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Abstract

Au-ZnO heterogeneous nanoparticles (NPs) were successfully synthesized, and the in-
trinsic correlation between their spectral evolution and interfacial growth mechanism was
systematically elucidated. With increasing Au content, the SPR absorption peak of Au
exhibits a pronounced red shift, while the defect-related emission of ZnO is suppressed
and the band-edge emission becomes broadened. These spectral variations are closely
coupled with the interfacial growth process. Interfacial electron transfer and the formation
of a Schottky barrier induce charge redistribution within ZnO and reduce oxygen vacan-
cies, enabling ZnO to preferentially nucleate on the Au surface and subsequently evolve
into a pyramidal structure. The resulting morphological transformation further enhances
electron depletion and plasmonic coupling, lowering the effective plasmonic energy of Au
and deepening the SPR red shift. Quantitative analysis based on Mie theory shows that
approximately 12% of the free electrons in Au participate in interfacial transfer, confirming
the cooperative role of strong electronic coupling in governing both growth dynamics and
optical responses. This study provides deeper insight into the photophysical mechanisms of
Au—ZnO heteronanocrystals and offers guidance for designing noble metal-semiconductor
composites with tunable optoelectronic properties.

Keywords: Au-ZnO heterostructures; nanopyramids; surface plasmon resonance (SPR);
electron transfer; optical properties

1. Introduction

Noble metal-semiconductor hybrid nanomaterials have received considerable atten-
tion in recent years due to their unique structural characteristics and superior optical
and electronic properties [1-5]. Through interfacial electron coupling and energy transfer
between metal and semiconductor domains, these hybrid systems can effectively pro-
mote charge carrier separation and enhance photoluminescence (PL) efficiency, exhibiting
synergistic effects that are difficult to achieve in single-component materials [6-9]. As a
result, metal-semiconductor heterostructures have been extensively explored in the fields
of photocatalysis [10-12], solar energy conversion [13-15], surface-enhanced spectroscopy,
and nanophotonics [16-18]. In particular, the formation of a metal-semiconductor inter-
face facilitates efficient electron transfer [19-21], thereby improving the luminescence and
photoelectric response of semiconductor nanomaterials. Moreover, the absorption peak of
Au typically undergoes a noticeable red shift owing to surface plasmon coupling within
metal-semiconductor composites [22-26].
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Zinc oxide (ZnO) is a representative II-VI group direct bandgap semiconductor with a
wide band gap of 3.37 eV and a high exciton binding energy of approximately 60 meV [27].
It exhibits excellent electrical conductivity, photoluminescence, and piezoelectric proper-
ties [28,29]. Various ZnO nanostructures, such as rods, tubes, cones, wires, and disks, have
been successfully synthesized [30-38]. Materials with well-defined anisotropic morpholo-
gies are ideal candidates for site-specific composite synthesis. Nanostructured ZnO has
attracted extensive attention not only because of its tunable morphologies and optical re-
sponses but also owing to its potential in one-dimensional nano-optoelectronic devices and
fundamental optical studies. Noble metal nanocrystals, particularly Au NCs, play a crucial
role in modulating semiconductor optical behavior due to their strong localized surface
plasmon resonance. When integrated with ZnO, the resulting Au-ZnO heterostructures
exhibit interfacial charge redistribution, plasmon—exciton interactions, and defect-state
modulation, making them a valuable platform for studying metal-semiconductor cou-
pling [39-46]. Therefore, understanding the individual contributions of ZnO and Au NCs,
as well as their synergistic effects in the Au-ZnO hybrid system, is of great significance.
Such composites are typically synthesized by chemical or seed-mediated routes [47,48].

At the nanoscale, ZnO materials have been widely applied in optoelectronic, catalytic,
and sensing devices, while gold (Au) nanocrystals (NCs), owing to their strong SPR effect
and high catalytic activity, are considered ideal noble metal components for tuning the
optical behavior of semiconductors [49-51]. Among various Au NCs, ultrasmall Au NCs are
particularly appealing due to their quantum confinement effect, large surface-to-volume
ratio, and unique physical and chemical properties. In Au-ZnO heterostructures, the
metal-semiconductor interface can facilitate efficient photogenerated electron transfer,
improve carrier recombination dynamics and enhance emission or catalytic performance.
Meanwhile, the position of the Au SPR absorption peak is highly sensitive to the particle
size, morphology, and interfacial interactions, reflecting the tunability of optical responses
in Au-ZnO hybrid systems.

