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Abstract:
Surface-enhanced Raman scattering (SERS) is a powerful technique for detecting pollutants. Recent

studies have shown that the sensitivity of SERS can be further improved by using appropriate light excitation
before or during Raman measurements, a phenomenon known as photo-induced enhanced Raman scattering
(PIERS). In this study, we developed a highly sensitive SERS substrate by fabricating a ZnO/Au thin film
using radio frequency magnetron sputtering and post-annealing processes. The resulting substrate exhibited
high crystallinity and enhanced sensitivity for pollutant detection.

The study found that in situ UV excitation significantly enhanced the Raman signal, up to 5.5 times more
efficiently than the traditional SERS technique. The excitation process was reversible, allowing for a quick
recovery of the Raman intensity to its initial level when the UV excitation was turned off. This relaxation
process is attributed to the recombination of electrons and holes.

Keywords: ZnO thin films; Au nanoparticles; sputtering; surface enhanced Raman scattering (SERS);
Photo induced enhanced Raman scattering (PIERS); UV excitation.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive technique capable of detecting trace
amounts of substances for use in a variety of fields, including environmental monitoring, food safety, and
life sciences [1]. Previous reports have shown that SERS originates from the inelastic light scattering of
analyte molecules on the surface of metal nanostructures[2—4]. The enhancement of SERS involves two
main mechanisms: electromagnetic (EM) enhancement and chemical (CM) enhancement. EM enhancement
results from localized surface plasmon resonances (LSPR) due to the metal nanoparticles, which leads to
significant SERS enhancement [2,4—6]. CM enhancement is the result of charge transfer between metal
nanoparticles and the molecules of the analyte [5-8].

The two mechanisms can not be separated clearly but they work together to produce the overall
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SERS effect. Despite of potential applications, only few SERS based products have been commercialized
due to the difficulty in achieving high enough uniformity and stability. Hence, seeking for novel
nanomaterials and optimizing material morphology to attain highest total SERS enhancement factor (EF)
have attracted a lot of attention. However, there has been less room for material optimization thanks to deep
and wide research of scientists in this area.

In recent years, alternative approaches have been proposed to improve SERS signal. Instead of
focusing on the material itself, the scientists pay more efforts on optimizing the measurement process. Some
studies have shown that if the sample is stimulated with a suitable light before or during Raman
measurement, SERS signal can be enhanced greatly [5,9—11]. Such effect is known as photo induced
enhance Raman scattering (PIERS). Although there have been a number of studies on PIERS, the underlying
physics is not clearly understood due to the inherent complexity of SERS in association with photo-
excitation effects.

Moreover, most of current studies have focused on the treatment of SERS substrates by UV
radiation prior to Raman measurement, where the Raman enhancement is attributed to the generation of
oxygen vacancies on the surface of ZnO nanostructures[12—16]. In this paper, we present the results of
preparation of Au nanoparticles on ZnO thin films by sputtering method. The as-prepared structures are
sensitive SERS substrates. The results also show that Raman signal can be efficiently enhanced further
under in situ UV excitation. The study suggests an alternative mechanism of PIERS related to charge transfer
process rather than oxygen vacancy generation. The physics nature of PIERS was revealed by both

experiment and simulation.

2. Experiment

Glass slides with sizes of 10 mm x10 mm %1 mm were used as substrates for thin film deposition.
The substrates were ultrasonically cleaned in acetone, ethanol and DI water in sequences. The substrates
were rinsed with DI water and then blown dried by nitrogen gun. Mini sputter ULVAC (Japan) was used to
deposit ZnO thin films on glass substrates. The chamber was first evacuated to a vacuum of 3 10 Pa, then
Ar gas was introduced into the chamber to maintain the pressure at 1 Pa. Sputtering was performed with a
power of 175 W and the sputtering time was fixed at 20 min. Substrate heating was not applied during
sputtering.

In the second step, a layer of Au was deposited on top of the previously synthesized ZnO thin film
by DC sputtering (JEOL JFC - 1200). Sputtering time was 30 s while sputtering current was maintained at
20 mA. Finally, the ZnO/Au thin film was annealed at 300 °C for 2 h.

