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anipulating the growth of multi-

dimensional nanostructures via

bottom-up processes is impor-
tant to advance fundamental understand-
ing of nanomaterials and for engineering
novel functional devices.! Zinc oxide (ZnO)
is a wide band gap (3.37 eV) semiconductor
with a large exciton binding energy (60
mV) and one of the most widely used and
studied functional oxides. Zinc oxide readily
forms into noncentral symmetric wurtzite
nanocrystal structures with self-polarized
crystal surfaces. The thermodynamically
stable crystallographic faces of ZnO include
a polar-terminated (001) face and nonpolar
low-symmetry (100) faces.? The low-
symmetry surfaces are more stable than
the polar face, leading to faster growth
along the polar surface. As a result, a
variety of one-dimensional (1D) ZnO nano-
structures including nanorods/nanowires,
nanobelts, nanorings, and other hierarchi-
cal nanostructures can be readily synthe-
sized, and these materials have been exam-
ined for applications in photovoltaic energy
conversion, optics, optoelectronics, cataly-
sis, and piezoelectric systems.3~? In addi-
tion, two-dimensional (2D) ZnO nanowalls,
nanosheets, and nanoplates have also at-
tracted attention due to their nanometer-
scale thickness, high surface-to-volume
ratio, and interesting optical and photocat-
alytic properties for applications in energy
storage and conversion, electronic memory,
and as chemical sensing elements.'® Pri-
mary routes for 2D ZnO nanostructure syn-
thesis include vapor—Iliquid—solid (VLS)
growth and metal—organic chemical vapor
deposition (MOCVD) at relatively high tem-
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ABSTRACT Three-dimensional nanoscale constructs are finding applications in many emerging fields,

including energy generation and storage, advanced water and air purification, and filtration strategies, as well

as photocatalytic and biochemical separation systems. Progress in these important technologies will benefit from

improved understanding of fundamental principles underlying nanostructure integration and bottom-up growth

processes. While previous work has identified hydrothermal synthesis conditions to produce nanoscale Zn0 rods,

sheets, and plates, strategies to systematically integrate these elements into more complex nano-architectures are

not previously described. This article illustrates that amorphous nanoscale coatings formed by atomic layer

deposition (ALD) are a viable means to modulate and screen the surface polarity of Zn0 crystal faces and thereby

regulate the growth morphology during successive hydrothermal nanocrystal synthesis. Using this new strategy,

this work demonstrates direct integration and sequential assembly of nanocrystalline rods and sheets to produce

complex three-dimensional geometric forms, where structure evolution is achieved by modifying the surface

growth condition, keeping the hydrothermal growth chemistry unchanged. Therefore, rational planning of seed

layer and feature spacing geometries may allow researchers to engineer, at the nanoscale, complex three-

dimensional crystalline and semicrystalline constructs for a wide range of future applications.
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peratures (400—800 °C)."* "> A smaller num-
ber of researchers have also reported the
formation of 2D ZnO nanostructures using
solution-based hydrothermal or chemical
bath methods.'®'®~2" These methods are
appealing because they proceed at low pro-
cessing temperature (<100 °C) and allow
for low cost and ready extension to large-
scale fabrication.!”

Previously, the morphology of 2D ZnO
nanostructures has been controlled to some
extent by adjusting the solution growth
conditions, including pH, precursor concen-
tration, and temperature.'® 2! For example,
in aqueous processing under strong alkaline
conditions (i.e., low Zn?*/OH™ ratio), excess
OH™ ions adsorb and inhibit growth on the
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positively charged (001) surface, promoting a morphol-
ogy transition. Due to the inherent crystalline surface
polarity and the related thermodynamic restriction of
ZnO growth, controlling the morphology of solution-
based synthesis of ZnO nanostructures remains an im-
portant challenge in materials synthesis. New schemes
to influence surface polarity and crystal nucleation will
promote new methods and applications for low-
temperature solution-based materials synthesis.

