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We demonstrate a reflection-type sensor in the midinfrared spectra based on resonant excitation of
surface phonon polaritons �SPhPs�. In this range, SPhPs are characterized by the high density of
states associated with slow surface waves that lead to enhanced resonance absorption. Delocalized
SPhPs were excited by irradiating TM-polarized light on a one-dimensional grating embedded in a
SiC substrate. The sensor response was characterized by changing the refractive index �RI� of a
lossless CO2 gas. A detection limit of 2�10−5 RI units was obtained at a wavelength of
11.9 �m. © 2009 American Institute of Physics. �DOI: 10.1063/1.3098360�

Recent technological developments have created an in-
terest in miniature chemical and biochemical optical sensing
in the midinfrared �mid-IR� �3–20 �m wavelength� region,
where most organic molecules possess vibration or rotation
modes that can serve as chemical fingerprints. Indeed, a sig-
nificant portion of sensing research in this spectrum relies on
absorption detection methods.1,2 However, another avenue
that is being pursued is a refraction method, which is based
on the refractive index change of the measurand, particularly
in small volumes. This kind of sensing has been extensively
investigated in the visible and near-IR regions and is already
widespread there.3,4 One of the reasons for that is the recent
revival in the field of plasmonics. Sensors based on surface
plasmon resonance �SPR� excitation were demonstrated by
Otto5 and Kretchmann6 and since then there has been a con-
siderable number of works dedicated to the development of
sensing by SPR method.7 Surface plasmon polaritons �SPPs�
are excited by the coupling of light with collective oscillation
of the conduction electrons in metals. The interaction
strength corresponds to the transition probability which is
known from Fermi’s golden rule to be proportional to the
density of states �DOS� of the surface modes �DOS�1 /vg,
where vg=d� /dk is the group velocity of surface waves�. At
large wave number the frequency of the surface waves ap-
proaches a characteristic SPP frequency �SPP ��SPP=�p /�2
at metal-vacuum interface, where �p is the plasma fre-
quency�, as shown in Fig. 1�a�. Near the SPP frequency �in
the visible or near-IR regions�, the delocalized SPPs are
characterized by a high DOS, thus significant absorption is
obtained. On the other hand, far from the SPP frequency �in
the mid-IR region�, delocalized SPPs are characterized by a
low DOS resulting in weak absorption. Several mechanisms
were proposed to increase the DOS by changing the dynam-
ics of the delocalized surface waves. These changes can be
due to tailoring the plasma frequency within a metamaterial,8

localization of SPPs in microcavities,9 surface enhanced in-
frared absorption,10 confined waveguiding plasmonic modes
in ultrathin film,11 plasmonic bandgap structure,12 and stand-
ing waves coupled SPPs.13

In this letter, we propose utilizing a different type of
surface waves known as surface phonon polaritons �SPhPs�
for refractive index sensing in the mid-IR region. SPhPs

arise from the interaction of an electromagnetic field with the
optical phonons in polar dielectrics. Typically, the SPhP fre-
quency �the asymptotic frequency at large wave number� is
in the IR region �see Fig. 1�a��, hence in this spectral range
delocalized SPhPs are characterized by a high DOS corre-
sponding to slow waves. The high DOS of surface waves in
the mid-IR was recently investigated to obtain a resonant
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FIG. 1. �Color online� �a� Dispersion relation of SPPs in metal �Au� and
SPhPs in polar material �SiC�, dielectric constants taken from Ref. 19 for Au
and Ref. 16 for SiC. Dashed lines represent the SPP frequency ��SPP� and
the SPhP frequency ��SPhP� which are in the ultraviolet and in the mid-IR
spectrum, respectively. Red solid line represents the resonance frequency for
which our element was designed. �b� Group velocity of delocalized SPPs
and SPhPs normalized by the speed of light in vacuum, along with calcu-
lated dip width: red dash line—derived from the imaginary part of the fre-
quency; circles—calculated by RCWA �each resonance frequency was
matched with an appropriate grating according to the momentum matching
condition�. The dashed line represents the resonance frequency �wavelength�
for which our element was designed.
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thermal emission.14,15 Herein, we exploit this mechanism for
absorption, which turns out to be a promising candidate for
sensing in the IR region. We investigate theoretically and
experimentally a reflection-type sensor based on a wave-
length scanning method. Our sensing element consists of a
grating embedded in a SiC substrate in which excitation of
delocalized SPhPs was achieved by illumination with TM-
polarized light. We characterized the sensor response by the
refractive index changes in the environment near 11.9 �m
wavelength �corresponding to �0�840 cm−1� by varying
the pressure of a lossless CO2 gas. A detection limit of 2
�10−5 refraction index unit �RIU� was achieved.

