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ABSTRACT

We use tapered silica fibers to inject laser light into ZnO nanowires with diameters around 250 nm to study their waveguiding properties. We
find that high-order waveguide modes are frequently excited and carry significant intensity at the wire surface. Numerical simulations reproduce

the experimental observations and indicate a coupling efficiency between silica and ZnO nanowires of 50%. Experimentally, we find an emission
angle from the ZnO nanowires of about 90  °, which is in agreement with the simulations.

The investigation of the structural, electrical, and optical they can be fabricated by taper drawing from standard silica
properties of semiconductor nanowires has been an activeoptical fibers® with lengths of up to several tens of
field of research for the past couple of years because thesamillimeters and a surprisingly high diameter uniformity.
nanowires afford a large variety of novel nanoscale electronic External laser light can be easily coupled into the silica
and optoelectronic devices like piezoelectric nanogenerators, nanowires through the macroscopic optical fiber to which
field effect transistors light-emitting diodes;* laser§® and the nanowires are still attached.

waveguides:® These applications are feasible because the | this Letter, we show that the combination of silica

high crystalline quality, low defect density, smooth sidewalls, nanowires, which are fabricated in a top-down approach, and

and well-defined end facets of the nanowires make them 7,5 nanowires, obtained from a bottom-up growth process,
suna_bl_e as waveguides and resonatqrs for optlcal_ modes Nyllows a detailed experimental investigation of the passive
the visible or near-IR spectrum. In particular, nanowires made

. . 8 waveguiding properties of the semiconductor nanowires. B
of the large band gap wurtzite-tMl semiconductor zinc g g prop y

. . . . . carrying out numerical finite-difference time-domain simula-
oxide (ZnO) havg been ext.e.nswely m_vestlgated, beca_use.thlstions we find that it is possible to achieve a high coupling
material systgm IS @ promising candidate for the fabrication efficiency from the tapered silica fibers into ZnO. We study
of nanoscale light emltters in the near-UV spectral re@ . ., the evanescent field of ZnO nanowires as a function of their
Furthermore, ZnO is an easy to handle, nontoxic material diameter and analyze the condition for single-mode and
possessing a large exciton binding energy (60 nfeMjjch

allows efficient excitonic light-emission processes even at rr)ultllrntc'Jde Wa\fgdulﬂlrg. Itn .bOtIhZ tge expe.rlméa.nts ?nd
room temperature. ZnO nanowires can be grown in large simufations, we find that for typical Zn Nanowire diameters

quantities in a well-defined diameter range up to lengths of of about 2_50 nm a”?_ laser light in the vjsible spectral region
several tens of micrometers in high-temperature vapor the coupllpg from S'I'(_:a to ZnO nanowires frequently leads
liquid—solid growth processes, sometimes with gold as the [0 the excitation of high-order waveguide modes. We also
catalyst. use our combination of silica and ZnO nanowires to study
To couple light into the semiconductor nanowires, we use (€ émission of low-order waveguide modes from the end
silica nanowired3 Silica nanowires and tapered fibers have facets of the ZnO nanowires and compare the results with
attracted considerable interest in the past few years, becaus@Ur Simulations.
We synthesized single crystalline zinc oxide (ZnO)
* To whom correspondence should be addressed. nanowires in a horizontal tube furnace by a vapor transport
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technique'* High-purity ZnO powder as source material was g
placed in an alumina boat and heated up to 1620 K allowing
evaporation. Silicon substrates coveredwat4 nmthin Au

film were placed at the cooler end of the tube furnace at a
temperature of around 1370 K. The vapor was transported
at a pressure of 100 mbar by Ar gas flow of 50 sccm to the
substrates initiating the catalytic driven vaptiguid—solid
(VLS) growth proces$ of the ZnO nanowires. The as-
deposited nanowires are typically up to 106 long and
between 40 and 500 nm in diameter, as determined by
scanning electron microscopy (SEM). Energy-dispersive
spectrometry reveals only stoichiometric zinc and oxygen
signals; transmission electron microscopy and X-ray dif-
fraction confirm that the nanowires are of wurtzite structure
and thec-axis is in the growth direction.

