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Vanadium Dioxide as a Natural Disordered Metamaterial: Perfect Thermal Emission
and Large Broadband Negative Differential Thermal Emittance
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We experimentally demonstrate that a thin (approximately 150-nm) film of vanadium dioxide (VO,)
deposited on sapphire has an anomalous thermal emittance profile when heated, which arises because of
the optical interaction between the film and the substrate when the VO, is at an intermediate state of its
insulator-metal transition (IMT). Within the IMT region, the VO, film comprises nanoscale islands of the
metal and dielectric phases and can thus be viewed as a natural, disordered metamaterial. This structure
displays “perfect” blackbodylike thermal emissivity over a narrow wavelength range (approximately
40 cm™!), surpassing the emissivity of our black-soot reference. We observe large broadband negative
differential thermal emittance over a >10 °C range: Upon heating, the VO,-sapphire structure emits less
thermal radiation and appears colder on an infrared camera. Our experimental approach allows for a direct
measurement and extraction of wavelength- and temperature-dependent thermal emittance. We anticipate
that emissivity engineering with thin-film geometries comprising VO, and other thermochromic materials
will find applications in infrared camouflage, thermal regulation, and infrared tagging and labeling.
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Thermal radiation is light that is emitted by an object at a
temperature above absolute zero. The spectrum and inten-
sity of thermal radiation emitted by an object are a function
of its temperature and emissivity, which is, in general,
frequency (f) dependent. This relation is expressed by

K3

where [ is the spectral radiance (or the spectral radiant
energy density), K = f/c is the spectroscopic wave num-
ber, T is the temperature expressed in kelvin, £ is Planck’s
constant, ¢ is the speed of light in vacuum, k, is the
Boltzmann constant, and £(K) is the frequency-dependent
emissivity [1]. More specifically, the spectral radiance is
the radiant power emitted from a unit area of the source per
unit solid angle, in the wave-number interval from K to
KdK, and has units of W cm ™. The factor in front of (K)
in Eq. (1) is known as Planck’s law and describes black-
body emission. For most objects, e(K) is largely indepen-
dent of temperature (or other external variables such as
applied fields).

There is substantial interest in engineering &(K) for
applications ranging from incandescent light sources [2]
to heat management [3-5] to thermal tagging and imag-
ing [6]. In determining &(K) for various materials and
structures, frequent use is made of Kirchhoff’s law of
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thermal radiation, which states that the emissivity of an
object &(K) is equal to its frequency-dependent absorp-
tivity a(K) [1].

One approach to engineering £(K) has been to select
materials with appropriate material dispersion to achieve
selective thermal emission [7]. A complementary ap-
proach involves surface texturing, either disordered [2]
or highly ordered in the case of gratings [8] or photonic
crystals [9]. Similarly, photonic cavities can enhance or
suppress thermal emission [10,11]. More recently, optical
antennas [12] and metamaterials [13] have also been
employed to tailor the directionality and spectrum of
thermal emission.

In addition to these static schemes, certain tunable ma-
terials can be employed to dynamically manipulate &(K).
Of particular interest are electrochromic materials such as
tungsten oxide (WOj3), which undergoes significant change
in optical and infrared properties under an applied voltage
and can therefore be used to modulate the emissivity of
thermal radiators for applications such as temperature
control of satellites by radiative cooling [3,4].

Modulation of the emissivity can also be achieved
by using thermochromic materials, whose optical proper-
ties are temperature dependent. Unlike in the case
of electrochromic materials, a change in temperature can
simultaneously alter the emissivity (K, T) of the object
incorporating a thermochromic material, and the black-
body contribution to the spectral radiance K3 /(e<K/ksT —1)
[see Eq. (1)]. A potential benefit of tuning based on ther-
mochromic materials is that it allows for passive ‘“‘smart”
devices that can operate without the need for external
power or controls. For example, a radiator that has low
emissivity at low temperatures and high emissivity at high
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temperatures can help keep heat in when cold and radiate
heat away faster when hot, making it useful for passively
maintaining a desired temperature [5].

