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ABSTRACT: Single-crystalline hybrid perovskites have im-
portant photoelectronic properties for advanced semiconduc-
tor devices, such as solar cells and photodetectors. However,
neither the surface-enhanced Raman scattering (SERS)
property nor the correlation between SERS and photo-
electronic properties for single-crystalline perovskites have
ever been studied. Here, for the first time, we observed a 105

enhancement in SERS for 4-mercaptopyridine (MPY)
adsorbed on a methylamine lead chlorine (MAPbCl3) single
crystal. Compared to the Raman spectrum of bulk MPY
molecules, the b2 mode of the MPY molecule was selectively
enhanced. This is attributed to the charge transfer (CT)
resonance mechanism at the interface between the single crystal and the adsorbed molecules, which benefit from the Herzberg−
Teller contribution. UV−vis spectra demonstrated that the modification with the MPY molecules leads to the formation of a new
interfacial transition state, which matches the excitation laser photon energy and results in a CT resonance process under 532 nm
laser excitation. The MPY-modified MAPbCl3 single crystal was further applied to a photoelectronic device, and the device I−V
curve was collected under 532 nm laser irradiation. The results indicate that the MPY-modified MAPbCl3 shows a clear
photoelectronic response to the 532 nm light. This study establishes a correlation between the CT resonance-enhanced Raman
and the photoelectronic responses of perovskite materials and provides guidance for future molecule-sensitized perovskite
photoelectronic device studies.
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In recent years, organo-lead halide perovskites, such as
methylamino lead halide perovskites (MAPbX3, MA =

CH3NH3
+, X = Cl−, Br−, or I−), have attracted widespread

attention due to their attractive optical and low-temperature
solution processability. The perovskites have become one of the
most remarkable advanced materials for photoelectronic
devices, such as solar cells, photodetectors, and photo-
transistors.1−6 MAPbBr3 and MAPbI3 used for high-efficiency
solar cells or optoelectronic devices have been widely studied
due to their narrow band gap and wide adsorption range
located at the visible or even near-IR range.7−11 Compared to
those two materials, MAPbCl3 was rarely studied due to its
wide band gap and specific adsorption properties. Most
research on MAPbCl3 was mainly focused on the growth of
single crystals, the structural characterization, and phase
transitions with the change of the environment. Only a few
papers reported the studies of MAPbCl3 single crystals in
photodetectors under UV excitation.12−15 Meanwhile, the
single-crystal MAPbCl3 demonstrates its attractiveness due to
its intrinsic structural features. Until recently, the study of
perovskite materials by the Raman method mainly focused on
its structure properties or phase transitions, and Raman

spectroscopy plays a role only in the structure characterization
of the perovskite materials.16−20 However, the Raman
technique is a very significant method in the interfacial charge
transfer property studies, and the intensive exploration of the
correlation between the interfacial optical or photoelectronic
and Raman properties of the perovskite materials is crucial for
applying perovskite materials in photoelectronic devices.
Surface-enhanced Raman scattering (SERS) has been a

widely used spectroscopic technique since it was first
discovered on silver electrodes in the mid-1970s due to its
unique characteristics, such as its nondestructive nature,
ultrahigh sensitivity, and abundant molecular fingerprint
information.21−25 The early materials for SERS studies were
mainly focused on noble metals (Au, Ag, and Cu) and gradually
extended to other materials, such as some alkali metals (Na, K,
and Li), transition metals, semiconductor materials, and organic
semiconductors.26−30 Most of the observed semiconductor-
enhanced Raman scattering phenomena have been explained by
the charge transfer (CT) mechanism, which inspired the
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development of a novel field in exploring chemical mechanisms
of SERS.31−34 Compared to metals, semiconductor materials
possess more controllable properties that are beneficial for
SERS mechanism studies, such as tunable band gap and
photoluminescence properties, high stability, and resistance to
degradation.35,36 Until recently, a large amount of semi-
conductor materials have been discovered for CT-induced
SERS studies, including metallic oxides, metal sulfides, silver
compounds, and semiconductor nanomaterials.37,38 Under
certain conditions, the chemical binding takes place between
the adsorbed molecules and the atomic sites of the semi-
conductor substrates, and the adsorbent−adsorbate interaction
rebuilds the band gap at the interface between the adsorbed
molecules and the semiconductor materials.38−40 Under these
conditions, the band energy at the interface will become closer
to the photon energy of the excitation laser, which leads to the
occurrence of a resonance Raman scattering-like effect.32,41

Previous studies of some molecule-modified metal oxides have
shown this kind of resonance Raman scattering-like effect in
SERS studies using semiconductors, such as pyridine-modified
TiO2, NiO, and Ru-bpy dye modified mesoporous films.38−40

In these cases, the CT enhancement mechanism is believed to
have a major contribution to the observed high SERS signals.
With continued development of SERS, the semiconductor
materials used have expanded from metal oxides to other
nanomaterials, including single-elemental semiconductors
(such as graphene, Si, and Ge) and some 2D materials (such
as MoS2), which have been proven to be capable of providing
Raman enhancement based on the CT mechanism.42−45 Until
now, the SERS property based on perovskites materials as a
substrate has never been studied.
Here, we report a molecule−single-crystal interface SERS

study based on 4-mercaptopyridines (MPY) and a MAPbCl3
single-crystal system. For the first time, we observed a strong
SERS signal of the MPY molecules adsorbed on this single-
crystal surface. The mechanism of this SERS enhancement is
attributed to the charge transfer resonance at the interface of
the MPY-modified single crystal. Additionally, an obviously
photoelectronic response effect under 532 nm irradiation was
found for this MPY-modified single-crystal system. This new
phenomenon extends the CT-induced SERS study to the
single-crystalline materials, and it demonstrates a great
advantage for practical application in photodetectors based on
single-crystal perovskites.

■ EXPERIMENTAL SECTION

Chemicals. 4-Mercaptopyridine, dichloromethane, N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and
lead chloride (PbCl2) were purchased from Sigma-Aldrich.
MACl was synthesized as follows:15 First, a mixed solution of
1.2 M methylamine and 1 M hydrochloride acid was stirred for
2 h in an ice bath and then dried under vacuum at 50 °C for 2
h. After that, the sample was dissolved in ethanol and then
filtered using a 0.2 μm PTFE filter. Diethyl ether was then
added in the filtered solution to get the MACl powder followed
by vacuum drying at 60 °C.

Synthesis of an MAPbCl3 Single Crystal and an MPY-
Modified Single Crystal, and Deposition of Au Electro-
des on Its Surface. A 1 M MAPbCl3 solution in DMSO−
DMF (1:1 by volume) was prepared by dissolving equimolar
amounts of MACl and PbCl2. The solution was then filtered
using a PTFE filter with a 0.2 μm pore size. Then the precursor
solution was kept in an oil bath at a temperature of 50 °C for 6
h.15

The single-crystal MAPbCl3 surface modified with MPY
molecules was achieved as follows: the single crystal was
immersed in 10−3 mol/L MPY solutions (dissolved in CH2Cl2),
and 6 h later, the sample was cleaned by CH2Cl2 and dried by
N2 flow. The 100 nm Au electrodes were deposited on the bulk
single crystal and MPY-modified single-crystal surfaces by
thermal evaporation.

