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Surface-enhanced Raman scattering (SERS) is based on the ability of a surface substrate to increase Ra-
man signals for sensing and imaging applications. The most widely used Au and Ag SERS substrates are
primarily based on the electromagnetic mechanism (EM) with large enhancement factors (EFs), which are,
however, limited by small gaps due to tunneling. Graphene has been explored as an alternative substrate for
graphene-enhanced Raman scattering based on the chemical mechanism (CM). However, the limits of CM EFs
in graphene-based substrates have not been well understood, especially as a function of tip-sample distance
(TSD). Here we performed tip-enhanced Raman scattering of carbon nanotubes on Au and graphene-oxide (GO)
hybrid substrates for different TSDs. We show evidence of quantum plasmonics with GO as a tunneling junction
in an Au-GO-Au cavity with a 2-nm gap size. We demonstrate Raman signal enhancement by four orders of
magnitude beyond the EM tunneling limit by switching to the CM regime for the resonant GO excitation at
small TSD. Tip-induced GO-enhanced Raman scattering may be used to improve nanoimaging and biosensing
on novel hybrid GO/Au substrates.
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I. INTRODUCTION

Surface-enhanced Raman scattering (SERS) is a minimally
invasive spectroscopic technique for chemically specific de-
tection with high sensitivity down to the single molecule
level [1–3]. Impressive achievements of single molecule
imaging with subnanometer spatial resolution using tip-
enhanced Raman scattering (TERS) have recently been
demonstrated [4–6]. However, the subnanoscale resolution
has only been achieved for a few systems with large Ra-
man scattering cross sections on pure metallic substrates.
They involve simultaneous contributions of two enhance-
ment mechanisms, electromagnetic (EM) [7–9] and chemical
mechanism (CM) [10,11], which cannot be easily separated
and therefore hinder the mechanistic understanding of single
molecule sensitivity and imaging contrast.

The EM enhancement in plasmonic SERS is based on a
large increase of local electromagnetic fields in the vicinity of
metallic nanostructures that support surface plasmons [7–9].
The EM enhancement factors (EFs) can be ∼108 − 1012 due
to the fourth order near field dependence. The strongest near
fields are obtained in rough Ag nanostructures and may be
tuned by morphology, size, and surface composition. Electro-
magnetic hot spots are localized areas in the gaps between
plasmonic nanoparticles that generate the largest EM EFs.
Numerous studies have been performed to optimize the SERS
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efficiency of noble metal plasmonic systems. Surface plas-
mon resonance and gap size were optimized to increase the
hot spot intensity [12–15]. The gap size between plasmonic
nanoparticles in SERS corresponds to tip-sample distance
(TSD) in TERS. Classically, the smaller TSD or gap size leads
to stronger hot spots. However, there is a fundamental limit of
the maximum signal that can be achieved by the EM.

Quantum effects, such as tunneling and nonlocality, play
an important role in plasmonic systems when the gap size is
reduced. The classical descriptions of surface plasmon energy,
linewidth, and field enhancement break down, and the full
quantum mechanical treatment is necessary [15–24]. In this
quantum plasmonic regime, tunneling at small TSD leads to
the reduction of surface charge density and the correspond-
ing near field intensity. Therefore, after the optimal balance
of EM enhancement and tunneling suppression, further re-
duction of TSD leads to the quenching of the TERS signal.
This specific value of TSD sets the quantum tunneling limit
to SERS and TERS that have traditionally been accepted
as “ultimate” [25]. Several experimental demonstrations re-
vealed this tunneling limit of SERS signals for gaps smaller
than ∼1 nm [12,20]. Similar limits were shown in TSD
dependence studies of TERS and tip-enhanced photolumi-
nescence (TEPL) [21]. Recent work showed that tunneling
may take place even for gap size above 1 nm for certain
molecular spacers in the plasmonic gap [26–29]. For exam-
ple, DNA spacers with size up to 2.8 nm were shown to
support tunneling in plasmonic dimers [29]. Direct tunneling
depends on the gap size and barrier height [30]. They can
be modified by the large electric field in the gap via the
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Fowler-Nordheim (FN) tunneling mechanism [26–28]. How-
ever, the EM enhancement is still limited even in the FN
tunneling regime, where the classical-to-quantum transition
takes place at a larger TSD. These quantum plasmonic effects
have been mainly investigated in systems based on the EM
enhancement. However, neither SERS gap-size dependence
nor TERS TSD dependence has been thoroughly investigated
in nonplasmonic CM-based systems. Therefore, the limits
of CM enhancement in graphene-enhanced Raman scattering
(GERS) and hybrid SERS platforms have not been well un-
derstood.

The CM enhancement is based on analyte-substrate chemi-
cal interactions, such as charge transfer (CT) between various
analyte and substrate states, which can modify the analyte
polarizability and increase the Raman scattering cross sec-
tion [31–33]. The CM EFs can be ∼10 − 102 or higher if
special substrates or synergistic effects are involved. Photoin-
duced resonance CT is a type of CM where the excitation
wavelength is resonant with the CT transition between the
analyte and substrate. Resonance CT EFs of ∼103 − 104 were
previously reported [34–36]. While the EM is dominant for
metallic substrates in the hot spots, the CM is dominant in
nonmetallic plasmon-free substrates, which are suitable for
biological applications due to high biocompatibility. However,
the plasmon-free CM enhancement is smaller than the plas-
monic EM. This inspired the search for new hybrid SERS
substrates with optimized properties based on the interplay of
the two mechanisms.

