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CHAPTER V

CONFOCAL RAMAN MICROSCOPY ACROSS THE STRUCTURAL

PHASE TRANSITION OF SINGLE VO2 NANOPARTICLES

Abstract

The first Raman scattering measurements on nanoparticulate vanadium dioxide (VO2)

are presented here, as well as the first observations of the temperature-induced phase tran-

sition in individual VO2 nanoparticles (NPs). We compare the Raman response of two

VO2 NPs and a companion VO2 film undergoing their monoclinic-tetragonal-monoclinic

transformations, and offer qualitative explanations for the large observed differences in hys-

teresis width. While bulk crystals and contiguous films contain numerous “potent” nucle-

ation sites, individual NPs likely harbor only a few, which may make it possible to correlate

detectable defects (e.g., grain boundaries, dislocations) with the “ease” of switching phases

as quantified by the width of the thermal hysteresis.

5.1 Introduction

Vanadium dioxide (VO2), a transition-metal compound, has intrigued researchers for

almost five decades since Morin21 first discovered its temperature-driven metal-insulator

transition (Tc ≈ 67 oC). Accompanying the electronic transition is a change in crystallo-

graphic structure, from monoclinic (insulator/semiconductor) below Tc to tetragonal/rutile

(metal).22,23 The long-standing debate25–29 over the relative roles of lattice distortion and

electron-electron correlation in the mechanism of the VO2 phase transition has lately been

reinvigorated, both theoretically30,55 and experimentally.1–3,31,32 Furthermore, the overall

scientific drive towards understanding how materials behave on the nanoscale and, specif-

ically, how phase transitions occur in nanocrystalline systems,10,16,37–39,41 has sparked in-
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terest in making and probing nano-VO2: thin films of nanosized grains3,45–49 or inter-

twined nanorods;190,191 thin films structured on silica microspheres100 or perforated by

nanoholes;148 nanocrystalline powders;192,193 ensembles of implanted,50–52,54 grown,194 or

lithographically patterned nanoparticles (NPs).9,53 In the present work, we cross the next

frontier by investigating the structural phase transition of individual VO2 NPs, which paves

the way to pinpointing the elusive sources of the VO2 phase transition—those “potent” de-

fect sites deemed responsible for nucleating the new phase inside the old.
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Figure 5.1: (a) Confocal image scan acquired at λ = 633 nm and (b) scanning electron
micrograph (SEM) of VO2 nanoparticles (NPs) on Si. Note the different morphologies of
NP “A” and “B”.

Using confocal microscopy, we probed as a function of temperature the Raman response

of two single VO2 NPs (Figure 5.1) and a companion (“witness”) patch of contiguous

VO2 film, all on the same silicon (Si) substrate. This technique is well suited to interrogating

structural changes in submicron particles because confocal scanning allows high-contrast

imaging of an isolated NP, while Raman scattering identifies the lattice configuration of the
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NP via the spectral signature of vibrational excitations. The Raman peaks of monoclinic

and tetragonal VO2 have been reported for bulk crystals and thin films;31,195–201 we present

here the first Raman measurements on NPs of VO2 (Figure 5.3). Monitoring the evolution

of the Raman intensity with temperature furnished the hysteresis loops characteristic of

the first-order phase transition of VO2, which proved much wider for the NPs than for the

witness film (Figure 5.4). To explain the three different hysteresis widths observed in this

study, we recall the model of heterogeneous nucleation of the VO2 phase transition5 that

accounted for the size-dependence of the hysteresis in ensembles of VO2 NPs9,50 (see also

Section 1.3.2).

