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a b s t r a c t

The paper studies the influence of the ratio of Mg/Zn molar concentrations in the precursor (0 ≤ y ≤ 0.5) on 
the structural, substructural, optical characteristics and chemical composition of Cu2MgxZn1−xSnS4 films 
deposited by the spray pyrolysis method from molecular solutions. The data of X-ray structural studies 
indicate the formation of single-phase films with the structure of kesterite. The single-phase structure is 
also confirmed by studies of Raman spectra for samples obtained at y ≤ 0.3. Chemical analysis of the films 
confirms the successful inclusion of Mg in thin layers up to the level of (5.5–6.7) at%. An increase in the total 
amount of Mg has little effect on the concentration of all elements except zinc. The introduction of mag
nesium changes the lattice constants of the material, the sizes of coherent scattering regions, the level of 
microdeformations, and the density of dislocations in the films. At the same time, the layers obtained at 
y = 0.1 have the minimum total concentration of dislocations (0.73·1017 lin/m−2). Thus, replacing zinc with 
magnesium increases the quality of the solid solution at concentrations y  <  0.3. The band gap of the 
undoped Mg compound was found to be 1.47 eV, and for the Mg-doped samples it decreases from 1.28 eV 
(y = 0.1) to 1.22 eV (y = 0.5). Thus, based on the obtained results, the Cu2MgxZn1−xSnS4 solid solution can be 
considered as an inexpensive material for creating absorption layers of thin-film solar cells.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Finding environmentally friendly energy sources is one of the 
most important tasks of our time. One of the most promising of 
these sources is the energy of solar radiation. The best way to con
vert solar energy into electricity is photovoltaic conversion.

Amongst other materials and approaches, Cu2ZnSnS4, 
Cu2ZnSnSe4, and Cu2ZnSn(SxSe1−x)4 compounds with a kesterite 
structure have been proposed as absorbing layers of third-genera
tion film solar cells (SCs) [1–3]. An advantage of these materials over 
others is the absence of environmentally hazardous and rare com
ponents. On the contrary, the elements that are part of them are 
widespread in the earth's crust, and the cost of their extraction is 

relatively low. However, at present, photovoltaic devices created 
using Cu2ZnSn(SxSe1−x)4 absorption layers have achieved efficiencies 
of only 11.3% [4].

One of the reasons for the low effectiveness of SCs based on 
kesterite compounds is their narrow range of homogeneity and 
multi-component nature. Therefore, it leads to the formation of a 
large number of secondary phases (CuS, Cu2S, ZnS, SnS, SnS2 and 
Cu2SnS3 for Cu2ZnSnS4) and their structural defects (vacancies VCu, 
VZn, VSn, VS, VSe, interstitial atoms Cui, Zni, Sni,S, antistructural de
fects CuZn, ZnCu, ZnSn, SnZn, as well as defective complexes VCu + ZnCu, 
2CuZn + SnZn, ZnSn + 2ZnCu) when the stoichiometric composition of 
the compound is disturbed [5].

Another reason for the low efficiency of photoconverters is that 
these devices inherited their design from the previous generation of 
SCs based on CuIn1−yGaySe2 (CIGS) compounds [6]. As a result, they 
have suboptimal coordination of energy zones and lattice periods of 
contact materials. However, the main limitation of the efficiency of 
photoconverters based on kesterite compounds is due to their low 
no-load voltage (Voc) compared to the width of the bandgap [7]. 
Several authors found that, in this case, defects are the main factor 
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that creates deep levels in the band gap and forms the tails of energy 
states for the allowed energy bands [8,9].

In earlier works [10,11], the defects associated with Cu-Zn dis
order were considered to be the main reason for the large Voc deficit. 
It was believed that the low energy of formation of such defects as 
CuZn and ZnCu, due to the proximity of chemical properties and radii 
of Zn and Cu atoms, leads to a high concentration of anti-structural 
defects Cu / Zn in Cu2ZnSnS4. Therefore, some approaches have been 
proposed to reduce the probability of such disorder, for example, 
partial substitution of Cu+ ions by Ag+[12], Zn by Cd, Mn, or Ba 
[13,14]. In many works, a positive effect of cationic substitution on 
the improvement of photoelectric characteristics of SCs was de
monstrated.

Recently, it was recognized that other point defects, namely SnZn, 
have the greatest effect on the decreased Voc SCs based on the 
compound Cu2ZnSnS4 [15,16]. Later, it was found that these anti
structural defects not only affect the deep donor states in the band 
gap of the material but also form defective complexes with CuZn 

defects, which have a high concentration. Defective complexes 
[2CuZn + SnZn] are considered the main reason for the formation of 
energy states in the tail, which reduce the band gap of Cu2ZnSnS4. 
Therefore, it was proposed to suppress the formation of anti
structural defects SnZn by replacing Sn with an element of the same 
group of the table of elements – Ge [17,18].

Another way to solve this problem is to replace zinc with ele
ments such as Fe, Mn, and Cd with the formation of Cu2FeSnS4, 
Cu2MnSnS4, and Cu2CdSnS4 films [19–21], or even replacing two 
elements Cu and Zn with the formation of compounds Ag2MnSnS4, 
Ag2ZnGeS(Se)4 [22–24]. Because some of these elements are toxic or 
can cause undesirable effects of magnetism in photovoltaic devices, 
a solid solution of Cu2MgxZn1−xSnS4 has been proposed as a pro
mising candidate for absorbing layers of thin-film heterojunction 
SCs [25]. Besides, recent theoretical and experimental works [26–28]
have shown that the solid solution of Cu2MgxZn1−xSnS4 can be a 
thermodynamically stable material suitable for photovoltaic appli
cations.