In this article, we establish that amorphous nano-
scale coatings formed by atomic layer deposition (ALD)
are a viable means to modulate and screen the surface
polarity of ZnO crystal faces and thereby regulate the
growth morphology during successive solution-based
hydrothermal process steps. Atomic layer deposition
proceeds through sequential exposures of a sample sur-
face to a binary sequence of self-limiting surface reac-
tions. On a reactive surface, when a monolayer-scale
self-limiting heterogeneous surface reaction “A” is fol-
lowed by another self-limiting reaction “B”, a uniform
monolayer of product is formed. Repeating the A/B re-
action sequence allows the product to be deposited
conformally and uniformly over the entire available re-
active surface. Many atomic layer deposition processes,
including those for Al,03; and ZnO utilized in this work,
are readily extendable to large-scale using tempera-
tures less than ~150 °C.22~?” For Al,O5 ALD, the A/B re-
action cycle consists of alternate exposures of trimethy-
laluminum and water vapor at 125 °C, separated by Ar
purge. Zinc oxide ALD is performed under similar con-
ditions, with an A/B sequence of diethylzinc and water
vapor.

In addition to surface charge screening, we show
that highly conformal atomic layer deposition of poly-
crystalline ZnO can promote uniform nucleation during
hydrothermal ZnO deposition, allowing hierarchical
morphology evolution of 1D ZnO nanorods (NRs), 2D
nanosheets (NSs), and complex three-dimensional ZnO
nanosheet/nanorod constructs. For this work, the hy-
drothermal growth (HT) is performed under fixed con-
ditions without changing pH or precursor concentra-
tion. The morphology control is fully enabled, therefore,
by adjusting composition and thickness of the screen-
ing and nucleation layers formed using ALD. Specifi-
cally, covering ZnO nanorods with a bilayer ALD nano-
coating of amorphous Al,O; followed by ZnO (denoted
as AlL,O; + ZnO) enables facile screening of the polar
surface of ZnO NRs (i.e., by the amorphous Al,O; nano-
layer), followed by straightforward integration of a con-
formal and uniform nucleation platform (i.e., the ALD
ZnO nanolayer) for subsequent solution-based ZnO
crystal synthesis.

Work shown here employs a multistep synthesis of
ZnO nanostructure, using sequential ALD and hydro-
thermal ZnO growth. The first hydrothermal growth
produces ZnO NRs on the ZnO ALD-coated Si sub-
strates. Then, ZnO or Al,O; + ZnO ALD coating is per-
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Figure 1. (a) FESEM image (60° tilt view) of first ZnO NRs
grown on a ZnO ALD-coated Si substrate using hydrother-
mal (HT) method. (b) High-resolution TEM image of the first
ZnO NR shown in (a).

formed to tune the surface polarity of the first ZnO
NRs, and a second ZnO hydrothermal step is performed.
The second ZnO crystal synthesis process results in dra-
matic crystal morphology change that depends
strongly on the substrate shielding, which is deter-
mined by the thickness of the aluminum oxide ALD
layer. The substrate feature spacing, which is also tuned
by ALD, is also shown to have a notable influence on
the resulting morphology. Mechanisms to account for
the observed morphology evolution are proposed, and
an effective “phase space” diagram is developed to or-
ganize and coordinate the resulting nanostructures.
We further demonstrate the flexibility of the combined
ALD and hydrothermal synthesis approach by systemat-
ical assembly of complex hierarchical nano-
architectures, built up using sequential nanosheet on
nanorod and nanorod on nanosheet construction.

