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ABSTRACT

We investigated the laser emission from individual ZnO nanowires and observed an interference pattern due to coherent laser emission from
the wire end facets. Comparison with numerical simulations shows that the laser light is emitted nearly spherically from the wire ends. The
energy spacing between sharp lasing modes scales with the inverse length of the nanowire; thus, laser emission peaks correspond to Fabry −
Pérot modes of the nanowire cavity.

Introduction

Semiconductor nanowires show extraordinary optical proper-
ties such as wave guiding1-3 and lasing4-10 and, thus, form
a class of very promising building blocks for novel miniatur-
ized optical and optoelectronic devices.11,12 Nanowires are
currently among the smallest known lasing devices, with
lengths between 1 and 50µm and diameters that can be
significantly smaller than the emission wavelength in vacuum.
In contrast to microcavities with distributed Bragg reflec-
tors,13 nanowires form an optical cavity due to the refractive
index difference with its surroundings.4,10,14-16 At high
excitation intensities, sharp laser peaks appear in the
luminescence spectrum, and a highly nonlinear input-output
characteristic has been observed from GaN,4 ZnO,5 CdS,6

ZnS,7 and GaSb8 nanowires. Such nanolasers are usually
pumped optically, but electrically driven lasers have also
been demonstrated.9 The development of coherent light
sources on the nanoscale opens the door toward miniaturized
spectroscopic systems and photonic circuits. On the other
hand, extended research is required to investigate novel
effects due to the small diameter of the nanolaser cavity,17

which is often beyond the diffraction limit of the emitted
light. We observe laser emission from the nanowire end
facets with diameters ranging from 200 to 400 nm, but the
lasing of thinner wires is also known from the literature.10

While, in macroscopic laser systems, the emission is highly
directional, it is not obvious how the light is emitted from
facets with subwavelength dimensions. Theoretical investiga-
tion of the far field predicts that the angular emission
intensity should depend strongly on the mode type (transverse

electric (TE), transverse magnetic (TM), or hybrid (HE, EH)
modes) and could be spread over a large emission angle.18

Here we report experimental evidence for highly nondirec-
tional emission from lasing ZnO nanowires. We observe a
clear interference pattern of two emission sources located at
the two nanowire ends. A detailed analysis reveals that the
interference pattern depends not only on the emission wave-
length and the wire length but also on the optical components
of the measurement instrument (microscope).19 This enabled
us to simulate interference patterns for different angular emis-
sion distributions from the wire ends. Comparison with experi-
mentally measured patterns shows that a good agreement
with the simulations can only be achieved if the two sources
have a fixed phase relation and light waves emitted from the
end facets have strong components in the side- and backward
directions, that is, the ends act nearly as point sources.
Furthermore, we show that the laser emission peaks correlate
well with Fabry-Pérot (FP) modes of the nanowire cavity.

ZnO nanowires with diameters ranging from 60 to 400
nm and lengths of up to 20µm were grown vertically on
oriented sapphire substrates using the carbothermal reduction
method.20 Details of the synthesis can be found elsewhere.21

After growth, the wires were mechanically broken off and
dispersed onto SiO2-covered (500 nm) Si substrates, on which
gold markers had been defined by electron beam lithography.
This enabled us to locate individual wires and to perform
optical measurements and scanning electron microscopy
(SEM) on the same nanowires. Optical experiments were
performed using a pulsed Nd:YLF laser (10 ns pulse length)
at 349 nm with a tunable repetition rate of 2-5 kHz, which
was weakly focused onto the nanowires using an optical
microscope (Zeiss Axioplan 2) with an infinity-corrected
objective (100× magnification, NA 0.9). The spot diameter
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of the laser excitation, approximately 20µm, was such that
the entire volume of the wires was excited while the
excitation power was adjusted using different combinations
of neutral density filters. The emission was collected by the
same objective, and the excitation wavelength was filtered
by a dichroic mirror and a long pass filter. The emission
was either projected onto a charge-coupled device (CCD)
camera for imaging or coupled by a multimode fiber into an
Acton Research 300spi 0.3 m spectrometer, fitted with a
liquid nitrogen-cooled Princeton research CCD for spectral
analysis.