A promising thermochromic material is vanadium diox-
ide (VO,), a correlated oxide that experiences a thermally
induced insulator-metal transition (IMT) near room tem-
perature (7, ~ 67 °C in bulk crystals), which takes the
material from an insulating state to a metallic one. The
IMT, which can also be triggered electrically and optically,
is the target of research for the realization of a variety of
electronic switching devices [14] and also finds uses in
optical switching [15]. The present literature on tuning an
object’s thermal emissivity using VO, has largely focused
on the considerable change of infrared optical properties
between the extreme states of the phase transition—fully
insulating and fully metallic [5,16—19]. However, very rich
physics can be found within the transition region itself,
which can be harnessed to obtain additional control over
thermal emission properties.

Probing the physics of this intermediate state is still at an
early stage because the material quality of VO, films has
only recently been improved to the point where a complex
region such as the intermediate state of the phase transition
can be explored with reproducibility. The IMT in this
material has been known for over 50 years; however,
bulk crystals often crack during the transition because of
stress (as is often the case for brittle ceramics) [20]. Thin-
film structures can be made more robust to the stress
relaxation caused by substrate clamping; however, careful
thermal profiles and composition control are required to
obtain reversible transition properties [21,22]. Studies on
thin-film VO, with reproducible phase-transition proper-
ties can be considered an emerging field, and within that,
the intermediate state (i.e., a mixture of metallic and
insulating states) is now being recognized as an opportu-
nity, especially given recent interest in metamaterials that
often require composite structures comprising domains of
subwavelength dimensions with vastly different optical
properties [23].

In this article, we show that a geometry comprising a
thin film of VO, on a sapphire substrate can exhibit
“perfect” blackbodylike emissivity (approximately 1)
over a narrow range of frequencies when the VO, is in
its transitional state and operates as a natural, tunable
metamaterial, i.e., an effective medium with widely tuna-
ble infrared optical properties. As a result of this resonance
in emissivity, the sample displays substantial broadband
negative differential thermal emittance; i.e., as the sample
is heated, the thermal emission decreases.

In VO, thin films, the IMT occurs gradually with in-
creasing temperature: Nanoscale inclusions of the metallic
phase emerge in the surrounding insulating-phase VO,,
which grow and connect in a percolation process, eventu-
ally leading to a fully metallic state at the end of the
transition [24,25]. These metallic inclusions are much

smaller than the scale of the wavelength at infrared fre-
quencies, and thus VO, can be viewed as a natural, recon-
figurable, disordered metamaterial with variable effective
optical properties across the phase transition. In Ref. [26],
the authors utilized this unique temperature-dependent
dispersion of the effective medium to demonstrate that a
film of VO, with thickness much smaller than the wave-
length deposited on sapphire can operate as a temperature-
tunable absorber; in particular, nearly perfect absorption
was achieved at a particular temperature for a narrow range
of infrared wavelengths. The reflectivity of such a device
varies dramatically and nonmonotonically across the phase
transition, with the strong absorption feature appearing
during an intermediate state of VO, as a result of critical
coupling to an ‘“‘ultra-thin-film resonance’; similar reso-
nances have also recently been demonstrated using semi-
conductor films on metallic substrates or Bragg reflectors
in the visible for tailoring reflectivity and absorption
[27-30], and semiconductor films on sapphire or highly
doped semiconductor substrates for tailoring absorption
and thermal emission [31,32]. Since &(K) = a(K), such a
thin-film VO,-sapphire structure is expected to have an
emissivity (K, T) that also depends strongly and nonmo-
notonically on temperature.

Our sample consists of an epitaxial VO, film of approxi-
mately 150 nm in thickness, grown on a polished single-
crystal c-plane sapphire by rf-magnetron sputtering with a
V,05 target (99.9% purity, AJA International, Inc.).
During film growth, the substrate temperature and rf source
gun power are kept constant at 550°C and 125 W,
respectively. A mixture of 99.50-sccm Ar and 0.50-sccm
O, is used as the sputtering gas, maintaining the total
pressure at 10 mTorr.

