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ABSTRACT

Vanadium dioxide undergoes a structural (monoclinic to tetragonal) insulator-to-metal transition at 70°C, accompanied
by large changes in electrical and optical properties. By combining focused ion-beam lithography and pulsed laser
deposition, patterned nanoscale arrays of vanadium dioxide nanoparticles are created that can be used for studies of lin-
ear and nonlinear optical physics, as well as demonstrating the potential for a variety of applications.

1. INTRODUCTION AND MOTIVATION

The search for “smart materials” that alter their physical or chemical state in response to an external stimulus is an im-
portant and continuing topic in materials science. It has been known since the late 1950s that vanadium dioxide (VO,)
was such a material; it undergoes a semiconductor-to-metal transition at a temperature of about 70°C, and exhibits a hys-
teretic return to the semiconducting state when cooled.[2]
This reversible change is accompanied by a slight alteration
Tetragonal(P4,/mnm) Monoclinic (P2,/c) in structure from the monoclinic crystalline form of the
semiconductor to the tetragonal metallic form. This tiny
change in structure, in turn, leads to a hundred-thousand-
fold increase in electrical conductivity! Similar striking
changes are apparent in the optical transmission of thin films
of vanadium dioxide. This has led to consideration of VO,
as a “smart material” in applications such as optical limiting,
non-volatile memory, thermochromic windows [3], and ul-
trafast optical switches.[4, 5]. The last applications category
is particularly interesting because the transition is known to
occur at time scales significantly shorter than 1 ps.

However, nothing was known about the nanocrystalline be-
havior of VO, until a breakthrough in ion-beam synthesis
Figure 1. High-temperature (left) and low-temperature | enabled us to create thin layers of size-controlled VO,
(right) phases of VO,. Note the zig-zag pairing of the V | nanocrystals in a fused silica matrix with a dramatically
ions and the doubling of the unit cell in the low-temperature | jncreased hysteresis between heating and cooling cycles.[6]
semiconductor form. This splits the degeneracy of the p- | \hen the thermodynamics of the phase transition was
and d-state orbitals in the metallic form and gives rise to a mapped as a function of nanocrystal size by measuring the
bandean of 1 eV. . . . . o . .
change in optical properties,[7], it exhibited a definite size
dependence hinting at a novel nucleation mechanism. Nev-
ertheless, it was clear that dynamical studies would require much greater uniformity in size and size distribution than the
ion implantation synthesis was capable of delivering.
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Recently, in order to have better control over morphology, size and size distribution, we have developed a technique for
fabricating arrays of stoichiometric VO, nanodisks that combines focused ion-beam lithography with pulsed laser depo-
sition and appropriate annealing. In the following paper, this method is briefly described, and some initial results of op-
tical characterization of the nanoparticle arrays are presented, along with possible future directions.
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2.

MECHANISM OF THE PHASE TRANSITION

Vanadium dioxide undergoes a metal-insulator transition at 70°C due to a structural phase change from a monoclinic

semiconducting structure to a tetragonal metallic structure.
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Figure 2. Number density of activated defects in a VO,
nanoparticle as a function of temperature, showing the ef-
fects of nanoparticle size on the transition temperature in the
cooling (blue) and heating (orange) metal-insulator transi-
tions during which the structure changes from the low-
temperature monoclinic form to the high-temperature
tetragonal structure.

This lattice rearrangement is exceedingly modest in terms of
overall dimensions, but the structural change has striking
effects on the properties of the VO,. The lifting of the de-
generacy in the V' ion states by the pairing of neighboring
ions tilts the oxygen octahedral in the crystal structure, and
opens up a band gap of approximately 1 eV. The phase tran-
sition is apparently initiated from still unidentified special
sites in the nanoparticles, from which the structural change
propagates through the entire nanocrystal. By measuring the
transitions between the metallic and semiconducting phases
of the VO, nanocrystals during heating and cooling cycles, it
was demonstrate that both size and the number of special
sites in the nanocrystals affect this transition. Figure 2
shows the classic form of the first-order phase transition
measured for VO, nanoparticles embedded in a fused silica
matrix, and shows at what temperature a given size
nanocrystal will change from a semiconductor to a metal or
the reverse, depending on whether it is in the heating or
cooling cycle. For example, during the heating cycle, a
spheroidal nanocrystal of around 60 nm diameter will have
one such special site on average, and will change from the
semiconducting to the metallic phase at 345 K.

