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Switchable reflectivity on silicon from a composite VO,-SiO,
protecting layer
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Surfaces whose reflectivity can be thermally controlled were formed on single crystals of silicon by
using ion beams to create a nanocomposite layer consisting gfpv€zipitates embedded in a
thin-film matrix of amorphous Si© The surface nanocomposite layer was produced by first
thermally oxidizing a Si crystal to produce an overlying $ifdim with a desired thickness.
Stoichiometric coimplantation of vanadium and oxygen ions and subsequent thermal processing
were then employed to form embedded M@anoparticles in the SiXilm. The reflectivity of the
vanadium dioxide particles undergoes large changes at the sé@iconductor-to-metal phase
transition, thereby providing the mechanism for thermally controlling the reflectivity of the
VO,/SiO,/Si layer and, effectively, the Si crystal surface. The Y80, nanocomposite layer was
applied in a device configuration in which heating via current through the Si substrate is used to
control the surface reflectivity. @004 American Institute of Physics. [DOI: 10.1063/1.1784546]

Vanadium dioxide (VO,) is one of a number of was subsequently employed in a device configuration where
transition-metal oxides that undergo either an insulator-toresistive heating using current applied to the Si crystal sub-
metal or semiconductor-to-metal transition at a characterististrate caused the VW0SiO, nanocomposite temperature to
phase-transition temperature. Following the early observavary and thereby to control the reflectivity. This configura-
tions of Morin? the physical properties of various oxides of tion is also capable of operating in a “smart” mode in which
vanadium have been extensively investigated in the region cufficiently intense incident light that is directly absorbed by
their phase transitions. In particular, the semiconductor-tothe embedded VO nanoparticles results in heating that
metal phase transition temperature of (@.~68°C) falls  drives the particles into the metallic phase and thus increases
in a convenient range—making \\Ga popular system for the reflectivity of the VQ/SiO,/Si crystal surface.
exploring the physical mechanisms behind phenomena of In order to form variable-reflectivity surfaces on Si,
this type. On cooling through the phase transition,,M@-  amorphous Si® layers were initially grown on device-
dergoes a first-order structural change from a high-quality silicon single-crystal wafers by conventional anneal-
temperature, metallic tetragonal rutile phase to a low-ng for a controlled amount of time in an oxidizing atmo-
temperature monoclinic, semiconducting form. sphere. The annealing time was adjusted to produce a silicon
Correspondingly, the electrical and optical properties of, VO oxide film with a nominal thickness of200 nm. The gen-
undergo significant and abrupt changes across this structuratal characteristics of the phase-transition properties of VO
phase transition. The metallic properties of the high-nanoparticles formed by ion-beam methods in bulk amor-
temperature V@ phase strongly enhance the reflection ofphous SiQ were described previously, and one particularly
incident light at near-infrared frequenci%:while the low-  noteworthy feature is the unusually large hysterésjs to
temperature phase is a narrow band-gap semicondweiitr ~ ~45°C in width)exhibited by VQ particles formed in bulk
a relatively high transparency in the same infrared spectragilica hosts™ In the present case of \{anoparticle forma-
region. It is precisely this near-room-temperature transitiortion in a thin silicon oxide layer grown on a Si single-crystal
and the associated large optical and electronic propertgubstrate, the SiOsurface layer was coimplanted at room
changes that make V\(a candidate material for a wide va- temperature with vanadium and oxygen ions at energies of
riety of technological applications, such as thermochromiclO0O and 36 keV, respectively. These implantation energies,
coatings’ optical and holographic storagé, fiber-optical ~ which were calculated using the computer cogev,'” were
switching deviced, laser scannefs, missile training  selected to ensure the superposition of both the vanadium-
systems, and ultrafast optical switchintf. and oxygen-implant distributions halfway through the amor-

In the present work, near-surface nanocomposites with aghous SiQ layer. The vanadium-ion implantation doses
thermally variable reflectivity were produced on single-ranged from 0.5 to X 107 ions/cn? and were combined
crystal Si by using ion beams and thermal processing to formvith oxygen-implant doses in the stoichiometric proportion
small VO, precipitates embedded in a thermally grown over-of 1:2 for the formation of VQ. Subsequent to the ion coim-
lying SiO, layer. This nanocomposite-film/Si-crystal system plantation, the formation of the Viprecipitates on the SiO

film was accomplished by thermally annealing the V and O
FAuthor to whom correspondence should be addressed; also at: Departmeﬁplmplamed specimens in flowing argon at atmospheric pres-