We measure the thermal emission from our
VO,-sapphire sample by mounting it on a temperature-
controlled stage (Bruker A599), changing the temperature
from 40 °C to 100 °C and back down (resolution of 0.5° in
the range of 55 °C-85 °C and 5° outside of that, waiting at
least 60 s to allow the temperature to settle), and directly
sending the emitted light into a nitrogen-purged Fourier
transform infrared (FTIR) spectrometer (Bruker Vertex 70)
equipped with a room-temperature doped triglycine sulfate
(DTGS) detector (Fig. 1). As a reference, we replace the
sample with black soot [1], deposited onto a gold-coated
silicon wafer using a candle (deposition time > 10 min ).
After deposition, the soot-coated wafer is baked at 200 °C
for 30 min to remove any excess paraffin from the candle.
At moderate temperatures, candle-deposited soot is ex-
pected to have a wavelength-independent emissivity &
between 0.95 and 0.98 in the infrared [33-35]; for this
work, we assume & = 0.96. Midinfrared reflectance mea-
surements taken using a microscope (Bruker Hyperion
2000, numerical aperture = 0.4, 15X objective) confirm
that the soot sample is a good blackbody reference
(reflectance < 0.01 with some light presumed to be scat-
tered; data are not shown).
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FIG. 1. Experimental setup. The VO,-sapphire sample is
mounted on a temperature-controlled stage, and the thermal
emission is sent into an FTIR spectrometer equipped with a
DTGS detector.

To obtain an accurate emission spectrum, we have to
correct for the wave-number-dependent response of the
optics of the FTIR spectrometer and the detector and also
account for the thermal emission from sources other than
our sample [1,36]. In particular, both the detector and the
optical components of the FTIR (the beam splitter, mirrors,
etc.) are all at room temperature, and all emit thermal
radiation. Accounting for these contributions becomes
more complicated in our case, compared to more conven-
tional emittance measurements, because our sample is
partially reflective, and the reflectivity changes signifi-
cantly as a function of temperature, which affects how
much of the thermal radiation emitted by the detector
returns back to the detector.

A particular temperature-dependent measured spectrum
S(K, T) can be broken down as

S(K, T) = m(K, THI(K, T) + bjpg(K)

where I(K, T) is the actual spectral radiance of the sample;
m(K, T) is the instrument response transfer function, in-
cluding the effects of atmospheric absorption along the
light path between the sample and the detector; bj,q.(K)
is the thermal contribution of the instrument, including
emission from the optics and the walls of the FTIR spec-
trometer (but not from the detector); bue(K) is the thermal
emission from the detector; and R(K, T) is the reflectivity
of the sample that can be temperature dependent for ther-
mochromic materials. In our measurement, we assume that
bins(K) = 0 because our DTGS detector is at the same
temperature as the rest of the instrument, so there is no net
flow of thermal radiation between the detector and the
optics and walls. There is substantial radiation from the
detector itself, so by (K) cannot be neglected, and a por-
tion of this radiation that enters the interferometer and
reaches the sample is reflected back toward the detector;
this contribution is accounted for by the [1 — R(K, T)]
term in Eq. (2).

Because both our black-soot reference and
VO,-sapphire sample are opaque within the wavelength
range of interest (within the 5- to 15-m range, sapphire is
opaque as a result of multiple phonon resonances that are
present [26,37]), we can write the emissivity as (K, T) =
a(K,T) = 1 — R(K, T), which simplifies Eq. (2) to

S(K’ T) = m(K’ T)S(K’ T)[IBB(K’ T) - bdet(K)]x (3)

where Igg(K, T) is the thermal radiation spectrum from a
perfect blackbody. Note that it is important to select the
appropriate units when representing the Planck distribution
function Igg(K, T), as the expressions differ depending on
which units are used, e.g., wave number or wavelength.
Since an FTIR yields spectra with constant resolution in
wave number [1], we choose to use spectroscopic wave-
number units (which are equivalent to frequency units
since K = f/c).

Given a reference sample with a known emissivity such
as the black soot, one can calculate m(K, T) and by, (K) by
measuring the emitted spectrum at two different tempera-
tures T and T,, and by solving the system of two equa-
tions. In our measurement, however, this calculation is
unnecessary because e(K, T) is factored out in Eq. (3).
Instead, we can note that given the measured spectra
Sample(K, T) and S,¢(K, T) from our sample and reference,
respectively, and knowledge of the reference emissivity
&r(K, T), we can immediately obtain &g,y (K, T) by

Ssample(Ky T) _ Ssample(K’ T)
Sref(K, T) 8ref(1<: T) .

