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Synthesis and characterization of size-controlled vanadium dioxide
nanocrystals in a fused silica matrix
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Vanadium dioxide single-crystal precipitates with controlled particle sizes were produced in an
amorphous, fused Sihost by the stoichiometric coimplantation of vanadium and oxygen ions and
subsequent thermal processing. The effects of the vanadium dioxide nanocrystal size, nanocrystal
morphology, and particle/host interactions on the,\@®miconductor-to-metal phase transition were
characterized. V@nanoparticles embedded in amorphous ,S3&hibit a sharp phase transition with

a hysteresis that is up to 50 °C in width—one of the largest values ever reported for this transition.
The relative decrease in the optical transmission in the near-infrared region in going from the
semiconducting to the metallic phase of Y@nges from 20% to 35%. Both the hysteresis width

and the transition temperature are correlated with the size of the precipitates. Doping the embedded
VO, particles with ions such as titanium alters the characteristics of the phase transition, pointing
the way to control the hysteresis behavior over a wide range of values and providing insight into the
operative physical mechanisms. @02 American Institute of Physics.

[DOI: 10.1063/1.1503391

INTRODUCTION trafast optical switching* However, in order to incorporate
the VO, properties into small-scale integrated optoelectronic
devices, it is essential to fabricate and characterize, VO
nanostructures including VOnanocomposites. In this ar-
ticle, we describe practical methods for the preparation of

acteristic phase-transition temperature. Following the earl)(/o2 in the form of nanometer-size, single-crystal particles

observations of Morihin 1959, the physical properties of embedded in a fused Sj(ost and characterize the proper-
VO, and other oxides of vanadium in the region of the phase[ies of this finely divided form of VQ

transition have been extensively investigated. In particular, In a previous brief lettef? we described the observation

the semiconductor-to-metal phase transition temperature cgf VO, nanoprecipitates formed in amorphous Sy ion
VO, (around 67 °Chas made this material a convenient syS-jp, 1 antation. These nanoparticles exhibited a large hysteresis

tem for exploring .the physical mechanisms r§§ponsible fo%s compared to similar ViOprecipitates formed in ¢€0001)-
the SMT. On cooling through the phase transition, M- oriented single-crystal sapphire hddtlt is commonly as-

dergoes a first-order SMT from a high-temperature, metal,"%umed in the V@ thin-film literature that, given a controlled

tetra_gonzl rutile . phaseh to a I0\|/|\_/-temr|?eraturhe morFOCI'fn'ﬁoxide stoichiometry, the sharpness of the phase trantion
semiconducting form. The crystalline phase change is of thes \ e as its hysteresis width and critical temperature are

shear type, with a small dilatio0.044%): The electrical dependent on the stré8sand microstructure of the films.
and optical properties of V&undergo significant and abrupt |, 16 resent work, the ability to control the size of the VO

changes across this structural phase transition. The highso initates allows us to effectively separate these effects and
temperature phase exhibits metallic properties and strongl

. o . ereby develop a deeper understanding of the materials
attenuates the transmission of incident light at all

frequencies; the low-temperature phase is a narrow bandphysICS associated with the phase transition.
gap semiconductdr(band gap=0.7 eVwith a relatively

high transparency in the infrared spectral region. It is pre-'vl'A‘TERIALS SYNTHESIS
cisely this near-room-temperature transition and the associ- High-purity fused silica substratéSuprasil)were coim-
ated large optical and electrical property changes that havlanted at room temperature with vanadium and oxygen ions
also made V@ a candidate material for a wide variety of at various energies ranging between 100-300 and 36-120
technological applications such as thermochromic coafingskeV for V and O, respectively. The implantation energies
optical and holographic storadé, fiber-optical switching were calculated using the computer codam’ and were
devices! laser scannerdmissile training system¥,and ul-  then selected to ensure the superposition of both the
vanadium- and oxygen-implant distributions at the same

2Als0 at: Vanderbilt University. Electronic mail: rene.lopez@vanderbilt.edu 4€Pth !n the near-surface. rggion of the fU_SEd Shost. The
PAlso at: Oak Ridge National Laboratory, Oak Ridge, TN 37831. formation of the VQ precipitates was achieved by a subse-

