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Abstract: In this work, we report on the design of a one-dimensional subwavelength resonant
grating comprised of a fused silica substrate and a bi-layer waveguide, consisting of a solgel
synthetized anatase TiO, layer followed by a thin VO, layer that is applied using pulsed laser
deposition and rapid thermal annealing. A TE waveguide mode is excited under normal incidence
in the VO,/TiO, bi-layer via a positive photoresist based grating printed on top, leading to high
resonant reflection at room temperature. Increasing the temperature to about 68°C causes the
VO, to undergo a dielectric to metallic transition accompanied by optical modifications in the
IR region, canceling the resonance effect. This thermally triggered absorber/emitter tunable
configuration enabling the on and off switching of optical resonant excitation in a reversible
manner is proposed for passive Q-switching self-protecting devices for high power lasers in the
IR wavelength range. Modeling of the optimized temperature dependent resonant waveguide and
preliminary experimental results are presented.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical switches induced by electric [1], thermal [2], acoustic [3], or magnetic [4] effects are well
known and widely reported. A new generation of simple and cost-effective optical modulators
based on smart phase change materials is being developed, notably for use in passive control
systems. In this context, VO, has been one of the most attractive candidates for realizing an
efficient optical switching effect because of the ability to change its optical properties around
a transition temperature of ~68°C [5—8], where dielectric to metal transition occurs. At room
temperature, VO, presents a monoclinic crystal structure while above 68°C the crystal changes
to a tetragonal rutile structure [9]. This phase change is evident in the optical response from
the near infrared regime down to the terahertz spectral region [10-12]. Thanks to this property,
VO, is widely exploited in novel plasmonic-based structures. When placed close to a metal, VO,
can incite surface plasmon resonances, whose efficiency depends on its state being dielectric
or metallic. The resonant response can be significantly enhanced by adding a corrugation.
Such hybrid structures developed for optical switching are strongly dependent on their optical
and geometrical characteristics, allowing to fine-tune the operating wavelength. In particular,
structured VO, has been used for thermal rectification of radiative diodes and thermal transistors
[13,14]. 1D gold gratings, situated on a VO, film and a bottom Au layer have been proposed
for a temperature dependent excitation of a magnetic resonance [15]. Tunable metamaterial
structures realizing a wavelength switch based on 1D periodic VO, gratings on MgF, and VO,
films [16] have also been presented. Other applications are super-efficient absorbers based
on subwavelength, 1D and 2D patterns [17], infrared absorption amplification for aircrafts
[18], thermally triggered grating diffraction efficiency control [19] using Al,O03/VO, gratings,
broadband optical reflectance tuning using Au/VO,/Au nanowires [20], as well as improved
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absorption efficiency for bolometers based on a SizN4/VO,/SizNy4 multilayer structure with a
metal grating [21]. Further extensive studies [22,23] were carried out to investigate the influence
of structural parameters (grating groove depth and grating line width) on the wavelength tunability
of a VO, waveguide-mode plasmonic nanograting for optical switching.

Unlike many of the above-mentioned devices that rely on metals for resonant effects, the
structure studied here uses a dielectric only system using waveguide excitations for the optical
switching, which is additionally fabricable with fairly standard lithographic techniques. This
allows theoretically to work with very low absorption, allowing for a tunable, waveguide mode
resonance in reflection applicable to passive Q-switching applications in lasers as proposed in
[24]. A normally incident TE polarized beam couples to a waveguide mode in the VO,/TiO,
bilayer via the grating, inducing a high reflectivity. The VO, thermally activated layer is designed
to cancel this resonance at elevated temperatures (above 68°C), leading to high transmission.
This mechanism allows realizing a passive switch that works solely on thermal activation. A
first, switchable demonstrator is fabricated and tested, which although not yet very well conform
to the theoretically optimized structure demonstrates the switching effect with a 20-percentage
points maximal reflectance change at room temperature in accordance with the simulations.

This paper is organized as follows: Section 2 presents the modeling and design of the structure,
including a parametric study. In Section 3, the technological steps are explained and fabricated
elements are presented, followed in Section 4 by first results for characterizing the switching
effect experimentally. Section 5 concludes the paper.

2. Optical design and simulation

We will first introduce the operational principle of the waveguide resonance followed by an
explanation of the switching effect. An optimization of the structure parameters is performed in
order to find the most suitable grating design.

2.1.  Principle of waveguide resonance and switching effect

The wavelength dependent, resonant structure is comprised of rectangular positive photoresist
(PR) ridges of height h, situated on a d; =25 nm VO, thin film and an anatase TiO; layer of
thickness d», supported by a SiO, substrate (Fig. 1).

