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ABSTRACT: We fabricated a single U-shaped nanowire (NW) and
tangent-coupled straight and U-shaped NWs using a novel technique of
shape-controlled deterministic assembly of NWs with nanoscale
controllability. To examine the optical properties of these structures,
we calculated the transmitted and crossover optical powers of the
fundamental guided mode in both the single and coupled CdS NWs by
varying the key structural parameters such as the radius of curvature of
the U-shaped head and the gap between the NWs. In addition, we
experimentally studied active waveguiding in the assembled CdS NWs,
which exhibited light coupling to the waveguide mode and direct
transmission in the single U-shaped NW. Furthermore, the crossover
coupling was measured for the tangent-coupled straight and U-shaped
CdS NWs with a gap width of 70 nm. The shape-controlled
deterministic assembly technique can open up a new opportunity to
demonstrate subwavelength-scale photonic waveguides and couplers in compact nanophotonic integrated circuits.
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High-index semiconductor nanowires (NWs) are promis-
ing building blocks for on-chip integration of nano-

photonic devices, because they can strongly confine electro-
magnetic waves in a subwavelength-scale volume and support
guided optical modes.1−6 These NWs have been utilized as key
photonic elements in single- and multicolor nanoscale light-
emitting diodes (LEDs),7,8 polarization-sensitive photodetec-
tors,9 electrically and optically driven low-threshold lasers,10−14

active photonic waveguides,15,16 electro-optic modulators,17

and all-optical switches.18 However, despite the successful
demonstration of these devices in a single NW level, it has been
a challenge to precisely control the position, geometry, and
alignment of individual NWs for the seamless integration in a
compact photonic circuit.19−21 Recent advances in controlled
nanoscale assembly techniques have enabled the development
of a variety of bottom-up nanodevices that cannot be realized
using conventional postgrowth assembly of NWs.22,23 For
example, a nanocombing assembly method has allowed
simultaneous control of position and alignment of NWs and
facilitated the large-scale fabrication of hierarchical arrays of
single NW devices.22 More recently, a wafer-scale, shape-
controlled deterministic assembly method has demonstrated a
high yield (∼90%) of individually addressable U-shaped three-
dimensional (3D) NW field-effect transistor arrays.23 These
successful demonstrations of NW assembly have motivated
researchers to explore potential optical and biological
applications. In particular, photonic elements such as wave-
guides and couplers can be deterministically formed by a well-
controlled assembly of semiconductor NWs at targeted
locations on a receiving substrate. In this work, we demonstrate
shape-controlled and deterministically configured CdS NW

active photonic elements using such a novel assembly
technique. Our numerical simulations show that efficient light
propagation, controllable transmission, and crossover coupling
are feasible in single U-shaped NW waveguides and coupled
straight and U-shaped NW photonic couplers. In addition, we
performed simple proof-of-concept active waveguiding and
light coupling experiments using the fabricated tangent-coupled
straight and U-shaped CdS NWs.
Figure 1a schematically illustrates deterministic and shape-

controlled assembly of NWs. The fabrication steps involve (i)
patterning of trenches with predesigned shape in a resist layer
surface on the target substrate and (ii) shear-transferring of the
synthesized NWs from the growth substrate to the target
substrate. The patterned trenches serve as anchoring windows,
while the synthesized NWs are transferred by the linear
translation with a fixed normal load and specific orientation.23

