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In this paper, the electrical excitation of surface plasmon polaritons
(SPPs) based on a hybrid metal-semiconductor quantum well (QW)
structure is investigated by finite-difference time-domain (FDTD)
simulations and experiments. The metal-QW hybrid structure is
made of a metal grating structure deposited on a semiconductor QW
with small separation between them. When electron-hole pairs are
excited using current injection into the QW, SPPs are generated and
coupled out by a metal grating. The spectral and imaging measure-
ments were performed to confirm the electrical excitation of SPPs.
The hybrid structure could serve as a plasmonic source for integrated
plasmonic circuits.

Introduction

Surface plasmon polaritons (SPPs), which are electromagnetic
modes confined along metal-dielectric interfaces, have attracted
much interest in many application fields, especially integrated
plasmonic circuits. Plasmonic circuitry is thought of as a
promising candidate for future information technology because
it can be much faster than its electronic counterpart and break
the diffraction-limited size of the photonic circuitry."”*
Combining plasmonic structures with conventional optoelec-
tronic integrated devices provides a possible avenue for the
realization of integrated plasmonic circuits. Passive functional
SPP components, such as waveguides, have been integrated with
traditional photonic devices.”® Active plasmonic devices provide
the excitation,”™* amplification>"® and detection'>* of SPPs,
which could pave the way for integrated plasmonic circuits.
Because of the momentum mismatch between photons and
SPPs, specific schemes for momentum matching are needed to
couple the light from an independent light source to the SPPs.**
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The bulky light sources cannot be scaled down to the nanoscale
to be integrated into plasmonic circuits. Therefore, an electrical
SPP source compatible with the nanoscale plasmonic compo-
nents is highly desired for the development of integrated plas-
monic circuits. There have been many studies concerning the
electrical excitation of surface plasmons. A metal-insulator-
metal (MIM) junction structure has been demonstrated to emit
light based on inelastic electron tunneling.?® Recently, many
systems have been investigated for the electrical excitation of
SPPs based on the electrical generation of excitons, such as
organic LEDs,* silicon nanocrystals,” semiconductor QW
LEDs,>**” semiconductor nanowire LEDs**?° and semi-
conductor quantum cascade devices.*®*' Despite the rapid
progress in the electrical excitation of SPPs, some challenges
hinder the practical applications. For example, organic emitting
materials and mid-infrared quantum cascade materials are
difficult to apply to integrated circuits because of the low
melting temperature and long working wavelength, respec-
tively. An alternative method is to develop the electrical SPP
source using a metal structure hybrid with high gain semi-
conductor QW materials to generate SPPs.

In this paper, we investigated the electrical excitation of SPPs
based on a metal-semiconductor QW hybrid structure.
Different from the generation of SPPs solely due to the elec-
troluminescence of LEDs coupling with the metal waveguide
through a nanogap,”®* the metal-QW hybrid structure is
designed to benefit the excitation of SPPs. The Au-GaAs QW
hybrid structure consists of the GaAs QW and Au grating on the
Au electrode deposited on the QW structure. By electrical
injection into the QW, electron-hole pairs are generated in the
QW and coupled into SPP modes at the metal-semiconductor
interface. The generated SPPs are coupled out by the grating
structure and detected through the photon emission. Besides
the SPPs excited at the metal-semiconductor interface, the
scattering at the edge of the grating area can generate SPPs at
the metal-air interface. The emission images for the device with
the coupling grating demonstrate the electrical excitation of
SPPs, which is confirmed by FDTD simulations.
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Device design

The schematic diagram of the device is shown in Fig. 1a. In the
metal-semiconductor hybrid structure, the Au grating is
deposited on top of the GaAs QW heterostructure. When a
forward bias is applied, the electron-hole pairs in the semi-
conductor QW structure are electrically excited. SPPs are
generated because the excited electron-hole pairs decay by
direct coupling to the metal-semiconductor interface,** where
the metal layer supports SPPs in a wide frequency range. The
most important characteristic of the device is that it is compact,
which is beneficial to integration applications.

