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ABSTRACT

We report a hybrid approach for photonic systems that combines chemically synthesized single nanowire emitters with lithographically defined
photonic crystal and racetrack microresonator structures. Finite-difference time-domain calculations were used to design nanowire photonic
crystal structures where the photonic band gap overlaps the electronic band gap of the nanowire. Photoluminescence (PL) images of cadmium
sulfide (CdS) nanowire photonic crystal structures designed in this way demonstrate localized emission from engineered defects and light
suppression in regions of the photonic crystal. PL spectroscopy studies of defect-free nanowire photonic crystal structures further demonstrate
the photonic band gap or stop band that spans most of the CdS band edge emission spectrum. In addition, single CdS nanowire-racetrack
microresonator structures were fabricated, and PL imaging and spectroscopy measurements show good coupling of the nanowire to the
microcavity including efficient feedback and amplified spontaneous emission. These hybrid structures exploit unique strengths of bottom-up
and top-down approaches and thereby open new opportunities in nanophotonics from efficient and localized light sources to integrated
optical processing.

Semiconductor nanowireare emerging as powerful building  factor cavities;! although to date there have been no reports
blocks for exploring a wide-range of nanophotonic devices, combining these elements with active nanowires. Herein, we
including light-emitting diode3? lasers' ¢ active waveguide$,  report the first studies of lightmatter interaction between
and integrated electrooptic modulatét$.Nanowire laser,  single semiconductor nanowires and lithographically defined
active waveguide, and integrated electrooptic modulator cavities. We demonstrate that photonic crystal structures can
structures exploit the optical cavity and/or waveguide proper- pe used to suppress and control spatially the emission from
ties of the semiconductor material and, thus, are distinct from Speciﬁc regions of a nanowire, and moreover, we show that
transparent subwavelength dielectric waveguides, such asyanowires can be coupled to microresonators yielding
fabricated silicon on insulator structures operating at tele- efficient feedback and amplified spontaneous emission.

communications wavelengths and silica nanowfrescause Our basic hybrid structure consists of a free-standing CdS

absorption and emission occur at the semiconductor nanowire . . . )
P nanowire cor® embedded in a one-dimensional (1D) pho-

band edge. Further progress with these nanowire structures . . .
. . S onic crystal, where the photonic crystal can be fabricated
and their potential use as photonic circuit elements could be ; - . . o
as a uniform periodic grating or containing specifically

limited by poor control of the coupling of light in to and out ) . . T

of the ngnzwires For example gdsg nangwires with diam- designed defects as illustrated schematically in Figure 1A.

eters of 100 nm or less suffer,from large losses from the To embed isolated nanowires within designed 1D photonic

nanowire cavity due to poor reflectivity of the end fackts. crystal structures, we adoptgd the following approgich.
800 nm layer of perfluorovinyl ether cyclopolymer was

Hybrid structures that merge nanowire building blocks : ] o
with top-down fabricated elements could offer a solution to dePosited on a single-crystal silicon substrate, followed by

this fundamental issue of coupling light in to and out of Séduential deposition of a 200 nm poly(methyl methacrylate)
nanowires as well as enabling other opportunities. For (PMMA) layer, CdS nanowires, and a final 200 nm PMMA
instance, photonic crystals and resonant microcavities havelayer. Electron-beam lithography was then used to define a

been used extensively in photonics to control the coupling SPecific photonic crystal structure in the PMMA layers above
of light with optical cavities and to create very high quality and below an isolated nanowire. We note that the nanowire
is supported within the photonic crystal structure with
* Corresponding authors. E-mail: capasso@deas.harvard.edu andperiodic PMMA and air regions above and below the center
cmi@cmiiris.harvard.edu axis of the nanowire. A representative scanning electron

