Band gap engineering and stimulated emission of ZnMgO nanowires
Hsu-Cheng Hsu, Chun-Yi Wu, Hsin-Ming Cheng, and Wen-Feng Hsieh

Citation: Applied Physics Letters 89, 013101 (2006); doi: 10.1063/1.2218813

View online: http://dx.doi.org/10.1063/1.2218813

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/89/1?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
An empirical law for the band gaps of MgZnO nanowires
J. Appl. Phys. 110, 124315 (2011); 10.1063/1.3671013

Indium-doped ZnO nanowires: Optical properties and room-temperature ferromagnetism
J. Appl. Phys. 108, 043516 (2010); 10.1063/1.3464229

Electrical properties and near band edge emission of Bi-doped ZnO nanowires
Appl. Phys. Lett. 90, 083113 (2007); 10.1063/1.2431715

Determination of carrier density of ZnO nanowires by electrochemical techniques
Appl. Phys. Lett. 89, 203117 (2006); 10.1063/1.2390667

Blueshift of near band edge emission in Mg doped ZnO thin films and aging
J. Appl. Phys. 95, 4772 (2004); 10.1063/1.1690091

NEW! Asylum Research MFP-3D Infinity” AFM [~ FroRD I

Unmatched Performance, Versatility and Support

The Business of Science®

Stunning high 9 Simpler than ever

performance - ¢ to GetStarted™

b

Comprehensive tools § f  Widest range of accessories
for nanomechanics for materials science and bioscience



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1018974610/x01/AIP-PT/Asylum_APLArticleDL_043014/Asylum-Research-MFP3D-Infinity-APL-JAD.jpg/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Hsu-Cheng+Hsu&option1=author
http://scitation.aip.org/search?value1=Chun-Yi+Wu&option1=author
http://scitation.aip.org/search?value1=Hsin-Ming+Cheng&option1=author
http://scitation.aip.org/search?value1=Wen-Feng+Hsieh&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.2218813
http://scitation.aip.org/content/aip/journal/apl/89/1?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/110/12/10.1063/1.3671013?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/108/4/10.1063/1.3464229?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/90/8/10.1063/1.2431715?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/89/20/10.1063/1.2390667?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/95/9/10.1063/1.1690091?ver=pdfcov

APPLIED PHYSICS LETTERS 89, 013101 (2006)

Band gap engineering and stimulated emission of ZnMgO nanowires
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Department of Photonics and Institute of Electro-Optical Engineering, National Chiao Tung University,
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(Received 26 January 2006; accepted 29 May 2006; published online 5 July 2006)

We report a simple method for fabricating heterostructured ZnMgO nanowires by annealing the
preformed ZnO/MgO core-shell structure. Photoluminescence from the alloy nanowires shows
strong near-band-edge (NBE) emission, reflecting good material quality. A blueshift of the NBE
emission at room temperature after the annealing treatment is attributed to the diffusion of Mg from
the shell into the core ZnO of the nanowires to form a ternary ZnMgO alloy. Band gap engineering
and stimulated emissions of ZnMgO nanowires with different Mg doping concentrations are also
demonstrated. © 2006 American Institute of Physics. [DOI: 10.1063/1.2218813]

One-dimensional nanostructures have attracted a great
deal of attention for their special properties and applications
in microsensing for chemical-biological agent detection, so-
lar energy conversion, solid-state lighting, and the like."”
Zn0O, with a wide gap of 3.37 eV and a large exciton binding
energy of 60 meV, has been recognized as a key photonic
material in the blue-UV region.ﬁ’7 The greatest challenges in
realizing photonic devices based on ZnO nanowires are het-
erostructure, p-type doping, and band gap engineering. In
practical applications, the ability to fabricate a laser of a
predetermined wavelength is critical.

Alloying the ZnO phase with MgO and ZnS has been
investigated for widening the band gap of ZnO-based
nanowires.®'* A blueshift of the UV emission with respect to
that of the pure ZnO nanowires has been observed while the
ZnO nanowires were doped with sulfur.'®"" The room-
temperature photoluminescence12 and absorption spectra13 of
the ZnMgO nanowires were tuned by adjusting the Mg con-
centration. However, there are no reported studies on stimu-
lated emissions (SEs) from ZnMgO alloy nanowires at room
temperature. In this letter, we demonstrate a simple method
to achieve the band gap engineering in ZnO/MgO core-shell
nanowires by using Mg diffusion. While the annealing tem-
perature increases, the diffused concentration of Mg in-
creases, which results in a blueshift of PL UV-emission spec-
tra at room temperature. Furthermore, we report the
observation of optically pumped stimulated emissions from
the ZnMgO nanowires.

