Tunable IR perfect absorbers enabled by tungsten doped VO thin films
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Abstract

The temperature tunability of complex dielectric constants of vanadium dioxide (VO2) makes it a
promising phase-change material for use in active, dynamic, tunable photonics applications.
Specifically, the semiconductor-to-metal phase transition in VO2 enables reversible, broadband and
iarge complex refractive index variation and paves the way to a plethora of applications. Although
ihe critical temperature for phase-transition is 68 °C for VO: films, its transition temperature can be
reduced to room temperature by tungsten-doping of vanadium dioxide. Such degree of freedom in
controlling the critical temperature through tungsten doping provides further tunability of the
thermochromic behavior. In the present work, we investigate variety of W-doped VO: thin films
deposited by laser ablation of targets with increasing W doping content and report detailed infrared
characterization together with numerical simulations. Our experimental results indicate that the
perfect absorption can be achieved at different temperatures, within the VO: insulator-to-metal phase
transition process, as a function of W doping content. Tunable subwavelength layers allow perfect
absorption under different temperature conditions around A=12 um. We show that a high dynamic
range of reflectivity can be achieved when the temperature is increased above phase transition
temperature. Besides we observe perfect absorption at 11.8 um at room temperature, for W content

of 0.75%. We believe that W-doped VO: thin films with tunable and controllable perfect absorption



will open the way for a class of promising thermo-optical devices including thermos-photovoltaics,
infrared filters, radiative cooling devices and thermal emitters.

Introduction

The study of perfect light absorption received wide interest in recent years and utilized in several
applications including thermal emitters [*], optical modulators[?] and biosensors [?].

Following the introduction of radar devices, the first perfect absorbers were proposed by Salisbury
[*]. A so-called Salisbury screen consists of an absorbing layer placed on top of a thick metal plane
and separated by a dielectric spacer. Here, the mechanism of perfect absorption is driven by the
thickness of the dielectric spacer to achieve destructive interference of the reflected light between the
absorbing layer and the reflective metal background [1].

Advances in nanophotonics have led to an extreme interest in perfect absorbing devices thanks to the
exploitation of different mechanisms in the visible range as well as toward the mid infrared range. In
recent years, it has been demonstrated, both theoretically and experimentally, that perfect absorption
can be achieved in systems such as metamaterials [°], metasurfaces [°], multilayer [’] or single layer
devices [%].

Different geometries have been employed such as resonant —Fabry-Perot like- optical cavity
configurations to enhance both absorption and dynamic range at desired resonance wavelengths. A
typical example is the asymmetric Fabry-Perot (FP) cavity consisting of a dielectric layer sandwiched
between a semi-transparent mirror and a thick metal layer acting as a full back-reflector [*]. This
geometrical configuration enabling strong coupling between light and matter, has been employed for
reflectivity modulators, resonant-cavity enhanced (RCE) photodetectors.

Plasmonic metasurfaces, whose typical experimental absorption values ranges between 90% and as
nigh as 99%, are intensively studied to get perfect absorption and have been demonstrated over a
wide range of frequencies [°]. The use of nonlinear metasurfaces [°] to switch from a complete to a
partial absorption by tuning the pump beam intensity, allowed to get coherent perfect absorption as
well as to control the relative phases of the input beams. With respect to the asymmetric FPs, these
nanostructured devices are more compact with their subwavelength thicknesses, but require complex
nanofabrication steps, making them very challenging for device applications.

More recently, a new class of low-index materials called epsilon-near-zero (ENZ) materials has
attracted much attention. Perfect absorption has been achieved using the ENZ materials in the linear
regime [**!1]. In ENZ materials, such as indium tin oxide (ITO) and aluminum-doped zinc oxide
(AZO), the real part of the permittivity goes to zero at a particular frequency ENZ thus exhibiting a
huge electric field enhancement.



Moreover, tunable perfect absorption has been experimentally and theoretically investigated in
system such as graphene [*2], liquid crystals [*], and phase-change materials (PCMs) [*]. Tunable
devices based on graphene were exploited in [**] where it is shown gate voltage-dependent tunable
absorption.

