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Integrated plasmonic lens photodetector
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We present a fabricated metal-semiconductor-metal (MSM) photodetector exhibiting an enhanced
photocurrent by integrating a nanoscale metallic grating into its contacts. This serves to increase the
incident photon flux about the aperture of the device by guiding incident photons as surface plasmon
polaritons. High speed time response data shows that the device responsivity may be increased
without sacrificing speed. We demonstrate both a photocurrent enhancement and responsivity
increase of about 90% at the design wavelength in comparison to otherwise identical MSM
photodetectors without integrated nanoscale gratings. The device retains the MSM advantages of
simplicity, planarity, and monolithic integrability. © 2009 American Institute of Physics.
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The properties of electromagnetic radiation incident
upon a flat metal/dielectric interface have been the focus of
extensive research effort since the pioneering work of
Ritchie in 1957.' Utilization of modern fabrication tech-
niques such as focused ion beam milling and electron beam
lithography have led to the introduction of nanoscale struc-
tures built upon or embedded into otherwise flat metal/
dielectric interfaces.*® The inclusion of such nanostructures
and physical geometries allows for the guiding as well as the
localization of light through modification of the dispersion
relation of the resonant collective electron oscillations sus-
tained at the metal/dielectric interface. The collective elec-
tron oscillations or surface plasmon polaritons (SPPs) are a
manifestation of incident photons coupling to free electrons
in the metal at the interface. Specifically pertaining to opti-
mizing photodetectors (PDs), finite difference time domain
(FDTD) simulations have shown that the implementation of
corrugations symmetrically about an aperture significantly
increases the absorption cross section of the detector, which
is defined as the total power absorbed by the detector mate-
rial in the aperture normalized by the incident plane wave
flux.”® Furthermore, the same simulations have shown that
the absorption cross section continues to increase as the
number of corrugations are increased until saturation occurs
with 20 corrugations on either side of the aperture for circu-
lar geometries7’8 and ten corrugations for linear geometries.8

A practical application of SPP/photon interaction is pro-
vided in the integration of a plasmonic coupler consisting of
concentric circular corrugations with a Si PD,9 where the
circularly corrugated anode concentrates 840 nm incident
light about a circular aperture 300 nm in diameter. This
vertical avalanche PD shows over an order of magnitude
photocurrent enhancement, depending on bias, due to its
plasmonic lens. Several different implementations of SPP en-
hanced PDs have since been demonstrated, ranging from the
fabrication of a C-shaped Ge PD (Ref. 10) to the modifica-
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tion of MSM PD finger interdigitation to support SPP
modes."!

Here we report on a metal-semiconductor-metal (MSM)
PD where the metallic cathode and anode are each modified
by the deposition of a series of ten parallel linear corruga-
tions that have been designed to selectively couple to 830 nm
light and concentrate it about a narrow slit aperture of ap-
proximately 1 pm. This device remains planar, simple to
fabricate, and integrable with other optoelectronic circuitry.
Time response data comparing devices with and without
plasmonic lenses show the same speed but about a factor of
2 increase in photocurrent. Simulation results predict order
of magnitude enhancement of sensitivity to be possible with
the optimization of corrugations and slits.

Figure 1 shows an scanning electron microscopy (SEM)
tilt image taken at approximately 45° with respect to normal
of the MSM-PD whose contacts are each modified by the
deposition of ten linear corrugations. The nanocurrugations
are necessary in order to provide the momentum Ak required
to satisfy the dispersion relation in such a way so as to allow
for the collective resonant coupling between incident pho-
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FIG. 1. (Color online) SEM micrograph of the planar integrated plasmonic
lens MSM PD taken with a stage tilt of approximately 45° in respect to the
device normal. The incident laser beam is directed at the device with normal
incidence (#=0) and is centered about the device aperture.
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tons and the electrons in the MSM-PD electrodes,2 ie.,

ky=Zsin 0+ k=244 o (1)
c c Ve+e,
where
2l
Ak=—",1=1,2,3,.... (2)
a

Here k; is the component of the incident light wave vector
parallel to the device surface, the speed of light is ¢ and its
angle of incidence is ¢ with respect to the device normal, kg,
is the surface plasmon wave vector, and €; and ¢,, are, re-
spectively, dielectric functions of air and metal—gold, in this
case. Hence, grating period a is required to couple surface
plasmons to normally incident light (6=0) of frequency w.
Designing for the GaAs fundamental edge of absorption
around 830 nm results in a period of a=814 nm for the
Auv/air interface. The groove to pitch ratio of the corrugations
was chosen to be 1/2 and their height as 25*=5 nm so as to
increase the coupling strength of the plasmonic lens."? Re-
maining symbols carry the standard physical definitions. De-
signing for a such that coupling occurs for incident radiation
of frequency w at angle 6 (with respect to the normal) results
in photons that would normally be reflected off of the surface
metal to be effectively guided to the active area of the device
in the form of a surface p121sr110n.l3’14 This increases the elec-
tron hole pair generation rate which, in turn, results in an
overall increase in responsivity.

