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Abstract

We report on the optical properties of (Zn,Mg)O nanorods grown by catalyst-driven molecular beam epitaxy. The
process is site-specific, as single crystal (Zn,Mg)O nanorod growth is realized via nucleation on Ag films or islands that
are deposited on a SiO,-terminated Si substrate surface. Growth occurs within a flux of Zn, Mg, and O,/O; mixture at
substrate temperatures of 400-500 °C. With the addition of Mg, the nanorod morphology becomes more uniform
relative to the pure ZnO nanomaterials synthesized under similar conditions. The (Zn,Mg)O nanorods are cylindrical,
exhibiting diameters of 15-40 nm and lengths in excess of 1 pum. The (Zn,Mg)O nanorods exhibit a strong photo-
luminescence response, showing a slight shift to shorter wavelengths due to Mg incorporation.
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The optical and electronic properties of nanoscale
materials in the form of superlattices (2-D), nanowires
(1-D) and nanodots (0-D) is an area of significant in-
terest [1]. One of the most attractive classes of materi-
als for functional nano-devices are semiconductors. The
synthesis of semiconducting nanowires and nanorods
has been reported using various techniques [2-4]. Nano-
device functionality has been demonstrated with these
materials in the form of electric field-effect switching [5],
single electron transistors [6], biological and chemical
sensing [7], and luminescence [8] for 1-D semiconducting
structures. Nanostructured semiconducting oxides, such
as Ga, 05 [9], In,0; [10], and ZnO [11-26], are of interest
based on their photonic, electronic, and sensor-related
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properties. Of these, zinc oxide is particularly interesting
for nano-device applications. ZnO is an n-type, direct
bandgap semiconductor with E, =3.35 eV [27,28].
Electron doping via defects originates from Zn intersti-
tials in the ZnO lattice. The intrinsic defect levels that
lead to n-type doping lie approximately 0.05 eV below
the conduction band. The room temperature Hall mo-
bility in ZnO single crystals is among the highest for the
oxide semiconductors, on the order of 200 cm?> Vs~ 1.
The bandgap of ZnO can be increased via Mg cation
substitution. The exciton binding energy is on the order
of 60 meV in ZnO, yielding efficient luminescence at
room temperature. As a gas sensor material based on the
near-surface modification of charge distribution with
certain surface-absorbed species, ZnO nanorods would
provide significant enhancement in sensitivity due to
high surface-to-volume ratio [29]. ZnO is also piezo-
electric, and is used in surface acoustic wave devices [30].
One can envision the exploration of nano-acoustic
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device concepts using ZnO nanorods. As a direct
bandgap semiconductor, ZnO nanorods are also at-
tractive as an optical material. Room-temperature
ultraviolet lasing via optical pumping has been demon-
strated with ZnO nanorods on deposited Au catalyst
using a high-temperature vapor transport process [8]. As
with any semiconductor, 1-D ZnO nanostructures pro-
vide an attractive candidate system for fundamental
quantization studies. In semiconductors, quantum ef-
fects should be observable for low-dimensional struc-
tures with length scales on the order of the exciton Bohr
radius [31,32]. For ZnO, with an effective mass of ~0.24
me., the exciton Bohr radius is 17 A. The formation of
1-D nanostructures for probing low-dimensional effects
such as quantization, interface scattering, and ballistic
transport should be possible.

The synthesis of ZnO nanowires and nanorods has
been demonstrated using vapor-phase transport via a
vapor-liquid-solid mechanisms [33,34], gas reactions
[35], and oxidation of metal in the pores of anodic
alumina membranes [36,37]. However, little activity
has been reported on the formation of (Zn,Mg)O alloy
nanorods. Recently, we reported on catalyst-driven
molecular beam epitaxy (MBE) of ZnO nanorods [38].
The process is site-specific, as single crystal ZnO nano-
rod growth is realized via nucleation on Ag films or
islands that are deposited on a SiO,-terminated Si sub-
strate surface. Growth occurs at relatively low substrate
temperatures, on the order of 300-500 °C. With this
approach, nanorod placement can be predefined via lo-
cation of metal catalyst islands or particles. This, cou-
pled with the relatively low growth temperatures,
suggests that ZnO nanorods could be integrated on
device platforms for numerous applications, including
chemical sensors, nano-optics, scanning probes and
nanoelectronics. For optical applications, the ability to
modify the bandgap via doping with Mg would be of
significant interest.

