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1. Introduction
2D van der Waals materials have attracted increasing attention in recent

years due to their exciting physical properties and offer new opportunities for Anisotropic optical materials offer a plat-
creating devices with enhanced or novel functionalities. In particular, @-MoO; form that opens up new possibilities for
. . . o diverse polarization-dependent ~ devices,
is an emerging member of the fast-growing 2D family with strong natural

° ) . . g . . . including integrated digital inverters, artifi-
anisotropic optical properties. However, anisotropic optical properties of -MoO; cial synaptic devices, polarization-sensitive

in the visible frequency range remain elusive. Here, @-MoO; is investigated photodetectors, mid-infrared polarizers,
as an optical material at the visible frequency (450-750 nm), which exhibits polarization reflectors, linearly polarized
a polarization-dependent complex refractive index due to the anisotropic ultrafast lasers, polarization color filters, and

polarization sensors, which have been dem-
onstrated with artificial metamaterials.'-®!
However, complexity of existing nanofabri-

crystal structure. As a proof of concept, polarization-sensitive photonic devices
including polarization reflectors and polarization color filters are designed

and realized by constructing metal-insulator—-metal Fabry—Perot cavities. It is cation techniques and the optical losses of
observed that resonance frequencies for designed transmission and reflection metamaterials limit further progress.”*!
filters change up to 25 nm with incident polarization which stems from the In recent years, 2D van der Waals

(vdW) materials, the layered crystals in

larization-d dent lex refractive indices of @-MoOs. The | t
polarization-dependent complex refractive indices of a-MoOj;. The larges which individual atomic planes are held

contrasts are ob.served for two or'thog.onal polarization stz.ltes Parallel to the together by weak vdW bonds, have drawn
two orthogonal in-plane crystal directions. The approach in this study offers increasing attention due to their unique
new directions for potential applications in the development of polarization- optical properties.’"3! Since the first iso-

dependent devices based on 2D van der Waals materials for visible frequencies. lation of graphene, 2D vdW materials
have grown into a large family™ and now
comprise of both high lattice symmetry
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Figure 1. a) Schematic of planar triple-layer metal/0-MoO3/metal device. b) Illustration of the orthorhombic 0+MoOs with layered structure held
together by van der Waals’ forces. c) Real and imaginary parts of the spectral refractive index of &-MoOj in the visible range.

and focusing devices.?>-2"l However, all the research on 0-MoO3
mentioned above has focused on infrared frequencies, while the
characteristics and the application of 0+MoOj; in the visible fre-
quency range have seldom been described.3 In this work, by
designing metal/o-MoO;z/metal Fabry-Perot (FP) cavities, we
study the anisotropic optical properties of 0+MoOjs in the vis-
ible frequency range. We present the fitting complex refractive
index of &*MoOj3. In order to achieve the reflectors and optical
filters, o+MoO; acts as the insulator in proposed FP cavities.
Such a lossless dielectric material with high index contrast can
support strong interference effects. Thus, polarization reflec-
tors and color filters via -MoOj are realized, and the calculated
spectra match well with experimental results. Optical devices
based on o-MoO; show polarization-sensitive properties due
to the anisotropic crystal structure of @-MoO3 and the concept
can expand to the family of &-MoO; materials such as -MoO;_,
and H,MoO;B'3 since they have similar anisotropic crystal
structures to &-MoOs. The proposed optical devices involve only
smooth planar surface without complex multi-step lithographic
techniques, which enable large area, high throughput, and
low cost fabrication. Such polarization-sensitive optical devices
could be of use in various potential application areas such as
biosensing!*¥l and photodetectors.®l Another potential imple-
mentation of &-MoOj; can be in metasurfaces. The recent trend
in highly coded dielectric metasurfaces using sub-diffraction
arrays has been extremely successful in applying effective
medium theory to design devices capable of on-demand phase,
amplitude and polarization modulation of light.4 One of the
important directions of research for metasurfaces is to include
multiple functionalities coded to the same device, which can
be tailored to encoded metasurfaces® and counterfeiting tech-
nology.?%¥”) However, most of the materials used for metasur-
faces are isotropic. &-MoOj is an inherently anisotropic material
which can further increase the design variables (crystal direc-
tion) in metasurfaces to enhance encoding capabilities.