Graphene is a promising two-dimensional (2D) sub-
strate for SERS applications with large flexibility and good
mechanical stability, in the so-called graphene-enhanced Ra-
man scattering (GERS) [37–40]. A functionalized graphene,
namely graphene oxide (GO), has recently been used as a
GERS substate and showed larger EFs than pristine graphene,
which was attributed to the CM enhancement on GO [38,41–
45]. GO-based substrates have biological compatibility, high
thermal and chemical stability [45], and can be fabricated
with a high yield and low cost. Moreover, the large surface
area of GO helps adsorbing organic aromatic molecules [46],
polymers [47], and ions [48]. These properties make GO a
useful substrate for the construction of novel hybrid SERS
platforms. GO-enhanced Raman scattering is mainly due to
the CM mechanism involving charge transfer [49]. However,
compared with noble metallic SERS substrates, GO showed
smaller EFs of ∼103. A combination of GO with a plasmonic
system with EM enhancement, a hybrid GO-metallic system,
would boost a higher EF.

Here, we show that a hybrid GO/Au substrate can be used
to largely enhance the TERS signal at a smaller TSD beyond
the EM tunneling limit. We performed TSD measurements
in a hybrid Au-GO-Au plasmonic cavity which provides two
controllable gaps and enables the precise gap control with
sub-nm resolution for tuning the Raman response. Surpris-
ingly, we discovered a large signal enhancement (more than
four orders of magnitude) from carbon nanotubes (CNTs)
on GO/Au substrates in the quantum plasmonic regime sur-
passing the enhancement values of the traditional quantum
plasmonic EM tunneling limit. Our results show the separa-
tion of the EM and CM enhancements via the TSD control
in a hybrid GO/Au system. This opens new opportunities to

perform subnanoscale imaging of a wide range of molecular
systems and investigate and control the complex interplay of
enhancement mechanisms to further improve sensitivity and
resolution.

A. Experimental setup

The sketch of tip-induced GO-enhanced Raman scattering
(TIGERS) experimental setup is shown in Fig. 1. The laser
illumination of the Au-coated SPM tip results in the formation
of a near-field hot spot at the tip apex with ∼10 nm size
corresponding to the tip radius. Figure 1(a) shows the classical
plasmonic regime with a large TSD gap (gap 1 > 0.36 nm),
which corresponds to the van der Waals (vdW) contact dis-
tance between the Au tip and Au surface [12]. The second
gap, which corresponds to the vdW contact distance between
the GO and CNT gap2 = 0.32 nm, was estimated using the
vdW radii of ∼0.17 and ∼0.15 nm for C and O, respectively.
Both gaps were measured using the same approach by fitting
the linear piezo position dependence of the repulsive force as
described below. The only difference is that we used different
vdW radii, namely, those of C and O atoms for gap 2, and C
and Au atoms for gap 1, because gap 2 is a contact between
CNT and GO, while gap 1 is a contact between CNT and Au.
The large hot spot size [green shaded area directly under the
tip in Fig. 1(a)] corresponds to a strong hot spot due to the
EM enhancement. The contribution of the CM enhancement
between the Au tip and sample is weaker compared to the EM
and is not shown. On the other hand, the CM enhancement
due to the interaction between GO and CNT is stronger due
to the GERS effect [red shaded area between CNT and GO
in Fig. 1(a)]. However, the CM enhancement of GERS is still
weaker than the EM enhancement of TERS in the classical
regime [the green area above CNT is larger than the red area
below CNT in Fig. 1(a)].

Further pushing the tip on the sample by applying the force
beyond the vdW contact distance leads to the decrease of both
gaps, gap 1 and gap 2, and the corresponding decrease of the
EM hot spot (above CNT) and the increase of the CM “hot
spot” (below CNT) due to charge transfer via the quantum tun-
neling [Fig. 1(b)]. The experimental realization is obtained in
our setup based on the contact mode atomic force microscopy
(AFM), that was previously described [50,51]. Briefly, the tip
and laser are kept stationary during the measurements, while
the sample stage is approached with ∼0.16 nm piezo stage
precision in the commercial TERS setup (Horiba Scientific).
All experiments were performed under ambient conditions at
room temperature. AFM and far-field Raman measurements
were performed in tapping mode with 20-nm average TSD.
TERS measurements were performed in contact mode with
0.36-nm TSD. AFM and Raman imaging were performed
using a confocal microscope (XPlora, Horiba) coupled to
a scanning probe microscope (OmegaScopeR, Horiba) with
532- and 638-nm cw lasers focused using an objective lens
(numerical aperture = 0.9) on the Au-coated Ag tip with the
tip apex radius of ∼10 nm (Horiba Scientific). We checked the
tip for thermal damage after every experiment by measuring
the PL signal from the tip itself in the air. No significant
changes in the PL signal from the tip were observed. We
typically use this weak PL signal for the tip-laser overlap
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FIG. 1. Tip-induced GO-enhanced Raman scattering (TIGERS) experiment in EM (a) and CM (b) regimes. (a) EM regime with large
tip-sample distance (TSD) gap 1 > 0.36 with a strong electromagnetic (EM) hot spot (green shaded area directly under the tip) and gap 2 =
0.32 nm with a weak chemical (CM) hot spot (red shaded area directly under CNT). (b) CM regime with a small TSD gap 1 < 0.36 nm with a
weak EM hot spot and a small gap 2 < 0.32 nm with a strong CM hot spot.

