HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS 87, 013104 (2005)

Laser action in ZnO nanoneedles selectively grown on silicon and plastic
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An ion-beam technique has been employed to fabricate nanoscale needlelike structures in ZnO thin
films on silicon and plastic substrates at room temperature. The ZnO nanoneedles showed a
single-crystalline wurtzite structure, the stem of which was around 100 nm in diameter. The sharp
tips of the nanoneedles exhibited an apex angle of 20° as measured by transmission electron
microscopy. Room-temperature ultraviolet random lasing action was observed in the ZnO
nanoneedle arrays under 355 nm optical excitation. © 2005 American Institute of Physics.

[DOL: 10.1063/1.1984106]

One-dimensional (1D) semiconductor nanostructures are
expected to provide functional components for future elec-
tronic, optoelectronic, and nanoelectromechanical systems.l
There has been considerable interest in the growth of 1D
semiconductor nanostructures on silicon substrates as well as
temperature-sensitive substrates like plastic. The use of Si
substrates enables the integration of nanomaterials in Si-
based electronic devices. It is also desirable to fabricate
semiconductor nanostructures on plastic substrates as it en-
ables the development of high-performance electronic and
photonic devices with the potential to impact a broad spec-
trum of applications.2 Despite significant progress in deposi-
tion techniques such as vapor-liquid solid (VLS),3 thermal
evaporation condensation,* and metalorganic chemical-vapor
deposition (MOCVD),’ the synthesis of semiconductor nano-
structures still requires growth temperatures of above
400 °C. Here, we report the growth of aligned ZnO nano-
needles on Si and plastic substrates using a simple ion-beam
technique. In principle, this technique is capable of fabricat-
ing a desired type and size of nanostructure on any solid
substrate.®” As 1D ZnO nanostructures have attracted con-
siderable attention due to their optical properties and poten-
tial application in nanoscale photonics,8 it is of significant
interest in fabricating ZnO nanostructures directly on plastic
substrates. Although low-temperature (<100 °C) aqueous-
solution-based synthesis methods have been demonstrated to
grow aligned ZnO nanostructures, a seed layer is required
which may lead to contamination.”'® The ion-beam tech-
nique should lead to a new approach to fabricate semicon-
ductor nanostructures selectively on any substrate, especially
on temperature-sensitive substrates, which may find applica-
tions in the emerging plastic electronic and optoelectronic
devices.

ZnO epilayers were grown using the filtered cathodic
vacuum arc (FCVA) technique. The apparatus of the FCVA
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has been described elsewhere."! High-purity zinc (99.9% pu-
rity) was used as the cathode material and oxygen gas was
used as the reactant gas. Typically, the base pressure was
kept at approximately 2.7 X 10~ Pa, and the pressure during
deposition was about 1.3 X 1072 Pa. An arc current of 60 A
was used to generate the plasma, and the axial and curvilin-
ear fields were produced by a magnetic field of strength
about 40 mT to steer the plasma. The ZnO thin films were
deposited at a substrate temperature of 200 °C onto Si and
plastic substrates.

The ZnO nanostructures were fabricated by an ion-beam
system comprised of an ultrahigh vacuum scanning electron
microscope (UHV-SEM) (JEOL; JAMP-10S) and a differen-
tially pumped microbeam ion gun (JEOL; MIED). The sput-
tering was done with 3 keV Ar" ions focused into a micro-
beam 380 wm in diameter with mean ion-current densities of
220 wA/cm?. A thin carbon film was deposited prior to sput-
tering to enhance the ion-induced formation of
nanostrucures.'” Ion irradiation was carried out at room tem-
perature for 30 and 60 min. The residue of carbon layer was
then removed by ethanol before characterization. Optical
characteristics of the devices at room temperature were stud-
ied under optical excitation by a 355-nm frequency tripled
Nd:YAG (yttrium aluminum garnet) pulse laser (10 Hz, 6 ns
pulse width). Optical pump was achieved by using a cylin-
drical lens to focus a pump stripe of 5 mm length and 60 um
width onto the sample. A polarizer was set before the detec-
tor in order to analyze the polarization properties of the las-
ing light.