It should be noted that adjusting the band gap of Cu2ZnSnS4 by 
replacing Zn with Mg is more advantageous compared to other 
elements. First, in contrast to Na, K, and Sb ions, Mg2+ ions occupy 
Zn2+ places in the lattice and do not segregate on the surface and/or 
grain boundaries because the radii of Mg2+ and Zn2+ are very similar. 
In addition, the introduction of Mg into the Cu2ZnSnS4 layer has 
unique advantages over other impurities due to its low cost, high 
reserves in the earth's crust, and the environmental friendliness of 
this element. Magnesium is more common than Zn, cheaper than Ge, 
and more environmentally friendly than Cd and Se. Finally, the in
troduction of Mg can eliminate or reduce the formation of some 
possible Cu2ZnSnS4 secondary phases. For example, the binary phase 
of ZnS, which is often formed in the synthesis of a kesterite com
pound, is stable, but the MgS phase is unstable [29]. These ad
vantages make the substitution of Zn by Mg a productive approach 
to regulating the band gap of Cu2ZnSnS4.

In our previous works, the synthesis of nanoparticles (NPs) of 
Cu2ZnSnS4 and Cu2ZnSnSe4 compounds were optimized using dif
ferent sources of chalcogen in the precursor [30]. Cu2ZnSnS4 films 
were obtained by spraying inks based on their suspensions [31]. The 
structural characteristics and chemical composition of Cu2ZnSnS4 

films during low-temperature annealing in argon were investigated. 
Subsequently, a method for the synthesis of Cu2ZnSn(SxSe1−x)4 solid 
solution NPs was developed. This method makes it possible to obtain 
an almost single-phase semiconductor material with a controlled 
composition from x = 0 to x = 1. As a result, inks based on Cu2ZnSn 
(SxSe1−x)4 solid solutions were developed [32].

The aim of the presented work was to determine the effect of 
doping the compound Cu2ZnSnS4 with magnesium on the chemical 
composition and some structural and optical characteristics of the 

films obtained by spraying molecular solutions in a wide range of 
changes in the concentration of magnesium in the precursor, namely 
y = (0 – 0.5). For this purpose, we studied the effect of the Mg 
content in the precursor on the phase and chemical composition, 
surface morphology, texture quality, lattice constants, the size of the 
coherent scattering regions, microdeformations, and the optical 
density of the films. Based on the research results, a conclusion was 
made about the optimal characteristics of Cu2MgxZn1-xSnS4 films for 
use as SCs absorbing layers.

2. Materials and methods

The following aqueous solutions were used as precursors 
Cu2MgxZn1−xSnS4: Zn(CH3COO)2, CuCl2, SnCl2, MgCl2, and (NH2)2CS 
with a molar concentration of 0.5 mol/l. The following chemical 
reagents were used to create them: Zn(CH3COO)2·2 H2O (for analysis 
EMSURE ACS, ≥99.5%, Supelco), CuCl2·2 H2O(ACS reagent, ≥99.0%, 
Sigma-Aldrich), SnCl2·2 H2O (ACS reagent, ≥98.0%, Sigma-Aldrich), 
MgCl2·6 H2O (ACS reagent, ≥99.0%, Sigma-Aldrich), and (NH2)2CS 
(ACS reagent, ≥99.0%, Sigma-Aldrich). To obtain a SnCl2 solution, a 
small amount of concentrated hydrochloric acid was added to pre
vent hydrolysis. In the next step, the resulting solutions were mixed. 
A magnetic stirrer with a Teflon rod and a 50 ml glass beaker was 
used for this purpose. Solutions of salts in stoichiometric amounts of 
Cu: Zn(Mg): Sn: S = 2: 1: 1: 4 were gradually added to the thiourea 
solution using graduated pipettes. The ratio between the con
centrations of zinc and magnesium y was taken as 0.9:0.1; 0.8:0.2; 
0.7:0.3; 0.6:0.4 and 0.5:0.5. As a result, transparent molecular solu
tions with different ratios of concentrations of Zn: Mg atoms were 
obtained.

In order to obtain the films, the obtained molecular solutions 
were sprayed on glass substrates, which were cleaned using a UV 
Ozone Cleaner. Spraying of molecular solutions was performed using 
an airbrush with a nozzle diameter of 0.3 mm at an operating 
pressure of 0.2 MPa. The distance between the airbrush and the 
substrate was 20 cm. Argon was used as the carrier gas. Glass sub
strates were placed on a heated plate that maintained a temperature 
of 350 ºC. To form the film, the spraying procedure was performed 
cyclically. The number of spray cycles performed for film application 
was 100. The duration of one cycle was 6 s, where 2 s was the 
duration of the spray and 4 s was the pause. Fig. 1 shows the method 
of synthesis of molecular solutions and the application of films.

The morphological properties of the synthesized films were in
vestigated using a Hitachi S-4800 scanning electron microscope, 
which is equipped with a Bruker X-ray detector for microanalysis of 
samples. The voltage in the microscope pillar was ∼ 20 kV, and the 
approximate working distance to obtain images with good resolu
tion - was 8 mm. Magnification of the image was carried out in the 
range from 250 to 150000. The thickness of the samples was de
termined by photographing the chipped films.

An AZtecOne energy-dispersive spectrometer with X-MaxN20 
detector (manufactured by Oxford Instruments plc) of the SEO-SEM 
Inspect S50-B scanning electron microscope and a Bruker micro
scope microanalyzer were used to study the chemical composition 
of the obtained samples. Chemical analysis of the material was 
performed at least three points on the surface of the sample, after 
which the measurement results were averaged.

Ni-filtered Kα radiation of the copper anode of the X-ray dif
fractometer DRON 4–07 with the established mode of operation of 
the X-ray tube was used to study the structural characteristics of the 
samples: U = 30 kV; I = 20 mA. The range of 2θ-θ diffractograms was 
20–80°, where θ is the Bragg angle. X-ray focusing was performed by 
the Bragg-Brentano method. The obtained diffractograms were 
normalized to the peak intensity (112) of the tetragonal phase of the 
compound. In the phase analysis, a comparison of the relative 
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intensity and interplanar distances of the studied samples and the 
standard sample was performed (JCPDS № 01–075–4122).