—T<68°C
—T>68°C

0,5
% P > VO,
TiO, 0 N
1400 1500 1600 1700
Wavelength (nm)

Reflection

(a) (b) (c)

Fig. 1. (a) Schematic representation of the resonant structure in the dielectric phase
(Tvo, <68°C) leading to a sharp dielectric reflection resonance under TE polarization (b).
The same structure in the metallic phase (Tyg, > 68°C), canceling the resonant reflection
(c) Example of a reflection spectrum of the resonant structure in the dielectric (cold) state in
blue and in the metallic (hot) state in red.

In the presented structure, in order to maximize the efficiency of the resonant reflection (normal
incidence, TE polarization) in the cold state, we need to assure a single mode operation of the
waveguide bilayer. Therefore, it is essential to adjust the cut-off waveguide thickness w for the
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desired wavelength range of Ag = 1400 nm — A7 = 1700 nm, using the dispersion equation for the
TE mode (setting the effective index n, of the mode equal to ny) [25]:

mm + arctan\/(n% - n%)/(nﬁ —n?)

w
Zlcut—oﬁ” =
27 /(ng —-n?)

with ny, n. and ng, being the refractive indices of the substrate, cover and waveguide respectively.
Hence, with m =0 and A, = 1700 nm the fundamental mode is maintained and with Ag= 1400
nm and m = 1 the second mode is excluded. However, the limit for fundamental mode existence
needs to satisfy one additional condition. To prevent diffraction orders in the SiO, substrate
and spurious resonant reflections in the 1700 nm -1400 nm wavelength range, the introduction
of the w,, term is essential. The equivalent grating-waveguide thickness w,, is defined as the
thickness of a uniform gratingless dielectric waveguide with the permittivity ng2 of the actual
waveguide for the TE polarization (Eq. (2)). For a duty cycle of 0.5, the grating-waveguide

equivalent thickness w,, [26]:
Weq = Wg + hf(1 + ngg)/an 2)

will be set between the cutoff thickness w,q of the fundamental TE, mode and the cutoff thickness
w1 of the first higher order TE; mode, where wy is the sum of d and d; corresponding to the
VO, and TiO, thickness respectively, and 4 is the thickness of the binary photoresist grating of
nge refractive index. Finally, the TE dispersion equation (Eq. (1)) defines the TEy and TE; mode
cutoff thicknesses w.o and w1, and gives the range of w,, for single mode operation:

ey

arctan

\/(ng - n%)/(ng —n?) arctan \/(ng - 1)/(n§ -n)+n
<Wey <Ag . 3)
“ 27r(n§ - nf)l/2

27r(n§ - nf‘)l/2

The above condition (Eq. (3)) evaluates to 93 nm < w,, < 500 nm for the aforementioned
wavelength range. A detailed investigation for the optimal parameters of w,, will follow in the
next subsection. For this study, the wavelength of interest is set to A = 1500 nm, coinciding with
strong material property changes between VO, cold and hot state [27]. Numerical simulations
were carried out to study the influence of the structural parameters thickness of the TiO, layer,
VO, film thickness, grating width and duty cycle on effect on the resonance behavior.

2.2. Determination of the refractive indices of the layer

The optimization of the resonant reflection of the proposed structure is highly dependent on
the VO, phase change layer, and thus requires a precise measurement of the refractive index
in the different states of the material. Therefore, ellipsometry measurements were performed
for a thin VO, film deposited on silicon. The resulting, temperature-dependent refractive index
and absorption coefficient n and k, displayed in Fig. 2, were deduced from ellipsometric spectra
measured from 300 nm to 2000 nm at two distinct temperatures, 25°C and 85°C. The experimental
ellipsometric parameters were fitted with a Tauc-Lorentz formula using 3 oscillators (i =1..3)
with the usual parameters [28] : &, (high frequency dielectric constant), E,, (optical band gap), A;
(absorption peak amplitude), E; (energy of the absorption peak), and C; (peak broadening terms).

With the measured refractive indices at A = 1500 nm and considering the minimum obtained
manufactured thickness of VO, (d; =25 nm), it can be seen that to fulfill the resonant reflection
criterion explained above an additional layer adjacent to the VO, is necessary (Eq. (3)). TiO3,
which is widely offered for waveguide layers, offers good stability and its refractive index can be
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Fig. 2. Refractive index (n) (plain line) and extinction coefficient (k) (dashed line) of
vanadium dioxide thin film: cold state (blue) and hot state (red).

adjusted during annealing process. The TiO, refractive index is then fixed at 2.2, close to the
value of 2.19 of the refractive index of VO, at 1500 nm for cold state. The refractive index of the
grating photoresist is set to nge = 1.67.

