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Oxygen Vacancies Concentration: 
Controlling Electronic Transition Temperature in Vanadium Oxide Nanowires 

Introduction 

 Vanadium Oxide (VO2) is one of very few materials that undergo electronic transition close to 
room temperature. With increasing temperature, bulk VO2 undergoes an insulator to metal transition 
(MIT) at 67 °C that is also accompanied by a structural phase transformation from a monoclinic to rutile 
phase. VO2 nanowire, which is single crystal throughout the whole volume, is thus a suitable and simple 
model to study the switching properties at the transition temperature. The H. Park group at Harvard 
claimed that the transition temperature is reduced by external strain due to the difference in thermal 
expansion coefficient between the nanowire and the substrate during the cooling down process after the 
growth. i This group also showed that tungsten doping lowers the transition temperature.ii The J.Wu group 
at Berkeley showed that the MIT can be induced by bending nanowire cantilevers.iii  Recently, the Lauhon 
group at Northwestern observed alternating domains of monoclinic and rutile phases in suspended VO2 
nanowires after annealing in a reducing atmosphere.iv The domains are hypothesized to be related to 
variations in oxygen vacancy concentration in VO2 nanowires. However, the exact role of oxygen 
vacancies in this phenomenon is not clear.   

Experimental 

 Overexposed electron beam resist and SiO2 mask blocks with thickness greater than 100 nm v 
were patterned on selected areas of VO2 nanowires on Si3N4 substrates. The masks acted as transparent 
oxygen diffusion barriers during rapid thermal 
annealing (RTA) that is intended to induce oxygen 
vacancies in the exposed regions. Since the domain size 
observed in freestanding VO2 nanowires after 
annealing in RTA was 1-2 micrometers, a mask larger 
than the optical resolution was used. This is to prove 
that the rutile phase is induced at the designated 
exposed area of VO2 nanowire due to a certain oxygen 
vacancy concentration. Annealing times were increased 
until the rutile phase was obtained in the exposed area of 
the nanowire, while the covered area was still 
monoclinic. Since the contrast between monoclinic 
(insulator) and rutile (metallic) phase on a VO2 nanowire can be seen clearly within optical resolution of 1 
micrometer by extracting the Red-Green-Blue (RGB) signal from the optical image, the monoclinic and 
rutile phase could be identified. (Figure 1) Therefore, the optical microscopy was used as the main 
characterizing method. However, Raman spectroscopy was also used to confirm the phase assignment.  

Result and Discussion 

Figure 1: RGB signal and optical contrast of 
multiple domain nanowire 
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Multiple candidates were considered 
to make the transparent oxygen diffusion 
barriers, including a PMMA/MMA bi-layer 
and SiO2.  It is possible to obtain 
overexposed PMMA/MMA by using 50 
times the normal dosage for electron beam 
lithography and regular development in 
MIBK: IPA of 1:3. (Figure 2a) However, 
with the required annealing temperature of 
450°C to reduce the VO2 nanowire to rutile 

phase, PMMA evaporates, and is thus not a good choice for the oxygen diffusion barrier layer. Another 
candidate, transparent SiO2, can withstand annealing temperatures up to 1000Δ C, therefore it was used 
primarily in this experiment. Comparing the two SiO2 deposition methods after e-beam lithography, 
thermal evaporation and sol-gel spin coating, deposition via thermal evaporation was proven better as it 
yielded sufficiently uniform films. (Figure 2b) Though the thickness of 250nm can be obtained via spin 
coating, the uneven thickness (Figure 2c) was not ideal for this experiment. 

Even though the electron beam lithography condition for the Si3N4 substrate is well-tested by the 
Lauhon group, Aluminum-Silicate would be a better substrate to deposit VO2 nanowires and pattern SiO2 
with e-beam for the purpose of phase identification with Raman spectroscopy. With the highest laser 
power that would not completely transform the probed part of VO2 wire to rutile phase, not enough signal 
was obtained from the patterned VO2 wire on Si3N4 to identify either monoclinic or rutile phase. The 
Si3N4 could act as an anti-reflective coating whose signal would relatively suppress that of VO2. Also, the 
Aluminum Silicate substrate was suggested by the user in Lauhon group that it does not give any 
background signal in Raman measurement. Thus, it might be worth repeating the whole experiment on 

this substrate. 

The wider the VO2 nanowires, 
the longer it takes to completely 
transform the exposed part of the 
nanowire from monoclinic to rutile 
phase. While 200-500 nm width 
freestanding VO2 nanowires need only a 
minute in RTA to completely transform 

from the M1 phase to the R phase at the temperature of 450ΔC, the 200-500 nm width VO2 nanowires 
deposited on Si substrate that are originally in M1 phase require more than 30 minutes to transform to R 
phase. (Figure 3b) Under the same annealing condition, the 1´m width VO2 nanowires still remain in the 
M1 phase (Figure 3a). The strain created at the interface between nanowires and the substrate could 
inhibit the oxygen diffusivity and affect equilibrium concentration. Thus, a short annealing time was not 
enough for oxygen vacancies to reach equilibrium concentration within nanowires. 

The phase change after annealing can be observed by looking at RGB signal from the optical 
microscope: the green signal decreases and red signal increases when nanowire transforms from M1 to R. 
To obtain the most signal possible from the optical microscope, the polarizer and analyzer should be 
aligned parallel to the nanowire.  

Figure 2: Pattern result from a)PMMA/MMA Overexposed 
b)Thermal Evaporation SiO2 c)SiO2 sol spinどcoating 

Figure 3: Raman signal of VO2 wire on Si substrate after 30 minutes in 
RTA: a) 1´m width wire b) 200ど500 nm width wire  
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Conclusion and Next Step 

  In order to study the effect of oxygen vacancy on the MIT, further experiment should be carried 
out considering following factors. First, VO2 nanowires with the width of 200-500 nm should be 
deposited on Aluminum Silicate substrate. After defining patterns with e-beam lithography, SiO2 will be 
deposited via thermal evaporation with the block size of 4 ´m and 5 ́m in width and length, respectively. 
Following the SiO2 deposition, patterned VO2 wires will be annealed for at least 30 minutes in RTA to 
induce transformation, the phases of which will then be confirmed by analyzing the polarized optical 
microscope images before and after RTA. To further confirm the phases of both exposed and masked 
regions of the annealed VO2 nanowires, Raman spectroscopy will be employed. 
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