5.2 Experimental details

We fabricated our VO2 NPs on a Si substrate by means of: (i) focused-ion-beam lithogra-

phy (FIB: 30-keV Ga+, 1-pA beam current, 100-µs dwell time per NP) in a spin-coated layer

of poly(methyl-methacrylate) (PMMA: 50-nm thickness), followed by chemical removal of

the exposed areas;9,53 (ii) pulsed-laser deposition (PLD: KrF excimer laser at λ = 248 nm,

fluence ≈ 3 J·cm−2, V-metal target, O2 gas at 5 mtorr) of amorphous, sub-stoichiometric

vanadium oxide (VO1.7, 30-nm thickness); (iii) chemical lift-off of the remaining PMMA

and its VO1.7 overlayer; (iv) thermal anneal (450 oC, O2 gas at 250 mtorr) of the resulting

arrays of VO1.7 clusters to crystalline VO2 NPs. This procedure has been demonstrated by

multiple tests of stoichiometry, structure and switching properties to produce VO2 rather

than any of the multiple competing vanadium oxides.45 The lattice constant of the NP array

was chosen large enough, about 1 µm, to ensure that individual NPs could be resolved in a

confocal image scan at the laser wavelength to be used for Raman measurements. One such

scan is shown in Figure 5.1a, with arrows pointing to the two VO2 NPs later probed as a

function of temperature. Those NPs were selected because a scanning electron micrograph

(SEM) had revealed clear differences in their morphology (Figure 5.1b), which we suspected

might lead to different phase-transition behaviors. For comparison, we also measured the
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Raman response of a “witness” patch of non-patterned VO2 film on the same sample.

The sample was excited with a continuous-wave laser light (He-Ne: λ = 633 nm, 45 mW

output power), fed through a monomode fiber into a scanning near-field optical microscope

(SNOM) operating in confocal-reflection mode, then focused onto the sample with a micro-

objective (60 X, NA = 0.80, 1/e2 beam spot ≈ 0.5 µm). The light scattered from the

VO2 NPs or witness film and the Si substrate was collected by the same micro-objective

(backscattering geometry), filtered to reduce the elastic-scattering component, and sent

through a multimode fiber to a spectrometer equipped with a cooled charge-coupled-device

(CCD) detector. In order to minimize laser heating of the sample, the incident beam was

attenuated before entering the microscope. The external sample temperature was controlled

(±0.5 oC) via a thermoelectric heater and a thermocouple attached to the substrate surface.

Raman measurements were performed at several fixed temperatures as follows: (i) the

sample was manually positioned using micrometers to bring the approximate area of interest

into the laser beam spot, as imaged onto a CCD camera under concurrent white-light

illumination; (ii) the focus was visually adjusted by vertical displacement of the microscope

head; (iii) the setup was then switched to confocal mode, whereby the piezoelectric sample

stage would be scanned at increasing resolution and fine-adjusted laterally until the NP of

interest occupied the center of a 2x2-µm2 image scan; (iv) as needed, the focus was also fine-

tuned to yield a better object-to-substrate contrast; (v) finally, a 10-min Raman spectrum

was collected. The sample was then heated up or cooled down, and the measurement

sequence repeated at the next temperature point.

5.3 Results and discussion

5.3.1 Raman spectra

Figure 5.3 shows Raman spectra collected from the three VO2-on-Si objects under in-

vestigation: witness film patch, misshapen particle “B”, and spheroidal particle “A”. The

complete spectra (e.g., see Figure 5.2) contain several peaks that match Stokes lines as-
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signed in the literature to monoclinic VO2 (e.g., see Reference [201]), along with peaks

belonging to the Si substrate (305 and 520 cm−1). The peaks near 195 cm−1 and 225
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Figure 5.2: Representative Raman spectrum of the witness film in the monoclinic (low-
temperature) phase, showing several characteristic VO2 peaks and two Si-substrate peaks.

cm−1 correspond to characteristic Ag-symmetry vibrational modes of the monoclinic (low-

temperature) structure of VO2, which vanish upon transition into the tetragonal (high-

temperature) phase.195–197,201 These phonon modes play a crucial role in the structural

transition of VO2, since they are associated with the pairing and tilting motions of V–V

dimers that map the monoclinic onto the tetragonal lattice configuration.31 In addition, the

complete disappearance of the 195 cm−1 peak at sufficiently high temperatures indicates

that our VO2 material does not contain measurable amounts of the V2O5 phase,198 the

terminal oxidation state of vanadium, which has a distinctive Raman line at 196 cm−1.
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Figure 5.3a presents snapshots of the temperature evolution of Raman intensity collected

from each VO2 object during heating of the sample towards the tetragonal phase. Only 2

oC above the bulk transition temperature of VO2 (67
oC), the witness film no longer exhibits

the monoclinic structure, as evidenced by the vanishing of the two Ag-peaks (top trace),

which were present at room temperature (not shown). Similarly, NP “B” has also changed

its structure, but not until a higher temperature of 75 oC (middle trace). Nanoparticle

“A”, however, has retained the monoclinic signature even at 75 oC (bottom trace)—a clear

thermal delay in the onset of its monoclinic-to-tetragonal transition with respect to the

transitions of NP “B” and the witness film.

