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ABSTRACT: Guided modes in nanometer thick anisotropic Transmitted Laser
van der Waals materials are experimentally investigated and ‘[4 0 g AP
their refractive indices in visible wavelengths are extracted. Our

method involves near-field scanning optical microscopy of  FiBMiled  NSoM T

waveguide (transverse electric) and surface plasmon polariton S BNAg (50 nm) | Scattering ksl
(transverse magnetic) modes in h-BN/SiO,/Si and Ag/h-BN DSP Quartz DSP Quartz

stacks, respectively. We determine the dispersion of these modes —

and use this relationship to extract anisotropic refractive indices ? i ? f
of h-BN flakes. In the wavelength interval 550—700 nm, the Incident Laser

in-plane and out-of-plane refractive indices are in the range
1.98—2.12 and 1.45—2.12, respectively. Our approach of using near-field scanning optical microscopy allows for the direct study
of the interaction between light and two-dimensional van der Waals materials and heterostructures.
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wo-dimensional (2D) materials have recently garnered sig- on two different substrates. In the first case (Figure 1a), a 65 nm

nificant interest due to their high electrical mobility, atomic- thin flake of h-BN is placed on top of a silicon (Si) substrate with
level flatness, and large exciton binding energies that enable 285 nm of thermal oxide (SiO,). Because the refractive index of
versatile nanophotonics and optoelectronics applications.' >’ bulk h-BN is larger than the one of SiO,, asymmetric TE
However, the understanding of the interaction of visible light dielectric slab waveguide modes supported by the h-BN are to
surface plasmon polaritons with 2D materials and more com- be expected.
plex van der Waals (vdW) heterostructures®™” is still in its Any guided mode is by definition evanescent, which means it
infancy.”** In this work, we report a near-field scanning optical cannot be observed with common optical microscopes that
microscopy (NSOM)25 - study of highly crystalline hexagonal detect only far fields. To probe the near-fields on the samples,
boron nitride (h BN)21 mechanlcally exfoliated flakes at visible we use an NSOM in collection mode (Nanonics Imaging Ltd_),
wavelengths, demonstrating the direct observation of (i) trans- which utilizes a scanning metallized tapered fiber optic tip with
verse electric (TE) waveguide modes supported by h-BN on a subwavelength aperture (effective diameter ~ S0 nm).”>"%*
8i0, and (ii) the interaction of transverse magnetic (TM) sur- An avalanche photodetector (APD) is connected at the other
face plasmon polariton (SPP) modes supported by silver (Ag) with side of the fiber, such that the measured signal is proportional
a thin h-BN flake. From NSOM scans, we estimate the intrinsically to the local optical intensity at the tip. A supercontinuum laser
anisotropic optical dielectric constants (n, = n, # n.) of h-BN, (NKT Photonics supercontinuum laser) is used to illuminate
which is an arduous task by conventional methods such as ellipso- the sample from above with a filter (NKT Select) selecting a

metry.”* Our technique can be extended to other vdW solids and

single wavelength with a 10 nm bandwidth in the spectral range
heterostructures, where we anticipate the study of guided modes

from 550 to 700 nm. The impinging Gaussian beam, which can
coupled to 2D materials to be a useful tool in exploring rich g)hyslcs be approximated locally as a plane wave, can excite guided
of surfalc7esop§1ar1tons, * plexcitons (SPPs-excitons),” gat?; modes in the h-BN structure due to the scattering at the sample
tunable, " layerl Sr;lzlmber dependent optical properltéelsé edges (Figure 1b). In the near-field region of h-BN, the optical
in-plane anisotropy, ™ and selective circular dichroism.™ electric field is the superposition of the impinging beam and the

