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On the Optical Properties of Thin-Film Vanadium Dioxide
from the Visible to the Far Infrared

Chenghao Wan, Zhen Zhang, David Woolf, Colin M. Hessel, Jura Rensberg,
Joel M. Hensley, Yuzhe Xiao, Alireza Shahsafi, Jad Salman, Steffen Richter, Yifei Sun,

M. Mumtaz Qazilbash, Riidiger Schmidt-Grund, Carsten Ronning, Shriram Ramanathan,
and Mikhail A. Kats*

1. Introduction
The insulator-to-metal transition (IMT) in vanadium dioxide (VO;) can enable

a variety of optics applications, including switching and modulation, optical
limiting, and tuning of optical resonators. Despite the widespread interest in
VO, for optics, the wavelength-dependent optical properties across its IMT
are scattered throughout the literature, are sometimes contradictory, and are
not available at all in some wavelength regions. Here, the complex refractive
index of VO, thin films across the IMT is characterized for free-space
wavelengths from 300 nm to 30 pm, using broadband spectroscopic
ellipsometry, reflection spectroscopy, and the application of effective-medium

Vanadium dioxide (VO;) undergoes a
first-order insulator-to-metal transition
(IMT) at =68 °C, which can be driven
thermally,!!l electrically,? optically,?! or
via strain.” This reversible phase transi-
tion is the result of an interplay between
Mott- and Peierls-type mechanisms,?!
and can result in carrier-density changes
of up to four orders of magnitude
across the IMT.®) The dramatic change

theory. VO, films of different thicknesses are studied, on two different
substrates (silicon and sapphire), and grown using different synthesis
methods (sputtering and sol—gel). While there are differences in the optical
properties of VO, synthesized under different conditions, these differences
are surprisingly small in the ~2-11 pm range where the insulating phase of
VO, also has relatively low optical loss. It is anticipated that the
refractive-index datasets from this article will be broadly useful for modeling
and design of VO,-based optical and optoelectronic components, especially in
the mid-wave and long-wave infrared.

in optical properties of VO, that ac-
companies the carrier-density change!”’
has advanced a variety of applications,
including optical limiting,®°) nonlinear
isolation, "% switching,"'% and thermal-
emission engineering.'l Depending on
the VO, film quality, grain size, the
concentration and type of potential im-
purities, and the degree of strain, the
phase transition can vary from abrupt

to gradual.'*'% Either of these may
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Figure 1. a) Schematic of our ellipsometry measurement, including the definitions of the ellipsometric measured data, W and A. The inset is an SEM
cross section of Film 1. The experimental (discrete points) and fitted (solid curves) W and A for the b,c) insulating (30 °C) and d,e) metallic phase (100 °C)
of Film 1. f,g) Extracted real (n) and imaginary (k) parts of the complex refractive indices of Film 1 in its insulating and metallic phase, respectively,
where our fitting process assumed no surface roughness, silicon-oxide layer on the silicon substrate, or potential non-stoichiometric contributions from
other vanadium oxides.

be preferred depending on the application, for example abrupt
transitions for switching!'? and gradual transitions for tuning of
optical resonances.!”!

Knowledge of the complex refractive index of VO, across its
IMT can enable computational design of various optical and op-
toelectronic devices incorporating this material. There is a large
literature base of experiments that have been used to extract such
optical properties; however, many of these investigations focus al-
most entirely on the visible and near-infrared ranges,”**-2!! with
one recent study extending into the mid infrared.’*?

The goal of this paper is to provide a comprehensive study of
the optical properties of thin-film VO, across its IMT for free-
space wavelengths from 300 nm to 30 pm, and to identify the
wavelengths in which VO, is maximally useful as a tunable op-
tical material. We studied films of different thickness (from =70
to =130 nm), grown by different methods (magnetron sputter-
ing and sol-gel synthesis), and on different substrates (silicon
and sapphire). To extract the complex refractive-index data, we
used variable-angle spectroscopic ellipsometry (VASE),?¥ and
verified the results with a combination of standard material-
characterization techniques and non-ellipsometric optical mea-
surements. To model the optical properties throughout the IMT,
we used an effective-medium theory, which explains most of our
experimental observations. Taken together, the results of this arti-
cle can be used to perform optical simulations of VO,-containing
devices over the broadband range covering the ultraviolet to the
far infrared, for VO, in the insulating and metallic phases, as well
as in the intermediate regime throughout the IMT.