The texture of the films was evaluated according to the Harris 
method [33]. The polar density was calculated using the expression:

=
=

C I I N I I( / )/(1/ ( / )),i i i
i

N

i i0
1

0
(1) 

where Ii, I0i – the integral intensities of the i-th diffraction peak for 
the film sample and reference; N – the number of lines present on 
the radiograph. Reference data were taken from JCPDS crystal
lographic cards.

Next, the dependences of Ci – (hkl)i and Ci - φ were constructed. 
Where φ – the angle between the axis of the texture and the per
pendicular to different crystallographic planes (to which the reflec
tions on the diffractograms correspond); (hkl) – Miller indices. The 
texture axis has the indices corresponding to the largest value of Ci. 
The orientation factor f in each direction can be calculated from the 
expression = =f N C(1/ ( 1) )i

N
i1

2 1/2.
The calculation of the lattice constants a, c for the tetragonal 

phase of the solid solution Cu2MgxZn1−xSnS4 was carried out by re
flections from the crystallographic planes (112), (220), and (116) 
using the following relations [34]:  

a=λ/(2sinθ)(h2+k2+l2(a/c)2)1/2,                                                   (2)

c=l/(-(h2+k2)/a2+(2sinθ/λ)2)1/2,                                                   (3) 

where λ – the length of X-rays; h, k, l – Miller indices; θ – Bragg angle.
The Nelson-Riley extrapolation method was used to calculate the 

precise values of the lattice constants [35]. For this, the extrapolation 
function +a c( ) 1/2cos (1/ sin( ) 1/ )2 was selected. Linear ap
proximation of the obtained points was carried out using the 
method of least squares.

The unit volume of materials was calculated using formula:  

Vunit=a2c·                                                                              (4) 

The X-ray diffractometric method was also used by us to de
termine the average size of the coherent scattering regions (CSR) L 
and the level of microdeformations ε in the films of the studied 
material along the full width at half maximum (FWHM) of the dif
fraction lines. The size of the CSR (L) and the level of micro
deformations (ε) in the obtained samples were calculated by the 
physical broadening of the most intense diffraction peaks according 
to the formulas [36]:  

L=0·94λ/(βcosθ),                                                                     (5)

ε=βcosθ/4,                                                                             (6) 

where β – the value of the width of the corresponding diffrac
tion peak.

It is known that the average density of dislocations in films, 
which are effective recombination centers in semiconductor mate
rials, can be estimated by the magnitude of microdeformations (ε) 
and the size of the CSR (L). Accordingly, their concentration in the 
material should be minimized.

The sample-averaged density of dislocations forming block 
boundaries, according to [37], is equal to:  

ρL=3 n/L2,                                                                              (7) 

where n – the number of dislocations on each of the six faces of the 
block.

If the dislocations are located mainly in the middle of the CSR, 
the density of dislocations can be calculated from the expression 
[37]:  

ρε=4/F∙(2ε/d0)2,                                                                       (8) 

where F – a number that takes into account how many times the 
energy of a dislocation increases when it interacts with other dis
locations; d0 – the lattice period in the corresponding direction.

Taking n = F = 1 according to relations (7), and (8), it is possible to 
estimate the lower limit of ρL and the upper limit of ρε.

A slightly different expression for estimating the total density of 
dislocations in the material is given in [38]:  

ρεL=15ε/(d0L)·                                                                         (9) 

Thus, relations (7−9) make it possible to estimate the con
centration of dislocations that are in the volume of the CSR, at their 
boundaries, and the total concentration.

All procedures for processing the profile of diffraction lines: 
background extraction, smoothing, separation of Kα doublet - were 
performed using traditional diffractometer software, namely - the 
DIFWIN software package.

The Renishaw InVia 90V727 spectrometer was used to study 
Raman spectra of the obtained films. The measuring range was set 
within the frequencies (100−800) cm−1. Measurements were per
formed at room temperature. Lasers with radiation wavelengths 
λ = 532 nm and λ = 785 nm were used as sources of radiation. The 
spectrum of each sample was measured several times with a time 
delay of about 5 s. The calibration of the measuring device was 
performed according to the position of the oscillation mode 
520 cm−1 from the silicon crystal.

Fig. 1. The method of obtaining molecular solutions and the scheme of depositing Cu2MgxZn1−xSnS4 films by the spray technique. 
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An SDL-1 grating spectrometer was used to study the absorption 
spectra. In this case these spectra was excited by an incandescent 
lamp. We also used a USB spectrometer MAYA 2000-pro (Ocean 
Optics) to study the photoluminescence (PL) spectra which were 
excited by an LED with λ = 385 nm and P = 100 mW. Optical mea
surements were carried out at room temperature. Luminescence was 
recorded at a temperature of Т = −196 ºC Experimental methods used 
in this work are discussed in more detail in [39,40].

3. Results and discussions

Typical electron microscopic images of the surface of the de
posited layers of Cu2MgxZn1−xSnS4 and their cross-sections are 
presented in Fig. 2. Micrographs of the surface of the films show that 
these layers are quite homogeneous in surface and have a poly
crystalline structure. The film thickness was (0.6–5.1) μm and in
creased with increasing magnesium content in the precursor.

Using the method of X-ray diffraction analysis, we studied the 
phase composition of Cu2MgxZn1−xSnS4 films and evaluated the 
quality of their crystal structure. Diffractograms obtained from 
layers of solid solutions with different contents of magnesium and 
zinc atoms are shown in Fig. 3 а. As can be seen from the figure, there 
are peaks at the positions (28.35–28.50)º, (47.15–47.55)º, and 
(55,95−56,10)º. In some cases, weak peaks were also found at the 
positions (32.94–32.99)º.