We mechanically disperse 280.m long ZnO nanowires  Figure 1. Waveguiding in single ZnO nanowires. (a) Tapered silica
onto thin glass substrates coated with a 80 nm thick fiber close to the nanowire but no coupling. (b) Coupling of light
mesoporous silica filM&1” The mesoporous films have into a low-order waveguide mode of the ZnO nanowire. (c)
monodisperse, 8 nm wide pores and are deposited using dVanowire with imperfections leading to additional losses and two
dip-coating process. The resulting films have a refractive ?ou;pctjftg:éﬂtsatéoé)r.Couplmg between two ZnO nanowires lying on
index of aboutn = 1.185 throughout the visible spectral
region?® preventing parasitic coupling into the substrates. 1.0 T
Combined with their extremely high homogeneity and
flatness, these layers also help minimize losses and
noise due to scattering at the output sides of the silica and
ZnO nanowires, which is crucial when investigating coupling
and waveguiding processes. Because the refractive index
of mesoporous silica is much lower than that of both the
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silica and ZnO nanowires, we can treat the nanowires as 0.4} 800 nm -

freestanding, air-clad waveguides in our numerical simula- ;gg ::

t|onfs.. . . _ . _ 0.2 —— 500 nm ]
Silica nanowires were fabricated with a conventional fiber- —— 400 nm

tapering techniqué to produce low-loss submicrometer | | | |
diameter wires that remain attached to a standard fiber on 0. 0 100 200 300 400 500 600

one side. The fiber-pulling setup consists of a regulated diameter (hm)

hydrogen torch and two computer-controlled linear stages.

The parameters for the fiber-pulling system, such as speed Figure 2. Diameter and wavelength dependence of the fraction of

acceleration, fiber tension, and position of the flame, were Power guided in the lowest order Hfmode inside a cylindrical
optimized to yield low-loss taper regions. ZnO nanowire. The remaining part of the power is guided in the

evanescent field. The crosses show the transition between the single-
To study the coupling and waveguiding properties of the mode and multimode waveguiding regimes (single-mode guiding
ZnO nanowires, we launched continuous wave laser light occurs for diameters smaller than that at the cross).
(A =532 nm,P =1 mW) into a silica optical fiber mounted
on a micropositioning stage. We used either the as-fabricated To understand the relevant properties and mechanisms that
silica nanowires or cut them off close to the tapered region, govern the waveguiding and coupling observed in Figure 1,
using the end of the tapered region to couple light into the we performed numerical simulations of the mode distribution
ZnO nanowires. We observed the coupling using an invertedin the visible part of the spectrum, where ZnO is completely
microscope with a 100 oil-immersion objective (numerical  transparent. We started with an analytically solvable n#8del
aperture 1.4) and used the micropositioning stage to bringtreating the ZnO nanowire as a perfect cylinder, neglecting
the end of the silica fiber near an individual ZnO nanowire. jts hexagonal structure. The simulations include the disper-
Figure 1 shows the coupling of green laser light from the sion of ZnO by approximating the refractive index with a
tapered silica fiber into a ZnO nanowire. We observe no Sellmeier type equatiolf.In Figure 2, we show the wire
coupling between the two waveguides at all (Figure 1a) until diameter and wavelength dependence of the calculated power
the distance between them is smaller than abautnland of the lowest-order HE mode that is carried inside the
light is seen exiting the end facet (Figure 1b). Figure 1c cylindrical ZnO nanowire. The crosses mark the transition
shows the emission of light from a growth imperfection along from single-mode to multimode waveguiding obtained from
the length of the nanowire. In Figure 1d, we show that light the conditiod® for single-mode waveguiding: 72/ (ny?
also couples efficiently between two ZnO nanowires lying — n,;?)Y? < 2.405, wheral is the wire diametery, is the
on top of each other. vacuum wavelength, andg andny; are the refractive indices
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Figure 4. (a) Magnified view of the conical emission of a low-
order guided mode from a ZnO nanowire. The emission angle is
approximately 90 (dotted lines). (b) FDTD calculation of the square
of the electric field of a light pulse emitted from a nanowire of
diameterd.

