively studied. As well as, some optoelectrical parameters of 
these investigated films were discussed, like optical resistivity, optical mobility, optical 
conductivity, the lattice dielectric constant, and the ratio of the charge carrier concentra-
tions to the effective mass (Nopt/m*). Along with, some nonlinear optical parameters of 
 CuGaGeSe4 films were studied employing Miller’s formulas. The values of the dispersion 
energy, static refractive index, the static dielectric constant, the oscillator strength and oth-
ers increase, while the oscillator energy and the relaxation time decrease as the film thick-
ness increased. The obtained results showed that these  CuGaGeSe4 film samples can be 
successfully used as absorption layers in thin-film solar cells.
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1 Introduction

Recently, the quaternary chalcogenide glasses, ChG based on the copper element have 
attracted high interest owing to their distinguished and interesting optical, optoelec-
tronic, and electrical properties. These ChG semiconducting compounds have high ther-
mal stability and high absorption coefficient (Hassanien et al. 2020a, b; Aldakov et al. 
2013; Chen et  al. 2009, 2010). These unique properties make these quaternary chal-
cogenides suitable for different applications like the optical memory devices, absorber 
layer for solar cells, IR sensors, and photodetectors (Hassanien  and Akl 2018c; Ben-
chikri et al. 2012; Liu et al. 2009; Ramasamy et al. 2016).

In the past, the scientists and researchers were concentrated on the quaternary 
 CuInGaSe2, CIGS thin films as a good absorber layer for thin-film solar cells (Shi et al. 
2011). But the high costs of the fabrication of these CIGS thin films make the scientists 
and researchers try to find a new and low-cost family of such quaternary chalcogenide 
glasses, QChG. This QChG new family is based on the formula  A2BCX4 where A is (Cu 
or Ag), B is (Zn or Mn or Cd), C is (Sn or Ge), and X is (S or Se) (Hassanien and El 
Radaf 2020). It worth to mention that this new family called kesterite materials (Schäfer 
and Nitsche 1974; El Radaf et al. 2020).

These QChG-semiconducting materials can be fabricated by many different tech-
niques; like spray pyrolysis (El Radaf et al. 2019a, b), dip coating (Ziti et al. 2019), ther-
mal evaporation (Shi et al. 2012), electrodeposition (Scragg et al. 2009) and chemical 
bath deposition (Fouad et al. 2018). Among all these materials, the films of  Cu2ZnSnS4 
compositions have promising optical and electrical properties (Schurr et  al. 2009). In 
previous literature,  Cu2ZnSnS4 thin films have been found to have very good photoelec-
tric properties. So, they are considered as desirable materials used as important absorp-
tion layers in thin-film solar cells. Moreover, owing to their earth availability, stability, 
inexpensive preparation, non-toxicity, and easy to prepare (Ramasamy et al. 2012).

Furthermore, there is also another promising quaternary family, based on the struc-
ture of  CuABX4, where B is (In or Ga), C is (Sn or Ge) and X is (S or Se) (Zamani et al. 
2014). This family has also good optical and electrical properties and can be used as a 
good absorber for thin-film solar cells. Consequently, it become for researchers three 
compositions or groups; they are CuInGeSe4, CuInGeS4, and CuGaGeSe4, used to fab-
ricate absorbing thin-film solar cells. In a previous research work on the CuInGeSe4 
thin films (Hameed et  al. 2018), these films have displayed that they are very good 
absorber layers. At the same time, they produce CuInGeSe4/n-Si heterojunction with a 
solar efficiency of 2.83%.

The aim of the present research is to prepare the novel  CuGaGeSe4 thin films using 
the electron beam deposition technique, for the first time. The authors have tried to pre-
pare these novel film samples and to have good quality and have optical and electrical 
properties similar to  CuInGeSe4 thin films. Then, authors have studied and discussed 
the linear, nonlinear optical characteristics and some optoelectrical parameters of these 
film samples of different thicknesses.

