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ABSTRACT Wereport a three-dimensional (3D) mesoscale hetero-
structure composed of one-dimensional (1D) nanowire (NW) arrays
epitaxially grown on two-dimensional (2D) nanoplates. Specifically,
three facile syntheses are developed to assemble vertical ZnO NWs on
(uGa0, (CGO) nanoplates in mild aqueous solution conditions. The key
to the successful 3D mesoscale integration is the preferential nuclea-
tion and heteroepitaxial growth of Zn0 NWs on the (GO nanoplates.
Using transmission electron microscopy, heteroepitaxy was found
between the basal planes of (GO nanoplates and Zn0 NWs, which
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are their respective (001) crystallographic planes, by the observation of a hexagonal Moiré fringes pattern resulting from the slight mismatch between the

¢ planes of Zn0 and CGO. Careful analysis shows that this pattern can be described by a hexagonal supercell with a lattice parameter of almost exactly 11 and

12 times the a lattice constants for Zn0 and GO, respectively. The electrical properties of the individual (GO—Zn0 mesoscale heterostructures were measured

using a current-sensing atomic force microscopy setup to confirm the rectifying p—n diode behavior expected from the band alignment of p-type (GO and

n-type Zn0 wide band gap semiconductors. These 3D mesoscale heterostructures represent a new motif in nanoassembly for the integration of nanomaterials

into functional devices with potential applications in electronics, photonics, and energy.
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he rational synthesis and assembly
Tof three-dimensional (3D) mesoscale

structures from nanomaterial building
blocks with well-defined properties is of great
importance for numerous applications,' 8
such as solar energy conversion,' > electro-
chemical energy storage,>* nanoelectronics,
nanophotonics,® and synthetic tissues.® For
example, nanotrees (i.e., branched nanowires
(NWs)), are attractive for solar energy conver-
sion because they combine one-dimensional
(1D) properties, such as direct electron trans-
fer path from the branches to the current
collector, with 3D properties, in this case
improved light trapping and high surface
area for efficient solar energy harvest-
ing and catalysis."**~"" There are diverse
bottom-up approaches to synthesize or as-
semble nanomaterials into 3D systems from
simple mixing and/or deposition of nano-
materials*®'2 to direct gas or solution phase

FORTICAUX ET AL.

growth of hetero- and homostructures.’'>~ 12

The variety of nanomaterial morphologies and
compositions to build 3D structures is equally
extensive. For example, 1D NWs can be as-
sembled onto 2D surfaces'® ' and then
further built into 3D structures via layer-by-
layer deposition.'>'® By blending 1D NWs with
other materials, 3D entangled networks**°
and aerogels® can be readily prepared. Further-
more, 3D hierarchical NW nanostructures can
spontaneously grow in a single step’*'>?! or
can be synthesized through successive NW
growth.>'°?2=2* Going beyond 1D building
blocks, combinations of nanostructures with
0D, 1D, and 2D dimensionalities can also lead
to 3D mesoscale structures. Examples in-
clude zero-dimensional quantum dots dec-
orating NW arrays,® “nanoflowers” made
of two-dimensional (2D) nanoplates,®
and 2D nanoplates grown on or mixed with
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The assembly or synthesis of 1D NWs on 2D nano-
structures has rarely been explored.?® Here, 2D nano-
structures are broadly interpreted as nanostructures
with a thickness of tens to hundreds of nanometers, or
single layer, or sheet, of layered inorganic materials.>*>’
These 2D nano-objects are being investigated for a
variety of applications, such as high-performance nano-
electronic and optoelectronic devices,*' topological
insulators,**** dielectrics,>*** plasmonics,**>® catalysis,*
and supercapacitors.”® These 2D structures are also
convenient platforms for incorporating new materials,>
which led us to the idea of single integrated devices
composed of a stand-alone 2D nanoplate decorated with
1D NWs. This approach to form an individual 3D meso-
scale heterostructure represents a new motif in nanoas-
sembly for the integration of nanocomponents by taking
advantages of both 2D and 1D nanoscale geometries and
properties to form functional devices.

