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1.1 Abstract

Original Research Article

Terbium oxide (Tb4O7) thin films were deposited on silicon (Si) substrates by radio frequency (RF) magnetron sputtering
and subsequently subjected to low-temperature post-deposition annealing at 450 °C in an argon (Ar) atmosphere.
Structural and surface analyses using grazing-incidence X-ray diffraction (GIXRD) and field emission scanning electron
microscope equipped with energy dispersive X-ray (FESEM—EDX) revealed that annealing significantly enhanced the
film crystallinity and surface morphology. The crystallite size increased from 14.06 nm to 24.58 nm, accompanied by a
reduction in the lattice parameter toward the standard cubic Tb4O7 reference value. Clear grain growth and surface
densification were observed after annealing. In addition, EDX analysis showed an increase in oxygen content, indicating
a reduction in oxygen vacancy (V,) concentration. These findings confirm that low-temperature Ar annealing is an
effective approach for producing dense, uniform, and highly crystalline Tb4O5 thin films, making them suitable for
silicon passivation and other low-thermal-budget semiconductor applications.
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1.2 General Introduction

Thin films are essential to modern electronic
devices, as they enable precise modification of surface
properties at nanometer to micrometer scales [1,2].
These films are typically deposited on substrates to
impart enhanced physical, chemical, and electronic
functionalities. Si is the most widely used substrate in
microelectronics due to its excellent electrical properties,
mechanical stability, abundance, and cost-effectiveness,
which make it ideal for large-scale semiconductor
manufacturing [3,4]. Although alternative substrates
such as GaAs, SiC, and sapphire are used in specialized
applications, Si remains the dominant platform for
integrated circuit fabrication [5].

The performance of thin films strongly depends
on the deposition technique and process control. Various
fabrication methods, including physical vapor deposition
(PVD), chemical vapor deposition (CVD), atomic layer
deposition (ALD), and sol-gel processing, have been
widely employed [6—8]. Among these, radio-frequency
(RF) magnetron sputtering is particularly suitable for

oxide thin films, offering excellent control over film
thickness, uniformity, stoichiometry, and adhesion at
relatively low deposition temperatures [9].

Terbium oxide (Tb40O7) is a mixed-valence rare-
earth oxide with properties favorable for semiconductor
applications, including a wide bandgap (~2.23 eV), high
refractive index, good optical transparency, and a
relatively high dielectric constant [10,11]. In addition,
TbsO7 exhibits strong thermal and chemical stability,
making it attractive for passivation and microelectronic
device applications [12].

Post-deposition annealing (PDA) is commonly
used to improve thin-film crystallinity and reduce defects
[13]. Previous studies have shown that high-temperature
annealing (600-900 °C) significantly enhances the
properties of RF-sputtered Tb4O; thin films on Si
substrates

[9,14,15]. However, such conditions are not
always suitable for applications that demand low thermal
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budgets, such as flexible electronics, thin-film transistors
(TFTs), and perovskite solar cells. This study presents a
comparative analysis of as-sputtered Tb4O7 thin films
and those subjected to PDA at 450 °C, focusing on their
structural, morphological, topological, and optical
characteristics. The films were deposited on Si substrates
to evaluate their suitability for various applications in the
semiconductor industry. The material was annealed for
20 min in an Ar atmosphere, and the study mainly
focused on its physical properties.

2. Experimental Methods and Characterization

Si wafers were cleaned using the standard RCA
process prior to film deposition. Organic contaminants
were removed by immersing the substrates in an
H>,O/NH4OH/H>0; (200:40:40 mL) solution at 75 °C for
10 min, followed by removal of the native oxide layer
using a 1:50 HF/H>O solution for 15 min. Metallic
impurities were subsequently eliminated using an
H>O/HCI/H,0; (240:40:40 mL) mixture at 75 °C for 10
min. The wafers were then thoroughly rinsed with
deionized (DI) water and dried using nitrogen gas before
deposition.

Structural characterization of the deposited thin
films was carried out using grazing-incidence X-ray
diffraction (GIXRD) with a Cu-Ko radiation source (A =
1.5406 A) on a Bruker D8 diffractometer. Surface
morphology and elemental composition were examined
using a field-emission scanning electron microscope

(FESEM, FEI Nova NanoSEM 450) equipped with
energy-dispersive X-ray spectroscopy (EDX).

3. RESULT AND DISCUSSION
3.1 Structural Studies

Fig. 1 presents the GIXRD patterns of both the
as-sputtered film and the film annealed at 450 °C,
deposited on a Si substrate. All diffraction peaks can be
indexed to the cubic TbsO7 phase (space group Fm-3m,
225), with preferred orientations along the (111), (200),
(220), and (311) planes, particularly evident in the post-
deposition annealed film, as confirmed by the
International Centre for Diffraction Data (ICDD)
database (file no. 00-013-0387). The diffraction features
of the 450 °C annealed sample are consistent with earlier
reports [10]. Both the as-sputtered and annealed films
exhibit relatively crystalline characteristics. Notably, the
as-sputtered film displayed only a dominant (111)
orientation, while the peaks corresponding to the (200),
(220), and (311) planes were poorly developed. Upon
annealing, however, these orientations became well-
defined, alongside the strong (111) peak. These results
confirm that annealing not only enhances the
crystallinity but also promotes the formation of multiple
orientations in TbsO7 thin films, a structural
improvement that is critical for achieving high-
performance and durable semiconductor device
applications.
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Figure 1. GIXRD pattern of the as-sputtered and annealed at 450 °C films

