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Abstract: We experimentally investigate the semiconductor-to-metal transition (SMT) in
vanadium dioxide thin films using an infrared thermographic technique. During the semiconductor
to metal phase change process, VO, optical properties dynamically change and infrared emission
undergoes a hysteresis loop due to differences between heating and cooling stages. The shape of
the hysteresis loop was accurately monitored under different dynamic heating/cooling rates. In
order to quantify and understand the effects of different rates, we used a numerical modelling
approach in which a VO, thin layer was modeled as metamaterial. The main experimental findings
are interpreted assuming that both the rate of formation and shape of metallic inclusions are tuned
with the heating/cooling rate. The structural transition from monoclinic to tetragonal phases
is the main mechanism for controlling the global properties of the phase transition. However,
our experimental results reveal that the dynamics of the heating/cooling process can become a
useful parameter for further tuning options and lays out a macroscopic optical sensing scheme
for the microscopic phase change dynamics of VO,. Our study sheds light on phase-transition
dynamics and their effect on the infrared emission spectra of VO, thin films, therefore enabling
the heating/cooling rate to be an additional parameter to control infrared emission characteristics
of thermal emitters. The hysteresis loop represents the phase coexistence region, thus being of
fundamental importance for several applications, such as the operation of radiative thermal logic
elements based on phase transition materials. For such applications, the phase transition region
is shifted for heating and cooling processes. We also show that, depending on the way the phase
change elements are heated, the temperature operation range will be slightly modified.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Thermochromic materials offer a drastic phase transition around their critical temperature
(T.), where significant optical, electrical and magnetic changes take place. Among several
thermochromic materials such as niobium dioxide (NbO,), vanadium sesquioxide (V,03) [1],
VO, undergoes a lattice transition from monoclinic (insulating) phase into a tetragonal (metallic)
phase [2,3]. The low phase transition temperature, T.=341 K (68°C) along with the possibility
of tuning it using different dopants fraction makes VO, is extensively employed. The significant
changes due to lattice phase transition in spectral properties of VO, in both the IR [4] and THz
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ranges [5] have generated an increasing number of studies focused on the thermally induced
emissivity variation [6,7].

Light manipulation in the infrared wavelength range is a challenging strategy for several
applications as energy harvesting, thermal radiation control [8] as well as IR sensing [9]. VO,
thin films are also utilized for tunable and reconfigurable metamaterials in infrared wavelengths
in thin film [6,10], multilayers [11] and metamaterial gold-VO, structures [12]. A hybrid
VO,/Au grating onto hBN/graphene/hBN heterostructures displayed bi-tunable absorption and
transmission features [13].

The thermal hysteresis loop prevalent in phase transition processes has attracted increasing
attention, and it was found to be affected by several factors such as the film deposition temperature
[14], the wavelength range [15], the choice of suitable substrate [16,17], the use of metallic content
[18] as well as the size of metallic phase domains [19]. Specifically, in [15] the hysteresis loop was
investigated in both front and rear configuration, i.e. infrared radiation coming from the VO, layer
and substrate, respectively and was found to be considerably different in the two configurations.
The thermal hysteresis was also investigated for thin films with different thicknesses showing a
clear dependence of the transition temperature and the width of the hysteresis loop on the film
thickness and on the size of the crystallites [14]. The hysteresis loop was also characterized across
different wavelength ranges and it was shown that some wavelengths allow large transmittance
variation in contrast to other wavelengths, where the tunability was extremely reduced [18].
Critical temperature range was also discovered to depend on the operation wavelength, and it
was attributed to the size of the metallic clusters created during phase transition [16]. In further
investigations, doping is proven to affect and modify the hysteresis loop. For example, both
the critical phase transition temperature and the hysteresis width were modified by doping VO,
nanoparticles with Ti and F [17]. All of the investigated methods provide an array of parameters
that allow the control of the phase transition characteristics such as smoothing temperature
gradient, reducing hysteresis loop width, and varying the critical temperature. Thus, the obtained
results in these lines of research are pivotal tools for designing, improving and customizing the
performance of thermally tunable devices based on VO, thin films.

