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ABSTRACT: On-demand NW light sources in a photonic
integrated circuit (PIC) have faced several practical challenges.
Here, we report on an all-graphene-contact, electrically pumped,
on-demand transferrable NW source that is fabricated by
implementing an all-graphene-contact approach in combination
with a highly accurate microtransfer printing technique. A vertically
p−i−n-doped top-down-fabricated semiconductor NW with optical
gain structures is electrically pumped through the patterned
multilayered graphene contacts. Electroluminescence (EL) spec-
troscopy results reveal that the electrically driven NW device
exhibits strong EL emission between the contacts and displays
waveguiding properties. Further, a single NW device is precisely
integrated into an existing photonic waveguide to perform light
coupling and waveguiding experiments. Three-dimensional numerical simulation results show a good agreement with experimental
observations. We believe that our all-graphene-contact approach is readily applicable to various micro/nanostructures and devices,
which facilitates stable electrical operation and thus extends their practical applicability in compact integrated circuits.

KEYWORDS: semiconductor nanowires, electrical pumping, on-demand light sources, graphene contacts, numerical simulation,
integrated photonic circuits

■ INTRODUCTION

Semiconductor nanowires (NWs) are a remarkably versatile
class of nanomaterial that have enabled the development of a
wide range of devices for nanoelectronics,1−3 nanobiotechnol-
ogy,4−6 photovoltaics,7−14 nano-optics,15−30 and quantum
photonics.31−33 In particular, because high-index semiconduc-
tor NWs have demonstrated the ability to strongly interact
with optical fields and to support distinct resonant modes in
nanoscale dimensions, they have been widely applied for the
exploration of strong light−matter interactions and to enable
enhanced optical functions in diverse systems.10−18 Such
optical properties, which are consistent with essential require-
ments for high-quality optical cavities, have motivated
researchers to consider semiconductor NWs as the most
practicable option for efficient light sources in compact
photonic integrated circuits (PICs). The III−V or II−VI
semiconductor NWs with synthetically controlled electronic
band structures have enabled rich spontaneous emission with
high quantum efficiency19−22 and thus been confirmed as high-
quality nanoscale light sources that are capable of generating a
sufficient amount of light and coupling with other photonic
elements.23−27 However, the direct application of the NW light
sources to various PICs have encountered several practical
challenges. First, it has been difficult to deterministically

register single NWs at target locations with high precision and
alignment accuracy. Numerous studies that exploit a variety of
forces and techniques (e.g., mechanical,34 and electrical
forces,35 liquid surface tension,36,37 and deterministic nano-
combing techniques38) have been primarily designed to realize
the scalable, large-area assembly of NWs in a highly aligned
manner. However, the key requirement of PICs is the precise
integration of the single NW light sources into the pre-existing
passive optical components (e.g., optical waveguides (WG)
and modulators). This requirement inevitably necessitates
individually addressable/manipulable on-demand registration
with nanoscale alignment accuracy,38−40 which limits the
previous efforts to be utilized. Second, it has been considerably
difficult to develop a readily applicable and stable scheme for
electrical pumping that does not result in significant optical
loss. Because the electrical operation of complete photonic
circuits, including light sources and other passive optical
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elements, is clearly essential for practical purposes, researchers
have explored several approaches that entail the use of heavily
doped Si substrates and/or conventional metal contacts; they
consequently successfully demonstrated the functionality of
electrically driven NW light sources.23,24,27−29 However, the
direct contact of Si or metals on a large portion of the light-
emitting body causes light to be absorbed over a broad range
of optical frequencies, as well as degrades the emission
efficiency and subsequent device performance. In addition, the
metal contacts that cover a significant portion of the NW
typically increase the carrier recombination and help to achieve
large spontaneous emission; however, they also block the light
that is emitted from the NW, thus preventing the direct
coupling of the emitted light to other optical components.
Furthermore, the vapor-deposited metals on topologically
structured objects sometimes display various sizes of cracks
and disconnections owing to the size difference between the
objects.24 Thus, the deposited metals should be thick enough
to completely cover the differently sized structures; this
consequently further increases the difficulty of integration and
the subsequent device fabrication.
In this paper, we report on an all-graphene-contact,

electrically pumped, on-demand transferrable NW source.
Specifically, we fabricated an all-graphene-contact device by
introducing mechanically flexible and optically transparent
graphene contacts at the top and bottom surfaces of a
semiconductor NW. The vertically p−i−n-doped top-down-
fabricated NWs are precisely align-transferred on a target site
in a chip by using a microstructured polymer-assisted transfer-
printing technique.39−45 Electroluminescence (EL) spectros-
copy was carried out to demonstrate the successful operation
of the device and characterize its optical properties. We also
coupled an electrically pumped NW source to a strip-type
photonic waveguide (SPWG) to demonstrate the on-demand
integration and successfully showed light coupling and
waveguiding. These observations were quantitatively supported
and characterized via numerical simulation.