The radius of curvature of the assembled NW depends on the
contact pressure during the shear transfer and the NW
diameter.23 The representative scanning electron microscopy
(SEM) image in Figure 1a shows a single CdS NW with a
diameter of ∼150 nm, which was successfully assembled using a
designed U-shaped poly(methyl methacrylate) (PMMA) trench
with an inner radius of curvature of 2 μm on a SiO2 target
substrate. We then performed finite-difference time-domain
(FDTD) simulations to investigate the optical properties of the
fabricated CdS NW as a photonic waveguide. First, we
calculated the dispersion curves of guided optical modes in
an infinitely long CdS NW with a circular cross section and a
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diameter of 150 nm on a SiO2 substrate (Figure 1b). In the
simulation, periodic boundary conditions were used in the
direction parallel to the NW axis, and perfectly matched layers
(PMLs) were introduced to the other boundaries. The
refractive indices of CdS and SiO2 were set to 2.7 and 1.5,
respectively.24,25 The NW supports only the fundamental
waveguide mode (dark blue dots) within the gain spectral range
of CdS (light blue line) (Figure 1b). The electric field and
intensity distributions show the tight confinement of fields at
the center of NWs (Figure 1c).
Next, we performed a 3D FDTD simulation of light

propagation in a single U-shaped NW photonic waveguide
(Figure 2a). The symmetric U-shaped NW consisted of one U-
shaped head with a radius of curvature (R) of 2 μm and two 11-
μm-long straight arms. Other structural and material parame-
ters, including boundary conditions, NW cross section, and
refractive indices, were the same as those for the data in Figure
1b. To simulate optical excitation and light propagation, an
excitation dipole source with a wavelength of 515 nm was
introduced at one end of the U-shaped NW arm. The
calculated electric field intensity profile in Figure 2a shows
that the emitted light is coupled to the fundamental waveguide
mode, which propagates through one arm of the waveguide,
makes a U-turn, and propagates back toward the other end of
the NW arm. In Figure 2b, we calculated the transmitted optical
power at different locations along the NW (white arrows in
Figure 2a). The distance between two adjacent locations was 1
μm, and location 1 was 2 μm away from the end of the NW
arm. The transmitted power was calculated by integrating the
total flux of the Poynting vectors passing through the surface
including the NW cross section. Then, the calculated
transmitted power was normalized with respect to the
transmitted power at location 10, where the U-shaped head

started. A negligible variation in the transmitted power was
observed in the straight arms, whereas a noticeable power loss
of ∼4% was observed between locations 10 and 11 (Figure 2b).
This optical loss originated from evanescent fields along the
bent U-shaped head.26−28 To further investigate the optical
properties, we systematically varied the R value of the U-shaped
head from 0.5 μm to 4 μm with a step size of 0.5 μm (Figure
2c), calculated the normalized transmitted power (red dots),
and subsequently estimated the optical loss (dark blue dots) of
the fundamental waveguide mode. For R > 2 μm, the optical
loss was negligible and the power was efficiently transmitted
through the U-shaped head. However, for R comparable to the
size of the wavelength, electric fields of the waveguide mode
leaked out from the abruptly bent U-shaped head in the
waveguide, incurring significant optical loss (e.g., 37.2% for R =
0.5 μm).27,28

Figure 1. Shape-controlled deterministic assembly of a NW photonic
waveguide and optical properties of the fundamental waveguide mode.
(a) Schematics of key assembly steps: (i) patterning of a trench with a
predesigned shape (U-shape) in a resist surface layer on the target
substrate and (ii) shear-transferring of NWs from the growth substrate
to the target substrate. Inset: SEM image of a typical assembled CdS
NW. The scale bar is 5 μm. (b) Calculated dispersion curve of the
fundamental waveguide mode in an infinitely long CdS NW photonic
waveguide with a diameter of 150 nm (dark blue dots). The blue and
gray lines indicate the gain spectral range of the CdS and the light line,
respectively. The normalized frequency and wavevector are in the units
of 2πc/μm and 2π/μm, respectively. (c) Electric field (Ez) and
intensity (E2) profiles of the fundamental waveguide mode in the NW
on a SiO2 substrate. The scale bar is 200 nm.