2. Experimental Section

For every VO, film that we studied, we performed two sets of
VASE measurements: the first at shorter wavelengths (300 nm
to 2.1 pm, using the V-VASE instrument from J. A. Woollam
Co.), and the second at longer wavelengths (2 pm to 30 pym, IR-

Ann. Phys. (Berlin) 2019, 1900188

10 30

1900188 (2 of 7)

K "..,.---...

£H

(&) T =100°C '

...............

02 05 1 2 510
Wavelength (um)

20 30

VASE from J. A. Woollam Co.) (Figure 1). Both sets of measure-
ments were performed at three incident angles of 50°, 60°, and
70°. Prior to the measurements, the back surfaces of the sub-
strates were sandblasted to minimize backside reflections. The
ellipsometry was carried out at two temperatures: 30 °C (VO,
in the insulating phase) and 100 °C (in the metallic phase). For
intermediate temperatures, we combined the ellipsometry data
with temperature-dependent reflection measurements and calcu-
lated the temperature-dependent effective refractive index using
an effective-medium theory (see next section). We chose this ap-
proach because ellipsometry at many temperatures throughout
the IMT can result in artifacts due to temperature fluctuations
combined with the hysteretic nature of the IMT; these artifacts
are worse for ellipsometry than the reflectivity measurements be-
cause of the longer duration of a single ellipsometry measure-
ments at a given temperature. The reflectance measurements
were performed at near-normal incidence, for wavelengths from
2 pm to 17 pm, using an infrared microscope (Bruker Hyper-
ion 2000) attached to a Fourier-transform infrared spectrometer
(Bruker Vertex 70). All reflectance spectra were collected at tem-
peratures between 30 and 100 °C (first heating, then cooling) with
steps of 2 °C, and were normalized to a gold mirror, assuming a
known reflectance of optically thick gold.

We selected four VO, thin-film samples with varying thick-
ness, substrate, and synthesis method (Table 1); the synthesis
details are in Section S1, Supporting Information. These

Table 1. List of samples characterized in this work.

Thickness [nm] Substrate Synthesis method

Film 1 Si + native oxide Magnetron sputtering
Film 2 & Magnetron sputtering
Film 3 120+ 12 _ Magnetron sputtering
Film 4 110+5 Si + native oxide Sol—gel

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) SEM images of the top surfaces of the four films described in this paper. b) Temperature-dependent measurements of resistivity across
the IMT for Films 1-3. Samples were thermally driven via a cycle of heating and cooling. c) Room-temperature Raman spectra of Films 1-4. Note that
there is a break in the x-axis from 480 to 550 cm ™~ to exclude a strong peak due to silicon at ~520 cm™'. Bottom figures are pairs of comparison of
the extracted refractive indices of the VO, films in Table 1 in the insulating (top) and metallic (bottom) phase, by different: d,e) synthesis methods;
f,g) substrates; and h,i) film thicknesses. Note that the comparisons are between the four films in Table 1 and panel (a), and the results should not be
interpreted as definitive for, for example, differences between all sputtered and sol-gel-synthesized VO, films.

samples were chosen such that there were three pairs that pri-
marily differ in only one way for each pair: Films 1 and 2 grown
using the same technique and on the same substrate, but with
substantially different thickness (highlighted in purple), Films
2 and 3 grown to a similar thickness but on different substrates
(highlighted in green), and Films 2 and 4 grown to a similar
thickness on the same substrate but using different synthesis
techniques (highlighted in yellow). The thicknesses given in
Table 1 were measured using cross-sectional scanning electron
microscopy (SEM), and the uncertainties are surface-roughness
values determined using atomic force microscopy (AFM), as
shown in Section S2, Supporting Information.