Although it is generally assumed that dielectric based perfect absorbers cannot be thinner than the
operating wavelength, and that plasmonic nanostructures are more compact with their subwavelength
thicknesses, it was demonstrated by M. Kats et al. perfect absorption at about the transition
temperature from a A/65 thick VOz single layer thin film [°]. Additionally, spectral responses in such
perfect absorbers can be dynamically tuned by applying voltage or current bias.

Phase-change materials undergo a semiconductor to metal phase transition at a specific phase
transition temperature. Among the different thermochromic materials such as niobium dioxide
(NbO2) and vanadium sesquioxide (V20s3), VOz2 is widely employed due to its lower phase transition
temperature, Tc=341 K (68 °C) [*°]. VO2 is a very promising tunable polar material finding use in
diverse applications where a high dynamic range is required [*®]. The phase transition from insulating
monoclinic phase into a metallic tetragonal (rutile) phase is accompanied by drastic changes in
aptical, electrical and magnetic properties. Tunable optical properties of VO2 due to phase transition
have received burgeoning amount of interest from scientific community in recent years. In particular,
the thermal emissivity variation activated by temperature in VO2 in both the visible [1'], the IR [*, &
191 and THz ranges [?°] have been demonstrated.

In the present work, we investigate tunable perfect absorber composed of a lithography-free, ultra-
thin film of vanadium dioxide (VOz2) on a sapphire substrate inspired by an earlier work [°]. It has
feen shown that an intermediate state of the insulator-metal phase transition (IMT) in VO: arises
around the transition temperature, displaying multiple co-existing phases, thus resulting in an
effective medium with tunable optical properties in the infrared range. Specifically, experimental
results demonstrated that absorption coefficient can be extremely enhanced in proximity to the phase
transition temperature resulting in perfect absorption at a given wavelength and temperature. Thermal
control of phase coexistence was still required in order to get the minimum reflectivity condition and
enables high dynamic range of the absorption from 20% to 99.75% at A= 11.6 um [°].

Here, we investigated a set of VO2 samples prepared using different amount of W dopants using
pulsed laser deposition (PLD) technique. The thermal tuning of the phase co-existence was found to
be preserved in the W-doped VO: films. Moreover, we found that by increasing W doping
concentration, the absorption enhancement observed at the phase transition temperature (68°C) can
be reduced to room temperature. Thus, our investigated thin films enable perfect absorption at room

temperature within a subwavelength thickness. Such a simple thin-film architecture could enable



advances in different IR application areas such as modulators, control of thermal radiation, tunable
radiative cooling, thermoregulating layer, thermal emitters, and bolometers.

Measurements:

W-doped VO: thin films were grown using pulsed laser deposition (PLD), an adaptable and low-cost
deposition technique that had been previously employed for the deposition of high quality VO2 films
[t %2 2%] and other metal oxides such as MoOs [?] ZnO [®] AZO [?] TiOz [?"] and Nb20s [*].
Furthermore, PLD can be properly adapted to obtain W doped VO: films using different doping
content ranging from 0.1% to 10%.

The PLD system employed is described in detail elsewhere [?]. A Q-switched Nd: YAG laser
(Quantel mod. YG78C20, A = 355 nm) with a pulse width of 6 ns and a repetition rate of 4 Hz was
employed as the laser source. Pulses energy of 45 mJ allowed to maintain energy density at 2.5 J
cm2. The VO: targets were prepared by cold pressing VO2 powder (Sigma Aldrich, purity 99.999
%) together with WO3 powder with different weight, which allowed to achieve targets of W-doped
VO with at. concentration ranging from 0.1% to 10%. All films were deposited onto sapphire
substrates at the same conditions (550°C and 102 mbar oxygen pressure).

