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The CuAlyGa; _4Te; powders used in this study were made by planetary ball milling the source element powders
(Cu, Al, Ga and Te). All of the produced powders and thin films were polycrystalline, with a tetragonal chal-
copyrite structure with (11 2) orientation, according to XRD analysis. The structural and electronic features of
the CuAlyGa; _xTe; semiconductors were predicted using ab initio calculations based on Density Function Theory
(DFT). The acquired results demonstrated that once the Al concentration increased, the lattice parameters and

energy band gap changed in a way that was consistent with the experimental data.

1. Introduction

Due to its intriguing features and possible uses in nonlinear optical
devices, photovoltaic solar cells, and light-emitting diodes, the I-I1I-VI,
chalcopyrite semiconductor family (I = Cu, Ag; IIl = Al, Ga, In; VI=S,
Se, Te) has received a lot of scientific attention [1,2]. Due to their high
optical absorption coefficient (10* em™!) and tunable direct band gap
[3,4] CulnSe; and Cu(In,Ga)Se; are frequently used as absorber mate-
rials in solar applications [5]. At the laboratory scale, Cu(In,Ga)Ses solar
cells have recently attained a power conversion efficiency of 22.3% [6].
Due to their dependence on rare earth elements like In, Ga, and Se, these
compounds have limitations that will be the principal barrier to their
widespread application. Additionally, because to their improved mois-
ture stability and distinctive optical properties, two-dimensional (2D)
organic-inorganic perovskites have emerged as intriguing candidates
for solar and photoelectric applications [7,8]. Despite having excep-
tionally better photovoltaic performance, these materials cannot be
commercialised since the heavy metal lead they contain is hazardous to
both living creatures and the environment [9,10].Researchers are
concentrating on alternate absorber materials built from plentiful,
environmentally benign precursors due to worries about Se toxicity and
the lack of In in this material. CuAlyGa;4Tep, which is composed of
nontoxic elements and is abundant in the earth’s crust, can be thought of

as a good replacement option for Cu(In,Ga)Se; in this situation. Partic-
ularly considering that this material may cover the ideal range of the
solar spectrum thanks to its straight band gap, which ranges from 1.23
eV for CuGaTe; to 2.06 eV for CuAlTe;, [11].Contrary to Cu(In,Ga)Sey,
the CuAlyGa; 4xTep material has sadly not received the attention from the
scientific community that it merits despite having these excellent fea-
tures. As a result, the fundamental physical characteristics of the sub-
stance are not entirely known. Only experimental research has been
done on the material’s massif and powder forms [12-14]. The most
important fact is that no research has been done on the use of this
substance as a thin film using any method. Investigating CuAl,Ga; xTes
as a thin film for solar cells is the aim of this study. Utilizing pre-
synthesised CuAl,Ga;.xTep powders made by planetary ball milling as
source materials, followed by vacuum thermal evaporation, CuAl,Ga;.
xTez layers were formed on glass substrates. The influence of Aluminium
content (x = 0, 0.2, 0.4, and 0.5) on the physical characteristics of the
CuAlyGa; 4Tey powders and films was investigated using XRD, SEM, and
XPS. Additionally, the structure, band structure, and density of states of
CuAl,Gaj 4Te; chalcopyrite materials with (x = 0, 0.5, and 1) have been
calculated using the full potential linear augmented plane wave (FP-
LAPW) approach. The WIEN2K code uses the density functional theory
(DFT) to put this strategy into practice.
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Fig. 1. a XRD patterns of CuAl,Ga; 4Te, Powders, b (11 2) peak position shift with Al content.
Table 1
Structural parameters of CuAl,Ga; 4Te, powders and thin films (x = 0, 0.2, 0.4 and 0.5).
x powders thin films
20 () dinz &) ad) c V(A% 20 () dz A ad c V(A%
0 25.718 3.461 5.993 11.997 430.92 25.720 3.460 5.978 12.054 430.81
0.2 25.758 3.455 5.984 11.976 428.88 25.846 3.444 5.947 12.006 424.66
0.4 25.817 3.448 5.976 11.929 426.01 25.957 3.429 5.917 11.977 419.35
0.5 25.868 3.441 5.971 11.877 423.54 26.045 3.418 5.901 11.920 415.18
6.00 milling period. CuAlyGa; Te;y thin films were made by evaporating
: their milled powders on glass substrates. The films were deposited using
L 12.00 BALZERS high vacuum deposition equipment at a substrate temperature
of roughly 300 °C and a vacuum of 2.107° torr. The structural properties
of the generated powders and thin films were determined using a
5.99 4 L 11.96 Philips-X °'Pert X-Ray diffractometer (XRD) with CuK radiation
(=1.5406). The chemical compositions of the powders were studied
= 2 using a Phenom-ProX scanning electron microscope (SEM). The chem-
= F11.92°5 ical binding energy of the powders was measured using a Kratos-Axis
o8 Ultra X-ray photoelectron spectrometer (XPS) with AIK anode radia-
3981 tion (photon energy = 1486.6 eV). The optical properties of the
@ 188 deposited films were studied using a Shimadzu spectrophotometer to
assess transmittance (UV-Vis-NIR).
5971~ T T T T —L 11.84
0.0 0.1 0.2 0.3 0.4 0.5 2.2. Computational details

