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ABSTRACT

Vanadium due to multiple oxidation states (+2 to +5) has various oxides like vanadium dioxide, vanadium
pentoxide, and hexavanadium tredecaoxide. Thin films of vanadium oxide have been fabricated using the reactive
radio frequency sputtering technique. Deposited films are then annealed in Argon (Ar) environment at 500°C and
then irradiated with 100 MeV Ag®" high-energy ions. The vibrational properties of the thin films have been analyzed
by Raman scattering and Fourier transform infrared spectroscopy (FTIR). Results (Raman and FTIR spectra) of the
annealed film show that the VO3 phase is converted into a mixed phase (V¢Oi3, VO, and V,0s). The annealed
irradiated film shows no change in the Raman lines while a shift towards the lower wave number is noticed in FTIR
spectra peaks. This shifting of peaks towards lower wave numbers in FTIR spectra is attributed to the weakening of
vanadium oxygen bonds. It is considered that the weakening of bonds could occur when high-temperature
cylindrical zones are created along the ion track.
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INTRODUCTION

Vanadium oxides are one of the most interesting correlated electron systems that have been studied by
various researchers. Characteristic features of films can be altered by stress, annealing, low or high-
energy ion irradiation, and strain. Vanadium oxide thin films show fascinating properties due to which,
they have many potential applications.!? It is always a challenging job for researchers to grow a single-
phase vanadium oxide film. Thin films can be grown by various chemical and physical deposition
techniques, like sol-gel, sputtering®, pulsed laser evaporation, e-beam evaporation, chemical spray
pyrolysis®, etc. Vanadium oxide thin films were fabricated on fused silica from V metal targets by RF
sputtering. The parameters of deposition were set as a target substrate distance of 6.0 cm, RF power of
120 Watts, and substrate temperatures of 400-480°C. Micro Raman results revealed that annealed film
consisted of three regions, a yellow region (vanadium dioxide) black region (hexavanadium
tredecaoxide), and a white amorphous region.® Oxygen concentration during the deposition of vanadium
films is a pivot as vanadium (V) contains multiple oxidation states. The effect of O, concentration varying
from 1% to 7% has also been studied on the VOx films fabricated by reactive radio frequency sputtering
from the V target.” It was found that the film deposition rate depended on the oxygen concentration and
the films deposited at 2% O, concentration contained a VO, phase. Various stoichiometric films were
obtained by oxidation and reduction of the films by annealing. The occurrence of multiple-phase
transition has been reported when thin films of vanadium oxide are heated from room temperature to
550°C.} Characterization results show that the thin film undergoes many phase transitions, i.e., VO,
V6013, V307, and V,0s along with the change in conductivity as the temperature increases. This may be
assigned to the absorption of oxygen at higher temperatures and at 550°C stable V,Os phase is obtained.
VO thin films developed on Al,Os and Si substrate from V target were studied and an intermediate phase
(between monoclinic and tetragonal phase) appeared in the films deposited on Al,Os. No such phase was
formed in Si substrate films.” The origin of the intermediate phase was due to the strained structure of
films deposited on Al,Os.

Gupta et al. (2017) studied the annealing effect on vanadium oxide thin films.!” The sintered pellet of
vanadium pentoxide powder was used for the deposition of films on a heated Si substrate (temperature
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300°C). GIXRD results depicted that post-annealing transforms the amorphous phase of vanadium
pentoxide into a crystalline phase. It was reported that irradiation with high-energy particles alerted the
properties of the vanadium oxide thin films.!! Diffusion of oxygen in CuO thin films by high energy (210
MeV) I ions was observed by Avasthi ef al. Films were irradiated at different fluences and observed that
oxygen diffusion took place from the film to the vacuum chamber. This was explained on the basis of the
transient thermal effect created by swift heavy ions (SHIs) along its path in the film. Vanadium pentoxide
(V20s) films were irradiated with Ag ions (energy 200 MeV) at room temperature. SHIs induced
amorphization of the film due to transient thermal effect and created oxygen vacancies. Suppression in
Raman spectra, change in electrical properties and red shifting in band gap were explained by the oxygen
vacancies created by swift heavy ions (SHIs).!? In the present work, thin films of vanadium oxide are
deposited from the sintered pellet of V,Os powder (source material) by the reactive RF sputtering method.
The effects of post-annealing and irradiation of high-energy ions on deposited samples have been studied.

