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aman spectroscopy is an important
Rand powerful tool for characterizing

the structures of materials. The Ra-
man signal is enhanced by several orders
of magnitude for molecules adsorbed onto
the roughened surfaces or nanoparticles
(NPs) of Ag or Au metal." > The origin of
surface-enhanced Raman scattering (SERS)
effect is still in dispute but may be attributed
to two possible sources: the electromagnetic
mechanism (EM), which is based on surface
plasmon resonance (a factor of 10°—10®
enhancement), and the chemical mechan-
ism (CM), which is based on charge transfer
between the molecule and the substrate
(usually a factor of 10—10? enhancement).
The EM is believed to be due to the excita-
tion of the localized surface plasmon reso-
nance (LSPR), which greatly strengthens the
electromagnetic field near the metal sur-
face. To increase the SERS signal, the sub-
strate should possess a huge surface area, in
order to adsorb more target molecules, and
abundant “hot” sites of metal NPs. Recently,
aligned one-dimensional nanostructure ar-
rays, such as Si nanowires (NWs), ZnO NWs,
and carbon nanotubes (CNTs), have been
frequently employed as sensitive SERS sub-
strates.® '® A significant advantage of the
aligned NW geometry is that it offers multi-
ple reflections along the surface and strong
pump beam absorption.

This SERS technique would be a more
powerful analytical method if the selective
adsorption of the analyte target could be
achieved by controlling the charge of the
metal NPs. Bhatt et al. reported that Ag NPs
on n-and p-type Si wafers exhibit enhanced
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ABSTRACT The deposition of silver (Ag) or
gold (Au) nanoparticles (NPs) on vertically
aligned silicon—carbon (Si—C) core—shell
nanowires (NWs) produces sensitive substrates

for surface-enhanced Raman spectroscopy (SERS).
The undoped and 30% nitrogen (N)-doped
graphitic layers of the C shell (avg thickness of 20 nm) induce a higher sensitivity toward
negatively (—) and positively (+) charged dye molecules, respectively, showing remarkable
charge selectivity. The Ag NPs exhibit higher charge selectivity than the Au NPs. The Ag NPs
deposited on p- and n-type Si NWs also exhibit (—) and (+) charge selectivity, respectively,
which is higher than that of the Au NPs. The X-ray photoelectron spectroscopy analysis
indicates that the N-doped graphitic layers donate more electrons to the metal NPs than the
undoped ones. More distinct electron transfer occurs to the Ag NPs than to the Au NPs. First
principles calculations of the graphene—metal adducts suggest that the large electron
transfer capacity of the N-doped graphitic layers is due to the formation of a N—Ag coordinate
bond involving the lone pair electrons of the N atoms. We propose that the more (—) charged
NPs on the N-doped graphitic layers prefer the adsorption of (+) charged dyes, enhancing the
SERS intensity. The charge selectivity of the Si NW substrates can also be rationalized by the

greater electron transfer from the n-type Si to the metal NPs.

KEYWORDS: surface-enhanced Raman scattering - charge selectivity - N-doped
graphitic layers - silicon nanowires - silver nanoparticles - first principles
calculations - electron transfer
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Recently, graphene, a new class of two-dimensional
carbon nanostructures, has been considered as an
excellent SERS substrate for absorbed species owing
to its efficient quenching of the interfering excited-
state luminescence.'®™2* Such an enhancement is
believed to be caused by the electron transfer between
the graphene and the molecule adsorbed on the sur-
face (i.e., CM). On the other hand, either placing gra-
phene on a metal film or depositing (or decorating)
NPs on graphene induces a large EM effect in the
Raman signal of graphene.?> ?° Deposition of the
NPs on the graphene (or graphene oxide) sheets can
also be effectively used for the detection of low con-
centration molecules.3®3* Therefore, the SERS of the
NP deposited graphene substrates would provide an
important insight for the coexistence of the EM and CM
effects among the NPs, graphene sheets, and the ad-
sorbed analytes.

Herein, we demonstrate sensitive and charge-
selective SERS substrates, which were fabricated by
depositing Ag or Au NPs on silicon—carbon (Si—C) core—
shell NWs. The graphitic layers of the C shell were doped
with 30% of N atoms, exclusively with a pyridine-like
structure, using chemical vapor deposition (CVD).*
Successive ion layer adsorption and reaction (SILAR)
methods were developed to deposit the NPs with a
controlled size. Remarkably, the undoped and N-doped
graphitic layers induce greater charge selectivity of SERS
toward negatively (—) and positively (+) charged dyes,
respectively. The Ag NPs exhibit higher charge selectivity
than the Au NPs. NP deposited p-and n-type Si NWs were
also prepared as sensitive SERS substrates by the same
SILA method, in order to examine their charge selectivity.
We observed that the doping of the Si NWs and the
graphitic layer sheathed Si NWs induce excellent charge
selectivity.

To gain insight into the charge selectivity of the
graphitic layers, we calculated the electronic structures
of the graphene sheets adsorbed on the Ag(111) and
Au(111) surfaces, using the first principles method. The
graphene sheet effectively models the 20 nm thick
graphitic layers with a large diameter (ca. 120 nm).**
The binding energy suggests that the lone pair elec-
trons of the pyridine-like motives play a role in produ-
cing the coordinate bonds along the direction per-
pendicular to the graphene plane, which induces more
(—) charged metal NPs. We propose a model in which
the more (—) charged NPs prefer the adsorption of (+)
charged dyes, enhancing the SERS intensity. To the
best of our knowledge, this is the first experimental and
theoretical investigation of charge-selective SERS for
graphitic layers.

