NANO 5

pubs.acs.org/NanoLett

Intrinsic Optical Properties of Vanadium Dioxide
near the Insulator—Metal Transition

Wei-Tao Liu,*" J. Cao," W. Fan,® Zhao Hao,|| Michael C. Martin,L Y. R. Shen," J. Wu," and F. Wang*’*

"Department of Physics, University of California at Berkeley, Berkeley, California 94720, United States
"Department of Material Science and Engineering, University of California at Berkeley, Berkeley, California 94720, United States

gDepartment of Thermal Science and Energy Engineering, University of Science and Technology of China, Hefei, China

"Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

+Advanced Light Source Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

e Supporting Information

ABSTRACT: We studied the insulator—metal transition
(IMT) in single-domain, single crystalline vanadium di-
oxide (VO,) microbeams with infrared microspectro-
scopy. The unique nature of such samples allowed us to
probe the intrinsic behavior of both insulating and metallic
phases in the close vicinity of IMT, and investigate the IMT
driven by either strain or temperature independently. We
found that the VO, insulating band gap narrows rapidly
upon heating, and the infrared response undergoes an
abrupt transition at both strain- and temperature-induced
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IMT. The results are consistent with recent studies attributing the opening of VO, insulating band gap to a correlation-assisted

Peierls transition.
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T ransition metal oxides exhibit many fascinating phenomena,
such as high-temperature superconductivity, colossal mag-
netoresistance, and insulator—metal transitions. In these oxides,
competing states can often coexist and form nano- or microscale
domains of different phases." This inhomogeneity often obscures
the intrinsic property of individual phases and makes it challen-
ging to test theoretical models based on homogeneous
systems.”> One way to overcome this difficulty is to investigate
nano- or microscale samples, which are smaller than the char-
acteristic domain size and can remain single-domain during
phase transitions.

Vanadium dioxide (VO,) is a typical example. It undergoes an
insulator—metal transition (IMT) coupled with a structural
transition when heated through ~68 °C. Though the phenom-
enon has been known for decades,® its precise mechanism
remains controversial: some studies attributed the opening of
the insulating band gap to the Peierls dimerization,”® while
others suggested that Coulomb repulsion between localized
vanadium 3d electrons is more important.”® To resolve this
controversy, the precise knowledge of VO, properties in the
close vicinity of IMT is essential. However, many of previous
studies used large-scale VO, samples with complicated domain
structures near IMT,”® which hampered direct measurements of
individual phases. Recently, single-crystalline VO, micro- and
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nanobeams have been synthesized with the vapor transport
method.”'® They contain an extremely low level of defects and
impurities for heterogeneous nucleations and can remain single-
domain across the phase transition,”'" allowing us to probe
intrinsic properties of individual phases in the close vicinity of
IMT. Transport and Raman studies on VO, microbeams have
yielded valuable information of phonons and carriers at the
Fermi level,""'? yet there still lacks detailed investigation on
the electronic structure, which shall help further elucidate the
nature of the IMT.

In this paper, we report a study on the IMT in single-domain
VO, microbeams using confocal Fourier-transform infrared
(FTIR) microspectroscopy. Previous infrared studies on multi-
domain VO, thin films found peculiar features near IMT such as
a pseudogap centered at ~800 cm',”® yet complex analyses
were required to extract information for individual phases. Now
with single-domain samples, we can determine the property of
each phase directly. In addition, the unique nature of single-
domain microbeams allowed us to vary temperature and strain
independently, and monitor the IMT happening in each case. In
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Figure 1. (a) Schematics of the experimental setup. (b) Visible-light microscopy image and Raman spectra (inset) of a single-domain VO, microbeam
in different phases. (c) Measured infrared reflectivity of the VO, microbeam in different phases. Inset: Illumination area of the infrared light.
(d) Geometries of the VO, microbeam and infrared beam. (e) Calculated infrared reflectivity of the VO, microbeam in different phases; dotted lines are
infrared reflectivity from thin film VO, samples in the pure M-phase with parameters in refs 7, 8, and 17.

