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Plasmon-induced hot electron transfer in Au—ZnO
heterogeneous nanorods for enhanced SERS+

Jun Zhou,*? Jianshuo Zhang, 1° Haitao Yang, 2 *° Zhuan Wang, & *° Jin-an Shi,©
Wu Zhou,“ Nan Jiang, 0 Guoyu Xian,b Qi Qi,° Yuxiang Weng,® Chengmin Shen,”
Zhaohua ChengP and Shengtai He @ *2

Colloid-synthesized matchstick-shaped Au-ZnO heterogeneous nanorods are found to have the Zn ion
terminated plane in the ZnO—Au interface without the formation of Au—O bonds based on the atomic-
resolution observation of their interfacial structure and electronic states, which is greatly different from
the other reported results. The Au-ZnO heterogeneous nanorods with a good expitaxial interface have
shown a stronger surface-enhanced Raman scattering (SERS) signal of the dopamine molecules than Au
nanoscale seeds alone, which is attributed to the enhanced charge transfer (CT) effect of ZnO which is
greatly improved by the plasmon-induced hot electron from Au nanostructures. The enhanced CT effect
has also been proved by a higher photocatalysis efficiency. Furthermore, the plasmon-induced hot elec-
tron transfer mechanism in Au—ZnO heterogeneous nanorods has been confirmed by a slow rise time of
electrons in the transient absorption measurements. These findings suggest the dependency of the
plasmon-induced hot electron transfer mechanism on the different mixing of the metal and semi-

rsc.li/nanoscale conductor band levels.

Introduction

Metal-semiconductor heterogeneous nanorods (NRs) can
greatly enhance and trap light mainly by scattering photons,
plasmon resonance energy transfer, and plasmon-induced hot
electrons from metal nanostructures."” Diverse metal-semi-
conductor heterogeneous nanostructures have recently been of
significant interest both in the fundamental light-matter inter-
action mechanism and technological applications, including
photovoltaics, photocatalysis, and spectroscopic applications,
particularly in surface-enhanced Raman spectroscopy
(SERS),> on account of the advantages of broad spectral tun-
ability, large absorption cross sections, and long-term stability
of plasmonic metal nanostructures. By exploring the chemical
enhancement of semiconductor nanostructures along with
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electromagnetic (EM) enhancement of plasmonic metal nano-
structures, many research efforts have been focused on the
pursuit of more sensitive SERS-active substrates, possibly
extending to the level of single molecule detection sensitivity.®
Since chemical enhancement is mostly related to the CT
between the absorbate molecules and semiconductor,””® the
highly-efficient injection of plasmon-induced hot electrons
into the semiconductor has become a key problem.

So far, there are two different plasmon-induced hot electron
injection mechanisms. One is the plasma-induced hot electron
transfer mechanism (PHET), which refers to the transfer of hot
electrons formed by the plasmon decay of metal nano-
structures into a coupled semiconductor,”'® and the other is
the plasmon-induced metal-to-semiconductor interfacial
charge-transfer transition (PICTT) mechanism, which refers to
the direct generation of an electron in the coupled semi-
conductor and an electron hole in the plasmonic metal in the
decay process of plasmons.'™'? The PICCT mechanism was
first reported to have a highly efficient plasmon-induced elec-
tron-hole pair separation in Au-CdSe NRs with Au tips at both
the ends of CdSe NRs. CdSe is a narrow band gap semi-
conductor with a band gap of 1.76 eV and the Schottky barrier
of Au-CdSe is 0.64 eV. However, there are still few reports on
the plasmon-induced hot electron injection mechanism in one
dimensional (1D) heterogeneous nanostructures formed by
plasmatic metal and wide-band gap semiconductors and its
influence on SERS.