PANalitycal Empyrean X-ray diffractometer using Cu Ko = 1.54056 A radiation was utilized to
investigate the structure of the fabricated samples. Surface morphology of the samples was investigated by
JEOL's scanning electron microscope (JSM —IT100). The transmittance and absorbance spectra of the thin
films were collected on a Shimadzu UV - VIS (UV - 2450) spectrophotometer. SERS and PIERS effects
were investigated using Horiba Jobin Yvon's LabRAM HR 800 Raman spectrometer with a 632.8 nm He-
Ne laser source for excitation of the samples. Methylene blue reagent (MB) with different concentrations
was used as Raman probe. A fixed volume of 50 ul of MB was dropped onto the samples. Raman

measurements were performed after the samples were naturally dried. To investigate the PIERS effect, the



samples were illuminated by a UV LED (wavelength of 365 nm and a power of 1 mW) from a tilted angle
of 45° with respect to vertical direction during Raman measurement. The distance from the UV LED to the
sample surface is 10 cm. The power density on the sample surface was estimated to be 0.2 mW/cm?. Normal
SERS and PIERS spectra were collected at the same point on the sample to verify the contribution of the

UV excitation to the Raman enhancement.

3. Results and discussion

X-ray diffraction patterns of ZnO and ZnO/Au thin films are shown in Fig. 1. It can be seen that the
obtained ZnO thin film has a high crystallinity with preferred orientation in the (002) direction. All the
diffraction peaks match well with the JCPDS Card No. 36-1451 of hexagonal wurtzite structure of ZnO.
The estimated lattice constants of the ZnO thin films are: a = 0.326 nm; ¢ = 0.521 nm. These lattice
parameters are in good agreement with the values reported in the literature for hexagonal ZnO [17].

Additional peaks observed in the XRD pattern of ZnO/Au samples can be indexed to those of Au.
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Fig. 1. X-ray diffraction patterns of ZnO and ZnO/Au thin films
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Fig. 2. (a) SEM images of the ZnO/Au thin films ; (b) Size distribution of the Au nanoparticles on
ZnO thin films .

Fig. 2a is a SEM image of the ZnO/Au thin films annealed at 300 °C in 2h. It can be seen that

annealing process transformed Au thin films into nanoparticles of high density. Size distribution of Au



nanoparticles was statistically analyzed using ImagelJ software, Fig. 2b. The statistic, performed over 240
particles, shows an average particle size of 47 nm. EDS spectrum in Fig. 3 shows that the ZnO/Au thin film
is composed only of Zn, O and Au elements. It should be noted that the signal of Na comes from the glass

substrate.
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Fig. 3. EDS spectrum of the ZnO/Au thin films.

The absorption spectrum of the ZnO/Au thin films is shown in Fig. 4. A clear absorption edge in
the 380 nm wavelength region can be assigned to the band to band absorption of ZnO [18]. Another broad
and small peak at around 600 nm was observed, which can be assigned to the plasmon resonance absorption

of Au nanoparticles on ZnO thin films.
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Fig. 4. (a) Absorption spectrum of the ZnO/Au thin films; (b) Tauc plot of the ZnO /Au thin films

The bandgap of the obtained ZnO nanorods was estimated using Tauc’s plot method. The energy

dependent absorption coefficient of direct semiconductor can be expressed by:



1/2

ahv = A(hv—Eg) ,
where Av is the energy of the incoming photon and Eg is the bandgap of the direct semiconductor. By
extrapolating the linear part of the (ahv )2 vs. hv plot (Fig. 4b) to the energy axis, the bandgap of ZnO

nanorods was estimated to be 3.22 eV. It should be noted that this bandgap energy is smaller than that of
the UV source used for the PIERS investigation, which will be discussed later.

Raman spectra of 10 M MB deposited on the ZnO/Au thin film shows characteristic peaks of MB
at 803, 895, 1027; 1295, 1388, 1427 cm™ and 1622 cm’, Fig. 5.
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Fig. 5. SERS spectra of MB measured on ZnO/Au thin films.

The uniformity of the sample was demonstrated by the consistence of the spectra measured at 20
random points on the sample, Fig. 6. The spectra (Fig. 6) show high consistency with a low relative standard
deviation (RSD) of 7.9 % estimated from the peak intensity at 1622 cm™'. The small RSD implied the
uniformity of the gold nanoparticles prepared on the ZnO thin film. The uniformity of the substrate
guarantees the highly reproducible signal of Raman probe over the SERS active area, which is critical for

quantitative applications based on SERS.
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Fig. 6. (a) Raman spectra of 10°° M MB on ZnO/Au thin film measured at 20 random points on the



sample; (b) Raman intensity of the 1622 cm-1 peak measured at the 20 random points

Fig. 7 exhibits the SERS and PIERS spectra of MB (107° M) on the ZnO/Au substrate. It is found
that Raman intensity is significantly enhanced under in situ UV irradiation during measurement. Hence, the
PIERS enhancement on ZnO/Au heterogenous thin films can be ascribed to the UV irradiation. The intensity
difference of PIERS and SERS spectra clearly demonstrate that a remarkable PIERS enhancement has been
achieved via UV excitation. Detailed analysis shows that the enhancement factors of 1622; 1388; 1295; 952;
and 895 cm™! peaks of MB are 5.5; 1.87; 2.6; 3.2; 1.78 , respectively.

