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The interplay of strong infrared photon-phonon coupling with electromagnetic confinement in nanoscale
devices is demonstrated to have a large impact on ultrafast photon-assisted tunneling in metal-oxide-
semiconductor (MOS) structures. Infrared active optical phonon modes in polar oxides lead to strong
dispersion and enhanced electric fields at material interfaces. We find that the infrared dispersion of SiO2

near a longitudinal optical phonon mode can effectively impedance match a photonic surface mode into a
nanoscale tunnel gap that results in large transverse-field confinement. An integrated 2D nanoantenna
structure on a distributed large-area MOS tunnel-diode rectifier is designed and built to resonantly excite
infrared surface modes and is shown to efficiently channel infrared radiation into nanometer-scale gaps
in these MOS devices. This enhanced-gap transverse-electric field is converted to a rectified tunneling
displacement current resulting in a dc photocurrent. We examine the angular and polarization-dependent
spectral photocurrent response of these 2D nanoantenna-coupled tunnel diodes in the photon-enhanced
tunneling spectral region. Our 2D nanoantenna-coupled infrared tunnel-diode rectifier promises to impact
large-area thermal energy harvesting and infrared direct detectors.
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I. INTRODUCTION

Quantum and thermal fluctuations give rise to radiative
energy transfer betweenvacuum-separated finite-temperature
objects [1–7]. These fluctuation-induced light-matter inter-
actions can be the source for radiative thermoelectric
conversion in nanostructured systems. Photon-phonon–
enhanced tunneling is a quantum thermal process in which
nanoscale-confined transverse electromagnetic fields [8]
combine with infrared phonon resonances to enhance the
tunneling photoresponse [9]. By designing plasmonic or
photonic surface-mode resonances to spectrally overlap
phononmodes in polar oxidematerials, a large photoresponse
has been shown to occur due to the strong coupling of infrared
radiation into nanoscale tunnel barriers leading to tunneling
rectification [9,10]. The direct conversion of infrared radia-
tion to electrical current through rectification has been the
subject of research over the years [11–14] due to the potential
for direct heat to electrical energy conversion.
Previously, we reported direct infrared rectification in

a large-area 1D gratinglike nanoantenna-coupled metal-
oxide-semiconductor (MOS) tunnel diode [9]. Resonant
enhancement of transverse fields in the tunnel barrier is
observed in the region near the longitudinal optical
(LO) phonon mode in silicon dioxide. By matching the

nanoantenna transverse-magnetic (TM) spoof surface-
mode grating resonance [15,16] to the epsilon-near-unity
region of the oxide dispersion, we observe large transverse-
field confinement in the tunnel oxide that leads to an
enhanced polarized TM photocurrent for our room-
temperature 1D rectenna. In this paper, we examine the
polarization response and field-enhancement performance
of a 2D cross-dipole nanoantenna-coupled MOS tunnel
diode. The polarized absorbance as a function of the angle
and wavelength are measured and compared to simulated
results. Transverse-field enhancement is predicted in the
region near the oxide LO phonon resonance with maximum
field concentration when the real part of the oxide permit-
tivity equals unity. Qualitatively, the photonic modes in the
2D cross-dipole structure are discussed and seen to arise
from strong coupling of material dispersion and surface-
diffracted mode resonances. Experimental photocurrent
angular spectral maps show an enhanced photocurrent in
this region near the surface-mode dispersion. Thermal
effects that arise due to the oxide absorption are discussed.

II. MODEL AND EXPERIMENT

The nanoantenna pattern under consideration is a cross-
dipole frequency-selective surface that is known to possess
excellent absorption characteristics in the infrared and to
exhibit polarization-insensitive absorption in an angular
range around normal incidence. Figure 1(a) shows the
cross-dipole unit cell and (b) shows the SEM cross section
of the cross-dipole nanoantenna-coupled tunnel diode. The
inset shows a high-resolution TEM of the device cross
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section illustrating the 4-nm tunnel-oxide gap separating
the 700-nm-thick Al antenna from the heavily doped nþ Si
ground plane [17], which acts as both a reflective surface in
the infrared and as an electrical contact. It is important to
note that the metal nanoantenna pattern in Fig. 1(b) is
backfilled with high-density-plasma (HDP) oxide and
planarized leaving 200 nm oxide covering the metallic
structure. The fabrication process is the same as for the 1D
nanoantenna and described in detail in Ref. [9]. Here,
P ¼ 6.0 μm is the period of the antenna array, w ¼ 1.2 μm
is the aperture opening width, and L ¼ 5.5 μm is the dipole
length. The simulated transverse field in the oxide tunnel
barrier is shown for right-handed circularly polarized light
incident on the 2D periodic array. The field enhancement in
the oxide tunnel gap for the cross dipole is shown in the
gray band in the inset in Fig. 1(c), with Fig. 1(d) denoting
the Ez field profiles. A large Ez field enhancement,
16.6