Sample Characterization. Raman spectra were collected
using a LabRAM HR Evolution Raman spectrometer (Horiba
Jobin Yvon). The UV−vis spectral measurements were carried
out using a Cary 5000 UV−vis−NIR spectrometer (Agilent).
XRD spectra were collected using a Bruker D8 FOCUS.
Scanning electron miscroscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) analysis were carried out by the
scanning electron microscope (Phenom ProX). The I−V curves
were collected by a 4200A-SCS Parameter Analysis (Keithley,
USA). The photoelectronic detection system was constructed
with 532 and 633 nm irradiation light.

■ RESULT AND DISCUSSION

Characterization of X-ray Diffraction (XRD) and SEM.
Figure 1A shows a cubic single crystal as we synthesized, while
Figure 1B exhibits the surface state of the crystal by SEM. EDS
confirmed the elemental contents of this crystal (Figure 1C).
The as-prepared single-crystal MAPbCl3 was then characterized

Figure 1. (A) Optical image, (B) SEM, (C) EDS analysis, and XRD spectra of the single crystal. Inset shows the enhanced spectrum of XRD in the
range of 50° to 60°.
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by powder X-ray diffraction (Figure 1D), which confirmed that
the crystal possessed the single-phase cubic structure with the
lattice parameter a = 5.68 Å.46 Meanwhile, the MPY-modified
single crystal showed the same characteristic peaks compared to
the pure single-crystal MAPbCl3. This indicates that the
adsorption of MPY did not destroy the lattice structure of
the material substrate and maintained the intrinsic property of
the single crystal.
Measurement of UV−Vis Spectra and Photolumines-

cence Lifetime Characterization. UV−vis spectroscopy was
used to analyze the optical properties of the MAPbCl3 single
crystal after the adsorption of MPY molecules. Figure 2A shows
the UV−vis spectra of MPY (dissolved in CH2Cl2) and single-
crystal MAPbCl3 before and after the adsorption of MPY
molecules. The single-crystal MAPbCl3 is transparent close to
428 nm, and its color changes from colorless (Figure 1A) to
yellow (Figure 2A) after the adsorption of MPY molecule. The
latter process leads to the formation of a new interfacial
transition state. The bulk crystal showed a quite steep slope at
428 nm, which indicated that the band energy of the crystal is
about 2.89 eV. After the adsorption of MPY, a notable longer
wavelength absorbance occurred compared with that of the
unmodified crystal and the band energy decreased to 2.32 eV.
This interfacial photoabsorption can be attributed to the
interaction between the adsorbed molecule and the single
crystal.
To further demonstrate the formation of the new interfacial

transition state, we studied the recombination property of the
single crystal under excitation at 481 nm. Figure 2B shows the
PL lifetime results for the MAPbCl3 single crystal before and
after the modification with MPY molecules. The MPY-modified
single crystal exhibits double components of the carrier
dynamics (t1 = 6 ns and t2 = 1.9 ns) with a biexponential fit
of the curve. These two components are likely attributed to the
interface and the bulk of the crystal, respectively. As for the
MAPbCl3 single crystal, there is no PL response under 481 nm
excitation. We can thus conclude that the modification with the
MPY molecule results in the formation of a new interfacial
transition state.
SERS Spectra of the MPY Adsorbed on MAPbCl3.

Figure 3 shows the Raman spectra of (a) an MPY molecule
adsorbed on the single-crystal surface, (b) an MAPbCl3 single

crystal, (c) an MPY molecule adsorbed on a Ag surface, and (d)
MPY powder under 532 nm laser excitation. Figure S1 shows
the Raman spectra of a single crystal compared with MACl and
PbCl2. In Figure 3a, several observable bands located at 488 and
977 cm−1 are attributed to the crystal mode (Figure 3b), while
the 621 cm−1 (C−C−C/N−CC out-of-plane bend), 1001
cm−1 (ring breathing), 1031 cm−1 (C−H in-plane bend), 1182
cm−1 (C−H in-plane symmetric bend), 1200 cm−1 (C−H in-
plane antisymmetric bend), 1582 cm−1 (C−C stretch with
deprotonated nitrogen), and 1602 cm−1 (C−C stretch with
protonated nitrogen) are intrinsic to MPY. A more detailed
assignment for Raman bands of MPY under different
conditions is shown in Table 1.46−51

As Figure 3c shows, the SERS spectrum of MPY adsorbed on
a Ag surface exhibits several characteristic peaks located at 427,
705, 720, and 1093 cm−1, which differs from the SERS
spectrum of an MPY molecule adsorbed on the single-crystal
MAPbCl3. The difference of the characteristic bands of these
two spectra could be attributed to different adsorption modes
of the MPY molecules on the surface of different materials. As

Figure 2. (A) UV−vis spectra of the MPY molecule, single-crystal MAPbCl3, and the MPY-modified single crystal. The inset image shows the MPY-
modified single crystal. (B) Time-resolved PL decay curves for the MAPbCl3 single crystal before (black curve) and after (red curve) the
modification with MPY molecules under excitation at 481 nm.

Figure 3. Raman spectra of an MPY molecule adsorbed on the single
crystal (a), single-crystal MAPbCl3 (b), an MPY molecule adsorbed on
Ag (c), and MPY powder (d). The spectra were collected under 532
nm laser excitation. Raman spectra are shifted compared with each
other along the y-axis for better viewing.
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is well known, the −SH group can be easily combined with Ag
to form a S−Ag coordinate bond. Therefore, the bands at 427
cm−1 (ring re-formation with C−S/C−C-C stretch), 720 (C−
C/C−S stretch), and 1093 cm−1 (trigonal ring breathing with
C−S), which were correlated with the C−S mode, can be
clearly observed. As for the single-crystal MAPbCl3, the MPY

molecule tends to adsorb on its surface through N atom in the
pyridine ring, which results in the disappearance of these two
C−S mode-related Raman peaks. Moreover, the adsorption of
MPY through N atom results in the disappearance or intensity
decrease of other related bands compared with the SERS
spectrum of MPY on Ag surface, such as the bands at 705 cm−1

(ring deformation with C−C in-plane wag).
Figure 4 shows the XPS results of the N and S atoms in the

three samples: MAPbCl3, MAPbCl3+MPY, and MPY. As Figure
4A shows, the peak for the N atom of the MPY molecule shows
a 2 eV shift after being adsorbed on the single-crystal surface,
which can be attributed to the bonding formation between the
N atom of MPY and the single crystal, while the peak for the N
atom of MAPbCl3 shows nearly no change. As for the S atom
(Figure 4B), only the MPY molecule shows an obvious
characteristic peak. We can thus conclude that the MPY
molecule adsorbed on the crystal surface through the N atom.