Comparison of the obtained results with the standard shows that 
they correspond to reflections from the crystallographic planes 
(112), (220), (116), and sometimes (200) of the kesterite phase of the 
Cu2ZnSnS4 compound (JCPDS card № 01–075–4122). No reflections 
from the secondary phases were detected on the recorded dif
fractograms. This indicates that the introduction of magnesium does 
not change the type of crystal lattice of the compound Cu2ZnSnS4.

It was established that films obtained from solutions containing a 
small amount of magnesium (y ≤ 0.2) had a growth texture [200] 
(Fig. 3b). When the content of impurities in the precursor increased, 
the quality of the texture parameter improved. With a further in
crease in the concentration of Mg (0.3  <  y ≤ 0.4), the texture axis 
changed to [116], with a significant deterioration of its quality. Fi
nally, the films obtained from the precursor with the concentration 
of magnesium equal to y = 0.5 had a texture [220]. Compared with 
the layers deposited from the precursor with y = 0.4, the quality of 
the texture parameter of the sample with the doping admixture 
y = 0.5 slightly improved.

It is well known that the introduction of impurities of different 
radii into the Cu2ZnSnS4 compound compared to the initial com
position usually leads to changes in the lattice parameters of the 
material and, accordingly, the shift of the diffraction peaks on the 
diffractograms[41,42]. To study these processes, we determined the 
period of the crystal lattice of the solid solution. Reflections from the 
crystallographic planes (220), and (116) were used to calculate the 
lattice constants. It should be noted that since the studied films were 
nanostructured and the width of the diffraction peaks was large, in 
some cases there was an overlap of the diffraction peaks (112), (103) 
and (200). This led to a shift in the real position of the peak (112) and 
errors in determining the lattice period. Therefore, such peaks were 
not used for calculations. Using only the diffraction peak (220), it 
was possible to determine the lattice parameter a, since the Miller 
index l for it is zero. That is why тable 1 shows the data for the 
determination of the lattice constants a, c of the material only by the 
position of reflection from the crystallographic plane (116) and a by 
the position of the peak (220). The Nelson-Riley extrapolation 
method was additionally used to determine the lattice constants of 
the material. These results are also presented in Table 1 (aN-R, cN-R). 

Fig. 2. Electron microscopy images of the surface of Cu2MgxZn1−xSnS4 films (a, b) obtained from precursors containing a nominal Mg value of y = 0 and 0.2 respectively, and their 
cross-sections (c, d).
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We also calculated the ratio c/2a and the volume of the unit cell of 
the solid solution Vunit.

As can be seen from Table 1, the lattice constants of solid solution 
films initially decrease slightly with increasing magnesium content 
in the precursor and then grow. The minimum values of the a - 
parameter (аN-R = 0.54099 nm, а(220) = 0.54043 nm) are observed for 
the layer obtained from the solution corresponding to the magne
sium content y = 0.1. With a further increase in magnesium con
centration, these values increase monotonically. The parameter a 
found from reflections (116) behaves similarly, but its minimum 
value (а(116) = 0.54265 nm) is observed at the concentration of 
magnesium in the precursor y = 0.2. At the same time, the values of 
the lattice constant a found by the position of the peak (220) turned 
out to be smaller than those found by other methods. When de
termining the crystal lattice parameter c using the Nelson-Riley 
method, its constant increase is observed with increasing in the 
magnesium content in the precursor. At the same time, the c(116) - y 
curve has a minimum at y = 0.2 (c(116) = 1.08468 nm). It should be 
noted that the values of a, c given in the table are close to the re
ference results presented in the papers [43,44].

The replacement of Zn2+ ions by Mg2+ ions in the sites of the 
crystal lattice of the Cu2MgxZn1−xSnS4 compound should lead to 
some increase in the lattice constants of the solid solution since the 
covalent radius of Mg2+ (0.136 nm) is greater than that of Zn2+ 

(0.125 nm). However, in some works an increase in the lattice per
iods of the material (shift of diffraction peaks) is reported [27,42]
while in others a decrease [45] is shown. In some papers, the lattice 
periods of the material did not change [46,47]. Thus, the increase in 
lattice constants is associated with the replacement of zinc atoms 
with magnesium atoms in the sites of the crystal lattice. At the same 
time, the process of reducing the lattice period of solid solution films 
with a low magnesium content (y = 0.1–0.2) is not completely clear. 
It is shown that in the samples, the dependence of the unit cell 

volume on the magnesium content in the precursor is similar to the 
dependencies of с(116) – y and сN-R – y.

Features of the substructure of Cu2MgxZn1−xSnS4 films can sig
nificantly affect the functional characteristics of devices based on 
them. It is known that dislocations that form low-angle boundaries 
of CSR and lead to microdeformation in films can act as traps or deep 
recombination centers for charge carriers, determining the electro
physical characteristics of the material, including the life of charge 
carriers[48]. This determines the relevance of the study of sub
structural characteristics of films of solid solutions depending on the 
conditions of their synthesis and magnesium content, in order to 
optimize them, i.e. the determination of technological parameters at 
which the concentration of these defects is minimal.

We used the X-ray method to determine the size of the CSR L and 
the level of microdeformations ε in the studied films. The calculation 
of these values was performed by reflections from the planes (112), 
(220), and (116). It is known that in this case we can determine L and 
ε in directions perpendicular to the families of these crystallographic 
planes [36].

The results of calculations of L and ε for films of solid solutions 
are systematized in Table 2. As can be seen from the table, the 
maximum size, which varies from 6.0 to 10.3 nm, has CSR in the 
direction [116]. With increasing the magnesium content of the pre
cursor, the size first increases, reaching a maximum value at a 
content of Mg equal to y = 0.1, and then begins to decrease mono
tonically. The size of the CSR behaves in a similar way in the [220] 
direction, but these dimensions themselves are smaller, varying in 
the range L(220) = (5.3–6.4) nm. The size of the CSR in the direction 
[112] increases almost monotonically from (4.6–4.7) nm to (5.2–5.3) 
nm with an increasing amount of magnesium in the precursor, 
which was used to obtain the films. However, these values may not 
be entirely correct due to the overlap of the diffraction peaks (112) 
and (103), (116) and (303) as already mentioned above. The obtained 
results indicate different-axial behavior of CSR in the films. The 

Fig. 3. Diffractograms of films Cu2MgxZn1−xSnS4 obtained from precursors with different magnesium content; the inset shows an enlarged view of the diffraction peak (112) (а). 
Dependence of the orientation factor on the magnesium content in the precursor (b).