Here, we report the synthesis of 3D mesoscale
heterostructures of 1D ZnO NW arrays epitaxially
grown on 2D CuGaO, (CGO) nanoplates in aqueous solu-
tion. CGO has the rhombohedral delafossite crystal struc-
ture (JCPDS #41-0255; space group R3m, a = 2.976 A,
¢ =17.158 A in the hexagonal crystallographic setting),
and ZnO has the hexagonal wurtzite structure (JCPDS #
36-1451; space group P6smc, a = 3.25 A, ¢ = 5207 A).
A priori the basal planes of CGO nanoplates and ZnO
NWs are their respective (001) crystallographic planes,
that s, their ¢ planes,*®~** and therefore, a heteroepitax-
ial relationship at this interface is highly probable since
their a lattice parameters are only mismatched by 10%.
Furthermore, CGO and ZnO have complementary prop-
erties. As a p-type semiconductor with a wide band gap
of ~3.6 eV, CGO has been investigated as a photo-
cathode material in p-type dye-sensitized solar cells****
and as a promising p-type transparent conducting oxide
(TCO) material* since it has almost the same band gap
and crystal structure as CuAlO,, a material extensively
studied as one of the most promising p-type TCO.*
ZnO is a n-type semiconductor with a wide band gap
of 3.2 eV and is useful for many applications, such as
photonics,*” and solar,*® and piezoelectric** energy
conversion. The n-type ZnO and p-type CuAlO, can form
a type ll staggered band alignment,*® thus it is likely that
each individual CGO nanoplate—ZnO NW array 3D
heterostructure could be a p—n junction diode. How-
ever, unlike CuAlO,, the growth of high-quality crystal-
line CGO thin films has not been well-developed.*®

In this article, we take advantage of some well-
defined large single-crystal CGO nanoplates that we
have synthesized via hydrothermal reaction*' and our
expertise in solution-grown ZnO NWs**** to develop
three facile synthetic routes to controllably assemble
ZnO NW arrays on CGO nanoplates to form 3D meso-
scale heterostructures in mild aqueous solution condi-
tions. One of these routes also exploits the ability of
nanoplates to float on top of aqueous solutions,'®*’
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ZnO growth

solution \Zn(NOsl2 + HMT)

Figure 1. Schemes illustrating the three different synthesis
methods to grow ZnO NW arrays on CGO nanoplates.
(A) “Suspended” synthesis: CGO nanoplates are deposited
on a gold-coated Si/SiO, substrate, as shown in the SEM
image (B), which is then taped to a glass cap and immersed
(facing down) in the ZnO precursor solution to grow the NW
array; (C) CFR method; (D—G) “floating” synthesis: CGO
nanoplates float on top of the ZnO growth solution as
shown in the digital photograph (E) and bright-field optical
micrograph (F).

leading to free-floating heterostructures. These well-
defined 3D mesoscale heterostructures are characterized
by scanning electron microscopy (SEM), and the epitaxial
relationship between CGO and ZnO is confirmed and
elucidated by transmission electron microscopy (TEM).
Finally, we measure the electrical properties of the CGO—
ZnO heterostructures using a current-sensing atomic
force microscopy (CSAFM) setup and show their p—n
junction diode characteristics.

RESULTS AND DISCUSSION

Synthesis of the (GO Nanoplate—Zn0 NW Array Heterostruc-
tures. CGO nanoplates were grown via a hydrothermal
reaction by improving a procedure found in the liter-
ature.*' Lower concentrations of precursors (i.e., lower
supersaturation for crystal growth)*? and/or a different
precursor of ethylene diamine as the reductant were
employed in our synthesis instead of the ethylene
glycol used in the reported synthesis. These modifica-
tions consistently led to single-crystal nanoplates
with a much larger lateral dimension compared to
the previous reports, in which only platelets of a few
hundred nanometers in width were synthesized.*'
After appropriate washing and rinsing, the nanoplates
were confirmed to be phase pure CGO by powder X-ray
diffraction (PXRD, Supporting Information Figure S1).
SEM (Figure 1B) showed that the single-crystal CGO
nanoplates have well-defined hexagonal crystal
shapes and an average diameter of 20 um, and their
thickness ranges from 20 to 350 nm depending on the
synthetic conditions.

