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ABSTRACT: Hexagonal boron nitride (hBN) hosts long-lived
phonon polaritons, yielding a strong mid-infrared (mid-IR) electric
field enhancement and concentration on the nanometer scale. It is
thus a promising material for highly sensitive mid-IR sensing and
spectroscopy. In addition, hBN possesses high chemical and thermal
stability as well as mechanical durability, making it suitable for
operation in demanding environments. In this work, we
demonstrate a mid-IR CO2 gas sensor exploiting phonon polariton
(PhP) modes in hBN nanoresonators functionalized by a thin CO2-
adsorbing polyethylenimine (PEI) layer. We find that the PhP
resonance shifts to lower frequency, weakens, and broadens for
increasing CO2 concentrations, which are related to the change of
the permittivity of PEI upon CO2 adsorption. Moreover, the PhP
resonance exhibits a high signal-to-noise ratio even for small ribbon arrays of 30 × 30 μm2. Our results show the potential of hBN
nanoresonators to become a novel platform for miniaturized phonon-enhanced SEIRA gas sensors.
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Mid-infrared (mid-IR) spectroscopy is a powerful
technique that directly probes vibrational fingerprints

of molecules (e.g., gas, biomarkers, etc.), providing specificity
and structural information on molecular bonds in non-
destructive fashion. This is the basis of spectroscopic gas
detection devices, among which the nondispersive infrared
(NDIR) sensor is arguably the most popular.1 It consists of a
gas cell, IR source and detector, and allows quantification of
gas concentration through characteristic IR absorption.
However, such a simple setup suffers from cross-sensitivity to
different gases, not allowing selectivity since their vibrations
can overlap in frequency.2 Also, the gas chamber of NDIR is
typically bulky to counteract low cross-section IR interaction
with gas molecules. Alternative techniques have been
developed to enhance the light−gas interaction such as
cavity-enhanced absorption spectroscopy (CEAS),3 cavity
ring-down spectroscopy (CRDS),4 and quartz-enhanced
photoacoustic spectroscopy (QEPAS).5 For spectroscopic
sensing, the optical setup can be miniaturized by implementing
surface enhanced infrared absorption (SEIRA) schemes, where
resonant nanostructures (e.g., antennas,6 split ring resonators,7

nanoholes8) create highly confined optical fields that greatly
enhance light−matter interaction. SEIRA exceptionally im-
proves the sensitivity of detection, allowing analysis of even
minute amounts of analytes.

Most established materials for SEIRA sensors are noble
metal (e.g., Au) thin films. However, they exhibit lossy
plasmon modes (typical quality factor Q ≈ 10)9 with a
relatively large evanescent field decay. Newly contending
materials include nanostructured graphene that supports highly
confined localized surface plasmon resonances (LSPRs) that
can be tuned by either electrostatic10 or chemical doping.11

Graphene LSPR modes, however, have low extinction, typically
a few %, and poor Q factors (typical Q ≈ 4),12, which limit the
strength of light-molecular interaction and signal-to-noise ratio.
Emerging alternatives are van der Waals crystals supporting
volume- and surface-confined phonon polaritons (PhPs)
modes with long lifetimes.13−18 PhPs arise from the coupling
between electromagnetic radiation and crystal lattice vibrations
in the material. In particular, nanostructured hexagonal boron
nitride (hBN) exhibits resonant PhP modes with high quality
factors.13,19 High-Q resonances (Q ∼ 102) of natural13 and
monoisotopic hBN15 nanoresonators were recently employed
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to demonstrate molecular sensing at the strong coupling
limit.19,20

The main challenge for using hBN and other 2D materials as
gas sensors is the inherently poor physisorption of gas
molecules on 2D nanostructures; the near-field interaction of
the gases with the surface modes is weak. Functionalizing the
nanostructures using a gas-adsorbing thin layer can solve this
issue by concentrating the gas molecules inside the polariton
field. For instance, thin films of polyethylenimine (PEI)
polymer were shown to selectively adsorb CO2 and could be
regenerated through thermal desorption.21 Efficient optical
CO2 detection was demonstrated with PEI deposited on
resonant nanostructures surfaces such as metal metasurfa-
ces,22,23 graphene nanostructures,24 and all-dielectric photonic
crystal slab.25