In recent years, the controlled synthesis and interfacial charge-transfer mechanisms of
Au-ZnO heterostructures have become research hotspots. Previous studies have demon-
strated that the size, concentration, and distribution of Au NCs significantly influence
the band structure, defect emission, and plasmonic behavior of ZnO [52,53]. However,
most existing reports focus on simple core-shell or surface-modified configurations, while
complex heterostructures with specific orientations and tunable optical properties—such as
pyramid-, rod—plate-, or rod-sphere-like morphologies—remain less explored. In particular,
the role of Au NCs during the nucleation and growth of ZnO, as well as their effect on the
resultant morphology and emission properties, has not yet been fully elucidated.

In this work, Au-ZnO heterogeneous nanopyramids were successfully synthesized via
a facile two-step route. By systematically tuning the concentration of Au NCs, the effects of
Au content on the morphological evolution and optical properties of the heterostructures
were examined through comprehensive structural and spectroscopic analyses. The results
show a clear red-shift of the Au SPR absorption peak and a strong suppression of the ZnO
defect-related emission as the Au content increases. Importantly, this study establishes a
direct correlation between the introduced Au amount, the resulting interfacial charge redis-
tribution, and the corresponding optical responses—an aspect rarely quantified in previous
Au-ZnO reports. Furthermore, a mechanistic model based on a Schottky-barrier-driven
electron-transfer process is proposed to account for both the unusually large plasmonic
red-shift of Au and the effective passivation of oxygen-vacancy defects in ZnO. These find-
ings highlight the key role of Au NCs in directing heterostructure formation and provide
new insight into electron-transfer-mediated optical modulation in metal-semiconductor
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hybrids, offering valuable guidance for the design of high-performance optoelectronic
nanocomposites.

2. Experimental Section
2.1. Materials

All chemicals used in this study were of analytical grade and were used as received
without further purification. Tetralin (>99%), oleylamine (80%—-90%), HAuCly-4H,0O
(>99.9%), tert-butylamine-borane (>95%), dodecanol (>>99%), and zinc acetate dihydrate
(>99%) were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). Acetone,
hexane, and ethanol were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China).

2.2. Sample Preparation

Our experimental strategy was adapted from the procedure reported by Li [52], with
deliberate modifications to the amount of Au nanocrystals introduced into the reaction sys-
tem. By systematically varying the volume of the Au nanocrystal dispersion, we obtained a
series of Au—ZnO heterogeneous nanocrystals with different levels of Au incorporation
and distinct structural features. Specifically, monodisperse ZnO nanocrystals were first
synthesized following Li’s method. Subsequently, different volumes of Au nanocrystals
were added into the same precursor mixture, allowing the Au species to participate in the
nucleation and growth of ZnO during the heating process. This approach enabled the for-
mation of Au—ZnO hybrid nanostructures with tunable morphology and optical properties.
The resulting products exhibited pronounced variations in particle shape, size distribution,
and optical responses as a function of the amount of Au introduced, demonstrating the
critical role of Au loading in directing the formation of the heterogeneous nanostructure.

Au Nanocrystals (NCs): Tetralin (5 mL), oleylamine (OAm, 5 mL), and HAuCly-4H,O
(0.1 g) were mixed at room temperature (~25 °C) under air and stirred under Ar, for 10
min. A reducing solution of 0.5 mmol tert-butylamine-borane (TBAB), tetralin (1 mL), and
OAm (1 mL) was sonicated and added to the precursor. The reaction proceeded at room
temperature for 1 h. Au NCs were precipitated with acetone, collected by centrifugation
(10,000 rpm, 5 min), washed 2-3 times, and redispersed in hexane.

ZnO Nanocrystals (NCs): Zinc acetate dihydrate (Zn(Ac),-2H,0, 0.3 mmol) was added
to OAm (2 mL) and dodecanol (DDL, 4 mL) under stirring. The mixture was gradually
heated to 180 °C and held for several minutes until a milky-white suspension formed. The
ZnO NCs were collected, washed with ethanol, and redispersed in ethanol.

