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Ferroelectrically modulate the Fermi level of
graphene oxide to enhance SERS response

Mingrui Shao?, Chang Ji!, Jibing Tan?, Baogiang Du?, Xiaofei Zhao?,
Jing Yu!, Baoyuan Man!, Kaichen Xu?*, Chao Zhang!* and Zhen Li**

Surface-enhanced Raman scattering (SERS) substrates based on chemical mechanism (CM) have received widespread
attentions for the stable and repeatable signal output due to their excellent chemical stability, uniform molecular adsorp-
tion and controllable molecular orientation. However, it remains huge challenges to achieve the optimal SERS signal for
diverse molecules with different band structures on the same substrate. Herein, we demonstrate a graphene oxide (GO)
energy band regulation strategy through ferroelectric polarization to facilitate the charge transfer process for improving
SERS activity. The Fermi level (Ef) of GO can be flexibly manipulated by adjusting the ferroelectric polarization direction
or the temperature of the ferroelectric substrate. Experimentally, kelvin probe force microscopy (KPFM) is employed to
quantitatively analyze the E; of GO. Theoretically, the density functional theory calculations are also performed to verify
the proposed modulation mechanism. Consequently, the SERS response of probe molecules with different band struc-
tures (R6G, CV, MB, PNTP) can be improved through polarization direction or temperature changes without the neces-
sity to redesign the SERS substrate. This work provides a novel insight into the SERS substrate design based on CM
and is expected to be applied to other two-dimensional materials.
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Introduction
Surface-enhanced Raman spectroscopy (SERS) has be-

come a powerful analytical tool due to its high sensitiv-
ity and non-invasive nature since its discovery in 1974'~.
Thus far, there are two main origins of SERS: electro-
magnetic mechanism (EM) and chemical mechanism
(CM)**. EM is derived from the amplified electromag-
netic field induced by localized surface plasmon reson-
ance (LSPR) around noble metal nanoparticles triggered
by incident light, thereby increasing the Raman scatter-
ing cross section of nearby molecules®”. Although the

Raman signal of the adsorbed molecules can be signific-
antly enhanced depending on EM, the negative effects
brought by noble metals cannot be ignored, such as steep
price, poor biocompatibility and distortion of Raman
signals caused by strong metal-molecule interactions®’.
On the other hand, CM is closely related to charge trans-
fer (CT) between the substrate and molecules'®. CT res-
ults in further separation of positive and negative
charges, increasing the polarizability of molecules and
thus heightening the Raman scattering cross section'’.

This means that the key to improving the CM effect is to
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facilitate the interfacial CT process. In addition, CM-
based two-dimensional (2D) materials for SERS offer
some irreplaceable advantages over EM-based noble
metals, such as low cost, high specificity, superior
biocompatibility, excellent signal homogeneity and
strong maneuverability'2-te.

If the energy gap between the substrates and probe
molecules is tuned to align with the excitation laser en-
ergy, photo-induced charge transfer (PICT) will be ef-
fectively enhanced through the “borrowing effect” of the
Herzberg-Teller coupling term, and consequently im-
proving the SERS signal. To this end, various strategies,
such as electric field regulation'”!®, chemical doping'>-%,
and gas molecular adsorption or desorption®, have been
developed to improve CM enhancement by manipulat-
ing Fermi level (Ef) or valence band (VB) and conduc-
tion band (CB) of substrates to match the highest occu-
pied molecule orbital (HOMO) and the lowest unoccu-
pied molecule orbital (LUMO) of the analyte. Feng et al.
designed a nitrogen-doped graphene substrate where the
E¢ of graphene can be shifted by controlling the nitrogen
doping level, thus achieving modulation of the CT effi-
ciency with certain organic fluorescent molecules”. Seo
et al. optimized the complementary resonance effects
between the substrate and probe molecule by varying the
oxygen concentration in the ReO,S, thin film*. Liang et
al. developed a two-dimensional (2D) borocarbonitride
(BCN) SERS platform with adjustable CB level by chan-
ging the carbon atomic ratio for detection of specific mo-
lecular with appropriate band structure?'.. Zhou et al. de-
veloped a molecular adsorption strategy to regulate the
CT efficiency between rGO and target molecules by con-
trolling the adsorption or desorption of gas molecules on
rGO surface?. However, an inevitable problem of these
similar approaches is that the characteristic of a SERS
substrate is fixed after preparation, and only the probe
molecules with specific band structure are efficient in de-
tection. In addition, these methods are cumbersome to
operate, which is not conducive to the convenient collec-
tion of the SERS signals of multispecies molecules with
different energy band structures. Currently, it is of great
significance to provide a solution with convenient ad-
justment of substrate’s electronic property to flexibly
regulate the CT efficiency between the substrate and
probe molecules with different band structures.