2. Results and Discussions

The proposed FP cavity consists of three layers, metal/o-MoOs/
metal, with size parameter of top metal thickness ¢, middle
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a-MoOj; thickness h, and bottom metal thickness b, as shown
in Figure 1a. As an FP type cavity, multiple round-trip phase
shifts of electromagnetic wave inside the resonant cavity is
the significant contributory factor®¥* to the confinement of
the wave. The layered o-MoOj; crystal with its orthorhombic
crystal structure composed of bilayer distorted MoOg octahedra
(Figure 1b) has a highly anisotropic structure.’”**! The dis-
torted MoOg octahedra contain edge-sharing zigzag rows along
the [001] direction, corner-sharing rows along the [100] direc-
tion, and are held together by weak van der Waals’ forces in
the vertical [010] direction. The crystal structures have three
different types of oxygen atoms, terminal O, asymmetric O,
and symmetrically bridging O;. The O is along the [010] direc-
tion and only bonds to one Mo atom. The O, bonds to two Mo
atoms with different bond lengths along the [100] direction and
the O, bonds to three Mo atoms with two symmetric horizontal
bonds and one vertical bond along the [001] direction. In our
design, we define crystal direction [100] and [001] as x- and
y-direction, respectively, in the Cartesian coordinate system.
The equilibrium bond distance and atomic spacings signifi-
cantly influence the properties of &-MoO; and can result in
unique anisotropic optical properties. From the measurement
of optical spectra of o-MoOjs cavities, we fit the oscillators of
optical spectra to achieve a complex dielectric function in the
form of

e(w)=¢ +2w7; 1)
T el -0’ iy

where i is the total number of oscillators, €., @,;, @, and ¥ are
respectively the high frequency dielectric constant, the plasma
frequency, the eigenfrequency, and the scattering rate of the
ith Lorentz oscillator. Using Kramers—Kronig constrained vari-
ational analysis,*! we determine the complex refractive index
of 0+Mo0Oj;. The parameters used in Equation (1) are listed in
Table S1, Supporting Information. Figure 1c and Figure SI,
Supporting Information, show the complex refractive index
and dielectric function of 0+MoOs. In addition to the remark-
able anisotropic optical properties of &+MoO; in the infrared
regime,26-28 interesting optical anisotropy is observed in the
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Figure 2. a) Optical image of o-MoQj; polarization reflector with thickness t =30 nm, h =80 nm, and b = 150 nm. White dashed square represent the
measured area. b) Measured and c) simulated reflectance spectra for &-MoO; polarization reflector. The incident light is linearly polarized in directions

ranging from the x to y crystal axes (0° to 90°) in 30° steps.

visible frequency range(450-750 nm) between x and y polari-
zation, as well. Compared to the other birefringent materials,
such as BP"l and CaCO;*! as shown in Figure S2, Supporting
Information, the complex refractive index of o+MoOj; repre-
sents good trade-off between high index contrast and low loss.

To further explore the properties of 0+MoO; in the visible
regime, we design a polarization-sensitive reflection filter.
Figure 2a shows the optical image of a cavity containing o~
MoO; (=80 nm) fully encapsulated on top and bottom by Au
film. We intentionally chose optically thick (b = 150 nm) Au
as the bottom metal layer to minimize the transmission. And
the top Au film is set to be t = 30 nm to balance the light pen-
etration into the planar nanocavity with the material losses.
To experimentally verify the polarization-dependent function
of the device, we performed polarization-dependent reflec-
tance measurements on a designed o+-MoO; cavity, as shown
in Figure 2b. The reflectance spectrum with normally incident
light polarized along x-axis (defined as 0° polarization) of o~
MoO; crystal has a resonance peak wavelength at 684 nm due
to the resonance of the FP cavity related to the thickness of the
o-MoO;. Since the crystal structure of o-MoOj is sensitive to
the polarization of the incident light, the peak wavelength of
reflectance spectrum shifts to 662 nm when the light polarized
along y-axis (defined as 90° polarization). One can see the con-
tinuous shifting of the peak wavelength of reflectance spectra
with the polarization angle changing from the x- to y-direction
as shown in Figure S3, Supporting Information. Moreover, by
tuning the thickness of &-MoOj;, the polarization device could
work across the whole visible range as shown in Figure S4,
Supporting Information.

