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α-V2O5 nanorods were grown by means of electron beam irradiation and thermal oxidation 
methods and the visible emission properties of the nanorods grown by both methods were 
investigated. The growth and crystallinity of the nanorods were greatly enhanced by the 
insertion of a buffer layer. The emission spectra of the nanorods grown by thermal oxidation 
and electron beam irradiation showed a peak centered at 710∼720 nm, which is believed 
to be due to oxygen vacancies introduced during the growth process. Also, the emission 
peak centered at 530 nm observed in the V2O5 nanorods grown by electron beam irradiation 
was considered to be due to the band edge transition as a result of the enhanced crystallinity.
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I. Introduction

Vanadium pentoxide (V2O5) is one of the most sta-

ble metal-oxide semiconductors in the vana-

dium-oxygen system, with an energy gap of 2.2∼2.5 

eV [1-3]. It is well known that the optical and elec-

trical properties of V2O5 films are different from 

those of the corresponding bulk materials [4,5]. The 

properties of amorphous, microcrystalline, and nano-

crystalline V2O5 films, such as the crystalline frac-

tion, grain size, and crystal orientation are highly 

dependent on the microstructure [6,7].

Various nanostructures of V2O5, such as nanorods, 

nanowires, nanobelts and nanotubes, have been con-

sidered for application in electronic and optical de-

vices such as gas sensors, optoelectrical switches, 

and electrochromic devices due to their outstanding 

optical, chemical, and electronic properties [8-11]. 

Because nanostructured-V2O5 has interesting proper-

ties that are very different from those of thin-film 

and bulk V2O5, numerous effective approaches to 

grow nanostructures have been developed [12-15]. 

There are several methods for growing V2O5 nano-

structures, including thermal oxidation [12,13], sol 

electrophoretic deposition, and sol-gel techniques. 

Recently, several papers have investigated visible 

light emission in V2O5 nanorods [12,16,17]. Wang et 

al. grew single-crystalline V2O5 nanorods through a 

post-annealing process in air using a V2O3 thin film 

grown on a silicon substrate [12]. They reported that 

V2O5 nanorods emitted intense visible light due to de-

fects introduced during the oxidation process. Hu et 

al. investigated the influence of a strong magnetic 

field on the growth of V2O5 nanorods as well as defect 
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figure 1. schematic diagrams of the cross-sections of
(a) amorphous v2o5 film and (b) amorphous 
v2o5 film with crystalline v2o5 as a buffer layer
grown on an al2o3 (0001) substrate. (c) 
growth of nanorods by post-annealing and 
electron beam irradiation.

involvement during the transition of V2O3 to V2O5 by 

a thermal oxidation method [16]. Their study revealed 

that applying a strong magnetic field during this type 

of growth can be an effective means of controlling 

the defects in nanomaterials. Zou et al. also reported 

enhanced visible light emission in β-V2O5/ZnO 

nanorods grown by post-annealing at 500oC [17].

In the present study, we grew α-V2O5 (orthorhom-

bic structure) nanorods by means of electron beam ir-

radiation and thermal oxidation [12] and investigated 

the visible emission properties of α-V2O5 grown by 

both methods. In order to improve the growth of the 

nanorods, a crystalline V2O5 film was inserted between 

the amorphous V2O5 film and the Al2O3 substrate as a 

buffer layer. The emission properties of the nanorods 

depending on the growth method and the insertion of 

a buffer layer are also discussed.

II. Experiments

V2O5 films were prepared using a radio frequency 

(RF) sputtering system with a V2O5 (99.99%) disk tar-

get with a 10 cm diameter and sputtering was per-

formed at an RF power of 200 W. The amorphous layer 

was grown at room temperature for 200 minutes and 

the buffer layer (crystalline V2O5) was deposited at a 

substrate temperature of 500oC for 150 minutes. Ar 

and O2 with a purity of 99.999% were used as the 

sputtering and reactive gases, respectively. The gases 

were injected into the chamber with an O2 partial 

pressure of 10% and a total flow rate of 30 sccm. The 

base pressure of the chamber was less than 5.0×10-6 

Torr and the working pressure during sputtering was 

approximately 1.0×10-3 Torr. The film thickness was 

measured by a spectroscopic ellipsometer (SE; Jobin- 

Yvon, Uvisel UV/NIR); the thicknesses of the amor-

phous and crystalline buffer layers were 200 and 140 

nm, respectively.

Figs. 1(a) and 1(b) respectively show schematic di-

agrams of the cross-sections of an amorphous V2O5 

film and an amorphous V2O5 film with a crystalline 

V2O5 as a buffer layer both grown on Al2O3 (0001) 

substrates. As shown in Fig. 1(c), the amorphous film 

changed to nanorods due to the post-annealing and 

electron beam irradiation processes.

