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ABSTRACT

We report an approach for guiding and manipulating light on sub-wavelength scales using active nanowire waveguides and devices. Quantitative
studies of cadmium sulfide (CdS) nanowire structures show that light propagation takes place with only moderate losses through sharp and

even acute angle bends. In addition, measurements demonstrate that efficient injection into and modulation of light through nanowire waveguides

are achievable in active devices. The ability to inject, guide, and manipulate light on a sub-wavelength scale using nanowire components that
can be assembled into integrated structures represents a promising pathway towards integrated nanoscale photonic systems.

Integrated photonics have the potential to overcome limita- dielectric waveguidéssince absorption and emission occur
tions of speed and power dissipation being faced in silicon- for modes with near band edge energies. We thus term the
based electronics, and thereby enable applications fromsemiconducting nanowires as “active waveguides” when
advanced communications to revolutionary computing operated near band-edge, by analogy to their active medium
systems: 3 Central to progress in this area has been the function in nanolasers.

development of materials and structures, including photonic  Tq evaluate the potential of active nanowire waveguides,
crystals (PC§)5 and plasmon vyavegwdéé,that can guide e have quantitatively characterized losses through straight
anq manipulate light in increasingly co.mple_x ways. Precisely and sharply bent sub-wavelength diameter CdS nan&wife
defined defects can produce waveguides in PCs that enabl&trctures using scanning optical microscopy (SOM). In these
light to be guided through sharp berfdslthough the length  experiments? spatial maps of the intensity of light emitted
scale of these structures is still on the order of the wavelengthsrom the end of a nanowire (Figure 1A) are recorded as a
of light. Light has been transported in much smaller structures fynction of the position of a diffraction-limited laser spot
using nanoscale plasmon waveguides consisting of metaly,t is higher in energy than the band gap of CdS (see also,
nanoparticle$®® however, these have shown substantial Figure S1, Supporting Information). The raw data are
losses. Subrjllzcron W|ref,2 or nanowires can also function asyenorted without making assumptions about reflections at the
waveguides,? yet work” suggests that bends will require oy and bends. The laser energy is absorbed by the CdS
curvatures larger than PC- and plasmon-based approache§anowire and a portion of the resulting photoluminescence

due to the exponential dependence of loss (attenuation(PL) light is guided by the nanowire. A SOM image recorded
coefficient) on the radius of curvature in dielectric waveguide ¢, 4 nearly straight, 5@m long nanowire (Figure 1B)

» ) )
bends'? Resonant structur&sand integrated mirrofScan oy pibits Jittle intensity variation as a function of detector-

improve the transmission at sharp bends in dielectric |50 excitation source separation along the wire, which is
waveguides, but it remains unclear whether passive wave-j qicative of a good waveguide. A plot of intensity vs

guides could be used to manipulate light as required for position quantitatively shows that there is no féda this

mtgtgrgt?](;l pho.tonlc(:js. . . funcii nanowire within the limits of our measurement. These data
raight semiconducting nanowires can function as nanos- 4o, 35 ygirate that waveguiding can be very efficient in a

11 i i i
cale laser$;'t where the high refractive index contrast straight nanowire structure, although surface defects can lead
between the nanowire and surroundings defines a sub—to losses

wavelength diameter optical cavity. These cavities also L o
Central to the present studies is the characterization of

function as waveguides, although losses, which are critical - h h sh i X
measures of the guiding efficiency, have not been character-"v"’w(:"gu'dmg t_ rough sharp bends in CdS hanowire s_truc-
tures. A SOM image recorded from a CdS nanowire with a

ized in previous studies. In addition, these semiconducting

nanowire structures are distinct from conventional transparentP€nd formed by a change in axial growth direction (Figure
1C) shows that the optical loss is small across this sharp

:SorreSpondin? gﬁthor- E-macilliCchml@chliBr_isiharvard-edu. bend; the bend angle, which is defined as the deviation from
epartment o emistry an emical Biology. ; ; ° ;

+ Division of Engineering and Applied Sciences. propagation along a straight path, Was_:Sa . The radlgs

