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ABSTRACT The stacking orders in few-layer graphene (FLG) IR . ABA
strongly influences the electronic properties of the material. To . N Tip RS
explore the stacking-specific properties of FLG in detail, one needs Scatter;g\ﬁ\/fy/ Dy =
powerful microscopy techniques that visualize stacking domains ABC
with sufficient spatial resolution. We demonstrate that infrared (IR) __ff?‘
=

scattering scanning near-field optical microscopy (sSNOM) directly
maps out the stacking domains of FLG with a nanometric resolution, based on the stacking-specific IR conductivities of FLG. The intensity and phase
contrasts of sSSNOM are compared with the sSSNOM contrast model, which is based on the dipolar tip—sample coupling and the theoretical conductivity
spectra of FLG, allowing a clear assignment of each FLG domain as Bernal, rhombohedral, or intermediate stacks for tri-, tetra-, and pentalayer graphene.
The method offers 10—100 times better spatial resolution than the far-field Raman and infrared spectroscopic methods, yet it allows far more
experimental flexibility than the scanning tunneling microscopy and electron microscopy.

KEYWORDS: nanoplasmonics - near-field optics - nanoscopy - multilayer graphene - stacking orders

and interconversion'3'

few-layer graphene (FLG) bring drastic

changes in band structures,' ¢ electri-
cal” and magnetic properties.®? In particular,
trilayer graphene (TLG, upper panel of
Figure 1a) can assume the ABA (Bernal)
structure, which is semimetallic, and the
ABC (rhombohedral) structure, which is
semiconducting.>'® More diverse structure-
specific properties, which are currently
largely unexplored, are expected for FLG
with more than three layers. Besides pure
academic interest, such stacking-specific
properties of FLG also hold a great promise
for developing new electronic and optoelec-
tronic devices because FLG with specific
stacking orders allows a large band gap that
can be manipulated by an external electric
field>'"'2 The FLG samples are usually
made of domains of various stacking orders.
Therefore, a full realization of such promise
requires detailed knowledge on the formation

Subtle changes of stacking orders in
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of stacking orders,
structures of the stacking domain boundar-
ies'>'" and their influence on transport
properties, which calls for powerful micro-
scopy techniques that can directly visualize
and identify the domains.
High-resolution electron microscopy
and scanning tunneling microscopy'* suc-
cessfully visualizes stacking domains and
their boundaries with ~1 nm resolution,
but they are restricted to the samples on
conducting substrate, or to the ones in free-
standing conditions. The line shape analyses
of Raman spectra'®?° provide a convenient
means to differentiate Bernal/rhombohedral
domains of FLG with ~1 um resolution.
While this technique is generally applicable
to FLG on any substrates, the analysis be-
comes progressively more challenging as we
increase the number of layers. The far-field
infrared (IR) spectroscopy delivers direct
information®” on stacking orders through
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Figure 1. Spectrum of trilayer graphene and schematic of SSNOM measurement. (a) Rhombohedral (ABC) and Bernal (ABA)
stacking structures of a trilayer graphene (TLG, top panel) and an IR reflection spectrum (bottom panel) obtained from
a mechanically exfoliated TLG on a SiO,/Si substrate shown in the inset optical reflection image. The spatial resolution of the
micro-IR spectrometer employed is ~10 um, which is insufficient to resolve stacking domains in TLG. Thus, the spectrum
represents the weighted average of the spectra of ABA and ABC domains in the TLG. Peaks 1 and 2 arise from the ABC-
structure, whereas peak 3 originates from the ABA structure. The black arrow points to the photon energy (gphot = 0.366 eV)
employed for the IR-sSNOM measurement, which is resonant with an IR transition of the ABC-structure. (b) Schematic of

sSNOM measurements of the FLG sample.

the stacking-dependent IR-conductivity spectra (0).**
Unfortunately, the spatial resolution (5—10 #m) of far-
field IR spectro-microscopy is insufficient to spatially
resolve the stacking domains.