An optical dark field image of a 3.2µm-long ZnO nano-
wire is shown in Figure 1A. The panchromatic photolumi-
nescence (PL) image of the same wire is shown in Figure
1B-E under uniform illumination with an expanded beam
spot from the Nd:YLF laser. The excitation power was in-
creased stepwise from below the lasing threshold until strong
laser emission was observed. The accompanying emission
spectra are shown in Figure 1F-I. The UV spectrum below
the lasing threshold (Figure 1F) of this wire is broad and
shows small modulations due to FP-type interference as a
result of multiple reflections between the wire end facets.
As soon as the excitation power exceeds the lasing threshold
(100 W/cm2 for this wire), sharp peaks appear in the
spectrum (Figure 1H), and rings around the nanowire end
facets are observed in the CCD image. Similar, but more
diffuse patterns arising above the lasing threshold have been
reported before.10,22 At the higher excitation intensities, the
emitted spectrum consists mainly of laser emission with
clearly distinguishable peaks (Figure 1I). Depending on the
batch, we observed that 10-50% of the wires show lasing,
while the interference pattern depends on the emission
wavelength and the wire length. For most wires, we observed
more than one lasing peak with a peak spacing that correlates
well with the reciprocal wire length (L-1):

with the speed of light,c, the refractive index,n, and the
nanowire length,L. A plot of the mode spacing∆ω versus
reciprocal wire length is shown in Figure 2 (in units of meV)
for several samples. Good quantitative agreement of the data
points with a linear least-square fit strongly indicates that
the lasing peaks are due to FP eigenmodes with an integer
number of λ/2 that fits into the length direction of the
nanowire. The spread in mode spacing from each wire
(vertical group of points at a given inverse wire length)
indicates that the refractive index is not constant in the
emission range. The FP modes observed in the luminescence
spectrum below the lasing threshold (Figure 1F) and the
lasing FP modes show that the nanowire forms an optical
cavity, caused by the refractive index difference between and
the wire and the surrounding. We remark that the substrate
did not have a significant influence on the laser emission;
lasing was also observed when the SiO2-covered Si substrate
was replaced by sapphire, graphite, or gold substrates. This
indicates that the electromagnetic coupling to the substrate
is rather weak.

To investigate the directionality of the laser emission, we
compared the experimentally observed diffraction patterns
with simulations, calculated for different angular emission
profiles from the wire end facets. Figure 3A shows the
experimental geometry with the nanowire located in the focal
plane of an infinity-corrected objective in conjunction with

Figure 1. (A) Dark-field optical image of a ZnO nanowire laser. (B-E) Panchromatic PL images of the nanowire with increasing excitation
intensity: (B) 24 W/cm2, (C) 93 W/cm2, (D) 139 W/cm2, and (E) 268 W/cm2. (F-I) PL spectra taken at the excitation intensities corresponding
to images B-E.

∆ω ) πc/(nL) (1)

Figure 2. Mode spacing of the lasing peaks as a function of
reciprocal nanowire length.
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a tube lens. Light emitted from the nanowire in the object
plane is collimated by the objective and projected by the
tube lens onto a CCD camera. This configuration is widely
used in modern microscopes since it allows easy insertion
of optical elements such as polarizers, filters, and so forth
into the parallel light beam between the objective and the
tube lens without further optical corrections. The magnifica-
tion M is determined byM ) fO/fT, wherefO and fT are the
focal lengths of the objective and tube lens, respectively.
Figure 3A shows that the beam path inside the microscope
is equivalent to that of an experimental configuration to
measure Fraunhofer diffraction,19 where the diffraction
pattern of an incident parallel light beam is projected onto a
CCD array by the tube lens. The illuminated part of the
aperture can be considered as an ensemble of elementary
oscillators, re-emitting the light originating from the nanowire
end facet. Due to diffraction, regions of constructive and
destructive interference occur, which are observed as bright
and dark regions on the CCD camera behind the tube lens.
Hence, the electric fieldE at a pointP on the CCD array is
proportional to the integral of the fields originating from all
elementary oscillators within the aperture areaA, multiplied
with their phase,