■ RESULTS AND DISCUSSION
Figure 1a shows our all-graphene-contact, electrically driven
NW light-emitting device. The III−V semiconductor NW,
which has a trapezoidal cross section, is electrically p- and n-
doped at the top and bottom layers and includes an optical
gain medium. The two ultrathin and mechanically flexible
graphene patches conformally cover individual metal electro-
des and independently connect them to the p-doped top and
n-doped bottom surfaces of the NW to serve as the p-contact
and n-contact, respectively. These graphene contacts enable
the direct injection of carriers into the NW (blue and red
arrows in the Figure 1a) and the subsequent radiative
recombination. Figure 1b,c shows the low- and high-
magnification scanning electron microscopy (SEM) images
of a fully fabricated single NW device on a Si3N4 substrate. The
single AlGaInP NW was separately top-down-fabricated and
precisely align-transferred onto a target site on the substrate.
Regarding the graphene contacts, we preferentially used
chemically synthesized conductive multilayered graphene
(MLG) to form a flexible/robust and electrically stable current
pathway.30,46 The bottom and top graphene contacts were
lithographically patterned before and after the NW transfer
(white dotted lines), which led to the successful realization of a
vertically complex top-graphene/NW/bottom-graphene nano-
architecture. Under such configuration conditions, the

instantaneous physical contact established between the
graphene and the surface of the NW enables the formation
of an electrical interface that consequently permits current
injection.
Our on-chip transferrable all-graphene-contact NW device

was fabricated by applying the following processes (Figure 2a−
e and Figures S1, S2, Methods in Supporting Information). A
commercially available AlGaInP-slab/GaAs-substrate LED
wafer was selected for use in the device (Figure S1a). We
have applied electron-beam lithography (EBL), chemically
assisted dry etching, selective wet etching, and oxygen plasma
cleaning processes to fabricate an array of nanoscale wires and
two separate mesa structures (Figure 2a and Figure S1b,
Methods). Following fabrication, the NWs with both ends
connected to mesa structures were kept air-suspended (Figure
2a). Evidently, the air spacing underneath the NWs in the
presence of the bulk-supporting mesa structures can facilitate
the pick-up and separation process during transfer printing.
In addition, we employed a focused ion beam to section the

fabricated NWs in a direction perpendicular to the NW axis.
The high-magnification transmission electron microscopy
(TEM) image in Figure 2c reveals the cross-sectional geometry
and compositional structure of a NW. Regarding the cross
section, a slight sidewall slope arising from the mechanical
etching process led to the formation of the trapezoidal cross-
sectional shape.47 Therefore, one can readily identify the cross-
sectional orientation based on the shape and determine the
electrical polarity of the NW as well. In addition, the sidewall
slope provides a better topological condition when the top

Figure 1. All-graphene-contact, electrically pumped, on-demand
transferrable NW light source. (a) Schematic of the device. A single
III−V NW is connected to metal electrodes via top (p-contact) and
bottom (n-contact) graphene contacts, which are protected by
transparent polymer covers (green). Injected carriers (red and blue
arrows) are radiatively recombined at the region between the two
contacts. (b) Low-magnification SEM image of a fully fabricated
single NW device on a Si3N4 substrate. The top-down fabricated and
vertically p−i−n-doped AlGaInP NW was on-demand registered
between two metal electrodes. MLG was used for transparent p- and
n-contacts (white dotted lines). Scale bar: 10 μm. (c) High-
magnification SEM image of the device. The cross-linked PMMA-
patterned top (bottom) graphene layer established direct contact with
the top (bottom) layer of the NW. Scale bar: 2 μm.
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graphene contact is conformally applied to the top surface of
the NW.
Next, we individually addressed and picked up the fabricated