X

Fig. 2. Lattice parameters a and ¢ of CuAl,Ga; 4Te, powders (x = 0, 0.2, 0.4
and 0.5).

2. Experimental and computational details
2.1. Experimental procedures

Mechanical alloying was used to create nanostructured CuAly
Gaj_xTey powders with (x = 0, 0.2, 0.4, and 0.5). Cu, Ga, Al, and Te
powders with high purity of 99.99 % were packed in a cylindrical steel
tank under a pure argon gas atmosphere in a planetary ball mill (Fritsch
Pulverisette7). The milling operation was carried out at a rotational
speed of 200 rpm, with a mass ratio of 6:1 of balls to powders and a 3 h

The ground-state properties of CuAlyGa; 4Tes alloys were studied
using a quantum mechanical modeling technique based on an efficient
semi-relativistic variant of the FP-LAPW method within the DFT. The
modified Becke-Johnson exchange potential (mBJ) approach has been
used to approximate the effects of electron exchange and correlation
[15,16]. The space is composed of: (1) a non-overlapping Muffin tin
(MT) sphere centred on the atomic sites, where the basis set is expanded
as a linear combining of radial and spherical harmonic functions at the
same time using the FP-LAPW method; (2) The plane wave is used to
enlarge the basis set in an interstitial region (IR) between the MT
spheres. The convergence conditions were set to 8 (the Ry * Kmax cut-
off value), where Ryt and Kmax are the minimum radius of the muffin
tin sphere and the highest value of the plane wave vector, respectively
(K). Different values of RMT were used in the calculation, namely 2.3,
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Fig. 3. EDX spectra of CuAl,Ga; 4Te; powdersa x =0,b x =0.2,¢ x =0.4and dx = 0.5.
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Fig. 4. Survey XPS spectrum of the CuAlyGa;_xTe; powders (x = 0.2, 0.4 and 0.5).

2.4, 1.8, and 3.2, based on the size of the constituent atoms Cu, Ga, Al,
and Te, respectively. In the MT sphere and the IR, the maximum values
of Imax = 14 and Gmax = 13 were chosen for the potential and no
spherical contribution to the charge density, respectively. The Brillouin
zone (BZ) integration was performed with a grid of 17*17*17 dense k-
points created automatically using the Monkhorst and Pack convention
anda 104 Ry energy convergence criterion [17].

3. Results and discussion
3.1. Structural analysis of CuAl,Gaj_xTez powders

CuAlyGa; 4Tez (x = 0, 0.2, 0.4, and 0.5) X-ray powder diffraction
patterns are shown in Fig. 1. Since there is no standard JCPDS file for
CuAlyGa; 4Tey, the CuGaTe, standard was used to identify the forma-
tion of CuAl,Ga;_xTe;. When x = 0, the main observed peaks can be
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Fig. 5. High-resolution scans of a Ga3d, b Al2p for CuAl,Ga; 4Te, powders (x = 0.2, 0.4, and 0.5).
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Fig. 6. a XRD patterns of CuAl,Ga; 4Te, thin films, b (112) peak position shift with Al content.
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Fig. 7. Lattice parameters a and c of CuAl,Ga; 4Te, thin films (x = 0, 0.2, 0.4
and 0.5).