As our knowledge, there is no article reported the fabrication and study of the optical 
characterizations of the  CuGaGeSe4 thin films. Therefore, the authors found it difficult 
to refer to any previously published references, but they substituted this by comparing 
their obtained results with similar researches which their samples are consistent with 
the present samples of this work.
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2  Experimental details

In this study, copper gallium germanium selenide  (CuGaGeSe4) bulk compositions were 
prepared via direct melting of a mixture of pure elements (Cu, Ga, Ge, and Se) with purity 
99.999% each. The atomic proportions of the constituents’ elements were adjusted to be 
(1:1:1:4). Then the mixture of elements has been sealed in a silica tube under vacuum of 
 10−3 Pa. A rocking electric furnace has been utilized to obtain our target ingots. The tem-
perature of the electric oven was increased gradually with the rate of 50 K/h until reaching 
to 1373  K. The sealed silica tube with its enclosed composition was maintained at this 
degree for 24 h within the oven. Then, the furnace was turned off and the tube was kept in 
the furnace in order to cool down to room temperature. Then the silica tube was carefully 
broken to obtain the  CuGaGeSe4 ingot for its use in preparing film samples.

High-quality  CuGaGeSe4 thin films were successfully fabricated using the electron 
beam deposition (UNIVEX 450-LEYBOLD, Germany). This vacuum deposition process 
has two major advantages. Since the electron beam is only focused on the source material 
in the crucible, the latter can receive a large quantity of energy. Hence higher deposition 
rates for the film with greater adhesion to the substrate can be obtained. There is also a 
lower degree of contamination from the crucible, which can be disposed of by heating the 
crucible before depositing the film samples. The vacuum inside the evaporation bell jar 
was adjusted to be 5 × 10−5 m bar. The accelerating voltage was adjusted at 6 kV and the 
electron beam current was fixed at 10 mA during the deposition. Moreover, a quartz thick-
ness monitor (Edward’s FTM5) has been utilized to monitor the thickness and deposition 
rate of the present  CuGaGeSe4 films. Four film samples of different thicknesses have been 
physically deposited on well pre-cleaned glass substrate, the film thicknesses were 250 nm, 
320 nm, 389 nm and 445 nm.

The structural properties of the  CuGaGeSe4 films were examined via an X-ray diffrac-
tion technique kind (X’Pert) with CuKα radiation. Moreover, the compositional elemen-
tal percentages and the surface morphology of CuGaGeSe4 thin films have been scanned 
and examined by the Quanta field emission scanning electron microscope, FE-SEM of the 
model (FeG-250). The applied accelerating voltage was 20 kV for all obtained micrographs 
at different magnification powers. All measurements were made at room temperature.

The optical parameters and properties were computed and discussed via measuring the 
transmittance, T and reflectance, R spectra of  CuGaGeSe4 thin films employing a double 
beam spectrophotometer JASCO, Japan) of the model (SP, V-570). Using T and R meas-
urements, the authors could obtain the absorbance, absorption coefficient, skin depth, the 
refractive index and its dispersion energies and parameters, in addition many other optical 
parameters. All optical studies were carried out at room temperature. The error in setting 
the optical parameters does not exceed ± 1% at the latest.

3  Results and discussions

3.1  Structural analysis

The structural features of the  CuGaGeSe4 thin films have been examined via the X-Ray 
diffractograms, the scanning electron microscope and the energy-dispersive X-ray spec-
troscopy scanning. Figure  1a depicts the X-ray diffraction (XRD) of the films under 
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investigation. The absence of any sharp peaks in the diffractograms has been taken as evi-
dence for the amorphous nature of the as-prepared  CuGaGeSe4 thin films. The absence of 
the polycrystalline nature in the prepared films could be attributed to the higher energy of 
the electron beam of the deposition technique and owing to the short deposition time of 
film samples. This enhances the presence of short-range order arrangement in the prepared 
films.

The field emission scanning electron microscope, FE-SEM investigations of the depos-
ited  CuGaGeSe4 thin films was depicted in Fig.  2. A homogeneous surface and free 
crack samples were obtained for the  CuGaGeSe4 thin films. The EDAX pattern of the 
 CuGaGeSe4 thin film with a thickness of 445 nm was depicted in Fig. 3. This pattern dis-
plays a stoichiometric composition for this investigated film (of thickness 445 nm). The 
micrograph confirms also the presence of the Cu, Ga, Ge, and Se peaks at their energy 
positions and with atomic ratios almost 1:1:1:4, respectively. The sample scanning was 
performed at several different places along the film surface and it was found that the values 
of EDAX were very close to each other. The error in the elemental percentages of any film 
sample was less than ± 1.0%.

