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urface-enhanced Raman scattering
(SERS) was discovered more than three
decades ago and has been widely uti-
lized since then.? Despite numerous ex-
perimental and theoretical works focusing
on the origin of SERS, there remain many
controversies about its mechanism.>* It is
generally agreed that there are two contribu-
tors to SERS intensities: an electromagnetic
mechanism (EM) and a chemical mechanism.”
Much more work has been focused on the
former mechanism and has advanced the
understanding.® However, compared to
the extensive study of the EM mechanism,
study of the chemical mechanism is still
scarce. Generally, the photoinduced metal—
molecule charge transfer (CT) is believed to
be the mechanism responsible for chemical
enhancement in SERS, yet its microscopic
mechanism and relative importance are still
hotly debated.” A key obstacle to studying
the CT mechanism is the fact that the two
mechanisms occur simultaneously in the
traditional metal substrate SERS.>® To date,
no reliable experimental strategy appears to
have been developed to isolate and quanti-
tate these effects.®
On the basis of the characteristics of CT,
there are two basic requirements: one is
direct contact between the probe molecule
and the substrate, and the CT process oc-
curs only for the first layer of molecules on
the SERS substrate (first layer effect) be-
cause it is a short-range effect. The other is
the energy alignment between the mole-
cular energy level (HOMO, LUMO) of the
molecules and the Fermi level of the metal
substrate.”'° Therefore, tuning the position
of the Fermi level of metal using an external
voltage source can, in principle, drive the
entire system in and out of CT resonance.” This
approach was extensively employed in the
past to study the CT resonance contribution
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ABSTRACT We studied the modulation of Raman scattering intensities of molecules on
graphene by tuning the graphene Fermi level with electrical field effect (EFE). A series of metal
phthalocyanine (M-Pc) molecules (M = Mn, Fe, Co, Ni, Cu, Zn), which have different molecular energy
levels, were used as probe molecules. The Raman intensities of all these M-Pc molecules become
weaker when the graphene Fermi level is up-shifted by applying a positive gate voltage, while they
become stronger when the graphene Fermi level is down-shifted by applying a negative gate
voltage. However, this Raman intensity modulation only occurs when applying the gate voltage with
a fast sweep rate, while it is nearly absent when applying the gate voltage with a slow sweep rate,
which is likely due to the arising of the hysteresis effect in the graphene EFE. In addition, the Raman
modulation ability for M-Pc molecules with smaller energy gaps is larger than that with larger
energy gaps due to the difference in the energy alignment between graphene and these M-Pc
molecules. Furthermore, this modulation shows the greatest one on single-layer graphene and
mainly comes from the first layer of molecules which are in direct contact with graphene. The Raman
modulation of molecules in GERS with the EFE suggests that the Raman enhancement for GERS
occurs through a chemical enhancement mechanism.

KEYWORDS: graphene Fermi level - chemical enhancement - electric field
modulation

by examining the dependence of SERS of
molecules on electrochemical potential.>®~'2
However, because these experiments were
usually carried out on metal electrodes, many
hot spots as well as areas with the large EM
enhancement will inevitably contribute to
the total Raman signal.®

Graphene, a semimetal with a zero band
gap, shows many novel physical and che-
mical properties for its unique electronic
structure.”® Our previous work has shown
that graphene can be used as a substrate to
suppress fluorescence'* and enhance Raman
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signals of molecules.”” We call this Raman
enhancement technique graphene-enhanced
Raman scattering (GERS). The graphene sur-
face is relatively smooth despite fluctuations
arising from the underlying substrate.'®
Also, optical transmission through the gra-
phene surface in the visible range is greater
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Figure 1. (a) Schematic diagram of the experiment setup and an optical image of the graphene device. (b) Fermi level
variation of single-layer graphene modulated with electrical field.

than 95%.'”'® Furthermore, the surface plasmon on
graphene is in the range of terahertz rather than in
visible range.'® On the basis of these considerations,
we think that the GERS mechanism cannot be EM
and therefore attribute it to CT. So, GERS provides an
excellent opportunity to study CT separately from EM.