The coordinates ofP are defined byl ) sin θx andm )
sin θy, whereθx ) 90° - æx andθy ) 90° - æy are defined

by the anglesæx andæy between the beam path and thex-
and y-coordinate axes, respectively. The angles of the
incident parallel light beam with respect to the aperture plane
are defined byl* ) sin θx

* and m* ) sin θy
*. Figure 3A

shows the experimental geometry for a nanowire in the object
plane, aligned parallel to they-axis. The functionf(x,y)
describes the intensity distribution across the aperture and
contains information about the direction of the laser emission
from the nanowire. Figure 3B,D shows a magnification of a
nanowire lying in the focal plane of the microscope. To
investigate the spatial laser emission from the wire ends, we
compared the uniform emission in all directions (spherical
emission, Figure 3B) with the case in which light is only
emitted in the forward direction such that the intensity is
constant for emission angles|R| e 90° and zero for|R| >
90° (hemispherical emission, Figure 3D). The orange back-
ground in Figure 3B,D indicates the light collection cone of
the microscope objective, defined by its numerical aperture,
NA (0.9 in air), which corresponds to a collection angle of
128°. For nondirectional (i.e., spherical) emission, the
aperture is completely illuminated (see solid and dashed light
rays in Figure 3A); hence, we use an intensity distribution
f(x,y) ) 1 for x2 + y2 eR2 (with the origin in the center of
the aperture of radiusR). Figure 3C shows the uniform
contributions coming from the upper (red) and lower (green)
end facet of the nanowire. We note that the phase factor
e(-ik0(l′x+m′y)) is different for the emission from the top and
bottom facets, thus leading to different contributions in the
diffraction pattern. For a nanowire with directional (i.e.,
hemispherical) emission, the top end facet illuminates the
upper half of the aperture (see solid light rays in Figure 3A)
such thatf(x,y) ) 1 for x2 + y2 e R2 andy g 0 (see red area
in Figure 3E, top). The bottom end facet illuminates the lower
half of the aperture:f(x,y) ) 1 for x2 + y2 e R2 andy e 0
(see green area in Figure 3E, bottom). The different diffrac-
tion integrals (eq 2) for spherical and hemispherical emission
lead to distinct interference patterns and thus allow a clear
distinction between directional (hemispherical) and nondi-
rectional (spherical) emission from the end facets (see below).

Experimental steady-state diffraction patterns of a long
(10.2 µm) and short (2.1µm) nanowire are presented in
Figure 4A,B, and the respective spectra of these wires are
shown in the insets. The CCD image of the long nanowire
shows characteristic similarities with a diffraction pattern of
a round aperture generated by two distinct sources at the
nanowire end facets, which are sufficiently far apart such
that hardly any interference is observed. The spacing between
the minima is determined by the nanolaser wavelength and
the radius of the aperture. Furthermore, one can see weak
luminescence from the nanowire itself due to incoherent
emission. The short wire (Figure 4B), in contrast, shows
strong interference between the two emission sources, leading
to a ray-like pattern due to the formation of interference
maxima and minima.