RESULTS AND DISCUSSION

Fabrication of SERS Substrates. The average length of
the SiNWs is 7 um, and their average diameter is 80 nm.
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Scheme 1. Schematic diagram for the growth of Si—C NWs
and the deposition of the metal NPs, producing the charge-
selective SERS substrates (Ag—C, Ag—CN, Au—C, Au—CN;
Ag—pSi, Ag—nSi, Au—pSi, Au—nSi)

The undoped and 30% N-doped graphitic layers
sheathed the Si NW with a thickness of 20 nm. We
refer to these Si—C core—shell NW substrates before
the deposition of the NPs as C (undoped) and CN
(N-doped) using the SILA method, respectively. We
denote the Ag and Au NP deposited samples as Ag—C,
Ag—CN, Au—C, and Au—CN hereafter. The 30% N
doping of the graphitic layers was controlled selec-
tively to be in pyridine-like N structures, as discussed
below. Ag and Au NPs were also deposited on the
p-type Si and n-type Si NWs and are referred to as
Ag—pSi, Ag—nSi, Au—pSi, and Au—nSi hereafter.
Scheme 1 describes the growth of NW and the deposi-
tion of the metal NPs to prepare the SERS substrates.
Figure 1a,b shows the typical SEM images of the Ag
and Au NPs deposited on the vertically aligned Si—C
NWs, respectively. The size of the Ag and Au NPs is
distributed over a wide range of 5—70 nm. The size of
the NPs on the tip is usually larger (30—70 nm) than
that on the wall (5—10 nm). Figure 1c shows the
corresponding high-resolution TEM (HRTEM) images
for a selected Ag—C sample. The C shell consisted of
randomly oriented graphitic layers whose (002) planes
are separated by a distance of 3.4 A (avg). The Ag NPs
(size = 5—10 nm) are firmly attached to these crystal-
line graphitic layers. The lattice-resolved TEM and its
corresponding fast Fourier transformed (FFT) images
(zone axis of Ag = [011]) are shown in Figure 1d. The
adjacent (111) planes of Ag are separated by 2.4 A,
which is consistent with that of face-centered cubic
(fcc) Ag (JCPDS No. 87-0720; a = 4.077 A). The EDX data
confirm the presence of Ag, C, and Si elements (inset).
Figure 1e shows a typical SEM image of the Ag NP
deposited Si NW substrates. Figure 1f shows their
corresponding HRTEM and FFT images. The size of
the NPs is 5—30 nm. The NPs on the wall have a smaller
size than that on the tip, with an average value of 7 nm.
The highly crystalline Ag NPs adhered tightly to the Si NW
surface. The Si (200) fringes, perpendicular to the wire
axis, are separated by a distance of about 2.7 A, which is
close to that of fcc Si (JCPDS No. 80-0018; a=5.392 A). The
FFT image of the Si core part at the [011] zone axis
confirms the presence of single-crystalline Si with the
[100] direction along the axis (inset). The SEM and TEM
images and EDX data of Au—C and Au—Si samples are
provided in the Supporting Information (SI), Figure S1.
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Figure 1. SEM micrograph of the (a) Ag NPs and (b) Au NPs
deposited on the vertically aligned Si—C (20 nm thick C
shell) NWs. (c) HRTEM images showing the Ag NPs attached
to the graphitic layers (on the wall) with a size of 5—10 nm.
(d) Lattice-resolved TEM and the corresponding FFT images
(zone axis for Ag = [011]). The adjacent (111) planes of Ag
NPs are separated by 2.4 A. The EDX data confirm the
presence of Ag, C, and Si elements (inset). (e) Typical SEM
image for the Ag NP deposited Si NWs. (f) HRTEM and FFT
(zone axis = [011] for both Ag and Si) images showing highly
crystalline Ag NPs attached to the single-crystalline Si NWs
having the [100] direction along the axis.

The main advantage of the SILAR method over
other deposition processes is that it offers a simple
and low-cost fabrication methodology and is analo-
gous with the atomic layer deposition method.>%3” We
used AB since it provides better control over the size
and density compared to that of other reducers such
NaBH, and trisodium citrate. This result is consistent
with that of previous works that amines can simulta-
neously act as a stabilizer when preparing SERS-active
Ag and Au films on substrates.®® As the concentration
of the precursors and reducing reagent (AB) or the
number of immersing cycles increases, the size and
density of the NPs is usually increased. We fix the cycle
number (20 cycles) for all substrates. As shown above,
the size and density of the NPs is not homogeneous
over the top and wall parts of the NW. The average size
of Ag NPs is usually larger than that of Au NPs. The NPs
on the Si NW have a smaller size than those on the Si—C
core—shell NWs, and their density is higher. However,
the size and density are nearly the same for a given
pair of substrates; Ag—C versus Ag—CN, Au—C versus
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Au—CN, Ag—pSi versus Ag—nSi, Au—pSi versus Ai—nSi.
Therefore, we were able to compare the relative SERS
intensity of the paired substrates with high reproduci-
bility, as shown below.