As is well known for the interaction between dipoles and
metal films, the decay rates of the dipoles vary drastically with
the distance from the metal-semiconductor interface. For the
excitation of SPPs generated based on the metal-QW coupling,
the coupling strength is also distance dependent. The excitation
efficiency of the SPPs will increase when dipoles approach the
metal surface from far away. However, as the dipole is very close
to the metal surface, Ohmic losses will eventually begin to
prevail, which weakens the excitation of SPPs. In addition, the
decay rate is related to the thickness of the metal layer since
there is different coupling between SPP modes at the GaAs-Au
interface and ones at the Au-air interface for metal layers with
different thicknesses; the SPP mode density is also different
for metal layers with different thicknesses, which affects the
decay rates of the dipoles. So, it is necessary to investigate
the optimum structure parameters, for example, the distance
between the metal layer and the QW layer and the thickness of
the metal layer.

We performed electrodynamics simulations using commer-
cial FDTD software (Lumerical Solution) to study the decay
rates of emitters for the Au-GaAs QW coupling structure. The
2D simulation model with Au grating deposited on the GaAs
substrate is depicted in Fig. 2a. For the simulation, the struc-
ture is irradiated by 100 dipole sources (interval of 24 nm) with
a polarization orientation difference of 3.6° for adjacent dipoles
at a wavelength of 750 nm,***” which are denoted by the black
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Fig. 1 (a) Schematic diagram of the device. (b) The components of the semi-
conductor material. (c) Schematic of measurement setup based on a Raman
spectrometer.
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Fig. 2 (a) The model for 2D FDTD simulation. The black dots denote the excited
100 dipole sources with a polarization orientation difference of 3.6° for adjacent
dipoles. The white dashed line indicates the power monitor for the total decay of
dipoles, while the red dashed line indicates that for the radiative decay. (b) The
electric field intensity (logarithmic scale) at a free space wavelength of 750 nm
(the red dashed line indicates the metal-semiconductor interface). (c—e)
Normalized decay rates for radiative decay and total decay as a function of the
distance of the dipole from the Au-GaAs interface for the Au-grating-GaAs
structure (c), Au-film—-GaAs structure (d) and Au—Cr-grating-GaAs structure (e).
The thickness of the Au layer is fixed to be 100 nm in (c—e). The thickness of the Cr
layer in (e) is 2 nm (black and red) and 10 nm (green and blue), respectively. (f)
Normalized decay rates for radiative decay and total decay as a function of the
thickness of the Au layer for the Au-grating-GaAs structure and the distance of
the dipole from the Au-GaAs interface is fixed to be 50 nm. All data are
normalized to the decay rates for dipoles in bulk GaAs without Au.

dots in Fig. 2a. Because the classical electromagnetic power is
related to the quantum mechanical decay rate,® power moni-
tors are used to detect the radiative decay and the total decay of
the dipoles, as represented by red and white dashed lines in
Fig. 2a, respectively. The period and duty cycle of the Au grating
are fixed to 500 nm and 0.4, respectively. At a wavelength of
750 nm, the refractive indexes of Au and Cr are 0.1398 + 4.532{
and 4.024 + 4.353i, respectively, according to the experimentally
measured data from Johnson and Christy;* the index of GaAs is
3.7. Fig. 2b shows the electric field intensity distribution when
the distance between the Au layer and the dipoles and the
thickness of the Au layer are 50 nm and 100 nm, respectively. It
can be found that SPPs are generated at the metal-air interface
due to scattering at the Au film edge next to the grating. The
generated SPPs propagate along the Au film and Au strips with
a propagation length at the Au-air interface longer than that at

Nanoscale, 2013, 5, 8494-8499 | 8495


http://dx.doi.org/10.1039/c3nr02749j

Published on 01 July 2013. Downloaded by Institute of Physics, CAS on 10/09/2013 14:40:23.

the Au-GaAs interface due to the high refractive index of the
GaAs layer. Besides propagating SPPs, there may be a few local
plasmon modes at the grating region.**?¢

Fig. 2c shows the decay rates normalized to that for dipoles
in bulk GaAs as a function of the distance between the dipoles
and the Au-GaAs interface. When the dipoles are very close to
the interface, the quenching effects are very strong which
decreases the radiation intensity. As the distance increases, the
total decay rates and radiative decay rates increase. The radia-
tion peaks appear at a distance of 30 nm for radiative decay and
40 nm for total decay. When the distance is bigger than 40 nm,
the decay rates decrease and then increase again. The total
decay rates reach peaks at the distance of 140 nm and 243 nm
(not shown). The period is about 102 nm, which is about half
the light wavelength of about 202 nm in GaAs. The multi-peaks
phenomenon perhaps results from the interference of the light
emitted by the dipole sources and the reflected light from the
metal layer.