Although the mechanism of structural phase transitions has

been settled for many of the transition-metal oxides — such as V,0; and TiO, — the mechanism question has remained
controversial for VO,. The unit cell of the semiconducting phase is twice the size of the unit cell for the metallic phase,
a hallmark of the Peierls-type lattice instability and one of the reasons for the continuing interest in this mechanism.
There have also been arguments that the mechanism had to involve interatomic electron-electron correlations analogous
to the Mott-Hubbard transition. The experimental evidence is ambiguous. For example, early studies of Raman scatter-
ing in VO, films showed a clear change in the Raman signature above and below the transition temperature.[8] More
recent studies using Raman microscopy, on the other hand, show no effect and seem to hint that the origin of the transi-
tion is purely electronic.[9] At this point, the driving mechanism of the phase transition must be considered to be highly
uncertain. Indeed, it is possible that the mechanism is a combination of both electronic and lattice contributions.[10] It
is this uncertainty that drives, from the standpoint of phase-transition physics, the need for precise control of nanocrystal
size and morphology in studies of vanadium dioxide at nanometer length scales.

Hubbard Mechanism (Electronic) Peierls Mechanism (Lattice Instability)
Property Prediction | Period doubling of unit cell Prediction
Magnetic properties Yes Pairing of metal atoms (zig-zag chain) Yes
Narrowing of d-bands Yes Phonon softening (e.g., in Raman spectra) Perhaps
Sharp drop in conductivity at 7 Yes Large lattice latent transition heat Yes
Contradiction Contradiction
Structural change No Fermi surface nesting not in c-axis No
Phonon softening at 7, No Bandgap of order ~1 eV No
Possible existence of charge-density wave No Change in conductivity of 10* Only 10
Predicts dT./dP>0 in bulk material No Predicts dT./dP>0 in bulk material No
AE,/dP<0 for bulk material No
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THE CHALLENGE OF STOICHIOMETRIC VO, NANOFABRICATION

The apparent sensitivity of the phase transition to both electronic and lattice interactions makes the issue of stoichiome-
try a significant one. Vanadium dioxide has been a particular challenge for materials synthesis because of the large
number of vanadium oxides with similar stoichiometries that do not undergo the semiconductor-to-metal transition at the
same temperature, if at all. As shown in the diagram below (figure 2), a plot of the stoichiomery as a function of tem-
perature (left axis), there are many different oxides with stoichiometries similar to that of VO,, and most of them have
transition temperatures that are quite different transition temperatures; in one case, there is no phase transition at all!

This means that the synthesis process requires significant
care as well as detailed verification of the composition of the
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essentially unusable for investigations of the mechanism of

Figure 3. Phase stability diagram for the vanadium oxides,  the structural phase transition.

showing regions of phase stability (with temperature) as a
function of oxygen stoichiometry x. The first successful attempts to fabricate nanocrystalline
VO, of a suitable quality for optical investigations were re-
ported by Boatner ef al. using ion implantation.[16] These
were then followed by a series of breakthroughs in synthesizing and characterizing VO, nanoparticles generated by im-
plantation of stoichiometric doses of vanadium and oxygen into fused silica substrates.[17] The energies of the ions
were chosen such that the stoichiometry was essentially perfect in a thin (~100 nm) subsurface layer in the silica. Upon
annealing to temperatures near 1000°C in an Ar atmosphere, a thin layer of nanorods was formed, with the size of the
nanorod depending on the time of annealing. During these experiments, it was learned that the only effective ways to
verify the stoichiometry of a sample are to measure directly, for example by ion backscattering measurements.

3.  APPARATUS: FOCUSED-ION BEAM AND PULSED LASER DEPOSITION SYSTEM

The need for substantial, differentiated control over the lithography, deposition and crystallization steps required to pro-
duce arrays seemed, from the first, to obviate the possibility of synthesizing stoichiometric VO, nanocrystalline materi-
als in a single-step process. Thus a combination of lithography, deposition and post-deposition annealing was employed.