Here, we report that the IR scattering scanning near-
field optical microscopy (sSNOM)?'—° enables a direct,
nanometric visualization and characterization of the
stacking domains in FLG. The comparison of the experi-
mental contrast (intensity and phase) and the sSSNOM
contrast, which is based on the dipolar tip—sample
coupling and theoretical complex conductivity spectra
of FLG, allow us to uniquely assign stacking orders
of domains in tri-, tetra-, and pentalayer FLG as Bernal,
rhombohedral, or intermediate structures. The model
also reveals that it is the two-dimensional nature of FLG
leading to the remarkably large contrast difference for
differently stacked FLG. These attributes complement
the limits of existing methods for studying the stacking
orders of FLG.

RESULTS AND DISCUSSION

Figure 1a (bottom panel) shows an IR reflection
spectrum of a mechanically exfoliated TLG on a SiO,/
Si substrate (shown in the inset photograph) displaying
characteristic resonances in optical conductivities aris-
ing from the interband transitions of the ABC (0.3 and
0.38 eV) and ABA (0.5 eV) domains.>**® For sSNOM
measurements below, we use the IR-light at 0.366 eV,
which is resonant with a transition of ABC-TLG (marked
as an arrow in Figure 1a). The sSNOM measures
(see schematic in Figure 1b and Methods section) the
scattering (Escar) from a laser-illuminated junction made
of a metallic tip (in our case, an atomic force micro-
scope, AFM, probe) and the sample surface. The local
optical property of the surface influences the tip—
sample coupling, and thus determines the E . and
sSNOM contrast. For a FLG sample, differently stacked
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layers exhibit different in-plane IR conductivities (0),>~>

therefore, providing stacking-specific sSSNOM contrasts.
Experimentally, the lock-in filtered (at the third harmonic
frequency of the tip's oscillation) scattering amplitude
S3= |53|e’¢3 of E..; is used instead to avoid the far-field
background.

Figure 2 compares the AFM (Topo), the optical
reflection (OR) and sSNOM (|s3|2 and ¢s) images of a
mechanically exfoliated FLG on a SiO,/Si substrate. To
facilitate the experiment-model comparison of sSSNOM
amplitudes, we will present the experimental and model
sSNOM signals that are normalized with respect to those
of bare SiO,/Si substrate: |s|* = |s3 (FLG on substrate)/
S3 (substrate)|2 and ¢3 = ¢3 (FLG on substrate) — ¢s
(substrate). The topography (Figure 2a) and optical
reflection (Figure 2b) images show homogeneous
profiles throughout the entire region of the TLG. On
the other hand, the intensity and phase sSNOM images
(Figure 2¢,e) obtained with a resonant IR-light show two
distinct domains. Similar features are consistently found
in the sSSNOM images of other TLG samples examined
(see Supporting Information-A). The features are com-
pletely absent in the sSSNOM image of the same TLG
obtained with light at 4 = 633 nm (1.96 eV, Figure 2d).
We interpret that the features in IR-sSNOM images are
the ABA (darker intensity) and ABC (brighter intensity)
stacking domains of TLG, which will be validated by the
tip—sample near-field coupling model described below.
The interpretation is also corroborated by a subtle
change in line-shape of the 2D peaks of Raman spectra®®
measured on the two regions of the same TLG (see
Supporting Information-B). The ABA/ABC boundaries
in the IR-sSNOM images have a transitional half-width
of ~40 nm (see Figure 2fg). The finite domain wall
thickness' of the ABA/ABC boundaries as well as the
native sSNOM resolution (typically 10—50 nm) may
contribute to the observed width of the transition.
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Figure 2. Stacking-specific SSNOM images of a trilayer graphene. (a) Topography. The numbers (n) refer to the number of
graphenelayers (n =3 and 10). The number of layers, n, is determined by a separate Raman spectroscopy measurement (using
the G and 2D peaks) and by AFM topography (0.34 nm per layer). (b) Far-field optical reflection image (OR) obtained with a
white-light source. (c) sSSNOM intensity (|s5|?) obtained with A = 3.39 um light (0.366 eV). (d) sSSNOM intensity image obtained
with a visible light (1 = 633 nm, 1.96 eV). (e) sSSNOM phase image at A = 3.39 um. (f) Zoom-in scan of the region marked with
arectangle in (c). (g) Line-profiles of sSSNOM intensity (red circles) and the corresponding topography (gray curve) across the
ABA—ABC domain boundary indicated in (f) with a white line. Also shown as a comparison is the line-profile sampled across
the ABC/bare substrate (SiO,/Si) boundary (gray squares) indicated in (f) with a yellow line. The black solid curves are the fit of

the signals to an error-function.