SPhPs are excited in SiC in a spectral range for which
the real part of its dielectric constant is smaller than �1
�10.6–12.5 �m wavelength�.16 Their dispersion relation on
a smooth surface is given by k� =k0��s�a / ��s+�a�,17 where
k0 is the wave number of the incident wave in a vacuum, and
�s and �a are the substrate and the ambient dielectric con-
stants, respectively. Figure 1�a� shows the dispersion relation
of SPhPs on a SiC/vacuum interface along with SPPs on a
metal/vacuum interface, such as with gold. As can be seen,
the SPP and SPhP frequencies ��SPP and �SPhP are obtained
from the resonant excitation condition �s=−�a� are in the
ultraviolet/visible and mid-IR regions, respectively. From
this relation one can find the group velocity of surface waves
on SiC and gold versus frequency, as shown in Fig. 1�b�. In
the vicinity of 11.9 �m wavelength, slow waves of SPhPs
�vg=0.6c� are observed compared with the group velocity of
the SPPs �vg�c�. Thus, the small group velocity of the sur-
face waves which is inversely proportional to the high DOS
ensures high coupling efficiency. Furthermore, the interac-
tion length of SPhPs within the ambience is estimated ac-
cording to their penetration depth La�1 / Im���ak0

2−k�
2�,17

which is of the order of the incident wavelength, La
=8.32 �m at 11.9 �m wavelength. These allow us to mea-
sure the refractive index changes in the measurand in a small
volume, which has a potential to implement this technique in
integrated sensor devices. This interaction length is much
smaller than the desired sample cell length required for con-
ventional refractive index sensing methods in the mid-IR, for
example, interferometer technique.18 In this technique, the
sample cell is of the order of 0.5 m for measuring a change
of 10−5 RIU at 10 �m wavelength.

We performed experiments on a 10 mm square grating
fabricated by a standard photolithographic technique using
reactive ion etching.15 A setup illustration of the reflection
measurement is shown in Fig. 2�a�, and a scanning electron
microscope image of the realized structure is given in Fig.
2�b� having the following profile parameters: periodicity �
=11.6 �m, fill factor q=0.6, and depth h=0.3 �m. The pe-
riodicity of the grating was chosen so that the resonance
frequency �0 would be absorbed at a normal incident angle,
following the momentum matching condition k0

��a sin �
+mKg=k�.

17 � denotes the incident angle m is the diffraction
order and Kg=2	 /� is the grating wave number.

First, we characterized the sensor by calculating the
spectral reflectivity of the structure using a rigorous coupled
wave analysis �RCWA� method for an ambient refractive in-
dex change of 
n=4.3�10−4 RIU. Figure 3�a� summarizes
the resonance spectral shift normalized by the resonance fre-
quency in a vacuum ��−�0� /�0, as a function of the refrac-
tive index change 
n. A typical resonant dip is shown in the

inset at 
n=3�10−4 RIU with a dip width at half maximum
3.15 cm−1. The spectral sensitivity S�= ��−�0� /
n can be
derived from the slope of the curve to be S�

=625 cm−1 /RIU. Our sensing element was inserted into a
gas chamber to determine the variation of the CO2 refractive
index that results from variations in the gas pressure �from
0.97 to 0.02 atm in steps of 0.16�0.013 atm�. Measurement
of the reflection spectra was performed using a Fourier trans-
form infrared spectrometer �Bruker Vertex 70� equipped with
an HgCdTe detector. Each measurement was obtained by av-
eraging 128 scans with a spectral resolution of 0.5 cm−1, and
an angular resolution of 0.1°, which is much smaller than the
angular lobe at the resonance frequency ��1°�. A typical
experimental result at p=0.33 atm is shown in the inset of
Fig. 3�b� with a dip width at half maximum 8.49 cm−1. As
can be seen from our results, the measured dip width is wider
than the calculated one. We attribute this broadening to car-
bon impurities in our SiC sample. The dip shape is well fitted
to a truncated Lorentzian-shape in which its resonance fre-
quency overlaps with its geometric center of mass position.
This property was utilized to find the measured dip position
using the centroid method. Figure 3�b� shows the experimen-
tal results of the resonant spectral shift normalized by the
resonance frequency in a vacuum as a function of the CO2
gas pressure. In order to estimate the uncertainty of the dip
position, we calculated the minimum spectral change that
can be detected by the centroid method, ��=K�W /d�
��
th /�N�.7 Our experimental results yielded ��
=0.0105 cm−1, where 
th=0.0058 is the measured noise at a
threshold level which was set at half of the dip height, d
=0.37 is the depth of the dip with respect to the threshold,
W=8.49 cm−1 is the width of the dip at the threshold �see
inset in Fig. 3�b� for details�, N=40 is the number of mea-
sured points beneath the threshold, and K�0.5 stands for the
noise involved in the detection system.

