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Enhanced hysteresis in the semiconductor-to-metal phase transition of VO,
precipitates formed in SiO, by ion implantation
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A strongly enhanced hysteresis with a width 0$#34°C has been observed in the
semiconductor-to-metal phase transition of submicron-scale Yf@cipitates formed in the
near-surface region of amorphous $iy the stoichiometric coimplantation of vanadium and
oxygen and subsequent thermal processing. This width is approximately an order of magnitude
larger than that reported previously for the phase transition of p@ticles formed in AIO; by a

similar technique. The phase transition is accompanied by a significant change in infrared
transmission. The anomalously wide hysteresis loop observed here for th&X0system can be
exploited in optical data storage and switching applications in the infrared region200®
American Institute of Physics. [DOI: 10.1063/1.1415768]

“Smart materials” have intrinsic properties that combine the phase transition. These structural characteristics led
both sensing and actuating functions. One class of smart m&oodenougl to propose a model of the electronic structure
terials is based on metal—insulator metal—semiconductor) based on molecular field theory that has accounted for some
transformations where electrical conductivity changes up tgroperties of the V@metallic and semiconducting phases.
six orders of magnitude occur at a first-order phase transithis model has subsequently undergone further improve-
tion. The resulting combination of sensing and actuatingnents by incorporating electron—electron correlattbasd
functions within the same material can be exploited in a wideslectron—phonon interactions. Nevertheless, neither the
variety of technological applications that encompass thermostructural details of the VOphase transition nor the dynam-
chromic coatings, opticaf and holographit storage sys- ics of the transition are completely accounted for.
tems, fiber-optical switching devicédaser scannersmis- The VO,/fused—SiQ near-surface composite in these
sile training systenfsand ultrafast optical switching. experiments was formed in a two-step procedure. A room-

The specific case of the semiconductor-to-mé&M)  emperature, stoichiometric coimplantation of vanadium and
transition observed for vanadium dioxide (YOhas at-  4yygen was carried out by first implanting V at a fluence of
tracted spe_c!al attent|on_ because |t§ solid-solid stru_ct_urzaé>< 101V ions/cn? and energies of 300 or 150 keV. The sub-
phase transition at-68 °C is accompanied by a change in its 5o ent oxygen implant was carried out at energies of 120 or
electrical conductivity of almost five orders of magnitude 56 keV, respectively, so that, in either case, both the V and O

and by associated large changes in its magnetic pmpert'?ﬁ‘nplant profiles overlapped in the same near-surface region

and !t§ optical con.stants in the technologically critical near- ¢ o SiQ, as predicted byrriM calculations’® The im-
to-midinfrared region. In the present work, we report the

. . L . planted SiQ substrates were then annealed in high-purity
formation of a near-surface composite material mcorporatlngﬁowing argon at temperatures ranging from 800 to 1000 °C
micron and smaller-size precipitates of Y@ an amorphous The VO, particles produced when the V ions are implanted.
SiO, matrix. The S/M phase transition in this material exhib- £ 300 keV are found within 500 nm of the top surface of the
its a hysteresis width greater than 34 °C, almost an order o

magnitude greater than that reported for V@recipitates iO, host, with the peak concentration occurring at a depth

that were created in single-crystal sapphite &1,0s) sub- of 260' nm as measqred directly using Rutherford back-
strates in previous investigatioh&The unusually reproduc- SCatteringRBS) analysis. When the V ions are implanted at
ible and controllable properties of the material make possibld>0 keV. the VQ particles are found within 300 nm of the
detailed investigations of particle-size effects and host-N0St surface, i.e., they are closer to, but do not break, the
matrix interactions in the phase transition of ¥O SIi0, surface. _ _ .

Since the discovery of the VICB/M transition by Morin _FoIIowmg the |mplantat|on/ann_eal|ng process, the for-
in 19591° VO, has been the subject of numerous experimenmation of the VQ phase was established by x-ray diffraction
tal and theoretical studies. In the first-orlashase transition MeasurementsXRD) made at the Cia wavelength. The
of VO,, the material goes from a tetragonal rutile-structurePresence of the VOphase was further confirmed by means

phase at higher temperature to a monoclinic structure belo®f optical transmission measurements using a double-beam
spectrophotometer and nonpolarized light. Both types of

measurement were performed at different temperatures usin
@Also at Department of Physics and Astronomy, Vanderbilt University; elec- . P . . P 9
tronic mail: rene.lopez@vanderbilt.edu a heating stage. T_ransm|SS|on (-electron.mlcrosc@ﬁM) as
PAlso at: Solid State Division, Oak Ridge National Laboratory. well as RBS studies were carried out in order to determine
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FIG. 1. Enhanced width of the hysteretic phase transition of Y@cipi- 24 30 36 42 48 54 60 66 72 78

tatesin a fused SiQhost as illustrated by the variation of atontispacings
obtained from x-ray diffractio—26 scans at various temperatures. There is

a narrow temperature range at the high and low transition temperatures i G2 T d d fh ical o fixed
which x-ray components from the monoclinic and tetragonal phases coexisF G. 2. Temperature dependence of the optical transmission at a fixed wave-

iy e : : ’ . th (2 um) showing the~34 °C wide hysteresis loop for ViQprecipi-
The precipitates were formed by stoichiometrically coimplanting,Si@h eng . ; L i
V (2 10Mions/cn?) at 300 keV and with O at 120 keV and thermally tates embedded in fused SiOThe precipitates were formed by stoichio-

. : ) = 7

ling in flowina Ar at 1 oC f in metrically coimplanting Si@ with V (2x 10%ions/cnf) at 300 keV and
annealing in flowing Ar at 1000 °C for 30 min with O at 120 keV and thermally annealing in flowing Ar at 1000 °C for 30
min.

