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Size effects in the structural phase transition of VQ nanoparticles
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We have observed size effects in the structural phase transition of submicron vanadium dioxide precipitates
in silica. The VQ 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 i, \&Qlescribed 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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|. INTRODUCTION ating VO, small particles with sizes that cover a relatively
large range. In the work reported here, by using these assem-
A number of transition-metal oxides exhibit insulatésr  blies of small VQ particles with varying mean size, we have
semiconductop-to-metal transitioné.Among these, V@ is been able to observe size-dependent effects in the character-
one of the most extensively studied examples because iistic features of the hysteretic phase transition. An analysis of
phase transition occurs close to room temperatufe ( these results reveals the heterogeneous nature of the nucle-
~340 K), and it displays a-10° decrease in resistivity as ation process associated with the ¥phase transition, and
well as a large change in transparency in the infraredve are able to model the observed size effects on this basis.
region—properties that are useful for a variety of applica-Although other systemtd have proved to exhibit size-
tions. Above the phase transition, Y@as a tetragonal rutile dependent phase transitions, to our knowledge such phenom-
structure while the low-temperature phase is monocfinic.ena have not been previously quantified in the case of a
Characteristics of this transition include the formation ofthree-dimensional, size-controlled semiconductor-to-metal
cation-cation pairs and the displacement of vanadium fronphase transition.
the center of its interstice in the monoclinic phase—a feature

characteristic of an antiferroele_ctric-type distortion. _ Il. MATERIALS SYNTHESIS AND CHARACTERIZATION
Although there have been important advances in under-
standing the general nature of the transitiohthe mecha- Small VO, particles in the nanoscale regime were pro-

nism responsible for its nucleation is not well established. Iduced by ion implantatid? into a high-purity (Suprasi)
fact, the actual values of the transition temperature and itSiO, substraté? Vanadium and oxygen ions were implanted
sharpnes$,or the lack thereof, have previously been relatedat room temperature in the near-surface region in a stoichio-
to variations in stoichiometry, misorientation betweenmetric proportion. The implantation energi€s0 keV for
grains® and other morphological fauftsn VO, only in a  vanadium and 55 keV for oxygen ionsere calculated using
qualitative fashiort®!* A more complete understanding of the computer coderiM (Ref. 15 and then selected to ensure
these features and the role of reduced dimensionality in akthe superposition of both species distributions at the same
tering the characteristics of the \y@hases is important to depth, within 200 nm from the surface. Rutherford back-
advancing our knowledge of the detailed physical basis ofcattering spectroscopy was used to confirm the dose reten-
the VO, semiconductor-to-metal transition. tion and placement. High-temperature annealing (1000 °C)
We have previously shown that ion implantation and ther4in a flowing high-purity argon atmosphere induced the pre-
mal processing can be used to create an embedded layer @pitation of the VQ nanocrystals whose size was controlled
small particles of V@ in the near-surface region of an amor- by varying the growth time in the furnace from 2 to 60 min.
phous SiQ host!? These particles exhibited a hysteretic In order to obtain a strong V response during the charac-
semiconducting-to-metallic phase transition with an anomaterization procedures, the implanted doses were 1.5
lous large undercoolingThe VO, first-order transition ex- X107 ions/cnf for vanadium and 3,810 ions/cn? for
hibits a hysteresis that is on the order of 1-10 K wide inoxygen.
most cases, but in the case of Y&mall particles embedded The first identification of the V@ precipitation was car-
in SiO,, we observed hysteretic behavior with widths up toried out by x-ray diffraction, usin@-2 6 scans at the CK «
50 K.) At the time of the work reported in Ref. 12, methods wavelength. Figure 1 shows that in addition to the broad
for controlling the mean size of the \A@recipitates in order ~ structure due to the amorphous $i€ubstrate, a Bragg re-
to carry out investigations of the role of particle size on theflection at 20=27.81° is observed corresponding to the
semiconductor-to-metal phase transition had not been devel011) reflection of the monoclinic phase.
oped. Subsequently, we have developed techniques for cre- The characterization of the particle size and the detection
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120 | (011) VO2 the frame of classical nucleation thedfyThe change in free
monoclinic energy,AG, due to the formation of a spherical nucleus con-
sists of two term¥
100 -
. 4
- 5102 AG=— 5 RAg,+47RYY, &)

whereR is the radius of the nucleus aidy,, is the bulk free
energy decrease per unit volume, which we assume is pro-
portional to|T—T,| with a proportionality constant deter-
40 mined by the entropy difference between the parent and the
product phase 0.657 MJ/&K).*® Herey is the surface free
energy increase per unit area which can be estimated to lie in
T 4% a8 @] 23 2 32 33 37 &3 the range of 10-20 mJAnThis homogeneous nucleation
Diffraction angle 26 process implies, as can be seen in Fig. 4, a barrier ot°.0
per nucleation event~6x10> eV), which is 10kgT at
FIG. 1. X-ray #-26 scans §=1.5406 A) of fused Si@ im- temperatures where the transition occurs spontaneously. Evi-
planted with 1510 Vions/cnt at 150 keV and 3.0 dently, the thermal energy is much too small for homoge-
X 10" Olions/ent at 55 keV and later annealed in flowing high- neous nucleation; hence nucleation at special fiitesthose
purity argon at 1000 °C for 30 min. The characteristic diffraction ghserved in martensitic transformatié?)smust be consid-
line detected at 27.81° corresponds to (B&1) plane of the low-  ered. Further support for this approach comes from the direct
temperature V@ phase. observation of no time dependence during the transition. In

