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Abstract
This study presents the preparation of novel  Cu2MnGeS4 thin films deposited on glass substrates, for the first time by an 
inexpensive spray pyrolysis technique. The crystal structure of the  Cu2MnGeS4 samples was checked via the X-ray diffrac-
tion technique. The field-emission scanning electron microscope is used to investigate the surface morphology of the present 
films. Energy-dispersive spectroscopy has been employed to detect the compositional elemental percentage of thin films. 
Some structural parameters and defects, of the  Cu2MnGeS4 samples, like the microstrain, the crystallite size, the disloca-
tion density, and crystallites per unit surface area have been computed, studied and discussed. The experimental transmit-
tance and reflectance spectra of the  Cu2MnGeS4 samples have been measured to evaluate the linear and nonlinear optical 
parameters. The linear optical results indicate that  Cu2MnGeS4 samples displayed a directly allowed optical transition and 
the optical energy gap values were reduced from 1.495 to 1.301 eV by increasing the thickness. Moreover, the dispersion 
parameters obtained and discussed via the Wemple-DiDomenico model. In addition, the nonlinear optical parameters of the 
 Cu2MnGeS4 samples were computed and analysed. The hot-probe experiment indicates that the  Cu2MnGeS4 films exhibited 
p-type conductivity.

1 Introduction

Nowadays, the research of material science is heading to 
produce a more efficient, easily fabricated, and low-cost 
absorber layer suitable for thin-film solar cells, using 

efficient elements, earth-abundant and at the same time 
low-cost semiconductor materials. In the past, most of 
the published articles were concentrated on the CdTe and 
 CuInGaSe2 thin films as good absorber layers for solar cells. 
But because of the preparation methods that require high 
technology, complicated procedures or more expensive; 
whether these techniques are co-evaporation, sputtering, 
selenization, and some other non-vacuum ways like the elec-
tro-deposition, pulsed laser deposition and others [1–3], as 
well as the high price of these used elements and the toxicity 
of their some elements, make the researcher concentrated on 
fabricating a new family of materials. This family character-
ized by (1) their efficiency, (2) ease and availability of the 
possibilities to their preparation, (3) inexpensive or of lower 
costs, (4) earth-abundant, and (5) low toxicity.

This new family of materials is called kesterite materi-
als, which are classified as p-type materials that have a 
larger absorption coefficient and lower bandgap. There-
fore, they are used as new promising absorber layers 
for solar cells. Copper-based kesterite thin films, like 
 Cu2ZnSnS4,  Cu2ZnSnSe4, and  Cu2NiSnS4, have attracted 
attention for their potential application in photovoltaic [4], 
owing to their high absorption coefficient, ideal bandgap, 
low toxicity, and high thermal stability [5–8]. The good 
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optoelectronic properties, efficiency, nontoxicity, and 
earth-abundant, as well as the lower prices of Cu, Zn, 
Sn, and S make the  Cu2ZnSnS4 composition suitable for 
photovoltaic applications, where they can produce more 
electricity. The last articles displayed the importance of 
the CZTS films which can provide a solar cell with an 
efficiency to about 9.6% using the thermal evaporation 
technique [9] and the efficiency can be reached to 12.6% 
using the electrodeposition method [10].

The kesterite thin films of the quaternary  Cu2MnGeS4 
and its similar compositions are new semiconductor mate-
rials that have unique and distinctive properties, just like 
the  Cu2ZnSnS4 thin films. This composition is crystal-
lized either in the orthorhombic superstructure of a space 
group  Pmn21, which is known as Wurtz-stannite or in the 
tetragonal structure of the space groups’ (I 

−

4 2 m, P 
−

4 or 
I 
−

4 ) structures [11, 12]. Moreover,  CuMnGe4 thin films 
are direct bandgap semiconductors characterized by their 
high absorption coefficient and adjustable bandgap that 
can be adjusted. Therefore, these distinctive  Cu2CoSnS4, 
 Cu2FeSnS4,  Cu2ZnSnS4 and  Cu2MnGeS4 films correspond 
positively with the solar spectrum. Therefore, these dis-
tinctive films correspond positively with the solar spec-
trum [13, 14]. Hence, they become suitable to produce a 
good absorber layer for solar cells. For these reasons, the 
films of these materials are considered fertile materials 
for future scientific solar and space researches [13–15].