RESULTS AND DISCUSSION

First Hydrothermal Growth of Zn0 Nanorods on Zn0 ALD
Surfaces. Figure 1 shows typical field emission scanning
electron microscopy (FESEM) and high-resolution trans-
mission electron microscopy (HRTEM) images of ZnO
NRs synthesized by hydrothermal growth on planar
ALD ZnO formed on silicon substrates. For all samples
studied on planar surfaces, the ZnO seed layer is formed
at 125 °C using 60 A/B reaction cycles, resulting in ~11
nm of deposited film, close to the expected deposition
rate of 0.18 nm/cycle.? It can be seen in Figure 1a that
ZnO NRs are well-aligned vertically with an average di-
ameter of ~27 nm and a length of ~450 nm, leading
to an aspect ratio (length/diameter) of ~17. Figure 1b
displays a HRTEM image of the lattice spacing between
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Figure 2. FESEM images (60° tilt view) and selective area
EDS analysis for samples similar to that in Figure 1, after
coating with (a) ZnO (300 cycles) and (b) Al,O; + ZnO (20 +
300 cycles) onto the first ZnO NRs.

adjacent lattice planes in the resulting ZnO nanorods.
The d spacing of the (0001) planes is 0.26 nm, confirm-
ing anisotropic hydrothermal growth of crystalline ZnO
NRs in a c-axis orientation. Nanorods grown on ALD
ZnO seed layers appear equivalent to those deposited
on seeds formed by sol—gel, sputtering, or pulsed laser
deposition.?83° This demonstrates that the ALD
method provides good quality seed layers at low tem-
perature for hydrothermal ZnO nanorod synthesis.
Moreover, as presented below, ALD provides addi-
tional unique capability for seed layers that are highly
conformal with uniform thickness, facilitating hydro-
thermal growth initiation on highly complex surface
structures.

Al,0; and Zn0 ALD on Zn0 Nanorods. Field emission SEM
images of ZnO nanorod samples coated with (a) ALD
ZnO (300 cycles) and (b) ALD Al,Os (20 cycles) followed
by ZnO (300 cycles) are presented in Figure 2. Protuber-
ances larger than the original nanorods are observed
after each process. For both images in Figure 2, it is im-
portant to note that 300 ALD cycles of ZnO are ex-
pected to produce more than 50 nm of conformal film
deposition, which fills lateral space between the ZnO
nanorods. Analysis of field emission SEM images shows
that the diameter of the rods scales with ALD film thick-
ness. Nanorods that are ~75 nm in diameter after 100
ALD cycles grow to ~150 nm after 200 additional
cycles, consistent with a growth rate of ~0.18 nm/
cycle. As growth proceeds, the feature size increases
and some nanorods become buried. This decreases the
number of features on the surface, leading to the sur-
face texture shown in Figure 2. For the nanocrystals
coated with only ZnO, the remaining features maintain
a hexagonal shape, whereas the Al,O; + ZnO sequence
results in features that are more spherical in shape.
The energy-dispersive X-ray spectroscopy (EDS) results
that accompany the FESEM data in Figure 2 show the
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Figure 3. XRD spectra of samples with ZnO or Al,0; + ZnO
ALD coating onto the first ZnO NRs. (a) Effect of the presence
of intermediate amorphous Al,Os layer on the crystallinity
of subsequent ZnO films on the first ZnO NRs. The inset
drawing shows the typical crystal structure of ZnO. (b) Ef-
fect of intermediate Al,O; layer on the lateral growth of sub-
sequent ZnO films on the first ZnO NRs.

surfaces have the expected composition of Zn and O,
or Zn, O, and Al.

Figure 3 presents X-ray diffraction (XRD) results ob-
tained from the samples shown in Figure 2. The diffrac-
tion peaks positioned at 20 = 31.77, 34.42, and 36.25°
are indexed to the hexagonal wurtzite phase of ZnO
(JCPDS card no. 36-1451). Figure 3a shows the sample
after ZnO NR growth, and XRD exhibits a strong align-
ment toward the (002) orientation, consistent with data
in Figure 1b showing ZnO preferential growth along
the c-axis. The NR sample coated with 300 A/B cycles
of ZnO shows a dramatic ~3-fold increase in the (002)
reflection, indicating continued anisotropic crystal
growth. The NR sample coated with Al,05; + ZnO (20
+ 300 A/B cycles) shows new peaks associated with
(100) and (101) planes, consistent with nonpolar sur-
face orientation. Furthermore, as shown in Figure 3b,
after 20 cycles of Al,O5 deposition, increasing the ZnO
layer thickness from 100 to 300 cycles has a minimal ef-
fect on the (002) peak intensity, whereas the (100) and
(101) peak intensities both increase, again consistent
with nonpreferential ZnO film growth.