Table 1 
Structural characteristics of Cu2MgxZn1−xSnS4 films. 

y a (220), nm a (116), nm aN-R, nm c (116), nm cN-R, nm с (116) /2а (116) сN-R /2аN-R Vunit (116), nm3 Vunit (N-R), nm3

0 0.54097 0.54443 0.54140 1.08903 1.08214 1.00016 0.99939 0.323 0.317
0.1 0.54043 0.54399 0.54099 1.08794 1.08289 0.99996 1.00084 0.322 0.317
0.2 0.54151 0.54265 0.54246 1.08468 1.08681 0.99943 1.00174 0.319 0.320
0.3 0.54204 0.54399 0.54421 1.08794 1.09289 0.99996 1.00411 0.322 0.324
0.4 0.54297 0.54399 0.54340 1.08794 1.09289 0.99996 1.00560 0.322 0.323
0.5 0.54475 0.54488 0.54728 1.09013 1.09675 1.00034 1.00200 0.324 0.328
Reference (JCPDS # 00–033–0492) 0.54340 0.99889 1.0856 0.321
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values of CSR sizes found in our films correlate well with the values 
calculated by the authors [49,50].

However, the obtained values in the directions [112] and [116] 
may not be accurate enough due to the overlap of the diffraction 
peaks (112)-(103) and (116)-(303), as already mentioned above.

The level of microdeformations in the samples decreases 
monotonically from ε(112) ∼ (8.3–8.4)·10−3 to ε(112) ∼ (7.3–7.4)·10−3 for 
the direction [112] with increasing magnesium content in the pre
cursor. Simultaneously, for the other two directions ([220], [116]) on 
the curve (ε − y) a minimum is observed at a concentration of 
magnesium equal to y = 0.1. The values of the level of micro
deformations found by the reflections from the crystallographic 
planes (116) and (220) are smaller than for the reflections (112). 
Thus, both the size of the CSR and the level of microdeformations in 
the films depend on the crystallographic direction of the material.

As already indicated, the small-angle boundaries of the CSR are 
formed by dislocations. These dislocations are located in the volume 
of the block and lead to microdeformations in the material. 
Therefore, it is possible to estimate the average density of disloca
tions in Cu2MgxZn1−xSnS4 films by the magnitude of their micro
deformations ε and the size of the CSR L.

Calculations of the concentration of dislocations at the bound
aries of the CSR (ρL(220)), in their volume (ρε(220)), and the total 
concentration of dislocations (ρεL(220)) were carried out using the 
expressions presented in the methodology. The obtained results are 
shown in Table 3. In this case, the values of L and ε in the direction 
[220] were used since the other reflections are a superposition of 
two closely spaced diffraction lines ([112−103]), ([116−303]).

It was established that the studied films have a pretty high 
concentration of dislocations (10−16-10−17 lin/m−2). Calculations 
show that the dislocations are concentrated mainly on the bound
aries of the CSR. Taking into account this fact, it can be stated that 
the volume of films is almost free of dislocations. It is shown that 
with an increase in the magnesium content in the precursor, the 
concentration of dislocations at the boundaries of CSR ρL in the films 
initially decreases from 1.07·10−17 lin/m−2 (y = 0) to 0.73·10−17 lin/m−2 

(y = 0.1), and then increases to 1.07·10−17 lin/m−2 (y = 0.5) (calcula
tions according to relation (7)). The concentration of dislocations in 
the inside of the CSR ρε behaves similarly, decreasing from 2.25·10−16 

lin/m−2 (y = 0) to 1.56·10−16 lin/m−2 (y = 0.1) and increasing to 
2.25·10−16 lin/m−2 (y = 0.5) (calculations according to relation (8)). 
Thus, films obtained from a precursor containing magnesium equal 
to y = 0.1 have the minimum concentration of dislocations. 

Calculations of the total concentration of dislocations in the samples 
according to relation (9) give results similar to those obtained using 
expressions (7) and (8). The general trends in the behavior of the 
dependence ρεL(220) - y are preserved.

We performed the chemical analysis of Cu2MgxZn1−xSnS4, films 
obtained from precursors with different magnesium content by the 
EDX method. The corresponding results are presented in Тable 3. The 
Table 3 also shows the composition of the stoichiometric compound 
Cu2ZnSnS4; composition of the most optimal for the creation of high 
efficiency SCs; the calculated ratio of the concentrations of the 
components of the compound to create devices based on them. The 
results obtained using two different detectors (X-MaxN20, Bruker*) 
mainly (except for the magnesium content) coincided with the ac
curacy of the method. Therefore, the type of detector will not be 
specified in the future, and the table (except for CMg*) shows the 
results obtained using the detector X-MaxN20.

It was found that for the sample which did not contain Mg, the 
values of concentration СCu: СZn: СSn: СS= 25.15: 11.83: 13.33: 49.5, 
were close to the atomic concentrations of the stoichiometric com
pound Cu2ZnSnSe4 – СCu: СZn: СSn: СS = 25.0: 12.5: 12.5: 50.0. This 
indicates that the method of synthesis used by us makes it possible 
to obtain films with a element’s ratio of the compound close to the 
theoretical one. As can be seen from Тable 3, the value of the atomic 
concentration of Cu, Sn, S elements in Cu2MgxZn1−xSnS4 films de
pends on the ratio of Mg content to Zn content. However, it should 
be noted, that this composition varied slightly with the amount of 
magnesium in the precursor. Only in the case of sulfur, the in
troduction of magnesium reduced its concentration in the com
pound.

