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Abstract: We experimentally demonstrated an electrically excited surface
plasmon source, which was fulfilled in a silver coated light emitting diode
(LED) with well designed gratings. With a DC current supply, surface
plasmon polariton (SPP) waves were generated directly from the
illuminations of the LED via the grating coupler. By adjusting the grating to
a tilted one, a unidirectional SPP beam was successfully attained with a
high extinction ratio (Ex~10) and an improved launching efficiency.
Detailed analyses show that this electrically generated unidirectional SPP
has a considerable long propagation distance (~14um), allowing for further
manipulations in plasmonic integrations and sensors.
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24. These 400 dipole sources are linearly placed with an interval of dL = 50 nm (much than the grating period) and
oriented along x-direction for the purpose of efficient TM excitation. In simulations, we calculated the
illumination process of these 400 dipoles in total for one time with well-defined dipole locations, phases and
polarizations. Although it is a coherent process, it can provide preliminary information of the coupling from the
dispersive LED illumination to the SPP surface waves.

1. Introduction

Plasmonics, considered as a bridge between micro-scale photonics and nano-scale electronics
[1], has boosted numerous researches in enhanced light-matter interactions [2—5], compact
photonic circuits [6-8], biochemical events [9,10]. Versatile devices based on surface
plasmon polaritons (SPPs) have been proposed and experimentally demonstrated in routing
the energy in micro/nano scales [11-16]. Conventionally, light can be coupled into SPPs via
coupling processes (e.g., using a prism or grating) to match the momentums of photon and
surface plasmon, but these methods usually require a carefully adjusted external laser, which
is bulky and inconvenient for compact integrations. Recently, several approaches have been
developed by combining plasmonic system to the conventional electro-optical devices, in
which SPP can be electrically generated without any external illuminations, for examples, in
organic LEDs [17], silicon nanocrystals [18], and quantum-well LEDs [19]. These works
enlightened the avenue that links the plasmonics to nowadays electronic world, whereas
problems still remain open and need to be solved before achieving the practical active
integrations. For instance, propagation length of these electrically generated SPP is severely
limited (several micros [18,19]) and the generation efficiency was not evaluated, which are
both of great importance in practical SPP integrations. Actually, to generate high efficiency
and unidirectional plasmon wave has turned to be a major goal in the study of the plasmonics
in recent years. Many efforts have been made based on various strategies of launching SPP
from external lasers [20-23]. Therefore, electrically pumped SPP source with improved
efficiency and unidirectional property would be an important step towards the compact active
integration of SPPs.

In this work, we experimentally demonstrated an integrated SPP source based on micro-
scale silver grating structures on a GaAs-based LED substrate that can be electrically excited.
This generated SPP exhibits relative long propagation distance at the wavelength of 1p~633
nm (GaAs-base LED). More importantly, this design was further developed to a
unidirectional SPP generator by introducing tilted metallic gratings, and a high extinction
ratio of Ex~10 was experimentally achieved. This electrically generated SPP source is
expected to be compatible with those passive devices in SPP manipulations, and would pave
the way towards to active-plasmonic integrations.

2. Model and sample fabrication

The design of electrical excited SPP source is schematically shown in Fig. 1(a), in which an
optically thick silver film (~200 nm) with gratings covers on the GaAs-based LED (detailed
layer design and thickness are indicated in the figure). In the scheme, the illumination from
the actively layer (Multi-Quantum-Well MQW) incidents onto the grating (defined as source
grating), and then transfers to two bidirectional surface SPP waves by the coupling processes.
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Since the surface waves cannot be directly observed in the far field, two sets of groove
gratings are introduced as out-couplers symmetrically on both sides of coupling grating with
certain distances. As indicated in the scheme, two out-couplers will scatter the propagating
SPP waves into the far field that can be detected by charge-coupled device (CCD), despite
there will be still considerable illumination transmitted directly through the center source
grating. These scattered intensities (from the out-couplers) will be referred for evaluating the
efficiency of the generated SPP wave qualitatively.

