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Preparation and characterization of CuAlxSn;xS; thin films prepared by electron
beam deposition system
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Abundant and environmentally friendly solar cells materials Cu,AlSnS4 (CATS) thin film
successively prepared by electron beam deposition system. The impact of various deposition
times and post-annealing at 450 °C under nitrogen gas atmosphere on the structures,
morphologies, and spectroscopic characteristics of the obtained CATS films were
investigated. Both deposition time variation and annealing process were found to
significantly affect the crystallinity, bonding vibration, surface morphology, energy band
gaps, and Urbach energy of the CATS films. EDX spectra of the films disclosed the
existence of all constituents’ elements. XRD analysis of the post-annealed films verified
their multiple phases with varying crystallite sizes. Raman spectral data of these films agreed
with the XRD analysis. AFM and SEM images of the films revealed the growth of hemi-
spherical crystallites on their surface. The band gap energy of these as deposited and
annealed films was correspondingly varied from 1.26 - 1.59 eV and 1.14 - 0.94 eV. The
proposed CATS films are asserted to be promising for the advancement of novel solar cell
materials.
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1. Introduction

The ever-growing demand of renewable energy has enforced the researchers worldwide to
develop high-performance photovoltaic cells that can efficiently convert the solar radiation into
electrical power. To speed up the installation of the photovoltaic modules, its production cost and
weight must be lowered. To achieve this goal, several thin films made from polycrystalline Cu—Sn—
S (CTS) were proposed by different researchers [1-10]. The CTS system can be composed of various
phases depending on the synthesis conditions. The phase diagram of CTS [10] obtained at standard
temperature and pressure revealed the existence of several stable phases like SnS, SnS;, CuszSnSa,
CuzSnS, and Cu,SnSs. In addition, the solar cell made of CTS with diverse phases were reported
[11, 12]. The heterojunction solar cells derived from Cu,SnS; disclosed highly stabile [13, 14]
polymorphs phases with tetragonal [15], monoclinic [16], cubic [17], hexagonal [18] and wurtzite
[19] crystal structures. The energy band gaps of the CTS film are ranged from 1.4-1.5 eV with an
enhanced coefficient of absorption close to 10* cm™ [20]. Single-junction solar cells derived from
Cu,SnS; displayed a theoretical efficiency of 30% [21]. Conversely, the Cu,SnS; thin films-based
Schottky-type solar cells disclosed the value of efficiency about 0.11% [13]. Recently, the thin films-
based solar cell made from pristine CTS [22], Na-doped Cu,SnS; [23], Ge-doped Cu,SnS; [24] and
Cu,ZnSnSy4 [25] was shown to attain an efficiency as much as 4.29%, 4.8%, 6.7% and 11%,
respectively, compared to theoretical efficiency of 30% [26]. Based on these factors, diverse
strategies including doping by various metals [27, 28] have been adopted to improve various features
of the solar cells made from quaternary materials, proving their potential for efficiency
enhancement. The observed enhancement in the efficiency of metal-doped thin films solar cell was
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mainly due to their diffusion into the absorber material layers. Aluminum (Al) as a promising doping
candidate revealed immense prospect in certain thin film solar cell technologies. Incorporating
aluminum into thin film compositions for solar cells can improve performance by enhancing
conductivity, light absorption, and the structural stability of the films. This makes them more durable
and resistant to degradation over time, ultimately resulting in greater efficiency and lifespan for
the solar cells [27-33].

Considering the practical importance of CTS system-based solar cells applications, in this
work, the abundant, affordable, and non-toxic chemical element Al was incorporated into the CTS
thin films. To our knowledge, the quaternary Al-doped CTS films were produced for the first time
by electron beam deposition (EBD) technique and characterized using various analytical tools. The
obtained data were analyzed, interpreted, discussed, and compared. The deposited thin films were
demonstrated to be prospective for the development of efficient photovoltaic cells.

