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Abstract
We have investigated the effective dielectric response of a subwavelength grating made of highly
doped semiconductors (HDS)excited in reflection, using numerical simulations and
spectroscopic measurement. The studied system can exhibit strong localized surface resonances
and has, therefore, a great potential for surface-enhanced infrared absorption (SEIRA)
spectroscopy application. It consists of a highly doped InAsSb grating deposited on lattice-
matched GaSb. The numerical analysis demonstrated that the resonance frequencies can be
inferred from the dielectric function of an equivalent homogeneous slab by accounting for the
complex reflectivity of the composite layer. Fourier transform infrared reflectivity (FTIR)
measurements, analyzed with the Kramers–Kronig conversion technique, were used to deduce
the effective response in reflection of the investigated system. From the knowledge of this
phenomenological dielectric function, transversal and longitudinal energy-loss functions were
extracted and attributed to transverse and longitudinal resonance modes frequencies.

Keywords: highly doped semiconductors, plasmonic metamaterial, effective dielectric function,
effective medium, FTIR spectroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasmonic metamaterials are opening the door to numerous
optical applications due to their unusual physical behaviors
and properties that can hardly be found in nature. While a lot
of attention is paid to the visible and near-infrared range,
pertinent applications reside in the infrared, like gas sensing
[1], data storage [2], coherent thermal emission [3] and sur-
face-enhanced infrared absorption (SEIRA) spectroscopy
[4–6].

Metals, especially gold and silver, are the primary can-
didates for plasmonics. However, in the mid-infrared range
their supremacy is demoted in favor of highly doped

semiconductors (HDS). In fact, the highly negative permit-
tivity of the metals in this region leads to a reduced skin depth
and a large decrease in the electric field exaltation [7, 8]. On
the contrary, HDS materials offer the possibility to tune the
plasma frequency to a large extent and therefore to adjust the
plasmonic resonance frequency in the desired range of
application. In this context, recent work has been done on the
fabrication of sub-wavelength HDS gratings [9, 10], where
the incident light is efficiently coupled to localized surface
modes via the large grating momentum. Such devices can
exhibit a strong field enhancement in the infrared regime, as
required for SEIRA application. In the process of design
optimization, an accurate characterization of the resonances
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modes is highly desirable. Fourier transform infrared reflec-
tivity (FTIR) has been often used as a non-destructive tech-
nique to measure the reflectivity R as a function of the
wavelength λ of materials over a wide spectral range. How-
ever, determining the resonances associated with high electric
field enhancement from such a spectrum is not straightfor-
ward. More insight can be obtained using Kramers–Kronig
(KK) relations as a conversion technique to deduce the phase
shift q l( ) from the sole amplitude information r l = R( ) .
The KK relations were notably used in this way to study the
phonon behavior and charge carrier related properties in
semiconductor materials [11–13], powder materials [14] and
bulk substrates [15]. Most recently, this approach was used to
design an anti-reflection surface [16]. With both reflection
amplitude and phase information, the optical properties of
thin films can then be obtained [17].

The experimental method we present in this paper first
combines FTIR and KK analysis to get the complex reflec-
tivity of a GaSb substrate covered by an HDS subwavelength
grating, then the Fresnel equations are used to solve for the
complex refractive index of the structured top layer. The
phenomenological determination of the effective permittivity
of the HDS metamaterial leads to the identification of the
plasmonic resonances. The method is first tested numerically
by rigorous coupled-wave analysis (RCWA) calculations,
showing that effective dielectric functions of the sub-wave-
length grating can be extracted for all incidence angles. The
approach is then tested experimentally, and resonance modes
are identified by determining the phenomenological trans-
verse and longitudinal loss functions. The method then
appears as a simple and effective way to determine the
resonances of structured surfaces, since there is no exact
theory describing the field enhancement and resonances for
irregularly shaped particles. As an introduction before the
numerical study of the complex HDS structure, the case of a
single interface supporting a plasmon polariton is evaluated
analytically.