Vanadium dioxide (V®) is one of a number of
transition-metal oxides that undergo either an insulator-to
metal or semiconductor-to-metal transiti®MT) at a char-
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FIG. 2. The Ellingham diagram for the V-0 systéexcluding the complex
Energy (MeV)

oxides)shows the necessary, but not sufficient, external conditioxggen

FIG. 1. Rutherford backscattering spectra for Siimplanted with vana- ~ Partial pressure and temperatunequired to allow the reaction ¥O,
dium and oxygen in a 1:2 proportion are shown with the corresponding—VYO2 to proceed in the forward direction.

depth-matching energies. Heons were incident with 2 MeV of initial

energy and the backscattered particles were detected at a 160° angle. The

indicated samples were annealed at 1000 °C in flowing argon in order to . . . .
form VO, precipitates.(a) 1.0X107V ions/cn? at 100 keV, annealed 10 @ desired specific oxide of vanadium. In order to formayO

min, (b) 1.5x10'7 Vions/cn? at 150 keV, annealed 60 min, arid) 2.0  the present experiments were carried out in an atmosphere of
x 10"V ions/cn? at 300 keV, annealed 90 min. The increasing ion strag- flowing high-purity argon (P@~ 10~ 5)_ The Ellingham dia-

gling with increasing implantation energy produces progressively lower den- S - . . . .
sities of the implanted ions for the same dose. The larger distance to thgram for the principal vanadium oxm?é?s(as given in Fig. 2)

SiO, surface and the lower density increase the time required to achieve th%hows that, at this partial pressure, a heat treatment above
desired VQ particle formation. 625 °C is necessary for the formation of Y@ be thermo-
dynamically allowed.(Experiments showed that nucleation
and growth of nanoparticles occurred at 700, 800, 900, and
guent thermal annealing of the coimplanted specimens 1000 °C, but not at 600 °C; the lower temperatures, naturally,
flowing argon at atmospheric pressure and at temperaturessulted in longer annealing and growth time®nce the
ranging from 700 to 1000 °C for times of 2—60 min. In order range of allowed processing temperatures for, Y@mation
to obtain a strong V@response during the characterization was determined, subsequent experiments were carried out at
procedures, the vanadium doses ranged from 1 to 2 practical working temperature of 1000 °C, i.e., at a tem-
X 10" ions/cnt with oxygen implantation doses in the sto- perature that resulted in a fairly rapid precipitation and
ichiometric proportion for V@ formation. Rutherford back- particle-formation process. These processing conditions are
scattering spectrometffRBS), as shown in Fig. 1, illustrates in fact necessary; from Fig. 2, it is clear that annealing in
the distribution in-depth of the vanadium implants for differ- argon+ 4% H, (PO,~10"*?), in air, or in pure oxygen will
ent implant energies. It was observed that the volume densityot result in VQ formation. However, these conditions do
of implanted atoms tended to decrease with increasing imrot necessarily guarantee Y@recipitation, since the reac-
plantation energy, due to the effects of straggling. Thereforetion occurs inside the silica substrate. Silica proved to be an
the optimal thermal annealing parameters for achieving conideal host because, in addition to its well-known thermal
trolled VO, precipitation would be different for each implant stability, silicon does not dope Viince the Si* ion is too
energy. Accordingly for purposes of consistency, the remainsmall to occupy the V@octahedral sité??
der of this article is restricted to samples that were implanted  The additional condition that was determined to be nec-
with vanadium and oxygen at 150 and 55 keV, respectivelyessary to ensure VOformation was a minimum implanted
Vanadium, like most transition metals, can exist in dif- oxygen dose. Figure 3 shows the final stoichiometry of the
ferent valence states and consequently, can form a variety glrticles as a function of the implanted oxygen/vanadium
possible oxidege.g., VO, \,03,VO,, and \,Og). In addi- ratio for samples implanted using both $i@nd ALO;
tion to these “simple” oxides, there are many other closelyhosts. A vanadium/oxygen ratio in Sidess than 1:2 was
related structures where vanadium atoms have different vadetermined by x-ray analysis to precipitate V). When the
lences between those of ,¥; and VO,. The series implantation was carried out using A); as substrate, on the
ViOs,_1(9>n>1) between VQ and V,0;, as well as other hand, the material was more tolerant to oxygen defi-
V,0xs, V,0q, VgOy3, and V5,0, have all been observéfl. ciency. In both cases, adding extra oxygen usually produced
Therefore, it is not surprising that the phase equilibria in thea “blistering” of the host surface. Clearly, an appropriate
vanadium-oxygen systefproved to be relatively complex. internal oxygen concentration needs to be produced by the
Accordingly, achieving a high degree of control over theimplanted oxygen atoms; moreover if the oxygen concentra-
oxygen partial pressure is indispensable for the formation ofion is too high, the implanted oxygen atoms may diffuse in
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FIG. 3. Influence of implanted oxygen on the formation of vanadium oxide ] fini
precipitates and their stoichiometry. All of the samples were implanted with { monoclinic
1.5%10V ions/cnt and annealed in high purity argon at 1000 °C for 30
min. In order to obtain vanadium oxide concentrations similar to those pro- 0