The MSM PD simply consists of the as-grown undoped
GaAs substrate with an absorption area of 1X30 um? that
is also the aperture of the plasmonic lens. The device is
fabricated by deposition of a 10 nm Cr adhesion layer fol-
lowed by 90 nm thick Au Schottky pads forming cathode and
anode. The plasmonic lens is formed by electron beam li-
thography on PMMA and lift-off of the 25 nm thick Au
corrugations.

A large number of devices with various corrugation pat-
terns were fabricated and tested. Time response data for typi-
cal devices comparing those with and without corrugations
were taken using a Ti:sapphire laser with a pulse width of
100 fs and repetition rate of 75 MHz tuned to a wavelength
of 830 nm. The laser spot was positioned at the center of the
active area of the device and the resulting current transient
was measured with a 40 GHz probe of a 50 GHz oscillo-
scope placed directly on the device contacts. The measure-
ments were taken at room temperature with an applied bias
of 5V dc.

Figure 2 compares the time response for both a plas-
monically enhanced MSM PD as well as an MSM PD with-
out an integrated plasmonic lens. Both devices were fabri-
cated on the same sample/substrate and are otherwise
identical. The y-axis is in arbitrary units proportional to pho-
tocurrent and is identical for both panels. Results show ap-
proximately a factor of 2 increase in peak response with the
addition of the plasmonic lens. The full width half maximum
(FWHM) of the transient response for both devices is mea-
sured to be around 15 ps. Furthermore, the fall time for both
devices is also approximately equal, which indicates that the
integration of the plasmonic lens provides an increased re-
sponsivity without negatively affecting device speed.

To obtain the dependence of the photocurrent on wave-
length, the same =10 um laser spot was placed at the center
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FIG. 2. Photocurrent time response to 100 fs 830 nm laser pulse of device
with integrated plasmonic lens (left panel) and device without plasmonic
lens (right panel). The ordinate axis scale is identical for both devices show-
ing increased peak response for the device with integrated lens. Both de-
vices display identical FWHM and fall time.

of the active area of the plasmonic device and the time av-
eraged photocurrent was measured for A=800 nm through
870 nm at 10 nm steps. Biasing voltage of 5 V dc was placed
across the device and the experiment was repeated for the
MSM PD devices without corrugations. The left panel of
Fig. 3 compares the experimentally obtained response of
lensed and regular devices. The plasmonically enhanced PD
displays wavelength selectivity, which manifests as a peak in
photocurrent of ~11.8 wA at the design wavelength. By
contrast, the MSM PD without plasmonic corrugations ex-
hibits a photocurrent of =6.1 uA for A=830 nm. Normal-
izing to the incident power, this results in device responsivi-
ties of 0.14 and 0.075 A/W, respectively. Overall, this
indicates almost a factor of 2 increase in responsivity with
the addition of the plasmonic lens. Incidentally, the dark cur-
rent of both devices is in tens of picoamperes showing the
high signal to noise ratio of these devices.
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FIG. 3. (Left) Photocurrent vs wavelength for a 10 um laser spot centered
over the active region of both PD devices. The Ti:sapphire laser was tuned
in 10 nm increments and was pulsed at 75 MHz with a pulse width of 100
fs. The reported photocurrents are time averaged. (Right) Absorption cross
section vs wavelength as simulated using MEEP for both MSMs with and
without corrugations.
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The right panel of Fig. 3 shows the simulated flux den-
sity that is guided through the aperture of lensed and regular
devices using the MIT Electromagnetic Equation Propaga-
tion (MEEP) simulator, which is an open source FDTD simu-
lation tool. This is performed by solving Maxwell’s equa-
tions in two dimensions and exploiting device symmetry.
Electron behavior within the metal is implemented utilizing
the Drude-Lorentz model thus forming a physically accurate
description of the dielectric function for Au. Simulation re-
sults closely mirror experimental data shown in Fig. 3 prov-
ing the wavelength selective guiding nature of the apertured
lens.

In summary, we have designed and fabricated an inte-
grated plasmonic PD by patterning corrugations on top of a
traditional MSM PD via electron beam lithography. By ex-
posing both the plasmonically enhanced and normal MSM
PDs to a 100 fs pulsed laser, we demonstrate that the inte-
gration of the plasmonic lens does not adversely affect the
speed of the response of the PD, while it considerably im-
proves device responsivity. Furthermore, by tuning the
pulsed laser through a range of wavelengths, we observe up
to 90% increase in photocurrent and device responsivity at
the design wavelength. Simulation results show that proper
design of aperture width, corrugation pitch, duty cycle, and
height can result in significant increase of responsivity. In
fact, maximum enhancement, by a factor of 10.7 at 855 nm
incident light, in photon flux through the aperture is pre-
dicted by proper optimization of these parameters.15 Hence,
addition of metallic corrugation to the contacts of an MSM
PD substantially improves sensitivity of these detectors by
coupling photons to surface plasmons, without any time re-
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sponse penalties while maintaining all other important ad-
vantages of these devices.
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