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Abstract
We perform a transmission experiment on a ZnO nanowire waveguide to study its transmission
characteristics under nonlinear femtosecond-pulse excitation. We find that both the second
harmonic and the photoluminescence couple into low-order waveguide modes of the nanowires
but with distinctly different efficiencies. We measure the transmission spectrum of a single ZnO
nanowire waveguide for near-UV light generated by interband recombination processes. The
transmission spectrum allows us to determine the absorption edge of the excited nanowire and
to study the temperature profile of the nanowire under femtosecond-pulse excitation.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Zinc oxide (ZnO) is a non-toxic, wide-band gap semiconductor
used in electronic and near-UV optoelectronic devices such
as sensors, light emitters and detectors [1, 2]. ZnO has
received much attention because it is easy to fabricate large
quantities of high-quality ZnO nanowires with diameters of
a few hundred nanometers and lengths of several tens of
micrometers [3–6]. Such nanowires are transparent throughout
the visible spectral region, due to the large room temperature
band gap Egap = 3.37 eV of ZnO [1, 7]. Furthermore,
because of the large refractive index of ZnO across the visible
spectrum (n > 2) [7], ZnO nanowires are excellent low-
loss sub-wavelength waveguides. The large index provides
tight optical confinement for low-order modes and also results
in a large acceptance angle for coupling light into the
nanowire waveguide. Although the hexagonal cross-section
of the nanowires influences the intensity profile of higher-
order modes, the lowest-order mode exhibits almost circular
5 Present address: Institute of Solid State Physics, University of Bremen,
Bremen, Germany.

symmetry inside the nanowire [8]. The semiconducting
properties of the material permit the fabrication of nanowire
devices [3, 4, 9–11] in which gain and refractive index can
be electrically modulated. However, efficient and reliable p-
type doping of ZnO remains an unsolved problem hindering
the design of electrically operated nanowire devices [2].

Because ZnO is a highly polar semiconductor it is
frequently used for frequency doubling of intense ultrashort
laser pulses [12]. Several studies report on the nonlinear
coefficients [12–16] of c-plane and a-plane ZnO thin films, and
on second-harmonic generation [17] and polariton effects [18]
in ZnO nanowires.

In this work, we show that nonlinear excitation of
individual ZnO nanowires with ultrashort laser pulses excites
waveguide modes in the nanowires. We study the coupling and
transmission efficiency of the photoluminescence and second-
harmonic generation in the nanowire. We perform transmission
measurements on a single nanowire and determine the
absorption edge of the highly excited semiconductor material.
The absorption edge allows us to deduce an upper limit for the
local temperature of the nanowire close to the excitation spot.
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Figure 1. Experimental setup. A ZnO nanowire is lying on a glass
slide covered with a 800 nm layer of low-index mesoporous silica.
The nanowire is excited from the top perpendicular to its c-axis. The
emission from the nanowire is observed with an inverted microscope.

We perform finite-element simulations to model the heat
distribution of a ZnO nanowire under excitation with intense
femtosecond laser pulses.

2. Experimental details

We grow ZnO nanowires by a vapor transport technique using
high-purity ZnO powder as source material [5]. The ZnO
powder is heated up to 1620 K in a horizontal tube furnace,
and a constant flow of Ar gas transports the ZnO vapor through
the furnace. Large quantities of c-axis oriented nanowires
grow on silicon substrates covered with 4 nm thin Au films
that are placed in a cooler region of the furnace where the
temperature is about 1380 K. We mechanically disperse the
nanowires onto glass slides that are covered with 800 nm thick
films of mesoporous silica. This method yields mesoporous
silica substrates covered with nanowires of 20–60 μm length,
200–400 nm diameter, and a separation between the nanowires
that is large enough to study single nanowires.

The mesoporous silica films consist of 8 nm wide pores
filled with air resulting in a low refractive index of n =
1.185 throughout the whole visible spectrum [19, 20]. The
low refractive index, the homogeneity, and the flatness of the
mesoporous silica minimize the waveguiding losses in the ZnO
nanowires and prevent parasitic scattering and coupling into
the substrate because of the large index contrast �n = 0.8
between the nanowire waveguide and the mesoporous silica
layer.