For a 100 nm thick Au film deposited on a GaAs substrate
without a grating structure, the decay rates are normalized to
the ones for dipoles in bulk GaAs as a function of the distance
from the Au-GaAs interface, as shown in Fig. 2d. The radiative
decay rate remains at nearly zero, which suggests the light
outcoupling from the SPPs could be ignored and the dipole
decay channels only include Ohmic losses and generation of
SPPs. Under this situation, the variation of the total decay rate
with distance is similar to that shown in Fig. 2c, and also
shows two peaks of the decay rate at a distance of 40 nm
and 140 nm.

Fig. 2e shows the normalized decay rates as a function of the
distance from the metal-semiconductor interface for the
grating made of Au (100 nm thick) and Cr (2 nm or 10 nm thick)
deposited on the GaAs structure. A Cr layer is usually used in
experiments to increase the adhesion of the Au layer and
semiconductor. It is found that the variation tendency of the
total decay rates in Fig. 2e is similar to those shown in Fig. 2¢
and d. However, with the increase of Cr layer thickness from
2 nm to 10 nm, the intensity of the radiative decay rate is
decreased sharply, which suggests a negative effect of the Cr
layer for the generation of SPPs and their outcoupling into
light. In fact, the 2 nm thick Cr layer is enough to increase the
Au layer adhesion, and doesn't strongly decrease the radiative
decay rate.

Normalized decay rates as a function of the thickness of the
Au layer are presented in Fig. 2f. The decay rates change
significantly with the variation of Au layer thickness, especially
when the thickness is small. For a thin Au layer on a semi-
conductor substrate, the SPP mode density near the QW layer is
large and the coupling of the SPP modes and electron-hole
pairs is enhanced. However, for a thick Au layer, the total decay
rates vary gently because of the little variation of the SPP mode
density near the QW layer. The decay rate peaks for radiative
decay and total decay are reached when the thickness of the Au
layer is near 80-100 nm. According to the simulation results,
the distance between the QW and Au is set to be 50 nm and the
thickness of the Cr-Au layer is chosen to be 2/100 nm for the
experimental device.
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Experiments

The semiconductor QW material was grown by Metal-Organic
Chemical Vapor Deposition (MOCVD) on an n-type GaAs
substrate according to the device design above. As shown in
Fig. 1b, a 10 nm-thick GaAs QW layer was sandwiched by two
20 nm-thick Al 35GagsAs barrier layers, with a 30 nm-thick
p-Ohm GaAs layer (doping level of about 10'®) on the top and a
40 nm-thick n-Ohm GaAs layer (doping level of about 10'%) on
the bottom. A tensile-strained GaAs QW was introduced in order
to enhance the TM modal gains because of the transverse
magnetic polarization properties of SPPs.

For possible device integration applications, the grating
coupling method is attractive because the grating structure can
be easily fabricated on the metal film supporting the SPPs. Here
different grating structures were used for the device, and the
grating period was 300-600 nm with a duty cycle of 0.4-0.5.
Patterns were created on a PMMA film with a thickness of
260 nm by e-beam lithography (EBL, Raith 150), and metal
structures were obtained by e-beam evaporation deposition and
a lift-off process. The thickness of the Cr-Au metal structure
deposition on the GaAs QW was 2/100 nm. The side of the n-type
GaAs substrate was covered by Cr-Au (2/70 nm thickness), used
as n-type electrode layer.

The spectra and images were acquired using a Renishaw
invia microRaman spectroscopy system. The schematic illus-
tration of the measurement setup is shown in Fig. 1c. The
current was injected by a metal probe connected to the p-type
electrode, which was bigger than 50 um x 100 um. In the
measurement, the optical signal was collected by a 50x long
working distance objective (N.A. = 0.5) and the polarization was
selected by the polarizer. All the measurements were finished at
room temperature.

