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Zn;_ Mg O nanoneedles were prepared by an ion-beam technique on Zn;_ Mg, O thin films with Mg
contents of up to 21 at. %. The photoluminescence emission energies of the Zn;,_ MgO
nanoneedles measured at room temperature increased monotonically with Mg contents and it
reached 3.6 eV when x=0.21. Random laser action was observed in the Zn;_ Mg, O nanoneedles
with x=<0.1 at temperature ranging from 300 to 470 K under 355 nm optical excitation. The
characteristic temperature of the Zn;_ Mg O nanoneedles was determined to be 84 K. The
high-temperature lasing of the Zn;_ Mg, O nanoneedles are attributed to the high crystal quality of
the nanoneedles, enhancement of oscillator strength in nanostructures, and a self-compensation

mechanism in random laser cavities. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2338525]

One-dimensional (1D) ZnO nanostructures have moti-
vated intense fundamental research and technological devel-
opment of low-threshold ultraviolet (UV) semiconductor
lasers." Alloying ZnO with Mg permits the band gap to be
increased from 3.3 to 4.0 eV.? Thus, shorter wavelength la-
sers based on Zn;_ Mg O could be developed. Despite the
significant progress in the investigations of 1D ZnO nano-
structures, there are only a few reports on Zn;_,Mg O nano-
structures but stimulated emission or lasing from these ma-
terials have not been reported.3’4 In this letter, we report the
random laser action in Zn;_,Mg,O nanoneedles and demon-
strate the wavelength-tunable lasers through controlling the
Mg concentration. In addition, the high-temperature depen-
dence of emission characteristics of Zn;_ Mg O nanoneedles
was also studied.

Zn,_ Mg O thin films were grown by the filtered ca-
thodic vacuum arc technique at 300 °C on Si substrates us-
ing various ZnMg alloy targets containing 15, 20, and
25 at. % of Mg. The typical arc current and deposition pres-
sure were 60 A and 1.3 1072 Pa, respectively. The corre-
sponding Mg content in the Zn;_Mg,O films was deter-
mined by x-ray photoelectron spectroscopy to be 7.8, 10, and
21 at. %, respectively. The Zn;_ Mg O nanoneedles were
fabricated by an ion-beam sputtering technique using a
3 keV Ar* ion microbeam in an ultrahigh vacuum scanning
electron microscope (SEM). Ion irradiation was carried out
at room temperature for 30 min with mean ion-current den-
sities of 220 wA/cm?. The detailed fabrication procedures of
nanoneedles have been described elsewhere.’

Figure 1(a) shows the cross-sectional transmission elec-
tron microscopy (TEM) image of Zngg¢,,Mgj 1730 nanon-
eedle arrays. The nanoneedles were oriented in the ion-beam
direction, which is 55° from the surface normal of a sample,
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as labeled by the dashed arrows. As the Zn 9»,Mg (750 thin
film was only 300 nm thick, the upper part of the cone was
Znj 9oMg 0750 (black contrast) and the lower part of the
stem was SiO,. Figure 1(b) shows the high-resolution TEM
image at the interface of Zn 9,,Mg 4730 and SiO,. The cor-
responding selective area electron diffraction pattern illus-
trates the high crystal quality and wurtzite structure of the
Zn; 9;pMg 1730 sample. The lattice spacing in (002) direc-
tion of the Zng¢y,Mgy o750 Was found to be about 5.18 A.
Figure 1(c) shows the SEM image of the ZnggpyMg 4750
nanoneedles sample. The lengths of the cone structure range
from 200 to 400 nm. The diameter of the nanoneedles in the
stem part was around 100 nm, where some of the nanon-
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FIG. 1. (a) TEM image of the Zng¢»Mg; 50 nanoneedles. (b) High-

resolution TEM image of the nanoneedle and the corresponding selected

area electron diffraction pattern. (c) Typical SEM image of the

7y 9,,Mg 750 nanoneedles. (d) X-ray diffraction patterns of the ZnO and

Zn;_ Mg, O nanoneedles.
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FIG. 2. Normalized PL spectra of the Zn,;_ Mg, O nanoneedles with various
Mg contents. The inset shows the PL peak energy as a function of compo-
sition x of the Zn,;_,Mg,O nanoneedles. The PL data obtained from Refs. 6
and 7 are also included for comparison.