The results presented in Table 3 also indicate that the Mg content 
in the films with increasing its concentrations in the precursor in
creases almost linearly. The value in the film obtained from the 
precursor with nominal Mg content y = 0.5 reaches (5.78–8.51) at%, 
according to various detectors of different EDX equipment. It is also 
possible to observe a gradual decrease in the Zn content in the films 
with an increase in the Mg content, which indicates the successful 
replacement of Zn ions by Mg ions in the crystal lattice of the 
samples.

Thus, considering the obtained results, we can say that it was 
possible to obtain films Cu2MgxZn1−xSnS4, which have a composition 
close to stoichiometric. It should also be noted that our proposed 
method allowed to obtain layers of kesterites that have a high level 

Table 2 
Microstructural characteristics of Cu2MgxZn1−xSnS4 films. 

y L (112), nm ε (112)·10−3 L (220), nm ε (220)·10−3 L (116), nm ε (116)·10−3 ρL (220)·10−17, lin/m−2 ρε (220)·10−16, lin/m−2 ρεL (220)·10−17, lin/m−2

0 4.7 8.3 5.3 7.2 6.3 6.2 1.07 2.25 1.06
0.1 4.6 8.4 6.4 6.0 10.3 3.7 0.73 1.56 0.73
0.2 4.9 7.8 5.4 7.1 7.9 4.9 1.03 2.19 1.03
0.3 5.0 7.7 5.8 6.7 6.2 6.2 0.89 1.95 0.90
0.4 5.3 7.3 5.3 7.2 6.0 6.4 1.07 2.25 1.06
0.5 5.2 7.4 5.3 7.2 6.1 6.3 1.07 2.25 1.06

Table 3 
Chemical composition of Cu2MgxZn1−xSnS4 films. 

y EDAX Stoichiometry

CS, at% CCu, at% CZn, at% CSn, at% CMg, at% CMg*, at% C (Zn+Mg), at% CCu/C (Zn+Mg +Sn) C (Zn+Mg)/ CSn CMg/ C (Mg+Zn)

0 49.45 25.15 11.83 13.33 0 0 11.83 1.00 0.89 0
0.1 45.32 25.43 11.60 13.73 3.91 3.77 15.51 0.87 1.13 0.25
0.2 46.18 23.88 12.04 12.11 5.77 6.80 17.81 0.80 1.47 0.32
0.3 46.75 26.59 8.40 14.32 3.94 5.64 12.34 1.00 0.86 0.32
0.4 46.80 26.21 7.09 13.93 6.70 7.21 13.79 0.95 0.99 0.49
0.5 48.43 24.93 6.32 14.54 5.78 8.51 12.10 0.94 0.83 0.48
Stoichiometric composition 50.00 25.00 12.5 12.50 12.50
The optimal composition of effective SC 50.00 22.20 14.6 13.20 14.60
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of Zn, which previously was quite problematic, especially in the case 
of nanoparticles of kesterite compounds [51,52].

It is known that in the compound Cu2ZnSnS4 it is possible to find 
secondary phases of both binary and ternary, such as cubic CuxSy, 
ZnxSy, and SnxSy, tetragonal CuxSnSy and ZnxSnOy, etc. [53]. They 
have crystal lattices close to the kesterite compound, which reflects 
at angles similar to the angles obtained from the Cu2ZnSnS4 com
pound [54]. This makes it difficult to detect of secondary phases of 
the material by XRD. Therefore, to accurately identify the single- 
phase solid solution of Cu2MgxZn1−xSnS4, the studied samples were 
additionally studied by Raman spectroscopy. The results of these 
studies, depending on the ratio of Mg content to Zn content in 
precursors, are shown in Fig. 4. Decomposition of experimental 
spectra into components was carried out by representing individual 
peaks by a Lorentzian function, which allowed us to accurately de
termine their position.

As can be seen from Fig. 4a, the Raman spectrum of the film 
obtained from the precursor which did not contain magnesium 
(Cu2ZnSnS4), corresponds to the reference. However, in this case 
these peaks overlap as a result of their large half-widths. The ob
tained results are in good agreement with those previously reported 
in [45,47]. It is known [55], that for the bulk compound Cu2ZnSnS4, 
Raman spectra contain three peaks in the frequency range (150−450) 
сm−1. The most intense peaks correspond to the frequencies 
(331−339) сm−1. Besides, two less intense peaks also observed at 
frequencies (287−289) сm−1 and (368−373) сm−1. These Raman 
peaks are usually attributed to the modes of oscillations A (287 

сm−1), A (338 сm−1), and E (368 сm−1), associated with the S atom in 
the kesterite compound [27]. In addition, in some works [56,57]
there are also peaks at frequencies of 142 сm−1 and (672−676) сm−1 

associated with E and 2 A modes (phonon repetition of A mode).
Similar peaks at 116, 295, 339, 372, and 667 cm−1 are presented in 

the spectrum of the studied sample Cu2ZnSnS4 and can be inter
preted as E, A, A, 2 A mode, respectively. Some shift of the peaks 
from those characteristic of the bulk material may be due to the film 
nature of the samples and the presence of microdeformations into 
them. In addition, the decomposition of the Raman spectrum into 
components reveals low-intensity maxima at frequencies of 235 and 
447 cm−1, which we have not interpreted, but most likely they are 
not associated with traditional secondary phases (Cu2SnS3, SnS2, 
SnS, ZnS), which occur in the kesterite compound. These peaks are 
observed in the spectra of the films containing magnesium. No other 
peaks were observed in the Raman spectra.

As can be seen from Fig. 5, with increasing magnesium content in 
the precursor and, accordingly, in the films, the peaks in the Raman 
spectra undergo frequency shift. Thus, the most intense peak cor
responding to the vibrational mode A shifts to the red region of the 
spectrum from the frequency 339 cm−1 for y = 0.0–319 cm−1 for 
y = 0.5. This is clearly seen in Fig. 6a, where the dependence of the 
frequency of displacement of the main modes of the films of the 
solid solution Cu2MgxZn1−xSnS4 on the magnesium content in the 
precursor is shown. It should be noted that the displacement is 
significantly enhanced in samples obtained from a precursor con
taining magnesium, where y  >  0.2.