Mechanism of the SERS Enhancement of MPY
Adsorbed on a Single-Crystal Surface. As is well known,
two mechanisms are widely accepted to explain the
contribution to the enhancement phenomenon. First of all,
the electromagnetic mechanism (EM) was believed to be the
most crucial contribution to the substantial enhancement of the
Raman spectrum. The most impressive example is the single-
molecule detection, which is estimated to possess an enhance-
ment factor as large as 1012−1015.52−54 During this process, the
laser-induced surface plasmon resonances on the metal cluster
surface result in a strong local enhancement of the electric field,
which extremely enhances the Raman signal of the molecule
adsorbed on or near the metal surface. On the other hand, the
so-called chemical mechanism (CM) is of equal importance in
SERS studies.55,56 For this, the factor contributing to
enhancement in metals or semiconductors due to the above
mechanism is associated with the chemical adsorption of the
probe molecule and includes either molecule−metal/semi-
conductor or metal/semiconductor−molecule charge transfer.
The application of Herzberg−Teller theory has been the most
comprehensive approach in the study of this effect. The main

Table 1. Raman Peak Assignment

band assignment

MPY/
MAPbCl3
single
crystal/
cm−1

MPY/
Ag/
cm−1

MPY/
cm−1 ref

ring def with C−S/C−C−C stretch 427 430 49
C−C out-of-plane asym bend 472 49
C−C−C/N−CC out-of-plane
bend

621 646 49,
51

C−C−C/N−CC scissor 663 49
ring def with C−C in-plane wag 705 49
C−C/C−S stretch 720 722 48,

51
ring breathing 1001 1006 990 48,

49
C−H in-plane bend 1031 1060 1044 49,

51
trigonal ring breathing with C−S 1093 1107 47,

49
C−H in-plane sym bend 1182 1199 48,

51
C−H in-plane asym bend 1200 1202 47,

49,
51

C−H in-plane wag 1221 49,
51

C−H/N−H in-plane wag 1452 1461 49
ring stretch (CC/CN) 1482 1475 1478 51
C−C stretch with deprotonated
nitrogen

1582 1578 1604 47,
50,
51

C−C stretch with protonated
nitrogen

1601 1606 1618 47,
50,
51

Figure 4. XPS result for the N and S atoms in the three samples: CH3NH3PbCl3, CH3NH3PbCl3+MPY, and MPY.
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process could be simply described as the excitation of an
electron from a filled highest occupied orbital of the molecule
(HOMO) to an empty level on the metal/semiconductor band
(molecule−metal/semiconductor) or from a filled level of the
metal/semiconductor to the lowest unoccupied orbital of the
molecule (LUMO). Such conditions are a resonance-like
Raman process in which charge transfer between the substrate
and the molecule constitutes the intermediate stage.
In our case, the single-crystal MAPbCl3 does not possess

surface plasmons along the excitation region of the lasers’ lines
used in these experiments (473, 532, and 785 nm), which
indicates that the electromagnetic mechanism cannot be the
dominant contribution to the surface-enhanced Raman signal of
the MPY-modified single-crystal MAPbCl3. The observed SERS
signal can be explained by the CT mechanism. As described
above, the adsorption of the molecule will lead to a red shift for
the UV−vis spectra. The band−band transition energy of the
interface between single crystal and MPY molecule can be
calculated as 2.32 eV (Figure 2A). This energy excellently fits
with the excitation laser energy at 532 nm wavelength. Under
these conditions, when the excitation light (532 nm) irradiates
the sample surface, a CT resonance will take place in the
energies of the single-crystal/MPY interface. This resonance
process is mainly due to modification of the energy band gap
from 2.89 eV to 2.32 eV, which matches the 532 nm excitation
laser well. As a result, the Raman signal of the adsorbed MPY
molecule was enhanced.
The evidence for the chemical enhancement mechanism is

strongly associated with individual modes of the adsorbed
molecules. Compared to those in the SERS spectrum of MPY
adsorbed on Ag and its bulk Raman signal, there is greater
enhancement of several bands, such as 1001 and 1031 cm−1

bands, in the SERS spectrum of the MPY-modified single
crystal. Some weaker bands at 621, 1452, and 1582 cm−1,
assigned to the b2 mode of the MPY molecules, were also
observed, which can only be selectively enhanced by the CT
mechanism through Herzberg−Teller contributions. The
additional SERS enhancements from the MPY-single-crystal
complex, particularly the enhancement of the b2 mode, result
from the new band level formation at the interface of the
complex and could be ascribed to the charge transfer between
the single crystal and the MPY molecules.

To further verify the CT resonance process at the interface of
the MPY-modified single crystal under a 532 nm excitation
wavelength, the SERS spectra of this system were analyzed
under 473 and 785 nm laser irradiation (Figure 5A). The
Raman spectra at 473 nm irradiation show some weak
characteristic peaks of MPY as compared to the spectrum
under 532 nm irradiation. The energy of the 473 nm photon is
2.62 eV, which is larger than the interface band transition
energy and located far from resonance conditions. Such large
excitation energy does not match the 2.32 eV band gap, and
most of the photons energy acts on the interior of the single-
crystal MAPbCl3. Thus, the 473 nm irradiation could not
produce enough photon energy with excellent resonance
conditions comparable to the 532 nm excitation. As a result,
the SERS spectra under 473 nm irradiation does not show a
resonantly enhanced Raman signal as under 532 nm laser
irradiation.
A few processes can cause SERS:31 (1) surface plasmon

induced growth of a cross section of this process, (2)
resonance-enhanced processes, and (3) charge transfer between
the substrate and molecule. In the case of all used lasers (473,
532, and 785 nm), none of them can be considered as the one
that has contribution from the first process due to the fact that
the surface plasmons in the used medium are lying at far shorter
wavelength. It is difficult to estimate the relative role of the
second and third processes on SERS. However, in the case of
the 532 nm pump, these two processes influence SERS
simultaneously, while in the case of the 473 nm pump, only the
third process could be taken into account. That is why, in our
opinion, the 532 nm pump has a stronger influence on the
SERS compared with the 473 nm pump.
As for the 785 nm excitation conditions, we did not observe

any characteristic bands on the SERS spectra, since the 785 nm
photon energy (1.58 eV) is too low to excite the transitions
between the band levels at the interfaces. Therefore, it can be
concluded that, with the excitation of the 532 nm laser, the
charge transfer resonance takes place between the interface and
results in the SERS enhancement of the adsorbed MPY
molecules. The difference in the schemes of the SERS spectra
under illumination by three laser sources is shown in Figure 5B.