IR reflectivity measurements were performed using FT-IR interferometer (Invenio-R, Bruker) in the
spectral range of 4-14 um. We use a glow-bar as the IR source and deuterated triglycine sulfate
{DTGS) photo-voltaic element as the IR detector. A total of 64 interferograms were acquired for each
measurement, with a spectral resolution of 2 cm™. Knife edge apertures were set to 3x3 mm? to select
defined sample area during IR data acquisition. The FT-IR platform is equipped with a reflectance
unit allowing to set the angles of incidence and reflectance, from almost normal incidence (about 13°)
io grazing angles (85°). For each sample, a set of measurements was performed at the incidence angle
of 15° under different temperature. Polarization state of incident light can be selected using a wide-
range holographic polarizing filter with motorized mounter. Before each measurement run, the
reflectance spectra were recorded at both room temperature and at about 100°C so that phase
transition of VO2 is completed, using two different, crossed, linear polarization states of the incoming
light. However, the experimental spectra measured at about normal incidence (15°) show that there
is no significant difference between the s- and p-polarized light except for the anisotropy of the
Sapphire substrate, clearly visible around 12 um wavelength in Figure S1 of the Supporting material
section. Because of the lack of in-plane anisotropy, these small discrepancies between s- and p-
polarized reflectivity are going to disappear at perfectly normal incidence conditions. For each
sample, we report FT-IR spectra in reflection mode at 15° incidence angle, using s-polarized light, as

a function of temperature by using a portable heating stage which allowed to increase temperature up



to 100°C. Different incidence angles and polarizations were also investigated and reported for
completeness in the supplementary material file (Figures S1-S5).

According to Kirchoff’s law of energy conservation, total light absorption at a given frequency is
achieved when both reflection and transmission vanish. Optical IR reflection spectra of the undoped
VOz2 films, displayed in Figure 1, unveils a clear phase transition when the temperature increases to
100°C along with a remarkable enhanced and reversible tunability of IR reflectivity spectra.
Furthermore, a near zero-reflectivity dip was observed around the nominal phase transition
temperature of VO that are in agreement with the results observed in [°].

During the phase-transition process, the coexistence of the two phases is witnessed by the changes in
the FT-IR spectral features. Around the phase transition temperature, the VO2 can be modeled as an
effective medium [>-%°] composed of a semiconductor matrix where the metallic phase emerges as a
random dispersion of metallic inclusions whose filling factor span from 0 (pure semiconductor phase
at low temperatures) to 1 (pure metallic phase once phase transition is completed). Different
homogenization approaches can be used to model the effective dielectric permittivity in systems
composed by randomly dispersed metallic inclusions into a dielectric matrix [*!]. Both Maxwelll-
Garnett (MG) [*?] and Bruggeman [*3] models have been used in the literature to describe the effective
medium properties of VO2 film. Due to the reduced thickness of the investigated VO2 films, metallic
inclusions are assumed to have disk-like shapes, as also reported in [3+%].

Here, the Maxwell Garnett (MG) model is adopted and the effective dielectric permittivity is given

by the expression:

Egrj=&E t f ge(gi _88) with j=x,y,z; 1)
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where ¢, and ¢ stand for the relative permittivity of the host (semiconducting) matrix and the

émetallic) inclusions while the inclusions content ratio in the effective medium is taken into account

through the filling factor parameter ( f ). The shape effects of the dielectric inclusions are taken into

account by the depolarization factors, Lj, calculated along the three axes of the ellipsoidal inclusion
in the three orthogonal directions, whose values depend on the ratio between ellipsoid axes.
Specifically, for discoidal shape of inclusions, the depolarization factors, Lj, are set to 0 along disk
diameters (x- and y-directions) while L.=1. In this case the MG approach produces the same results
as the Looyenga effective medium mixing rules (i.e. a static solution for a planar mixture)
successfully adopted in [*®]. Following these approaches, the effective dielectric permittivity is
calculated starting from the permittivities of the semiconductor and the metal phases [*’]. Considering

different metallic phase contents, i.e. different filling factors, it is possible to retrieve the



corresponding complex refractive index of the investigated film for each temperature. Experimental
spectra were, thus, numerically reconstructed for each temperature using a transfer-matrix method
TMM [3-%9]. We note that there is an intermediate phase resulting in refractive index matching to
substrate, where VO2 layer acts as an antireflection coating, and minimizing the reflected signal with
near 0% reflectivity. Zero-reflectivity implies perfect absorption of the light through the substrate [*°]
(IR transmission of fused silica substrate at 12 um wavelength is negligible).