Previous studies have displayed that there are no arti-
cles dealing with the manufacturing or characterization of 
the current novel  Cu2MnGeS4 thin films. Therefore, the 
authors found it very difficult to compare their obtained 
results with previous ones. But to overcome this prob-
lem, the authors resorted to citing similar works, such 
as  Cu2ZnSnS4,  Cu2MnSnS4 and  Cu2ZnGeSe4, especially 
since they have previously published works like this pre-
sented work. They have studied the structural, optical and 
optoelectronics properties of some similar thin films [16, 
17].

The primary motivation behind this article was the 
authors’ desire to complete their preparation and study of 
these compositions and their thin films. The authors have 
begun to study the quaternary polycrystalline  Cu2MnSnS4 
and  Cu2ZnGeSe4 thin-film samples before and are currently 
studying  Cu2MnGeS4 films, to reach the optimum compo-
sition and the best thickness of films that can be general-
ized for usages in photovoltaic and solar energy applica-
tions. Hence, this research aims to prepare homogeneous 
and high-quality thin films and then to study the structural, 
optoelectrical, linear and nonlinear optical properties. So, in 
this work, the authors present the novel fabrication of new 
absorber  Cu2MnGeS4 thin films by spray pyrolysis technique 
for the first time. Then, they have investigated and discussed 
these properties.

2  Experimental details

High-quality  Cu2MnGeS4 films have been fabricated suc-
cessfully using an inexpensive spray pyrolysis technique 
via the reaction between high-purity 0.1 M copper chlo-
ride, 0.05 M manganese chloride, 0.05 M  GeCl4 and 0.2 M 
thioacetamide  CH3CSNH2 as a source of copper, manga-
nese, germanium and sulphur ions. A double-distilled 
water was used for the preparation of the  Cu2MnGeS4 
solution. The  Cu2MnGeS4 solution was magnetically 
stirred at 60 °C for 1 h to get a uniform brown solution. 
The  Cu2MnGeS4 solution was sprayed on the glass sub-
strate via the spray pyrolysis technique according to the 
following conditions: the solution flow rate equal 20 ml/
min, the substrate temperature equal 350 °C, the pressure 
of air equals 3 atm., and the distance between the nozzle 
and the substrate was adjusted to be 30 cm. The film thick-
ness of the  Cu2MnGeS4 thin films was evaluated using 
an alpha-step D-500 stylus profilometer. In addition, the 
microstructural properties of the  Cu2MnGeS4 films were 
examined via an X-ray diffraction technique type (X’Pert) 
with CuKα radiation, of wavelength 1.54106 Å. Moreo-
ver, X-ray diffraction is an appropriate way to well verify 
the formed phases and whether there is more than one 
phase or not, and besides, to examine the crystallinity/
non-crystallinity nature of samples, too. The continuous 
scanning was operated at a slow scanning rate 1°/min and 
the applied time constant was small ≈ 1 s; besides, the 
applied powerful energy ≈ 8.042 keV. These conditions 
are enough to well investigate the synthesized films and 
detect any possible diffraction peaks, especially between 
the two diffraction angles (25°–35°). Consequently, X-ray 
diffraction diagrams give good and enough information 
about the formation nature of the film samples and the 
formed single  Cu2MnGeS4 phase, as well as it is a cheap, 
easy, fast and highly reliable technique [18–20].

On the other hand, the field-emission electron scan-
ning microscope, FE-SEM (Quanta Fe G 250), was used 
to examine the surface morphology of  Cu2MnGeS4 thin 
films. This FE-SEM is equipped with a separate attach-
ment of the energy-dispersive X-ray spectroscopy, EDAX, 
to investigate the elemental composition ratios of each film 
sample. The operated voltage during the scanning process 
of film samples was 20 kV. The magnification power of 
the SEM was enlarged to well examine the surface nature 
of films. It was focused on surface nature and the parti-
cle size on the surface of the present films and to analyse 
their compositional elements. Moreover, the transmit-
tance (T) and reflectance (R) optical data of the sprayed 
 Cu2MnGeS4 samples were recorded via a programmable 
double-beam spectrophotometer kind (SP, V-570, JASCO, 
Japan). It is worth mentioning that this computerized 
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spectrophotometer contains two cells, one specialized for 
the investigated sample and the other is for the reference 
material. Therefore, when the authors have recorded the 
spectrophotometric measurements of both T- and R-spec-
tra in the studied spectral range (400–2500 nm), a glass 
slide of the same type of used substrates has been placed 
in the spectrophotometer cell, SP, as a reference mate-
rial. And since, there is a software program installed on 
this used SP that performs these calculations, automati-
cally and the result is the effect of the film material, only. 
Therefore, this computerized SP subtracts the effect of the 
reference material from the recorded values, and the result 
is because of the film, only. Hence, the represented T- and 
R-spectra have been computerized corrected.

