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The electronic properties of graphene are very sensitive to its dielectric environment. The coupling to a
metal substrate can give rise to many novel quantum effects in graphene, such as band renormalization
and plasmons with unusual properties, which are of high technological interest. Infrared nanoimaging
are very suitable for exploring these effects considering their energy and length scales. Here, we
report near-field infrared nanoimaging studies of graphene on copper synthesized by chemical vapor
deposition. Remarkably, our measurements reveal three different types of near-field optical responses
of graphene, which are very distinct from the near-field edge fringes observed in the substrate. These
results can be understood from the modification of optical conductivity of graphene due to its coupling
with the substrate. Our work provides a framework for identifying the near-field response of graphene in
graphene/metal systems and paves the way for studying their novel physics and potential applications.
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1 Introduction

The strength of Coulomb interaction in graphene is con-
trolled by the effective dielectric constant of the envi-
ronment [1, 2]. A metal at a short distance can screen
the long-range part of the electron-electron interactions
in graphene [1, 2], which can lead to changes in Fermi
velocity renormalization [3] and electron-phonon coupling
strength [3–5]. Moreover, in graphene/h-BN/metal het-
erostructures screening by metal can significantly mod-
ify surface plasmon polaritons in graphene [6–8], yield-
ing acoustic plasmon modes with a linear dispersion, long
lifetime and strong field confinement [9–12]. Such het-
erostructures have been employed to reduce the plasmon
velocity of graphene, which enables the probe of nonlocal
quantum effects via plasmon imaging [13]. Theoretical
studies suggest that graphene directly deposited on metal
can host acoustic plasmons with low Landau damping and
strongly enhanced vertical confinement compared to sam-
ples on dielectric substrates [14, 15]. In terms of appli-
cations, graphene/metal structures are of high technolog-
ical relevance, showing excellent potentials in gas and bi-
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ological sensing [16–18], photodetectors and optoelectron-
ics [19]. Therefore, the graphene/metal system provides
an intriguing platform for exploring novel quantum phe-
nomena in graphene and exploiting them for applications.

Chemical vapour deposition (CVD) on copper surfaces
can produce large, continuous and high-quality monolayer
graphene films [20–22]. High-resolution angle and lateral
resolved photoelectron spectroscopy (nano-ARPES) mea-
surements have shown that single grains of graphene on
copper exhibit robust Dirac electronic spectrum with the
opening of a mini-gap of 50 meV at the Dirac point [23].
These findings are compatible with theoretical predictions
of weak interactions between graphene and the Cu sub-
strate [24, 25], which largely preserves the band structure
of graphene. Moreover, the interface between graphene
and Cu in these CVD grown samples are atomically flat
and cleaner than the interface in transferred samples,
in which mechanically exfoliated graphene is transferred
and deposited onto a metal film. Therefore, CVD grown
graphene on Cu constitutes an excellent system for explor-
ing the physics of graphene coupled to a metal.

2 Experimental

Here, we report a near-field infrared (IR) imaging
study of graphene grown on copper substrates employing
scattering-type scanning near-field optical microscopy (s-
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SNOM). The IR regime is of great interest for graphene,
because the energy scales of many physical phenomena
and electronic excitations in graphene and related systems
lie in this energy range [3], including interband transi-
tions, band gap, many body interactions and collective
modes. s-SNOM can provide information about a broad
range of electronic phenomena in quantum materials with
nanometer spatial resolution [6, 26, 27]. Such high reso-
lution is particularly important for probing the local in-
trinsic properties of graphene on Cu because measure-
ments on single grain and multiple grains of graphene in
this system can show very different results [23, 28, 29].
Moreover, direct imaging of plasmons in graphene requires
scanning probes with nanometer resolution. Recently, s-
SNOM has been utilized to image and explore plasmons
in graphene and related structures [30–42]. However, sys-
tematic near-field IR studies of graphene/metal systems
have not been reported. One potential challenge is that
the strong near-field IR signal of the highly conductive
metal substrate [26, 27] may obscure that of graphene,
making it difficult to explore graphene using s-SNOM.