In this work we investigate, both theoretically and experimentally, the dynamic tuning of
infrared emission from a single VO, thin film on sapphire substrate in the 3.3-5.1 um wavelength
range [20,21]. Within this wavelength range, we employed a highly emissive object placed below
the sample to show different emission features arising at different heating/cooling rates. We
first evaluate and address the effects of the different contributions to the overall IR radiation
and investigate the critical role of VO, as the active material for thermal emission tuning [22].
Moreover, in our experiments, we observed different features for the hysteresis loop emphasizing
the role of heating/cooling rate on emittance. Heating rate emerges as a promising parameter
contributing to the resulting spectral features such as emittance or reflectance therefore could play
important role in future device designs based on phase-change materials such as VO, thin films.

In the following, we first introduce the device under investigation and describe the IR
thermographic experimental setup. Then, we experimentally demonstrate the variability of
hysteresis loop obtainable for the given device under identical experimental configurations, while
only modifying the heating/cooling rate. In order to provide better understanding of observed
phenomenon, we develop a detailed numerical analysis and theoretical explanation using a
homogenization technique in which VO, layer is modelled as a metamaterial with an effective
dielectric constant. The agreement between our experimental findings and numerical simulations
reveals that the process of metallization can be modeled as a binary system where inclusion
aspect ratio is modulated by the heating rate.
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2. Experimental

The VO, thin film (80 nm) was deposited on c-plane sapphire substrate using pulsed-laser-
deposition (PLD) in 5 mTorr O, environment at 550°C substrate temperature, while the PLD
laser energy was set at 321 mJ with 5 Hz pulse frequency. The same 5 mTorr O, environment
was employed for a post-deposition annealing at 550°C for 30 mins.

Following the ASTM E1933-99a standard method in the contact-free configuration [23], the
IR emissive properties of the VO, film has been investigated by infrared thermographic technique
[24]. A reference material with known emissivity (thin layer of graphite paint [8]) is employed in
order to retrieve the effective relative emissivity of the investigated sample. The measurements on
the VO, film have been carried out by recording thermographic images for increasing temperature
of the heating plate and finally cooling it down. Different heating/cooling rates are investigated,
ranging from 1°C/s to 1°C/min in order to highlight the effect of temperature temporal dynamic
on phase transition process.

The experimental apparatus as well as the sample geometry are schematically depicted in Fig. 1.
The sample is placed onto a temperature-controlled aluminum stage. Above the heater, two
distinct layers of graphite paint (Bonderite L-GP 386 Acheson) characterized by a well-known
emissivity value [25] are deposited under and next to sample, respectively. Actual temperature
evolution was monitored using two control thermocouples placed in contact with the reference
graphite paint, and the sample, respectively. A stabilizer power supply was employed to avoid
undesired oscillations in the heating current. The main axis of the IR camera, placed in front of
the heating stage, was intentionally set slightly tilted to avoid detection of the spurious IR signal.
Although the IR camera is working in the 3.3-5.1 micron wavelength range, ambient radiation
was experimentally avoided using shields all around the experiment area. Furthermore, the IR
camera software also requires to set the background temperature, so that IR radiation contribution
to the measured signal arising from the spurious environmental radiation can be compensated.

(a) (b) &
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Fig. 1. (a) Schematic sketch of the sample on a high emissivity reference paint (black-body-
like) source, and (b) schematic representation of the experimental setup.

Sapphire substrate

The spectral intensity of the emitted IR radiation was investigated using a CEDIP Jade MWIR
camera operating in the mid-infrared wavelength range (3.5-5.1 microns) completed by a manual
focusing lens with a focal length of 25 mm. The thermographic imaging system is composed by
a focal plane array of 320x240-pixel InSb detectors, with a lateral dimension (pixel pitch) of 30
um. The minimum temperature difference resolvable by the IR camera, i.e. the noise equivalent
temperature difference (NETD) is 25 mK at 300 K. The measurements have been carried out by
recording thermographic images for increasing temperature of the heating plate, between 45°C
and 85°C. After each measurement the thermographic images were processed using a software
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developed in MATLAB environment where the image pixels corresponding to either sample or
reference surface can be selected, to retrieve the average emitted IR radiation.