Au-Zn0O Heterogeneous Nanopyramids (NPs): Au NCs (0.25, 0.50, or 1.00 mL) were
added to a mixture of Zn(Ac),-2H,0O (0.3 mmol), OAm (2 mL), and DDL (4 mL) under
stirring. The solution was heated to 120 °C to remove water and hexane, then to 180 °C
for several minutes until pink-colored Au-ZnO NPs formed. Products were washed with
ethanol and redispersed in hexane.

All synthesis procedures were repeated at least three times, and the resulting samples
showed highly consistent morphology, structure, and optical properties, confirming the
good reproducibility of the synthetic process.

2.3. Characterization

Transmission electron microscopy (TEM), selected-area electron diffraction (SAED),
and energy-dispersive X-ray spectroscopy (EDS) were performed using a Tecnai G2 T20
microscope (FEI, Hillsboro, OR, USA) operated at 200 kV. Photoluminescence (PL) spectra
were recorded on a Fluorolog3-TCSPC spectrofluorometer (HORIBA Jobin Yvon, Edison,
USA) using a xenon lamp (450 W) as the excitation source, with a spectral resolution of 1 nm.
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UV-visible absorption spectra were measured on a Hitachi U-3900 spectrophotometer
(Hitachi High-Tech, Tokyo, Japan) with a resolution of 0.5 nm.

3. Results and Discussion
3.1. Morphology and Composition

In this study, Au—ZnO heterogeneous nanocrystals with a well-defined hexagonal
pyramid-like structure were successfully synthesized by modifying the experimental pro-
cedure [52]. By introducing different volumes of Au nanocrystals (Au NCs) into the mixed
solution, a series of samples were obtained, and their transmission electron microscopy
(TEM) images are shown in Figure 1a,b. All Au-ZnO nano-heterostructure were synthe-
sized at 25 °C and exhibited a regular hexagonal pyramid-like morphology.

Elem Weight % Atomic %
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ZnK |[57.60 40.00
AuLl |23.10 05.30
/nL
CukK
CK ZnK
gIK
] AuM CuK
n /n KAu L
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Energy (eV)

Figure 1. (a,b) TEM images of the typical Au—ZnO heterogeneous NPs with 0.25 mL Au NCs and
1.00 mL Au NCs respectively. The upper-right inset of panel (a) shows the SAED pattern of the
Au-7Zn0O heterostructures, while the lower-left inset presents the particle size distribution of ZnO
in the Au-ZnO sample. (c—e) HRTEM images of Au-ZnO. (f) EDS spectrum and the corresponding
elemental composition table of the Au-ZnO heterogeneous NPs (0.25 mL Au NCs).The red circles
mark the Au heterostructures.

As shown in Figure 1a, the spherical Au NCs possessed uniform size and morphology,
while the ZnO portion presented a smooth surface and homogeneous pyramid shape.
Although adjacent Au-ZnO NPs were in close proximity, they did not aggregate, and
each particle existed independently. Statistical analysis revealed that, on average, each
hexagonal ZnO pyramid contained only one small spherical Au NC embedded within it.
Size measurements showed that the side length of the ZnO nanopyramid was approxi-
mately 30 nm, whereas the average diameter of the Au NCs was 3—4 nm, indicating that
ZnO crystals were significantly larger than Au. The selected-area electron diffraction
(SAED) pattern (upper-right inset of Figure 1a) exhibits a series of well-defined concentric
diffraction rings, indicating the good crystallinity of the Au-ZnO heterostructures. The
measured ring spacings correspond well to the characteristic planes of hexagonal wurtzite
ZnO and face-centered cubic (fcc) Au, as expected from the coexistence of both phases
in the nanostructures. Because the Au nanocrystals are ultrasmall, their corresponding
diffraction features appear weaker compared to those of ZnO. Quantitative SAED analysis
demonstrated that the sample contained both hexagonal wurtzite ZnO and face-centered
cubic (fcc) Au structures, corresponding to the different rings observed. Figure 1f displays
the EDS spectrum of the Au-ZnO heteronanostructures. Distinct characteristic peaks of
OK,ZnL, Zn K, as well as Au M and Au L, can be clearly identified, confirming the
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coexistence of ZnO and Au in the sample. The Cu K signal originates from the copper TEM
grid used for sample support. The corresponding elemental composition is summarized
in the inset table, showing weight percentages of 57.6% Zn, 19.3% O, and 23.1% Au, with
atomic ratios of 40.0%, 54.7%, and 5.3%, respectively. The Zn-to-O ratio is close to 1:1,
further verifying that Au is successfully anchored onto the ZnO nanostructures. These
results are consistent with the TEM imaging analysis presented earlier.

