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Abstract: Aluminum antimonide (AlSb), a semiconductor compound, finds its applications in opto-
electronics because of its tunable bandgap and promising properties achieved by tailoring suitable
dopants. To explore the effects of doping, thin films of pure AlSb and 10% magnesium (Mg)-doped
aluminum antimonide (MgAISb) were synthesized through compound solution deposition on a glass
substrate using a low-cost chemical bath deposition (CBD) technique at varying bath temperatures
with deposition time intervals ranging from 60 to 180 min. Optical microscopy was used to evaluate
the surface roughness and morphology of the synthesized films, revealing the surface roughness and
thin film uniformity at different deposition times. The structural characteristics of AlSb and Mg-doped
AIlSD thin films were further examined using the X-ray diffraction technique, which validated the
formation of AlSb and Mg-doped AISb thin films. This research enables large-scale low-temperature
deposition for a variety of conceivable applications in the coatings, materials penetration, energy, and
photonic sectors due to the novel properties of this material.
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1. Introduction

Aluminum antimonide is an efficient semiconductor compound in the III-V group
with a 1.62 eV indirect bandgap having high electron mobility, which makes it an ideal
material to be used as an anode material for a range of applications, including transistors,
photovoltaic devices, thermal radiation detectors, and the PN junction diodes [1-3]. In
addition, both aluminum and antimony are nontoxic and abundantly found on Earth
with their efficient properties, such as high absorption and high charge carrier mobility.
The AlISb semiconductor was theoretically demonstrated and regarded as an extremely
efficient material for photoelectric conversion with a recorded efficiency of 27% and has the
potential to be employed in photovoltaic applications [3]. Sputtering, electrodeposition [2,3],
molecular beam epitaxy [4], vapor deposition [5], pulsed laser deposition [6], and the hot
wall epitaxial growth method [7] are all traditional techniques for the synthesis of AlSb
compounds. However, experiments have been reported to synthesize AlSb thin films
using the pulsed laser deposition (PLD) method [6], which demonstrated the influence
of moisture on resultant AlSb thin films by the interaction of Al and Sb ions [8]. Both
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n-type and p-type dopants have already been reported for AlSb films in previous studies,
where Shaw [9] and Wieber [10] investigated the diffusion of zinc (Zn) and copper (Cu)
in AISb semiconductors. Likewise, Lilli et al. synthesized Cu-doped AlSb films on a
quartz substrate using the co-sputtering technique, where the AlSb was doped with Cu,
which served as an interstitial atom to raise the lattice constant, wherein Cu-doped AlSb
exhibited significantly different results than undoped AISb after the annealing procedures,
which proved the fact that the position of the doping atom is the most significant factor
in investigating material characteristics. These results demonstrate the high impact of the
annealing procedure on thin film deposition to obtain the desired material properties [11].
Moreover, Shawon et al. reported a doping method for Mg as a dopant in AISb films using
controlled melting and vacuum hot-pressing in which they replaced Al with Mg in AlSb
films to improve the concentration of holes acting as charge carriers, hence improving
the thermoelectric performance of Mg-doped AlSb films by a factor of six, compared to
conventional AlSb thin films [12].

The present research focuses on the CBD technique for thin film deposition, which
has a higher throughput than the commonly used PLD method, which employs a high-
energy laser pulse for material deposition, whereas CBD simply requires a substrate and
an aqueous solution of the desired material. In a comparison of these two methods, PLD
has a more complicated arrangement that entails the following three steps: (i) target
material ablation, (ii) energetic plume generation, and (iii) thin film synthesis, all of which
result in film formation with the required thickness and stoichiometry, whereas CBD is
much easier to work with and involves manipulating growth parameters such as time,
temperature, chemical composition, and deposition of a chemical solution to achieve the
desired morphology. Furthermore, because of the high-intensity pulse used in PLD, laser
ablation may cause bulk damage, whereas the chemical solutions used in CBD do not cause
any damage and may be used at low temperatures [13].

This study aimed at depositing pure and 10% Mg-doped AlSb thin films on a glass
substrate using a CBD aqueous solution technique. The CBD process achieves excellent thin-
film conformational growth and uniformity at various deposition times as well as tempera-
tures, and their structural properties are also investigated using various characterization
techniques, demonstrating that the synthesized Mg-doped AlISb thin films are promising
materials for surface coatings, materials penetration, and energy applications [14,15].

