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Size effects in the structural phase transition of VO2 nanoparticles
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We have observed size effects in the structural phase transition of submicron vanadium dioxide precipitates
in silica. The VO2 nanoprecipitates are produced by the stoichiometric coimplantation of vanadium and oxygen
and subsequent thermal processing. The observed size dependence in the transition temperature and hysteresis
loops of the semiconductor-to-metal phase transition in VO2 is described in terms of heterogeneous nucleation
statistics with a phenomenological approach in which the density of nucleating defects is a power function of
the driving force.
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I. INTRODUCTION

A number of transition-metal oxides exhibit insulator-~or
semiconductor-! to-metal transitions.1 Among these, VO2 is
one of the most extensively studied examples because
phase transition occurs close to room temperatureTc
;340 K), and it displays a;105 decrease in resistivity a
well as a large change in transparency in the infra
region—properties that are useful for a variety of applic
tions. Above the phase transition, VO2 has a tetragonal rutile
structure while the low-temperature phase is monoclin2

Characteristics of this transition include the formation
cation-cation pairs and the displacement of vanadium fr
the center of its interstice in the monoclinic phase—a feat
characteristic of an antiferroelectric-type distortion.

Although there have been important advances in und
standing the general nature of the transition,3–6 the mecha-
nism responsible for its nucleation is not well established
fact, the actual values of the transition temperature and
sharpness,7 or the lack thereof, have previously been relat
to variations in stoichiometry, misorientation betwe
grains,8 and other morphological faults9 in VO2 only in a
qualitative fashion.10,11 A more complete understanding o
these features and the role of reduced dimensionality in
tering the characteristics of the VO2 phases is important to
advancing our knowledge of the detailed physical basis
the VO2 semiconductor-to-metal transition.

We have previously shown that ion implantation and th
mal processing can be used to create an embedded lay
small particles of VO2 in the near-surface region of an amo
phous SiO2 host.12 These particles exhibited a hystere
semiconducting-to-metallic phase transition with an anom
lous large undercooling.~The VO2 first-order transition ex-
hibits a hysteresis that is on the order of 1–10 K wide
most cases, but in the case of VO2 small particles embedde
in SiO2, we observed hysteretic behavior with widths up
50 K.! At the time of the work reported in Ref. 12, metho
for controlling the mean size of the VO2 precipitates in order
to carry out investigations of the role of particle size on t
semiconductor-to-metal phase transition had not been de
oped. Subsequently, we have developed techniques for
0163-1829/2002/65~22!/224113~5!/$20.00 65 2241
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ating VO2 small particles with sizes that cover a relative
large range. In the work reported here, by using these ass
blies of small VO2 particles with varying mean size, we hav
been able to observe size-dependent effects in the chara
istic features of the hysteretic phase transition. An analysi
these results reveals the heterogeneous nature of the n
ation process associated with the VO2 phase transition, and
we are able to model the observed size effects on this ba
Although other systems13 have proved to exhibit size
dependent phase transitions, to our knowledge such phen
ena have not been previously quantified in the case o
three-dimensional, size-controlled semiconductor-to-me
phase transition.

II. MATERIALS SYNTHESIS AND CHARACTERIZATION

Small VO2 particles in the nanoscale regime were pr
duced by ion implantation14 into a high-purity ~Suprasil!
SiO2 substrate.12 Vanadium and oxygen ions were implante
at room temperature in the near-surface region in a stoic
metric proportion. The implantation energies~150 keV for
vanadium and 55 keV for oxygen ions! were calculated using
the computer codeTRIM ~Ref. 15! and then selected to ensu
the superposition of both species distributions at the sa
depth, within 200 nm from the surface. Rutherford bac
scattering spectroscopy was used to confirm the dose re
tion and placement. High-temperature annealing (1000
in a flowing high-purity argon atmosphere induced the p
cipitation of the VO2 nanocrystals whose size was controll
by varying the growth time in the furnace from 2 to 60 mi
In order to obtain a strong VO2 response during the charac
terization procedures, the implanted doses were
31017 ions/cm2 for vanadium and 3.031017 ions/cm2 for
oxygen.

The first identification of the VO2 precipitation was car-
ried out by x-ray diffraction, usingu-2u scans at the CuKa
wavelength. Figure 1 shows that in addition to the bro
structure due to the amorphous SiO2 substrate, a Bragg re
flection at 2u527.81° is observed corresponding to th
~011! reflection of the monoclinic phase.

The characterization of the particle size and the detec
©2002 The American Physical Society13-1
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of the phase transition were performed by transmission e
tron microsocpy~TEM! and infrared optical transmission
respectively. Figure 2 shows some representative TEM
crographs of the VO2 precipitates obtained at different an
nealing times along with their optical transmission at a wa
length of 1.5 mm. Since the particles exhibit an increasin
aspect ratio with increasing size, in order to simplify t
analysis, the mean size values were approximated by m
weighting the radius of equivalent volume spheres. Figur
shows the dependence of both the particle size and the
cal transmission at various temperatures on the annea
time. There is a clear correlation between the transition te
peratures and the particle size: the decrease of the precip
size produces higher transition temperatures on heating
lower temperatures on cooling, leading to increasingly wi
hysteresis loops as the particles become smaller.