Lead magnesium niobate-lead titanate (PMN-PT) is a
ferroelectric material in which the asymmetric distribu-
tion of positive and negative charges leads to the forma-

tion of electric dipoles**?*. At a certain temperature T (T
< T ~ 135 °C), the self-polarized electric field generated
by the stacking of electric dipoles induces an equal num-
ber of opposite charges on each side. In this case, holes
or electrons are induced in a plane perpendicular to the
direction of polarization, providing an excellent oppor-
tunity to modulate the electronic properties of the mater-
ial adsorbed on PMN-PT surface?*. As a two-dimension-
al material with convenient preparation and good
biocompatibility, graphene and its derivatives (graphene
oxide (GO) and reduced graphene oxide (rGO) ) have at-
tracted intense interest in the field of biosensors and
photodetector”~*2. Since the proposal of graphene-en-
hanced Raman spectroscopy (GERS) by Zhang et al. in
2010%, a great deal of work is reported on studying the
mechanism and application of GERS*'~. As we all know,
graphene is an excellent candidate for studying CM en-
hancement owing to the fact that it does not support
plasmonic excitation in the visible range*’. Furthermore,
the linear dispersion of graphene for electrons with the
density of states disappearing at the Dirac point allows
the injection of relatively small numbers of charge carri-
ers to alter significantly its electronic properties®**.

In this work, we provide an innovative SERS substrate
of graphene oxide coupled ferroelectric PMN-PT (PMN-
PT@GO). The relationship between the doping level of
GO and ferroelectric polarization was investigated and
more quantitative information about the Ef of GO is
characterized by employing a Kelvin probe force micro-
scopy. We found that the Ef of GO could be well manip-
ulated by the control of the direction and degree of ferro-
electric polarization, and the effect on the chemical Ra-
man enhancement of GO was studied. The SERS signal
of rhodamine 6G (R6G) is further enhanced under
stronger p-type doping, and consequently, the detection
line is reduced from 1077 to 10~® M. In particular, the E¢
could be changed actively by altering the temperature of
the substrate owing to the variation of the ferroelectric
polarization of PMN-PT. As a result, the detection line of
R6G is again reduced to 10 M due to the stronger p-
type doping triggered by the stronger ferroelectric polar-
ization at low temperature. More importantly, the SERS
signals of crystal violet (CV), methylene blue (MB) and
p-nitrothiophenol (PNTP) molecules with different en-
ergy band structures from R6G are also successfully en-
hanced by selectively setting the temperature of sub-
strate without the need of redesigning the substrate
structure. The energy band regulation strategy proposed
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in this paper not only provides a new way to deeply un-
derstand the CM enhancement effect, but also is expec-
ted to be extended to other 2D materials due to the feas-
ibility of ferroelectric modulation of semiconductor en-
ergy levels®—4,

Results and discussion

SERS performance and mechanism study

In order to determine the type of charge induced on the
surface of PMN-PT, the short-circuit current was meas-
ured firstly by applying temperature fluctuations. As
shown in Fig. S1(b), under forward connection, a posit-
ive current was received when the temperature rose from
20 to 100 °C (dT/dt = 2.5 °C/s), and a corresponding
negative current was observed when the temperature
drops from 100 to 20 °C (dT/dt = —2.5 °C/s). Notely, un-
der reversed connection, the obtained current signals
were switched in sign (Fig. S1(d)), which is evidence that
the electric signals are coming from the pyroelectric ef-
fect of ferroelectric PMN-PT*+, This is because the in-
herent spontaneous polarization (Ps) of PMN-PT leads
to the existence of opposite free charges on the same
electrode when it is forward and reversed connected to
the measurement system, separately (Fig. Sl(a) and
S1(c))¥. Therefore, the polarization direction inside
PMN-PT can be determined according to the pyroelec-
tric current direction (see Section 1 in Supplementary in-
formation for details).