The arrays of VO, nanodisks fabricated in these experiments were patterned in an FEI/Philips FIB200 focused ion beam
(FIB) writer, based on a a liquid Ga" ion source operating at 30 kV. The software interface of the FIB allows the user to
input arbitrary lithographic patterns and to control ion-beam current on a pixel-by-pixel basis A solution of PMMA
(standard molecular weight of 950 K) in anisole (1.7% by weight) was spun onto a glass substrate covered with a thin
layer of indium-tin oxide (ITO) in two consecutive stages (first at 500 rpm for 5 seconds, then at 4000 rpm for 45 s) and
baked on a hot plate at 180 °C for 3 minute to obtain a uniform 50 nm layer. The thickness of the PMMA layer is chosen
to match the projected range of the Ga' ions at 30 keV. The Ga' beam is focused to a nominal beam diameter of 8 nm to
create the pattern of single pixel dot arrays on the PMMA; typical beam current is 1 pA, and typical dwell time per dot is
80 us. The exposed PMMA was developed in a 1:3 methyl isobutyl ketone and isopropyl alcohol mixture to reveal the
underlying surface.

The developed samples were coated by an VO, ; layer of the desired thickness (typically 20 nm) by pulsed laser deposi-
tion from a vanadium metal sputtering target purchased commercially in an oxygen ambient at 5 mTorr pressure. The
laser deposition chamber was also a commercial unit (Epion PLD3000). Laser ablation of the target was accomplished
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Figure 4. Steps in focused ion-beam lithographic fabrication of VO, nanoparticle arrays. From left: (1) The substrate is a

sandwich of ITO on glass; the PMMA is spun on, and the FIB then irradiates the PMMA according to the programmed pat-

tern.. (2) Following FIB exposure, the PMMA is developed and the exposed portions rinsed away. (3) The vanadium oxide

is deposited by PLD in vacuum (with a few-nm thick overlayer of silver if needed to prevent charging), leaving behind (4) a

layer of VO, ;7. (5) Following lift-off of the PMMA, the array is annealed in a low-pressure O, ambient, leaving behind an
array of VO, nanodisks, or any other pattern programmed into the focused ion-beam pattern generator.

using a Lambda Physik CompEx 205 laser, at a pulse repetition frequency of 25 Hz. The fluence on the target was typi-
cally 4 mJ/cm®, and typical deposition protocols required anywhere from 10,000 to 50,000 laser pulses. In the subse-
quent lift-off step, the remaining PMMA layer together with the VO, ; film deposited on it was removed by a commer-
cial resist remover (Microposit 1165) leaving the VO, ; clusters resting on the ITO surface. Figure 3 shows schemati-
cally this lithography process, where regular arrays of 60 nm particles were obtained. The final stoichiometrically cor-
rect crystalline VO, is obtained by a 30 minutes of thermal annealing at 450 °C in 250 mTorr of 0, background pressure.
On insulating substrates where ion bombardment may charge the sample, a thin overlayer of silver may be deposited
over the PMMA, as the Ga" ions will easily penetrate a conductive overlayer 10 nm or so thick.

A scanning electron microscope photograph of an array created by this process is shown in Figure 5. The nanoarticles
are of order 75 nm in diameter and are spaced at intervals of 150 nm. The nanoparticles are not completely round, but
their spacing is extremely regular. Nevertheless, the nanoparticles do exhibit optical switching, and RBS and XRD
measurements show that the preponderance of material is in fact stoichiometrically correct VO,.

Typical VO, patterns created by FIB lithography use a dose of 8x10™'7 C per particle. Thus approximately 500 Ga" ions
are required to expose a disk-shaped spot in the PMMA layer. Thus, even though the FIB typically has substantially less
ion current than the electron beam in e-beam lithography, patterning times are similar, since for a given current the FIB
requires 1/100 of the time used by the electron beam to complete the exposure of a particular spot. The actual resolution
achieved in the patterning of the PMMA depends of course on the details of the spin-on coating process and the handling
of the resist. It is likely that the above protocol, although dependable, is not by any means optimized. In particular,
more sophisticated resists and advanced lift-off techniques
should permit even higher-resolution array fabrication.

