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ABSTRACT

Phonons are important lattice vibrations that affect the thermal, electronic, and optical properties of materials. In this work, we studied
infrared phonon resonance in a prototype van der Waals (vdW) material—hexagonal boron nitride (hBN)—with the thickness ranging
from monolayers to bulk, especially on ultra-thin crystals with atomic layers smaller than 20. Our combined experimental and modeling
results show a systematic increase in the intensity of in-plane phonon resonance at the increasing number of layers in hBN, with a sensitivity
down to one atomic layer. While the thickness-dependence of the phonon resonance reveals the antenna nature of our nanoscope, the
linear thickness-scaling of the phonon polariton wavelength indicates the preservation of electromagnetic hyperbolicity in ultra-thin hBN
layers. Our conclusions should be generic for fundamental resonances in vdW materials and heterostructures where the number of
constituent layers can be conveniently controlled. The thickness-dependent phonon resonance and phonon polaritons revealed in our work
also suggest vdW engineering opportunities for desired thermal and nanophotonic functionalities.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0094039

I. INTRODUCTION

Lattice vibrations referred to as phonons play an important
role in a wealth of material properties: they affect thermal conduc-
tivity,”> electron mobility,”" and light-matter interactions.” The
proper control and utilization of phonons have led to a series of
advances, including radiative cooling,” heat transfer manipula-
tion,”* and mechanical sensing.” In polar materials, phonons can
couple with photons to form hybridized light-matter modes called
phonon polaritons.'” They exist inside the Reststrahlen band,
where the frequency o is between the transverse and longitudinal
optical modes (w0 < @ < w1o). Phonon polaritons can be described
as “nanoscale light propagating in materials™: they propagate as

electromagnetic waves, depend on material properties, and are
highly confined—with a wavelength (1,) much smaller than that of
photons in free space (4g). Therefore, phonon polaritons offer an
opportunity to investigate optics and light-matter interactions at
small scales'”'” and lead to valuable applications, such as super-
resolution imaging'® and phonon polaritonic molecular sensing."*
Recently, anisotropic phonon polaritons were reported in van der
Waals (vdW) materials of hexagonal boron nitride (hBN)'°—2%%4
and o-phase molybdenum trioxide (c-MoQs).””>"*>*" Their
natural hyperbolicity””" (permittivity £,;<0, i and j as x, y, or 2)
is useful for the extreme control of light at a length scale down to
the interatomic spacing and with low dissipation. Phonon

J. Appl. Phys. 132, 134302 (2022); doi: 10.1063/5.0094039
Published under an exclusive license by AIP Publishing

132, 1343021


https://doi.org/10.1063/5.0094039
https://doi.org/10.1063/5.0094039
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0094039
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0094039&domain=pdf&date_stamp=2022-10-03
http://orcid.org/0000-0002-5118-0908
http://orcid.org/0000-0002-4451-5239
http://orcid.org/0000-0002-6080-7450
http://orcid.org/0000-0001-7259-7182
mailto:sdai@auburn.edu
mailto:weicai@nankai.edu.cn
https://doi.org/10.1063/5.0094039
https://aip.scitation.org/journal/jap

Journal of
Applied Physics

polaritons have been observed in hBN with a thickness down to
monolayer,”" and a scaling law has been reported for hBN with the
thickness spanning from 20 to 1500 layers.”” The advantages of
vdW materials originate from their layered nature, where the
crystal thickness can be delicately controlled via the layer number
N. Physical properties of vdW materials typically evolve with the
layer number N, especially at the reduced dimension with the
thickness of few atomic layers. However, the detailed evolution of
phonon resonances in hBN with N, from monolayer to bulk crys-
tals, remains unexplored.