Figure 2. Simulation and measurement of light propagation in single
U-shaped NW photonic waveguides. (a) Calculated electric field
intensity distribution of the propagating fundamental waveguide mode
in a single U-shaped NW photonic waveguide on the SiO2 substrate.
The radius of curvature of the U-shaped head and the length of one
straight arm of the waveguide were 2 and 11 μm, respectively. The
diameter of the NW was 150 nm. Numbers (1−20) with white arrows
indicate the measurement locations of the transmitted power along the
NW waveguide. Adjacent locations are 1 μm apart. The scale bar is 1
μm. (b) Calculated transmitted power (dark blue dots) as a function
of the measurement location along the NW waveguide. The
transmitted power was normalized by the transmitted power at
location 10. (c) Calculated transmitted power (red dots) and optical
loss (dark blue dots) as a function of the radius of curvature of the U-
shaped NW. (d) Optical microscopy image of the fabricated U-shaped
CdS NW. The NW diameter is ∼150 nm. The U-shaped PMMA
trench was defined on the SiO2 substrate. (e) Measurement of active
waveguiding in the U-shaped NW in (d). The red and yellow arrows
indicate the optical excitation and the collection of waveguided light,
respectively. The scale bars are 8 μm in (d) and (e).

ACS Photonics Letter

DOI: 10.1021/acsphotonics.6b00775
ACS Photonics 2016, 3, 2285−2290

2286

http://dx.doi.org/10.1021/acsphotonics.6b00775


To experimentally demonstrate the propagation of light in
single U-shaped NW photonic waveguides, we fabricated U-
shaped trenches with an inner R of 2 μm in a PMMA surface
layer on a SiO2 substrate and assembled CdS NWs with
diameters of ∼150 nm (Figure 2d). Then, a continuous-wave
diode laser with a wavelength of 405 nm was used to excite one
end of the straight arms of the NWs. The incident power of the
pump laser was ∼40 μW, and the laser spot size was ∼1 μm in
diameter. A wide-field photoluminescence image was collected
through a 20× microscope objective lens with numerical
aperture (NA) of 0.5 (Figure 2e). We observed a strong
photoluminescence emission at one end of the U-shaped NW
by optical pumping (red arrow; excitation) and a small but clear
light spot at the other end (yellow arrow; collection). The
measurement clearly shows that the photoluminescence is
coupled to a waveguide mode propagating along the NW and is
scattered out at the end of the other arm of the NW, which
qualitatively agrees with the simulation results.
We further explored the ability of our shape-controlled and

deterministic NW assembly technique by fabricating more
complex coupled NW structures with nanoscale controllability.
Figure 3a illustrates simple two-step assembly procedures for
fabricating tangent-coupled straight and U-shaped NWs. First,
electron-beam lithography was used for defining simple
rectangular trenches on a target substrate to anchor and align
a straight NW (Figure 3a, (i)). Next, another round of
lithography was performed to fixate the straight NW and define

a U-shaped trench with a designed R and a controlled gap
width (g) between the NW and the trench pattern. Shear-
transferring the NW growth substrate with the orientation
perpendicular to that of the straight NW registered the second
NW at the U-shaped trench and aligned the two straight arms
of the U-shaped NW (Figure 3a, (ii)). Finally, the assembled
NW was fixated by additional lithography, and the residual
resist was removed (Figure 3a, (iii)). This completed the two-
step assembly of the tangent-coupled straight and U-shaped
NW structures with a controlled gap width. We conducted
experiments to examine the viability of our assembly technique,
using Si NWs with uniform diameters of ∼80 nm. The SEM
image in Figure 3b (left panel) shows a straight NW tightly
coupled to the tip of the U-shaped NW’s head. Cross-linked
PMMA patches were used to fixate the two straight arms of the
U-shaped NW. Figure 3b (right panel) shows the magnified
SEM image of the central coupling region; the straight and U-
shaped NWs are separated by a ∼70-nm-wide gap, which is
comparable to the NW diameter. In addition, we successfully
fabricated the same coupled structure but with a ∼140-nm-wide
gap (Figure 3c). This result shows that the spatial accuracy of
the shear transfer is good enough to precisely control the gap
width of the tangent-coupled NW configuration. Also, our
assembly technique can be extended to the assembly of various
one-dimensional nanomaterials on single-target substrates.
Therefore, one can efficiently utilize the technique and fabricate
more complex structures consisting of two different materials,
which have been challenging using conventional top-down
nanofabrication technology.
To explore the optical properties of tangent-coupled straight

