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and identified by Raman spectroscopy and scanning tunneling micros-
copy (STM). In addition, as-synthesized NG and PG sheets were also
used as substrates to probe different fluorescent molecules and to ex-
plore the GERS mechanism. For example, we observed a consistent
trend that NG leads to a better Raman signal enhancement of the studied
fluorescent dye molecules [for example, thodamine B (RhB), crystal violet
(CRV), and methylene blue (MB)] when compared to PG. Through ex-
perimental and theoretical studies, we demonstrate here that the LUMO
alignment with the Ex of NG is closely related to the enhancement of the
Raman signal of the studied molecules. We also noted that this enhance-
ment depends strongly on the excitation of the photon energy and the
doping level of the graphene. Some signals from these dye molecules can
be detected even for concentrations as low as 10~"" M, which provides
excellent molecular sensing capabilities. Ab initio calculations were
carried out to investigate a possible chemical mechanism of GERS.
The results are consistent with a mechanism involving a charge-transfer
excitation, which is described below.

RESULTS

Large-area monolayer PG and NG sheets were synthesized on copper
foils using CH4 and NHj as precursors in conjunction with an AP-CVD
system. Details of the synthesis procedure can be found in our previous
report (15). A typical photograph of an NG sheet on copper foil is shown
in fig. S1A, which looks like bare copper because of graphene’s high trans-
parency. Synthesized NG can be transferred onto other materials, such as
SiO,/Si (fig. S1B) and quartz (fig. S1C) substrates by using polymethyl
methacrylate (PMMA )-assisted transfer method (16), and good transpar-
ency and homogeneity can be observed from the photographs. Figure 1 (A
and B) shows high-resolution transmission electron microscopy (HRTEM)
images of monolayer and bilayer NG sheets transferred to TEM grids
via PMMA-free methods (17). The inset of Fig. 1A shows the corre-
sponding selected-area electron diffraction pattern of an NG sheet,
confirming the hexagonal structure of graphene. Less than 8% of the
NG material consists of few layers (for example, bilayer or trilayer),
revealing an interlayer spacing of ~0.35 nm (Fig. 1B) (18).

First, control experiments were carried out to study the mechanism
of nitrogen doping of graphene by tuning the temperature at which
NHj is introduced during the synthesis reaction (from 950° to 750°C)
and its reaction time (from 10 to 60 min) while keeping the CH, re-
action time and temperature constant (that is, 980°C for 30 min). The
Raman spectra of NG on SiO,/Si substrates for different synthesis
conditions are shown in fig. S1 (D and E). Both the intensity ratio be-
tween the 2D and G bands (I,p/Ig) and the sharpness of the 2D band
confirm the growth of NG (19, 20). When comparing NG to PG, we
notice the emergence of a D band in our as-grown NG sheets, which
can be attributed to the disorder generated by the introduction of ni-
trogen atoms within the graphene lattice (20, 21). The average dis-
tance between defects in graphene can be obtained by considering
the intensity ratio between the D and G bands (22, 23). Note in
fig. S1 (D and E) that the intensity ratio of In/I significantly changes
when the NH; reaction temperature and reaction time are changed,
whereas the 2D band remains sharp and symmetric. Therefore, it is
possible to tune the experimental conditions and achieve doping con-
trol over NG. A detailed Raman characterization analysis also suggests
that there might be a competition between the N incorporation into
graphene sublattices and the annealing process (fig. S1E) when the
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NH; reaction time changes from 10 to 60 min. It is also noteworthy that
the Ip/Ig values initially increase, thus suggesting more nitrogen doping,
but such values decrease for reaction times beyond 30 min.