attributed to the CuGaTe, phase (JCPDS N°. 079-2331), which belongs
to the chalcopyrite family, as seen in Fig. 1a. The principal diffraction
peaks of tetragonal chalcopyrite were indexed as (112), (200)/(004),
(220)/(204), (312)/(116), (400)/(008), (332)/(316), and (424)/
(228), with (112) being the preferred crystallographic orientation.
When comparing the diffractograms of the various compounds, it was
discovered that all samples had two small diffraction peaks at (2 =
27.62° and 38.36°, respectively). These peaks are very similar to those of
Te (JCPDS N° 01-0727). Referring to Fig. 1b, the (11 2) peak reflection
shifted to a higher angles with increasing Al content, which can be
explained by the decrease of the lattice spacing d;;2 (Table 1). Several
writers have reported this divergence from Vegard’s law for CuAly.
Gaj_xTey powders in various chalcopyrite materials [12,18-20]. Using
the Scherrer formula [21], the average crystallite size (D) of all samples
is calculated from the most intense peak (11 2). The calculated average
crystallite sizes of the CuGaTe;y, CuAlj2Gag gTes, CuAly4GageTes and
CuAly 5Gag sTep compounds are 18.3 nm, 14.4 nm, 12.4 nm and 11.5
nm, respectively. These findings show that when the Al content
increased, the crystallite size shrank. The Bragg equation was used to
determine the lattice parameters (a, ¢) of CuAlyGa; xTe; powders from
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Fig. 8. a Transmittance spectra of CuAlyGa; Te, thin films, b Absorption coefficient versus wavelength, ¢ Plot (azhz/)2 versus (hv), and d The band gap versus Al

content (X).

Fig. 9. Chalcopyrite structure of a CuGaTe,, b CuAlysGagsTep and ¢ CuAlTe,,

the positions of the peaks corresponding to the (112) and (220) re-
flections. Table 1 summarises these figures. The values of a and ¢ for
pure CuGaTe;y in this study are 5.9932 and 11.9972 A, respectively,

which differ somewhat from the values in JCPDS N° 079-2331 (a =
6.0235 and ¢ = 11.9398 A) and prior CuGaTe, composition studies
[22,23]. Fig. 2 shows a plot of the lattice parameters a and c versus the



A. Kassaa et al.

Table 2
The equilibrium lattice constant of CuAl,Ga; ,Tes,
Lattice Bulk Bulk Internal Eg
CuAlyGa; 4Te,  constant modulus Pressure parameter (eV)
A& (GPa) (GPa) o)
x=0 a=b= 51.665 6.7287 0.23639 1.073
6.143
c=
12.608
x=05 a=6025 47.3829 4.2376 0.22736 1.24
c=
11.893
x=1 a=b= 50.7832 5.2306 0.23952 2.0
5.904
c=
11.524

0.5

Energy(eV)

Fig. 10. Energy band structure of CuGaTe, using mBJ.

Al content variable x in CuAlyGa; _4Te; powders. As the x value grows,
the values of a and c drop linearly. According to Vegard’s law, the linear
decrease in lattice parameters signals the creation of solid solutions,
which is consistent with the literature [24]. The lattice contraction was
produced by the replacement of Ga atoms (76.0 pm) by smaller Al atoms
(67.5 pm) [25], resulting in a drop in a and c values. Similar results for
CuAl;Ga; _«Seo samples have been observed in the literature [12] and
reported in other earlier publications [26-28].

3.2. Composition analysis of CuAl,Gaj_,Te; powders

The chemical components (Cu, Al, Ga, and Te) of CuAl,Ga;_xTey
powders are confirmed by the EDX spectrum shown in Fig. 3. At 9.5 keV,
the relative intensity of the Ga peak decreases, which corresponds to the
drop in Ga content. The relative intensity peak of Al at 1.5 keV, on the
other hand, is increasing, with CuAljsGagsTe; having the lowest in-
tensity. The atomic percentages of elements in the produced powders, as

Chemical Physics Letters 807 (2022) 140086

well as the composition of near-stoichiometric and stoichiometric
CuAlyGa; _Tey powders, are confirmed by EDX quantitative data. In the
same circumstances, the powders are copper-deficient but tellurium-
rich.

3.3. XPS analysis of CuAl,Ga;_xTes powders

An XPS survey spectrum of CuAl,Ga;_xTe; powders (x = 0.2, 0.4,
and 0.5) is shown in Fig. 4. The Cu, Al, Ga, and Te peaks are all visible in
the spectrums, regardless of the C 1 s and O 1 s peaks. The presence of C
could be owing to environmental pollution, but the presence of O is most
likely due to oxide development on the surface. It also displays the peak
positions of the Cu2ps,2, Cu2p;,2 and Al2p and Ga2ps,2, Ga2p;, 2 and
Te3ds,2, Te3ds s levels of 933 eV, 953 eV and 76 eV and 1118 eV, 1144
eV and 575 eV, 586 eV, respectively. These findings are consistent with
those reported for the CuAly 5Gag sTes sample by [13]. As can be seen in
Fig. 5a, the content of the Ga element drops as the Al content increases,
suggesting that Al atoms may successfully replace Ga atoms.