3.2  Linear optical parameters

3.2.1  Transmittance and reflectance spectra

The variation of the transmittance (T) and reflectance (R) with the wavelength λ, for the 
deposited amorphous  CuGaGeSe4 thin films, were depicted in Fig. 4a, b. The analysis of 
these figures displayed that the transmittance of the  CuGaGeSe4 thin films reduced with 
increasing thickness of the  CuGaGeSe4 films owing to the increase of thin film’s absorb-
ance. On the contrary, the reflectance spectra have an opposite behaviour of the transmit-
tance. Also, it can see that the sum of both T and R is usually less than the unity, which 
confirms the good optical quality of film samples. Furthermore, the absorption edge of 
samples was shifted towards the higher wavelengths, owing to the approach of the sample 

Fig. 1  X-ray diffraction patterns 
of the  CuGaGeSe4 thin films at 
different thicknesses, as shown, 
the film samples have the amor-
phous structure
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Fig. 2  The FE-SEM micrographs of the  CuGaGeSe4 thin films at different magnification powers, as 
depicted, the ternary CuGaGeSe4 thin-film samples have a homogeneous surface and free crack samples
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Fig. 3  The EDAX spectra of the CuGaGeSe4 thin film of the thickness 445 nm as a representative example, 
it displays a stoichiometric composition for this investigated film. The micrograph affirms the presence of 
Cu, Ga, Ge, and Se peaks with the atomic ratios 1:1:1:4, respectively
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from the bulk behaviour as the thickness increases (Hassanien and Akl 2020; Hassanien 
et al. 2020a, b).

3.2.2  Absorption coefficient, skin depth and energy gap evaluation

In this work, the absorption coefficient, α of the amorphous CuGaGeSe4 films with various 
thicknesses were evaluated employing the following equation (El-Bana et al. 2017; Has-
sanien and Akl 2016; Sawaby et al. 2010):

Here d is the film thickness.
Figure  5a demonstrated the variation of the absorption coefficient, α with the wave-

length for the  CuGaGeSe4 thin films. This figure depicts that the absorption coefficient 
values increase with increasing the thickness of films. The absorption coefficient of 
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Fig. 4  The spectra of (a) The transmittance and (b) The reflectance of  CuGaGeSe4 films of different thick-
nesses as functions of the incident photon wavelength
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Fig. 5  a The absorption coefficient (α) as a function of wavelength, and b the skin depth (δ) versus the pho-
ton energy ( h� ), of  CuGaGeSe4 thin films at different film thicknesses
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 CuGaGeSe4 films have high values in the range of  104 cm−1, as the other chalcogenide film 
samples (Hassanien and Akl 2016).

On the other hand, the skin depth δ of the  CuGaGeSe4 thin films deposited at a various 
thicknesses (250 nm, 320 nm, 389 nm and 445 nm) has been computed via the following 
formula (Hassanien and Sharma 2019, 2020):

The skin depth δ variation with the photon energy of the  CuGaGeSe4 films was depicted 
in Fig. 5b. It is showed from this curve that the skin depth of the  CuGaGeSe4 thin films 
was decreased with increasing the photon energy until it arrived to a certain value, which 
is the cut-off wavelength. The value of the cut-off energy, Ecut-off for these amorphous 
 CuGaGeSe4 films was about 1.88  eV, which is corresponding to a cut-off wavelength, 
λcut-off about 660  nm. Furthermore, the skin depth of the  CuGaGeSe4 films is found to 
decrease with increment of the film thickness.

According to the Tauc’s relation, the bandgap energy of the  CuGaGeSe4 thin films was 
computed by (Tauc et al. 1966; Yahia et al. 2019):

Here A is a some constant and p shows the optical transition process’ type and it equals 
1/2 and 2 for a direct allowed and indirect allowed optical transitions, correspondingly. In 
the presented work the proper fit was found, for the amorphous  CuGaGeSe4 films, p = 2 
which implies the state of allowed indirect transition for the  CuGaGeSe4 thin films. This 
selection (p = 2) was obtained after many trials and plotting the different Tauc’s Plots, 
the authors found that the longest straight line is obtained as p = 2, which indicates to the 
allowed indirect transition. This result is in good agreement for Mott and Davis Model, 
who suggested that the probable electronic transition for the nanocrystalline samples is the 
allowed indirect transition (Mott and Davis 1979; Hassanien and Akl 2018a, b). Figure 6 
displays the plot of (αhν)1/2 versus the photon energy (hν) for the  CuGaGeSe4 thin films. 
From this plot, anyone can evaluate the optical energy gap value from the intercept of the 
extrapolation of the obtained straight line with the x-axis. Table 1 displayed the indirect 
Eg-values of the amorphous  CuGaGeSe4 films which decreased from 1.43 to 1.29 eV by 
increasing the film thickness from 250 nm to 445 nm. This behaviour could be related to 
the increase in structural defects that form localized states in the gap and then it decreases 
the film band gaps. In addition, lone-pair electrons of Se atoms form localized states at the 
top of the valence band tail and at the bottom of the conduction band. These formed local-
ized states lead to shrinking of the forbidden band-gap and to cause a broadening of the tail 
and hence decreases the bandgap width (Hameed et al. 2019; Hassanien and Akl 2015).