1.1. Effective dielectric function for the surface modes: the
case of a single interface

The interest of determining an effective permittivity to iden-
tify and describe resonant confined modes can be first
exemplified by considering the simplest case of a single
interface separating two media (1, 2). The surface mode is
characterized by an exponential decay of the field on both
sides of the interface. It requires a p-polarized wave to be
excited so that the reflectivity can vanish, which can be the
case above (Brewster radiation mode) or below the light cone.
The well-known dispersion relation matching this condition
corresponds to a parallel component of the wave vector
// = wk

c s , where ω is the frequency of the propagating

wave, c is the speed of light and   

 
=

+s
1 2

1 2
. s can be con-

sidered, by analogy with the dispersion relation in a bulk
material, as the effective dielectric function seen by the
radiation or confined Brewster mode. It is instructive to
express explicitly the effective permittivity in the case of
interest, i.e. for an incident medium corresponding to air

 = 11 and for a sample having a metal-like permittivity. For
an HDS, this behavior is observed in the infrared range below
the plasma frequency. Figure 1 represents s in the case where
2 is expressed by the Drude model, as follows:
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with a plasma frequency corresponding to a wavelength of
m5.5 m,  =¥ 11.72 and g = -s10p

13 1, corresponding to
doping level and damping achievable in highly doped InAsSb
[9, 18]. The resulting permittivity s corresponds to a single
damped Lorentzian oscillator (DLO) revealing the existence
of the restoring force at the dielectric/HDS interface. In order
to characterize this equivalent oscillator, we need to deter-
mine the terms appearing in the dielectric function given by
equation:
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st, respectively, the oscillator strength
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s , the damping constant Γ, and the transversal

resonance frequency wTO. This is obtained straightforwardly
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Figure 1. Plot of the effective dielectric function s perceived by the
radiation Brewster mode and the SPP.
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We recover the Fröhlich frequency w = w
TO 2

p of a

plasma/air interface. This analogy shows that the effective
permittivity, eff gives important quantitative and qualitative
information on the considered resonant system, such as the
resonance frequency, the sharpness and the intensity of the
resonance. For more complex resonators, eff will not be
described by a simple DLO, but the resonant nature of the
system is phenomenologically embedded within the notion of
effective dielectric function. In the following, we describe the
experimental approach we have used to extract the effective
optical constants of a metamaterial layer from reflectivity
measurement. In this case, eff is defined as the dielectric
function of an homogeneous slab deposited on the same
substrate having the same thickness as the meta-layer and
providing the same complex reflectivity.

2. Analysis techniques

The analysis techniques that are used and briefed in this
section are applied to the infrared reflectivity measurements.
As a first step, the phase or the complex argument θ of the
reflectivity is calculated from the measured amplitude
r = R( ) via the Kramers–Kronig relations. The application
of these relations requires some conditions to be satisfied,
fortunately the reflectivity function meets these conditions
[17]. The KK relations relates the real part a s1( ) to the ima-
ginary part a s2 ( ) of a function a s( ) by:

òa w
w

p
a

w
=

-
-

+¥
P

s

s
ds

2
52

0

1
2 2

( ) ( ) ( )

P denotes the Cauchy principal part of the integral. More
detailed theoretical aspects of KK relations are discussed
elsewhere [19, 20]. It is important to point out that these KK
relations involve an integration from zero to infinity. For this
purpose a fit with a sum of Lorentzians (typically five or
more) is made at each extremity of the measured spectrum in
order to increase the definition range beyond the spectral
window. To apply the KK relations, the frequency-dependent
reflection coefficient is written as:

w r w w r w q w=  = +q wr e r iln ln 6i( ) ( ) ( ( )) ( ( )) ( ) ( )( )

Despite its extensive use in the optical constant deter-
mination, the drawback of the KK method is that the inte-
gration goes in principle from zero frequency to infinity.
Since such measurement is not feasible, it is a common
practice to fit the spectrum extremities with a Lorentz or
Drude-Lorentz model [21], but then the method is necessarily
subject to some errors that are not necessarily small.
According to KK theorem, the phase equation can be written
as:
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where Ω is the integration variable. In order to implement KK