Estimation of the Enhancement Factor. The enhance-
ment factor is a powerful method for evaluation of the
contribution of the single crystal on the Raman spectra of the

Figure 5. SERS spectra of MPY adsorbed on single-crystal MAPbCl3 under 473, 532, and 785 nm laser excitation (A) and illustration of the
mechanism under different laser illumination (B). Notice that direct transitions between the LUMO and HUMO are forbidden for these three lasers.
Raman spectra shifted compared with each other along the y-axis for better viewing.
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adsorbed MPY molecules. The enhancement factor (EF) for an
MPY-modified single crystal was calculated according to the
following equation:

=
I
I

N
N

EF SERS

Raman

b

ads (1)

Here, Nb is the numbert of molecules on the bulk samples and
Nads is the number of adsorbed molecules, while ISERS and IRaman
are the intensity of the SERS and original Raman spectra of
MPY, respectively. The spectra of the adsorbed and free
molecules were measured under identical conditions. To obtain
a quantitative evaluation of the enhancement factor, the Raman
spectrum of an MPY molecule adsorbed on the single-crystal
surface and the Raman spectrum of the 0.2 M MPY solotion
were measured to obtain the information on the peak
intensities of the adsorbed and bulk molecules under similar
conditions.
The number of MPY molecules adsorbed on the single-

crystal surface and the powder effectively excited by the laser
beam constitute other necessary parameters used in the
determination of the EF in this system. We assume that all
the MPY molecules are vertically adsorbed on the single-crystal
surface with a closed-pack array. It has already been reported
that the area occupied by one MPY molecule is approximately

0.7 nm2.48 The surface concentration value of the MPY can be
estimated to be approximately 1 to 2 nm−2, and the number of
MPY molecules adsorbed on the single-crystal surface within
the focus area is approximately 2 × 106. Thus, the number of
those MPY molecules located under the laser beam should be
SB/SM:

=N
S
Sads

B

M (2)

Here SB is the area of the laser beam and SM is the area of one
MPY molecule. The collection efficiency of scattered photons
from MPY molecules in the solution of the MPY molecules
varies with the focus depth. Therefore, the effective range near
the focus point of the laser is a key point in determining the
number of MPY molecules. The effective range of our laser
irradiation was measured with a 50× lens microscope under a
532 nm laser. The silicon wafer was used to investigate the
focus depth profile. The intensity of the characteristic band for
Si at 520.7 cm−1 was measured by a depth-dependent Raman
analysis from −500 μm to 500 μm with steps of 1 μm (Figure
6A). We determined that the effective area contains a band
intensity higher than 25% of the maximum intensity of the Si
wafer at the focus point. So the effective distance (h) near the
focus point is 40 μm. Then the volume (v) of the MPY solution

Figure 6. (A) Depth-dependent Raman intensity of the single Si wafer at the 520.7 cm−1 band under 532 nm laser excitation. A pinhole size of 100
μm and a 50× working-length objective were used. (B) Comparison of Raman spectra of MPY molecules adsorbed on single-crystal perovskite and
in CH2Cl2 solutions. The peaks labeled by stars are the characteristic peaks of CH2Cl2 (Figure S2).

Figure 7. (A) Device schematic of the MPY-modified MAPbCl3 single-crystal-based photodetector device. (B) I−V curves of the MPY-modified
MAPbCl3 single crystal under 532 nm, 633 nm illumination and in dark conditions.
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under the effective distance can be calculated as SB × h.
Therefore, the number of MPY molecules in the solution under
the effective beam range can be obtained by the following
equations:

= × × ×N c S h NB B A (3)

Correspondingly,

=
× × ×N

N
c S h N

S S/
B

ads

B A

B M (4)

This parameter was defined as NB/Nads = 3.36 × 104. As
obtained from the spectra, the relative intensity of the MPY
molecule is 265 at 990 cm−1, while the SERS intensity of the
band at 1001 cm−1 of the MPY-modified single crystal is 2043
(Figure 6B). Therefore, the EF was estimated to be 2.6 × 105. It
should be mentioned that during this calculation the number of
MPY molecules adsorbed on the single crystal was determined
as an upper limit, and thus the EF represents a lower limit.
Practical Application of the 4-MPY-Modified MAPbCl3

Single-Crystal Perovskite in Photoelectronic Detection.
The MAPbCl3 single crystal shows a photoelectronic response
only in the UV region due to its intrinsic optical properties.
However, as illustrated above, the MPY-modified MAPbCl3
single crystal possesses resonance effects under 532 nm
irradiation. So, one can expect that the modification of MPY
will tune the photoelectronic response of the MAPbCl3 single
crystal to the visible region (532 nm) and promote its
application in photoelectronic detection.
To evaluate the photoelectronic response of the MPY-

modified single crystal to a 532 nm laser, we constructed a
photodetector device based on the MPY-modified MAPbCl3
(Figure 7A). The 100 nm thick Au layers were deposited on the
material surface as two electrodes. The photoelectronic
response of the materials was investigated by current−voltage
(I−V) curves measured under illumination with 532 nm light
and compared with the illumination under 633 nm light and in
dark conditions.
The result is shown in Figure 7B. The MPY-MAPbCl3, at 2

V, shows nearly no current response under dark conditions,
while a significant growth of current up to 6 × 10−8 A was
observed under 532 nm light. Under dark conditions, the MPY
molecule layer acts as an insulating layer, which restricts the
electric transition between the Au electrode and the single
crystal. Under the 532 nm illumination conditions, the MPY-
modified single crystal possesses a 2.32 eV band gap, which
matches the energy of the light source and leads to a CT
resonance between the MPY molecule and the single crystal. As
a result, the MPY-modified single crystal shows a photo-
electronic response under 532 nm irradiation, which elucidates
the interfacial CT-resonance process in this system. We also
studied the photoresponse property for the MAPbCl3 single
crystal and MPY molecule separately, and the results do not
show any photoresponse under 532 nm irradiation (Figures S3
and S4). Meanwhile, the MPY-MAPbCl3 system does not show
any photoelectronic response to 633 nm laser irradiation, since
the photon energy of 633 nm light does not match the interface
band gap of this system. It should be mentioned that the bulk
MAPbCl3 single crystal and MPY molecules were separately
analyzed by inserting similar Au electrodes for comparison with
the MPY-MAPbCl3 structure shown in Figure 6A. These two
separated configurations did not have a similar response to the
MPY-MAPbCl3 structure. It can be thus concluded that the

photoelectronic response of the MPY-modified single crystal to
532 nm light was caused by CT resonance with 532 nm light
excitation. This phenomenon can be used for further
exploration of the molecule-sensitized perovskite materials in
different studies, and it is expected to further improve the
photoelectronic properties of perovskite single crystals.

■ CONCLUSION
We have observed an enhancement of the Raman signal from
MPY-modified single-crystal MAPbCl3 for the first time. The
enhancement factor is estimated to be on the order of 105. The
UV−vis spectrum studies were used to corroborate that a
resonance process occurs at the interface between the MPY
molecules and the single-crystal surface under 532 nm laser
excitation. The selective enhancement of the MPY signal at the
b2 mode on the crystal surface further proves the CT
mechanism at the interface through the Hertzberg−Teller
contribution. We show that charge transfer is the most likely
mechanism responsible for the observed enhancement, as the
plasmon resonances are ruled out. In addition, the MPY-
modified single crystal was found to show a clear photo-
electronic response under 532 nm excitation light. This novel
study on the CT-induced SERS enhancement on a single-
crystal surface not only provides a new direction in SERS
studies but also builds a connection between CT-resonance-
enhanced Raman scattering and photoelectronic effects. This
phenomenon also provides a new molecule-sensitized single-
crystal perovskite used for a photoelectronic detection study
combined with a Raman technique.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsphoto-
nics.8b00152.

Additional Raman spectra and the I−V curves of
MAPbCl3 and MPY molecules as a contrast experiment
(PDF)
(PDF)
(PDF)
(PDF)
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: guo@optics.rochester.edu.

