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Herein, a simply-prepared and highly sensitive electric field-
induced surface-enhanced Raman spectroscopy (E-SERS) substrate
is proposed by combining a pyroelectric material (PMN-PT) with the
plasmonic silver nanoparticles (Ag NP). The intensity of SERS signals
is further enhanced by more than 100 times after the application of
positive or negative pyroelectric potentials. Theoretical calcula-
tions and experimental characterizations demonstrate that the
chemical mechanism (CM) as induced by the charge transfer (CT)
is mainly responsible for enhanced E-SERS. In addition, a novel
nanocavity structure with PMN-PT/Ag/Al,Oz/silver nanocubes (Ag
NCs) was also introduced, which could effectively convert light
energy into heat energy and realize a tremendous enhancement of
SERS signals. These findings are expected to further accelerate the
application of plasmonic metal nanoparticle-based pyroelectric
materials in the fields of energy conversion, optical-sensors and
photocatalysts.

Introduction

As a powerful fingerprint vibrational spectroscopy technique,
surface-enhanced Raman scattering (SERS) has been extensively
used in various fields, such as environmental monitoring,"* phar-
maceutical analysis,® food safety,"® and biosensing.””® The ultra-
high sensitivity is contributed to two mechanisms: electromagnetic
(EM) enhancement and chemical (CM) enhancement.'®""> The EM
enhancement mechanism derives from the collective vibration of
free electrons in metal nanostructures under laser irradiation,
which amplifies the local electromagnetic field (hot spot) at the
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New concepts

In this paper, a pyroelectric effect assisted surface-enhanced Raman
scattering (SERS) signal amplifying platform is demonstrated by
combining PMN-PT with plasmonic silver nanostructures. Under the
action of the pyroelectric field, the SERS signal can be further amplified
by more than 100 times. Detailed experimental and theoretical analyses
indicate that the chemical mechanism (CM) induced by charge transfer
(CT) is mainly responsible for the further enhancement of SERS, which is
a change from previous research. The proposed innovative substrate
provides another perspective for an in-depth understanding of the SERS
enhanced mechanism and is also conducive to accelerating the
preparation and advances of the SERS platform based on other self-
electric materials.

nanogap.'® The CM enhancement mechanism is related to the
charge transfer (CT) between the substrate and the analyte, which
results in the polarization within the molecule and thus increases
the Raman scattering cross section, leading to a magnified Raman
signal.'™"?

In order to further enhance the detection capability of the
substrate, hybrid systems engaging both EM and CM mechan-
isms have been extensively studied.'**® Nonetheless, in most
cases, the enhancement is difficult to be tuned for both EM and
CM if the substrate has been prepared. For example, the CM
mechanism is highly affected by the energy level matching
degree between the substrate and the detected molecule.”"*
Therefore, different strategies to enhance SERS signals, such as
doping degree control, external electric field regulation and
deformation, are proposed.'®” Han et al. designed an active
modulation method to dynamically control the Fermi level of
graphene by using UV irradiation in different gas environ-
ments, which could regulate the CT between the substrate
and analytes and realize the active tuning of SERS signals.®
By applying an electric field to the aligned diphenylalanine
peptide nanotube (FF-PNT)-GO composite substrate, Rice et al.
successfully increased the detection sensitivity of glucose and
nucleobases by tenfold due to the enhanced CT resonance.”