We performed the experiments described in this paper
using an inverted microscope, shown schematically in figure 1.
The nanowires are excited from the top with the fundamental
800 nm pulses from a femtosecond laser oscillator (60 fs;
11 MHz; 80 nJ). The incident radiation is normal to the
waveguide direction of the nanowires. A reflection type
objective (40×; 0.5 NA) focuses the laser pulses onto the
nanowires to a spot size with a diameter <10 μm. We

Figure 2. Microscope image of a single ZnO nanowire under
infrared femtosecond-pulse excitation. Near the excitation spot
residual infrared light, blue and green photoluminescence, and
second-harmonic light can be observed. The far end of the nanowire
shows emission of photoluminescence that is guided along the length
of the nanowire without visible waveguiding losses.

Figure 3. Spectrum of the light collected directly at the excitation
spot of a single nanowire irradiated by 800 nm fs pulses. The second
harmonic (SHG) of the laser line is clearly visible at 400 nm on top
of a photoluminescence (PL) pedestal ranging from 370 to 450 nm.
Between 475 and 575 nm we find weak green emission from deep
centers.

estimate the typical excitation fluence at the excitation spot to
be 0.45 kJ m−2, well below the damage threshold for ZnO
nanowires which we determined to be about 5–10 times higher.
Using a fiber-coupled spectrometer we spatially resolve the
emission spectrum of the nanowire at the image plane of an
output port of the microscope. A BG40 color-glass filter
attenuates the 800 nm signal from the excitation pulses while
providing high and nearly constant transmission over the entire
ZnO emission spectrum (transmission between 0.85 and 0.90
between 350 and 550 nm).

3. Results

Figure 2 shows a microscope image of a ZnO nanowire
excited at one end with 800 nm fs pulses. In spite of the
BG40 filter, residual red light is still clearly visible around
the excitation spot. Close to the excitation spot, we observe
blue and green emission. Figure 3 shows a spectrum of the
emission. In addition to a pronounced second-harmonic peak
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Figure 4. Emission spectrum of a single nanowire at the excitation
spot (input) and spectrum of the light emitted at the other end of the
nanowire 25 μm away from the excitation spot (output).

at 400 nm, the spectrum shows photoluminescence from near
band-edge recombination [2] located at 387 nm, most probably
originating from a Coulomb-correlated electron–hole plasma
and from deep centers in the ZnO nanowires centered around
500 nm [2]. Compared to the photoluminescence measured
with a cw HeCd-laser at wavelength of 325 nm, the main
photoluminescence peak is slightly red-shifted by about �λ =
2 nm. Figure 2 also shows that part of the photoluminescence
and second harmonic of the excitation pulses is guided to the
far end of the nanowire where we can clearly see the blue and
green components of the emission from the waveguide mode.
Apart from the regions directly around the excitation spot and
at the far end of the nanowire, no further emission from the
nanowire waveguide is visible.

Figure 4 compares the spectra measured directly at the
excitation spot (input) and at the far end of the nanowire,
25 μm away from the excitation spot (output). As expected,
the output intensity is distinctly weaker than the input intensity.
The peak due to second-harmonic generation is absent in the
output spectrum. In the spectral range below 390 nm, the
output intensity drops sharply to the noise level, even though
the input intensity is still significant. At long wavelengths, the
output spectrum follows the same general trend as the input
spectrum.

To understand the relation between the two spectra in
figure 4, we plot their ratio Iout/Iin in figure 5. For
comparison we also show the input spectrum, on a linear
scale. The ratio Iout/Iin in figure 5 can be interpreted as
a transmission spectrum that also accounts for the different
coupling efficiencies of the photoluminescence and second-
harmonic generation into the waveguide modes of the nanowire
waveguide. We can identify four different regions in this
transmission spectrum. In region I the Iout/Iin is close to
zero even though we observe considerable intensity in the
corresponding part of the input spectrum. In region II the
photoluminescence in the input spectrum is maximum and
Iout/Iin has a local maximum. Region III, which is at the
position of the second harmonic in the input spectrum, shows a
decrease in Iout/Iin. In region IV Iout/Iin increases again to the

Figure 5. Ratio of output to input intensity for a single nanowire.
The input spectrum is also shown for comparison. The spectra are
divided into four regions discussed in the text.

same approximately constant value as in region II and the input
spectrum shows contributions from the photoluminescence.