2. Preparation and characterization

In this study, the CuAliSni«S2 (CATS) thin films were deposited on glass substrates
(1.5%3.5 cm?) at a temperature of 80 °C. An electron-beam evaporator system with chamber pressure
5x10”° mbar, acceleration potential of 8 kV and 50 mA electron beam current was utilized. The
source was a ball-milling powder consisting of pure Copper (Cu, 99.99%), Al (99.99%), Sn
(99.99%) and S (99.99%).

The CuAlp2SngsS, powder source was weighed according to an atomic ratio of 1: 0.2: 0.8:
2 using a Retsch PM 400 ball mill. The milling time was 18 h in air, with a 10 min pause every 1 h,
and the rotation speed was 350 rpm. Tungsten carbide balls with a diameter of 10 mm diameter were
used, and the ball-to-powder weight ratio was 15:1. Three films at the deposition time of 3 min, 6
min and 15 min were made. A profile-meter (Veeco dektak 150) was employed for measuring the
films’ thicknesses.

To ascertain the chemical elemental composition, the energy dispersive X-ray spectrometry
(EDX) system coupled with a JEOL scanning electron microscope (SEM, JCM-6000 model) was
used. The crystal structures and phases of the samples were determined by X-ray diffractometer
(Shimadzu XRD-6000 model with Cu-Ka like of A = 1.5406 A), wherein the data was recorded at
20 ranged from 5° to 80°. In addition, the Raman spectrum of these films was obtained by a Raman
spectrometer (Bruker Senterra model, excitation source of 532 nm and precision of 3.5 cm™). Atomic
force microscopy (AFM, Veeco-CP-II model having Si tip at scan frequency of 1 Hz) and Shimadzu
scanning electron microscopy (SEM) were used to image the samples topography. An UV—Vis-NIR
scanning spectrometer (Shimadzu UV- 3101 PC) was employed to study the transmittance spectra
of the CATS film.

All the characterizations of these prepared films were conducted at room temperature before
and after the annealing process. First, all the as depsoited CATS films were characterized. Then,
these films were annealed at 450 °C for an hour under Nitrogen gas atmosphere. Finally, the post-
annealed films were characterized for comparison.

3. Results and discussion

3.1 EDX spectra

Fig. 1 displays the EDX spectrum of the CATS films, which consisted of only Cu, Sn, Al
and S peaks, indicating the complete absence of any impurity thereby confirming the purity of the
prepared films. The percentages of the constituent elements were obtained by analyzing various
points on each film’s surface. Table 1 depicts the deduced mean value alongside the elemental
composition. The values of S/Metal ratios in the CATS films deposited at 3, 6 and 15 min were
correspondingly 1.2, 1 and 0.9% which are consistent with the documented results for typical
CuzZnSnSy4 (CTZS) solar cell (in the range of 0.9 to 1.1) performs at optimum efficiency [34].
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Fig. 1. EDX spectrum of the source powder and deposited CATS thin films.

Table 1. The constituent elements in the powder source and CATS thin films obtained from EDX analysis.

Time (min.) Atomic composition (%) Composition
Cu Sn Al S S/Metal

3 12.53 28.49 2.75 56.23 1.28 Cugs Alp.11Sni14 So2

6 25.58 21.36 2.98 50.08 1 Cuy.02 Alp.12Snoss So

15 30.84 18.23 1.20 49.72 0.99 Cui 23 Alp.osSno.z3 Sa

Source 25 21.7 2.7 49.77 1 Cu Alo,lzsno‘g Sz

3.2. XRD pattern and Raman spectral analysis of the CATS films

Figs. 2 and 3 illustrate the XRD patterns of CATS films before and after being annealed,
respectively. This detected halo at lower angular range without any intense diffraction peaks
signified the lack of the long-range periodicity of atoms in the as deposited films (Fig. 2).
Conversely, XRD results of the post-annealed CATS films indicated their polycrystallinity (Fig. 3)
wherein the observed sharp diffraction peaks at 14.5°, 28.1°, 47.2°, and 56.0° were corresponded
to the lattice planer directions of (111), (311), (400), and (620) for tetragonal CurAlSnS,4 unit cell
(JCPDS # 00-047-1343) that agreed well with the earlier report [28]. In addition, the diffraction
peaks at around 28.1° and 47.2° are due to the corresponding (112) and (220) lattice planes of the
tetragonal phase of Cu,SnS; (JCPDS # 01-089-4714) [35]. All the deposited CATS films displayed
another crystalline phase of Cu,S with a minor peak at 31.6° which was also reported by others [4,
35]. All the annealed films showed a minor peak at 21.2° which corresponded to the (103) lattice
direction of Sn,Ss crystal (JCPDS # 75- 21830) [35].