This journal is © The Royal Society of Chemistry 2023
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In addition, Rice’s group also prepared the FF-PNT/Ag NP
complex based on the piezoelectric properties of FF-PNTs,
and the SERS signal of the bent sample was one order of
magnitude higher than that of the flat sample,>* which was
attributed to the piezoelectric-induced charge through bend-
ing. Song et al. decorated zinc oxide (ZnO) nanorods with gold
nanoparticles and realized the controllable enhancement of the
piezoelectric potential by using the magnets to provide adjus-
table pressure force, which could regulate the electron density
around the gold nanoparticles, create a local electric field, and
significantly enhance the local surface plasmon resonance
(LSPR), leading to the enhanced SERS signal by 6.7 times.**
However, the experimental complexity of the above strategies,
especially for piezoelectric control and mechanical motion,
easily disturbs the signal. Besides, the enhancement factor of
the SERS signal was not high enough, which needs to be further
optimized. More importantly, the mechanism behind the phe-
nomena has not been thoroughly explored. Therefore, these
active regulation strategies still need to be further studied.
The pyroelectric effect is a phenomenon of releasing an
electric charge on the surface of certain anisotropic solids due
to the change of spontaneously polarized intensity caused by
temperature fluctuation.”>”® Thus, heat energy could be cap-
tured and converted into electricity by the pyroelectric effect.
Apart from the piezoelectric effect, at present, there are few
studies on introducing the pyroelectric effect into an SERS
substrate as an active regulation strategy.”””*® However, the
current work simply attributed the signal enhancement to the
electromagnetic field up-regulation effects. The role of CM
caused by CT in a pyroelectric based SERS substrate has not
been discussed. Combining the CT mechanism and the accu-
mulation of charges on the surface of a pyroelectric substrate,
can these materials be used to amplify the SERS signal drama-
tically because they are widely available now?>°~** For example,
Pb(Mg,Nb)O;-PbTiO; (PMN-PT) is a common pyroelectric mate-
rial with an outstanding pyroelectric coefficient.>*** To demon-
strate our idea, we combined PMN-PT with plasmonic silver
nanoparticles (Ag NPs) as a composite substrate (PMN-PT/Ag
NP) for SERS in this work. We find that the SERS signal is
further amplified by more than two orders of magnitude when
the positive or negative pyroelectric potentials are applied,
which is the highest enhancement factor in the reported
strategies so far. The two mechanisms, EM and CT, work
simultaneously, and the CT process between Ag NPs and probe
molecules plays a critical role in the overall SERS enhancement.
Our strategy is also expected to be applied to other pyroelectric
or thermoelectric materials to boost the detection sensitivity.

Results and discussion
Pyroelectrical characteristics of the PMN-PT/Ag NP sample

The PMN-PT/Ag NP substrate was fabricated by depositing Ag
NPs on a PMN-PT plate using a simple vacuum thermal
evaporation process. The substrate was then placed on a
temperature controller for the electrical and SERS tests. We
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Fig. 1 Working mechanism of PMN-PT/Ag NP based on the pyroelectric
effect. (a) When dT/dt = O, the bound charge generated by the sponta-
neous polarization of PMN-PT crystal is neutralized with the polarized
charge induced in the electrode. (b) When dT7/dt > O, the weakened
spontaneous polarization of PMN-PT crystal drives electrons to migrate
along the external circuit. (c) When dT/dt < O, the enhanced spontaneous
polarization of PMN-PT crystal drives electrons to migrate reversely along
the external circuit. (d) The temperature dependent open-circuit voltage
and short-circuit current of PMN-PT/Ag NP.

first examined the pyroelectrical properties of PMN-PT/Ag NP.
Two gold wires were fixed on the upper and lower sides of the
sample (Fig. S1, ESIT). The open-circuit voltage and the short-
circuit current were then measured by connecting the gold-wire
sample to an electrochemical workstation. Fig. 1 depicts the
pyroelectric working mechanism and the electrical output
characteristics of PMN-PT/Ag NP in detail. When the tempera-
ture is constant (d7/d¢ = 0), the electric dipole in PMN-PT
oscillates around the central axis of symmetry with a certain
amplitude. The self-polarized electric field generated by stack-
ing of electric dipoles induces equal and opposite charges on
the conductive electrodes of PMN-PT through electrostatic
interaction, resulting in the overall electric neutrality and no
external current release (Fig. 1a). When the temperature of the
sample increases (d7/d¢ > 0) near the Curie temperature
(T. ~135 °C), the electric dipole swings around the central axis
of symmetry with a larger amplitude due to the thermal effect,
which weakens its spontaneous polarization intensity. The
weak electrostatic induction of PMN-PT to the surface polarized
charge leads to the redistribution of charge in the two electro-
des through the external circuit, resulting in a new electrostatic
balance (Fig. 1b).*>*® In contrast, as the sample temperature
decreases (d7/d¢ < 0), the amplitude of the electric dipole in
PMN-PT decreases, and the spontaneous polarization intensity
increases. The electrostatic balance is broken again, and the
electrons flow backwards through the external circuit to reach a
new stable state (Fig. 1c).*” The open-circuit voltage and short-
circuit current of PMN-PT/Ag have been measured by varying
the sample temperature in the range of 20 °C to 100 °C (the
room temperature (RT) is 20 °C) (Fig. 1d). Negative voltage/
current (~5 V/0.8 nA) is observed as the temperature increases
from 20 °C to 100 °C. As the temperature is kept at 100 °C, the
voltage and current signals decay. When the temperature
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decreases from 100 °C to 20 °C, positive voltage/current
(~6 V/0.8 nA) is obtained. Similarly, as the temperature
remains constant at 20 °C, the voltage and current signals
gradually approaches zero.