In figure 6, we show the results of 3D finite-element
simulations of the temperature distribution in a hexagonal
ZnO nanowire. The nanowire with a length of 15 μm
and a diameter of 200 nm (measured from edge to edge of
the hexagon) is lying on a glass substrate covered with a
1 μm thick layer of mesoporous silica. The ratios of the
thermal conductivities cZnO/cmesoporous silica/cglass/cair are taken
as 10/0.1/1/0.02 [25, 26]. The value cZnO considers the
reduced thermal conductivity nanostructures compared to the
standard bulk values by about a factor of 10 [25]. At one of
its ends, the nanowire is heated up to a temperature of 600 K
by applying a constant heat source in the simulation (modeled
by a 2 μm long internally heated additional piece of nanowire
added to the passive nanowire).

We obtain the results shown in figure 6 by numerically
solving the heat-conductivity equation for the system with the
computer program FlexPDE. The computational cell extends
from −450 to +450 μm in the x- and y-directions, and from
−15 to +15 μm in z-direction. The boundaries are kept
constant at room temperature T = 300 K. The nanowire is
centered at the origin of the computational cell. The heated
nanowire piece is located in the region between x = 7.5
and 9.5 μm. Figure 6(a) represents the two-dimensional
temperature profiles in the region of the nanowire in the x–
y plane at z = 0 μm and the x–z plane at y = 0 μm,
respectively. In figure 6(b) we show the temperature profile
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Figure 6. Finite-element simulations of the temperature profiles of a locally heated ZnO nanowire lying on a glass substrate that is covered
with a layer of mesoporous silica. (a) 2D temperature profiles in the x–y and x–z planes for z = 0 μm and y = 0 μm, respectively.
(b) Temperature profile in the z–y plane for x = 7.5 μm. (c) Temperature increase T − Troom as a function of x for y = 0 μm, z = 0 μm
plotted on a logarithmic scale.

in the y–z plane at x = 7.5 μm (adjacent to the heated region
x = 7.5–9.5 μm). The one-dimensional temperature increase
T − Troom along the x-direction of the nanowire is plotted in
figure 6(c) for y = 0 μm, z = 0 μm. The simulations
demonstrate an almost strictly monoexponential decay of the
temperature difference T − Troom along the nanowire. With
the constants used in the simulation, we find in figure 6(c)
a characteristic length scale of about 3.5 μm after which
T − Troom has decreased by a factor of 10.

4. Discussion

Figures 2 and 3 show that it is possible to efficiently excite near
band-edge photoluminescence and second-harmonic radiation
in ZnO nanowires using 800 nm femtosecond laser pulses
incident normal to the nanowires. Radiation incident normal
to the c-plane of ZnO leads to a vanishing contribution
from χ(2) [12], but radiation normal to the a-plane of
microcrystalline ZnO layers was shown to be especially
favorable for second-harmonic generation [16]. Our results
confirm that for nanowires, too, excitation normal to the side
surfaces leads to efficient second-harmonic generation. In
contrast to previously published results [17, 18], however, we
observe only weak deep-level emission because of the high
crystalline quality of our high-temperature grown nanowires.

Figures 4 and 5 show that the different contributions of
the nonlinear nanowire emission couple into the waveguide

modes of the nanowire with distinctly different efficiency.
The minimum in the transmission spectrum in region III
of figure 5 at the spectral position of the second-harmonic
emission can be explained by the directed nature of the
second-harmonic generation process. Because the nanowire is
excited perpendicular to its waveguiding direction, the second
harmonic of the excitation pulses is also preferentially emitted
perpendicular to the waveguide. The large acceptance angle
of the ZnO nanowires (about 40◦, measured with respect
to the symmetry axis of the waveguide) [21], however, still
permits part of the second harmonic to couple into waveguide
modes, albeit with a distinctly lower efficiency than the
isotropically emitted photoluminescence. This lower coupling
efficiency explains the decrease in Iout/Iin at the second-
harmonic wavelength in region III of figure 5.

The small value of in Iout/Iin in region I of figure 5 can
be attributed to re-absorption of the photoluminescence as it is
guided along the nanowire. Under high-excitation conditions
photoluminescence emission lines in semiconductors are
significantly broadened and shifted by heating, band gap
renormalization, screening and state filling [22]. The short-
wavelength photoluminescence is sufficiently energetic to
induce transitions across the band gap and is therefore
absorbed in the unexcited part of the nanowire. This interband
absorption reduces the transmission to almost zero in region I
in figure 5.

