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'Department of Chemistry, Seoul National University, 08826, Seoul, Korea®
’Department of Physics and Astronomy, Seoul National University, 08826, Seoul, Korea
*Advanced Light Source Division, Lawrence Berkeley National Laboratory, Berkeley,
California 94720, USA

Abstract

We employed infrared scattering-type scanning near-field optical microscopy (IR-sSNOM) to
study the impact of stacking order in TLG on surface plasmon polaritons (SPPs). Our study
reveals systematic differences in near-field IR spectra and SPP wavelengths between Bernal
(ABA) and rhombohedral (ABC) TLG domains on SiO,, which can be explained by stacking-
dependent intraband conductivities. We also observed that the SPP reflection profiles at ABA-
ABC boundaries could be mostly accounted for by an idealized boundary defined by the
conductivity discontinuity. However, we identified distinct shapes in SPP profiles at the edges
of the ABA and ABC TLG, which cannot be solely attributed to idealized edges with
differing conductivities. Instead, this disparity can be explained by the presence of stepped
edge structure or the stacking-specific electronic edge states. Our findings unveil a new
structural element that can control SPP, and provide insights into the structures and electronic

states of edges of few-layer graphene.



1. Introduction
The infrared (IR) surface-plasmon polariton (SPP) of graphene''? has garnered significant
interest due to its potential to tightly confining the electromagnetic field to the material and
enabling electrostatic control of its propagation characteristics. Effective control of SPP
reflection is vital for realizing the ultimate flatland optoelectronic circuit. Previous
experimental and theoretical studies have demonstrated that the edges of monolayer graphene

(MLG) exhibit near-perfect reflection, independent of doping or environmental factors" ® '3,

1, 8, 15’ and

Other graphene nanostructures, such as topological domain walls* > 7 1> 1¢ defects
nano-gaps'” '* of MLG and bilayer graphene (BLG), also exhibit strong SPP reflections.
However, such structures do not offer systematic control over SPP reflections. One promising
approach for the control is the use of graphene heterojunction, where adjacent graphene
domains possess distinct optical conductivities. This allows for electrical manipulation of the
conductivity discontinuity at the junction, enabling control over SPP reflection and
transmission. While several theoretical studies have explored the use of graphene junctions'*-
*1experimental realizations remain limited.

Employing the IR scattering-type scanning near-field optical microscopy and spectroscopy
(IR-sSNOM) at Ay ~ 10 wm, we studied the SPPs in Bernal (ABA) and rhombohedral (ABC)
stacking domains of trilayer graphene (TLG). The stacking domains and their boundaries in
few-layer graphene (FLG)>**® provide a versatile platform for manipulating SPP reflection.
Specifically, differently stacked domains of the doped FLG exhibit distinct intraband optical
conductivities®” *!. Consequently, the domain boundaries can be utilized as controllable SPP

reflectors, provided that the conductivity change across the boundaries follows a simple step-

function defined by the conductivities of the adjacent domains.



We found that the near-field spectra and SPP wavelengths of TLG on SiO, substrate
exhibit systematic stacking dependences, which can be fully explained by the stacking-
specific intraband conductivities. We also observed that the SPP reflection profiles at ABA-
ABC boundaries can be explained by an ideal boundary defined by the conductivity
discontinuity, with the domain wall conductivity playing a marginal role. However, we
identified distinct shapes in SPP profiles at the edges of the ABA and ABC TLG, which
cannot be solely attributed to idealized edges with a spatially uniform conductivities of ABA
and ABC domains. Rather, they can be explained by the edge with non-uniform conductivity
profile, which indicates the presence of stepped edge structure or the stacking-specific
electronic edge states. The result reveals a new structural component of graphene that can
regulate the reflection of SPPs. Furthermore, it demonstrates a means to explore the structure

and property of edges of few-layer graphene.