For the particular sSSNOM images shown, however, we
believe that the width mostly reflects the resolution of
sSNOM because we observe nearly the same transitional
width across the ABC/bare substrate (SiO,/Si) boundary
(see Figure 2g and Supporting Information-C for more
detail).

To fully validate the domain assignment in TLG
and thicker FLG, we have modeled the sSSNOM signals
of FLG based on tip—sample dipolar coupling®® (see
Methods and Supporting Information-D), which includes
the following: the incident light induces an oscillating
point-dipole at the tip (with a dipole moment py), the
tip-dipole polarizes the sample surface, and the polari-
zed charges of the surface alter the tip-dipole creating a
new tip-dipole p. The E . from the tip-dipole and thus
the s3 are altered by the local properties of the sample
surface (see Figure 1b).

Experimentally, we find that the normalized sSSNOM
contrasts show significant tip-to-tip variation (up to
40% in intensity), which primarily arise from the varia-
tions in the radius of curvature of tip-end and the
tip—sample feedback condition. Nevertheless, the re-
lative contrasts and their ordering remain stable within
the time scale of measurement. To account for such
experimental variation, the average tip—sample dis-
tance (2) and the radius of the tip-end (a) are set as
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adjustable (within a physically relevant range) fitting
parameters. In the sSSNOM contrast model, the tip-end
is modeled as a nanosphere, whereas the real tip-end is
better characterized as a cone. Therefore, the model a
and z do not necessarily correspond to the real topo-
graphic shape of the tip-end and tip—sample distance,
respectively (see Supporting Information-D for more
detail). This requires the adjustment of the model tip-
parameters. More often than not, the tip picks up
impurity particles (such as polymer debris or inorganic
dirt), which drastically alters the sSNOM contrasts.
The images obtained with such contaminated tip-end,
which can be readily recognized by the topographic
changes, are discarded.

The complete experimental complex conductivities
of FLG with various stacking orders, which are the
essential input parameters of the simulation, are currently
experimentally unavailable. The only available experi-
mental conductivities are the real part of the conductivi-
ties of Bernal-stacked FLG (n = 1—6) and rhombohedral
TLG obtained by Heinz and co-workers3~>2%3" Thus,
we theoretically calculated the complex conductivities
of FLG based on the tight-binding Hamiltonian® and
the Kubo formula®? (see Supporting Information-E),
which is displayed in Figure 3. The matrix elements
(yo and y;) and the parameters for the Kubo formula
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Figure 3. Complex optical conductivity spectra of FLG. (a) Experimental conductivity (real) spectra of Bernal-stacked FLG
obtained by Heinz and co-workers.* (b) Real (upper panel) and imaginary (lower panel) parts of the conductivity spectra of
Bernal-stacked FLG calculated from tight-binding Hamiltonian and Kubo formula. (c) Theoretical conductivity spectra of
rhombohedral FLG. All of the conductivities (o) are expressed in unit of 0o = ca/4, where c and o are the speed of light and the

fine-structure constant.

(phenomenological disorder parameter 7 = 40 meV,
and Fermi energy E¢ = 0.19 eV, which is estimated by
analyzing the Raman spectra; see Supporting Informa-
tion-F) are chosen so the theoretical (Figure 3b) and
experimental spectra? of Bernal-stacked FLG (Figure 3a)
show closest match. The same set of parameters is used
for calculating the conductivities of all of the rhombo-
hedral (Figure 3c) and intermediate-stack (not shown)
FLG considered. These theoretical complex conductiv-
ity spectra of FLG, together with the dielectric functions
of the substrate materials (SiO, and Si), are used to
evaluate the sSSNOM model contrasts.