Charge-Selective SERS of Ag and Au NP Deposited NWs. In
order to study the charge-selective SERS, aqueous solu-
tions of two (+) charged dyes, Rhodamine 6G (R6G)
and acridine orange (AO), and two (—) charged dyes,
fluorescein (FL) and methyl orange (MO), were used.
Figure 2 shows the SERS of R6G, AO, FL, and MO for the
Ag—C and Ag—CN samples recorded under the same
conditions, where the concentration is 107° M, the
acquisition time is 1 s, and the laser power = 0.7 mW.
For the (+) charged dyes, the Ag—CN exhibits an
approximately 4 times higher intensity than the Ag—C.
On the other hand, for the (—) charged dyes, the Ag—C
demonstrates 10 times higher intensity than the
Ag—CN. We measured the SERS as a function of the
dye concentration and estimated the detection limit,
as shown in the S, Figures S2 and S3. Table S1 (SI) lists
the detection limits (S/N = 3) of all four dyes, in the
range of 107 ' to 10~ "> M. For instance, the detection
limit of Ag—CN is 2 x 10~ "> M for R6G, while that of
Ag—Cis 3.2 x 107'* M. The detection limits of Ag—C
and Ag—CN differ by a factor of 10°—10% confirming
their charge selectivity. Figure 3 displays the SERS of
R6G, AO, FL, and MO for the Au—C and Au—CN recor-
ded under the same conditions. The Au—CN exhibits a
higher intensity than the Au—C toward the (+) charged
dyes, while the opposite is true for the (—) charged
dyes. However, the charge selectivity of the Au NPs is
noticeably less than that of the Ag NPs. We estimated
the detection limit from the dependence of the in-
tensity on the concentration (see Sl, Figure S4). The
detection limit is higher concentration than that of the
Ag NPs, with the lower charge selectivity (see Table S1).

Figure 4 shows the SERS of R6G, AO, FL, and MO for
the Ag—pSi and Ag—nSi recorded under the same
conditions. The Au NPs on the p-type Si and n-type Si
show selectivity toward the (—) and (+) charged dyes,
respectively. For the (+) charged R6G and AO, the
Ag—nSi exhibits 2 and 10 times higher intensities than
the Ag—pSi, respectively. For the (—) charged FL, the
Ag—pSi demonstrates 10 times higher intensity than
the Ag—nSi. The intensity of the SERS as a function of
the dye concentration shows that the detection limit
differs by 10°—10° M for the (+)/(—) charged dyes,
confirming their excellent charge selectivity (see S|,
Figure S5 and Table S1). It is noteworthy that the SiNWs
induce the higher sensitivity and charge selectivity
than the graphitic layer sheathed NWs. However, the
Si NW substrates usually degrade the SERS signal more
quickly than the graphitic layer shells for high intensity
laser irradiation, thus demonstrating a significant ad-
vantage for the graphitic shell in terms of its photo-
stability. In the case of Au—pSi and Au—nSi, the SERS
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Figure 2. SERS of (a) R6G (+), (b) AO (+), (c) FL (—), and (d) MO (—) dyes for the Ag—C and Ag—CN, recorded under the same
conditions where the concentration is 10~ M. Molecular structures of dyes are drawn. The excitation wavelength is 514.5 nm

from an Ar ion laser.
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Figure 3. SERS of (a) R6G (+), (b) AO (+), (c) FL (—), and (d) MO (—) dyes for the Au—C and Au—CN, recorded under the same
conditions where the concentration is 10~ ° M. The excitation wavelength is 514.5 nm from an Ar ion laser.

shows much less charge selectivity than that of the Ag
NPs (SI, Figures S6 and S7 and Table S1).

Figure 5 shows the histogram summarizing the
relative intensity of SERS (dye concentration = 10¢
M) for all of the Ag and Au NP deposited NW substrates.
The intensity is normalized relative to the maximum
peak intensity of the paired substrates. For both the Ag
and Au NPs, the N-doped graphitic layer consistently
induces a higher sensitivity toward the (+) charged
dyes than the undoped ones. The undoped graphitic

BAIK ET AL.

layers show excellent selectivity toward the (—) charg-
ed dyes. The Ag NPs demonstrate more distinctive
charge selectivity than the Au NPs. The Ag deposited
p-type and n-type Si NWs exhibit very good charge
selectivity toward the (—) and (+) dyes, respectively. In
contrast, the Au deposited Si NWs show much less
charge selectivity. In addition, we measured the SERS
using the different length (2—7 um) of NW, as shown in
the SI, Figure S8. The sensitivity reaches a maximum at
7 um, and the charge selectivity appears independently
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Figure 4. SERS of (a) R6G (-+), (b) AO (+), (c) FL (—), and (d) MO (—) dyes for the Ag—pSi and Ag—nSi, recorded under the same
conditions where the concentration is 10~ M. The excitation wavelength is 514.5 nm from an Ar ion laser.
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Figure 5. Histogram showing the relative sensitivity of SERS for the Ag and Au NP deposited NW substrates. The SERS
intensity is normalized relative to the maximum intensity of the paired substrates.

on the NW length. This observation leads us to con-
jecture that the charge selectivity mainly originates
from the different degrees of electrostatic interaction
of the charged dyes with the metal NPs which, in turn,
are determined by the charge transfer between the
substrates and metal NPs.