NWs by using the previously developed transfer-printing
setup.39 Figure 2d schematically illustrates this process, which
can be described as follows. The microscale cubical
polydimethylsiloxane (PDMS) tip is aligned with respect to
the boundary lines of the mesa structures and approached to a
single NW (Figure 2d (i)). A gentle downward force is applied
after contact is established and both terminals of the NW are
easily broken, resulting in separation from the supporting mesa
structure (Figure 2d (ii)). Then, a simple upward translation of
the PDMS microtip terminates the pick-up process (Figure 2d
(iii)). Although this process worked well with the most wire-
typed nanostructures, it was sometimes limited to picking up
the structures that were shorter than ∼7 μm and/or wider than
∼500 nm. For those structures, we have developed a unique
two-step pick-up and transfer process (Figure S2) that takes
full advantage of the optical and mechanical properties of
PDMS microtips, for example, high optical transparency in the
visible wavelengths, good mechanical flexibility, and control-
lable adhesive force.39−45 We believe that the above-described
two-step transfer technique is simple and readily applicable to a
variety of micro/nanostructures and thus useful for many
applications that require highly accurate hybrid and/or
heterogeneous on-chip integration.
In parallel, we developed the fabrication procedure for an all-

graphene-contact device (Figure 2e). First, we used a
conventional wet-transfer technique48 to separate a sheet of

chemical vapor deposition (CVD)-grown MLG from its
growth substrate and enable its transfer to a metallized Si3N4
substrate (see Methods). Regarding the MLG, the results of
topographical, optical, and electrical measurements, respec-
tively, confirmed high uniformity in thickness, high optical
transmission in the visible wavelength range,49 and good
electrical conduction,50 which are essential properties for
electrical contact of light-emitting devices (Figure S3). Then,
we exploited the characteristics of the PDMS microtip to
precisely align-register the individual NWs on top of the
graphene (Figure 2e (i)). Next, we utilized the cross-linked
polymer resist to lithographically pattern the bottom graphene
contact and removed the nonpatterned areas of graphene via a
reactive ion-etching (RIE) process (Figure 2e (ii)). Lastly, we
repeated the steps given as Figure 2e(i) and (ii) to define the
top graphene contact to complete the fabrication process
(Figure 2e (iii)). We note that our all-graphene-contact
approach is a unique and advantageous approach that
circumvents various problems and difficulties that are
commonly associated with the conventional method, such as
those related to the requirement for the nanoscale structures or
materials with vertical doping to be heterogeneously integrated
and electrically operated. In particular, the definition of the
metallic contacts on the top and bottom of a nanoscale
structure requires individually controllable nanoscale manipu-
lation of the target object; the structure must be metallized on
one surface, and then completely turned upside down and
repositioned at the same location for the second metallization
on the opposite surface. As can be expected, these processes

Figure 2. Fabrication process for an on-demand transferrable all-graphene-contact NW device. (a) Tilted-view SEM image of the top-down-
fabricated AlGaInP NW array. Scale bar: 2 μm. (b) Top-view SEM image of a single NW; length, ∼9 μm; width, ∼300 nm; thickness, 200 nm.
Scale bar: 2 μm. NW ends were connected to the supporting mesa structures, and the entire body of the NW was air-suspended. (c) Cross-sectional
TEM image of a single NW showing vertically p-type/intrinsic/n-type doped layers and MQW structures. Scale bar: 100 nm. (d) Schematics
showing how the PDMS microtip is employed for pick up: (i) the microtip approach, (ii) breaking of the NW terminals, and (iii) the pick-up. (e)
Top-view false-colored SEM images showing the key fabrication steps for the on-demand all-graphene-contact device: (i) align-registration of a
NW on a device site posterior to transferring the bottom graphene layer (scale bar: 5 μm), (ii) definition of the bottom graphene contact via
lithographic patterning and dry etching, and (iii) definition of the top graphene contact by repeating (i) and (ii).
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are extremely complex and limited unless one has access to the
cutting-edge technology for this special purpose.51,52 In
addition, these top and bottom contacts must be extended
and connected to the existing larger metal electrodes, which
requires additional lithography and metallization. Furthermore,
the definition of the metal contacts on top of or near optical/
photonic or optoelectronic devices can result in unwanted
optical losses, deteriorate the intrinsic optical properties of the
materials, and degrade the device performance. However, our
all-graphene-contact approach does not require nanoscale
manipulation, multiple rounds of metallization or additional
extension to outer electrodes. In addition, the graphene is
optically transparent over a broad range of optical and near-
infrared frequencies; this results in significantly less optical loss