Next, based on the above detailed analysis of the po-
larization, GO was spin coated on both surface (perpen-
dicular to the direction of P) of PMN-PT to prepare
PMN-PT@GO (P¢*, the polarization direction points to
GO film) and PMN-PT@GO (Pg, the polarization direc-
tion departs from GO film) substrates, respectively. In
addition, Al,O3 without ferroelectric effect was also se-
lected to synthesize Al,O3@GO as a control group using
the same method. The probe molecule R6G was em-
ployed to further investigate their SERS properties. As
shown in Fig. 1(a), PMN-PT@GO(P;") exhibits the best
SERS activity with an enhancement factor (EF) of
7.0x103, followed by Al;O3@GO with an EF of 4.2x10°,
while PMN-PT@GO (Pg*) is the weakest with an EF of
3.8x103 (Fig. S2), which may be caused by the doping ef-
fect of PMN-PT on GO. SERS spectra taken from five
random points of PMN-PT@GO(P;), ALO3@GO and
PMN-PT@GO (Ps*) were collected to evaluate the uni-
formity of R6G on the three samples, respectively. The

three spectral gradients show nearly identical signal in-
tensity on their respective samples (Fig. S3), indicating
the uniform SERS effect of GO due to the flat two-di-
mensional surface and the homogeneous adsorption of
R6G on GO. It has been reported that the frequency of
the G band is shifted by changes in carrier concentration
of graphene. N-type or p-type doping causes opposite
shifts of the G band, due to stiffening or softening of
phonons®. It is noteworthy that, compared to the Ra-
man frequency (1587 cm™) of the G band in AL,O3@GO,
the Raman frequencies of the G band in PMN-PT@GO
(Ps*) and PMN-PT@GO(P;") are red-shifted and blue-
shifted to 1584 and 1593 cm™, respectively (Fig. 1(b)),
corresponding to an increase and decrease in carrier
concentration of ~2 x 102 cm™? and ~4 x 102 cm™ *.
This suggests that the ferroelectric effect of PMN-PT can
indeed change the carrier concentration of adsorbed GO
(Fig. 1(d—f)), leading to a shift in the corresponding GO
Fermi level, thus further affecting the PICT process
between the substrates and the probe molecule, as de-
scribed below. In addition, when R6G is adsorbed on
GO, the change of absorption peak (~230 cm™) also in-
dicates experimentally that SERS enhancement is related
to the CT interaction between them (Fig. 1(c))*.
Subsequently, the further band structure analysis was
carried out to more clearly illustrate the PICT process.
For R6G molecule, the HOMO and LUMO levels are
—5.7 and -3.4 eV, respectively, with an energy interval
(AEn) of 2.3 eV°!'. Molecular resonance (pmol) occurs be-
cause AE} | almost perfectly matches the energy of 532
nm excited laser (2.33 eV). Kelvin probe force micro-
scopy (KPFM) was used to determine the Ef of GO for
each sample using the gold probe with the Ef of —5.10 eV
as a reference (see Section 4 in Supplementary informa-
tion for details)>. The contact potential differences
(Vcpp) between Au tip and GO in Al,O3@GO, PMN-
PT@GO (Ps*) and PMN-PT@GO(P,") are —155, —225
and +250 mV, respectively, as shown in Fig. 1(g-i).
Therefore, the Fermi levels of GO in ALO3;@GO, PMN-
PT@GO (Pg*) and PMN-PT@GO(Ps") are —4.95, —4.85,
and -5.41 eV (vs Ey,c), respectively. According to the
above results, the corresponding SERS enhancement
mechanism is proposed. Owing to the fact that the trans-
ition energy (AEg; = 1.55 eV) from the Ef of GO in
AlL,O3@GO to the LUMO of R6G is mismatched with in-
cident photon energy, the PICT process is obstructed
and thus cannot provide a satisfactory SERS effect, as de-
picted in Fig. 1(j). Even weaker SERS signal appears on
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Fig. 1| (a) SERS performance of Al,O3@GO, PMN-PT@GO (Ps*) and PMN-PT@GO(Ps") by employing R6G as the probe molecule under excit-
ation of 532 nm laser. (b) Raman shift of G band of GO in Al,0:@GO, PMN-PT@GO (Ps*) and PMN-PT@GO(Ps"). (¢) UV-vis spectra of the GO
and R6G/GO. (d-f) Schematic diagram of GO doping when adsorbed on different surfaces of PMN-PT. (g-i) Contact potential differences (Vcpp)
between Au probe and GO in (g) Al,O3@GO, (h) PMN-PT@GO (Ps*) and (i) PMN-PT@GO(Ps") measured by a KPFM system. (j-I) Modulation
mechanism of SERS enhancement of (j) Al,0z@GO, (k) PMN-PT@GO (Ps*) and (I) PMN-PT@GO(Ps").