XPS of Ag and Au Deposited Si—C Core—Shell NWs. Figure 6a
displays the fine-scanned XPS Ag 3ds,, peaks of the
Ag—C and Ag—CN samples. The Ag NPs on the un-
doped graphitic layers show a peak at 368.4 eV, which
is slightly blue-shifted from that of the bulk metal
(368.3 eV). The absence of any peaks in the higher
energy region confirms that oxide-free Ag NPs are
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produced using our SILA method. The peak of the
Ag—CN is shifted to the lower energy region by 0.3 eV,
compared to that of the bulk metal; 0.4 eV red shifts
from that of the Ag—C. The peak of the Ag—CN is
broader than that of the Ag—C; the full width at half-
maximum values are 0.7 and 0.85 eV for Ag—C and
Ag—CN, respectively. Figure 6b corresponds to the
fine-scanned Au 4f,,, peaks of the Au—C and Au—CN.
The Au NPs on the undoped graphitic layers exhibit a
peak at 83.9 eV, which is slightly red-shifted (0.1 eV)
from that of the bulk metal (84.0 eV). The N doping of
the graphitic layers induces a large red shift of 0.3 eV
from that of the bulk metal (0.2 eV from that of the
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Figure 6. XPS data of Ag NPs and Au NPs deposited on the
undoped (C) and N-doped graphitic layers (CN); (a) Ag 3ds,,,
(b) Au 4f;,5, (c) N 1s, and (d) C 1s.

undoped one) and more peak broadening (ie., the
fwhm values are 0.75 and 0.9 eV for Au—C and Au—CN,
respectively).

The larger red shift of the Ag—CN and Au—CN
(compared to that of the undoped ones) might be
related to the increased electron density due to the
more effective electron donation from the N-doped
graphitic layers to the NPs. Their broader binding
energy distribution is also attributed to the stronger
interaction with the N-doped graphitic layers, accom-
panying the electron transfer. The N doping induces
the larger red shift (0.4 eV relative to the undoped one)
for the Ag NPs, compared to the Au NPs (0.2 eV), which
also correlated with the more effective electron dona-
tion to the Ag NPs. We measured the XPS Ag 3d and Au
4f peaks for the Ag—Si and Au—Si and discussed their
peak shift and broadening, as shown in the S|, Figure S9.

Figures 6¢ displays the fine-scanned N 1s peak of
the N-doped samples before and after the deposition
of the NPs, respectively. The survey spectrum con-
firmed the incorporation of 30% N atoms into the
graphitic layers. The N 1s peak was centered at 397.8 eV
for all three samples. We assigned it to the pyridine-
like structure, consistently with our previous studies.>
We also reported that, as the content of N increases,
the pyridine-like form becomes dominant3 At a N
doping level as high as 30%, only pyridine-like struc-
tures are formed. The fwhm values are 1.6, 1.7, and
2.0 eVfor CN (before NP deposition), Ag—CN, and Au—CN,
respectively. Figure 6d displays the fine-scanned C 1s
peaks of the CN, Ag—CN, and Au—CN. The peak broad-
ening is less sensitive to the metal deposition com-
pared to that of the N 1s peak. The broadening of the N
1s peak is attributed to the interaction of the graphitic
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7 bonding electrons with the metal NPs. For the
pyridine molecules adsorbed on the Ag, clusters, the
coordinate bond of N—Ag via the lone pair electron of
N atoms was theoretically predicted.> In the present
case, the lone pair electrons of the pyridine-like N
atoms are located in the plane of the graphitic layers
and parallel to the metal NP surface (ie., flat lying
configuration).*® Therefore, we simply infer that they
may not be involved in such a coordination interaction
(i.e., stand up configuration). Nevertheless, our quan-
tum mechanical calculation suggests the possibility of
a coordinate bond being formed between the N atoms
and the metal NPs, as will be discussed later.

Doping Effect of the Pyridine-like N Structures and the Metal
NPs on the Graphitic Layers. The band structures of both
pristine multiwalled CNTs and graphene have zero
band gap and usually show p-type doping behavior,
due to the absorption of oxygen or water in the
air.*’~* The N-doped ones typically exhibit n-type
semiconductor behavior since the substituted N atoms
can introduce strong electron donor states near the
Fermi level, corresponding to a reduction in the work
function. Recent experimental works on graphene
consistently showed that N doping enhanced the field
emission performance, electrocatalytic activity, and
charge capacity.*¢—>3

The incorporation of N atoms produces two major N
structures; one is a substitutional graphite-like struc-
ture, and the other is a pyridine-like defect structure.
The pyridine-like structures are generally characterized
as vacancy sites, formed in such a way that three or four
Cdangling bonds at adjacent sites are substituted by N
atoms.>>>**> |n the case of CNTs, it was pointed out
that the graphite-like structure enhances the field
emission properties, whereas the defective pyridine-
like structure degrades them.’®*” However, the elec-
trocatalytic activity and lithium ion charge capacity of
the pyridine-like structure are superior to those of the
graphite-like structure.>®>°