This journal is © The Royal Society of Chemistry 2019
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Herein, we propose Au-ZnO 1D plasmonic metal-semi-
conductor NRs with a Au tip only at one end of ZnO NRs to
experimentally demonstrate the enhanced SERS and the PHET
mechanism in metal and wide-band gap semiconductor nano-
structures. ZnO can epitaxially grow on Au seeds due to a suit-
able crystalline lattice match between them, resulting in a
weakly coupled interface. ZnO also has a good affinity with
molecules to realize CT enhanced SERS. The length of the ZnO
nanorods is much longer than the diameter of Au seeds,
which can ensure a long enough relaxation path of hot elec-
trons. Moreover, since the band gap of ZnO and the Schottky
barrier of Au-ZnO, 3.37 eV and 1.2 eV,">'* are quite different
from the relevant values of CdSe and Au-CdSe, Au-ZnO NRs
can be regarded as a typical metal/wide-band gap semi-
conductor nanostructure for the investigation of enhanced
SERS and the plasmon-induced hot electron injection
mechanism.

Experiments

Matchstick-shaped Au-ZnO heterogeneous NRs were prepared
by a high-temperature solution method. Typically, gold(m)
chloride hydrate, benzyl alcohol, 1-octadecene, oleylamine,
and zinc acetate dehydrate were added into a three-neck flask
and warmed at 120 °C. After the color of the solution changed
from yellow to brown, the solution was further heated to
180 °C and incubated for 30 min. The Au-ZnO NRs were col-
lected by centrifugation after cooling the reaction solution to
room temperature. Au seeds were obtained by directly extract-
ing a small amount of reaction solution at 120 °C followed by
washing with ethanol and re-dispersing with hexane. ZnO NRs
were prepared by removing Au tips from Au-ZnO NRs by an
etching treatment with KI and iodine. The detailed synthesis
information is presented in the ESL}

Au seeds, ZnO NRs, and Au-ZnO NRs were deposited on
the SiO,/Si substrates for SERS measurements, respectively. A
total of 100 pL of hexane dispersion of the hydrophobic nano-
structures was added dropwise onto 1 x 1 ecm” SiO,/Si wafer
with a 300 nm SiO, top layer and dried under ambient con-
ditions. Then, this SiO,/Si wafer was put into a 5 mL beaker
containing 1 mL of 1 x 107> M dopamine solution. After
12 hours, SiO,/Si wafers covered with the different samples
were washed three times with ethanol and dried in air.

Characterization

Powder X-ray diffraction (XRD) data were collected on a D2
PHASER X-ray diffractometer (Cu Ka radiation, 4 = 0.154 nm).
The morphology and structural properties of the samples were
investigated by using a transmission electron microscope
(TEM, JEM-2100F with an operation voltage of 200 kV). STEM
characterization was performed on an aberration-corrected
scanning transmission electron microscope operated at 60 kV.
The convergence angle was set to 32 mrad, while the angle of
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the annular darkfield detector was set to 75-210 mrad to
obtain the atomic number contrast (Z-contrast) in the images.
The samples for STEM analysis were prepared by adding drop-
wise a hexane solution of Au-ZnO NRs onto TEM grids and
drying. UV-visible spectra were recorded with a Varian Cary
5000 ultraviolet-visible spectrophotometer. Raman spectra
were obtained with a Renishaw Raman system model in a Via-
Reflex spectrometer and a LabRam HR 800 spectrometer of
HORIBA Co. 532 nm radiation from a solid-state laser,
632.8 nm radiation from a He-Ne laser and 785 nm radiation
from a semiconductor-state laser were used as exciting
sources. Femtosecond time-resolved mid-IR absorption was
carried out with a home-made ultrafast system.