EXPERIMENTAL

Vanadium oxide thin films of thickness about 200 nm were deposited by reactive radio frequency
sputtering setup. The sintered pellet of V2Os powder of purity 99.9% was used as source material. Si
substrates were used for the deposition of films. Deposition parameters were discussed in detail in our
previous work."® RF sputtered samples were annealed at 500°C temperature in presence of Argon for 1
hour and films were cooled in the same environment. These films were irradiated with high-energy Ag®*
ions (100 MeV) at different fluences (1x10!!, 5x10'", and 5x10'? ions/cm?). To examine the vibrational
modes, Raman scattering measurement was characterized by “Airix corp, STR 500, system, with a high
resolution < 0.5 cm™! and wavelength 532 nm”. Infrared transmittance (IR) of the films was performed by
Perkin Elmer spectrum-2 setup at MNIT, Jaipur.

RESULTS AND DISCUSSION

Raman Result

Raman scattering (RS) spectroscopy is used as a tool in solids, liquids, and gases in order to determine
existing rotational and vibrational modes of the molecules in the materials. Raman scattering (RS) spectra
of films deposited by RF sputtering (as-deposited and annealed) are shown in Fig.-1. The spectrum of the
deposited film shows lines at 134, 302, and 521, and a plateau near 955 cm! is observed which is to
vanadyl stretching vibration mode (V-Oy).!* The line at 134 cm™! corresponds to the bending vibration of
O-V bonds and 302 ¢cm™ corresponds to three coordinated O-V3 bonds. These modes belong to the
hexavanadium tredecaoxide (V¢O13) phase of vanadium oxide and the line at 521 cm™ is due to Si.' In
the spectra of annealed film, a new line at 827 cm™ of small intensity is observed which is due to the VO,
phase.
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Fig.-1: RS Spectrum of RF Sputtered and Ar Annealed Thin Films

A Raman spectrum of annealed irradiated films is shown in Fig.-2, where no new lines are observed at
different fluences. It has been observed that the vibrational modes of V.05 and VO3 are similar, due to
their structural unit and layered structure.

FTIR Result
FTIR characterization of RF sputtered and argon annealed films are shown in Fig.-3. RF sputtered film
spectrum show, a broad peak at 505 cm™! corresponds to the stretching mode of oxygen shared by three
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vanadium atoms, peak at 607 cm is attributed to stretching V-Ogp-V bridging group of different
strength.'® The wide peak at 935 cm™! is due to underlying Si.
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Fig.-2: RS Spectrum of Ar Annealed and High Energy Irradiated Films
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Fig.-3: IR Spectra of RF Sputtered and Ar Annealed Films

In the IR spectra of annealed samples, new bands are observed at 520, 607, 752, and 965 cm™' peaks.
Peaks at 752 and 965 are attributed to asymmetric stretching of V-O,-V mode and stretching of v(3V-Oc)
mode of vanadium pentoxide respectively.!”!® Peak appearing at 520 is due to the VO, phase.!” In FTIR
spectra of annealed irradiated films (in Fig.-4), it is observed that at low fluence, peaks at 752 and 965
cm! of the annealed film are shifted towards the lower wave number side.
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Fig.-4: IR Spectra of Ar Annealed and High Energy Irradiated Films
The decrease in intensity of the bands with an increased influence is also reported. This frequency shift of
the modes is due to the weakening of V=0 bonds in the film.*°

CONCLUSION
To summarize, we have synthesized the RF sputtered films of vanadium oxide on a Si substrate. These
RF sputtered films are annealed and then irradiated with high energy 100 MeV Ag®" ions at different
fluences. It is observed that the VO3 phase is obtained from reactive RF sputtering, this phase is
converted into a mixed phase (V¢O13, VO., and V,0s) by post-annealing. In Irradiation of annealed films,
results show that peaks are shifted towards the lower wave number side and the intensity of peaks also
decreases with fluence. These shifts are due to the weakening of V=0 bonds. High-energy ions interact
with matter and deposit their energy either by ionization or electronic excitation of the material. The
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electronic energy loss for 100 MeV Ag®* ions is much more than the nuclear energy loss. It is considered
that the weakening of bonds could occur when high-temperature cylindrical zones are created along the
ion track. Thus, the observed changes in the film may be assigned to electronic energy loss.

ACKNOWLEDGEMENT

We would like to acknowledge Dr. Rahul Singhal and Dr. Pawan Kulriya for their fruitful help and

discussions. The authors are grateful to the MRC group of MNIT to provide the facilities for the

experiments.

