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Mid-infrared is a spectral region of molecular vibration and

rotation modes and thus, it has been widely used in chem/bio ana-

lysis. On-chip MIR waveguides combining attenuated total reflec-

tion spectroscopy provide an efficient way to minimize equipment

size and benefit chemical trace analysis. But, inevitable surface

roughness-induced scattering is harmful for waveguide mode

propagation in traditional sensors. Two-dimensional materials are

natural thin slabs with atomic-scale smooth surfaces and thus

could be excellent for building weak surface scattering wave-

guides. Here, we used near-field microscopy to investigate a wave-

guide mode of 1T tin diselenide slabs at nanoscale resolution in

5.13–6.57 μm and manipulate the mode strengths and wavelengths

by controlling the slab thickness. This work extends two-dimen-

sional materials as building blocks for integrated MIR chips.

Introduction

Mid-infrared (MIR) spectroscopy in the range of 2.5–20 μm can
induce vibrational and rotational excitation of organic and in-
organic molecules and provide precision recognition of chemi-
cal and structural information. Hence, MIR spectroscopy is
widely used in chemical and biological analyses.1–4 However,
due to their large size, most MIR spectrometers are still con-
fined to laboratories. An on-chip integration sensor5,6 is con-
ducive to miniaturizing MIR sensing systems as well as being
able to directly achieve chemical information from samples
compared with plasmonic sensors which rely on sensitivity to
surrounding refractive indices of Fano resonance.7,8 Previous
works of MIR dielectric waveguides combining attenuated
total reflection (ATR) spectroscopy9 significantly minimized

sensor volume. Most materials possess vibrational transition
and thus only a few materials such as mercury-cadmium-tellur-
ide,10 germanium,11 silicon,12 and diamond13 are suitable can-
didates for a MIR waveguide. For traditional waveguides, scat-
tering radiation introduced by surface roughness causes the
major source of intrinsic damping, which is harmful for wave-
guide mode propagation, but an actual fabrication procedure
can’t make perfectly smooth surfaces. Due to their two-dimen-
sional structure, 2D materials are natural slabs with atomically
smooth surfaces and thus could be potential media to build
low-surface-scattering-loss MIR waveguides.

Tin diselenide (SnSe2) is a semiconductor belonging to 1T
MX2 (M – metal, X – chalcogen) 2D crystals with about a 1.0 eV
bulk bandgap. In-plane and out-of-plane dielectric constants
of SnSe2 are 10.7 and 9.42, respectively. Due to its low cost and
superior optical and electronic properties, SnSe2 has great
application potential in solar cells and atomic electronics.14

Waveguide modes of van der Waals (vdW) materials have been
investigated by scanning near-field optical microscopy with a
sharp metal or fiber tip in near-infrared and visible
regions.15,16 In previous studies, 2D materials were discovered
to support polariton modes. For example, graphene was found
to support surface plasmon.17,18 Thin plates of hexagonal
boron nitride (h-BN) and α-MoO3 were discovered to support
hyperbolic phonon polaritons with high confinement.19,20

Transition metal dichalcogenides (TMD) were proven to
support exciton–polariton,21 ordinary and extraordinary wave-
guide modes introduced by optical anisotropy.15 In this work,
by using scattering type scanning near-field optical microscopy
(s-SNOM) combined with a tunable quantum cascade laser, we
systematically investigated edge launching waveguide modes
of a SnSe2 slab in a MIR range (5.13–6.57 μm). IR imaging
directly shows sensitive manipulations of waveguide strength
and wavelength by changing a slab’s thickness. In addition, we
used CMOSOL multiphysics to perform numerical simulations
of planar waveguides, and calculated results which were con-
sistent with experimental observations. Our work opens a new
avenue to use 2D vdW materials in chem/bio sensing area.
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Results and discussion

S-SNOM is based on a tapping mode atomic force microscope
(AFM) and demodulating the near-field signal at higher har-
monics of the tip vibration frequency. Combining pseudo-
heterodyne detection, s-SNOM allowed us to simultaneously
obtain topography and background-free near-field features. In
this work, we chose a third-order harmonics near-field ampli-
tude signal to exhibit the waveguide mode of a SnSe2 slab.
Fig. 1a shows the schematic of experimental configuration; the
parabolic mirror is used to focus incident light and collect the
scattered signal. Unlike situations of surface plasmon polari-
ton and hyperbolic phonon polariton, motivation of a wave-
guide mode in SnSe2 does not need an optical antenna to over-
come momentum mismatch. A laser could directly couple into
a planar waveguide through edge scattering.16,22