2.3. Determination of layer thickness, grating depth and width

This optical simulations of the resonant structure are based on the rigorous wave-optical method
RCWA (rigorous coupled wave analysis), using the commercial software “MC Gratings” [29].
The goal is to find for room temperature a highly efficient reflection-resonance under normal
incidence for TE polarization at a wavelength of A =1500nm. For our first tests the period is
imposed at A =1 um, with the duty cycle (ridge width / period) set to 0.5. The height of the
TiO, layer is set to dy =70 nm, reusing already determined experimental layer height values of
previously produced, anatase phase TiO, layer. Scanning the VO, thickness reveals a peak of

100 100
| —h=100nm —h=200 nm | — d,;=5nm
~—h=300 nm h=400 nm — d,=15 nm — d,;=45nm
80 1 80 | — d,=25 nm — d,=55nm
® 3 X
S 60 S 60}
= 40| = 40}
g ) g
20 \ I — 20|
= = = == -
0 e 4 S—— — — J
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VO, thickness d, (nm) Wavelength (nm)
(a) (b)

Fig. 3. (a) Reflection at A = 1500 nm versus the VO, thickness d; (cold state) for different
photoresist grating depths & (d, =70nm, A=1um and DC =0.5); (b) Reflection versus
wavelength at 7 <68 °C (plane lines) and 7 > 68 °C (dashed lines) for different VO,
thicknesses di (h=200nm, dp =70nm, A=1pum and DC =0.5).



o

e

Research Article Vol. 11, No. 4/1 April 2021/ Optical Materials Express 1097

the reflection at around d; =25 nm in cold state (Fig. 3(a)). Additionally, the grating depth has
been varied from # =100 nm to 400 nm in order to optimize the grating-waveguide coupling
and increase the maximal reflection value, resulting in an optimal grating height of ~200 nm.
The difference in reflection needs to be substantial between the cold and hot state in order to
promote the switch effect we are looking for. Looking at the spectral response of our structure it
turns out that by decreasing the VO, thickness the maximal reflection can be increased further
for wavelengths that are slightly smaller than the originally chosen 1500 nm (Fig. 3(b)), while
retaining a low reflection in the hot state.

The best response regarding the maximal reflection is obtained for the experimentally minimal
possible VO, thickness of d; =5 nm, reaching about ~ 80% reflection with a ~40 percentage
points metallic to insulator (MIT) difference. For A = 1500 nm the maximal attainable reflectance
drops to ~40% for 25nm VO, thickness d;. In comparison, Thomas et al. [20] also reported a 40
percentage points MIT difference for values of d; <20 nm thickness of VO,. Having found a
good range of possible VO, thicknesses di, we now need to determine the optimal value of the
photoresist grating depth h. A detailed scan around the previously found optimal value of 4 =200
nm (Fig. 3(a)) shows a maximal reflection at 2 =216 nm (Fig. 4(a)). Subsequently, the influence
of the TiO; layer was reexamined, resulting in an optimal value of d, =75 nm (Fig. 4(b)).

50 50 T
2 40 / a0 | ""
c [ ) B dZv /
o [ X .
5 30 c30 {
o o L
9 F= [
% € 20 |
=% AP 57|
h ) i
© F
10 / 10
0 : 0 +— - -
150 200 250 50 100 150
Grating Depth h (nm) TiO, thickness d, (nm)

(a) (b)

Fig. 4. (a) Reflection scan versus the grating depth /4 at wavelength A= 1500 nm, with
dy =25nm, dy ~70nm, A=1pumand DC ~ 0.5; (b) reflection scan versus the TiO, thickness
dy at A=1500 nm with 2 =216nm, d| =25nm, A=1um and DC~0.5.

A change in the spectral shape of the resonance is also observed for a variation of the grating’s
duty cycle DC=w / A from 0.2 to 0.7 (Fig. 5(a)), which is due to changing conditions for
the coupling into the waveguide mode. The coupling increases with from DC=0.2 to ~0.5,
increasing the maximum reflection. The peak is additionally slightly redshifted. When DC
increases further, the coupling decreases again, reducing maximum reflection. Analyzing he
reflection as a function of DC results in an optimal value of DC = 0.44 for A = 1500 nm (Fig. 5(b)).

