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We demonstrate epitaxially grown all-semiconductor thin-film midinfrared plasmonic absorbers and
show that absorption in these structures is linked to the excitation of highly confined negative-index surface
plasmon polaritons. Strong (>98%) absorption is experimentally observed, and the spectral position and
intensity of the absorption resonances are studied by reflection and transmission spectroscopy. Numerical
models as well as an analytical description of the excited guided modes in our structures are presented,
showing agreement with experiment. The structures investigated demonstrate a wavelength-flexible, all-
semiconductor, plasmonic architecture with potential for both sensing applications and enhanced interac-
tion of midinfrared radiation with integrated semiconductor optoelectronic elements.
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There has been significant recent interest in so-called
“perfect" absorber (PA) structures, metamaterial structures
that demonstrate spectrally selective near-unity absorption
at predefined resonant wavelengths. Initial PA structures
were demonstrated in the microwave range using a resona-
tor or wire structure [1]. The concept was subsequently
expanded to optical frequencies with plasmonic resonator
structures [2] and, more recently, subwavelength plasmonic
discs [3] and stripes [4] separated from an optically thick
metallic ground plane by a thin dielectric spacer. The
absorption mechanism for such structures has been
described in terms of impedance matching [1], critical cou-
pling [4], and more recently by interference [5]. In this
Letter, we present all-semiconductor highly compact PAs
that operate by coupling incident diffraction-limited mid-
IR light into exotic negative-index surface modes supported
by submicron waveguides, predicted in Refs. [6–8] and
demonstrated at visible wavelengths in Ref. [9].
Perfect absorbers are structures whose efficiency comes

from engineering the very losses that serve as obstacles for
so many other applications of plasmonics and metamateri-
als. The potential for PA applications is especially evident
in the midinfrared (mid-IR) wavelength range (2–30 μm),
where all finite temperature biological and mechanical
objects emit thermal radiation, where numerous molecules
have fundamental absorption resonances, and where the
ability to engineer the optical properties of materials has
the potential to significantly impact sensing, defense,
and security applications. Surfaces with strong absorption
resonances could find use as selective thermal emitters for
thermophotovoltaic or thermal cloaking or mimicry appli-
cations. Alternatively, PA structures could potentially be
utilized to enhance the interaction of incident light with
molecules of interest or with subwavelength pixels for focal

plane array thermal imaging. The structures presented here,
being all semiconductor in nature, are especially intriguing
for integration with mid-IR opto-electronic devices.
Perfect absorption (or the equivalent selective thermal

emission) has been demonstrated at these longer wave-
lengths using metamaterial resonators [10,11] and either
metallic stripes [12] or discs [13] acting as optical antennas.
The above examples all use the same plasmonic metals
(Ag, Au) used in shorter wavelength PA structures.
However, at longer wavelengths, these traditional plas-
monic metals’ optical properties resemble those of perfect
electrical conductors (large, negative real part of ϵ), limiting
the utilization of phenomena associated with composite
materials having metal and dielectric permittivities of the
same order of magnitude (jϵmj ≈ jϵdj). Recently, it was
demonstrated that highly doped semiconductors can be
engineered to behave, in the mid-IR region, similarly to tra-
ditional plasmonic metals such as Au and Ag at shorter
wavelengths [14–16], allowing for the fabrication of sub-
wavelength structures supporting mid-IR localized surface
plasmons [17,18] as well as for potential integration into
all-semiconductor active mid-IR plasmonic devices [19].
In addition, the permittivity of these “engineered” plas-
monic materials can quite accurately be modeled by the
Drude formalism for a broad range of frequencies (includ-
ing ω ≥ ωp where ϵm ≈ 0 and ϵm > 0), which is not pos-
sible with traditional plasmonic metals due the effects of
interband transitions (and thus absorption resonances) at
frequencies near and greater than the plasma frequency
(ωp). In this sense, these engineered plasmonic materials
are “purer” than their short-wavelength counterparts, and
some phenomena difficult to observe near the plasma fre-
quency for Au and Ag (at shorter wavelengths) can result in
striking optical properties near ωp for composite material
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systems employing heavily doped semiconductors (at
longer wavelengths).
Here, we demonstrate an all-semiconductor plasmonic