alignment. Ag provides a stronger enhancement compared to
Au. We used a thin 3–5-nm coating of Au to protect Ag from
oxidation. Absorption is minimized in such a thin layer of Au,
and it is not expected to cause any significant thermal damage.
We refer to our tip as a Au tip for simplicity below.

The radius of the laser focal spot was ∼500 nm. Using
a backscattering configuration with 532- and 638-nm edge
filters, the scattered signals were collected and detected by
a spectrometer with 600 g/mm grating coupled to a charge
coupled device camera. TERS maps were obtained using
acquisition time of 0.2 s and 0.5 mW laser power. The
detailed setup for the TERS experiments was previously de-
scribed [12]. The angle between the incident laser optical axis
and the horizontal sample plane was 25 °. The angle between
the tip and the sample plane was 78 °. The incident light po-
larization was along the tip axis. After the vdW contact, both
tip and sample keep moving in response to the applied force
by the tip, resulting in a gradual decrease of the actual TSD
with sub-nm step size. We previously showed TSD control
of Au PL with sub-nm precision in the quantum regime of
TSD <0.36 nm [12]. We observed quenching of Au PL for the
decreasing of TSD due to tunneling, which corresponds to gap
1 in Figs. 1(a) and 1(b). Similarly, the CNT-GO gap 2 varies
simultaneously with gap 1 during the tip-sample approach,
leading to the increase of CNT Raman signals due to the CM
mechanism.

We estimated �d ∼ 10 pm uncertainty of TSD measure-
ments based on the error transfer analysis of the repulsive part
of the Lennard-Jones model shown in Supplemental Material
Fig. S2 [52] and described in detail in our previous work [12].
Briefly, we analyzed the linear piezo position dependence
of the repulsive force (Fig. S2a) and obtained its deviation
� f ∼ 0.769 nN. Then using the mean values of the repulsive
force ( f̄ ∼ 7 nN) and TSD (d̄ ∼ 0.3 nm) in the error transfer
relation |� f

f̄
| = 13|�d

d̄
|, where the repulsive force f = Ad−13,

we obtained the corresponding TSD deviation (Fig. S2b). We
varied the piezo stage position with 0.16 nm precision to ob-
tain ∼10-pm TSD step size that was used in the measurements
below.

We defined the tip-substrate gap as the distance between
the Au tip and the Au substrate. This gap forms the plasmonic

cavity by coupling the localized surface plasmons of the Au
tip with the image dipoles at the Au surface, forming so called
gap-mode plasmons. This results in high intensity SERS hot
spots. The total tip-substrate gap size for the GO-CNT system
in the plasmonic cavity between the Au tip and Au substrate is
the combination of the two gaps (gap 1 and gap 2) and the two
thicknesses of CNT and GO, which at the vdW contact dis-
tance is dgap = dgap1 + dgap2 + TCNT + TGO = 0.36 + 0.32 +
2 + 1.4 = 4.08 nm. Previously, we developed a phenomeno-
logical model of tunneling in 2D materials in plasmonic
cavities with subnanometer gaps [12,17,53]. The present re-
sults indicate that tunneling takes place even with larger gap
sizes, which could be explained by the FN-tunneling mech-
anism, described above [26–28]. We show evidence for such
quantum plasmonic tunneling below, optimized by tuning the
two variable gaps as control parameters.

B. Sample preparation

The solution of 70% metallic single-walled CNTs and
GO flakes (Graphene Supermarket®) in ethanol was drop
casted on atomically flat Au substrate (Ted Pella, Inc.) and
dried. As a result, some CNTs were randomly placed on GO
flakes. GO was chemically synthesized using the Hummers
method [54,55]. Native GO is an insulator [56,57]. Therefore,
we neglected its conductivity. Reduced GO (rGO), that could
be obtained using various reduction methods, may have non-
negligible conductivity but was not used in this work.

GO comprises a few-nanometers-thick sheet of carbon
atoms bonded to functional groups, such as carboxyl, car-
bonyl, hydroxyl, etc. [45]. We measured the thickness of GO
using AFM to be dGO = 1.4 ± 0.1 nm. The vdW gap between
the Au tip and GO is dgap1 = 0.3 nm. This makes the total
tip-substrate gap size dgap = 1.7 nm.

