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In this paper, we report on the study of a novel type of
substrate based on a highly crystalline ZnO film photo-
irradiated by UV for enhancing Raman signal. This effect
is called: photo-induced enhanced Raman spectroscopy
(PIERS). This PIERS substrate is composed of a photo-
irradiated thin ZnO film on which gold nanoparticles are
deposited. This PIERS substrate allows to obtain large
photo-induced SERS enhancement for the chemical detec-
tion of small molecules compared to normal SERS signal.
This photo-induced SERS enhancement is due to increasing
of electron density on the gold nanoparticles and charge
transfer mechanisms. Here, we achieve a high quality
PIERS substrate, whose signal exhibits weaker fluctuations
and a similar or greater gain (up to 7.52) than those in
current literature. Henceforth, these PIERS substrates are
also easy to carry out for potential applications in industry.

In the last decade, the manufacturing of surface-enhanced Ra-
man scattering (SERS) substrates with high enhancement factors
and a low-cost of fabrication are key points for chemical and bi-
ological sensing’4. On the one hand, a huge number of fabrica-
tion methods are available in order to obtain plasmonic nanos-
tructures with different geometries such as chemical synthesis=4
and lithographic techniques®®. Some of these various techniques
are employed for their low-cost of fabrication: chemical synthesis,
nanosphere lithographyZ® (NSL) and nanoimprint lithography*2
(NIL). For NSL and NIL techniques, some limitations exist to ob-
tain a good definition of plasmonic nanostructures on large sur-
faces required for practical applications of SERS substrates. On
the other hand, the high enhancement factors come from both
electromagnetic and chemical contributions. The most important
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contribution is the electromagnetic one (EM), which is depen-
dent on and determined by the nanostructuring of the metallic
surface'’%. The plasmonic nanostructures can confine the electro-
magnetic field at the nanoscale. Nevertheless, the design of the
ideal SERS hotspots is difficult to achieve in terms of practicality
and reproducibility. In addition, the chemical contribution is due
to its microscopic origin such as the metal/molecule charge trans-
fer resonancet112. For both contributions, the molecules must
be as close as possible to the metallic surface. First, EM enhance-
ment indeed decreases exponentially with the distance from the
surface'l?. Second, the charge transfer between the molecule and
the substrate also depends on this distancell. In this paper, we
report on a SERS enhancement obtained by UV-photo-irradiation
of a highly crystalline ZnO film on which Au nanospheres are de-
posited. The use of a photo-irradiated semiconductor (here ZnO)
film allows a strong Raman enhancement at the level of plasmonic
nanoparticles beyond the normal SERS effect, so called in the
whole text: photo-induced enhanced Raman scattering (PIERS).
ZnO was chosen as a semiconductor for its wide direct band-gap
(3.37 V) in the near-UV spectral region''3. Moreover, oxygen va-
cancies (Vo) in ZnO can be created under UV illumination, and
behave as electron donors®2| which will be useful for PIERS ef-
fect. To the best of the authors’ knowledge, no work demon-
strated this effect with a highly crystalline ZnO film decorated by
gold nanoparticles. The only demonstration of this PIERS effect
from a ZnO film with Au nanoparticles was facing significant fluc-
tuations of the signal due to a weak crystallinity!%. Besides, a
small number of research groups demonstrated this PIERS effect
but based on a film or nanopore array of titanium dioxide covered
by Au or Ag nanoparticles?318 or else based on aligned dipheny-
lalanine peptide nanotubes covered with silver nanoparticlesZ,
With our novel substrates, the chemical molecules will be ad-
sorbed on plasmonic nanoparticles enabling a SERS enhancement
by two potential contributions: electromagnetic and/or chemi-

cal 18420
In our paper, only the chemical contribution is investigated be-
cause the plasmon resonance of gold nanoparticles on the highly
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Fig. 1 (a) Extinction spectrum of the ZnO film of a 200-nm thickness (irradiation wavelength (Ayy) is indicated in purple dashed line), and the inset
displays a SEM picture of Au nanoparticles on the highly crystalline ZnO film (scale bar = 500 nm). (b) X-ray diffraction pattern of highly crystalline ZnO
film decorated with AUNPs on sapphire substrate. (c) Extinction spectra of AuNPs on highly crystalline ZnO film before (in red) and after UV-irradiation
taken 10 min after the stop of this irradiation (in black). The excitation wavelength (A...) for Raman measurements is indicated in red dashed line.