2. Methods

The TLG sample used in this study was obtained by mechanically exfoliating Kish-
graphite and transferring it onto a SiO, (thickness of 285 nm) / Si substrate. The identification
of ABA and ABC domains in TLG was achieved through Raman spectra (Supporting
Information 1) and IR-sSNOM image contrasts at Ao = 3.39 um (2950 cm™'; further details
provided below). Two IR-sSNOM setups (Figure 1a) were employed for the study: for the
near-field spectroscopy, the setup at the Advanced Light Source (ALS) in Lawrence Berkeley
National Lab, USA, utilizing a broadband synchrotron-generated IR continuum®* **; for
imaging, the setup at SNU* *, employing a narrow-band IR-HeNe laser at 2950 cm™ (), =

3.39 um) and tunable quantum cascade lasers at 934 cm'~1000 cm™ (QCLs, A, = 10.0 ~ 10.7

um). In both setups (Fig 1a), an oscillating atomic force microscopy (AFM) tip located above
3



the sample was illuminated with a focused IR radiation through a reflective focusing element
(an off-axis parabolic mirror or a Cassegrain-type objective lens). The same optical element
collected back-scattered radiation, and the scattered light was detected interferometrically
using a Michelson interferometer and an IR-detector (HgCdTe or InSb). To eliminate far-field
background, the tip was vertically oscillated near the natural frequency of the cantilever, and
the lock-in filtered signal at the 2nd harmonic frequency of the tip oscillation was processed to
give scattering intensity (|s,]’) and the scattering phase (¢,). To model the optical
conductivities, we employed tight-binding (TB) calculation® with parameters of intralayer
hopping y, = 3.16 €V, interlayer hopping y, = 0.39 eV, and broadening by impurity n = 40
meV. The Kubo formula® ** *" was used to evaluate the intraband conductivities (Supporting

Information 2).



3. RESULTS AND DISCUSSION

3.1. Stacking-specific intraband optical conductivities
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Figure 1. (a) Schematic of IR-sSSNOM. (b) The crystal structures of Bernal (ABA) and rhombohedral (ABC)
stacking domains of TLG and the corresponding energy band diagrams (where k and a are the wavevector and
lattice constant, respectively) of TLG obtained from the tight-binding calculation. The shaded areas in the
diagrams represent the electron-filled regions of the bands, indicating the substrate-induced p-doping at E; = -
0.07 eV. The curved orange arrows represent depict intraband transitions. (c) Real (solid curves) and imaginary
(dotted curves) parts of optical conductivities of ABA (red) and ABC (blue) TLG at in-plane momentum
component of g = 1/r,, (where r,;, = 30 nm corresponds to the radius of curvature of sSSNOM tip). The optical
conductivities shown are normalized by unit conductivity of o, = e?/4#, where e is the unit charge. The gray
shading in (c) indicates the frequency range utilized for SPP mapping.

Figure 1b illustrates the band diagrams for ABA and ABC TLG, obtained through TB-

calculation® 337

. In the presence of a SiO, substrate, TLG is typically p-doped due to
spontaneous electron transfer from graphene to substrate. This results in a Fermi energy (E))
ranging from -0.02 to -0.2 eV. With the low level of doping (see the gray shadings in Figure
1b), ABA-TLG has two conduction channels (depicted by curved arrows), while ABC-TLG
has only one, leading to a higher intra-band optical conductivity in ABA-TLG compared to
ABC-TLG. Figure 1c shows the theoretical intraband optical conductivity spectra of ABA-
TLG and ABC TLG at E;= -0.07 eV and an in-plane photon momentum of ¢ = 1 /30 nm,

relevant to our tip-based near-field measurements using a tip with a 30 nm radius of curvature.

In the frequency region pertinent to the near-field measurements (900 — 1000 cm™, indicated



by the gray shading in Figure Ic), the conductivity of ABA-TLG is ~20 % lager than that of