integral we write the phase equation in the form:
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where W0 and Wf determine the low and high frequency ends
of the measured spectrum. We determine WR ( ) in the first
integral of the above equation by extrapolating the measured
reflectivity spectrum to zero using the Lorentz–Drude model.
Then, the first integral in the phase equation can be readily
solved. To solve the second integral, we write it in the form:
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in each interval W -i 1[ ,Wi] (which determines the experimental
spectral resolution), we approximate the reflectivity with a
linear fit. Then, we obtain the value of the second integral by
solving each elementary integral numerically and summing
over all the individual integrals. We determine the analytical
expression of wR ( ) in the third integral by extrapolating the
reflectivity spectrum to infinity using pure mathematical
functions, and then we solve the third integral numerically.
We believe that the arbitrary extrapolation of the reflectivity
in the third integral is the only source of error in the deter-
mination of the phase. Therefore, we believe that the error on
the overall phase is not angle-dependent. It depends on the
variation of the reflectivity spectrum beyond the measured
frequency range. If the reflectivity spectrum saturates beyond
the measured frequency range, the contribution of the third
integral to the overall phase is nil, and the phase obtained by
the KK conversion technique is highly accurate. However, if
the reflectivity spectrum beyond the measured frequency
range varies, the contribution of the third integral to the
overall phase in the measured frequency range is a slightly
increasing angle as we move towards the high frequency end
of the measured spectrum.

As a second step, the transfer matrix model (TMM) is
used to determine the effective optical constants of the
structured HDS layer, without any physical assumption. We
consider that the top layer, consisting of HD InAsSb grating
and air, has an effective index of refraction Nl. The complex
index of refraction of the GaSb substrate Ns is taken from
literature [22]. The expression of light reflection on the sys-
tem can be found in many textbooks [23, 24], and is written
as:

w = +r A N N iB N Nln , , 10l s l s( ( )) ( ) ( ) ( )

We then equate the real and imaginary parts of equations (6)
and (10), with the only unknown parameter = +N n ikl l l.
The dependence of these two equations on the unknown
parameter Nl is non-trivial. Thus, we vary nl and kl until we
solve the two equations simultaneously. The accuracy is
specified by the variation step.
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3. Experiments

The FTIR system used is a Nicolet 4700 spectrometer from
Thermo Electron Corporation with a DTGS detector and a KBr
beam-splitter, working between 400 and 4000 -cm 1 at near
normal incidence. We performed 200 scans on the sample in
order to improve the signal-to-noise ratio while fixing the
spectral resolution to 1 -cm 1. Because the sample compartment
is not evacuated, there needs to be a relative scale for the
absorption intensity. Thus, we use a gold coated mirror to
collect a background spectrum before each measurement. The
spectrum of the sample is then normalized to this background to
remove the instrumental and environmental contributions. Thus,
all spectral features present in the normalized spectrum are
strictly due to the sample. Parameters adjustment and data
acquisition are made by OMNIC software.

The InAsSb layer is n-doped with Si at a doping con-
centration of ´ -5 10 cm19 3. It is deposited by molecular-beam
epitaxy on GaSb doped with Te at a doping concentration of
´ -2 10 cm18 3. A SiO2 mask is deposited on the top. The

grating is then defined by holography using an AZMIR 701
positive photoresist, followed by reactive chemical etching. The
final shape of the lines is trapezoidal with base length of
420 nm, top length 120 nm and height of 140 nm. The period of
this grating is 520 nm. Figure 2 shows an SEM image of the
obtained structures. Such structures exhibit strong field
enhancement and were made based on prospective application
in SEIRA. InAsSb material was used because of the impressive
doping level it offers, giving the possibility to tune the bulk
plasma wavelength down to values as low as 5 mm. The
effective mass of electrons in InAs is also small in comparison
to other HDS; such small effective mass promotes the ability to
increase the plasma frequency. In addition, the InAsSb is lattice-
matched with the GaSb substrate, ensuring high quality epitaxy.

4. Results and discussion

4.1. Numerical calculation: angle dependence study

In this section, we aim to study our resonant system at dif-
ferent excitation angles to verify the best configuration to

excite the surface localized plasmon resonances (LSPR) and
to assess the validity of applying our method to plasmonics
and show its accuracy. For this purpose, numerical simula-
tions on a configuration that resembles the actual structures,
i.e. a trapezoidal shape with a base length of 420 nm, top
length of 120 nm and height of 140 nm, were made (inset
figure 3). The incident angle varies from 0 to 75 deg. The
index of refraction of the substrate GaSb was implemented as
found in the literature [22]. The index of refraction of the
HDS was modeled using the Drude model as in equation (1),
with the same parameters. The Drude model describes well
the optical properties of a material when these properties are
essentially driven by the conduction band electrons. In the
InAsSb:Si sample the electron density is close to 1020 cm−3.
Even if the band gap is around 0.3 eV [25] because of the
Burstein–Moss shift [26] the effective band gap becomes
close to 1 eV removing interband and intraband transition;
thus, in the mid-infrared, the Drude model accounts precisely
for the optical response of HDS [10, 27]. Though it is
important to point out that the Drude model is only used in
simulations to better understand the LSPR behavior. The
developed method extracts the complex permittivity without
any physical assumption. The RCWA method was used to
calculate directly the complex reflectivity at each angle of
incidence, the reflectivity is shown in figure 3. While the
spectrum exhibits clear maxima, it is difficult to infer unam-
biguously the maximum resonance wavelength of the system.
For example, plasmonic resonances can be associated with
reflectivity minima, as is the case in the Kretschmann con-
figuration. In fact, the resonance wavelengths of LSPR are
well correlated with the positions of the absorption maxima in
such dissipative systems. Although scattering or absorption
spectra lA ( ) are often difficult to obtain experimentally, this
information can also be calculated numerically. In the present