We shall first illustrate the fabrication of ZnO nanon-
eedles on silicon substrates. The key steps in the fabrication
process include (i) the deposition of a 420-nm-thick SiO, on
Si by thermal oxidation; (ii) the deposition of a 300-nm-thick
ZnO film; (iii) the deposition of a thin carbon layer to en-
hance the ion-induced formation of nanostructures; and (iv)
the irradiation of the sample by Ar" ion beam at room tem-
perature. The ZnO nanostructures were formed selectively
and uniformly on the ZnO surface. The growth mechanism
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FIG. 1. (a) SEM image of the as-grown ZnO thin film. SEM images of the
7Zn0 nanoneedle arrays after (b) 30 min and (c) 60 min ion irradiation. (d)
High magnification SEM image of the ZnO nanoneedles. (¢) TEM image of
a single nanoneedle. (f) High-resolution TEM image of the nanoneedle and
(2) the corresponding electron-diffraction pattern.

of ZnO nanoneedles may be similar to the sputter-induced
CNFs, as reported by Tamenura et al."* The formation of
nanoneedles is ascribed to the dependence of sputtering yield
on the incidence angle of ion-beam measured from the nor-
mal to the surface. The thick SiO, layer ensures the confine-
ment of the light in a waveguide structure for the laser action
measurement.

Figure 1(a) shows the SEM image of the as-grown ZnO
thin film. Figures 1(b) and 1(c) show the aligned ZnO nanon-
eedles formed after 30 and 60 min ion-beam irradiation, re-
spectively. No features were observed from the as-grown
ZnO thin film. After ion irradiation, sharp tips of conelike
structures were clearly seen [Fig. 1(d)]. The lengths of the
cone structures ranged from 200 to 400 nm. The diameter of
the nanoneedles in the stem part was around 100 nm, where
some of the nanoneedles tend to form in a cluster with simi-
lar sharpness at the tip. As the ZnO thin film was only
300 nm thick, the upper part of the cone was ZnO [white
contrast as shown in Fig. 1(d)] and the lower part of the stem
was Si0,. It can be seen that the separation between the
nanoneedles was irregular and ranged from a few nanometers
to tens of nanometers. The density of the nanoneedles under
30 min irradiation was much higher than the sample irradi-
ated for 60 min, as shown in Figs. 1(b) and 1(c). Energy-
dispersive x-ray spectroscopy (EDX) was used to investigate
the residue material between the nanoneedles, but no con-
taminant was detected. Figure 1(e) shows the TEM image of
an individual nanoneedle. The tips of the nanoneedles exhib-
ited an extremely sharp morphology. The interior angle of
the nanoneedles was around 20°. The sharpness of the tip
was comparable to the ZnO nanoneedles prepared by
catalyst-free MOCVD (Ref. 5). Electron diffraction and
high-resolution TEM observations indicated that the nanon-
eedles were in fact single crystals and were indexed to be the
wurtzite structure of ZnO with lattice constants of a
=0.32 nm, ¢=0.52 nm [Figs. 1(f) and 1(g)]. This result
shows that the nanoneedles maintained the high-crystal qual-
ity of the ZnO thin film.

Room-temperature optical characteristics of ZnO nanon-
eedles were studied under an optical excitation. Figure 2(a)
shows the experimental setup. Figure 2(b) shows the light-
light curves of the samples. Only the sample irradiated for
30 min showed a “kink” in the light-light curves which was
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FIG. 2. (a) Schematic diagram of the laser measurement setup. (b) Light-
light curves of the samples after various ion irradiation times. The inset
shows the maximum emission intensity of the TE mode as a function of
polarization angles. (c) Emission spectrum of the as-grown ZnO thin film
under pump power of 1.6 M/cm?. (d) Evolution of emission spectra of the
30-min irradiated sample under different pump intensities. (¢) Emission
spectrum of the sample irradiated for 60 min under pump power of
1.6 M/cm?.