PMN-PT@GO (P¢*) due to further suppression of PICT
by a narrower band gap (AEg) = 1.45 eV) than incident
photon energy (Fig. 1(k)). However, the Ef of GO is
closer to the HOMO of R6G due to the enhanced p-type
doping of PMN-PT (Py") on GO. The energy of PICT
(AEg) = 2.01 eV) is better matched with incident photon
energy, and consequently higher SERS activity is ob-
tained (Fig. 1(1)). This phenomenon can also be easily
understood by utilizing the polarization tensor formula:

agp = A + B + C, where A represents molecular reson-

ance, which is associated with inter-band transitions
within molecules, B refers to the surface plasmon reson-
ance (SPR), and C denotes the PICT resonance at the
Fermi level between substrate and molecule (see Section
5 in Supplementary information for details)*’. Term B is
not considered in this paper because the plasmonic excit-
ation of graphene is powerfully confined to the range of
terahertz/infrared spectral®. Among all samples, only
PMN-PT@GO(P;") can satisfy both the molecular reson-

ance A and optimal PICT resonance C, where pimol =
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ppict- In this case, the polarization tensor of molecular is
significantly amplified through the Herzberg-Teller vi-
bration coupling effect”. Therefore, PMN-PT@GO(P;")
exhibits the largest SERS activity. We also tested the en-
hancement properties of three samples against R6G mo-
lecules using a 785 nm laser (Fig. S5). Interestingly, only
the Al,O3@GO exhibits characteristic peak of R6G due
to the PICT resonance from the Ef of GO to the LUMO.
However, the extremely weak signal compared to the ob-
vious characteristic peaks under 532 nm laser excitation
is due to the inability of 785 nm to trigger resonance Ra-
man scattering (RRS or called molecular resonance).

To confirm the working mechanism, first-principles
density functional theory (DFT) calculations were per-
formed to study the interaction properties of graphene
with ferroelectric PMN-PT polarization. Figure 2(a—c)
show the constructed atomic structure model. The ini-
tial structure of PMN-PT was optimized with the polar-

ization direction normal to the graphene surface, includ-
ing graphene on both the up-polarized (Ps*) and down-
polarized (Ps~) surfaces. The opposite net surface charges
appear on each side of the bulk ferroelectric PMN-PT
owing to the polar stacking. These surface charges will be
passivated by surface reconstruction, mobile charges,
and in this case by graphene. In other words, graphene is
responsible for providing additional compensation®. In
intrinsic graphene, the Fermi level is located at the Dirac
point energy (Fig. 2(d)). However, as a result of contact
with the P¢* and P~ surfaces, the Dirac cone of graphene
on the Pgt surface is shifted downward due to the in-
creased electron density (Fig. 2(e)), and the Dirac cone of
graphene on the Py surface is shifted upward due to the
decreased electron density (Fig. 2(f)), with respect to the
Fermi level of intrinsic graphene. This indicates effective
n-type or p-type doping in graphene. We emphasize that
the simplified model is designed to capture the physical

Fig. 2 | Atomic structure of (a) intrinsic graphene, (b) graphene on up-polarized (Ps*) PMN-PT surface, (c) graphene on down-polarized (Ps~)

PMN-PT surface for DFT calculation. The electronic band structure of (d) intrinsic graphene, (e) graphene on up-polarized (Ps*) PMN-PT surface,

(f) graphene on down-polarized (Ps”) PMN-PT surface.
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nature of the problem, not to provide quantitative con-
sistency with experiments. The theoretical results indeed
prove that the self-polarized ferroelectric PMN-PT could
realize the regulation of the Fermi level of graphene ad-
sorbed on its surface, which in turn is responsible for the
further enhancement of SERS signals of probe molecules.

