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Avenoso,c Han Yan,a Chaoying Ni,b and Lars Gundlach ∗ac

Recent advances in manipulating plasmonic properties of metal/semiconductor heterostructures
have opened up new avenues for basic research and applications. Herein, we present a versa-
tile strategy for the assembly of arrays of plasmonic metal/semiconductor hemispherical nano-
heterostructures (MSHNs) with control over spacing and size of the metal/semiconductor het-
erostructure array, which can facilitate a wide range of scientific studies and applications. The
strategy combines nanosphere lithography for generating the metal core array with solution-based
chemical methods for the semiconductor shell that are widely available and kinetically control-
lable. Periodic arrays of Au/Cu2O and Ag/Cu2O heterostructures are synthesized to demonstrate
the approach and highlight the versatility and importance of the tunability of plasmonic properties.
The morphology, structure, optical properties, and elemental compositions of the heterostructures
were analyzed. This strategy can be important for understanding and manipulating fundamental
nanoscale solid-state physical and chemical properties, as well as assembling heterostructures
with desirable structure and functionality for applications.

Introduction
Noble metal nanoparticles, in particular gold and silver nanopar-
ticles, are the most commonly investigated plasmonic structures
because their localized surface plasmon resonance (LSPR) lies
in the visible-to-near-infrared regions and is easily accessible.
The resonance frequency can be varied over a wide range by
changing particle size, shape, composition, and arrangement.1–3

LSPRs are collective excitations that can significantly alter light-
matter interaction in materials. LSPRs are very short lived, on
the order of tens of femtoseconds, and a significant amount of
work has been done to couple LSPRs to other forms of exci-
tations, e.g. excitons or hot electrons, in semiconductors that
are long lived and can potentially be utilized for a wide range
of applications such as solar energy conversion, photocatalysis,
photovoltaics, electronics, and biotherapy.4–13 Accordingly, nu-
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merous scientific studies have been devoted to the exploration
of metal/semiconductor heterostructures, like Au/TiO2, Ag/TiO2,
Au/ZnO, Au/Cu2O, Au/CdS, Au/CdSe and Au/Fe2O3.14–21

Typically, wet chemistry for synthesizing the semiconductor
shell of the heterostructures is performed in suspensions of metal
nanoparticles. The presence of stabilizing capping agents (e.g.
organic surfactants, PEG or biomolecular ligands) results in addi-
tional complexity of the system and can diminish the plasmonic
effect by reducing the metal/semiconductor coupling.22–24 More-
over, diffusion of larger nanoparticles in suspensions can lead
to a spatial variation in concentration which renders the precise
characterization difficult.25,26 For several experimental methods
it can be necessary to immobilize the nano-heterostructures on
a solid substrate, e.g. electron spectroscopy and microscopy,
as well as for some applications. In a number of reports, wet
chemically synthesized nanostructures were deposited on solid
substrates through self-assembly procedures such as drop-casting
and floating-transfer, where the precise control of the interpar-
ticle spacing is challenging, if not impossible.27–30 Single par-
ticle measurements or precise control of particle/particle inter-
actions can hardly be achieved from particle suspensions. Pre-
cisely controllable arrays where coupling between individual par-
ticle can be adjusted are also important for several applications
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that rely on the collective response of many core-shell nanoparti-
cles like plasmonic nanoantennas, surface-enhanced Raman spec-
troscopy, and biochemical sensors.31–34 Accordingly, for funda-
mental research in solid-state physics and chemistry and for a di-
verse set of potential and already realized applications, it is very
important to develop a strategy for precisely arranging individ-
ual nano-heterostructures into well defined patterned arrays with
high degree of regularity and uniformity.35–37 Moreover, an array
of metal nanoparticles on a substrate allows to apply electrochem-
ical deposition for the growth of the semiconductor shell that can
be controlled with much higher precision than regular wet chem-
istry, especially, in terms of the semi-shell thickness. Up-to-date
lithography is the major tool for fabricating such periodic arrays
and allows precise control of the size and shape of the nanos-
tructures.38,39 However, the costly and time-consuming prepa-
ration and requirement for major instrumentation have posed
significant limitations for using conventional lithographic tech-
niques like electron beam lithography (EBL) and focused ion
beam (FIB) lithography. Consequently, only few examples of
highly ordered metal/semiconductor nanoheterostructure arrays
have been published.40–42 Nanosphere lithography (NSL), which
employs masks from self-assembled monolayers of close-packed
colloidal spheres, has been proven to be a versatile technique for
producing large well-ordered arrays of metal particles on the µm-
up to mm-scale on different substrates43–45. Most of the recent
studies of NSL were focused on either fabricating nanostructures
with different morphologies or metal alloys.46–50