II. RESULTS

A. TERS, GERS, and TIGERS with resonant
(638 nm) excitation

First, we performed Raman scattering measurements
at four different tip-sample-substrate configurations to
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FIG. 2. Comparison of schematics, diagrams and spectra in TERS, GERS, and TIGERS experiments performed using 638-nm excitation:
(a),(e),(i) TERS of GO; (b),(f),(j) GERS of CNT; (c),(g),(k) TERS of CNT; (d),(h),(l) TIGERS of CNT. Schematic experimental sketches
(e)–(h) indicate gaps and sample thicknesses. The total gap between the Au tip and Au substrate dgap is the sum of relevant gaps and sample
thicknesses. Energy diagrams (i)–(l) show photoinduced charge transfer at 638-nm excitation (red arrows).

demonstrate the synergistic TIGERS enhancement. We used
the 638-nm excitation, which is resonant with the GO-CNT
complex. We obtained a large Raman signal enhancement of
CNT on GO/Au substrate at short TSD in the quantum regime.
We performed imaging, and compared different CNTs placed
partially or completely on the GO flake.

The comparison of TERS, GERS, and TIGERS is shown in
Fig. 2. Figures 2(a) and 2(d) show Raman intensity obtained
in experiments that were performed using 638-nm excitation
under the identical conditions with the same laser power.
Figures 2(e)–2(h) show the experimental schematics of the
specific tip-sample-substrate configurations, highlighting the
relevant TSDs. Figures 2(i)–2(l) show the corresponding en-
ergy diagrams and enhancement mechanisms.

Figure 2(a) shows the TERS spectrum of GO, which under
the chosen experimental conditions has weak signals from the
D and G bands. TERS of graphene and GO were previously
investigated [42,58]. TERS was used for nanoscale mapping
of the D and G bands, which arise from the scattering by
defects and E2g modes, respectively [59].

Figures 2(c), 2(g), and 2(k) show the TERS of CNT on
the Au substrate. The Raman signals of the D and G bands
of CNT are stronger than of GO. The characteristic 2D band
of CNT is also observed. Tunneling between the Au tip and
Au substrate at small TSD reduces the Raman signals for
both 532- and 638-nm excitations, via the EM mechanism.
However, for 638 nm there is also additional CM enhancement
due to the resonant excitation of the GO-CNT complex.

Figure 2(b) shows the GERS spectrum of CNT that was
obtained without the Au tip. No Raman signals of CNT or
GO were detectable under the chosen conditions. The GERS
signal was weaker than TERS confirming the larger contribu-
tion of the EM mechanism compared to the CM mechanism.
The CM mechanism of the GERS signal is shown by a dashed
red arrow in Fig. 2(j).

Figure 2(d) shows the TIGERS spectrum of CNT on the
same intensity scale as GERS and TERS spectra in Figs. 2(a)–
2(c). The TIGERS signal is stronger than the combination of
all these signals, showing a synergistic effect. The thick solid
arrow in Fig. 2(l) indicates the enhanced CT contribution.

Figure 3(a) shows the schematic of the CNT sample on the
GO/Au substrate, which includes three CNTs, one of which is
on the Au substrate (CNT2), one is on GO/Au (CNT3), and
one is partially placed on both substrates (CNT1). Figure 3(b)
shows the corresponding AFM height image. The thick bright
line in Fig. 3(b) is a GO wrinkle, that was confirmed by the
large AFM height in Fig. 3(b) and a strong Raman signal in
Fig. 3(d) (red line) showing the characteristic D (1350 cm−1)
and G (1585 cm−1) bands of GO and the absence of the 2D
(2600 cm−1) band of CNT. It most likely originated from
CNT3 in Fig. 3(b). TERS mapping of the D and 2D bands
in Fig. 3(e) correlates with the AFM topography in Fig. 3(b).
TERS imaging was performed with small TSD, shorter than
the vdW contact which corresponds to the TIGERS diagram in
Fig. 1(b) in the quantum regime. We used the 2D band to map
CNTs, while using the D band to map both GO and CNTs.
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FIG. 3. (a) Schematic of tip-enhanced Raman imaging of the CNT sample on GO/Au substrate. Tip-sample distance (TSD) of 0.3 and 9 nm
corresponds to the quantum and classical regimes, respectively. Near-field intensity at the tip apex decreases at a short gap due to the tunneling
limit. (b) AFM height image of GO flakes and CNTs on Au substrate. GO and CNT3-GO mark the locations of absence and presence of CNT
on GO, respectively. (c) Raman spectra from two different locations on the same CNT, partially on GO/Au (CNT1-GO) and on Au substrate
(CNT1). (f) Raman spectra from two different CNTs, CNT1 on GO/Au and CNT2 on Au substrate. (d) Raman spectra of CNT (green) and
GO wrinkle (red). (e) Overlapped Raman maps of the D (blue) and 2D (green) bands highlighted in (d) show images of three CNTs (CNT1,
CNT2, and CNT3) and GO wrinkle (GO-W).