duced in SiQ, the single-crystal sapphire samples were implanted with 15 20 25 30 35 40 45 50 55 60

vanadium at 300 keV and with oxygen at 120 keV. Implants in,Si@re Diffraction angle 26 (°)

carried out at 150 and 55 keV, for V and O, respectively. The identification

of the _resulting oxide pha_ses was pgrformed using x-ray diffraction and by 4. X-ray 6—20 scans k=1.5406 A) of fused Si@ implanted with

analyzing the infrared optical behavior. 2.0x10Vions/cn? at 150 keV and 4.8 10 O ions/cn? at 55 keV and
later annealed in flowing high-purity argon at 1000 °C for 30 min. The
characteristic VQ@diffraction lines detected at 27.81° and 57.67° correspond

a manner leading to oxygen coalescence or “out-diffusion”to the(011) and(022) monoclinic planes, respectively.

rather than forming the metal oxide. Therefore, achieving

proper control of the oxygen dose and its uniform distribu-

tion in the near-surface region in order to assure the necedditial range distribution. The first confirmation that nano-

sary local stoichiometric ratio is essential for producing,vO crystalline VG, was formed by this process was provided by

precipitates inside SiQ Under the optimal conditions indi- XRD, using standar@—26 scans at the CK , wavelength

cated by the arrow in the phase diagram in Fig. 2, optical, sand with the implanted surface lying perpendicular to the

ray, and other diagnostics showed no evidence for the formeicattering vector. Figure 4 illustrates a typical room-

tion in the SiQ host of oxides of vanadium other than O  témperature x-ray scan obtained after annealing the V- and
In order to control the size of the precipitates, all otherO-implanted specimen at high temperature for 30 min. In

preparation conditions being the same, the annealing tim@ddition to the broad structure due to the amorphous, SiO

was used to limit the particle growth. The annealing furnaceSubstrate, Bragg reflections a2 27.81° and 57.67° were

was preheated to the desired temperature and then evacuagiperved corresponding respectively to tBé1) and (022)

to a pressure of 1078 Torr prior to introducing the high- reflections of the V@ monoclinic phase. Since no other

purity argon and establishing a constant gas flow. The sampptay lines are observed, the Y®anoparticles, in fact, are

was remotely inserted into the high-temperature zone anfot only single crystalline, but also relatively highly

was held in the hot zone for a controlled interval of time. Theoriented—in spite of the fact that the particles were formed

sample was then cooled to room temperature by a quick rdD the amorphous fused silica host.

mote withdrawal(i.e., a withdrawal that maintained the es-  Figure 5 shows the equivalentspacings for different

tablished argon atmosphere until the sample had cooled @nealing times ranging from 2 to 60 min. Also shown are

listed in different standard powder diffraction filéBDF).
Although the relative intensity of the x-ray signal decreased
somewhat for the shorter annealing times, the measured in-
teratomic spacing in the nanoparticles remained relatively
The VO,-particle/ SiQ-host samples were characterized constant for all sizes.

using RBS, x-ray diffraction XRD), transmission electron The correlation of nanoparticle size with annealing time
microscopy(TEM), and infrared optical transmission tech- was directly established by TEM observations. All data are
nigues. As shown in Fig. 1, the RBS spectrum gives thelTEM bright-field images in which we employed mass con-
depth distribution of the vanadium ions prior to the annealingrast to identify the structures. Figure 6 shows a set of images
and precipitate-formation step. The RBS spectrum alsdaken at the same magnification on samples processed at
shows the absence of heavy impurities, no vanadium surfacerious selected annealing times. It can be seen that the VO
atoms, and the nearly complete V implantation-dose retenparticles initially precipitate in small spheroidal volumes and
tion. After annealing, the RBS spectra showed no significansubsequently grow with increasing annealing time into bar-
changes, indicating that the implanted ions remain in thdike shapes with an aspect ratio that is proportional to the