For the heterostructure syntheses, the growth
of ZnO NW arrays was performed in three different
ways. In the first method called “suspended” synthesis
(Figure 1A), nanoplates dispersed in ethanol were
drop-casted on a gold-coated Si/SiO, substrate which
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Figure 2. SEM images of CGO nanoplate—ZnO NW array heterostructures. Heterostructures grown via the “suspended”

synthesis (A—E), CFR (F), and the “floating” synthesis (G).

was then immersed, facing down, just below the air—
water interface of the precursor solution for ZnO
growth (10 mM zinc nitrate and 10 mM hexamethyl-
enetetramine (HMT)). The solution was then heated at
90 °Cfor 1 h to grow ZnO NWs. In the second method
(Figure 1C), similar substrates as in the first method
were mounted facing down in a continuous flow
reactor (CFR), a process we previously developed to
promote the screw dislocation-driven growth of NWs
at low supersaturation“®>>** and to enable controlla-
ble growth of high aspect ratio ZnO NWs. The third
method, called the “floating” synthesis (Figure 1D—G)
was inspired from two recent studies. In the first report,
when nanoplates of -Co(OH), were dispersed in
ethanol and drop-casted on top of an aqueous solu-
tion; they moved to the water—ethanol interface
and self-assembled into a floating monolayer.'® In
the second one, a free-floating seed layer of ZnO was
formed in situ on the surface of the precursor solution,
which then initiated the ZnO NW growth downward
into a self-supported NW array.”® Here, as illustrated in
Figure 1D, CGO nanoplates dispersed in ethanol and
drop-casted on top of the ZnO precursor solution also
formed a floating layer, which was directly visible by
eye (Figure 1E), and the free-standing CGO nanoplates
could be observed by optical microscopy (Figure 1F).
The floating CGO nanoplate layer was preserved when
the precursor solution was heated to 90 °C to enable
ZnO NW growth downward into the solution (Figure 1G).
Finally, the heterostructures were scooped on a gold-
coated Si/SiO, substrate for further characterization.
SEM images reveal that after the “suspended”
synthesis, CGO nanoplates are completely covered
by dense vertical arrays of rather uniform ZnO NWs
with diameters ranging from 100 to 250 nm and
heights of about 1.5 um (Figure 2A—C). Note that when
the nanoplates are not lying perfectly horizontal, ZnO
NWs can grow on both sides of the nanoplates
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(Figure 2D,E). The absence of ZnO growth on the gold-
coated Si/SiO; substrate at this high precursor concen-
tration (10 mM) already suggests that there is preferen-
tial nucleation and growth of ZnO on CGO nanoplates.>®
Note that when the ZnO precursor concentration is
doubled, supersaturation increases and the heteroge-
neous nucleation on the gold surface becomes possible;
therefore, ZnO NWs also grow on the gold-coated
Si/SiO, substrate but with a much lower density in
comparison to the CGO nanoplates (Figure S2A).

We can also grow thinner ZnO NWs by reducing
the precursor concentration. However, reducing the
concentration by half in the suspended synthesis leads
to a poor NW coverage on the nanoplates (Figure S2B).
Therefore, instead of using the suspended synthesis,
which is a static hydrothermal reaction leading to
convoluted crystal growth regimes as the precursors
are being depleted, we used the CFR method to
maintain a constant low supersaturation*® and grow
thinner ZnO NWs with diameters ranging from 20
to 50 nm and larger aspect ratios. Interestingly, these
thinner NWs could collapse on each other, forming
teepee-like structures (Figure 2F) or dramatic entangled
networks of longer NWs (Figure S3A) due to their close
proximity and surface tension effect.>” Note that under
this low precursor concentration no ZnO NWs grew on
the gold-coated Si/SiO, substrate (Figure S3B).