ABC-TLG.
3.2. Near-field spectroscopy of TLG
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Figure 2. (a) AFM topography of the sample, which includes TLG, MLG, and exposed SiO, substrate. The
arrow (y) in light blue color corresponds to the positions of the sequential line scan of the sSSNOM spectrum in
(d). The scale bar corresponds to a length of 10 um. (b) IR-sSSNOM intensity image at 2950 cm™ for the sample
shown in (a). (c) The average sSSNOM intensities of the two TLG domains (black circles) in TLG relative to that
of Si0O,, derived from (b). Also shown in red and blue crosses are the model sSNOM contrasts of ABA-TLG and
ABC-TLG on SiO,. (d) The Fourier-transformed IR-sSNOM spectra of the TLG sample recorded sequentially
along the dashed line (y) shown in (a). (e) & (f) Average IR-sSNOM amplitude (e) and phase (f) spectra of ABA-
TLG/Si0,, ABC-TLG/SiO,, and bare SiO, substrate obtained from (d). In each phase spectrum in (f), ¢, at the
peak of SiO, phonon mode is set to zero. Gray shading indicates the frequency window of IR light used for SPP
mapping. (g) & (h) Corresponding model IR-sSNOM spectra obtained from the point-dipole model of tip-sample
coupling and theoretical conductivities (at E,=-0.07 eV) shown in Figure lc.

To indirectly evaluate the stacking-specific intraband conductivities of TLG relevant to

SPP measurements, we performed IR-sSNOM spectroscopy on ABA and ABC TLG sample

on a Si0, substrate. Figure 2a depicts an atomic force microscopy (AFM) image (topography)
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of the TLG on a Si0O, / Si substrate. The stacking domains were identified through IR-sSNOM
imaging at 2950 cm™ (Figure 2b). At this IR frequency, the ABC domain appears brighter
than the ABA domain due to the pronounced interband optical resonance* for ABC-TLG
occurring at 2000 - 3000 cm™. The relative contrasts of the stacking domains and their
comparison with the sSSNOM contrast model (Figure 2c¢; Supporting Information 3) further

supports the identification of stacking domains.

Figure 2d presents the IR-sSNOM amplitude spectra (|s;|(w)) of the same sample
sequentially recorded along the dashed line in Figure 2a (denoted as y). The spectra cover the
frequency window of SiO, phonon resonance and the intraband transition of TLG. Figs. 2e
and f display the amplitude (|s,|(w)), and phase ($p»(w)) spectra averaged over the regions of
Si0,, ABC-TLG/SiO,, and ABA-TLG/SiO,. Similar to the case of MLG on SiO,* the
presence of TLG on SiO, leads to a blue-shifts and enhancement of the SiO, phonon peak in
the amplitude spectra. This spectral modification, resulting from the coupling between the
plasmon of TLG and the SiO, phonon, is more pronounced for ABA-TLG than for ABC-TLG.
In the frequency range of 934-980 cm™', where SPP-mapping was performed (see below), the
shoulder of SiO, phonon resonance is still present, causing significant variations in the relative
sSNOM amplitudes of ABA-TLG, ABC-TLG, and SiO, substrate across the frequency
window and with the sample’s doping condition. The phase spectra (Figure 2f) also exhibit a
systematic difference between ABA-TLG and ABC-TLG. This stacking-specific spectral
modification can be fully reproduced (Figs. 2g and h) using the point-dipole sSSNOM contrast
model,? ** ¥ 3 based on the empirical dielectric function of SiO,*® and the TB-calculation
derived conductivities of ABA- and ABC-TLG at E; = -0.07 eV. These findings clearly

validate the theoretical stacking-specific conductivities of TLG.



3.3. SPP propagation and reflection in TLG
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Figure 3. (a) IR-sSNOM intensity (|s,|*) image of TLG at 2950 cm™, where the scale bar corresponds to a length
of 1 um. (b) IR-sSSNOM intensity image at 952 cm™', where the scale bar corresponds to a length of 250 nm. (¢)—
(e) Line profiles of IR-sSNOM intensity (solid curves) and phase (¢,, dashed curves) sampled at the edges of
ABA (red) and ABC (blue) domains along the dashed lines of flakel of (b). (f) & (g) Corresponding profiles for
ABA and ABC domains of flake 2. (h) The oscillating components of the [s,* - profiles shown in (c)-(g),
obtained by high-pass signal filtering. The A and 4 represent the amplitude and the location of the first positive
fringe peak in the profile, respectively. The traces are vertically displaced for better visibility of the features, with
thin solid lines indicating zero amplitude. (i) Plots of (A/Agp , A) (filled circles in red and blue) derived from the
oscillating components of multiple line profiles sampled from five edges containing a;, o, B, B,, and B;. The
error bars indicate one standard deviation in (A/Agp , A) of multiple line profiles. (j) The (A/Agp , A)-plot of the
modeled SPP profiles for ABA-TLG (red) and ABC-TLG (blue), assuming the models of uniform edge (filled
squares), enhanced edge (filled circles, F = 0.023 nm™), and suppressed edge (crosses, F = -0.046 nm™).

