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facilitates the control of their characteris-
tics by varying the properties of the host 
materials. Polaritons, therefore, offer 
access to optical energy, wave properties, 
and light–matter interactions at subwave-
length scales (<λ0) that are promising 
for sensing, spectroscopy, biomedical 
treatments, and energy transfer applica-
tions.[1,2] The extraordinary properties 
of polaritons have recently been further 
developed in the context of van der Waals 
(vdW) materials,[3] where the reduced 
dimensionality leads to new virtues, such 
as atomic-scale localization,[4] dynamic 
tunability,[4a,b,5] topological protection,[6] 
and photonic hybrids.[5,7] Due to the ultr-
asmall lengthscale, polaritons in vdW 
materials are typically investigated using 
scanning probe optical microscopy[4b,5a,8] 
by directly imaging their standing waves. 

These standing waves are usually formed via reflection—the 
fundamental phenomenon of re-directing a wavefront within 
the same medium—of polaritons at crystal discontinuities, 
including edges,[4a,b,5a,8a–h] defects,[9] and steps.[10] Importantly, 
the reflection of polaritons exhibits a nontrivial phase φ (the 
complex reflection coefficient is R  =  reiφ, with r being the 

Polaritons—confined light–matter waves—in van der Waals (vdW) mate-
rials are a research frontier in light–matter interactions with demonstrated 
advances in nanophotonics. Reflection, as a fundamental phenomenon 
involving waves, is particularly important for vdW polaritons, predominantly 
because it enables the investigation of polariton standing waves using the 
scanning probe technique. While previous works demonstrate a rigid phase 
≈π/4 for the polariton reflection, herein is reported the altering of the polar-
iton reflection phase by varying the geometry of polaritonic microstructures 
for the case study of hyperbolic surface polaritons (HSPs) in hexagonal boron 
nitride (hBN). Specifically, it is demonstrated that the polariton reflection 
phase can be systematically altered by varying the corner angle of the hBN 
microstructures, and that it experiences a π jump around a specific angle. 
This behavior, which is a consequence of the mathematical nature of the 
reflection coefficient, is therefore expected in other physical phenomena.
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1. Introduction

Polaritons[1] are hybrid electromagnetic modes resulting from 
the mixture of free-space photons and dipolar oscillations in 
materials. They possess a wavelength λp that is much smaller 
than that of free-space light λ0, and their light–matter nature 
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reflection amplitude) due to the Goos–Hänchen shift of polar-
iton evanescent waves[11] at crystal discontinuities. As a result, 
right at the discontinuities, the interference is neither con-
structive nor destructive, but something in between. Despite 
extensive analysis of a variety of polaritonic vdW materials and 
heterostructures, the reflection phase φ remains at a universal 
value around π/4 without evident deviations.

In this work, we report the alteration of the polariton reflec-
tion phase in the case study of hyperbolic surface polaritons 
(HSPs) in hexagonal boron nitride (hBN). Specifically, we 
show that by varying the geometry of hBN microstructures, the 
reflection phase φ of HSPs can be modified and even reveals 
a π jump around a specific geometry. Accordingly, we demon-
strate an evident position shift and switch from constructive 
to destructive interference of polariton standing waves. These 
experimental results are supported by rigorous numerical solu-
tions of Maxwell’s equations and are consistent with the math-
ematical properties of the reflection coefficient.

2. Results and Discussion

The phase of polariton reflection was investigated by imaging 
HSPs in hBN microstructures with a variety of geometries 
using scattering-type scanning near-field optical microscopy 
(s-SNOM, Figure 1). The imaging of polaritons using s-SNOM 
has been reported in a series of previous works.[4b,5a,8a–h,12] In 
the experiment (Figure 1a), an infrared (IR) laser illuminates the 
atomic force microscope (AFM) tip that acts as an antenna[13] 
to generate strong optical near-fields between the tip apex and 
sample. By bridging their momentum mismatch, these strong 
near-fields transfer energy from photons into polaritons and 
launch polariton waves in the hBN. As samples are scanned, 
the AFM tip also serves to detect the polariton standing wave 
oscillations. At a representative IR frequency ω  =  1419  cm–1, 

two types of phonon polaritons were imaged in the hBN micro-
structures (Figure 1a). These phonon polaritons are associated 
with the natural hyperbolic response of hBN with εtεz < 0[8a,14] 
(εt and εz are the basal plane and vertical components of the 
permittivity tensor, respectively) inside the Reststrahlen bands 
(ω =  760–825  cm–1 and 1360–1614  cm–1). Parallel to the edges, 
linear fringes were imaged with the strongest oscillation close 
to the edge, followed by weakly damped ones into the interior 
(Figure  1a,b). These fringes are standing wave oscillations of 
volume-confined hyperbolic phonon polaritons (HP2s) propa-
gating inside the hBN slab. Between the strongest fringe 
of the HP2s and the hBN sidewall, a series of hot spots were 
imaged near the corner of the microstructure (Figure  1a–i).  
The hot spots exhibit a similar trend as that of the fringes of 
the HP2s; namely, they display the strongest oscillation close 
to the corner, followed by damped ones away from it. These 
imaged oscillations are standing waves of HSPs confined along 
the hBN sidewalls[15] with a wavelength λp ≈ 80% of that of the 
HP2s (Figure 1c).