Finally, with the floating synthesis, the heterostruc-
tures scooped on a gold-coated Si/SiO, substrate are
“inverted”; that is, NWs are in contact with the con-
ducting substrate, and the nanoplate is on top of the
mesoscale object (Figure 2G). This is an important
geometric advantage for studying the electrical prop-
erties of the CGO—ZnO junction as discussed later.

Epitaxial Relationship between (GO Nanoplates and Zn0
NWs. To understand the preference for ZnO NWs
to nucleate and grow vertically on CGO nanoplates,
we used TEM to investigate the epitaxial relationship
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Figure 3. Epitaxial relationship between CGO nanoplate and ZnO NW, top-down view. (A) Low-magnification TEM of the
heterostructure in top-down view. (B) HRTEM image of the CGO nanoplate—ZnO NW heterostructure basal plane and the
indexed FFTs corresponding to different areas. (C) FFT of a well-resolved HRTEM image (D) of the CGO—ZnO overlapped
area with a distinct hexagonal Moiré fringes pattern; the yellow dashes highlight the ZnO lattice, and the red dashes highlight
the Moiré fringes pattern. (E) Representations of the (001) planes of ZnO and CGO crystal structures. (F) lllustration of the
emergence of the Moiré fringes pattern and the heteroepitaxial relationship by overlapping the (001) planes of CGO (red) and
ZnO (blue). The hexagonal supercell with a lattice constant a of 3.57 nm is highlighted with black dashes, and the hexagonal
Moiré fringes pattern is highlighted with red dashes with a of spacing 2.06 nm.

between CGO nanoplates and ZnO NWs. As TEM
requires thin samples, we examined the heterostruc-
tures grown via CFR on small and thin CGO nanoplates.
When a nanoplate of a few micrometers in diameter is
viewed perpendicularly to its basal plane (Figure 3A),
the clearest areas in the TEM images (i.e., the thinnest
material) correspond to the CGO nanoplate, and the
dark spots (i.e., the thickest material) correspond to
ZnO NWs viewed head-on. The NWs are mostly broken
off during sample preparation, which makes the
interface thin enough to acquire high-resolution TEM
(HRTEM) images and their corresponding fast Fourier
transforms (FFTs). A representative HRTEM image of
the basal plane of the CGO—ZnO heterostructure
(Figure 3B) shows that CGO and ZnO are both single
crystalline and the FFT of the clear area indexes to the
[001] CGO zone axis while the FFT for the dark area
indexes to the [001] ZnO zone axis. Hence the basal
plane of both materials is their respective (001) crystal-
lographic planes where the interface between CGO
and ZnO lies. The generality of the heteroepitaxy over
many structures is further supported by PXRD done on
as-synthesized heterostructures lying down on the
substrate, which displays a dramatic enhancement
of the (00/) peaks (Figure S1). While it makes sense to
only see CGO in the clear area in the HRTEM image, we
expected to find both ZnO and CGO in the dark area as
the two materials overlap. Closer examination reveals
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modulated features in the HRTEM image and diffused
spots in the corresponding FFT (Figure 3B). In fact,
each of these spots is surrounded by six satellite spots
arranged hexagonally (red dashes) as shown in the
FFT (Figure 3C) of a more distinct HRTEM image from
a different object, which clearly shows an additional
honeycomb-like contrast modulation on top of the
resolved hexagonal lattice fringe with a spacing of
about 2.1 nm (red dashes, Figure 3D). The modulation
in the TEM image is called Moiré fringes. Moiré fringes
are essentially an interference pattern due to the
overlap of two lattice planes, such as two mismatched
lattice planes, or two identical planes that are slightly
staggered or with a rotation angle between them. To
understand the observed Moiré fringes (Figure 3D), we
examined the CGO and ZnO crystal structures pro-
jected on their (001) planes and represented the major
lattice planes as simple lines (Figure 3E). By overlap-
ping these families of lattice planes, we obtained a
simulated hexagonal pattern with a spacing of 2.06 nm
from the central dot (red dashes, Figure 3F) that
matches the modulated features in the HRTEM image.
The overlapped superstructure can be described by
a supercell with a lattice parameter a of 3.57 nm (black
dashes, Figure 3F), which is almost exactly 11 ZnO and
12 CGO unit cells along the a direction, that is, 11 x
dzn0=11x0.325nm=3.575nmand 12 X dcgo =12 X
0.2976 nm = 3.571 nm. Therefore, the interpretation of
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the Moiré fringes confirms the epitaxial relationship
between the ¢ planes of CGO and ZnO.

