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Quantum Confinement Observed in ZnO/ZnMgO
Nanorod Heterostructures**

By Won Il Park, Gyu-Chul Yi,* Miyoung Kim, and
Stephen J. Pennycook

One-dimensional nanostructures, including nanotubes, nano-
wires, and nanorods, are potentially ideal functional compo-
nents for nanometer-scale electronics and optoelectronics.“'”
Homogeneous carbon nanotubes and nanowires have already
been employed in various nanoscale devices."*! However, the
ability to fabricate nanoscale heterostructures with well-de-
fined crystalline interfaces opens up many new device applica-
tions, as already proven in thin-film semiconductor electronics
and photonics.m In particular, embedding quantum structures
in a single nanorod would enable novel physical properties
such as quantum confinement to be exploited, for example,
the continuous tuning of spectral wavelength by varying the
well thickness. Here, we report the catalyst-free fabrication of
quantum-well nanorod heterostructures that exhibit atomical-
ly abrupt interfaces and a well-width dependent blue shift re-
sulting from quantum confinement. The ability to grow tun-
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able quantum-well heterostructure nanorods is expected to
greatly increase the versatility and power of these building
blocks for applications in nanoscale photonics and electronics.

Quantum confinement effects in heterostructure nanowires
or nanorods have not been clearly observed despite the recent
synthesis of compositionally modulated nanowire superlat-
tices by the vapor-liquid—solid (VLS) growth process.®
This may result from the relatively broad heterostructure in-
terfaces caused by re-alloying of alternating reactants in the
metal catalyst during the condensation—precipitation pro-
cess.’! In that case, abrupt interfaces would be expected using
a non-catalytic growth technique to minimize the formation
of a mixed interfacial layer,[“] i.e., by utilizing direct adsorp-
tion of atoms on the top surface of nanorods. Nanoscale het-
erostructures can then be formed by direct epitaxial growth
using the techniques already developed for growth of thin-
film heterostructure devices. In this paper, we demonstrate
this to be the case by the fabrication of quantum-well struc-
tures within individual nanorods. With precise thickness con-
trol down to the monolayer level, these heterostructures show
the clear signature of quantum confinement, an increasing
blue-shift with decreasing layer thickness, which is in good
agreement with theoretical predictions.

Our approach to fabricating heterostructure nanorods uti-
lizes metal-organic vapor phase epitaxy (MOVPE) to grow
high-quality ZnO nanorods,'!! thus eliminating the metal cat-
alyst usually required in other methods.'"?! To fabricate het-
erostructures within the nanorods, Zn;_ Mg, O (x < 0.3) alloy
was employed since it has a lattice mismatch with ZnO of less
than 1 % as well as a larger bandgap.[m ZnO nanorods were
first prepared on Al,O3(00-1) substrates using MOVPE.['l]
Nanorods are formed as a result of preferential growth along
the c-axis of ZnO, offering an ideal method for fabrication of
nanoscale heterostructures. By introducing Mg precursor into
the reactor, Zn;_ Mg, O layers were epitaxially grown only on
the tips of the ZnO nanorods. This growth method ensures
minimal intermixing, since no dissolution is required in a cata-
lyst particle, and creates sharp interfaces that enable a wide
family of structures and devices to be fabricated.