In this work, we report a combined experimental and theoreti-
cal study of the scaling of infrared (IR) phonon resonance and
phonon polaritons with the thickness from monolayer to hundreds
of layers in both naturally abundant hBN and isotopically pure
h'°BN and h"'BN*>* crystals. Our focus on crystals with N <20
reveals dissimilar thickness-dependences for phonon resonance
and phonon polaritons. While the intensity of the phonon reso-
nance increases with N, the thickness-dependence seems to be
affected by the technical nature of the antenna-based nano-IR
microscopy in our experiments. In contrast, the phonon polaritons’
wavelength 4, scales linearly with N<20. These thickness-
dependences reported in our work will offer guidance to control
phonon resonances and phonon polaritons by engineering vdW
layers for desired thermal and nanophotonic functionalities.

Il. THICKNESS-SCALING OF PHONON RESONANCE

The naturally abundant hBN (contains ~80% ''B and ~20% '°B)
and isotopically pure h!°BN (99.22% '°B) and h''BN (99.41% ''B)
crystals were mechanically exfoliated onto a Si substrate with a
285 nm thick SiO, layer on top. The study of IR phonon resonance

a w = 1366 cm™

15
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and phonon polaritons was performed using scattering-type scanning
near-field optical microscopy (s-SNOM, supplementary material).
The s-SNOM [Fig. 1(a)] is based on a tapping-mode atomic
force microscope (AFM) that simultaneously delivers topography
(3D structure) and optical image (false color) of the scanned
sample with a resolution close to the radius of the AFM tip
(a~20nm). In the experiment, a continuous-wave IR laser (solid
green arrow) is focused on the apex of a metalized AFM tip, which
acts as an optical antenna generating a strong optical near-field.
This strong near-field interacts with the sample, gets back-scattered
off the tip (dashed green arrow), and is detected as experimental
observables s-SNOM amplitude S(w) and phase ®(w) related to the
local optical response of the sample underneath the AFM tip. For
polaritonic materials, the generated strong near-field can launch
polaritons'” that propagate to the edge of the sample and get
reflected back to the tip. During the scan, polariton standing waves
form via the interference between launched and reflected polaritons
and can be visualized in the s-SNOM images.'*"”

To study the thickness-scaling of phonon resonance, we
performed the s-SNOM experiments at the transverse optical
frequency wro of the in-plane phonon resonance in hBN. For natu-
rally abundant hBN, representative s-SNOM amplitude images
at wro=1366cm™" are plotted in Fig. 1. The wto was obtained
from the Raman spectrum [Fig. 2(a), inset, also see supplementary
material for details] of the exfoliated crystals. Combined AFM
topography (3D structure) and s-SNOM image (false color) in
Fig. 1(a) reveals distinct intensities of the phonon resonance via
s-SNOM amplitude S(w) on hBN with the thickness of 2, 4, 6, 10,
and 15 layers. Thicker crystals exhibit higher s-SNOM amplitude
S(®) and correspond to higher intensity of the phonon resonance.
Note that different from previous s-SNOM studies,'°>>*! which

wu g9

FIG. 1. Infrared nano-imaging on ultra-thin hBN. (a) The experiment schematic and combined topography (3D structure) and s-SNOM amplitude image [false color, S(w)]
of terraced hBN with the layer number N indicated in each area. (b)-(d) Representative s-SNOM amplitude images on the hBN monolayer and multilayers. Scale bar:

500 nm. IR frequency o = 1366 cm™".
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FIG. 2. The scaling of phonon resonance with the number of layers in naturally abundant hBN. (a) The s-SNOM amplitude S(w) (blue dots) measured from hBN with a
variety of layer numbers N. Modeling results are plotted with the red curve. Inset, Raman spectrum of the naturally abundant hBN. (b) The zoom-in plot of (a) reveals the
scaling of phonon resonance with the number of layers N in ultra-thin hBN (N<20). Inset, the schematic of the model for the s-SNOM experiment. IR frequency
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FIG. 3. The scaling of phonon resonance with the number of layers in isotopically pure h'®BN and h''BN. (a) and (b) The s-SNOM amplitude S(w) (false color) was mea-
sured from h'°BN with a variety of layer numbers N. Modeling results are plotted with the red curve. Inset in (a), Raman spectrum of h'%BN. IR frequency in (a) and (b)
w=1393¢m™". (c) and (d) The s-SNOM amplitude S(w) (false color) was measured from h''BN with a variety of layer numbers N. Modeling results are plotted with the
red curve. Inset in (a), Raman spectrum of h''BN. IR frequency in (a) and (b) & = 1356 cm™".
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FIG. 4. The scaling of phonon polaritons with the number of layers in ultra-thin hBN (N'<20). (a) and (b) Representative s-SNOM phase images ®(w) (false color)
measured from the monolayer and multilayer hBN where the layer number N is marked in each area. IR frequency w = 1379 cm™". Scale bar: 500 nm. (c) The scaling of
the wavelength A, of phonon polaritons with the layer number N in ultra-thin hBN (N < 20). Experimental data are indicated with blue dots, while the modeling results are

plotted with the red curve.

focus on imaging hBN phonon polaritons inside the Reststrahlen
band (w10 < ® < wrp), here we performed the s-SNOM imaging at
the wto of hBN. Therefore, there are no evident phonon polariton
fringes but only uniform s-SNOM signals related to intensities of the
phonon resonance in hBN. We have conducted a systematic study of
the phonon resonance in hBN of monolayers [Fig. 1(b)], few layers
[Figs. 1(c) and 1(d)], and bulk crystals [Fig. 2(a)]. The dependence
of the phonon resonance intensity with the layer number N is evi-
dently revealed in our experiments [Figs. 1(b)-1(d)].

We summarize in Figs. 2(a)-2(b) the systematic evolution of
the intensity of phonon resonance [as s-SNOM amplitude S(w)] on
hBN crystals with the layer number N. The s-SNOM amplitude
data S(w) (blue dots) at different N were normalized to S(w) at
N=6 at w10 =1366cm™". In general, the intensity of the phonon
resonance increases with N in hBN. In ultra-thin hBN crystals with
N<20 [Fig. 2(b)], the intensity of the phonon resonance scales
strongly with N: S(w) varies with even one atomic layer AN=1. As
N increases, this evolution saturates at N ~ 80; for hBN crystals with
N > 80, adding more layers does not change the S(w) obviously.

This thickness-dependence suggests the possibility of control-
ling the intensity of phonon resonance by engineering layer
number N in vdW materials. Intuitively, the larger the N, the more
phonon oscillators and the higher the resonance intensity. The
slow increase in the s-SNOM amplitude S(w) and the saturation at
N~ 80 can be related to the aforementioned antenna effect of the
s-SNOM technique. Briefly, the scanning tip in the s-SNOM can be
modeled as an effective hyperboloid with length L [Fig. 2(b),
inset].”* This hyperboloidal antenna offers the strongest field close
to the apex, followed by a considerable field below that gradually
decays outside the tip apex. As N increases, while phonon reso-
nance of the top constituent layers can be adequately detected by
the s-SNOM tip, those from the bottom layers may not be suffi-
ciently detected and, thus, contribute less to the total s-SNOM

signal S(w) and ®(w). We modeled the s-SNOM amplitude S(w)
with the tapping amplitude z;, input from the experiments (see
details in the supplementary material). The modeling results agree
well with our experimental data with a reproduced thickness-
dependence [red curves in Figs. 2(a) and 2(b)].