Figure 1 (C to E) shows STM results for samples obtained using dif-
ferent synthesis parameters (850°, 800°, and 750°C, respectively). The
results confirm the tuning of the doping level. In our previous work,
we reported that the NG sample synthesized at 850°C for 10 min in
the presence of NH; shows a unique double substitutional N doping
(N,2), as can be seen in the triangles shown in Fig. 1C (15). Figure 1F
shows a model image of the N,** configuration. It is noteworthy that a
lower Ip/I; intensity ratio is observed for the NG sample synthesized at
800°C compared to that for the NG synthesized at 850°C, whereas the
NG sample produced at 750°C exhibits an even lower D band intensity
(fig. SID). Therefore, the NG sample synthesized at 850°C presents a
higher level of nitrogen doping, whereas the NG sample grown at
750°C barely shows any N doping. Furthermore, we notice that the
NG sample doped at 800°C contains both double substitution (high-
lighted with circles in Fig. 1D) and single substitution, which is called
N; configuration (pointed out by the arrow in Fig. 1D). Figure 1G shows
a model image of the N; configuration. Therefore, it is possible to cor-
relate the Raman spectroscopy with STM studies and tune the nitrogen
atom doping configurations by changing the doping parameters. To
confirm the presence of nitrogen in the NG films, x-ray photoelectron
spectroscopy (XPS) was carried out (fig. S3). The photoelectron signals
were collected from an ellipsoidal area of 300 um x 700 um. As a
result of this quantification, we have found that the N content is around
2.25 atomic percent (atomic %). By deconvoluting the peak found in the
N1s spectrum, we found that most of the nitrogen atoms were in the
substitutional configuration (N; and N, located at 400.6 eV) rather
than in the pyridinic nitrogen configuration (located at 398.6 eV), which
is consistent with our STM measurements.

The nitrogen doping not only affects the graphene Raman signal (D
and D’ bands) but also provides a considerable enhancement factor
(EF) in the Raman scattering of the studied organic molecules when
compared to PG (15). However, the mechanism for such enhancement
remains an open question. Here, we provide an experimental and
theoretical study of the GERS mechanism for both PG and NG. To
study the GERS effect, different fluorescent dyes, such as RhB, CRV,
and MB, were used as probe molecules, the molecular structures of
which are depicted in fig. S4A. The dyes were dissolved in ethanol
to obtain a solution with a concentration of 5 x 107> M. Both PG and
NG sheets on SiO,/Si were soaked into each solution for 30 min, after
which the samples were rinsed with ethanol and then dried under a ni-
trogen gas flow. Notice that because of the strong fluorescence of the mol-
ecules, the organic dye molecules cannot be detected by Raman
scattering when they are on a bare SiO,/Si substrate (fig. S5, A, C,
and E). However, PG behaves as an efficient fluorescence quencher,
and the Raman spectra of the dyes on PG exhibit vibrational modes
corresponding to the Raman fingerprints of the molecules (6) (fig. S5,
B, D, and F). Raman spectra for both PG and NG samples with RhB,
CRV, and MB can be observed in fig. S4 (B to D, respectively).

To better compare the performance of NG and PG as substrates for
GERS, we have calculated the EF for different dye molecules. The
calculated EF plots are shown in fig. S6 and are calculated using the raw
intensity obtained from experimental spectra of molecules onto PG and
NG. Because the Raman signal of the studied dyes (RhB, CRV, and MB)
on SiO,/Si is barely detected as a result of the strong fluorescence back-
ground, the calculated EF is not compared against SiO,/Si. We report an
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EF that is 16 times larger for NG than for PG (fig. S6A). It is noteworthy
that the EF of a given molecule is not the same for all the Raman modes.
For instance, in fig. S6A, the RhB Raman mode located at 1250 cm ™" is
much more enhanced when compared to that located at 1352 cm™. Such
variations in the EF within modes have been previously reported (13). In
addition, to compare SERS with GERS, we have also sputtered Au nano-
particles on SiO,/Si substrates, and by using one of the dye molecules (MB),
we compared the Raman EF between NG, PG, and Au nanoparticles. We
observed (fig. S7) that NG performs around 10 times and PG performs
around 5 times better than Au nanoparticles. The performance of Au na-
noparticles depends strongly on the size of the particles and, thus, could be
improved by tuning the roughness of the Au. However, that falls out of the
scope of the present report, and the comparison with Au nanoparticles is
useful to show that GERS is a powerful technique.