Figure 3a shows the IR-sSNOM intensity image of TLG at 2950 cm™, revealing the ABA
(darker) and ABC (brighter) domains of TLG. Figure 3b displays the zoom-in IR-sSNOM
scan (marked as a box in Figure 3a) of the sample at 952 cm™, containing two flakes of TLG
(named flakel and flake2; corresponding topography image is shown in Supporting

Information 4). The image shows fringe patterns near the TLG edges and the ABA-ABC



boundaries, which represent the interference (2 SRWO 7°.) between the tip-launched (%) and

reflected (,(2x), where X is the distance between the tip and the edge / boundary) SPP
waves! > 7 13134041 "Fioure 3c—g show the SSNOM intensity profiles across the ABA and ABC
edges of TLG sampled along the dashed lines indicated in Figure 3b. The y-axes of the plots
are normalized to the asymptotic SSNOM intensity signal of SiO, substrate away from the
edge. Also shown in dotted curves are the corresponding sSSNOM phase profiles (¢,). For each
profile, the edge position (x = 0 nm) is determined by the AFM topography image (Supporting
Information 5) to within 10 nm accuracy. The wavelength of SPP, Agp, deduced from the
peak-to-peak distance (Aspp/ 2) (see Figure 3c) of the two adjacent fringe peaks near the edges
of TLG, is found to be stacking dependent, with Agm = 161.5 + 26.6 nm and A4 = 146.9 +
30.6 nm at Ay = 10.5 um. This stacking dependence is consistently found in the wavelength
range of Ay = 10.1 ~ 10.7 um (Supporting Information 6) and could be modeled by the

theoretical A, - Aspp dispersion relation that takes into account the presence of substrate.

From the sSNOM image and the line profiles, it is evident that there is a significant edge-
to-edge variation in SPP fringes. The most notable observation is that the fringe amplitudes
near the edges of ABC-TLG are considerably smaller than those of the neighboring edges of
ABA-TLG, even though they share the same linear topographic TLG / SiO, boundaries. This
difference is apparent in the pairs of profiles of (ABA-a;, ABC-f,) and (ABA-a,, ABC-f5).
Interestingly, within the same ABC-TLG domain, two edges (f; and ;) exhibit noticeably
different fringe amplitudes. These edge-specific SPP-fringes cannot be attributed to stacking-
specific tip-sample coupling or plasmon-phonon coupling. Instead, they indicate the facet-
dependent SPP-reflection. In the following discussion, we refer to the f3;, f,, and f; edges as

strongly reflecting (f8,) and weakly reflecting (8, and ;) ABC-edges. We also observe that the



distance from the edge to the first positive fringe in the profile (marked as asterisks in Figure

3c-g) is dependent on both the stacking and the facet direction. Specifically, the profiles of

ABA

ABA-a, and o, edges show the position of the first peak at A = 0.36- Agpp. The SPP-profiles
for the weakly reflecting ABC-edges (B; and f;) show the positions of the first signal

maximum at A = 0.16- A4, which is positioned closer to edges than that of strongly

ABC

reflecting ABC-edge at A = 0.29* Ay . This observation suggests that the SPP reflected from
the weakly reflecting ABC-edges has acquired a reflection phase that significantly differs from
those of the strongly reflecting ABC-edge and ABA-edge. The sSNOM phase profiles (dotted
curves in Figures 4c-g; Supporting Information 4) also exhibit analogous stacking- and edge-
specific SPP fringes, providing further evidence. Supporting Information 7 shows a set of

TLG sSNOM images of another sample that demonstrate such differences.