From experimental data the emitted VO, signals were normalized with respect to that emitted
by the graphite reference sample and are reported using markers in Fig. 2, where theoretical
fitting curves are shown with solid lines. In the panels of Fig. 2, red colors indicate the heating
process while the blue lines correspond to the cooling branch. Furthermore, the typical hysteresis
loop, intrinsically arising from the phase transition dynamics, is considerably visible, despite

VO, its only 80 nm thick.
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Fig. 2. Relative emitted power of the VO,(80 nm)/sapphire/graphite system measured
via infrared thermography technique in the 3.3-5.1 um wavelength range. In alphabetic
order, results for increasing heating (red curves) and cooling (blue curves) rates are
displayed: (a) 1deg/60sec, (b) 1deg/30sec, (c) ldeg/15sec and (d) 1deg/l1sec. Markers
represent experimental data while continuous lines are the theoretically fit curves. Different
depolarization factors are employed for simulations (see Table 1).

Table 1. Hysteresis loops main characteristics.

Heating/Cooling | Transition Temperature Width Teooling - Depolarization Factors
Rate [°CI Theatings Tcooling Theating [°C] Range Lg=L,
1°C/60s 65.2,70.1 4.9 0
1°C/30s 64.4,71.4 7.0 0.10-0.14
1°C/15s 63.5,72.4 8.9 0.13-0.16
1°C/1s 64.5,79.8 15.3 0.21-0.25

Below phase transition temperature, in the investigated wavelength range the sample is mostly
transparent [26]. First of all, Fig. 2 infers that when the VO, structure is placed over high
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emissive graphite surface, the infrared radiation arising from the VO,/Sapphire/graphite system
switches from high to low value as temperature is increased. Thus, it is possible to define a
critical temperature (7,), where the slope of the signal is maximum, with a large dynamic range
of about 0.4. The IR radiation emitted from the graphite is initially transmitted from insulating
VO,. However, when the phase transition takes place, the metallic VO, progressively shields
the contribution of the underlying black body. More interestingly, different panels of Fig. 2 also
suggest that the overall system behaves differently if the sample is heated at low or high heating
rate.

In the next section, we will analyze and discuss the different dynamics of phase transition and
emissivity variation, correlate them to the metallic phase formation and interpret accordingly.

3. Discussion

Thermal emission from hot objects is governed by Planck’s law, where an ideal black-body
perfectly absorbs/emits over the entire electromagnetic spectrum for all incident angles. Once
real bodies are considered, the ability to radiate heat is compared to a black-body [27] and
designate the relative thermal emissivity.

Starting from experimental data we retrieved an effective average emissivity of the system
which encompasses both the VO, device and the underlying heat source. The resulting effective
relative emissivity of the system in the camera wavelength range <se/f(T)> is obtained as the
ratio of the emitted signal from sample, Sypie(T), normalized using the reference, black-body,
graphite paint (Sy.r(T)) :

/lmax thzé‘gﬁ'(/l,T)

min AS(e(kB/lT)_l)
Ses
<€gﬁ(T)> _ samp‘le (1) _ (1)
Sref(T) Amax | 2hc? ggraphite(A,T) d1
Amin 5(p(kpAT

o))

In Eq. (1), (2’:?2 ) represents the power spectral density per unit area radiated by a perfect
5[\ FBT )

black-body, 4 is the Planck’s constant, ¢ is the speed of light in vacuum, kp is the Boltzmann
constant, and A,,;, and A,,,4, delimitate lower and upper limit of the camera operational wavelength
range [28].

