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ABSTRACT: We demonstrate the efficient integration of an
electrically driven nanowire (NW) light source with a double-
strip plasmonic waveguide. A top-down-fabricated GaAs NW
light-emitting diode (LED) is placed between two straight gold
strip waveguides with the gap distance decreasing to 30 nm at
the end of the waveguide and operated by current injection
through the p-contact electrode acting as a plasmonic
waveguide. Measurements of polarization-resolved images
and spectra show that the light emission from the NW LED
was coupled to a plasmonic waveguide mode, propagated
through the waveguide, and was focused onto a subwave-
length-sized spot of surface plasmon polaritons at the tapered

end of the waveguide. Numerical simulation agreed well with these experimental results, confirming that a symmetric plasmonic
waveguide mode was excited on the top surface of the waveguide. Our demonstration of a plasmonic waveguide coupled to an
electrically driven NW LED represents important progress toward further miniaturization and practical implementation of

ultracompact photonic integrated circuits.
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lasmonic devices such as plasmonic waveguides and lasers

enable efficient light manipulation using surface plasmon
polaritons (SPPs) in a subwavelength regime.k14 Various
plasmonic waveguides have been intensively investigated as
essential components in ultracompact plasmonic integrated
circuits. For example, waveguiding and the subwavelength
cross-sectional confinement of SPPs were successfully demon-
strated using the metallic nanostrips,”'® V-shaped grooves,'"'*
and slot plasmonic waveguides.'>'* Although the key features
of these plasmonic waveguides have been well-characterized,
bulky external light sources must still be used to inject photons
or SPPs into such subwavelength-scale waveguides.">™"
Recently, nanoscale incoherent light sources were fabricated
using semiconductor nanowires (NWs) and combined with
plasmonic waveguides for the generation of SPPs.'® However,
efforts for the efficient integration of nanoscale internal light
sources with plasmonic waveguides on a chip scale and the
functionality of plasmonic devices have not been widely
explored. In this Letter, we demonstrate a plasmonic waveguide
coupled to an electrically driven NW light-emitting diode
(LED) and observe the propagation of SPPs through the
plasmonic waveguide. In addition, we measure the focusing of
SPPs onto a subwavelength-scale spot at the end of the
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waveguide, which could be useful for constructing on-chip
integrated photonic devices for biochemical sensing and
quantum information requiring strong light—matter interac-

Our plasmonic structure consists of a semiconductor NW
LED and a double-strip metallic waveguide (Figure 1A). The
NW LED with an axial p/n junction is aligned to the central
axis of the double-strip waveguide, and two gold contacts are
connected to both p- and n-doped ends of the NW to inject
current. The waveguide structure acts as p-contact electrode
and also couples the electroluminescence (EL) emission from
the NW LED to an SPP waveguide mode. The gap and width
of the double-strip plasmonic waveguide gradually decrease
from one end to the other, to focus the guided SPPs into a
small spot.'” Figure 1B shows an SEM image of the fabricated
structure in which the NW LED is integrated with the double-
strip gold waveguide on SiO, substrate. The length and width
of one straight gold strip are 8.5 and 1.0 ym, respectively, and
the gap between the two strips gradually decreases from 800 to
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Figure 1. (A) Schematic illustration of a double-strip plasmonic
waveguide coupled to an electrically driven GaAs NW LED. (B) SEM
image of the fabricated structure. A GaAs NW with an axial p/n
junction was used as an internal light source and integrated with the
double-strip gold waveguide. The scale bar is 2 ym. The inset shows
the tilted view of the tapered section of the waveguide, indicated by
the white dotted square. The gold strip has a trapezoidal cross section.
The scale bar in the inset is 300 nm.