than the metals that are conventionally employed for contact
(e.g., Cr, Ti, and Au).
We carried out EL spectroscopy to investigate the optical

characteristics of our device. The fully fabricated single NW
device shown in Figure 1c was electrically pumped with
continuous-wave (CW) currents at room temperature by using
two metallic probe tips connected to a semiconductor
parameter analyzer (Figure 3a and Methods). The EL emitted
by the device was then collected by a ×50 microscope
objective lens and either passed to the spectrometer or imaged
onto a highly sensitive charge-coupled device (CCD). Before
performing the optical measurements, we briefly investigated
the electrical transport properties of our device by measuring
the current−voltage (I−V) curve (Figure 3b). The I−V data

Figure 3. Spectroscopic characterizations. (a) EL imaging and spectroscopy setup. A semiconductor parameter analyzer was used to inject CW
currents into the device as emitted EL was either imaged on CCD or sent to a spectrometer. (b) Measured I−V curve for the NW device shown in
Figure 1c. (c) CCD-generated EL emission patterns obtained at different levels of injected current: (i) low current (Ipump = 30.1 nA), (ii) moderate
current (Ipump = 320.1 nA), and (iii) high current (Ipump = 1150.1 nA). Each CCD-generated image was normalized according to the maximum
intensity. The white dotted lines mark the graphene contacts and NW. Scale bar: 2 μm. (d) EL spectra measured under the conditions of injected
current ranging from 30.1 to 1150.1 nA; inset: the maximum intensity plotted as a function of injected current. (e) Angle-resolved EL imaging
results obtained by using a linear polarizer. (i) SEM images of the NW device used in the experiment. Scale bar: 2 μm. (ii)−(v) EL emission
patterns (left) associated with different transmission axes (black arrows, right). The angles between the NW and transmission axes were as follows:
(ii) 0°, (iii) 30°, (iv) 60°, and (v) 90°. (f,g) Angle-resolved EL intensity distributions. The EL intensities were collected for a small window that
included the (f) entire body of the NW and (g) one end of the NW near the boundaries of the graphene contact. The intensities shown in each plot
were normalized according to its maximum.
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confirmed typical diode-like characteristics with the onset of
current flow at a forward bias of ∼8.4 V, which was followed by
an exponential increase in the current; specifically, when the
applied voltage ranged from 10.0 to 14.0 V, the measured
currents significantly increased from 77.4 to 735.4 nA.
Although different materials and device structures caused
variation among some characteristics (e.g., turn-on voltage and
current flow levels), the observed transport behaviors were
qualitatively similar to those of previously reported NW
devices that utilize graphene contacts.30 Overall, these results
confirm the successful formation of a current path, as well as
the necessary electrical operations.
To characterize the light-emitting properties, we systemati-

cally varied the amount of injected current, (i.e., Ipump) and
subsequently observed the pattern of EL emission from the
device and measured the spectrum (Figure 3c,d). Regarding
the results, we observed strong light emission between the p-
type bottom graphene contact and n-type top graphene contact
at all current levels; conversely, relatively weak emission from
the entire body of the NW was only observed at low current
levels (Figure 3c (i)). As we gradually increased Ipump, the EL
intensity between the two contacts was significantly enhanced,
whereas only a small change in intensity was observed from the
NW body (Figure 3c (ii)). These observations revealed that
the recombination primarily takes place in a way that satisfies
the least path for charge carriers to transport. These results
were also consistent with those previously obtained for single
NW LEDs that employed conventional metal contacts.24 In
addition, numerical simulation results show that our graphene
contacts absorbed much less light compared to conventional
metal contacts (Figure S5). Therefore, we concluded that our
graphene contact functions properly as an electrical contact.
More interestingly, as we further increased Ipump, pronounced
EL intensities other than the aforementioned strong emission
were observed in the region wherein the NW body met the