Results and discussion

Fig. 1 shows the transmission electron microscopy (TEM)
images of the as-prepared Au seeds, ZnO NRs, and matchstick-
shaped Au-ZnO NRs, respectively. From Fig. 1c, it can be
observed that the average length and diameter of ZnO NRs are
46.0 nm and 9.0 nm, respectively, while the size of the Au tips
(darker parts) is about 8.0 nm and is close to the size of Au
seeds. Fig. 1d presents the corresponding high-resolution TEM
images indicating highly co-aligned lattices of all Au and ZnO
domains from epitaxial growth of the ZnO NRs on the Au tips.
The lattice fringes of 0.260 nm belong to the (0001) plane of
wurtzite-type ZnO and the Au tips are terminated by the (111)
plane with a d-spacing of 0.235 nm. Without adding a non-
polar solvent, 1-octadecene, Au-ZnO NRs with bi-, tri-, or tetra-
pod shapes were obtained in a polar solvent of benzyl alcohol.
In addition, Au-ZnO core-shell nanoparticles were formed by
using dodecanol, a more polar solvent, in our previous work."®
According to our synthesis experimental results, a possible
growth mechanism of matchstick-shaped Au-ZnO NRs can be

Fig. 1 TEM images of (a) Au seeds, (b) ZnO NRs, (c) Au—ZnO NRs, and
(d) HRTEM images of branched Au—ZnO NRs.
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deduced. To our knowledge, the lower energy barrier favors the
heterogeneous nucleation of semiconductor nanostructures
onto the metal seeds. The hexagonal basal surface of ZnO is
the (0001) polar plane. Because of the lower interface energy
for the polar/metal interface, the ZnO (0001) is favourable to
nucleate on the Au (111) plane. During the growth process, the
free electrons from the Au seeds will compensate for the
charge induced by the polarized plane at the Au-ZnO inter-
face. As the electron concentration within a single Au seed is
limited, this compensation makes all other facets of the Au
seeds more electron deficient and therefore less reactive for
adding other nuclei. As a result, linear ZnO nanostructures are
formed.'® When solvents with a higher polarity are used, the
Au seeds can compensate for the reduced electron density by
polarization due to the solvent, which allows nucleation on
multiple facets.

The crystal structures and interfaces of the matchstick-
shaped Au-ZnO NRs were further analysed by aberration-
corrected STEM. Figs. 2a and b show the annular bright field
(ABF) and high-angle annular dark field (HAADF) STEM
images of the Au-ZnO NRs, respectively. The clear spatial con-
figurations of the Au tip, ZnO nanorod, and interface can be
observed, respectively. The corresponding FFTs acquired from
the selected Au and ZnO domains shown by the red square
indicate that the ZnO NRs grow along the direction of (0001)
of ZnO after nucleation on the Au (111) planes. From the
enlarged ABF and HAADF images of the interface of Au-ZnO
NRs (as shown in Fig. 2c and d), the ZnO NRs grow well epi-
taxially on the synthesized Au tips and both the Au tips and
ZnO NRs keep their own crystal structures well at the interface.
The interface is also free of any significant voids or defects.
These characteristics suggest that almost no other energy bar-
riers are introduced across the interface. It is known that the
contrast of ABF and HAADF images directly depends on the
atomic number, Z (~Z"7 dependence), which could be used to
identify the positions of the heavier Au and Zn atoms. ABF is
sensitive to both heavy and light elements, with heavier
elements showing a darker contrast. Careful analysis of the
simultaneously acquired STEM-ABF and HAADF images
(Fig. 2c and d) reveals that the ZnO/Au interface is terminated
by the Zn atomic plane. A schematic structural model of the
interface is overlaid on the images, with Au, Zn, and O atoms
shown in golden, gray, and red colors, respectively.