In our work, h-BN/Cu samples were firstly measured to
study the near-field response of the Cu substrate, which
shows edge-fringes formed across the surface steps on
Cu [43]. From detailed analysis on the spatial profile of
near-field images of graphene/Cu, the near-field response
of graphene can be distinguished from that of Cu. Our
study reveals three different types of near-field responses
in graphene on Cu, which may arise from the modification
of optical conductivity of graphene due to doping or strain
induced by the substrate.

In our study, near-field imaging is accomplished using
an s-SNOM, in which a mid-infrared laser (wavelength of
11 um) focused on the apex of a metallic AFM tip ex-
cites a highly localized electromagnetic field in the gap
between the tip and the sample due to the antenna ef-
fect [26, 27, 44, 45]. This localized field decays exponen-
tially normal to the sample surface within tens to hun-
dreds of nanometers [27]. The AFM tip is operated in
tapping mode and the tip-scattered light is measured at

Fig. 1 Schematic of s-SNOM. A mid-infrared laser is focused
on the apex of a metallic AFM tip, which oscillates vertically
with amplitude A and frequency Ω. The tip-sample separation
is H(t) = H0 + A[1 + cos(Ωt)], where H0 is the minimum tip-
sample separation. Ein: Incident light; Esc: Scattered light.

far field by a detector, as shown in Fig. 1. To identify the
near-field signal which encodes the electronic and optical
properties of sample surface, a pseudo-heterodyne inter-
ferometry and demodulation of detected signal at 3rd har-
monic of tip resonance frequency have been implemented.
The magnitude of near-field amplitude signal is propor-
tional to the vertically effective polarizability of tip which
is determined by the tip-sample coupling strength and op-
tical constants of the sample [26, 27, 44, 45].

The high-quality graphene/Cu and h-BN/Cu samples
were obtained by means of CVD growth technique. For
graphene/Cu samples [20–22], the industrial copper foil
(25 µm thick, 99.8% purity) was placed horizontally on
CVD tube furnace, and heated up to 1020 ◦C under re-
ducing gases Ar and H2 of 500 sccm and 10 sccm, respec-
tively. The furnace was kept at same temperature for
30 minutes, then the monocrystal Cu substrate was ob-
tained. The CH4 (1 [ ]sccm) gas was introduced to the
furnace to grown graphene samples. After growth pro-
cess, the samples were cooled naturally to room tempera-
ture under the reducing gases condition mentioned above.
Raman spectroscopy showed that the samples are single
layer graphene. The h-BN/Cu samples were obtained by
the method in Ref. [46].

3 Results and discussion

First, h-BN/Cu samples were measured to study the near-
field response of the Cu substrate. h-BN/Cu samples were
chosen because h-BN can protect the Cu substrate from
oxidation in ambient condition. Moreover, h-BN does not
modify the near-field response of the Cu substrate because
our laser frequency is far from the phonons of h-BN47.
Figure 2(a) shows the AFM topography and near-field
amplitude image of a region in the vicinity of a step on h-
BN/Cu. The step originates from the surface topography
of Cu substrate. While the near-field amplitude image of
h-BN/Cu shows constant at the low and high plateaus of
the step, a peak and a dip were observed in the near-field
amplitude near the edge of the step, as indicated by the
1st and 2nd vertical dash lines in Fig. 2(a) respectively.
The full width of the dip feature between the 1st and 3rd
vertical dash lines is similar to the width of the edge.

Remarkably, three significantly different types of re-
sponses were observed in the near-field amplitude image
of graphene/Cu near steps on the substrate, as shown in
Figs. 2(b)–(d). In some samples, a pronounced peak and
dip feature [Fig. 2(b)] were observed (refer to as the “peak-
dip” case) corresponding to the lower and upper of ends
of the edge of the step, respectively. In the second type
of response (the “peak” case) shown in Fig. 2(c), a single
peak was observed corresponding to the lower end of the
edge and the signals at the low and high plateaus of the
step remain constant. Lastly, a third type of response (the
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“dip” case) was observed featuring a single dip inside the
edge of the step as shown in Fig. 2(d).

