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ABSTRACT: In this study, we introduced an ordered metal—
semiconductor—molecular system and investigated the surface-
enhanced Raman scattering (SERS) effect. The carrier distribu-
tion and density can be easily monitored by changing the
thickness of the Cu,S film on the surface of the Ag monolayer
under different laser excitations. Meanwhile, different laser
wavelengths were selected for investigating the enhancement
mechanism of the system based on the viewpoint of the number
of carriers and changes in the excitation energy. During this
process, we found that the SERS peaks located at 1586 cm™*
changed significantly because the intensity can be “borrowed”
from exited transition and the molecule-to-semiconductor
transition. In combination with the theories of Albrecht and
Lombardi, this phenomenon was analyzed in detail, and the

4-MBA

experimental results and theoretical research match well. This research regarding the semiconductor-based SERS substrates will
expand the basic theory of SERS enhancement and provide a theoretical basis for optical and biological applications.

B INTRODUCTION

Raman scattering can provide unique information regarding
molecular vibrations; however, the signal intensity is only 107"
times that of the incident light. Since its discovery in 1974,
surface-enhanced Raman scattering (SERS) exhibited a unique
characteristic that perfectly solved the Raman shortcoming.™’
As a highly sensitive trace detection technology, SERS has been
widely applied in various areas, such as photocatalysis, trace
analysis, and semiconductor optoelectronic devices.* " During
the past few decades, researchers have been committed to
discussing the SERS enhancement mechanism. As we know,
there are two major SERS mechanisms: electromagnetic (EM)
enhancement mechanism and charge transfer (CT) enhance-
ment mechanism. The EM mechanism exhibits a long-range
effect that reflects the interaction between the light and the
substrate, and the enhanced signal is a result of the local surface
plasmon resonance (LSPR).” The LSPR for noble metals
always depends on the size, morphology, and dielectric
constant of the material. In addition, researchers controlled
the position and intensity of the LSPR by tuning various
parameters, and many studies have noted that the position can
be adjusted in a wide region. The CT mechanism is a short-
range effect that shows the chemical interaction between the
adsorbed molecule and the metal surface, and light-induced
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charge transfer is the most important enhancement factor.®
Nevertheless, a large number of studies have verified that both
EM and CT mechanisms independently cannot explain all of
the phenomena regarding SERS, and research regarding the
enhancement mechanism is still insufficient.

In the 1980s, Yamamoto’s group first observed that the
Raman signals from pyridine on the surface of semiconductors
such as NiO and TiO, were significantly enhanced, and these
results have attracted great interest.’” During the next few years,
many other semiconductors have also been reported to have
similar characteristics.'"® However, for the enhancement
mechanism of semiconductors, the number and density of
free carriers are necessary parameters, which are different from
those in metals. To understand the Raman enhancement
mechanisms of semiconductor-based substrates, Zhao’s group
investigated the SERS mechanism from the distribution,
density, and motion trends of carriers; moreover, they detailed
the pathways of the CT mechanism in semiconductor-based
materials.”'"'* Additionally, noble metal—semiconductor
nanostructures have been synthesized during these years,
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Scheme 1. Schematic of the Fabrication Process of the Ag/Cu,S Ordered Arrays
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Figure 1. SEM images of the composite structure on the PS arrays with various sputtering times: (a) Ag sputter deposition for 10 min at a power of
60 W, (b—e) after Ag sputter deposition for 10 min at a power of 60 W, Cu,S was sputter deposited for 30, 60, 90, and 120 min at a power of 100 W,
and (f) Cu,S sputter deposition for 30 min. All of the scales above represent 100 nm.

which produced many new properties. Our group fabricated
Ag@Cu,O nanoparticles and changed the frequency of the
plasmonic resonance and the distribution and number of
carriers by controlling the thickness of the Cu,O shell, which
conspicuously enhanced the Raman signal of 4-mercapoben-
zonic acid (4-MBA)."” We presented that this result is due to
plasmon-induced SERS. Furthermore, these results provided a
new idea for studying the enhancement mechanism of
semiconductors. However, most of our studies were limited
to wide-band-gap semiconductors, such as ZnO and TiO,, and
there are few reports describing the enhancement mechanisms
for narrow-band-gap semiconductors.