To better quantify the stacking- and edge-specific fringe amplitude and fringe position,
we have isolated (through high pass signal filtering) the oscillatory components (Figure 3h)
from multiple line profiles sampled from five facets of TLG containing a;, B;, B,, o, and B3
lines, and measured the average amplitude (A) and position (A) of the first peak from the set
of oscillatory components. The results of this analysis, presented as (A/Aspp, A)-plot, are
depicted in Figure 3i (here, Agpp is the SPP-wavelength of ABA or ABC TLG and the error
bars represent one standard deviation of the estimates from multiple profiles). The graph
clearly demonstrates that the strongly reflecting (f3,) and weakly reflecting (8, and ;) edges of
ABC-TLG exhibit clearly distinguishable A and 4. Two factors may contribute to the observed
edge and stacking-specific SPP profiles. Firstly, the tip-sample near-field coupling, which is
influenced by the stacking order in TLG, can lead to varying efficiencies in SPP launching and

detection. This factor may contribute to the observed differences in fringe amplitude (A) but is

10



unlikely to account for the variations in fringe position (A / Agpp). Secondly, the local
conductivity near the edge of TLG may differ significantly from that of the bulk, resulting in

stacking- and facet-dependent variations in both amplitude and fringe position.
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Figure 4. (a) Real parts of the uniform conductivity profiles of ABA (red) and ABC (blue) TLG. (b) Simulated
sSNOM intensity profiles based on (a). (d) Non-uniform conductivity models for ABA-TLG with W = 20 nm, F
= +0.023 ~ -0.058 nm', with the bulk conductivity set to the bulk conductivity of ABA-TLG. (¢) The sSSNOM
intensity profiles derived from (f), shown with the corresponding color. (f) & (g) the same as (d) & (e) but with
the bulk conductivity set to that of ABC-TLG. (h) & (i) Edge-suppressed conductivity profiles for ABA and
ABC-TLG with the same W and F (values shown in the graph), and the associated SSNOM intensity and phase
profile. (j) & (k) Conductivities and sSSNOM profiles for the edge-enhanced conductivity for ABA-TLG (F =
+0.023 nm™) and edge-suppressed conductivity for ABC-TLG (F = -0.046 nm™). The same edge widths of W =
20 nm were used for the two profiles.
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Note that the idealized SPP-reflection model" *“*, which assumes a homogeneous
conductivity of graphene, predicts the perfect SPP edge-reflection irrespective of its

conductivity or dielectric environment.

To investigate these possibilities, we conducted a numerical electrodynamics simulation
of SSNOM-detected SPP field at A, = 10.5 um, using the method developed by Chen et al®
(Supporting Information 8). In this simulation, a metallic tip, modeled as a spheroid, was
positioned above the sample, the tip-sample junction was illuminated by a plane wave, and the
scatted field was evaluated for each lateral position of the tip. Tip-related parameters (such as
tip-sample distance, tip-shape, and field sampling position) were adjusted such that the
simulated SPP profile of the idealized edge of ABA-TLG closely matches the experimental
intensity and phase sSNOM profiles of ABA-TLG (a; and a,). The same set of tip parameters

was used for all of modeling the SPP profiles for ABA and ABC TLG.

By employing uniform conductivity profiles for the ABA and ABC edges (as depicted in

Figure 4a), we generated two SPP profiles (Figure 4b) that did not exhibit any stacking

4

specificity in terms of fringe position, with =0.34. The fringe amplitude ratios of ABA:

Aspp
ABC ~ 2:1 arises from the variation in tip-sample coupling rather than the differences in SPP
reflection. While this uniform edge model may explain the differences in (A, A / Aspp) between
ABA-TLG and strongly reflecting ABC-TLG (f,), it fails to account for the fringes observed
from weakly reflecting ABC-TLG edges. We propose that the discrepancy can be attributed to
the presence of non-uniform conductivity at the edge. Let’s consider an edge region with a
width of W, where the local conductivity, denoted as o, is different from the bulk

conductivity, 05 (Figure 4c). By employing a simple plane-wave SPP interference model

12



(Supporting Information 9), we can derive the expression for the fringe position, ——, as
SPP

follows:

A Ao w Op—0gp
+ - .

ey

Aspp Aspp Aspp Og

Here, represents the expected fringe position for a uniform TLG edge. In equation (1), the

W A
term Tor introduces stacking dependence in Tor When the edge conductivity is suppressed

(0 £<0p), the fringe is brought closer to the edge. Conversely, when the edge conductivity is
enhanced (0 ;>0 3¢, the fringe is pushed away from the edge. The effect is more pronounced

in the case of suppressed edge conductivity. Additionally, the fractional change in

Op

o
conductivity, £ , may introduce further stacking-specificity to the SPP fringes.