REFERENCES

1. C. Batista, R. M. Ribeiro and V. Teixeira, NanoScale Research Letters, 6(301), 1(2011),
https://doi.org/10.1186/1556-276X-6-301

2. J. Zhou, Y. Gao, Z. Zhang, H. Luo, C. Cao, Z. Chen, L. Dai, and X. Liu, Scientific Reports, 3,
3029(2013), https://doi.org/10.1038/srep03029

3. Z. Zou, Q. Yuan, J. Wang, Y. Gao,Y. Wu, F. Long, S. Han, and Z. Wan, International Journal
Electrochemical Science, 12, 1670(2017), https://doi.org/10.20964/2017.03.27

4. K. Gupta, S. Kumar and R. Singhal, Radiation Effects and Defects in Solids, 176(7-8), 673(2021),
https://doi.org/10.1080/10420150.2021.1919671

5. K. Lakhshmi, S. S. Basha and M.C. Rao, Rasayan Journal of Chemistry, 10(2), 682(2017),
http://dx.doi.org/10.7324/RJC.2017.1021744

6. X.J. Wang, H.D. Li, Y. J. Fei, X. Wang, Y. Y. Xiong, Y. X. Nie, and K. A. Feng, Applied Surface
Science, 177(1-2), 8(2001), https://doi.org/10.1016/S0169-4332(00)00918-1

7. J. W. Lee, S. R. Min, H. N. Cho, and C. W. Chung, Thin Solid Films, 515(20-21), 7740(2007),
https://doi.org/10.1016/].ts£.2007.03.066

8. F. Urena-Begara, A. Crunteanu, and J. P. Raskin, Applied Surface Science, 403, 717(2017),
https://doi.org/10.1016/j.apsusc.2017.01.160

9. K. Okimura, J. Sakai, and S. Ramanathan, Journal of Applied Physics, 107(6), 063503(2010),
https://doi.org/10.1063/1.3327422

10. K. Gupta, and S. Kumar, [Indian Journal of Science and Technology, 10(42), 1(2017),
https://doi.org/10.17485/ijst/2017/v10i42/115790

11. D. K. Avasthi, W. Assmann, H. Nolte, H. D. Mieskes, S. Ghosh, S. and N. C. Mishra, Nuclear
Instruments and Methods in Physics Research B, 166-167, 345(2000), https://doi.org/10.1016/S0168-
583X(99)00775-2

12. M. Kovendhan, D. P. Joseph, P. Manimuthu, J. P. Singh, K. Asokan, C. Venkateswaran, and R.
Mohan, AIP Conference Proceedings, 1447, 669(2012), https://doi.org/10.1063/1.4710180

13. K. Gupta, S. Kumar, S. and R. Singhal, International Journal of Recent Technology and Engineering,
8(3), 7899(2019), https://doi.org/10.35940/ijrte.C6565.098319

14. J. Scarminio, P. R. C. D. Silva, R. V. Gelamo, R.V. and M. A. B. D. Moraes, Matéria (Rio de
Janeiro), 22(1), (2017), https://doi.org/10.1590/S1517-707620170001.0113

15. C. Julien,G. A. Nazri, and O. Bergstrom, Physica Status Solidi (B), Applied Research, 201(1),
319(1997), https://doi.org/10.1002/1521-3951(199705)201:1<319::AID-PSSB319>3.3.CO;2-K

16. W. Van Hove, P. Clauws, and J. Vennik, Physica Status Solidi (a), 59(2), 469(1980),
https://doi.org/10.1002/pssa.2210590208

17. A. L. Pergament, E. L. Kazakova, and G. B. Stefanovich, Journal of Physics D: Applied Physics.
35(17), 2187(2002), https://doi.org/10.1088/0022-3727/35/17/316

18. L. Abello, E. Husson, Y. Repelin, and G. Lucazeau, Spectrochimica Acta Part A: Molecular
Spectroscopy, 39(7), 641(1983), https://doi.org/10.1016/0584-8539(83)80040-3

19. L. L. Botto, M. B. Vassallo, E. J. Baran, and G. Minelli, Materials Chemistry and Physics, 50(3),
267(1997), https://doi.org/10.1016/S0254-0584(97)01940-8

20. A. Gorenstein, A. Khelfa, J. P. Guesdon, G. A. Nazri, O. M. Hussain, 1. Ivanov, and C. Julien, Solid
State Ionics, 76(1-2), 133(1995), https://doi.org/10.1016/0167-2738(94)00237-M

[RIC-8013/2022]

2821
Effect of Annealing and Irradiation of High Energy ions Kapil Gupta and Sarvesh Kumar



