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We explore broadband and omnidirectional midinfrared rectification based on nanopatterned hyperbolic
metamaterials, composed of two dissimilar metals separated by an ultrathin dielectric layer. The exotic
slow-light modes supported by such periodically trenched hyperbolic metamaterials efficiently trap
incident radiation in massively parallel metal-insulator-metal tunnel junctions producing ultrafast infrared
rectification via photon-assisted tunneling. This leads to a highly efficient photon-to-electron transduction
with obtained photocurrent orders of magnitude larger than conventional lumped-element devices, such as
nanorectennas and point-contact rectifiers. Our results promise an impact on infrared energy harvesters and
plasmonic photodetectors.
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Photon-assisted tunneling is an intrinsic quantum-size
effect in plasmonic nanostructures, which has recently
attracted growing interest because of its exotic nonlinear
and nonlocal optical properties [1–6]. The excitation of
surface plasmon polariton resonances, combined with
tunneling-induced optical nonlinearities, may allow a rich
variety of nonlinear optical phenomena, such as efficient
harmonic generation, multiwave mixing, resistive switch-
ing, and two-photon absorption [7–13]. The second-order
nonlinear phenomenon of optical rectification is of par-
ticular interest, since it may find potential applications in
photodetection and photovoltaics at midinfrared (MIR)
wavelengths [14,15]. In the MIR regime, a major thrust
of renewable-energy research contains harvesting the
roughly 1017 W of infrared thermal radiation that Earth
continuously emits into outer space [16]. Nonetheless,
there exists no suitable MIR-band-gap semiconductors
[16,17] that can make an efficient interband photodetector
or photovoltaic device, due to the frequent Auger recombi-
nation and generation at room temperature. Arguably,
rectifying antennas (or “rectennas”), which have been
commonly used to generate power from microwaves with
a >90% power conversion efficiency [18], may realize
emissive energy harvesters [14–16]. In this context, a
nanorectenna operated at infrared wavelengths can collect
infrared radiation and, when loaded with a metal-insulator-
metal (MIM) tunneling diode, can convert light into
electricity through nonlinear optical rectification [14–16].
The ultrashort tunneling time (∼10−15 s) in a MIM tunnel-
ing diode, working at room temperature, suggests an
intrinsic cutoff frequency up to several hundreds of THz
and a high operating speed [19]. However, to date,

proof-of-principle nanorectennas have shown insufficient
responsivity γ at low bias voltages (less than mA=W)
[20–22], far from practical use in photodetection
(∼0.1 A=W) and photovoltaics. The major roadblock
toward high-performance and viable infrared rectennas
stems from inefficient light coupling, yielded by a trade-
off between maximum parasitic cutoff frequency and
device dimensions, i.e., diode area and insulator (tunnel
barrier) thickness [14,21], an issue that remains unsolved in
conventional antenna-diode architectures.
In this Letter, we explore the possibility of using a

metamaterial approach, namely hyperbolic metamaterials
(HMMs) formed by parallel arrays of asymmetric MIM
tunnel junctions, to realize highly efficient midinfrared
rectification, as shown in Fig. 1(a). In this multilayered
HMM structure, the effective permittivity tensor is
¯̄εeff ¼ ε0ðε∥x̂ x̂þ ε∥ŷ ŷ þ ε⊥ẑ ẑÞ [23–25], where ε∥ ¼P

N
i¼1 εiρi and ε⊥ ¼ ½PN

i¼1 ε
−1
i ρi�−1, εi, and ρi are relative

permittivity and volume fraction of the ith constituent
materials, respectively. A multilayered HMM can behave as
a uniaxially anisotropic medium [23–25], provided that
extreme material properties Re½ε⊥�Re½ε∥� < 0 can be sup-
ported such that the isofrequency surfaces become open
hyperboloids, as illustrated in the inset of Fig. 1(a).
So far, HMMs have been demonstrated to exhibit