The thickness of the VO, film may affect its optical properties
due to strain relaxation (the strain-relaxation thickness is in the
tens of nanometers?*?)). To investigate this difference, we pre-
pared VO, films on silicon (001) substrates (with a native oxide
layer) with thickness of ~70 and ~130 nm (Films 1 and 2) using
the same magnetron-sputtering recipe.

Commonly, both silicon (001) and c-plane-oriented sap-
phire are used as substrates for VO, growth.’® The sub-
strate choice can significantly affect the film quality, in part
due to the lattice mismatch at the substrate-film interface.'>26)
To explore the role of the substrate on the optical proper-
ties, we prepared sputtered films of similar thickness (=120
and =130 nm), but on different substrates: silicon (001) with
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a native oxide layer (Film 2), and c-plane-oriented sapphire
(Film 3).

Finally, the growth technique can also have a large in-
fluence on the properties of VO,.”] Many synthesis tech-
niques have been used for VO, growth, including sputtering,
sol-gel synthesis,?® atomic-layer deposition,?”! chemical-vapor
deposition,?” and pulsed-laser deposition.’!] Here, we compare
films grown to a similar thickness (=110 and ~130 nm) on the
same substrate (silicon with a native oxide layer), using mag-
netron sputtering (Film 2) and the sol-gel method (Film 4).

We imaged our samples with a scanning electron microscope
(SEM, Zeiss LEO 1530) to confirm the continuity and unifor-
mity of the films (Figure 2a). The magnetron-sputtered VO, films
(Films 1, 2, and 3) feature similar multi-domain continuous mor-
phology. Our sol-gel VO, film (Film 4) has less continuity (and,
likely, slightly lower density) due to some small-scale cracks be-
tween domains. Post-growth temperature-dependent electrical
resistance measurements (Figure 2b) were performed on the
sputtered films on a temperature-controlled probe station. The
resistance was obtained by measuring current while sweeping
the voltage from —0.1 to 0.1 V, using a Keithley 2635A source
meter. Film 3 features the largest change in resistivity across
the IMT, indicating that it has the best film quality, likely due
to the smaller lattice mismatch at the interface between VO, and
c-plane-oriented sapphire. For Film 4, we were not able to see

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the change in resistance across the IMT between two ~5-mm-
separated electrodes, and the measured resistance is higher than
that of the other films by several orders of magnitudes, so the
data for this film is not shown. This large resistance in Film 4 is
likely due to the discontinuities (small-scale cracks) in the film, as
shown in Figure 2a. Further discussion can be found in Section 3.

We performed room-temperature Raman-spectroscopy mea-
surements (LabRAM ARAMIS, Horiba) of the four films, with
the pump laser operating at 520 nm (Figure 2c). All four films
feature signature Raman modes of VO, at 140, 192, 223, 260,
308, 338, 387, 395, and 613 cm™!, and we did not find any ob-
vious features corresponding to other vanadium oxides, for ex-
ample, at 284, 405, and 996 cm™! for V,05.5? The plateaus be-
tween 950 and 1000 cm ™! in Films 1, 2, and 4 are from the silicon
substrates.l*

3. Data Analysis and Discussion

Our fitting procedure comprised the following basic steps. First,
we fit the shorter-wavelength (300 nm to 2.1 pm) data, obtaining
the complex refractive index and the fitted thickness of the VO,
film. The shorter-wavelength fit was carried out before moving
to longer wavelengths because, for deeply subwavelength films,
there may be no unique fit for both the thickness and complex
refractive index.****l Therefore, it is advantageous to first fit at
only the shorter wavelengths. Then, we used the thickness from
the shorter-wavelength fit as an input parameter into the fitting
model for the longer-wavelength fit (2-30 pm). Finally, we con-
firmed that the resulting complex refractive index matched well
between the two datasets in the spectral range where the two over-
lap, and that the fitted thickness matched the SEM/AFM mea-
surements. We performed complete analysis of all of the films
listed in Table 1, but for brevity only present all of the ellipsomet-
ric data for Film 1 in the main text (see Section S3, Supporting
Information for the remaining data).