Taking all the numerical optimizations of the structure into account results in an optimal
parameter set of A=1 um, DC =0.44, h=216 nm, d; =25 nm and d, =75 nm (Fig. 6(a)). This
leads to a value of w,, =242 nm, which respects the initial calculated inequality of 93 nm < w,,
< 500 nm for managing the TE( propagation mode.

The switching effect, investigated up to this point by numerical optimization mainly, can be
better understood by analyzing the electric field distribution inside the grating and the waveguide
layer at the resonance wavelength 4 = 1500 nm. Figure 7 shows the electric field in one unit
cell of the grating. When the VO, is in its dielectric phase (Fig. 7(a)), the structure confines
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Fig. 5. (a) Effect of a duty cycle variation on the reflection spectrum for 2=216nm,
dy =25nm, d» =75nm and A =1 pm; (b) reflection as a function of the grating’s duty cycle
at 4 =1500nm with #=216nm, d; =25nm, d =75nm and A=1pum.
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Fig. 6. (a) Final structure for a wavelength resonance at A = 1500 nm; (b) spectral response
of this configuration for the dielectric and metallic phase.

the electric field strongly within the waveguide layer, resulting in a 4-fold amplification of the
incident field amplitude, which demonstrates the strong coupling between the normal incident
beam and the fundamental propagating mode in the waveguide. Figure 7(b) shows that changing
to the metallic VO, phase, thus increasing the imaginary part of its refractive index, leads to a
strong absorption of the amplified electric field inside the VO, layer. Additionally, the change
in the real part of its refractive index for the hot state slightly shifts the resonance condition
away from the maximum reflection configuration for cold state in Fig. 7(a). The combination of
those effects leads to an almost complete annihilation of the waveguide resonance, leading to a
drastically reduced reflection at the resonance wavelength as can be seen in Fig. 6(b).
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Fig. 7. Distribution of the electric field Ey (relative to the electric field of the incident beam)
at the resonance wavelength of A = 1500 nm when the VO, is (a) in its dielectric phase with
n=2.23 and k=0.126, and (b) in its metallic phase with n=1.92 and k =1.273, showing
a strong resonant effect for the dielectric phase and almost no resonant behavior for the
metallic phase.

3. Fabrication and characterization process

The fabrication process of the resonant structure starts with the TiO, and VO, layer deposition,
followed by a characterization step to check its quality. For the first step of applying the TiO, to
the substrate, a sol-gel approach is used. The TiO, doped sol-gel is deposited using a spin coater
at 3000 rpm to obtain the desired original height of 300 nm, followed by an annealing process at
500°C during 3 hours, which forms the anatase phase and reduces the height. Measurements
using a profilometer DektakXT confirmed a TiO, height of d, =70 nm as required after this
process.

The VO, thin film is grown on the TiO; layer by pulsed laser deposition, ablating a pure
vanadium metal target on a SiO; substrate with a 248 nm KrF excimer laser of 117 mJ laser
energy at a laser fluence of 5 J/cm? and 10 Hz repetition rate. The chamber is evacuated down to
180 x 107> Pa, followed by insertion of O until a 3 Pa pressure level is reached, oxidizing the
sample and allowing for a steady deposition rate at around 3 nm/minute allowing to reach the
required VO, thickness of d; =25 nm. The deposition is followed by a rapid thermal annealing
post baking process, with a special thermal processor crystallizing the vanadium at 450°C during
2 min with 100 Pa O, pressure. The height of the VO, layer is measured by SEM using a
separate plane Si substrate that was cleaved in order to analyze the profile of the structure (Fig. 8),
revealing a homogeneous deposition of a d; =27 nm VO, layer. The reason for using a separate
conducting substrate is that the VO, layer is significantly less well resolved in the SEM images of
the final bilayer on an SiO; substrate (compare with Fig. 10(b)).

For the optical characterization of the bilayer we use an infrared transmission spectrometer
with an adapted sample holder consisting of a metal plate connected to a thermocouple and
temperature controller (Fig. 9(a)). By heating the sample up to 100°C and subsequently cooling
to room temperature, the predicted change in transmission can be observed (Fig. 9(b)), as well
as a clear hysteresis for the transmission curve. The optical transmittance change reaches 23.7
percentage points, with an average transition temperature of ~69 °C and a hysteresis width of 14
°C.