In this work, we demonstrate a flexible strategy to fabricate
two-dimensional (2D) plasmonic metal/semiconductor hemi-
spherical nano-heterostructures (MSHNs) by combining NSL and
kinetically controllable and widely available solution-based chem-
ical methods. Through this strategy, well-ordered Au/Cu2O and
Ag/Cu2O heterostructure arrays were successfully fabricated on
glass and fused silica substrates. The morphology, structural
and optical properties, and elemental compositions of these het-
erostructures were experimentally analyzed. The proposed flex-
ible approach enables the fabrication of plasmonic MSHNs with
independent control of the metal nanohemispheres and semicon-
ductor semi-shell components, which can facilitate scientific stud-
ies and help identify novel applications for plasmonic MSHNs.

Result and Discussion

Experimental Design

A schematic representation of our strategy for fabricating plas-
monic MSHNs is illustrated in Figure 1. Arrays of plasmonic
metal nanoparticles were fabricated using the NSL technique.
Several approaches have been developed for the formation of
self-assembled close-packed colloidal sphere monolayer masks in-
cluding evaporation, controlled drop-casting, Langmuir-Blodgett
techniques, floating-transfer techniques, and dip-coating.51–54

Here we use spin-coating that has proven to be a well control-
lable tool for preparing high-quality colloidal masks up to wafer-
scale (Figure 1a).55–57 Spin coating allows manipulation of sev-
eral parameters like rotation speed, duration, and ramping stages
to assemble homogeneous close-packed colloidal sphere mono-

Fig. 1 Schematics of fabrication procedures for creating plasmonic
MSHNs: (a) hexagonal close-packed PS monolayer mask was formed
on the substrate through spin-coating, (b) metal nanoprisms formed af-
ter PVD and PS nanospheres lift-off, (c) metal nanoparticles presented
after annealing, and (d) plasmonic metal/semiconductor MSHNs formed
after the growth of semiconductor shell through solution-based chemical
methods.

layers. The substrates with the colloidal mask is subsequently
coated in an electron-beam physical vapor deposition (PVD) sys-
tem with a thin film of metal. Afterwards, sonication in toluene
lifts off the colloidal mask from the substrate and a patterned ar-
ray of metal nanoparticles in the form of triangular nanoprisms
arranged in a hexagonal pattern is left on the substrate (Figure
1b). By annealing the substrates in ambient conditions, the re-
maining nanoprisms aggregated into nanohemispheres, as shown
in Figure 1c. Our strategy utilizes the bare metal nanohemi-
spheres on the substrate as a seeding template for successive
semiconductor semi-shell growth. The experimental challenge of
precise control of the semi-shell thickness requires slow growth
of the semiconductor component. This requirement can be met
by solution-based chemical methods, including chemical bath de-
position and, especially, electrochemical deposition (Figure 1d).
Chemical bath deposition is inarguable the simplest method for
growth of the semiconductor semi-shell. Generally, the control
of the shell growth rate can be achieved by manipulating various
reaction parameters, such as the choice of chemical precursor,
temperature, pH, and reaction time.58 Electrochemical deposi-
tion represents a flexible and scalable method extensively used for
growing nanomaterials with well defined morphology and chem-
ical composition on a variety of substrates.59 A slow growth rate
can be achieved by controlling the current flow and the precur-
sors’ concentration. Both methods, yielded similar hemispheri-
cal nano-heterostructures. It is well known that the properties
of the LSPR of the metal nanoparticles are strongly dependent
on the size, shape, interpacticle spacing, and dielectric properties
of the nanoparticles and the embedding media.60 The NSL tech-
nique allows considerable freedom for controlling the size, shape,
and interparticle spacing of the manufactured nanostructures by
manipulating the size of the colloidal spheres, the metal film
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thickness, the incident angle of the metal deposition, and post-
treatment methods like etching and heating.44,45,61–65 Thus, the
resonance frequency of the LSPR of the metal nanoparticle fabri-
cated by NSL can be systematically tuned, for example through-
out the visible, near-infrared, and mid-infrared regions for Ag
nanoparticles.43 The nano-heterostructures discussed here, lack
the spherical symmetry of regular core/shell structures. How-
ever, immobilizing nanoparticles on a substrate also breaks the
inversion symmetry for spherical particles. This can only be cir-
cumvented by immobilization in a surrounding matrix which is of-
ten problematic for spectroscopic and microscopic investigations.
In addition, the hemispherical metal nanoparticles may offer dis-
tinct advantages in plasmonic properties compared to spherical
metal nanoparticles. Theoretical studies suggest that hemispher-
ical nanoparticles exhibit larger sensitivity to the incidence an-
gle and polarization of radiation because of the broken symmetry
compared to spherical nanoparticles, which provides additional
parameters that can be exploited for fundamental studies and ap-
plications alike.66–68 Quasistatic approximations have been used
to study the distribution of the electric field of a single hemispher-
ical metal core/semiconductor semi-shell nanoparticle on a sub-
strate.69,70 It has been shown that the plasmonic properties of
the metal nanohemisphere depend on the dielectric permittivity
of the substrate and the semi-shell, as well as the thickness of the
semi-shell. The localization effect of the shell on the plasmon gen-
erally results in a red-shift that depends on, and can be systemat-
ically tuned by, the semi-shell thickness.71 Therefore, the ability
to precisely control the semi-shell thickness and the large range of
available semiconductor materials through solution-based chem-
ical methods is a significant advantage of the method presented
here. Among all of the MSHNs that have been reported so far,
Au/Cu2O represents one of the most extensively studied combi-
nations since Cu2O, as a p-type semiconductor, has a very strong
effect on the plasmonic response of the embedded Au nanopar-
ticle.72–74 Thus, we exemplify our new fabrication strategy by
preparing and characterizing periodic arrays of Au/Cu2O MSHNs
first. We then show the versatility of this strategy by modifying
the size of the Au nanoparticles and the thickness of the Cu2O
semi-shell, followed by the preparation and characterization of
Ag/Cu2O MSHNs.