Figure 4b shows the sSSNOM model signals of ABA-
and ABC- TLG plotted as a function of photon energy

KIM ET AL.

(ephot), along with the experimental signals of the two
domains at gpnor = 0.366 and 1.96 eV. The theoretical
conductivity spectra of TLG are also drawn in Figure 4a
for comparison. With ephoe = 0.366 eV, the conductivities
of the ABA- and ABC-TLG are significantly different,
leading to large sSSNOM contrast difference between
the two. With epnoc = 1.96 eV, however, the conductivi-
ties of the two are essentially the same and the contrast
difference vanishes (Figure 2d).

In modeling the sSSNOM contrast, the tip-parameters
(effective radius of curvature of the tip-end and the
average tip—sample distance) of the model are ad-
justed (to within physically relevant ranges) to give the
best match with the observed intensity (Js5|) contrasts
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Figure 4. Comparison of the experimental and model sSSNOM contrasts. (a) Theoretical spectra of the real (upper panel) and
the imaginary (lower panel) parts of the optical conductivity of TLG. The conductivities are expressed in unit of o, = co/4,
where c and o are the speed of light and the fine-structure constant, respectively. (b) Modeled sSNOM intensity (upper panel)
and phase (lower panel) of ABA- and ABC-TLG plotted as a function of photon energy (gphot). The experimental sSSNOM
contrasts at et = 0.366 and 1.96 eV are also plotted using filled circles. The error bars of the experimental signals correspond
to twice the standard deviation of the signals within the ABA or ABC-domains. (c) The two-dimensional sSSNOM image
histogram (¢3, |s3|2) extracted from the TLG regions of Figure 2¢c,e. The modeled contrasts of the ABA and ABC structures
evaluated at ¢pnot = 0.366 eV are displayed as crosses. In both b and ¢, the signals of the TLGs are normalized with respect to
those of the substrate (SiO,/Si). (d) Norms of the p-polarized Fresnel coefficient ry(q) for ABA/SiO,/Si (blue), ABC/SiO,/Si
(yellow), and SiO,/Si (black) are plotted as a function of the in-plane photon momentum q/ko, where ko = w/c (w and c are the
angular frequency and speed of light, respectively). Also shown as a filled curve (red) is the norm of weight function W(q, 2)
(see main text) at eppor = 0.366 eV with a tip—sample distance z= 20 nm, which determines the range of g's that are sampled by

sSNOM tip.

for ABA and ABC domains. The resulting sSSNOM model
contrasts offer agreement with experiment that is
quantitative for |s3|2, qualitative for ¢s, and semiquan-
titative for the phase difference ¢s pgc — ¢3,a8a (+11.7°
and +7.3° for experiment and model, respectively). By
adjusting the Hamiltonian matrix elements (y, and y,)
as well as the tip-parameters, we could obtain better
agreement in phase contrasts of TLG. However, such
optimized Hamiltonian matrix elements give overall
inferior fit to the sSSNOM intensity and phases contrasts
of all FLG (n = 1-5), and thus they are not used in the
modeling of sSSNOM contrasts of TLG and thicker FLG.

We believe that the limited accuracies of model
conductivities (including the neglect of electrostatic
perturbation from the substrate on the TLG band
structure®) and point-dipole approximation of the tip,
together with the possible systematic measurement error,
may contribute to the discrepancies. As shown in
Figure S7 of Supporting Information-D, the visible con-
trasts of FLG also show similar systematic disagreement

KIM ET AL.

in SSNOM phase, indicating that the deviation may
originate either from the tip—sample coupling model
or from the measurement error, because the conduc-
tivities of FLG at visible frequencies are only dependent
on the number of layers. At the same time, we find
that the sSSNOM phases of FLG are more sensitive to the
variation in conductivities than in the case of sSSNOM
intensities. For example, as shown in Supporting In-
formation-G, sSNOM model contrasts of FLG show
drastic variation in SSNOM phase with respect to the
Fermi level change (i.e., doping level change), indicat-
ing that the observed disagreement may reflect the
inaccuracies of modeled conductivities of FLG.