Next, we measured IR reflectivity spectra from different samples VO2 films with varying W doping
concentration under similar temperature conditions. W-doping of VO thin films is previously used
to decrease the critical temperature. When an increasing content of W doping is included into the VO2
films, our experiments indicate that although phase transition can still be achieved by changing the
temperature, the phase-transition temperature is lowered with increasing W concentration. As a direct
consequence, room temperature experimental reflectivity spectra from VO2 samples with different W
concentration displays a different behavior. Specifically, once all the spectra are plotted onto the same
graph (see Figure 2) the different reflectivity spectra resemble somehow the phase transition, in both
spectral features and amplitude. However, here the temperature is fixed to room temperature while
the doping content is increased and represents the driving force for observed changes.

For a better understating of how the phase transition is modified when the W is introduced into the
VO lattice, we measured the reflectivity spectra as a function of temperature for each sample. The
semiconductor to metal transition is clearly visible up to an amount of W of about 1%. A further
increase of doping content results in films displaying pure metallic behavior, i.e. high reflectivity
values at both room temperature and at higher temperatures, thus it is not possible to observe the
nhase transition. Besides, once looking at the spectra taken at different temperatures, we show that
ine zero- reflectivity still appears in each set of measurements (Figures 3(a), 3(b), 3(c)), being
nowever shifted forwards lower temperatures as denoted in Figure 3(d).

The largest dynamic range of reflectivity values, from nearly 2% to about 87%, is still obtained
around A=11.8 um, at temperature of 62°C, 32°C, and 30°C, for 0.1%, 0.5% and 0.75 %, tungsten
content, respectively. The latter result is particularly exciting since the experimental data obtained
from a W doping amount of only 0.75% show that the zero-reflectivity condition, i.e. perfect
absorption condition, is accessible at room temperature, i.e. without the need to heat the film.

For completeness, we investigated the reflectivity at different incident angles. As a general feature,
the low reflectivity values observed at different temperatures at about A=11.8 um and A=11.9 um, for
different W doping content, increase for higher incident angles leading to a detrimental effect on the
perfect absorption behavior and to a stronger geometrical anisotropy related to the planar geometry.
The experimental spectra obtained at 15°, 30°, and 45° are reported in the supplementary material



section (Figures S1-S5). However, we show in Figure S5 that for s-polarization the minimum
reflectivity goes from 2% (at 15°) to 12% (at 45°). We note in Figure 3c that for the proper amount
of W doping (0.75%) we can monotonically tune the reflectivity value by increasing the temperature
having a one-to-one correspondence between temperature and reflectivity in a wide dynamical range.
When data are displayed as a function of wavelength and temperature, as in Figure 4, for all
investigated samples, a bright band denoted as metallic VO2 (M-VOz2) can be highlighted above the
transition temperature as the reflectivity value increases due to metallic behavior of transitioned VO..
As the W% content is increased, the metallic behavior band spreads to lower and lower temperatures.
More interestingly, the reflectivity values measured at the wavelength corresponding to perfect
absorbing behavior, display a wide monotonic dynamic range which can be achieved by increasing
the temperature, starting from room temperature as shown in Figure 5 (red curve). We note that the
experimental data can be fitted with an adapted sigmoidal function with fit parameters a, b, c, being

y the fitted reflectivity and x the temperature in °C:

a

Y = [eComraq) )

The obtained fit, with a=0.92, b=0.22 °C™, and ¢=12.50 gives a R?= 0.98.

On the other hand, the undoped sample displays a temperature behavior which is not monotonically
defined (blue dots). The blue curve in Figure 5 has been obtained with a MATLAB-generated
smoothing spline and it is intended only as a guide for the eyes.