(near-perfect) absorber using highly doped (n ¼ 6.9×
1019 cm−3) InAs as the plasmonic material. Strong absorp-
tion is achieved by coupling into negative-index, highly con-
fined surface plasmon polariton modes in a multilayer
epitaxial structure. We show that whereas the resonant
behavior of these structures depends weakly on their lateral
geometry, control over the spatial profile of the optical mode
and the intensity of the absorption resonance can be
achieved by varying the vertical profile and excitation wave-
length of structures fabricated from the same epitaxial
growth. Furthermore, our absorption is achieved in an archi-
tecture designed to allow, depending again on the vertical
profile of the absorber and the excitation wavelength, either
integration with active semiconductor elements or enhanced
interaction with molecular species on the PA surface,
enabling the development of mid-IR all-semiconductor-
based plasmonic devices for sensing and optoelectronic
applications.
Our material system, shown in Fig. 1 (inset), was grown

by molecular beam epitaxy and optically characterized by
infrared reflection and transmission spectroscopy. The as-
grown structure was modeled with both analytical
(T-matrix) and numerical finite difference time domain
(FDTD) techniques [20,21], and the doped layers’ optical
properties modeled using the Drude formalism, with only
the scattering rate and plasma frequency as the fitting
parameters. Figure 1 shows the experimental transmission

and reflection from our as-grown material as well as the
numerically and analytically calculated spectra for the same
structure. Our T-matrix and FDTD calculations faithfully
reproduce the experimental reflection results, indicating
that our doped InAs can accurately be described using
the Drude formalism, from which we can extract the fre-
quency-dependent permittivity of our nþ doped InAs layer.
Our modeled transmission matches the experimental trans-
mission spectral shape but does not accurately replicate the
observed transmission magnitude, an effect seen in pre-
vious work and attributed to losses due to the high defect
density at the lattice-mismatched InAs/GaAs inter-
face [17,22].
Perfect absorbers were fabricated by etching stripes into

our as-grown material. The resulting structures’ optical
responses are polarization dependent, such that only TM
polarized incident light [as shown in Fig. 2(b)] will dem-
onstrate strong absorption resonances. Whereas a two-
dimensional (2D) surface pattern could potentially give
polarization insensitive absorption, the underlying physics
of both the one-dimensional (1D) and 2D patterns is essen-
tially identical, with the 1D array giving the added benefit
of allowing us to compare the TE and TM reflection from
our sample, isolating the PA resonance from any other opti-
cal effects observed from our multilayer structure. See the
Supplemental Material for details of growth, fabrication,
and experimental optical characterization [23].
Figure 2(a) shows the reflection spectra for TM and TE

polarized light, respectively, from a PA sample with perio-
dicity Λ ¼ 4 μm, stripe width w ¼ 2.1 μm, and etch depth
d ¼ 210 nm, shown in the schematic and atomic force
micrograph in Figs. 2(b) and 2(c). As can be seen in the
TM-polarized spectra, a sharp dip in reflection is observed
at ∼7.75 μm. No corresponding feature is observed in the
TE-polarized reflection spectra or in the transmission spec-
tra, indicating that the observed feature is, in fact, an
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FIG. 1 (color online). Experimental (red lines), numerically
modeled (blue lines), and T-matrix calculated (green lines) (a)
reflection and (b) transmission spectra for the unpatterned, as-
grown perfect absorber sample. Experimental transmission has
been scaled by ×35. Inset shows a schematic of the sample
epitaxial layer structure.
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FIG. 2 (color online). (a) TM (solid lines) and TE (dotted lines)
experimental (red) and FDTD calculated (blue) reflection for a
PA sample with Λ ¼ 4 μm, w ¼ 2.1 μm, and d ¼ 210 nm. Ex-
perimental transmission is shown in black. (b) Schematic of PA
absorber structure and (c) atomic force micrograph (AFM) of the
PA characterized in (a), with inset showing an AFM line scan
(dashed line) across the sample surface.
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absorption peak resulting from our semiconductor plas-
monic structure. The PA was also modeled using FDTD
[shown in blue in Fig. 2(a)], and agreement with our exper-
imental results is demonstrated.
Both TE and TM reflection spectra were obtained for

samples with varying fill factors and periodicities.
Figure 3(a) shows a scatter plot of the characterized sam-
ples’ absorption (calculated as 1 − RTM=RTE at resonance)
as a function of fill factor (x axis) and etch depth (color
scale), as determined by AFM. The spectral position of
the observed absorption peaks remained relatively constant
(within �250 nm of λ ¼ 7.72 μm) for a wide range of lat-
eral geometries with approximately constant etch depths, as
seen in the TM spectra shown in Fig. 3(b). However,
whereas lateral geometry only weakly affects the spectral
position of our resonant absorption, a wide variation in
absorption intensities was observed (from 0% to 98.7%)
absorption) across the fabricated samples [Fig. 3(a)], seem-
ingly independent of lateral geometry.
Figure 3(c) shows the experimental absorption intensity