(a) Out-coupler Out-coupler
(Ieft) SPP SPP (rlght)
Source grating

U]

GaAs(0.15um) —

-Mg(0.03um)

P-Mg(0.5um)
QW(0.1-0.15um)

Fig. 1. (a) Schematics of electrically excited SPP source with the combination of GaAs-based
LED and silver film with structured coupling grating and out-coupler grooves, where detailed
LED structural parameters are marked on. (b) Designed planar structures for experiments. (c)
FIB image of the fabricated sample corresponding to the design, where N=11, P=0.61 um,
D=10 um, W=6.4 um, L=35 um.

The samples are fabricated by the focused ion beam (Strata FIB 201, FEI Company, 30
KeV, 11 pA) milling on a sputtered silver film (~200 nm thickness). Figure 1(b) and 1(c) are
the top view of the source grating and out-couplers for schematic design and real sample,
respectively. Here, the source grating is composed of 11 slits with period of 610 nm
(corresponding to the 4p~633 nm of the LED illumination) and slit length of 6.4 4m and width
of 300 nm. Therefore, the footprint of device is about 6.4x6.4 um”. The shallow grooves for
out-coupling are 35 um long and only 30 nm depth (in order to forbid the direct transmission
of the underneath illuminations). Much longer grooves than the coupling grating is designed
to analyze the beam shape of the SPPs via comparison from the far field radiation signals.
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3. Numerical simulations and experimental results

Before getting into the experimental details, we would rather firstly show the theoretical
results calculated using commercial software (Lumerical FDTD solutions). In the model, 400
dipoles as a 2-dimensional (2D) random source are defined to mimic the MQW active layer
[24], which is set 0.68 um distance from the metal layer as shown in Fig. 1(a) (according to
the experimental sample parameters). The dielectric constant of metal and semiconductor are
designed as ex,=—15.932 + 1.076i and &g,:=14.826+1.507i (at 4p~633 nm, in the database of
Lumerical solver). The structural parameters are defined as possible as experimentally
reachable (P=610 nm, D=10 xm).
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Fig. 2. Simulation results of the SPP field generation by the source grating for (a) normal
grating and (b) 40°-tilted grating under a defined chaotic source (containing 400 random
dipoles) in the active layer mimicking the LED. Dashed lines in (a) are introduced monitors to
detect the energy flow around the sources gratings. (c) Power intensity detected by right
monitor (Mg) as the function of tilting angle of the source grating. (d) Normalized coupling
coefficient of the right and left propagating SPPs (defined as g and #.) with increasing the
tilting angle, where a maximum contrast is mark out at 6~40°.

Figure 2(a) depicts the simulated field distribution (Hy), from which two obvious
bidirectional surface waves are generated by the grating coupling from the illumination of
random dipoles in the active layer, where considerable amount of energy still radiate to the far
field directly through the grating. It is undoubted that these surface waves are the SPPs by
checking their polarizations (little E, detected for the surface waves). Three monitors are
place on the top (M), left (M) and right (M) of the source grating (shown in the figure), to
detect the corresponding energy flows. Calculating the ratio of #gr=Sg/(S¢+Sr+SL) and 7 =
S1/(Se+Sr+S1) (Si = or 1) refers to the energy flow from the monitor M;), we would roughly
evaluate the coupling efficiencies from the illumination to the SPPs. Although it is somewhat
rough by neglecting the absorption and reflection of the grating, it is still of importance to
evaluate the performance of the SPP source. Since the direct radiation of S, always brings
noises for a plasmonic device, the higher ratio # indicates the better coupling, and the better
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quality of the SPP source. For the case of the normal grating shown in the inset image of
Fig. 2(a), the SPP coupling processes are symmetric and ng=#,=0.24. When we modified the
source grating to be tilted with an angle of 6, the symmetry will be broken and the right side
coupling tends to be enhanced, as shown in Fig. 2(b). Figure 2(c) depicts the detected power
intensity of Sk as a function of the tilting angle, which exhibits a clear increase with the
enlarged angle and reaches a maximum at about #=26°. By analyzing the tendencies of
coupling ratio nr and 7, (shown in Fig. 2(d)), we find they departure expectedly with respect
to the increasing # and have a strongest contrast at #=40°, where 7 tends to be zero. These
calculations provide us a fascinating result that we can adjust the tilting angle to achieve a
unidirectional generation of SPP. Although the power flow of Sy of 8=40° is not the highest
one (refer to Fig. 2(c)), the largest coupling efficiency #r and highest extinction ratio
(Er=nr/n1=24) implies that this sample should have the best unidirectional performance.
Therefore, this sample will be particularly studied in comparison with the normal grating
sample in experiments.
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Fig. 3. Microscope imaged scattered intensities from source grating and out-coupler grooves
under a DC current excitation (~100 mA/cm?) for the (a) normal grating sample and (b) 40°-
tilted grating one. The FIB image of tilted sample is shown in the bottom of (b). (c) and (d) are
the extracted intensity data of two out-couplers from the images (a) and (b) respectively, where
a strong contrast of right and left scattered SPPs are clearly observed in the titled grating
sample.