Synthesis of ZnMgO nanostructures was carried out in a
simple vapor transport process. A mixture of zinc powder
(99.9999%) and magnesium powder (99.6%) with Mg:Zn
weight ratios of 1:19 was placed in a ceramic boat as the
starting materials and an a-plane sapphire wafer was used as
a substrate. The boat was positioned in the center of the
quartz furnace tube and the substrate was placed 10 mm
downstream from the mixed powders. Before heating the fur-
nace, the quartz tube was purged twice with high-purity ar-
gon gas for 3 min periods. The system was then heated to
570 °C (at a heating rate of 50 °C/min) with an Ar flow rate
of 500 SCCM (SCCM denotes cubic centimeter per minute
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at STP) and was kept at this temperature for 60 min. At the
end of the process the products were treated under ambient
atmospheric pressure for 120 min at temperatures ranging
from 800 to 1000 °C.

The morphology, composition, and crystallinity of the
products were characterized through the use of scanning
electron microscopy (SEM), energy dispersive x-ray (EDX),
x-ray diffraction (XRD), and transmission electron micros-
copy (TEM). For the continuous-wave (cw) PL measure-
ment, we used a He—Cd laser (3.81 eV) as the excitation
source, while for the stimulated emission measurement, we
used the third harmonic of a pulsed-pumped Nd: YVO, (yt-
trium vanadate) laser (3.51 eV) with a pulse width of
~500 ps and a repetition rate of 1 kHz." The emission light
was dispersed in a 32 cm monochromator and detected by an
UV-sensitive photomultiplier tube.

Figure 1(a) shows the SEM images of the as-grown
products. All the products are nanowires with a diameter of
200-500 nm and a length of over 5 wm. Figure 1(b) shows
the EDX pattern of the as-grown nanowires, which are com-
posed mainly of Mg and O with a small amount of Zn. The
typical XRD pattern of the nanowires is shown in Fig. 1(c).
All sharp diffraction peaks can be perfectly indexed to a high
crystallinity in the hexagonal structure of ZnO and the face-
centered-cubic structure of MgO. The TEM image of the
as-grown nanowires in Fig. 2(a) shows that an individual
nanowire displays good contrast, distinguishing the core and
sheath regions. The core has a diameter of about 90 nm and
is capped with a sheath about 200 nm thick. The EDX pat-
tern in Fig. 2(b) indicates that the nanowire is composed of
Mg and O with a small amount of Zn. The high resolution
TEM (HRTEM) image in Fig. 2(c), which is taken from the
edge (sheath region) of the nanowire, shows a perfect lattice
plane with an interplanar spacing of 2.1 nm, which is in good
agreement with the (002) spacing of MgO. The selection-
area electron diffraction (SAED) pattern of this region [see
Fig. 2(d)] shows that the outer layer of the nanowires is
single-crystalline MgO with a cubic rocksalt structure. Based
on these observations, we proposed that the nanowires
should be formed of a ZnO/MgO core-shell heterostructure
as illustrated in Fig. 2(e).

The growth of the ZnO/MgO core-shell nanowires dis-
cussed above was accomplished by simple thermal evapora-
tion of Zn and Mg powders. The proposed growth process
follows: Because the melting point of Zn (~419 °C) is

© 2006 American Institute of Physics
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FIG. 1. (a) Typical SEM image (b) EDX pattern, and (c) XRD of the
as-grown nanowires.

lower than that of Mg (650 °C), the Zn powder would
evaporate before the Mg powder does as the processing tem-
perature increases. In the present case, because no evidence
for catalyst particles can be observed on any tip of the syn-
thesized nanowires, the vapor-solid (VS) mechanism would
be a reasonable explanation for the growth of the core ZnO
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FIG. 2. (Color online) (a) TEM image of the as-grown nanowires; (b) EDX
analysis showing the nanowire is composed of Zn, Mg, and O; (c) HRTEM
image showing the edge of the nanowire; (d) SAED at the edge of the
nanowire showing single-crystalline cubic rocksalt structure: (d) schematic
model of the core-shell nanowire.