ORCID
Zhi Yu: 0000-0002-5139-0569
Rashid A. Ganeev: 0000-0001-5522-1802
Chunlei Guo: 0000-0001-8525-6301
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by National Key Research and
Development Program of China (2017YFB1104700), National
Natural Science Foundation (NSFC, Grant Nos. 61705227,
21404015, 61774155), and Jilin Science and Technology
Department Project (20150204019GX).

ACS Photonics Article

DOI: 10.1021/acsphotonics.8b00152
ACS Photonics 2018, 5, 1619−1627

1625

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsphotonics.8b00152
http://pubs.acs.org/doi/abs/10.1021/acsphotonics.8b00152
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00152/suppl_file/ph8b00152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00152/suppl_file/ph8b00152_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00152/suppl_file/ph8b00152_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00152/suppl_file/ph8b00152_si_004.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00152/suppl_file/ph8b00152_si_005.pdf
mailto:guo@optics.rochester.edu
http://orcid.org/0000-0002-5139-0569
http://orcid.org/0000-0001-5522-1802
http://orcid.org/0000-0001-8525-6301
http://dx.doi.org/10.1021/acsphotonics.8b00152


■ REFERENCES
(1) Snaith, H. J. Perovskites: The Emergence of a New Era for Low-
Cost, High-Efficiency Solar Cells. J. Phys. Chem. Lett. 2013, 4 (21),
3623−3630.
(2) Christians, J. A.; Fung, R. C. M.; Kamat, P. V. An Inorganic Hole
Conductor for Organo-Lead Halide Perovskite Solar Cells. Improved
Hole Conductivity with Copper Iodide. J. Am. Chem. Soc. 2014, 136
(2), 758−764.
(3) Liu, D. Y.; Kelly, T. L. Perovskite solar cells with a planar
heterojunction structure prepared using room-temperature solution
processing techniques. Nat. Photonics 2014, 8 (2), 133−138.
(4) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal
Halide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells. J.
Am. Chem. Soc. 2009, 131 (17), 6050−6051.
(5) Li, F.; Ma, C.; Wang, H.; Hu, W. J.; Yu, W. L.; Sheikh, A. D.; Wu,
T. Ambipolar solution-processed hybrid perovskite phototransistors.
Nat. Commun. 2015, 6, 6.
(6) Li, F.; Wang, H.; Kufer, D.; Liang, L. L.; Yu, W. L.; Alarousu, E.;
Ma, C.; Li, Y. Y.; Liu, Z. X.; Liu, C. X.; Wei, N. N.; Wang, F.; Chen, L.;
Mohammed, O. F.; Fratalocchi, A.; Liu, X. G.; Konstantatos, G.; Wu,
T. Ultrahigh Carrier Mobility Achieved in Photoresponsive Hybrid
Perovskite Films via Coupling with Single-Walled Carbon Nanotubes.
Adv. Mater. 2017, 29 (16), 02432.
(7) Shi, D.; Adinolfi, V.; Comin, R.; Yuan, M. J.; Alarousu, E.; Buin,
A.; Chen, Y.; Hoogland, S.; Rothenberger, A.; Katsiev, K.; Losovyj, Y.;
Zhang, X.; Dowben, P. A.; Mohammed, O. F.; Sargent, E. H.; Bakr, O.
M. Low trap-state density and long carrier diffusion in organolead
trihalide perovskite single crystals. Science 2015, 347 (6221), 519−522.
(8) Manser, J. S.; Kamat, P. V. Band filling with free charge carriers in
organonietal halide perovskites. Nat. Photonics 2014, 8 (9), 737−743.
(9) Nie, W. Y.; Tsai, H. H.; Asadpour, R.; Blancon, J. C.; Neukirch, A.
J.; Gupta, G.; Crochet, J. J.; Chhowalla, M.; Tretiak, S.; Alam, M. A.;
Wang, H. L.; Mohite, A. D. High-efficiency solution-processed
perovskite solar cells with millimeter-scale grains. Science 2015, 347
(6221), 522−525.
(10) Tan, Z. K.; Moghaddam, R. S.; Lai, M. L.; Docampo, P.; Higler,
R.; Deschler, F.; Price, M.; Sadhanala, A.; Pazos, L. M.; Credgington,
D.; Hanusch, F.; Bein, T.; Snaith, H. J.; Friend, R. H. Bright light-
emitting diodes based on organometal halide perovskite. Nat.
Nanotechnol. 2014, 9 (9), 687−692.
(11) Dou, L. T.; Yang, Y.; You, J. B.; Hong, Z. R.; Chang, W. H.; Li,
G.; Yang, Y. Solution-processed hybrid perovskite photodetectors with
high detectivity. Nat. Commun. 2014, 5, 5404.
(12) Maeda, M.; Hattori, M.; Hotta, A.; Suzuki, I. Dielectric studies
on CH3NH3PbX3 (XCl and Br) single crystals. J. Phys. Soc. Jpn.
1997, 66 (5), 1508−1511.
(13) Poglitsch, A.; Weber, D. Dynamic Disorder in
Methylammoniumtrihalogenoplumbates(Ii) Observed by Millimeter-
Wave Spectroscopy. J. Chem. Phys. 1987, 87 (11), 6373−6378.
(14) Xu, Q.; Eguchi, T.; Nakayama, H.; Nakamura, N.; Kishita, M.
Molecular Motions and Phase-Transitions in Solid CH3NH3PbCl3,
CH3NH3PbBr3, CH3NH3PbI3, as Studied by Nmr and Nqr. Z.
Naturforsch A 1991, 46 (3), 240−246.
(15) Maculan, G.; Sheikh, A. D.; Abdelhady, A. L.; Saidaminov, M. I.;
Hague, M. A.; Murali, B.; Alarousu, E.; Mohammed, O. F.; Wu, T.;
Bakr, O. M. CH3NH3PbCl3 Single Crystals: Inverse Temperature
Crystallization and Visible-Blind UV-Photodetector. J. Phys. Chem.
Lett. 2015, 6 (19), 3781−3786.
(16) Maalej, A.; Abid, Y.; Kallel, A.; Daoud, A.; Lautie, A.; Romain, F.
Phase transitions and crystal dynamics in the cubic perovskite
CH3NH3PbCl3. Solid State Commun. 1997, 103 (5), 279−284.
(17) Wang, W. F.; Su, J.; Lei, Y.; Zhong, K.; Wang, D. Solution
Growth and Performance of CH3NH3PbCl3 Single Crystal. Wuji
Cailiao Xuebao 2016, 31 (10), 1063−1067.
(18) Maaej, A.; Bahri, M.; Abid, Y.; Jaidane, N.; Lakhdar, Z. B.;
Lautie, A. Raman study of low temperature phase transitions in the
cubic perovskite CH3NH3PbCl3. Phase Transitions 1998, 64 (4), 179−
190.