of the phase transition were performed by transmission elec,f—aCt’ kt)he growltht O(fj thelprodtjhct phS%SOe f's gxtremt(_ely fast {ahr]d
tron microsocpy(TEM) and infrared optical transmission, can 2(? compieted in 1ess than S In continuous thin
respectively. Figure 2 shows some representative TEM mi]jlms. Accordmgly,. control of the transformation relies on
crographs of the V@ precipitates obtained at different an- t_he ther_mal nuclea_tlon process rather f[han on pha_se propaga-
nealing times along with their optical transmission at a wavellon as in the gl_asswal piciure. Regarding the semmonduc;or-
length of 1.5 um. Since the particles exhibit an increasing .to-metal transition as the result of _hett_e_rogeneoug nucleation,
aspect rati6 with. increasing size, in order to simplify theItS. occurrence depends on the avallablllt.y of a suitable nucle-
analysis, the mean size values were approximated by mafémg defect n the'sample space conS|_dered. The _nature of
weighting the radius of equivalent volume spheres. Figure 1ese nucleatu_)n sites CO.UId be_ very diverse, ranging from
shows the dependence of both the particle size and the opﬁ-'mple vacancies, wall dIS|OCEltI0n_S, untransforr_ned embry-
cal transmission at various temperatures on the annealingﬁols?siEﬁgIsglsgnggspgghvzasa(;fgn\)/cgb(lﬁtaevcetst;egs!\éesr,]it:s" r;huest
time. There is a clear correlation between the transition temg some tvbe of extrinsic defec.ts since the estimated densi-
peratures and the particle size: the decrease of the precipital?g yp
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size produces higher transition temperatures on heating a eS t];(;zls?':irclj?]sﬁmdeﬁ;ir\goﬂgvx?eevgrmhliomlié Zri?e)sa;f ox-
lower temperatures on cooling, leading to increasingly wide P ) » N1y

hysteresis loops as the particles become smaller. trinsic defects are (_axpect(_ad to b_e present during the high-
temperature annealing. It is possible that many of these de-
. DISCUSSION fects persist, given the quenching process applied to the

samples.

In order to analyze the observed size dependence of the If the probability of finding a potent defect in a small
phase transition temperatures, we consider the transition ivolume ispdV and the chance to find more than one defect

= 1.05 2 min.
o | —— =9 min.
T 1 60 min.
0 0.95 A 5
€ 0.9 1
w 1
€ 0.85 A L
© T A
+— 0.8 1\‘ l.,
°>’O.75 1\ 1‘
= 0.7 . %
© S e
20.65 1
0.6 . r . .
Annea_led for Annea.led for Anneal_ed for i o - = =
2 minutes 9 minutes 60 minutes

Temperature (K)

FIG. 2. Transmission electron microscopy images of,\f@ecipitates in Si@and their optical transmission vs temperature at auln’b-
wavelength for selected annealing times. Shorter annealing times produced smaller precipitates and shifted the transition temperatures to
produce wider hysteresis loops. The samples were prepared by implantingwsi® 1.5x 10 Vions/cn? at 150 keV and 3.0
x 10 O ions/cnf at 55 keV and then annealing in argon at 1000 °C.
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FIG. 4. (a) Free energy as a function of the nucleating embryo
size during the phase transitiofly) The energy barrier as function
of the temperature.

FIG. 3. (Top) VO, precipitate size as determined by the anneal-
ing time and(botton) the corresponding relative optical transmis- gone the phase transition, we can directly identify the prob-
sion or “switching” at a 1.5um wavelength as a function of an- ability F with that optical change. Data from the transition in
nealing time. The inset shows a typical hysteresis loop obtainethoth heating and cooling directions are plotted in the inset of
during the thermal cycle along with the indicator points Fig. 5, where the reference temperaturd@s)(involved in

(A,B,C,D,E,F) used to quantify the optical “switching.”

is negligible, it can be showhthat the probabilityF that a
particle of volumeV contains at least one such sité%is

F=1—exd—p-V]. 2)

Ag.y Were obtained by extrapolation to the point where the
transition would start for bulk behavior—that is, 338 K and
325 K in the warming and cooling directions, respectively.
The exponenty and the proportionality constants are ob-
tained using least-squares fitting. The exponent for the cool-
ing portion (~3) is larger than that on the warming side