from a ZnO nanowire using a constant index of refraction
(n=2). We plot the square of the electric fieldZirection
Figure 3. Experimental observation multimode waveguiding. Top (perpendicular to the plane of the figure) after the pulse has
o aSggg)t(cci?:g?ﬁtiﬂethzenfgﬁgnnamngwigffr‘g r:ilggf‘g?gv?lvgi;g;hg“?b‘is been emitted from the right end of the nanowire. A small
e mo - . ;
a high-order mode with a significant intensity guided at the surface. fracuon_ Of_ the light has _been reflected ‘find trfivels bac_k to
Scattering at the high-quality substrates leads to low losses of thisthe left inside the nanowire. The lateral dimensions are given
mode, which make this mode visible under the microscope. (c) in units of the ZnO nanowire diametei;,o and the
High-order mode can also be excited when the diameter of the wavelength has been chosen to be 86§ which corre-
nanowire changes. _(d) _SEM picture showing the diam_eter Changesponds to the situation in Figure 4% 532 nm andd =
that causes the excitation of the higher-order modes in panel c. 200 nm). The simulation confirms our experimental observa-
tion of directed emission from the nanowire waveguide mode
of ZnO and air, respectively. The transition occurs when the jnto a cone with an angle of about 9@s indicated by the
power guided in the ZnO nanowires is less than about 80%. gotted white lines in Figure 4a.
The critical diameter for single-mode waveguiding isinthe  a¢ our results in Figure 2 and 3 demonstrate, ZnO

range betweed = 350 nm ¢ = 800 nm) andd = 150 nm 5 0nires with diameters around 200 nm can serve as
(4 = 400 nm). Figure 2 shows that the fraction of power n,imode waveguides for visible light. To determine the

guided inside the nanowire sharply decreases below they,yimum achievable coupling efficiency and to understand
critical diameter, especially at short wavelengths. The results o origin and properties of the high-order waveguide modes,

in Figure 2 agree with previous results obtained for silica 4 numerically simulated the waveguiding and coupling
and silicon nanowire® Because the diameter of the ZnO between silica and ZnO nanowires using the FDTD tech-

nanowires is about 250 nm, we can expect higher-order niq 621 The results of the FDTD simulations are scalable if
waveguiding for wavelengths below 600 nm. the wavelength and the lateral dimensions of the nanowires
Figure 3a,b shows that a slight change in the alignment gre multiplied by the same number, and as long as the
of the silica-tapered fiber with respect to the ZnO nanowire refractive indices of the involved materials are constant. For
dramatically changes the coupling and waveguiding condi- the simulations presented here, we assume constant refractive
tions. In Figure 3a, the coupling, guiding, and emission of indices ofnzo = 2, Nsiica = 1.46, andny; = 1, which is a
the waveguide mode is the same as in Figure 1b, but a smallyood approximation for the wavelength range between 400
adjustment of the tapered fiber leads to the excitation of high- and 1000 nm. In all simulations, the vector of the electric
order waveguide modes (Figure 3b). These high-order modesfield is perpendicular to the plane of the nanowires. We
carry a significant additional fraction of power at the simulated the propagation of a pulse from a silica to a ZnO
nanowire surface and even outside the nanowire as evanesnanowire in two dimensions for various angles between the
cent fields. This can be seen by comparing the emitted symmetry axes of the two nanowires, as shown in the inset
intensities at the nanowire ends in Figure 3a,b. in Figure 5a. A light pulse uniformly illuminates the left end
High-order modes can also be generated at imperfectionsof the silica fiber, exciting a low-order mode that travels to
along the ZnO nanowire. Figure 3c shows a transition from the right. At the interface between the silica and the ZnO
single-mode to multimode waveguiding along a nanowire. nanowire, part of the pulse is reflected, a second part is
An SEM picture of that nanowire shows that the diameter scattered, and a third part is coupled into the waveguide
of the nanowire increases at the transition point (Figure 3d). modes of the ZnO nanowire.
We observed many nanowires that exhibited a similar single- To estimate the coupling efficiency, we calculated the
to multimode transition. transmission into the ZnO nanowire by dividing the inte-
An enlarged view of the end of the nanowire in Figure 3a grated power in the ZnO nanowire by the integrated power
shows the emission profile (Figure 4a). The dashed white coupled into the silica nanowire. Figure 5a shows how this
lines show that the emission angle is about. ¥gure 4b transmission depends on the angle between the nanowires
shows a two-dimensional finite-difference time domain for nanowires of diameterdsiica = 4dzno and letting the
(FDTD) simulatiod* of the emission of a single-mode pulse central wavelength (measured in vacuum) of the light pulse
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0.8 T decrease the wavelength from a value df#4; the simula-