This result opens interesting perspectives for further development of thermoregulation devices, IR
optical limiters, and adaptive camouflage coatings operating at room temperature. Furthermore, the
obtained experimental findings in terms of wide range tunable reflectivity Vs. temperature can be
extremely interesting for surface phonon polaritons (SPhP) tuning when the W-doped VO: layer is
gombined with a layer of another polar material [*®]. For example, it could be possible to control
topological transitions from hyperbolic SPhP to normal SPhP adding a natural hyperbolic material
layer such as a-MoOs [*!] or B-Gaz20s3 [*?]. This could increase the versatility and usable range of
sensing devices based on SPhP excitation and overcome the intrinsic mechanical limits of twisted
layers tunability.

Conclusions

In conclusion, we experimentally investigated VO films, prepared with different content of W doping
using pulsed laser deposition, to control and tune the spectral features over temperature. Due to its
phase transition from monoclinic (semiconductor) to tetragonal (metallic) lattice structure at the

temperature of 68°C, accompanied by both physical and optical properties variation, VO: offers rich



physical phenomena that paves the way to a plethora of dynamic applications. Furthermore, the
tensile strain introduced by W doping within the lattice structure supports the stabilization of the
metallic phase with respect to the semiconducting phase [*]]. We experimentally investigated the
films reflectivity in the of 4-14 um and our experimental findings show remarkable features of perfect
absorption in the obtained films. A strong modulation of VO2 film infrared reflectivity with
temperature has been experimentally observed. In particular, we show that the infrared optical
response of the tunable film can be modulated from a complete to a partial absorption by changing
the applied temperature. The undoped VO: displays a reflectivity minimum at A=11.8 um at the
conventional transition temperature for this material, i.e at about 68°C with a dynamic range as high
as AR=85%. Interestingly, when W doping is added to VO lattice, the phase transition temperature
along with the minimum of reflectivity value, is shifted down to room temperature thus the perfect
absorber behavior becomes accessible even at room temperature.

Moreover, the obtained wide dynamic range of reflectivity can be achieved by monotonically
increasing the temperature, starting from room temperature. This large tunability may have great
potential for applications such as tunable emitters, infrared camouflage, tunable metamaterials, SPhP-

pased sensing devices, smart windows, and active radiative cooling.

Supplementary Material

The supplementary material details measurements obtained using two different, crossed, linear
iolarization states of the incoming light, i.e. s- and p- polarization, for two of the investigated samples
at 15° and 30° angles of incidence (Figures S1-S4). It also includes (Figure S5) experimental spectra
¢btained at 15°, 30°, and 45° for one of the samples (W= 0.75%).
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Figure Captions

Figure 1. (a) Reflectivity spectra measured at 15° incidence angle from a VO:2 film, 480 nm thick
grown onto sapphire substrate using pulsed laser deposition. The temperature was varied from 30 °C
i0 100 °C. At 75 °C a drop of the reflectivity value down to 0.02 is observed at A=11.8 um. (b)

Calculated reflectivity spectra at temperatures from 30 °C to 100 °C.

Figure 2. FT-IR reflectivity spectra measured at room temperature, at 15° incidence angle from
several VO: films, about 480 nm thick, with increasing W doping at different concentrations, from
0% to 10%.

Figure 3. Temperature-dependent reflectivity spectra measured at 15° incidence angle from a set of
VO: films 480 nm thick, with increasing W doping concentration: (a) W 0.1%, (b) W 0.5%, and (c)
W 0.75%. (d) Temperature corresponding to the minimum of reflectance as a function of W doping.



Figure 4. Reflectivity values plotted, in logarithmic scale, as a function of wavelength and
temperature, for increasing W doping concentration: (a) W 0.0%, (b) W 0.10%, (c) W 0.50%, and (d)
W 0.75%.

Figure 5. Reflectivity values plotted as a function of temperature, for A= 11.8 um (W=0.00%) and
A= 11.9 um (W=0.75%), respectively. The red continuous line is fit with an adapted sigmoidal
function (R?=0.98) while the blue line is a MATLAB-generated smoothing spline (R?=0.97) intended

as a guide for the eyes.
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