We expect excitation of the nanowire with an 11 MHz
train of intense ultrashort laser pulses to heat the nanowire
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substantially. In a highly excited semiconductor, an increase in
temperature and screening both reduce the band gap [22, 23].
Indeed, the absorption edge in figure 5 at λ = (385 ± 5) nm,
corresponding to a band gap energy Egap = (3.22 ± 0.04) eV,
is shifted down from the room temperature value of the ZnO
band gap, Egap = 3.370 eV, by an amount �E = (150 ±
40) meV [2, 24]. The observed shift in the band edge
in figure 5 thus allows us to determine an upper limit for
the temperature of the nanowire. In [27] we showed that
the screening of the Coulomb interaction at high-excitation
conditions (7 MW cm−2, ns excitation-pulse duration) results
in a red shift of the emission maximum of only 25 meV. We
can therefore, in a first approximation, ignore the screening
effects for the nonlinearly excited nanowires. Under this
approximation, the results of [24] indicate that the band gap
shift observed in our experiments corresponds to a temperature
T = (580 ± 50) K of the ZnO nanowire, indicating a rise in
temperature of about 300 K to a value that is still significantly
below the melting temperature of the material.

The results of the finite-element simulation of the
temperature distribution in figure 6 show that only the
region 3 μm around the excitation spot is significantly
heated. The still relatively high thermal conductivity of
the nanowire material compared to that of air and substrate
establishes the almost perfect monoexponential temperature
decay along the nanowire. A few microns of nanowire
material with a red-shifted band gap, however, are long
enough for the waveguide modes to experience substantial
absorption because typical absorption lengths in ZnO are
around 300 nm. The numerical simulations therefore confirm
that the local heating of nanowires under excitation with
intense femtoseconds laser pulses can be quite substantial and
presents an important consideration for the interpretation of
corresponding experimental studies.

The high density of optically generated electron–hole
pairs induces significant screening, band gap renormalization,
and state filling at the excitation spot. All these effects cause a
substantial broadening of the photoluminescence both toward
lower and higher energies: state filling leads to the occupation
of high-energy states, whereas the other effects reduce the
energy of the emitted photons. Because of the short carrier
diffusion length at room temperature (usually on the order
of 100 nm) we expect a high carrier density only within
the excitation spot. The large heat conductivity of the ZnO
nanowire results in an increased temperature of the nanowire
over a much longer length scale, as demonstrated by our
numerical simulations: over more than 3 μm the temperature
of the nanowires is substantially increased. This elevated
temperature results in the re-absorption of the high-energy
photons of the photoluminescence: the light is efficiently re-
absorbed in the unexcited but still significantly heated part
of the ZnO nanowire waveguide over a distance of a few
micrometers away from the center of the excitation spot.

5. Conclusion

In summary, we generated blue and green photoluminescence
and second-harmonic radiation by femtosecond multiphoton

excitation of individual ZnO nanowires. We find that each of
these contributions to the nonlinear nanowire emission couple
into waveguide modes of the nanowire. By comparing the
emission spectra at the input and output of the nanowire we can
measure the transmission of a single nanowire. The resulting
transmission spectra show that the photoluminescence and
the second-harmonic couple into the waveguide modes with
distinctly different efficiencies because the photoluminescence
emission is isotropic, while the second-harmonic generation
is mainly directed normal to the axis of the nanowire. The
transmission spectra also show that the band gap of the
excited nanowire is shifted to lower energy due to the elevated
temperature of the nanowire at the excitation spot and due to
screening effects in the highly excited nanowire. Our results
reveal an upper limit for the temperature at the excitation spot
of T = (580 ± 50) K under excitation with an 11 MHz pulse
train of 60 fs pulses with an excitation fluence of 0.45 kJ m−2.
We have performed numerical simulations of the temperature
distribution in a single ZnO nanowire that yield an almost
monoexponentially decreasing temperature profile along the
nanowire. The temperature increase is found to drop by
one order of magnitude after a characteristic length of about
3.5 μm in the ZnO nanowire confirming the importance of
local laser heating for the optical properties of these nanowires.
Our results demonstrate that nonlinear femtoseconds-pulse
excitation of semiconductor nanowires is a convenient method
to study the transmission properties of individual nanowire
waveguides. The same method will also be useful for analyzing
the transmission characteristics of nanowire heterostructures
and for studying the interaction of waveguide modes and their
evanescent contributions with surrounding media.
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