(red squares) for all of the fabricated samples as a function
solely of etch depth. This scatter plot is compared to
FDTD simulations (blue stars) of a representative sample
with Λ ¼ 4 μm, w ¼ 2.4 μm, and varying etch depths.
Theexperimentalabsorptioncorrelatesstronglywith theetch

depth of the sample, a trend also observed in the simulation
results. Because a wet etch was used, a wide variation in
etch depths was observed among the samples. All but one
sample etched within 20 nm of the top layer thickness
(200 < d < 240 nm) demonstrated absorption of > 90%.
However, as the etch depth penetrates into the undoped
material, a significant decrease in absorption is seen, with
no absorption peak observed, and total absorption of
∼30%, for samples with etch depths 350 < d < 500 nm.
For thesesamples,TMreflectionspectracloselyapproximate
their TE counterparts. For d > 550 nm, the absorption peak
reappears,with themost deeply etched sample (d ¼ 1.1 μm)
again showing absorption> 90%. Figure 3(d) shows the TE
and TM reflection spectra for representative samples with
similar fill factors (w=Λ) and varying etch depths.
Note that unlike the conventional antenna resonances

observed in Refs. [11] and [12], the observed resonances
do not scale linearly with individual stripe size. Detailed
analysis of the electromagnetic response of our PA struc-
tures reveals a different absorption mechanism than that
in previously reported perfect absorber structures. To pro-
vide quantitative analysis of light interaction with patterned
all-semiconductor systems, Maxwell’s equations were
numerically solved with FDTD [20] and rigorous coupled
wave analysis [24] techniques. The results of these calcu-
lations largely agree with the observed experimental data.
The field distribution pattern and analysis of the depend-
ence of absorption on geometric parameters of the system
(w, Λ, d) suggests that the PA behavior is related to the
resonant light coupling into modes guided by the layered
structure.
Dispersion of the guided modes supported by the layered

semiconductor materials was calculated using the T-matrix
technique (Fig. 4) [25] for three different configurations:
metal-dielectric-metal (MDM), corresponding to the as-
grown epitaxial structure, air-dielectric-metal (ADM), cor-
responding to the as-grown material structure with the top
doped InAs layer removed, and air-metal-dielectric-metal
(AMDM), corresponding to the case where the top layer
is partially (d ¼ 110 nm) removed (here “metal” refers
to the nþ InAs layers). In this approach, Maxwell’s equa-
tions are solved for the reflectivity of the multilayer stack
for fixed frequency as a function of the component of the
incident wave vector parallel to the layers. Guided modes
correspond to the condition of infinite stack reflectivity.
Here, we calculate the (complex) frequency spectra of
the modes as a function of the in-plane wave vector com-
ponent. Dispersion of the guided modes in the layered sys-
tem is shown in Fig. 4(a). These calculations revealed a
family of highly confined and also highly lossy (with life-
times of the order of 170 fs, or ∼6 periods of oscillations)
plasmon waves supported by the layered system in the fre-
quency range between ∼7 and ∼8.3 μm, corresponding to
the condition −ϵInAs ≤ ReðϵmÞ ≤ −1 (with ϵInAs being the
undoped InAs permittivity and ReðϵmÞ being the real part of
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FIG. 3 (color online). (a) Scatter plot showing experimental ab-
sorption intensity (1 − RTM=RTE) at resonance for a range of
samples as a function of fill factor (x axis) and etch depth in
nm (color scale). (b) TE (dashed lines) and TM (solid lines) ex-
perimental reflection spectra for features [marked with horizontal
lines in (a)] with a range of lateral geometries and etch depths
between 180 and 220 nm. (c) Experimental (red squares) and
modeled (blue stars) absorption for all features characterized
as a function solely of etch depth. Modeled data use samples with
Λ ¼ 4 μm and w ¼ 2.4 μm and varying etch depth d. (d) TE
(dashed lines) and TM (solid lines) experimental reflection spec-
tra for samples with similar fill factor and varying etch depth d
[marked with vertical lines in (a)].
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the doped InAs permittivity). In contrast to the majority of
optical guided modes, the waves supported by the doped
semiconducting structures have a very large refractive
index, which translates into their slow group velocity. A
peculiar property of these waves is that they have negative
index, in the sense that the in-plane component of the wave
vector points opposite to the in-plane component of the
Poynting flux [8]. However, in contrast to previous studies
[9] that focused on refraction of these modes, here we uti-
lize diffraction of incoming plane waves into these waves to
engineer strong absorption.
Our analysis shows that the position of absorption res-

onances can be related to the properties of these guided
modes. In fact, for normal incidence, the position of the
major absorption resonances can be traced to the spectral
overlap of (i) the fundamental (1=2 local wavelength)
resonance of the relatively “low-index” ADM/AMDM
mode and (ii) the odd-half-wavelength resonance of its
“high-index” MDM counterpart. Such a combination
essentially results in resonant excitation of a plasmonic-
crystal-type collective mode in the periodic ADM
(AMDM)-MDM structure [26] [spectral positions of such
resonances are shown in Figs. 4(b)–4(d)]. Evolution of
these plasmonic-crystal modes defines the observed PA
response.