For experimental data interpretation the VO film is modeled as a metamaterial for a temperature
range close to its critical temperature, being its thickness thin if compared to the wavelengths of
interest [29,30]. As the filling factor is increased from f=0 (full semiconductor state) to f=1 (full
metallic state), the metallic phase is microscopically described as ellipsoidal nanoscale inclusions
into a semiconductor matrix, eventually giving rise to percolation behaviour [31]. The inclusions
and hence their temperature evolution can be described using Maxwell Garnett mixing formulas
for ellipsoidal inclusions into a matrix, as reported in Ref. [32]. The electrical permittivity
components along inclusions’ main axes, i.e. o— 3— and y— axes, are calculated using [33]:

es(eym — &s) )
es+ (1 =f)L(em — &5)°

where, €5 and &), represent the relative permittivities of the host semiconducting matrix (VO,
below T.) and the metallic inclusions (VO, above T.), respectively. The inclusions content is
specified by the filling factor, f, while the parameters L; (=, B and ) represent the depolarization

@)

Eeff,j = €S +f
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factors [32] (always fulfilling the requirement L, +Lg+L,=1). The refractive index values of
VO, in the semiconductor and metallic states were taken from Ref. [34]. According to this
model, both shape and orientation of ellipsoidal inclusions with respect to coordinate axes are
described by the three depolarization factors. In Fig. 3 we show some possible combinations for
depolarization factors for uniaxial inclusions (Lg=L,) ranging from oblate (L,=1, Lg=L,=0)
to elongate (Lo=0, Lg=L,=0.5) limits. Following the calculation of the directional dielectric
permittivity components vs the filling factor, refractive indices and extinction coefficients along
the corresponding axes are retrieved using the given the relations Re(g) = n*> —k” and Im(&) = 2nk.

Depolarization factor
(=] (=] (=] o o o
N w > w o ~

=}

=}

102 107! 10°

Aspect ratio (a:b)

Increasing heating rate

Fig. 3. Depolarization factors, Lo Lg and Ly, for uniaxial ellipsoids (Lg=L ). Letters on
the graphs (a,b,c,d) designate the average ellipsoids aspect ratio employed to retrieve the
fitting curves in the graphs of Fig. 2. From left to right heating/cooling rate is increasing.

Using transfer matrix method (TMM) techniques, we simulated an equivalent layer, having
effective medium properties calculated by Eq. (2). Layer’s optical transmittance and reflectance
on an axis normal to the film surface, T(w) and R(w), were calculated at increasing filling factor
values. In accordance with energy conservation, for lossy media, the real absorbance can be
calculated according to Kirchoff’s first law A(w) = I-R(w)-T(w) while thermal emitted radiation
is given by e(w)=A(w) [35,36].

According to experimental configuration shown in Fig. 1, if the heater reflectivity is negligible,
as is in the present case, the infrared signal ratio, (seﬁ(T)> = %, detected by the infrared
camera can be described as follows:

86]?(/19 T) = evo2(A, T) + eheater - Tvoa (A, T); 3

The first contribution is given by the infrared radiation emitted by the VO, film (eyp2(4, T))
over sapphire substrate. The second contribution is due to the infrared radiation emitted by the
heater, &jeqrer, (black-body -like graphite paint) and then transmitted by the VO, film (Typ2(4, T)).
If the infrared reflectance of the heater is significant, the IR radiation reflected from bottom
interface and then forward transmission through the VO, can also be considered [24]. Once
the spectral features are retrieved via TMM method, their contributions (see Eq. (3)) to the
effective emissivity can be calculated and then incorporated in the Planck formula (Eq. (1)), for
the different temperature dynamics, respectively.