boundaries of the top graphene contact (Figure 3c (iii)). The
measured intensities were not as high as those of the strong
one, but they were stronger than those from the other regions
of the NW body. This behavior was consistently found in
multiple devices, suggesting that it was unlikely to be
attributable to the irregular properties of certain devices. We
believe that this emergence of local EL intensities is primarily
because of the light scattering of propagating WG modes of the
NW.19 We will expound upon this in a later discussion on a set
of supporting experiments and the corresponding data analysis
(Figure 3e−g). The measured EL spectra presented in Figure
3d show the AlGaInP MQW emission centered at ∼680 nm;
this figure also clearly shows the development of spectral light
intensity as a function of the injected current. Here, we
obtained all of the EL spectra by collecting light from a small
window that only includes the strong emission that was
measured between the two graphene contacts.
We further characterized the light-emitting properties by

performing angle-resolved imaging and spectroscopy (Figure
3e−g). Figure 3e shows an SEM image of the single NW
device (Figure 3e (i)) and a series of EL images that were
captured under the conditions of different transmission axes
(Figure 3e (ii)−(v)). The NW device was electrically pumped
at a sufficiently high level of current (i.e., 4492.6 nA) to ensure
that the local EL intensity appears near the boundaries of the
graphene contact. As was expected, the strong emission
between the two graphene contacts remained nearly
unchanged for all transmission axes because of the unpolarized
nature of the spontaneous emission. However, the local EL
intensity signals disappeared when the transmission axis was
parallel to the axis of the NW (Figure 3e (ii)). As we changed
the transmission axis, gradually shifting it to become
perpendicular to the NW axis, the intensity signals increased
(Figure 3e (iii),(iv)), becoming maximized at a right angle
(Figure 3e (v)). These observations were also supported by

Figure 4. Electrically pumped on-demand NW source. (a) SEM image of an all-graphene-contact NW source with a single Si3N4 SPWG. The WG
structure includes a NW coupling region (coupling area, ANW, 3 × 10 μm2), a linearly tapered section (tapering length, Ltaper, 11 μm), and a single
strip WG (strip length, Lstrip, 50 μm). Scale bar: 10 μm. (b) CCD images of the EL emission from the NW source (left), and the waveguided and
scattered EL intensities at the end of the WG (right). Scale bar: 10 μm. (c) EL spectra measured at the NW center (black) and WG end (red).
Note that the intensities at the end of the WG in (b,c) were increased 15-fold for comparison. (d) Calculated z-component of the time-averaged
Poynting vectors for the NW (⟨Pz⟩NW, left) and end of the WG (⟨Pz⟩WG, right). Dipole sources with a wavelength of 660 nm were generated at the
center of the NW. The Poynting vectors were measured at 500 nm above the top surface of the NW. The values of ⟨Pz⟩WG were increased 20-fold
for comparison. (e) Field-intensity distributions at the center of the NW (top) and WG (bottom). (f) Calculated weighted transmission plotted as
a function of the wavelength of the dipole source. The measured spectral profile of the NW in (c) was considered to be the spectral profile emitted
from the dipoles in the simulation to weight the relative spectral power of the source. Note that the contributions of all electric dipoles (i.e., Ex, Ey,
Ez) were included in panels d−f.
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the intensity angle distribution results shown in Figure 3f,g;
specifically, unlike the results for the light emitted from the
NW body, the results for the angle distribution of intensities
measured at one end of the NW clearly indicated linearly
polarized characteristics. The results of these angle-resolved
experiments revealed that no additional current channel or
subsequent radiative recombination contributed to the local
EL intensities. Instead, taking into consideration the transverse
wave nature of light, the results suggest that the intensity
signals likely originated from the propagating light that had
wavevectors aligned to the NW axis (kWG in Figure 3e (i)). For
example, under the conditions of strong light emission between
the two graphene contacts, a portion of the light is coupled to
the propagating WG modes of the NW. Then, the light scatters
upon experiencing an abrupt change in the index of
environment; in the case of our design, the few-hundred-
nanometer-thick protective polymer that covers the graphene
contact defines the boundaries. This results in the scattered
light intensities being locally observed near the boundaries.
Thus, we have successfully demonstrated the electrically
pumped light emission from an on-chip, transferrable, all-
graphene-contact nanodevice, and revealed the waveguiding
characteristics of the emitted light.
The results shown in Figure 3 strongly encouraged us to