Since the basal plane is (001), the perpendicular
direction [001] is the growth direction of both CGO
nanoplates*'*? and ZnO NWs,*® which is consistent
with the literature. To confirm this and obtain addi-
tional information on the interface between the two
materials, we further characterized the CGO nanoplate—
ZnO NW heterostructures parallel to their basal plane
(side view) under TEM. To this end, we found fragments
of the heterostructures with a thin enough CGO nano-
plate portion still attached to a ZnO NW from which
fully lattice-resolved HRTEM images can be obtained
(Figure 4A) or partially resolved with the most important
[001] direction perpendicular to the heterostructure
interface (Figure 4B). These HRTEM images and their
corresponding FFTs confirm that the growth direction of
CGO and ZnO is [001] and the interface lies on their
respective (001) planes. The similarity in the crystal
structure of the two compounds is quite apparent in
the lattice-resolved TEM images and corresponding FFTs
(Figure 4A). An energy-dispersive X-ray spectroscopy
(EDX) elemental map by scanning TEM (STEM) also
confirms the sharpness of the interface between zinc,
which is only present on the NW side, and copper and
gallium, which are only present on the nanoplate side in
a homogeneous way (Figure 4C).

The key to the successful 3D integration is the
preferential nucleation and heteroepitaxial growth of
1D NWs on 2D nanoplates. As we know from previous
work, the solution growth of ZnO NWs is driven by
screw dislocations,*® which may indicate that sources
of defects on the CGO nanoplate surface, such as screw
dislocations, initiated the growth of ZnO NWs, as in the
case of ZnO NWs grown on a dislocated GaN thin
film.** Thus, we investigated the presence of defects
on the CGO nanoplate surface and observed spirals in
thin CGO nanoplates by SEM (Figure S4A,B), as well as
an overall squashed pyramidal shape for thick CGO
nanoplates by AFM (Figure S4CD), which are two char-
acteristics seen in screw dislocation-driven nanoplates. >
These observations suggest that screw dislocation defects
in CGO plates could also be responsible for the preferential
nucleation and growth of ZnO NWs; however, there was
not enough evidence, such as the observation of thread-
ing dislocations, to fully confirm this growth mechanism.
The preferential heteroepitaxial growth of ZnO NWs from
CGO nanoplates and the likely dislocation-driven growth
eliminate the use of ZnO seed layers and the need
to define the locations of such seed layers (as often done
in other studies of ZnO NW growth) to successfully achieve
these 3D mesostructures.

Electrical Properties of 3D (GO Nanoplate—Zn0 NW p—n
Diodes. As mentioned in the introduction, CGO and
ZnO are respectively p-type and n-type wide band
gap semiconductors, and their relative band positions
make a type Il staggered band alignment, with p-type
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Figure 4. Epitaxial relationship between CGO nanoplate
and ZnO NW, side view. (A) Fully lattice-resolved HRTEM
of the interface between a CGO nanoplate and a ZnO NW
with indexed FFTs of each side of the heterostructure high-
lighting the epitaxial relationship along their (001) planes.
(B) HRTEM and FFT of a partially resolved heterostructure
showing the most important [001] direction perpendicular
to the heterostructure interface. (C) EDX elemental map-
ping of the interface from (B) displaying the sharp transition
between CGO and ZnO.