The Transfer-matrix method (TMM) is a general method
used in optics to analyze the propagation of electromagnetic
waves through layered media.l¥) Utilizing TMM, we calculate
the expected reflectance spectra by fitting complex reflective
index of @-MoO; and Lorentz-Drude model of Aul*®l in
the visible range. The reflectance spectra for 0+MoO; cavities
with varying polarization angles are plotted in Figure 2c. The
overall sharp and the resonance peak wavelength match quite
well with the measured ones. The slight discrepancies in overall
intensity can be attributed to surface roughness of stemming
from the o+MoO; flake, as shown in Figure SS5a, Supporting
Information.
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When the thickness of the bottom metallic film is reduced,
the incident light can propagate through the a-MoOj; cavities,
which allows the a-MoO; cavities to act as color filters. We
choose Ag as the metallic film on top and bottom for lower
optical losses and higher quality factors. Moreover, thinner Ag
layers lead to higher transmission. However, the experimental
procedure, in this case, sets a limit on the minimal film thick-
ness of Ag. Namely, Ag layers thinner than 20 nm do not form
continuous layers and tended to delaminate during the o-
MoO; transfer process. As such, the thicknesses of the top and
bottom Ag are set to 20 and 30 nm, respectively. Figure 3a,b
shows the optical image of &+MoO; polarization color filter
under transmittance mode for 0° polarization and 90° polari-
zation, respectively. Since the &-MoOj; surface is not planar,
multiple colors appear on the optical image. Thus, we choose
a small area for the following measurement marked as white
dash line square in Figure 3a,b. In the square, the thickness
of the &-MoOj; is approximately 260 nm. Measured transmit-
tance spectra for both x and y polarizations in the square area
marked on flake images are plotted in Figure 3c. As the polari-
zation changes, the color in the square shows chartreuse (peak
wavelength 4, = 573 nm) on 0° polarization (x) and turns
to green (peak wavelength 4, = 551 nm) on 90° polarization
(y). Based on the principles of the FP cavity, the thickness of
dielectric layer is an important factor determining the reso-
nance peak wavelength. The polarization color filter could be
designed to work across the visible range by tuning the thick-
ness of &-MoOj. As an example, another o-MoOjs polarization
color filter is designed and realized with orange (4, = 599 nm)
in the measured square area on 0° polarization and green
(A4p = 574 nm) on 90° polarization, as shown in Figure S6, Sup-
porting Information.

To verify the fitting of the refractive index of 0~MoOj; in
the visible range, we fabricated an Ag/a-MoOs;/Ag cavity with
several transferred o~MoO; flakes whose thicknesses vary
from 300 to 500 nm. In this FP structure, the thicknesses of
top and bottom Ag layers are set to t = 20 nm and b = 20 nm.
Figure 4a,c shows the optical image in transmission-mode on
x polarization and y polarization. Transmittance spectra can be
calculated using TMM by the fitting refractive index of a-MoO;
and the complex refractive index of Lorentz—Drude model of
Ag ™ Figure 4b,d show the plots of transmittance spectra as a

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
ADVANCED OPTICAL
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.advopticalmat.de

0.4

@ 0° polarization’ , C
: A
i 8
S 0.3-
b
B
% 0.21
. E
©
=
0.1
_0°
—90°
0.0 . ; . : :
450 550 650 750

Wavelength(nm)

Figure 3. Optical image of o-MoOj3 polarization color filter with thickness t = 20 nm, h = 290 nm, and b = 20 nm for a) 0° polarization and b) 90°
incident polarization. White dashed squares represent the measured area. The color turns from chartreuse to green when the linear polarization angle
changes from 0° to 90°. ¢) Corresponding transmittance spectrum of &-MoOj polarization color filter.

function of 0-MoOjs thickness and the wavelength on x and y  free spectral range (FSR) A4, which is the wavelength separa-
polarization, respectively. One can clearly see that the region of  tion between adjacent transmittance peaks, is given by:

highest intensity in the visible regime changes from magenta 22

to violet when the incident light polarization is switched from x A= 2m hcosO+ Ay (2)
polarization to y polarization owing to anisotropic optical prop- &
erties of -MoO3, which can be represented as a blueshift in ~ where A, is the central wavelength of the nearest transmittance
transmittance spectra as shown in Figure 4b,d. In FP cavities, = peak wavelength, 1y is the effective group refractive index, and
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Figure 4. Optical image of 0-MoOj3 polarization color filter with thickness t = 20 nm, b = 20 nm and h between 300 and 500 nm under a) x-polarized
and c) y-polarized illumination. Transmittance spectrum plotted as a function of wavelength and thickness of @-MoO; for incident b) x polarization
and d) y polarization. The red spheres indicate the peak wavelengths of experimental results extracted from corresponding mapping experiment of
several -MoOQj; polarization color filters.
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h is the thickness of o-MoOs3, 6 1is the angle of the incident light
which is 0° as normally incident.