It is known that pyroelectric current (i) has the following
relationship with the rate of change in temperature (d7/d¢) for
pyroelectric materials:

ip = pS(dT/dt) (1)

where p refers to the material pyroelectric coefficient and S is
the surface area of the electrode.>®*® Fig. 2a and b show the
temperature change curve with time and the corresponding
output current at three rates, respectively. It can be clearly seen
that the output current of PMN-PT/Ag NP increases with the
increment of temperature change rate, consistent with eqn (1).
To clearly demonstrate the alteration of charge on the electrode
surface during temperature variation, a complete heating/cool-
ing process was performed, as illustrated in Fig. 2c. Maximal
output current can be up to eight nanoamperes. We integrated
the resulting i-¢ curve and took the absolute value. The max-
imal charge change on the electrode surface is close to 390
nano Coulomb (Fig. 2d). These results confirm the pyroelectric
effect. Therefore, it is feasible to obtain the positive or negative
pyroelectric field by controlling the temperature change.

SERS enhancement by controlling temperature variation

Fig. 3a shows the Raman measurement system in this work,
which consists of a temperature control platform, a heat
conduction gasket and a test sample. As shown in Fig. 3b (also
see Fig. S2, ESIT), uniform Ag NPs with an average diameter of
19 nm (inset) are tightly attached to the surface of PMN-PT.
Compared with that of PMN-PT, the UV-vis-NIR spectra of the
PMN-PT/Ag NP substrate shows an obvious absorption peak at
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Fig. 2 (a) The cyclic changes in temperature with time on PMN-PT/Ag NP
at different dT/dt. (b) The short-circuit current on PMN-PT/Ag NP at
different d7/dt. (c and d) The i—t curve of PMN-PT/Ag NP with a complete
heating/cooling process and the corresponding integral curve at
2.5 °C 571, where the temperature rises (drops) from 20 °C (100 °C) to
100 °C (20 °C) and remains constant at 100 °C (20 °C) until the current
decays to zero.
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565 nm, which originates from the LSPR absorption of Ag NPs
on pyroelectric PMN-PT (Fig. S3, ESIt). The laser-dependent
SERS spectra also demonstrate that a good SERS signal is
obtained using a 532 nm laser, while there was no identifiable
characteristic peak using a 785 nm laser (Fig. S4, ESIt). As a
result, the 532 nm laser was employed for subsequent experi-
ments unless specifically mentioned. Before the SERS measure-
ment, we find that there is the slight displacement relative to
the laser point when placing the PMN-PT/Ag NP at variable
temperature, which would affect the analysis for the Raman test
to a certain extent (Fig. S5, ESIt). To eliminate the influence of
this factor, Raman spectra of thirty random points near the
black dashed line were collected at RT. The characteristic peaks
of rhodamine 6G (R6G) at 613 and 1653 cm™ ' were selected
to evaluate the homogeneity of PMN-PT/Ag NP, and the follow-
ing equation was used to calculate the relative standard
deviation (RSD):

(=17

Sk

i=1
RSD = f”'ii—l @)