Simulated patterns for nondirectional (spherical) emission
are shown in Figure 4C,D. For the long wire, one can see
that the ring pattern around the nanowire ends is nicely
reproduced in this simulation. Furthermore, one can see in

Figure 3. (A) Experimental configuration. For simplicity, only light
emission from the upper end facet of the ZnO nanowire laser is
shown. Red solid lines indicate light rays for hemispherical
emission, while solid and dashed lines together indicate spherical
emission. Blue rays show the formation of the interference pattern.
(B) Schematic spherical laser emission from the upper and lower
end facet, depicted as red and green arrows, respectively. (C)
Intensity distribution in the aperture, originating from the emission
of the upper and lower end facet. (D) The same as B for
hemispherical emission. (E) Hemispherical emission from the upper
facet leads to an intensity contribution in the upper half of the
aperture (depicted in red, see top panel), while emission from the
lower end facet gives a constant light intensity in the lower aperture
half (depicted in green, see bottom).

EP ∝ ∫∫A
f(x,y)e(-ik0((l*+l)x+(m*+m)y))dxdy (2)

Nano Lett., Vol. 6, No. 12, 2006 2709



the simulations some weak interference between the wire
ends, which is not observed in the CCD image, probably
due to an insufficient sensitivity of the CCD camera. We
note that the simulations do not contain incoherent lumi-
nescence so that the nanowire itself is not visible in the
simulations. The calculated pattern for the short wire (Figure
4D) shows the same type of interference minima between
the two lasing sources, which originate from a superposition
of the emitted light from both ends with a fixed phase
difference. Full destructive interference can only be observed
if the phase difference between the two emission sources is
zero or an integer multiple ofπ. The measured CCD image
thus provides direct experimental evidence for a zero or fixed
phase shift between the emission sources. Calculated dif-
fraction patterns for hemispherical emission are shown in
Figure 4E,F. Neither the ring structure around the lasing
sources (Figure 4E) nor the interference pattern (Figure 4F)
of the measurements is reproduced correctly. For both wires,
one observes a pronounced interference pattern along the
wire axis, exceeding the wire length, in contrast to that found
experimentally. Furthermore, one can see that, for the short
wire, the number of interference minima differs in experiment
and simulation. We conclude that lasing emission from the
end-facets must occur in a nearly spherical manner.

Observed intensity modulations in the ring patterns at the
wire ends (Figure 4A), are not present in the simulations
(Figure 4C). This small difference might be caused either
by beating of the different emission wavelengths, or by a
nondirectional emission distribution slightly different from
the assumed spherical emission. For the short wire, the
measured interference pattern around the end facets (Figure
4B) differs slightly from the calculated one (Figure 4D); this
might be due to the finite wire width, which was also not
included in the simulations (emission from the end facets
was approximated by point sources). The overall good
agreement between experiments and simulations based on

spherical emission brings us to the conclusion that spherical
emission from ZnO nanowires in the investigated diameter
range is a good approximation of the real angular distributed
emission. This is in good agreement with theoretical work
on the far field of lasing nanowires, which predicts that the
TM01 and TE01 modes can emit light in a wide angular
range.18 We furthermore mention that laser light from HE11

modes is predicted to be mainly emitted in the direction of
the nanowire length axis, and thus might not be detectable
in our experimental configuration, where the nanowire is
oriented perpendicular to the optical axis of the microscope
(see Figure 3A).

For novel applications based on nanowire lasers with
subwavelength diameter, the nondirectional emission has to
be taken into consideration. While this effect might be
beneficial for devices such as flat panel displays, where a
wide emission angle guaranties good visibility from different
observation angles, it might be a drawback for nanosized
photonic devices where a well-defined emission direction is
required.

In conclusion, we have shown that interference and
diffraction from individual ZnO nanolasers has been ob-
served. Numerical simulations show that good agreement
with experiments can be achieved only if nondirectional
emission from the end facets is assumed. Furthermore, we
have demonstrated that the energy spacing between neigh-
boring lasing peaks corresponds well with FP modes.
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Figure 4. Left: Experimentally observed diffraction pattern of a 10.2µm long nanowire showing no interference (A) and a 2.1µm short
nanowire with strong interference (B). Middle: Simulated diffraction pattern for the long (C) and short (D) nanowire using spherical
emission from the wire end facets. Right: Simulated diffraction pattern for the long (E) and short (F) wire based on hemispherical emission.
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