III. DISCUSSION

In order to analyze the observed size dependence of
phase transition temperatures, we consider the transitio

FIG. 1. X-ray u-2u scans (l51.5406 Å) of fused SiO2 im-
planted with 1.531017 V ions/cm2 at 150 keV and 3.0
31017 O ions/cm2 at 55 keV and later annealed in flowing high
purity argon at 1000 °C for 30 min. The characteristic diffracti
line detected at 27.81° corresponds to the~011! plane of the low-
temperature VO2 phase.
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the frame of classical nucleation theory.16 The change in free
energy,DG, due to the formation of a spherical nucleus co
sists of two terms17

DG52
4p

3
R3Dgex14pR2g, ~1!

whereR is the radius of the nucleus andDgex is the bulk free
energy decrease per unit volume, which we assume is
portional to uT2Tcu with a proportionality constant deter
mined by the entropy difference between the parent and
product phase 0.657 MJ/(m3 K).18 Hereg is the surface free
energy increase per unit area which can be estimated to l
the range of 10–20 mJ/m2. This homogeneous nucleatio
process implies, as can be seen in Fig. 4, a barrier of 10216 J
per nucleation event (;63102 eV), which is 104kBT at
temperatures where the transition occurs spontaneously.
dently, the thermal energy is much too small for homog
neous nucleation; hence nucleation at special sites~like those
observed in martensitic transformations19! must be consid-
ered. Further support for this approach comes from the di
observation of no time dependence during the transition
fact, the growth of the product phase is extremely fast a
can be completed in less than 500 fs in continuous t
films.20 Accordingly, control of the transformation relies o
the thermal nucleation process rather than on phase prop
tion as in the classical picture. Regarding the semiconduc
to-metal transition as the result of heterogeneous nuclea
its occurrence depends on the availability of a suitable nu
ating defect in the sample space considered. The natur
these nucleation sites could be very diverse, ranging fr
simple vacancies, wall dislocations, untransformed emb
onic regions, or perhaps electronic defects—given all
possible valences of vanadium. We believe these sites m
be some type of extrinsic defects since the estimated de
ties for intrinsic defects would be too low (;1011/cm3) at
the transition temperature. However, higher densities of
trinsic defects are expected to be present during the h
temperature annealing. It is possible that many of these
fects persist, given the quenching process applied to
samples.

If the probability of finding a potent defect in a sma
volume isrdV and the chance to find more than one def
eratures to

FIG. 2. Transmission electron microscopy images of VO2 precipitates in SiO2 and their optical transmission vs temperature at a 1.5-mm

wavelength for selected annealing times. Shorter annealing times produced smaller precipitates and shifted the transition temp
produce wider hysteresis loops. The samples were prepared by implanting SiO2 with 1.531017 V ions/cm2 at 150 keV and 3.0
31017 O ions/cm2 at 55 keV and then annealing in argon at 1000 °C.
3-2
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is negligible, it can be shown21 that the probabilityF that a
particle of volumeV contains at least one such site is22

F512exp@2r•V#. ~2!

In order to analyze the statistics of the nucleating defect
different temperatures,r is proposed23 to be a power-law
function of the driving forceDgex , since as the driving force
increases, latent defects may become operational.24 In this
purely phenomenological approach,

r5CDgex
y , ~3!

wherey is an exponent,C a proportionality constant, and th
temperature dependence is incorporated via the fact
Dgex is proportional touT2Tcu, as described above. Com
bining Eqs.~2! and ~3!, we obtain the necessary function
analyze the statistics of the VO2 phase transition from the
small-particle results.

Assuming that the particle size distribution is adequat
parametrized by the equivalent mean radius and the rela
optical transmission during the hysteresis cycle is linea
proportional to the volume fraction of VO2 that has under-

FIG. 3. ~Top! VO2 precipitate size as determined by the anne
ing time and~bottom! the corresponding relative optical transmi
sion or ‘‘switching’’ at a 1.5-mm wavelength as a function of an
nealing time. The inset shows a typical hysteresis loop obtai
during the thermal cycle along with the indicator poin
(A,B,C,D,E,F) used to quantify the optical ‘‘switching.’’
22411
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gone the phase transition, we can directly identify the pr
ability F with that optical change. Data from the transition
both heating and cooling directions are plotted in the inse
Fig. 5, where the reference temperatures (Tc) involved in
Dgex were obtained by extrapolation to the point where t
transition would start for bulk behavior—that is, 338 K an
325 K in the warming and cooling directions, respective
The exponentsy and the proportionality constants are o
tained using least-squares fitting. The exponent for the c
ing portion (;3) is larger than that on the warming side
(;2) as expected from the asymmetric shear stress25 present
on cooling, which requires larger driving forces in order
overcome the nucleation barrier. These exponents provid
important test of any microscopic model of the defe
nucleus interaction. The phenomenological correlatio
found above are compared directly with the data in Fig
where a temperature-modified volume is used as the
scissa. The curves correlate reasonably well with the dat
the entire range of temperatures and particle sizes stud
We conclude, therefore, that the temperature and particle
dependence of the VO2 phase transition are consistent wi
the statistical description for a heterogeneous nuclea
process.