Czerw et al. predicted that the pyridine-like struc-
tures of MWCNTSs produce strongly localized donor-like
states just above the Fermi level (0.2 eV for 55% N
substitution) using tight binding ab initio calculations.”*
The n-type doping effect of the pyridine-like structures
of graphene and CNTs was further confirmed by a
number of experimental and theoretical works.®%~52
The UV photoelectron spectra (UPS) of the N-doped
(pyridine-like) graphene and MWCNTSs (graphite- and
pyridine-like mixture) revealed that 16 and 12% N
substitution reduced the work function by 0.2 and
0.5 eV, respectively.**%®* The valence band region of
the XPS spectra also showed that the pyridine-like N
structure induces a higher density of states in the
vicinity of the Fermi level, corresponding to the n-type
doping effect.’* On the contrary, some calculations
showed that the graphite-like CNTs are n-type doped
ones, whereas the pyridine configuration introduces
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no appreciable doping effect or, indeed, p-type doping
effect.55'65'66

In order to examine whether the N doping induces
the charge-selective SERS, we measured the SERS of
four charged dyes without the deposition of the metal
NPs and observed that the N doping diminishes the
fluorescence of the dye (S|, Figure S10). However, the
dyes without metal NPs show very little charge selec-
tivity and much lower sensitivities than those of the
metal NP deposited ones. The Zhang group reported
that the Raman scattering intensity of metal phthalo-
cyanine molecules on graphene can be controlled by
tuning the Fermi level of the latter; p-type doping leads
to larger Raman signal enhancement, while n-type
doping reduces it.?* Yu et al. showed that oxidized
graphene provides higher Raman enhancement than
pristine graphene, suggesting a chemical enhance-
ment mechanism in which the oxygen-containing
functional groups have a larger polarizability and
stronger local dipole moment.? These works provide
hints that the n-type doping and chemical enhance-
ment have opposite effects on the SERS intensity. On
the other hand, it was reported that the Raman en-
hancement of graphene is reduced as the number of
layers increases.”® Therefore, the negligible charge
selectivity of our graphitic layers can be attributed to
these complicated enhancement factors, as well as the
large number of graphene sheets.

Giovannetti et al. reported a theoretical study that
shows the effect of the n-type and p-type doping of Ag
(work function =4.3 eV) and Au (work function =5.1 eV)
metals on graphene (work function = 4.5 eV), respec-
tively, due to the electron transfer from the lower to
higher work function material.®” Shin and co-workers
suggested that the deposition of Ag and Au on gra-
phene induces n- and p-type doping, respectively,
using Raman spectroscopy.”® Later, Han and co-workers
claimed that the strain effect rather than the charge
transfer is responsible for the Raman peak shift.® Huh
et al. reported the n-type doping of graphene covered
with patterned Au NPs using electron transport mea-
surements.®® Therefore, the effect of doping of the
metal NPs on the nanosize graphite sheets remain as
unanswered questions.

The deposition of metal NPs on the undoped and
pyridine-like N-doped graphitic layer structures allows
us to compare their doping effect. The XPS peak shift
suggests the transfer of electrons to the Ag and Au NPs
for the pyridine-like structures, corresponding to the
p-type doping effect. It also indicates the transfer of
electrons from the Ag NPs to the undoped graphitic
layers (n-type doping effect) and the opposite effect for
the Au NPs (p-type doping effect). The doping effect of
the metal NPs may be responsible for their SERS charge
selectivity; the electron transfer owing to their p-type
doping effect produces more (—) charged metal NPs
and, thus, the (+) charge selectivity of SERS.

BAIK ET AL.

TABLE 1. Parameters of Graphene—Ag and Graphene—Au
Adducts, Calculated Using First Principles Calculations

metal graphene G )" Ey(eV) R (R AE; (eV)?

Ag(111) Gr 0 —1.01 3.29 0.28
N-Gr 313 —1.08 3.29 —0.09
P-Gr 13.33 —1.38 245, 3.06 0.77

Au(111) Gr 0 —1.06 337 —0.29
N-Gr 3.13 —1.42 337 —0.20
P-Gr 13.33 —1.07 2.80, 3.25 0.39

“ Concentration of the doped N atoms. b Binding energy of the graphene with the
metal surface. ¢ Graphene—metal interplanar separation. For P-Gr, two numbers
appear because its two N atoms are closer to the metal surface than the other
atoms, due to the distortion of the geometry. See the text for more details. ¢ Fermi
level shift with respect to that of the free-standing graphene upon its adsorption on
the metal surface.

(b)

ocC © AgorAu

Figure 7. Molecular structure of the undoped Gr adsorbed
on the Ag(111) or Au(111) surfaces, with the (a) top and (b)
side views. The atoms belonging to the Gr and the topmost
layer of the metal are shown in the ball-and-stick model,
while the other Ag atoms are shown in the stick model.

Graphene —metal Adducts Using First Principles Calculations.
In order to explain the electron-donating capacity of
the N-doped graphitic layers to the metal NPs (p-type
effect), we examined the electronic structure of the
graphene adsorbed on the Ag(111) and Au(111) sur-
faces, using the first principles method. Table 1 lists the
parameters of the most stable configuration of gra-
phene—metal adducts.