To reveal the combining state of the interfacial atoms of the
metal-semiconductor, which has a strong influence on the
transport or scattering properties of plasma-induced hot elec-
trons, atomic-column resolution EELS spectra in the line-scan
mode were obtained. In the HAADF image in Fig. 2e, numbers
1-5 correspond to the scanned seven atomic columns across
the interface along the red line. The contrast intensity profile
of the atomic columns indicates that atomic columns 0 and
—1 have a higher contrast than that of atomic columns 1-5,
while much less than that of the inner Au atoms. The corres-
ponding EELS spectra of O ions (K edge, 532 eV) with the back-
ground subtracted using a power law are shown in Fig. 2f. No
absorption peak of the K edge is observed in the spectra of
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Fig. 2 (a) The annular bright field (ABF) STEM image and (b) high-angle
annular dark field (HAADF) STEM image of the Au—ZnO NRs; the insets
are the FFT patterns of the selected area shown by red lines; (c) and (d)
are the corresponding enlarged interface parts shown by red dotted
lines in (a) and (b), the simulated structures of Au and ZnO atoms are
shown; (e) HAADF-STEM image of Au-ZnO NRs for showing the atom
columns used to collect the atomic-column resolution EELS spectra via
the line-scan mode; the insets show the corresponding image contrast
and oxygen content. (f) Corresponding EELS spectra of the 7 atom
columns of oxygen cations scanned along the dotted red line in (e).

atomic columns —1 and 0, which indicates that they are Au
and Zn columns. Moreover, there is no obvious chemical shift
in the absorption peaks of the K edge in the observed spectra
of atomic columns 1-5, which reveals that Au atoms do not
form Au-O bonding or have little influence on the O ions even
in the neighbouring O polar plane. This is quite different from
the Au-O bonding observed in the Au-Fe;0, core-shell nano-
particles.'”” Thus, it can be concluded that the Au-Zn-O
atomic layer stack exists in the interfaces of the matchstick-
shaped Au-ZnO NRs with a strong electronic affinity between
the Au atom and Zn>" ions, which benefits electronic transport
from metals to semiconductors.'®

To investigate the SERS of Au-ZnO NRs, the dopamine
molecule is used since it has a phenyl ring with a large polariz-
ation degree and polar molecular groups, which allows dopa-
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mine to tightly bind to the surface of ZnO with a large CT
response. UV-vis absorption spectra were obtained to deter-
mine the suitable radiation wavelength for Raman measure-
ments and confirm the dopamine binding with ZnO NRs.
Fig. 3 shows the UV-vis absorption spectra of the Au seeds,
ZnO NRs, and Au-ZnO NRs before and after absorbing dopa-
mine molecules, respectively. The absorption spectra of Au
seeds exhibit an absorption band with a maximum absorption
wavelength (Ama,) of about 520 nm, which is caused by the
localized surface plasmon resonance (LSPR) of gold seeds. An
absorption band with a maximum absorption wavelength
(Amax) is located at 358 nm due to the ground excitonic state of
ZnO. After combining with ZnO NRs, the characteristic gold
plasma resonance peak (Fig. 3c¢) red-shifts from 520 nm to
556 nm against pure Au seeds because the dielectric functions
of semiconductors are larger than those of water, air, or
organic capping molecules based on the Mie theory." It can
also be found that after adsorbing the dopamine molecules
(Fig. 3d), the absorption band at 364 nm shifts to 359 nm.
These changes are attributed to the electronic interaction of
dopamine molecules and ZnO NRs. Meanwhile, besides the
LSPR absorption band of ZnO NRs, the absorption band of Au
seeds shows a blue shift from 556 nm to 552 nm, which
means that a variation in dielectric surroundings can change
the LSPR behaviour of Au-ZnO NRs.