The multiple quantum well (MQW) nanorods prepared in
this study consist of 10 periods of ZnysMg,,0/ZnO on ZnO
nanorods (a schematic diagram of the MQW nanorods is
shown in Fig. 1A). For ZnO nanorod growth, we employed
diethylzinc (DEZn) and oxygen as the reactants with argon as
the carrier gas. Details of the ZnO nanorod growth are de-
scribed elsewhere.!'!! For Zn;_ ,Mg,O growth bis(cyclopenta-
dienyl)magnesium (Cp,Mg) was used as the Mg precursor,
with composition controlled through the partial pressure.!"”
The growth time for the ZnMgO barrier layers was fixed at
36 s, while growth times for the ZnO well layers were set at
12, 18, and 27 s, resulting in well widths of 1.1, 1.7, and
2.5 nm, respectively, as determined by transmission electron
microscopy (TEM). The compositions of the Zn; ,Mg,O
layers in the heterostructure and MQW nanorods were deter-
mined by energy dispersive X-ray spectroscopy and for all
samples x was approximately 0.2.
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Field-emission scanning electron microscopy (FE-SEM) im-
ages of the MQW nanorods are shown in Figure 1B, revealing
that the nanorods were well aligned vertically with homoge-
neous length and diameter distributions. Typical mean diame-
ters and lengths were in the range of 20-70 nm and 0.5-2 um,
respectively. Additionally, X-ray diffraction (XRD) results
showed that the nanorod heterostructures were epitaxial with
homogeneous in-plane alignment as well as c-axis orientation
along the substrate normal.!"!

Figures 2A and B show TEM images of the samples with
1.1 and 2.5 nm wells, respectively. Both images exhibit bright
and dark layers in the MQW, corresponding to the
ZnygMg(,0 and ZnO layers, respectively. The interfaces be-
tween the different layers are clearly visible. Figure 2C shows
a high-resolution TEM image of the 2.5 nm sample. Nanorods

Fig. 2. TEM images of ZnO/Zn,sMgy>O MQW nanorods. A,B) Low-magnification TEM images of
the samples with 1.1 and 2.5 nm wells. The repeating dark and bright layers represent the MQW region.
C) High-resolution TEM image of the 2.5 nm sample. D-H) Z-contrast images of the 2.5 nm sample
with increasing magnification and an intensity profile (G) along the dashed line in (E). The Z-contrast
image clearly shows the compositional variation, with the bright layers representing the ZnO well
layers.
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Fig. 1. A) Schematic of multiple quantum well (MQW)
nanorods consisting of 10 periods of ZnygMg,,0/ZnO
on the tips of ZnO nanorods. An electronic band dia-
gram for the MQW is inset. B) FE-SEM images of the
MQW nanorods. Scale bar: 0.5 um.

grown along the c-axis of the hexagonal crystal structure are
almost defect-free except for a few edge dislocations. The in-
terfaces between ZnO and ZnygMg,,0O are as clean as the
ZnO layer, and interface dislocations are rarely observed, pre-
sumably due to the small lattice mismatch.

Z-contrast images of the MQW nanorods are shown in
Figures 2D-H. It has been shown over the last decade that
scanning TEM (STEM) imaging obtained from a high-angle
annular dark field (HAADF) detector can be described as
incoherent scattering, referred to as Z-contrast imaging, be-
cause each column of the image follows approximately the ex-
pected Z? dependence (where Z is an atomic number) of the
Rutherford scattering cross section.' Since lighter elements
scatter less, ZnO layers are brighter than ZnygMg,O layers
in a Z-contrast image.

In the higher magnification image, Fig-
ure 2F, the ZnO lattice is resolved, provid-
ing an internal magnification calibration.
The MQW period was determined to be
5.5 £ 0.1 nm, close to that expected from
the growth times. However, the intensity
profile across this image (Fig. 2G) shows
that the boundaries between ZnO and
Zny Mg ,0 are not very clear. Since ZnO/
ZnMgO heterostructures are thermally
stable up to 750 °C, 3] interdiffusion during
the low temperature growth at 450°C is
expected to be negligible. Furthermore,
between each change in composition of the
reaction gases the system was purged with
pure argon and oxygen, so no layer of
mixed composition is expected. We attrib-
ute the apparent broadening of the inter-
face to the slightly rounded shape of the
nanorod growth surface near the sides of
the rod (arrowed in Fig. 2A). In projection,
this will lead to an apparent blurring of the
interface on the order of 1 nm, as observed.
Interestingly, the atomic resolution image,
Figure 2H, indicates the presence of a
superlattice in both the wells and barrier
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layers, with periodicity equal to the c-axis lattice parameter.
Its origin is unclear: a composition modulation on the Zn sub-
lattice seems unlikely given the growth conditions, and al-
though O is not imaged directly, a periodic composition mod-
ulation on the O sublattice (such as an ordered array of
vacancies or impurities) could introduce periodic strains into
the Zn sublattice, resulting in the periodic change in columnar
intensity.