and U-shaped CdS NWs, we performed systematic 3D FDTD
simulations. In these simulations, the length of one arm was set
to 10 μm, R of the U-shaped NW was set to 4 μm, and the
length of the straight NW was set to 22 μm. The gap width
between the straight and U-shaped NWs was set to 70 nm. The
other structural and material parameters were the same as the
ones used for the data in Figure 2. Two different locations of
the dipole excitation with a wavelength of 515 nm at one end of
the U-shaped (Figure 4a) and the straight (Figure 4b) NWs
were considered. We then calculated the transmitted power of
the fundamental waveguide mode in the straight and U-shaped
NWs, before (P0) and after (P1 and P2) the central coupling
region. In Figure 4a, P0 and P1 are the optical powers at the
start and end positions of the U-shaped head, respectively,
whereas P2 is the transmitted power in the straight NW, 6 μm
away from the center of coupling region. Similarly, in Figure 4b,
P0 and P1 were calculated for the straight NW, 1 and 6 μm away
from the center of the straight NW to the right and left
directions, respectively, whereas P2 was calculated at the end of
the U-shaped head. In both cases, P1 and P2 were normalized
with respect to P0, to calculate transmission (Ptrans) and
crossover coupling (Pcross) between the two NWs. Figure 4c
and d show the calculated Ptrans (left y-axis) and Pcross (right y-
axis) as a function of gap width, for the coupling structures in
Figure 4a and b, respectively. For the gap width of 70 nm in the
structure in Figure 4a (Figure 4b), Ptrans and Pcross were ∼57%
and ∼41% (∼58% and ∼41%), respectively, and the estimated
optical loss during the coupling was ∼2% (1%). Such a
comparable transmission and crossover coupling with a
negligibly small optical loss in each excitation scheme is
attributed to the large R and small gap width: efficient
transmission and crossover coupling occur before the
propagating light is lost in the form of evanescent fields in

Figure 3. Two-step deterministic assembly of NWs for a coupled NW
structure with nanoscale controllability. (a) Schematics of the two-step
assembly process for tangent-coupled straight and U-shaped NWs: (i)
a straight NW (first assembly) is transferred in a surface resist layer on
a target substrate, (ii) a U-shaped trench is defined and the second
NW is transferred (second assembly), and (iii) the U-shaped NW is
fixated and the residual resist is removed. (b, c) Low (left panel) and
high (right panel) magnification SEM images of shape-controlled and
deterministically assembled straight and U-shaped Si NWs with
controlled gap widths of (b) 70 nm and (c) 140 nm, respectively. The
diameters of the NWs were ∼80 nm. Left panel: Cross-linked PMMA
patches were used to fixate the assembled NWs. The scale bars are 3
μm. Right panel: Magnified SEM images of the white dotted boxes in
the left panels. The scale bars are 1 μm.
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the coupling region. In addition, such a small loss likely arises
owing to the mode coupling between the two same-diameter
NWs.29

Next, for each excitation scheme, the gap width was varied
from 30 to 150 nm with a step size of 20 nm (Figure 4c and d).
The overall trends were very similar in both cases. For example,
when the gap is smaller than 70 nm, Pcross became dominant.
For such narrow gaps, the propagating waveguide mode in an
excited NW experiences an abrupt and strong refractive index
variation near the center of the coupling region. As a result, a
small variation in the wavevector of the original waveguide
mode and preferential coupling to the waveguide mode in the
other NW occur (e.g., ∼93% of crossover coupling for g = 30
nm).28,29 However, for gaps wider than 70 nm, the evanescent
fields decay rapidly in the surroundings before light coupling to
the other NW occurs, significantly reducing the crossover
coupling strength (e.g., ∼4% of crossover coupling for g = 150
nm). The estimated optical loss remained at ∼2% or less for all
cases owing to the efficient crossover coupling (for g < 70 nm)
and large R of the U-shaped head (for g > 70 nm).
Finally, we performed a proof-of-concept optical experiment