In this work, we demonstrate phonon-enhanced mid-IR gas
sensing using monoisotopic hBN nanoribbon arrays function-
alized with a thin CO2-adsorbing PEI layer. By recording the
far-field transmission spectra of the PEI-coated ribbon arrays,
we show PhP resonance modulation dependent on CO2
concentration. We also demonstrate reversible optical response
by thermally desorbing CO2 molecules from PEI. The main
added value of hBN with respect to contending materials (e.g.,
metals,22 graphene24) is the high Q (∼100) of the PhP
resonances within the Reststrahlen region. This is advanta-

geous for gas selectivity because one specific gas-sensitive PEI
vibrational mode can be targeted, unlike metal or graphene
plasmonic nanostructures (Q ≲ 10), where multiple vibrations
overlap with the resonant mode. The proposed hybrid material
sensing platform, leveraging the high Q, and high extinction
PhP modes can potentially become a miniaturized sensor
component for indoor air quality (IAQ) monitoring and smart
ventilation systems.26,27

The gas sensing setup and proposed hybrid-material sensor
chip are sketched in Figure 1a. The gas cell with IR-
transmitting windows is mounted in a Fourier Transform IR
(FTIR) microscope operated in transmission mode. Inside the
gas cell, the sensor chip is placed on a heating stage, and CO2
gas is introduced through gas valves. The sensor chip consists
of monoisotopic hBN nanoribbons on a CaF2 substrate, which
exhibit transversal volume-confined PhP Fabry−Perot reso-
nances.19,20 They are covered with a PEI thin layer. The sketch
conceptualizes the chemisorption of CO2 molecules in the PEI
layer which interact with amines groups producing carba-
mates.28 The CO2−amines interaction and adsorption
dynamics in the PEI matrix were thoroughly studied in
literature and consists in a rapid interface adsorption followed
by a slower diffusion into the bulk of the layer.29,30 When the
sensor chip is heated to >85 °C, CO2 molecules are released
and the amine sorbents in PEI are regenerated.21 In Figure

Figure 1. (a) Schematic diagram of the IR gas sensing setup consisting of a sensor chip placed on a heating stage embedded in a gas cell with IR-
transmitting windows. The sensor chip consists of hBN nanoribbons fabricated on CaF2 substrate with a 75 nm PEI layer coating. The cross-section
sketch shows reversible chemisorption and thermal desorption of CO2 molecules in the amine-rich PEI layer. (b) Experimental extinction spectra of
hBN nanoribbons (without PEI layer) of two different widths and 400 nm period. For comparison, the extinction spectrum for 75 nm PEI on CaF2
is shown (solid gray) and rescaled (dashed gray) to highlight vibrational overlap with PhP modes. (c) Scanning electron microscope (SEM) and
(d) atomic force microscopy (AFM) characterizations of fabricated hBN nanoribbons.
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1c,d, we report the structural characterizations (scanning
electron microscopy SEM and atomic force microscopy AFM)
of fabricated hBN nanoribbon array with 400 nm period and
30 nm thickness. Measured IR extinction spectra (see Methods
for measurement details) for two hBN nanoribbon arrays in
Figure 1b (different ribbon width, same period) show sharp
and intense (∼30%) PhP resonances. Increasing ribbon width
shifts the PhP resonance toward lower wavenumbers, as
expected from geometrical tuning above the transverse optical
(TO) phonon position.19 For comparison, the spectrum of a
PEI thin film (∼75 nm) alone is displayed (gray full line) and
rescaled (gray dashed line) to highlight the overlap of the PEI
vibrational band at ∼1470 cm−1 with the PhP resonances.
In the following, we show how the addition of a PEI thin

film on top of hBN nanoribbons affects their optical response.
We spin coated prepared PEI solution that forms a planar layer
(see Methods for preparation and SI.1 for characterizations)
entirely covering the hBN nanoribbons (see sensor chip sketch
in Figure 1a). The PEI layer is 75 nm thick. Since hBN is
approximately 30 nm thick (Figure 1d), we estimate that the
PEI layer’s thickness on top of hBN is ∼45 nm, this value
conveniently matching the field decay length of the highly
confined hBN PhP modes.19 Figure 2a shows that addition of
PEI on top of hBN nanoribbon arrays (Figure 1b) redshifts
and broadens the PhP resonances. Similar effects are
experimentally observed for other ribbon widths (see Figure
2b), which reports the extracted values of resonant peak
positions and Q factors for several ribbon widths without (blue
curve) and with (red curve) PEI coating. The PhP resonances

damping can be explained by its coupling to the much broader
vibrational resonance of the PEI molecules. Finally, the
resonance of the hybrid hBN+PEI system spectrally moves
closer to PEI vibration mode at ∼1470 cm−1, corresponding to
the NCOO skeletal vibration of carbamate,31 which emerges
upon CO2 adsorption.