30 nm along the 3.5 ym long tapered section (inset of Figure
1B). The width of one strip in the tapered section also
decreases linearly from 1000 to 600 nm. These structural
parameters were measured at the bottom surface of the
waveguide. The smooth transition in the tapered section of the
waveguide can minimize the scattering loss of SPPs, and
therefore, the subwavelength-sized focusing of SPPs can be
achieved efficiently.”"**

The electrically driven NW LEDs were fabricated using
epitaxially grown p/n GaAs wafer (see Methods in Supporting
Information). Triangular-shaped poly(methyl methacrylate)
(PMMA) patterns were defined using electron-beam lithog-
raphy (EBL), and chemically assisted ion beam etching
(CAIBE) was applied using the patterns as a mask. Arrays of
vertical NWs with a triangular cross section and a length of 2.3
um were then formed (Figure 2A). One side of the triangular
cross-section changes linearly from 400 to 700 nm along the
NW axis as a result of the dry etching. The vertically etched
NWs were submerged in ethanol solution and sonicated to
isolate the NWs from the bottom substrate. Since the material
composition of the etched NWs was abruptly changed at the
interface of the bottom end of the NW (white dotted line, right
panel of Figure 2A), the NWs were broken selectively at the
interface. We dispersed these NWs on SiO, receiving substrate
and fabricated p- and n-contacts and the double-strip
waveguide through aligned EBL and deposition of chromium
and gold layers (Figure S1). Figure 2B shows an SEM image of
the fabricated NW LED. The conformal deposition of metal
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Figure 2. Fabrication and optical properties of a GaAs NW LED. (A)
SEM image of vertical arrays of the NWs fabricated by EBL and dry
etching. The scale bar is 2 gm. The right panel shows the magnified
SEM image of a triangular cross-sectional single NW with a length of
~2.3 pm. The white dotted line indicates the sonication cleavage
interface to separate NWs from the substrate. The scale bar is 500 nm.
(B) SEM image of the fabricated NW LED. The scale bar is 1 ym. (C)
EL image of the NW LED captured by a CCD camera. The NW in
(B) was superimposed on the image as the red dotted line. The scale
bar is 1 um. (D) Measured EL spectrum from the NW LED. A current
pulse with a peak value of 22.4 yA and a 10% duty cycle was injected.

contacts was achieved due to the triangular cross section of the
NW. In addition, since the plasmonic waveguide functions as
the p-contact electrode of the NW LED, a simplified fabrication
procedure and high yields were achieved in the integration of
the NW internal light source with the plasmonic waveguide.
This distinguishes our plasmonic structure from the previously
reported ones that require significant modification of the
structural design to couple SPPs to the waveguides."> ™"’

The optical properties of the fabricated GaAs NW LED were
characterized by measurements of the EL images and spectra.
The NW LED was electrically pumped by using 100 ns current
pulses at a repetition rate of 1 MHz at room temperature. The
light emitted from the NW LED was collected by a X50 long-
working-distance microscope objective lens focused onto either
a spectrometer or a thermoelectrically cooled charge-coupled
device (CCD) camera. Figure 2C shows the EL image from the
NW LED, which was captured by the CCD camera. The light
emission was clearly observed over the whole NW, except for
the region where the electrical contacts blocked the EL
emission from the NW LED. The EL spectrum shows multiple
resonant peaks (Figure 2D). The peaks correspond to the
Fabry—Perot oscillations of the fundamental and higher-order
guided modes in the NW cavity.>»** It is known that several
transverse modes can also be excited in each longitudinal mode
in a triangular cross-sectional NW cavity with one side length of
a few hundred nanometers.”® In addition, to further investigate
the optical and electrical properties of the NW LEDs, we
measured EL spectra as a function of current, polarization state,
and current versus voltage curve (Figure S2).

To examine how the EL emission from the NW LED is
coupled into and propagates through the plasmonic waveguide,
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Figure 3. Measurement of the scattered light intensity at the tapered end of the double-strip plasmonic waveguide. (A) Measured CCD image of the
light intensity distribution. A current pulse with a peak value of 22.4 yA and a 10% duty cycle was injected into the NW LED. The contour line of the
waveguide obtained from the SEM image of Figure 1B was superimposed on the image. The scale bar is 1 ym. (B) Line scan through the CCD
image in (A) taken along the white dotted arrows. The position in the x-axis was measured from the gap center of the waveguide. The black line is a
Gaussian fit to the measured data (black dots). (C) Emission spectrum at the end of the waveguide. The light from the region covering the white
dotted square in Figure 1B was integrated. (D) Polarization-resolved images of (A). A linear polarizer with the polarization direction parallel (left) or
perpendicular (right) to the waveguide axis was placed in front of the CCD camera and spectrometer. The scale bar is 1 ym. (E) The intensity of the
focused light spot was plotted as a function of the angle, 6, between the waveguide axis and the direction of the linear polarizer.

