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Photodetection with Active
Optical Antennas
Mark W. Knight,1,2 Heidar Sobhani,1,2 Peter Nordlander,1,2,3 Naomi J. Halas1,2,3*

Nanoantennas are key optical components for light harvesting; photodiodes convert light into a
current of electrons for photodetection. We show that these two distinct, independent functions can
be combined into the same structure. Photons coupled into a metallic nanoantenna excite resonant
plasmons, which decay into energetic, “hot” electrons injected over a potential barrier at the
nanoantenna-semiconductor interface, resulting in a photocurrent. This dual-function structure is a
highly compact, wavelength-resonant, and polarization-specific light detector, with a spectral
response extending to energies well below the semiconductor band edge.

Optical antennas are key elements in the
conversion of light from free space to
ultrasmall, nanometer-scale volumes. The

intense light-focusing properties of these struc-
tures are due to surface plasmons, oscillations of
free electrons in metals that couple to the inci-
dent light field. A wide range of applications—
in sensing, subwavelength and nonlinear optics,
and even novel medical therapies—have arisen for
nanoantennas, exploiting the large local electro-
magnetic fields and intense heating they provide
(1–3). Recent studies have investigated the use of
plasmonic antennas to enhance the performance
of photoactive devices, such as solar cells, light-
emitting diodes, and photodetectors (4–8). Typical-
ly, one or more antennas are placed on or close to
the active region of a device, where the near field
of the plasmon, the scattering cross section, and
the tailored photon density of states may all act
to modify and enhance device characteristics.

Another important property of optical anten-
nas is their propensity for generating energetic
or “hot” electron-hole pairs by plasmon decay
(9–16). Light not redirected by the antenna is
absorbed, forming an energetic electron-hole
pair. This process is an additional contribution
to plasmon damping, broadening the intrinsic
linewidth, and is typically considered deleterious
to antenna performance. This process of hot

electron generation has been shown to partici-
pate in photochemical reactions at noble metal
nanoparticle surfaces (17–21), but it has remained
largely unexploited in solid-state devices.

We report an active optical antenna device
that uses the hot electron-hole pairs arising from
plasmon decay to directly generate a photo-
current, resulting in the detection of light (Fig. 1).
This is accomplished by a nanoantenna fabri-
cated on a semiconductor surface where a metal-
semiconductor, or Schottky, barrier is formed at
the antenna-semiconductor interface. When this

type of antenna is photoexcited it generates
electron-hole pairs (9–12) and injects hot elec-
trons into the semiconductor over the Schottky
barrier, contributing to a detectable photocurrent
(Fig. 1A). In this configuration, photocurrent gen-
eration is no longer limited to photon energies
above the band gap of the semiconductor, but
rather to photon energies above the Schottky
barrier height (22). Therefore, this device is ca-
pable of detecting light well below the band gap
of the semiconductor at room temperature and
without a bias voltage.

Our initial realization of active optical antenna-
diode photodetection consists of an array of in-
dependent, rectangular gold nanorods (Fig. 1B)
(23). Nanorods support both longitudinal and
transverse plasmon resonances, with the frequen-
cy of these resonances determined by the nano-
rod geometry: Increasing the nanorod aspect ratio
tunes the longitudinal resonance to respond at
longer wavelengths (24). The resonators studied
here had heights and widths of 30 and 50 nm,
respectively, and lengths ranging from 110 to
158 nm. Each device array consisted of 300 de-
vices arranged in a 15 × 20 array with a 250-nm
interantenna spacing in both the longitudinal and
transverse directions, sufficient to ensure that
near-field interantenna coupling is absent. The
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Fig. 1. An optical antenna-diode for photodetection. (A) Band diagram for plasmonically driven internal
photoemission over a nanoantenna-semiconductor Schottky barrier (fB). (B) Representation of a single
Au resonant antenna on an n-type silicon substrate. (C) Scanning electron micrograph of a representative
device array prior to ITO coating, imaged at a 65° tilt angle.
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structure is surrounded by an insulating SiO2

region (Fig. 1C) and then electrically connected
through a top transparent electrode of indium
tin oxide (ITO).