Results and discussion

Fig. 3a shows the typical spectra of the device measured at the
grating area with a different forward bias applied and the SEM
image of the grating structure. The intensity of the spectra
increases as the injection current increases. The emission
bands of the device are determined by the special epitaxial
material structure. Under the QW region, there is an n-type
Ohm layer with a high doping level, which provides a complex
recombination channel for electron-hole pairs. As shown in
Fig. 3b, the maximum intensities at wavelengths of 750 nm and
878 nm vary nearly linearly with the injection current. The
current-voltage curve is also plotted in Fig. 3b, where the linear
variation is indicative of the current injection characteristics.
Because the device was fabricated on a large semiconductor
substrate, the injection current spread so that a large injection
current is needed. In order to decrease the injection current, the
semiconductor active region was dry etched to small regions
after optical lithography and inductively coupled plasma reac-
tive ion etching (ICP-RIE, Oxford, PlasmaLab 100) processes
with an etching depth of 1 pm. When the device is fabricated on
the small semiconductor QW region of 150 um x 100 pm, the
injection current is reduced to 1/10. As shown in Fig. 4a, there is
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Fig. 3 (a) The spectra measured at the grating region with integration time of
60 s at different injection currents. (The inset is the SEM image of the metal
grating structure on top of the QW.) (b) Plot of the emission intensity at wave-
lengths of 750 nm and 878 nm as functions of injection current. The current—
voltage curve is also plotted (blue curve).

an etching region (active layers etched), bare epitaxial region,
Au stripe, Au grating and Au electrode from left to right.

The polarization characteristics of the device demonstrate
the generation of SPPs. With an injection current of 0.5 mA for
the device shown in Fig. 4a, the images of emission at a wave-
length of 755 nm are recorded at different polarizations. For the
image obtained with no polarizer in Fig. 4b, the intensities at
both the grating region and the bare epitaxial region are strong.
Fig. 4c and d show the images for the emission polarization
parallel and perpendicular to the grating strips. At the grating
region, the intensity with perpendicular polarization is much
stronger than that with parallel polarization. For the bare
epitaxial region, the intensity for different polarizations is
almost the same. The intensity of the grating region is stronger
than the bare epitaxial region for the perpendicular polariza-
tion, while the result is the opposite for the parallel polariza-
tion. The polarization characteristics indicate the great
difference between electrically generated SPPs and non-
plasmonic photon radiation.

To understand the polarization properties of the device, 2D
FDTD simulation with a model according to our experiment is
performed, as shown in Fig. 4e. For the irradiation dipole
source with a polarization orientation perpendicular and
parallel to the grating axis, the electric field distributions are
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Fig. 4 (a) SEM image of the metal structure on the etched semiconductor
substrate. (b—d) Optical images for the device at a wavelength of 750 nm with an
injection current of 0.7 mA and integration time of 60 s. There is a polarizer in the
collecting light path and the red arrows indicate the polarization direction in (c)
and (d), while there is no polarizer in (b). (e) The model of Au grating on the GaAs
substrate for 2D FDTD simulation with a 100 nm-thick Au grating layer and the
distance between the dipole and Au-GaAs interface of 50 nm. (f and g) The
electric field intensity (logarithmic scale) and corresponding phase distribution
with polarization perpendicular to the grating axis. (h and i) The results for
polarization parallel to the grating axis. The black dashed lines indicate the metal-
semiconductor interface in (f-i). (j) Bright field optical image for an Ag nanowire
on the metal structure. (k) Optical image of the device for an emission wavelength
of 750 nm with an integration time of 20 s at an injection current of 0.7 mA.

shown in Fig. 4f and h, respectively, and the corresponding
phase distributions are shown in Fig. 4g and i, respectively. It is
clear that SPPs are excited near the grating region and propa-
gate along the Au waveguide for the polarization orientation
perpendicular to the grating axis, however, light only passes
through the grating slits for the polarization orientation parallel
to the grating axis. The phase distribution near the grating
region and Au-air interface, which indicates the change of
electric field direction, confirms the generation and propaga-
tion of SPPs.