To confirm the uniformity of the GERS effect within the graphene
surfaces (PG and NG), we prepared a 1 x 1077 M RhB solution and
soaked both types of graphene into it. Representative Raman mappings
of the intensity ratio between the 1650 cm™" peak of RhB and the graphene
G band (I;650/1G) are plotted in Fig. 2 (A and B) for PG and NG, respec-
tively. From these mappings, it can be concluded that the average ratio
Lieso/Ig in PG is ca. 0.7, whereas that in NG is ca. 2. It could also be ob-
served that the GERS effect is quite uniform across the surfaces. For the PG
sample (Fig. 2A), around 70% of the area is green-colored, whereas for the
NG sample (Fig. 2B), this ratio reaches around 85%, thus demonstrating a
very good uniformity of the GERS effect across the samples.

We further studied the GERS mechanism on these systems using
several laser lines on freshly prepared NG samples with 5 x 10~ M con-
centrations of RhB, CRV, and MB. Figure 3 (A to C) shows the Raman
spectra of RhB, CRV, and MB, respectively, when using a 5 x 107> M
concentration on NG sheets recorded with excitation laser energies of
2.54 eV (488 nm), 2.41 eV (514.5 nm), 2.18 eV (568.2 nm), and 1.92 eV
(647.1 nm) in the 1100 to 2900 cm ™" spectral range. The spectra display
the main Raman features related to graphene (the D, G, and 2D bands)
and a number of other features arising from the dye molecules. The

main features of the dye molecules show prominent enhancement
when excited with the 2.41 eV laser line for the RhB (marked as solid
diamonds) and CRV (marked as solid circles) dye molecules and with
the 1.92 eV laser line for the MB (marked as solid stars) molecule. Those
Raman features are barely observed for the other laser energies used. It is
noteworthy that the remarkable enhancement of the Raman signal of
MB, when excited with the 1.92 eV laser line, considerably screens the
intensities of graphene D, G, and 2D peaks. To summarize all these
results, the intensity ratios of the most prominent peak of each molecule
(1650, 1625, and 1620 cm ™" for RhB, CRV, and MB molecules, respec-
tively) and the G peak of graphene are depicted in fig. S8. The Raman
intensity exhibits a resonance condition for each dye molecule on NG
related with a particular laser excitation energy. To exclude the observed
GERS effect mechanism from electronic transitions of the dye mole-
cules, control experiments acquiring Raman spectra of the dyes on the
top of SiO,/Si and on NG were collected at their resonance conditions.
The summary of the results (presented in fig. S5) shows that the en-
hancement of the observed Raman signal is attributed to not only the
resonance of each dye but also to the NG substrate, which strongly en-
hances the Raman signal for the studied molecules. Therefore, it is clear
that the GERS effect results in a better EF when NG is used than when PG
is used, and, hence, NG becomes an excellent substrate for the detection of
low concentrations of fluorescent molecules, such as those described here.

The laser dependence of the 2D band frequency for various dye mol-
ecules on NG (shown in Fig. 4, A to C) displays a linear dispersion re-
lationship. This behavior is explained in Fig. 4D. The 2D band
originated from two in-plane transverse optical (iTO) phonons around
the K or K’ points in the first Brillouin zone and involves an intervalley
double resonance (DR) process. The linear dispersion of electrons
in graphene ensures that the incident photon energy will always coin-
cide with the energy separation between the conduction and valence
bands near the Dirac point, resulting in a DR process (19). The slope
of the 2D band dispersion (Fig. 4, A to C) depicts a slight difference for
each dye molecule. By fitting the curve, the slope values for each dye

Fig. 1. HRTEM and STM images of as-transferred NG. (A and B) HRTEM images of monolayer and bilayer NG sheets on TEM grids. The inset of (A) is the
corresponding selected-area electron diffraction pattern of NG. (C to E) Typical STM images of NG sheets synthesized using different doping parameters: (C)
NHs, 850°C; (D) NHs, 800°C; and (E) NHs, 750°C. (F and G) Models of (F) N, and (G) N, nitrogen doping configurations. (H) Model of PG without any nitrogen
doping. The triangles in (C) and the circles in (D) indicate the STM double N substitution configuration, and the arrow in (D) indicates the STM single N

substitution.
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molecule are 89.7, 87.2, and 96.4 cm™'/eV for RhB, CRV, and MB,
respectively. These results are in agreement with monolayer graphene
(19, 24), thus suggesting that the iTO phonon dispersion is not signif-
icantly affected by the dye molecules.