2. Materials and Method

The materials utilized for this research were aluminum (Al), antimony (Sb), and
magnesium (Mg) in pure powder form, as well as nitric acid (HNOs3) to make the solution.
The AlISb thin films were synthesized with an aqueous solution of Al and Sb obtained
by mixing their pure powder forms in dilute nitric acid and depositing them on a glass
substrate using the chemical bath deposition process. The glass substrate was cleaned
with distilled water and dried before use to eliminate any contaminants, and the chemicals
employed were analytically graded and quantified with accuracy to ensure smooth results.

The final solution was produced by combining 200 mL of HNOj; with varying ratios of
Al and Sb (Mg in the case of Mg-doped AlSb synthesis) and stirring well until precipitates
formed. To improve the thin film growth uniformity, the solution was heated on a hot
plate with continuous stirring before being put on a glass substrate at 60-180 min time
intervals. To deposit AISb films on micro slides, vertical slides were inserted into a running
experimental setup for the appropriate time and temperature range of 72 °C £+ 3 °C
until deposition occurred, then removed, cleaned, and dried in a clean box to preserve
them for further characterization. The slide contained an intrinsic AISb thin film, and a
10 percent concentration of Mg was added as a dopant to a previously prepared solution
and deposited on a substrate for 60-180 min before being removed, washed, and dried
for further characterization and morphological studies. Mg and Al concentrations in the
resulting Al;_xMgySb (x = 0.1) solution were adjusted to find the optimum output and
uniformly doped thin films for future device applications.
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3. Results and Discussion
3.1. X-ray Diffraction Analysis

The X-ray diffraction (XRD) technique was used to explore the structural characteristics
of the Mg-doped AlSb thin films. The crystallite grain size was calculated by using the
Debye-Scherrer formula [16] as:

kA
D =
3 cos®O

where D represents the crystallite grain size, K = 0.94, wavelength of X-ray source (Cu)
A =1.54059 A°, {3 is the full width half maximum (FWHM), which represents the broaden-
ing of diffraction line at half of its maximum intensity, and 6 represents the Bragg’s angle.
In addition, the dislocation line density was estimated using the formula & = 1/D? [17].

The XRD patterns of the intrinsic AlSb thin films, which were synthesized by varying
the substrate temperature in the range of 72 °C & 3 °C are illustrated in Figure 1, along
with the time variation from 1 to 3 h with a 30-min time step. The graph shows no peak
sharpness at time intervals of 1 h, 2 h, 2.5 h, and 3 h, which proved the deposited AISb thin
film was amorphous in nature, while the XRD of the intrinsic AlSb at 1.5 h of deposition
time confirmed its polycrystalline nature by the number of peaks observed at various
angles along with various planes of reflection. Hence, we will briefly discuss here only the
crystalline structures observed at 1.5 h of deposition time. Moreover, the hums present in
the peak pattern were due to the glass substrate. These XRD structures and the conclusions
drawn from them are consistent with the previous research [1]. Figure 1, showing the XRD
patterns of pure AlSb thin films, demonstrates that an AlSb sharp peak was detected at an
angle of 54.4° with a plane of reflection value of (023), confirming the cubic structural plan
of AlSb thin films [1,18]. The grain size of AlSb film was reported as 0.46 nm, while the
dislocation line density peak was measured as 4.6134 x 10'® m~! with a d-spacing value of
1.6853 A°. Moreover, the single-crystalline nature of the AISb thin film was also confirmed
by the XRD patterns. Table 1 summarizes the XRD characteristics of pure AlSb for a 1.5-h
deposition time along with the Sb data for planes (004), (112), and (102).
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Figure 1. XRD patterns of pure AlSb thin films for 1-3 h.
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Table 1. The XRD data of pure AlSb-deposited thin films recorded at 1.5 h.