The variation of etch depth effectively modifies the spec-
trum of available waves (primarily by modulating the
dispersion of ADM/AMDM modes) and also controls cou-
pling to these plasmonic modes. For small values of d, the
guided mode of the structure comprises a combination of
the AMDM and MDM modes. As the etch depth increases
past d≃ 220 nm, the guided mode transforms into a super-
position of the ADM/MDM modes, resulting in the strong
absorption observed in our experiments. Such structures
efficiently couple incident light into the subwavelength
undoped InAs waveguides and have potential applications
for enhancing the interaction of long wavelength light with
thin optoelectronic active regions in detectors or emitters.
Coupling to very high index guided modes is often higher-
order coupling (kmode

x − ω=c ¼ m2π=Λwithm > 1). In our
samples, light preferentially couples to the m≃ 2 diffrac-
tion orders, corresponding to λ0 ∼ 7.5 μm; w=Λ≃ 0.4 in
Figs. 4(c) and 4(d). As the etch depth increases to
d≃ 440 nm, the ADM mode disappears, which effectively
destroys the collective guided mode. Further increase of the
etching allows the MDM mode to couple with “positive-
index” surface plasmon polaritons supported by the air-
doped InAs interface; however, since the field confinement
in this wave is much weaker than in its ADM counterpart,
substantial overlap between the fields of the MDM and sur-
face plasmon polariton modes (required for the creation of
the collective plasmonic crystal mode) can be only achieved
at deeper etch depth. See the Supplemental Material for
details on the calculations of guidedmode lifetimes, depend-
ence on etch depth, resonant absorption wavelength, and
coupling conditions [23].
The available spectrum of guided waves also defines the

angular sensitivity of the observed absorption phenome-
non. Our analysis demonstrates that the absorption strength
of samples with smaller period is relatively insensitive to
the incident angle of the excitation. At the same time,
the spectral positions of the absorption maxima in samples
with larger period (Λ ∼ 5 μm) exhibit substantial modula-
tion with incident angle related to (i) coupling to negative-
index modes with different m values and (ii) coupling to
low-positive-index modes at higher wavelength.
Ultimately, the angular dependence of our samples results
from the momentum matching conditions for coupling into
the guided modes of the system. Larger periodicities of the
patterned top layer, coupling into available lower order
modes, gives smaller grating momenta (G ¼ m2π=λ) and,
thus, a larger relative effect fromchanging the incidence angle
of the excited light. See the Supplemental Material, where
reflection spectra for two samples (Λ ¼ 2 μm and
Λ ¼ 5 μm) are simulated for a range of incidence angles [23].
In summary, we have demonstrated all-semiconductor

plasmonic absorber structures with absorption resonances
showing greater than > 98% absorption and explained
the observed behavior as resulting from the resonant exci-
tation of negative-index surface modes. The spectral

FIG. 4 (color online). (a) Dispersion relations of the guided
modes supported by the noncorrugated stacks. Black, blue,
and red curves correspond to MDM, ADM, and undercut AMDM
structures; thin gray line represents dispersion of the plane wave
in vacuum. Note that the high-index modes have negative refrac-
tive index for shorter wavelength and positive index for longer
wavelength. (b)– (d) Reflection spectrum for different etch depths
and periodicity as a function of fill factor and wavelength. The
parameters for the plots are (b) Λ ¼ 2 μm, d ¼ 110 nm, (c)
Λ ¼ 4 μm, d ¼ 220 nm, (d) Λ ¼ 2 μm, d ¼ 220 nm; white
squares correspond to spectral positions of intersections of col-
lective resonances formed by guided modes in corrugated sys-
tems and fundamental half-wavelength resonances of AMDM
(b) and ADM [(c) and (d)] modes.
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position of our absorption resonance is shown to be effec-
tively independent of device geometry, and the absorption
strength is shown to be highly dependent on the etch depth
of the top patterned layer. The strong absorption of light in
the structures’ subwavelength volumes holds promise
for integration with semiconductor optoelectronic devices
lattice matched to InAs or GaSb, such as detectors or lasers,
or alternatively, for fundamental investigations of light-
matter interactions between electronic resonances in semi-
conductor heterostructures and the observed plasmonic
resonances.
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