guided TE mode, creating interference fringes in the near-field

B RESULTS AND DISCUSSION

For our experiments, we fabricate waveguiding h-BN structures Received: December 11, 2017
patterned using electron beam lithography (EBL, see Methods) Published: January 27, 2018
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Figure 1. NSOM observation of guided modes in h-BN. (a) TE modes observation with NSOM setup in collection mode and top-side laser
illumination. The sample is a 65 nm thick h-BN flake on Si + 285 nm SiO, substrate. (b) Formation of fringes due to the interference of TE guided
mode and the illuminating beam. The edges of the sample scatter the incident beam which subsequently launches the TE waveguide modes. The
fringes are not due to the stationary waves in the flake, but rather due to the interference of the guided mode with the Gaussian beam focused on the
sample. See Supporting Information for more details. (c) TM SPP modes observation with NSOM setup in collection mode and back-side laser
illumination. The sample is a 10 nm thick h-BN flake on 50 nm Ag on a double side polished (DSP) quartz substrate. (d) Formation of fringes due
to interference of TM SPP guided mode and the beam transmitted through the Ag layer. SPPs are launched by a slit created in the Ag layer by
focused ion beam (FIB) milling, and subsequently propagate in the region of the sample covered with h-BN. In both geometries (a, b) and (¢, d), the
impinging and guided modes have the same polarization (electric field). Subsequently, the fringes arise from interference of excited guided modes
and incident beam and are directly observed by the NSOM probe as a variation of the local optical intensity.

arbitrary unit

0

Figure 2. NSOM observation of TE waveguide modes in h-BN. (a—c) Measurement of the optical intensity of interference fringes for 4 = 650 nm in
patterned flakes (rectangle, triangle, and circle, respectively). The larger fringes with greater interfringe spacing are the result of the focusing of the
Gaussian beam (see Supporting Information). Short period fringes (inside the h-BN region) correspond to high wavevector guided modes. Insets
show the fast Fourier transform (FFT) of the corresponding region in the blue dashed rectangle. (d—f) Finite difference time domain (FDTD)
simulation of the selected h-BN sample geometries, highlighting the guided wave pattern, with fringes spaced by A = Ay/n.g, where 4, is the free space
wavelength and n. is the effective index of the waveguide mode. The excitation beam is polarized along x-axis. The hot spots on the triangle in
(b) and (e) are due to the intersections of fringes originating from all the edges (see Supporting Information for mathematical description).
The fringes parallel to the edge in (b), highlighted by a dashed white line, are dominant with respect to fringes parallel to other edges. This is due to
the fact that the incident beam is polarized and therefore the intensity of the fringes depends on their orientation with respect to the polarization of
the incident beam. In particular, as described in Supporting Information, the intensity of each guided mode and its fringes is maximized when the
incident polarization is parallel to the edge. Scale bars in (a)—(f) are S ym.

which can be imaged by the NSOM tip.32’33 Here, the Gaussian For the second case (Figure 1c), the flakes are placed on a

beam at a normal incidence allows for isotropic interference 50 nm thin Ag film on DSP quartz, and SPPs are launched

fringes, unlike anisotropic fringes observed for illumination at using a 200 nm wide slit (milled with FIB) illuminated from the
3 . . . . 32 P

an angle. back-side, as described in our previous work.” Similar to the
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first case, the NSOM can image the SPPs and fringes are visible
due to the interference of the SPPs and the transmitted beam
(Figure 1d). The h-BN flake is placed in the path of the SPP,
and the resulting SPP mode, modified by the presence of the
h-BN, can be studied with NSOM scans of the near-field of the
sample.

Figure 2 illustrates the experimental results for the first case,
TE waveguide modes in a 65 nm thin h-BN flake on SiO,.
Because the mode is launched from the edges of the flake, the
h-BN has been patterned in regular shapes to obtain uni-
form, easier to study interference patterns (Figure 2a—c). The
NSOM scans reveal large circular fringes (associated with the
focusing of the Gaussian beam on the sample) and, most
importantly, a regular set of fringes on the h-BN, indicating the
presence of waveguide modes.