While a more sophisticated modeling of the
sSNOM tip**** and the TLG band-structure should
improve the agreement, the current model is already
sufficient for assigning the stacking orders of TLG,
especially with the help of combined intensity and
phase sSNOM contrast information. Figure 4c shows a
two-dimensional (¢, |s3]) image histogram of sSSNOM
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Figure 5. IR-sSNOM of n = 15 layers. (a) Optical reflection microscopy (OM) image. (b) sSSNOM intensity (]ss|?) obtained at
£phot = 0.366 eV. (c) SSNOM phase. (d) 2D (¢, |53|2) image histogram sampled from (b) and (c) displayed with the SSNOM model
prediction (red crosses) based on pure Bernal and pure rhombohedral structures. In the histogram for 5-layer, the modeled
sSNOM contrasts for various intermediate stacks are also shown as circled numbers: ABACB and ABCAC (1), ABABC and ABCBC
(2), ABACA (3), and ABCBA (4). (e) SSNOM intensity and phase images of the trilayer cropped from Figure 4b and c (around ¢, d,
e and f regions) with reduced color ranges (see the color bars) and 2D image histograms of the corresponding region of the
sample. (f) Final assignment of the stacking structures of (b) and (c). The color-code of the domains (figure) corresponds to the
structural assignments written in the same color in the inset table.

signals sampled from the TLG in Figure 2¢,e, along with
the model predictions at £pnor = 0.366 €V, which allows
a clear visual identification of the two regions as ABA
and ABC domains, despite the significant disagreement
in phase contrasts.

We also recognize that it is the two-dimensional
optical response of graphene producing large sensi-
tivity and selectivity of the SSNOM signals of the FLG.
The sSNOM amplitude is governed by the evanescent
component of the p-polarized Fresnel coefficient r,(q)
(where g is the in-plane photon momentum) of the
sample surface. With the tip located at z= 20 nm above
the sample surface, the tip preferentially probes ry(q)
with g/k, = 10—100 (where kg is the magnitude of
the wave vector of the IR-light), as determined by
the magnitude of a complex weighting function,?*¢
W (q, 2) = 1, (q)q°e*2 %~ /(kd — q*)"'? (see Figure 4d
and Supporting Information-D). Because of the domi-
nant in-plane optical conductivity of graphene, the r,(q)
of the FLG/substrate rapidly increases toward unity (i. e.,
it becomes a perfect reflector) with the increase in g (see
Figure 4d for ry(q) of ABA- and ABC-TLG on an SiO,/Si
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substrate). This causes the enhanced sensitivity and the
structural selectivity of the sSSNOM signal, which is not
possible for far-field imaging (g ~ 0) or sSSNOM imaging
of three-dimensional (or isotropic) nano-objects.

Note that the imaging modality of sSSNOM of FLG
is entirely different to that of the reports by Basov and
co-workers, 2?27 Hillenbrand and co-workers,?'®
and Raschke and co-workers,*> who used the same
sSNOM technique to visualize the surface plasmon
polaritons (SPPs) on graphene. Under their measure-
ment condition (epnot ~ 0.1 €V), the graphene supports
the propagating SPP and the tip launches and detects
the SPP. With &p0¢ ~ 0.366 eV (current photon energy),
however, the SPPs do not propagate on the FLG, and
the sSNOM visualizes only the local conductivities.