Mapping of the D band in Fig. 3(e) shows a stronger signal
on GO wrinkles as compared to the pristine GO flake. This
enhancement at the wrinkles is associated with the in-plane
Raman modes distorted by wrinkles, leading to the out-of-
plane signal enhancement due to the near-field projection
along the plasmonic tip axis [58].

Figures 3(c) and 3(f) show the comparison of the TIGERS
and TERS signals of CNT on GO/Au and Au substrates,
respectively. In both cases, the TIGERS signal is significantly
stronger than TERS. Figure 3(c) shows the comparison of
the Raman signals from different parts of the same CNT
on GO/Au (CNT1-GO) and on Au (CNT1) substrates. The
TIGERS signal of CNT1-GO is much stronger than TERS of
CNT1. Similarly, Fig. 3(f) shows that the TIGERS signal of
CNT1-GO is stronger than the TERS signal from a different
CNT2. The results in Fig. 3 were obtained using the 638-nm
excitation. On the other hand, weaker Raman signals and no
significant difference between GO/Au and Au substrate was
observed using 532-nm excitation. This could be explained by
the better resonance matching of the GO band gap and laser
energy for the 638-nm excitation, as discussed below.

B. TSD dependence of resonant (638 nm) and
nonresonant (532 nm) excitation

Next, we investigated the TSD dependence of Raman sig-
nals of GO and CNT-GO systems under the resonant (638 nm)
and nonresonant (532 nm) excitations to demonstrate the ef-
fect of the CT resonance in the CNT-GO system. We varied

the TSD from the classical (>10 nm) down to the quantum
(<1 nm) regimes. We observed a transition from the classi-
cal to the quantum coupling, and more than four orders of
magnitude signal enhancement with resonant excitation in the
quantum regime.

Figure 4 shows the results of TSD measurements of GO
and CNT3 on GO for 532 nm [Figs. 4(a)–4(d)] and 638 nm
[Figs. 4(e)–4(h)] excitations. Figures 4(a)–4(d) show the ex-
pected TERS TSD dependence for 538-nm excitation, which
is similar for both GO and CNT. Here, the TERS signal first
increases with the decrease of TSD in the classical range of
gap sizes (marked C). Then the TERS signal decreases for
TSD in the quantum tunneling range (marked Q). This TERS
quenching corresponds to the quantum limit of SERS due
to tunneling [12,20]. The total gap size between the Au tip
and Au substrate is ∼2 nm and 4 nm for GO and CNT-GO
junction, respectively. These results indicate the presence of
quantum plasmonic effects in Au-GO-Au and Au-GO-CNT-
Au systems at 532-nm excitation. Note that both the Raman
signals of GO and CNT as well as the broad PL signal of Au
decrease in the small gap range. However, a different situation
is observed for 638-nm excitation.

In addition to tunneling, other effects may be present that
modify the Raman signals, such as the reduction of the near
field due to the electrical contact of CNT with the Au sub-
strate, or when the RC time scale for the tip-sample junction
becomes comparable to or shorter than an optical cycle. How-
ever, we believe that these effects play a minor role based on
the specific tip-sample configuration of our setup, with the
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FIG. 4. TSD dependence of GO and CNT on GO for 532 nm (a)–(d) and 638 nm (e)–(h) excitations. The locations on GO and CNT
correspond to the GO and CNT3-GO spots in Fig. 3(b), respectively. 2D contour maps (a),(b),(e),(f) and spectra (c),(d),(g),(h) reveal classical
(C) and quantum (Q) regimes corresponding to large and small TSD, respectively.

small area of the tip-sample electrical contact compared to
the tip size. The tip-sample configuration in our TERS setup
is analogous to the SERS setup that was previously used to
show the quantum tunneling limit [20].

Figures 4(e)–4(h) show that for 638-nm excitation there
is a rise of the broad PL signal in the classical regime with
decreasing TSD, which is steeper than for 532-nm excita-

tion. However, in contrast to the 532-nm excitation, there is
no significant increase of the Raman signals until the vdW
contact distance. After that there is a large increase of Raman
signals with the decrease of TSD in the quantum regime,
which is opposite the decrease observed due to tunneling
for 532-nm excitation. The increase of the G band Raman
signal from CNT is larger than from the GO in the quantum
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FIG. 5. TSD dependence for Au-Au and Au-GO-Au cavities using 532-nm excitation. (a) Schematic of two gap plasmon modes of the
tip-substrate cavity (BDP and CTP). (b) PL spectrum at 0.32-nm TSD for the Au-GO-Au cavity with double Gaussian fitting of the two modes.
Log intensity maps of TSD dependence of PL spectra of Au-Au (c) and Au-GO-Au (e) cavities. Fitted spectra for BDP mode in the classical
(red lines) and CTP mode in the quantum (blue lines) regimes for the Au-Au (d) and Au-GO-Au (f) cavities. TSD dependence of the fitting
parameters for the Au-GO-Au cavity: peak intensities (g), peak positions (h), and linewidths (i), respectively. TSD uncertainties before (0.16
nm) and after (10 pm) vdW contact.

regime as shown by the comparison of the maps in Figs. 4(e)
and 4(f), respectively. Figure 4(f) shows two bright narrow
lines emerging for smaller TSD after the decrease of the broad
PL signal. A more detailed analysis of these signals is given
in Supplemental Material Fig. S3 [52].