Figure 7 shows the configuration of the graphene
(denoted as Gr) on the 4 x 4 Ag(111) or Au(111) metal
surface; eight carbon atoms of the Gr were located on
top of the Ag atoms, while the other 24 atoms were
placed in the hollow sites. The binding energy is
calculated to be 1.01 and 1.06 eV for Ag and Au,
respectively. We calculated the p, component of the
partial density of states (PDOS) summed over all of the
atoms belonging to the free-standing undoped Gr and
their metal adduct. The upward shift (0.28 eV) of the
Fermi level of the Gr—Ag adduct clearly indicates the
n-type doping effect of the adsorption of Ag on the Gr,
which is consistent with a previous work.®® In contrast,
the Gr—Au adduct shows a downward shift (—0.29 eV)
of the Fermi level, corresponding to the p-type doping
effect. Our separate calculation shows that the work
function of the undoped graphene is 4.48 eV, which is
in good agreement with a recent experimental result
(4.57 eV).”° If the work functions (or Fermi levels) of the
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Ag and Au NPs are similar to those of the bulk, viz. 4.3
and 5.1 eV, respectively, the n-type (Ag) and p-type
(Au) doping effect can be suitably explained in terms of
the alignment of the Fermi level upon the formation of
the adduct. Under ambient conditions, the adsorption
of oxygen molecules lowers the work function and fur-
ther enhances the n-type doping effect of the Ag NPs.

For the N-doped graphene, we consider both the
graphitic-like (denoted as N-Gr) and pyridine-like
(denoted as P-Gr) structures. In the N-Gr, one C atom
among the 32 atoms was substituted by a N atom,
which corresponds to a doping concentration of 3.13%.
Two different configurations (A and B) of the (N-Gr)—Ag
(or Au) adduct are possible, as shown in Figure 8.
Configurations A and B are characterized by the pre-
sence of the N atoms in the hollow sites or top sites,
respectively. Configuration A is more stable than con-
figuration B by 0.02 eV for both Ag(111) and Au(111).
The binding energies of configuration A are 1.08 and
1.42 eV for Ag and Au, respectively, indicating that
the N doping enhances the bonding interaction with
the metal. Figure S11 (S) gives a comparison of the p,
component of PDOS summed over all of the graphene
atoms of the free-standing N-Gr with that of the
(N-Gr)—metal adduct. The adsorption on the Ag(111)
or Au(111) surface clearly exhibits a p-type doping
effect; the Fermi level shifts downward by —0.09 and
—0.20 eV for Ag and Au, respectively.

The 13.33% N-doped P-Gr was modeled by a gra-
phene sheet with four N atoms around two vacancy
sites.>>>**° Figure 9 displays configurations A and B of
the (P-Gr)—Ag adduct. In configuration A, six C atoms
and two N atoms are located above the Ag atoms of the
topmost layer, which is more stable than configuration
B by 0.22 eV. The two Ag—N bond distances (2.45 A) are
significantly shorter than the interplanar separation
(3.06 A) at the other atoms which are not directly
involved in the bond formation, causing the deforma-
tion of the graphene plane. The side view clearly shows
a reduction in the distance between the N and Ag
atoms. It is worth mentioning that the Ag—N distance
is comparable to those (2.26—2.46 A) in the complex of
Ag,, (n = 2—20) clusters and pyridine.>® The binding
energy of the (P-Gr)—Ag adduct is 1.38 eV, which is
appreciably larger than that of the Gr—Ag one (1.01 eV).
The PDOS analysis of the (P-Gr)—Ag adduct at various
interplanar separations seems to show a gradual
upward shift of the Fermi level as the P-Gr approaches
the Ag(111) surface along the vertical direction
(see SI, Figure S12). At the equilibrium separation,
the shifts are 0.77 and 0.39 eV for Ag and Au, respec-
tively. In fact, the work function (4.91 eV) of the
P-Gr is larger than that of the undoped Gr, which is
consistent with previous theoretical works.®>®° These
results are apparently inconsistent with the direction
of charge transfer which would be expected from
our (+) charge selective SERS. However, it should be
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Figure 8. Molecular structures of configurations (a) A and
(b) B of (N-Gr)—Ag (or —Au) adduct.

mentioned that this kind of simple analysis based on
the Fermi level alignment can be misleading when
chemical bonds are formed at the interface.

We recall that the binding energy of the (P-Gr)—Ag
adduct (1.38 eV) is much larger than those of the
Gr—Ag (1.01 eV) or (N-Gr)—Ag (1.08 eV) ones, and the
Ag—N distances are considerably shorter than the
interplanar separations of the undoped Gr and N-Gr
adducts. The additional Mulliken charge analysis shows
that there is a net transfer of 0.29 and 0.40 electrons
from the P-Gr to the Ag(111) and Au (111)surfaces,
respectively. In the case of N-Gr, there are net transfers
of 0.74 and 0.70 electrons from the N-Gr to the Ag(111)
and Au(111) surfaces, respectively. Namely, both P-Gr
and N-Gr suffer from the p-type doping effect of the
metal NPs. Herein, we suggest the formation of N—Ag
coordinate bonds along the direction perpendicular to
the graphene plane, which is known to occur only
when the lone pair electrons are directed along the
parallel direction, as in the pyridine—Ag, complex.*®