The Scherrer equation was utilized to evaluate
the crystallite size (D) of the Tb4O7 thin films in order to
gain deeper structural insights. The variation in D

between the as-sputtered film and the sample annealed at
450 °C was calculated using equation (1) [16].
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where D denotes the crystallite size, /4 is the X-
ray wavelength, and S represents the peak broadening

along the 26 axis, typically measured as the full width at
half maximum (FWHM). @ corresponds to the Bragg
angle, while K is the Scherrer constant, which varies
between 0.62 and 2.08 depending on material
morphology. In this work, a value of 0.9 was adopted for
K.
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Figure 2. The Crystallite size and Lattice parameter for as-sputtered and annealed at 450 °C films

Figure 2 presents the calculated crystallite size
(D) and lattice parameter (a) for the as-sputtered and 450
°C annealed Tb4O7 films. The as-sputtered film exhibits
a D value of 14.06 nm, whereas the annealed film shows
a markedly larger size of 24.58 nm, as shown in Table 1.
This significant growth in crystallite size after post-
deposition annealing can be attributed to thermally
driven grain coalescence and the reduction of lattice
defects, which facilitate crystal reordering and grain
boundary migration [17].

In addition to crystallite size, the lattice
parameter (a) for both the as-sputtered and 450 °C
annealed films were determined from the position of the
(111) diffraction peak using the cubic-system equations
(2) and (3).

nA=d,, sin@
1 R+ +D

2

d , a’
hkl (3)

The lattice parameter (a) of the Tb4O7 films was
determined from the (111) diffraction peak for both the
as-sputtered and 450 °C annealed films. As shown in
Figure 1, the peak position shifted slightly to a lower 26
position from 29.056° for the as-sputtered film to
29.201° after annealing, yielding lattice parameters of
0.5318 nm and 0.5292 nm, respectively (see Table 1).
These values are in excellent agreement with the cubic
Tb4O7 reference pattern (a = .5290 nm) reported in the
ICDD database, file no. 00-013-0387.

Table 1: Present the hkl values, angles, crystallite size, and lattice parameter

Annealing Temp. (°C) | hkl | 20 () | FWHM B (20°) | Crystallite size (nm) | Lattice parameter (nm)

As-sputtered 111 | 29.056 | 0.54671

14.06 0.5318

450 111 | 29.201 | 0.31267

24.58 0.5292

3.2 Surface Morphological studies

| © 2026 Scholars Journal of Physics, Mathematics and Statistics | Published by SAS Publishers, India | 13 |




Abubakar A. Sifawa et a/, Sch J Phys Math Stat, Jan, 2026; 13(1): 11-15

mg O] WD [ = —500mm— |
100000x | 5.1 mm NO| , Physics USM

Figure 3(A-B) shows the top-view FESEM
images of the TbsO7 films at 100,000x magnification,
showing both the as-sputtered and annealed (450 °C)
films. The as-sputtered film, as seen in Figure 3(A),
features a morphology of extremely fine grains
interspersed with notable voids. Following PDA at 450
°C, the surface appears smoother and nearly devoid of
voids, with individual circular grains becoming
indistinguishable (see Figure 3(B)). This transformation
indicates thermally induced grain growth, wherein the
expansion of adjacent grains merges to yield a larger
average grain size and a denser film. The FESEM results
are in good agreement with the crystallographic changes
identified by the GIXRD analysis (Figure 1).
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Figure 3: The top view FESEM images for as-sputtered and annealed at 450 °C films

Figure 4(A and B) shows the EDX spectra of
the TbsO7 layers. The spectra reveal signals from Si, O,
Tb, and a tiny amount of Ar, with the corresponding
elemental ratios provided in the insets of Figure 4 (A and
B) for both the as-deposited film and the film annealed
at 450 °C. Intense Si peaks mainly originate from the
underlying Si substrate rather than the deposition, while
the Tb and O peaks align well with the expected film
composition. A tiny Ar signal appears only after 450 °C
annealing, attributable to the inert Ar environment and
regarded as insignificant, with no additional elements
observed. EDX further demonstrates a uniform spatial
distribution of Tb, O, and Si, confirming strong
interfacial bonding and even coverage of the Tb4O7 thin
film across the Si surface.
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Figure 4(A and B): The EDX spectrum and elemental composition of as-sputtered and annealed at 450 °C films

The as-sputtered film contained a lower oxygen
content (17.73 at. %) compared with the film annealed at
450 °C (21.51 at. %). During post-deposition annealing
in Ar atmosphere, the supplied thermal energy promotes
grain growth and helps eliminate oxygen vacancies (V).
As a result, the lattice oxygen already present in the film
becomes more evenly distributed, and the number of
oxygen-deficient sites decreases, leading to a higher
measured oxygen atomic percentage (at.%) even though
no external O source is introduced [18].

4. CONCLUSION

TbsO7 thin films deposited on Si by RF
magnetron sputtering exhibit significant structural and
morphological improvement after post-deposition
annealing at 450 °C in an argon atmosphere. Annealing
enhances crystallinity, promotes grain growth, reduces
surface roughness, and increases oxygen stoichiometry,
resulting in dense, smooth films suitable for low-
thermal-budget and temperature-sensitive
semiconductor applications.
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