22

Using numerical simulations, we first analyzed the effect of
the damping on the PhP modes, that also depends on defects
induced by nanofabrication. In Figure 2c, we report the
simulated extinction spectra for a representative hBN ribbon
array (w = 160 nm) for different hBN damping γhBN values
without (full lines) and with (dashed lines) a planar 75 nm PEI
coating. A noticeable drop in the extinction and Q-factor of the
PhP mode occurs upon adding PEI layer for low damping
values. Our experiments can be reproduced with γhBN close to
15 cm−1. For such relatively high value of damping, the
addition of PEI has negligible effect on the extinction but
significantly reduces the Q-factor. In the hBN permittivity
model (see Methods) and numerical simulations (lower panel
of Figure 2a) for the nanoribbons in combination with a planar
75 nm PEI coating, we used γhBN = 15 cm−1.
The next part tackles the sensitivity of the proposed sensor

to CO2 gas exposure. To evaluate the sensor response, the
surface was exposed to varying concentrations of CO2 ranging
from ambient atmosphere (390 ppm) to higher levels, beyond
the classified harmful value (>1000 ppm) in IAQ safety
monitoring.32 The experimental spectra in Figure 3a show that
the PhP resonance redshifts, reduces its intensity, and
broadens with increasing gas concentration. These changes

Figure 2. Characterization of hBN nanoribbons modes with functional PEI coating. (a) Experimental (top) and corresponding simulated (bottom)
extinction spectra of hBN nanoribbons without (blue) and with (red) PEI layer for two ribbon widths. PEI spectrum is also displayed for
comparison (dashed gray). (b) Resonant peak positions and Q factors extracted from experiments for various fabricated ribbon widths without
(blue curves) and with (red curves) PEI layer. (c) Simulated PhP resonances of hBN nanoribbons of width 160 nm for different hBN damping
values before (solid curves) and after (dashed curves) coating with PEI layer.
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are not seen in the control experiment where hBN nanorib-
bons without PEI layer are exposed to varying CO2

concentration (see SI.3). Increasing the CO2 concentration
modifies the intensity of the PEI vibrational bands in the range
from 1300 to 1700 cm−1, thus, altering its permittivity. Such a
change in the dielectric environment induced by the adsorbed
CO2 is then reflected in the modulated PhP resonance. This
trend agrees with simulations in Figure 3b (refer to SI.4 for the
PEI permittivity fit as a function of CO2 concentration). The
simulated extinction and Q-factor of PhP resonances are higher
than those from the experiment. This may be due to
nonuniformity and defects of fabricated nanoribbons (e.g.,
trapezoidal shape, edge sharpness, and ribbon size deviations).
Similar trends in the simulated response are obtained for
different ribbon widths (see SI.5): (i) PhP resonance redshifts
and broadens upon adding PEI, and (ii) PhP resonance further
redshifts, reduces in intensity, and broadens with increasing
CO2 concentration. Moreover, SI.2B elucidates the effect of
hBN damping and ribbon geometry with the optical response
of PhP against the CO2 concentration. Particularly, lower hBN
damping and optimal hBN ribbon width yield high sensitivity
against gas exposure, that is, the highest mode extinction
difference between atmospheric CO2 level and high CO2

concentration. The limit of detection (LOD) of our experi-
ment can be estimated to be equivalent to atmospheric CO2

concentration (∼390 ppm), limited by our gas cell, which is
not hermetically sealed.

