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Supplementary Figure 1. SEM, optical, and AFM images of suspended graphene samples.
(a) Typical SEM (scanning electronic microscope) images of our suspended graphene
structures. (b, ¢) Optical (b) and topography micrographs (c) of the suspended graphene
structure corresponding to the near-field image of Figure Ic.
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Supplementary Figure 2. Tunable carrier densities of suspended graphene. (a) Raman
spectra of suspended graphene with different doping times. The concentration of NO> gas is
75% in an N2 atmosphere. (b) Carrier densities of suspended graphene as a function of doping
time. The carrier density is calculated from the G peak stiffening (grey circles), the 2D peak
stiffening (red circles), and the intensity ratio //Lp (blue circles).! The solid red circles
represent the average values of the above three calculation results. Symbols are obtained from
experimental data whereas the curve is a guide to the eye.
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Supplementary Figure 3. Near-field images of suspended graphene without doping. The
incident light wavelength is Ao=10.87 um. The scanning images are obtained from the second-,
third-, and fourth-order demodulated harmonics of the near-field amplitude s, from left to right.

There are no fringes in these near-field images.
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Supplementary Figure 4. Near-field images of suspended graphene acquired at different
illumination frequencies. The diameter of the circular hole is ®=2.5 um. The graphene Fermi
energy is ~0.90 eV. Line profiles below each image are taken from a horizontal line through
the center of each near-field image. Scale bar indicates 1 pm.
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Supplementary Figure 5. Selected rigorous simulations of near-field images.
Electromagnetic simulation of near-field amplitude images corresponding to the experimental
results in Supplementary Figure 4. The upper part shows numerical modeling results. The lower

part shows experimental images selected from Supplementary Figure 4. The scale bar indicates
I pm.

Supplementary Note 1: Edge launching of suspended graphene plasmons.

For an external light plane wave incident on SiO; holes or dimples that are small compared
to the wavelength, the response of the hole or dimple can be approximately captured by a set
of induced dipoles distributed around its edge. In this work, these dipoles are used to couple
light into optical modes of suspended graphene, and more precisely, into GPs. The
polarizability a (relating the dipole to the external field) of a hole is typically proportional to
a’ (i.e., a~a’), where a is the hole radius. This scaling does not depend on the characteristics of
the hole or dimple as long as it is small compared with the wavelength.” * Then, invoking the
model of a circular array of dipole elements around the edge with a polarizability per unit length
do/dl to represent the response of the edge, the near field produced by da/d! also grows with
hole size, and so does the relative contribution of edge-launched plasmons compared with tip-
launched plasmons, because the latter should depend less on hole size. This picture is consistent
with our experimental results, showing that edge launching is more pronounced when the hole
size increases.
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Supplementary Figure 6. Tailored shape and size of nanoresonators based on suspended
graphene plasmons. Near-field amplitude images (upper panel) and corresponding AFM

topography (lower panel) of nanoresonators are tailored in shape/size and feature suspended
GPs.
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Supplementary Figure 7. Schematic of the main four backscattered optical beams (P4-
P,) in near-field optical microscopy measurements. Point O is the center of the suspended
graphene sample. M is an arbitrary point on the suspended graphene. N is a random point on
the edge of the sample. The parameter r indicates the radius of the suspended graphene. « is
the out-of-plane angle between the laser beam and the graphene surface. B is the angle
subtended by the vector between M and N to the positive direction of the x axis. L represents



the tip-edge distance between points M and N.
Supplementary Note 2. Multi-beam interference model and calculation of quality factor.

To extract quality factors from the experimental data we closely follow a previously
reported procedure based on a multi-beam interference model to analyze near-field signals. As
shown in Supplementary Figure 7, the incident laser beam (marked as Po) illuminates the tip
and sample, while a concave mirror is used to collect the backscattering photons from the
system. The SNOM signals come from the following four main optical paths.’ Firstly, incident
photons are directly scattered by the tip back into the detector (marked as P1); secondly, the tip-
launched plasmons propagate away from the tip as circular waves and are then partially
converted into photons at the edge of the hole, which is eventually scattered to the detector by
the edge (marked as P»); thirdly, the tip-launched plasmons propagate to the edge and then
reflect the tip, where they are scattered toward the detector (marked as P3); fourthly, the edge-
launched plasmons propagate toward to the tip and are then scattered to the detector by the tip
(marked as P4). In the current study, the edge launching effect is important because the spot
size of the mid-infrared laser is comparable to our large-size samples. If the sample size is
larger than 20 pm, we actively defocus the laser beam to further expand the size of the light
spot, thereby making the edge-launching more effective.