the text, we will first describe our method for quantitative analysis
of microbeam infrared spectra. On the basis of the spectra, we
found that (1) upon heating, the insulating band gap energy
reduces by ~1—1.5 meV/°C to a finite value at IMT, and (2) the
VO, infrared response changes abruptly across IMT driven by
either strain or temperature, with no transitional state resolvable
in our spectral range. The observation agreed with a first-order
structural transition, and the quick narrowing of the band gap
toward IMT suggested the importance of carrier—carrier inter-
action. Overall, our results are in consent with recent recogni-
tions that the correlation interaction adds to the effect of Peierls
paring in VO,, and together they lead to the phase transition."*'*

The synthesis of smgle crystalline VO, microbeams was
described elsewhere.”'® In our measurements, the microbeams
were transferred to either a weakly interacting substrate (silicon
with native oxide) to eliminate the strain or a bendable Kapton
substrate for controlling the strain. In the latter case, the sample
was fixed to the substrate using epoxy."> A Linkam FTIR 600
heating stage was used in measuring strain-free samples, and a
homemade stage to apply strain with temperature regulated by a
Lakeshore 331 controller. An accuracy of 0.1 °C in the tempera-
ture was achieved in both cases. The infrared reflectivity spectra
were taken with an FTIR spectrometer (Thermo Nicolet Nexus
870) combined with a confocal microscope (Nicolet Continuum
XL) using a 32X Schwarzschild objective (numerical aperture
0.58), and the signal was collected with a liquid-nitrogen-cooled
mercury cadmium telluride (MCT-A*) detector (shown sche-
matically in Figure 1a). The reflectivity from a flat gold film was
used for normalization. All VO, spectra were taken after the
sample being stabilized under the given temperature or strain for
about 5 min.

In our experiments, we identified different phases of VO,
microbeams from both their Raman spectra'> and visible-light
optical microscope images, showing different contrast in the
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insulating (I) and metallic (M) phases.”"® Figure 1b shows the
optical images and Raman spectra of a ~15 ym wide microbeam
in its pure I and M phases, respectively. The corresponding
infrared reflectivity spectra for the two phases are displayed in
Figure ¢, with the illumination area marked schematically by the
white circle (inset). Qualitatively, the electronic structure of VO,
in the I—phase is characterized by an energy gap, E, ~ 670 meV
(~5400 em 1), between the d; and 77* bands of vanadlum 3d
electrons,'® which causes strong optical absorptlon above E,.
Below E,, the optical absorption of VO, is weak,'” and the
interference between light reflected from sample top and bottom
surfaces led to the periodic fringes seen in the I-phase spectrum.
In the M-phase the VO, optical response is dominated by that
from free carriers”®'” and shows high infrared reflectivity. Due to
the diffraction of light, the infrared focal spot became larger than
the VO, microbeam at longer wavelength, so a smaller fraction of
light was reflected from the sample and the overall reflectivity
dropped.

To ensure that spectral features due to extrinsic factors (such
as the shape of the sample) are separable from those due to VO,
intrinsic properties, we simulated the infrared spectra by taking
into account geometries of both the microbeam and infrared
focal spot. We considered a multilayer system including the
15 um wide, 2.8 um thick (measured with atomic force micro-
scopy) VO, microbeam, a native silicon dioxide layer ~2 nm
thick, and the silicon substrate (Figure 1d). Since the microbeam
was clamped tightly to a wafer during the growth, its bottom
surface was slightly roughened. We included an effective air gap
between VO, and the substrate to account for that roughness.
The normal incident infrared light was unpolarized, and we
assumed a Gaussian field distribution across the focal spot
(Figure 1d) that broadened with the wavelength (1). We then
calculated the overall reflectivity by evaluating characteristic
matrices'® of all layers, using optical constants of VO, extracted
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Figure 2. (a) Infrared reflectivity of a single-domain VO, microbeam in the I-phase at different temperatures. Inset: Magnification of the spectra within