CGO band position® higher than n-type ZnO (Figure 5A).
Therefore, the resulting p—n junction is expected to
show a rectifying diode behavior, as illustrated in the
energy band diagrams in Figure 5B for different bias
conditions.*>*¢% Note that this illustration is highly
schematic because the exact positions of the Fermi
levels within the CGO and ZnO bands are not known
but captures the qualitative picture.

In order to measure the electrical properties of
these CGO—ZnO heterostructures, we took advantage
of a CSAFM setup to measure individual 3D hetero-
structures with minimal sample preparation and
sample damage. In a typical CSAFM measurement, a
conductive Pt-coated AFM tip held at virtual ground is
in contact with the sample on a conductive substrate
that is connected to a voltage source, and when a bias
voltage is applied, a current is measured as it flows
through the AFM tip. The heterostructures grown
via the floating synthesis are the most convenient
samples to study with the NWs in contact with the
conducting gold-coated Si/SiO, substrate and the nano-
plate on top of the assembly as described earlier (SEM in
Figure 5B inset). With this measurement geometry, the
conductive AFM tip scans and electrically contacts the
surface of the nanoplate (scheme in Figure 5C inset),
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Figure 5. Diode behavior of individual 3D CGO nanoplate—ZnO NW array device measured by CSAFM. (A) Band diagram
between p-type CGO and n-type ZnO and work functions of the metal contacts, Au and Pt. (B) Schematic of the band bending
at the heterostructure interface between p-type CGO and n-type ZnO at zero and forward biases. (C) Representative /—V curve
of the CGO nanoplate—ZnO NW heterostructures annealed at 350 °C for 1 h showing its diode behavior (insets show the
scheme of the measurement setup and a representative SEM image of the heterostructure); control measurements on
annealed single components of the junction: ZnO NWs (D) and CGO nanoplates (E).

which is easier than scanning the NW tips and is more
reliable as neither the AFM tip nor the sample will
be damaged during the measurement. Furthermore,
with this configuration, we directly measure the diode
behavior of the junction in forward bias as expected
from the band diagram.

A representative /—V curve for CGO nanoplate—
ZnO NW array heterostructures annealed at
350 °C for 1 h in air shows a turn-on voltage of +1.5V
and a breakdown voltage of —3.3 V (Figure 5C). A total of
eight heterostructures were measured, and all displayed
similar /—V characteristics. To ensure that this is a true
diode behavior and does not come from non-ohmic
contact between the components of the structure and
the metal contacts, we also measured the /—V character-
istics of individual ZnO NWs (Figure 5D) and CGO
nanoplates (Figure 5E) that were also annealed at
350 °Cfor 1 h in air after being drop-casted on conduct-
ing substrates. We first recorded the /—V curve of
ZnO NWs on a gold-coated Si/SiO, substrate using
a Pt-coated tip as we used for the heterostructures.
A rectifying behavior was observed with current passing
through the Pt—ZnO—Au junction under negative bias
(Figure 5D, blue curve), basically the opposite of what
was observed for the CGO—ZnO heterostructures. This is
due to a Pt—Zn0O metal—semiconductor Schottky junc-
tion diode.®° This is further confirmed by the observation
of a flat /-V curve on ZnO NWs on a platinum-coated
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Si/SiO, substrate measured using a Pt-coated AFM
tip (Figure 5D, green curve). Now the barrier between
Pt and ZnO is on both sides, that is, a Pt—ZnO—Pt
junction. In any case, it is clear that the rectifying
behavior observed for the heterostructures cannot come
from ZnO alone. Additionally, when CGO nanoplates
on gold-coated Si/SiO, substrate were measured
using a Pt-coated AFM tip, linear /-V curves were
observed, indicating ohmic contact (Figure 5E). Con-
sidering that we have ohmic contacts between ZnO
and Au and between CGO and Pt, the rectifying
behavior observed for the heterostructure Pt AFM
tip—CGO nanoplate—ZnO NWs—Au is due to the
CGO nanoplate—ZnO NW p—n junction, which con-
firms the diode behavior expected from the band
diagram.