Figure 3 shows the photoluminescence (PL) spectrum from
single heterostructure nanorods measured at 10 K. The domi-
nant PL emission peak at 3.360 eV corresponds to the well-
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Fig. 3. A) 10 K PL spectra of ZnO/Zn,gMg,,0 heterostructure nanorods and
ZnO/Zny Mg >,0 MQW nanorods with band diagrams shown inset. B) Well-
width dependent PL peak positions in ZnO/ZnysMgy;,O MQW nanorods
(squares) and theoretically calculated values (circles) in 10 periods of one-
dimensional square potential wells. In this calculation, we employed following
parameters; 0.28m, and 1.8m, for the effective masses of electron and hole,
respectively, a ratio of conduction and valance band offsets (AE/AE,) of 9, and
a bandgap offset (AE,) of 250 meV.

known neutral-donor bound excitons (D,,X) in ZnO.'*!”) No
blue-shift in the PL spectrum of ZnO nanorods is observed
due to their large lateral size of ~40 nm. In addition to the
dominant PL peak, another weak PL peak is seen at 3.58 eV,
ascribed to excitonic emission from the single ZnosMg,,0O
layer.“3J However, PL spectra of ZnO/ZnyosMg,,0 MQW
nanorods exhibit new peaks with emission energies dependent
on well widths, as indicated by the arrows. PL emission from
the 2.5, 1.7, and 1.1 nm MQW nanorods is blue-shifted to
3.478, 3.496, and 3.515 eV, respectively. Results from other
samples are included in Figure 3B; the blue-shift decreases
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with increasing well width and is almost negligible at a well
width of 110 A. Results from theoretical predictions in finite
periodic square-well potential are also shown,'! and it is seen
that the systematic increase in PL emission energy with reduc-
ing well width is consistent with the quantum confinement ef-
fect.

Our controlled heteroepitaxial growth of ZnO/Zn; Mg, O
MQW nanorods by MOVPE opens up significant opportu-
nities for the fabrication of quantum device structures on a
single nanorod. The simple but accurate thickness control al-
lows heteroepitaxial growth of well-defined potential profiles
resulting in nanosized well structures in individual nanorods
that are tunable through the effects of quantum confinement.
These quantum building blocks may be used as components
for nanoscale resonant tunneling devices, field-effect transis-
tors, and light-emitting devices. More generally, we believe
that the simple “bottom—up” epitaxial approach might readily
be expanded to create many other heteroepitaxial semicon-
ductor nanorods.

Experimental

For the fabrication of ZnO/Zn, ,Mg,O heterostructure nanorods, ZnO
nanorods were prepared on Al,O3(00-1) substrates using a low-pressure
MOVPE system. No metal impurity catalyst was deposited on the substrates.
For ZnO nanorod growth, diethylzinc and oxygen were employed as the reac-
tants with argon as the carrier gas [11]. For Zn; ,Mg,O growth on the ZnO
nanorods, bis-cyclopentadienyl-Mg was used as the Mg precursor. The composi-
tion of the Zn;_,Mg,O layer was controlled by changing the partial pressure of
the Mg precursor [13]. ZnO/Zn,_Mg,O superlattice nanorods consisting of 10
periods of ZnO/Zn,_,Mg,O heterostructures on ZnO nanorods were fabricated
by controlling the reactant gas flow directions to either a reactor or vent. The
growth times of ZnO well layers in the samples were 12, 18, and 27 s, yielding
the well layer widths of 11, 17, and 25 A, respectively, while a growth time of
ZnMgO barrier layers was fixed at 36 s. The compositions of the Zn; Mg,O
layers in the heterostructure and superlattice nanorods were determined by en-
ergy dispersive X-ray spectroscopy in a transmission electron microscopy cham-
ber. The average concentration of Mg in the ZnMgO layers was about 20 at.-%.
The TEM samples were prepared by scratching the film surface, diffusing those
pieces inside alcohol, and putting them on carbon films. A Philips 300 kV FE-
TEM with 1.7 A point resolution was used to obtain both the TEM and Z-con-
trast images. Since nanorods tend to lie flat on carbon films, most {0001} nano-
rod planes exist in the Bragg condition. The PL measurements were performed
at 10 K with an optical resolution of 0.05 nm and the 325 nm line of a He-Cd
laser, described elsewhere [16].
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Stable Nanoporous Metallic Nickel Colloids**