Consistent with the coordinate bond formation, we
confirmed that the transferred electrons mostly occu-
py the Ag p, orbital of the topmost layer. In addition,
the Ag adsorption brings about an electronic reconfi-
guration of the Nag atom in which a small proportion
(0.07 electrons) of the lone pair electrons in the p, or p,,
orbital becomes a p, electron and reinforces the N—Ag
bond. [Here, Npg denotes an N atom directly involved
inthe N—Ag bond.] The corresponding rearrangement
is significantly smaller for the (N-Gr)—Au (0.03 elec-
trons) and (N-Gr)—Au (or —Ag) (<0.01 electrons) ad-
ducts. Therefore, the overall charge transfer to the
metal can be understood to take place via two compet-
ing mechanisms. First, electron transfer occurs from
the Ag to the P-Gr in such a way that they acquire a
common Fermi level. Second, the N—Ag coordinate
bond formation at the interface brings about the
transfer of electrons in the reverse direction, which leads
to the accumulation of a (—) charge on the Ag NPs. The
Mulliken charge of Au (0.40 electrons) corresponds to a
p-type doping effect like that in the Gr—Au. The binding
energy of (P-Gr)—Au (1.07 eV) is nearly the same as that of
Gr—Au (1.06 eV). This explains why the charge selectivity
of the Au NPs is much weaker than that of the Ag NPs.

Electron Transfer Model for Charge-Selective SERS. Figure 10
shows a schematic diagram for our electron transfer
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Figure 9. Molecular structures of configurations (a), (b) A and (c) B of (P-Gr)—Ag (or —Au) adduct. The side view of

configuration A indicates the formation of two Ag—N bonds.
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Figure 10. Schematic diagram for the electron transfer
model of (a) Ag—C, Ag—CN, Au—C, and Au—CN; (b) Ag—pSi,
Ag—nSi, Au—pSi, and Au—nSi.

model. The work function of the metal NPs is assumed
to be the same as that of the bulk. The work function of
the graphitic layers is approximated as that of gra-
phene (4.5 eV). The XPS data revealed more efficient
electron transfer to the NPs for the N-doped graphitic
layers compared to the undoped ones. Our first prin-
ciples calculation suggests that the lone pair electrons
of the N atom transfer to the metal NPs by forming a
coordinate bond, although the work function is 4.9 eV.
Once electron transfer occurs from the N-doped gra-
phitic layers, the NPs would be expected to be more
(—) charged and prefer the adsorption of the (+)
charged dye, resulting in a higher SERS intensity
compared to that of the undoped graphitic layers. On
the other hand, the adsorption of the (—) charged dye
would be less favorable, due to the charge repulsion,
producing a lower SERS intensity. When the Ag NPs
donate electrons to the undoped graphitic layers ow-
ing to the difference of work function, distinctive (—)
charge selectivity appears. In the case of Au NPs, both
the undoped and N-doped graphitic layers can donate
electrons to them (as marked by the dotted curved
lines). The XPS peak analysis and the binding energy
calculation support the less distinctive charge transfer
of the N-doped graphitic layers, compared to the Ag
NPs. As a result, their charge selectivity is expected to
be weaker than that of the Ag NPs, which is coherent
with the SERS results.

BAIK ET AL.

In contrast to the graphitic layers, the charge-
selective SERS of Ag—pSi and Ag—nSi are essentially
attributed to the difference in the work function (or
Fermi level) between the Ag NPs and Si NWs. Bhatt
et al. showed that Ag NPs on n-and p-type Si substrates
exhibit enhanced SERS sensitivity toward (+) and (—)
dye molecules, respectively.'” They explained that the
Fermi level (Ef) for heavily doped p- and n-type Si, Ef,
can be approximated to be at the valence and con-
duction band edges, that is, —5.17 and —4.05 eV,
respectively. The Ag NPs lose or gain electrons upon
their contact with p- and n-type Si, resulting in (—) and
(+) charge selectivity, respectively. The present result
can be explained by the electron transfer in which the
n-type Si donates electrons to the Ag NPs, while the
p-type Si withdraws electrons from them, as shown by
the schematic model (see Figure 10). To put it simply,
the n-type Si donates more electrons to the Ag NPs
than the p-type Si, which causes the more (—) charged
Ag NPs to be sensitive to the (+) charged dye. In the
case of the Au NPs, n-type Si donates electrons to the
Au NPs, while p-type Si cannot accept effectively from
them due to their similar work functions. Therefore, the
charge selectivity is considerably reduced, which is
consistent with the results obtained for Au—C and
Au—CN.

CONCLUSIONS

We prepared eight types of highly sensitive SERS
substrates; Ag or Au NP deposited Si—C core shell NWs
with undoped and N-doped graphitic layers, viz. Ag—C,
Ag—CN, Au—C, and Au—CN; Ag or Au NP deposited
p-type and n-type Si NWs, viz. Ag—pSi, Ag—nSi, Au—
pSi, and Au—nSi. The Ag or Au NPs were synthesized by
a SILA method. The Si NWs were synthesized by the
metal-assisted catalytic etching of a Si wafer, and the C
shells were homogenously produced via the thermal
CVD and doped with 30% pyridine-like N atoms. We
demonstrated that the charge selectivity of SERS can
be exclusively controlled by the doping of the Si and
graphitic layers. The Ag—C and Ag—CN exhibit higher
SERS intensity toward the (—) charged (FL and MO) and
(4) charged dyes (R6G and AO), respectively. The
Ag—pSi and Ag—nSi also exhibit excellent charge
selectivity of SERS toward the (—) and (+) charge dyes,
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respectively. The charge selectivity of the Ag NPs is
higher than that of the Au NPs. The XPS peak analysis
indicates that the N-doped graphitic layers donate
more electrons to the metal NPs than the undoped
ones, and electron transfer occurs to a greater extent
for the Ag NPs than for the Au NPs.