The data presented in Figures 2 and 3 indicate that
deposition of a very thin (~2 nm) amorphous Al,Os3
layer disrupts the crystalline continuity of the subse-
quent ZnO ALD. This thin amorphous layer appears to
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Figure 4. FESEM images (top and cross-sectional views) of samples with morphology evolution from ZnO nanorods (NRs) to
ZnO nanosheets (NSs). The left panels present the surface (before the second hydrothermal growth) after ALD consisting of
AlLO; + ZnO = (a) 0 + 100 cycles, (d) 20 + 100 cycles, and (g) 100 + 100 cycles. The remaining panels of (b,c), (e,f), and
(h,i) display images of the corresponding surfaces after the second hydrothermal growth.

be sufficiently uniform and conformal to effectively
screen the inherent surface polarity of the ZnO NRs
and hinder the crystalline registry during the next ZnO
deposition step.

(002)
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Intensity (a.u.)

20 + 100 (102)
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Figure 5. XRD spectra of samples with Al,O; + ZnO ALD
and subsequent ZnO hydrothermal growth on the first ZnO
NRs. With introduction of an amorphous Al,O; layer, the ZnO
growth along the polar (002) orientation is remarkably sup-
pressed, and new peaks of (100), (101), and (102) are gener-
ated, which is consistent with results for only ALD coating
on ZnO NRs (Figure 3).

NI) voL.3 » NO.10 = NAETAL

Second Zn0 Hydrothermal Growth and Morphology Evolution
on ALD Al,0; + Zn0-Coated NRs. Data presented above sug-
gest that a ZnO ALD coating on ZnO nanorods allows
the surface polarity to be maintained, whereas polarity
is lost when an intermediate Al,O; layer is deposited
onto the NRs before the ZnO ALD step. To understand
the influence of surface structure on subsequent hydro-
thermal ZnO growth, a series of samples was prepared
with Al,O; + ZnO ALD layers on ZnO nanorods, where
the thickness of the intermediate Al,O; ALD layer was
set at 0, 20, and 100 Al,O; A/B cycles. These samples
were then used as substrates for a second ZnO hydro-
thermal growth step, under the same conditions as for
the first growth on the planar ZnO surface. The results
are summarized in Figure 4. The panels on the left show
the surface before hydrothermal growth, consisting of
Al,O3 + ZnO = (a) 0 + 100 cycles, (d) 20 + 100 cycles,
and (g) 100 + 100 cycles. The remaining panels display
images of the corresponding surfaces after hydrother-
mal growth.

Considering the substrate sample with only ZnO
ALD coating (panel a, Figure 4), the hydrothermal step
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Figure 6. Growth mechanisms of ZnO nanostructures proposed for the morphology evolution of 1D ZnO nanorods to 2D
ZnO nanosheets, which is determined by shielding the inherent surface polarity through ZnO or Al,0; + ZnO ALD coating

onto the first ZnO NRs.

(panels b and c) results in continued growth of 1D
ZnO NRs, where the resulting rods have a relatively
large diameter and low density. The cross-section im-
age in panel ¢ shows that the nanorod layer formed
during the second hydrothermal step is thicker, but less
dense, than the underlying NR layer from the first hy-
drothermal step. The resulting morphology indicates
that growth proceeds almost exclusively in the vertical
direction, and that the NR substrate presents a smaller
number of successful nucleation sites for the second hy-
drothermal growth, as compared to the planar ZnO
used for the first hydrothermal step.