By Yoshiyuki Hattori, Takehisa Konishi, Hirofumi Kanoh,
Shinji Kawasaki, and Katsumi Kaneko*

Porous metallic solids with pore sizes of nanoscale dimen-
sions are potentially of broad technological and fundamental
interest in research areas ranging from catalysis to adsorption
science. Attard and co-workers have developed some excel-
lent approaches to preparing nanostructured metals or metal
oxides by means of electrochemical deposition from the
homogeneous hexagonal mesophase of non-ionic surfactants
with metal salts."%) This method produces mesoporous metal-
lic thin films with arrays of uniform pore structures. Such me-
soporous metallic thin films display excellent electrochemical
characteristics and offer potential for many applications. Pile-
ni and co-workers also have synthesized some nanometer-
sized crystallites of metals and semiconductors using surfac-
tant solutions, such as lamellar lyotropic liquid crystals or
reverse micelles.”®! By using these preparation methods, a
variety of metal or semiconductor particles can be produced
with highly uniform shapes and sizes. Recently, Erlebacher
and co-workers have prepared nanoporous gold by dealloying
Ag-Au alloys.[9] The dealloying technique involves the selec-
tive dissolution of most the electrochemically active species
present. As described above, research on nanoporous metals
is developing in many directions, because of the ability of
these materials to store high volumes of atoms, ions, or mole-
cules, and to act as catalysts for some chemical reactions.

In this communication, we describe a synthetic route for
preparing nanostructured nickel using poly(vinyl alcohol)
(PVA) as a polymer precursor.'!"!! The use of PVA is signifi-
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cant for the formation of the metallic nickel colloids. The
nickel species can be readily doped into a PVA polymer
matrix in aqueous solutions. Another major advantage of the
use of PVA is that the PVA can be removed almost complete-
ly by burning off. In our case, the carbon content in the final
products is very slight, and can only be detected by X-ray
photoelectron spectroscopy (XPS). Small amounts of carbon
on nickel particles play an important part in the prevention of
particle sintering. The structural properties and the adsorptive
properties of the resulting compounds were also characterized
by means of scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), X-ray diffraction (XRD),
X-ray absorption fine-structure (XAFS) spectroscopy, and
nitrogen adsorption isotherms at 77 K.

Figure 1 shows the SEM and TEM images of the com-
pounds which were prepared by the thermal decomposition of
Ni(OH),-doped PVA films (Ni:PVA). Hereafter, the resulting

Fig. 1. The SEM and TEM images of a Ni:PVA film heat-treated at 923 K:
a) SEM image, b) low-magnification TEM image, and c) high-magnification
TEM image.

compounds prepared by the thermal decomposition of Ni:
PVA films are named as “Ni:PVA923.” Here, the 923 in the
sample name indicates the heat-treatment temperature in the
thermal decomposition process. The SEM image of the prod-
uct (Fig. 1a) exhibits a colloid of small nanoparticles. The
TEM images (Figs. 1b,c) show the presence of fine particles.
Most of the particles in the products were found to be less
than 10 nm in size. Figure 2a shows the XRD patterns for Ni
metal and Ni:PVA923. The powder XRD pattern of the prod-

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  0935-9648/03/0603-0529 $ 17.50+.50/0 529