T Department of Chemistry and Chemical Biology. ) . o A ]
* Division of Engineering and Applied Sciences. microscopy (SEM) image of the periodic region of a hybrid
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Figure 1. Nanowire photonic crystal structure and modeling. (A)
Schematic of the nanowire photonic crystal with four engineered
defects. (B) SEM image of a nanowire photonic crystal with a
periodicity, A = 190 nm. Scale bar, 200 nm. (C) Dispersion diagram
calculated by FDTD simulation showing the presence of a photonic
band gap. The red line is the light line in air.
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structure is shown in Figure 1B. This image shows that the 0 10 15
photonic crystal can be well-aligned relative to the individual, Distance (um)

embedded nanowire. . _ . :
Finite-difference time-domain (FDTD) simulatidA4s Figure 2. Analysis of nanowire photonic crystal structures
containing engineered defects. (A) PL image (false color) super-

were u_sed to determin_e the photonic band gap for the hybridimposed on the AFM image (gray scale) of a nanowire photonic
nanowire 1D photonic crystal structures. We evaluated crystal with one defect. Dotted line indicates the nanowire position.
different hybrid structures in order to achieve a good overlap Scale bar, Sim. (B) PL image of the same nanowire after filling

of the photonic band gap with the electronic band gap of In the photonic crystal structure with PMMA. Sca]e bayr. (C)

the CdS nanowire, 2.5 eV at 300 !K.The calculated - mage (faise color) superimposed on the AFM image (gray scale)
. . . ' . . of a nanowire photonic crystal containing four defects, which are

dispersion diagram for a 90 nm diameter CdS nanowire and jgipje as vertical lighter gray stripes. Scale bar8. (D) Line

190 nm period 1D photonic crystal (Figure 1C) shows that scan through the PL image in (C) taken along the nanowire axis.
the photonic crystal behaves as a grating acting strongly onThe periodicity of the 1D grating regions in (A) and (C) was 180
the evanescent fiel}. Specifically, a wide photonic band M-
gap exists in which light propagation along the wire is
suppressed. The calculated photonic band gap,4747< atomic-force microscopy (AFM) image of the hybrid struc-
544 nm, spans the entire emission range of high-quality CdSture, demonstrates clearly localized radiation from the
nanowires, which exhibit an emission peak and full width artificial defect and inhibition of emission along the nanowire
at half-maximum of 515 and 15 nm, respectively. The photonic crystal axis, including the nanowire ends. Control
position and width of the photonic band gap depend on the experiments involving the deposition of PMMA onto the
nanowire diameter for a given periodicifyand thus under-  photonic crystal structures (Figure 2B), which fills in the
score the importance of the simulations in designing hybrid air gaps and removes the grating, were also carried out to
nanowire/photonic crystal structures that are coupled. address the effects of electron beam exposure during fabrica-
The effect of the photonic band gap on the nanowire tion. Notably, these PL images show that localized emission
photonic crystal hybrid structures was first investigated by is eliminated and conventional nanowire end emission is
introducing one or more PMMA defects in the periodic 1D observed (Figure 2B). Taken together, these data show that
structure as illustrated schematically in Figure 1A. A typical the hybrid nanowire photonic crystal structures can spatially
photoluminescence (PL) imatjerecorded from a CdS  control emission from nanowires through the introduction
nanowire photonic crystal structure with a single defect of defects.
consisting of the removal of 5 grating periods is shown in  To further explore this concept we have fabricated and
Figure 2A. This PL image, which is overlaid with a registered studied the optical properties of hybrid structures with

o
w
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from the same nanowire without the photonic crystal shows
a typical symmetric spectrum for CdS dominated by band
edge emission with peak at 514 nm. The strong contrast
between the spectrum with and without the photonic crystal
provides direct evidence that the photonic band gap overlaps
with the electronic band gap of the nanowire and that photon
emission is inhibited due to the presence of the photonic
crystal. Previous measurements on CdS nanocluster synthetic
opal®2® and microspheré hybrids have also shown the
presence of photonic band gaps, although our results
B i | represent the first direct observation of the photonic band
gap in hybrid nanowire structures. In addition, temperature-
dependent PL spectroscopy shows that the position of the
photonic band gap remains approximately fixed while the
nanowire emission shifts with temperature. Together, these
studies demonstrate that the photonic band gap in the hybrid
nanowire photonic crystal structures can be exploited to tune
the nanowire emission spectrum as will be required for many