crystalline ZnO film (A,j49m0n = 555 nm) is far from the excitation
wavelength for PIERS/SERS measurements (4., = 633 nm, see
figure [1)) inducing a very weak SERS signal. This novel type of
substrate can be applied to a great number of plasmonic SERS
nanostructures more complex than plasmonic nanospheres. For
our investigation, the 200 nm-thick (highly crystalline) ZnO film
was grown on sapphire (c-Al;03) substrate by pulsed laser de-
position. From the extinction spectrum of this ZnO film in fig-
ure [Th, a strong absorption is observed in UV region (200-380
nm). All the extinction spectra were recorded with a Cary-5000
spectrophotometer (Agilent) in transmission configuration. Then,
gold nanoparticles (AuNPs) with a diameter of 30 nm were drop
casted on the ZnO film and air dried (see Fig and SI1, ESI{)).
X-ray diffraction (XRD) pattern displayed in figure shows a
very intense and sharp diffraction peak for the (002) plane and
a weak diffraction peak for the (110) plane of ZnO (wurtzite)
indicating a high degree of crystallinity. Furthermore, another
dominant diffraction peak is observed corresponding to the (006)
plane of sapphire (c-Al,03) substrate, and weak diffraction peaks
are also observed corresponding to the (111) and (220) planes of
gold. Then, the AuNPs/ZnO film was irradiated by an UV lamp
(Ayy = 254 nm) for 30 min. An extinction spectrum was recorded
10 min after the end of this UV irradiation as well as before the
UV irradiation (see Fig). A spectral blue-shift of 16 nm in the
plasmon resonance (LSPR) of AuNPs was observed due to increas-
ing electron density which can be estimated with the following
expression determined in the work of Mulvaney et al.%l:

M _ —2AA 1)

N 2'plasmon
where AA corresponds to the plasmon resonance shift and
Aplasmon i the plasmon resonance position before UV irradiation
(Apiasmon = 555 nm). Thus, we found AN/N = 5.8%. Moreovet,
the full width at half-maximum of the plasmon is also increased.
Thus, the measurements confirmed a charge transfer mechanism
from ZnO film to AuNPs, which is in agreement with previous
works1222 In addition, the plasmon resonance position of AuNPs
in solution did not change when these latter were irradiated by
UV lamp (see SI2, ESIt). For the study concerning the PIERS ef-

2| Journal Name, [year], [voI.],1

fect, the AuNPs were functionalized with thiophenol molecules
(the used thiophenol concentration is 1 uM, see ESIT). The thio-
phenol molecule was chosen, because it is a small molecule whose
the Raman signature is well-known. All the Raman spectra were
recorded with a Labram spectrophotometer of Horiba Scientific
with a spectral resolution of 1 cm~! and an excitation wavelength
of 633 nm (see ESIT). First, a SERS spectrum was recorded be-
fore UV-irradiation serving as reference. From this spectrum,
four Raman peaks are observed at 999 c¢m~!, 1022 em~!, 1073
cm~! and 1573 ¢m~! which are characteristic of the thiophenol
molecule?324! (see Fig. These peaks respectively correspond
to: C-H out-of-plane bending and ring out-of-plane deformation
(called: y(CH) and r—o-d); ring in-plane deformation and C-C
symmetric stretching (called: r-i-d and v(CC)); C-C symmetric
stretching and C-S stretching (called: v(CC) and v(CS), respec-
tively), and the C-C symmetric stretching mode (called: v(CC)).
In the SERS spectrum (see the red spectrum in Fig[2h), we ob-
served weak SERS intensities for each Raman peak indicating
that the electromagnetic contribution is very weak. Moreover,
the SERS spectrum of AuNPs on sapphire substrate (without ZnO
film) has also displayed weak SERS intensities for the Raman
peaks, which has confirmed the very weak electromagnetic con-
tribution (see SI3, ESIt). In addition, no signal enhancement was
observed for the ZnO film with thiophenol (without AuNPs) be-
fore and after UV irradiation (see SI4, ESIT). Hereafter, by steps
of 5 min, the sample is irradiated with the UV lamp (located at
2.4 cm above sample) followed by Raman measurement during
which the UV lamp is switched off. We repeated this for each step
of 5 min up to 30 min. During all these Raman measurements, the
positions of the sample and the UV lamp were fixed, and during
UV-irradiation, the laser source for Raman measurements (Ag =
633 nm) is stopped by a shutter. Eventually, after the irradiation
time of 30 min, the UV lamp is switched off in order to study the
relaxation mechanism.