CONCLUSION

In conclusion, we reported a new 3D mesoscale
heterostructure composed of 1D ZnO NW arrays het-
eroepitaxially grown on 2D CGO nanoplates synthe-
sized in mild aqueous solutions. Under TEM, we
confirmed the heteroepitaxy between the basal planes
of CGO nanoplates and ZnO NWs, which are their
respective (001) planes. The overlap of these two
slightly mismatched lattice planes generates a hex-
agonal Moiré fringes pattern under TEM, which can be
described by a supercell with a lattice parameter a of
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3.57 nm. The electrical properties of individual CGO
nanoplate—ZnO NW array p—n junctions, measured
with a CSAFM setup, showed a diode behavior as
expected from the band alignment of p-type CGO
and n-type ZnO. The key to obtain these 3D mesoscale
structures is the preferential nucleation and hetero-
epitaxial growth of ZnO NWs on CGO nanoplates.
These heterostructures represent a new motif for

METHODS

Chemicals were purchased from Sigma-Aldrich and used as
received unless otherwise stated.

(GO Nanoplate Synthesis. The procedure was modified from
the literature.' Briefly, 181.2 mg of Cu(NOs), - 3H,0 (0.75 mmol),
191.8 mg of Ga(NOs);-xH,0O (from 0.75 mmol with x = 0 to
0.70 mmol with x = 1), and 2104 mg of KOH (3.75 mmol)
were dissolved in 15 mL of nanopure water (Thermo Scientific,
Barnstead Nanopure, 18.2 MQ-cm). Then, 1.00 mL of ethylene
glycol (Fisher) was added to 7.5 mL of this solution, and the total
volume was brought up to 15 mL with nanopure water. The
resulting solution was sealed in a 23 mL autoclave and heated at
200 °C for 60—73 h in a convection oven. Instead of ethylene
glycol, 150 uL of ethylene diamine was also used to obtain thicker
and larger nanoplates, and the reaction could then be finished in
only 2 h. After the reactions, the products were washed succes-
sively with nanopure water, ethanol, concentrated ammonia,
0.5 M HNOs, nanopure water, and finally ethanol and dried at
60 °C overnight.

Growth of Zn0 NW Arrays on (GO Nanoplates. CGO nanoplates
were dispersed in ethanol, and the growth of ZnO NWs was
performed in three different ways:

“Suspended” Synthesis. CGO nanoplates were drop-casted
ona1cm by 1cm Sisubstrate with 600 nm of thermally grown
SiO, that was coated with 15 nm Ti and then 50 nm Au by metal
evaporation. This substrate was then taped on a glass cap and
immersed just below the air—water interface, facing down, in a
glass vial containing 17 mL of freshly prepared precursor
solution for ZnO growth, which consists of 8.5 mL of Zn(NOs), -
6H,0 at 20 mM mixed less than 1 min before growth with 8.5 mL
of hexamethylenetetramine (HMT) at 20 mM in nanopure water.
Then, the glass vial was heated at 90 °C for 1 h to allow the ZnO
NW growth. The substrate was then rinsed with ethanol and
dried in a flow of N, gas.

Continuous Flow Cell Reactor (CFR) Synthesis. The CFR setup
has been previously detailed;*° therefore, we will only mention
the important parameters. Here, 1 cm by 2.5 cm substrate
covered with CGO nanoplates, as prepared as in the suspended
synthesis, was mounted facing down in a clean jacketed chro-
matography column (i.e., the CFR column). When the CFR
column temperature was warmed to 95 °C, the two freshly
prepared precursor solutions, 500 mL of zinc nitrate at 100 uM
and 500 mL of HMT at 100 #M in nanopure water, were pumped
into the column using a peristaltic pump. Just before the
solution started to immerse the substrate, the flow was tem-
porarily stopped to allow the solution to warm for 20 min. Then,
the CFR column was quickly filled up, and the precursor solution
flowed at a total speed of 1.6 mL/min (i.e., 0.8 mL/min for each
precursor) for 4 h. At the end of the reaction, the heating and the
flow were stopped, and the substrate was quickly removed from
the column, rinsed with ethanol, and dried in a flow of N, gas.