A very unique aspect of our study is that the sSSNOM
stacking mapping can also be successfully applied to
FLG with any number of layers, provided that differ-
ently stacked domains show distinct conductivities.
To demonstrate such capability, we have shown a set
of IR-sSNOM images of FLG with 1—5 layers, revealing
complex features (Figure 5b,c) hidden behind a seemingly
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uniform topographic shapes (as seen by the optical
reflection image in Figure 5a). The image histograms
(Figure 5d) show a single peak for mono- and bilayers,
double peaks for tri- and tetra-layers, and triple peaks
for pentalayers. With the exception of the pentalayers,
the numbers of peaks (i.e., number of distinct domains)
are consistent with a general belief that mechanically
exfoliated FLG exists either as a pure Bernal or a pure
rhombohedral structure. Moreover, the peak positions
in the histograms closely match the sSNOM model
predictions of pure Bernal and pure rhombohedral
structures (shown in red-crosses in the histograms),
confirming that most of the features arise from Bernal
or rhombohedral stacks.

Interestingly, the sSSNOM also identifies nonregular
domains besides pure Bernal or pure rhombohedral
domains. Here, we show two such examples. The
pentalayer in Figure 5 shows at least three domains,
which can be recognized by the triple peaks in the
histogram and by the three different contrasts in the
m-, n-, and o-regions in Figure 5b,c. We note that
the boundaries m/n and n/o (marked with arrows in
Figure 5b,c) smoothly translate to the neighboring g/r
(assigned as ABCA/ABAB) and g/h (assigned as ABC/
ABA) boundaries. Thus, we conclude that they are three
different stacking domains, where at least one of them
is an intermediate stacking domain (for example
ABABC). As displayed in the image histogram of the
pentalayer (bottom panel of Figure 5d), the phase
disagreement between the experiment and the model
(5—10°) is comparable to the modeled contrast differ-
ences among the eight possible stacking orders of
the pentalayer, making it hard to assign the stacking
sequences of the three domains. Here, we use the |s5|?
to tentatively determine that the m-and o-domains are
ABCAB and ABABA stacks, respectively, and that the
n-domain is an intermediate stacking domain, possibly
an ABACB or an ABCAC stack. In Figure 5e, we redrew
the c-, d-, e-,and f-regions of the TLG of Figure 5b,c with
a reduced color-range. The image and the associated
histogram (bottom panel of Figure 5e) show the pre-
sence of an extra domain (denoted as X) distinct from
the ABA or ABC domains. Currently, we do not have
sufficient information to reveal the nature of the
domain. One possibility is the twisted TLG,'® in which
one of the layers has a mismatched orientation with
respect to the other two layers. By comparing the 2D
intensity-phase histogram and the sSSNOM model con-
trasts, we were able to assign >80% of the FLG domains
observed as pure Bernal, pure rhombohedral, or inter-
mediate stacking structures. The overall assignment of
the domain is shown in Figure 5f as a color-code
domain map and a table.

CONCLUSIONS

To sum up, we have demonstrated that sSNOM
with a resonant IR-light can visualize and characterize
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stacking domains of FLG with a ~40 nm spatial resolu-
tion. While the data shown above is mainly for the
graphene sample exfoliated from bulk graphites, the
same measurement could be also carried out for
the graphene samples generated by chemical vapor
deposition (CVD) method. In fact, we have already
obtained preliminary sSNOM images (not shown) of
CVD graphene, which clearly show stacking domains.
The sSNOM stacking map offers ~10 and ~100 times
better spatial resolution than the one available from
Raman and IR spectroscopic methods, respectively.
Because it is an optical technique, the sSSNOM can be
applied to FLG on dielectric substrates, as well as
metallic substrates. Therefore, this technique offers a
major practical advantage over scanning tunneling
microscopy and electron microscopy. This is particu-
larly relevant for in situ characterization of the FLG-
devices, most of which is done on dielectric substrates.

In its essence, the IR-sSNOM contrast of FLG shown
above arises from the local conductivity difference.
Thus, in principle, it can also visualize and characterize
any local properties (such as strain, doping, and
chemical functionalization) inducing changes in local
conductivities. Current work relies on the sSSNOM con-
trasts at fixed IR (resonant at rhombohedral structure)
and visible (reference) wavelengths, severely keeping
us from identifying more complex local structures.
We believe that sSSNOM measurements with two IR
lasers near 0.36 eV (resonating with rhombohedral
structures) and 0.6 eV (resonating with Bernal structures)
may provide two sets of complementary sSSNOM images
of the pure rhombohedral and Bernal components,
removing significant portion of uncertainties in the
structural assignment of FLG domains. Ultimately, a full
spectroscopic sSSNOM with a tunable laser,>>** which
is a straightforward extension of the current study, will
provide more complete information on local structures
of FLG.