For non-resonant materials such as h-BN at laser wave-
length far from its phonon frequency, prior studies [43]
have demonstrated that the emergence of a “peak-dip”
feature in near-field amplitude near a surface step can be
explained based on the geometries of the step. The process
of a tip scanning across a h-BN/Cu step can be divided
into four stages [43] as labeled in Fig. 3(a): (i) When the
tip is located in the low plateau of the step, a hot-spot48
is excited by the external field of the excitation laser and
formed under the tip apex [43, 49], which is a local re-
gion where the intensity of electromagnetic field is highly
localized and very strong. The field of the hot-spot is scat-
tered by the tip into the far field, producing signal seen in
s-SNOM. The near-field amplitude in this region is con-
stant due to the homogeneity of the sample. (ii) When
the tip approaches and contacts the edge of step, two hot-
spots are formed, one under the tip apex and another at
the gap between the edge of step and the side of tip, as in-
dicated by black arrows in schematic in Fig. 3(b). Because
the intense optical field of a hot-spot gives rise to strong
near field signal, the formation of two hot-spots strongly
enhances the near-field amplitude in stage (ii) compared
to region 1 . Thus, a peak appears in the near-field ampli-
tude as shown in Fig. 2(a) label 2 . (iii) When the apex of
the tip is located above the edge of the step, the hot-spot
under the tip apex disappears due to the lack of contact
with the sample, and only one hot-spot remains between

the side of the tip and the edge of the step. Because the
overall effective polarizability of the tip is vertical, the lo-
cal field enhancement from the hot-spot at the side of the
tip is weaker than that from the hot-spot under the tip
apex. The weaker field enhancement of the former leads
to a decrease in the near-field amplitude in stage (iii) com-
pared to that in stage (i), so a dip appears in the near-field
amplitude as shown in Fig. 2(a) label 3 . (iv) When the
tip is scanned away from the edge and enters the high
plateau, one hot-spot is formed under the tip apex again,
so the near-field amplitude is similar to that of stage (i).
As shown in Fig. 3, the near-field response of h-BN/Cu
can be explained by this picture.

For graphene/Cu samples, the near-field amplitude with
“peak-dip” feature is notably different from the response
of h-BN/Cu. While the full width of the dip feature in
h-BN/Cu is similar to the width of the edge [Fig. 2(a)],
the dip feature in graphene/Cu is much wider spatially
compared to the width of the edge [Fig. 2(b)]. In the latter
case, the dip feature extends far into the high plateau
region spatially. For the “peak” case in graphene/Cu, only
a single peak is observed as shown in Fig. 2(c), whereas
only a single dip is observed inside the edge of the step for
the “dip” case [Fig. 2(c)]. All these three types of near-
field responses of graphene/Cu are completely different
from that of the Cu substrate.

Next, we verify whether the three types of near-field
responses in graphene/Cu samples are related to the ge-
ometries of steps on Cu. An examination on the width

Fig. 2 Topography and near-field amplitude images of h-BN/Cu (a) and graphene/Cu (b–d). Line-profiles in each part are
topography and near-field amplitude corresponding to the magenta arrows. The red dash lines represent the constant near-field
amplitude at the topographic plateaus. The labeled numbers indicate the representative stages of the tip scanning across a
surface step.
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and height of surface steps measured in this study (Fig. 4)
shows that the shape (height-width ratio) of various steps
for the three types of responses are very close to one an-
other, suggesting that our observations are approxima-
tively independent on the shape of the step. Furthermore,
if the near-field response is related to the geometries of
steps, two steps with similar width and height should show
similar near-field amplitude features. In stark contrast,
we find that two different steps with similar width and
height on graphene/Cu can show very different near-field
amplitude features, as indicated by two magenta circles
in Fig. 4. In particular, two different steps with width
and height of about 100 nm and 10 nm show “peak-dip”
and “peak” features, respectively; another two steps with
width and height of about 120 nm and 17 nm show “peak”
and “dip” features, respectively. Therefore, our study has
unambiguously demonstrated that the three types of near-
field responses shown in Figs. 2(b–d) arise from the near-
field response of graphene instead of from surface steps on
Cu.