Fig. 4. Raman spectra of films Cu2MgxZn1−xSnS4 obtained from precursors with different nominal Mg content: y = 0 (Cu2ZnSnS4) (a); y = 0.2 (b); y = 0.3 (c); y = 0.5 (d). 
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The peak is associated with another phonon mode A, shifts to the 
red region from 295 cm−1 to 290 cm−1. At the same time, the peak 
corresponding to the mode E is shifted much less from values of 
372 cm−1 to values of 374 cm−1. In accordance with the results of X- 
ray studies, the change in the position of the A peaks can be ex
plained by the change in the distances between atoms in solid so
lution Cu2MgxZn1−xSnS4 due to the replacement of smaller Zn2+ ions 
with larger Mg2+ ions. The red shift in lattice oscillations is usually 
explained by the lower strength of Mg–S bonds than in Zn–S, due to 
the larger covalent radius of Mg than in Zn [45]. As was previously 
reported in [46], a similar shift of the most intense Raman peak at 
337 cm−1 (Cu2ZnSnS4) to the red region to 317 cm−1 (Cu2MgSnS4) 
caused by the replacement of zinc ions with magnesium.

The change in the full width at half maximum (FWHM) of the 
main modes of the solid solution Cu2MgxZn1−xSnS4 depending on 
the magnesium content in the precursor is shown in Fig. 6b. It is 
seen that the FWHM value of the most intensive mode (339 cm−1 for 
undoped film) decreases monotonically with increasing magnesium 
content in the samples. At the same time, the dependence on other 
modes is more complex. Thus, the FWHM of the mode E (372 cm−1) 
first increases, reaching the maximum value for the film with a 
nominal magnesium content of y = 0.1, and then decreases. The de
pendence of FWHM for mode A (295 cm−1) has a minimum at the 
nominal composition of Mg of y = 0.2, and with a further increase in 
this concentration increases. Usually, a decrease in the FWHM of 

Raman peaks is associated with an improvement in crystal structure. 
At the same time their broadening is caused with its deterioration 
[58]. In our case, since the change in the FWHM of the peaks of 
different modes is multidirectional, it is difficult to judge the nature 
of the change in the structural quality of films.

It should be noted that the shape of the spectra of samples de
posited from a nominal magnesium content y  >  0.3 varies sig
nificantly compared to samples with a lower nominal magnesium 
content and an additional peak appears in the spectrum at a fre
quency (349−350) cm−1. Its position is close to the peaks observed in 
the Raman spectra of compounds such as ZnS (352 cm−1) and 
Cu2SnS3 (352−356) cm−1. Taking into account the fact that Mg in the 
lattice of the material replaces Zn, which becomes excess, in our 
opinion, we should rather expect the formation of the compound 
ZnS. However, at lower Mg values we were able to obtain films of 
solid solutions of Cu2MgxZn1−xSnS4 of different compositions with 
the ability to control the content of Mg and Zn, which improves the 
electrophysical and optical characteristics of the material.

The study of the optical spectra of film semiconductor materials 
makes it possible to determine one of their most important char
acteristics, namely, the band gap Eg. As previously shown by us one 
accurate method of determining this parameter is to measure the 
exciton absorption or reflection spectra [59,60]. In the case of thin 
films (about 1 µm) both optical methods can be used, and for thicker 
films, only measurements of exciton reflection spectra can be used. 
This makes it possible to determine the energy position of the free 
excitons and to determine the value of Eg on the basis of the ob
tained results since this value is equal to the energy of the free ex
citon plus the energy of its binding. This approach requires 
measurements at low temperatures and the presence of high optical 
quality of the studied film materials. The fact is that the presence of 
different types of defects, both intrinsic and impurity, can lead to a 
significant broadening of the exciton lines of absorption or reflec
tion, which can make it difficult to determine the energy position of 
their maximum. Therefore, the literature uses a common method for 
determining the band gap by approximating the absorption edge 
using the Tauc’s relation, which for direct allowed band-band optical 
transitions is as follows:  

(αhν)2 = A(hν-Eg),                                                                  (10) 

where A – a constant that reflects the slope of the approximation 
curve in the region of its linearity, hν – the energy of light, Eg – the 
band gap energy.

The value of Eg is determined based on the dependence (αhν)2 on 
energy (hν) [59,60]. Approximation of a straight line to its 

Fig. 5. Raman spectra of Cu2MgxZn1−xSnS4 films with different nominal Mg content. 

Fig. 6. Dependence of the frequency of displacement of the main modes of Cu2MgxZn1−xSnS4 films (a) and the half-width of these peaks (b) on the magnesium content in the 
precursor. Solid straight lines – are reference data.
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intersection with the energy axis determines the value of Eg. The 
resulting value is called the optical band gap. However, this value is 
somewhat underestimated compared to the value of Eg obtained 
from the measurement of exciton absorption or reflection spectra, 
where the energy is determined by the position of the exciton ab
sorption maximum. At the same time, in the case of approximation 
of the absorption edge by the Tauc’s method, the band gap energy is 
determined by the intersection of the linear dependence (αhν)2 on 
the energy with the energy axis, i.e. it corresponds to the edge ab
sorption at much lower (in several orders) absorption coefficient 
values. It should be noted that the tightened shape of the long-wa
velength absorption edge is determined by the absorption as a result 

of the manifestation of electron (exciton)-phonon interaction, and 
optical transitions involving energy levels of various defects.