of Physics and Astronomy, 6301 Stevenson Center, Vanderbilt UniversitySUre and af = 10_00°C for 10 min-' In carrying out this ﬁnal.
Nashville, TN 37235; electronic mail: rene.lopez@vanderbilt.edu step, the annealing furnace was first preheated to the desired
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simply applying a variable dc voltage. The sample tempera-
FIG. 1. (a) Schematicof the silicon-based variable reflectivity system em- ture was measured with a precision thermocouple placed in
ploying electrical connections to allow the silicon substrate to be used as direct contact with the SiQlayer that contained the VO
heat source for switching the \\anoparticles between the semiconduct- particles. Given the size of the Si substrate employed0
ing and metallic phasegb) Temperature response of the reflectance show- . L
ing the VO, precipitate phase transition and associated hysteresis curvg¢ 10%0.3 m”?_and its resistivity~0.1 cm), a VOItag_e of
plotted using the configuration shown (a) and determined using 1,5m 11 V was required to overcome the convection cooling and
light from a HeNe laser incident at an angle of 25° relative to the surfaceheat the VQ/SiO, composite film to a temperature above
T(O{g"l";"\'/ ig:;cf?og't”géhlig/ :nig {"&“lo‘f;acs) iocnosir/T::Fr)‘rl-'fa;ttegG l:\gg‘ a(r"-g the T, for VO,. Figure 1(b)shows the hysteretic reflectivity
annealed for 10 min at 1000°C in flowing argon. ' response of th.e Vppreupltatg phase transition determined
using this configuration with light from a 1,am HeNe laser
incident at an angle of 25°. As shown in Figb}, the reflec-
temperature and then evacuated to a pressure of Bnce increases when the sample is heated above 70°C, and
X 10° Torr prior to introducing the high-purity argon and a respective reversal to the original state occurs when the
establishing a constant gas flow. system is subsequently cooled below 35°C. This increase in
The VO,-nanoparticle/Sigfilm/Si-crystal samples were reflectance is expected from the metallic behavior of the
characterized using Rutherford backscattering spectromettyigh-temperature phase.
(RBS), x-ray diffraction(XRD), and infrared optical reflec- In Fig. 1(b), we also observe the series of small modu-
tion. Atomic concentration profiles of the V and O that werelations that are superimposed on the large reflectivity change
coimplanted into the SiQlayer were compared before and arising from the phase transition in the YQ@recipitates.
after the VQ precipitation step by using the RBS analysis. These small modulations are independent of the large nega-
The RBS results showed that the distribution “in depth” oftive excursions in reflectivity at the low- and high-
the vanadium ions following the annealing step was totallyjtemperature end of the hysteresis loop. The small modula-
confined inside the SiDlayer, and no effects of any vana- tions are apparently the result of the thermal expansion of the
dium segregation to the surface were observed. The VOsilicon substrate as the temperature varies, and hence the
precipitate formation was directly established by XRD stud-thickness, of the Si substrate is varied. At L&, Si is quite
ies made at the Culwavelength. The results ofé&-20 scan  transparent, but its refractive index is 3.48; the index of re-
show a single Bragg reflection ap227.81° that is assigned fraction of the silica overlayer is 1.44 at this wavelength. The
to the (011) reflection of the monoclinic phase of embeddedmodulation of the reflectivity from the sample is due to in-
VO, crystals. The general dependence of the,\f@rticle terference between the light rays undergoing direct reflection
size and morphology on the thermal processing condition§om the SiQ surface and those that pass through the,$0
for an amorphous Sighost has previously been described in the underside of the Si substrate and are then reflected back
detail® through the SiQ. In fact, this feature is observed in reflec-
Due to the complex oxidation behavior of vanadium, thetivity measurements made on the bare Si substrate. The cal-
most definitive confirmation of the formation of \4Gs via  culated fringe contrast in the total reflected signal agrees well
an observation of the semiconductor-to-metal phase transwith the thickness and optical constants of the P-doped sili-
tion in the critical temperature region that is characteristic ofcon wafer(~0.3 ) cm), however, the expansion coefficient
VO.. In order to carry out surface-reflectivity observations ofwould have to be slightly larger than pure Si, in order to
the phase-transition characteristics of y/frecipitates em- account for all the observed oscillations in this temperature
bedded in an amorphous Si®Im, the device configuration range** What is not accounted for at the present time are the
illustrated in Fig. 1(awas fabricated. In this case, electrical two large dips in reflectivity at the beginning and end of the
contacts are applied directly to the silicon substrate, whichysteresis loop. While Mie scattering could certainly change
was then used as a controlled resistive heating source ke overall intensity of the measured signal, it is difficult to
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2.5 ~ 5 versus the angle of incidence is quite large, and it is ex-
-5 . .
e 30° plained by observing that at large angles, the Fresnel reflec-
g5, —9 tance is larger than the transmittance in all the interfaces; in
’ particular, the air/SiQVO, interface will reduce the amount
== of light actually entering the structure and interacting with
= 1.9 4 the VO,. Therefore, the effective switching gets smaller. This
X is clearly an important variable affecting the magnitude of
S 1.6 A the optical switching. The relatively large switching magni-
A tude of the IR reflectivity makes these Y($iO, nanocom-
-E - posite films of interest for use as “smart” self-limiting de-
B vices for protecting an underlying silicon wafer from
ol overheating due to incident infrared radiati@ng., as in the
2o case of photovoltaic solar cells in nonterrestrial environ-
ments).
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