The experimental ellipsometric data (¥ and A in Figure 1a) are
shown in Figure 1b—e for Film 1 in both the insulating (30 °C) and
metallic (100 °C) phase, obtained using the V-VASE and IR-VASE
instruments. We performed shorter-wavelength fits from the V-
VASE data first. Our fitting model consisted of a semi-infinite
silicon substrate and the VO, film. The optical constants of the
silicon substrate were taken from ref. [35], and the native oxide
layer (thickness ~3 nm) of silicon was neglected in the fitting, be-
cause it had little noticeable impact on the resulting fits (Section
S3, Supporting Information). The thickness of the VO, layers
was a fitting parameter for the insulating-phase VO,, and we as-
sumed that the thickness change during the transition (expected
to be ~0.6%/°*37) was smaller than our thickness uncertainty. We
parametrized the model dielectric function for the VO, layer us-
ing a series of Lorentz oscillators®**® for the insulating phase,
and an additional Drude term to capture the contribution of the
free carriers!?**% for the metallic phase. The parameters of these
oscillator terms were fitted. We ignored the presence of surface
roughness (arithmetic average roughness Ra ~9 nm based on
AFM imaging), which is much smaller than the measurement
wavelength. For the analysis that explicitly considers the surface
roughness, see Section S3, Supporting Information.
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The fitted thickness of VO, (=69 nm) agrees with the cross-
sectional SEM imaging to within the surface roughness (=9 nm,
by AFM, see Section S2, Supporting Information). This enabled
us to initialize our long-wavelength fit (to the IR-VASE data) with
a fixed effective optical thickness and no surface roughness layer.
The resulting fit yielded the real (n) and imaginary () parts of
the complex refractive index throughout the mid- and far-infrared
regions.

We plotted the full-spectrum complex refractive indices of Film
1 in both the insulating and metallic phases (Figure 1f,g) at 30
and 100 °C, respectively. The transition between the spectral re-
gions of the two ellipsometers (A = 2 pm) is hardly noticeable
in the data, indicating good agreement between these two sepa-
rately fitted results. To further confirm the extracted complex re-
fractive indices, we calculated the normal-incidence reflectance
of this sample using the transfer-matrix method, which agrees
well with FTIR reflectance measurements for both VO, phases
(see Figure 4 and the corresponding text below).

We applied this characterization procedure to the other three
samples, to compare the optical properties of VO, films for dif-
ferent synthesis methods (Figure 2d,e), substrates (Figure 2f,g),
and thicknesses (Figure 2h,i). We note that for Film 3, grown on
c-plane-oriented sapphire, our fitting procedure differs slightly
from the one used for all of the other films due to the anisotropy
and significant dispersion of sapphire in the mid- and far in-
frared. Details of the modified fitting procedure are discussed in
Section S3, Supporting Information.

It is instructive to examine the differences and similarities
between the optical properties of these four films, focusing on
different wavelength ranges. For wavelengths below =2 pm,
which approximately corresponds to the energy region of in-
terband transitions of VO, in its insulating phase (>0.6 eV*?),
all of our films show substantial differences in their insulating-
phase optical properties. Such large differences of optical prop-
erties in the visible and near-infrared ranges are also regularly
found in the literature for different VO, samplesl” 1819224144
(Figure 3). The band structure of the insulating state can be
sensitive to a variety of factors, including strain, stoichiometry,
grain size, and defects.['>2 All of these factors change with vary-
ing growth conditions,”’ lattice matching to the substrate,’!
and film thickness (and the resulting strain relaxation).?>*’ The
short-wavelength differences may also be in part due to the sig-
nificant differences in the surface roughness, as seen by our SEM
and AFM analysis (Section S2, Supporting Information). As dis-
cussed in Section S3, Supporting Information, there were slight
changes in n and ¥ when we considered surface roughness in our
ellipsometry modeling.