Using the calculated curve in Fig. 3�a� with the experi-
mental data in Fig. 3�b�, we can deduce a relation between
the refractive index of CO2 gas and its pressure 
n��p,
where �=4.034�10−4 atm−1 �see Fig. 3�c��. This value is in
a good agreement with other experimental results on CO2
gas �=4.087 atm−1 obtained by a differential interferometer
technique as well as with theoretical calculation �=4.065
�10−4 atm−1 at 10.6 �m wavelength. The theoretical value
was obtained using a Lorentz–Lorenz relation under the as-

FIG. 2. �a� Experimental setup used for measurement of the spectral reflec-
tivity. P denotes polarizer, BS denotes beam-splitter, Z denotes ZnSe win-
dow with an antireflection coating, PM denotes parabolic mirror, focal
length 180 mm, EM denotes elliptic mirror, focal lengths 42 /280 mm, A
denotes angular resolution aperture, diameter 0.8 mm, and D denotes
HgCdTe detector. �b� Scanning electron microscope image of the realized
structure.
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sumption that CO2 behaves as an ideal gas at low pressures
and Drude–Lorentz equation extended to several oscillators
at atmospheric pressure �see Ref. 18 and the references
therein�. The foregoing calibration enables us to calculate the
refractive index resolution by �n=�� /S�=2�10−5 RIU.
Note that �n�W /d, therefore reducing the experimental
width W or deepening the dip d will increase the sensor’s
resolution. The dip depth is associated with the strength of
interaction corresponding to slow SPhPs. For this reason, we
felt directed to sense at frequencies near the SPhP frequency.

However, in this range the short decay time of the surface
modes broadens the spectral dip where the dip width can be
estimated via the imaginary part of the frequency ���1 /�
�W.17 The decay time and the propagation length along the
surface are correlated by L� =�vg, whereas L� �1 /k�� �k�� is the
imaginary part of k��. The trade-off between the group veloc-
ity of the slow SPhPs and the dip width is shown in Fig. 1�b�
where W����	vgk��. An excellent agreement is obtained
comparing this value with the dip width calculated by
RCWA. Thus, in order to achieve a high resolution, the slow
SPhPs should be used for enhanced absorption but not at
frequencies too close to the SPhP frequency, such that losses
in the substrate are dominant. In our SiC sample, the sensing
dynamic range with high resolution is at frequencies with
vg�0.2c.

In conclusion, we have demonstrated a sensor for a re-
fractive index measurement in the mid-IR spectra based on
slow SPhPs. The sensitivity was verified using CO2 gas at
different pressures which simulated tiny changes in the envi-
ronment refractive index. Sensing by SPhPs is not exclusive
to gaseous environments; it may be successfully employed in
liquids, soft matter, and biomolecules. The proposed concept
can be extended to the far-IR region by using other polar
materials that support SPhPs, e.g., GaAs �34.2–37.2 �m�,
CdTe �59.1–70.9 �m�, or PbSe �49.2–256.5 �m�.

This research was supported by the Israel Science Foun-
dation.
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FIG. 3. �a� Normalized resonance frequency shift as a function of RI dif-
ference of the ambient calculated by RCWA. A typical spectral reflectivity
for 
n=3�10−4 is shown in the inset. �b� Normalized resonance frequency
shift vs pressure of CO2 gas, measurements �circles� and linear fit �dashes�.
The inset depicts typical reflectivity measurements at p=0.33 atm. �c� Cali-
bration of CO2 refractive index changes vs pressure obtained from the cal-
culation in Fig. 3�a� and the experimental data in Fig. 3�b�.
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