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Abstract
Structural phase transition induced by temperature or voltage in phase change materials has been
used for many tunable photonic applications. Exploiting reversible and sub-ns fast switching in
antimony trisulfide (Sb,S3) from amorphous (Amp) to crystalline (Cry), we introduced a
reflection modulator based on metal-dielectric—-metal structure. The proposed design exhibits
tunable, perfect, and multi-band absorption from visible to the near-infrared region. The
reflection response of the system shows >99% absorption of light at normal incidence. The
maximum achievable modulation efficiency with a narrow line width is ~98%. Interestingly, the
designed cavity supports critical resonance in an ultrathin (~\/15) Sb,S5 film with perfect,
broadband, and tunable absorption. Finally, we proposed a novel hybrid cavity design formed of
Cry and Amp Sb,S; thin films side-by-side to realize an optical modulator via relative motion
between the incident light beam and cavity. The proposed lithographic free structure can be also
used for filtering, optical switching, ultrathin photo-detection, solar energy harvesting, and other
energy applications.

Keywords: nano-photonics, phase change materials, thin film Fabry—Perot (FP) cavity, optical
modulator

(Some figures may appear in colour only in the online journal)

1. Introduction

Optical modulators (OMs) are an important component of
modern photonic integrated circuits. The OMs have wide
applications in both digital and analog communications such
as telecommunication, on chip photonics, optical imaging,
and frequency comb generation [1-4]. The emergence of
handheld optical devices such as optical computers, minia-
turized spectrometers, optical sensors etc further increase the
importance of OMs [5-7]. Recently, different switching
mechanism were reported to design and fabricate reflection/
transmission based tunable OMs [8—11]. For example; a
graphene/Si0, multilayer structure was proposed to design a

* Authors to whom any correspondence should be addressed.
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reflective OM utilizing strong dependence of graphene con-
ductivity on external bias voltage [8]. A metal-dielectric—
metal (MDM) plasmonic waveguide was designed as an
absorption switch in which the cavity is filled with a material
with tunable absorption [9].

Recently, one dimensional nanograting and nanorods and
two-dimensional nanostructures, made of phase change
materials (PCM), were used as reflective electro-optic mod-
ulator. In these OMs, the refractive index of the nanos-
tructures was actively controlled through reversible Amp to
Cry phase transition to control the characteristics of reflected/
transmitted optical signal [10-12]. Unlike liquid crystals,
PCMs provide high optical contrast between the two states
with significantly fast switching speed of few nanoseconds.
Moreover, the non-volatile characteristic of PCMs increased

© 2020 IOP Publishing Ltd  Printed in the UK
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their applications in emerging field of integrated photonics
[13, 14]. However, most of the previously designed PCM-
based OMs have sub-nanoscale structures or antennas relying
on multi-step, tedious, and complex processes for their fab-
rication that limits scaled production of high efficiency OMs
at a low cost [10-12]. Germanium—antimony—tellurium and
vanadium dioxide (VO,) are commonly used PCMs having
optical response limited to the infrared spectral region due to
high losses in visible [15]. However, high quality factor (Q-
factor) tunable nanophotonics devices in the visible demands
PCM material having less absorption in the visible and near
infrared region (NIR). Sb,S; is a suitable PCM for visible
photonics due to its large band gap, high index contrast,
strong stability at room temperature and far less lossy than
commonly used PCMs in the visible and NIR [15]. Many
planar heterostructure designs combining Sb,S; with metals
such as Al, Ag and Au have been proposed previously for
solar cell application [15, 16]. However integration of noble
metals with Sb,S; is still challenging due to diffusion. To
prevent diffusion between the metal and PCMs, a 5 nm thick
diffusion layer of SizN, is proposed [15]. Joy et al performed
a detail experimental analysis on the electrical properties of
different metals (Al, Ag, Sb, Sn) with Sb,S; film and their
fabrication [17].

Considering above limitations, in this paper, we
numerically introduce a thermally/optically tunable MDM-
based optical reflective modulator. The tunable phase trans-
ition in the dielectric layer of the MDM cavity, made of
Sb,S3, can actively control its refractive index to build a
strong Fabry—Perot (FP) cavity. The reflection response is
also sensitive to the incidence angle and polarization of the
light. A cavity allow perfect, selective as well as broad band
absorptions for the Amp phase of PCM, while close to perfect
reflection for its Cry phase to perform optical modulation
operations for both s and p polarizations. The modulation in
intensity of the reflected light from the designed cavity upon
phase transition is as high as ~98%, even in the case of
ultrathin V15 (~40 nm) cavity. Moreover, the presence of FP
resonance in an ultrathin Sb,S; film can also be used for the
realization of an ultrathin polarization rotator. We have also
realized that the critical coupling condition for FP resonance
in ultrathin film demands material with high refractive index.
The proposed tunable FP cavity may have many other
applications, beyond reflective OM, such as photo detector,
color filter, optical sensors, spectroscopy, and photovoltaic.