where I, is the signal intensity collected at point i, I refers to the
average intensity of the same band in all spectra, and n refers to
the number of points (n = 30). As shown in Fig. S6 of the ESI, ¥
the RSD is to be 9.73% at 613 cm™ ' and 11.82% at 1653 cm ™,
respectively, indicating that the SERS signal remains highly
stable due to the uniform distribution of Ag NP on a large scale
(Fig. 3b and Fig. S2, ESIf), which provides an advantageous
foundation for the following analysis of pyroelectric SERS.
Thereafter, we investigated the influence of variable tempera-
ture on the SERS intensity of several molecules on PMN-PT/Ag
NP. For resonant R6G at 10”7 M (Fig. 3c), the intensities of
characteristic peaks at 613, 774, 1183, 1313, 1367, 1512 and
1653 cm ™ ' are significantly increased compared with the initial
SERS signal when the sample is heated or cooled. Before
applying a variable temperature, the SERS signals is primarily
derived from the local electromagnetic field of plasmonic Ag
NPs. In the heating or cooling process, the change of the
vibration intensity of the electric dipoles in PMN-PT causes
the redistribution of charge density of the Ag NP-molecular
system adsorbed on the surface, which not only change the
hot spot intensity of the plasmonic layer, but also increases
the polarizability of the molecule. We further compared
the enhanced SERS signals under different temperature
change rates (d7/d¢). Under the conditions of 0.83 °C s~ and
1.67 °C s, the SERS signals were almost not enhanced (Fig. S7,
ESIT). This may be because the substrate generates less pyro-
electric potential at a low temperature change rate (Fig. 2b).
Besides, even at a rate of 2.5 °C s~', the SERS signal under
785 nm laser irradiation did not show recognizable character-
istic peaks, which may be due to the extremely weak plasmon
excitation of Ag NPs under a 785 nm laser excitation (Fig. S8,
ESIt). To prove the universal applicability of this method for
the SERS enhancement, non-resonant methyl orange (MO),
amaranth (AM) and crystal violet (CV) were used as the probe

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Schematic diagram of the SERS measurement experiment in the study. (b) SEM image of the prepared PMN-PT/Ag NP substrate and (inset) the
corresponding histogram of particle size distribution. SERS spectra recorded at RT and variable temperature from 20 °C (100 °C) to 100 °C (20 °C) at a
rate of 2.5 °C s™* for (¢) R6G (10~7 M), (d) MO (1077 M), (e) AM (10~7 M), (f) CV (10~7 M), (g) adenosine (107> M),

molecules. Likewise, the SERS signals under the variable tem-
perature are remarkably enhanced compared with those
recorded at room temperature (Fig. 3d-f). Similar to R6G,
although MO shows a certain peak strength at room tempera-
ture, its characteristic peaks are markedly improved at the
variable temperature (Fig. 3d and Fig. S9, ESIf). Table S1 of

This journal is © The Royal Society of Chemistry 2023

the ESIT shows in detail the intensities of several vibration
modes. The SERS spectra of AM and CV at room temperature do
not show any recognizable characteristic peak. However, the
clear vibration bands appear when the variable temperature is
applied. Adenosine is an important endogenous regulator and
has been reported as a possible biomarker for cancer.*® Using
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the method presented in this work, adenosine was also
detected. As shown in Fig. 3g, the spectrum of adenosine at
room temperature does not show any observable signature
peak, but a typical Raman signature peak appears when the
sample is heated or cooled (as indicated by a black arrow).*
The bands located at 731 and 1580 cm ™" are due to breathing
vibration of aromatic rings, and the band located at 1299 cm ™"
corresponds to the stretching vibration of C-C-N and N-C-N.
The band located at 1335 cm ' could be assigned to the
bending vibration of C-H and the stretching vibration of
C-N. The band located at 1375 cm™' is attributed to the
bending vibration of N-H and C-H. The results show that the
method has the potential to be applied in practice.

Mechanism for SERS Enhancement

In order to reveal the origins behind the observed phenomena,
we analyzed them from two aspects of EM and CM mechan-
isms. On the one hand, we calculate the change of charge
quantity on the Ag electrode during heating and cooling
processed according to Fig. 2d, and then, add or subtract the
varying charge density from the initial charge density on the Ag
electrode at room temperature. The change of charge density
alters the relative permittivity of Ag according to the Drude
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model. We used COMSOL multi-physics 5.5 software to con-
struct the local electromagnetic field model of Ag NPs under
different carrier concentrations by solving the Homogeneous
Helmholtz equation (see the Methods section for details,
Fig. 4a). As shown in Fig. 4b, no matter whether the charge
density increases or decreases, the local electric field changes
little. In addition, the SERS signals under different tempera-
tures were also collected to assess the influence of temperature
changes on LSPR of Ag NPs (Fig. S10, ESIT). The SERS signal
decreased slightly with the increase of temperature, which is
due to the redshift of the LSPR peak at high temperature,
causing it to move away from the excited laser wavelength
(Fig. S11, ESIf). Therefore, only considering the electromag-
netic mechanism could not explain the experimental result that
SERS signal is greatly enhanced in the process of temperature
change. On the other hand, an electric potential could be
produced at a nonconstant temperature if the pyroelectric
material was connected with an open circuit.”® To this end,
we consider the construction of the MO-Ag,, complex, and use
Gauss software to calculate the Raman spectra of MO-Ag;,
complex in different electric fields. The direction of the applied
electric field is parallel to the Ag-S bond and perpendicular to
the metal surface (the inset in Fig. 4c). When the temperature
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Fig. 4 (a) Simulation set-up of the PMN-PT/Ag NP substrate. (b) Local electromagnetic field distribution of Ag NP with different charge densities. (c) The