480 T o 540 photonics applications.

The generality of our approach for creating hybrid nano-
wire photonic systems was further explored by fabricating
Figure 3. Photonic band gap in a nanowire photonic crystal PL nhanowire racetrack microresonator structures. In contrast to
spectrum. (A) SEM image of the hybrid structure consisting of a 1D photonic crystal cavities based on distributed feedback,
nanowire with ribbon morphology and surrounding PMMA pho- nanowire microresonators trap light by total internal reflec-

tonic crystal. Scale bar is 2m. The nanowire and orthogonal . . . . . .
PMMA grating appear as light gray and the air gaps as thinner tion, which provides resonant recirculation. An optical

dark gray stripes. (B) Normalized photoluminescence spectra with Micrograph of a representative hybrid structure (Figure 4A)
the photonic crystal cladding (solid line) and without (dashed line). shows the racetrack microresonator defined in PMfA#ith

a 2um track width and a 11.2m long, 200 nm diameter

multiple defects introduced in the photonic crystal lattice. CdS nanowire embedded in one arm. The total optical length
For example, a PL image of a structure with four defects is of the resonator, taking into account the refractive indices
shown in Figure 2C. These data, which are registered to the0f PMMA and CdS, is approximately 130m.??
corresponding AFM image of the hybrid structure, and the ~ PL images recorded from the hybrid structure (Figure 4B)
line scan in Figure 2D demonstrate localized emission show strong emission at the position of the nanowire and
specifically from the four defect sites. In addition, PL also exhibit emission at the edges of the opposite arm of the
spectroscopy studies of the localized emission did not exhibit resonator. These results show that light emitted by the
additional peaks in the CdS emission spectrum. These resultnanowire is guided by total internal reflection around the
suggest either that the cavity mode associated with the defectacetrack microresonator. A representative PL spectrum
has a low quality factor or that there is no cavity mode within recorded from the hybrid structure remote to the position of
the emission energy range. While future simulations and the embedded nanowire is shown in Figure 4C. This
experiments will be needed to address further these pos-spectrum exhibits a progression of relatively sharp, periodic
sibilities, we note that these studies demonstrate for the firstpeaks on top of the typical CdS emission that are suggestive
time that localized emission is a robust effect in nanowire of cavity modes. The periodicity of these peaks in terms of
photonic crystals with engineered defects. inverse wavelengths, 7.9 103 yum™1, suggests an optical

In addition, we have assessed the presence of the predictetength of ca. 127«m. An optical length of 126.7m was
photonic band gap in the emission spectrum by fabricating also obtained from the Fourier transform of the PL spectrum
structures to enhance out-of-plane emission from the nano-plotted versus reciprocal wavelength (inset, Figure 3C).
wire. Specifically, a second-order grating will more ef- Notably, the optical length determined from the spectra is
ficiently scatter light out-of-plane than a first-order grafthg ~ in excellent agreement with the measured length of the
(used above) and thereby enable better light collection by racetrack resonator, 128n, and contrasts the 11.2n long
the objective lens of the PL microscope. A SEM image of CdS nanowire cavity length. The optical length can thus be
one nanowire photonic crystal hybrid structure is shown in assigned to the fundamental mode circulating around the
Figure 3A. The period of the photonic crystal,= 310 nm, racetrack microresonator.
was optimized using FDTD simulations for overlap of the  Last, we have further probed the nanowire racetrack
photonic band gap with the CdS electronic band gap for this microresonator hybrid structures by measuring the input/
larger nanowire. output power dependence at low temperatures. The PL