Here, we demonstrate an electrical field modulation
experimental strategy to study the effect of graphene
Fermi level variation on the Raman scattering intensi-
ties of molecules on graphene. The approach is based
on modulating the energy alignment between the
energy level of the molecule and the Fermi level of
graphene using the benefit that the Fermi level of
graphene can be modulated with an electrical field
effect (EFE)*>?' to modulate the CT between the
graphene and the molecules. Figure 1a shows a sche-
matic diagram of the in situ Raman measurement with
the electric field-induced graphene Fermi level mod-
ulation, and we use a series of M-Pc molecules as probe
molecules to study the effect of the molecular energy
level on the Raman intensity modulation; these M-Pc
molecules have similar molecular structures but differ-
ent energy levels (see Supporting Information Figure S1).
We find that the Raman intensities of all these
M-Pc molecules show modulation with the EFE, and
the modulation ability is related to the energy level of
these M-Pc molecules. In addition, the Raman modula-
tion is affected by the gate voltage sweep rate, which is
likely due to the arising of hysteresis effect in graphene
EFE. This EFE modulation of GERS spectra proves that
the Raman enhancement mechanism of GERS works
via chemical enhancement.

RESULTS AND DISCUSSION

To investigate whether the Raman intensities of
molecules in GERS can be modulated with an EFE, we
first study the EFE modulation of the graphene Fermi
level using the in situ Raman spectroscopy. We focus
on the doubly degenerate optical phonon of E,4
symmetry at 1580 cm ™', known as the G band. Our
Raman spectra data demonstrate that the frequency

XU ET AL.

and full width at half-maximum (fwhm) of the G band
and the intensity ratio of the 2D (~2700 cm™ ') and G
bands A(2D)/A(G) show a linear dependence on the EFE
(see Supporting Information Figure S2), which is similar
to the results in previous work.?>?2~2* The linear
dependence of the phonon frequency, fwhm of
the G band, and A(2D)/A(G) on the EFE are attributed
to the modulation of the graphene Fermi level with the
electric field.2° Figure 1b shows a schematic diagram of
the graphene Fermi level variation modulated with the
EFE. For intrinsic single-layer graphene, the positions of
the Fermi level and Dirac point are equal.*® However,
when applying a negative (positive) gate voltage, the
Fermi level of graphene will shift below (above) the
Dirac point due to the EFE-induced hole (electron)
doping. Hence, the Fermi level of graphene can be
modulated continuously by the EFE and monitored
through the Raman spectra in our experiment. In the
following study, we focus on the modulation of Raman
intensities of molecules in GERS with an EFE.

The Raman intensity variations of Co-Pc molecules
modulated by sweeping the gate voltage from —150
to +150V atintervals of 20, 50, and 150 V are shown in
Figure 2a—c. Corresponding Raman intensity varia-
tions were determined by comparing the intensities
of the strongest Raman peak at 1539 cm™', which is
assigned to the C—N—C stretching mode of the phtha-
locyanine macrocycle.?® This mode has been found to
shift by up to 50 cm ' depending on the metal present
in the phthalocyanine macrocycle.*?° For convenient
comparison, we also extract the Raman signal of the
C—N—C bridge for other M-Pc molecules in the follow-
ing study. Unexpectedly, the Raman intensity of Co-Pc
shows nearly no modulation by sweeping the gate
voltage from —150 to 150 V at the interval of 20 V
(Figure 2a), and it shows only a smaller modulation by
sweeping the gate voltage at the interval of 50 V
(Figure 2b). Surprisingly, the Raman intensity shows
an obvious modulation if we sweep the gate voltage at
the interval of 150 V (Figure 2c). From the observed
results, we can find that the Raman modulation ability

VOL.5 = NO.7 = 5338-5344 = 2011 ACSN\JAN

~
N\

)

WWww.acsnano.org

J1O1LdV

5339



5600 5600
4
(a) . (b)
—=—1539 cm —ee 1539 em™
5200 -  — . 5200 . i
g \/M/./ \/‘. ? .\./ \.
= 4800 S 4800 ™~
e )
S 2 \_
2 4400+ £ 4400
72 w
g g
= 4000 E 4000-
3600 T T T T T T T 3600 T T T T T T T
-150 -100 -50 0 50 100 150 2150 <100 =50 0 50 100 150
Gate voltage (V) Gate voltage (V)
5600 5600
(c) ()
L} L —=—1539 cm -« 1539 cm”
5200 | 5200
z z -150 (-150,0)
= =
] 4800 (-150,+60)
E 4800 5
= g | (-150.+90)
2 4400 z 4400
§ § (-150,+120)
;E 40004 :_E 4000
oo 36004 (-150,+150)
: -150 <100 -50 0 50 100 150 2150 <100 =50 0 50 100 150
Gate voltage (V) Gate voltage (V)