In the longest-wavelength region accessible to our measure-
ments (11-30 pm), insulating-phase VO, films feature three
strong vibrational resonances (at approximately A = 17, 20,
and 25 pm*%). In our measurements, these long-wavelength
features do not appear to vary very much for different synthesis
techniques (Figure 2d), do vary somewhat for different thickness
(Figure 2h), and are quite distinct for different substrates
(Figure 2f), probably due to different strain resulting from the
lattice mismatch with the substrate. VO, crystal orientation,
which varies significantly for films on different substrates, can
also affect such phonon features.’! In the metallic phase, vibra-
tional resonances are not observed, as the Drude contribution

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Comparison between the measured complex refractive index of Film 1 and some representative published data: a,b) real and imaginary parts
of the refractive index of insulator-phase thin-film VO3; c,d) real and imaginary part of the metal-phase of the same films. The deposition technique
and substrate for each literature dataset are given in the legend. The thickness of all films is on the order of 100 nm. Note that, in ref. [41], the authors
compared their results with ref. [42], and they are very close, so we only plotted results from ref. [41].

dominates. We are unsure about the origin of the feature around
10 pm in the metallic phase, though the wavelength corresponds
to a vibrational resonance in V,0s*¥ that may be present in some
of our films, especially on the surface. We did not find any clear
Raman modes of V,0s in our samples, as shown in Figure 2c,
indicating that, at most, the amount of V,0s is small. It is not
clear why the feature disappears from our data for the insulating
phase of VO,; however, it is possible that this feature is weakly
observed in reflectance and ellipsometry measurements when
VO, is in the insulating phase, but is enhanced as the VO, under-
goes its insulator-to-metal transition (see Section S4, Supporting
Information for a back-of-the-envelope calculation that supports
this hypothesis). Another possibility is that a thin surface layer of
V,Os is present at high temperature, but undergoes a reversible
phase transition to another stoichiometry as the temperature
decreases.*”) We also note that similar features can be found in
some previously published experimental results, including for
VO, films on sapphire, silicon, silica, and zinc oxide (Zn0).[7->%
This feature is quite apparent on Si substrates in our data, but is
much less noticeable for the film on sapphire (Figure 2g).
Despite these differences, the overall features of the refractive
index for both insulating and metallic phases are quite consistent
between all of our films. In particular, the refractive-index values
are very similar between all of the films in the insulating phase in
the mid-infrared region from 2 to 11 pm, which is also the region
of the lowest optical losses. This is in stark contrast to electrical
measurements using macroscopically spaced electrodes that
are dramatically different between the films (Figure 2b): Film 1
shows a resistance change of ~2 orders of magnitude across the
IMT: Film 2 shows =3 orders; Film 3 shows ~4 orders; and in
Film 4, no change could be observed at all, likely due to the small-
scale cracks in the film. In general, such significant differences
in electrical properties are likely due to variations in the defects,
grain sizes, continuity at grain boundaries, surface roughness,
etc., each of which may partially influence the macroscopic cur-
rent path in the films, since distance between the electrodes is
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on the order of several millimeters. However, such structural fea-
tures are much smaller than the scale of the optical wavelength,
and therefore their impact on the optical properties is expected
to be relatively minor, especially at the longer wavelengths.

For a more-comprehensive comparison, we plot the complex
refractive index of Film 1, together with data from a selection of
the literature,”1#192241-4] in Figure 3. Most existing character-
ization works focus on the visible and near-infrared region, in
which the optical properties of VO, differ substantially, as dis-
cussed previously. In the mid-infrared region, there are much
fewer such measurements. The data from ref. [41] (from 1996)
differ substantially from our results, and does not seem consis-
tent with other literature data from A = 2 to 7 um. Our data agrees
well with ref. [43], though in that work the fitting process may
not have fully accounted for the long-wavelength vibrational res-
onances of VO,. Our data also agrees reasonably with the very
recent ref. [22], which covers wavelengths up to 15 pm, though
the metal-phase VO, from this work appears to be less metallic
compared to our films.