we measured the scattered light intensity distributions from the
waveguide. A current pulse with a peak value of 22.4 yA and a
10% duty cycle was injected into the NW LED. Measurements
showed that the light coupled from the NW LED to the
double-strip plasmonic waveguide propagated without scatter-
ing along the waveguide with a total length of ~12 um. The
guided SPPs were then strongly focused onto a submicrometer-
sized spot at the end of the waveguide (Figure 3A). To estimate
accurately the size of the focused spot, the line scan through
this measured image, taken along the white dotted arrows
shown in Figure 3A, was plotted as a function of the position
from the gap center of the waveguide (Figure 3B). This plot
shows that the scattered light was localized within a
subwavelength-scale spot with a size of ~600 nm full width
at half-maximum (fwhm). The spot size will be smaller in near-
field measurements.'”*° In addition, we measured the spectrum
of the focused light spot (Figure 3C), in which the central
wavelength and spectral width are almost identical to those of
the NW LED in Figure 2D.

Next, we measured polarization-resolved images and spectra
of the scattered light intensity from the waveguide by rotating a
linear polarizer in front of the CCD camera and spectrometer.
The focused light spot was clearly observed in the polarization
direction along the waveguide axis (left, Figure 3D), while the
scattered light was not observed in the polarization direction
perpendicular to the waveguide axis (right, Figure 3D). These
results are summarized in the graph of the scattered light
intensity, which is plotted as a function of the polarization angle
0 relative to the waveguide axis (Figure 3E). The fact that the
signal was predominantly polarized along the waveguide axis
indicates that the scattered light originated from an SPP
waveguide mode with a specific polarization direction. Taken
together, the double-strip plasmonic waveguide effectively
manipulated the light coupled from the NW LED and
generated a subwavelength-sized focused light emission pattern.

To further investigate the optical properties of the guided
SPP modes in the double-strip plasmonic waveguide, we
calculated their dispersion curves and intensity profiles using
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finite-difference time-domain (FDTD) simulation. In particular,
we can identify which SPP waveguide mode was excited in
experiment by performing the simulations in the same
waveguide structure as the one fabricated in Figure 1B. First,
the two straight gold strips with a trapezoidal cross section were
introduced on SiO, substrate while maintaining an air gap of 30
nm between the strips. The thickness and bottom width of one
strip were set to 400 and 600 nm, respectively. A dipole emitter
with a wavelength of 850 nm was placed at the center of the
gap to excite SPP waveguide modes. The symmetric SPP
waveguide mode is then excited by the z-directional electric
dipole and propagates on the top surface of the waveguide,
showing strong electric field confinement (Figure 4A,B). Next,
to examine the scattered light intensity distribution of the SPP
waveguide mode at the tapered end of the double-strip
waveguide, we calculated the time-averaged distribution of the
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Figure 4. Calculated field profiles of the symmetric SPP waveguide
mode excited in the double-strip plasmonic waveguide. (A) The z-
component of the electric field profile and (B) the electric field
intensity distribution of the symmetric SPP waveguide mode. The
scale bar in (A) is 300 nm. (C—E) The z-components of (C) total and
(D, E) polarization-resolved time-averaged Poynting vector distribu-
tions of the symmetric SPP waveguide mode. These distributions were
obtained at a position 400 nm above the top surface of the waveguide.
The scale bar in (C) is 1 ym.
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z-component of the Poynting vector at a position 400 nm
above the top surface (Figure 4C). The simulation shows that
the symmetric SPP waveguide mode was scattered at the end of
the waveguide and focused strongly above the waveguide. The
fwhm size of this focused light spot is estimated to be 660 nm.
Since the electric fields of the symmetric SPP waveguide mode
are oriented normal to the top surfaces of the gold strips
(Figure 4A), the polarization direction of the focused light spot
should be parallel to the waveguide axis, which was confirmed
by FDTD simulations (Figure 4D,E). All these simulation
results remarkably agreed with the total and polarization-
resolved EL images of Figure 3A,D. In particular, the measured
and calculated sizes of the focused spot are in excellent
agreement. Therefore, we can conclude that the light emission
from the NW LED was coupled to the symmetric SPP
waveguide mode, and as a result, the subwavelength-sized
focused spot was observed in the experiment. Although two
antisymmetric SPP waveguide modes also exist in the double-
strip plasmonic waveguide, as shown in the calculated
dispersion curves (Figure S3), the focused emission patterns
at the end of the waveguide are not observed for these modes
(Figure S4).