2. Results and discussions

The schematic of the proposed MDM reflection modulator is
shown in figure 1. The structure has three layers on a glass
substrate: (a) the bottom layer is silver (Ag) with thickness H,
(b) the sandwiched middle layer is Sb,S3 with a thickness of
h, and (c) the top layer is Ag with thickness of 7. Ag is chosen
due to having low absorption in the visible. Transfer matrix
method is used for all the simulation work using a commercial
package (Lumerical Inc.). The refractive index data for Ag
and Sb,S; have been taken from [15, 18]. The light in the

o ver
«‘ t Sil
Silver Ty “
H: G‘O 14 %
0590 9% Amp
Glass 0p00g_00
o = 00%999%%

Figure 1. Schematic of proposed optical reflection modulator.

wavelength range of 400—1000 nm propagates in the down-
ward Z-direction to illuminate the structure. The optimized
thickness for top and bottom Ag layers are: + = 15 nm and
H = 100 nm (thick enough to suppress the transmission of
light).

Figure 2(a) represents the refractive index (n) and the
extinction coefficient (k) for the Amp and Cry phase of Sb,S;
as a function of wavelength, and corresponding spectral
changes in n and k due to the phase transition (see
figure 2(b)). The Cry phase of Sb,S; exhibits higher refractive
index than Amp phase, attaining a max difference of An ~ 1
at 614 nm. The imaginary part decreases with wavelength and
reaches to zero at 605 nm for Amp and 721 nm for Cry phase.
The resulting high index contrast in Sb,S; can offer high
degree of tunability in the proposed MDM-based OM. Phase
transition in Sb,S; from Cry to Amp or Amp to Cry phase
takes place in 70 ns resulting in ~7.14 MHz of switching
speed or modulation frequency [15]. This attribute of Sb,S;
makes it suitable for high speed reprogrammable photonics
applications.

The FP interference is the governing mechanism in the
MDM structure cavity to explain a selective and broad band
absorption. At resonance, the electric field is strongly con-
fined into the PCM dielectric layer as a result of constructive
interference between incoming and reflected light. The
thickness of Sb,S; has great impact on the resonance condi-
tion of the cavity as given by: 2nh = (m +1/2) A\, where n
is refractive index of cavity, m is the order of mode and )\ is
the resonance wavelength. According to resonance condition
on increasing or decreasing the value of 4, the number of
modes m supported in the cavity can be increased or
decreased. Apart from 4 the cavity index n also has significant
influence on the resonance condition. Therefore, for any
material with given 4 and n, the resonance condition is fixed
that imposes limitation on the dynamic nature of MDM cavity
i.e. most of the FP cavities are passive components. However,
PCM based MDM cavity, where refractive index of PCM can
be changed through opto-thermal or electro-thermal effect,
can be employed to overcome the limitation and offers tun-
ability in the resonance condition due to high index contrast
PCM. The MDM based FP cavity can be used as an active
photonic component using PCM as the dielectric layer.
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Figure 2. (a) Real and imaginary components of the complex refractive index of Sb,S; between the crystalline (Cry) and amorphous (Amp)

phases. (b) Difference of real (An) and imaginary part (Ak).
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Figure 3. Reflection as a function of Sb,S; thickness (/) and wavelength for S-polarized light for normal incidence (a) Cry phase (b) Amp
phase (c) reflection difference between Cry and Amp. (d) Maximum reflection and its corresponding Ag and 4.

Figures 3(a) and (b) demonstrate the contour plots for
spectral reflection as a function of Sb,S3 thickness at normal
incidence for Cry and Amp phase, respectively. On increasing
h from 10 to 400 nm, higher order resonance peaks starts
appearing. The number of modes supported in the cavity
follows the resonance condition. Even at an ultrathin width of
h, the resonance appears in both phases and increase in the A
value correspondingly changes the resonance condition