The waveguide mode and the incoming beam interfere to
form such fringes, which are parallel to the edges confirming
their origin from edge scattering (see Supporting Information).
Nonguided scattered fields are also observed outside the sample
as faint fringes immediately near the edges. Importantly, these
fringes are not standing modes on the h-BN flakes. Rather, they
originate from the interference of the incident beam with the
guided modes launched by each edge and propagating away
from it (see Supporting Information for a mathematical descrip-
tion). The absolute position of the fringes depends on the phase
relation between the illuminating wave and the launched guided
wave at the edge, which is not a trivial problem due to the
fringing fields at the edge (an analytical solution exists for
polaritons in 2D materials for guided waves reflected at an
edge).”® However, the periodicity of the fringes is not affected
by this arbitrary phase factor.

To confirm the exact nature of these modes, FDTD simula-
tions were performed on similar structures (Figure 2d—f).
Modeling of h-BN flakes requires careful consideration of the
optical anisotropy of the sample, as typical for layered materials,
they show different refractive indices for the in-plane (n, = ny)
and out-of-plane (n,) directions.” Using the initial ansatz of
n, =n,=n, = 2.0 from bulk h-BN, similar fringes are found in
the FDTD computed near-field (Figure 2d—f). The FDTD also
shows that the guided mode is TE (see Supporting Information,
Figure 2), and its presence can be explained by the fact that both
air (above) and SiO, (below) have smaller refractive indices
than h-BN. These conditions lead to the presence of confined
TE dielectric waveguide modes. The modes in similar dielectric
stacks are well-known, and their TE nature is explained by the
fact that TM modes are less confined and in the cutoff region
for the h-BN thickness used here.*® The same is true for higher-
order TE modes, resulting in the propagation of first order TE
modes alone.

The spatial periodicity of the fringes can be found using a 2D
FFT directly on the NSOM images (insets in Figure 2a—c),
providing a direct measure of the guided wavelength (Figure 3a)
and of the normalized effective index n.grg of the waveguide
mode (Figure 3b) as a function of the free space wavelength.
Due to TE nature of these modes, their dispersion is inde-
pendent of the value of n,, and it depends only on the in-plane
refractive index, n,, and on the thickness of the sample. A series
of numerical simulations with different #n, values can be used to
obtain the relation n.grg(n,), given by A = A/n.g Figure 3c
shows the extracted n, of h-BN in the range 550—750 nm.
Here, the chosen vdW material, h-BN, is a dielectric with a
large bandgap, E, ~ 6 eV; therefore, we assume losses to be
negligible in our measurements. The in-plane refractive index
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Figure 3. In-plane refractive index measurement. (a) Observed
interference fringe spacing as a function of the wavelength. (b) Cor-
responding effective index of the waveguide mode. (c) Extracted values
for the in-plane refractive index of h-BN as a function of wavelength.

over the wavelength range 550—700 nm is in the range 1.98—
2.12, corroborating previous studies of the refractive index of
h-BN in the visible portion of the spectrum.”* Observation of
interference fringes in both the simulations and NSOM mea-
surements indicates the interference of waveguide modes with
the impinging x-axis polarized beam.

The second experiment relies on the use of SPPs, which are
TM electromagnetic modes confined at the interface of a metal
and a dielectric. They are characterized by an elliptically polar-
ized evanescent electric field and by a well-known dispersion
relation dictated by the complex relative electrical permittivities
of the dielectric and the metal:

emed
kspp = ko, | ———
€.t € (1)

where kgpp is the wavevector of the surface plasmon, k, is the
free space wavevector, €, is the complex relative electrical per-
mittivity of the metal, and €4 is the complex relative electrical
permittivity of the dielectric. However, this dispersion rela-
tion only holds when the dielectric is isotropic and semi-
infinite. For the case of a thin anisotropic dielectric such as
h-BN, the dispersion relationship is affected by the anisotropy,
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Figure 4. NSOM observation of TM SPP modes in h-BN on Ag. (a—g) NSOM scans for 4, in the spectral range S50—700 nm. The slit is positioned
in the bottom left corner (not fully pictured) where the optical signal on the detector saturates. The 10 nm h-BN flake is visible from the middle to
the right side of the image, as depicted in (a) by a yellow dashed line. (h) Observed SPP interference fringe spacing inside and outside the region
covered by the flake. (i) Corresponding SPP effective index, given by n.g = Ao/Agpp. Scale bars in (a)—(g) are S pm.