Preparation and Morphology of the Au/Cu2O array

Figure 2(a - d) show representative scanning electron microscopy
(SEM) images of the well-ordered 2D Au/Cu2O MSHN array that
follows the sequence of the fabrication approach in the schemat-
ics in (Figure 1). As shown in Figure 2a, a monolayer of hexag-
onal closed-packed polystyrene (PS) spheres with a diameter of
500 nm is assembled on the glass substrate via spin-coating. In
the spin-coating process, we start depositing the colloidal suspen-
sion of PS spheres on the center of a glass substrate at a slow
rotational speed of 100 rpm (phase I). The suspension droplet
spreads out to form a circle on the substrate. Then, the rotation
speed of the substrate was gradually increased to 400 rpm and the
suspension further spread out and covered a large circular area
(phase II). The suspension film thickness is given by the equilib-

Fig. 2 SEM images of (a) 2D 500 nm PS nanosphere mask, (b) as de-
posited Au nanoprisms, (c) annealed Au nanoparticles and (d) Au/Cu2O
heterostructure arrays; TEM image of (e) a single Au/Cu2O heterostruc-
ture and (f) HR-TEM image of the interface between Au and Cu2O.

rium between centrifugal force and viscous shear force. The film
thickness is further reduced by evaporation until it is equal to the
diameter of the PS spheres, at which point capillary forces have a
significant impact on particle aggregation (phase III). An image of
the spherical PS monolayer mask formed on the glass substrate is
shown in Figure S1. The sub-wavelength thickness of the mono-
layer leads to a distinct diffraction pattern where large regions of
uniform diffraction indicate large well-ordered PS monolayers.

Spin coating of the PS mask was followed by deposition of a
20 nm-thick Au film through PVD at a rate of 1 Å/s and subse-
quent removal of the PS sphere mask via sonication in toluene.
Figure 2b shows the remaining Au nanoprism arrays on the sub-
strate. Annealing of the substrate at 550◦C in ambient atmo-
sphere for 30 min converted the gold nanoprisms into spherical
nanoparticles shown in Figure 2c. While the annealing temper-
ature was lower than the melting point of bulk Au, it was still
sufficiently high to cause surface melting and the formation of
spherical nanoparticles due to surface tension.63

The Cu2O nanocrystalline shell was synthesized by room-
temperature hydrolysis (Figure 2d). This synthetic method was
based on a redox reaction in copper(II) sulfate solution, that was
modified from the approach developed by Kuo and coworkers,75

in which Cu2O synthesis was performed on stabilized Au nanopar-
ticles from suspension. Cu(OH)2−