The hBN+PEI surface allows to transduce gas concentration
into PhP resonance modulation with large signal-to-noise ratio
(SNR), even under a very small footprint size (30 × 30 μm2).
In contrast, spectra of PEI only measured with same footprint
size (Figure 3c) under same CO2 level variations yield a poor
SNR. The spectra noise floor can be estimated as N ≈ 0.3%,
which gives S/N ≥ 100 for the hBN+PEI surface as compared
to S/N of ≤10 for the bare PEI, that is, more than 10× SNR
improvement. This highlights the advantage of utilizing highly
confined and low loss hBN PhP modes. Figure 3d shows the
extracted peak positions and extinctions of PhP mode in (a) as
a function of average PEI signal in (c), representing nominal
CO2 levels. In the explored concentration range we have
spectral shift of 4 cm−1 and relative extinction reduction of
∼10% with respect to the peak values. Note that, for our hBN
+PEI surface, monitoring the PhP mode intensity changes
upon gas exposure is the most effective way to detect variations
in gas concentration. This is because extinction changes are 1
order of magnitude larger than the noise floor (determined as
∼0.3%), whereas the overall spectral peak (resonance) shifts
are rather small, approaching the spectral resolution (4 cm−1)
of the FTIR spectrometer used in the experiments. Additional
experiments performed with a thinner (∼30 nm) PEI layer
show similar but weaker modulation effect upon CO2
exposure, because less PEI material overlaps with the PhP
field (see SI.6). Regarding the gas selectivity, note that the PEI
coating prevents direct interaction of hBN with water and
other molecules present in the atmosphere. The PhP mode

Figure 3. Gas sensor response of hBN+PEI against CO2 gas concentration. (a) Experimental changes of extinction spectra against increasing CO2
concentration (direction of gray arrow) expressed in parts per million (ppm). Inset is a zoom-in of peak resonances. (b) Simulated extinction
spectra vs increasing CO2 concentration (see SI for fitted PEI permittivity values). (c) Extinction spectra of bare PEI on CaF2 against same CO2
concentration levels as in (a). Inset is a zoom-in of the shaded region. (d) Extracted experimental resonant peak position kres (left axis, solid
markers) and peak extinction (right axis, open markers) of PhP modes in (a) as a function of average PEI signal in (c).
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thus only senses dielectric variations within the PEI layer.
Those close to the vibrational mode at ∼1470 cm−1 are mostly
due to CO2−amine interactions. PEI interaction with water
molecules is negligible around this frequency and mostly
observed in the spectral range from 3000 to 3800 cm−1.33

Beyond CO2 molecules, PEI can also adsorb and react in a
specific way with other gases such as volatile organic
compounds (VOCs, e.g., acetone and ethanol) and NH3.

22,34

However, the PEI vibrational bands that respond to VOCs or
NH3 are also far from the spectral region where PhP modes
can be excited.
The sensor response to CO2 adsorption and desorption has

been investigated for several cycles at different days as shown
in Figure 4a. For each cycle, the PEI is regenerated by heating
the device at 95 °C for 2 min with N2 gas flow to thermally
desorb the CO2 previously injected. In Figure 1a, we represent
the reaction through which the carbamate dissociates to
regenerate the amine-sorbents while releasing the CO2 upon
heating.21,35 Figure 4a shows repeatable response over several
days of cycles, consisting of subsequent thermal desorption and
re-exposure to high CO2 levels. Similar behavior occurs upon
CO2 exposure wherein the PhP reduces in intensity and
redshifts. We estimate the response time to CO2 concentration
changes of 75 nm PEI to be less than 2 min, in agreement with
work of Hasan et al.22 that reported ∼2 min for 300 nm PEI.
Also, in previous work,24 it was shown that the PEI layer starts
to undergo degradation after ∼3 weeks. Thus, stabilizing the
PEI coating formulation (e.g., adding cross-linkers during

solution preparation) is required to increase the device
lifetime.36,37 For example, the same high molecular weight
branched PEI used in this work was combined with
mesocelullar foam which resulted in very stable response
even after 100 adsorption−desorption cyclic runs.38 Further-
more, Figure 4b shows the reusability of the sensor. The old
PEI layer is removed by oxygen plasma etching after 8 months
and the bare hBN nanoribbons regains its PhP resonance at
higher wavenumber. Upon addition of new 75 nm PEI coating,
the PhP resonance redshifts and broadens, that is consistent
with what was described previously. In our proof-of-concept
experiment, a simple hBN nanoribbons geometry was used and
the coupling of the PhP mode with the gas-sensitive PEI
vibrational band was not optimized to fully exploit their high
Q. We anticipate that further work employing advanced
photonic design (e.g., embedding the hBN+PEI surface in a
cavity design22) will lead to improved performance with
respect to contending systems. The proposed sensing surface
can be further improved by reducing fabrication-induced
defects, using a larger footprint area (hundreds of μm), and
emerging large scale and monolayer hBN (for example by
avoiding overlapping of fundamental PhP modes with higher
PhP modes20). Other gases could be targeted by choosing
different gas-adsorbing layer (polymers, metal−organic frame-
works, etc.) showing IR-active modes that are affected by the
presence of a specific gas within the hBN Reststrahlen
band.39,40 We believe that our work paves the way to the use
of high-Q hBN resonant surfaces for applications that go