To extend the semiconductor-based enhancement theory for
SERS, the design of a noble metal and a semiconductor with a
narrow-band-gap composite material is essential. As we know,
noble metals as plasmon materials could achieve the perfect
SERS phenomenon, which can contribute to the LSPR effect.'*
However, a plasmon has a specific lifetime, and the main
mechanisms for plasmon decay are always via (i) nonradiative
transfer, (i) radiative transfer, (iii) resonance energy transfer,
and (iv) uphill electron transfer during direct contract.”"> For
the uphill electron transfer condition, the plasmon can induce
electron—hole pair separation when the metal and semi-
conductor contract, which is of great importance for photo-
catalysis, sensing, SERS, and so on.'>'® In general, the
movement of electrons is mainly related to the incident light
direction and the contact mode between the metal and
semiconductor.

Cu,S, a p-type semiconductor with a narrow band gap (1.2
eV), has been reported as a potential plasma material that could
be used for catalytic degradation dyes in the visible-light

5600

region.17 Here, we fabricated an ordered Ag/Cu,S substrate
onto the self-assembled monodispersed polystyrene (PS)
particles. We investigated the charge-transfer effect on the
SERS of this system, controlled the distribution and density of
the carriers by changing the thickness of the semiconductor
film, and studied the effect of the carriers on the SERS effect.
Meanwhile, the substrates were excited by different laser
wavelengths, which provided the charge transfer from the
molecules to the semiconductor by the Herzberg—Teller
coupling term."® These studies will provide a theoretical basis
for optical applications.

B EXPERIMENTAL SECTION

Preparation of the Ordered Metal Arrays. First, two-
dimensional ordered templates were fabricated by using self-
assembly technology. To obtain a highly ordered array, a
further diluted uniform microsphere particle aqueous solution
with a microsphere size of S00 nm (purchased from Bangs
Laboratories Inc.) was diffused in ultrapure water (18.25 MQ
cm™') and then sodium dodecyl sulfate (AR, Sigma-Aldrich
Co., Ltd.) was added. The arrays were then removed by the
prepared silicon wafers (size: 2 X 2 cm?), which were heated in
a mixture of H,0, (30%, Sinopharm Chemical Reagent Co.,
Ltd.) and NH,OH (25%, Sinopharm Chemical Reagent Co.,
Ltd.), followed by ultrasonic treatment and rotation in ethanol
(AR) and ultrapure water. Second, the metal arrays on the
microsphere were fabricated by a magnetron sputtering system
(ATC 1800-F, USA AJA). Both Ag and Cu,S targets with a
purity of 99.99% were purchased from Beijing TIANRY Science
& Technology Development Center. The sputtering time for
Ag was 10 min, whereas the sputtering times for Cu,S were 0,
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30, 60, 90, and 120 min. For all of the samples, the sputtering
power for Ag was 60 W and that for Cu,S was 100 W. The base
pressure was 2 X 107> Pa, and the working pressure was 0.6 Pa.
Scheme 1 shows the schematic of the fabrication process of the
Ag/ Cu,S ordered arrays. For the SERS measurement, 4-
mercaptobenzoic acid (4-MBA) (AR, Sigma-Aldrich Co., Ltd.)
was used as a probe molecule. The Ag/Cu,S ordered arrays
were immersed in 4-MBA combined with a 107> M ethanol
solution for 1 h. Here, all of the chemicals were used without
further purification. More detailed methods can be found in our
previous work.'? ™!

Characterization of the Ordered Metal Arrays. To
obtain the morphology of the Ag/Cu,S arrays, scanning
electron microscopy (SEM, JEOL 6500F) and transmission
electron microscopy (JEM-2100HR) images were obtained,
and both operated at an accelerating voltage of 200 kV. The
ultraviolet—visible (UV—vis) absorption spectra were acquired
using a Shimadzu UV-3600 spectrometer. The X-ray photo-
electron spectra (XPS) were obtained using a Thermo
Scientific ESCALAB 250Xi A1440 system, and the XPS spectra
were calibrated using carbon (C 1s = 284.6 eV). The analyses
were conducted using an Al Ka radiation with an energy step
size of 1.0 eV. The Raman spectra of the sample were obtained
in a Renishaw Raman system model 2000 confocal microscopy
spectrometer with a 514 nm excitation source and a Horriba-
Jobin-Yvon LabRAM ARAMIS spectrometer with 633 and 785
nm excitation sources.