Appl. Phys. Lett. 89, 013101 (2006)

:: (a) x1
>
g | (b) X6
£
g
[
N
E () 8
(o]
=z
(e) x22
30 31 32 33 34 35 36
(a) Photon Energy (eV)
3.55 —— — e 140
350Fzn0 | ZnMgO J130
3.45|-nanowires | nanowires |
3 340} 1120 _
1 >
? 335} {110
S ssof : 1 =
c — l J100 £
§ 325] 5 o |-
2 320 i ___./ J90
e e ]
SUES 150
3.10 A N 1 ll L L A
800 900 1000
(b) Annealing Temperature (°C)

FIG. 3. (a) Room-temperature PL spectra of (a) pure ZnO nanowires and (b)
the as-grown ZnO/MgO core-shell nanowires annealed at different tempera-
tures ranging from (c) 800, (d) 900, and (e) 1000 °C. (b) shows the peak
energy of excitonic emission of ZnO/MgO core-shell nanowires and the
corresponding FWHM as a function of annealing temperature.

nanowires. The follow-up vaporization of Mg would con-
dense on the ZnO nanowires and be oxidized rapidly to form
the MgO sheath structure and to lead to the formation of the
ZnO/MgO core-shell nanowires.

Figure 3(a) shows the room-temperature PL spectra of
the ZnO/MgO core-shell nanowires annealed at tempera-
tures ranging from 800 to 1000 °C. The PL of the pure ZnO
is also shown in Fig. 3(a) as a reference. For the undoped
ZnO nanowires and the as-grown ZnO/MgO core-shell
nanowires, a near-band-edge (NBE) emission peak of
3.27 eV with the full width at half maximum (FWHM) of
~85 meV is the result of the free exciton emission.'™"* As
shown in Fig. 3(b), the excitonic transition energy and line-
width increase as a function of the annealing temperature.
Meanwhile, another peak appears at 3.23 eV on the low-
energy side of the excitonic band. The origin of the emission
peak should be attributed to the free exciton emission of the
residual inner core of the nondiffused ZnO nanowires. When
the thermal treatment temperature reaches 1100 °C, the peak
at 3.23 eV vanishes, indicating that the interdiffusion process
is completely finished. The dramatically blueshifted emission
can be attributed to the increase in Mg composition in the
ternary ZnMgO through interdiffusion. The broadening of
the main peak reflects the increase in fluctuation of the com-
position and lattice disorder in the alloy. A decrease of the PL
intensity with increasing Mg concentration results from the
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FIG. 4. (Color online) The RT emission spectra as a function of excitation
intensity for 800 °C-annealed ZnO/MgO core-shell nanowires. The inset
shows its log-log plots of integrated emission intensity vs the excitation
intensity.

increase in nonradiative recombination processes.

Figure 4 shows a semilog plot of the typical NBE spec-
trum and the corresponding peak intensity as a function of
excitation density (I.,.) under pulsed pumping for the sample
annealed at 800 °C. At low excitation densities, only a broad
spontaneous emission peak can be observed at 3.25 eV with
the FWHM of ~0.1 eV. As shown in the inset in Fig. 4, the
emission intensity was found to be approximately linearly
proportional to the excitation power density, indicating that
the broad emission is typical spontaneous emission. As the
excitation pump density increases to a value exceeding a
threshold of about 200 kW/cm?, a spectrally narrower peak
with the FWHM of 24 meV appears at the top of the low-
energy shoulder of the spontaneous emission. The emission
intensity of this narrower feature becomes dominant as the
pumping power density is increased to above the threshold.
The strong, narrow emission exhibits a superlinear increase,
indicating the appearance of SE. The SE is attributed to the
stimulated recombination of exciton-exciton scattering,lg’20
which is a two-particle process; therefore, a dependence of
Iy as IsgcIs ., with @~2, can be expected. Our analysis
shows a value of @=2.08 for the as-grown sample and «
=1.68 and a=1.45 for the samples with annealed tempera-
tures of 800 and 900 °C, respectively. As expected, the ex-
ponent « is 2.08 for the as-grown samples; however, it de-
creases to 1.45 for the 900 °C-annealed sample. This result
indicates that the material quality degrades after the Mg dif-
fusion process, owing to the additional scattering centers in-
troduced by impurities and defects. Many nonradiative cen-
ters or other loss mechanisms formed after more diffusion of
the Mg and caused a reduction in the cross section (or prob-
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ability) of exciton-exciton scattering. Thus, the efficiency of
the stimulated emission decreased.

In conclusion, we have synthesized heterostructured Zn-
MgO alloy nanowires by a simple evaporation route. The
formation of the ZnO/MgO core-shell structure is based on
the melting point of Zn being lower than that of Mg. After
the annealing treatment, a blueshift in the near-band-edge
emission at room temperature is attributed to Mg diffusion
into the core ZnO nanowires to form a ternary ZnMgO alloy.
Band gap engineering and stimulated emission of ZnMgO
nanowires with different Mg doping concentrations are also
achieved. This demonstration of the stimulated emission at
room temperature from MgZnO nanowires could be used for
light-emitting device applications.
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