For the sample substrate with Al,O; + ZnO = 20 +
100 cycles (panel d), results after hydrothermal growth

www.acsnano.org

in panels e and f show that the intermediate Al,O3
layer has a dramatic effect on the growth morphology.
The surface shows two-dimensional “nanosheets”,
mixed with one-dimensional nanorods. We note that
the nanorods are now directed more randomly than for
the substrate without the Al,Os layer, consistent with a
different NR nucleation process in this case. The
nanosheets (NSs) appear to have uniform thickness
and height similar to the longest NRs.

Further increasing the intermediate Al,O; layer
thickness continues to influence the ZnO hydrother-
mal growth morphology, as shown in panels h and i.
Hydrothermal growth on the substrate with Al,O; +
ZnO = 100 + 100 cycles results in uniform 2D ZnO
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nanosheets, with no evidence for nanorod growth. The
nanosheets are nearly 5-fold taller than the nanowires
(panel c) and nearly 3-fold taller than the previous
nanosheets (panel f) grown under the same condi-
tions.?’ The wall thickness of the ZnO nanosheets is
~20 nm, consistent with similar ZnO structures formed
previously by Jing et al.'? Results from EDS analysis indi-
cate the nanosheets contain Zn and O, with some Al
present from the ALD layer. The three different nano-
structure types displayed in Figure 4 were readily repro-
duced. Each type was replicated in separate experi-
ments at least two different times, consistent with the
expected reproducibility of atomic layer deposition.
X-ray diffraction results from the samples in Figure
4c,fi are shown in Figure 5. The sample without the
Al,Os interlayer shows a strong c-axis (002) reflection.
The samples with an Al,Os layer show a much smaller
(002) reflection intensity, along with new small peaks
associated with (100), (101), and (102) orientations.
Mechanisms to account for the observed results are
now proposed and are illustrated schematically in Fig-
ure 6. The sample with ZnO nanorods on planar ZnO,
depicted in the upper left of Figure 6 (and in the FESEM
image in Figure 1), is the starting surface for all subse-
quent samples. Coating these nanorods with 100 cycles
(~18 nm) of ALD ZnO slightly reduces the spacing be-
tween the NRs but does not disturb the surface polar-
ity of the ZnO NRs, allowing NR hydrothermal growth to
proceed along the preferred growth direction. Similar
behavior was observed previously in the multistep hy-
drothermal growth of ZnO NRs, where stepwise con-
tinuous growth of ZnO NRs was exhibited.?' As dis-
played in the second row in Figure 6, a thin Al,O; layer
on the starting ZnO NRs impedes but does not com-
pletely eliminate ZnO hydrothermal NR nucleation. The
ZnO ALD layer on top of the Al,O; coating allows ZnO
hydrothermal crystal nucleation, with no apparent pre-
ferred orientation. The more random crystal growth ob-
served with the Al,O; interlayer, therefore, is ascribed
to ZnO crystal polarity shielding by the Al,O; film. On
the nanorods incorporating the Al,O; interlayer, ran-
dom growth of ZnO nanorods proceeds, including ver-
tical growth and some horizontal growth in the small
gaps on the surface. The random intersection of grow-
ing crystals produces a high density of grain bound-
aries, which can provide thermodynamically favorable
sites for Zn precipitation.'® We hypothesize that these
grain boundaries thereby act to facilitate nucleation of
the observed 2D nanosheets. The third row in Figure 6
shows the effect of a thicker Al,Os layer, with additional
surface polarity shielding. In this case, isotropic ZnO
growth dominates, more efficiently filling the space be-
tween surface NRs, allowing nanosheets to more rap-
idly nucleate and grow. The increase in layer thickness
upon progression from nanorods to nanosheets reflects
the decrease in layer density and the mass uptake lim-
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Figure 7. (a) FESEM image of Al,03; + ZnO (10 + 200 cycles)
ALD-coated vertically aligned carbon nanofibers, which are
grown on the patterned Ni nucleation sites with a distance
of ~5 um. (b) Magnified image of a carbon nanofiber with
exposed cross section in (a). (c) Image of carbon nanofibers
covered with vertically aligned ZnO NRs formed during hy-
drothermal growth on (a) sample. (d) Magnified image of a
carbon fiber covered with ZnO NRs in (c). This demonstrates
that hydrothermal nucleation and growth of ZnO nanorods
can proceed on an arbitrary surface geometry using confor-
mal ZnO ALD as a nucleation layer.