4000—7000 cm ™. (b) The deduced VO, absorption coefficient at different temperatures. Inset: Temperature dependence of E

¢ near IMT. (, d)

Infrared reflectivity of the single-domain VO, microbeam in I and M phases, respectively, near the transition temperature. Inset in (d) Magnification of

the spectra within 775—825 cm™ ",

from large-scale samples in pure phases.”®'” Finally, we com-
bined contributions from both the microbeam and adjacent
silicon substrate to obtain the total reflectivity. Details of the
calculation are provided in the Supporting Information.

By fitting to the contrast of fringes in the I-phase we
determined the thickness of the air gap to be 65 nm. The best
fit of the entire I-phase spectrum (Figure le) was then obtained
with the full width at half-maximum of the infrared focal spot
being ~1.2—1.6/, which is reasonable for a Globar source under
the confocal setup.'*° With the same parameters, we could also
obtain satisfactory fit of the M-phase spectrum (Figure 1e). The
reflectivity drop at the longer wavelength was well reproduced.
The deviation of our fits from measured spectra was likely due to
nonideal infrared spot and sample geometries. Overall, the result
confirmed that optical parameters of large-scale VO, samples are
readily applicable to VO, microbeams. It also showed that we
could distinguish spectral features due to VO, intrinsic proper-
ties from those due to extrinsic factors, which enabled our further
analyses.

Having understood the microbeam infrared spectra, we now
focus on spectral features related to the IMT. Upon IMT, the
VO, lattice contracts by ~1% along the tetragonal ¢ axis and
expands by 0.6 and 0.4% along the other two principle axes." In
multidomain samples, the inhomogeneous volume change of
neighboring domains upon heating/cooling causes an internal
strain. Hence effects of temperature and strain are always
entangled, which complicates experimental studies. While with
single-domain samples, the two parameters become separable.
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We first studied the temperature-driven IMT at zero strain. This
was achieved by transferring the VO, microbeam to a weakly
coupled beam—substrate interface, on which the sample could
slip freely and experienced effectively no strain.” Due to the high
crystal uniformity, the metallic phase could be supercooled below
the phase boundary, and the microbeam exhibited two distinct
transition temperatures upon heating and cooling,”"! named as
Typ and T oy, respectively. Multidomain samples always show a
gradual change in optical and electric properties over a wide
range of temperatures,”® making it difficult to determine the
transition point accurately. In contrast, both T, and Tgoun of
single-domain samples can be determined with an accuracy
of £0.1 °C and are very well reproducible during multiple
heating-and-cooling cycles. For the sample shown in Figure 1,
we had Ty, and Tgown being 67.4 and 64.0 °C, respectively. Below
we will only discuss spectra recorded upon heating because the
same results were obtained upon cooling.

In the I-phase, four spectra taken at different temperatures are
shown in Figure 2a. The spectra overlapped perfectly below
~2000 cm , while at higher frequencies the contrast of inter-
ference fringes gradually decreased upon heating. The insulating
VO, can exhibit two different structures, the monoclinic M; and
M, phases, respectively, but the M, phase only exists under large
uniaxial stress or with high doping”"** and was negligible in our
strain-free samples. The observed change in optical properties
came from the M; phase. On the basis of our analysis above, such
change can be explained by an increasing optical absorption right
below the low-temperature E, or effectively a reduction of E, at
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Figure 3. (a) Phase diagram of a single-domain VO, microbeam under
strain and temperature variations. (b) Infrared reflectivity of the VO,
beam in the vicinity of strain-induced IMT at 50 °C. Inset: A schematic
of the bendable Kapton device.