4 was formed after the addition
of excess NaOH. The reducing agent then reduced it to Cu2O
nanocrystals. Due to the small lattice mismatch (vide infra) and
the chemical stability, Au nanocrystals served as an effective seed-
ing template for the growth of Cu2O poly-crystalline nanocrystals.
By controlling the precursor concentration and reaction temper-
ature, a crystalline Cu2O shell was gradually formed at a slow
rate. The size distribution of fabricated nanoparticle arrays was
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extracted from the SEM images using the ImageJ software. His-
tograms of the size distributions of several samples created by the
NSL technique with the corresponding Gaussian fits are shown in
Figure 3. The Au nanoparticle in the arrays had an in-plane di-
ameter of 72 ± 4 nm. Compared with the calculated in-plane
diameter of 80 ± 6 nm of the Au/Cu2O heterostructures, the
Cu2O shell thickness is estimated to be ∼ 10 nm. Detailed cal-
culation of the nanoparticle in-plane diameter can be found in
the SI. The morphology of the samples was further character-
ized by transmission electron microscopy (TEM). Figure 2e con-
firms a diameter of 73 nm for the Au core and a thickness of ∼
10 nm for the Cu2O semi-shell. The hemispherical shape of the
Au/Cu2O heterostructures can be observed in a TEM image of a
side view of a scratched-off particle, as shown in (Figure S3). A
thickness of below 20 nm for the Cu2O semi-shell could easily
be achieved with this procedure, which normally is challenging
and requires synthesis at ice/water temperatures with a chemical
bath deposition method.76 It should be noted that the interface
between Au and Cu2O is very homogeneous. The lattice fringes in
the Au/Cu2O nanocrystal are clearly visible in the high-resolution
TEM (HR-TEM) images and the observed interplanar spacing of
2.38 Å and 2.42 Å corresponds to the (111) plane of Au and
Cu2O, respectively (Figure 2f). The crystalline Cu2O grown on
the Au nanocrystal shows a high degree of structural homogene-
ity at the interface due to the same face cubic crystal structure
and the small (111) plane lattice mismatch of ∼ 4.7 % (Cu2O
(a= 4.269 Å) and Au (a= 4.065 Å)).

Fig. 3 Histograms of size distribution of Au nanoparticles (blue) and
Au/Cu2O heterostructures (red) with the corresponding Gaussian fits.

Crystal Structural and Spectroscopic Characterization

To study the interaction between Au and Cu2O domains, we com-
pared the optical properties of isolated Cu2O nanocrystals, Au
nanoparticles, and the Au/Cu2O heterostructures (Figure 4a).
The isolated Cu2O nanocrystals were prepared by a electrochem-
ical deposition method (see details in the Supporting Informa-
tion). The absorption spectrum of Cu2O nanocrystal showed a
sharp adsorption edge at ∼ 510 nm. This energy matches the
bandgap of p-type Cu2O. The spectrum of the Au nanoparticle ar-
ray is dominated by the plasmon resonance. The change of the

in-plane shape from triangular to circular via annealing during
the preparation procedure results in a blue-shift of the LSPR ab-
sorption to ∼ 535 nm accompanied by a narrowing of the peak
(Figure S2).77 The spectrum of the heterostructures shows a
combination of the Cu2O band transition and the plasmon res-
onance. However, compared with isolated Au nanoparticles, the
plasmon resonance is broadened and red-shifted to 574 nm, in-
dicating strong electronic interaction between the Au and Cu2O
domains. The observation is consistent with the general trend of
a red-shift of the plasmon peak due to the confinement by the
shell.28,76,78 A similar broadening of the LSPR peak has been ob-

Fig. 4 (a) UV-Vis of Au nanoparticles arrays (red) and Au/Cu2O het-
erostructures (blue); (b) Expended XRD pattern of the Au/Cu2O het-
erostructures with the standard positions of Au (JCPDS 04-0784, red)
and Cu2O (JCPDS 05-0667, black); XPS (c) survey, (d) Au 4f, (e) Cu
2p(3/2) and (f) Cu LMM spectra of Au/Cu2O heterostructures at a base
pressure of 3 × 10−8 Torr.