Former studies of TMD materials showed that a waveguide
mode is launched from the AFM tip and the near-field fringe
is an interference between tip-scattered light and part of the
waveguide mode which converted into photons at the
edge.15,21 But, in our work, the edges of SnSe2 slabs scattered a
laser beam and efficiently launched a waveguide mode as
shown in Fig. 1a. First, we measured a 347 nm thick SnSe2
slab from ω = 1620 cm−1 to 1870 cm−1. In Fig. 1b the red arrow
indicates the projection of laser incidence direction, which is
perpendicular to edge A. Two fringe patterns appear parallel to

edges A and B, respectively. To verify the fringes were launched
by an AFM tip or edge, we changed the laser illumination con-
ditions. As shown in Fig. 1c, we set the laser projection parallel
to edge A and the corresponding near-field image only shows
the fringe parallel to edge A while the fringe parallel to edge B
disappeared. A tip launching mode should not be affected by
changing illumination configurations. Thus, an AFM tip is
excluded as a launcher. Fig. 1d shows the period of fringe par-
allel to edge A at different illumination conditions, which is
2.9 μm from Fig. 1b and 3 μm from Fig. 1c, respectively. Fringe
periods are comparable to a laser wavelength λ0 = 5.35 μm.
Thus, we believe the fringe pattern is a waveguide mode and
the fringe period should be a waveguide wavelength. In our
experimental configuration, the laser is focused on the probe
tip with a focal spot about 20 μm × 40 μm and the angle
between the laser incidence direction and sample plane is
about 30 degrees. Considering different illumination configur-
ations, the laser spot could not fully cover one or more edges
when the inner sample is under the tip during a scanning
process; thus, in Fig. 1c, the fringe pattern parallel to edge B
doesn’t appear. To further verify the near-field patterns are
launched by edges, we moved the laser spot by slightly chan-
ging the position of its parabolic mirror to let the laser shine
on edge C in Fig. 1e. Compared to Fig. 1f, we clearly observed
the fringe parallel to edge C when edge C was illuminated in
Fig. 1g. This observation unambiguously confirms edges of

Fig. 1 Scale bars of all near-field amplitude and optical microscope images are 5 μm, red arrows of near-field images indicate projection of laser
incident direction. (a) Schematic of s-SNOM configuration. SnSe2 slab edge scatters the laser and subsequently emits waveguide mode. (b) Near-
field images of SnSe2 slabs at ω = 1870 cm−1, projection of laser is perpendicular to edge A. (c) Near-field images of SnSe2 slabs at ω = 1870 cm−1,
projection of laser is parallel to edge A. (d) Fringe profiles at ω = 1870 cm−1, red and blue curves corresponding to dashed lines in (b and c), respect-
ively. (e) Optical image of SnSe2 slab, thickness of SnSe2 is 347 nm. (f )–(g) Near-field images at ω = 1620 cm−1 of red frame in (e) before and after
moving laser spot to illuminate edge C. Fringe parallel to C emerges when edge C is illuminated. (h) Near-field image at ω = 1720 cm−1 of slab with
edge C illuminated.
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SnSe2 flakes are launchers of inner electromagnetic waves. The
effects of phonon and carrier can be safely neglected because
their response frequencies are far below the experimental
region. In Fig. 1h, the fringe parallel to edge C transmitted
more (as far as nearly 20 μm, almost to the corner of edges A
and B). Compared with a graphene plasmon, which requires
critical conditions such as close lattice matching material for
substrate and low temperature environment to reach 10 μm
propagation distance,23 the waveguide mode found in SnSe2
indicates it is a good MIR transmission medium.

Previous research indicates a waveguide mode could be
manipulated by changing core layer thickness.24,25 We then
investigated the variation of mode wavelength at different slab
thicknesses. We placed slabs properly to let the laser incident
direction be parallel to one edge. In this configuration, the
edge could be fully illuminated during the entire scanning
process. Fig. 2a–d and e–h show near-field images of 347 nm
and 156 nm thick samples, respectively; red arrows indicate
the laser incidence direction, and fringes are clear on both
slabs under laser frequencies from ω = 1570 cm−1 to
1920 cm−1. Fig. 2i shows fringe profiles of two slabs taken
from the dashed line in Fig. 2d and h at ω = 1920 cm−1,
respectively. The wavelength of the guide mode is shorter for
the thicker sample, which is 3.37 μm for the 156 nm thick slab
and 2.97 μm for the 347 nm thick slab. Decreasing of wave-
guide wavelengths with increasing SnSe2 slab thickness also
exists under other frequencies as shown in Fig. 2a–h.