Figure 2. Plot of the GERS intensity of the 1539 cm ' band of Co-Pc extracted from the spectra which are measured by
sweeping the gate voltage from —150 to +150 V with intervals of (a) 20 V, (b) 50 V, and (c) 150 V. (d) Statistics of the intensity
variation of the 1539 cm ™' mode modulated with different gate voltage variation spans. The plots in (d) are the corresponding
intensities at gate voltages of —150, 0, +60, +90, +120, and +150 V during each gate voltage variation span.
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Figure 3. GERS spectra of (a) Co-Pc, (b) Cu-Pc,and (c) Zn-Pc molecules modulated with gate voltage between —150 nd +150 V.
(d—f) Crresponding Raman intensity variations of the C—N—C bridge vibration mode for the Co-Pc, Cu-Pc,and Zn-Pc molecules,
respectively. The intensities are normalized to the maximum value observed in the investigated gate voltage range.

is increasing with the gate voltage sweep rate increas- window of the graphene Fermi level is enlarging with
ing. The reason for this gate voltage sweep rate depen- the gate voltage span increasing. However, the gate
dence of Raman modulation will be discussed below. voltage applied on our graphene device cannot be larger
Figure 2d displays the Raman intensity modulation than 150 V due to the problem of leakage currents.

during different gate voltage sweep spans. The Raman Why does the Raman intensity modulation show an

modulation ability is increasing with the gate voltage obvious difference modulated during the same gate
span increasing, which is because the modulation voltage span but different sweep rates? From the study
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Figure 4. GERS spectra of (a) Mn-Pc, (b) Fe-Pc, and (c) Ni-Pc molecules modulated with gate voltage between —150 and +150 V.
(d—f) Corresponding Raman intensity variations of the C—N—C bridge vibration mode for the Mn-Pc, Fe-Pc, and Ni-Pc molecules,
respectively. The intensities are normalized to the maximum value observed in the investigated gate voltage range.

on the electrical field modulation of graphene Raman
spectra, we find that the frequency shift of the G band
shows a hysteresis behavior, especially at a slower
gate voltage sweep rate (see Supporting Information,
Figure S3). As we know, the hysteresis effect is a com-
mon problem in graphene EFE, which hinders the
modulation of the graphene Fermi level with electrical
field, especially in a large range or at a slow gate
voltage sweep rate.?’ So, the gate voltage sweep rate
dependence of the Raman modulation in GERS is likely
due to the arising of hysteresis effect in graphene EFE.
From the above analysis, we know that the Raman
intensity modulation with EFE will be seriously hin-
dered due to the arising of large hysteresis effects at
the slow gate voltage sweep rate. For this reason, in
order to reduce the effect of hysteresis on the Raman
modulation of molecules in GERS, we applied a gate
voltage with a fast sweep rate in the following study.

Figure 3a—c shows the EFE-modulated GERS spectra
of Co-Pc, Cu-Pc, and Zn-Pc molecules which have small
energy gaps. It can be seen that the Raman signals of all
these three M-Pc molecules show similar modulation
behavior, the Raman scattering intensities get weaker
when the graphene Fermi level is up-shifted by sweep-
ing the gate voltage to +150 V, while they get stronger
when the graphene Fermi level is down-shifted by
sweeping the gate voltage to —150 V. This modula-
tion is reversible as shown in Supporting Information
Figure S4. In order to compare the difference in the
Raman modulation between different M-Pc mol-
ecules, the Raman intensity variation of the C—N—C
bridge vibration mode of Co-Pc, Cu-Pc, and Zn-Pc
molecules under the EFE modulation is normalized
as shown in Figure 3d—f. As seen from the figures,
the Raman modulation percentage for Co-Pc, Cu-Pc,
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TABLE 1. Energy Gap and Raman Modulation Percentage
of Different M-Pc Molecules®

M-Pc molecules Mn-Pc Fe-Pc Ni-Pc Co-Pc Cu-Pc Zn-Pc
energy gap (eV) 314 260 320 161 170 194
Raman modulation percentage (%) 123 105 94 342 297 303

“The Raman modulation percentage is obtained from the intensity variation of the
(—N—Cbridge vibration mode of these M-Pc molecules modulated with the gate
voltage sweep between —150 and +150 V.

and Zn-Pc molecules can up to 34.2, 29.7,and 30.3%,
respectively.