ffiffiffi

2
p ≃ 24× in linear polarization, is seen as the real

part of the permittivity of the oxide approaches unity. This

impedance-matching condition at ReðϵÞ ¼ 1 gives rise to
perfect coupling to the photonic surface resonance and
maximal transverse field in the tunnel gap [18]. The photonic
surface mode induces a surface current on the metal patch
that acts to launch a transverse electromagnetic mode into
the metal-insulator gap, thus creating the large edge peaked
Ez field concentration under the metal at the impedance-
matching condition. As the permittivity decreases, the Ez
field enhancement decreases, going to zero at the transverse-
optical (TO) phonon resonance wavelength of 9.4 μm. This
corresponds to the peak absorption in oxide. The inset in
Fig. 1(c) shows the measured HDP oxide complex permit-
tivity. The gray region corresponds to the wavelength band
where −1 < ReðϵÞ ≤ 1.

A. Infrared reflectance spectrum

The infrared absorption spectra of the 2D cross-dipole
pattern can be obtained as a function of the angle and
polarization using a hemispherical directional reflectometer

(a) (b)

(c) (d)

FIG. 1. Illustration of a large-area 2D nanoantenna-coupled n-type MOS tunnel diode with a field-concentration mechanism. (a) The
schematic shows the unit-cell pattern for the cross-dipole antenna-coupled diode. Here P is the unit-cell period, w is the width, and L is
the length of the 2D cross. (b) A SEMmicrograph of the 2D array before HDP oxide overcladding and chemical mechanical polish steps.
The inset is a high-resolution TEM of the MOS tunnel diode. The oxide tunnel gap is measured to be 4 nm across. (c) Electromagnetic
simulations of the Ez transverse-field confinement in the oxide tunnel barrier as a function of the incident wavelength. The inset shows
measured values of the complex permitivity for HDP-deposited oxide. The gray band indicates −1 < ReðϵÞ ≤ 1 signifying the enhanced
tunneling region. (d) Ez field slices on the x-y plane in the tunnel barrier oxide for select wavelengths.
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(HDR). Figure 2 shows a comparison of the measured
TE- and TM-polarized angular absorption spectrum to the
simulated rigorous coupled-wave analysis (RCWA) com-
puted spectra. The RCWA-computed and HDR-measured
angular spectra are seen to be in excellent agreement.
The experimental angular spectra begins at 10° off-normal
incidence due to limitations of the HDR, and the simulated
spectra begin at normal incidence. The angular spectra
show absorption features resulting from a combination of
thin-film resonances and structural photonic resonances
from the underlying 2D periodic pattern. Figure 2(d) shows
the computed TM angular absorption spectra with a
diffracted surface-mode dispersion shown as a white
dashed line. A diffraction analysis of the 2D periodic
cross-dipole nanoantenna gives

k½sinðθiÞ þ sinðθnr Þ� ¼
2π

P
n; ð1Þ

where n ¼ 0;�1;�2;… and k ¼ 2π=λ with λ the incident
wavelength. This surface diffraction mode exists for

n ¼ þ1, such that sinðθþ1
r Þ ¼ 1, and the dispersion curve

is θi ¼ sin−1ðλ=P − 1Þ. The surface-mode dispersion is
between wavelength limits P ≤ λ < 2P. Furthermore, it
sets the upper limit for the angular range of the enhanced
transverse-field coupling and polarization independence,
which for our device parameters is roughly 18° from normal
incidence. The 2D cross-dipole absorption spectra show
resonant TE and TM incident infrared radiation is strongly
absorbed. The complex modes in these 2D photonic
structures lead to transverse-field confinement and an
improved photoresponse through the interaction of periodic
structural modes and the dispersive material resonances.