A number of different experiments were carried out in order
to look for an optimum pulsed laser deposition and annealing
protocol. In general, oxide films grown by UV-PLD are done
by ablating the target into a background pressure of oxygen to
make up for the oxygen typically lost during the deposition
process. In fact, an important advantage of pulsed laser depo-
sition technique resides in the fact that it can provide rela-
tively easy stoichiometric control under high background gas
pressure in thin oxide film deposition. The background vac-
uum level before introducing oxygen was kept under 3x10°
Torr. The vanadium oxide deposition comprises two inde-
pendent procedures. First, the thin vanadium oxide films were
deposited on Si substrate at a room temperature with 5 mTorr
oxygen gas. Rutherford backscattering (RBS) measurements
showed these films to be in an inte.rmediate oxidation state, Figure 5. A nanodisk array produced by the combined FIB-
close to amorphous VO,;. The thickness of the films was  pLD lithographic procedure.

monitored by inserting a microscope slide next to the silicon

19.0kYV
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surface as a witness sample; its thickness was then measured in a spectrophotometer to calibrate the thickness of the de-

posited vanadium oxide film.

Subsequently, the amorphous VO, ; films were annealed under an ambient of 250 mTorr oxygen at 450°C. X-ray dif-
fraction measurements showed these films to be crystalline VO,. The annealing temperature turned out to be critical:
films annealed in the same oxygen ambient but at 550°C were V,0Os; they exhibited no switching behavior and had char-

acteristic V,0s5 XRD spectra.
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Figure 6. Rutherford backscattering spectra for films deposited Figure 7. Oxygen to vanadium ratio for films deposited by the
at nominal thicknesses of 6, 14, and 42 nm. From left to right, PLD protocol outlined in the text and annealed at 450°C in
the features in the spectra are the the oxygen background, the 250 mTorr oxygen, as a function of deposited film thickness.

silicon peak and the vanadium peak.

Note the transition to the 2/1 stoichiometry at about 8 nm.

As is clear from Figure 3, vanadium oxides can exist in a wide range of stoichiometries, complicating the task of verify-
ing that the nanoparticles created by this process are in fact VO,. [18] Vanadium oxide films selectively deposited in the
range of 10~250 mTorr oxygen pressure were investigated by Rutherford backscattering spectrum (RBS) in order to
secure the correct 2:1 oxygen/vanadium ratio. None of the samples annealed at oxygen pressures below 250 mTorr oxy-
gen gave the desired exact 2:1 ratio. However, at 450 °C under 250 mTorr O, pressure, VO, ; change rapidly into VO,
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Figure 8.  Scattered light intensity from a VO,

nanoparticle film as a function of temperature, for two
different annealing times. The change shows the

evolution of stoichiometric vanadium dioxide.

without further conversion to higher phases. The RBS spectra of
several vanadium oxide films deposited on graphite under the
identical conditions are shown in Figure 6. In the given V/O
ratio versus thickness graph (Figure 7), one can assure that the
stoichiometry of the annealed films maintains a correct 1:2 ratio
down to around 8 nm mass thickness. X-ray diffraction (XRD)
scans obtained using a Scintag X; 6/26 automated powder X-
ray diffractometer with a Cu target and a Peltier-cooled solid-
state detector (not shown here) confirmed the RBS results.

The transition temperature and hysteresis cycles of the 100 nm
thick VO, films annealed at 450 °C were acquired by measuring
the reflectance change to the infrared light at A=980 nm during
a heating and cooling. The transition temperature is taken as the
midpoint on the heating curve. The films annealed for more
than 20 minutes had a ~66 °C semiconductor-to-metal transition
temperature, like the hysteresis curve in Figure 8. Apparently,
the difference in the transition temperature comes from the en-
hancement in crystallinity as well as grain development and
stress. [19] This is supported by the fact that those samples
show better sharpness in the hysteresis loop and a relatively
strong XRD intensity along the (011) plane. However, there is
no further improvement in crystallinity for annealing times of
40 minutes or longer.
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4. OPTICAL CHARACTERIZATION OF VO, NANODISK ARRAYS