Figure 2. SEM image of the studied InAsSb grating.

Figure 3. Initial reflectivity in symbols, and the corresponding back-
calculated one in solid line as a function of wavelength and angle of
incidence. The insets show normalized intensity maps at the
frequencies where the enhancement factor is maximum (350 and 280
at normal and grazing angles, respectively). The images are saturated
for a better visualization of the light distribution.
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configuration, the light impinging from the air is mostly
specularly reflected, transmitted or absorbed given the sub-
wavelength size of the structures in the mid-IR. Hence, lA ( )
is quite precisely given by l l- -R T1 ( ) ( ), where lT ( ) is
the transmission of the structured layer on the GaSb substrate.
The absorption is shown in the inset of figure 4(b) revealing
the presence of more pronounced peaks, only slightly shifted
compared to the reflection maxima. While a square cross-
section of similar size produces only one strong resonance
above the plasma frequency at normal incidence (not shown
here), the reduced symmetry of the trapezoidal shape pro-
duces additional, less intense peaks, that are blue-shifted
compared to the main peak. The intensity maps clearly show
that these modes correspond to an excitation mostly localized
at the structure basis (see insets of figure 3) which is max-
imum at normal incidence in terms of field enhancement. The
TMM was then applied following the mentioned procedure to
combine the contribution of substrate with that of the film,
allowing us to determine the effective refractive index of the
top layer from the calculated reflectivity. The corresponding
dielectric function is deduced from
 = + » +

m
n ik n ik1 2 2( ) ( ) , i.e. we considered m » 1. This

is not a rigorous approach, since even if we started with a
non-magnetic material, the structuring may introduce some
magnetic behavior; however, the variation of μ is expected to
be reasonably small for the investigated structures, that were
not designed to produce a magnetic resonance related to a
current loop (as in some thick metallic nano-rings [28]).

Figure 4 shows the real and imaginary parts of the
retrieved dielectric function for increasing angles of inci-
dence. Lorentzian-like resonances are clearly visible. The
resonant behavior is seen for all angles of incidence as
expected since LSPR typically does not require stringent
illumination conditions to be excited. However, the dielectric
function resonance is more pronounced for normal incident
angle, where the horizontal polarization efficiently excites the
plasmonic mode confined on the lateral edges of the struc-
tures. Comparing the absorption calculated by RCWA for the
system, inset in 4(b), to the imaginary part of the permittivity

calculated by TMM figure 4(b), we notice the presence of
similar peaks with interesting differences. We note that, when
the absorption is strong (at large angle), the imaginary part of
the dielectric function has a minimal amplitude and
vice versa. This can be understood if we consider that the
large absorption obtained at large angle corresponds to a more
damped oscillator. In fact, if the light is indeed more absorbed
at large angle (whatever the wavelength) since the light per-
ceives more HDS material, the maximum resonance actually
occurs at normal incidence as previously mentioned. In this
sense, the effective permittivity appears as a better indicator
of resonance strength.

Figure 3 shows the back-calculated reflectivities as
function of angle, in solid lines, using the values obtained in
figure 4 compared to the initial reflectivities, shown is sym-
bols. We notice the good agreement and the high precision of
our calculation. However, it should be noted that in this
phenomenological approach, the effective layer thickness is
arbitrarily taken as equal to the grating thickness. Other
thicknesses can lead to noticeable changes in the retrieved
complex index without considerably affecting the obtained
Lorentz-like behavior and the general trend. We can note also
that for steep angles and high wavelength the solutions for the
imaginary part of the refractive index are negative. This is,
however, acceptable since it only means that in this region the
metamaterial reflects the wave as a certain homogeneous gain
layer would do. In other words, the obtained effective con-
stants account for the reflection response and should not be
used, for example, to quantitatively infer the transmission
response.