calculated Raman spectra of the MO-Ag,o complex at the applied electric field. (d—f) Schematic diagram of the electric potential generated on the
sample surface as the temperature changes when it is connected to an open circuit. Schematic diagram for the electron transfer of MO-Ag,o complex
when (g) an upward electric field is applied, and (h) a downward electric field is applied. (i) Charge difference densities in the first excitation states of MO -
Agzo complex with the applied (i) zero field, (ii) upward electric field, (i) downward electric field. Cyan and pink represent holes and electrons,
respectively.
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drops (d7/d¢ < 0), the spontaneous polarization intensity in
PMN-PT is enlarged (Fig. 4e). As the change of polarized charge
density in the Ag electrode lags behind the change of bound
charge density in PMN-PT, an upward electric field is generated
on the sample surface. This facilitates the transfer of electrons
from the LUMO level of the molecule to the Fermi level of Ag,
which increases the polarization of the molecule (Fig. 4g). As
shown in Fig. 4c, when the upward electric field is applied
(corresponding to the case of cooling), the calculated SERS
spectrum is much higher than that at zero electric field.
Similarly, as the temperature rises (d7/d¢ > 0), a downward
electric field is generated on the surface of the sample (Fig. 4f).
The calculated SERS spectrum is lower than that at zero field

View Article Online
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(Fig. 4c). In this case, the electrons would prefer to move from
the Fermi level of Ag to the LUMO level of the molecule.
Nevertheless, the electrons are not energetic enough to realize
the transition, and thus reducing the chemical enhancement.
However, under the excitation of external laser, the high-energy
electrons of Ag have enough energy to jump to the LUMO level
of molecule (Fig. 4h). Therefore, the enhanced SERS signal can
be also collected experimentally in the heating process. In
addition, Fig. 4i shows the response of the first excitation states
of MO-Ag,, complex to the applied electric field. Compared
with the field-free case, the electrons migrate to the bottom
atoms of the Ag cluster when the upward electric field is
applied, while the holes are localized on the Ag cluster when
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Fig. 5 (a) Schematic illustration of the SERS experiment setup for understanding the SERS enhancement mechanism of PMN-PT/Ag NPs. A dielectric
layer (Al,O3) with a thickness of 5 nm was deposited on PMN-PT/Ag NP by electron beam evaporation to block the charge transfer between Ag NP and
analyte molecules. SERS spectra recorded at RT and variable temperatures from 20 °C (100 °C) to 100 °C (20 °C) at a rate of 2.5 °C s~* for (b) R6G (107

M), (c) MO (107° M), (d) AM (107° M), (e) CV (1076 M).
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the downward electric field is applied. It is worth emphasizing
that the simplified model is designed to explain the CT process
qualitatively. The theoretical results indeed proved that the
applied electric field could affect the CT in the MO-Ag,, complex,
which we argue is responsible for the SERS enhancement in the
process of heating and cooling. Fig. S12-S14 (ESIt) shows sche-
matic diagrams for the electron transitions of R6G, AM and CV
molecules, respectively. Consequently, the pyroelectric effect
could significantly promote the CM rather than EM, leading to
the enhanced SERS. In addition, we also investigated the impact
of heating and cooling PMN-PT/Ag NPs in the reduction of p-
nitrothiophenol (PNTP) to p,p’-dimercaptoazobenzene (DMAB).
The results show that PNTP and DMAB can be converted into each
other, indicating that electron migration between molecule and
substrate can be effectively regulated by the pyroelectric field (see
Fig. S15 and S16 for details, ESIt).