Figure 4. Repeatability and reusability of the CO2 sensor. (a) Cycles of response measurements upon PEI thermal desorption (gray) and CO2 gas
injection at high concentration (red). (b) Extinction measurements of hBN nanoribbons with and without PEI layer for (left) first time use and
(right) removal of old PEI coating and application of new PEI coating after 8 months. The old PEI layer was fully removed with plasma etching.
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beyond the context of a lab experiment with film model
molecules such as oxides41 and CBP19 layers toward industrial
applications, such as environmental sensing.
In summary, we demonstrated a proof-of-concept experi-

ment of phonon polariton-enhanced mid-IR gas sensing using
hBN nanoribbons functionalized with CO2-adsorbing PEI
polymer layer. In our system, the PhP resonance is frequency-
shifted and weakened with increasing gas concentration due to
the change of the local refractive index of the gas absorbing
polymer. Moreover, the low loss and high extinction hBN
nanoribbon PhP modes allow to sense different CO2 levels
with a large SNR even with a small sensing area (30 × 30
μm2). Our results confirm that low-loss phononic materials
such as hBN are efficient for surface-enhanced molecular gas
sensors. However, further work is needed for a comprehensive
comparison with existing SEIRA materials (e.g., metals and
graphene), in this way assessing their full potential for
applications.

■ METHODS
Monoisotopic hBN Crystal Growth Method. The 10B-

enriched hBN crystals were grown from a metal flux method as
described previously.42 A Ni-Cr-10B powder mixture at
respective 48, 48, and 4 wt % was first loaded into an alumina
crucible and placed in a single-zone furnace. The furnace was
evacuated and then filled with N2 and H2 gases to a constant
pressure of 850 Torr. During the reaction process, the N2 and
H2 gases continuously flowed through the system at rates of
125 and 5 sccm, respectively. All the nitrogen in the hBN
crystal originated from the flowing N2 gas. H2 gas was used to
minimize oxygen and carbon impurities in the hBN crystal.
After a dwell time of 24 h at 1550 °C, the hBN crystals were
precipitated on the metal surface by cooling at a rate of 0.5 °C/
h to 1525 °C, and then the system was quickly quenched to
room temperature.
EBL Fabrication of hBN Nanoribbons. Mechanically

exfoliated monoisotopic hBN flakes were dry transferred onto
CaF2 substrate. High-resolution electron beam lithography was
performed with spin-coated PMMA on top of hBN flakes.
Different ribbon widths with 400 nm period were patterned on
30 × 30 μm2 array elements. PMMA was developed in MIBK/
IPA (3:1), then exposed hBN areas were subsequently
removed with reactive ion etcher in a SF6/Ar 1:1 plasma
mixture at 20 sccm flow, 100 mTorr pressure and 100 W
power. Finally, the PMMA mask was removed by immersing
the sample overnight in acetone, rinsing it in IPA and drying it
using a N2 gun.
Ultrathin PEI Coating. Branched PEI (Mw ∼ 25000 from

Sigma-Aldrich) was diluted in ethanol by magnetic stirring to
obtain 1.58 wt % solution. Prepared PEI solution was spin-
coated on top of fabricated hBN nanoribbons at 5000 rpm for
1 min, then baked at 100 °C for 2 min. The PEI
characterizations are further detailed in SI.
Infrared Spectrum Measurement. Fourier transmission