3.2.3  Refractive and absorption indices

According to Kramer’s–Kroning formula, the refractive index (n) of the  CuGaGeSe4 films 
was computed via this formula (Hassanien and Sharma 2020; Jebathew et al. 2019):
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The spectral variations of the refractive index (n) with wavelength for the  CuGaGeSe4 
films deposited at different film thickness was depicted in Fig.  7a. The analysis of this 
curve shows that the n-values of the  CuGaGeSe4 films were increased with increasing the 
film thickness. This behaviour shows a close agreement with the contribution of the elec-
tronic transition in the  CuGaGeSe4 thin films.

On the other hand, the absorption of light waves in the medium and the optical dielec-
tric parameters depends mainly on a very important optical absorbing parameter, which is 
the absorption index, k. This index (k) can be evaluated for the  CuGaGeSe4 films from the 
following relation (Kayani et al. 2019; El Radaf et al. 2018a, b):

Fig. 6  The plot of (�h�)1∕2 versus the photon energy ( h� ) of the  CuGaGeSe4 thin films at different thick-
nesses, to get the indirect optical energy-gap values

Table 1  The values of the energy gap using Tauc’s plots, (Eg)Tuac, the dispersion energy, Ed, the oscilla-
tor energy, Eo, the energy gap using single oscillator model, (Eg)WDD, Static refractive index, no, the static 
dielectric constant �

s
 , and the oscillator strength, f of the quaternary  CuGaGeSe4 thin films, the error values 

of estimated values do not exceed the range of ± 1%

Film thick-
ness (nm)

(Eg)Tuac (eV) Ed (eV) Eo (eV) (Eg)WDD (eV) no εs f (eV)2

250 1.43 7.94 2.89 1.445 1.93 3.74 22.98
320 1.36 8.72 2.68 1.340 2.06 4.24 23.41
389 1.33 9.48 2.55 1.275 2.17 4.71 24.17
445 1.29 10.36 2.43 1.215 2.29 5.26 25.18
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The spectral variation of the absorption index or the extinction coefficient (k) with 
the wavelength � for the  CuGaGeSe4 films of different film thicknesses was displayed in 
Fig. 7b. It can be observed from this plot that all the curves exhibit the same trend, where 
the absorption index (k) increases with increasing the film thickness.

3.2.4  Dispersion energies and parameters

The dispersion energies and parameters of the  CuGaGeSe4 thin films have a great role in 
identifying the materials used in optoelectronic applications. Therefore, the dispersion 
parameters of the  CuGaGeSe4 thin films have been computed using the Wemple–DiDo-
menico formulas (Wemple 1973; Wemple and DiDomenico Jr 1971):

Here Ed represents the dispersion energy, and Eo is the single oscillator energy and n 
denotes the refractive index. The values of Eo and Ed for the  CuGaGeSe4 films were calcu-
lated according to Eq. (6) and by plotting a graph between the (n2 − 1)−1 versus the (ℏ�)2 
as illustrated in Fig. 8a. The graph yields a straight line its slope and intercept equivalent 
(EoEd)−1 and (Eo/Ed) respectively.

The dependences of Eo and Ed on the thickness of the  CuGaGeSe4 thin films were pre-
sented in Fig.  8b. It is observed from the plot that the dispersion energy Ed raised with 
raising the film thickness while the oscillator energy Eo exhibits a reverse manner to Ed. 
Moreover the static dielectric constant �s , the static refractive index no and the oscillator 
strength f of the  CuGaGeSe4 films were evaluated according to the presented relations (Aly 
2010; Hassanien 2016; Mohamed et al. 2019; Sharma and Katyal 2008):
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Table  1 displayed the determined values of the static dielectric constant �s , the static 
refractive index no and the oscillator strength f of the amorphous  CuGaGeSe4 thin films. It 
is observed that, increasing the film thickness leads to increase the values of the dispersion 
energy,  Ed, the static index of refraction, no, the static dielectric constant, �s , and the dielectric 
strength, f of these novel chalcogenide  CuGaGeSe4 thin-film samples.