The broad PL signals for 638-nm excitation in Figs. 4(e)
and 4(f) correspond to the TEPL of GO. We observed quench-
ing of the GO PL in the tunneling range. This PL suppression
in the quantum regime helps better resolve the Raman signals
in the same spectral range.

C. Quantum plasmonic limit at 532-nm excitation

Next, we performed PL measurements with varying TSD
at 532-nm excitation to demonstrate the traditional quantum
plasmonic limit in the Au-Au cavity. We also performed PL
measurements in the Au-GO-Au system and showed similar
limiting behavior. These control experiments showed the evi-
dence of the quantum plasmonic limit in TEPL of the cavity
with the GO junction, which is overcome by the resonant
638-nm excitation.

Figure 5(a) shows the schematic of the bonding dipole
plasmon (BDP) mode, formed by the image dipole coupling
of the Au tip with the Au substrate in the classical regime. It
also shows the charge transfer plasmon (CTP) mode that is
generated by the tunneling in the quantum regime. The re-
duced number of charges at small gap size indicates the

reduced electric field. This corresponds to the quantum tun-
neling limit of the EM enhancement. Red arrows shown at
the small gap indicate tunneling. Figure 5(b) shows the PL
spectrum which consists of the two bands corresponding to
these two modes.

Gaussian fitting was used to separate the TSD dependence
of these modes for the Au-Au [Fig. 5(c)] and Au-GO-Au
[Fig. 5(e)] systems. The fitted spectra are shown for the BDP
band in the classical (red lines) and CTP band in the quantum
(blue lines) regimes in Figs. 5(d) and 5(f) for the Au-Au
and Au-GO-Au systems, respectively. The TSD dependence
of the fitting parameters for the Au-GO-Au cavity including
peak intensities (IBDP, ICTP), peak positions (λBDP, λCTP), and
linewidths (�BDP, �CTP) are shown in Figs. 5(g)–5(i), respec-
tively. The TSD dependence of the fitting parameters for the
Au-Au cavity is shown in Supplemental Material Fig. S1.

The comparison of the TSD dependence for 532-nm excita-
tion in Fig. 5 reveals that both Au-Au and Au-GO-Au cavities
exhibit similar quantum plasmonic behavior. While quantum
plasmonics in Au-Au systems was previously shown, we
present a demonstration of quantum plasmonics with GO.
Detailed analysis of the TSD dependence of the fitting param-
eters provides the supporting evidence. For example, Fig. 5(g)
shows that the BDP mode intensity decreases with the
decreasing gap size in the quantum regime of dgap < 1.72 nm
due to tunneling. The total gap includes the TSD of 0.32 nm
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due to the vdW tip-sample contact and the 1.4 nm thickness
of GO [see Fig. 2(e)].

The main quantum plasmonic signature is the blueshift of
the CTP mode (blue line with empty circles) in Fig. 5(h)
of more than 30 nm for TSD < 1.66 nm due to tunneling
that is similar to quantum plasmonic resonances in Au-Au
cavities [16,17]. The increased linewidth of this quantum
plasmonic mode in Fig. 5(i) also supports the tunneling con-
tribution.

D. Enhancement factors

Finally, we provide a detailed analysis of the enhancement
factors for the PL and Raman signals in the classical and
quantum regimes. We use the conventional definition of the
classical enhancement factor (CEF) as [60]

CEF =
(

ITip In

ITip Out
− 1

)
SFF

SNF
, (1)

where ITip In and ITip Out are the signal intensities with the tip
in contact and out of contact with the sample, respectively.
SNF and SFF are the effective surface areas that generate the
near-field (NF) and far-field (FF) signals, respectively.

In the classical regime, we obtain the far-field signal as
ITip Out and the mixture of near-field and far-field signals as
ITip In. We assume that the near-field signal at TSD of vdW
contact is generated by the hot spot at the tip apex with the
radius of curvature of ∼10 nm. On the other hand, the radius
of the far-field excitation laser spot is ∼500 nm. Assuming
circular areas of πR2 for both cases gives the value of SFF

SNF

of 2.5 × 103 [12]. The resulting CEF values of the PL and
Raman signals for the 532- and 638-nm excitations are shown
in Supplemental Material Figs. S3c, S3d and Figs. S3g, S3h,
respectively.

In the quantum plasmonic regime, we consider the tun-
neling effect by using the near-field signal at the vdW
contact TSD of 0.32 nm for IvdW and the near-field signal at
TSD < 0.32 nm as IC, which approaches the conductive con-
tact distance. The quantum EF (QEF) equation is

QEF =
( IC

IvdW
− 1

)SvdW

SC
. (2)

We assume that the signal enhancement at TSD < 0.32 nm
originates from only a few atoms at the tip apex, in the limit
from just one Au atom. Therefore, we use the radius of a Au
atom of 0.179 nm to define the area SC . For SvdW we use the
same area as above for the near field with the tip apex area of
10 nm. This gives the value of the SvdW

SC
factor of 1.2 × 104.