3.4. Structural analysis of CuAl,Ga;j_Tey thin films

Fig. 6a shows the X-ray diffraction spectrum of CuAlyGa;_4Te; thin
films (x = 0, 0.2, 0.4, and 0.5). For all films, the spectra revealed planes
(112), (220/204), and (116/312) attributable to the chalcopyrite
(tetragonal) structure, with no secondary phases formed. The chalco-
pyrite CuGaTe, (JCPDS N° 079-2331) was found to have three diffrac-
tion peaks that matched. The (112) diffraction peaks move to higher
angles as the Al content increases, as seen in Fig. 6b, implying that the
Ga sites in CuGaTe;, were substituted by some smaller Al atoms, causing
the lattice contraction. Table 1 shows the lattice characteristics, 2 pick
position, and cell volume for CuAlyGa; _yTes. Fig. 7 shows a plot of the
CuAlyGaj 4Te; films’ lattice parameters a and ¢ versus the Al content
variable x. Vegard’s law is rather well supported by the lattice param-
eters. These values are observed to decline linearly as the Al concen-
tration increases, and can be represented as: a = 5.97 —0.15x,
¢ = 12.05—0.24x . The obtained lattice constants and cell volume of the
CuGaTe; thin film are consistent with standard theoretical values and
our CuGaTe; powder experimental results.

3.5. Optical properties

Fig. 8a shows the transmittance spectra of CuAlyGa; 4Te, thin films
(x=0,0.2,0.4, and 0.5). In the near-infrared band, the transmittance of
the sample (x = 0) was found to be 93 %. The transmittance of the
samples increases as the Al concentration in the visible and near-infrared
spectrum increases. In the near-infrared wavelength band, the CuAl,.
Gaj_xTey films had transmittance values of roughly 70 %. The trans-
mittance decays rapidly at 0 % in the visible wavelength region.
Lambert’s law [29] was used to get the absorption coefficient from this
transmission data. Fig. 8b shows the absorption coefficient spectra of
CuAl;Ga; 4Tey films as a function of photon energy for various Al
concentrations. In the visible band, all of the films show a moderately
high absorption coefficient (>3.10* ecm™!), indicating that they are
suitable for photovoltaic applications. The absorption coefficient values
grow as the Aluminium content increases. The absorption coefficients
for all wavelengths beyond 800 nm, on the other hand, become smaller
and more steady. The optical band gap of CuAl,Ga; _xTe; thin films has
been estimated from the absorption spectrum using the following
equation [30]: (ahv)?® = A(hw —E,), Where A is a constant, h is the
Planck constant. As illustrated in Fig. 8c, the band gap (E,) was calcu-
lated by plotting (ahv)® versus photon energy (hv). The band gaps of
CuAlyGa; 4Te, layers with x = 0, 0.2, 0.4, and 0.5 had E; values of
1.23, 1.40, 1.56, and 1.65 eV, respectively. These results are consistent
with prior CuAlyGa; 4Tes values reported [31]. In addition, the band
gap value for CuGaTe, agrees well with the 1.23 eV value determined by
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[32-34]. Fig. 8d demonstrates how the Al content affects the optical
band gap of CuAlyGa;_Tey layers. The band gap values of CuAly
Gaj_xTey layers are found to rise linearly with the Al concentration (see
Fig. 9).

3.6. Computational results

3.6.1. Structural optimization

Cu(AL,Ga)Te; is a body-centered tetragonal chalcopyrite structure
semiconductor with the space group [-42d (N'122) [12]. The Cu atom is
at the 4a (000) site, the Al/Ga atoms are at the 4b (0 0 1/2) site, and the
Te atoms are at the 8d (u 1/4 1/8) site in the CuAlyGaj_4Tes (x =0, 0.5,
and 1) structure. The structural parameters of the ground state are

obtained by minimising the total energy with respect to the unit cell
volume. The equilibrium lattice constant of CuAl,Ga; 4Te; was deter-
mined for various x (0, 0.5, and 1) compositions, as shown in Table 2.
CuGaTe; optimization of unit cell volume leads to a = b = 6.143, ¢ =
12.608 A and CuAlTe, optimization of unit cell volume leads to a = b =
5.904, ¢ = 11.524 A, which is in good agreement with experimental [35]
and theoretical results [36]. The unit cell of optimised CuAl,Ga; xTes (x
=0, 0.5, and 1) structures is greatly shorter due to the substitution of big
Ga atoms with smaller Al atoms, resulting in a drop in the lattice
constant.