Nanoscale, 2013, 5, 8494-8499 | 8497
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As the SPPs propagating along the metal-air interface cannot
be directly detected in the far field, a local scatterer can be put
on the metal surface to convert SPPs to photons.*”*® As shown in
Fig. 4j, chemically synthesized Ag nanowire is used as the
scatterer. An Ag nanowire, with length 13 pm and diameter
200 nm, was placed on the Au film close to the grating by using a
micromanipulator (MMO-202ND, Narishige).*** The whole
nanowire is lit, as shown in Fig. 4k. Although one end of the
nanowire is placed on the grating, the light emission along the
wire is not due to the excitation of SPPs on the nanowire
through the end on the grating. It is known that the SPPs on the
nanowire can only be coupled out as photons at the discon-
tinuous points on the wire, for instance the other end of the
wire. Therefore, the light emission on the nanowire is not from
the nanowire SPPs. Here the wire functions as a scatterer to
convert the SPPs on the gold film into photons.

Besides 1D slit grating, a 2D ring grating structure was
also investigated. Fig. 5a shows the Au ring grating fabricated
by the same process as that for slit grating. The image at a
wavelength of 755 nm was obtained for an injection current
of 0.5 mA. As shown in Fig. 5b, SPPs can be coupled out from
the ring grating region and the whole grating region is bright
when no polarizer is added. However, under x- or y-polari-
zation, there are only two lobe regions along the polarization
direction, as shown in Fig. 5c and d. The emission patterns
of different polarizations can be explained by grating-enabled
SPP-photon conversion. Through 3D FDTD simulation with a
model according to our experiment, the calculation agrees
with the measured results. Fig. 5e shows the electric field
distribution, with bright emission at the whole grating region
when an unpolarized source irradiates the structure.
However, as shown in Fig. 5f, there are only two bright lobe
regions when the polarization is orientated parallel to the
x-axis, which is in accordance with the measured results. The
phase distribution shown in Fig. 5g demonstrates exactly
the change of the electric field orientation at different lobes
in Fig. 5f.

For the ring grating-QW coupling device, the time-resolved
photoluminescence decay traces were measured using a pulsed
laser with a wavelength of 532 nm as the pump source. A decay
trace for the bare semiconductor region was also measured as a
reference. As shown in Fig. 5h, the decay of the semiconductor-
metal grating structure region is faster than the decay of the
reference region, and the lifetime decreases from 1.7 ns to
1.3 ns. The decrease of the lifetime is due to the Purcell effect**
resulting from the coupling between the semiconductor QW
and the metal grating.

This device can be integrated with other plasmonic struc-
tures on a chip. By a bonding process, the semiconductor QW
epitaxial layer on the substrate may be added to any designed
place on another new substrate and then the original semi-
conductor substrate could be etched, which could be used to
obtain a complex integrated plasmonic system. This method
based on an additive process has been used in photonic
devices** and we are trying to fabricate an integrated complex
plasmonic structure on a Si substrate by the bonding process
method.
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Fig. 5 (a) SEM image of the metal ring grating structure on a GaAs QW
substrate. (b—d) Optical images for the device at a wavelength of 750 nm with the
integration time of 40 s. Two orthogonal polarizations shown by the red arrows
are selected in (c) and (d). The intensity scale bar in (c) applies to (b) and (d) as
well. (e) The electric field intensity (logarithmic scale) according to the 3D FDTD
simulation with an unpolarized source. (f and g) The electric field intensity (log-
arithmic scale) and the phase distribution of E, for the dipole sources polarized
parallel to the x-axis. (h) Normalized fluorescence decays for bare QW (black
curve) and the QW-Au ring grating region (red curve).

Conclusion

In conclusion, we have realized the electrical excitation of
surface plasmon polaritons based on a metal-semiconductor
QW hybrid structure. The excitation of SPPs is based on the
coupling of the metal layer and semiconductor QW hetero-
structure. When QW is excited by current injection, SPPs are
generated directly and then coupled out by the slit or ring
grating structures. The polarization characteristics of the
emitted light confirm the electrical generation of SPPs. The
electrically excited SPP source may play an important role in
the development of integrated plasmonic circuits, and may

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3nr02749j

Published on 01 July 2013. Downloaded by Institute of Physics, CAS on 10/09/2013 14:40:23.

also bring new ideas for the realization of electrical plasmonic
amplifiers and modulators.
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