as the polarization has both in-plane and out-of-plane com-
ponents (see Figure 1d). Thus, propagation depends on both
the in-plane and out-of-plane dielectric constants and can be
used to probe them. The dispersion relation of SPPs in the
presence of an anisotropic and finite thickness dielectric can be

derived as’’
(E + ] = (E - )~exp(—2kad)
€x €x €m
(2)

with
K o ? o’
ka = ex(_x - _2]1 kd = kj — €& km = k,? ~—€fm7
€, c c c
3)

where €, is the complex relative electrical permittivity of h-BN
along x, €, is the complex relative electrical permittivity of h-BN
along z, €4 is the complex relative electrical permittivity of the
dielectric superstrate above h-BN which in our case is air
(ie, €g= 1), €, is the complex relative electrical permittivity of
metal, k, is the in-plane SPP wavevector, @ is the angular
frequency, ¢ is the speed of light, d is the thickness of h-BN,
€, = n2 and ¢, = nl. Essentially, a measurement of the effective
mode index of the elliptically polarized SPPs in the presence of
10 nm thin anisotropic h-BN, will allow for the extraction of the
out-of-plane refractive index, given that the in-plane refractive
index is known a priori from the waveguide modes.

Figure 4 summarizes the NSOM experimental results for the
near-field SPP experiment. The FIB milled slit is illuminated
from the back-side with light polarized perpendicularly to it,
launching SPPs with wavefronts parallel to the slit. The initial
propagation of the SPPs on the Ag is altered by the presence of
the thin film h-BN, which changes the SPP wavelength, Agpp,

k

_m

€m

kq

o

kq

-

kn
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due to the different refractive indices. The interference fringes
(Figure 4a-g) are spaced by the SPP wavelength, Agpp. Follow-
ing the same argument as in the first experiment, an FFT can be
used to obtain Agpp and the corresponding effective index #1gspp
(Figure 4h,i). A calibration factor of 1.03 is applied to the data
collected at the Ag/h-BN/air interface in an effort to account
for the systematic errors before the experimental data are com-
pared to the simulation results (see Supporting Information for
detailed description). Strikingly, despite the very low number of
h-BN layers, the effect on the SPP propagation is evident, and
allows for the extraction of useful information on the sample.

Because the SPP propagation in the presence of the h-BN is
affected by both n, and n,, this experiment alone is insufficient
to extract the value of n,. However, using the previously mea-
sured n, in the first experiment, n, can be extracted from FDTD
simulations, as outlined in Figure Sa. Figure Sb shows the
resulting in-plane and out-of-plane refractive index values of
h-BN. Over the wavelength range 550—700 nm, n, is in the
range 1.45—2.12 and n, is in the range 1.98—2.12.