ited by precursor depletion and consumption in the hy-
drothermal process.?®

The proposed mechanism for the transition from
nanorod to nanosheet growth indicates that the initial
spacing of substrate features has a strong influence on
the resulting growth morphology. Results in Figures 4
show that this spacing can be tuned using ALD process-
ing. To examine the effect of feature spacing more ex-
plicitly, two extreme cases are studied, where the fea-
ture spacing is very large (Figure 7) and where the
starting surface feature spacing is very small (Figure 8).
Figure 7a shows the case for large separation of sur-
face features, where a set of vertically aligned silicon
nitride-coated carbon nanofibers, separated by spaces
of ~5 wm, were grown by plasma-enhanced chemical
vapor deposition on a regular array of Ni catalyst par-
ticles.? The resulting rods were then coated by ALD
AlL,O5 + ZnO (10 + 200 cycles). A magnified view of one
fiber, with exposed cross section, is presented in Fig-

Zn0 + 1% HT + ALO; (20) + ZnO (300) + 2™ HT

Figure 8. FESEM images (top and 60° tilt views) of a sample
with Al,O; + ZnO ALD (20 + 300 cycles) and subsequent hy-
drothermal growth onto the first ZnO NRs.
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Zn0 + 1* HT + ALO; (100) + ZnO (100) + 2" HT + AL, O; (100) + ZnO (200) + 3™ HT

Figure 9. FESEM images of a sample with additional Al,03; + ZnO (100 + 200

cycles) ALD coating on ZnO nanosheets (Figure 5¢,f) and subsequent hydrother-
mal growth. (a) Plane- and (c) titled-view SEM images of three-dimensional ZnO
nanostructure with ZnO nanorods grown on ZnO nanosheets. (b,d) Magnified im-

gap becomes negligible, new ZnO
nanorods, structurally isolated from
the starting nanorods, are formed on
top of the merged surface (Figure 8).
If no polarity shielding layer is
present, the gap width is expected
to have minimal effect; the second
hydrothermal step simply continues
the growth of the vertical nanorods.
Third Zn0 Hydrothermal Growth:
Nanorod Growth on Nanosheets. The re-
sults presented above reveal that
surface polarity and feature separa
tion both contribute to the nano-
scale morphology of ZnO features
formed during hydrothermal syn-
thesis. As a further demonstration
of the versatility of the ALD process
to alter surface polarity, samples
comprising 2D nanosheets (formed
during the second hydrothermal
step) grown on dense nanorods
(first hydrothermal step) were
treated to Al,O; + ZnO (100 + 200

ages corresponding to (a) and (c), respectively.

ure 7b, demonstrating the conformal Al,0; + ZnO
ALD coating. Similarly prepared substrates are shown
in panels c and d in Figure 7 after exposure to ZnO hy-
drothermal deposition. ZnO nanorods grow uniformly
over the entire substrate area and are directed normal
to the growth surface, along the planar substrate bot-
tom, and along the vertical length of the rod. In this
case, the features are sufficiently far apart that adja-
cent fibers do not interact.