The EFE-modulated GERS spectra of Mn-Pc, Fe-Pc,
and Ni-Pc molecules,which have large energy gaps,are
shown in Figure 4a—c. The Raman signals of Mn-Pc,
Fe-Pc, and Ni-Pc molecules show a similar modulation
trend as those for Co-Pc, Cu-Pc,and Zn-Pc molecules.
The Raman intensities of these three M-Pc molecules
get weaker as the gate voltage sweeps to +150V, while
they get stronger as gate voltage sweeps to —150 V,
and they also show reversible modulations. However,
compared to the relative larger Raman modulations for
Co-Pc, Cu-Pc,and Zn-Pc molecules, the Raman modula-
tions for Mn-Pc, Fe-Pc,and Ni-Pc molecules are rela-
tively smaller. From the normalized Raman intensity
variation of the C—N—C bridge vibration mode of Mn-Pc,
Fe-Pc,and Ni-Pc molecules (Figure 4d—f), we can see that
the Raman modulation percentages for these molecules
can only reach 12.3, 10.5, and 9.4%, respectively.

Table 1 shows the molecular energy gaps and the
Raman modulation percentages of these different
M-Pc molecules. It can be found that the Raman scat-
tering intensities for molecules with small energy gaps
(Co-Pc, Cu-Pc, and Zn-Pc) show more obvious modula-
tion than those for molecules with large energy gaps
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Figure 5. GERS intensity variation of the 1539 c¢m~ " band of Co-Pc molecules, which were adsorbed (a) with different amounts
and (b) on different graphene layers, modulated with the gate voltage between —150 and 4150 V. The amount of molecules
on the sample decreases with an increase in iteration number from 1 to 6 in (a) by sequential washing with solvent.

(Mn-Pc, Fe-Pc, and Ni-Pc). This is because these M-Pc
molecules have a different molecular energy level,
which leads the energy alignment between the gra-
phene Fermi level and the molecular energy level of
these M-Pc molecules to be different. Therefore, the
Raman modulation of molecules in GERS is affected by
not only the position of graphene Fermi level but also
the positions of the energy level of the probe molecule.
In addition, a frequency shift from the comparison of
the Raman spectra of the M-Pc adsorbed on graphene
and those of M-Pc powder is observed (see Supporting
Information Figure S5). This frequency shift is attribu-
ted to the results of the CT between graphene and
M-PC.28'29

As studied in our previous work about the “first layer
effect”, the CT process in GERS was strongly related to
the distance between the graphene substrate and the
molecules, and the CT only occurred at the first layer of
molecules.*® So, electric field modulation of the Raman
signals in our GERS system should also act on the first
layer of molecules. We studied the effect of the amount
of molecules adsorbed on graphene on the EFE mod-
ulation of GERS spectra. The experimental details are
shown in the Supporting Information Part Il. Briefly,
the amount of molecules adsorbed on graphene sur-
face gradually decreases from measurements 1 to 6 in
Figure 5a by sequential washing with solvent. We can
see that the Raman intensity of Co-Pc decreases as the
amount of molecules on graphene decreases from
measurements 1to 6. However, the intensity difference
of the Raman signal modulated by the gate voltage does
not change greatly for measurements from 1 to 5. How-
ever, the intensity difference shows an obvious decrease
at the sixth measurement, which is because the amount of
molecules adsorbed on graphene has decreased to less
than one layer. The results suggest that the Raman
modulation predominantly comes from the first layer
of molecules that are in direct contact with graphene.

We also studied the effect of the number of graphene
layers on the EFE modulation of the GERS spectra. As
shown in Figure 5b, the intensity difference of the
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Figure 6. Schematic representation of the effect of the
energy level alignment between the molecular energy level
and graphene Fermi level on the charge transfer resonance.

Raman signal of Co-Pc modulated by a sweeping gate
voltage between —150 and +150 V increases as the
number of graphene layers increases, and the largest
modulation occurs on the single-layer graphene. Pre-
vious studies have shown that the modulation ability
of the graphene Fermi level with EFE decreases as
the number of the graphene layers increases due to
the screening effect. 32 Thereby, the Raman intensity
modulation ability of molecules in GERS shows a de-
crease as the graphene layer number increases.