Figure 3(c) presents the change in the reflection due to
phase change from Cry to Amp. From the result, it is evident
that depending on the wavelength of interest, one can wisely
choose the value for /& to achieve maximum change in the
phase induced reflection (AR = Ramp — Rcry) to maximize
the modulation coefficient. Figure 3(d) demonstrates variation
in the AR (the blue curve) and ) (the red curve) with & for
normal incidence. Therefore, one can choose the value of h

for the wavelength of interest to attain maximum modulation
in the reflection. To understand the physical mechanism
behind the resonance, we calculated the absorption responses
for Ag film on a glass substrate (Ag/glass), 300 nm thick
Sb,S; film on the (Ag/glass) substrate and finally
Ag—Sb,S;-Ag cavity (figures 4(a) and (b)) for Amp and Cry
phases of Sb,S3;. We noticed a negligible absorption from
Ag/glass that remained constant with increase in the Ag
thickness. For 300 nm thick Sb,S; film on the (Ag/glass)
substrate; the absorbance in the Cry phase is higher than the
absorption in Amp phase and attains maximum value at ~713
nm. The absorption spectrum of Sb,S; film at Ag/glass
substrate shows absorbance according to the Bear—Lambert
law upto 605 and 721 nm for Amp and Cry phase, respec-
tively. However, after this wavelength absorption is due to
interference between incident and reflected light in the cavity.
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Figure 4. Absorption response from Ag (100 nm), Sb,S; (300 nm)/Ag (100 nm) and Ag (15 nm)-Sb,S3 (300 nm)-Ag (100 nm) for (a) Amp

phase (b) Cry phase.

In the interference region Sb,S; (Amp)/Ag/glass system acts
as a selective mirror after 800 nm. With the addition of top Ag
layer, an obvious sharp FP resonance appeared in both phases
that confirms FP type resonance in the Ag—Sb,S;—Ag cavity
(blue colour in figure 4).

Figures 5(a)-(d) represents contour plots for the spectral
reflection as a function of incidence angle from
Ag-Sb,S;-Ag system with 300 nm thick Sb,S; layer. Strong
resonance peaks with narrow bandwidth are observed for both
polarization and phases due to the formation of strong FP
cavity. As expected, the polarization effect is not observed for
incident angles <10 degrees in Amp as well as Cry phases,
however it is clearly seen in both phases for the larger (>10
degree) incident angles. Figures 5(a) and (b) show reflection
corresponding to Cry Sb,S; in MDM cavity for S and P
polarized light, respectively. For the S polarized light, only
one absorption band centred at ~850 nm with bandwidth of
~40 nm is observed where the absorbance decreases with
increase in the incident angle and gets completely vanished at
~75 degree. For P-polarized light, the absorption for ~850
nm band is strong for all incidence angles from 0 to 90 degree
(figure 5(b)). With Cry to Amp phase transition in Sb,S;, the
reflection response changes significantly as shown in
figures 5(c), (d). Three new narrow absorption bands are
observed while the band at ~850 nm completely disappeared.
The bandwidths for 573 nm and 703 nm absorption bands are
~6 nm and ~38 nm, respectively. At resonance, the reflection
is quenched by destructive interference, while strong
absorption occurs due to multiple reflection inside the cavity.
It is also feasible to broaden the optical absorption by further
optimization of top Ag film thickness [19].

Similarly, figures 5(e)—(h) represents the spectral reflec-
tion at different incident angles for an ultrathin (35 nm) Sb,S;
sandwiched layer. In Amp phase, a strong absorption band
centred at Ay =550 nm with bandwidth ~100 nm is
observed for both polarizations (see figures 5(e), (f)). Upon
phase transition to Cry phase the absorption band shows a red
shift and broadening for both polarization (see figures 5(g),
(h)). The broadband absorption nature of the designed cavity

may find useful applications in solar cells and broadband
photo-detection. The proposed cavity is dynamic, shows
narrow and broad band absorption, and supports critical
coupling even for ultrathin cavity by following typical FP
resonance. One can wisely select the MDM cavity parameters
to tune spectral absorption/reflection in the wavelength of
interest for different photonic and optoelectronic applications
in visible and NIR spectral regions. Moreover, the modulator
shows iridescence free response from normal to 70-80
degrees, due to high index of Sb,S; (see figure 5). This type
of design retains all their optical properties even after
deposition on rough surfaces [20-22].