Fig. 4 shows the Raman spectra of dopamine molecules
adsorbed on the different nanostructures at a laser excitation
wavelength of 532 nm. The predominant bands in the spec-
trum of 2 M dopamine solution (as shown in Fig. S2t) are
located at 753, 792, 1113, 1294, 1147, 1454, and 1602 cm™
corresponding to the C-O, CH,, and phenyl ring stretching
modes.* For dopamine with 10~> M concentration, no Raman
peak is observed (Fig. 4a) except for a rectangle-shaped peak
corresponding to the Si substrate at 938 cm™". In the case of
ZnO NRs, there is a slightly broad peak at 1600 cm™", indicat-
ing a weak CT enhancement effect of ZnO. Au seeds, as typical
SERS substrates with the EM enhanced mechanism, show a
strong Raman peak at 1583 cm™" corresponding to the C-C
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Fig. 3 UV-vis absorption spectra of (a) Au seeds, (b) ZnO NRs, (c) Au—
ZnO NRs, and (d) Au—ZnO NRs after absorbing dopamine.
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Fig. 4 SERS spectra of (a) dopamine molecules with a concentration of
107> M and its adsorption with (b) ZnO NRs, (c) Au seeds, and (d) Au—
ZnO NRs with 532 nm laser excitation. The broad peak marked by the
star (*) is from Si.

stretching in the phenyl ring. Strong bands are observed at
790, 1092, 1363, 1583, 1765, and 1904 cm™* in the Au-ZnO NR
absorbed dopamine molecules in Fig. 4d, corresponding to
the C-C bending modes, OH-C bending modes, C-O stretch-
ing, and C-C stretching modes, respectively. Five Raman peaks
of the dopamine molecules experienced different relative
enhancements, especially the intensity at 1583 cm™" is
obviously much higher than that in the other bands. For dopa-
mine with a concentration level of 107> M, the enhancement
factor of Au-ZnO NRs is over 1.2 x 10% It means that the
vibrational modes of dopamine molecules are selectively
enhanced on the surface of ZnO NRs. C-C bonding in the
phenyl ring with a high molecular polarity is subject to
enhancement by the CT effect of a semiconductor. By compar-
ing curves ¢ and d in Fig. 4, the peak intensity of Au-ZnO NRs
at 1583 cm™" increases to twice that of Au seeds. Thus, it is
reasonable to conclude that these strong SERS signals are the
result of the chemical enhancement mechanism because there
is no resonant excitation of plasmons in ZnO NRs. The CT
enhancement effect can further be improved by transferring
the additional electrons from the LSPR of Au tips to the con-
duction band of the ZnO NRs. Subsequently, dynamic CT
could occur through coupling with the vibrations of the brid-
ging molecules to easily transfer an electron to an excited
unfilled level of dopamine. The enhanced CT effect has also
been proved by a higher photocatalysis efficiency of Au-ZnO
NRs than pure Au seeds, as shown in Fig. S4.1

In order to further reveal the mechanism of enhanced
Raman spectra of label molecules on the Au-ZnO NRs, the
SERS of dopamine molecules was measured using 532 nm,
633 nm, and 785 nm radiation as the excitation sources,
respectively (as shown in Fig. 5). Using the 633 nm excitation
source, only two obvious weak broad Raman peaks at
1330 ecm™" and 1584 cm™" are observed. The SERS spectrum
using 785 nm laser excitation only has a sharp asymmetric
peak with a lower intensity corresponding to the Si substrate at
938 em ™. These can be attributed to the low LSPR intensity of

Nanoscale, 2019, 11, 1178211788 | 11785
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Fig. 5 SERS spectra of dopamine molecules adsorbed on the Au-ZnO
NRs under (a) 532 nm excitation, (b) 633 nm excitation, and (c) 785 nm
excitation. The broad peak marked by the star (*) is from Si.