a tions show that this decrease is due to increased scattering
at the interface between the nanowires. Below a wavelength
of 2.5d;0, the transmission increases sharply for both angles.
At an angle of 10, the transmission exceeds 0.7, significantly
higher than at longer wavelengths.

The inset in Figure 5b shows the mode profiles of the
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iica 4 transmitted pulse at wavelengths of &2 and 2.8z,0. The
021 < Ts - - . blue and the red correspond to maximum negative and
7o = “ positive amplitudes of the electric field, respectively. The
1 profile for the long-wavelength pulse shows a low-order
0-000 Stl)o sgo 90° mode with a noticeable zigzag-like propagation through the
a ZnO nanowire. The profile for the short-wavelength pulse
shows additional high-order mode components with strong
0.8 field amplitudes at the nanowire surface and significant

evanescent-field amplitudes.

Although the photoluminescence properties of semicon-
ductor nanowires have been studied experiment&fiy?223
their waveguiding properties remain largely unexplored. One
reason is the lack of a robust, efficient, and well-understood
optical technique to study individual nanowires. Figure 1
shows that silica-tapered fibers and silica nanowires are
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0ok convenient, robust, and efficient tools to controllably inject
R — light into the waveguide modes of individual semiconductor

[ nanowires. Figure 1a,b shows that a considerable amount of

09’ 2'5 3'0 3'5 20 light can be coupled into ZnO nanowires even when the angle

between the two waveguides is large. Our technique thus
permits the convenient and systematic study of the waveguid-
Figure 5. Coupling efficiency between a silica fiber withm ing properties of semiconductor nanowires. The technique
diameter and a ZnO nanowire with 250 nm obtained from numerical can also be used to scan nanowires for potential imperfections
FDTD simulations. (a) Transmission as a function of the angle and sources of additional loss (as shown in Figure 1c) before

between the silica fiber and the ZnO nanowire. The inset shows th furth d into devi The simple t
the geometry used in the simulation. (b) Transmission as a function '€y @r€ Turther processed into devices. 1he simpie two-

of the wavelength for two different coupling angles. The inset shows hanowire system in Figure 1d shows that silica-tapered fibers
the electric field profiles in the ZnO nanowire atd = 2.2 and can be used to characterize the performance and loss of more

2.8. complex optical nanowire circuits.

be three times the diameter of the ZnO nanowirey soAhat The low-index and low-loss mesoporous silica substrates
= 600 nm, dzno = 200 nm, anddsjca = 800 nm, in prevent parasitic scattering from overshadowing the waveguid-
accordance with our experimental conditions. The simula- ing characteristics. Because no light is emitted or scattered
tions show that the coupling efficiency exceeds 0.50 for from any other part but the nanowire’s end facet (Figure
ang|es up to 50 For ang|es |arger than 5Qhe transmission 1b), we can conclude that no Significant losses occur during
decreases substantially, but remains above 0.10 even wheihe waveguiding of low-order modes in the ZnO nanowire.
the nanowires are perpendicular to each other. Varying the The large index contrast between the waveguide materials
wavelength between 2,0 and 4o (not shown here)  and the mesoporous silica allows us to directly compare
Changes the transmission by less than 0.1. Likewise, we find experimental results with simulations of air-clad Waveguides.
that the transmission depends weakiyd(1) on the diameter The index of refraction of semiconductor nanowires
ratio for the range < dsjicd/dzno < 4. Introducing a small  typically ranges between 2 and 4, and so the wavelength
gap between the two nanowires (gap length/5) decreases  A,/n in these materials is substantially reduced. Conse-

Ald

the transmission by only a few percent. quently, the critical diameter for single mode waveguiding