Square two-dimensional arrays of single VO, nanodisks on silicon substrates, like
those shown in Figure 5, were fabricated with lattice constants ranging from 147
to 397 nm. The optical properties of these nanostructures were measured by light
scattering as shown schematically in Figure 9. The arrays were mounted on a
heated stage and placed on a microscope platform. In this experimental arrange-
ment, a confocal microscope is used to locate the array to be measured, which
typically is a square pattern 50 to 100 um on a side. The beam from the selected
light source is focused into a ~200 pm spot which covers the array selected in the
microscope. A thermoelectric heater can be used to alter the temperature of the
array; the temperature was monitored by a thermocouple attached directly to the
array. Photons radiated away by the particles are collected in a conventional con-
focal microscope or in an optical fiber. For incident white light, the scattered

light was routed by a fiber optic cable into a spectrometer with a focal plane array = =
detector. For measuring the hysteresis properties of the array, light from a near m
infrared laser (980 nm) was used for illumination, and the collected scattered light

was carried by an optical fiber into a simple infrared detector. Figure 9. Experimental geometry

. . . . for measuring optical properties of
Regardless of the nature of the particles, whether in the metallic or semiconduct- VO, nanopar%iclle) arrayps, pScattered

ing state, the geometrical arrangement obliges the particles to be a set of planar  [ight from the arrays is focused by

coherent scatterers. At points far away from the particles, the scattered electric  a lens onto an optical fiber con-

field will be given by standard electromagnetic theory as [20] nected to a spectrometer with focal
plane array detector.

ikr

E(r5,0) ~ —k {5 % (5 x P(r5, )} = (1)
where § is the direction of observation, r is the distance from the position of the dipole source and k is the wavenum-
ber. P is the three dimensional Fourier transform of a constitutive relation approximated by P(r) O((r)E (r) where
o (7) represents the self-consistent polarizability [21] per unit volume of the scattering surface (which is only nonzero in
the particles), and ED (¥) = eExp(iks,, [F) is the unperturbed field in the direction of the unit vector s, with polarization
¢ . In this case of square lattices, P is given by:

P=aNvé Y. Sinc(hTa /L) [Sinc(mma /L) Eﬂinc[[% +k(sox = sx)jg} O
h,m @)

Slnc|:(2TTrm + k(soy y)j§i| minl{k(soz - Sz)§:|ExP[ik§ (Soz =52)]

where /1 and m take all possible integer values. The particle is approximated as a parallelepiped of volume v = a b, Dis
the side of the square array, L the lattice constant and N the total number of particles. Given that D is large compared
with L and v, this scattering potential will have non-negligible values only when
_ hA _ mA . 2,2, 2_
Sy = Sox +T, Sy = Soyp +T with sy tsy +sz =1 3)

Clearly, the conditions expressed in equation (3) are completely equivalent to the diffraction from a two-dimensional
grating. This diffractive effect is responsible for the colors observed in Figure 10, where the numerical aperture of the
microscope objective limits the maximum angle allowed into the detection system and therefore the spectral spread in
wavelengths admitted into the detector.

From the Poynting theorem and the content of equations (1) and (2), it is easy to see that in the scattered intensity, the
optical material properties of the VO, nanoparticles as well as the influence of the surroundings are completely ac-
counted for in the polarizability. Given the dual metal-semiconductor character of VO, the total optical response of the
nanoparticles is expected to show profound differences when switching throughout the phase transition. The normal
scattered intensity from monochromatic light of 980 nm wavelength and incident at 75°, shows a drop of 70% when
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heated from the semiconducting to the metallic state. This is a very significant signal contrast given the short wavelength
used in this measurement where the dielectric constants between the two VO, phases are very similar.  Comparable
VO, particle densities, when measured in normal transmission mode with the same wavelength, showed less than 1%
signal changes. The scattering measurement greatly enhances the signal contrast from small amounts of VO,. On the
other hand, the temperature measured with a precision thermocouple in contact with the sample, shows an onset of the
phase transition similar to that found in standard VO, films. In the present case however, the VO, particles exhibit a
large undercooling effect resulting in a hysteresis loop whose width spans ~ 35 °C. This hysteresis width is significantly
larger than values that are generally characteristic of bulk and thin film VO, samples; these normally have hysteresis of
1-10 °C. [21] Moreover, the enhanced hysteresis observed in the semiconductor-to-metal transition in small VO,
nanocrystallites is definitely related to nanocrystallite size. [7]

Figure 10. Confocal microscope image of nc-VO, arrays ordered by increasing interparticle spacing from left to right.