5 These authors contributed equally to this work. of curvature for such abrupt bends is not well-defined,
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Figure 1. Characterization of optical waveguiding in straight and bent nanowires. (A) Scheme for SOM illustrating focused laser spot
scanned over the sample while monitoring light emission from one end of the nanowire. The intensity at the end indicated by the detector
is plotted on a color scale as a function of laser position to generate SOM images. (B) At left, SOM image of a single CdS nanowire; the
reference end is indicated with detector. Lighter colors correspond to greater end intensity. The scale par.ig\tlight, dependence

of the end intensity on the distance between the laser spot and the end of the wire for a path that follows the wire. (C) Upper left, scanning
electron micrograph (SEM) of the nanowire structure. Lower left, corresponding SOM image. The scale bars in both images af¢ 10

right, intensity profile along the path indicated in the SOM image, with the location of the bend (designated by the white arrow) set as the
origin. (D) Upper left, SEM of the nanowire structure. Scale baruf@ Inset, magnified view of one of the bends. Scale bar, 200 nm.
Lower left, SOM image. Scale bar, 10n. At right, intensity profile along the path indicated in the SOM map. Arrows 1 and 2 designate

the locations of the two intrawire bends.

although the radius of the nanowire, 100 nm, provides an similar double bend PC structdfevith a waveguide channel
upper bound and highlights the sub-wavelength nature of approximately 1.5um wide, which is comparable to the
these waveguides and bends. Analysis of the intensity vswavelength of the guided light. The loss per bend in the PC
position along the nanowire shows that the loss through this structure, 1.53 dB, is similar to our new approach, even
abrupt bend is £2 dB, after accounting for loss in the though the nanowire guides are operating in a sub-
straight portion of the nanowire in a manner similar to wavelength or nanophotonic regime with 200 nm diameter
previous studies of PCg122 The losses observed in the channel and ca. 515 nm wavelength light and have not been
straight sections of this and other nanowires are believed tooptimized in any manner.

be due to surface roughness, which can be minimized as In addition, nanowires can be assembled into crossed and
evidenced by nearly loss-free transmission in Figure 1B. In more complex structuré®®* useful for electronic elements,
addition, SOM characterization of a ca. &% long nanowire such as logic gate®,and might also function as a flexible
containing two abrupt 46- 1° bends separated by cauf structural motif for guiding light around sharp and even acute
in a Z-type structure (Figure 1D) demonstrates that it is turns. A SOM image of a single crossed CdS nanowire
possible to guide light through multiple sub-wavelength structure with an angle of 4& 1° (Figure 2A) demonstrates
bends with only a moderate loss. The intensity vs position that light is guided through the sharp bend defined by the
data show that there is ca. 1 dB loss or less per abrupt benccross. The intensity vs position data (Figure 2B) shows that
in this structure, after accounting for loss in the straight the loss per unit length including the cross is comparable to
portion of the nanowire. Our results can be compared to alosses per unit length in the straight segments of these two
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Figure 2. Characterization of assembled nanowire waveguide
structures. (A) SOM image of two CdS nanowires assembled in a
crossed geometry; inset, optical micrograph. Both scale bars are
10 um. (B) Intensity profile along the path indicated in (A) with
the junction (marked by the white arrow in (A)) set as the origin.
(C) SOM image of two CdS nanowires which meet in a nearly
end-to-end geometry with an acute angle; inset, optical micrograph. E (10° volts/cm)
Scale bars are 10m. (D) Intensity profile along the path marked 0 1.2 2.4
in (C) with the junction (marked by the white arrow in (C)) set as 30F . ™
the origin.
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nanowires, and thus the loss associated with the cross itself 20

is ca. 1 dB (see also, Figure S1, Supporting Information).
We have also characterized a related structural motif involv-
ing a bend defined by an end-to-end assembly of CdS
nanowires (Figure 2C) and find that it exhibits good

transmission through the acute angle defined by this as-

sembly. Quantitative analysis of intensity versus position _ ) ) S _ _
(Figure 2D) further shows that there is no abrupt increase in F'9ure 3. Electrical modulation of light in nanowire waveguides.

. . . . . (A) Schematic of a nanowire EOM. A cw laser source injects light
loss associated with guiding light through this acute angle jni the nanowire waveguide, and a variable electric field applied
structure, and that the loss associated with the end-to-endacross the nanowire using a parallel-plate capacitor geometry
junction is ca. 1 dB. modulates the end intensity. Inset, SEM image of a typical device;

The above measurements demonstrate that light can pescale bar is ium. (B) Intensity modulation at the nanowire end.