Au tips excited under some excitation sources at a wavelength
far from the 520 nm of the Au plasmon band, which cannot
strongly accelerate the CT enhancement effects of ZnO NRs.
We next investigate the mechanisms of exciton and
plasmon interactions in the Au-ZnO heterogeneous NRs.
Pump-probe transient absorption spectroscopy was used to
probe the dynamics of excited states in the metal domains.
The setups of femtosecond mid-IR transient absorption are
described in the ESL T In the transient absorption experiments,
Au seeds, ZnO NRs, and their physical mixtures are used as
reference samples to compare with the dynamics observed in
Au-ZnO NRs. The reference samples have the same concen-
tration as that of the Au-ZnO samples. Under these con-
ditions, the reference samples and the Au-ZnO NRs samples
absorb the same number of excitation photons. The samples
for transient absorption studies were excited by 360 and
520 nm laser pulses and probed at 3800 nm corresponding to
the intraband absorption of ZnO.>"** Fig. 6a and b show the
kinetics of all samples after 360 and 520 nm laser pulse exci-
tation. With 360 nm excitation, all samples except for Au seeds
generate an intraband absorption signal at 3800 nm, as shown
in Fig. 6a, which shows a multiexponential decay. Though Au
seeds may be excited by a 360 nm beam, no transient absorp-
tion features can be observed at 3800 nm due to no intraband
absorption in the mid-IR region in Au seeds. The traces in
Fig. 6a can be fit with a rise time of 0.058 + 0.004 ps, 0.064 +
0.003 ps, and 0.083 + 0.010 ps for ZnO NRs, mixtures, and
Au-ZnO NRs, respectively. A slightly slower rise time of Au-
ZnO NRs may be caused by partial electron transfer from the
weak LSPR of Au tips to ZnO NRs. After 520 nm excitation,
only Au-ZnO NRs have been excited and generate an intraband
absorption signal at 3800 nm along with a multiexponential
decay in 100 ps, as shown in Fig. 6b. No intraband absorption
signal can be observed in ZnO NRs and Au seeds because iso-
lated ZnO NRs cannot be excited by a 520 nm beam and Au
seeds cannot be probed at 3800 nm after 520 nm beam exci-
tation. Meanwhile, the mixture of isolated Au seeds and ZnO
NRs coated by surfactant molecules has no effective electron
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Fig. 6 TA kinetics of different samples after (a) 360 and (b) 520 nm
excitation. Kinetics probed at 3800 nm for all samples. The solid line is a
multiexponential fit to the kinetics of all samples. (c) The enlarged TA
kinetics of Au—ZnO NRs after 360 and 520 nm excitation.

transfer pathway between them, resulting in no obvious exci-
tation. The kinetics of Au-ZnO NRs can be fitted with a rise
time of 0.720 + 0.120 ps. Fig. 6¢ shows the kinetics comparison
for the transient signals of Au-ZnO NRs with different exci-
tation wavelengths of 360 and 520 nm in a short timescale. A
much slower rising time of 0.720 ps under the 520 nm laser
pulse excitation than 0.083 ps under 360 nm pulse excitation
can obviously be observed. Lian et al. reported that the rise
times in Au-CdSe and Au-CdS NRs with the 1.74 and 2.49 eV
band gaps of semiconductor NRs are 0.020 ps and 0.090 ps,
respectively, after 590 nm beam excitation."**> The much faster
rise time in Au—CdSe NRs is ascribed to the PICTT mechanism,
while the slower rising time of 0.090 ps in Au-CdS NRs cannot

This journal is © The Royal Society of Chemistry 2019
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be ascribed to the PICTT mechanism. Meanwhile, the conven-
tional indirect electron-transfer model suggests that the time-
scale of the PHET process should be on the order of pico-
seconds.”® Based on the 0.720 ps rising time, it can be reason-
ably concluded that the transfer of the plasmon-induced elec-
tron is an indirect pathway processing two steps including the
decay of plasmons and the transfer of hot electrons from the
interface of Au-ZnO to the CB of ZnO. However, a fine Au-Zn-
ZnO interface with a low Schottky barrier in the Au-ZnO NRs
can accelerate the transfer of hot electrons after plasmon decay,
which results in a shorter rising time less than 1 ps. Another
important dynamic characteristic is that the decay time under
360 nm laser pulse excitation is 2.41 + 0.70 ps referring to the
charge-recombination time in ZnO NRs. The decay time under
520 nm pulse excitation is 3.63 + 0.67 ps corresponding to the
inverted electron transfer process through the Au-ZnO interface
from the ZnO NRs to Au tips, which can occur via the dense
manifold of unfilled conduction band levels above the Fermi
level of Au tips. Such long recombination kinetics of injected
hot electrons can greatly increase the transfer ratio of electrons
from ZnO to the absorbed molecules, which results in not only
an enhanced SERS effect but also excellent photocatalysis pro-
perties for the fast photodegradation of 4-chlorophenol.