B RESULTS AND DISCUSSION

As we know, the morphology of the substrate serves as an
important parameter that affects the overall performance of the
material. The SEM images of the Ag/Cu,S composite structure
on the 500 nm microsphere arrays with various sputtered times
are illustrated in Figure 1. In Figure la, after the Ag sputter
deposition for 10 min, the substrate appeared obviously grainy;
however, as the Cu,S sputtering time increased, the surface
appeared to be smooth, as shown in Figure 1b—e. Figure 1f is a
SEM image of Cu,S sputtered for 30 min at a power of 100 W,
and the bright cone structure is Cu,S. This structure can be
explained by the basic theory of the formation and growth of a
film, that is, sputtering deposition needs to go through the
processes of nucleation and growth, and this structure is one of
the important stages in the growth process.

The different optical properties of the substrates were
investigated by UV—vis absorption spectra, as shown in Figure
2. The lines (a)—(f) correspond to the images (a)—(f) in the
SEM images. The absorbance of these substrates appears in the
visible-light region. For the 500 nm microsphere arrays, there
are two peaks at ~510 and ~622 nm owing to optical
diffraction, as previously reported. Furthermore, the peaks for
all of the composite materials here increased to ~519 nm.”” In
addition, the peaks broadened with the influence of Ag and
Cu,S. The absorbance on the blue side of 500 nm is slightly
blue-shifted with increasing Cu,S layer thickness. The band at
~447 is attributed to the Cu,S resonance absorbance, and the
absorption at ~449 nm is due to the resonance absorbance of
Ag. With increasing Cu,S content, the peaks are blue-shifted,
but with little effect on the peak width.

To further understand the details of the substrates, the XPS
spectra were collected and analyzed. The XPS spectra for Ag/
Cu,S with sputtering deposition times for Ag and Cu,S of 10
and 120 min, respectively, are illustrated in Figure 3 and
calibrated by contaminant carbon (C 1s = 284.6 eV). Figure 3a

5601

510

449-458 | 447
620
P A

1]

519

:
@

Absorbance (a.u.)

I Ll
400 500 600 700 800,

Wavelength (nm)

Figure 2. UV—vis absorbance spectra for (a) Ag sputter deposition for
10 min, (b—e) after Ag sputter deposition for 10 min, and Cu,S
sputter deposition for 30, 60, 90, and 120 min, and (f) Cu,S sputter
deposition for 30 min. The sputtering power for Ag was 60 W and that
for Cu,S was 100 W.

shows the XPS spectral region for Ag 3d. The peaks of Ag 3ds/,
and Ag 3d;/, at 368.6 and 374.6 eV can be assigned to Ag,S and
Ag”® which suggests that Ag mainly exists as a simple
substance; however, the Ag at the interface constitutes a new
chemical bond with sulfur atoms from Cu,S. Figure 3b shows
peaks at 933.0 and 952.8 eV, which can be indexed to Cu 2p; 42
and Cu 2p;/, and assigned to Cu,S and Cu, respectively.”’
Figure 3c presents the XPS spectra of S 2p, and the peaks at
162.2 and 163.4 €V can be assigned to Cu,S and S, respectively.
Additionally, the peaks at 168.6 and 169.9 eV can be ascribed to
oxidized sulfur species,23 but the positions are red-shifted owing
to the influence of the inner Ag layer. The peaks in Figure 3d
represent the survey spectra and can be assigned to S 2p;,,, S
2p, C 1s, Ag 3ds),, Ag 3d;/,, O 1s, Cu 2p;,, and Cu 2p,,
indicating that Cu,S was deposited on Ag successfully.