3  Results and discussion

3.1  Structural analysis

The crystal structure of the  Cu2MnGeS4 samples was checked 
by the X-ray diffraction instrument of (X’Pert) type and the 
obtained XRD charts are illustrated in Fig. 1. It is noted that 
the  Cu2MnGeS4 film samples are polycrystalline and the 
indexed planes of these samples are in a good match with the 
standard data. In addition, the diffraction peaks of this pattern 
were positioned at the following (2θ): 27.46°, 29.15°, 36.54° 

and 52.74° corresponding to the following diffraction planes 
(210), (120), (320), and (213), respectively. The analysis of 
X-ray data exhibits also that the prepared films belong to the 
orthorhombic crystal system. Moreover, the X-ray diffraction 
patterns do not show any other formed phase, which affirms a 
single phase of  Cu2MnGeS4 is present, only; where the applied 
conditions able to detect any probable diffraction lines. Hence, 
the obtained results are in good consistency with the JCPDS 
No. 89-1953.

Furthermore, some structural parameters and defects of 
these polycrystalline  Cu2MnGeS4 films, such as the crystallite 
size (D), dislocation density (δ), the number of crystallites per 
unit surface area NC and the strain function (ε), were computed 
according to the below Scherrer formulas [21–24]:

(1)D =
0.9�

� cos �

(2)� =
1

D2

(3)NC =
t

D3

(4)�s =
� cos (�)

4

Fig. 1  X-ray diffraction patterns 
of the  Cu2MnGeS4 thin films
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Here, t and β are the film thickness of the  Cu2MnGeS4 
samples and the full width at the half maximum (FWHM), 
respectively. It is worthy to mention that to get the exact value 
of the broadening, β of film samples, the Gaussian distribution 
function at the full width at half maximum was used [25–27]. 
It is worth to mention that the β-values were computed for 
all observed diffraction peaks. Then, the values of D , � , NC , 
and �s were computed for all lines and the average values 
were considered. Table 1 reports these average computed val-
ues for the  Cu2MnGeS4 thin films. The tabulated results in 
Table 1 demonstrate that increasing the film thickness of the 
 Cu2MnGeS4 thin films is accompanied by an increase of the 
size of the crystallites (D), whilst it will reduce the size of the 
strain function (ε), number of crystallites per unit surface area 
NC and the dislocation density δ for the  Cu2MnGeS4 films. 
Figure 2 shows the dependence of the crystallites size (D) and 
the number of crystallites per unit surface area NC on the thick-
ness of the  Cu2MnGeS4 samples. It can be seen that the crys-
tallinity improvement of films increases as the film thickness 
was increased. This improvement is owing to the agglomera-
tion of small crystallites and the regularity of stacking atoms 
together and forming larger clusters, which leads to smaller 

vacancies. Thereby, the values of the crystal defects of film 
samples decreased, as listed in Table 1 [14, 21–23].

In addition, the investigations of the field emission scanning 
electron microscope, FE-SEM, of the sprayed  Cu2MnGeS4 
samples are depicted in Fig. 3. It was focused on surface 
nature and the particle size on the surface of the present films 
and to analyse their compositional elements. Figure 3 shows 
these SEM micrographs and EDAX spectra. It can be seen 
from Fig. 3a, b, d that the present films have a good surface 
nature and of high homogeneity, as well as they are free crack. 
Moreover, the EDAX results of the  Cu2MnGeS4 thin films, as 
shown in Fig. 3c and d, display a stoichiometric composition 
for the investigated films and confirm the presence of the Cu, 
Mn, Ge, and S peaks with an atomic ratio near to 2:1:1:4, 
respectively. It is worth mentioning that the scanning process 
of the film surface was carried out in different positions along 
the surface of films to well detect the constituent elemental 
percentages. The error in the detected compositional elements 
did not exceed ± 1%.