Temperature (°C)

the particle size, morphology, and depth distribution of the

embedded/O, precipitates. film VO, samples that normally exhibit hysteresis widths of
The XRD results for a#—26 scan of a fused SiDsub- 1_19°cl?

strate COimplanted with V at 300 keV and with O at 120 keV The optica' properties of the embedded mrti(ﬂes in

and annealed at 1000 °C for 30 min show that, in addition t(.fused S|Q Change dramatica”y in Conjunction with the

a broad diffuse halo due to the amorphous SgQbstrate,  structural phase change corresponding to the x-ray results
only a strong Bragg reflection at2-27.81° is observed that described above. Figure 2 shows the results of an optical
is due to the(011) reflection of the monoclinic phase of the transmission measurement made at a fixed wavelength of 2
embedded V@ microcrystals. During thesé-26 scans, in  ym as the temperature of the implanted/annealed specimen
which the implanted surface lay perpendicular to the scattefas scanned at 1 °C/min between 25 and 80 °C. Naturally,
ing vector, no other V@ reflections appeared in the full these optical transmission results manifest the significantly
range of reflection angles. Thus, we conclude that the assenhcreased width of the VQ'SiO, near-surface-composite
bly of embedded particles, in fact, has a textured, relativelhysteresis discussed above. This greater width, and the cor-
highly oriented structure in spite of the fact that the particlesesponding effective displacement of the hysteresis loop
were formed in an amorphous host. midpoint closer to room temperature, enhance the potential
A temperature-dependence study of the observed x-ragf the material for optical data storage applications since
reflection is shown in Fig. 1, which presents a plot of thethese features lead directly to an increased and more practi-
correspondingl spacing versus temperature. Here, it can becal stability range for optically recorded information.
seen that, upon heating, the onset of the phase transition, as Figure 3 presents a plan-view TEM micrograph of the
indicated by the abrupt increase in thlespacing starting VO, precipitates embedded in fused Sidhe VO, particles
from the value characteristic of the monoclinic phase, occursglearly exhibit a broad distribution of sizes, with precipitates
at ~64°C. Above 67 °C, thel spacing corresponds to the ranging from 50 nm to Jum. The largest particles exhibit
tetragonal phase of V{[using the(110 reflection]. These elongated bar-like shapes, while the smaller precipitates are
d-spacing values of the precipitates are in good agreememiither slightly oblate or spheroidal. A fraction of the smaller
with those measured in standard reference sartfpl8202  particles also appears to exhibit some evidence of faceting. It
and 3.220 A for the(011) monoclinic and(110) tetragonal has been showfithat in general the strain energy per unit
bulk VO,, respectively]. The temperature onset of the phasgolume in those cases where the strain is accommodated by
transition during the heating cycle is comparable to thathe parent matrix is a function of the spheroidicity of the
found for the best V@thin films. In the present case, how- particles. Accordingly, the observed distribution of shapes
ever, the VQ particles exhibit a significantly larger under- among the VQ precipitates formed here may account for the
cooling effect resulting in a hysteresis loop whose width~10 °C effective “roundness” that is evident in the optical
spans almost 34 °C. In Fig. 1, the transition from the highertransmission hysteresis loop shown in Fig. 2.
temperature tetragonal phase to the monoclinic phase upon At present there is no clear understanding of the specific
cooling is indicated by the abrupt decrease indhgpacing mechanism or mechanisms leading to the dramatically in-
shown by the dotted line. The value 6134 °C for the width ~ creased width of the hysteresis observed here fop Wi@-
of the hysteresis loop is significantly larger than the value<ipitates in SiQ, i.e., a hysteresis whose width is about a
that are generally characteristic of standard bulk and thinfactor of 10 wider than that for VQparticles created in
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to determine whether or not effects due to differential ther-
mal expansion are, in fact, responsible for an anomaly of the
type observed here.

The present results show that ion implantation and ther-
mal treatments are an effective method by which to create a
different type of optically active “switchable” surface with
unusual characteristics that enhance its applicability in opti-
cal switches, self-limiting components, and as an optical
storage medium. The results for the ¥(3i0O, system sug-
gest that the host matrix can play an important role in deter-
mining or controlling the properties of near-surface nano-
composite systems. Additionally, detailed investigations of
particle-size effects, host—matrix interactions, and dynamical
effects on the phase transition of Y@re now possible due
to the capability to form optically and magnetically active
precipitates of V@in both amorphous and crystalline hosts.
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