Dislocation Line Density

Peak No. 20 (Degree) D (A°) Hkl Intensity (I) FWHM G.S (nm) (m-1 x 108)
1 54.4 1.6853 (023) 54.4 0.625 0.46 4.6134
2 27.7 3.2182 (102) 27.7 0.78 0.62 2.5407
3 32.1 2.7864 (004) 32.1 0.77 0.19 0.2739
4 46.2 1.9635 (112) 46.2 0.625 0.49 0.4039
Figure 2 demonstrates the 10% Mg-doped AlSb thin film XRD patterns at varying
deposition time intervals of 1-3 h. The XRD pattern shows no sharp peaks for the deposition
times of 1 h and 3 h, indicating the amorphous nature of AlSb thin films at these times;
whereas the results for deposition times of 1.5 h, 2 h, and 2.5 h revealed a number of sharp
peaks, indicating the crystalline nature of the doped AISb films at these time durations, and
only these specific deposition times are briefly discussed with reflection planes and other
considerable parameters. The XRD parameters summary for the 10% Mg-doped AlISb thin
film deposition times of 1.5 h and 2 h is shown in Table 2.
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Figure 2. XRD patterns of 10% Mg-Doped AlSb thin films for 1-3 h.
Table 2. The XRD data of 10% Mg-doped AlSb deposited thin films at 1.5 and 2 h.
Peak No. 26 (Degree) D (A°) Hkl Intensity = FWHM Grain Size (nm) DISIOC:‘I: Si‘ 3:1;1;1?) ensity
1.5 h Deposition Time
1 23.7 3.7515 (003) 23.7 0.625 0.29 0.1156
2 h Deposition Time
1 24.8 3.5876 (111) 24.8 0.62 0.22 0.1946
2 23.7 3.7515 (003) 23.7 0.825 0.23 0.2015

Figure 2 depicts the Sb sharp peak observed at an angle of 23.7° at deposition times
of 1.5 h and 2.5 h, as well as the reflection plan at the value of (003), which showed grain
sizes of 0.29 nm and 0.23 nm, respectively, depending on the deposition time rate, with a
relative intensity of 100% in both cases. However, increasing the deposition time increased
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the dislocation line density values. In the case of Sb, it was 0.1156 x 10'® m~! for 1.5 h of
deposition and 0.2015 x 10'® m~! for 2.5 h of deposition time, with the d-spacing being the
same in both conditions as 3.7515 A°. These findings supported the crystallinity of Sb [19];
whereas the results obtained for AISb revealed a strong peak at 24.8° with the reflection
plan of (111), confirming its cubic structure. The grain size of the synthesized AlSb was
0.22 nm for a deposition period of 2.5 h, with a d-spacing value of 3.5876 A°, which was
smaller than Sb but with 100% relative intensity, and these results are consistent with earlier
studies [20-23].

3.2. Surface Morphology

The surface morphology of the intrinsic and 10% Mg-doped AlSb thin films was
examined using the MOTIC BA310MET optical microscope from which optical micrographs
were computed and are discussed. The surface roughness was computed by using IMAGE]
software (Version IJ 1.46r), which is a Java-based image processing program developed
at the National Institutes of Health and the Laboratory for Optical and Computational
Instrumentation (LOCI, University of Wisconsin, Bethesda, Maryland) [24].

3.2.1. Surface Roughness

The penetration of AISb and Mg-AlSb compounds on the glass substrate was studied
by investigating the optical micrographs using the IMAGE] software IJ 1.46r across a range
of time, which revealed the surface roughness and uniformity of the deposited pure AISb
and Mg-AlSb films. Figure 3 shows the surface roughness of the pure AlSb at deposition
times ranging from 1 to 3 h, with the needle shape of peaks defining substrate penetra-
tion and the number of needle-shaped peaks displaying the amount of penetration, with
more needle-shaped peaks indicating more penetration and thus more surface roughness
and nonuniformity. Figure 3a shows no prominent needle peaks at 1-h deposition time,
indicating uniform material deposition; whereas Figure 3b shows some needle peaks at
1.5 h, indicating the beginning of penetration; however, Figure 3c,d show a greater number
of needle peaks at 2-2.5 h of deposition time, indicating more nonuniformity. After 3 h
of deposition (Figure 3e), the penetration achieved its maximum level, as evidenced by
maximum needle peaks, demonstrating the nonuniformity of the pure AISb layer formed
on the glass substrate.

Figure 4 shows the surface roughness of 10% Mg-doped AlSb deposited thin films,
with Figure 4a showing surface roughness and nonuniformity, which was confirmed by
its graph having a number of needle-shaped peaks, and Figure 4b,d showing the same
phenomenon with a high number of peaks and thus high surface roughness at 1.5 and
2.5 h, respectively. Figure 4c, on the other hand, shows a smaller number of peaks at a
2-h time interval, but Figure 4e exhibits needle peaks after 3 h of deposition, showing
that as the deposition time increased, so did the material penetration, resulting in surface
nonuniformity. However, as compared to pure AlSb, the 10% Mg-doped AlSb exhibited
fewer needle-shaped peaks, suggesting that the Mg-AlSb had more uniformity and less
penetration than pure AlSb, and future device applications will have a better chance as a
consequence because of their high uniformity. The tabulated surface roughness data for
pure AlSb and 10% Mg-doped AlSb films are shown in Table 3.