and demonstrated the light propagation and crossover coupling
between the tangent-coupled straight and U-shaped NWs. The
two-step assembly technique schematically shown in Figure 3
was used for fabricating a coupled structure consisting of two
CdS NWs, each with a diameter of ∼150 nm. In Figure 5a, the
optical microscopy image shows that the U-shaped NW was
successfully assembled but slightly rotated with respect to the
axis perpendicular to the straight NW. A magnified SEM image
of the coupling region (Figure 5b; indicated by a dotted box in
Figure 5a) shows that a small gap width of ∼70 nm was well-
defined between the two NWs. Then, we performed optical
experiments for active waveguiding and light coupling. First,

one end of the U-shaped NW was excited by a 405-nm-
wavelength laser diode (the red arrow in Figure 5c), similar to
the situation in Figure 2e. Emission of light from the other end
of the U-shaped NW (yellow arrow, I1) and one end of the
straight NW (yellow arrow, I2) was clearly observed. The
waveguided light through the U-shaped NW was observed at I1
(direct transmission), whereas the coupled light from the U-
shaped NW to the straight NW was observed at I2 (crossover
coupling). The measured emission intensity ratio, I1/I2, was
estimated as ∼2.7. Next, by optical pumping of one end of the
straight NW (the red arrow in Figure 5d), emission of the
waveguided light in the straight NW (direct transmission, I1)
and the coupled light to the U-shaped NW (crossover coupling,
I2) was observed. In this case, the measured emission intensity
ratio, I2/I1, was ∼2.0. These proof-of-concept experiments
qualitatively agree with the simulation results in Figure 4,
although the measured output intensity ratio I1/I2 and the
calculated power ratio Ptrans/Pcross are quantitatively different. In
fact, a slight variation in the diameter of our synthesized CdS
NWs, i.e., different NW diameters at the excitation and
collection locations, can induce light intensity variation when
the guided light is re-emitted or scattered out. In addition,
other assembly parameters, such as rotational tuning of the gap
between the NWs, can adjust the intensity ratio between the
direct transmission and crossover coupling.
In conclusion, we have utilized the novel technique of shape-

controlled deterministic assembly of NWs and fabricated

Figure 4. Simulations of light propagation in tangent-coupled straight
and U-shaped CdS NW photonic couplers. (a, b) Calculated electric
field intensity distributions with the excitations at one end of U-shaped
(a) and straight (b) NWs. The diameters of the NWs and the
excitation wavelength were 150 and 515 nm, respectively. The gap
width between the straight and U-shaped NWs was 70 nm. The scale
bars are 5 μm. The transmitted power in one NW before and after the
central coupling region is P0 and P1, respectively, and the coupled
power in the other NW is P2. The transmission and crossover coupling
are defined as Ptrans = P1/P0 and Pcross = P2/P0, respectively. (c, d)
Calculated transmission (red dots, left axis) and crossover coupling
(dark blue dots, right axis) vs the gap width, in the coupling structures
in panel a (c) and panel b (d). The gap width varied from 30 to 150
nm, in steps of 20 nm.

Figure 5. Deterministically assembled coupled CdS NWs photonic
coupler. (a) The optical microscopy image shows the photonic coupler
consisting of the straight and U-shaped CdS NWs on the SiO2
substrate. The U-shaped NW was slightly rotated with respect to
the axis perpendicular to the straight NW in the central coupling
region. PMMA patches fixated the NWs. The scale bar is 10 μm. (b)
Magnified SEM image of the coupling region (the black dotted box in
(a)), showing a gap of ∼70 nm between the straight and U-shaped
NWs. The scale bar is 400 nm. (c, d) Collected photoluminescence
images of light excitation (red arrows), direct transmission (yellow
arrows, I1), and crossover coupling (yellow arrows, I2) in the tangent-
coupled straight and U-shaped CdS NWs. The excitation positions are
at one end of the U-shaped (c) and straight (d) NWs. The scale bars
are 10 μm.