Figure 4 shows the SERS spectra of the Ag/Cu,S/4-MBA
system with various excitation wavelengths. After 4-MBA was
adsorbed on Ag/Cu,S, the SERS signals are observed at
approximately 997, 1012, 1077, 1138, 1181, 1586, and 1706
cm™’, and the assignments of bands are listed in Table 151324
Figure 4a represents the Raman spectra at an excitation
wavelength of 514 nm. Figure 4b,c shows the spectra at the
excitation wavelengths of 633 and 785 nm, respectively. The
peaks at approximately 1425 cm™" in Figure 4a due to COO~
stretching are shifted after Cu,S sputtering. This finding
suggests that 4-MBA might be adsorbed on the surface of
Cu,S,” and with an increase in the Cu,S layer thickness, the
peak positions are red-shifted, which is more clearly shown in
Figure 4b. Meanwhile, at the excitation wavelengths of 633 and
785 nm, the peak shifts also occur at ~1072 and ~1573 cm™.
These shifts are because the different excitation wavelengths
caused different resonance response regions in the substrates
and the probe molecules."” For this system, all of the peaks
have a downward trend, except for the peaks located at ~1586
cm™!, which can be ascribed to v (CC), an a, vibration mode.
We have chosen the intensities of the peaks located at ~1586
cm™' to represent the entire spectrum, and the intensity chart
for different sputtering times with various excitation wave-
lengths is shown in Figure 4d. It is obvious that when the
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Figure 3. XPS spectra for (a) Ag 3d, (b) Cu 2p, and (c) S 2p and (d) the survey spectra of Ag/Cu,S, where the sputtering deposition time for Cu,S

is 120 min.

Table 1. Wavenumbers and Assignments of the Bands at
Various Excitation Wavelengths in the SERS Spectrum of 4-
MBA Molecules”

wavenumbers (cm™)

S14nm 633 nm 785 nm band assignments
997 997 990 in-plane ring breathing, b,
1012 1019 1012 in-plane ring breathing, b,
1077 1072 1068 in-plane ring breathing + v (C-S), a,
1138 1138 1128 v (CH), b,
1181 1179 1173 v (CH), a,
1586 1583 1573 totally symmetric v (CC), a,
1706 1706 1706 C=0 stretching

“y, stretching; y, bending. For ring vibrations, the corresponding
vibrational modes of benzene and the symmetry species under C,,
symmetry are indicated.

semiconductor is sputtered for 30 min, the signal intensity of
the probe molecule was significantly enhanced after the laser
irradiation at 514 and 633 nm, which may even be higher than
that of Ag. Additionally, with an increase in the sputtering time
for Cu,S, the intensity decreases; nevertheless, the signal
intensity excited by 785 nm is always decreasing. Of course,
that is a noteworthy phenomenon.
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To further analyze the detailed information in the spectra
and explain this phenomenon, we analyzed the data using the
following process.'®*> Considering the different conditions, the
intensity can be expressed as'®

1= [82((0 + @) /9¢"] 2 %Zp (1)
where @ represents the frequency of the incident light, wy,
represents a molecular transition between states I and I, and I
and I’ are assumed to be two different vibronic levels of the
ground electronic state (I,). The incident light intensity (I ) is a
function of the dielectric constant (e). Here, a,, is the
polarizability tensor attributed to molecule-to-semiconductor
CT transitions, as previously studied by Albrecht (o and p are
the polarization directions).26 For the Ag/Cu,S/4-MBA
system, the energy level is shown in Figure 5. As reported
earlier, this excitation energy from the laser provides an
enhanced spectra, the most are observed with excitation close
to the charge-transfer transition to “borrow” intensity from the
nearby interband transition of Cu,S at 1.2 eV (5.6—4.4 eV). As
we know, the laser energies for the 514, 633, and 785 nm
excitations are 2.4, 1.9, and 1.6 eV, respectively, which are high
enough to facilitate electron transfer in the semiconductor from
the ground state to an excited state. At the same time, once the
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Figure 4. SERS spectra of the Ag/Cu,S/4-MBA system with the excitation wavelengths of (a) $14 nm, (b) 633 nm, and (c) 785 nm, and (d) is the
peak intensity at 1586 cm™" for different substrates at various excitation wavelengths.