Comparing near-field images of 156 nm and 347 nm thick
samples, we also found that fringe contrast was stronger for
the 347 nm thick slab. Thus, we selected SnSe2 slabs with
different thicknesses ranging from 47 nm to 233 nm to investi-
gate mode contrast. Fig. 3a–e show near-field images of SnSe2
slabs with different thicknesses at ω = 1950 cm−1. For the d =
47 nm slab in Fig. 3a, we barely recognized the waveguide
fringe. For the d = 85 nm slab in Fig. 3b, a fringe pattern starts
to emerge. When slab thickness becomes larger than 100 nm
the fringe appears more and more clearly with increasing
thickness; e.g., in Fig. 3c–e IR imaging indicates thicker slabs
(i.e., more than 100 nm) are suitable to fabricate a sensor chip
because of stronger electromagnetic field confinement in
thicker slabs. To explain the change of fringe contrast and
periods at different slabs thicknesses, we carried out COMSOL
calculations to reproduce electromagnetic field of cladding
and core layers. Calculated results indicated that the near-field
fringe of SnSe2 is the TE0 mode. Fig. 4a–c and d–f show Ez
field distributions of three SnSe2 slabs with different thick-
nesses of d = 120 nm, d = 230 nm and d = 340 nm at ω =
1520 cm−1 and ω = 1950 cm−1, respectively; the y axis is
normal to the slab surface and the x axis indicates the direc-
tion of waveguide transmission. From Fig. 4a and d we can see
that for the d = 120 nm slab, the Ez field distributes deeply
into the mica substrate. When the slab becomes thicker, elec-
tric fields are confined in the slab and less electric field distri-
butes in mica as shown in Fig. 4a–c and d–f. We believe weak

Fig. 2 Scale bars of all near-field amplitude images are 5 μm; red arrows of near-field images indicate projection of laser incident direction. (a)–(d)
Near-field images of 347 nm thick SnSe2 slab at ω = 1570 cm−1, 1720 cm−1, 1830 cm−1 and 1920 cm−1, respectively. (e)–(h) Near-field images of
156 nm thick SnSe2 slabs at ω = 1570 cm−1, 1720 cm−1, 1830 cm−1 and 1920 cm−1, respectively. (i) Fringe profiles taken from dashed lines in (d and h)
at 1920 cm−1.

Fig. 3 Scale bars of all near-field amplitude images are 5 μm. (a)–(e), Near-field amplitude images at ω = 1950 cm−1 of five SnSe2 slabs with
different thicknesses ranging from 47 nm to 233 nm. The Near-field images exhibit stronger fringe contrast and shorter guide mode wavelengths for
thicker slabs.
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confinement of the Ez field in a core layer causes weak fringe
contrast in thin slabs. Moreover, Fig. 4a–c and d–f also show
that mode wavelengths decrease when slabs become thicker,
which is consistent with experimental results in Fig. 2. Fig. 4g
shows dispersion relations of d = 156 nm and 347 nm slabs;
the calculated result is highly consistent with experimental
data. The refractive index of mica measured before is 1.58–1.61
but, by setting refractive index at 1.45, we could get good agree-
ment between calculated and experimental results. A slight
change of mica’s refractive index was acceptable as we per-
formed experiments in the MIR region. Calculated and experi-
mental results showed that changing thickness of a SnSe2 slab
could efficiently and sensitively modify the electric field distri-
bution and waveguide wavelengths.

Conclusions

In conclusion, we systematically investigated MIR waveguide
modes in SnSe2 slabs. By using s-SNOM, we have overcome the
diffraction limit and directly observed the edge launching a
TE0 mode fringe. We have experimentally and theoretically
shown that mode wavelength and strength could be efficiently
manipulated by changing the slab thickness. Our work indi-

cates that SnSe2 could be an effective waveguide in the MIR
region and extends vdW materials with atomic-scale smooth
surfaces as potential building blocks for MIR sensor chips.

Materials and methods
Synthesis of SnSe2

SnSe2 slabs were synthesized in a CVD reactor. During the
growth process, one quartz boat containing ∼15 mg SnI2
powder was placed in the centre of the tubular furnace, and
another quartz boat containing ∼200 mg Se powder was
placed at the upper inlet of the furnace. Temperature was
∼530 °C with the SnI2 powder and ∼440 °C with Se powder. A
20% H2/Ar gas was used as carrier gas with 50 sccm gas flow at
ambient atmosphere. Deposition temperatures were in a range
of 280–420 °C relying on the different positions of the mica
substrate.
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