To further explore such possibility, we conducted numerical sSSNOM simulations using

the edge conductivity profile given by:
oylx|=a,e Y ()
Here, 0 represents the bulk conductivities of ABA and ABC TLG, and F is a parameter
describing the cases of edge-enhanced (F > 0) or suppressed (F < 0) conductivities. The W
denotes the width of the edge region. In Figure 4d and e, we present the simulation results for
ABA-TLG, where the edge conductivity profiles are either enhanced or suppressed. These
profiles not only alter the fringe position but also enhance or suppress the amplitude. Figures

4f and g display an analogous simulation for ABC-TLG using the same F and W parameters.

13



By comparing Figures 4e and g, we find that ABA and ABC TLG with the same suppressed

edge conductivity profiles exhibit notably different SPPP profiles.

Based on the simulation, we propose two explanations for the observed stacking and edge
specific SPP profiles. Firstly, the stacking-specificity (a; versus fB; and o, versus ;) may be
attributed to the presence of step structure at the edges: These step structures arise from the
different termination of individual graphene layers within TLG, leading to edge-suppressed
conductivity profiles. It is likely that the step structures at the edges of neighboring ABA and
ABC domains have similar shapes, resulting in edge conductivity profiles with the same
parameters. Through numerical electrodynamics simulations of the edge-suppressed model
(Figures 4h and 1), where the ABA and ABC domains share parameters of W =20 nm and F =
-0.046 nm’', we can reasonably replicate the stacking specificities observed in the sSSNOM
intensity and phase profiles (Figures 3c, d, f, and g), as well as in (A/Agpp, A) as shown in
Figure 3j. Secondly, in addition to the step structures, one of the stacking domains, such as the
ABA domain, may support an electronic edge state that enhances the edge conductivity [add
reference: Adv. Mater. 2018, 30, 1800367]. This possibility is supported by recent electronic
structure calculation®, which predicts that the edge state of FLG is influenced by both the
stacking order and the crystallographic facet. In Figure 4j and k, we present simulation results
for this scenario, demonstrating additional stacking specificity in fringe amplitude and
position (also seen in Figure 3j). However, the comparison with experimental data does not
conclusively determine the significance of the electronic edge state. Nevertheless, the analysis
and modeling strongly suggest the presence of non-uniform (potentially suppressed)

conductivity at the edges of TLG.

14
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Figure 5. (a) & (b) Zoom-in images of Figure 3b sampled around the ABA-ABC boundaries in flakel and
flake2. Locations of stacking domain boundaries (dashed lines) were determined by the discontinuity in SPP
edge-reflection (marked as a black arrow in (a). Scale bar corresponds to 100 nm. (c¢) The experimental sSSNOM
intensity (|s|?) profile across the domain boundary in (a) (right). Also shown in comparison is the line profile of
ABA-TLG edge a; (left) obtained from the same domain. (d) The average oscillatory components of profiles
across the ABA-ABC boundary in (a) and that of the ABA-TLG a, edge. The A, and A4 in the figure indicate
the amplitudes of the first positive fringe peaks at the ABA-side of the stacking domain boundary, and that of the
ABA-TLG edge, respectively. The ratios, Ay, / Ay, obtained from the flakel (a) and flake2 (b), represent the
relative SPP-reflectivities of the stacking boundary in reference to that of the ABA edge. (e) The conductivity
profile for the sSSNOM simulation. The domain wall (DW) conductivity is represented as the flat-top-shaped
function with the width of Wpy = 20 nm and the height of gpw = (0 ~ 20) X 0aga. (f) The model sSSNOM profiles
generated using the conductivity shown in (e). The profiles across the ABA-ABC domain boundary have been
vertically displaced to better show the features. (g) The oscillatory components of the simulated profile obtained
with opw = 0. Also shown is the corresponding value of Ay, / Aeq.