The present results can also provide an estimate ofr as a
function of the temperature. Figure 6 shows the cumulat
density of the sites for both sides of the transition. At t
beginning of both transitions,r is around 1014 nucleation
sites/cm3, which for particle sizesV<Vcrit (10215 cm3)

-

d

FIG. 4. ~a! Free energy as a function of the nucleating embr
size during the phase transition;~b! The energy barrier as function
of the temperature.
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means there is no potent defect present to activate the tr
formation and further increases in the driving force a
needed to activate at least one defect. ForV slightly above
Vcrit , some particles will have exactly one potent defect a
the other particles will have none. In this regime, the tra

FIG. 5. The fraction of transformed particles as a function of
size and temperature;~a! on warming,~b! on cooling. Solid lines
are the calculated curves using equations~2! and ~3!. The inset
shows the linear correlations that support the proposed phenom
logical expression forr.

FIG. 6. Cumulative density of nucleation sites vs temperatur
both directions of the semiconductor-metal transition. A parti
with a 62-nm radius will have one activated site and, therefore,
start transforming near 345 or 305 K on heating or cooling, resp
tively.
22411
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formation of any given particle will be statistically con
trolled. Naturally, these defects must have a favorable in
action with an embryo of the product phase in order
overcome the nucleation barrier. The very nature of the h
erogeneous nucleation suggests that the defects can b
duced and, up to a certain thermodynamic limit, elimina
according to the procedure employed to fabricate the V2
samples.

Although a correlation between the size of the precipita
and the characteristic transition temperatures is clear,
important to consider other possibilities in order to establ
a causal linkage. The onset-temperature value of the V2
transition on warming follows the Clapeyron equation26

Therefore, an increase in the transition temperature would
expected with an increase in pressure. Using the slope o
Clapeyron equation, the observed increase in the trans
temperatures in our samples would imply pressures abov
GPa, which would be large enough to produce elas
changes in the lattice~see Fig. 7!. However, x-ray analysis
showed no changes in the lattice constants for any of
different annealing times and sizes investigated. In fact, th
is little reason to suspect compressive stress since, at the
implantation doses employed in these experiments, the S2
substrate is known to relax by plastic flow to accommod
the accumulating stress.27 The difference between the the
mal expansion coefficients cannot explain the effect eith
since it has the opposite sign needed to generate a com
sive stress on the VO2 precipitates. The upper transition tem
perature is also known to be modified by the presence
dopant impurities—in our case possibly silicon from the su
strate. However, silicon doping in bulk samples has no effe
It has been shown that the Si41 ion is too small to remain
inside the VO2 octahedral sites.3,28Other doping experiments
have shown that the dopant concentration increases with
annealing time. Since the longest annealing times resu
the most ‘‘bulk-like’’ nanocrystals, this argues against Si i

e

no-

n

ll
c-

FIG. 7. Hydrostatic pressures@according to Berglund and Ja
yarama’s data~Ref. 26!# which would follow from the observed
increases in transition temperatures. The values are far too high
therefore, unlikely to be responsible for the observed effect.
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corporation. The other source of possible transitio
temperature modification would be departures from
1:2 VO2 stoichiometry at short annealing times. These d
viations cannot be large; otherwise, vanadium would ta
other oxide forms with significantly different transition tem
peratures or there would be no transition at all. Early pap
associated the most stoichiometric samples with the lar
hysteresis but did not report any change in the upper tra
tion temperature.29 However, other measurements ha
shown that the oxygen content is not related to the hyster
and have proved that small oxygen d
pletions lower the transitions up to 8°C while oxygen-ri

FIG. 8. Transition temperatures vs stoichiometry~taken from
Ref. 30!. Solid circles: on heating. Open circles: on cooling.
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samples produced only an increase of up to 2 °C,30 as shown
in Fig. 8.

IV. CONCLUSION

We can conclude that our nanocomposite samples are
showing a stoichiometric or pressure effect, but rather a
size effect. The VO2 semiconductor-to-metal phase transiti
proceeds in a heterogeneous fashion, relying on struct
defects as the source of nucleation sites. The size depend
of the transition temperatures and hysteresis loops obse
in these small-particle experiments establishes the statis
nature of these activation sites and allows us to obtain
perimental values forr. Finally, a power-law function of the
driving force has been confirmed as phenomenologically
propriate to describe the density of potent defects.
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