B. Modal description

In order to understand the complex composite modes of
the 2D antenna-coupled diode, we break the complete 2D
cross-dipole structure down into its base components. The
base components consist of a series of thin-film structures
and patterned structures without the oxide fill and overcoat.
The actual measured device features a 200-nm overetch

(b)

(d)

(a)

(c)

FIG. 2. Polarized angular absorption spectra for large-area 2D cross-dipole antenna-coupled tunnel diodes. (a) Measured TE
absorption. (b) Measured TM absorption. (c) RCWA-modeled TE absorption and (d) modeled TM absorption. The dashed line indicates
the n ¼ þ1 surface-diffracted mode. The antenna cross-dipole parameters are P ¼ 6 μm, w ¼ 1.2 μm, and L ¼ 5.5 μm. The fabricated
device area is 4 mm × 4 mm.
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into the nþ substrate and is backfilled with oxide and
overclad with 200 nm of oxide above the metal [see
Fig. 3(d)]. Figures 3(a)–3(d) show the series of base
components under consideration. Figure 3(a) represents a
thin dispersive oxide film (200 nm thick) on a planar AlCu
metal film. The TM absorption feature at large angles
(≥ 45°) of incidence occurs at the LO phonon wavelength
of λLO ¼ 8.1 μm. This is the well-known Berreman mode
[19] or epsilon-near-zero (ENZ) mode in the dispersive
oxide thin film on a metal. The second base component
shown in Fig. 3(b) is a thick oxide (1.1 μm) on a heavily
doped nþ silicon substrate. The thick oxide on nþ Si
angular absorption spectra shows both broad TE and TM
absorption at 10.8 μm for most angles of incidence. The
large absorption feature at 4.0 μm represents the plasma
wavelength of the nþ silicon which marks the boundary
between metalliclike opacity and transparency. It is impor-
tant to note that the Berreman mode is still present in the
thick oxide film on the nþ Si substrate. Figure 3(c)
represents the structural photonic modes that exist due to
the patterned metallic 2D cross-dipole periodic structure.
The TM and TE structural modes are designed to have high
absorption in the epsilon-near-unity spectral region to give
maximal transverse-field enhancement and confinement
in the oxide-filled tunnel barrier. The angular range of
the TM absorption for the photonic structural mode is

clearly limited by the surface-diffracted mode dispersion.
In the region below the surface-mode dispersion line, both
the TE and TM modes exist at roughly 7.2 μm. In the
angular range above the surface-mode dispersion line, only
the TE mode exists, and it bends toward a shorter wave-
length with an increasing angle of incidence. Figure 3(d)
shows the mode structure for the complete oxide-filled and
overclad 2D cross-dipole antenna-coupled diode that was
fabricated and measured. The Berreman or ENZ mode in
the complete overclad structure is seen at high angles of
incidence for TM polarization as are the thin-film TE and
TM oxide modes for the thick oxide on the nþ Si substrate.
These oxide modes at 10.8 μm are narrower than the modes
seen in the bulk thin-film case. Furthermore, they occur in a
region where the oxide behaves as a lossy dielectric and
give rise to high oxide absorption in the filled overclad
structure. The photonic surface-diffracted modes are
designed to spectrally overlap the oxide material dispersion
in the epsilon-near-unity region for maximal enhanced
transverse-field confinement in the tunnel oxide barrier.
These surface-diffracted modes are basically a function of
the periodic nature of the structure. While this examination
of the thin film and photonic modes is not a rigorous modal
decomposition, it does provide qualitative insight into
the various absorption processes and is a useful design
guideline.

(a) (c) (d)(b)(a) (c) (d)(b)

FIG. 3. Evolution of modes in the composite 2D rectenna structure. Schematic of the rectenna composite with simulated TE and TM
absorption. EM radiation is incident to the top surface (surface opposite of the nþ Si substrate). (a) Computed absorption in 200 nm
oxide film on top of an AlCu metal film. (b) Thick 1.1 μm oxide on a heavily doped nþ Si substrate. (c) Patterned 2D rectenna cross
dipole without oxide fill. (d) Full 2D rectenna cross dipole with oxide backfill including a 200-nm oxide overcoat of the entire structure.
This is the actual fabricated structure including an overetch of 200 nm into the nþ Si layer.
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C. Photocurrent map

So far, we have examined the electromagnetic response
of the 2D cross-dipole coupled tunnel diode only. The
impact of the enhanced transverse-field confinement can be
seen in the measured photocurrent of the nanoantenna-
coupled tunnel diode. The angular photocurrent spectrum is
measured using a tunable QCL laser with a wavelength
tuning range from 7 to 11 μm. The sample under test is
mounted on a rotation stage, and the polarization of the
laser output is controlled by a polarizer in the beam path.
The beam size of 2-mm diameter underfills the large area of
the nanoantenna-coupled diode. As we vary the angle of
incidence, the beam becomes elliptical and the illuminated
area increases slightly. Figure 4 shows the measured
zero-bias angular photocurrent spectrum for TE- and
TM-polarized light in the tunneling-enhanced region.
The TM photocurrent is seen to be enhanced for oblique
incidence near the surface-mode dispersion limit in the
region near unit permittivity. The TE-mode photocurrent
does not show a peak for oblique incidence and has a nearly
uniform photocurrent over the measured angular range. The
enhanced photocurrent in the epsilon-near-unity region is
where the simulation predicts tunneling rectification to take