In this paper, we report on the synthesis and optical
properties of (Zn,Mg)O nanorods using the catalysis-
driven MBE method. Low temperature MBE conditions
are identified such that (Zn,Mg)O nucleation and
growth occurs on the deposited metal catalyst. With this
approach, site-specific, single crystal (Zn,Mg)O nanorod
growth is achieved with nanorod diameters as small as
15 nm.

The growth experiments were performed using a
conventional MBE system schematically illustrated in
Fig. 1. The background base pressure of the growth
chamber was approximately 5x 1078 mbar. An ozone/
oxygen mixture was used as the oxidizing source. The
nitrogen-free plasma discharge ozone generator yielded
an O03/O, ratio on the order of 1-3%. No effort was
made to separate the molecular oxygen from the ozone.
The cation flux was provided by Knudsen effusion cells
using high purity (99.9999%) Zn metal and Mg (99.95%)
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Fig. 1. Schematic of MBE system for nanorod growth.

as the source materials. Cation and O,/O; partial pres-
sure was determined via a nude ionization gauge that
was placed at the substrate position prior to growth. The
beam pressure of O3;/O, mixture was varied between
5x107% and 5x10~* mbar, controlled by a leak valve
between the ozone generator and the chamber. The Zn
and Mg pressure was varied between 5x 1077 and
4x10~° mbar. The substrates were Si wafers with native
SiO, layer terminating the surface. No effort was made
to remove the native oxide or to terminate the surface
with hydrogen.

Site-selective nucleation and growth of Mg-doped
ZnO was achieved by coating Si substrates with Ag
islands. For nominal Ag film thicknesses of 20-200 A,
discontinuous Ag islands are realized. On these small
metal islands, (Zn,Mg)O nanorods were observed to
grow. Typical growth times for (Zn,Mg)O on the Ag-
coated silicon was 2 h with growth temperatures ranging
from 7, = 300-500 °C. After growth, the samples were
evaluated by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and photo-
luminescence.

Fig. 2 shows a SEM image of ZnO nanorods grown
at two different temperatures on a Si wafer that was
coated with a nominally 10 nm thick layer of Ag. The
Ag was deposited using e-beam evaporation. The images
are for ZnO nanorods grown with a Zn pressure of
2x107° Torr and an oxygen/ozone pressure of 5x 1074
Torr. Under these conditions, ZnO deposition was ob-
served only on the Ag with no growth on regions of the
SiO,-terminated Si surface that was devoid of Ag. Fig.
2(a) shows a cross-section SEM image of ZnO nanorods
and whiskers grown at 400 °C. A dense entangled col-
lection of ZnO nanorods is observed to grow from the
surface. Both cylindrical nanorods and faceted whiskers
can be observed in the forest of ZnO nanostructures
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Fig. 2. SEM images of ZnO nanorods nucleated on Ag-coated
Si/SiO, substrate at (a) 400 °C and (b) 500 °C.

grown at 400 °C. Fig. 2(b) shows the SEM micrograph
of ZnO nanorods grown at 500 °C. In this case, only
nanorods are observed. In many cases, the length of
ZnO nanorods is in excess of 2 um. Note also that
mulitple nanorods are observed to nucleate from the
relatively large Ag islands. The diameter of the nanorods
is not determined by the initial radius of the Ag islands.