Along with the increasing of the thickness of &MoOj3, the
decrease of FSR leads to the emergence of multiple resonance
peaks in the visible range. Moreover, we mapped the intensity
of the transmittance spectra on both x polarization and y polari-
zation. The extracted peak wavelengths from corresponding
experimental mapping measurements vary with thickness of
0-MoOj (red circles in Figure 4b,d) are overlaid on the simu-
lated transmittance spectra and matched well with the multiple
resonance peaks. There is little deviation of the extracted peak
wavelengths compared to the simulated resonance peaks as a
result of the unevenness of the &MoOj; surface as shown in
Figure S5b, Supporting Information. Furthermore, if the angle
of the incident light is increased, the resonance peaks experi-
ence blue shift. This behavior is expected which results from
the the FP condition,

kz=MTncose=%(m7r—A(p),m=0,1,2,3,... (3)

where k,, A, n, h, and Ag are respectively the momentum in the
optical path (surface normal), resonance wavelength, refractive
index of o-MoO;, thickness of 0+MoO; and the phase picked
up in the top and bottom interfaces of &+MoOs. Equation (3)
dictates that increasing the incidence angle should be bal-
anced with smaller 4, hence shorter resonance wavelength is
expected. Compared to the normal incident light, the inten-
sity of reflectance spectra decreases as the incidence angle
increases, which leads to a higher intensity of transmittance
spectra as shown with simulations in Figure S7, Supporting
Information.

3. Conclusion

In conclusion, we have studied the anisotropic optical prop-
erties of 2D vdW material &MoOjs in the visible frequency,
which can be widely applied to polarization angle-dependent
photonic devices including polarization reflectors and polari-
zation color filters. We proposed and realized a polarization
reflector based on the FP cavity with 0~MoOj in the visible fre-
quency range with continuous polarization dependence. More-
over, we fabricated polarization color filters with o+MoOj after
constructing leaking mode nanocavity. By tuning the thickness
of -MoOs, the polarization color filters can work across the
entire visible range. We experimentally demonstrated 22 and
25 nm peak position tunability with incidence polarization,
for reflection and transmission mode color filters, respectively.
No extra device is needed to achieve polarization depend-
ence properties since the anisotropic optical properties of the
proposed devices stem from the inherent anisotropic crystal
structure of 0-MoOj3. Such devices based on 2D vdW o+MoOs
or other potentially 2D vdW materials!”1"313% can enable
polarization sensitivity without complex nanofabrication and
provide great flexibility and high throughput manufacturing,
which paves the way to more versatile metasurfaces and novel
integrated optical devices beyond conventional materials and
approaches.
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4. Experimental Section

Fabrication: The multilayer FP structure was fabricated using physical
vapor deposition (PVD) techniques. Au and Ag for all the samples were
deposited on quartz substrates using AJA eBeam Evaporator system and
the base and deposition pressures were respectively 9 X 107 and 3 x 10
Torr. The deposition rate was 0.5 nm s7.

MoO; Growth and Flake Transfer: MoO; flakes were grown using low
pressure physical vapor deposition. For this process, 50 mg of MoO;
(Sigma-Aldrich) powder was spread evenly within an alumina boat. This
boat was placed within a 1 in. diameter quartz tube and at the center of
a small Lindberg tube furnace. A 4 in. X 1 in. rectangular piece of SiO,/
Si wafer (300 nm oxide thickness) was placed face-up downstream in a
colder zone of the furnace. These pieces were suspended on top of an
alumina boat and were located roughly 4 cm from the center region. The
pressure was maintained at 2.8 Torr with a carrier gas of O, at a flow
rate of 25 sccm. The center of the furnace was then heated to 675 °C
over a period of 25 min and then to 700 °C over a period of 5 min. Upon
reaching 700 °C, the furnace was immediately opened, thereby quenching
the deposition. The as-grown flakes were then mechanically exfoliated
using Scotch tape and transferred onto the substrates of interest.

Characterization: For the measurement of the samples, an inverted
microscope system was used. The system was established up with
a Nikon TI inverted microscope equipped with an Andor Actor
spectrometer consisting electron multiplication charge-coupled device
(EM-CCD) camera. A broadband halogen lamp with a linear polarizer
was used to generate polarize broadband illumination. The reflected and
transmitted light was collected by a 50x Nikon microscope objective lens.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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