To further verify our conclusions, an aluminium oxide
(Al,O3) layer with a thickness of 5 nm was deposited on PMN-
PT/Ag NP by electron beam evaporation (Fig. 5a). Using the
same probe molecules, the contrast test was conducted. Nota-
bly, almost no strength variation could be observed on PMN-PT/
Ag NP/AL,O; under variable temperature as shown in Fig. 5b-e
compared with that on bare PMN-PT/Ag NPs (Fig. 3c—f). This is
because Al,0;, acting as a barrier layer, prohibits the CT
process between the Ag NPs and the analytes, resulting in the
suppression of CM provided by the pyroelectric effect (Fig. 5a).
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Furthermore, in order to evaluate the universality of the
SERS enhancement strategy proposed in this work, the LiTaO3/
Ag NP substrate was also prepared for SERS measurement (see
Fig. S17 for details, ESIT). A similar experimental result was
obtained, that is, the SERS signal was significantly enhanced in
both heating and cooling processes, compared with that at
room temperature, indicating that this method has great
potential to be applied to other pyroelectric materials and is
expected to be used in the real environment or biological
detection.

Conversion optical energy into heat energy for SERS
enhancement

Optical energy is one of the most promising green energy
sources in nature. In order to free our SERS substrate from
the limitation of temperature control platform and improve its
working ability based on the pyroelectric effect in the real
environment, we introduced a novel nanocavity structure with
PMN-PT/Ag/Al,O3/Ag NCs. As shown in Fig. 6a, collective charge
oscillations confined to the Ag NCs and Ag film occur (localized
surface plasmons) due to resonance with incident light, which
rapidly decay and generate heat through electron-phonon
scattering.*" The heat diffuses to the PMN-PT below, causing
the change of spontaneous polarization intensity of PMN-PT
and generating an electric field. The temperature distribution
of PMN-PT/Ag/Al,03/Ag NC before and after the simulated
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Fig. 6 (a) The SERS measurement schematic diagram of PMN-PT/Ag/Al,O3/Ag NC substrate under simulated sunlight irradiation. (b) The temperature
distribution images of PMN-PT/Ag/Al,Os/Ag NC after the simulated sunlight turned on and off. The SERS spectra of R6G (10~ M) (c) and CV (10~" M) (d)

before and after simulated sunlight irradiation.
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sunlight illumination was recorded by an infrared camera, as
shown in Fig. 6b. Fig. S18 of the ESIt shows a line chart of the
corresponding temperature peak over time. The highest tem-
perature and maximal change rate of temperature can reach
74 °C and 3.0 °C s~ ', respectively. Subsequently, we used this
platform as the SERS substrate to detect R6G and CV. As shown
in Fig. 6¢c and d, the SERS signals are significantly enhanced
after the simulated sunlight is turned on. Fig. S19 of the ESI}
clearly shows the intensity change of SERS signal of CV with
time under simulated sunlight irradiation. Only faint SERS
signals is observed before the simulated sunlight was turned
on. There is no obvious change in the SERS signals for a short
time after the light is turned on, which may be due to the
thermal energy converted by optical energy is not transmitted
promptly to PMN-PT below. When the temperature of the whole
substrate begins to rise, the surface potential appears, accom-
panied by a significantly enhanced SERS signal. Subsequently,
the temperature approached 74 °C, the rate of temperature
change is close to zero, and the resulting SERS signal continued
to decrease until it is indistinguishable. With the simulated
sunlight turned off at this time, the clear characteristic band is
visualized again, followed by gradual decrease of the SERS
signal close to that at room temperature. Therefore, the PMN-
PT/Ag/Al,05/Ag NC substrate could be used as an excellent
opto-thermo-electric converter device to possess a greater
potential in the actual environment detection.

Conclusions

In summary, we successfully combine PMN-PT and plasmonic
Ag NP to prepare an SERS substrate based on the pyroelectric
effect, and systematically investigated its SERS performance in
a variable temperature environment. Several common dye
molecules and biomolecular adenosine have been detected
using this substrate, and the peak strength can be increased
by more than two orders of magnitude. Theoretical calculations
and experimental characterizations indicate that the signal
enhancement is due to the CM induced by CT. Furthermore,
by combining the plasmonic light absorption layer with PMN-
PT, we achieved a significant SERS enhancement under visible
light irradiation. The proposed innovative SERS substrate has
broad application prospects in energy conversion, optical-
sensors and photocatalytic reactions.