Figure 5b shows the wavelength dependence of theis distinctly smaller than for silica nanowires. Conversely,
transmission for two nanowire angles of 10 and¢.60he for a nanowire of fixed diameter, the limit for single-mode
wavelength scale covers the range froth,3 to 4dzno Which waveguiding is farther into the blue spectral region than for

corresponds to 400 nm A < 800 nm for our experimental  silica nanowires. Figure 2 shows that at the single-mode
condition @zno = 200 nm). For both angles, the transmission cutoff for ZnO ( = 2), 80% of the mode energy is confined
spectra show the same general wavelength dependence. Thi@ a small spatial region with a diameter between 150 and
main difference between the two angles is that the transmis-350 nm, which is precisely the range of diameters for VLS-
sion at 60 is about 0.16-0.25 smaller. This difference isin  grown ZnO nanowires. The strong confinement is very
line with the results presented in Figure 5a. The transmissiondesirable for efficient and low-loss waveguiding and wiring
spectra show that the coupling efficiency decreases as weof light at the nanoscale.
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The large index contrast between the ZnO and silica light that is coupled to the ZnO nanowire. For all angles
nanowires causes the excitation of high-order modes with studied, the transmission reaches a minimum at wavelengths
substantial evanescent field contributions in the ZnO nanow- around 2.8;,0. Below this wavelength the transmission is
ires even for nanowires with diameters just slightly exceeding significantly higher. As the mode profiles in the inset of
the single mode limit. These evanescent fields scatter at theFigure 5b show, this increase coincides with the excitation
surface of the nanowire as the high-order mode propagatesof high-order modes during the coupling from the silica to
along the nanowire waveguide, leading to the green appearthe ZnO nanowire.
ance in Figure 3b. The high-order modes shown in Figure In summary, we used silica nanowires and tapered fibers
3b propagate along the nanowire waveguide without intrinsic to efficiently and controllably inject laser light into individual
losses and are therefore distinctly different from whispering ZnO nanowires and study their waveguiding properties. The
gallery modes that have been previously reported in ZnO ZnO nanowires are placed on glass substrates covered with
nano- and microrod' a layer of low-index mesoporous silica to prevent coupling

Both the experimenta| results in Figure Sa’b and the of ||ght from the Silica—tapered fibers into the gIaSS substrate
simulations in Figure 5b show that the excitation of high- and achieve very low parasitic scattering at the nanowire
order modes is controlled by the a|ignment between the output facets. Finite difference time domain simulations
nanowires. Depending on the application, either low- or high- reveal the dependence of the coupling efficiency from the
order modes may be preferab|e_ For examp|e, the StrongSilica into the ZnO nanowires on the angle between them
confiment provided by low-order modes enables low-loss and on the wavelength of the guided modes. The maximum
nanoscale waveguiding. Likewise, low-order modes would €fficiency can theoretically reach 50%. We showed that high-
maximize the overlap between the optical field and the order waveguide modes with high intensities at the nanowire
semiconductor material in semiconductor amplifiers. On the surface are frequently excited when light is coupled between
other hand, high_order modes could be used to achievenanOWire Waveguides with different refractive indices. We
efficient evanescent sensing and enhance coupling efficiency studied the single- and multimode waveguiding conditions
as demonstrated in Figure 3a,b. for ZnO nanowires in numerical simulations and calculated

Our experiments show that the acceptance angle forthe_ evqnescent field str_ength of the lowest order _mo_de of a
launching waves into ZnO nanowires is large. Because theCYlindrical ZnO nanowire. We analyzed the emission of
propagation of light is reversible, the acceptance and aveguide modes from ZnO nanowires and found a typical
emission angles should be the same. Indeed, the emissioffMission angle of S0 both experimentally and in the
cone angle of the nanowires is approximatel§, 26 shown simulations for nanowires with diameters of.ab.out 20_0_nm.
in Figure 4. While this angle is large, the emission is still 1€ wavelength dependence of the transmission efficiency

clearly directed and the nanowire ends cannot be considerec?"d the behavior of high-order modes presented here facilitate
point sources, as previously reported for actively emitting 1€ Interpretation of semiconductor nanowire experiments
short ZnO nanowire® and the optimization of semiconductor nanowire devices.
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