The spatial and spectral distribution of electric field
intensity profiles in the thick (2 = 300 nm) and thin (2 = 35
nm) MDM cavities are shown figure 6 for Cry (Es_cry) and
Amp phase (Es_amp) using S-polarized light at normal inci-
dence. Electric field is mainly distributed or confined in the
middle layer with narrow band and high enhancement at
resonance wavelength. Two noticeable field distribution
windows can be seen: (i) a window less than 550 and 750 nm
in Amp and Cry, which is following a Beer—Lambert region
(B. L. region) (ii) after 550 and 750 nm interference regions in
which light can completely pass the absorbing media and
reflect back from the bottom Ag layer (Inference region). At
resonance the electric field is strongly confined into the Sb;S;
layer as a result of constructive interference between incom-
ing and reflected light from bottom Ag layer in the inter-
ference region or after B. L. region. The spectral field
distribution calculated along the thickness of the MDM cavity
and shows field enhancement at the resonance wavelength. A
clear FP resonance can be seen corresponding to modes
presented in figures 5(a), (c) and (e), (g). The modes can be
actively switched with the phase transition. For example: the
modes at 573 and 713 nm observed in the Amp are not
present in the Cry phase (see figures 6(a) and (b)). Due to
broadening of the absorption peaks, the intensity in the Cry
phase is weaker over the Amp phase. The results show the
switchable or tunable nature of proposed MDM-FP cavity and
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motivation to implement it as a reflection switch or
modulator.

Furthermore, we introduce a novel hybrid cavity made of
rectangular shaped Cry and Amp phases of Sb,S; film side-
by-side as shown in figure 7(a). The reflection response for a
broadband light beam from (i) Amp and (ii) Cry phase is
shown in figure 7(b). However realization of such a design
can be challenging but selective heating in the cavity can be
achieved by following the strategies discussed in the [23].
Bilayer and tri-layer structures have been proposed using
some local heating elements in it. A conventional ‘mush-
room’ shape memory device was accomplished by designing
a programmable pulse with varying its amplitude or slope of
trailing edge [24, 25]. It was demonstrated that this way one
can introduce the selective temperature profile to change the
phase of materials selectively [23-25]. Additionally, In a
broader aspect one can use any dielectric combination in the

same fashion such as TiO, and SiO, for many application
such as linear variable colour filtering application [26].

This type of hybrid cavity can be easily fabricated via
deposition of SiO,/TiO, films through a 3D printed or laser
etched masks. One can first deposit ‘left dielectric- say SiO,’
on Ag film through one half of the rectangular/square slit
keeping other half close. Later, other half can be open to
deposit ‘right dielectric-say TiO,’ while covering the already
deposited ‘SiO,’. The advantage of this design is (i) its
smaller footprint (minimum size two-times of the light beam)
and (ii) higher frequency of modulation. The proposed hybrid
cavity can be mounted on a high frequency mechanical
oscillator or vibrator to switch position of the beam between
two phases. In this scheme the period of modulation is the
time required to completely move the light beam from/to Cry
phase to/from Amp phase which depends on the diameter of
the light beam and frequency of the mechanical oscillator.
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The frequency or switching speed of the modulator could be
equal to the frequency of oscillator. For example: employing
1 MHz of oscillator to oscillate the hybrid cavity, the period,
amplitude and frequency of the modulated signal would be
1 ps, 1 MHz, and [R(M)cry — R(A) ampl I(V), respectively. Here
R(N) and I()\) are reflectance for Cry (Amp) phase and
intensity of incident light at the wavelength of operation. The
modulator or beam needs to be translate by the length of the
diameter of beam. Utilization of the interfacial region of ‘Cry’
and ‘Amp’ blocks, the switching period can be reduced by
shrinking the diameter of light beam and increasing relative
motion between the light beam and modulator.

Finally, the resonance condition in ultrathin film of
complex refractive index (n + ik) has been investigated and
shown in figures 8(a), (b). We calculated the reflectivity

(Mg = 573 and 713 nm) as a function of n and k from a film
of thickness 40 nm (see the inset of figures 8(a), (b)). The
reflectivity is zero at 3.4 + 0.1i and 3.93 + 0.2i, which cor-
responds to ~\y/4n (quarter wave). Furthermore, these points
are correspond to the (n, k) values of Amp and Cry at 573 nm
and 713 nm respectively. This demonstrates the switching
between maximum absorption points between the two phases.
This also indicates that critical coupling condition i.e. a per-
fect or near perfect absorption in ultrathin lossy symmetric FP
demands a high index material. These nanocavities confine
light in a very small volume and can be very useful comp-
onent for compact integrated photonics circuits particularly
for cavity quantum electrodynamics, nonlinear optics, sensor
and optomechanics and laser with low threshold. So, con-
finement of the light below the fundamental limit of



Nanotechnology 32 (2021) 095207

S K Chamoli et al

Ref

l1

(b) 2p=713 nm

560

420

280

140

140 280

.- /A= 1."|Absorption
/ o 1
-". I
7
7 & T

7 o 7 (615515)
et -1

0.5

420

560
I'abs(TH2)

700

Figure 8. Reflectivity as a function of n and k for a = = 40 nm thick film with complex index (n + ik) for (a) 573 nm and (b) 713 nm at
normal incident and (c) effect of radiative and absorption rate on the resonant absorption.