Raman spectra representative of the cooling half-cycle for each VO2 object are shown

in Figure 5.3b. The temperature was ramped down from a high-enough value to ensure

completion of each object’s forward (monoclinic-to-tetragonal) transition. At 54 oC, the

witness film has already reverted to the monoclinic phase (top trace), while the Ag-peaks

for either NP have not yet reappeared (not shown). For NP “B”, they reappear by 46

oC (middle trace), but NP “A” remains tetragonal down to at least 33 oC (bottom trace).

Thus, the onset of the reverse (tetragonal-to-monoclinic) transition of NP “A” is also delayed

in temperature compared to the transitions of NP “B” and the witness film.

We note in passing that the Si peak at 305 cm−1 diminishes slightly above the VO2 phase

transition, most likely because of the vanishing of an underlying peak of monoclinic VO2,

usually reported around 310 cm−1.195,197–201

5.3.2 Thermal hystereses of the Raman intensity

For each of the three VO2 objects, Figure 5.4 reveals the full temperature evolution

of the Raman response through the thermal hysteresis that accompanies the first-order

phase transition. The data points correspond to the total Raman intensity in the spectral

interval containing both VO2 peaks, summed between 165 and 255 cm−1 after background

subtraction. The background was removed using an algorithm implementing a rolling-circle
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Figure 5.3: (a) During heating (↑) towards the tetragonal (high-temperature) phase, the
witness film and NP “B” complete the structural transition (Ag-modes vanish) before 69
and 75 oC, respectively, while NP “A” remains at least partly untransformed at 75 oC. (b)
During cooling (↓) from the high-temperature phase, NP “A” again lags thermally behind
the film and NP “B” in switching back to the monoclinic phase.

spectral filter, which distinguishes between peaks and baselines according to their radii of

curvature.202 The comparatively large scatter in Figure 5.4b likely stems from a variable

overlap between the laser beam spot and the irregular shape of NP “B” (Figure 5.1b) during

different measurement sequences. The smooth lines through the data, used to estimate the

transition mid-points (Thalf) for the heating and cooling branches of each hysteresis loop,

were obtained by least-squares fitting of an empirical sigmoidal function, the so-called Hill’s

equation:

I(T ) = Ibase + (Imax − Ibase)

/

1+

(

Thalf
T

)rate

. (5.1)

This function is used for convenience, and is not meant to imply a physical significance.

The most striking features of the three hysteresis loops are their very different widths:

from 2±1 oC for the witness film (Figure 5.4a) to 18±2 oC for NP “B” (Figure 5.4b) and

56±5 oC for NP “A” (Figure 5.4c). In general, a first-order phase transformation requires
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Figure 5.4: Thermal hystereses of the Raman intensity (165–255 cm−1, minus
background), for (a) witness film, (b) nanoparticle “B”, and (c) nanoparticle “A”.
Dashed / solid fit line is for the heating (↑) / cooling (↓) half-cycle; one data point in (b) is
excluded from the fit as an outlier; error bars indicate statistical uncertainty. The hysteresis
width is a measure of the “ease” of switching between the low- and high-temperature states.
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some amount of overheating above and undercooling below the equilibrium transition tem-

perature, where the free-energy curves of the two phases intersect with a discontinuity in

the first derivative (see Section 1.2). At thermodynamic equilibrium, the system occupies

one of the two (meta)stable states depending on the transformation history, i.e., whether

the temperature has been increasing or decreasing. For example, martensitic structural

transformations,70 a class to which the VO2 phase transition belongs,75 take place at two

constant temperatures when only a single interface between the two phases is involved (e.g.,

in single crystals); however, the transition points may vary over a range of temperatures in

materials with multiple interfaces, such as polycrystals.72

Specifically for VO2, the sharpness, shape, width, position, and switching ratio of the

thermal hysteresis have been shown to depend critically on the quality of the VO2 material