From Raman spectra recorded between 0 and 30 min, we ob-
serve an improvement of Raman signal that is due the PIERS
effect (see Fig[2h). This latter is a charge transfer mechanism
mediated by UV light from ZnO film to AuNPs. Indeed, oxygen
vacancies (Vp) are created within ZnO film and their number
increases over irradiation time. This generates electron donor
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Fig. 2 (a) Raman spectra for an UV-irradiation time of 0 min (in red color, SERS spectrum serving as reference), 15 min (in blue color, PIERS spectrum),
and 30 min (in black color, PIERS spectrum). (b) Principle scheme of PIERS mechanism. (c) Raman spectra for a relaxation time of 10 min (in black
color), 20 min (in blue color), and 30 min (in red color) just after stopping UV irradiation. (d) Principle scheme of relaxation mechanism.

states at ~0.9 eV below the ZnO conduction band edgel®. Such
a doping enables electrons to jump from V, states to the con-
duction band of ZnO when the laser source of Raman is turned
on, then to inject them into Au energy levels (see Fig). The
injected charges shift the Fermi level of AuNP on broad appor-
tionment of more negative values®. This broads the resonance
conditions between the Fermi level of AuNP and the molecular
orbitals of a wide number of molecules improving the proba-
bilities of charge transfer transitions'>. Here, a charge transfer
mechanism from the Fermi level of AuNP to the lowest unoccu-
pied molecular orbital (LUMO) level of thiophenol molecule (see
Fig) has occurred and enabled by the red laser (A, = 633
nm; energy = 1.96 eV), thus enhancing the Raman signal (called
charge-transfer resonance Raman enhancement) 23 The ioniza-
tion potentials are 7.71 V2% and 8.32 eV2Z for ZnO and thio-
phenol, respectively, and the gap energies associated to ZnO and
thiophenol are 3.37 eVi}3 and 4.09 eV2Z, respectively. The work
function (W) of gold is 5.1 eV2®. Then, the Raman signal de-
creases down to normal Raman signal (SERS) when the UV irra-
diation is stopped (see Fig[2k). This relaxation mechanism is due
to surface healing of ZnO film when the substrate is only exposed
to air (see Fig). Then, we defined the PIERS gain as follows:

1
_ 1Ipiers @)

Gpiers = Isprs

when Ip;ggs corresponds to the Raman intensity with UV irradia-
tion and Isggs is the Raman intensity before UV irradiation (ref-
erence). We calculated this PIERS gain for the Raman shift at
1073 em~! of the thiophenol molecule, and observed the high-

est value of this gain was 7.52 + 1.71 (see Fig data in red).
This value is well superior to this found for ZnO in referencel#
(Gpiers = 3.16). Moreover, this value is also higher than those
found for WO314 and TiO, films2#22 (Gpjprs = 5.11 and 3.07,
respectively), and it is superior or similar to the values found
for TiO, nanoporesi® (Gpjprs = 6.70-8.00) and diphenylalanine
peptide nanotubes™ (Gpjprs = 7.47-8.08). From figure [3| the
LSPR blue-shift increased with the UV-irradiation time and de-
creased with the relaxation time. In fact, by using the expression
(1), it was the electron density that increased or decreased. Thus,
we observed that the Gpjggs increased with the electron density.

40 -

UV irradiation ! No irradiation 19

Time (min)

Fig. 3 The black points and red triangles correspond to LSPR blueshift
of AuNPs, and PIERS gain (Gp;ers) as function of time, respectively. The
purple dashed line corresponds to the stop of the UV irradiation.
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Moreover, this higher value of the PIERS gain was due to a
larger production of oxygen vacancies caused by the porous struc-
ture of our ZnO film compared to the smooth structure of ZnO
film observed in referencell®, which is reported for decreasing
the vacancy production!#. In addition, we observed weak fluc-
tuations of this Raman signal (see Figl4) with relative standard
deviations (RSDs) inferior to 14% compared to those observed
for a weakly crystalline ZnO film'4, stating the very good unifor-
mity of the PIERS signal of our sample. We attributed these lower
fluctuations of Raman signal to the high crystallinity of ZnO film.

1100 ~
1000 ~

900 A {
800

700 | {
600 - ‘{* 4{7
500

400 1

“allll e,

Fig. 4 Raman intensity as function of time for the Raman peak of thio-
phenol at 1073 cm™!.

Raman intensity (a.u.)

20 30
Time (min)

In summary, we demonstrated the easy manufacturing of a
highly crystalline ZnO film decorated with Au nanoparticles
which provides an efficient PIERS effect. We measured its per-
formance at an excitation wavelength of 633 nm in order to only
study the PIERS effect (chemical enhancement) based on charge
transfer mechanisms between ZnO film and molecules via gold
nanoparticles. This led to weaker fluctuations of PIERS signal
(RSD < 14%) compared to the work of Glass et al. concerning
to a weakly crystalline ZnO film''%. We can explain these weaker
fluctuations by the higher crystallinity of ZnO film. The highest
PIERS gain was 7.52 which is well superior or similar to those ob-
tained in current literature. The PIERS effect can be employed for
improving Raman signals of a great number of biomolecules for
applications to environmental protection and biological analysis.
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