Lastly, we calculated the coupling efficiency between the NW
LED and the plasmonic waveguide using FDTD simulation. In
the simulation, a 2.3 pm long NW with a triangular cross
section was introduced at the center of the air gap of the
double-strip waveguide with an infinite length to the right
(Figure SA). The structural parameters of the waveguide
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Figure S. FDTD simulation of the light coupling from the NW LED
to the double-strip plasmonic waveguide. (A) Calculation structure
including the NW placed on SiO, substrate and at the center of the
two straight gold strips. The NW has a triangular cross section and a
length of 2.3 pm, and one side lengths on the left and right cross
sections of the NW are 700 and 400 nm, respectively. The inset shows
the cross-sectional view of the coupling region of the NW and
waveguide, where the waveguide has a trapezoidal cross section and a
thickness of 400 nm. The tapered termination of the waveguide is
unnecessary to calculate coupling efficiency. (B) Calculated electric
field intensity distribution on the top surface of the waveguide. A
single dipole source was introduced at the center of the NW, and the
light emission from the NW was coupled to the symmetric SPP
waveguide mode. The scale bar is 1 pm.

identical to those in Figure 1B were used, such as trapezoidal
cross section, thickness of 400 nm, and width of 1000 nm. A
single dipole source with a wavelength of 850 nm was
introduced inside the NW to excite a NW cavity mode,
which can be coupled to the symmetric SPP waveguide mode.
To estimate the efficiency of converting the light emitted from
the NW into the symmetric SPP waveguide mode, we
calculated the total power emitted from the NW, Py, and
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the transmitted power of the waveguide mode at different
detection positions along the waveguide axis, Py, By plotting
and fitting the values of P,/ Py as a function of the detection
position,” the coupling efficiency can be calculated (Figure SS).
In the structure of Figure S5A, the propagation length of the
symmetric SPP waveguide mode was ~10.6 um, and the
coupling efficiency was estimated to be ~1.6%. In addition, the
electrical field intensity distribution was obtained just above the
top surface of the waveguide (Figure SB). It is observed that the
emitted light from the NW is symmetrically coupled to the SPP
waveguide mode and propagates on the top surface of the
waveguide. We note that the relatively low coupling efficiency
can be improved by optimization of the position of the NW and
the shape of the waveguide in the coupling region.'”** For
example, FDTD simulation showed that the coupling efficiency
was increased to ~2.8% by reducing the thickness of the gold
layer in the plasmonic waveguide (Figure S6).

In summary, we have demonstrated a double-strip plasmonic
waveguide integrated with an electrically driven GaAs NW
LED. The NW with an axial p/n junction was used as an
internal light source of the plasmonic waveguide and operated
by current injection. In measurements of the polarization-
resolved images and spectra, we observed the light coupling
from the NW LED to the plasmonic waveguide and the
propagation of a SPP waveguide mode. The guided SPP mode
was focused with a subwavelength size of ~600 nm by
adiabatically reducing the gap and width of the double-strip
waveguide. In FDTD simulation, the time-averaged Poynting
vector distributions effectively reproduced the measured
polarization-resolved EL images and focused light spot yielded
by the symmetric SPP waveguide mode. We believe that our
integrated plasmonic device is simple and practical and thus
widely applicable to research fields requiring various function-
alities, such as biochemical sensing and quantum information.
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