Flexible regulation of PICT efficiency

It is well known that the polarization of ferroelectric ma-
terials varies with ambient temperature.*** The vari-
ation of polarization affects the free charge density of the
material surface”. Inspired, we carefully investigated the
temperature-dependent SERS response behavior of
PMN-PT@GO(P;s") due to the optimal SERS activity. As
depicted in Fig. 3(a), the signal intensity of R6G de-
creases or increases as the temperature of PMN-
PT@GO(Py") rises or drops. This may be attributed to
smaller or larger Py~ inside PMN-PT caused by higher or
lower temperature, and consequently changing the sur-
face charge density (Fig.3(b)). At room temperature,
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PMN-PT possesses a certain strength of Pg-, which will
induce a certain number of holes in GO (Fig. 3(b-i) and
3(c-i)). At higher temperature, the smaller P~ inside
PMN-PT induces fewer holes in GO, leading to the Ef to
ascend, which attenuates the PICT effect (Fig. 3(b-ii) and
3(c-ii)). Contrarily, at lower temperature, the larger P
inside PMN-PT induces more holes in GO, making the
E¢ fall and further closer to the HOMO of R6G (Fig. 3(b-
iii) and 3(c-iii)). Notably, there is no significant change
in SERS strength on ALLO3@GO, despite the presence of
possible interfacial strain (Fig. 3(d)). To assess the sensit-
ivity of PMN-PT@GO(P;"), the concentration gradient
experiment was performed. As shown in Fig. 3(e), the
detection limit of R6G is only 10-* M at 20 °C due to the
weak chemical enhancement compared to that of EM>**.
However, the characteristic peaks of R6G with the con-
centration of 10~ M are still distinguished at 0 °C (Fig.
3(f) and Fig. S6). Differently, the AL, O3@GO substrate
can only detect SERS signal of 10-7 M either at 0 °C or 20
°C (Fig. 3(g)). In a word, PMN-PT at lower temperature

VO LOOD

o

[ URT e UNX i
co N
PMN-PT & P,

+ +
Higher temperature

PMN-PT

+ + + + + + +
Lower temperature

i A 532 nm Tk it A 532 nm g

e ! -3.4 " —S0f -3.4
-35f h‘ -35 LI,‘

__-40F 40

E -45k Heict o 2 —45 : Hpict o

L -50F o -50F

...... ISAs4 SERCLCTCErr CECEEE ERRTTCCELERRRLIFCCsr ) FEECECEUS” ACCEEEEEy TXTEH
-6.0F -5.7 -6.0 E -5.7
-65F GO o -65F GO e

H PMN-PT@GO(P,)JR6G 20 °C PMN-PT@GO(P,)/R6G 0 °C l ALO;@GO/REG A M)

0 °C
= = S A A_10°M A AN "\20 ]
S 1074 S 107+ S [T
> > > = -
= ~ = ~ = A0 M AN 20°C
g LA _wma A 3 Ao M A mad e e
5 g 10°M @ o-c
£ W\k_‘ = M\A.?.NM’\A__ = 10 20 °C|
- 107 M - _A_ww/‘\_ B D___G___]

10°m D & 107M DG 0°c
10"9 M 10;9 M 20 °C|

600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

600 800 1000 1200 1400 1600 1800
Raman shift (cm™)
Fig. 3 | (a, d) The temperature-dependent SERS spectra of R6G by employing (a) PMN-PT@GO(Ps"), (d) Al,03@GO as a SERS substrate. (b)
Schematic diagram of doping level of GO affected by PMN-PT@GO(Ps~) temperature. (c) Schematic illustration of the energy band structure of
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enables the Ef of GO better match with the HOMO of
R6G, which significantly improves the SERS perform-
ance of PMN-PT@GO(Ps"). In addition, temperature
changes of substrate may trigger degradation of the mo-
lecule (Fig. S7). The SERS signal intensity did not decay
significantly until after 150 cycles, which was not enough
to affect the accuracy of the other temperature-related

experiments results (within one or two cycles).

Influence of excited laser and analyte on SERS
activity

A profoundly critical fact to note is that the CM effect
strongly depends on the energy level arrangement of the
substrate-molecule system and the wavelength of the ex-
cited laser. The different choices of excited laser and mo-
lecules to be tested greatly affect the CM enhancement
factor of SERS substrate®. The SERS signal of R6G ex-
cited by 633 nm laser is much weaker than that excited
by 532 nm laser (Fig. S8(a)). This is attributed to inactiv-
ated molecule resonance due to the insufficient energy of

633 nm laser (1.96 eV), indicating that molecule reson-
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ance Raman scattering (RRS) plays a pivotal role in the
total signal enhancement (Fig. 3(c-i) and Fig. S8(c-1))°".
Interestingly, different from the case under 532 nm laser
excitation, PMN-PT@GO(P;") shows the strongest SERS
activity at 20 °C under 633 nm laser excitation (Fig.
S8(b)). That's because the energy required to jump from
the Ef of GO to the LUMO of R6G at 20 °C already
matches the energy of 633 nm laser. The upturn or
downturn of the Ef would result in a mismatch of levels
(Fig. S8(c-ii) and S8(c—iii)). In addition, CV was also em-
ployed to study the CM effect. As displayed in Fig. 4(a),
the SERS signal of CV excited by 633 nm laser is stronger
than that excited by 532 nm laser. For CV molecule, the
HOMO and LUMO levels are —6.0 and —4.1 eV, respect-
ively. Although the electron transition from HOMO to
LUMO in CV can be activated by either 532 or 633 nm
laser, the energy of 633 nm laser is better matched to the
energy interval (1.9 eV) than that of 532 nm laser, as
shown in Fig. 4(c-i) and 4(d-i). Thus, the molecule res-
onance of CV is enhanced with 633 nm laser excitation.