The mechanism of PIERS in literature is normally attributed to the formation of oxygen vacancies
in the semiconductor oxide under deep UV treatment for a long time prior to the Raman measurement
[14,15,19]. Such long treatment up to several hours is necessary for the generation of oxygen vacancies at
densities high enough for a clear Raman enhancement.

In our experimental setup, the PIERS effect was observed under in situ UV excitation, where the
sample was only excited by UV source for several tens of seconds during the Raman measurement.
Therefore, we believe that the main reason for the additional enhancement of SERS under UV radiation
should not be related to oxygen vacancies formation. Instead, the generation of electron-holes pairs and
charge separation due to the heterojunction between ZnO and Au (schottky barrier) is likely responsible for

the observed PIERS effect.
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Fig. 9. Raman spectra of MB measured on ZnO/Au thin films () before (black) , under insitu (
red) and after (blue) UV excitation.

To further confirm the hypothesis, we performed additional measurements to observe the relaxation
of the Raman signal after removing the UV excitation. Raman spectra were collected every 20 s before,
during, and after UV excitation being shut down. Raman spectra were collected at the same point in all the
measurement to clearly reveal the contribution of each factor.

According to G. Barbillon [20], if the enhancement due to UV excitation is mainly attributed to
oxygen vacancies, the signal should decay following an exponential function after removing UV excitation,
due to the healing of oxygen vacancies [20]. In our study, we observed a variation of the intensity of the
peak at 1622 cm™! upon time once the UV source is removed, Fig. 10. However, as can be observed , the

Raman intensity relaxed instantly to the initial value before UV excitation. This result helps to exclude the



enhanced mechanism related to oxygen vacancies in our case.
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Fig. 10. Intensity of the 1622 cm™ Raman peak after stoping UV excitation.

To better understand the origin of the PIERS effect in this study, we also studied the absorption
spectra of the ZnO/Au thin films before UV irradiation, during and after UV irradiation. The results are
presented in Fig. 10. The spectra show a clear absorption edge related to band to band transition of ZnO
materials at 380 nm and a broad peak at around 600 nm, which can be ascribed to plasmon resonance of Au
nanoparticles.

Under UV irradiation, the plasmon peak of Au showed a blue shift of 15 nm. The blueshift can be
understood as a result of charge transfer from ZnO to Au. Charge transfer process alters the electron
concentration in Au nanostructures, which in turn modify the surface plasmon resonance frequency in Au
nanostructures. Shutting down the UV excitations leads to the relaxation to the initial resonance wavelength
before UV treatment. The relative increasing electron density in the Au nanoparticles can be estimated by

using the expression suggested by Mulvaney et al[21].
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where N is the electron concentration, A\ is the plasmon resonance shift and Apiasmon 18 the position of the
plasmon resonance peak without UV irradiation (Apiasmon= 645 nm). The estimated increase of electron
concentration is 5%.

It is noteworthy that the blueshift of the plasmon resonance peak was not observed for Au
nanostructures on bare sodalime glass (Fig. 11). The data suggested the important role of ZnO in PIERS

effects and further confirm the charge transfer mechanism from ZnO to Au nanoparticles in our case.
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Fig. 11. Absorption spectra of ZnO/Au thin films before irradiation (black), during (red) and after

UV irradiation (blue)

The enhancement mechanism of PIERS effect on ZnO/Au thin films can be summarized as following: first,
UV excitation with energy greater than the band gap facilitates the generation of electrons and holes in the
ZnO semiconductor. In the second step, charge migration occurs at the interface of ZnO and Au. Hot
electrons in Au nanostructures can be transferred to the analytes and enhance the Raman signal via chemical
mechanism. Simultaneously, tunning surface plasmon resonance frequency in Au nanostructures also
contributes to intensification of the Raman scattering. The synergetic enhancement by electromagnetic and
chemical mechanism gives rise to the high enhancement of the ZnO/Au thin films.