3.2.2. Optical Micrographs

A morphological investigation of pure and Mg-doped AlSb thin films was conducted,
yielding information on the deposited film uniformity and surface morphology as a function
of deposition time. The film concentration changes were also demonstrated by varying the
deposition time factor.
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Figure 3. Surface roughness of pure AlSb at different deposition times (a) 1 h, (b) 1.5 h, (c) 2 h,
(d) 2.5 h, and (e) 3 h.

Table 3. Surface roughness of pure and Mg-doped AlSb thin films at different deposition times.

St N Distance Roughness (Microns) at Deposition Time (s)
" (Pixels) 60 90 120 150 180
Pure AISD thin films

1 75 136 136 139 167 134
2 150 165 164 166 172 167
3 225 189 169 146 89 153
4 300 138 147 161 159 152
5 375 131 119 98 81 112

10% Mg-doped AISD thin films
1 75 142 154 182 139 149
2 150 129 151 163 173 174
3 225 158 127 112 151 166
4 300 151 144 177 159 150
5 375 82 137 147 113 124
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Figure 4. Surface roughness of 10% Mg-doped AlSb films at different deposition times (a) 1 h,
(b)1.5h,(c)2h,(d) 2.5h,and (e) 3 h.

Figure 5 shows the morphological study of the pure AISb thin films using the optical
micrography technique with deposited times ranging from 1 to 3 h, each spaced by 30 min.
The pure AlSb is represented by the golden yellow color in all graphs, whereas Figure 5a
shows uniform film conformation on the substrate due to less deposition time and material
penetration, but some microparticles were still present on the substrate’s surface due to
nonhomogeneous entities present in the solution, which resulted in the nonuniformity of
film by increasing the deposition time and material penetration. Figure 5b—e, show that the
first layer was homogeneous, but the particles on the upper layer were deposited particles
that grew as the deposition period increased, affecting the material concentration. These
microparticles might be the consequence of Al and Sb precipitates or dust particles in the
solution. Furthermore, the particle concentration increased by increasing the film deposition
time, which is depicted in Figure 5a—e. With the increase in the deposition time, the
nonuniformity of the prepared films increased, depicting an enhanced surface roughness.

The morphological analysis of Mg-doped AlSb, which was the major focus of the
current investigation, is shown in Figure 6 with a time range of 1-3 h; once again, the
golden yellow colors confirmed the presence of AlSb. Despite the uniformity of the
film layers, these optical micrographs contained a number of microparticles, and these
microparticles may be due to nonhomogeneous entities present in the solution or to Mg, Al,
and Sb precipitates, as well as dust particles in the solution, which created the undesirable
effects. The film concentration decreased as the deposition time increased, and vice versa;
in general, the films were not uniformly deposited on the substrates, as evidenced by the
particles shown in Figure 6a—e, and the greenish color seen in the morphological results
confirmed the Mg doping in AISb films.
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Figure 5. Pure AlSb-deposited thin films’ optical micrographs for time durations of (a) 1 h, (b) 1.5h,
(c)2h,(d)2.5h, and (e) 3 h.

Figure 6. Mg-doped AlSb-deposited thin films’ optical micrographs for time durations of (a) 1 h,
(b) 1.5h,(c)2h, (d) 2.5h, and (e) 3 h.
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4. Conclusions

The most cost-effective approach for synthesizing AISb thin films was used, and these
films were synthesized on a glass substrate using the chemical bath deposition method,
which was carried out at various temperatures with a depositing film time ranging from
1 to 3 h. The film formation was examined at each point, and structural, morphological,
and surface roughness analyses were conducted at various time intervals. With increasing
deposition time, the surface roughness of pure and 10% Mg-doped AISb increased, causing
more material penetration and more nonuniformity. The XRD substantiated the AISb film
formation with its unique structural characteristics in both intrinsic and doped AlSb thin
films; whereas, the optical analysis of both pure and doped AlSb thin films proved that the
deposition time had a direct relation to the surface roughness. In brief, the results showed
that Mg-doped AlSb films had better uniformity with increasing deposition time than their
counterparts, having potential applications in photovoltaics, energy, and photonics.
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