(19) Xie, L. Q.; Zhang, T. Y.; Chen, L.; Guo, N. J.; Wang, Y.; Liu, G.
K.; Wang, J. R.; Zhou, J. Z.; Yan, J. W.; Zhao, Y. X.; Mao, B. W.; Tian,
Z. Q. Organic-inorganic interactions of single crystalline organolead
halide perovskites studied by Raman spectroscopy. Phys. Chem. Chem.
Phys. 2016, 18 (27), 18112−18118.
(20) Ledinsky, M.; Loper, P.; Niesen, B.; Holovsky, J.; Moon, S. J.;
Yum, J. H.; De Wolf, S.; Fejfar, A.; Ballif, C. Raman Spectroscopy of
Organic-Inorganic Halide Perovskites. J. Phys. Chem. Lett. 2015, 6 (3),
401−406.
(21) Fleischmann, M.; Hendra, P. J.; Mcquillan, A. J. Raman-Spectra
of Pyridine Adsorbed at a Silver Electrode. Chem. Phys. Lett. 1974, 26
(2), 163−166.
(22) Sonntag, M. D.; Klingsporn, J. M.; Zrimsek, A. B.; Sharma, B.;
Ruvuna, L. K.; Van Duyne, R. P. Molecular plasmonics for nanoscale
spectroscopy. Chem. Soc. Rev. 2014, 43 (4), 1230−1247.
(23) Qian, X. M.; Nie, S. M. Single-molecule and single-nanoparticle
SERS: from fundamental mechanisms to biomedical applications.
Chem. Soc. Rev. 2008, 37 (5), 912−920.
(24) Zrimsek, A. B.; Wong, N. L.; Van Duyne, R. P. Single Molecule
Surface-Enhanced Raman Spectroscopy: A Critical Analysis of the
Bianalyte versus Isotopologue Proof. J. Phys. Chem. C 2016, 120 (9),
5133−5142.
(25) Tian, Z. Q.; Ren, B.; Li, J. F.; Yang, Z. L. Expanding generality of
surface-enhanced Raman spectroscopy with borrowing SERS activity
strategy. Chem. Commun. 2007, 34, 3514−3534.
(26) Kneipp, K.; Moskovits, M.; Kneipp, H. Surface-Enhanced Raman
Scattering: Physics and Applications; Springer: Berlin, Germany, 2006.
(27) Ji, W.; Zhao, B.; Ozaki, Y. Semiconductor materials in analytical
applications of surface-enhanced Raman scattering. J. Raman Spectrosc.
2016, 47 (1), 51−58.
(28) Tian, Z. Q.; Gao, J. S.; Li, X. Q.; Ren, B.; Huang, Q. J.; Cai, W.
B.; Liu, F. M.; Mao, B. W. Can surface Raman spectroscopy be a
general technique for surface science and electrochemistry? J. Raman
Spectrosc. 1998, 29 (8), 703−711.
(29) Tian, Z. Q.; Ren, B.; Wu, D. Y. Surface-enhanced Raman
scattering: From noble to transition metals and from rough surfaces to
ordered nanostructures. J. Phys. Chem. B 2002, 106 (37), 9463−9483.
(30) Yilmaz, M.; Babur, E.; Ozdemir, M.; Gieseking, R. L.; Dede, Y.;
Tamer, U.; Schatz, G. C.; Facchetti, A.; Usta, H.; Demirel, G.
Nanostructured organic semiconductor films for molecular detection
with surface-enhanced Raman spectroscopy. Nat. Mater. 2017, 16 (9),
918−924.
(31) Lombardi, J. R.; Birke, R. L. A Unified View of Surface-
Enhanced Raman Scattering. Acc. Chem. Res. 2009, 42 (6), 734−742.
(32) Campion, A.; Kambhampati, P. Surface-enhanced Raman
scattering. Chem. Soc. Rev. 1998, 27 (4), 241−250.
(33) Yang, L. B.; Jiang, X.; Ruan, W. D.; Zhao, B.; Xu, W. Q.;
Lombardi, J. R. Observation of Enhanced Raman Scattering for
Molecules Adsorbed on TiO2 Nanoparticles: Charge-Transfer
Contribution. J. Phys. Chem. C 2008, 112 (50), 20095−20098.
(34) Sun, Z. H.; Wang, C. X.; Yang, J. X.; Zhao, B.; Lombardi, J. R.
Nanoparticle metal - Semiconductor charge transfer in ZnO/PATP/
Ag assemblies by surface-enhanced Raman spectroscopy. J. Phys. Chem.
C 2008, 112 (15), 6093−6098.
(35) Lombardi, J. R.; Birke, R. L. Theory of Surface-Enhanced Raman
Scattering in Semiconductors. J. Phys. Chem. C 2014, 118 (20),
11120−11130.
(36) Wang, X. T.; Shi, W. S.; She, G. W.; Mu, L. X. Surface-Enhanced
Raman Scattering (SERS) on transition metal and semiconductor
nanostructures. Phys. Chem. Chem. Phys. 2012, 14 (17), 5891−5901.
(37) Han, X. X.; Ji, W.; Zhao, B.; Ozaki, Y. Semiconductor-enhanced
Raman scattering: active nanomaterials and applications. Nanoscale
2017, 9 (15), 4847−4861.
(38) Yamada, H.; Yamamoto, Y.; Tani, N. Surface-Enhanced Raman-
Scattering (Sers) of Adsorbed Molecules on Smooth Surfaces of
Metals and a Metal-Oxide. Chem. Phys. Lett. 1982, 86 (4), 397−400.
(39) Yamada, H.; Yamamoto, Y. Surface Enhanced Raman-Scattering
(Sers) of Chemisorbed Species on Various Kinds of Metals and
Semiconductors. Surf. Sci. 1983, 134 (1), 71−90.