In this study, to further understand the mechanism of the PIERS effect, we performed simulations
of the distribution of the electric field intensity (EM), the enhancement factor (EF), and the shift of plasmon
resonance peak of Au nanostructures in the absorption spectrum upon UV excitation by finite difference
time domain method (FDTD) using the commercial software "Ansys Lumerical"[22-26]. The used model
consists of a spherical Au particle with diameter of 60 nm on a ZnO thin film with a thickness of 200 nm.
Real and imaginary part data of the dielectric constant values of Au used in our simulation was extracted
from the experiments of Johnson and Christy [27,28]. On the other hand, the real and imaginary data
dielectric constant of ZnO materials are obtained from the studies of Christian Stelling et al [29]. The relative
refractive index of the surrounding environment is set at 1.0 because the actual environment during
experiment is air. Total Field Scatter Field (TFSF) sources used in the simulation include two sources: one
represents the excitation laser with a wavelength of 632.8 nm, and the other source is the UV excitation
source with a wavelength of 365 nm. The two sources were placed in a container that irradiated
perpendicularly to the ZnO/Au material. Finally, the perfectly matched layer (PML) boundary is used to

calculate the absorption cross-section[30,31].
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Fig. 12. Spatial distribution of the electric field in the XY plane of ZnO/Au thin films excited by: a) 632.8
nm source, (b) under simultaneous excitation of 632.8 and 365 nm sources. Spatial distribution of the
electric field in the XZ plane of ZnO/Au thin films excited by: c¢) 632.8 nm source, (d) under simultaneous

excitation of 632.8 and 365 nm UV sources.

2
The normalized EM electric field strength (III?IZ) simulated in the cross-section of ZnO/Au thin film under
0

excitation by a laser source with a wavelength of 632.8 nm is 2.64 (Fig.12a). The enhancement increased
nearly 2.6 times to 6.27 when UV excitation is applied simultaneously (Fig. 12b). To further elucidate the
charge transfer mechanism between ZnO and Au as discussed in the experimental results, we also performed

calculation to obtain the absorption spectrum of ZnO/Au thin films with and without UV excitation.



Fig. 13. Spatial distribution of the electric field in the XY plane of the Au nanoparticles on the ZnO
substrate excited by: a) 632.8 nm source, (b) 632.8 and 365 nm UV sources.

Simulations data for arrays of Au nanoparticles on ZnO substrates also show that the electric field strength
increases after UV excitation combined with the formation of "hot spots" between Au nanoparticles, leading

to higher electric intensity, Fig. 13.
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Fig. 14. FDTD simulationof the the UV-Vis absorption cross-section of ZnO, Au, and ZnO/Au before and
after UV excitation.

The results in Fig. 14 clearly show the 525 nm peak in the spectrum of ZnO/Au thin film, which can be
assigned to the plasmon resonance of the Au nanoparticle. The simulation also shows that the application
of the UV excitation leads to a shift of the plasmon resonance peak of the Au nanoparticles on ZnO thin
film. The redshift of 9 nm is in good agreement with the experimental absorption data of ZnO/Au
nanostructures. The simulation data further strengthens our argument for electron-hole pair generation and
charge transfer mechanism of PIERS effect in our case.

Even though PIERS can help to increase Raman intensity, its benefit can not be seen clearly without
proof of the ability to lower the detection limit of the analytes. Fig. 15 shows the SERS spectra of MB
measured on ZnO/Au thin films with different concentrations, from 10°® M down to 10'° M. The results
show that when the analyte concentration decreases gradually, the Raman intensity of characteristic peaks
decreases accordingly. The limit of detection of MB measured on ZnO/Au thin films without UV irradiation
is 10° M. At concentrations of 10'° M, the characteristic peaks are almost indistinguishable from the

background spectrum. However, when in situ UV treatment is applied during Raman measurement, the



characteristic peaks of MB at 1388 and1622 cm™! can be seen clearly. This result shows that the detection
limit can be lower by an order of magnitude with simple UV excitation during Raman measurement and

also demonstrates the advantage of the PIERS in chemical analysis.

10°"0 M with UV
100 M

 10°M A

WJES"“{I"\/\—’W\//\’A\—A_

L 107 M

Intensity (a.u.)

|500 cps
108 M

600 800 1000 1200 1400 1600

Raman shift (cm™)
Fig. 15. Raman spectra of MB at different concentrations from 10~ M down to 10~ '* M measured

on ZnO/Au thin films without and with UV irradiation.

4 . Conclusion

In this study, we successfully fabricated a highly crystalline ZnO thin film decorated with Au
nanoparticles by the sputtering technique, which can serve as a sensitive SERS substrate. We also
demonstrate that Raman signal can be significantly further enhanced up to 5.5 times by in situ UV excitation.
The study supports that the enhancement mechanism is mainly due to electron-hole generation and charge
separation at the heterojunction of ZnO and Au.

Our study suggests that a UV LED can be conveniently integrated with Raman spectrometer for
efficiently improving Raman signal of molecules. Such facile experimental setup is potential for on field

analysis applications in various field such as environment monitoring, food safety, biological analysis, etc.
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