place due to the large transverse-field confinement in the
tunnel oxide. The computed RCWA absorption is shown
for comparison in Fig. 4, where the measured photocurrent
closely follows the photonic structural absorption. The
oxide optical absorption from the measured n and k in the
enhanced tunneling region is small (10−2μm−1) but increases
monotonically, reaching a maximum (3.1 μm−1) at the TO
phonon resonance at 9.3 μm.
Oxide absorption modes at 10.8 μm seen in the back-

filled structure in Fig. 3 can lead to absorptive heating
of the structure under QCL or blackbody illumination. A
recent examination of infrared metal-insulator-metal rec-
tenna structures leads to the conclusion that tunneling
rectification may just be a Seebeck-induced potential
drop across metal-insulator-metal contacts [20]. In our
2D cross-dipole rectenna, nonuniform absorption in the
antenna-coupled tunnel diode could lead to temperature
gradients that induce a voltage drop across the tunnel diode.
This nonuniform absorption thermal effect is amplified
by the large Seebeck coefficient of doped Si. The Seebeck
coefficient of n-doped Si [21], Sn-Si ¼ −0.4 mV=K, is
orders of magnitude larger than for metals, SAl ¼
3.5 μV=K. An experimental signature of a thermally

(a) (b)

(d)(c)

FIG. 4. Photocurrent maps of the 2D rectenna cross-dipole structure using direct scanned quantum cascade laser (QCL) illumination.
Polarizedphotocurrentmapsand simulatedabsorptionofa large-area2Dcross-dipolenanoantenna-coupled tunnel-diode rectifier at zerobias.
(a) TM-polarized photocurrentmeasurements. (b) TE-polarized photocurrentmeasurements. (c) TM-simulated absorption spectrum. (d) TE-
simulated absorption spectrum. All measured photocurrent spectra are normalized to the input power and are given in V/W units.
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induced voltage difference across the tunnel junction is a
photovoltaic shift in the current minimum under illumina-
tion. This shift is not seen in the illuminated IV’s, so
either the nonuniform induced temperature difference is
small or the absorption-induced Seebeck effect is weak.
Engineering the nonuniform absorption Seebeck effect in
the 3D rectenna structure could potentially be very ben-
eficial in effectively self-biasing the tunnel rectifier,
improving the conversion of radiated heat into electrical
power.
Uniform heating of the 2D cross-dipole rectenna

resulting from the absorption of the structure could lead
to bolometric effects in the device, where temperature-
dependent resistance changes would be observed. The
choice of a direct tunneling diode rather than a Schottky or
other semiconductor diode is in part to limit the effect
of temperature on the IV current-voltage characteristics.
Tunneling diodes are very weakly temperature dependent
and, when operated unbiased, are expected to give a
negligible open-circuit current. To experimentally observe
the fast tunneling versus the slow thermal time constant,
we could measure the temporal photoresponse of our
device. Unfortunately, our large-area MOS devices have
very large capacitances such that the RC time constant of
the device limits the temporal response to below thermal
time scales. This type of temporal approach is possible
with small-area-scaled devices and will be the subject of
further work.

III. CONCLUSIONS

In summary, it is shown that, by using the oxide infrared
dispersion near a LO phonon resonance, we can impedance
match into a 2D surface-diffracted mode photonic reso-
nance which gives rise to high transverse-field confinement
in a nanometer-scale gap. The gap-confined transverse
field acts as an ultrafast displacement current in the MOS
tunnel diode that interacts with the diode IV nonlinearity,
resulting in an enhanced tunneling-rectified photoresponse.
This can be compared to the previously studied 1D
gratinglike antenna-coupled diode [9], where the incoming
light excites a TM spoof-plasmon ENZ resonance that is
impedance matched into the gap mode. A compositional
modal picture of the complete oxide overclad device is
developed and shows that thin-film modes persist and
interact with the surface-diffracted modes resulting from
the periodic 2D patterning. A strong infrared photoresponse
for both TE and TM illumination of the unbiased device
is seen in the spectral region near 0 < ReðϵÞ ≤ 1 and in
the angular range below the surface-diffracted mode
dispersion.
Metal-oxide-semiconductor-based tunneling rectifiers

allow for the optimization of the infrared photoresponse
through doping, band alignment, and work-function
variation by utilizing alternative metals and infrared-active
polar dielectrics. Furthermore, radiometric measurement of

optimized devices using real graybody thermal sources will
be developed and used to assess the viability of this
radiative thermoelectric conversion method.
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