elevated temperatures. Previous infrared studies on bulk VO,
samples observed a similar trend,* yet they were limited by the
sample inhomogeneity and could not access the pure I-phase at
very close to IMT. With the single-domain microbeam we can
now monitor the infrared spectrum continuously to 0.1 °C below
T,p. Quantitatively, we deduced the optical absorption coefhi-
cient at different temperatures, as plotted in Figure 2b (details are
in the Supporting Information). Following the convention in
ref 23, we used the infrared frequency corresponding to a
constant absorption coefficient to represent E, and obtained its
temperature dependence assuming E, = 670 meV at 55 °C (inset
in Figure 2b). We found that E, decreases by ~1.5 meV/°C from
55 to 67.3 °C, comparable to results of previous infrared and
photoemission studies on bulk samples, being about ~1 meV/°C
from ~0 to 60 °C.>*** It is also clearly seen that E, remained a
finite value at the IMT, which is consistent with the nature of a
first-order structural transition.

Now we focus on infrared spectra in the close vicinity of IMT.
Panels ¢ and d of Figure 2 display spectra taken within about
+2 °C around T, The I-phase spectra overlapped almost
perfectly (Figure 2c), so did the M-phase spectra (Figure 2d),
with an abrupt transition between the two phases within £0.1 °C
around Ty, This result is anticipated for a first-order structural
transition but is in contrast to the behavior observed in multi-
domain thin film samples,”® where the optical conductivity of
metallic domains evolves gradually within a few degrees above the
transition temperature due to a pseudogap centered at ~800 am .
If the same pseudogap existed in our VO, microbeam, we then

expect a reflectivity change of ~5% within 2 °C above T, as
estimated from the data in refs 7 and 8. However, our measured
spectra had an uncertainty less than 1%, and within this un-
certainty all M-phase spectra were identical (inset of Figure 2d).
Therefore, we conclude that unlike in multidomain thin films, the
infrared response from single-domain VO, microbeams under-
goes an much more abrupt transition across IMT, with properties
of free carriers, such as the plasma frequency and scattering rate,
remaining unchanged right above the transition temperature.

We now study the strain-induced IMT at a fixed temperature.
Due to their high crystal uniformity, narrow VO, microbeams
can be artificially stressed under extraordinarily large strain
without plastic deformation or fracture.'"”'>** The schematic
view of a VO, microbeam on a bendable Kapton substrate is
shown in the inset of Figure 3b. Once fixed tightly to the
substrate surface, the microbeam could be strained by bending
the substrate. In our measurement, we used a sample that
remained single-domain under all applied strains and tempera-
tures. We first mapped out the phase diagram of this microbeam
by recording T\, and Tgon at each given strain (Figure 3a). Both
Typ and Tyown varied about linearly with the strain as shown in
ref 15. We then brought the sample to the M-phase, fixed the
temperature at 50 °C, and varied the strain along the trajectory
indicated by the dashed gray line. Spectra recorded under various
strains are shown in Figure 3b. Within our detection uncertainty
(<2%), there was no observable spectral change in each phase
below ~2000 cm ™", and again a precipitous transition occurred
across the IMT. The result demonstrated that the VO, infrared
response undergoes an abrupt transition upon IMT, regardless of
the driving force being strain or temperature. This is consistent
with recent transport measurements that unified effects of strain
and temperature variations on the IMT.""