At an arbitrary point M of the suspended graphene, the near-field signal is the sum of the
photon signals scattered back from this point and collected by the detector. Then, the total
optical signal |P| is given by

IP| = X%, P (Supplementary Equation 1)
The wave function of each optical path can be conveniently written as

P = Ajei‘pl' , J=1-—4 (Supplementary Equation 2)
where A; is the amplitude and ¢; the phase of path j. We set the phase of P1 to 0. Then, P,

P3, and P4 have a phase delay relative to P that depends on the tip-edge distance (marked as 1)
between points M and N. The phase of each path is given by

Y1 = 01
@2 = @4 = ((kgcosa)cosP + q)l, (Supplementary Equation 3)
¢3 = 2qL,

where k, = 2m /Ay is the free-space wave vector, g is the wave vector of the excited GPs, a
is the out-of-plane angle between the laser beam and the graphene surface, and f is the angle
formed by the vector joining M and N relative to the positive direction of the x axis. The
amplitude 4 of each path is related to the plasmon scattering rate of the tip (7,), the edge
scattering rate (7, ), the edge reflectivity (1), and the plasmon damping. The loss of plasmons
from the tip is caused by a combination of damping (e.g., inelastic scattering by charge-

impurities and defects, ~e~/@

spreading (~ 1/+/1).5

, where a is the decay length) and circular-wave geometrical



The amplitude of each path can then be expressed as

Ay =154,
Ay = Aol ?e e,
Az = ningAg(2D)H2e 20,
Ay = UeUtAol_l/ze_l/ar

(Supplementary Equation 4)

where A, is the amplitude of the incident laser beam. Based on Supplementary Equations (1-
S), the total optical signal |P| of the entire suspended graphene is given by

|P| =

s om 2 1 i(kycosB+q)l 2m et i2ql
NeAo o~ + 21, fo lze ae'*L dB + nmr fo V20ze ae?aldp ||.
(Supplementary Equation 5)

With this multi-beam interference model, we can fit the decay length a, and from here the
quality factor can be defined as Q=2ma/A,. To properly exclude the influence of the
background signal, each curve was fitted twice. Accurately fitting the front part with a strong
signal (Q1 in Supplementary Figure 8a) and the back part with a weak signal (Q> in

Supplementary Figure 8b), we then calculate the average O=(1/2)(Q1+0>).
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Supplementary Figure 8. High-quality controllable plasmons in suspended graphene.

Blue curves are extracted from typical experimental near-field images of suspended graphene.
Red curves represent the fitting results.
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Supplementary Figure 9. Extraction of the quality factor of suspended graphene
plasmons with different Fermi energies. Line profiles correspond to the near-field images of

Figures 2a, b in the manuscript.
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Supplementary Figure 10. Near-field images of graphene plasmons with different
suspension heights. (a) Near-field amplitude images of suspended graphene with different
suspension heights d. (b) Line profiles corresponding to the near-field images of
Supplementary Figure 10a. Blue curves represent the experimental data and red curves stand
for the fitting results. Three different samples were prepared to cover a wide range of
suspension heights. Sample #1 was used for d=0, with the graphene directly in contact with the
substrate. Sample #2 was used for d=55 nm, 105 nm, and 147 nm; the depth and diameter of
the hole were 100 nm and 20 pum, respectively. Sample #3 was used for d=263 nm, 378 nm,
and 453 nm; the depth and diameter of the hole were 200 nm and 30 um, respectively.
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Supplementary Figure 11. Quality factor as a function of the suspension height. (a) Qcnv
as a function of the suspension height d. (b) Q as a function of the suspended height d with Qgra
assumed to be 30.

Supplementary Note 3. Graphene plasmon damping rate analysis.