It is evident from experimental curves of Fig. 2 that the signal arising from the graphite heat
source is strongly attenuated as the temperature increases beyond 7, since the VO, film becomes
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progressively opaque. Moreover, a non-negligible role is played by the rate of temperature
increase/decrease. As heating/cooling rate is increased, the hysteresis loop appears to broaden,
and its shape is also slightly altered. In order to fit the experimental variations observed in
the hysteretic loop shape and width, we provide the following interpretation; by looking at
Fig. 3, point a, i.e. the lowest heating/cooling rate, where temperature is increased at lowest rate,
1°C/60sec, the VO, film has enough time to thermalize and heat flows across the entire film
thickness. Thanks to the longer time step, between two consecutive temperature values, heat
distribution gets laterally uniform. Under these circumstances, the inclusions of metallic phase
can be modeled as disk-like inclusions, thus depolarization factors are fixed to L, =1, Lg=L, =0,
i.e. at the oblate side of the graph in Fig. 3. [37,39]. Contrarily, when heating process gets faster,
another scenario for metallic inclusions is assumed to unfold. Specifically, we modified the
depolarization factor values and progressively decrease L, (along disk thickness) and increase
Lg =L, (along inclusions cross section). The resulting inclusions shape is gradually modified
from disk to an oblate ellipsoidal shape: disk thickness is increased while disk diameter shrinks.
It’s worth noting that we restricted our investigation up to the spherical shape of ellipsoids
(Lo=Lg=L,=1/3). Indeed, the elongate side of graph in Fig. 3, i.e. prolate (cylindrical) inclusion
shape, would require L, =0 that is not consistent with the small VO; film thickness (80 nm). As a
result, the dielectric constant anisotropy is attenuated when going from the oblate extreme to
the spherical inclusion shape, thus modifying refractive index and extinction coefficient of the
resulting effective medium.

The fitting curves reported in Fig. 2 as solid lines, have been obtained by applying a least
squares fitting procedure to the infrared signal ratio as defined in Eq. (3). Both filling factor
and depolarization factors are fitting parameters and are modified during phase transition as a
function of the temperature, in order to retrieve the film dielectric constant, during the heating
and cooling processes, respectively. Both filling and depolarization factors are functions of
temperature and of the heating/cooling rate. The filling factor takes into account the relative
quantity of (increasing/decreasing) metallic inclusions while the depolarization factors behavior
takes into account a progressive change in the ellipsoidal inclusions’ shape. The combination
of both these parameters results in effective index media exhibiting different slopes at different
heating/cooling regimes. As an example, in Fig. 4(a) and Fig. 4(b) we display the filling factor,
/. and depolarization factors, Lg=L,, vs temperature, obtained for the fitting curve reported in
Fig. 2(b), i.e. corresponding to a heating/cooling rate of 1deg/30sec.
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Fig. 4. (a) Filling factor and (b) depolarization factors, Lg=L,, as retrieved for the fitting
procedure of experimental measurements at heating/cooling rate 1deg/30sec (corresponding
to Fig. 2(b)). Different results are obtained for heating (red curves) and cooling (blue curves)
branches, respectively.

As a further investigation, we calculated the derivative of experimental curves shown in Fig. 2
in order to highlight how the phase transition effective critical temperature 7, can be engineered
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by varying heating/cooling rate. In Fig. 5 the slope of experimental signals vs temperature
is shown, and the critical temperature can be extracted from their minima during heating and
cooling cycles, respectively. The asymmetry between heating and cooling curves is evidenced by
the two minima of the derivative curves. Furthermore, from this graph it is clear that an accurate
control of the heating/cooling rate would allow the tuning and managing of hysteresis loops’
width. Another important point observable from experimental findings is that the heating cycle
corresponding to the highest heating/cooling rate (1°C/s) follows different path whit respect to
other curves. On one hand we expect that high heating/cooling rate could result in a shift in the
T. since we expect an offset between the temperature of the heater and the temperature of the
VO, related to the thermal conductivity of both the sapphire and the VO, film. On the other hand,
the experimentally measured nested (or twisted) loop (see Fig. 2(d)) suggests that during the
phase transition, the response time of the system with respect to the heating/cooling rate depends
on the behavior of the phase inclusions parameters such as filling factor and inclusion aspect
ratios. Indeed, the thermal conductivity of the VO, film also switches from semiconductor to
metallic phase [40] and our measurements reveal that it might experience a complex behavior
during the phase transition process due to the coexistence of the two phases. This result suggests
further investigation of the thermal conductivity properties of the VO, film during the phase
transition which is beyond the scope of this work.
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Fig. 5. Derivative of emitted IR power ratio vs temperature, for different heating/cooling
rates. The results for increasing heating (red curves) and cooling (blue curves) rates are
displayed when the rate is equal to (a) 1deg/60sec, (b) 1deg/30sec, (c) 1deg/15sec and (d)
ldeg/1sec.