All our results above showed an abrupt first-order transition at
VO, IMT driven by either temperature or strain; besides, we
obtained quantitative information of E, near the IMT, which
reduces at a rate ~1—1.5 meV/°C upon heating. In semicon-
ductors, there are two major mechanisms that could renormalize
the band gap energy. One is due to lattice effects such as the
thermal expansion, > while the consequent energy gap reduction
rate is usually less than that in VO,. For example, at above 300 K,
the linear e)gpansion coefficient of the I-phase VO, is similar to
that of Ge,”” but the band gap narrows by only ~0.4 meV°/C in
the latter.”® The other mechanism is due to the carrier—carrier
interaction, including contributions from both the exchange and
correlation energies. Magnitude of the corresgonding band gap
narrowing increases with the carrier density.”® To estimate that
value for VO,, we first calculated its carrier densit?f versus
the temperature, with an activation energy ~0.3 eV'' and a
carrier density ~5 x 10'® cm ™ at the IMT. The latter was
evaluated from a critical resistivity ~12 Q cm'' and mobility
~0.11 cm?/(V 5).27% Assuming similar parameters for VO, to
those for heavily doped Si, Ge, and GaAs,”” we would find that
the carrier—carrier interaction could also cause a few tenths of
meV/°C reduction in E,. The result basically suggests that the
band gap change in VO, and conventional semiconductors are
due to the same types of fundamental interaction, but quantita-
tively, the contribution from carrier—carrier interaction can be
more important in VO, than in others. It is in accordance with
recent theoretical studies that attributed the VO, IMT to a
correlation-assisted Peierls transition,'*'* which also agreed
with Mott's initial conjecture.’" Further theoretical and experi-
mental investigations are needed to accurately evaluate how
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carrier—lattice and carrier—carrier interactions contribute to the
VO, band gap renormalization. The latter, for example, could be
accurately monitored by doping VO, via electrical gating.

To conclude, we have studied the IMT in single-domain,
single crystalline VO, microbeams with the infrared microspec-
troscopy. We did quantitative analysis of the microbeam infrared
spectra and distinguished features due to VO, intrinsic proper-
ties. In contrast to multidomain samples, single-domain samples
exhibited abrupt transitions across the IMT driven by either
strain or temperature, with no transitional state resolvable in our
spectral range. We also found that the VO, insulating band gap
energy reduces quickly upon heating to a finite value at the IMT.
The results suggested a first-order structural transition strongly
affected by the carrier—carrier interaction. Future studies in the
lower frequency region shall provide more understanding of the
near-threshold behavior of the Fermi surface. More generally, our
study demonstrated that with nano- and microscale samples
smaller than the characteristic domain size, we could reliably
obtain intrinsic properties of individual phases in complex oxides.
Revisiting those systems with single-domain samples shall shed
new light on their precise physical nature.
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1. Refractive indices of materials:

a) VO3 in I-phase:

For VO in the I-phase, we used the classical oscillator expression:>
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to calculate its complex refractive index, n=n+ix, with @ being the infrared

frequency, and w;, 4zp;, y; being the resonant frequency, amplitude, and damping

coefficient of the j™ resonance mode, respectively. Corresponding values of @ Arp;,

j 1

y; are listed in Table I of Ref. 17.

b) VO, in M-phase:
For VO; in the M-phase, we obtained n from the relative dielectric constant

£ =n? using the Drude model, which gives:**

(@)=1 wyr’
e(@)=1-—"——
' 1+a)§z'2 ’
(@) w7
e (0)=—"——
' o(l+o’c®)’

with ¢ +ie =&, , and w,, 7 being the plasma frequency and scattering time,

respectively. Corresponding values of @, and ¢ are provided in Ref. 7 for M-phase

VO, at 360 K.

c) Siand SiO;:

Refractive indices of Si and SiO, are obtained from Ref. S3.

2. Characteristic matrix method:



The characteristic matrix method is commonly used to analyze the propagation of
light through a layered system.’® The characteristic matrix M of a layer relates the

electromagnetic fields at the two boundaries of the layer, that:

M)

where E, H are the electric and magnetic fields, 1 and 1l refer to the beam incoming and
outgoing boundaries, respectively (Fig. S1). Solving the boundary conditions of

electromagnetic fields for TE waves, there is,

1+r _M t
(1_ r)ﬁin 0in - tﬁout 8out ’

with r being the reflection coefficient at boundary I, and t the transmission coefficient at
boundary I1. Therefore, both r and t can be calculated by knowing M. Again for TE

waves, we have:

i .
COoSo — sind
M‘{ A cos @ ]

incos@sino C0So

where n is the refractive index of the layer, @ the refraction angle of the beam, and
o =nkdcos@, with k, d being the light wavevector and layer thickness, respectively.