We performed first principles calculations on the
electronic structure of the undoped graphene and
N-doped (graphite-like and pyridine-like) Gr sheets
adsorbed on the Ag(111) and Au(111) surfaces. The
binding energies of the Gr—metal adducts suggest that
the large electron transfer capacity of the pyridine-like

EXPERIMENTAL SECTION

Synthesis of Si NW and S—C Core—Shell NWs. The synthesis of
the Si NW and graphitic layer deposited Si NW is described
elsewhere.® Briefly, Si NWs were fabricated by metal-assisted
chemical etching. The p-type and n-type (100) Si wafers (area =
2 x 2 cm?), which are lightly doped with boron (R=1-20 Qcm)
and phosphor (R = 1—10 Qcm), respectively, were electroche-
mically etched using 4.8 M HF/0.005 M AgNO3/0.4 M H,0,. After
five etchings, the Si wafers were washed repeatedly with water
and then immersed in dilute HNOs (1:1 v/v) to dissolve the Ag
NP catalyst. The etched Si wafers were washed with 5% HF again
to remove the oxide layer and cleaned with distilled water. The
Si NWs were placed inside a CVD reactor tube, and a mixture of
CH, and H, was introduced at flow rates of 50 and 100 sccm,
respectively, for 20 min once the temperature reached 1000 °C.
For the N-doped graphitic layers, NH; (flow rate = 100 sccm) was
mixed with CH,/H, at the same temperature.

Deposition of Metal NPs. The Ag NPs were deposited on the
NWs by a SILAR method using AgNO3 and ammonia borane (AB,
NH3BH3) as the reducing reagent. In each cycle, the NW sub-
strate was immersed in 0.01 M AgNOs aqueous (distilled water)
solution for 30 s to ensure that a layer of Ag™ ions was bonded
on the surface of the NWs. The substrate was then rinsed with
distilled water for 30 s to remove the weakly adsorbed ions and
molecules. Afterward, the substrate was immersed in 0.01 M AB
solution for 30 s, leading to the production of Ag, followed by
rinsing in water. This process was repeated for 20 cycles. The
deposition of the Au NPs was carried by the same SILAR pro-
cedure except that 0.01 M HAuCl, aqueous solution was used
instead of AgNOs.

Characterization. The products were analyzed by scanning
electron microscopy (SEM, Hitachi S-4700), field-emission trans-
mission electron microscopy (TEM, JEOL JEM 2100F and FEI
TECNAI G? 200 kV), high-voltage TEM (HVEM, JEOL JEM ARM
1300S, 1.25 MV), and energy-dispersive X-ray fluorescence
spectroscopy (EDX). The Raman spectra were measured using
the 514.5 nm line of an argon ion laser. X-ray photoelectron
spectroscopy (XPS) was performed using the 8A1 beamline of
the Pohang Light Source (PLS) and a laboratory-based spectro-
meter (ESCALAB 250, VG Scientifics) using a photon energy of
1486.6 eV (Al Kav).

SERS Measurements. Amounts of 10~*to 10~ '® M Rhodamine
6G (R6G), acridine orange (AO), fluorescein (FL), and methyl
orange (MO) aqueous solutions were prepared. The substrates
were immersed in the dye solution for 1 h. After drying, Raman
spectroscopy measurements were performed on a home-built
(equipped with a CCD camera) or HR-800 (HORIBA Jobin Yvon)
Raman microscope using 514.5 or 633 nm laser radiation, re-
spectively, with a power of 0.7—4 mW (514.5 nm) or 1-1.5 mW
(633 nm) and integration time of 1—10s.

First Principles Calculation. Geometric optimizations were car-
ried out using the Vienna ab initio simulation package (VASP).”'
Electron—ion interactions were described by the projector-
augmented wave (PAW) method, which is basically a frozen-
core all-electron calculation.” All of the calculations were done
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structures is due to the N—Ag coordinate bond forma-
tion involving the lone pair electrons of the N atoms.
On the basis of the XPS results and calculations, we pro-
pose that the more (—) charged NPs on the N-doped
graphitic layers facilitate the adsorption of the (+)
charged dye, resulting in remarkable charge-selective
SERS. The charge-selective SERS of Si NW substrates is
basically attributed to the difference in the work func-
tion between the metal and Si; n-type Si donates more
electrons to the Ag NPs than the p-type Si, which
causes the more (—) charged Ag NPs to be sensitive
to the (+) charged dye.

employing the LDA exchange-correlation functional. We fix the
lattice constant of 4 x 4 honeycomb Gr lattice in XY plane to its
optimized value of 9.78 A and adapt the lattice constant of the
metal accordingly. This approximation is reasonable since the
lattice constant mistamatch between graphene and metal is
less than 2.8% for the Ag(111) and Au(111) surface. The metal
NP was approximated by six (111) layers, and the nearest
distance between two atoms along the direction perpendicular
to the graphene plane is maintained to be larger than 13 A. The
k-point sampling was done with 15 x 15 x 1 points in the first
Brillouine zone. Mulliken population analysis was done using
double-¢ double-polarized basis set in ATK 2010.02 program.”?
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