Theoretical calculations show that the value of the band gap for 
Cu2ZnSnS4 depends on the type of crystal lattice. Thus, in the case of 
kesterites, this value in different works is 1.64 eV and 1.56 eV, while 
for stanites the band gap value is lower, 1.33 and 1.42 eV [61,62]. It 
has also been found theoretically that the band gap of Cu2ZnSnS4 

kesterites strongly depends on the magnitude of the Sn-S chemical 
bond [63]. If this value is reduced by 5%, the value of the band gap 
increases to 1.80 eV. At the same time, stretching of such a chemical 
bond by 4% leads to a decrease in the value of Eg to 1.15 eV. In na
nocrystals and films, there is always some deformation of the crystal 
lattice, which can lead to changes in the length of the chemical bond 

Fig. 7. The optical density spectrum at room temperature and determination of the band gap energy by approximating the absorption edge of Cu2MgxZn1−xSnS4, where y = 0 (a, b); 
y = 0.1 (c, d), y = 0.5 (e, f).
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Sn-S. Therefore, in nanocrystals, the value of Eg may depend on the 
technological conditions for obtaining kesterite material. This may 
be the reason for the variety of values of Eg given in the literature for 
kesterite semiconductors.

Fig. 7a shows the spectral dependence of the product of the ab
sorption coefficient and the thickness of nanostructured Cu2ZnSnS4 

films obtained at room temperature i.e. the optical density of the 
studied films. It is seen that the absorption of the sample begins to 
increase at wavelengths less than 1000 nm. The absorption edge is 
quite steep, which indicates a sufficiently good crystalline and op
tical quality of the studied films. The optical density of the film in the 
short-wavelength part of the spectrum changes almost linearly with 
decreasing wavelength. At a certain value of energy, the optical 
density is almost saturated as a result of the fact that there is a weak 
transmission, which can’t be experimentally recorded.

Since the method of determining the band gap of semiconductor 
materials by approximating the long-wavelength edge of funda
mental absorption is widely used in the literature, we also per
formed a similar approximation for the studied Cu2ZnSnS4 films 
using relation (4). The results of the approximation are presented in 
Fig. 7b indicates that the value of Eg for Cu2ZnSnS4 is 1.47 eV, which 
agrees well with both theoretical and experimental values available 
in the literature. This indicates that the compound has a kesterite 
structure.

Fig. 7c,d shows the optical density spectrum and approximates 
the absorption edge obtained for thin layers obtained from a pre
cursor with a y = 0.1. The approximation of the obtained spectrum is 
similar to that performed for undoped samples. The results show 
that the value of Eg for these films decreases slightly and is 1.28 eV. A 
decrease in Eg may be associated with the formation of solid solu
tions. The reason may also be the deformation of Cu2ZnSnS4 nano
crystals when Mg impurities are introduced, which can cause 
changes in the parameters of chemical bonds. An increase in the 
impurity concentration to y = 0.5, as shown by the results presented 
in Fig. 7e,f, leads to a further decrease in the value of Eg to 1.22 eV. 
The low-temperature photoluminescence spectrum of undoped 
Cu2ZnSnS4 films is presented in Fig. 8. As can be seen from Fig. 8, the 
photoluminescence spectrum of Cu2ZnSnS4 films at T = −196 ºC has 
the form of a broad band with a maximum of 795 nm (1.56 eV).

The obtained value of band gap energy is slightly higher in 
comparison with the value of the band gap (1.47 eV), obtained on the 
basis of the results of the approximation of the absorption edge by 
the Tauc’s method. This is due to the difference in the nature of 
electronic mechanisms that determine the processes of photo
luminescence and absorption processes in the studied films.

4. Conclusions

In this work, Cu2MgxZn1−xSnS4 films with different Mg content 
were obtained using the spray pyrolysis method. Here, molecular 
solutions with a molar ratio of Mg to Zn concentration in the interval 
0 ≤ y ≤ 0.5 were used. The content of Mg in the films increases almost 
linearly from 0 to 5.78 at% with increase it’s in the precursor. In this 
case, zinc is replaced by magnesium in the crystal lattice. It was 
shown that the chemical composition of the obtained samples was 
close to stoichiometric ratio. X-ray diffractometric analysis and 
Raman studies show that the obtained films have a pure kesterite 
phase at y  <  0.3. An increase in the value of y led to the appearance 
of traces of the ZnS compound in the films. The introduction of Mg 
leads to an increase in the lattice constants of the material from aN-R 

= 0.54140 nm and cN-R = 1.08214 nm at y = 0 to aN-R = 0.54728 and cN-R 

= 1.09675 nm for y = 0 and y = 0.5, respectively.
It was shown that the size of the CSR for different crystal

lographic directions varies from 4.6 to 10.3 nm and depends on the 
concentration of magnesium. This indicates that CSRs have a non- 
equiaxial form. Based on the results of measuring the size of the CSR 
and the level of microdeformations for the studied films, the density 
of dislocations was calculated, which varied in the interval ρεL(220) 

= (0.73–1.06)·10−17 lin/m−2. It should be noted that the films obtained 
at y = 0.1 have the minimum total concentration of dislocations (ρεL 

(220) = 0.73·10−17 lin/m−2). It was also found that replacing zinc with 
magnesium increases the structural quality of the solid solution at 
y  <  0.3. Therefore, one can expect a decrease in the rate of re
combination of photogenerated carriers in photosensitive devices 
developed on the basis of such films.

The study of the optical spectra of the films made it possible to 
determine the value of the band gap energy in the obtained samples. 
It was found that for the undoped material this value correspond to 
1.47 eV, and for the samples doped with Mg, it decreases from 
1.28 eV (y = 0.1) to 1.22 eV (y = 0.5). Thus, the obtained results show 
that the introduction of magnesium into the Cu2ZnSnS4 compound 
has a similar effect to selenium, bringing the value Eg closer to the 
Shockley-Queiser optimum characteristic for the most efficient SCs. 
We assume that the films obtained from a precursor with 
0.1 ≤ y ≤ 0.2, which have the best structural quality, can be con
sidered as promising absorbing layers for third-generation SCs.
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