3.2  Linear optical analysis

In this work, the linear optical parameters of the  Cu2MnGeS4 
samples were computed by determining the transmittance (T) 
and reflectance (R) data. The dependence of the (T) and (R) on 
the λ, for the  Cu2MnGeS4 samples, is depicted in Fig. 4a and 
b, respectively. It is worth mentioning that T- and R-spectra 
analysis for the polycrystalline  Cu2MnGeS4 film samples dis-
plays that at lower wavelengths (λ ≤ 700 nm) that the sum of 
their intensities is largely less than the unity (T + R ≪ 1); but 
after this wavelength, it is almost equal the unity, where T + R 
≈ 1 for all films. This indicates that at higher wavelengths in 
the NIR-region the absorption nature of films becomes very 
small. Moreover, the intensity of T-spectra decreases, whilst 
that of R-spectra increases with the increasing thickness of 
 Cu2MnGeS4 thin films along all the studied spectra. This is 
almost owing the increased absorption of the samples, as it 
will be observed in the next figure. Similar results have been 
observed by Al-Zahrani (2020) when studying the optical 
properties of  Cu2CoSnS4 thin films [14, 16]

3.2.1  Absorption coefficient and skin depth

The absorption coefficient α of the  Cu2MnGeS4 samples 
deposited at a various thickness (197 nm, 274 nm, 315 nm 
and 428 nm) was evaluated through the following equation 
[28, 29]:

Here, d denotes the film thickness. Therefore, using 
R and T measurements, it could obtain the absorption 

(5)� =
1

d
ln

[

(1 − R)2

2T
+

(

(1 − R)4

4T2
+ R2

)1∕2
]

.

Table 1  The average values of the grain size D , the microstrain func-
tion ε, the dislocation density � and the number of crystallites of the 
 Cu2MnGeS4 thin films

Thickness (nm) D (nm) ε × 10–3 δ × 10–4 (nm)−2 NC × 10–3 
(line/nm3)

197 18.00 3.58 3.09 33.94
274 21.00 3.27 2.23 28.83
315 28.00 1.91 1.31 14.85
428 47.00 0.67 0.45 4.21

Fig. 2  The dependence of both the crystallite size D and the number 
of crystallite N on the thickness of the  Cu2MnGeS4 thin films
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coefficient spectra. Figure 5a illustrates the variation of 
α with the λ for the  Cu2MnGeS4 samples. This figure dis-
plays also that the magnitudes of the absorption coefficient 
increased with the increasing thickness of films. From this 
figure, it can be observed that the absorption coefficient 
increases slightly with increasing film thickness. The rea-
son is due to the improvement of the crystallinity of the 

polycrystalline  Cu2MnGes4 thin films, which is confirmed 
also from the obtained values of the crystallite size of the 
present nanosized  Cu2MnGes4 film samples (Please see 
Table 1). Where, the larger the thickness, the better the 
degree of crystallization of films. Consequently, there is 
an improvement of the stacking of the layers of the film, 
the closer the atoms are to each other, with a reduction 

Fig. 3  a and b illustrate the Fe-SEM micrographs, whilst c and d depict the EDAX spectra of the two film samples of lower and higher thick-
nesses of the polycrystalline  Cu2MnGeS4 film samples (197 nm and 428 nm), respectively, as representative examples

(b)(a)

Fig. 4  Both the a transmittance and b reflectance spectra of the polycrystalline  Cu2MnGeS4 thin films under investigations
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in the disorders of atoms, and the diminished the exist-
ing vacancies [30–32]. Thereby, this led to an increase in 
the absorption of the film for the incident electromagnetic 
waves upon the film sample.

On the other hand, there is a crucial optical parameter 
that should be studied here because of it has great impor-
tance, it is the skin depth. Skin depth (δ) is the thickness 
at which the optical photon intensity turns out to equal 
(1/e) of its value on the surface of the film. The value 
of δ depends on two main parameters, they are the pho-
ton frequency and the conductivity of the film, where it 
inversely proportional to both. Therefore, the optical band-
gap energy will strongly depend on this parameter, where 
the greater the skin depth, the lower the narrower of the 
forbidden bandgap and vice versa [18, 33]. The skin depth, 
�, of the  Cu2MnGeS4 thin films at different thicknesses 
(197 nm, 274 nm, 315 nm and 428 nm) has been evaluated 
via the below relation [34, 35]:

The variation of the δ of the  Cu2MnGeS4 samples with 
the photon energy (hν) is displayed in Fig. 5b. It is noted that 
the skin depth of the  Cu2MnGeS4 thin films was decreased 
with increment of the photon energy until it arrived at the 
cut-off wavelength. The value of the cut-off energy, Ecut-off, 
of the  Cu2MnGeS4 samples was about 2.73 eV and the value 
of the λcut-off was about 454 nm. As it is observed here that 
the value of the cut-off energy is relatively intermediate 
value as the values of Eg as it will be discussed later. Fur-
thermore, the δ values of the  Cu2MnGeS4 films are found 
to decrease with the increment of the film thickness. This 
is owing to the inversely proportional relationship between 
the skin depth and the absorption coefficient [14, 18, 36].

(6)� =
1

�
.

3.2.2  Absorption index and energy gap evaluating

The absorption of light waves and the optical dielectric 
parameters of any medium depend mainly on the absorp-
tion index [37, 38]. This optical index (k), for the nanosized 
 Cu2MnGeS4 film samples, was evaluated by the below equa-
tion [39, 40]:

The spectral variations of k with � for the  Cu2MnGeS4 
films of different film thicknesses are displayed in Fig. 6a. 
It can be observed from this plot that all the curves exhibit 
the same trend, where the absorption index (k) very slightly 
increases with the increment of the film thickness. Gener-
ally, the k values are very small and decreases dramatically 
from about 0.30 at lower wavelengths (less than 500 nm) 
to become less than 0.05 in the visible region. Moreover, 
almost after 1000 nm, the k values more decreased to reach 
values less than 0.035. This means that at lower photon 
energies, the scattering or absorption of the electromagnetic 
waves is reduced and the conductivity is more increased.

On the other side, and according to the Tauc’s relation, 
the bandgap energy of the  Cu2MnGeS4 thin films was com-
puted by [41–43]:

Here, A is some constant and r is another constant; it 
has the values of 2 and 1/2 for indirect allowed and directly 
allowed transitions, respectively. In this work, the proper fit 
was found for r = 1∕2 which implies the state of allowed 
direct transition of the  Cu2MnGeS4 thin films. Figure 6b 
displays the plot of (αhν)2 against hν for the polycrystalline 

(7)K =
��

4�
.

(8)�h� = A
(

h� − Eg

)r
.

(b)(a)

Fig. 5  The dependence of the spectra of a absorption coefficient on the wavelength and b the skin depth � on the photon energy h� , for the 
 Cu2MnGeS4 thin films of different thicknesses
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 Cu2MnGeS4 films. From this plot, it can evaluate the values 
of the direct energy gap, which are tabulated in Table 2. 
The direct energy gap values for the  Cu2MnGeS4 samples 
decreased from 1.495 to 1.301 eV as the film thickness was 
increased. This decrease in the values of the optical band-
gap energy,  Eg, can be also attributed to the improvement 
of the crystallinity of the polycrystalline  Cu2MnGeS4 thin 
films, as mentioned before. Where the greater the thickness, 
the improving the crystallization of films was. Where the 
atoms become closer to each other, the stacking of the layers 
of the film becomes better, thereby there is a reduction in 
the disorders of atoms which led to diminishing the exist-
ing vacancies [29–31]. Consequently, the energy bandgap 
slightly decreases from 1.495 to 1.301 eV as the film thick-
ness increases from 197 to 428 nm. These results are in good 
match with similar published work by Al-Zahrani [14] and 
El Saeedy, et al. [44], when they studied the optical proper-
ties of  Cu2CoSnS4 and  Cu2FeSnS4 thin films, respectively.

Moreover, the interrelationship between the estimated 
values of the microstructural parameters (crystallite size 
and microstrain function) and the obtained optical band-
gap energy values should be discussed here. As a result of 
increasing the film thickness, it was found that the crystallite 
size increased. This in turn leads to the improvement of the 
crystallization of the films. Therefore, this crystallization 