Significantly, PL spectroscopy of this structure (Figure 3B) spectrum recorded 4 K (Figure 4D) exhibits a pronounced
shows that the emission is strongly suppressed for most ofpeak centered at 485 nm and several satellite peaks corre-
the CdS band edge spectra, while the PL spectrum recordedsponding to cavity modes. Significantly, excitation power
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Figure 4. Nanowire racetrack microresonator. (A) White-light optical image of the nanowire/microresonator structure, where regions 1
and 3 correspond to the air surrounding the PMMA racetrack, region 2. The dashed line indicates the nanowire position. Inset, 3D model
of the nanowire racetrack microresonator. (B) PL image of the nanowire microresonator. The red arrow indicates the region over which
spectra were collected and the dashed line corresponds to position of nanowire as in (A). Both scaledaréC2®L spectrum recorded

at room temperature at location indicated in (B). Inset, Fourier transform of the PL spectrum. (D) PL spectrum at ca. 4 K. Inset, peak output
power versus incident pump power.

dependent measurements (inset, Figure 4D) show a supererystal. PL spectroscopy studies of defect-free nanowire
linear increase in the output emission intensity as a function photonic crystal structures further showed that the photonic
of incident laser power with an exponent of 2.9. The band gap can span most of the CdS band edge emission
superlinear increase in the emission output power and thespectrum and thereby control the nanowire emission spectrum
emergence of a dominant mode from the relatively broad as will be required for many photonics applications. In
spectrum are consistent with amplified stimulated emission addition, single CdS nanowire racetrack microresonator
from the hybrid structure. We believe that further refinement structures were fabricated, and PL imaging and spectroscopy
of the nanowire/microresonator hybrid structures (e.g., reduc-measurements showed good coupling of the nanowire to the
ing the optical losses of the racetrack resonator) has themicrocavity including efficient feedback and amplified
potential to generate low-threshold external cavity nanowire spontaneous emission. While these studies, which exploit
lasers with the fabricated racetrack enabling a number optionsunique strengths of bottom-up and top-down approaches,
beyond that possible with the nanowire alone. have focused on single nanowire devices, emerging methods
In summary, we have described a hybrid approach for for hierarchical assembly using holographic optical tweézers
photonic systems that combines bottom-up synthesis of singleand other techniqué&®* could enable parallel and scalable
nanowire emitters with lithographically defined photonic organization of compact photonic integrated circuits.
structures. We used this approach to study kghatter
interactions at the single nanowire level in two systems, the  Acknowledgment. We thank Chen Yang and Hao Yan
nanowire 1D photonic crystal and the nanowire racetrack for the AFM measurements. H.G.P. acknowledges support
resonator. FDTD calculations were used to design nanowirefrom the Korea Research Foundation Grant (KRF-2005-214-
photonic crystal structures where the photonic band gap C00054). C.M.L. acknowledges support of this work by the
overlaps the electronic band gap of the nanowire. PL imagesAir Force Office of Scientific Research. F.C. acknowledges
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The time-dependent Maxwell's equations were solved using the
FDTD method on a computational grid with Bloch boundary
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(i) an initial field defined as a Dirac pulse in time, with Gausian
profile in space, and (iii) & value. The 3D unit cell consists of one
periodicity of the nanowire photonic crystal and is divided into a
grid where each point is given a refractive index to best map the
hybrid structure; indices of 1, 1.5, and 2.8 were used for air, PMMA,
and CdS, respectively. In our simulations, the initial field is located
in the nanowire. The FDTD simulation then stores the time evolution
of the field. The simulation results were Fourier transformed to
convert the field components to the frequency domain, and the field
amplitude versus frequency were plotted to determine resonance
modes and their corresponding energies. The procedure was repeated
for differentk values until the dispersion diagram is obtained over
the region of interest. The resonance modes depend on both nanowire
diameter and photonic crystal periodicity. For small nanowire
diameter, the evanescent field is large and consequently the overlap
between the field and the photonic crystal is large. For large nanowire
diameter, the evanescent field is smaller and correspondingly the
overlap between the field and the photonic crystal is small. FDTD
calculations provide key guidelines for the design of hybrid structures
and interpretation of experiments but could be improved in the future
by taking into account absorption and emission processes in the
nanowire.
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