SERS

\

A

\4.3 eV 448‘7

&

Ag Cu,S 4-MBA

Figure 5. Coupling scheme for the Ag/Cu,S/4-MBA system.

energy is sufficiently high, the electrons in 4-MBA will transfer
from the highest occupied molecular orbital (HOMO, 6.2 eV)
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to the conduction band (CB, 4.4 eV) and the valence band
(VB, 5.6 eV) in Cu,S. After analyzing the system, the energies
for the 514 and 633 nm laser excitations are higher than the
band-gap energy between the HOMO and the VB (1.8 V).
Therefore, the intensity also comes from the excited transition
and molecule-to-semiconductor transition, which just explained
the unusual enhancement for the 514 and 633 nm laser
excitations. Therefore, at a laser excitation energy of 785 nm,
the intensity mainly contributed to the EM enhancement that
comes from Ag; however, in the case of laser excitations at 514
and 633 nm, the intensity is mainly attributed to the synergy
between the EM and CT enhancement mechanisms. With the
outer semiconductor layer becoming thicker, the EM enhance-
ment will be tremendously restrained, which decreases the peak
intensity when the sputtering time of Cu,S is longer than 30
min.

To simplify the system and focus on the resonance,
Lombardi’s group implied an electric field in the numerator
to be paired with the corresponding dipole. The SERS intensity

is proportional to IR, which can be expressed as”’
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Riey(o) =
Hyctichi(iQIf)
((er(@) +269)" + &5(@)) (01c = @") + 1) (@yc = @) + Ky

)

where y denotes a damping term, hy; is the Herzberg—Teller

coupling term, y is the electric dipole transition moment, and Q

is the displacement of the nuclei for a normal mode of the

molecule—semiconductor system. The vibrational selection rule

maintains a strict harmonic oscillator (f = i + 1). Considering

the resonance conditions, when the excited energy is stronger

(eq 3a) or lower (eq 3b) than the energy between the HOMO

and CB, the relations can be expressed as**

2 Hychichvi
i) o | o — o) + ) (@t =) + 720
(32)
h 2
Ry (@)l o | —s—VENL
((wvc —o) + 7VC) (3b)

These expressions provide a critical explanation for the
phenomenon. Here, ptyc, wyc, and yyc can be attributed to
excited transition, hy; comes from the Herzberg—Teller
coupling, and the left part in eq 3a can be attributed to the
molecule-to-semiconductor transition. That is, once the
additional energy is lower than the energy between HOMO
and CB, the intensity will mainly contribute to the excitation
and the nearby interband transition of Cu,S; otherwise, it is
important to consider all of the transition conditions. However,
the system is influenced significantly by the noble metal Ag, and
the thickness of Cu,S strongly suppressed the strength of the
SERS signal.

At present, researchers are devoted to studying the
mechanism of SERS and have introduced various parameters
into the system. Cu,S, a narrow-band-gap semiconductor
material, is an ideal semiconductor-based SERS research agent.
After analyzing the SERS spectra, we obtained a critical
explanation represented by eq 3a and 3b regarding how the
excited light energy and the number of carriers influenced the
intensity of the probe molecule on the basis of Albrecht and
Lombardi’s basic theories in this ordered metal—semiconduc-
tor—molecular (Ag/Cu,S/4-MBA) system.

B CONCLUSIONS

In this paper, we designed an Ag/Cu,S/4-MBA system and
studied the SERS enhancement. By controlling the carrier
distribution and density, the SERS intensities of the probe
molecules were clearly influenced. Meanwhile, we excited the
substrates with different laser wavelengths and analyzed the
SERS spectra on the basis of Albrecht and Lombardi’s basic
theories, which are well matched with the experimental results.
The SERS enhancement model of the Cu,S film will improve
the understanding of the SERS enhancement mechanism in
semiconductors, which provides a new method to improve the
high sensitivity of the metal/semiconductor composite SERS
substrates. This study of semiconductor-based SERS is very
important for SERS development and applications.
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