3.3  Optoelectrical parameters

3.3.1  Optical dielectric constants

According to the n and k calculations, the real and imaginary part of the dielectric constants of 
the  CuGaGeSe4 films were computed by these simple formulas (El-Nahass and Farag 2012; El 
Radaf and Abdelhameed 2018):

Here ε1 and ε2 present the real and the imaginary part of the dielectric constant. Figure 9a, 
b depicts that the value of ε1 and ε2 increase with increasing the film thickness. These good 
obtained results and the performance of the dielectric parameters reveals the good optical 
response of the amorphous CuGaGeSe4 thin films.
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3.3.2  Optical carrier concentration and relaxation time

In this study, both the charge carrier concentration to effective mass ratio (Nopt∕m
∗) , and the 

lattice dielectric constant �L , of the  CuGaGeSe4 films can be evaluated via the relation (Fouad 
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Table 2  The lattice dielectric constant, εL, the ratio of the charge carrier concentrations to the effective 
mass (Nopt/m*), time constant, τ, optical mobility, µopt, optical resistivity, ρopt, third order susceptibility, � (3) , 
and nonlinear refractive index, n

2
 of the  CuGaGeSe4 thin films of different thicknesses (the error values of 

estimated values do not exceed the range of ± 1%)

Film 
thickness 
(nm)

εL Nopt/m* 
(× 1042)  (g−1 
 cm−3)

τ (× 10−25) s µopt 
(× 10−6) 
(C s/kg)

ρopt 
(× 1057) 
(
kg m3

C s
)

�
(3) × 10−12 (esu) n2 × 10−11 (esu)

250 3.72 49.76 9.27 4.47 1.39 0.38 0.75
320 4.21 50.97 8.175 4.86 1.54 0.75 1.38
389 4.65 53.61 7.14 5.69 1.90 1.31 2.26
445 5.04 55.01 6.72 6.98 2.39 2.25 3.71
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et al. 2006; El Radaf 2019):

Here e is the electronic charge, c represents the speed of light, while �o represents the elec-
tric permittivity of free space. Figure 10a implies the reliance of n2 on �2 for the  CuGaGeSe4 
films. The values obtained for both (Nopt∕m

∗) , �L are listed in Table 2. It is observed that the 
ratio Nopt∕m

∗ raises with enlarging the film thickness. This indicates that the expansion in 
film thickness is associated with an increase in the charge carrier concentration. This could be 
attributed to the increase in the lone-pair electrons of Se atom in the film. On the other hand, 
the values of �L increases with increasing the film thickness. This trend could be attributed 
to the possibility of achieving a degree of ordering in the  CuGaGeSe4 films which enhance 
atoms arrangements in the film as contrasted to other investigated films. Hence the �L value 
increases in this film.

Furthermore, the relaxation time, τ, of the  CuGaGeSe4 films can be determined by utilizing 
the following formula (Ali et al. 2018; Elsaeedy 2019):

The dependence of imaginary dielectric constant ε2 on the alteration in λ3 or the 
 CuGaGeSe4 films is presented in Fig. 10b and we can evaluate the relaxation times, τ, of the 
 CuGaGeSe4 thin films from the slope of this figure. In addition, the values of relaxation times, 
τ, for the  CuGaGeSe4 thin films found to decrease with raising the film thickness.

3.3.3  Optical mobility and optical resistivity

In this work, the optical resistivity ρopt and the optical mobility µopt of the  CuGaGeSe4 films 
have been computed via the expressions (Hamrouni et al. 2018; Sharma et al. 2016):

The computed values of both the optical resistivity ρopt and the optical mobility µopt are 
recorded in Table 2 for the present amorphous  CuGaGeSe4 films deposited at various thick-
nesses. It is observed that the value of both the µopt and ρopt increase with increment of the film 
thickness. These results are in good consistency with the other previously published works 
(Shkir et al. 2019a, b).