IR spectrometer (Bruker Tensor II) coupled with an IR
microscope (Bruker Hyperion 2000) was used to collect
transmission spectra. The incident IR light was polarized
perpendicular to long-axis plane of hBN nanoribbons. The
beam was focused using a Cassegrain objective (NA = 0.4,
15×) and passed through an aperture window of 30 × 30 μm2

that matched the array element size of fabricated regions. The
transmitted IR light was collected by liquid nitrogen-cooled
mercury−cadmium−tellurium (MCT) detector. Subsequent

measurements were taken on the hBN+PEI surface (T,
sample) and bare substrate surface (T0, background) to plot
the extinction spectra (Ext = 1 − T/T0). The spectral
resolution used was 4 cm−1. All the experimental spectra are
the average of 100 acquisitions (number of FTIR scans) for a
total acquisition time of 1.5 min (signal + background) per
displayed spectrum. Subsequent measurements performed on
the hBN+PEI and PEI-only surface under the same gas
concentration and with the same parameters showed negligible
deviations in the observed peak positions and intensities, below
the spectral point spacing (Δk = 1.4 cm−1) and the intensity
noise floor (ΔI = 0.3%). The volume around the optical path
and of the gas cell are nitrogen-purged to remove atmospheric
gases prior to CO2 injection. IR fingerprints due to residual
atmosphere along the beam path are eliminated when spectra
are normalized to calculate extinction.

EM Simulations. Full wave electromagnetic simulations
were performed using the COMSOL software based on finite-
element methods in frequency domain. In order to achieve
convergence, the mesh element size in the vicinity of hBN
ribbon was much smaller than the wavelength of excited
phonon−polariton.

Dielectric Function Model of PEI and hBN. The
dielectric permittivity of CO2-adsorbed PEI was obtained so
that the experimentally measured transmission through 75 nm
PEI layer on CaF2 substrate is reproduced by the analytically
computed transmission. For that, the dielectric permittivity of
PEI can be expressed as a Lorentz model with three coupled
oscillators:

∑ε ε
γ

= +
− −∞

=
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k k i k k1 ( / ) ( / )j

j

j j j
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1

3

0
2

0

Here, ε∞
a represents the high-frequency dielectric constant, Sj is

the oscillator strength, k0j is the resonance wavenumber, and γj
represents the damping factor of the Lorentzian line shapes.
The values were obtained through the free parameters when
fitting the transmission spectrum. The fitting procedure was
made using the MatLab implemented function “nlinfit”. This
function obtains the fitting parameters using iterative least-
squares estimation starting from initial values. The initial
values for k0j were those of the resonance wavenumbers in the
experimental transmission spectrum and the initial values for Sj
and γj were ones and zeros, respectively. The fitted parameters
for different CO2 concentrations are summarized in Table S1
in the SI.
The dielectric function of hBN was extracted by fitting

various transmission spectra through nonpatterned hBN flakes
with several thicknesses on CaF2 substrates. The collection of
spectra were fitted using analogous approach as the one
described above for extracting the dielectric function of PEI.
The in-plane ε⊥ and out-of-plane ε∥ dielectric permittivity of
hBN, can be expressed in the single-Lorentzian form:
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where a refers to either the transverse (⊥ or a,b crystal plane)
or z (∥ or c crystal axis) axes, ε∞

a represents the high-frequency
dielectric constant, ωTO

a and ωLO
a refer to the transverse (TO)

and longitudinal (LO) phonon−polariton frequencies, respec-
tively; and γa represents the damping factor. The free
parameters ε∞

a , ωTO
a , ωLO

a , and γa were fitted to reproduce
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the experimentally obtained transmission spectrum through
hBN on CaF2 substrate. As before, the fitting procedure was
made using Matlab implemented function “nlinfit”. The initial
guess for the parameters ε∞

a , ωTO
a , ωLO

a , and γa was taken from
ref 13. With the procedure we obtain ε∞

⊥ = 6.1, ωTO
⊥ = 1395

cm−1, ωLO
⊥ = 1630 cm−1, γ⊥ = 8 cm−1, ε∞

∥ = 2.8, ωTO
∥ = 785

cm−1, ωLO
∥ = 845 cm−1, and γ∥ = 1 cm−1. The calculations of

the transmission spectra through patterned hBN on CaF2
systems produce resonant values that are larger than the
experimental ones, which we associate to imperfections created
in the actual sample during fabrication. We have found that
this effect can be taken into account by adjusting γ⊥ close to 15
cm−1.
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