The resulting QEF values of the PL and Raman signals for
the 532- and 638-nm excitations are shown in Supplemental
Material Figs. S3a, S3b and Figs. S3e, S3f, respectively.

We used the Lennard-Jones model to perform the fitting
of the tip-sample interaction as described above. We assumed
the interaction of a single atom at the tip apex with the sample.
If more atoms of the tip participate in the interaction, then it
would lead to the overestimation of the QEF values. However,
even if all the atoms of the 10-nm size tip area interact, that
would reduce the QEF values by the SvdW

SC
factor, still giving

∼2–3 times enhancement.

III. DISCUSSION

In this work, we present experimental demonstration of
quantum plasmonics in the Au tip and Au substrate cavity
with GO junction using TSD spatial and spectral shift de-
pendence. This tunneling needs to be taken into consideration
when performing TEPL or TERS imaging of GO, because it
will set a fundamental limit on the signal enhancement that
may be achieved by EM mechanism. Optimization of TSD
needs to be performed to obtain the strongest signal.

Similarly, we obtained evidence for quantum plasmonics
in the Au-GO-CNT-Au system. Figure 4(f) shows quench-
ing of the GO PL due to the reduction of EM enhancement
and increase of CNT Raman signal due to increased CM
enhancement, supporting the TIGERS scheme in Fig. 1. Due
to the GO substrate, there is an additional CNT Raman sig-
nal enhancement at short TSD. In the absence of the GO
substrate the signal is lower as shown in the comparison of
the signals in Figs. 2(c) (TERS) and 2(d) (TIGERS). The
TIGERS signal shows more than four orders of magnitude
enhancement at short TSD using the QEF analysis. Figure S3
shows the quenching of the PL signal at 532-nm excitation and
the increase of the CNT Raman signals of the G and D bands
in the quantum regime. There is a large increase of the G-band
signal of TIGERS (solid line) compared to TERS (dashed
line) in Fig. S3f. However, there is no significant difference
between TIGERS and TERS for the D band, because GO
makes a larger contribution to this band compared to CNT.
The G-band intensity has a larger contribution of CNT and,
therefore, shows a larger Raman signal enhancement at the
decreasing TSD. We, therefore, demonstrate tunability of the
CM mechanism by TSD, which is a different control parame-
ter, that could be used for improving single-molecule imaging
and biosensing.

In general, in the Au/Au experiments on the clean gold
surfaces contacting at the 1–2 atom level it may be possible to
short out the EM enhancement due to the classical electrical
contact. This indeed happens when the contact area is large,
as was shown, for example, for gradually merging plasmonic
spheres, which showed a gradual transition from the classical
to the quantum regime and further to the classical conducting
regime [17,18]. We do not expect such a classical conductive
contact based on a positive gap of more than 0.2 nm and only
1–2 atoms contact area.

In summary, we investigated the TSD dependence of the
chemical mechanism of CNT on a hybrid GO/Au substrate in
the quantum regime using a different tip-sample configuration
(TIGERS). We showed that our system behaves predomi-
nantly based on EM at large TSD [Fig. 1(a)] and based on
CM at small TSD [Fig. 1(b)]. The reason for that is that
EM and CM have the opposite TSD dependence. The EM
enhancement decreases with the decrease of TSD due to the
tunneling, while the CM enhancement increases due to the
larger wave-function overlap between GO and CNT, increas-
ing the efficiency of charge transfer. Therefore, we used TSD
as a control tool for separating the EM and CM effects. Our
results may be generalized to other molecular systems beyond
CNT that are in resonance with GO such as molecular dyes
(methylene blue, cyanines) and biomolecular chromophores
(heme, chlorophyll) in the visible spectral range. The
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extension to biomolecules may be realized using hybrid sub-
strates based on GO and aluminum substrate instead of gold
in the near ultraviolet spectral range [61]. TIGERS signal

depends sensitively on the energetic alignment between the
substrate (GO) and analyte (CNT). Therefore, the properties
of the substrate should be tuned for a particular application.
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B. Palys, Graphene and graphene oxide applications for
SERS sensing and imaging, Curr. Med. Chem. 26, 6878
(2019).

[42] W. Su, N. Kumar, A. Krayev, and M. Chaigneau, In situ topo-
graphical chemical and electrical imaging of carboxyl graphene
oxide at the nanoscale, Nat. Commun. 9, 1 (2018).

[43] D. Sun, M. Tang, L. Zhang, B. G. Falzon, D. B. Padmanaban,
D. Mariotti, P. Maguire, H. Xu, M. Chen, and D. Sun, Mi-
croplasma assisted synthesis of gold nanoparticle/graphene
oxide nanocomposites and their potential application in SERS
sensing, Nanotechnology 30, 455603 (2019).

[44] L. Wang, Y. Zhang, Y. Yang, and J. Zhang, Strong dependence
of surface enhanced raman scattering on structure of graphene
oxide film, Materials 11, 7 (2018).