“Floating” Synthesis. This synthesis is very similar to the
suspended synthesis except that the CGO nanoplates dispersed
in ethanol were directly drop-casted on top of the ZnO growth
solution forming a free-floating layer. After ZnO NW growth, the
heterostructures were scooped on a 1 cm by 2 cm gold-coated
Si/SiO, substrate with no additional rinsing.

Structural Characterization. The powder X-ray diffraction
(PXRD) patterns of as-synthesized CGO nanoplates deposited
on glass and as-synthesized CGO—ZnO heterostructures via the
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nanoassembly into 3D mesoscale architectures. The
general approach demonstrated herein with the spe-
cific example of CGO—ZnO opens up the development
of other 3D mesoscale heterostructures built from
diverse 2D and 1D nanomaterials in the future for the
integration of nanoscale building blocks into func-
tional devices with potential applications in elec-
tronics, photonics, energy conversion, and storage.

suspended synthesis on a gold-coated Si/SiO, substrate were
collected on a Bruker D8 Advance powder X-ray diffractometer
using Cu Kat radiations. For scanning electron microscopy (SEM),
drop-casted samples or as-synthesized heterostructures on
substrates were mounted onto metal pucks with double-sided
carbon tape and imaged using a LEO Supra 55 VP field emission
SEM. In a typical transmission electron microscopy (TEM) sam-
ple preparation, ZnO—CGO heterostructures were wiped off the
substrate surface with a clean room wipe wetted with ethanol
in order to mildly fragment them, then the wipe was placed
in ethanol in a 1.5 mL centrifuge tube to release the hetero-
structures. Then, a few drops of the suspension were casted
on a TEM grid (Ted Pella, lacey carbon type-A support film,
300 mesh, copper, #01890-F) and allowed to dry. TEM was
carried out on a FEI Titan transmission electron microscope
at an accelerating voltage of 200 kV. Energy-dispersive X-ray
spectroscopy (EDX) elemental mapping was performed on the
same instrument in scanning TEM (STEM) mode for higher
resolution at 200 kV.

Electrical Measurements Using Current Sensing Atomic Force Micro-
scopy (CSAFM). In a typical sample preparation, a copper wire
was bonded with silver epoxy to contact the conductive surface
of the substrate to the current source of an Agilent 5500 AFM
instrument. To make the second contact to the sample, con-
ductive Pt-coated AFM tips were used (MikroMasch, HQ:XSCII/
Pt, 30 nm Pt coating, tip radius <30 nm, the most common tip
used on these four-lever probes has a resonance frequency
of 80 kHz, and a spring constant of 2.7 N/m). The AFM tip
was linked to a preamplifier with a sensitivity of 1 nA/V and
a measurable current range from —10 to +10 nA before
signal saturation. A minimum of five |-V sweeps were taken
for at least two different locations on each examined object.
The ZnO—CGO heterostructures from the floating synthesis,
scooped on gold-coated Si/SiO, substrates and annealed
at 350 °C for 1 h in air in a box furnace, were used for
these measurements. For the control measurements on
CGO nanoplates, samples were prepared as in the first
step of the suspended/CFR syntheses on gold-coated
Si/SiO, substrates and annealed at 350 °C for 1 h in air.
For ZnO, NWs were synthesized as in the suspended syn-
thesis, that is, in a precursor solution of 10 mM Zn(NOs),-
6H,0 and 10 mM HMT, but without any substrate. Instead, the
ZnO NW products were centrifuged, washed with ethanol, and
drop-casted on a gold- or platinum-coated Si/SiO, substrate and
then annealed at 350 °C for 1 h in air.
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