(crystallinity, stoichiometry, impurities);45,95,203,204 grain size, distribution, and orienta-

tion;46,47,75,79,81 and NP size.5,9 Considering the statistical characteristics of heterogeneous

nucleation of martensitic transformations,43,44 Lopez et al. have proposed an explanation

of the increasingly wider hystereses (up to 50 oC) with decreasing NP sizes, as observed

in near-infrared transmission through VO2 NPs implanted into silica.5 According to the

model, a small VO2 particle has a certain probability of switching phases that depends,

for any given temperature, on the availability of “potent defects”. These defects are en-

visioned as stochastically distributed sites where the free-energy barrier is low enough for

the new phase to nucleate inside the parent phase. The probability of finding at least one

such nucleation site per particle, and hence the probability of transformation, is modelled

phenomenologically as a function of particle volume and the temperature-dependent excess

driving force44 (see also Section 1.3.2). A small amount of VO2 material, such as our NP

“A” or “B”, would require substantial overheating and undercooling beyond the nominal

transition temperature (i.e., excess driving forces) to change from the monoclinic to the

tetragonal phase and vice versa, thereby exhibiting a wide thermal hysteresis (Figure 5.4b

and 5.4c). On the other hand, a contiguous VO2 film contains many nucleation sites due
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to the large accessible volume, so that even relatively small excursions in temperature can

initiate the phase transition, resulting in a narrower hysteresis loop (Figure 5.4a).

The above arguments help explain why the Raman hysteresis loops of our NPs are much

wider than that of the witness film: The “ease” of switching depends on the presence of

nucleation sites, which become more scarce as the volume of VO2 material involved shrinks.

But why is NP “B” much “easier” to switch than NP “A” (∆TB = 18±2 oC vs. ∆TA =

56±5 oC) when both NPs should have the same volume, predetermined by lithographic and

deposition conditions? Figure 5.1b offers a possible explanation. The evident differences in

surface morphology may indicate that NP “A” constitutes one single-crystal grain, whereas

NP “B” possibly contains grain boundaries, dislocations, or other structural imperfections

as a result of the post-deposition annealing process, and those can act as potent sites for

heterogeneous nucleation of the phase transition, thus yielding a narrower hysteresis for

the more “defective” particle. Of course, without direct measurements of the underlying

crystallinity of these specific NPs, such reasoning remains speculative though in keeping

with the notion of the stochastic nature of the VO2 phase transition, namely that NPs of

a well-defined size do not have a unique Tc but a probability of switching centered at that

temperature.9

5.4 Summary and outlook

To summarize, we reported the first observations of the phase transition in individual

VO2 NPs and the evolution of their Raman response as a function of temperature. In ac-

cord with previous results from ensembles of VO2 NPs,5,9 the two single NPs studied here

exhibited thermal hysteresis loops much wider than that of a companion thin film (Figure

5.4). In fact, NP “A” (Figure 5.1b) produced one of the widest VO2 hystereses reported to

date: ∆TA = 56±5 oC. Such large thermal delays in the monoclinic-tetragonal-monoclinic

transition cycles for isolated nanoscale amounts of VO2 have been attributed to the di-

minished availability of nucleation sites active at a given temperature as the volume of the
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probed material decreases.5 Various stochastically occurring defects (vacancies, disloca-

tions, untransformed embryonic regions, etc.) can become potent sites for heterogeneous

nucleation, so even NPs of identical volumes may transform with different “ease”, that is,

different hysteresis widths (Figure 5.4b vs. 5.4c).

The single-particle measurements reported here afford a direct way to obtain statistical

information on the distribution of potent nucleation sites, namely by spatio-thermal confocal

mapping of the Raman (or other optical) response of arrays of widely spaced VO2 nanocrys-

tals of a given nominal size. Armed with many single-NP hystereses and the corresponding

particle morphologies or, better still, electron-diffraction patterns,3,36 one can gain valuable

insight into the microscopic, “special-site” origins of the phase transition of this fascinating

material.
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