The photocurrent obtained from these devices
is determined directly by the antenna properties.
The photocurrent shows a strong wavelength de-
pendence resulting from the rod geometry, with
maximum currents increasing inwavelengthwith
increasing antenna length (Fig. 2A). The spectral
response directly follows the longitudinal dipole
absorption resonance of the plasmon mode ex-
cited on the structure. The polarization dependence
of the photocurrent also follows that of the nano-
antennas, with a highly polarization-dependent re-
sponse (Fig. 2B, green points) obeying a cos2 q
angular dependence characteristic of a dipole an-
tenna (gray line). For light polarized along the short
(transverse) rod axis, we observe >90%attenuation
of the photocurrent with respect to the longitudinal
polarization. Incident power variation at a single
wavelength results in a linear response of the photo-
current, which suggests that the photocurrent is
dominated by the conversion of single photons to
single hot electrons over this range of incident
light intensities (Fig. 2C) (9–12, 14).

The responsivity of this device can be under-
stood by first considering a Schottky diode in the
absence of a plasmon resonance, where the re-
sponsivity depends only on the energy-dependent
internal photoemission probability. This quan-
tum transmission probability hi can be approxi-
mated by the modified Fowler theory (25, 26),

which describes the number of “available” elec-
trons in the system with sufficient energy to over-
come the potential barrier:

hi ≈ CF
ðhn − qfBÞ2

hn
ð1Þ

where CF is the device-specific Fowler emission
coefficient (26), hn is the photon energy, and qfB
is the Schottky barrier energy. Fitting the re-
sponsivity curve of a planar Schottky device with
this equation allows one to extract the material-
dependent Schottky barrier height for a given
metal-semiconductor interface.

When the Schottky barrier is formed by a
plasmon resonant antenna rather than a continu-
ous film, the device responsivity R will show a
Fowler response modified by the plasmon ab-
sorption spectrum S:

RðnÞ ¼ hiSðnÞ ð2Þ

With this extended Fowler relation, we can ex-
tract the Schottky barrier height for devices with
a known plasmon line shape. In general, S(n) will
depend on multiple factors, including the ge-
ometry, composition, and size of the plasmonic
devices. In the quasi-static regime, where the
plasmonic particles are significantly smaller than
the wavelength of light, the optical response will
be dipolar and will exhibit a Lorentzian line shape
near the resonance frequency (13). Fitting the ex-
perimental responsivities (Fig. 2A) with Eq. 2,

using a Lorentzian line shape for S(n), yields
a Schottky barrier height of 0.50 eV. From this
analysis we find that the barrier height is deter-
mined primarily by the 1-nm Ti adhesion layer
and is consistent with Ti/Si Schottky barrier de-
vices (27). This low barrier height should permit
a detection window covering the entire short-
wave infrared spectral range (l = 1.2 to 2.5 mm).

Conversely, with a known Schottky barrier
height, the absorption spectrum of an antenna
diode of arbitrary geometry can be extracted from
the spectral dependence of the responsivity. For
our system, the experimental absorption spectra
extracted from the overall responsivity (Fig. 2C)
using a barrier height of 0.50 eV are shown in
Fig. 2D. These experimental spectra exhibit ex-
tremely close agreement with calculated absorp-
tion spectra (Fig. 2E); both spectral sequences
exhibit similar peak locations for nominally iden-
tical geometries, exhibiting a linear redshift with
increasing aspect ratio, as is characteristic for
nanorods (24, 28). This agreement is notable giv-
en that the finite-difference time domain (FDTD)
simulations (Fig. 2E) included no adjustable pa-
rameters; all calculations were performed with
experimental dimensions and literature values
for the optical constants of materials (Si, SiO2,
Au, Ti, ITO) (29–31). This agreement also shows
that although the nanoantennas are configured in
an array, their response is that of individual, inde-
pendent nanoantennas and is consistent with the
collected photocurrent being generated by hot car-
riers injected by each discrete nanoscale device.