For a system composed of m layers, there is:

1+r t
_ = |\/|1|\/|2 Mm - ,
(1_ I'-)ninein tr]outeout

where r and t being the reflection and transmission coefficients of the multilayer system.

3. The infrared focal spot:
For the incident infrared beam, we assumed a Gaussian field distribution across the

focal spot, that is:

Er(X,4)=Ep exp(— ﬁ}



with the x-axis being indicated in Fig. 1d, and w(A) increasing with the infrared

wavelength 4. For the system illustrated in Fig. 1d, the fraction of infrared light

illuminating the VO, microbeam is:

=l ( W(A)? jdx/ [e ( (A)J

where A equals the width of VO, and 1- f(1) is the fraction of infrared light

illuminating the adjacent substrate. We obtained the overall reflectivity by summing up

the reflection coefficient from VO, microbeam and adjacent substrate weighed by f (A1)

and 1- f (1), respectively.

4. The temperature dependence of VO, absorption coefficient:

We could derive the VO, absorption coefficient at different temperatures from the
infrared spectra in Fig. 2a. For the structure in Fig. 1d, the total reflectivity includes that
from the top surface of VO, and that from all interfaces underneath (Fig. S-2a), which
gives:

R(@) = (@) + (@),

with T (o) =[F (@) =r(w)e” being the reflection coefficient. For the i"

interference fringe centered at , , we define its contrast to be the difference between the
maximum and minimum reflectivity reached at o, + Aw/2 (Fig. S-2b), hence we have:
AR(@;) =R(w, + Aw/2) — R(w, — Aw/2)

= |Ft(a)I +Aw/2)+T, (0, + Aa)/2)|2 - |Ft (0, —Aw/2)+T, (w, — Aa)/2)|2 , (S-1)
=[r (@ +A0/2) +1, (0, + Aw/2)[ = [ (0, - Aw/2) — 1, (0, - Aw/2)



as a local maximum/minimum value of the reflectivity is achieved when F, and T, are
infout-of phase with each other. In the range of ~4000-6000 cm™, we found r,<<r,, and

r, is nearly independent of @ (Fig. S-2c), so Eq. (S-1) can be rewritten as:

AR(w;) (5-2)
=21 [r, (0, + Aw/2) +1, (0, - Aw/2) |+ [r,f (0, + Aw/2) -1 (o, —Aa)/Z)]’

by expanding r, with respectto «, we then have:
AR(w;) = 4rr1, (@) . (S-3)

Since both AR(w,) and n(w,) are single-valued functions of , in the range of

~4000-6000 cm™, Eq. (S-3) can be rewritten as AR(w,) =~ 411, [ (w,)]. In this frequency

range, n, the real part of i, is nearly a constant'’. Since the period of interference
fringes remained the same upon heating, n is also insensitive to the temperature.

Therefore, the frequency and temperature dependence of n is mainly from its imaginary
part «, hence the absorption coefficient « =2wx/c. From Eq. (S-3), we then have «

being a single-valued function of the fringe contrast AR:

a(w,T)=3[AR(a,,T)]. (S-4)
In our analysis, we first found an interpolated function of a(w,) in the I-phase!’ with
respect to AR(ew,,T =55°C), then used this function to obtain «(w,,T) at elevated

temperatures from AR(w,,T), which are plotted in Fig. S-2(d).
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FIGURE CAPTIONS
FIGURE S-1. Parameters used in the characteristic matrix calculation for a layered

system.

FIGURE S-2. (a) and (b): Definitions of different quantities involved in the calculation.

(3) Calculated spectra of R, r”, and r?. (d) The measured fringe contrast versus

t

frequency.
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