Two samples with the same planar parameters (N=11, P=0.61 gm, D=10 ym, W=6.4 um,
L=35 um) but different source gratings were particularly analyzed: sample A for normal
grating 6~0° (the designed and FIB images are shown in Fig. 1(b) and 1(c), respectively) and
sample B for 6~40° (see the oblique image in bottom of Fig. 3(b)). Optical analyses were
performed in a microscopy system (Zeiss Axiolmager-Alm) with EM-CCD camera (Andor
DU888) by adopting a bias DC current about 100 mA/cm? (corresponding to ~2.4 V voltage
for our samples). Figure 3(a) shows the experimental image directly recorded by the CCD,
where an obvious scattered SPP after propagation a certain distance (10 xm) are observed for
sample A. This SPP generation is expectedly bidirectional due to the symmetric coupling
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process, which is also reflected from the well superposed intensity profiles read from the out-
coupling intensity curves (see Fig. 3(c)). The SPP nature was further confirmed by the fact
that little out-coupling intensity was detected by adding a polarizer to check the TE case
(polarization along the out-coupler groove direction) (not shown here). As for the sample B
with the tilted grating (6=40°), apparent unidirectional SPP generation is shown in Fig. 3(b),
where most of SPP energy flows to the right and a considerably large extinction ratio Eg~10 is
achieved from the data of Fig. 3(d). Although this value is smaller than those launched by
lasers [21, 23], it is still a good performance in the electrically excited LED system.
Moreover, the absolute intensity of the right-propagation SPP increases to 1.7 times the
bidirectional ones in Fig. 3(b). It is definitely proved that using metallic grating can
remarkably couple the dispersive LED illumination into a unidirectional SPP wave with
improved coupling efficiency.
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Fig. 4. Direct microscope images of samples for the (a) normal grating series and (b) tilted
grating series with different groove-to-grating distances, which are indicated by capitals “A-F”.
Detailed intensity profiles of the scattered SPPs at out-coupler for series samples: (c) normal
grating sample, (d) tilted grating sample. (e) Integrated power intensity of experimental data as
versus different propagation distances for two series sample, where curves are the
exponentially fitted ones. (f) The detected FWHM s as the function of propagation distances for
both samples.