eedles tend to form in a cluster with similar sharpness at the
tip. The crystal structure and orientation of the as-grown
films were investigated by x-ray diffraction (XRD) measure-
ment. Figure 1(d) shows the XRD spectra of Zn,_ Mg,O
films with various Mg contents. All the spectra exhibited
only (002) peak, which revealed single phase, wurtzite struc-
ture and c-axis oriented Zn;_ Mg, O films. The (002) peak
position is shifted to higher angles as Mg content increases,
which indicates that Mg ions are substituted into ZnO. Simi-
lar trend has also been observed by Ashrafi and Segawa,6
however, the angle shifted in our work is more than that of
their work for the same Mg concentration. The discrepancies
could be attributed to the different substrates used (Si versus
SiC), stress, and crystal quality of the Zn,_ Mg, O films.
Figure 2 shows the normalized room temperature photo-
luminescence (PL) spectra of the Zn;_ Mg, O nanoneedles.
The samples were excited by a 325 nm He—Cd laser at room
temperature. The observed PL peak wavelengths of
Zn;_ Mg O nanoneedles with 0, 7.8, 10, and 21 at. % of Mg
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are 378, 363, 359, and 347 nm, respectively. The inset in Fig.
2 shows the variation of PL peak energies as a function of
Mg composition. The PL data obtained from Refs. 6 and 7
were also included for comparison. Our results are in good
agreement with their works. The PL peak energy of
Zny,0Mg-10 nanoneedles is blueshifted for 300 meV as
compared to ZnO nanoneedles (PL peak energy=3.28 eV).5
The full width at half maximum (FWHM) values of the
samples are all less than 19 nm. It is also noted that no
defect-related green emission can be observed from our
Zn,_Mg,O nanoneedles although an extremely weak band at
around 550 nm can be observed from the ZnO sample.

The optical characteristics of the Zn;_ Mg O samples
were further carried out by a 355 nm frequency-tripled
neodymium-doped yttrium aluminum garnet (10 Hz, 6 ns)
pulse laser. A pumping stripe of length 8 mm and width
10 um was focused onto the surface of the sample by a
cylindrical lens. Laser action in Zn;_,Mg,O nanoneedles
with Mg content of up to 10 at. % can be obtained. Due to
the large band gap (3.58 eV) of the Znj;0Mg,;0 sample,
our laser with energy of 3.5 eV is not sufficient to excite this
sample. The typical lasing spectra of the Zn,Mg,_,O thin
films at room temperature are exemplified in Fig. 3 for x
value of ~0.10, showing lasing modes centered at 378 nm.
When the pump power reached a threshold value, a dramatic
emission oscillation with coherent feedback emerged from
the single broad emission spectra of all the samples at room
temperature. The FWHM of the lasing peaks from all the
samples remain less than 0.4 nm. The lasing emissions arise
from the closed loop path of light formed by the Zn,_ Mg, O
nanoneedles. At higher excitation intensities above the
threshold, more lasing modes are excited and these lasing
actions can be detected in all directions. The lasing charac-
teristics detected from the Zn;_ Mg, O samples are similar to
ZnO nanoneedles.” Based on the structural properties of the
Zn,_ Mg, O nanoneedles and random laser theory, the ob-
served lasing phenomena are attributed to random laser
action.*” It should be noted that no lasing can be observed
from the Zn,_ Mg, O thin films without nanostructures.
The insets in Fig. 3(a) show the plots of emission intensity
versus pumping intensity (i.e., light-light curve), suggesting
the clear onset of lasing emission. The lasing threshold
of the Zng Mg 0750 (Zng Mgy ;0) was ~0.30 MW/cm?
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FIG. 4. Temperature dependence of lasing peak emission and lasing thresh-

old of the Zn,;_,Mg,O nanoneedles, for x=0, 0.078, and 0.1. The solid line

represents the best result of the least-squares fit to the experimental data.

(~0.33 MW/cm?) at room temperature which is comparable
to ZnO nanoneedles.’