Methods

Preparation of PMN-PT/Ag NP

The PMN-PT single crystal (<001>, 10 x 10 x 0.5 mm?®) was
grown using the modified Bridgman method.** The silver target
(Ag, >99.99%) was obtained from Hangzhou Bald Advanced
Materials Co., LTD (Hangzhou, China). High vacuum hot
evaporation apparatus (VZZ-300S, Beijing, China) was used to
directly deposit Ag NPs on a polished PMN-PT substrate. The
deposition thickness was set at 5 nm with a deposition rate of
0.2 A s7* under a pressure of 4.5 x 10" Pa.
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Preparation of PMN-PT/Ag/Al,03;/Ag NC

The electron beam evaporation was performed to fabricate an
Al, O3 layer. The evaporation thickness was 5 nm with an evapora-
tion rate of 0.3 A s™* under a pressure of 1 x 10~* Pa. The Ag NCs
with the side-length of 80 nm (purchased from Xiamen numan
tech Co., Ltd) was first cleaned twice with ethanol by centrifuga-
tion at 500 rpm. Then, the supernatant was removed and 20 pL
cube solution was dropped onto the PMN-PT/Ag/AlL,O; to fabricate
the PMN-PT/Ag/Al,O3/Ag NC substrate.

Characterization

Scanning electronic microscopy (SEM, ZEISS, Sigma 500) was
used to characterize Ag NPs on the surface of PMN-PT. A
temperature control platform was employed to precisely control
the temperature of the substrate by connected software. SERS
measurements were performed using a Raman spectrometer
(Horiba HR Evolution) with an excited laser of 532 or 785 nm,
in which a laser power of 0.48 mW and a diffraction grid of
600 ¢ mm ™~ * were chosen. Two microliters of the solution of the
molecule to be tested were dropped onto the substrate, dried
and used for spectral acquisition. Time-dependent Raman
mapping was adopted to collect SERS signals using a 50x
objective. The integration time was 1 s with 1 accumulation.
In a typical experiment, the SERS signals of molecules at room
temperature were collected first, then the sample was heated to
100 °C (HP), and then cooled to room temperature from 100 °C
(CP) by temperature controller. All Raman spectra collected
during this whole process were recorded. The open-circuit
voltage and short-circuit current were obtained on an electro-
chemical workstation (CH Instruments Ins., CHI760E) by con-
necting the sample to gold wires using SPI Silver conductive
paint (purchased from Wuhan Vacuum Tesco Trading Co., Ltd).

Finite-element electromagnetic modeling

COMSOL Multi-physics 5.5 was used to construct the local
electromagnetic field model of Ag NPs with different carrier
concentrations by solving the homogenous (source-free) Helm-
holtz equation. The geometric structure of the model includes
two parts: a physical domain and a perfectly matching layer
(PML). The thickness of the PML is 150 nm, and the physical
domain is composed of two regions: (a) PMN-PT domain:
750 nm X 750 nm x 250 nm; (b) air + Ag NP domain:
750 nm x 750 nm x 400 nm. Nine Ag NPs with a diameter of
19 nm and a gap of 5 nm are distributed in an array on the
PMN-PT contact surface with air. The electromagnetic plane-
wave is incident perpendicular to the contact surface and the
incident power is 0.56 pW. The relative dielectric constant of
PMN-PT is set to & = 5000 + 4500{. We regulated the relative
dielectric constant of Ag using the following formula:
a)p2

&) = 1-— (3)

o? + iwyp

N 2
where w, = i is the plasma frequency of Ag, and yp, is the
\/ 0

damping frequency. According to the SEM image, the amount
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of charge transfer measured by electrochemical workstation is
evenly distributed in individual Ag NPs, so as to change the
carrier concentration N and further adjust the relative dielectric
constant .

Density-Functional-Theory calculations

The spectral calculations were performed using the Gaussian
09 software package. Except for the four Ag atoms at the bottom
of the Ag,, cluster, the geometric configurations of the other
atoms of MO-Ag,, complex were optimized via the PW91PW91
functional, in which C, H, O, N and S atoms adopted the 6-
31G(D) basis group, and Ag atoms adopted the LANL2DZ basis
group. Electric fields of +0.01 au and —0.01 au are applied along
the X-axis. The SERS spectra were analyzed using a 532 nm laser
and 298.15 K using Multiwfn software.
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