characteristic of laser action. As shown in Figs. 2(c) and 2(e),
the as-grown and 60-min-irradiated samples showed only
amplified spontaneous emission (ASE) spectra with a peak
wavelength and full width at half maximum (FWHM) of
about 385 and 12 nm, respectively, at a pump intensity of
1.6 MW/cm?. Figure 2(d) shows the evolution of emission
spectra of the ZnO nanoneedles sample irradiated for 30 min
as a function of pump power. Below the threshold, ASE was
observed. When the pump power reached a threshold as high
as 0.34 MW/cm?, a dramatic emission oscillation in a line-
width as narrow as 0.4 nm emerged from the single-broad
emission spectra. As the pump power increased, multiple la-
ser modes with strong coherent feedback at wavelengths be-
tween 390 and 400 nm were detected. This phenomenon of
emission spectra was attributed to random lasing with coher-
ent feedback.'*'* Conventional lasing due to the Fabry-Perot
(FP) cavities between the top and bottom natural facets of
the ZnO nanoneedles was unlikely to occur. This is because
the short length (<300 nm) and the sharp top surface of the
ZnO nanoneedles were not able to provide sufficient optical
gain and large optical loss, respectively. Hence, the natural
FP cavities of the ZnO nanoneedles would not sustain lasing
even under a high optical excitation. Random laser does not
require a regular cavity but depends instead on a scattering
material. Random laser action is possible for the ZnO nanon-
eedles as the corresponding gain length and scattering mean-
free path along the lateral direction satisfy the requirements
of random laser action; that is, the gain length (scattering
mean-free path) is long (short) enough to sustain amplified
coherent feedback.'"* Due to the fact that the ZnO nanon-
eedles were grown on a SiO,/Si substrate, the refractive in-
dex difference in the interface of air (n,=1)/ZnO(n,
~2.1)/8i0,(n,~ 1.45) allowed strong scattering and ampli-
fication along the ZnO tips to achieve random laser action.
Above the threshold, the emission was strongly polarized, as
shown in the inset of Fig. 2(b). Random laser action has been
observed in ZnO thin films annealed at 900 °C and ZnO
nanorod arrays embedded in ZnO epilayers.ls’16 The thresh-
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FIG. 3. (a) Low and (b) high magnification SEM images of ZnO nano
needles on plastic substrate. (c) Emission spectrum under 2.8 MW/cm?
pump intensity. The inset shows the light-light curve of ZnO nanoneedles on
plastic substrate.

old pump intensity of the ZnO nanoneedles (0.35 MW/cm?)
was comparable to that of ZnO thin films annealed at 900 °C
(0.32 MW/cm?), but it was significantly lower than that of
ZnO nanorod arrays embedded in ZnO epilayers
(0.8 MW/cm?). The relatively lower pump threshold of the
ZnO nanoneedles compared to that of ZnO nanorod arrays
was due to the relatively stronger optical scattering between
the air and ZnO interface of the ZnO nanoneedles [Fig. 1(b)],
so that coherent optical feedback could be obtained from
relatively low pump intensities. It should also be noted that
the threshold pump intensity of ZnO nanoneedles random
lasers was significantly lower than the conventional lasing
observed in ZnO nanocolumns prepared by an aqueous solu-
tion method (3 MW/cm?) (Ref. 9). Our result was also sig-
nificant as no high-temperature annealing was required in
order to form random media in the ZnO thin films. The
sample under 60 min irradiation exhibited no lasing. This
was attributed to the low density of nanoneedles, which did
not satisfy the requirement of random laser action.

A similar approach was used to fabricate ZnO nano-
needles on flexible plastic substrates. We used 180-um-thick
commercially available Kapton® polyimide foil as the flex-
ible substrate material. Polyimide foils are commonly used
as substrate material for flexible thin-film transistors."” A
520-nm-thick ZnO was deposited on the plastic substrate at
200 °C. Figures 3(a) and 3(b) show the SEM images of the
ZnO nanoneedles on the plastic substrate. The cone-shape
morphology was also obtained after 30 min of ion irradia-
tion. The lengths and diameter (stem) of the nanoneedles
were 200-300 nm and 100 nm, respectively, which were
very similar to the ZnO nanoneedles on Si substrate [Fig.
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3(b)]. However, the tips of the nanoneedles were not as sharp
as those for the Si sample, which might be due to the quality
of the ZnO film and the softness of the plastic substrate.

The optical characterization of the plastic sample was
studied. Figure 3(c) shows the emission spectrum of the
nanoneedles on the plastic substrate excited above the
threshold at 2.8 MW/cm?. Random laser action with coher-
ent feedback was clearly detected and the resulting threshold
pump power density was determined to be 0.84 MW/cm? as
shown in the inset of Fig. 3(c). The lasing threshold of the
plastic sample was two times more than that of the nano
needles on Si (i.e., 0.34 MW/cm?). As illustrated in Fig.
3(a), the ZnO nanoneedles were about 300 nm in length, and
there was a 200-nm-thick ZnO thin film underneath the
nanoneedles so that light could be confined within the ZnO
nanoneedle array. However, the relatively high pump inten-
sity of the plastic sample was mainly due to the high optical
loss of the substrate as the polyimide substrate absorbed the
light with wavelength less than 450 nm. As a result, the cor-
responding pump threshold was higher than that with Si sub-
strate. Despite all these, random laser action in the ZnO
nanoneedles could still be obtained, which demonstrated the
usefulness of the ion-beam technique for creating functional
nanostructures on flexible plastic substrates.

In summary, we have demonstrated the fabrication of
ZnO nanostructures directly on Si and plastic substrates us-
ing the ion-beam technique. Random laser action could be
observed from samples on both Si and plastic substrates.
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