Figure 4(e) and f show the temperature-dependent SERS
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Fig. 4 | (a) SERS spectra of CV on PMN-PT@GO(Ps") under excitation of 532 and 633 nm laser. (b) Schematic diagram of doping level of GO
affected by PMN-PT@GO(Ps) temperature. (¢, d) Schematic illustration of the energy band structure of PMN-PT@GO(Ps™)/CV and the electron
transition process under (c) 532 nm, (d) 633 nm excitation laser. (e, f) SERS spectra of CV on PMN-PT@GO(Ps") under excitation of (e) 532 nm,

(f) 633 nm laser at different temperature.
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responses of CV molecule under excitation of 532 and
633 nm laser, respectively. Owing to the more effective
PICT process, the strongest SERS signal is obtained at 0
°C in both cases (Fig. 4(c-iii) and 4(d-iii)). In synergy
with the molecular resonance and the optimized PICT
resonance, the detection limit of CV on PMN-
PT@GO(Ps") substrate can also be optimized to 10° M
(Fig. S9).

To further investigate the universality of the CM en-
hancement strategy proposed in this paper, MB and
PNTP were also used to conduct SERS measurement.
MB exhibits SERS modulation behavior similar to that of
CV due to similar energy level structure (Fig. S10).
However, since the large energy gap between the LUMO
and HOMO in PNTP, molecule resonance cannot be ac-
tivated with the insufficient excitation energy of either
532 or 633 nm laser (Fig. 5(d-i) and 5(e-i)). It is note-
worthy that PNTP is better detected by PMN-
PT@GO(P;") at 40 °C, rather than at 0 °C with either 532
or 633 nm laser excitation (Fig. 5(a) and 5(b)), due to the
more suitable energy position (Fig. 5(d-ii) and 5(e-ii)).
For mixed solutions, as shown in Fig. S11, the SERS
spectra of R6G and PNTP were selectively enhanced at 0
and 40 °C compared to that at 20 °C, respectively. There-

| -

PMN-PT@GO(P,")/PNTP E =532 nm

https://doi.org/10.29026/0ea.2023.230094

fore, the optimized SERS responses of molecules with
different band structures can be obtained by flexibly ad-
justing the Er of GO through simple temperature changes
without the need to redesign the SERS substrate. Also, it
should be pointed out that PMN-PT@GO (Ps*) exhibits
higher SERS activity than PMN-PT@GO(Py") for PNTP
(Fig. S12(a) and S12(b)). Higher Ef of PMN-PT@GO
(Ps*) is conducive for electrons in it to transition to the
LUMO of PNTP (Fig. S12(c-ii) and S12(c-iv)). The cor-
responding temperature-dependent SERS spectra were
also measured, and adjustable PICT efficiency was
shown (Fig. S13). Although the PMN-PT@GO (Ps*) sub-
strate exhibited the highest SERS activity toward PNTP
at 20 °C, its detection limit was only able to reach 107 M
(Fig. S14), which may be due to the inactivated molecular
resonance under 532 nm excitation laser (Fig. S13(d-i)).

Conclusions

In summary, we have presented a flexible energy band
regulation strategy to manipulate the Er of GO utilizing
the ferroelectric PMN-PT for SERS detection of mo-
lecules with different band structures. The SERS signal is
significantly enhanced after the energy gap between the
Ef of GO and the LUMO of molecules is tuned to align
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Fig. 5| (a, b) SERS spectra of PNTP on PMN-PT@GO(Ps~) under excitation of (a) 532 nm, (b) 633 nm laser at different temperature. (¢) Schem-
atic diagram of doping level of GO affected by PMN-PT@GO(Ps") temperature. (d, e) Schematic illustration of the energy band structure of PMN-
PT@GO(Ps™)/PNTP and the electron transition process under (d) 532 nm, (e) 633 nm excitation laser.
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with the energy of excitation laser, due to the enhanced

PICT efficiency. More importantly, this strategy provides

new perspective for the SERS substrate design based on
CM effect.
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