[45] Y. Song, K. Qu, C. Zhao, J. Ren, and X. Qu, Graphene Oxide:
Intrinsic peroxidase catalytic activity and its application to glu-
cose detection, Adv. Mater. 22, 2206 (2010).

[46] J. Zhang and X. S. Zhao, Conducting polymers directly coated
on reduced graphene oxide sheets as high-performance super-
capacitor electrodes, J. Phys. Chem. C 116, 9 (2012).

[47] D. Hernández-Sánchez, M. Scardamaglia, S. Saucedo-Anaya,
C. Bittencourt, and M. Quintana, Exfoliation of graphite and
graphite oxide in water by chlorin E6, RSC Adv. 6, 66634
(2016).

[48] G. Zhao, J. Li, X. Ren, C. Chen, and X. Wang, Few-Layered
graphene oxide nanosheets as superior sorbents for heavy metal
ion pollution management, Environ. Sci. Technol. 45, 10454
(2011).

[49] J. R. Lombardi and R. L. Birke, Theory of surface-enhanced
raman scattering in semiconductors, J. Phys. Chem. C 118,
11120 (2014).

[50] D. V. Voronine, G. Lu, D. Zhu, and A. Krayev, Tip-Enhanced
raman scattering of MoS2, IEEE J. Sel. Top. Quantum Electron.
23, 138 (2017).

[51] S. Ambardar, R. Kamh, Z. Withers, P. Sahoo, and D. V.
Voronine, Coupling nanobubbles in 2D lateral heterostructures,
Nanoscale 14, 8050 (2022).

[52] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.106.035410 for supplemental figures.

[53] C. Tang, Z. He, W. Chen, S. Jia, J. Lou, and D. V.
Voronine, Quantum plasmonic hot-electron injection in lateral
WSe2/MoSe2 heterostructures, Phys. Rev. B 98, 041402(R)
(2018).

[54] D. R. Dreyer, S. Park, C. W. Bielawski, and R. S. Ruoff, The
chemistry of graphene oxide, Chem. Soc. Rev. 39, 228 (2010).

[55] Y. Zhu, S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts, and R.
S. Ruoff, Graphene and graphene Oxide: Synthesis, Properties,
and applications, Adv. Mater. 22, 3906 (2010).

[56] K. P. Loh, Q. Bao, G. Eda, and M. Chhowalla, Graphene oxide
as a chemically tunable platform for optical applications, Nat.
Chem. 2, 1015 (2010).

[57] G. Eda, C. Mattevi, H. Yamaguchi, H. Kim, and M. Chhowalla,
Insulator to semimetal transition in graphene oxide, J. Phys.
Chem. C 113, 15768 (2009).

[58] A. Bhattarai, A. Krayev, A. Temiryazev, D. Evplov, K. T.
Crampton, W. P. Hess, and P. Z. El-Khoury, Tip-Enhanced
raman scattering from nanopatterned graphene and graphene
oxide, Nano Lett. 18, 4029 (2018).

[59] A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri,
F. Mauri, S. Piscanec, D. Jiang, K. S. Novoselov, S. Roth et al.,
Raman Spectrum of Graphene and Graphene Layers, Phys. Rev.
Lett. 97, 187401 (2006).

[60] B. Pettinger, P. Schambach, C. J. Villagómez, and N. Scott,
Tip-Enhanced raman Spectroscopy: Near-fields acting on a few
molecules, Annu. Rev. Phys. Chem. 63, 379 (2012).

[61] S. Ambardar, D. Nguyen, G. Binder, Z. W. Withers, and D.
V. Voronine, Quantum leap from gold and silver to aluminum
nanoplasmonics for enhanced biomedical applications, Appl.
Sci. 10, 4210 (2020).

035410-10

https://doi.org/10.1021/cr100265f
https://doi.org/10.1021/acs.chemrev.6b00365
https://doi.org/10.1039/C6NR08693D
https://doi.org/10.1021/nn800593m
https://doi.org/10.1021/nl8013007
https://doi.org/10.1007/s11468-016-0472-2
https://doi.org/10.1021/nl903414x
https://doi.org/10.2174/0929867325666181004152247
https://doi.org/10.1038/s41467-018-05307-0
https://doi.org/10.1088/1361-6528/ab2a23
https://doi.org/10.1002/adma.200903783
https://doi.org/10.1021/jp205033c
https://doi.org/10.1039/C6RA13501C
https://doi.org/10.1021/es203439v
https://doi.org/10.1021/jp5020675
https://doi.org/10.1109/JSTQE.2016.2584784
https://doi.org/10.1039/D2NR00512C
http://link.aps.org/supplemental/10.1103/PhysRevB.106.035410
https://doi.org/10.1103/PhysRevB.98.041402
https://doi.org/10.1039/B917103G
https://doi.org/10.1002/adma.201001068
https://doi.org/10.1038/nchem.907
https://doi.org/10.1021/jp9051402
https://doi.org/10.1021/acs.nanolett.8b01690
https://doi.org/10.1103/PhysRevLett.97.187401
https://doi.org/10.1146/annurev-physchem-032511-143807
https://doi.org/10.3390/app10124210