High-temperature lasing characteristics in ZnO based
materials are scarce.'™'! Thus, the temperature dependence
of lasing emission from the Zn;_ Mg O nanoneedles was in-
vestigated. Figure 3(b) shows the typical lasing spectra ver-
sus temperature 7 under optical excitation of ~2 X [, where
Iy, represents the pump threshold at the corresponding
T. With increasing temperature, the band gap of Zn,_Mg,O
decreases which redshift the lasing peaks. The peak lasing
wavelength of ZnyoMg, ;0 was redshifted from ~378 to
~394 nm as the temperature increased from 300 to 470 K.
The lasing emission ceased when the temperature reached
470 K, however, a broad amplified spontaneous emission
band remained. The FWHM of the lasing peaks for both
samples remains less than 0.4 nm for temperature up to
470 K. Figure 4 plots the peak lasing emission of the
Zn;_ Mg, O nanoneedles as a function of temperature. The
emission peak of the Zngg»Mg)gs0 (ZngoMg,;0)
nanoneedles were redshifted from ~3.24 eV (~3.28 eV)
to 3.14eV (~3.15eV) at a rate of —-0.67 meV/K
(-0.82 meV/K) from room temperature to 470 K. The ob-
served linear relationship between the emission peak energy
and temperature of our Zn;_ Mg, O nanoneedles is in good
agreement with the electron-hole plasma stimulated emission
observed from ZnO thin film on sapphire substrate.'?

The lasing threshold of the Zn;_ Mg,O nanoneedles was
measured as a function of temperature and plotted in Fig. 4
for x=0, 0.078, and 0.1. It was found that the I, of the
Zn;_ Mg, O nanoneedles increased exponentially with tem-
perature. The solid line represents the best fit using least-
squares fitting of the experimental data to the empirical for-
mula: I,(T)=1, exp(T/T,) for the temperature dependence of
the threshold, where [ is the threshold pump intensity at T
=0 K and T. is the characteristic temperature.13 The T, of
the ZnO, Znjgy»Mg( 4750, and ZnyoMg, ;0 samples was
determined to be 138, 81, and 84 K, respectively. The T, of
the Zn;_ Mg O nanoneedles was significantly higher than
that of ZnO/sapphire (67 K) and was comparable to
ZnO/Zny7,Mgy O superlattice on ScAIMgO, (87 K)."°
However, the 7, of the ZnO nanoneedles is much higher than
that of the Zn,_ Mg, O nanoneedles, which could be attrib-
uted to the higher exciton binding energy of ZnO and higher
optical gain in the ZnO nanoneedles as compared with
Zn;_ Mg O nanoneedles. The relatively high values of lasing
thresholds in the temperature range effectively eliminate
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exciton-related effects from consideration of laser mecha-
nisms. The free carrier recombination or electron-hole
plasma is the dominant lasing mechanism in the Zn;_ Mg O
for temperature above 300 K.

Several factors are believed to contribute to the high
operating temperature of the Zn;_ Mg, O lasers, including (1)
the high optical quality of the structures, (2) the enhance-
ment of oscillator strength in 1D nanostructure,'* and (3) the
self-compensation ability of random laser cavities.'' In our
case, the nanoneedles are of high crystal quality and free of
defect-related emission, which ensure a high optical gain in
the structure. Furthermore, the optical gain can be increased
because of the enhancement of oscillator strength in 1D
nanostructure. This modified density of states should result
in a narrower spread of carriers in energy, a high peak gain,
and thus better temperature stability. As reported by Li
et al.,"" the average cavity length of a random laser will be
reduced as an increase in temperature in order to sustain
lasing at high temperature. Similarly the high-temperature
random laser action in the Zn;_ Mg O nanoneedles should
also be governed by the self-compensation mechanism in
laser cavities.

In summary, we have demonstrated the wavelength-
tunable PL and lasing emission from 1D Zn;_ Mg, O nanon-
eedles. Changing temperature allows further “tuning” of the
lasing peak energy. The T, of the Znjg,,Mgj30 and
ZnyoMg, 10 samples were 81 and 84 K, respectively. The
dominant lasing mechanism in Zn;_ Mg, O for temperature
above 300 K is believed to be electron-hole plasma.
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