In order to analyze the statistics of the nucleating defects d¢~2) &S expected from the asymmetric shear strgmesent

different temperaturesp is proposetf to be a power-law
function of the driving forcel gy, since as the driving force
increases, latent defects may become operatf@nial. this
purely phenomenological approach,

p=CAgl,, 3

on cooling, which requires larger driving forces in order to
overcome the nucleation barrier. These exponents provide an
important test of any microscopic model of the defect-
nucleus interaction. The phenomenological correlations
found above are compared directly with the data in Fig. 5
where a temperature-modified volume is used as the ab-
scissa. The curves correlate reasonably well with the data in

wherey is an exponentC a proportionality constant, and the the entire range of temperatures and particle sizes studied.
temperature dependence is incorporated via the fact that/e conclude, therefore, that the temperature and particle size

Agey is proportional to|T—T,|, as described above. Com-

dependence of the ViOphase transition are consistent with

bining Egs.(2) and(3), we obtain the necessary function to the statistical description for a heterogeneous nucleation

analyze the statistics of the \\(phase transition from the
small-particle results.

process.
The present results can also provide an estimaje as a

Assuming that the particle size distribution is adequatelyfunction of the temperature. Figure 6 shows the cumulative
parametrized by the equivalent mean radius and the relativéensity of the sites for both sides of the transition. At the
optical transmission during the hysteresis cycle is linearlybeginning of both transitionsy is around 16* nucleation

proportional to the volume fraction of Vi(that has under-

sites/cmi, which for particle sizesv=V,; (107 1° cm®)
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0.6 A FIG. 7. Hydrostatic pressurdsiccording to Berglund and Ja-
yarama’s dataRef. 26] which would follow from the observed
0.4 A increases in transition temperatures. The values are far too high and,
therefore, unlikely to be responsible for the observed effect.
0.2
. . 68610 Aas v formation of any given particle will be statistically con-
0.0 P LeR(6 8607 Mg’ V), trolled. Naturally, these defects must have a favorable inter-
Y 1 2 3 4 s action with an embryo of the product phase in order to

V13 Agex10* (nm x (J/mole)) overcome the nucleation barrier. The very nature of the het-
erogeneous nucleation suggests that the defects can be in-
duced and, up to a certain thermodynamic limit, eliminated

are the calculated curves using equatig®s and (3). The inset according to the procedure employed to fabricate the, VO

shows the linear correlations that support the proposed henomen8amples' . . ..
logical expression fop. PP prop P Although a correlation between the size of the precipitates

and the characteristic transition temperatures is clear, it is

means there is no potent defect present to activate the trangoportant to consider other possibilities in order to establish
formation and further increases in the driving force are® causal linkage. The onset-temperature value of the VO
needed to activate at least one defect. Waslightly above ~transition on warming follows the Clapeyron equatfon.
Vi, Some particles will have exactly one potent defect andl herefore, an increase in the transition temperature would be

the other particles will have none. In this regime, the trans€Xpected with an increase in pressure. Using the slope of the
Clapeyron equation, the observed increase in the transition

10 10 temperatures in our samples would imply pressures above 12
GPa, which would be large enough to produce elastic
changes in the latticésee Fig. 7. However, x-ray analysis
showed no changes in the lattice constants for any of the
different annealing times and sizes investigated. In fact, there
is little reason to suspect compressive stress since, at the high
implantation doses employed in these experiments, thg SiO
substrate is known to relax by plastic flow to accommodate
the accumulating stre€8.The difference between the ther-
mal expansion coefficients cannot explain the effect either,
since it has the opposite sign needed to generate a compres-
sive stress on the V{precipitates. The upper transition tem-
001 : 0.01 perature is also known to be modified by the presence of
295305 SIS 3 3 99 dopant impurities—in our case possibly silicon from the sub-
strate. However, silicon doping in bulk samples has no effect.
FIG. 6. Cumulative density of nucleation sites vs temperature it has been shown that the“Siion is too small to remain
both directions of the semiconductor-metal transition. A particleinside the VQ octahedral site$?® Other doping experiments
with a 62-nm radius will have one activated site and, therefore, wilhave shown that the dopant concentration increases with the
start transforming near 345 or 305 K on heating or cooling, respecannealing time. Since the longest annealing times result in
tively. the most “bulk-like” nanocrystals, this argues against Si in-

FIG. 5. The fraction of transformed particles as a function of the
size and temperaturéa) on warming,(b) on cooling. Solid lines
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0 I samples produced only an increase of up to 22@&s shown
i T V0s.5 -/ — . in Fig. 8.
: 50 ] o —— /— IV. CONCLUSION
[ We can conclude that our nanocomposite samples are not
sl | ot showing a stoichiometric or pressure effect, but rather a true
195 197 199 201 203 2.05 size effect. The V@ semiconductor-to-metal phase transition
2+h

proceeds in a heterogeneous fashion, relying on structural
defects as the source of nucleation sites. The size dependence
of the transition temperatures and hysteresis loops observed
in these small-particle experiments establishes the statistical
nature of these activation sites and allows us to obtain ex-
corporation. The other source of possible transition-perimental values fop. Finally, a power-law function of the
temperature modification would be departures from thedriving force has been confirmed as phenomenologically ap-
1:2 VO, stoichiometry at short annealing times. These de{propriate to describe the density of potent defects.

viations cannot be large; otherwise, vanadium would take
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FIG. 8. Transition temperatures vs stoichiomettgken from
Ref. 30. Solid circles: on heating. Open circles: on cooling.
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