4

This analysis method is applicable only to samples that are
smooth (any roughness must be on a substantially smaller
scale than the wavelength of emitted light), which is the
case for our VO,-sapphire sample. For rough samples, not
all of the light emitted by the detector will be specularly
reflected from the sample, and instead some thermal emis-
sion from the surrounding area may be scattered into the
beam path by the sample; in this case, extra care must be
taken during data analysis.

We use Eq. (4) to determine the experimental emissivity
of our VO,-sapphire sample, which is plotted for increasing
temperatures in Figs. 2(a) and 2(b). From the experimental
emissivity, we calculate the spectral radiance I(K,T) =
e(K, T)Igg(K, T) of our black-soot reference and the
VO,-sapphire sample, shown in Fig. 2(c), for three differ-
ent temperatures. It can be directly observed that while the
thermal emission from the black-soot reference is mono-
tonically increasing with increasing temperature, the emis-
sion from the VO,-sapphire sample first increases and
then decreases. At a particular temperature (approximately
74.5°C) and wavelength (approximately 864 cm™!), the
emissivity approaches unity (Fig. 2), indicating that at that
wavelength, the sample displays nearly perfect blackbody-
like emission, corresponding to the ‘““‘perfect absorption™
condition demonstrated in Ref. [26], which is the result of
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(a),(b) Experimentally determined evolution of the VO,-sapphire emissivity for increasing temperature, separated into

ranges of 35°C-74.5°C and 74.5 °C-100 °C for visual clarity. (c) Thermal emission density (spectral radiance) from black soot
(dashed lines) and our VO,-sapphire sample (solid lines) for three different temperatures. The data were taken for increasing
temperatures. (d) Thermal emissivity of the VO,-sapphire sample at a wave number of 864 cm ™! for heating (solid line) and cooling
(dashed line), respectively. The dotted line denotes the assumed emissivity of the black-soot reference (¢ = 0.96).

critical coupling to a strong absorption resonance in
the film. The peak in infrared emissivity is relatively
broadband (approximately 200 cm™!), with the emissivity
surpassing that of the black-soot reference between 840
and 885 cm~!. The spectral position of this emissivity
peak can be tuned from approximately 950 to 770 cm™!
by varying the VO, film thickness from approximately 20
to 400 nm [26]. The emissivity exhibits hysteresis in tem-
perature [Fig. 2(c)] due to the intrinsic hysteresis in un-
doped VO, [14]. Note that the data in Figs. 2(a) and 2(b)
are shown for increasing temperatures only.

We integrate I(K, T) of the black soot and VO,-sapphire
samples over the 8- to 14-um atmospheric transparency
window and plot it as a function of temperature in Fig. 3(a).
Plotted this way, it is clear that while heating, the samples
display broadband negative differential thermal emittance
over the 73 °C-85 °C temperature range while heating and
over 68 °C-80°C while cooling. The magnitude of the
effect is large: Over an approximately 10 °C temperature
range, the slope is even larger in magnitude than the
blackbody slope, indicating that the VO,-sapphire sample
has a larger negative differential thermal emittance than the
blackbody positive differential thermal emittance over the
same temperature range. Imaging these samples with a
thermal camera (FLIR Systems Thermovision A40) con-
firms that because of the negative differential thermal
emittance, the sample appears cooler even as it is heating

up [Fig. 3(c)]. Using the camera, some inhomogeneities in
the thermal emittance of the film are visible that likely
result from slight inhomogeneities in the temperature and
gradual long-range variations in the film thickness and
roughness; these emittance inhomogeneities are amplified
around the phase-transition temperature.

The VO,-sapphire thin-film geometry (and, more gen-
erally, any geometries incorporating VO, with optical
resonances in the infrared) is promising for a wide array
of applications calling for tunable infrared emissivity,
narrow-band perfect blackbodylike emission, negative dif-
ferential thermal emittance, emissivity hysteresis, or some
combination thereof. As one example, the emittance pro-
file shown in Fig. 3 can be utilized to make a rewritable
infrared ““blackboard” by keeping the entire sample at the
phase-transition temperature and using a cold or hot probe
(such as a laser beam or soldering iron) to ‘“‘write”
messages by locally changing the emissivity. These per-
sistent messages could be viewed with a thermal camera
but would otherwise be invisible. A digital version of this
device can be used as a rewritable infrared identification
tag. As another example, the structure can be used as a
type of infrared camouflage: Within the 85 °C to 100°C
temperature region, the total thermally emitted power
remains roughly constant, and therefore an infrared cam-
era would not be sensitive to changes in temperature. The
width of this flat-emittance region can be extended by
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FIG. 3.