negative refraction, hyperlensing, Dyakonov plasmons, and
anomalously large photonic density of states (PDOS) in a
broad spectral range [23–25]. In this context, HMMs may
represent an exciting platform, which holds the greatest
promise for developing nanophotonic and quantum-optical
devices, such as nonresonant single-photon sources [26]
and substrates that can mold spontaneous emission into
directional beams [27]. Moreover, the use of a nanostruc-
tured HMM substrate (e.g., tapered HMM waveguide array
[28–31]) may realize “rainbow trapping,” with a broadband*pychen@wayne.edu
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omnidirectional optical absorption, due to the superposition
of multiple slow-wave modes. Beyond these concepts, we
propose here an application of HMM substrates in the
realization of highly efficient infrared rectification and
photodetection. When a HMM unit cell consists of two
different metals and two ultrathin, wide-band-gap, and
high-electron-affinity insulators of the same kind (e.g.,
transition-metal oxides) [Fig. 1(b)], effectively forming
asymmetric MIM nanodiodes, the HMM may operate in
the quantum regime, based on which nonlinear photon-
assisted-tunneling transport leads to a set of linear and
nonlinear quantum conductivities [12,13]. By nanopatter-
ing this quantum metamaterial as an effective slow-light
medium [28–31], a rainbow-trapping effect may allow
scattering light into plasmonic nanogaps (i.e., MIM tun-
neling nanojunctions). In addition, the strong confinement
of optical fields will substantially enhance nonlinear optical
processes, such as the optical rectification associated with
the photocurrent generation. In this scenario, a high infra-
red responsivity may be obtained by rectifying slow light
in the HMM-based traveling-wave structure, somehow
similar to traveling-wave microwave and optoelectronic
devices [32].
In the following, we theoretically investigate the

performance of the proposed HMM-based infrared
rectifying devices, considering the interaction of

electromagnetic radiation and nonlinear quantum
transport. Figure 1(c) illustrates the photon-assisted-
tunneling and static-tunneling processes in a MIM tunnel
junction: in a general scenario, the voltage across the MIM
junction can be assumed to be a combination of optical
and dc components VðtÞ¼ Vdc þ ð1=2ÞðVωe−iωt þ c:c:Þ.
From the Tien-Gordon theory [12,13], the new time-
dependent wave function for electrons in metal
becomes ψðr̄; tÞ ¼ ψ0ðr̄; tÞ exp½−i=ℏ R

t qVðt0Þdt0� ¼
ψ0ðr̄; tÞ

P
n¼þ∞
n¼−∞ JnðqVω=ℏωÞe−inωt, where q is the elec-

tron charge, ℏ is the reduced Planck constant, ψ0ð̄r; tÞ is the
unperturbed Schrödinger wave function [12,13], and Jnð·Þ
is the nth-order Bessel function of the first kind. The
modified wave function implies that optical signals adia-
batically modulate the electron potential energy. The
monochromatic electromagnetic field may therefore excite
new quantum-well virtual states separated from the unper-
turbed ground state by �nℏω, where n corresponds to the
number of photons absorbed or emitted, with a probability
J2nðqVω=ℏωÞ, by an electron on the metal surface. As a
result, the time-dependent current density is in the form of a
Fourier series JðtÞ ¼ Pm¼þ∞

m¼0
1
2
ðJmωe−imωt þ c:c:Þ. The

dc (m ¼ 0) and mth frequency-dependent currents under
illumination are given by

Jdc ¼
X∞
n¼−∞

J20ðqVω=ℏωÞJdarkðqVdc þ nℏωÞ; ð1aÞ

Jmω ¼
X∞
n¼−∞

JnðqVω=ℏωÞ½JnþmðqVω=ℏωÞ

þ Jn−mðqVω=ℏωÞ�JdarkðqVdc þ nℏωÞ; ð1bÞ

where the static-tunneling current (dark current) Jdark
flowing between two dissimilar metals can be calculated
using the well-known Simmons’ formula [33–35]. At
infrared and visible wavelengths where qVω=ℏω ≪ 1,
the summation in Eq. (1) can be approximated by terms
up to first order (n ¼ 0, �1). In this case, the relations
between current densities and electric field inside the MIM

gap Eω (Vω ¼ R
d
0 Eωdz) are derived as Jdc ≈ JdarkðVdcÞ þ

σð2Þ0 jEωj2 and Jω ≈ σð1Þω Eω, where the linear conductivity

σð1Þω and second-order quantum conductance σð2Þ0 , respon-
sible for the optical rectification [13], are given by