: . ] Top, images of the end spot for voltages of 0 and 20 V. Bottom,
guided or coupled efficiently through sub-wavelength tums the change in output intensity as a function of applied voltage; the

d.efined. by junctigns betwee.n two nanqwires. Cqupled corresponding electric field (calculated from the electrode separa-
dielectric waveguides are widely used in photorti€s,  tion) is shown on the top axis.

although the mechanism and length-scale of coupling are

different than in the present nanowire structures. Specifically,  In addition, the combination of active nanowire waveguides
coherent transfer of energy between two dielectric waveguideswith electrical inputs has been investigated to explore
occurs by optical tunneling between parallel sections that integration of additional function. First, light transmission
are sufficiently close so that evanescent fields overlap andthrough a nanowire waveguide subject to a time varying
requires transfer over length scales much larger than theelectric field applied via a parallel plate capacitor structure
wavelength of light, typically on the scale of millimetéfs.  (Figure 3A) was characterized. The parallel plate capacitor
To explain the substantial transfer of energy observed for is composed of a heavily doped silicon substrate and a gold
interaction lengths on the order of 100 nm or a fraction of a top electrode. The nanowire waveguide is electrically
wavelength in junctions defined by crossed and end-to-endinsulated from these electrodes by silicon oxide and polymer,
nanowire structures, we suggest a mechanism involving bandrespectively?® Increasing the applied voltagé(Figure 3B)

gap absorption of the evanescent field and subsequentyields a significant and reversible decrease in the output
radiative recombination within the second nanowire wave- intensity at the end of the nanowire. Voltage-dependent
guide. measurements (Figure 3B) show a linear decrease up to 20
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Figure 4. Electrical injection of light into nanowire waveguides.
Intensity map of a light-emitting diode made by assembling one
n-type CdS nanowire and ongtype Si nanowire in a crossed
geometry. The white dashed lines highlight the positions of the
CdS ¢~horizontal) and Si+{vertical) nanowires. The image was
recorded with a forward bias of 11 V. Titanium metal electrodes
were used to contact both nanowires (dashed white boxes).

V; although deviations from linearity are observed at larger
voltages, an attenuation of3 dB is achieved at 60 V.
Studies of devices made with smaller (150 vs 700 nm)
electrode separations further confirm that the percentage
modulation scales with the electric field (not capacitor
voltage). Further studies should aid in assigning the observe
electro-optic modulation (EOM) to changes in the refractive
index or absorption coefficieAt.Notably, comparison of our
EOMs to recently reported Si-bagednd InGaAs waveguidé
modulators shows that the unoptimized nanowire device
performance is substantially better than or comparable to
more conventional integrated structures: 1 dB/i@,
nanowire; 0.015 dB/1@m, Si; and 2.3 dB/1(xm, InGaAs,
where all are measured with 10 V modulation voltage.
Integrated EOMs, which are important in many photonic
systems;'32” have not yet been reported for 2D photonic
crystals or nanoscale plasmonics, but our work suggests
nanowire EOMs can be combined now with the nanowire
photonic components described above.

Last, we have investigated integrated electrical injection
of light into nanowire waveguides from crosspdype and
n-type materials. Efficient in-coupling has been a challenge
for all sub-wavelength waveguides ranging from plasmonic
guides and photonic crystals to silicon-on-insulator (SOI)
devices. Fiber tapers are often used to couple light from a
light source into a passive sub-wavelength waveguide. Active

semiconductor nanowires have the unique advantage that they )
can be used to both generate and waveguide light. Previous

studieg®?® of structures assembled from nanowires with
diameters smaller than needed to efficiently serve as
waveguides have shown that then diodes formed at cross
points function as nanoscale light-emitting diodes. Notably,
images recorded from forward biasph diodes fabricated
usingn-CdS nanowires with diameters sufficiently large (i.e.,
> 80 nm diameter) to function as a good waveguides (Figure
4) demonstrate that while some light is emitted at the cross
point, most of the light is emitted from the CdS nanowire
end. These data show that the crossed nangwitaliode
structure can couple light efficiently into the guided modes
of the nanowire. This device demonstrates efficient in-

1984

coupling in nanowire waveguides. This concept could be
extended in several important directions in the future, for
example, by creating a diode frop and n-type CdS
waveguides or different direct band gap waveguides such
as CdS and CdSe since these structures could then provide
two of the same or different frequency sources in a way that
could be directly integrated with other nanowire components
discussed above.

In summary, we have described an approach for guiding
and manipulating light on sub-wavelength scales using active
nanowire waveguides and devices. Our quantitative studies
have shown that structural motifs based on changes in the
axial growth direction of single nanowires and assembled
crossed nanowires yield efficient guiding of light through
sub-wavelength bends, including acute angles. Importantly,
our studies have also shown that electronics can be efficiently
combined with the active nanowire waveguides to yield
EOMs and efficient nanoscale light-emitting diode injection
sources. The basic functions demonstrated in this work open
up opportunities in nanophotonics, yet to realize this promise
will require further studies clarifying the fundamental
properties of these devices and developing efficient methods
for assembling more complex structures. Addressing these

hallenges could make possible the development of nano-
wire-based photonic circuits and ultimately integrated pho-
tonic systems that could impact areas ranging from com-
munications to computing.
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tures and the resulting intensity profiles. This material is
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