To address the efficiency of the GERS mechanism on the PG and
NG samples, we have prepared several RhB solutions with concentra-
tions ranging from 5 x 10°to5x 107" ML Figure 5 (A to G) shows the
enhanced Raman scattering effect of each RhB concentration for both
NG and PG samples. Once again, notice that the molecules on NG ex-
hibit a higher Raman intensity when compared to the PG substrates.
Therefore, the efficiency of the GERS mechanism using NG as a sensing
substrate can be noticed for the very low concentration of RhB (5 x 1071 M),
whereas the dye molecules cannot be detected on PG for such a low concen-
tration value. Here, the Raman signal remains strongly enhanced, and it is
comparable to the 2D band intensity. Figure 5H shows the relative Raman
intensity ratio between the strongest Raman peak of RhB (~1650 cm ™)
and the graphene G band. The black and red curves represent the PG and
NG as the sensing substrate, respectively. By comparing the relative
Raman intensity of this 1650 cm™" peak with different RhB concentra-
tions, we observe that both the PG and NG samples with 5 x 10~ M RhB
show the highest enhancement effect. A possible explanation for this effect
could be related to the aggregation of the RhB molecules for high con-
centrations (for example, 5 x 10> M) and the cluster formation on top
of NG sheets, which decreases the Raman efficiency. In addition, for a
low concentration (for example, 5 x 10" M), only a few RhB molecules
will be involved in the Raman process, thus providing a decay of the
relative Raman intensity. To better understand the clustering effect,
we have performed atomic force microscopy (AFM) studies of NG
samples with different concentrations of RhB. AFM images of an NG sam-
ple with 1 x 107> M RhB are shown in fig. S10A, whereas fig. S10B
presents 1 x 10" M RhB on top of NG. It can be seen that many clusters
remain for the high dye concentration (1 x 107> M RhB dyes) even after
rinsing the sample with ethanol after soaking, but this clustering effect
decreases significantly when the concentration drops to 1 x 107 M.
From previous reports (5), it can be concluded that when the concentra-
tion is below 107 to 1077 M, the layer of adsorbed dye molecule can
be regarded as a submonolayer, which could explain that, for an even lower
concentration (1 x 10~® M), very little clustering occurs. Regarding the

Fig. 2. Probing the uniformity of GERS effect within the graphene
surfaces. (A and B) Raman mapping of the intensity ratio between the
1650 cm™' peak of RhB and the G band (/;650//c) plotted for (A) PG and for
(B) NG. The average ratio of /¢s¢/lg in PG is ca. 0.7, whereas that in NG is ca. 2.
For the PG sample, around 70% of the scanned area is green-colored,
whereas for the NG sample, this ratio reaches around 85%, thus demonstrating
a very good uniformity across the samples and a signal enhancement for NG
when compared to PG.

Feng et al. Sci. Adv. 2016;2:€1600322 22 July 2016

high-concentration samples (for example, 1 x 10> M), the adsorbed dyes
on top of PG/NG were not considered as monolayers, and clustering
could happen on wrinkles, defects, etc. Therefore, rinsing does not re-
move all the clusters that contribute to the diminishing of the Raman
signal of the molecules. Table 1 compares the present work with recent
results of the GERS effect reported in the literature (5, 6, 12, 25-29). To
the best of our knowledge, it is the first time that such low concentra-
tions of dye molecules are detected when graphene is used as a sub-
strate. Thus, it demonstrates that the NG sample can be effectively used
to detect specific organic molecules with ultrahigh sensing capabilities.