In addition to naturally abundant hBN, we performed
s-SNOM experiments on isotopically pure h'°BN [Figs. 3(a)
and 3(b)] and h''BN [Figs. 3(c) and 3(d)], also with the thickness
spanning from monolayers to bulk crystals. The s-SNOM data on
h'BN at wpo=1393cm™ and h''BN at wro=1356cm "
reveal a similar scaling of the s-SNOM amplitude S(w) with the
layer number N: S(w) increases evidently with the increasing N for
N <20 [Figs. 3(b) and 3(d)] and this evolution saturates at N ~ 80
[Figs. 3(a) and 3(c)]. The s-SNOM data on h'°BN and h''BN both
agree well with our modeling results (red curves in Fig. 3).

lll. MODELING PARAMETERS FOR THE s-SNOM DATA

Our nano-spectroscopy data agree with the lightning rod
model™ (see details in the supplementary material). Briefly, the
s-SNOM tip was modeled as an effective hyperboloid [Inset of
Fig. 2(b)] with the length L ~15um. s-SNOM tip radii a =23, 25,
and 23 nm were used to produce the modeling results in Figs. 2,
3(a), 3(b), 3(c), and 3(d), respectively. The tapping amplitude
Zip~65nm was input from our experiments. The permittivity of
naturally abundant hBN, h'°BN, and h''BN was input from Ref. 36.

IV. THICKNESS-SCALING OF PHONON POLARITON
WAVELENGTH

After exploring the phonon resonance at transverse optical fre-
quency wrto, we systematically studied the scaling of phonon polari-
ton wavelength A, with the layer number N in ultra-thin hBN
(N'<20). The experimental setup is similar to the first part of this
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work, except the IR frequency @ was tuned into the Reststrahlen
band (w10 < <wo). Using the aforementioned polariton imaging
method, phonon polariton standing waves were recorded as oscilla-
tion fringes close to crystal edges in the s-SNOM phase ®(w)
images taken on the hBN monolayer and multilayers [Figs. 4(a)
and 4(b)]. Note that for ultra-thin hBN, the experiments should be
conducted at frequency @ (w=1379cm™" in this work) slightly
above wro and s-SNOM phase ®(w) data can better visualize
phonon polariton fringes.”’ At the fixed IR frequency
®=1379 cm™!, we examined multiple ultra-thin hBN crystals with
N<20 and extracted their phonon polariton wavelength 4, at
various N in Fig. 4(c). In contrast to the scaling of the phonon res-
onance, phonon polariton wavelength 4, scales linearly with N, as
revealed in both the experimental data (blue dots) and the model-
ing results (red curve).”' The observed linear scaling for phonon
polaritons in hBN with N =1-20 is similar to that in thicker hBN
(N'>20)."” The latter was attributed to the electromagnetic hyper-
bolicity, and our data in Fig. 4(c) suggest the same origin for
phonon polariton scaling in ultra-thin hBN (N = 1-20).

V. CONCLUSIONS

IR nano-imaging data augmented with modeling results in
Figs. 1-4 reveal the systematic scaling of phonon resonance and
phonon polariton wavelength with the number of constituent layers
in naturally abundant and isotopically pure hBN. The thickness-
dependence of the phonon resonance persists down to AN=1,
hence suggesting opportunities to precisely engineer phonon prop-
erties in vdW systems by the delicate control of layer number
readily achieved via mechanical exfoliation and epitaxial growth.””
The linear scaling of phonon polaritons in ultra-thin hBN shares
similar features as that in relatively thick hyperbolic materials and,
therefore, suggests that hBN atomic layers can be treated as thin
slabs with the effective thickness of interatomic spacing (0.33 nm
for hBN) and can be stacked together while still preserving electro-
magnetic hyperbolicity even in each atomic layer. The thickness
dependence of the in-plane phonon resonance is expected to be a
generic or valuable reference for investigating other fundamental
resonances in vdW materials and heterostructures. Future works
should be directed toward advanced vdW engineering by twisting,
separating, and heterostructuring atomic layers for a more signifi-
cant degree of control of phonon properties and assembling
on-demand vdW devices for desired thermal and nanophotonic
applications. It is also promising to study confined-induced effects
on phonon resonances in  delicately  designed hBN
nano-cavities.”*”’

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of near-field
results of h'°BN and h!'BN, the theoretical model, and other
information.
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