After having verified the temperature dependency of the VO,, the grating was fabricated
starting with the deposition of a photoresist layer by spin coating at 3000 rpm. The grating
is inscribed in the resist by laser interference lithography using a 442 nm continuous laser
that creates a sinusoidal, periodic exposure of the resist with a 1 um period, followed by a 15
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Fig. 8. Cross-section of SEM image in VO, thin film deposited on silicon and annealed at
450 °C during 2 min.
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Fig. 9. (a) Set-up for measuring the transmitted spectrum during the heating process and
(b) transmission of the bilayer TiO,/Vo, structure (see also Fig. 10) at 2 = 1500 nm versus
temperature, showing hysteretic behavior around the transition temperature of 69 °C.

sec development in a basic solution. The obtained gratings were analyzed using AFM scans
(Fig. 10(a)) of the surface, as well as SEM images of a cleaved sample (Fig. 10(b)). The measured
total height of the waveguide of d; + d» = 106 nm allows to deduce the TiO, layer height to be
dy =79 nm, using the previously determined VO, layer height of d; =27 nm (Fig. 8).

The SEM and AFM images reveal a sinusoidal grating profile with a period of A=1 pm and a
height of 2 ~ 190 nm. As opposed to the simulated structure, the gratings are not open down
to the VO, layer and do not have a rectangular profile. Arriving at the correct, binary grating
profile is difficult in our case, mainly because of the high reflectivity of the bi-layer setup for
the incidence conditions used in the interference lithography setup, which is known to create a
non-optimal exposure pattern in the resist. We nevertheless continue the investigation with the
obtained structures since they also show a reasonably well temperature-dependent resonant effect
and will be presented in the following.
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cross-section.

4. Resonance behavior

The experimental evaluation of the efficiency of the sample was done via spectroscopy with the
aforementioned set up in transmission (Fig. 9(a)) and in reflection using this time a 50/50 fiber
coupler (Fig. 11), resulting in the reflection and transmission spectra shown in Fig. 12.

Halogen Source

50/50 Fiber
Coupler

LP
Thermocquple

R

Metal Plate

o

Temperature Controller

Fig. 11. Set-up for measuring the spectrum in reflection during the heating process.

In order to compare with the theory, the real structural parameters obtained from the SEM
and AFM analysis of Fig. 10(b) were used in the simulation. Comparing the resulting spectra
(Fig. 12) to the initial simulation of the optimized structure (Fig. 6(a)) reveals a discrepancy that
can be attributed to the grating parameter depth % being different from the forecasted one and to
the deviation in the profile. The reflection resonance efficiency is thus poorer for the simulation
of the real fabricated structure (~10 percentage points instead of 40), whereas the resonance
wavelength is unchanged at 4 = 1500 nm.

However, the form of the experimentally obtained curves agrees very well with the simulation
for both states, proving that it is possible to thermally switch on and off the resonant behavior.
The effect being not very prominent for reflection, we also show the calculated and measured
transmission spectra in Fig. 12, exhibiting theoretically a stronger resonance of ~40 percentage
points, which is thus easier to measure for this first test setup. The experimental transmission
curves allow in this case to clearly identify the resonance in the cold state and its complete
elimination in the hot state at the predicted wavelength of A = 1500 nm. Reasons for the remaining
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Fig. 12. Measured resonance efficiencies (solid lines) of the structured sample upon
heating (>100°C, red lines) and cooling (room temperature, blue lines) in comparison with
simulations using the real structural parameters (dashed lines) under normal incidence for
TE polarization.

difference in the modulation depth can be the roughness of the VO, layer, inducing diffusion
losses.

5. Conclusion

In this paper the feasibility of a structure exhibiting a thermal switching behavior based on a
VO, layer associated with a dielectric resonant grating has been demonstrated. The theoretical
optimization shows a good potential for a reversible thermally induced spectral transmission
resonance, whereas first experimental results confirm the effect but stay significantly below the
expected resonance efficiency due to deviations in the grating parameters for the first experimental
realization. It has been shown that the thermally induced switching of the VO, from the dielectric
to the metallic state can be used to trigger a complete suppression of the resonant reflection effect.
One advantage of the approach is the fairly easy fabrication, based solely on a solgel approach,
lithographic patterning and PLD deposition, without the need of dry etching steps. In future
work we plan to improve the experimental realization of the structure, allowing to make a more
thorough optimization taking fabrication limitations as well as other possibly advantageous and
fabricable grating shapes (rounded, sinusoidal) into account, leading to a strong, switchable
resonant reflection that can be envisioned to be used as optical elements providing a protection
against high intensity reflections potentially destroying the cavities of high power IR lasers.
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