improvement led to a decrease of the strain function, as 
computed and then tabulated in Table 1. On the other side, 
and as it is known, the stress is directly proportional to the 
strain and the proportionality is Young’s Modulus, Y. Hence, 
the improvement of the crystallization of films leads to a 
decrease in the internal stress and the lattice deformation 
of the crystal lattice, too (as listed in Table 1). Thus, the 
electrons of atoms become freer and could move easily 
and move from the valence band, VB, to the conduction 
band, CB. This only happens if the width of the bandgap is 
reduced, too, or the increasing of the localized states formed 
in the forbidden gap due to the disorder of S-atoms [8, 14, 
29, 44]. This is indeed was obvious, as the optical bandgap 
energy values decreased as the film thickness increased, as 
reported in Table 2. Furthermore, the film conductivity has 
increased due to the shrinkage of the bandgap value, which 
will be discussed later in Sect. 3.2.5. Similar results have 
been observed by several authors when studying the optical 
properties of  Cu2CoSnS4 and  Cu2FeSnS4 thin films [14, 44].

3.2.3  Refractive index and dispersion analysis

The importance of the refractive index is owing to the extent 
of the influence of matter by electromagnetic waves. The 
value of the refractive index is a variable parameter, where 

(a) (b)

Fig. 6  a The absorption index as a function of wavelength and b the plotting of (�h�)2 versus the photon energy h� , for the quaternary 
 Cu2MnGeS4 thin films

Table 2  The values of the 
energy gap and the oscillator 
parameters for the  Cu2MnGeS4 
thin films

Thickness (nm) Eg (eV) Ed (eV) Eo (eV) no εs f (eV)2

197 1.495 5.442 3.451 1.605 2.577 18.780
274 1.425 5.823 3.379 1.650 2.723 19.676
315 1.345 6.481 3.260 1.729 2.988 21.128
428 1.301 7.280 3.109 1.828 3.342 22.633
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it depends on the wavelength of the electromagnetic wave. 
In general, the higher the density of the material, the greater 
the refractive index of that material, which means a decrease 
in the speed of light or decreasing the spreading of electro-
magnetic waves through this material. The refractive index 
consists of two parts; the real and imaginary parts. When 
light propagates through an absorbent material, the refrac-
tive index of that substance can be described by a complex 
number. The real part (n) expresses the refraction of incident 
light by the matter, whilst the imaginary part of this complex 
number expresses the attenuation of the incident light waves. 
According to Kramer–Kroning’s formula, the real part of 
the refractive index (n) of the  Cu2MnGeS4 films could be 
computed via this form [45–47]:

Here, R and T are the reflectance and transmittance of the 
 Cu2MnGeS4 films deposited at different film thicknesses. 
Using Eq. (9), it could obtain the spectral variation of (n) as 
a function of (λ), then it is depicted in Fig. 7a. The analysis 
of this curve illustrated that the (n) of the  Cu2MnGeS4 sam-
ples has an anomalous dispersion in λ < 715 nm and there is 
a normal dispersion in λ > 715 nm. In addition, the n values 
were increased with the increment of the film thickness. This 
increase is also attributed to the improvement in the crystalli-
zation of the films, the atoms become closer to each other, and 
thereby their agglutination and arrangement become better. 
Thus, this is what was occurred and led to an increase in the 
refractive index with the increase of the film thickness [22, 34]. 
This behaviour shows a close agreement with the contribution 
of the electronic transition in the  Cu2MnGeS4 thin films that 

(9)n =
1 + R

1 − R
+

(

4R

(1 − R)2
− k2

)1∕2

.

can lead to some remarkable changes in the optical param-
eters. Some previous works have been published before and 
had almost compatible results with those obtained [14, 16, 44].

Moreover, the dispersion parameters of the  Cu2MnGeS4 
samples have a greater role in identifying the materials for 
their usages in the different optoelectronic applications. There-
fore, the dispersion parameters of the  Cu2MnGeS4 samples 
should be computed and studied. The single oscillator model 
of Wemple-DiDomenico was used to study these parameters, 
via utilizing these formulas [48, 49]:

Here, Ed represents the dispersion energy and Eo the single 
oscillator energy. The values of Eo and Ed for the  Cu2MnGeS4 
films were calculated according to Eq. (10) and by plotting a 
graph between the (n2 − 1)−1 versus the (h�)2 as demonstrated 
in Fig. 7b. The graph yields a straight line; its slope and inter-
cept give (EoEd)−1 and (Eo/Ed), respectively. Moreover, the 
dependences of Eo and Ed on the thickness of the  Cu2MnGeS4 
samples are given in Fig. 8. It is noted from this plot that the 
Ed values increased with the increasing film thickness, whilst 
the Eo exhibits the reverse manner of Ed. In addition, the static 
dielectric constant �s , the static refractive index no and the 
oscillator strength f of the  Cu2MnGeS4 films were evaluated 
according to these presented relations [50–53]:

(10)n2 = 1 +
EoEd

E2
o
− (h�)2

.