High-resolution transmission electron microscopy (HRTEM) images (Figure 1c—e) further
revealed the crystallographic characteristics of the Au-ZnO heterogeneous nanoparticles.
Clear lattice fringes of both Au and ZnO could be observed. Due to the higher atomic
number and stronger electron-scattering ability of Au, the corresponding regions (marked
by red circles) appeared darker in the images. The measured lattice spacings of the Au
NCs were 0.233, 0.239, and 0.241 nm, corresponding to the Au (111) planes, while those
of the ZnO nanopyramids were 0.262 nm and 0.268 nm for the ZnO (002) planes, and
0.286 nm for the ZnO (100) plane. These results indicate a clear crystallographic orientation
relationship between the two phases. As shown in Figure 1c,d the Au (111) plane was
nearly parallel to the ZnO (002) plane with only a very small tilt, implying strong lattice
orientation correlation at the interface.

Although the normal interplanar spacings of Au and ZnO differ slightly, the key
factor for heterogeneous epitaxial growth is not the out-of-plane lattice matching but
the in-plane lattice matching [53]. The term “in-plane matching” describes the degree of
lattice alignment along the interface, where similar in-plane lattice constants allow strain
accommodation and promote epitaxial growth. For the fcc Au (111) surface, which exhibits
a hexagonal close-packed atomic arrangement, the primary in-plane directions are [110]
and [211], with corresponding atomic row spacing of 0.288 nm and 0.166 nm. Similarly, the
hexagonal wurtzite ZnO (002) plane also possesses a hexagonal close-packed configuration,
with periodic distance along the [100] and [110] directions are 0.283 nm and 0.163 nm,
respectively. According to the lattice mismatch equation d =21d; — dy | /(dy + dy) [54], the in-
plane lattice matching between Au(111) and ZnO(002) surfaces occurs along the directions
Au [110]//ZnO [100] and Au [211]//ZnO [110], with calculated lattice mismatches of
1.8% and 1.7%, respectively. Such a small lattice mismatch indicates that the two lattices
can form a high-quality semi-coherent epitaxial interface, facilitating the epitaxial and
oriented growth of Au nanocrystals on the ZnO surface. Another orientation relationship
is observed in Figure le as Au(111)//Zn0O(100). For this interface, the in-plane registry is
established along Au [110]//ZnO [010], yielding a minimum lattice mismatch of ~1.7%—
1.8%. further reveals another orientation relationship, Au(111)//Zn0O(100), the in-plane
registry is established along Au [110]//ZnO [010], yielding a minimum lattice mismatch
of 1.7%, confirming the existence of a stable epitaxial coupling between Au and ZnO.
Therefore, the HRTEM lattice fringe and orientation analyses together demonstrate that
the Au (111) and Zn0O(002)/(100) planes exhibit excellent alignment in both out-of-plane
and in-plane directions. This low lattice mismatch, combined with strain accommodation,
facilitates the epitaxial growth of Au nanocrystals on ZnO nanopyramids, resulting in a
stable, continuous, and low-energy Au-ZnO heterointerface at the atomic scale.