served in Au/Cu2O nanoparticles previously.76

Further structural characterization of the Au/Cu2O het-
erostructures was performed by X-ray diffraction (XRD) (Figure
4b). The prominent peak at 38.22◦ correspond to the (111)
plane of face-centered cubic Au (JCPDS card no. 04-0784), and
the weaker features at 36.58 and 42.43◦ can be assigned to the
(111) and (200) of face-centered cubic Cu2O (JCPDS card no.
05-0667). Au nanoparticles showed a preferred orientation along
the Au (111) plane that can be related to the annealing step dur-
ing fabrication. The diffraction intensity from the Au phase is
found to be higher than that from the Cu2O phase, indicating a
higher quantity of Au in the individual heterostructures due to
the thin Cu2O semi-shell. The XRD result agrees well with the
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lattice spacing observed in the HR-TEM results. The elemental
composition of the MSHNs arrays was characterized by X-ray pho-
toelectron spectroscopy (XPS) at a base pressure of 3 × 10−8 Torr.
The survey spectrum clearly shows Cu 2p and Au 4f peaks from
the Au/Cu2O heterostructures and additional features from the
glass substrate (Figure 4c). High-resolution XPS analysis of core-
level spectra (Au 4f, Cu 2p3/2) and of the Auger spectrum (Cu
LMM) is required to characterize the oxidation states of the do-
mains (Au and Cu2O) in the heterostructure. As shown in Figure
4d, the Au 4f spectrum is composed of a well-resolved metal-
lic (Au0) doublet with 7/2 and 5/2 spins separated by 3.67 eV
(Figure 4d).79 The Cu 2p3/2 spectrum shows a main broad peak
and a very weak satellite feature (Figure 4e). The main broad
peak presents two components: the main component at 933.0 eV
assigned to Cu+ ions characteristic of the Cu2O phase, and the
lower intensity component at higher binding energy (934.3 eV)
corresponding to Cu2+ ions. Though the XRD pattern does not
show any evidence for the CuO phase, the presence of a Cu2+

state in the XPS spectra indicates that oxidation is present at the
surface of the Cu2O semi-shell and it likely forms a thin amor-
phous outer shell. As demonstrated in previous XPS studies, the
binding energy of the Auger peak is a good fingerprint for the cop-
per oxidation state. The binding energy of the main Auger peak
measured at 570.2 eV presents further confirmation that Cu2O is
the main component.80 As the Cu2+ is the more energetically fa-
vorable state compared to the Cu+ state, the surface of the Cu2O
nanocrystals can easily be oxidized to form a sub-nanometer thin
CuO layer.81,82 This oxide layer protects the Cu2O nanocrystals
from further degradation under ambient conditions.83

Fig. 5 TEM images of Au/Cu2O heterostructures with tunable Au
nanoparticle diameter from ∼58 nm to ∼100 nm which correspond to
different deposited Au film thicknesses of (a) 15, (b) 20, (c) 60, and (d)
100 nm using the same size of diameter nanosphere mask. The mag-
nification is kept same in for the convenience of direct comparison. The
thickness of Cu2O shell is ∼25 nm for all the heterostructures.

Size and Shell-Thickness Control of Au/Cu2O Heterostructure
To demonstrate the level of control that this strategy provides,
we study the plasmonic properties in dependence of core size and
shell thickness. As discussed in the previous section, the size of

Fig. 6 Tunable plasmonic properties of Au/Cu2O heterostructures with in-
dependent metal core and semiconductor shell control. (a) UV-Vis spec-
tra of Au/Cu2O heterostructures with same Au nanoparticle size (71 nm,
black) and different thickness of Cu2O shell of ∼10 (blue), ∼25 (green),
and ∼60 nm (red). (b) UV-Vis spectra of Au/Cu2O heterostructures with
similar Cu2O thickness (∼25 nm) and different Au nanoparticle diameter
of 58 (black), 71 (blue), 83 (green) and 100 nm (red).