(11)f = EoEd

(12)no =

√

1 +
Ed

Eo

(a) (b)

Fig. 7  a The refractive index as a function of wavelength and b the dependence of 
(

n
2 − 1

)−1 on (h�)2 , for the  Cu2MnGeS4 thin films under study
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Table 2 displays the magnitudes of the static dielectric con-
stant �s , the static refractive index no and the oscillator strength 
f of the  Cu2MnGeS4 thin films. It is noted that by increas-
ing the film thickness the magnitudes of the f, no and �s were 
increased. Whereas, these parameters are highly dependent 
on the refractive index values, which increased as the film 
thickness increased. Therefore, the increased values of these 
parameters (f, no and �s ) are attributed to this increase in the 
refractive index values, which resulted from the improvement 
of the crystallization of films, the approach of atoms to each 
other and their arrangement in a more stacking way, as well as 
minimizing the crystal defects and the vacancies [14, 30, 44]. 
In literature, comparable results have been reported when the 

(13)�s = n2
o

dispersion parameters of  Cu2CoSnS4 and  Cu2FeSnS4 thin films 
have been studied [14, 44].

3.2.4  Optical dielectric constants

According to the n and k calculations, the real part of dielectric 
constant ε1 and the imaginary part of the dielectric constant ε2 
of the  Cu2MnGeS4 samples were computed by [54, 55]:

Figure 9a and b depicts that the values of ε1 and ε2 were 
increased with increment of the film thickness. In addition, the 
performance displays a good optical response of the dielec-
tric constants with the lattice parameter and particle size of 
 Cu2MnGeS4 thin films. As discussed before, these dielectric 
parameters are also dependent upon the refractive index val-
ues, which increased as film thickness was increased due to the 
improvement of the film crystallization and reduction of the 
atomic interplanar distances, as well as minimization of the 
crystal defects and the vacancies [20, 30].

3.2.5  Optical and electrical conductivity evaluation

In this work, the optical conductivity �opt and electrical con-
ductivity �e of the sprayed  Cu2MnGeS4 films were computed 
via the below expressions [29, 56]:

(14)�1 = n2 − k2

(15)�2 = 2nk

(16)�opt =
�nc

4�

Fig. 8  The variation of the Eo and Ed with the film thickness of the 
 Cu2MnGeS4 thin films

(a) (b)

Fig. 9  The variation of the a real dielectric constant and b the imaginary dielectric constant, as functions of photon energy, for the  Cu2MnGeS4 
films
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Here, (c) represents the speed of light. Figure 10a depicts 
the variant of the �opt with the hν for the  Cu2MnGeS4 sam-
ples. It is noted from this figure that the magnitudes of the 
�opt were increased with the increment of the film thick-
ness and the photon energy; this trend could be interpreted 
as a result of increasing of electrons excitation with rising 
the photon energy. Furthermore, Fig. 10b illustrates the 
variations of the ( �e ) versus the (hν) for the  Cu2MnGeS4 
samples. It can be seen from this curve that the electrical 
conductivity for the  Cu2MnGeS4 samples increases with the 
increasing film thickness and decreases as the photon energy 
was increased. The increased values of both �opt and �e are 
ascribed to reducing the values of crystal defects, the stress, 
and the lattice deformations. The decrease of these factors 
makes the conductivity become greater, the electromagnetic 
waves travel faster, and electrons move more freely and with 
higher speeds, i.e. the conductivities increase. Previous 
works have reported similar results for the current studied 
film samples [14, 44].

3.3  Nonlinear optical characterization

Nonlinear optical parameters have been paid more atten-
tion in recent articles for all investigated material due to 
their important applications in electro-optic modulators, 
optical switching devices, optical circuits and optical sig-
nal processing. There are two important nonlinear param-
eters that can be determined by utilizing semi-empirical 
relations which depend mainly on the film’s refractive 
indices. The parameters are the third-order nonlinear 
susceptibility � (3) and the nonlinear refractive index n2. 

