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ABSTRACT: We discuss how the controllable carrier influences the localized surface
plasmon resonance (LSPR) and charge transfer (CT) in the same system based on
ultraviolet—visible and surface-enhanced Raman scattering (SERS) measurements. The
LSPR can be easily tuned from 580 to 743 nm by changing the sputtering power of Cu,S
in the Ag and Cu,S composite substrate. During this process, surprisingly, we find that the
LSPR is proportional to the sputtering power of Cu,S. This observation indicates that
LSPR can be accurately adjusted by changing the content of the semiconductor, or even
the carrier density. Moreover, we characterize the carrier density through the detection of
the Hall effect to analyze the Raman shift caused by CT and obtain the relationships
between them. These fundamental discussions provide a guideline for tunable LSPR and

the investigation of CT.

S urface-enhanced Raman scattering (SERS) is an important
analytical technique that can be used to perform
nondestructive and sensitive detection.'”* Usually, the
enhancement can be distinguished as being based on the
electromagnetic enhancement mechanism (EM) or the
chemical enhancement mechanism (CE).>® Localized surface
plasmon resonances (LSPRs) are often considered to be
primarily based on the EM.””'" LSPRs were previously
thought to arise only from metallic nanostructures and to be
controlled by the size, dielectric environment, shape, and
composition of such nanostructures.'”'® However, recently,
many studies demonstrated that LSPRs for semiconductors are
of the same status as those for metallic nanostructures.'*™"°
The LSPR has been determined to be closely related to the
carrier density; as a result, compared with metals, the desired
LSPR for semiconductors can be more flexibly adjusted by
electronic doping, the creation of intrinsic defects, or the
addition of extrinsic impurities.””"” CE is a resonance-like
process that arises from enhanced polarizability, which reflects
the interaction between the adsorbed molecules and the
substrate.'® It is accepted by the community that the primary
enhancement modes for CE are (i) ground-state chemical
enhancement, which originates from the nonresonant enhance-
ment via the new bond formed between the analyte and the
substrate; (ii) resonance Raman enhancement that is caused by
surface complexes formed by the analyte and the substrate; and
(iii) photon-induced charge-transfer resonance enhance-
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transfer (CT) will reach the maximum; this phenomenon is
analogous to the resonance with the change of incident laser
wavelength for LSPR in EM.**™*°

Clearly, the study of carriers to analyze LSPR and CT for
metal—semiconductor composite materials is essential. In
recent years, it appears that most researchers have focused
only on the CT process between metal and semiconductors in
Raman spectroscopy and have paid little attention to their
To the best of our
knowledge, no similar report exists involving the control of the

controllable LSPR in the same system.”*

carrier density by changing the content of the semiconductor
in metal—semiconductor composite materials in the inves-
tigation of the relationship between LSPR or CT and the
carrier density. In this work, we characterized the carrier
density using the conventional Hall effect; moreover, we first
introduced this method to investigate the Raman shift in
Raman spectroscopy. This method facilitates fundamental
discussions regarding the relationships among carrier density,
LSPR, and CT.
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A schematic of the fabrication process of the Ag—Cu,S
composite material is shown in Figure 1. After fabrication of
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Figure 1. Schematic of the preparation of ordered Ag—Cu,S array. (a)
Two-dimensional ordered polystyrene nanoparticles (PS). (b, and b,)
Optical photographs of the targets. (c) SEM image of the substrate.
The power of Ag sputtering is 5 W, and the power for Cu,S sputtering
is S0 W; the cosputtering time is 30 min. Element maps of (d) Ag, (d)
Cuy, and (f) S.

two-dimensional ordered monodisperse polystyrene nano-
particle (PS) arrays via self-assembly technology, Ag and
Cu,S are cosputtered for 30 min. The power of Ag sputtering
is S W, and the powers for Cu,S sputtering are 50, 60, 70, and
80 W for the different compositions of the specimens. The
SEM image in Figure lc shows that the surface of the
nanostructure is rough, and element mapping confirmed the
uniformity of Ag, Cu, and S. X-ray photoelectron spectroscopy
(XPS) results (shown in the Supporting Information) further
verified the elements and concentrations.