ACS Photonics Letter

DOI: 10.1021/acsphotonics.6b00775
ACS Photonics 2016, 3, 2285−2290

2288

http://dx.doi.org/10.1021/acsphotonics.6b00775


tangent-coupled straight and U-shaped NW structures with
nanoscale controllability. The optical properties of the
fundamental waveguide mode in single and coupled CdS
NWs (for photonic waveguides and couplers) were theoret-
ically investigated using 3D FDTD simulations. Ptrans and Pcross
were systematically calculated, by varying the structural
parameters such as R of the U-shaped head and g between
the NWs. For example, Ptrans and Pcross were calculated to be
∼58% and ∼41% for g = 70 nm of the coupled NW structures.
Active waveguiding and direct transmission were experimentally
observed in the single U-shaped CdS NW with a diameter of
150 nm and R of 2 μm. In addition, crossover coupling was
successfully demonstrated in the tangent-coupled straight and
U-shaped CdS NWs with g = 70 nm. We believe that the
described shape-controlled assembly technique will become
important for designing and studying nanoscale integrated
photonic circuits and for exploring novel promising optical
applications.

■ METHODS
Synthesis of CdS NWs. Cadmium sulfide (CdS) NWs

were synthesized using a gold (Au) nanoparticle-catalyzed
vapor−liquid−solid (VLS) process. The Au nanoparticles with
diameters of 150 nm (15712, Ted Pella) were dispersed on the
SiO2/Si growth substrates (600 nm thermal SiO2). In our
chemical vapor deposition (CVD) system, CdS powder
(99.999%, Alfa Aesar) was evaporated in the high-temperature
zone and NWs were synthesized on the substrates in the
downstream lower temperature zone. The CdS evaporation
temperature was 675 °C, growth zone temperature was 600 °C,
H2 carrier gas flow rate was 20 sccm, total pressure was 2.8
Torr, and growth time was 60 min.
Fabrication of U-Shaped NW Structures. The PMMA

U-shaped trenches were defined on the SiO2/Si target
substrates using electron-beam lithography. The target
substrate was then mounted onto a micromanipulator-
controlled moveable stage and covered with mineral oil
(330760, Sigma-Aldrich). The CdS NW growth substrate was
brought into contact with the target substrate with a contact
pressure of 4.8 N/cm2. The target substrate was linearly
translated at a constant velocity of ∼5 mm/min with respect to
the fixed NW growth substrate to generate U-shaped NW
structures. The target substrate was finally rinsed with octane
(98%, Sigma-Aldrich) to remove the lubricant. For the tangent-
coupled straight and U-shaped NW configuration, the two-step
assembly process was used (Figure 3). The second shear
transfer was performed along the direction perpendicular to
that of the registered straight NW by the first transfer.
Optical Measurement. A continuous-wave laser diode

with a wavelength of 405 nm (LRD-0405, LaserGlow
Technologies) was used to excite NWs. Wide-field photo-
luminescence images were collected using a 20× microscope
objective lens with NA of 0.5. The incident power of the pump
laser was ∼40 μW, and the laser spot size was ∼1 μm in
diameter.
FDTD Simulations. In the FDTD simulations, the

refractive indices of CdS and SiO2 were 2.7 and 1.5,
respectively. To calculate the dispersion curve in an infinitely
long single CdS NW (Figure 1b), a periodic boundary
condition was used along the long axis of the NW, and
perfectly matched layers were introduced at the other
boundaries. The calculation domain size was 1.00 × 0.80 μm2

and the spatial resolution was 5 nm. Transmitted powers and

coupling efficiencies were calculated using the 3D FDTD
method with a spatial resolution of 20 nm (Figures 2 and 4).
The calculation domain sizes were 9.00 × 15.50 × 0.75 μm3

and 22.00 × 16.80 × 0.75 μm3 in Figures 2 and 4, respectively.
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