To get a more intriguing sight at the experimental results, we selected the two heating branches
corresponding to the two extremes, i.e. the slowest (1°C/60sec) and the highest (1°C/s) cooling
rate, as reported in Fig. 6. In Figs. 7, we show the IR thermographic images corresponding to the
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different temperature highlighted with vertical black lines in Fig. 6. It is worth noting that, for
the extreme temperature points 40°C and 85°C, the IR signals reach comparable digital levels,
for both heating rates. Similar experimental results are observed when comparing thermographic
images obtained at the nominal critical transition temperature for VO, (68°C), representing the
point where the two experimental curves intersect. However, the potential of the heating rate as a
parameter to tune the IR emissivity of the VO, based device is fully evidenced when 7'< T or
T > T,.. Here, we observe that when T < T, (Fig. 7, temperature 63°C) the IR emitted radiation is
higher for the case of slower heating rate (left column) with respect to faster heating rate (right
column). Interestingly, the opposite behavior is observed when T > T, (Fig. 7, temperature 77°C)
where the higher IR emitted radiation is obtained for the faster heating rate (right column). The
observed feature might have interesting applications for thermal camouflage devices, i.e. the
emissivity of a source could be tuned by modulating the temperature of an external VO, coated
shield around its transition temperature at the proper heating/cooling rate.
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Fig. 6. Relative emitted power of the VO,-(80 nm)/sapphire/graphite system measured via
infrared thermography technique in the 3.3-5.1 um wavelength range. Comparison between
the lowest (1deg/60sec) and highest (1deg/1sec) heating rates are displayed.

The experimental results show that the infrared emission of the resulting effective layer
can be suppressed on demand by a sub-wavelength VO, thin film. Furthermore, the obtained
experimental fitting curves suggest that tuning the rate of temperature variation might be used as
a further parameter to control the phase transition for smoothing gradient, modifying hysteresis
loop width, and eventually affecting the effective critical temperature. The main features of
the hysteresis loops obtained under different heating/cooling rate conditions are summarized in
Table 1.
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Fig. 7. . IR thermographic images obtained from VO,(80 nm)/sapphire/graphite system
measured in the 3.3-5.1 um wavelength range under different heating regime: lowest heating
rate (left column) and highest heating rate (right column), respectively.
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4. Conclusions

We investigated the possibility of tuning IR radiation from a device consisting of a thin VO,
thermochromic film, using different heating/cooling rate. Beyond many explored factors such as
film deposition temperature, different substrates, the wavelength range and metallic doping, the
rate of heating/cooling process can also affect the dynamic of the phase transition. Increasing or
decreasing temperature at different rates highlighted the on-demand infrared emission features
which were successfully described by effective medium theory. These results highlight the
significance of heating/cooling rates as tuning parameters for the optical response of VO,. These
findings can be useful for microscopic sensing of phase change dynamics through macroscopic
optical response of phase change materials. Moreover, applying our findings to optical devices can
open new avenues in search of actively tunable infrared photonic systems with the heating/cooling
rate as an additional engineerable parameter.

As a general feature, the characteristic phases coexistence, represented by the hysteresis loop
itself, enables high tunability of electrical, optical and emissive properties. Among the several
applications where the hysteresis loop is of fundamental importance, the most appealing is the
realization of radiative thermal logic elements and gates based on phase transition materials [41].
For such applications, the phase transition region is shifted whether VO, elements are heated or
cooled. Furthermore, depending on the way the logic gates are employed, electrical heating or
laser pumping for instance, also temperature operation range will be slightly modified. Taming
and tuning of the hysteresis loop can be an important tool for device designing and optimization.
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