σð1Þω ¼ qd
ℏω

JdarkðVdc þ ℏω=qÞ − JdarkðVdc − ℏω=qÞ
2

; ð2aÞ

σð2Þ0 ¼
�
qd
ℏω

�
2 JdarkðVdc þ ℏω=qÞ − 2JdarkðVdcÞ þ JdarkðVdc − ℏω=qÞ

4
; ð2bÞ

FIG. 1. Schematics of (a) an infrared rectifying device com-
posed of nanopatterned HMMs, (b) nonlinear optical rectification
in Ag-Nb2O5-Cu tunnel junction forming the HMM, (c) energy-
band diagram of photon-assisted tunneling, (static) direct tunnel-
ing, and Fowler-Nordheim (FN) tunneling in a dissimilar MIM
tunnel junction; CB and VB represent the conduction and valance
bands of the insulator.
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and d is the thickness of tunnel barrier (insulating layer).
It has been experimentally observed and theoretically
studied that the power dissipation due to quantum
conductance may intrinsically limit the maximum field
enhancement achievable in plasmonic nanostructures
[1,3,7–11]. Here, we assume that contributions of higher-
order harmonics (m > 2) are ignorable, since they are
significantly attenuated in the proposed geometry.
Here, we consider a HMM structure composed of

stacked silver (Ag) and copper (Cu) thin films with thick-
ness tmetal, separated by 1-nm-thick niobium-oxide
(Nb2O5) insulating layers [36–39]. Figures 2(a) and 2(b)

show contours of σð1Þω and σð2Þ0 [Eq. (2)], as a function of
wavelength and insulator thickness for a Ag-Nb2O5-Cu
heterojunction; here, dc offset (Vdc) is zero. We find that at

longwavelengths (i.e., far-infrared),σð1Þω and σð2Þ0 approach the

classical small-signal limits: σð1Þω;classical¼ð∂Jdark=∂VdcÞjVdc¼0

and σð2Þ0;classical ¼ ð1=4Þð∂2Jdark=∂V2
dcÞjVdc¼0, while in the

midinfrared regime, σð1Þω and σð2Þ0 differ significantly from
the classical treatment. As seen in Fig. 2, in the shorter

wavelength regime σð2Þ0 , induced by the photon-assisted
tunneling, increases with the energy of incident photon.
Such enhancement may benefit the use of midinfrared
detection and photovoltaic systems, as the photocurrent
is proportional to the nonlinear quantum conductivity

Jphoto ≈ σð2Þ0 jEωj2. As it can be seen in Fig. 2, σð1Þω and σð2Þ0

may exist only when a MIM tunneling junction has a nano-
or subnanoscale insulating layer. Hence, the nonlinear
rectification of infrared light may not be observable in
conventional HMMs, which typically have thick dielectric
layers.We note that scaling the dielectric thickness of a HMM
may find new varieties of nonlinear optical and optoelectronic
applications, due to induced linear and nonlinear quantum
conductivities [1–13] that may benefit from the large PDOS
and tailored dispersion of HMM-based nanostructures.
In the following, we consider a HMM slab that is

micromachined with a periodicity of 300-nm and

100-nm-wide air trenches, as shown in Fig. 1(a). A plane
wave with transverse-magnetic polarization is incident
along the −ẑ direction. The nanotrenched HMM substrate
is, in some sense, similar to a periodic array of air-HMM-air
waveguides, for which a guided mode propagating along
the waveguide axis may be tailored to have a near-zero
group velocity, i.e., vg ¼ ∂ω=∂β ≈ 0, at certain wave-
lengths, where ω is angular frequency and β is the modal
propagation constant. Based on Maxwell’s equations and
periodic boundary conditions, the dispersion relation
between ω and β can be derived based on the transverse
resonance method [40,41] as

tan

�
k0
P −W

2

�
− ϵ⊥

k00

k0
tan

�
k00

W
2

�
¼ 0; ð3Þ

where k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20ε⊥ − ðε⊥=ε∥Þβ2

q
(i.e., inside the HMM

k02=ε⊥ þ β2=ε∥ ¼ k20), k
00 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2 − k20

p
, k0 is the free-space

wave number, P is the period of unit cells, and W is the
width of air slots [see Fig. 3(a)]. Provided that the
periodicity of each MIM unit cell is subwavelength
(P ≪ λ0), all diffraction orders, except for the zerothmode,
are evanescent.
Figure 3(a) shows the dispersion diagram of this HMM

structure. In our calculation, we use realistic electronic and
optical properties of materials extracted from previous
experimental works [42], and consider the dissipative

FIG. 2. Contours of (a) linear and (b) nonlinear second-order
conductivity induced in a Ag-Nb2O5-Cu heterojunction, as a
function of wavelength and insulator (Nb2O5) thickness.