Another significant observation is the presence of fringes at the ABA-ABC boundaries
(Figure 3b and Figures 5a and b), indicating the partial reflection of SPPs. In the images, the

location of boundary (x = 0 nm) is determined from the nearby discontinuity in SPP edge
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profiles, as indicated by an arrow in Fig. 5a. Figure 5c illustrates a line profile taken across
the domain boundary depicted in Figure 5a. For comparison, the line profile of the ABA-q,
edge from the same domain is also provided. Two noteworthy features can be observed in
these profiles. Firstly, the fringe exhibits an asymmetry with respect to the boundary, with a
prominent positive peak on the ABA side. The feature qualitatively agrees with the expected
behavior of an idealized graphene heterojunction, where a step-like change in conductivity
occurs across the domain boundary: Based on the plane-wave model of SPP reflection
(Supporting Information 10), such a boundary produces reflected SPP waves of opposite signs
on either side of the boundary. Due to the differences in tip-sample coupling on each side, the
sSNOM-detected field profile appears asymmetric instead of anti-symmetric. If, on the other
hand, SPP reflection is primarily governed by the domain-wall (DW) conductivity, the profile
would exhibit a double-peak shape, as observed in SPP profiles across the AB-BA boundary
of BLG’, graphene gap*, and grain boundary® "°. Secondly, the fringe amplitude of ABA side
of the ABA-ABC boundary (Ay,) is 20 ~ 60 % of the amplitude at the edge of the same ABA-
TLG (A.q), as shown in Figure 5d. The ratio Ay, / A.q = 0.2 ~ 0.6, which represents the relative
SPP-reflectivity of the stacking domain boundary compared to the edge, is in reasonable
agreement with the prediction of 0.20 from the plane-wavc SPP model for an ideal

heterojunction (Supporting Information 10).

To further explore the possible role of DW in SPP reflection, we constructed a
conductivity profile (Figure 5e). This profile consists of a rectangular function (width of Wpy
= 20 nm and the height of opw = (0~20) X 04pa), representing the DW conductivity, added to

the step-function profile of an ideal heterojunction. We find that the simulation (see Figures 5f

. O- . . . . . .
and g) with aﬂ<o2 can reproduce A, / Aeq < 0.6 while maintaining the asymmetric feature
ABA
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of the SPP profile. This indicates that the stacking-domain boundary exhibits behavior similar
to that of a near-ideal heterojunction, where the reflection and transmission of SPP are

primarily influenced by the conductivities on either side of the boundary.

Overall, the observation provides the physical basis for controlling SPP reflection at
stacking domain boundaries. The reflectivity of SPP at the idealized stacking boundary is
highly sensitive to the ratio of conductivities of the two domains, and such conductivity ratios
may be controlled by electrical doping. The result above clearly demonstrate that stacking
domain boundaries offer a near-ideal heterojunction for SPP reflection, with the domain wall
playing a marginal role. Our preliminary findings (Supporting Information 11) confirms that
the relative sSSNOM contrasts and, consequently, the relative conductivity ratios of ABA and
ABC domains in TLG can be tuned by applying a back-gate voltage. As such, SPP reflectivity

tuning should be possible.

CONCLUSION

Summarizing, we have investigated how the propagation and reflection of SPPs on TLG
change with stacking orders. Our observations reveal stacking-dependent near-field scattering
spectra and SPP wavelengths, which can be explained by the stacking-dependent intraband
conductivities of doped TLG. The reflection of SPPs at ABA-ABC domain boundaries can be
attributed to the heterojunction formed by the conductivity discontinuity between the ABA
and ABC domains, with the domain wall playing a marginal role. Since the optical
conductivity difference between ABA and ABC FLG is dependent on the doping level, the
stacking domain boundaries could serve as continuously tunable SPP reflectors for graphene-

based optoelectronic devices. Furthermore, we have discovered that the edges of TLG exhibit
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prominent stacking-specific reflection. These characteristics can be attributed to the presence
of local edge conductivity originating from either the step-structure or the electronic edge
state. Further sSSNOM-based studies of SPPs holds the potential to provide detailed insights
into the structure and optical properties of stacking domain boundaries, as well as the

behavior of edge states in few-layer graphene.
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