Ultraviolet (UV)-visible transmission measurements for RhB, CRV,
and MB molecules in solution, as well as those interacting with quartz,
PG, and NG, were performed to further study the interactions of the dye
molecules with PG and NG (Fig. 6). Previous reports (9, 13, 30) have
applied similar methods to study the interaction between dye molecules
and PG to better understand the GERS effect. Because of the poor ab-
sorption of the dyes on quartz and the lack of interaction between
quartz and the molecules, their absorption peaks in the visible range
were barely observed on quartz (black curve in Fig. 6, A to C). In con-
trast, upon contact with PG or NG, RhB, CRV, and MB exhibit absorp-
tion peaks, which are denoted by the rose, lavender, and blue boxes,
respectively. Thus, the absorption enhancement indicates that electron
transition probability between dyes and substrates is increased by PG
and NG (30). By comparing the transmission spectra collected from
the dye solutions (Fig. 6D), red shifts can be observed when the dye
molecules interacted with graphene. For instance, the absorption peak
of RhB in solution ranges from 485 to 578 nm (see Fig. 6D, gray curve),
and after interacting with graphene (PG or NG), the absorption range
red shifts to 541 to 591 nm (Fig. 6A, blue curve). For CRV and MB, red
shifts are found when the molecules interacted with NG and PG (Fig. 6,
B and C). Besides the changes in HOMO-LUMO gaps, transmission
values show significant differences at the n-to-n” transition of graphene
(13,30) (ca. 268 nm) before and after interacting with the molecules. For
instance, the transmission at the 7-to-n_transition of PG increases from
89 to 90% after interacting with RhB molecules. Instead, the value of NG
decreases from ca. 88 to 84.5% after the interaction with RhB molecules
(Fig. 6A). Similar trends can be found for the other molecules (CRV and
MB), and more significant absorbance changes can be found for NG
when compared to PG substrates. Hence, the interaction between NG
and molecules is stronger when compared to PG (9).

To gain further insight into and build a microscopic picture of the
physical mechanisms responsible for the observed GERS effect, ab initio
calculations were carried out to study the interaction of the dye mole-
cules with PG and NG substrates. The molecular structures shown in
fig. S4A correspond to the ground state of the ions RhB*, CRV", and
MB?Y, as obtained by the B3LYP/6-31(d,p) calculations. The molecular
structure closest to a planar geometry is that of MB*, which is expected
to exhibit the strongest -1 interaction with the planar substrates of PG
and NG. Although these systems are molecular cations, electron trans-
fer from PG and NG toward the adsorbed molecules (for example, RhB
or CRV) corresponds to 0.15 e in PG and 0.28 e in NG (where e is the
electron charge). MB adsorbed on PG acquires an extra charge of 0.26 e,
but on NG, where the interaction is the strongest, the charge transfer
amounts to 0.67 e.

The densities of electronic states (DOS) of the systems are depicted
in Fig. 7. The reference energy in these graphs is the Ey of the graphene
cluster. The double nitrogen substituted cluster that represents a doping
level of 1 atomic % has a Fermi energy raised by 0.22 eV with respect to the
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Fig. 3. Resonant Raman scattering effect on NG sheets probed for different dye molecules. (A to C) Excitation laser energies of 2.54,2.41,2.18,and 1.92 eV

are used to test the GERS effect of NG sheets with (A) RhB, (B) CRV, and (C) MB molecules. The probe molecule concentrations are all 5 x 107> M. The peaks marked
with* ,”* and “ ” are the major Raman signals from RhB, CRV, and MB molecules, respectively. arb., arbitrary.

Fig. 4. Laser dependence of the graphene 2D band frequency for various dye molecules on NG. (A to C) Linear dispersion of the graphene 2D band of
NG with (A) RhB, (B) CRV, and (C) MB molecules. (D) Graphene 2D band intervalley DR process, which explains the linear dispersion.
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