FIG. 3 (a) Dispersion diagram for a waveguide array made by
carving a HMM substrate (P ¼ 300 nm and W ¼ 100 nm).
(b) Contours of absorptance for the HMM in (a), varying the
metal thickness (tmetal) and the operating wavelength; labels in (a)
and (b) indicate the slow-wave modes and the corresponding
absorption peaks. (c) Responsivity spectrum of the HMM in (a),
varying the metal thickness (here, the number of MIM unit cells
Ncell ¼ 12). (d) is similar to (c), but varying the number of
stacked MIM unit cells (here, metal thickness tmetal ¼ 12 nm).
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power due to quantum conductivity [Eq. (2a)] [41]. It is
seen from Fig. 3(a) that near-zero group velocity can be
achieved at critical wavelengths, implying that the incident
light is slowed down and trapped inside the lossy and
anisotropic HMM region, being absorbed due to plasmon
loss. Figure 3(b) shows the associated contour plot of
absorptance as a function of metal thickness tmetal [nm] and
wavelength λ [μm], calculated by full-wave simulation
[43]; here, 12-MIM heterojunctions are assumed and, for
simplicity, the effect of the substrate is neglected. We find
excellent agreement between the wavelengths of maximum
absorption in Fig. 3(b) and the near-zero group velocity
points in the dispersion diagram [Fig. 3(a)]. We note that
total HMM size is still subwavelength, since the large value
of Re½β� suggests that the incident light can be effectively
absorbed in a long-wavelength range. Moreover, the
absorption spectrum can be readily tailored by varying
the volume fraction of metal, which determines the per-
mittivity tensor elements of HMM. In a semiclassical
analysis, the (photo) responsivity of this HMM-based
structure can be calculated as

γ ¼
P2Ncell−1

i¼1 2
R P=2
W=2 σ

ð2Þ
0 j(EωðxÞ · ẑ)j2dx

ε0c
2
jEincj2P

; ð4Þ

whereEinc is the electric field of the incident light,EωðxÞ is
the electric field inside the MIM gap, ε0 and c are the
permittivity and speed of light in free space, and Ncell is the
number of unit cells. We note that jEωj can be largely
enhanced compared to jEincj, due to the plasmon coupling
across nanogaps, as discussed in Refs. [44–47]. We note
that large field enhancement and excellent mode overlap
with the nonlocal nonlinear conductivity are both of
importance to achieving high responsivity. For the pat-
terned HMM in Fig. 3, the longitudinal component of
electric field can be greatly enhanced inside the nanogap,
preferentially aligned along the direction of plasmon
tunneling [41]. Figure 3(c) shows the calculated respon-
sivity spectrum for different metal thicknesses. It is seen
that the peak responsivity can reach a few tens of mA=W,
with a scalable operating wavelength range that is deter-
mined by the volume fraction of metals. Figure 3(d) studies
the influence of the number of MIM unit cells on
responsivity; here, the metal thickness is fixed to 12 nm.
As expected, the responsivity is increased by depositing
more MIM unit cells. We find that a HMM consisting of a
large number of MIM unit cells could have a responsivity
up to the 0.1-A=W level, without any external dc bias. A
single-layer MIM device (e.g., flatland metasurface with
Ncell ¼ 1), however, shows poor responsivities compared
with stereo metamaterials. Interestingly, this HMM-based
rectifying device may have the inherent advantage of being
angle independent, because the operating wavelength
simply depends on the eigenmode propagation inside each
subwavelength air-HMM-air waveguide.

Figure 4(a) shows the contour plot of absorptance as a
function of operating wavelength and angle of incidence for
the same devices in Fig. 3, with tm ¼ 12 nm and Ncell ¼ 12
(top panel), and the associated responsivity spectrum for
different angles of incidence (bottom panel). From Fig. 4(a),
we find omnidirectional absorption at wavelength around
4 μm and a high zero-bias responsivity (∼50 mA=W) at all
angles.
The linearly tapered HMM strips, such as the sawtooth

geometry reported in Ref. [28], have been used to enhance
the bandwidth of operation, based on the superposition of
multiple slow-wave modes. However, the gradient shape
with a specific tilt angle requires careful control in nano-
fabrication and could suffer from a lack of device repeat-
ability and uniformity. On the other hand, we know from
Figs. 3(a) and 3(b) that the wavelength of slow-light
operation can be tuned by changing the volume fraction
of metal. We propose here a simple and effective alternative
design in Fig. 4(b), which no longer requires tapering the
HMM strips. Instead, the superposition of several slow-
wave modes is achieved by gradually varying the thickness
of metal films along the light propagation direction.
Figure 4(b) is similar to Fig. 4(a), but for an inhomo-
geneous-HMM (IH-HMM) rectifying device with tmetal
varied from 24 nm, 18 nm, 12 nm, to 6 nm (from top to
bottom); here, the total number of unit cells is the same as
the homogeneous-HMM (H-HMM) device in Fig. 4(a). It is
seen that broadband absorption, spanning from 3 to 6 μm,
can be achieved due to the combination of multiple slow-
wave modes. The peak responsivity of the IH-HMM device
is somewhat reduced compared to the H-HMM device with
the same number of unit cells, due to the trade-off between
bandwidth and maximum absorption. The IH-HMM
device may achieve broadband, angle-independent, effi-
cient midinfrared rectification (a zero-bias responsivity
∼30 mA=W), with the maximum possible bandwidth
highlighted in the dispersion diagram of Fig. 3(a).