To investigate the effect of Au NC concentration on the formation of heterogeneous
nanostructures, a second sample (sample 2) was prepared by increasing the Au NC volume
to 1.00 mL (Figure 1b). Compared with sample 1 (0.25 mL Au NCs, Figure 1a), sample
2 showed poorer dispersion and clear agglomeration of Au-ZnO nanoparticles. The
TEM images indicate that many particles overlapped or contacted each other, resulting in
irregular morphologies. Although the average sizes of Au and ZnO were similar to those
in sample 1, the ZnO apex became flattened, forming a prism-like structure, while the Au
NCs remained spherical. As shown in the inset of Figure 1b, each ZnO particle in sample 2
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contained multiple embedded Au NCs instead of a single Au NC at the pyramid base. This
multi-core structure changed the heterointerface and introduced additional nucleation sites,
causing lattice distortion, orientation disorder, and aggregation. The closer contact between
adjacent ZnO particles suggests that excessive Au disturbed the interfacial energy balance
during growth. Several isolated Au NCs were also observed around the aggregates, likely
originating from unincorporated Au NCs in the solution. From a physical perspective, the
amount of Au added plays a crucial role in regulating the formation of the heterogeneous
structure. When a low amount of Au (0.25 mL of Au nanocrystal solution) is introduced
into the precursor system, the Au NCs act as preferential nucleation centers, inducing
oriented epitaxial growth of ZnO on their surfaces and leading to the formation of single-
core Au-ZnO hexagonal pyramids. However, when the Au content exceeds a critical level
(1 mL of Au solution), multiple Au NCs competitively adsorb Zn?* and OH ™ ions, resulting
in nonuniform ZnO nucleation and disordered growth orientations, which ultimately cause
aggregation. In this scenario, the redistribution of interfacial potential and the rebalancing
of surface energy collectively drive the morphological evolution of ZnO from pyramidal to
prismatic structures. Therefore, using an appropriate amount of Au (0.5 mL of Au solution)
enables balanced single-core epitaxial growth and strain equilibrium, yielding well-defined
and highly dispersed Au-ZnO heterogeneous nanocrystals, whereas excessive Au disrupts
this balance, leading to aggregation and structural distortion.

3.2. Photoluminescence Properties

After determining the structural and morphological characteristics of the samples, we
further investigated the optical absorption and emission properties of the Au-ZnO hetero-
geneous NPs and pure ZnO NCs to explore how the introduction of metallic components
influences their optical behavior. Figure 2b presents the ultraviolet-visible (UV-vis) absorp-
tion spectra of four samples: the mixed solution (Au + ZnO), the Au-ZnO heterogeneous
NPs, pure ZnO NCs (see Figure 3c for morphology), and pure Au NCs (see Figure 3a for

morphology).
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Figure 2. UV-vis absorption spectra of (a) Au NCs prepared at 15 °C and 25 °C; (b) the mixed Au +

ZnO solution, Au—-ZnO heterogeneous NPs, pure ZnO NCs, and pure Au NCs; (c) PL spectra of ZnO

NCs and Au-ZnO heterogeneous NPs with 1.00 mL Au NCs; and (d) Au-ZnO heterogeneous NPs

synthesized with 0.25 mL, 0.50 mL, and 1.00 mL of Au NCs.
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Figure 3. TEM images and SAED patterns of (a,d) pure Au NCs prepared at 15 °C, (b,e) pure Au NCs

prepared at 25 °C, and (c,f) pure ZnO NCs. (g—j) Particle-size distribution histograms with Gaussian

curve fits used to determine the most probable diameters. Insets show the corresponding physical

photographs and HRTEM images of each sample.

As illustrated in Figure 2b, the pure Au NCs and pure ZnO NCs exhibit absorption
peaks at 512 nm and 369 nm, respectively, while the mixed solution (Au + ZnO) shows two
distinct absorption peaks near 369 nm and 512 nm. Comparison with the spectra of pure
Au and ZnO NCs indicates that the absorption behavior of the mixed system is simply the
superposition of the individual optical responses of the two components, without any new
absorption band or spectral shift (Figure 2b). This observation suggests that no significant
electronic coupling or band interaction has yet formed between Au and ZnO in the solution
system, and the observed optical absorption arises primarily from the intrinsic electronic
transitions of each phase [55].

For the Au-ZnO heterogeneous nanoparticles (Sample 2), a clear redshift of the Au
absorption peak is observed compared with pure Au NCs—from 512 nm to 551 nm, giving
a shift of 39 nm (=170 meV). Such a large redshift is uncommon in metallic nanoparti-
cle systems, indicating that the Au-ZnO structure is formed through strong interfacial
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interactions rather than simple physical mixing. To further examine the origin of this
shift, the amount of Au NCs added to the solution was varied (0.25-1.00 mL), and the
corresponding UV-vis absorption spectra were recorded (Figure 2d). A summary of the
plasmonic parameters extracted from the absorption spectra is provided in Table 1. The
results show that as the Au content increases, the SPR peak of Au redshifts from 526 nm
to 551 nm, whereas the intrinsic ZnO absorption peak near 370 nm shifts by less than
5 nm. Together with the TEM images (Figure 1a,b), which show that the ZnO morphology
changes from hexagonal pyramids to hexagonal prisms, this slight shift can be attributed
to morphology-induced modifications in the local band structure and a reduced quantum
confinement effect [56]. In contrast, the pronounced redshift of the Au peak likely arises
from interfacial interactions between Au and ZnO, where dielectric modulation by the ZnO
matrix lowers the localized surface plasmon resonance (LSPR) frequency of Au, resulting
in the observed spectral shift [57]. Since no particle agglomeration is observed in the TEM
images, the observed LSPR red-shift is therefore attributed primarily to changes in the
interfacial electronic structure rather than to nanoparticle aggregation. Nevertheless, this
redshift may also be partly affected by changes in Au particle size or plasmonic coupling at
the Au-ZnO interface [58], although the dominant factor is still uncertain. To address this,
the following section examines the influence of particle size on the spectral shift.