Fig. 2. (A) Experimental photocurrent responsivity for nine different Au
antenna lengths: 110, 116, 122, 128, 134, 140, 146, 152, and 158 nm
(points). Solid lines: Eq. 2 fit to the data for fB = 0.5 eV. All nanoantennas are
50 nm wide and 30 nm thick. (B) Polarization dependence of photocurrent for
a 140 nm × 50 nm antenna excited at l = 1500 nm (green points), exhibiting
a cos2 q angular dependence (gray line). (C) Photocurrent for a representative
antenna as a function of input power (green points). (D) Photocurrent spectra
extracted from the responsivity spectra (A) (points) fit with Lorentzian curves
(solid lines). (E) Corresponding calculated absorption spectra.
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When photocurrent measurements are per-
formed on multiple antenna arrays, each with a
different resonant frequency, these devices can
function as tiny, on-chip spectrometers. This spec-
troscopic functionality is due to the relationship be-
tween photocurrent amplitude and the amplitude
of the plasmon resonance at a given frequency.
Each antenna array will generate a photocurrent
maximum when driven on resonance, with de-
creasing photocurrent for antennaswith a plasmon
resonance detuned from the excitation frequency
(Fig. 3). The proportionality between photocurrent
and relative nanorod resonance amplitudes, ex-
pressed in Eq. 2, shows that at a fixed frequency
where hi is nearly constant, the spectral amplitude
is directly proportional to device responsivity. Re-
sponsivity curves collected using the nine differ-
ent antenna lengths presented in Fig. 2 are shown
in Fig. 3, which illustrates the remarkable agree-
ment between experimental responsivity as a func-
tion of antenna resonant frequency and optical
absorption amplitudes calculated using the FDTD
method. This spectral sensitivity can be used to
determine the wavelength of incident light.

The overall quantum efficiency of these
nanoantenna-diodes depends on the properties
of their constituent materials and the specifics of
their device geometry, how these factors affect
hot electron generation, and the probability that
the hot electrons generated will contribute to the
photocurrent. Factors influencing the efficiency
of hot electron production include the antenna
geometry, the electronic structure of the metal(s)
constituting the antenna, and the transmission
efficiency of light through the uppermost ITO
electrical contact layer. The efficiency of convert-
ing hot electrons to photocurrent is affected by
the Schottky barrier height, the circuit resistance,
and other device-specific parameters. For a de-
vice where these factors are known, Eq. 2 permits
the direct conversion of experimental photocurrent
to absolute absorption cross section.

Although the devices presented here enable
us to investigate hot electron generation by plas-
monic antennas, further optimization can signifi-
cantly increase their quantumefficiency (at present,
0.01% of photons absorbed by each nanoantenna
are converted into photocurrent). The role of the
titanium layer appears to be quite critical: Nu-
merical simulations show that the 1-nm layer is
responsible for producing nominally 33% of the
hot electrons, which would increase to more
than 50% for a 5-nm thickness. Further exper-
imental studies have indicated that reducing
extraneous Ti oxidation during the fabrication
process, improving ohmic contacts, and increas-
ing the conductivity of the uppermost ITO layer
can collectively increase device efficiency bymore
than an order of magnitude. In addition, a reverse
bias of 1 V increases the photocurrent by a fac-
tor of 20. Together, these improvements would
boost the quantum yield to nearly 2% over the
spectral range of the device. A thin dopant layer
could also boost efficiency, increase responsivity,
and expand the spectral response of the devices
by reducing the Schottky barrier height. Applying
antireflection coatings or multipass geometries
will also further increase the quantum yield.

The range of potential applications of this
device concept is extremely diverse. As a silicon-
based detector capable of detecting sub–band gap
photons, this device could find widespread use in
on-chip silicon photonics, ultimately eliminating
the need to integrate additional semiconductor
materials as detectors into chip designs, which
would lower fabrication costs. The photodetection
mechanism is compatible with existing, above–
band gap photodetectors, which when combined
could greatly extend the spectral range of silicon
light-harvesting devices, such as silicon-based
solar cells, into the infrared region of the spectrum.
The broad infrared sensitivity of these devices
could enable low-cost silicon infrared imaging
detectors that may replace costly InGaAs detec-
tors in this same spectral range. Antenna-diodes
also offer functional aspects of photodetection
not previously realized. By exploiting nano-
antennas as a direct light-harvesting and car-
rier generation element, both polarization- and

wavelength-selective detectors can be realized
without additional optical components. We be-
lieve this mechanism of photodetection may
give rise to additional unforeseen applications
in photosensing, energy harvesting, imaging, and
light detection technologies.
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Fig. 3. Sensing the wavelength of incident light.
(A) Relative photocurrent amplitudes at fixed wave-
lengths for the nine resonator lengths in Fig. 2. The
color coding of the points is the same as in Fig. 2.
Insets: Raw photocurrent images (normalized) for
each device array. (B) Calculated absorption am-
plitudes for devices that are nominally identical to
the experimental system.
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