As the corner angle α of the hBN microstructures varies, 
the HSP hot spots show a clear evolution. Specifically, the 
s-SNOM intensity S(ω) of the hot spots first decreases and then 
increases as α increases from 90° to 300° (Figure  1d–i). This 
evolution can be seen more clearly in the profiles taken from 
line cuts in the s-SNOM images (Figure 2a). Importantly, the 
position L (distance from the corner) of the HSP hot spots also 
evolves with α. In particular, the first peak of constructive inter-
ference shifts slightly toward the corner (L = 0) as α increases 
from 90° to 180° (see the red arrows in Figure  1d–f and the 
tilted black line in Figure 2a as a guide to the eye). The same 
occurs with the first dip due to destructive interference as α 
increases from 180° to 300°. Interestingly, the transition from 
α < 180° (blue curves) to α > 180° (red curves) results in a trans-
lation of the HSP hot spots, see the black arrow in Figure 2a as 
a guide to the eye. Note the s-SNOM data were obtained from  
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Figure 1. Scattering-type scanning near-field optical microscopy (s-SNOM) imaging of hyperbolic surface polaritons in hBN microstructures. a) Sche-
matics of the s-SNOM experiment with a representative s-SNOM image on the hBN microstructure. b) s-SNOM image of volume-confined hyperbolic 
polaritons in hBN away from the edge of the microstructure. c) s-SNOM line profiles taken along the dashed lines in (a) and (b). d–i) s-SNOM image 
of hyperbolic surface polaritons in hBN for a corner angle α = 90°, 120°, 135°, 210°, 270°, and 300°. The IR frequency is 1419 cm−1, and the thickness of 
the hBN crystal is 22 nm. Scale bar: 500 nm.
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microstructures etched from the same hBN slab. Therefore, all 
HSPs exhibit the same wavelength.

The change of intensity and position of the HSP hot spots 
reveals the evolution of the polariton reflection coefficient 
R = reiφ with the corner angle α, since the imaged oscillations 
are standing waves arising from the interference between 
HSPs launched by the tip and their reflections from the corner. 
The intensities and positions of the HSP hot spots are associ-
ated with the reflection amplitude r and the phase φ, respec-
tively. Following established procedures,[11c] we extracted r and 
φ from the s-SNOM data in Figure 3. The reflection amplitude 
r (Figure 3a) first decreases from 1 to 0, as the corner angle α 
is raised from 90° to 180°, then increases from 0 to 0.3 as α 
changes from 180° to 300°. On the other hand, the reflection 
phase φ has a three-step evolution with the corner angle α  

(Figure  3b). First, as α increases from 90° to 180°, φ slowly 
grows from ≈0.25π to ≈0.5π. Then, as α passes 180°, φ jumps 
from ≈0.5π to ≈−0.5π. Finally, as α further increases from 180° 
to 270°, φ again grows slightly. Therefore, the shift and transla-
tion of the HSP hot spots (Figures 1 and 2a) correspond to the 
evolution of the reflection phase φ with the corner angle α of 
hBN microstructures.

To support the experimental results, we modeled the HSPs 
of the hBN microstructures by rigorously solving Maxwell’s 
equations using a finite element method (FEM) approach 
implemented in the commercial software COMSOL Mul-
tiphysics. Details of the FEM simulations are provided in 
Section S1 (Supporting Information). Briefly, we used two 
ports to launch and collect HSPs in the hBN microstructure 
(Figure  2b,c) and calculated the vertical component of the  

Adv. Optical Mater. 2022, 10, 2102723

Figure 2. Altering the polariton reflection phase. a) s-SNOM line profiles taken from Figures 1d–i. Finite element method (FEM) simulation of HSPs 
in hBN microstructures showing either b) |Re Ez| or c) |Ez|. d) Normalized |Ez| line profiles along the edge of the microstructure.