In view of all of the above results and discussions
about the EFE modulation of the GERS spectra, we
consider that the mechanism of GERS should be the CT
enhancement. On the basis of the characteristic of the
CT and the data from our work, an energy diagram for
the adsorbed complexes is presented to illustrate how
the graphene Fermi level variation affects the Raman
intensities of molecules in GERS. We take Co-Pc mol-
ecules as an example to analyze this relationship in
Figure 6. The HOMO and LUMO of Co-Pc are at —5.02
and —3.41 eV,* respectively, and the Fermi level of
intrinsic graphene is about —4.6 eV?' if we assume that
the vacuum level is set to zero here. Although the accu-
rate position of graphene Fermi level under the posi-
tive and negative gate voltage cannot be determined
due to the hysteresis effect, we can make sure that the
graphene Fermi level can be up-shifted by applying a
positive gate voltage, while it can be down-shifted by
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applying a negative gate voltage. So, the energy gap
between the LUMO of the Co-Pc molecule and the
Fermi level of graphene is about 1.19 eV at the gate
voltage of 0V, which is slightly smaller than the energy
of the laser (1.96 eV for 632.8 nm laser source). In this
case, the Raman intensities of the molecules can be
enhanced because the CT resonance is very broad,’
and the CT resonance process is greatly enhanced
when applying a negative gate voltage to down-shift
the graphene Fermi level because that makes the
energy gap even closer to the energy of the laser. The
CT resonance process is hindered when applying a
positive gate voltage to up-shift the graphene Fermi
level because that makes the energy gap far away from
the energy of the laser. Therefore, the Raman intensi-
ties of molecules in GERS get stronger by applying a
negative gate voltage, while they get weaker by apply-
ing a positive gate voltage.

CONCLUSIONS

In this work, we have investigated the modulation of
the Raman scattering intensities of molecules in GERS

METHODS

Preparation of Graphene Devices. Graphene was prepared by
mechanical exfoliation of kish graphite (Covalent Materials
Corp.) using Scotch tape on Si wafers covered with 300 nm
thick SiO,. Graphene thickness was characterized by optical
microscopy (OM) and Raman spectroscopy. Electrical contacts
with graphene were made by standard electron-beam litho-
graphy and electron-beam evaporation of Cr (5 nm) and Au
(50 nm). The doped Si substrate was used as the gate electrode,
and the oxide served as the dielectric.

Deposition Molecules on Graphene Devices. We deposited organic
molecules on the surface of graphene by simply soaking the
SiO,/Si substrate with graphene in the solution of the mol-
ecules. All of these M-Pc molecules were dissolved in N,N-
dimethylformamide (DMF) with a concentration of 1 x 107° M.
The soaking time was 1 h for all of the molecular solutions. After
soaking, the samples were washed with DMF to remove any free
molecules and then dried under N,.

In Situ Raman Measurement and Electric Field-Induced Graphene Fermi
Level Modulation. Raman spectra were obtained in situ at each
gate voltage using a Horiba HR800 Raman system equipped
with a homemade probe station. A 632.8 nm line from a He—Ne
laser was used as the excitation laser. The spectrum integration
time was 10 s per spectrum. The incident laser beam was focused
by a 50x objective, and the laser power on the samples was kept
below 0.5 mW to avoid laser-induced heating. The intensities and
frequencies of the peaks were obtained by fitting them with a
Lorentzian function.
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these M-Pc molecules, Raman spectra modulation of graphene
with EFE, hysteresis effect in graphene EFE, reversible Raman
modulation of Co-Pc with EFE, comparison of the GERS spectra
of M-Pc and the spectra of its powder, and experimental details
of studying the effect of molecule amount on GERS modulation.
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by tuning the graphene Fermi level with an EFE. The
Raman intensities all of the M-Pc molecules get weaker
as the graphene Fermi level up-shifts by applying a
positive gate voltage, while they get stronger as the
graphene Fermi level down-shifts by applying a nega-
tive gate voltage. However, the Raman modulation
percentage of M-Pc molecules with small energy gaps
is larger than that of M-Pc molecules with large energy
gaps, which is likely due to the difference in the energy
alignment between the Fermi level of graphene and
the molecular energy level of these M-Pc molecules.
Furthermore, such Raman modulations predominantly
come from the first layer of molecules in direct contact
with the graphene and significantly reduce with the
graphene layer number increasing. All of these ob-
served results suggest that the enhanced Raman scat-
tering of molecules on graphene is due to the CT
resonance mechanism, and the resonance conditions
can be modulated by changing the Fermi level of
graphene. This approach will benefit the study of the
basic properties of CT enhancement separately from
the EM enhancement in the future.

This material is available free of charge via the Internet at http://
pubs.acs.org.
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