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Abstract
Gadolinium oxide nanorod  (Gd2O3 NR) was fabricated on an n-type silicon substrate by catalyst-free glancing angle 
deposition (GLAD) technique. The as-grown sample was annealed at 500 °C to investigate the impact of annealing on 
structure and optical properties. XRD analysis reveals an improvement in the crystal structure after annealing. Field emis-
sion scanning electron microscope (FE-SEM) and energy dispersive X-ray (EDX) confirm the successful growth of vertically 
aligned  Gd2O3 NR with the presence of Gd, O, and Si. Transmission electron microscope (TEM) showed the crystalline 
nature of the grown  Gd2O3 NR. Finally, UV–vis spectroscopy was performed to study the optical properties. A significant 
enhancement in the photon absorption (200–300 nm) was observed, which can be attributed to increased grain size, 
improved crystallinity, and large generation of electron–hole pairs. In addition, the Tauc plot showed a decrease in the 
bandgap from 5.05 eV to 4.98 eV after annealing at 500 °C.
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1 Introduction

Semiconducting oxide has gained considerable attention in recent decades due to its promising technological appli-
cations in sensors, storage, and optoelectronic devices [1, 2]. Among these semiconducting oxides, gadolinium oxide 
 (Gd2O3), a rare earth material, is a good candidate for various applications such as memory devices and photodetectors 
due to its wide bandgap material with high thermal stability and dielectric constant [3]. Recently, nanostructures such 
as zero-dimensional (0D), one-dimensional (1D), and two-dimensional (2D) have attracted particular attention due to 
their unique properties and potential for innovative applications [4–7]. Among the different types of nanostructures, 
1D nanostructures such as nanowires and nanorods (NR) have received particular attention due to the large surface-to-
volume ratio and quantum confinement effect [8]. A variety of techniques, including chemical methods [9] and physical 
vapour deposition (PVD) [10], have been employed for the deposition of metal oxide 1D nanostructures. Among these 
techniques, glancing angle deposition (GLAD) is an efficient method of growing vertically aligned NRs on a Si substrate 
without a catalyst. Also, the GLAD technique provides an easy way to control the NR’s thickness, morphology, and 
porosity [11]. However, structural deformation during the deposition process, such as surface defects, adsorbed oxygen, 
and oxygen vacancies, can greatly affect the performance of optoelectronic devices. One way to reduce such defects is 
through heat treatment. Annealing the sample at optimal temperature reduces the structural defects and improves the 
crystallinity of the sample [12].
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The optical and structural properties of  Gd2O3 nanoparticles have already been reported by other researchers. How-
ever, studies of these properties for  Gd2O3 NR using the GLAD technique are less explored. Therefore, in this study, we 
deposited  Gd2O3 NR on a Si substrate using the GLAD technique. Also, post-annealing at 500 °C was performed to inves-
tigate the effect of annealing on  Gd2O3 NR properties. The structural analysis was carried out using an X-ray diffractom-
eter (XRD), field-emission gun scanning electron microscope (FEGSEM), energy dispersive X-ray (EDX), and transmission 
electron microscope (TEM). The optical analysis was carried out using a UV–Vis spectrometer.

1.1  Experimental details

The GLAD technique was used to deposit  Gd2O3 (99.99% purity) NR on an n-type Si substrate. The substrate was first sub-
jected to RCA cleaning procedure. The cleaned substrate was then placed on the substrate holder at an angle of 85° from 
the source materials. The deposition was carried out in a vacuum environment with a base pressure of ~ 5.5 ×  10–6 mbar, 
a deposition rate of 1.1 Å/s, and an azimuthal rotation of 30 rpm. The length of the NR was monitored using a digital 
thickness monitor (DTM). After the deposition, the samples were subjected to open-air annealing at 500 °C for 1 h in the 
programmable furnace. Figure 1 illustrates the synthesis of  Gd2O3 NR using the GLAD technique.