ACS Photonics Article

DOI: 10.1021/acsphotonics.8b00152
ACS Photonics 2018, 5, 1619−1627

1626

http://dx.doi.org/10.1021/acsphotonics.8b00152
http://pubs.acs.org/action/showLinks?pmid=25635092&crossref=10.1126%2Fscience.aaa2725&coi=1%3ACAS%3A528%3ADC%252BC2MXhsV2nsrs%253D&citationId=p_n_7_1
http://pubs.acs.org/action/showLinks?pmid=22362151&crossref=10.1039%2Fc2cp40080d&coi=1%3ACAS%3A528%3ADC%252BC38XkvFyit7Y%253D&citationId=p_n_38_1
http://pubs.acs.org/action/showLinks?crossref=10.1007%2F3-540-33567-6&citationId=p_n_28_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja809598r&coi=1%3ACAS%3A528%3ADC%252BD1MXksV2iurc%253D&citationId=p_n_4_1
http://pubs.acs.org/action/showLinks?crossref=10.1007%2F3-540-33567-6&citationId=p_n_28_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja809598r&coi=1%3ACAS%3A528%3ADC%252BD1MXksV2iurc%253D&citationId=p_n_4_1
http://pubs.acs.org/action/showLinks?crossref=10.1080%2F01411599808207997&coi=1%3ACAS%3A528%3ADyaK1cXislOqsbY%253D&citationId=p_n_18_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp8074145&coi=1%3ACAS%3A528%3ADC%252BD1cXhsVShsLfK&citationId=p_n_35_1
http://pubs.acs.org/action/showLinks?pmid=18080535&crossref=10.1039%2Fb616986d&citationId=p_n_25_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjz4020162&coi=1%3ACAS%3A528%3ADC%252BC3sXhsF2ls7rK&citationId=p_n_1_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpclett.5b01666&citationId=p_n_15_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpclett.5b01666&citationId=p_n_15_1
http://pubs.acs.org/action/showLinks?pmid=28783157&crossref=10.1038%2Fnmat4957&coi=1%3ACAS%3A528%3ADC%252BC2sXht1ylsb3E&citationId=p_n_32_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpclett.5b01666&citationId=p_n_15_1
http://pubs.acs.org/action/showLinks?pmid=23982428&crossref=10.1039%2FC3CS60187K&coi=1%3ACAS%3A528%3ADC%252BC2cXhtlaksrg%253D&citationId=p_n_22_1
http://pubs.acs.org/action/showLinks?crossref=10.1143%2FJPSJ.66.1508&coi=1%3ACAS%3A528%3ADyaK2sXjs1Cnurg%253D&citationId=p_n_12_1
http://pubs.acs.org/action/showLinks?pmid=25635093&crossref=10.1126%2Fscience.aaa0472&coi=1%3ACAS%3A528%3ADC%252BC2MXhsV2nsrg%253D&citationId=p_n_9_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fadma.201602432&citationId=p_n_6_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp5020675&coi=1%3ACAS%3A528%3ADC%252BC2cXntlKgsrk%253D&citationId=p_n_37_1
http://pubs.acs.org/action/showLinks?crossref=10.1038%2Fnphoton.2013.342&coi=1%3ACAS%3A528%3ADC%252BC3sXhvFOlsbbP&citationId=p_n_3_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2Fa827241z&coi=1%3ACAS%3A528%3ADyaK1cXjvVKjt78%253D&citationId=p_n_34_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpcc.6b00606&coi=1%3ACAS%3A528%3ADC%252BC28XitlCjsrc%253D&citationId=p_n_24_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0039-6028%2883%2990312-6&coi=1%3ACAS%3A528%3ADyaL2cXislKgsg%253D%253D&citationId=p_n_41_1
http://pubs.acs.org/action/showLinks?crossref=10.1515%2Fzna-1991-0305&coi=1%3ACAS%3A528%3ADyaK3MXitlOqurY%253D&citationId=p_n_14_1
http://pubs.acs.org/action/showLinks?crossref=10.1515%2Fzna-1991-0305&coi=1%3ACAS%3A528%3ADyaK3MXitlOqurY%253D&citationId=p_n_14_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp0257449&coi=1%3ACAS%3A528%3ADC%252BD38Xmt1Clu78%253D&citationId=p_n_31_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0009-2614%2874%2985388-1&coi=1%3ACAS%3A528%3ADyaE2cXksFKjtbo%253D&citationId=p_n_21_1
http://pubs.acs.org/action/showLinks?pmid=25410021&crossref=10.1038%2Fncomms6404&coi=1%3ACAS%3A528%3ADC%252BC2MXktFens7k%253D&citationId=p_n_11_1
http://pubs.acs.org/action/showLinks?crossref=10.1038%2Fnphoton.2014.171&coi=1%3ACAS%3A528%3ADC%252BC2cXhtlahurvJ&citationId=p_n_8_1
http://pubs.acs.org/action/showLinks?pmid=28150834&crossref=10.1039%2FC6NR08693D&coi=1%3ACAS%3A528%3ADC%252BC2sXpslKnsQ%253D%253D&citationId=p_n_39_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fjrs.4854&coi=1%3ACAS%3A528%3ADC%252BC2MXhvFKiurbJ&citationId=p_n_29_1
http://pubs.acs.org/action/showLinks?pmid=27327514&crossref=10.1039%2FC6CP01723A&coi=1%3ACAS%3A528%3ADC%252BC28XpsFKlurs%253D&citationId=p_n_19_1
http://pubs.acs.org/action/showLinks?pmid=27327514&crossref=10.1039%2FC6CP01723A&coi=1%3ACAS%3A528%3ADC%252BC28XpsFKlurs%253D&citationId=p_n_19_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp711240a&coi=1%3ACAS%3A528%3ADC%252BD1cXjsF2rtbo%253D&citationId=p_n_36_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp711240a&coi=1%3ACAS%3A528%3ADC%252BD1cXjsF2rtbo%253D&citationId=p_n_36_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja411014k&coi=1%3ACAS%3A528%3ADC%252BC3sXhvFCrsLvI&citationId=p_n_2_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0038-1098%2897%2900199-3&coi=1%3ACAS%3A528%3ADyaK2sXks1yqsbY%253D&citationId=p_n_16_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Far800249y&coi=1%3ACAS%3A528%3ADC%252BD1MXktlyhurg%253D&citationId=p_n_33_1
http://pubs.acs.org/action/showLinks?pmid=18443676&crossref=10.1039%2Fb708839f&coi=1%3ACAS%3A528%3ADC%252BD1cXltFOksbs%253D&citationId=p_n_23_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0009-2614%2882%2983531-8&coi=1%3ACAS%3A528%3ADyaL38Xhtlantbk%253D&citationId=p_n_40_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.453467&coi=1%3ACAS%3A528%3ADyaL1cXht1arsLo%253D&citationId=p_n_13_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2F%28SICI%291097-4555%28199808%2929%3A8%3C703%3A%3AAID-JRS286%3E3.0.CO%3B2-L&coi=1%3ACAS%3A528%3ADyaK1cXlsFagtb4%253D&citationId=p_n_30_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2F%28SICI%291097-4555%28199808%2929%3A8%3C703%3A%3AAID-JRS286%3E3.0.CO%3B2-L&coi=1%3ACAS%3A528%3ADyaK1cXlsFagtb4%253D&citationId=p_n_30_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjz5026323&coi=1%3ACAS%3A528%3ADC%252BC2MXmvV2ntw%253D%253D&citationId=p_n_20_1
http://pubs.acs.org/action/showLinks?pmid=25086602&crossref=10.1038%2Fnnano.2014.149&coi=1%3ACAS%3A528%3ADC%252BC2cXht1Gqt7%252FN&citationId=p_n_10_1
http://pubs.acs.org/action/showLinks?pmid=25086602&crossref=10.1038%2Fnnano.2014.149&coi=1%3ACAS%3A528%3ADC%252BC2cXht1Gqt7%252FN&citationId=p_n_10_1