Electron beam irradiation and thermal oxidation 

methods were used to grow the V2O5 nanorods. Two 

V2O5 films were irradiated by an electron beam with 

an energy level of 0.7 MeV using an electron beam 

accelerator (BINP, ELV-0.5). The dose rate of the 

electron beam was 800 kGy and the irradiation time 

was 90 s. Also, to grow the V2O5 nanorods, the amor-

phous films were post-annealed by a tube-type fur-

nace at a temperature of 600oC for 2.5 hours in an O2 

ambient environment.

The microstructures of the V2O5 films were inves-

tigated using a scanning electron microscope (SEM; 

JEOL, JSM6335F) and an X-ray diffractometer (XRD; 

Rigaku, D/MAX-Rc) with Cu Kα radiation at a 

wavelength of 1.54 Å. The temperature-dependence 

of the emission spectra of the grown V2O5 nanorods 

was measured using a Raman/PL spectrometer 
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Figure 2. The surface morphologies of (a) amorphous
V2O5 film and (b) amorphous V2O5 film with 
a buffer layer. V2O5 nanorods (c) with and (d)
without a buffer layer grown by post-an-
nealing at 600oC. The surface morphologies
of V2O5 nanorods (e) with and (f) without a 
buffer layer grown by electron beam irradi-
ation at a dose rate of 800 kGy.

(Horiba Jobin-Yvon, LabRAM HR) under excitation by 

a He-Cd laser with a wavelength of 325 nm in a tem-

perature range of 10 to 300 K.

III. Results and Discussion

Figs. 2(a) and 2(b) show the surface morphologies 

of the amorphous V2O5 film and the amorphous V2O5 

film with a buffer layer, respectively, and Figs. 2(c) 

and 2(d) display the V2O5 nanorods grown by 

post-annealing at 600oC. As shown in Figs. 2(c) and 

2(d), when the two films were heated to 600oC, the 

growth of the nanorods was observed. In particular, 

the film with a buffer layer shows more highly en-

hanced growth of the nanorods and a homogeneous 

distribution throughout the area compared to the re-

sults without a buffer layer. The diameters of the 

films with and without a buffer layer are 140 nm and 

300 nm, respectively. This result indicates that 

nanorod growth is affected by the crystalline struc-

ture of the substrate, and it is well known that the 

crystallinity of a film is greatly affected by the 

substrate. Therefore, the crystalline V2O5 used as the 

buffer layer with an orthorhombic structure is re-

sponsible for the enhanced growth of nanorods.

Figs. 2(e) and 2(f) show the surface morphologies 

of the V2O5 nanorods grown by electron beam irradi-

ation with a dose rate of 800 kGy. As the electron 

beam was irradiated, enhanced growth of nanorods 

was observed in the surface morphology of the films 

compared to those prepared by thermal oxidation. In 

particular, the film with a buffer layer showed the 

most uniform growth of nanorods, with a maximum 

length of 3,794 nm and a diameter of 198 nm. On the 

other hand, the film without a buffer layer showed 

vertical growth of the nanorods with an average 

length of 350.1 nm and a diameter of 67.6 nm. The 

growth of nanorods by electron beam irradiation is 

due to a thermal effect created by the collision energy 

of the electrons accelerated by the electron beam 

accelerator. From the result shown in Fig. 2, the film 

temperature due to the electron beam irradiation 

process is expected to be 600oC.

Fig. 3 shows XRD patterns of V2O5 nanorods grown 

by thermal oxidation and electron beam irradiation. 

The patterns of the nanorods grown by these two 

methods showed typical peaks of α-V2O5 [18-20]. 

The peaks at 2θ=20.52o and 2θ=41.38o correspond 

to reflections on the (001) and (002) planes of the α

-V2O5 phase, respectively. The patterns of the V2O5 

nanorods grown by electron beam irradiation with a 

buffer layer show several peaks corresponding to the 

(200), (001), and (002) planes of the α-V2O5 phase 

and peaks corresponding to the (002) and (020) 
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Figure 3. XRD patterns of V2O5 nanorods grown by 
thermal oxidation and electron beam irra-
diation.

Figure 4. Visible emission spectra of V2O5 nanorods 
grown at an annealing temperature of 600oC.

planes of the VO2 phase at 2θ values of 31.4o and 

39.81o, respectively [21,22]. As shown in Fig. 3, the 

patterns of the films with a buffer layer had a more 

intense (001) plane peak, which was even more in-

tense in the V2O5 nanorods grown by electron beam 

irradiation. This result implies that the crystallinity 

of the nanorods is improved by the buffer layer and 

growth via electron beam irradiation.