It has been shown that Cu substrate can introduce dop-
ing and strain in graphene [50, 51]. Charge transfer be-
tween graphene and Cu substrates can lead to doping in
graphene, which depends on the lattice orientation of Cu
substrates [50, 51]. On the other hand, the different co-
efficients of thermal expansion between graphene and Cu
substrates [52, 53] can induce strain in graphene during
cooling process in CVD growth, so graphene could be sub-
ject to different strain at different areas of the step. The
applied strain makes the optical conductivity of graphene
deviating from a universal and isotropic value [54]. Re-
cent ab initio calculation [55] has shown that the optical
conductivity of strained graphene in the infrared range is
sensitive to the amount of strain. Especially, for the uni-
axial strained graphene, the optical conductivity in the
parallel (perpendicular) direction to the strain decreases
(increases) with increasing the amount of strain and the
optical conductivity in two directions change by the same
amount [55, 56]. So it is anticipated that strain could
modify the local optical conductivities of different areas
of graphene.

Substrate induced doping and strain can modify the

local optical conductivity of graphene in different areas
of the sample [40, 56] and consequently impact the near-
field response of graphene, which is approximately pro-
portional to its optical conductivity [37, 38]. When the
tip-sample coupling is non-resonant, the SNOM response
s(ω) within the point-dipole approximation can be cal-
culated from the frequency- and momentum-(q) depen-
dent P-polarized reflection coefficient rp(q, ω) of the sys-
tem convoluted with a near-field weight function of the
form q2 exp(−2qzd), where zd is the distance between the
tip dipole and the surface [37, 38]. The dominant in-
plane momenta contributing to near-field coupling are dis-
tributed around q∗ = 1/R ∼ 3×105 cm−1, where R is the
AFM tip radius. Here rp(q, ω) describes electrodynam-
ics of the system in the near field, namely, evanescent
fields with large in-plane momenta q. Around the mo-
mentum q∗ at a fixed frequency, it has been shown that
to first order approximation rp ≈ r∞ − Aσ [38], where
r∞ = rp (q → ∞), A is a constant related to the per-
mittivity parameters of the system and σ is the optical
conductivity of graphene. Therefore, the presence of the
graphene leads to a change of near field signal proportional
to its local conductivity, which has been observed in pre-
vious SNOM measurements [38]. In the “peak-dip” case
observed in the near field imaging of graphene/Cu, the ex-
tension of the dip feature far into the high plateau region
might be attributed to decreased optical conductivity of
graphene in this region due to substrate induced strain or
doping, which leads to decreased near-field amplitude in
the high plateau. Similarly, the absence of a peak feature
in the “dip” case may arise from decreased optical conduc-
tivity of graphene at the low end of the edge in that case
caused by the substrate. On the other hand, the absence
of dip feature in the “peak” case might originate from en-
hanced optical conductivity of graphene in the edge of the
step in that case due to strain or doping, which increases
the near-field amplitude and compensates the dip feature
in the edge expected from the substrate alone. Therefore,
the diverse near-field responses of graphene/Cu observed
in our study can be naturally explained by substrate in-
duced doping and strain, which can vary considerably in

Fig. 3 (a) Four stages when a tip is scanned across a surface step. The circle drawn on the tip represents its apex with
diameter of D. (b) Zoom-in on the gap between the tip and sample surface at positions 2 and 3 . The white fuzzy regions and
black arrows indicate hot-spots.
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Fig. 4 The width and height of various surface steps on
graphene/Cu samples measured in this study. Two different
steps with similar width and height can show different types
of near field responses, as indicated by the magenta circles.

different samples. Further studies on the detailed distri-
bution of doping and strain near the steps on the substrate
are beyond the scope of the present work.

4 Summary

In summary, we have demonstrated a viable approach
for identifying the near-field IR response of graphene
in graphene/metal systems. Three significantly different
types of near-field profiles are observed in graphene on
Cu, which may be attributed to the modification of op-
tical conductivity of graphene due to substrate-induced
doping or strain. Our study provides a qualitative frame-
work for identifying the near-field IR response of graphene
on metal substrate and lays the groundwork for revealing
the novel physics therein.
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