Figure 8 shows another case, where ZnO nano-
rods formed by hydrothermal growth (similar to those
shown in Figure 1a) are further coated with a thick
layer of Al,O3; + ZnO ALD (=20 + 300 cycles) before
being exposed to hydrothermal ZnO deposition. The
net ALD film coating thickness is ~60 nm, which is
comparable to the distance between the starting
nanorods. After ALD, therefore, the spacing between
the surface features is very small. When this surface is
used as a substrate for hydrothermal deposition, any
structural registry between the initial nanorods and
the second hydrothermal growth layer is lost, and new
ZnO nanorods are formed. The final structure is closely
analogous to that obtained for hydrothermal growth
on planar ZnO ALD layers, shown in Figure 1.

On the basis of the results in Figures 7 and 8,
the effect of starting surface geometry can be sum-
marized as follows. The gap distance between ZnO
nanorods is classified as wide, narrow, or negligible.
When the gap is wide, new ZnO NRs emanate nor-
mal to the growth surface, as shown in Figure 7. As
the gap becomes narrow, but not zero, 2D ZnO
nanosheets are formed (Figure 4). Finally, when the
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cycles) ALD coating. This ALD se-

quence will act to shield the under-
lying ZnO crystal structure but provides a stable and
uniform nucleation layer for a third ZnO hydrothermal
growth treatment. The hydrothermal process then re-
sulted, as expected, in uniform growth of nanorods,
normal to the nanosheet surfaces, over the entire ex-
posed surface area. Images of the resulting hierarchical
nanorod/nanosheet/nanorod structures are shown in
Figure 9. The density and net length of the new nano-
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Figure 10. Schematic illustration of the phase diagram showing the dependence
of ZnO nanostructures on the surface polarity shielding and surface feature spac-
ing during ALD coating and subsequent ZnO hydrothermal growth on the first

ZnO NRs.
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rods are similar to the nanorods that grew during the
first hydrothermal step. A higher resolution image of a
fractured nanosheet covered with nanowires is shown
in panel d (Figure 9). The thin ALD nucleation layer is
visible conformally covering the nanosheet, with nano-
rods extending out from the nucleation layer surface.
Atomic layer deposition is a unique approach for crys-
tal surface polarity shielding and conformal hydrother-
mal nucleation layer formation, thereby permitting ra-
tional hierarchical integration of one-dimensional
nanorods, two-dimensional nanosheets, and mixtures
of nanosheets and nanorods, with significant complex-
ity. Nanostructure evolution is thereby controlled by
combining surface polarity transitions, surface feature
spacing, and crystal seed layer conformality. The com-
plex nanostructured geometries demonstrated here
can be collected and sorted into a practical “phase
space” diagram, constructed using substrate feature
spacing and effective polarity shielding as controllable
parameters. The resulting “phase diagram” is shown in
Figure 10. It shows, for example, that with little or no
polarity shielding, a change in the feature spacing pro-
vides little change in the hydrothermal growth mor-
phology, whereas morphology is highly sensitive to fea-
ture spacing under heavy polarity shielding conditions.

CONCLUSIONS
The sequential application of atomic layer deposi-
tion of Al,O3 and ZnO, integrated with low-temperature

EXPERIMENTAL METHODS

Atomic Layer Deposition of Zn0 and Al,0; Films. Atomic layer deposi-
tion of ZnO and Al,O; was performed using diethylzinc (DEZ,
Zn(CH,CHs),), trimethylaluminum (TMA, Al(CHs);), and deion-
ized water (H,0) as Zn, Al, and oxidant precursors, respectively.
Argon was used as a carrier and purge gas. The deposition was
carried out in a custom-made hot-wall two-inch diameter flow-
tube reactor. Diethylzinc and trimethylaluminum were obtained
from Strem Chemicals and used as received. The growth temper-
ature was set at 125 °C, and the operating pressure was main-
tained at 2 Torr with a total gas flow rate of 100 sccm. Using in-
line gas flow metering valves, the pressure increase during each
precursor exposure was set at ~0.1 Torr during a typical 1 s ex-
posure time. During ALD of Al,O3 (or ZnO), the TMA (or DEZ) and
H,0 reactive precursor gases are injected into the ALD reactor
in an ABAB... exposure sequence. When ZnO ALD is used alone
to form nucleation layers on planar surfaces, a reaction cycle con-
sists of 1 s long precursor exposure and 20 s long Ar purge.
When ALD ZnO or Al,O; + ZnO is formed on more complex sur-
face structures, a longer process time is used with 2 s long pre-
cursor exposure and 40 s long Ar purge during each cycle to
more fully infiltrate the precursors into the ZnO nanostructures.