2  Result and discussions

Figure 2 shows the XRD patterns of the as-grown and annealed  Gd2O3 NR samples. The diffraction peak obtained for both 
samples matched the cubic phase with JCPDS data 65–3181. However, the (222) peak in the as-grown sample showed 
a slight shift due to strain developed during the deposition. After annealing at 500 °C, the shifted peak returned to its 
original position, and a new peak with a (440) orientation plane appeared. The increasing peak intensity in the domi-
nant (222) peak indicates an improved crystalline structure after annealing. The average crystallite size was calculated 
as ~ 18.05 nm (as-grown) and ~ 21.85 nm (annealed) using Scherrer’s equation [2].

Fig. 1  Diagram illustrating the 
synthesis of  Gd2O3 nanorod
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Figures 3 (a, b) present the FESEM image of the cross-sectional and top-view for the as-grown  Gd2O3 NR. The cross-
sectional image confirms the successful growth of vertically aligned  Gd2O3NR with ~ 300 nm length. Some undergrown 
NRs are also observed due to the shadowing effect of the GLAD technique. Figure 3 (c–f ) shows the EDX spectrum and 
elemental mapping of  Gd2O3 NR. The presence of O, Gd, and Si confirms the formation of good quality and impurity-free 
thin film, which is consistent with the XRD and SEM results.

Figure 4 (a) shows a single as-grown  Gd2O3 NR with ~ 310 nm length, indicating the successful growth of NR. The 
d-spacing calculated from the HRTEM (Fig. 4 (b)) was found to be 0.311 nm corresponding to the dominant peak with the 
(222) plane. Furthermore, the presence of lattice fringes confirms the crystalline nature of the as-grown sample. Figure 4 
(c) shows a single annealed  Gd2O3 NR with ~ 275 nm length. The nanorod in the annealed sample became smoother due 
to grain agglomeration and exhibited better crystallinity with a larger diameter, as shown in Figs. 4 (a, c). The improve-
ment in the crystallinity after annealing is well-matched with the XRD analysis.

UV–Vis spectra of the as-grown and annealed  Gd2O3 NR are shown in Fig. 5 (a). A maximum absorption in the UV 
region (200–300 nm) was observed due to band-to-band transition [13]. It can be observed that the absorption of the 
sample increases in the annealed sample. The increased absorption in the annealed sample can be attributed to the 
generation of more electron and hole pairs and the improvement in the average crystallite size and crystallinity [14]. 
From the inset, we can observe a slight red shift in the absorption edge from the as-grown to the annealed sample, 
which can be attributed to changes in the particle size (due to grain agglomeration) and surface microstructure of the 

Fig. 3  a As-grown Cross-
sectional FEGSEM image b 
As-grown top-view FEGSEM 
image c EDX spectrum (d–f) 
elemental mapping of O, Gd, 
and Si
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NR after annealing. The optical band gap was calculated using the Tauc plot [13] given by (αhυ) α (hυ—Eg)1/n where 
hυ = photon energy, Eg = bandgap, α = absorption coefficient, and n = 2 for direct transition. As shown in Fig. 5 (b), 
the result of extrapolating the (αhυ)2 = 0 the bandgap was found to be 5.05 eV (as-grown) and 4.98 eV (annealed).

3  Conclusion

In this study, we present the deposition of  Gd2O3 NR using the GLAD technique. The annealing effect on the structural 
and optical properties was studied. The XRD analysis confirms the improved crystallinity after annealing with an 
average crystallite size of ~ 18.05 nm (as-grown) and ~ 21.85 nm (annealed). FEGSEM and EDX analysis show the 
successful growth of good quality  Gd2O3 NR. TEM analysis confirms the improved crystallinity after annealing. Finally, 
the optical absorption of the annealed sample showed enhancement compared to the as-grown sample with an 
optical bandgap of 5.05 eV (as-grown) and 4.98 eV (annealed).
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