Based on these results, the PHET mechanism for Au-ZnO
NRs and the PICTT mechanism for Au-CdSe NRs can be
reasonably illustrated in Fig. S5.f The plasmon excitation
decays to hot electrons and holes due to Landau damping, in
which a plasmon quantum is transferred into an intraband
excitation within the conduction band of the metal or an inter-
band excitation between occupied bands (usually d bands) and
the conduction band. There are earlier results reported by
Y. K. Lee et al. on the direct observation of plasmon-induced
hot electron flows by using metal-semiconductor Schottky
structures.”>*® When plasmonic nanostructures are usually
smaller than 20 nm, intraband transitions take place due to
nano-confinement effects and alter the hot carrier distri-
butions with electrons at lower plasmon energies by directly
exciting electrons from the Fermi level of plasmonic nano-
structures.”” Since the Schottky barrier of Au-CdSe NRs is only
0.6 eV and the Fermi level of Au is very close to the valence
band of CdSe, the decay of Au plasmons could directly excite
an electron in the conduction band of the CdSe and a hole in
the Au due to the strong coupling and mixing between Au and
CdSe energy levels and a narrow barrier layer. However, the
Schottky barrier of Au-ZnO is as high as 1.2 eV and the differ-
ence between the valence band of ZnO and the Fermi level of
Au is 0.8 eV, which results in a wide barrier layer and poor
mixing between Au and CdSe energy levels. It should be noted
that the Schottky barrier of the nanoscale Schottky junction
typically is dozens of meV lower than the bulk values.**° Only
hot electrons with high energy can transfer to the conduction
band of ZnO, and the direct tunnelling of plasmon-induced
hot electrons from the Au to ZnO even with a fine interface
between them becomes very difficult. Thus, we propose that
the PICTT mechanism may exist in the metal-semiconductor
system with a perfect mixing of the metal and semiconductor
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band levels, especially consisting of a narrow band gap semi-
conductor and plasmatic metal nanostructures with the corres-
ponding plasma absorption wavelength. While for the metal-
semiconductor system with a large energy level difference
between the metal and semiconductor band levels, the PHET
mechanism would come into play in the plasmon-induced
hot-electron injection.

Conclusions

In summary, matchstick-shaped Au-ZnO nanorods have been
prepared via a facile one-pot colloid synthesis method. The Zn
ion terminated plane in the ZnO-Au interface without the for-
mation of Au-O bonds is found based on the atomic-resolu-
tion observation of their interfacial structure and electronic
states, which is greatly different from widely-reported results.
The Au-ZnO NRs as SERS substrates for detection of DA mole-
cules have shown a stronger SERS signal than Au seeds when
using 532 nm laser excitation. The obvious SERS enhancement
in the number and amplitude of the Raman peaks of the DA
molecules absorbed on the Au-ZnO NRs reveals that the CT
effect of ZnO is greatly enhanced by the LSPR of Au seeds.
Furthermore, the LSPR-enhanced CT effect has been proven
from the SERS spectra of DA molecules excited at different
laser wavelengths from 325 to 785 nm. Moreover, the photo-
catalytic experimental results showed that Au-ZnO NRs are
characterized by high reproducibility after visible-light-assisted
cleaning, which makes them promising as biologically compa-
tible and recyclable SERS-active platforms for different mole-
cular species. The PHET mechanism in Au-ZnO heterogeneous
NRs has been confirmed by transient absorption spectroscopy.
These findings suggest the dependency of the plasmon-induced
hot electron injection mechanism on the different types of
mixing of the metal and semiconductor band levels.
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