MATERIALS CHARACTERIZATION
AND PERFORMANCE
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FIG. 5. Lattice spacings of th@01) VO, monoclinic planes as a function FIG. 7. (a) The TEM micrograph(200 keV, bright-field, mass contrast

Zontal nes show h reference values obiained from several sandard OIS (et VG precipiates extibit some faceting even at the smaller par-
icle sizes(annealed for 2 min, (b) electron diffraction pattern obtained

. ) ; .
The SiQ substrates were implanted with X80V ions/cn? at 150 keV from a 100 nm long V@ particle, and(c) computer-generated electron

7~
and 3.010" O ions/cnf at 55 keV. diffraction pattern with the electron beam directed along the, Vitdno-
clinic zone axis(011).

particle length. This growth in length takes place while the

smallest particle dimension reaches a relatively constant . .
value of~80 nm. For the high-temperatufautile) form of underlying crystal is generally smaller for lardg,, values.

VO,, the Bravais-Friedel law predicts a crystal shape that ién addition, if the growth rates are proportional to the attach-

, t energies, simple ionic arguments indi¢atiat the
determined by th¢110; and{101} planegthe (110) tetrago- men ! ) .
nal plane is t)r/1e plane correspor?ding to the obse(mgd) elongated bar-like crystal habit grown on #i®1} planes is,

monoclinic plane after the phase transifiofhis geometric indeed, expected. This growth m(_echanlsm with prefer(_entlf_:ll
law that correlates the probability of a crystal fothkl} with planes of attachment would explain the observed faceting in

the interplanar spacing, has a simple physical basis given the early stages of the precipitate formation. The growth of

that the interaction energy between a growth layer and th 0, nanocrystal_s crystals with tr_(eaX|s parallel to the sur-
ace corresponding to the texturing detected by x rays is an

unexpected result whose origin is probably due to the ion
implantation distribution and the growth mechanisms, how-
ever, presently it is not fully understood and remains to be
investigated.

Figure 6 also shows the presence of nanovaikite
spots in the TEM micrographs)ear a significant number of
precipitates. These voids may be implicated in the initial
particle nucleation process but this cannot be established de-
] finitively from the present results. Experiments employiimg
situ ion implantation and thermal processing in a TEM are
planned in order to try to address both the issues of the
texturing/orientation phenomena and the origin of the voids.
Figure 7 shows a small faceted Y@anocrystal along with
the electron diffraction pattern displayed by these nanocrys-
tals when they are properly aligned, that is, when the elec-
tron beam is parallel to a zone axis. The boundary planes for
the faceted nanocrystals are likely tof8d1}and{210}from
the monoclinic structure.

In analyzing the characteristics of the YQarticles, the
- statistical distribution of the particle sizes has been calcu-

ta lated using the effective radius of the equivalent-volume
? . sphere. Figure 8 shows the frequency distribution of the par-
FIG. 6. Transmission electron microscopy imagaso keV, bright-field, ~ ticles and the volume-weighted equivalent radius as a func-
mass contrastf VO, precipitates formed at different annealing im@2,  tion of the annealing time. The broadening of the size distri-
(b) 9, (c) 20, and(d) 60 min. Rapid precipitation and growth is observed phytion and the increasing mean size of the nanocrystals with
during the first 30 min while longer annealing times did not result in Sig-3, -0 4 ging annealing times is typical of the formation of both
nificant additional growth. The samples were prepared by implanting SiO . . . .
with 1.5X10Y V ions/cn? at 150 keV and 3.040'7 O ions/er? at 55 key ~ Metal and semiconductor nanocrystals by ion implantation
and then annealing in argon at 1000 °C. and thermal annealing processes.
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(@) light from a HeNe laser while the temperature of the samples
was ramped up and down at a rate of 2.5°C/min using a
Peltier thermoelectric device. The sample temperature was
measured with a precision thermocouple in direct contact
with the implanted side of the SiGsubstrate.