The absorbance characteristics are illustrated in Figure 2. As
shown in Figure 2a, all the absorbance is red-shifted because of
the change in content of Cu,S. The peaks located on the blue
side of 550 nm correspond to the resonance absorbance of
Ag,*”*” and the peaks on the red side are LSPRs for the Ag and
Cu,S composite.”*” With the increase in sputtering power of
Cu,S, the LSPR is red-shifted from 580 to 686 nm. From a
microscopic point of view, this phenomenon corresponds to
the significant impact of carrier density on LSPR that causes

the peak to red-shift with the decrease in carrier density."
Here, we provide a formula to explain this phenomenon:

Myuie = 2%m; + (1 = a%)n, (1)
fpa 1S the carrier density of the substrate; n; and n, are the
carrier densities of Ag and Cu,S, respectively; a% is the ratio of
Ag in the substrate. As we know, the carrier density of
semiconductors is far less than that of metals. With increasing
sputtering power of Cu,S, the ratio of Cu,S is increased; thus,
considering the carriers in the whole system, the decrease in
carrier density with increasing Cu,S explains the red-shift of
the peaks. Moreover, the peak appears to shift regularly with
increasing sputtering power. To further analyze the informa-
tion in the spectra, we provide the linear fitting result between
the sputtering power and the maximum absorbance wave-
length, given by the red line in Figure 2b. We use X to
represent sputtering power and Y to represent the maximum
absorbance wavelength; the standard curve of the standard
solution obeys Y = 3.52X + 403.20, and R* = 0.998. In other
words, in the Ag—Cu,S system, when we determine the
amount of metal, increasing the ratio of semiconductor will
cause the LSPR to red-shift, and the experiment confirmed that
the LSPR is proportional to the carrier density.

To investigate the SERS characteristics, p-aminothiophenol
(PATP) molecules are adsorbed on the surface of substrates.
Figure 3a shows the SERS spectra of these substrates recorded
using an excitation wavelength of 633 nm. All the band
assignments are listed in the Supporting Information. It is
obvious that the intensity for a sputtering power of 70 W is the
strongest because of the resonant response between the
substrate and the laser at an excitation wavelength of 633 nm.
Moreover, significant changes appeared in the band at 1389
cm™ for sputtering powers of 60 and 70 W; these changes are
caused by selective resonant enhancement.”'® The peaks
located at 1141, 1305, 1389, 1432, and 1575 cm™! have been
assigned to the b, mode of PATP, and all of them appear to
shift more or less with changes in the sputtering power.’’™*>
Here, we investigated the most remarkable case, i.e., the peak
located at 1432 cm™'. To analyze the data in detail, we show
the enlarged spectrum with a Raman shift from 1350 to 1450
cm™ in Figure 3b. The peak located at ~1432 cm™" is red-
shifted significantly. Generally, Raman shifts are caused by the
polarization; in this system, the Raman shift is mainly
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Figure 2. (a) Absorbance of the ordered Ag—Cu,S$ array. The line for S50—80 W represents the samples produced by cosputtering Ag and Cu,S for
30 min, where the sputtering power of Ag is S W and that of Cu,S is 50, 60, 70, and 80 W. The dashed line for 90 W represents the sample
produced by cosputtering Ag and Cu,S for S min, where the sputtering power for Ag is S W, and that for Cu,S is 90 W. (b) Linear fitting result
between sputtering power and the maximum absorbance wavelength. The red line is the fit using the data of 50—80 W, and the blue line is the fit

using all the data in Figure 2a.
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Figure 3. (a) SERS spectra of PATP adsorbed on the Ag—Cu,$ arrays at 633 nm. The line for S0—80 W corresponds to the samples produced by
cosputtering Ag and Cu,S for 30 min, where the sputtering power for Ag is S W, and the sputtering powers for Cu,S are 50, 60, 70, and 80 W. The
line for 90 W is the sample produced by cosputtering Ag and Cu,S for S min, where the sputtering power for Ag is S W and that for Cu,S is 90 W.
(b) Enlarged SERS spectra in the spectral range from 1350 to 1450 cm™" of Figure 3a.
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Figure 4. (a) Chart of the carrier density for the sample produced by cosputtering Ag and Cu,$S for 30 min, where the sputtering power for Ag is S
W and the sputtering powers for Cu,S are 50, 60, 70, and 80 W. The point for 90 W is the sample produced by cosputtering Ag and Cu,S for 5 min,
where the sputtering power for Ag is S W and that for Cu,$S is 90 W. (b) Linear fitting results between Raman shift and carrier density. The black
line is the fit to the data of 50—80 W, and the red is the fit to the data of 50—90 W; the red point is the result for the sample produced with a

sputtering time of S min, with a Cu,S sputtering power of 90 W.