FIG. 4 (a) Contours of absorptance as a function of wavelength
and incident angle of infrared for a homogeneous-HMM(H-HMM)
device (top), and the corresponding responsivity spectrum
(bottom). (b) is similar to (a), but for an inhomogeneous-HMM
(IH-HMM) device.
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Next, we compare the performance of H-HMM and
IH-HMM devices with conventional infrared nanorecten-
nas [41], which are a broadband log-periodic tooth antenna
(LPTA) [48] and a resonant dipole antenna (RDA) loaded
with the MIM diode at the feed point. Figure 5(a) shows the
responsivity for various infrared rectifying devices con-
sisting of the same Ag-Nb2O5-Cu tunneling junction and a
barrier thickness of 1 nm. The rectenna responsivity is
calculated as the ratio of rectified current to the intercepted
power (i.e., radiant power density multiplied by the
antenna’s effective aperture:Dλ20=4π, where D is the
antenna directivity [48–49]). Here, the MIM diode area
is fixed to 100 nm × 100 nm for LPTA and 30 nm ×
30 nm for RDA, which is sufficiently small to avoid a
parasitic cutoff frequency. From Fig. 5(a), it is seen that the
HMM-based techniques can have much higher responsiv-
ities and broader bandwidth compared with lumped-
element-based MIM devices (0.01− 1 mA=W). The
responsivity values obtained for nanorectennas are consistent
with previous theoretical works [20–21]. For our nano-
patterned HMMs, the improvement in responsivity may be
attributed to the broadband and omnidirectional infrared
absorption, combined with enhanced nonlinear optical
rectification due to the interplay between plasmon coupling
and photon-assisted tunneling within the MIM superlattices,
making efficient usage of device area and density with
massively parallel rectifying junctions. Figure 5(b) compares
the angular response for the RDA-based and H-HMM-based

devices. It is seen that the HMM-based device is rather
insensitive to the angle of illumination, compared with
conventional antenna-coupled designs. We note that the
LPTA has a poor angular response due to the directive
radiation pattern at short wavelengths. Figure 5(c) shows the
responsivity of the broadband IH-HMM device in Fig. 4(b)
under different forward-bias conditions. It is seen that the
responsivity increases with forward biasing, and it can be
greater than 0.1 A=W over a broad midinfrared range, at a
relatively small bias voltage.
Finally, we believe that the described HMM-based devi-

ces may be achievable within currently available nano-
fabrication technologies. The metal and transition-metal
oxide thin films can be fabricated using atomic layer
deposition [36–38]. The waveguide array can be fabricated
by advanced lithographic methods, including electron-beam
lithography, laser-beam direct writing, or focused-ion-beam
milling [28–31]. The relatively mature interconnect tech-
nology in high-density integrated circuits [50] may connect
different metal layers to enable the efficient collection of
photocurrents.
In conclusion, we have put forward the concept and

realistic designs of efficient, angle-independent, broadband
and wavelength-selective infrared rectification, based on
the slow-wave HMM substrate with a broad singularity in
the photonic density of states. When a HMM is formed
by dissimilar metals and ultrathin atomic-layer-deposited
dielectric layers, the photon-assisted tunneling as a quan-
tum mechanical effect takes place, introducing a quantum
conductance in MIM superlattices. We have theoretically
demonstrated that the second-order quantum conductivity
induced in the HMM-based slow-wave medium, when
combined with concentrated optical fields in coupled
plasmonic nanojunctions, can provide a ∼0.1 A=W-level
midinfrared responsivity at zero bias. This HMM-based
infrared device also enables an ultrafast response and it
does not require any cryogenic cooling, as typical proper-
ties of MIM devices. We envision that this nonlinear
rectification method may be applied to several applications
of interest at midinfrared, including detection, imaging,
sensing, communication, and energy harvesting.
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