Figure 3. Evolution of the polariton reflection coefficient as a function of the corner angle α. a) Amplitude of the polariton reflection coefficient r.  
b) Phase of the polariton reflection coefficient φ. c) Evolution of the polariton reflection coefficient R in the complex plane. In all of the panels, the black 
squares show the experimental data, while the colored curves display the FEM simulation results.
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electric field Ez at a distance 70 nm above it (Figure 2b,c). HSPs 
were launched from Port 1 and propagate along the sidewall 
toward the corner (angle α). Upon reaching the corner, the 
HSPs can be reflected (white arrow, Figure  2b), transmitted 
(pink arrow), and scattered (cyan arrow). The reflected HSPs 
propagate back toward Port 1 and interfere with the newly 
launched HSPs by the port, thus producing standing wave 
oscillations (Figure 2b,c). To better visualize the wave proper-
ties of the simulated HSPs, we extracted line profiles of |Ez| 
along the edge of the structure, normalized them to the results 
for α = 180° (no oscillations, but only the baseline background 
is present), and plotted the resulting profiles in Figure  2d. 
These results agree well with our s-SNOM data (Figure  2a), 
showing a similar evolution with the corner angle α (see the 
black line and arrow as a guide to the eye). In order to extract 
the complex reflection R = reiφ of the HSPs from our FEM sim-
ulation, we fitted the line profiles of Figure 2d to an analytical 
model resulting from the superposition of two plane waves 
describing the launched HSPs and their reflections from the 
corner.[5b,11c,16] Within this model, the electric field amplitude at 
a distance L from the corner is given by

z 0
( )

0
p 0 p 0 pE L E e E re e eik L L i ik L ik L( ) = + φ−  (1)

where E0 is the initial amplitude of the electric field of the HSPs 
launched at Port 1, kp = 2π/λp is the momentum of the HSPs, and 
L0 is the distance from Port 1 to the corner. The details of the fitting 
are provided in Section S2 (Supporting Information). The simu-
lated reflection amplitude r and phase φ (Figure 3a,b, red curves) 
agree well with the s-SNOM data (Figure 3a,b, black squares).

Our results on the alteration of the polariton reflection 
phase and the corresponding standing waves can be related 
to a simple mathematic result: a differentiable parametric 
curve crossing the origin of the complex plane must undergo 
a π jump in its phase (Figure  3c). To explore this interpreta-
tion, we plot the reflection coefficient R  =  reiφ in the complex 
plane, obtained from the experimental data (black squares) and 
FEM simulations (blue to red curve). For 90° < α < 180° (blue 
curve and black squares in the first quadrant), the amplitude r 
decreases while the phase φ slowly increases as α grows. For 
180° < α < 300° (red curve and black squares in the third and 
fourth quadrant), both r and φ slightly increase (see Figure S5, 
Supporting Information for more angles). Importantly, when α 
crosses 180°, the reflection coefficient crosses the origin and its 
phase φ, as expected, undergoes a π jump (green arrow).

3. Conclusions

The combined s-SNOM experiments and electromagnetic sim-
ulations in Figures  1–3 reveal the alteration of the reflection 
phase of propagating HSPs in hBN. By varying the geometry 
of the hBN microstructures, the polariton reflection phase can 
be altered from the conventional value ≈0.25π. It increases con-
tinuously to ≈0.5π, and then jumps to ≈−0.5π. These results, 
which are a consequence of the mathematical properties of the 
reflection coefficient, are expected to occur in other polaritonic 
and physical phenomena. Another paradigmatic example is 
the Fresnel reflection coefficient of a dielectric interface; as the 

mismatch of the refractive indices of the two materials changes 
sign, the reflection coefficient undergoes a π phase shift. The 
ability to manipulate fundamental properties of polariton 
waves, as the reflection phase demonstrated here, by engi-
neering the geometrical properties of the host materials can be 
further developed for applications in polaritonic circuits, trans-
formation nano-light,[17] beaming,[18] biosensing,[19] and optical 
elements.[20] For instance, by using hBN microstructures with 
multiple corners and various corner angles, it is possible to 
create HSP cavity modes with fully controlled properties.

4. Experimental Section
Experimental Setup: Near-field nano-imaging: The IR nano-imaging of 

surface phonon polaritons in hBN was performed using a commercial 
scattering-type scanning near-field optical microscope (s-SNOM,  
www.neaspec.com) based on a tapping-mode AFM. In the experiments, 
an AFM tip (tip radius ≈ 10 nm) with a PtIr5 coating was used. The AFM 
tip apex was illuminated by a monochromatic mid-IR quantum cascade 
laser (QCL) (www.daylightsolutions.com) with a frequency spanning 
from 850 to 1750  cm−1. The s-SNOM nano-images were recorded by 
a pseudoheterodyne interferometric detection module with an AFM 
tapping frequency of 280 kHz and a tapping amplitude around 70 nm. 
The s-SNOM output signal was demodulated at the third harmonic of 
the tapping frequency to reduce the background signal.

Sample Synthesis: The natural abundant hBN crystals used in the 
experiments were grown at atmospheric pressure from molten metal 
solutions, as previously described.[21] Thin slabs were mechanically 
exfoliated from bulk hBN crystals and transferred onto a Si wafer covered 
with a 285 nm thick thermal silicon dioxide (SiO2) film. Oxygen plasma 
etching was utilized to carve out the different geometrical patterns from 
the hBN slabs.

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