The inverse of the quality factor O can be split into two additive parts

Q '~ % + % = Qgra + Qznv, (Supplementary Equation 6)
2 1

where the first term on the right-hand side, Qg}a ~ ?, represents the intrinsic damping from
2

graphene with the graphene optical conductivityo =~ o; + ig,, whereas the second term,

Qe_m,ZZ—Z, describes the dielectric losses from the environment with an effective dielectric
1

permittivity k = k41 + ik,. We use the following separation-dependent expression for the latter:

1+65i02

kK (q,w) = (Supplementary Equation 7)

—_ b
1+€si0,+(1—€si0,)e 294

where €50, 1s the permittivity of Si02, q is the plasmon wave vector, and d is the suspended
height. In the d = 0 limit, we recover the well-known result x = (1 + €5;0,)/2. In
Supplementary Figure 11a, Qeny s calculated from Eq. S6 as a function of the suspended height
d. After assuming Qgra = 30, we obtain the total quality factor Q shown in Supplementary Figure
11b.

Multiple channels are involved in graphene plasmon damping, including losses due to
scattering by charged impurities, phonons, and electron-electron (e-e) collisions, as well as
dielectric losses. In our suspended graphene samples, the contribution of optical phonons to
scattering is weak because of their high energy.® 7 The contribution of acoustic phonons to
plasmon losses is associated with scattering between electrons and low-energy lattice
vibrations in graphene, so it is weakly dependent on carrier density.® Charged impurity
scattering leads to strongly reduced damping when increasing the carrier density, owing to the
enhanced electrostatic screening.® Therefore, the main loss mechanisms of suspended graphene
plasmons at room temperature are charged impurity scattering and acoustic phonon scattering.

Our system is very different from previous studies (e.g., BN encapsulated graphene’> ®) due
to the chemical doping scheme used here, which can potentially introduce additional impurity



scattering (and even modify the phonon bands of graphene °). Therefore, it is difficult to
estimate Qg and its doping dependence. If the additionally charged impurity scattering
becomes a dominant loss pathway, increasing the doping level will improve the quality factor
because of the increase in screening.

We note that the dependence of the quality factor on the suspension height does not
quickly reach saturation (Figure 3d of main text) because graphene is not entirely horizontal.
For Sample 2, with a low suspension height, graphene adopts a parabolic profile at the pressure
inside the graphene bubble. Therefore, starting from the boundary, as the downward slope of
the graphene is closer to the substrate, the loss of the graphene plasmon will increase. As a
result, the quality factors at d= 55 nm, 105 nm, and 147 nm should be underestimated, so the
curve does not quickly saturate.

923.3°d1=+25 nm 9290°d1:—19 nm
94 94 94 94
. . <.l .
WM WM UlM UlM

T T T T T 0 T T T T T
b GraEhene 00 05 10 15 20 0.0 0.2 0.4 0.6 00 05 10 15 20 0.0 0.2 0.4 0.6

Length (um) Length (um) Length (um) Length (um)

Graphene

r 2 2
| 8=5.3°d,=+60 nm : 6=90°d,=-3 nm 0=90°d, = -50 nm

C
94 9 | 9 9 o] o]
El 3 : El El el El
HA Sl a5 HA HA HA HA
o) o : o ” ” ”
aq SR IR AN 3 3 34 3
~ T 0 0 0 0

7 T T T T T T ) T T T T ) T T
0.0 05 10 15 20 0.0 0.2 0.4 0.6 0.0 0.5 10 15 20 0.0 0.2 0.4 0.6 0.0 0.5 1.0 15 20 0.0 0.2 0.4 0.6
Length (um) Length (um) Length (um) Length (um) Length (um) Length (um)