(17)�e =
2��opt

�

In this study, the magnitudes of the � (3) and n2 for the 
 Cu2MnGeS4 films were computed by the below Miller’s 
formulas [57–61]:

Here, n0 presents the values of the static refractive 
index, and B is a constant factor equal 1.7 × 10−10 esu. 
Table 3 displays the values of � (3) and n2 correspond-
ing to different thicknesses for the  Cu2MnGeS4 samples. 
Figure 11 depicts that the values of � (3) and n2 of the 
 Cu2MnGeS4 samples were enlarged with the increment of 
the film thickness. The increase in the values of � (3) and 
n2 is also ascribed to the increase in the values of the static 
refractive index,  no, which consequently came as a result 
of the increase in the linear refractive index, n due to the 
improvement of the film crystallization and the decrease in 
the values of the crystal defects, stresses, and lattice defor-
mations occurring within the film textures. Some previous 

(18)� (3) = B

[

n2
0
− 1

4�

]4

(19)n2 =
12�� (3)

n0

(a) (b)

Fig. 10  The dependence of the a optical conductivity and b the electrical conductivity as functions of photon energy, for the  Cu2MnGeS4 thin 
films of different thicknesses

Table 3  The nonlinear optical parameters for the  Cu2MnGeS4 thin 
films of different thicknesses

Thickness (nm) χ(3) ×  10–13 esu n
2
 ×  10–12 esu

197 0.422 0.99
274 0.60 1.37
315 1.06 2.30
428 2.05 4.22
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works of similar thin films reported comparable results for 
these nonlinear optical parameters [14, 16, 44].

3.4  Determination of the semiconductor type

The hot-probe method was employed to check the semicon-
ducting type of the polycrystalline  Cu2MnGeS4 thin films 
using the two-probe technique, where the two probes were 
joined to a sensitive digital multimeter. The experiment 
occurred by joining the cold probe to the negative port and 
the hot probe was joined to the positive connection. The 
experiment displays a positive voltage is gained in the case 
of n-type semiconductor and a negative voltage on the multi-
meter which reveals a p-type semiconductor [62, 63]. In this 
work, the applied method on the  Cu2MnGeS4 films is dis-
played in Fig. 12. The experiment displays a negative volt-
age on a multimeter, which indicates that the  Cu2MnGeS4 
films reveal the p-type conductivity.

4  Conclusion

In this work, an inexpensive spray pyrolysis procedure 
was employed to synthesis polycrystalline nanosized 
 Cu2MnGeS4 thin films of different thicknesses (197 nm, 
274  nm, 315  nm and 428  nm). The film samples were 
deposited on precleaned glass substrate of good quality and 
of high transmittance. The XRD results presented that the 
 Cu2MnGeS4 samples are polycrystalline with tetragonal 
structure and no other formed phases. Increasing the film 
thickness leads to improving the crystallinity of films and 
increasing of the crystallite size from 18.00 to 47.00 nm, 
whilst their microstrain decreased from 3.58 × 10–3 to 

0.67 × 10–3. The EDAX results have confirmed the stoichi-
ometry of the chemical composition of the  Cu2MnGeS4 thin 
films, where the elemental ratio is 2:1:1:4.

The transmittance and reflectance measurements are uti-
lized to study the optical properties and parameters. The 
optical results displayed that the skin depth and the direct 
optical band gap of the  Cu2MnGeS4 films were found to 
decrease with the increasing film thickness, whilst the 
absorption coefficient has a reciprocal behaviour. The opti-
cal bandgap arose due to the directly allowed transition and 
decreased from 1.495 to 1.301 eV. The single oscillator 
model proposed by Wemple-DiDomenico was employed to 
study and discuss the dispersion energies and some other 
parameters for the nanostructural  Cu2MnGeS4 thin films. It 
was found that the dispersion energy, static refractive index, 
static dielectric constant and the oscillator strength of the 
 Cu2MnGeS4 films slightly increased as the film thickness 
increased, whilst the oscillator energy decreases.

The optical conductivity and the determined non-linear 
optical parameters of the  Cu2MnGeS4 samples, such as the 
third-order susceptibility and non-linear refractive index, 
were increased with the increasing film thickness. The hot-
probe technique was applied to the  Cu2MnGeS4 films and 
displays negative voltage on a multimeter, which shows that 
the  Cu2MnGeS4 films are p-type semiconductors.
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