Table 1. Plasmonic parameters of Au-ZnO samples with different Au contents.

Au Amount (mL) Aspr (nm) AN (nm) FWHM (nm) Peak Intensity
0.25 526 - 109 0.34
0.50 534 +8 91 0.62
1.00 551 +25 88 0.46

Figure 3h-j present the particle size distribution curves of Au nanocrystals (NCs) in
four different samples, corresponding to pure Au NCs synthesized at 25 °C (Figure 3h) and
Au-ZnO heterogeneous nanoparticles (Sample 1 in Figure 3i and Sample 2 in Figure 3j).
The Gaussian fitting was applied solely to obtain the most probable particle size, and
the fitting parameters are not directly relevant to the discussion. As shown, all samples
exhibit a normal size distribution. The most probable diameters of Au NCs in the pure
Au sample and in the Au-ZnO heterogeneous nanoparticles (Sample 1 and Sample 2) are
3.40, 4.08, and 4.02 nm, respectively (Figure 3h—j). Evidently, the particle size of Au NCs
in the Au-ZnO system increases slightly compared with that of pure Au (from 3.40 nm to
approximately 4.08 nm).

According to Mie theory [59], the absorption peak position of metallic nanoparticles
is highly size-dependent: as the particle diameter decreases, the LSPR peak exhibits a
blueshift, whereas increasing the diameter leads to a redshift. This behavior is consis-
tent with our experimental observations, suggesting that part of the redshift in the Au
absorption peak of Au-ZnO nanoparticles may arise from the size growth of Au NCs
caused by Ostwald ripening during synthesis. However, this effect alone cannot account
for the significant redshift observed. To exclude the influence of particle size and further
identify the intrinsic origin of the spectral shift, Au NCs were resynthesized at a lower
temperature (15 °C) (Figure 3a,d). The corresponding particle size distribution and fitted
curve (Figure 3g) reveal a most probable diameter of 4.80 nm, which is notably larger than
that of Au NCs in Sample 1 and Sample 2 (4.02 nm and 4.08 nm, respectively). Neverthe-
less, its absorption peak (Figure 2a) is located at 520 nm, only slightly higher than that
of pure Au NCs (512 nm) and far below that of the Au-ZnO heterostructure (551 nm).
This result indicates that the redshift of the Au absorption peak in Au-ZnO heterogeneous
nanoparticles is not primarily induced by particle size enlargement, and its contribution is
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negligible. Instead, the dominant factor is the electronic coupling effect arising from the
strong interfacial interaction between Au NCs and ZnO nanocrystals.

This Au-ZnO heterostructure not only affects the optical absorption of Au nanocrystals
but also significantly modifies the photoluminescence (PL) behavior of ZnO. Figure 2c
shows the normalized PL spectra of pure ZnO nanocrystals and Au-ZnO heterogeneous
nanoparticles (Sample 2). The near-band-edge (NBE) emission of pure ZnO is centered
at 380 nm, whereas that of the Au-ZnO sample redshifts to 388 nm, yielding a shift of
approximately 0.06 eV. This redshift indicates a modification of the electronic band structure
and carrier recombination dynamics upon Au-ZnO coupling.