A central unanswered questions about the structural semiconductor-to-metal (SMT) transition in vanadium dioxide is,
how fast does it occur? Several groups have measured the transition in thin films using ultrafast laser and X-ray tech-
niques; the phase transition in this case is initiated by a pump pulse that is strongly absorbed by the VO,, creating dense
electronic excitation. So far, there is agreement only that the transition occurs on a sub-picosecond time scale.

We have used femtosecond white-light continuum spectroscopy to see more clearly the temporal signature of the ex-
tremely broad surface plasmon resonance (SPR) at 1.1 pm. The probe beam, tightly focused into a thin silica plate, pro-
duces a continuous spectrum of light coherent with the pump beam; the pump beam excites the sample, generating the
semiconductor-to-metal transition. The spectrum of the probe light, generated by focusing the light into an IR filter-glass
plate, is approximately constant over the range 400-800 nm. Irradiation in the standard pump-probe arrangement pro-
duces a two-dimensional spectrum of sample transmission vs probe wavelength and pump-probe delay time. The advan-
tage of displaying the data in this way is that one sees immediately the incipient plasmon response near 800 nm, whereas

there is little change in the probe signal for wavelengths in

the visible portion of the spectrum away from the SPR. The

N Thin VO, fim, pump on Saiae , semiconductor-to-metal transition observed by this means
o | i Mpranbesials prrsnrly RO i occurs on a time scale of order 100 fs
B0 5 :
_ 3- * lss o We have also tried a variant of pump-probe spectroscopy
% fa, §  that involves observing the second harmonic of the probe
G o o2 .o = beam. This produced a significant difference between the
z 5 . 2 response of a vanadium dioxide thin-film sample and one
3 . oy L &  containing VO, nanocrystals. In the experiment, a thin film
g Ll aigs o % or a nanocrystal composite of VO, on or in fused silica
2 f.‘gg “ga g2  glass was heated above the metal-insulator transition tem-
g ol S TR "'® 5 perature and then permitted to cool slowly while the pump-
gAYy s O e probe experiment was carried out with a 50 fs 800 nm laser.
T s sl Pl 3 As seen in Figure 11, for the thin film, the probe-generated
i Lo 3 second-harmonic signal decreased as the transition to the
. g L ‘ L0 semiconductor phase occurred; for the nanocrystalline ma-
310 320 340 350 360 . . .
oA terial, on the other hand, the second-harmonic signal de-
i ) creased. Since the second harmonic signal tends to be sen-
Figure 11. Probe- and pump-induced second harmonic  itive to surface effects, it is tempting to argue that this dif-

signals on vanadium dioxide nanoparticles and thin films,

respectively.

ference is due to the differing surface characteristics. The
VO, film in the metallic state will be highly reflective, but
the reflectivity will decrease as one moves to the semicon-

ducting phase. However, the reason why the behavior in the nanocrystalline phase should be just the opposite remains

obscure, something to be cleared up in future experiments.
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5. POTENTIAL APPLICATIONS AND PROSPECTS

Metal oxides as a class exhibit many interest-
ing kinds of phase transitions, including super-

o « Si0, optical fiber, lc((.)n:iiuct;v‘l‘ty, n}?%n;tlc. ordgﬁlng and. otheé
% v diameter = 350 um inds of “smart” behavior. ese variegate

' phenomena open the door to many potential

gy | & NS e applications. To show that a thin layer of VO,

I|| I“l'l
o0 | D . e
| '-,\ nanorods inside an optical fiber can exhibit
\ \ _ /,Q — switching or hysteretic behavior, in a geometry
'.: cooling Photodiodes