The observed most significant diffraction peak at 28.1° was analyzed using Debye Scherer
equation to calculate the mean crystallite diameter in the films wherein the FWHM of this major
peak was recorded [36]. The crystallite sizes in the post-annealed films were decreased from 10.8 to
9.6 nm when the deposition times were raised from 3 - 15 min. In this work, calculated values of



496

mean crystallite diameters were comparable to the one obtained for CTS film (11.4 nm) prepared

using spray pyrolysis method [37] and the one observed for CTS film (10.7 nm) made using co-
evaporation method [35].
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Fig. 2. XRD profiles of as- deposited thin films.
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Fig. 3 XRD profiles of post-annealed samples.

Figs. 4 and 5 display the Raman spectrum of the CATS films before and after being
annealed, respectively. Overall spectral patterns of these films were changed significantly with the
variation of deposition time, indicating some change in the chemical functional groups. Multiphase
verification through Raman spectroscopy was achieved by identifying distinct vibrational peaks
unique to each phase. Table 2 compares the observed peak positions for CATS films with those
reported in the literature. Raman spectral analyses reconfirmed the existence of multiphase in the
prepared thin films. The spectra showed the presence of tetragonal Cu,AlSnS4, Cu,SnS;, CusS and
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Sn,S; phases (as observed in the XRD patterns) together with the minor SnS;, phase. The slight

difference in the wavenumber between the observed values and those reported by others are mainly
because of the variation of films composition, growth conditions and microstructures [6].
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Fig. 4. Raman spectrum of as deposited CATS films.
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Fig. 5. Raman spectrum of post-annealed CATS films.

Table 2. Comparison of Raman peaks in the current study with other works.

Observed Raman peaks (cm™) Reported values (cm™)
As deposited CATS films Post-annealed CATS films
3 min 6 min 15 min 3 min 6 min 15 min
308 306 260 569 544 567 303 (tetragonal Cu,SnSs [38])

475 & 492 (CusS [4] & [39])
536 & 580 (SnS; [40])

- 965 858 1093 | 1066 1084 1379 (Cu2AlISnS; films [42])

& 1370 (SnyS; [47])

- 1410 1458 1383 (Cu,AlSnS, films [42])

3.3. Morphological analysis of CATS films

Figs. 6 and 7 depict the corresponding AFM images of the CATS films before and after
being annealed. The surface textures of the films were consisting of compact and dense grains
without pinholes or cracks, indicating the impact of different times of deposition as well as the
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annealing effect on the film’s microstructures. Both roughness and size of the observed hemi-
spherical grains were improved with the annealing process and deposition time increase from 3 to 6
min and then decreased at 15 min.

The top-view SEM images of the studied films before and after the annealing protocol are
epitomized in Figs. 8 and 9, respectively. These images revealed that compact and dense films
without pinholes or cracks were successfully obtained at different deposition times. The histogram
(inset of Figs. 8 and 9) illustrates the average grain size of the observed semi-spherical grains.
Apparently, the grain size of the films was augmented with the progressive increase in the deposition
time as well as the annealing temperature increased from 3 to 6 minutes. However, for the film with
15 minutes deposition time, the SEM image confirmed the amorphous nature before the annealing
which was consistent with XRD result while its image after annealing exhibited about 258 nm grain
size. This observation could be attributed to the polycrystalline structure obtained by XRD and
Raman analyses.

J 180

0.00 nm 000 rem

.“ -
- - T
‘-...' ‘." =’

Uum[lum

6 min. 15 min.