Figs. 4(a) and 4(b) exhibit the visible emission 

spectra of the V2O5 nanorods grown at an annealing 

temperature of 600oC. The spectra of the nanorods 

with and without a buffer layer show a peak centered 

at approximately 718 nm, corresponding to a photon 

energy level of 1.73 eV. As the temperature decreased 

from 300 to 10 K, the intensities of the PL peaks of 

the nanorods with and without a buffer layer were 

intensified by factors of approximately 38 and 58, 

respectively, while a significant shift of the peak was 

not observed for any of the nanorods. Also, the peak 

of the nanorods with a buffer layer became more in-

tense by a factor of approximately 2.3 compared to 

the nanorods without a buffer layer. This enhance-

ment is due to the improved nanorod growth as a re-

sult of the buffer layer. The emission peak observed 

at 718 nm may be due to oxygen vacancies introduced 

during the nanorod growth process [10,23]. The 

emission property of the V2O5 nanorods grown by 

electron beam irradiation was also reported by our 

group [24]. These results showed that the emission 

spectra of V2O5 nanorods with a buffer layer grown at 

a dose rate of 800 kGy show two peaks centered at 

approximately 530 nm and 710 nm, corresponding to 

photon energies of 2.34 eV and 1.74 eV, respectively. 

The intensity of the emission peak centered at 710 nm 

greatly increased as the temperature decreased from 

300 K to 10 K. The emission peak at 710 nm was due 

to oxygen vacancies, while the emission peak at 530 

nm (2.34 eV) was due to the band edge transition 

[25,26].

The emission spectra obtained at 10 K with the 

V2O5 nanorods with and without a buffer layer grown 
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Figure 5. (a) Emission spectra and (b) enlarged spec-
tra of V2O5 nanorods obtained at 10 K with 
and without a buffer layer grown by thermal
oxidation and V2O5 nanorods with a buffer 
layer grown at a dose rate of 800 kGy.

by thermal oxidation and the V2O5 nanorods with a 

buffer layer grown at a dose rate of 800 kGy are 

compared in Fig. 5(a). As shown in Fig. 5(a), the in-

tensity of the emission peak centered at 710∼720 nm 

is greatly enhanced in the V2O5 nanorods with a buf-

fer layer grown by thermal oxidation. Moreover, even 

the V2O5 nanorods without a buffer layer grown by 

thermal oxidation show stronger light emission than 

the nanorods with a buffer layer grown at a dose rate 

of 800 kGy. This result may be due to differences in 

the growth methods. The V2O5 nanorods grown by 

thermal oxidation at 600oC in O2 ambient undergo a 

long growth time of 2.5 hours. This can induce nu-

merous defects, such as oxygen vacancies, in the 

nanorods. On the other hand, the V2O5 nanorods 

grown by electron beam irradiation have a very short 

growth time of 90 s compared to the nanorods grown 

by thermal oxidation. Thus, it is believed that the 

emission peak at 710∼720 nm is due to oxygen va-

cancies which are introduced during the growth of 

the nanorods.

Fig. 5(b) presents the enlarged emission spectra of 

the V2O5 nanorods obtained at 10 K with a buffer lay-

er grown by thermal oxidation and electron beam 

irradiation. In the nanorods grown by electron beam 

irradiation, the emission peak at 530 nm considered 

to be due to the band edge transition is clearly ob-

served [26], while there is no peak centered at 530 

nm in the V2O5 nanorods grown by thermal oxidation. 

This can be explained by considering the XRD results 

shown in Fig. 3; when V2O5 nanorods are grown by 

electron beam irradiation, the crystallinity of the 

nanorods is greatly improved compared to that of 

nanorods grown by thermal oxidation. Thus, the 

emission peak at 530 nm in the V2O5 nanorods grown 

by electron beam irradiation likely resulted from the 

band edge transition due to the enhanced crystallinity 

[25,26]. In our previous study, we reported the tem-

perature-dependence of the interband transition in a 

V2O5 film [26]. These results demonstrated that the 

emission peak centered near 530 nm was close to the 

indirect bandgap energy upon a decrease in the tem-

perature, with a difference of only 0.06 eV at 20 K, 

whereas the emission peak differed by the much 

larger amount of 0.34 eV from the direct transition 

energy of 2.67 eV at 20 K. This clearly indicates that 

the emission near 530 nm is due to indirect transition 

in α-V2O5.

IV. Conclusions

α-V2O5 nanorods were grown using electron beam 

irradiation and thermal oxidation methods and the 
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visible emission properties of the nanorods grown by 

both methods were investigated. The growth and 

crystallinity of the nanorods were greatly enhanced 

by inserting a buffer layer between the V2O5 film and 

the substrate. Furthermore, the crystallinity of the 

nanorods was improved by electron beam irradiation. 

The intensity of the emission peak centered at 710∼

720 nm was greatly enhanced in the V2O5 nanorods 

with a buffer layer grown by thermal oxidation. This 

result may be due to the numerous defects created, 

such as oxygen vacancies in the nanorods due to the 

long growth time. Also, the emission peak centered at 

530 nm observed in the V2O5 nanorods grown by elec-

tron beam irradiation was regarded to be due to the 

band edge transition as a result of the enhanced 

crystallinity.
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