Physically, the slight redshift can be attributed to interfacial charge coupling between
Au and ZnO. Due to the high work function of Au, a Schottky barrier forms at the Au/ZnO
interface, inducing band bending and local potential redistribution in ZnO [60]. This
reduces the effective recombination energy of excitons, leading to the observed NBE redshift.
Moreover, the LSPR of Au nanoparticles enhances the local electromagnetic field and
facilitates carrier—plasmon interactions, which further perturb the radiative recombination
energy levels and contribute to the spectral shift [61]. In addition, the full width at half
maximum (FWHM) of the PL peak in the Au-ZnO sample is broader than that of pure ZnO,
implying more complex carrier recombination pathways. This broadening likely arises
from the interfacial strain and electric field at the Au-ZnO boundary, which introduce
shallow defect states and band-tail broadening. Meanwhile, the intensity of the broad
visible defect emission band (around 560 nm) is markedly reduced after hybridization,
suggesting that Au incorporation effectively passivates surface defect states and improves
the optical quality of ZnO.

3.3. Luminescence and Growth Mechanisms

Based on the experimental results, a simplified growth model for the Au-ZnO hetero-
geneous nanoparticles is proposed, as illustrated in Figure 4c. When Au NCs are mixed
with zinc acetate at 120 °C, ZnO has not yet formed. At this stage, Au NCs approach
each other, and zinc acetate begins to adsorb on their surfaces without forming chemi-
cal bonds. With increasing temperature and time, Au NCs gradually aggregate through
surface adsorption until reaching thermodynamic stabilization. When the temperature
rises to 180 °C, zinc acetate decomposes to produce amorphous ZnO, which preferentially
nucleates around the Au NCs. Au thus acts as a heterogeneous nucleation center, and ZnO
partially grows around the Au NCs, forming surface-contact Au—ZnO composites rather
than complete core—shell structures. The final morphology is strongly influenced by the
amount of Au added. With a low Au content (upper part of Figure 4c), the large spacing
between Au NCs allows ZnO to grow independently around each particle, yielding isolated
Au-ZnO heterostructures after crystallization. In contrast, at high Au content (lower part
of Figure 4c), the reduced interparticle spacing causes the surrounding ZnO domains to
merge during growth, embedding multiple Au NCs in interconnected ZnO frameworks.

Thermodynamically, the entire evolution process is driven by minimizing surface,
interfacial, and strain energies. Au NCs lower the nucleation barrier for ZnO formation,
while interfacial diffusion and atomic rearrangement enable ZnO to redistribute around the
Au cores, reducing surface energy. The formation of coherent or semi-coherent interfaces
further minimizes lattice strain. With continued heating, Ostwald ripening promotes
crystallization, ultimately yielding stable Au-ZnO heterostructures with well-defined
interfaces and strong metal-semiconductor coupling.

In this experiment, the pronounced red-shift of the Au absorption peak and the strong
attenuation of the ZnO defect-related emission can be interpreted from the perspective of
metal-semiconductor interfacial physics. As shown in Figure 4a, for pure ZnO nanocrystals,
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photoexcitation promotes electrons from the valence band to the conduction band, where
radiative recombination generates near-band-edge emission around 380 nm (solid black
line) [62]. Electrons trapped by oxygen-vacancy defect states (Vo*) produce the green defect
emission near 560 nm, while additional carriers relax nonradiatively (dashed black line).
These processes constitute the intrinsic optical behavior of ZnO.

(a) Zn0O (b) Zn0 Electron

=== transfer
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Figure 4. Schematic diagrams showing (a) fluorescence emission of ZnO NCs, (b) electron transfer
in Au-ZnO heterogeneous NPs, and (c) growth process of different morphologies of Au-ZnO
heterogeneous NPs.

When Au nanocrystals come into contact with ZnO (Figure 4b), their different work
functions lead to the formation of a Schottky barrier at the interface [60]. Because the work
function of Au (=5.1 eV) is higher than the electron affinity of ZnO (x4.3 eV), electrons
transfer from the ZnO conduction band to Au, creating electron depletion and upward band
bending in ZnO [63]. Upon illumination, the LSPR of Au enhances the local electromagnetic
field, enabling a fraction of hot electrons to overcome the Schottky barrier and inject into
the ZnO conduction band. These electrons fill the surface Vo* states, effectively passivating
oxygen vacancies. Once the defect levels are occupied, electrons preferentially undergo
band-to-band recombination, strongly suppressing the green emission and enhancing the
relative intensity of the near-band-edge emission.