attributed to the contribution of Cu,S. Here, Cu,S is a
semiconductor with a narrow band gap (1.2 eV), based on the
633 nm (1.9 eV) laser irradiation; the electrons transfer from
the valence band (VB, 5.6 €V) to conduction band (CB, 4.4
eV). The band gap energy between the lowest unoccupied
molecular orbital (LUMO) (3.0 eV) of PATP and CB is 1.4
eV, which is lower than the energy of irradiated laser (1.9 eV);
then the electrons will transfer from the CB to the LUMO of
PATP directly, leading to the reassi%nment of the electron
cloud and the change in polarity. 29 As we know, Ag
contributes to EM but has little CT; therefore, eq 1 is no
longer suitable for investigating the change in carrier density.
To quantitatively analyze the influence of Cu,S changes on the
Raman shift, we first introduce the Hall effect measurement
here.

The Hall effect is caused by the combination of electric and
magnetic fields and is typically used as a method to detect the
carrier density and mobility of semiconductors and metals.
Carriers are subjected to opposite forces via the different
effects in electric and magnetic fields, resulting in the
accumulation of positive and negative charges on opposite
planes; using the Hall effect, many basic electrical parameters
can be obtained by a simple calculation. In fact, the Hall effect
for metals is weaker than that for semiconductors because the
resistivity of the material has an essential influence on the Hall
effect, ie, the higher the resistivity is, the easier is the
generation of the transverse voltage by Lorentz force, thereby
promoting the separation and aggregation of the charge. In the
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case in which the Hall effect of Ag is weak and the level is kept
the same, we approximate that the influence of the metal is the
same in the measured carrier density. Therefore, we can
analyze the changes in carriers originating from Cu,S in SERS.
We analyzed the Hall effect of cosputtered samples with Cu,S
sputtering powers of 50—80 W. The results are shown in the
Supporting Information, and the chart is illustrated in Figure
4a. The carrier density increases with the increase in the Cu,S
sputtering power. To obtain the effect of carrier density on the
CT process, we linearly fit the Raman shift at a position of
approximately 1435 cm™" (b, mode) and the carrier density of
these samples, illustrated as the black line in Figure 4b, and
found that the standard curve of standard solution obeys D =
3.91 x 1078 — 5.61 X 10%°, R* = 0.968, where D represents the
carrier density and S represents the Raman shift; the result
shows that the two parameters follow a linear relationship.
Consequently, for semiconductor systems, the larger the carrier
density is, the more significant is the Raman shift.

To further verify the above results, we prepared a sample
using a cosputtering time of 5 min, with a sputtering power for
Ag of 5 W and that for Cu,S of 90 W; the absorbance is shown
as the green dashed line in Figure 2a. As illustrated in the
figure, the absorbance is further red-shifted to 743 nm; after
fitting these data to the samples with a sputtering time of 30
min, which is shown as the blue dashed line in Figure 2b, we
found that the standard curve of the standard solution obeys Y’
= 3.98X’ + 375.60, and R'> = 0.982. As with the Raman spectra
and Hall effect detection results, the results are shown in the
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figures, and we fitted all the data collected with a Cu,S
sputtering power of 50—90 W; the standard curve of the
standard solution obeys D’ = 3.92 X 10'7S’ — 5.62 x 10*, R"?
= 0.970 (red line in Figure 4b). After fitting the results of the
sample produced with a cosputtering power of S min and a
Cu,S sputtering power of 90 W, we found that both of the
linear solutions still have a linear relationship, indicating that
the carrier density is linearly related to both the LSPR and the
Raman shift, as described above.

In summary, we reported the results of a study of LSPR and
SERS in a metal—semiconductor system. The experimental
results showed that, in a certain region, the relationship
between carrier density and LSPR remains linear, as does the
relationship between carrier density and Raman shift. With the
increase in Cu,S, the LSPR will red-shift as a result of the
decreasing carrier density in the system, and the Raman shift
will red-shift because of the increasing carrier density of Cu,S.
Here, we creatively introduced Hall effect detection to analyze
the carrier density in the CT process. The results of this work
are expected to pave the way toward further understanding of
the effect of carrier density on the LSPR and CT process in
SERS.
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