In the following, two series of samples are fabricated with different out-coupling distance
(D) both for normal and titled gratings in order to make detailed analyses on the generated
SPP beam properties. Using a stabilized power supply as same as the former experiment (DC
current ~100 mA/cm®), the emission power and spectrum of the LED was kept constant to
establish a standard backlight illumination. The CCD detected intensities from the out-
couplers are in proportion to the SPP intensities at the detection positions, which provide us a
quantitative evaluation on the generated SPP wave. Figure 4(a) and 4(b) show the direct CCD
images of the normal and tilted grating samples respectively with D ranging from about 5 to
23 um (labeled by capitals A to F in the left margin), where different intensity evolutions with
respect to the SPP propagation distances are clearly manifested. The detailed intensity profiles
at different distances are further depicted out in the Fig. 4(c) and 4(d) for these two series
samples. The coupling improvement of titled sample is shown obviously. By analyzing these
intensity profiles we can obtained the detailed information of the evolution of the field
distributions, so as to deduce the propagation property of the generated SPP waves.
Figure 4(e) shows the detected power evolutions of two SPP propagations, where remarkable

#161150 - $15.00 USD  Received 10 Jan 2012; revised 19 Mar 2012; accepted 24 Mar 2012; published 30 Mar 2012
(C)2012 OSA 9 April 2012 / Vol. 20, No. 8 / OPTICS EXPRESS 8715



enhancement (more than 3 times) of the titled sample are definitely demonstrated at the initial
position, indicating a greatly improved coupling efficiency. By exponential fitting on the
experimental data, we obtained the decay lengths of both cases of about 11.0 gm and 13.7 um,
respectively. The tilted sample still manifests a little advantage in propagation distance. So
far, a well defined unidirectional SPP source with electrical excitation is achieved.

4. Discussions

We would briefly explain the cause of unidirectional coupling process by titled grating in the
viewpoint of reciprocal vectors. We made a Fourier transformation (FT) on the titled grating
structure, and then the real space information can be converted to the reciprocal space.
Figure 5(a) shows FT result directly from the x-z cut plane of the grating (inset image on the
left bottom), where the reciprocal lattice with the strongest Fourier components inclines with
the same angle as the titled grating, resulting in two strongest first-order reciprocal vectors in
—40° angle for the right one (G, ) and 40° angle for the left one (G_, ). In LED illuminations,
although the radiation is dispersive, the majority is still normal to the grating plane. As
schemed in Fig. 5(b), these normally radiated lights will be more easily coupled to the right
side after the vector combination, resulting in a right propagation SPP wave.

-

Fig. 5. (a) Reciprocal space of the 40°-tilted grating, where the inset image is real space cross-
section of the grating in x-z cut plane. (b) Scheme of the wave vector combinations explaining
the unidirectional SPP generation.

Besides, the full widths at half-maximum (FWHM) of the two generated SPP waves are
also depicted in Fig. 4(f), who have almost the same fitting lines. It means that the generated
SPP waves from two samples still maintain the same propagation characteristics, though they
have different coupling efficiency. This increasing FWHM indicates the electrically generated
SPP beam is dispersive. By evaluating FWHM tendency, we find that this kind of SPP wave
exhibits a considerable large spreading angle (a~30°) compared with the conventional SPP
Gaussian beam excited by laser. This is due to the nondirectional LED illumination, which
has loose dependence on the grating parameter for its complex k vectors. Nevertheless, a
considerable strong SPP wave with unidirectional beaming was definitely generated by
electrical pumping on the basis of GaAs-based LED without any additional light source. A
high normalized coupling efficiency (about 70%, theoretical) was predicted in the titled
grating sample, and a relative long propagation distance (~14 um) was experimentally
obtained allowing for further manipulation of this generated SPP wave.

5. Conclusions

In summary, we experimentally demonstrated a LED-based SPP source with an almost
unidirectional beaming property, which was directly excited by a DC current in a very
convenient manner. Base on a tilted grating design, this achieved unidirectional SPP exhibited
a considerable large extinction ratio (Egx~10) and long propagation distance (~14 um), which
is a remarkably good performance considering the illumination is not from a coherent laser
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but the chaotic and nondirectional LED. This device is only about 6.4 x 6.4 um” footprint (for
the source grating part) indicating a compact active integration is achievable. Our experiment
would inspire versatile applications in plasmonic circuitry or bio-sensors, and is expected to
step the way toward bridging the gap between electronic and photonic devices.
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