3.6.2. Electronic structure

The band structure of CuAl,Ga; 4Te; (x =0, 0.5, and 1) compounds
is computed using the mBJ scheme based on the optimised structures.
CuGaTe; band structure in high symmetry directions of the tetragonal
Brillouin zone is shown in Fig. 10. The compound is a direct band gap
semiconductor with an energy band gap of 1.073 eV because the valence
band maximum (VBM) and conduction band minimum (CBM) are both
located near the point of the Brillouin zone. The density of states (DOS)
of CuGaTe; is depicted in Fig. 11, where it is clear that Cu-d states
contribute the most to the valence bands, and that as energy moves away
from the valence bands, these states cause the DOS to rise dramatically.
Similarly, in the conduction band, the DOS does not climb as sharply as
it does in the valence bands.

When compared to pure CuGaTe,; with the VBM and CBM in the
point of the Brillouin zone, the energy band gap increases to 1.24 eV
with 50% Al incorporation in the Ga site, as shown in Fig. 12. Many
earlier studies [37,38] have shown that the mBJ potential may produce
highly precise energy band gaps while also being computationally effi-
cient. When the compounds are treated with mBJ, a significant effect on
the electronic band structures can be observed. We estimated the total
density of states (TDOS) to characterise the nature of the electronic band
structures, which is shown in Fig. 13. As can be observed from the DOS
plot, the Te states contribute the most, while Ga and Al states contribute
the least.

When the Ga atom is totally replaced by Al, the DOS and band
structure show a similar pattern with an increase in the energy band
value. Fig. 14 shows the CuAlTe; computed band graph. At the location,
CuAlTes has a straight band gap with VBM and CBM, and the obtained
band gap is 2.0 eV. Our predicted band gap value is lower than the
experimental value (2.06 eV) [39]. This type of underestimation is a
well-known feature of DFT since it does not account for phonon scat-
tering in the band structure [40]. In Fig. 15, the total and partial density
of state (TDOS and PDOS) for the band configurations depicted in Fig. 14
are also shown. Because they provide information on hybridization and
the orbital character of the states, the PDOS are extremely valuable.

The substitution of Ga by Al causes an increase in the band gap due to
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a decrease in the VBM due to the large contribution of the Al-s state and
a modest rise in the CBM from the Fermi energy level due to the
contribution of the Al-s state. In addition, the energy band gap widens
due to the difference in electronegativity between Al and Ga [41]. The
Al-s and Te-p states dominate the region of the conduction band between
1.5 and 2 eV, with the Al-s states having a substantial contribution and
the Te-p states having a weak contribution.

4. Conclusions

CuAlyGa; _«Te; thin films were obtained by vacuum evaporation of
mechanically alloyed powders. XRD analysis of the CuAl,Ga; 4Te;
powders and their deposit confirmed the chalcopyrite structure with a
preferred orientation (112). The lattice parameters decreased linearly
as the Al content increased, and the (112) peak diffraction shifted to a
higher angle when the Ga atoms were replaced by the smaller Al atoms.
According to the XPS study, the inserted Al atoms effectively replaced
the Ga atoms in the CuAl,Ga;_4Te; lattice. However, all of the deposited
films had a high absorption coefficient in the visible range, indicating
their applicability for solar cell applications. With increasing Al con-
centration, the optical band gap of the deposited films widened. The
CuAlps5GagsTey film, on the other hand, has a direct band gap of
approximately 1.65 eV, which is near to the optimal band gap for the
best photovoltaic conversion. The investigation of the electronic band
structure of the compounds using ab initio calculations revealed that the
band gap increases as the Al concentration increases, which are
compatible with the experimental results. Furthermore, the direct band
gaps of CuGaTe; and CuAlTe; were 1.073 and 2.0 eV, respectively.
CuAly 5Gag sTeg, on the other hand, had an indirect band gap of 1.24 eV.
All of the estimated band gap values were found to be lower than the
experimental values; this is a well-known property of the DFT.

5. Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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