(a) Emitted power of the VO,-sapphire sample integrated over the 8- to 14- um atmospheric transmission window for heating

(solid line) and cooling (dashed line), compared to the emitted power from black soot. (b) The integrated emissivity of the
VO,-sapphire sample over the 8- to 14-um wavelength range. (c). Infrared camera images of the sample (diameter = 1 cm) for

increasing temperatures.

decreasing the sharpness of the phase transition, which
can be accomplished by introducing defects into the VO,
films [38].

Depending on the application, the hysteresis intrinsic to
VO, can either be beneficial (as in memory devices) or
detrimental (for devices which require fast on and off
switching). Fortunately, a variety of methods to modulate
the hysteresis width have been studied, including engineer-
ing of the size and shape of grain boundaries [38] and
stresses [39], as well as the introduction of various metallic
dopants [40,41]. The aforementioned approaches have also
been used to tailor the transition temperature of VO, within
the 0°C to 100 °C range [38—41], further expanding the
application space.

While our study is limited to thin films of VO, on a
sapphire substrate in the spectral region where the complex
refractive index of sapphire is similar to that of metals at
visible or UV wavelengths due to the presence of strong
phonon resonances, a variety of other substrates can be
used to engineer the wavelength of the peak in emissivity
resulting from the ultra-thin-film resonance in VO,. Both
highly doped semiconductors and transparent conducting
oxides have been shown to possess complex refractive
indices similar to that of sapphire at A = 10-15 um (or
metals in the visible or UV), and both can be engineered by
modulating the doping [42] and are thus ideal candidate

substrates for tailorable thermal emitters based on ultrathin
films of VO, or another material. The thin-film resonance
condition can be further modified by introducing resonant
metamaterials [43] or resonant optical antennas [44] on top
of or within the ultrathin layer.

Ultimately, anomalous thermal emission properties that
rely on the presence of a temperature-dependent emissivity
such as the ones demonstrated in the present experiment
can also be realized by integrating thermochromic materi-
als into any number of optical structures, including pho-
tonic crystals [9,45] or artificial metamaterials [13]. The
inherent advantages of our thin-film geometry featuring a
natural, disordered metamaterial within the VO, phase-
transition region are structural simplicity and ease of fab-
rication that allow for the creation of large-area anomalous
thermal emitters. Nonetheless, emerging top-down and
bottom-up fabrication methods may allow for the creation
of large-area anomalous thermal emitters that combine
thermochromics such as VO, with photonic crystals and
artificial metamaterials to provide additional design de-
grees of freedom.

In conclusion, we have experimentally studied the in-
frared thermal emittance of a structure comprising a deeply
subwavelength thin film of vanadium dioxide (VO,) on a
sapphire substrate. Within the phase-transition region
of its IMT, the VO, film comprises nanoscale islands of
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insulator- and metal-phase VO, that create a natural, dis-
ordered metamaterial with tunable optical dispersion and
losses in the infrared, which leads to an absorption reso-
nance within the film that appears and disappears upon
temperature tuning. This resonance leads to a large peak in
infrared emissivity spanning approximately 200 cm ™!, in-
cluding a 50-cm™! range over which the emissivity of the
VO,-sapphire sample is greater than that of black soot, a
commonly used blackbodylike emissivity reference. This
emissivity peak remains significant even when the emit-
tance spectrum is integrated over the 8- to 14-um atmos-
pheric transparency window, and as a result, the sample
also features a broad-temperature (> 10 °C) region, over
which it displays large negative differential thermal emit-
tance such that the sample emits significantly less thermal
radiation, even as it is heated up. These anomalous emit-
tance properties can find uses in infrared camouflage,
thermal regulation, infrared tagging and identification,
and other applications.
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