Hydrothermal Growth of Zn0 Nanostructures. After coating silicon
substrates by ZnO or Al,O0; + ZnO ALD, hydrothermal growth
of ZnO nanorods or nanosheets was performed by suspending
the sample upside-down in a Teflon beaker filled with an
equimolar aqueous solution (20 mM) of zinc nitrate hexahy-
drate [Zn(NOs), - 6H,0, Fluka, 99.0% purity] and hexamethylene-
tetramine (HMT) [C¢H1,N,, Fluka, 99.0% purity]. Before introduc-
ing the substrate into the growth solution, the Teflon beaker
containing the precursor solution was maintained in a labora-
tory oven at 80 °C for 1 h to reduce the density of free-floating
ZnO nanoparticulates. The substrate was then placed in the

hydrothermal synthesis of ZnO nanocrystals, enables hi-
erarchical assembly of ZnO nanorods and nanosheets
into complex three-dimensional constructs. Atomic
layer deposition of ultrathin highly conformal amor-
phous aluminum oxide layers onto ZnO crystals inter-
rupts surface polarity effects that commonly guide the
preferential growth of favored crystal faces. The uni-
form and conformal atomic layer deposition of ZnO
nucleation layers on complex surfaces then permits ho-
mogeneous nanocrystal growth using hydrothermal
synthesis techniques.

Substrate surface polarity shielding and sub-
strate nanostructure spacing are shown to be criti-
cal independent parameters that define if hydrother-
mal growth will result in nanocrystal enlargement,
nanocrystal overgrowth, formation of nanosheets, or
formation of combined nanosheet/nanopillared
structures. A practical “phase” diagram is proposed
to help guide the understanding of nanostructure
formation and propagation. Using the tools of polar-
ity shielding and substrate geometric patterning de-
scribed here, rational planning of seed layer and fea-
ture spacing geometries can be envisioned to allow
researchers to produce, at the nanoscale, three-
dimensional crystalline and semicrystalline con-
structs for a wide range of future applications, in-
cluding energy conversion and storage, sensing, and
advanced nanoencapsulation architectures.

heated solution and held at the same temperature for 6 h. At
the end of the growth period, the sample was removed from the
solution, then immediately rinsed with deionized water to re-
move any residual salt from the surface. Finally, the sample was
dried naturally in laboratory air at room temperature. The hydro-
thermal synthesis conditions used in this study were fixed for
all growth steps. The morphologies observed, therefore, were re-
lated only to the changes in the substrate surface produced by
the various ALD conditions studied.

Characterization of Zn0 Nanostructures. After deposition of a ZnO
seed layer by ALD on a planar silicon substrate, the film thick-
ness was measured using auto EL ellipsometer (Rudolph Tech.)
at an angle of incidence ® = 70° and a wavelength A = 632.8
nm. The morphology and chemical composition of the hydro-
thermal and ALD ZnO nanostructures were characterized using
a field emission scanning electron microscope (JEOL 6400F)
coupled with an energy-dispersive X-ray spectrometer at 5 and
20 kV, respectively. Also, HRTEM images of ZnO NRs were col-
lected with a Hitachi HF 2000 transmission electron microscope
at 200 kV. The crystal structures were determined by X-ray dif-
fraction (XRD, Bruker AXS) with Cu Ka radiation (A = 1.5406 nm).
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