realize an on-demand electrically pumped nanoscale light
source in a PIC. As a simple proof-of-concept demonstration,
we first fabricated an array of single SPWGs on a Si3N4 device
chip (Figure S6, Methods). Then we heterogeneously
integrated a single NW device with these SPWGs and carried
out a light coupling and waveguiding experiment (Figure 4).
Figure S6c shows a representative SEM image of a 70 μm long
Si3N4 SPWG with three distinctive regions: a 3 μm wide
coupling region for a NW light source (I), a linearly tapered
section for efficient light coupling (II),52 and a single strip for
waveguiding (III). The single NWs were align-transferred at
the center of the coupling region of the SPWGs (Figure 4a).
Regarding the transfer-printing process, the vertical and
rotational misalignments were typically less than 100 nm and
1.0°, respectively, thus confirming highly accurate integration
with nanoscale alignment and precision (Figure S7).
To perform the optical experiment, we applied Ipump = 825.7

nA to electrically pump the NW; we then recorded the EL
intensities at the NW center (left, Figure 4b) and SPWG end
(right, Figure 4b). The EL intensities measured at the end of
the WG confirm that a portion of the EL emitted from the NW
device was successfully coupled to the guided modes,
propagated through the SPWG, and scattered at the WG
termination point. The measured spectra shown in Figure 4c
further demonstrate the spectral ratios of the z-component of
the EL intensities measured between the two locations;
specifically, the maximum intensity ratio of Iz,WG/Iz,NW was
estimated to be ∼1.0% at a wavelength of 660 nm, which is
comparable to the ratios obtained in previous studies that
employed NW and WG integrated structures.23,24

To obtain an in-depth understanding of coupling and
waveguiding, we performed three-dimensional finite-difference
time-domain (FDTD) simulations (Figures S8−10, Methods).
We first investigated the modal properties of the single strip
WG (Figure S8), and then simulated the light coupling and
waveguiding characteristics of the integrated structure used in
the experiment (Figure S9a) by introducing electric dipoles
(i.e., Ex, Ey, and Ez) at the center of the NW (Figure S9b−d).
Figure 4d shows the calculated z-component of the time-

averaged Poynting vectors, ⟨Pz⟩ (top panels of Figure S9b−d).
The simulated results were clearly a reproduction of what was
observed during the experiment; thus, the results confirmed
the extent of the contribution of the polarized light that was
emitted from the NW to the propagated and scattered light at
the end of the SPWG. The top and bottom panels of Figure 4e,
respectively, show the field-intensity distributions at the center
of the NW and WG; this figure also illustrates how the electric
fields were coupled and propagated through the SPWG. We
also calculated the dipole powers (Pdipole) of the generated
dipoles and transmitted powers (Ptrans) passing through the
SPWG and quantified the transmission as the ratio of Ptrans/
Pdipole (Figure S9e, Methods).24,40 We utilized the data for all
three polarizations, as well as the experimentally measured
spectral profile of the NW, to estimate the weighted
transmission as a function of wavelength (Figure 4f). To
enable direct comparison, the experimentally measured
spectrum corresponding to the end of the WG (red, Figure
4c) is also included in the graph. Surprisingly, the numerically
estimated data was in excellent agreement with the measure-
ment results; particularly, the trends of the weighted
transmissions were well-represented in the experimentally
measured structured spectrum. Thus, we believe that the
results and analysis presented in Figure 4 confirm the direct
and successful demonstration of our electrically pumped, on-
demand nanoscale source in a chip.

■ CONCLUSIONS
In summary, we have demonstrated the functionality of an on-
demand transferrable, electrically pumped NW light source by
implementing a unique all-graphene-contact approach. Top-
down-fabricated AlGaInP NWs with vertical p−i−n doping
were precisely align-transferred on a target site by using the
microtip-assisted transfer-printing technique, and electrically
operated through the use of top and bottom graphene
contacts. The results of spectroscopic measurement allowed
us to investigate the emission characteristics of our device by
analyzing the strong EL signal that was emitted from the NW
and waveguided EL intensities at the end of the NW. We
integrated a prefabricated SPWG into our device and
confirmed successful light coupling and waveguiding. Numer-
ical simulations were also performed to reproduce the
experimental observations and allow detailed analysis of the
light coupling and transmission. Our all-graphene-contact
approach may potentially be applied to a variety of
nanomaterials and nanostructures, as well as nano/microscale
optical devices,10−13,19,24,28,29,53−60 and easily exploited to
realize more complex nanoarchitectures in an integrated
optical circuit.
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