The growth of Mg-doped ZnO nanorods was inves-
tigated using the same conditions and Ag catalysts as
was used before. The high vapor pressures of both Zn
and Mg suggest that (Zn,Mg)O nanorod growth should
be possible under similar conditions. Fig. 3 shows a FE-
SEM image of the (Zn,Mg)O nanorods grown in a Zn
pressure of 2x107% mbar, a Mg pressure of 5x1077
mbar, and an O,/O; pressure of 5x10~* mbar. The
nanorods were deposited on a Ag-coated Si wafer with a
nominal Ag thickness of 2 nm. The growth temperature
was 400 °C. Note that the morphology of the nanorods
changes with the addition of Mg. First, only rods are
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Fig. 3. SEM image of (Zn,Mg)O nanorods grown by catalyst-
assisted MBE. Also shown (b) is the energy-dispersive spect-
rometry data confirming the presence of Mg and Zn in the
nanorods.

observed with no whiskers. Second, the distribution of
rod diameters becomes more narrow with the addition
of Mg flux. Energy-dispersive spectrometry was used to
confirm the presence of Mg in the nanorod composition.
A Mg peak is clearly present in the figure. From the
high-resolution image, the nanorod cross-section ap-
pears to be cylindrical. The thickness of the nanorods
shown in Fig. 3 is on the order of 30 nm.

In addition to SEM, the (Zn,Mg)O nanorods were
examined using TEM. Fig. 4 shows a TEM image of an
individual ZnO nanorod. The nanorod shown in Fig. 4
was not carbon-coated. A typical rod thickness is 10 nm.
The lattice image for the nanorod specimen indicates
that the rod is crystalline with the wurtzite crystal
structure. The c axis is oriented along the long axis of the
rod. Also evident in the image is a small particle em-
bedded at the tip of the rod. This is similar to what is
observed for other nanorod synthesis that is driven by a
catalytic reaction, where catalyst particles become sus-
pended on the nanorod tip [39,40].
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Fig. 4. Scanning transmission electron microscope image of
a single crystal (Zn,Mg)O nanorod.

The optical properties of the nanorods were exam-
ined using photoluminescence. A He—Cd ( 325 nm) laser
was used as the excitation source. The room-tempera-
ture luminescence for a ZnO nanorod specimen is shown
in Fig. 5, revealing a robust near band-edge emission
peak located at 3.3 eV. This is consistent with lumines-
cence reported for near band edge emission in epitaxial
films [41,42] and larger diameter ZnO nanorods [43].
The figure shows the photoluminescence spectrum for
rods grown at 400 °C and 500 °C. Clearly the lumines-
cence is higher for the rods grown at 500 °C, reflecting
superior crystallinity. Note also that the broadband
emission due to defect levels also differs. A broad, but
weak, green emission peak is observed at ~2.8 eV for
rods grown at 400 °C. This is typically associated with
trap-state emission attributed to singly ionized oxygen
vacancies in ZnO [44]. The emission is the result of the
radiative recombination of photogenerated holes with
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Fig. 5. Photoluminescence spectra for ZnO nanorods grown at
400 and 500 °C.

120
1 nanorod photoluminescence

100

(Zn,Mg)O

80
60

40

Normalized Intensity(%)

3.30 3.40 3.50

Energy(eV)

3.10 3.20

Fig. 6. Comparison of band-edge photoluminescence for ZnO
and (Zn,Mg)O nanorods.

electrons occupying the oxygen vacancy. Similar results
have been observed for ZnO nanorods formed via vapor
transport. However, the nanorods grown at 500° C ex-
hibit a broad emission center at ~2.0 eV. The photo-
luminescence spectra for the (Zn,Mg)O nanorod samples
is shown in Fig. 6. A shift in the photoluminescence
peak location is observed, although it is much less than
what would be predicted based on the EDS measure of
Mg content, as well as has been seen in the luminescence
properties of (Zn,Mg)O epitaxial films. Current efforts
are exploring the luminescent properties of the Mg-
doped ZnO nanorod materials.
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