4.2. Application to FTIR measurement

FTIR measurement was done on the sample shown in figure 2
at quasi-normal incident IR-beam with p-polarization. KK
relations were applied to obtain the complex part θ in
equation (6); extrapolation has been performed at the extre-
mities. TMM has been then applied to obtain the complex
index of refraction of the top layer made of InAsSb air,

Figure 4. (a) Real and (b) imaginary parts of the permittivity of the effective layer as a function of wavelength and angle of incidence. The
inset shows the absorption as a function of angle calculated by RCWA.
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sandwiched between the GaSb substrate and air. Figure 5
shows the complex permittivity calculated using the obtained
real refraction index, n, and the extinction coefficient, k. We
see that the real part of the permittivity goes from positive to
negative, exhibiting a damped resonant behavior.

To check the validity of these solutions, the effective
permittivity shown in figure 5 was used to back calculate the
reflectivity. Figure 6 shows the measured reflectivity along
with the back-calculated reflectivity. A very satisfactory
agreement is observed as all the experimental reflectivity
features were retrieved.

We must point out that a constant term of 0.4 rad was
added to the values of θ so that the obtained back reflectivity is
optimum. This term is regarded as a constant correction to KK
relations. Two factors involved in our experiment might be the
reason behind the necessity of this correction term. The first
reason comes from the fact that the permittivity function for the
substrate was used from the literature, while the actual substrate
is Te doped with plasma wavelength of 30 mm. This introduces
a sharp non-accounted-for decrease at wavelengths of 20 mm,
more details are found in [9]. The second reason might stem
from overestimation or underestimation of the reflectivity while
extrapolating at zero frequency and at infinity.

In order to show the TO- and LO-like resonances typi-
cally associated with Lorentzian permittivities, it is useful to
introduce the two ‘loss functions,’ often used in thin films
analysis and expressed in detail elsewhere [29]. The first one
is called the ‘TO energy loss function’:

w w=TO energy loss function Im 11( ) ( ( )) ( )

The maxima of this function corresponds to the reso-
nance frequencies of TO vibrations. The ‘LO energy loss
function’ is defined as:

⎛
⎝⎜
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w
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w
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2 2
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where  w¢ ( ) and  w ( ) are the real and imaginary parts of
the permittivity, respectively. By definition, the maxima of
this function occur at the resonance frequencies of the LO
vibrations of the medium.

From figure 7 we have a clear idea about the peak
positions of LO and TO vibrations. As we can see, we have
three resonance frequencies corresponding to the TO vibra-
tions, w m» 9.7 mTO1 , w m» 11.1 mTO2 , and
w m» 13.8 mTO3 . We notice two strong LO vibrations peaks
w m» 7.9 mLO1 and w m» 10.1 mLO2 and one strongly-
damped LO vibrations peak at w m» 12 mLO3 . We notice that
there is a marked splitting in the resonance frequency of the
sample, as expected for non-rectangular shapes of ribbons [9].
As obtained in the simulations, the symmetry reduction pro-
duces this degeneracy lifting of the TO resonance.

5. Conclusion

A general approach was tested in order to retrieve effective
optical constants of an MM layer deposited on a known
substrate, from the knowledge of the complex reflectivity

Figure 5. Real part of the dielectric function of the effective layer
(black) along with its imaginary part (blue). Figure 6. FTIR reflectivity spectrum along with the back-calculated

reflectivity, calculated using values in figure 5.

Figure 7. TO loss function showing TO resonance frequencies as
well as LO loss function showing the LO resonance frequencies.
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spectrum at a given angle. The technique was validated
numerically and experimentally on an HDS subwavelength
grating. The simulations showed that for each angle the
reflection response is faithfully accounted for by a homo-
geneous layer having an angle-dependent effective dielectric
function. This quantity provides unambiguously the sig-
natures of the LSPR through resonances having DLO-like
shape. Using KK relations we were able to determine
experimentally the resonance frequencies in an HDS grating;
accurate results were manifested through the back calculation
of the experimental reflectivity. The nature of the resonance
frequencies were pointed out using the LO and TO loss
functions. We observed that the resonance intensities are
clearly indicated by the strength of the oscillator, information
which is not directly obtained from the sole reflection or
absorption spectrum.
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