(40) Leon, C. P.; Kador, L.; Peng, B.; Thelakkat, M. Characterization
of the adsorption of ru-bpy dyes on mesoporous TiO2 films with UV-
Vis, Raman, and FTIR spectroscopies. J. Phys. Chem. B 2006, 110 (17),
8723−8730.
(41) Lombardi, J. R.; Birke, R. L. Time-dependent picture of the
charge-transfer contributions to surface enhanced Raman spectrosco-
py. J. Chem. Phys. 2007, 126 (24), 24470910.1063/1.2748386.
(42) Ling, X.; Xie, L. M.; Fang, Y.; Xu, H.; Zhang, H. L.; Kong, J.;
Dresselhaus, M. S.; Zhang, J.; Liu, Z. F. Can Graphene be used as a
Substrate for Raman Enhancement? Nano Lett. 2010, 10 (2), 553−
561.
(43) Ling, X.; Zhang, J. First-Layer Effect in Graphene-Enhanced
Raman Scattering. Small 2010, 6 (18), 2020−2025.
(44) Rodriguez, I.; Shi, L.; Lu, X.; Korgel, B. A.; Alvarez-Puebla, R.
A.; Meseguer, F. Silicon nanoparticles as Raman scattering enhancers.
Nanoscale 2014, 6 (11), 5666−5670.
(45) Muehlethaler, C.; Considine, C. R.; Menon, V.; Lin, W. C.; Lee,
Y. H.; Lombardi, J. R. Ultrahigh Raman Enhancement on Monolayer
MoS2. ACS Photonics 2016, 3 (7), 1164−1169.
(46) Baikie, T.; Barrow, N. S.; Fang, Y. A.; Keenan, P. J.; Slater, P. R.;
Piltz, R. O.; Gutmann, M.; Mhaisalkar, S. G.; White, T. J. A combined
single crystal neutron/X-ray diffraction and solid-state nuclear
magnetic resonance study of the hybrid perovskites CH3NH3PbX3
(X  I, Br and Cl). J. Mater. Chem. A 2015, 3 (17), 9298−9307.
(47) Wang, Y.; Yu, Z.; Ji, W.; Tanaka, Y.; Sui, H. M.; Zhao, B.; Ozaki,
Y. Enantioselective Discrimination of Alcohols by Hydrogen Bonding:
A SERS Study. Angew. Chem., Int. Ed. 2014, 53 (50), 13866−13870.
(48) Fu, X. Q.; Bei, F. L.; Wang, X.; Yang, X. J.; Lu, L. D. Surface-
enhanced Raman scattering of 4-mercaptopyridine on sub-monolayers
of alpha-Fe2O3 nanocrystals (sphere, spindle, cube). J. Raman
Spectrosc. 2009, 40 (9), 1290−1295.
(49) Zhang, L.; Bai, Y.; Shang, Z. G.; Zhang, Y. K.; Mo, Y. J.
Experimental and theoretical studies of Raman spectroscopy on 4-
mercaptopyridine aqueous solution and 4-mercaptopyridine/Ag
complex system. J. Raman Spectrosc. 2007, 38 (9), 1106−1111.
(50) Guo, H.; Ding, L.; Zhang, T. J.; Mo, Y. J. 4-Mercaptopyridine
adsorbed on pure palladium island films: A combined SERS and DFT
investigation. J. Mol. Struct. 2013, 1035, 231−235.
(51) Xue, X. X.; Xu, D. D.; Ruan, W. D.; Chen, L.; Chang, L. M.;
Zhao, B. Enhanced Raman scattering when scatterer molecules located
in TiO2/Ag nanojunctions. RSC Adv. 2015, 5 (79), 64235−64239.
(52) Nie, S. M.; Emery, S. R. Probing single molecules and single
nanoparticles by surface-enhanced Raman scattering. Science 1997, 275
(5303), 1102−1106.
(53) Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L. T.; Itzkan, I.;
Dasari, R.; Feld, M. S. Single molecule detection using surface-
enhanced Raman scattering (SERS). Phys. Rev. Lett. 1997, 78 (9),
1667−1670.
(54) Xu, H. X.; Bjerneld, E. J.; Kall, M.; Borjesson, L. Spectroscopy of
single hemoglobin molecules by surface enhanced Raman scattering.
Phys. Rev. Lett. 1999, 83 (21), 4357−4360.
(55) Wang, M.; Spataru, T.; Lombardi, J. R.; Birke, R. L. Time
resolved surface enhanced Raman scattering studies of 3-hydroxy-
flavone on a Ag electrode. J. Phys. Chem. C 2007, 111 (7), 3044−3052.
(56) Wang, M. F.; Teslova, T.; Xu, F.; Spataru, T.; Lombardi, J. R.;
Birke, R. L.; Leona, M. Raman and surface enhanced Raman scattering
of 3-hydroxyflavone. J. Phys. Chem. C 2007, 111 (7), 3038−3043.

ACS Photonics Article

DOI: 10.1021/acsphotonics.8b00152
ACS Photonics 2018, 5, 1619−1627

1627

http://dx.doi.org/10.1021/acsphotonics.8b00152
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevLett.83.4357&coi=1%3ACAS%3A528%3ADyaK1MXnsVeis7w%253D&citationId=p_n_58_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2FC5TA01125F&coi=1%3ACAS%3A528%3ADC%252BC2MXls1amsro%253D&citationId=p_n_48_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2FC5RA11667H&coi=1%3ACAS%3A528%3ADC%252BC2MXht1Sns7vL&citationId=p_n_55_1
http://pubs.acs.org/action/showLinks?pmid=20730826&crossref=10.1002%2Fsmll.201000918&coi=1%3ACAS%3A528%3ADC%252BC3cXhtFynsLnJ&citationId=p_n_45_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.molstruc.2012.11.026&coi=1%3ACAS%3A528%3ADC%252BC3sXisVGntr4%253D&citationId=p_n_52_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp0561827&citationId=p_n_42_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevLett.78.1667&coi=1%3ACAS%3A528%3ADyaK2sXhsV2jtb4%253D&citationId=p_n_57_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facsphotonics.6b00213&coi=1%3ACAS%3A528%3ADC%252BC28XptlCiu78%253D&citationId=p_n_47_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fnl903414x&coi=1%3ACAS%3A528%3ADC%252BD1MXhs1altbbF&citationId=p_n_44_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fjrs.1719&coi=1%3ACAS%3A528%3ADC%252BD2sXhtVyksrjI&citationId=p_n_51_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp0650937&coi=1%3ACAS%3A528%3ADC%252BD2sXhtVGnsLc%253D&citationId=p_n_59_1
http://pubs.acs.org/action/showLinks?pmid=25302628&crossref=10.1002%2Fanie.201407642&coi=1%3ACAS%3A528%3ADC%252BC2cXitVCit7vM&citationId=p_n_49_1
http://pubs.acs.org/action/showLinks?pmid=9027306&crossref=10.1126%2Fscience.275.5303.1102&coi=1%3ACAS%3A528%3ADyaK2sXhtlGlsL4%253D&citationId=p_n_56_1
http://pubs.acs.org/action/showLinks?pmid=24764023&crossref=10.1039%2FC4NR00593G&coi=1%3ACAS%3A528%3ADC%252BC2cXotFCju70%253D&citationId=p_n_46_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.2748386&citationId=p_n_43_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp062100i&coi=1%3ACAS%3A528%3ADC%252BD2sXhtVGntLc%253D&citationId=p_n_60_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fjrs.2281&coi=1%3ACAS%3A528%3ADC%252BD1MXhtFGlsbvK&citationId=p_n_50_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fjrs.2281&coi=1%3ACAS%3A528%3ADC%252BD1MXhtFGlsbvK&citationId=p_n_50_1