Fig. 6. AFM topographs (in two- and three-dimension view) of as-deposited CATS films.
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Fig. 7. AFM topographs (in two- and three-dimension view) of post-annealed CATS films.
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Fig. 8. The SEM images of the as-deposited CATS thin films (Insets: the mean grain size distribution).
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Fig. 9. The SEM images of the annealed CATS thin films (Insets. the mean grain size distribution).

3.4. Optical properties of CATS films

Figs. 10 and 11 show the optical transmission spectra of the CATS films before and after
being annealed, respectively. The overall spectral pattern did not reveal any significant change due
to the allowed absorption except at the absorbance edges in the optical band gaps (E,). For all the
grown films, Tauc plots ((ahv)"" versus photon energy (hv)) were generated to determine the values
of E,. The absorption coefficient () is related to E, via [43]:

_ B(hv-Ey)
o= —— (D

where r cas take a value of 0.5 for the direct and 2.0 for indirect allowed electronic transitions across
the films forbidden energy gaps. The films optical transmittance (T) and thickness (d) can be related
to a via:

a= —<InT )

The as deposited films at 3, 6 and 15 min attained the thickness of 175, 275 and 341 nm.
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Fig. 10. Optical transmittance of as deposited CATS thin films.
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Fig. 11. Transmission spectrum of post-annealed CATS thin film.

Figs. 12 and 13 display the Tauc plots of the as deposited and post-annealed CATS films,
respectively. Table 3 shows the obtained E, values of the films which agreed well with other reports
[27, 28, 42, 44]. The values of the E; were found to be affected by the deposition time variation and
the annealing process. These results suggested that the EBD technique can be effective to grow
CATS films with desired attributes advantageous for solar cells manufacturing.



502

2.0x10"
—=— 3 min.
—— 6 min.
1.5x10" 1 —4— 15 min.
>
L
§ 1.0x10"°
T
=
L
3
—
5.0x10°
0.0 4 —————1T—7
0.5 1.0 15 2.0 2.5 3.0 35 4.0
hv (eV)
Fig. 12. Tauc plots of as deposited CATS films.
2.0x10"
—#&— 3 min. /Annealed
—=&— 6 min. /Annealed
—aA— 15 min. /Annealed
1.5x10" 4
>
[P
f,/ 1.0x10" 4
D
>
°
3
-
5.0x10° 4
W +—F—r— T T T T T T
0.5 1.0 15 2.0 2.5 3.0
hv (V)

Fig. 13. Tauc plots of post-annealed CATS films.

Figs. 14 and 15 show the Urbach energy (E.) plots of the as-deposited and post-annealed
CATS films. Table 3 displays the achieved values of Eu for the proposed CATS films. The relatively
high value of E, indicated the presence of disorders and impurities in the films. Furthermore, the
established inverse correlation between E, and E, signified the existence of very less number of
localized energy levels in the forbidden energy gap [43].
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Fig. 14. Urbach plots of the as-deposited CATS films.
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Fig. 15. Urbach plots of the post-annealed CATS films.

Table 3. Calculated values of Eq and E, of the grown as deposited and post-annealed films.

As- deposited thin films Post-annealed thin films
3 min 6 min 15 min 3 min 6 min 15 min
E, (eV) 1.26 1.28 1.59 1.14 1.01 0.94
E, (eV) 0.74 0.69 0.66 0.49 0.55 0.54

4. Conclusions

Three CATS thin films with high purity were prepared by EBD method and characterized.
The impact of annealing temperature (450 °C) and various deposition times (3, 6 and 15 min) on the
film’s structures, morphologies and optical characteristics were determined. It was asserted that the
deposition time variation and annealing process can effectively be used to customize the films
structures, morphologies, and electronic properties (band gaps). EDX spectrum revealed the
occurrence of all constituents in the CATS films. The formation of tetragonal Cu,AlSnS4 structure
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was validated through the XRD analysis. AFM and SEM images displayed the nucleation of hemi-
spherical grains on the films surface. An inverse relationship between E, and E, was obtained. In
addition, the salient features of the proposed CATS films were discerned to be comparable to the
CTZS films, indicating their immense benefits towards the growth of light-weight and inexpensive
photovoltaic devices.
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