3.3.4  Optical and electrical conductivity

The optical and electrical conductivities of the  CuGaGeSe4 thin films were computed via the 
following expressions (Darwish et al. 2019; AlKhalifah et al. 2020):
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Here �opt denotes the optical conductivity, c represents the speed of light, �e denotes the 
electrical conductivity, α denotes the absorption coefficient and n is the refractive index.

Figure 11a depicts the variation of the optical conductivity with the photon energy for the 
present amorphous  CuGaGeSe4 films. It can observe from this figure that the optical conduc-
tivity values increase with increasing the film thickness. This is due to the increasing of the 
charge carriers (see Table 2). Moreover, the optical conductivity increases also as increasing 
the incident photon energy. This trend could be interpreted as a result of increasing the excita-
tion process of the electronic charges by increasing the incident photon energy. Figure 11b 
illustrates the variation of the electrical conductivity as function of the photon energy for the 
 CuGaGeSe4 films. It can be seen from this curve that, the electrical conductivity values of 
the  CuGaGeSe4 films increase also with increasing the film thickness; while they decrease as 
increasing the incident photon energy.

3.4  Nonlinear optical characterization

The investigation of the nonlinear characteristics of any semiconducting material is very 
important, where the knowledge of theses information paves the way for detecting the pos-
sibility of exploiting studied materials in various applications such as high capacity commu-
nication systems, optical circuits, and photonic applications. In this study, the third-order non-
linear optical susceptibility � (3) and the magnitudes of the nonlinear refractive index n

2
 for the 

 CuGaGeSe4 films was computed by the below Miller’s formulas (Alharbi et al. 2016; Darwish 
et al. 2017; Ganesh et al. 2017; El Radaf et al. 2019b; Shkir et al. 2019b):

(17)�e =
2λσopt

α

(18)�
(3) = B

[

n2
0
− 1

4�

]4

(19)n
2
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12�� (3)
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Fig. 11  a The dependence of the optical conductivity and b The electrical conductivity as functions of the 
photon energy for the  CuGaGeSe4 thin films
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where n
0
 represents the value of the static refractive index and B is a constant value, equals 

to 1.7 × 10
−10 esu (Hassanien et al. (2016). Table 2 displays the values of � (3) and n2 of the 

amorphous  CuGaGeSe4 films of different thicknesses. Moreover, Fig. 12 depicts also that 
the values of � (3) and n2 of the  CuGaGeSe4 films increases as increasing the film thickness.

4  Conclusions

In this work, the electron beam deposition technique was employed to synthesis good 
quality  CuGaGeSe4 thin films at different thickness. The XRD results presented that the 
 CuGaGeSe4 films have the amorphous nature. The energy dispersive X-ray spectroscopy 
analysis, EDAX confirmed the elemental composition percentages, where the elemental 
ratios were detected as 1:1:1:4, which affirm the chemical composition of the amorphous 
 CuGaGeSe4 thin films. The transmission and reflection spectra were utilized to produce and 
analysis the optical properties of the film samples. The optical results displayed that the skin 
depth and the indirect optical band gap of the  CuGaGeSe4 films were found to decrease with 
increase the film thickness, while the absorption coefficient has the opposite behaviour.

The refractive index dispersion energies and parameters of the  CuGaGeSe4 films were 
computed and discussed. It was found that increasing the film thickness of the amorphous 
 CuGaGeSe4 thin-film samples leads to increase the dispersion energy, static refractive 
index, static dielectric constant, oscillator strength. On the contrary, the oscillator energy, 
the relaxation time and the energy gap using single oscillator model, (Eg)WDD were 
decreased. Moreover, the optical conductivity and the non-linear optical parameters of the 
 CuGaGeSe4 thin films were increased with the film thickness. These results are in good 
matching with the results previously obtained, which confirm on the good quality of the 
film samples.

These good optical findings strongly support the use of these films in many potential 
optical applications, especially in solar cells as a good absorber layer for thin-film solar 
cells. Therefore, these CuGaGeSe4 thin films can be used as a substitute for the films of 
“CuInGaSe2”, since their optical properties strongly qualify them to be used, in addition to 
the abundance of their ore materials and lower costs of their preparation.

Fig. 12  The dependence of 
third-order nonlinear optical 
susceptibility ( � (3) ) and nonlin-
ear refractive index (n2) on the 
thickness for the  CuGaGeSe4 
thin films
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