the metal nanoparticles fabricated by NSL can be controlled by
changing the diameter of the nanospheres that form the mask
and by the thickness of the deposited metal. Here we varied the
thickness of the Au film from 15 nm to 100 nm while keeping
the diameter of the nanospheres constant. Figure 5 exemplifies
the control over the metal core size enabled by this strategy. A
series of TEM images of Au/Cu2O MSHNs with similar thickness
for the Cu2O semi-shell (∼25 nm) and Au nanoparticle diame-
ter ranging from ∼58 nm to ∼100 nm. Similarly, by varying the
precursor concentration and growth time the semi-shell thickness
can be tuned. TEM images of Au/Cu2O MSHNs with different
shell thicknesses are shown in Figure S8. These structures have
the same Au core diameter but Cu2O shell thickness ranging from
∼10 nm to ∼60 nm. The core size and shell thickness can be in-
dependently controlled over a wide range and can enable a high
degree of tunability of the electronic and optical properties. Fig-
ure 6a shows spectra of Au/Cu2O heterostructures with the same
size Au core of 70 nm and increasing Cu2O thickness and Figure
6b shows the UV-Vis absorption of Au/Cu2O nanoparticles with
increasing core diameter and constant shell thickness of 25 nm.
The LSPR absorption of the Au/Cu2O heterostructures undergoes
a red-shift of 574 nm, 605 nm and 690 nm as the thickness of
the Cu2O shell increases respectively from 10 nm to 25 nm and
60 nm as shown in (Figure 6a). If the core diameter is changed
successively and the shell thickness is kept constant, a similar red-
shift is observed. However, the LSPR absorption is more sensitive
to the shell thickness than to the core diameter, cf. Figure 6a
and S9. Thus small variations in the shell thickness have a large
effect and the successive red-shift is less obvious because of un-
intended small variations in shell thickness. The steady red-shift
of the LSPR absorption of pure Au nanoparticles from 529 nm
to 561 nm upon increasing the Au nanoparticle diameter from
58 nm to 100 nm is shown in Figure S9. It is obvious that the
plasmonic properties of heterostructures fabricated through this
strategy can be tailored to a wide range of wavelength window
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in a very accurate manner which could facilitate versatile appli-
cations.

Preparation and Characterization of Ag/Cu2O Heterostruc-
ture
In addition to Au/Cu2O heterostructures, we demonstrate our ap-
proach for an Ag/Cu2O MSHN array in Figure 7. Figure 7(a,
b) show SEM images of well-ordered 2D Ag nanoparticles and
Ag/Cu2O heterostructures. Histograms of the size distributions
of the Ag nanoparticles and Ag/Cu2O heterostructures with the
corresponding Gaussian fits are shown in Figure S4. The dimen-
sions of the Ag/Cu2O heterostructures are similar to the Au/Cu2O
heterostructures presented earlier. Since Ag nanoparticles are less

Fig. 7 SEM images of (a) annealed Ag nanoparticles and (b) Ag/Cu2O
heterostructure arrays; TEM image of (c) a single Ag/Cu2O heterostruc-
ture and (d) HR-TEM image of the cross-section of Ag/Cu2O showing the
core-shell interface.

stable compared to Au nanoparticles annealing of Ag nanoparti-
cles was achieved already at 300 ◦C which was significantly lower
than for Au nanoparticles. Figure 7(c, d) shows TEM and HR-
TEM images of the Ag/Cu2O heterostructure interface that are of
comparable quality as shown above for Ag/Cu2O. UV-vis spectra
of Ag nanoparticles and Ag/Cu2O heterostructures are shown in
Figure S5 revealing again the expected red-shift for the core-shell
structure. To confirm the elemental identification, we carry out
energy dispersive X-ray spectroscopy (EDS) measurements on a
single heterostructure (Figure S6). Additional examples, includ-
ing samples prepared on fused silica substrate, are provided in
the Supporting Information (Figure S7) to show the flexibility of
our strategy.

Conclusions
Our fabrication strategy presents a new approach to prepare pe-
riodic arrays of plasmonic metal/semiconductor hemispherical
nano-heterostructures that is very flexible in terms of substrate,

metal and semiconductor domains. It provides independent con-
trol of metal core diameter, semiconductor semi-shell thickness,
and interparticle spacing that enables a high degree of tunability
of heterostructures to tailor materials properties and functionality
in a very accurate manner. The importance of such precise dimen-
sional control has been highlighted by showing plasmonic prop-
erty dependence of semiconductor semi-shell on the as-prepared
Au/Cu2O heterostructures, which can be critical for the funda-
mental understanding in solid-state physics and chemistry alike,
as well as for the optimization for their application in devices.
Since semiconductor shells can be converted to related chemical
and biochemical compounds, it is also noteworthy that this ap-
proach can offer a general method to create a wide range of het-
erostructure arrays with the desired functionality and thus pro-
vide versatile nanoscale building blocks by a bottom-up approach.
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