80 | splitter suitable for a sensor, vanadium and oxygen
| ' ; ions were implanted into one end of an optical
fiber. Upon annealing, nanocrystals of VO,
formed in a thin (100 nm) layer buried just
under the surface of the fiber. A laser operat-
ing at 1.5 um (the standard communications
20 30 40 50 60 70 80 90 100 wavelength) was then focused through the fi-
Temperature (°C) Thermocouple ber, as in Figure 12. A small heating element

was attached to the end of the fiber, along with

Figure 12. (Left) Optical transmission of a fiber near the critical commu- @ thermocouple to measure the temperature,
nications wavelength of 1.5 um, showing the switching behavior as the ~ While optical detectors measured the light
embedded VO, nanocrystals were cycled between metallic and semicon-  throughput.[22]  The classic signature for
ducting states. The fiber was implanted with vanadium and oxygen ions to ~ smart behavior is the hysteresis loop shown in
create a thin layer of VO, nanocrystals embedded in the leftmost end.  the left frame of the figure: As the temperature
From Reference [1]. is raised, optical transmission remains high
while the VO, nanocrystals are in the semicon-
ducting state. When the critical transition temperature is reached, the nanocrystals become metallic and the transmission
drops abruptly as the layer of VO, nanocrystals reflects the incident light. As the optical fiber is cooled, the transmission
remains low until a critical temperature near 40°C is reached, at which point the material becomes semiconducting again
and transmits light as before. The hysteresis loop is even wider, and the switching behavior even more dramatic, in
nanocrystals than in thin-film VO,.

Transmission (%)

70 \

G0

excitation

For the immediate future are studies of the semiconductor-to- fredack
metal transition in single VO, nanodisks are planned, using a .

scanning near-field optical microscope (SNOM). This is possi- splter

bly the most important measurement that one could imagine on
these nanoparticle arrays, since this would, in principle, permit
the study of the semiconductor-to-metal transition in one Catiever
nanoparticle at a time, as well as making environmental effects | —
more controllable and reducing the effects on measurements of
size inhomogeneity. We have recently begun attempts to image
the VO, nanocrystals in a scanning near-field optical micro-
scope as well as in a confocal microscope, and found that it is in
fact possible to see individual nanoparticles. In Figure 13, the
four quadrants show SNOM images of: (upper left) the geome-
try of the SNOM experiment; (upper right) a very large VO,
nanoparticle, made by ion implantation and annealing, protrud-
ing through the surface of an alumina matrix; (lower left) an
image of VO, nanoparticles, average size 37 nm radius, in a
fused silica matrix, also made by ion implantation; and (lower
right) an image of VO, nanoparticles, average size 73 nm, also

laser

segmented
photodiode

sample

s 2 > Figure 13. Schematic of SNOM measurements, in-
made by ion implantation and annealing. The samples are not  ¢luding (upper left) the geometry of the SNOM, and

heated, so the nanoparticles are in the semiconducting state.  three measurements of VO, nanoparticles of varying
This means that the nanoparticles are dark, since the visible  sizes in alumina (upper right) and in fused silica (lower
light is absorbed (the semiconducting phase has a bandgap of  left and right). The picture dimension in all three cases
order 1 eV), while the surrounding silica matrix is transparent to i 6 pm.

the green exciting beam.
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6. SUMMARY AND CONCLUSIONS

The semiconductor-to-metal transition in vanadium dioxide has been an object of attention because of the scientific con-
troversy over the mechanism of the transition, and the number of significant potential technological applications. The
recent discovery that the optical effects caused by the metal-insulator transition are size dependent at the nanoscale has
lent a sense of urgency to the need to synthesize VO, nanoparticles in regular arrays. This not only creates greater uni-
formity in the samples, but makes possible classes of measurements that have been impossible in samples synthesized in
powders, gels or ion-implanted insulators. The work reported here demonstrates that a multi-step process involving fo-
cused ion-beam lithography, pulsed laser deposition, and post-deposition annealing can produce arrays with good size
uniformity, uniform spacing, and interesting linear and nonlinear optical properties. In particular, the arrays show excel-
lent hysteretic response over the temperature cycle that initiates and then relaxes the semiconductor-to-metal transition.
Light-scattering measurements confirm the quality of the array fabrication by exhibiting diffraction-grating effects. Fu-
ture work will emphasize scanning near-field microscopy of these arrays, with ultimate the goal of measuring the metal-
insulator transition in single VO, nanoparticles.
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