In Figures 2 and 3, we presented refractive-index data for the
insulating and metallic phases. In principle, similar measure-
ments can be performed for any temperature throughout the
IMT. However, this can be challenging because these measure-
ments require very stable temperature control due to the hys-
teretic nature of the IMT and the relatively slow ellipsometric
measurements. Nevertheless, intermediate-state refractive-index
data is often needed for the modeling of optical and optoelec-
tronic devices that use the gradually tunable optical properties
of VO, (e.g., ref. [17]). It has been demonstrated that effective-
medium theories (EMTs) such as the Bruggeman formalism/>!
and the Looyenga mixing rule!!®3? can be used to approximate
the refractive indices of VO, films within the IMT, when insu-
lating and metallic domains coexist. Here, we use the simpler
Looyenga rule

g = (L= f) & + fe, 1)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) The complex refractive index of VO, throughout its IMT, estimated using the Looyenga effective-medium theory (EMT) and the ellipsometry
fits for Film 1. The values were calculated for volume fractions of the metallic phase f=0, 0.3, 0.5, 0.8, and 1, which correspond to increasing temperatures.
Experimental (solid lines) and calculated (dashed lines) reflectance of Film 1 during b) heating and c) cooling, with a ramping rate of 1°C min~'. d)
Temperature-dependent refractive indices of Film 1at A= 1.55, 5, and 8 pm. The inset is the extracted temperature-dependent f for a cycle of heating

and cooling for Film 1.

Table 2. List of W and Tp,r values.

Film 1 Film 2 Film 3 Film 4
W (heating) [eV] 337 3.57 485 9.60
W (cooling) [eV] 2.75 3.79 4.15 7.14
Thair (heating) [°C] 78.5 78.1 75.1 72.1
Thaie (cooling) [°C] 67.1 66.0 722 65.7

In Equation (1), & = #i* = (n + i«)? is the complex dielectric func-
tion of VO,, f is the temperature-dependent volume fraction of
the metal-phase VO, domains within the film, and s varies from
—1 to 1 depending on the shape of the metallic inclusions. We
used the empirical value of s = 1/3 for thin-film VO,.['% The ef-
fective refractive index is plotted in Figure 4a for different values
of f, given the complex-refractive-index data for Film 1.

The phase co-existence can be understood as a first-order equi-
librium, and therefore the temperature dependence of f can be
expressed as!!®>1

1
LT Y F—) i

where W contains information about the width of temperature
range of the IMT and T is the temperature at which half of
the volume of the film is in the metallic state. Note that due to
the hysteresis in VO,, the value of Ty, is different for heating
and cooling (in fact, there may be an infinite number of values
of Ty, if minor loops within the hysteretic region of VO, are
considered®?).

For a given W and T, Equations (1) and (2) can be used
to calculate the temperature-dependent #(T), which can then be
used for optics calculations. To determine W and T, during the
heating and cooling stages, we fit a calculation of the normal-
incidence temperature-dependent reflectance in the mid infrared
to our FTIR measurements, taken at temperature steps of 2 °C.
The best-fit values for Films 1-4 are listed in Table 2 and we chose
Film 1 as a representative to show the agreement with the exper-
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iments (Figure 4b,c; for Films 24, see Section S5, Supporting
Information).

Once f(T)is determined (e.g., the inset of Figure 4d), one can
obtain the complex refractive index at any wavelength of interest
across the IMT, as shown in Figure 4d where we picked three
free-space wavelengths (1.55, 5, and 8 pm) to show the evolution
of n and « with increasing temperature.

4. Conclusion

Using a combination of variable-angle spectroscopic ellipsome-
try (VASE), temperature-dependent reflectance measurements,
and effective-medium theory (EMT), we extracted temperature-
dependent complex-refractive-index values for thin films of
vanadium dioxide (VO,) over the wavelength range from 300
nm to 30 pm. We compared the results for VO, films of dif-
ferent thicknesses, on different substrates, and grown using
different synthesis methods. We found that there were very large
differences in electrical properties and optical properties at wave-
lengths below 2 pm among the films, but relative consistency in
the mid and far infrared, especially in the 2-11 pm region, which
also corresponds to low optical losses for the insulating phase.
Our full datasets, provided in the Supporting Information, will
be useful for those seeking to perform simulations of optical
and optoelectronic devices based on VO,.
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