As mentioned above, the complex optical conduc-
tivities of variously stacked FLG are largely unknown,
and thus, we had to rely on the theoretically derived
conductivities to model the sSNOM contrasts. The
main reason for the missing conductivity spectra for
FLG is that the sizes of specific stacking domains can
be significantly smaller than the diffraction limited far-
field IR beam of conventional IR spectroscopy, prevent-
ing the reliable extraction of stacking-dependent
conductivities. For example, with a far-field IR spec-
troscopy, it is not straightforward to obtain the con-
ductivities of intermediate stack FLG domains because
they are not abundant in mechanically exfoliated, or
chemically grown graphene. As shown above, on the
other hand, the sSNOM can identify small, less abun-
dant stacking domains in FLG. Therefore, we believe
that the sSSNOM can be an excellent alternative method
measuring the conductivities of less abundant stacking
structures.
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Finally, we note that the method does not rely on
any special properties of FLG besides the stacking-
specific in-plane conductivities. In this regard, the
results also demonstrate that the sSSNOM offers the

METHODS

Sample. The FLG samples are prepared by mechanically
exfoliating kish-graphite and transferring to a SiO, (thickness
of 285 nm)/Si substrate. Micro-Raman spectroscopy measure-
ments (an excitation wavelength of 514.5 nm) are carried out on
the sample to determine the number of layers (n) and to provide
low-resolution assignments of ABA or ABC domains in TLG.

Measurement. We use the side-illuminated sSNOM? setup
(see Figure 1b of main text), which consists of a tapping-mode
atomic force microscope (AFM), cw-lasers (HeNe, 1 = 633 nm
and 1 = 3.39 um), a Michelson interferometer, and an InSb
detector cooled with liquid-nitrogen. For the particular experi-
ment, we used the home-built sSSNOM setup, but equally good
or even better sSSNOM images of FLG may be obtained with
a commercial sSSNOM setup®” as well. A Ptlr coated AFM tip
(Nanosensors, PPP-NCHPt) is dithered near the resonance fre-
quency of an AFM-cantilever (Q2 ~ 300 kHz) with a full amplitude
of 20—100 nm above the sample surface. Linearly polarized
(p-polarized with respect to the sample surface) light from the
laser is focused on the tip—sample junction with an angle of 30°
with respect to the sample surface via a reflective objective
(Schwarzschild objective). Scattered light from the tip—sample
junction is collected by the same objective. The collected light is
interferometrically amplified and detected by the InSb detector,
and the detected signal is lock-in filtered at the third harmonic
(3Q ~ 900 kHz) of the tip oscillation to give the intensity (js3|?)
and phase (¢3) of the demodulated complex amplitude (s3 =
|s3|e’¢3). For the interferometric amplification, we employed the
two-phase homodyne method, in which two sSNOM line-scans
of the same regions of the sample are recorded with the
interferometer mirror positioned at 0 and A/8 positions, and
the two are processed to construct the intensity and phase
sSNOM data.

Model. Two key assumptions are made in modeling the
sSNOM signal of the FLG: the tip-end is approximated to
a nanosphere with a radius a that can generate a point-dipole
upon light illumination, and the thickness of the FLG is assumed
to be zero. The radius of the tip-end does not necessarily re-
present the actual curvature of the tip-end; thus, we treat the
tip-parameters to be adjustable (within the physically relevant
range) parameters of model. The scattering (Esca; and ss3) from
the tip—sample coupling is obtained by numerically evaluating
the Green's dyadic function.?® The SiO, (thickness of 285 nm)/Si
interface is explicitly taken into account in the model, although
the Ey,: and the s; are fairly similar to the ones without the
interface.?®3® See Supporting Information-D for more detail.
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