Figure 9 shows that the annealing time and the corre-
sponding size of the VQprecipitates exhibit a significant
direct correlation with the transition temperatures and the
width of the hysteresis curves. A reduction in the patrticle size
increases the transition temperature when switching in the
semiconductor-metal directiofi.e., on heating)from the
standard value of 67 °C up to as highTs 76 °C. On cool-
ing, the transition temperature is also significantly reduced,
generating an increasingly large hysteresis as thg &s-
tals are reduced in size. In fact, the smallest precipitates ex-

(b)

_~§ 100 ] { hibit hysteresis widths up to 50 °C, leaving the revdiise,

E 80 1 { { metal-to-semiconductingtransition temperature near room

gt { temperature.

: £ 60 ; We originally speculated that the large width of the ¥O

g % 40 ] { hysteresis in SiQ, compared to that reported for \\@dano-

%Q ' ] particles formed if0001)-oriented sapphifé,may have its

3" 20 - origin in the extrinsic stress created during the nanoparticle

§ 0 ] formation by the difference in thermal-expansion coefficients

= Pror T T between the particles and the host matrix. However, experi-
0 10 20 30 40 50 60 70 ments performed at lower annealing temperati# °C)

Annealing time (min) showed that this stress could not be primarily responsible for
FIG. 8. (a) Size distribution of the precipitates as a function of the annealingthe observed ,energy bampfr tf) the SMT. In fact, Fig. 5 SUQ_,
time. (b) Mass-weighted mean equivalent radius. gests that neither the stoichiometry nor the stress experi-
enced by the nanoparticles is affected by the relative duration

of the annealing period—that is, by nanoparticle size.

A definitive confirmation of the formation of VQs pro- The effect of the V@ stoichiometry on transition tem-
vided by the direct observation of the characteristicperature has also been investigate@xygen rich samples
semiconductor-to-metal phase transition near 67 °C. Figure go not alter appreciably the transition temperature, and oxy-
shows the relative change in the optical transmission for segen poor samples decrease the semiconductor-to-metal side
lected mean crystal sizes. These measurements were carrietithe hysteresis cycle by 8°. Therefore, a nonstoichiomet-
out at normal incidence with 1,am wavelength unpolarized ric oxygen fraction cannot explain the observed variation in

the transition temperature.
Additional insight into the physics of the observed

1.05 ~— 60 minutes small-particle behavior is provided by the results of Ti dop-

] e - == 9 minutes ing experiments. Ti doping of the Vi precipitates is easily

— 2 minutes accomplished by implanting small quantities of titanium
along with the vanadium and oxygen implant doses. Figure
10 shows a progressive increase of the metal-to-
semiconductor transition temperature, and consequent nar-
rowing of the hysteresis loop with the increasing concentra-

o
©
©w o«
T T

Relative Transmission
o
o]
w

08 r tion of Ti ions; there is also some steepening of the

0.75 semiconductor-to-metal transition curve. Titanium forms a
structure that is similar to that of tetragonal Y@nd its

0.7 addition has been reported to have little effécn the SMT

065 | temperature in V@ bulk/thin films. These features point to

06 S . , ' ‘ structural defects as the source of the undercooling reduction

in a manner that is analogous to the features that are ob-
served in martensitic transformatioffs.

In fact, other structural defects could be responsible for
FIG. 9. Temperature dependence of the relative optical transmission at the observed size effect, since they may play a role analo-
wavelength of 1.5 um for SiO, substrates implanted with 1.5 gous to that played by nucleating defects in other solid-solid

X 10tV ions/cn? at 150 keV, 3.0X0% O ions/cnf at 55 keV and annealed e .
at 1000 °C for the indicated amount of time. The smallest articles that phase transmon%?. In such models, althoth the denSIty of

are produced by the shortest annealing time exhibit the largest width in the10S€ r)gcleatirlg 'Sites is independgnt of the size, t'he actual
hysteresis of the semiconductor-to-metal transition. probability of finding a nucleation site must scale with clus-

15 25 35 45 55 65 75 85 95
Temperature (°C)
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1.05 1 —~No doping gesting a structural mechanism as the basis for the enhanced
7 ---3at%of Ti barrier to the “reverse” phase transition. The relative mag-
5 nitude of the optical switching in the region of commonly
‘@ 0.95 used optical-communication wavelengths makes the near-
€ 0.0 - surface nanocomposite system comprising ,V@anopar-
§ ) ticles in a SiQ host of interest for the future development of
» 085 - applications in integrated optics geometries including fiber-
g 05 - optic and thin-film optical waveguides.
2 0
o
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