diffraction is possible in ultrathin cavity which is the funda-
mental limit in the conventional dielectric micro-cavities,
such as whispering gallery resonators and photonic crystal
cavities [27]. Additionally, according to Coupled-mode the-
ory, the critical coupling condition can be achieved once the
radiative (I'.,q) and absorptive (I';s) decay rates are equal i.e.
[ag = Taps [28-30] and given by the following expressions
[30]:

; 2
]-—‘radew

A(w) = 1 - T, + N )
P i (w = wo) 4 (Thaa + Tps) /2

ey

where 7, is background reflection, wy is resonant wavelength
and ¢ is the associated phase with resonant modes.
Equation (1) can further reduce to equation (2) in the limit of
r, — —1and ¢ — 0 [30]:

Frad Fabs

Trag + Labs )2 ’

Alw) =
(W —wo)* + ( ;

@)

At critical coupling ie. I'yg =T, A(w) =1 and
absorption peak reaches upto 100% at resonance. The width
of peak depends on its quality factor can be calculated as
0= Z—Z, where Aw is the full width at half maxima and also

W
Q= Frad+0 Labs
represents absorption as a function of I',,q and T',, decay
rates. Black dotted line corresponds to A = 1 i.e. ['[q = Taps.
Green and blue dashed lines are representing A = 0.7 and
0.96 respectively. The decay rate ratio of are I',p,s = 1.8 I'q
and Ty = 1.19 Ty at point (i) and (i) (see inset of

figure 8(c)). The points (i) and (ii) also show decay rate

according to coupled mode theory. Figure 8(c)

correspond to the absorption results present in figures 9(a) and
(b) for Amp and Cry, respectively.

Phase shift AW at critical coupling point always expected
to be abrupt i.e. AW either 0 or = which is known as phase
singularity. It has great applications in label free optical bio
sensing [31, 32]. The proposed MDM cavity also demon-
strates a tuneable and abrupt phase shift upon reflection. The
spectral phase shift (AW) in the reflected light and corresp-
onding reflectance from Amp (see figure 9(a)) and Cry (see
figure 8(b)) phases for 4 = 40 nm thick Sb,S; film are pre-
sented. In Cry stack maximum absorption ~99.15% and
AV ~ 7 can be noted at \g = 691 nm. However, in Amp
stack maximum absorption with AV = 0 is at Ay = 573 nm.
Moreover, as AW upon reflection from the cavity is com-
monly different for s and p component of the electric field,
therefore changing the polarization state. For instance, a
relative phase shift of +7 rotates linear polarization and the
transformation between linear and circular polarizations
requires phase shift of +mr/2.

Finally, one of the key parameters for any OM, a 3 dB
bandwidth (Af) and quality factor (Q) have been calculated
using expressions given below in equations (3) and (4):

Af = fiower (3)

- ﬁlpper

0=l /A,

where fy is the central frequency and fiower and fipper are
correspond to lower and upper cut-off frequency point where
modulation decrease to 70.7% of maximum. So, the calcu-
lated (Af, Q) corresponds to Amp and Cry in figures 9(a) and
(b) are (4.36 x 106 Hz, 12.29) and (4.6 x 106 Hz, 9.33).
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Figure 9. Reflection and phase difference (AW) as a function of wavelength for 7 = 40 nm of (a) Amp and (b) Cry phase.

3. Conclusion

In summary, we numerically demonstrated a PCM based
reflective type OM with ~98% modulation efficiency. The
phase transition in cavity provides a solution to dynamically
control reflectance of the incident signal in a broad angle of
incidence for wavelength ranging from visible to near infra-
red. The cavity reflection response has been investigated as a
function of Sb,S; thickness with its importance to fix the
resonance condition. Depending upon the thickness, the
cavity can support multiple absorption bands. The minimum
thickness of the PCM layer that can supports critical coupling
of light is ~\/15. We have also demonstrated that the critical
coupling requires a dielectric with high refractive index. At
the end hybrid cavity made of rectangular shaped Cry and
Amp phase of Sb,S; has been proposed, in which both the
phases can act together and increase the switching speed
manyfold. The proposed reflection modulator is easy to fab-
ricate, low cost and can be mass produced at low cost for
many other applications, beyond OM, such as spectral fil-
tering for solar cells, smart windows, optical sensors, sensing,
fluorescence control, photodetection and so on.
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