Thus, the Schottky barrier in the Au-ZnO heterostructure plays a dual role: (i) reg-
ulating charge redistribution to passivate Vo* defects and suppress defect-related recom-
bination in ZnO, and (ii) modifying the plasmonic response of Au. Through interfacial
coupling and hot-electron dynamics, the barrier lowers the effective plasmonic energy of
Au, resulting in the observed red-shift of the Au absorption band. This interfacial mecha-
nism provides a coherent explanation for both the enhanced near-band-edge emission of
ZnO and the significant red-shift of the Au SPR peak.
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To quantitatively estimate the number of electrons transferred from Au nanocrystals
(NCs) to ZnO nanoparticles, the relation between the LSPR wavelength and the number of
free electrons N was used, following Ref. [64]:

1

A X ——
LSPR N

Thus, the relative change in the effective number of free electrons can be expressed as:

2
Ninal [ Ainitiar
Ninitial Afinal

Using the experimentally determined values Ainjtia) = 516 nm, and Agng) = 551 nm, the

effective free-electron number in single Au NC decreases by approximately 12.3% after
forming the Au-ZnQO heterostructure. For a spherical Au NC with a diameter of 4.02 nm
(containing roughly 2.0 x 10° atoms, assuming one free electron per Au atom), the effective
electron number decreases from Niyiga = 2.0 X 10% to Ngpa1 ~ 1.76 x 103, corresponding
to an equivalent reduction of approximately 250 electrons per particle. This reduction in
the effective free-electron number indicates that charge redistribution occurs across the
Au-ZnO interface. When Au and ZnO form a Schottky junction, electrons from the ZnO
conduction band flow into Au until their Fermi levels equilibrate. The resulting built-in
electric field and depletion region in ZnO bend the conduction and valence bands upward,
which effectively alters the carrier concentration near the interface. Consequently, the Au
NCs experience a decrease in electron density (1), leading to a lower bulk plasma frequency
(wp =/ ne? /ey me ) and therefore a red-shift of the LSPR energy [65].

Additionally, the local dielectric constant (¢;) surrounding Au increases due to the
higher permittivity of ZnO compared with that of organic ligands or air. According to Mie

theory [66]:
1
WISPR = “’P\/ em + 26,4

a larger ¢; further reduces the LSPR frequency, reinforcing the red-shift. Therefore, the
observed spectral shift is the combined result of both electron density depletion caused by
interfacial electron transfer and dielectric loading from ZnO encapsulation.

From the interfacial-coupling perspective, the reduction in free-electron density also
reflects the formation of an interfacial dipole layer, which modifies the local electromagnetic
boundary conditions. The accumulation of negative charge on the ZnO side and positive
charge on the Au side enhances the local electric field asymmetry and alters the restoring
force for surface plasmon oscillation. This plasmon damping effect not only causes the red-
shift of the absorption peak but also broadens the linewidth, consistent with experimental
observations. It should be noted that the present calculation provides an effective estimation
of electron transfer, since both the electronic and dielectric effects contribute to the observed
LSPR variation. Nevertheless, the observed ~12% reduction in the plasmonic electron
population strongly supports the conclusion that electron transfer from ZnO to Au and
subsequent charge redistribution at the interface are key mechanisms driving the observed
optical modulation in the Au-ZnO heterostructure.

4. Conclusions

In summary, Au-ZnO heterogeneous nanoparticles were successfully synthesized,
exhibiting optical and electronic behaviors distinct from those of pure Au and ZnO. The
Au absorption peak shows a content-dependent red-shift, while the defect-related green
emission of ZnO is suppressed and its near-band-edge emission becomes broader and
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slightly red-shifted. These effects arise from interfacial electron transfer and Schottky barrier
formation, which drive charge redistribution, oxygen-vacancy passivation, and a reduction
in the effective plasmonic energy of Au. Quantitatively, about 12% of the effective free
electrons in Au participate in the interfacial transfer, confirming strong electronic coupling.
This work provides added value by establishing a clear and quantifiable correlation between
Au loading, interfacial charge behavior, and optical response—an aspect rarely clarified
in previous studies. Although achieving uniform interfaces requires precise control over
synthesis conditions, the insights obtained here offer a foundation for designing noble
metal-semiconductor heterostructures with tunable optoelectronic properties and open
opportunities for future applications in photocatalysis, sensing, and related fields.
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