B CONCLUSIONS

2D materials are expected to exhibit new physics when approach-
ing the monolayer limit.”"*'"~*° However, the ability to experi-
mentally measure the anisotropic refractive indices of a thin,
small area material is traditionally a difficult experiment, even
for isotropic materials.”® Our methodology allows us to mea-
sure two unknowns-the in-plane and out-of-plane refractive
indices of h-BN, which has been used in several works as a
dielectric material.'>*"** The strategic material choice of h-BN
for the proof of principle has two main benefits: previous
experiments have shown thin film h-BN to not differ from bulk
h-BN too drastically, so the data can be checked against pre-
vious experiments and, most importantly, it paves the way for
the measurement of materials that require h-BN encapsulation,
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Figure 5. Extraction of anisotropic refractive indices of h-BN.
(a) Procedure to extract the anisotropic refractive indices: the in-plane
component 1, is first extracted by matching the experimental effective
index n. of the TE mode with the one obtained from numerical
FDTD simulation. Thereafter, the out-of-plane n, component is found
from the numerical FDTD simulation by knowing: the thickness from
atomic force microscopy measurements and the value of n, previously
extracted from the waveguide mode case and the experimental r.g of
the SPP in the presence of h-BN. This procedure is repeated for all
wavelengths. (b) Anisotropic refractive indices of h-BN in the spectral
range 550—700 nm. Error bars represent the uncertainty due to the lim-
ited number of fringes accessible in the NSOM images (see Supporting
Information for detailed description of error bar calculation).

such as transition metal dichalcogenides”'®~* and black phos-
phorus.*”'> We anticipate that the knowledge of the optical
constants of 2D materials, and particularly the possibility of
experimentally accessing their out-of-plane optical properties
due to the SPP coupling, will allow for their use in a wider
variety of optics experiments and devices.

B MATERIALS AND METHODS

Fabrication. Devices on SiO,. h-BN is mechanically exfo-
liated on to a 285 nm SiO,/Si substrate with predefined metal-
lic alignment marks. The substrates are then coated with MA-N
2403 (negative electron beam resist) and exposed with an elec-
tron beam system with a dose of 1200 uC/cm® using an
accelerating voltage of 125 kV. The samples are shaped into
rectangles, triangles, or circles. After developing in AZ-726 for
1 min, the samples are postbaked at 100 C for 10 min. Then
h-BN is etched by using a reactive ion etching (RIE) system
with CHF;/Ar/0O, at flows of 10/5/2 sccm respectively and a
RF generator at 30 W for 2—5 min. After the etching process,
exposed MA-N 2403 resist is removed by Remover PG and
chloroform. Afterward, the samples are rinsed with isopropyl
alcohol (IPA) and dried with nitrogen.

Devices on Ag. A single-crystal 10 nm thin h-BN flake is
aligned and transferred to the active device region on the Ag
substrate using a standard dry transfer technique.”

Numerical Simulations. Full Wave 3D Simulations. The
Lumerical FDTD 3D wave solver is used to compute the fields

1200

in the patterned shapes considered in the experiment. For the
case of waveguide modes in 65 nm thick h-BN on top of
285 nm SiO,/Si, a fine mesh size of 1 nm is used. The monitor
is placed 10 nm above the h-BN layer to compute the near-field
power of the waveguide mode. A Gaussian source of 650 nm is
placed above the geometry.

Effective Indices Simulation and Extraction. The 2D solver
Lumerical Mode Solutions is used to compute the mode profile
and effective indices for a range of refractive indices of h-BN.
For the case of waveguide mode where 65 nm thin h-BN is
placed on top of 285 nm SiO,/Si, h-BN is modeled as an
isotropic dielectric, since the propagation is independent of the
out-of-plane properties of h-BN. A range of refractive indices
for h-BN is swept across to obtain the corresponding effective
indices. The refractive index for which the corresponding com-
puted effective index matches that of the experimental effective
index measured from NSOM scans, is assigned as the in-plane
refractive index of h-BN for that particular wavelength. This
process is repeated for other wavelengths. On the other hand,
for the case of SPP mode where 10 nm thin h-BN is placed
on 50 nm Ag substrate, h-BN is modeled as an anisotropic
dielectric and in-plane refractive index from the waveguide
mode is used as an input. Thereafter, the out-of-plane refractive
index of h-BN is swept across a range to obtain the corre-
sponding effective indices. The out-of-plane refractive index for
which the corresponding computed effective index matches that
of the experimental effective index measured from NSOM
scans, is assigned as the out-of-plane refractive index of h-BN
for that particular wavelength. Similarly, this process is repeated
for other wavelengths.
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