Supplementary Figure 12. Method for calculating reflection. (a) Typical near-field IR
image of suspended graphene. The incident light wavelength is Ao= 10.87 um (920 cm™), and
the graphene Fermi energy is 0.4030.03 eV. The experimental near-field amplitude profiles
across the air-dielectric interface and natural graphene edge are indicated by green and orange
dashed lines, respectively. The scale bar indicates 2 pm. (b) illustration of a cross-sectional
side view of the air-dielectric interface and natural graphene edge. (c) Experimental near-field
amplitude profiles across a graphene air-dielectric interface (left) and natural edges (right),
extracted from the near-field IR images of (a). The horizontal dashed lines mark the averaged
signal on graphene. The vertical dashed lines mark the positions of the graphene air-dielectric
interface and natural edges, respectively. (d-g) Experimental amplitude profiles corresponding
to the near-field images of Figure 4c in the manuscript.
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Supplementary Figure 13. Simulation of plasmon reflectance as a function of contact
angle and suspension height. (a) Height profiles of suspended graphene bubbles, shown in
Figure 4b in the main text. Symbols and curves indicate experimental data and the
corresponding fitted parabolic functions when d>>0. (b) and (c) Relation between d> and 6
when the graphene is above the substrate surface (i.e. d>>0) and below the substrate surface
(i.e., d2<0) in the suspended region, respectively. The relations are fitted to experimental data
with 95% confidence intervals. (d) Simulated spatial distributions of the amplitude of the
electric field as plasmons propagate from the suspended graphene region into the area
supported by the SiO substrate with different contact angles 6 and step heights d>, respectively.
Here, we take Er=0.4 eV and 19=10.87 um (920 cm™1). White, red, and blue arrows represent
incident, reflected, and transmitted plasmons, respectively. The green arrow stands for plasmon
scattering (out-coupling) into radiation.
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Supplementary Figure 14. Active control of graphene plasmon reflection by applying a
gate voltage. (a) Illustration of a cross-sectional side view of a gate-controllable suspended
graphene device. (b) Optical image of a typical suspended graphene device with gold
electrodes. The scale bar indicates 5 pm. (¢) AFM topography images of suspended graphene
with different heights of the graphene bubble d>, obtained by controlling gate voltages for fixed
hole depth d;=300 nm (see definitions in the inset of Figure 3b). (d) Near-field IR images of
suspended graphene, taken simultaneously with the AFM topography. The incident light
wavelength is o= 10.87 um (920 cm™). The bright fringes at the air-dielectric interface and
natural graphene edge are indicated by white and green arrows, respectively. The scale bar
indicates 2.0 um. (e) Height profiles of suspended graphene bubbles. (f) Relation between d>
and gate voltages, extracted from the height profiles in (e). (g) Graphene Fermi energy shifts
with gate voltages for suspended graphene and SiO» supported graphene. (h) Plasmon
reflectance as a function of gate voltages. Symbols are obtained from experimental data of (d),
while the curve is a guide to the eyes.

Supplementary Note 4. Active control of graphene plasmon reflection by applying a gate
voltage.

To gain dynamic control over GP reflection and further prove the terms we used, we have
carried out a series of new experiments to quickly and effectively control plasmon transmission
at the dielectric boundary by applying a gate voltage, varying the graphene Fermi energy, and
changing the incident wavelength (Supplementary Figure 14-16). Especially through the gate
voltage, the graphene can be electrostatically deformed and doped at the same time to obtain
the sought-after dynamic control of GP transmission (Supplementary Figure 14).

When a transverse electric field is applied across the suspended graphene, a moment of force
acting on the graphene induces electric polarization. As a result, the graphene becomes

1



electrically charged and is attracted to the counter electrode. Because it can be regarded as a
thin atomic membrane with low lateral stiffness, suspended graphene can be an ideal material
for electromechanical devices to control morphology. Supplementary Figures 14 a,b shows a
schematic and an optical image of a gate controllable suspended graphene device. Note that
our suspended graphene is doped to 0.3 eV by NO> molecules before adding a gate voltage.
Since the molecules are always adsorbed on the graphene surface, the entire system is
maintained electrically neutral. Supplementary Figure 14c shows an AFM image of a circular
suspended bubble, which demonstrates precise manipulation of suspended graphene
morphology via electrostatic control. The graphene membrane is gradually sucked into the
holes with a vertical displacement. The height of the suspended graphene relative to the
substrate can be adjusted from +5 nm to -26 nm. Supplementary Figure 14d shows a near-field
optical image corresponding to the AFM image. The natural boundary of graphene is also
introduced to facilitate the direct calculation of the reflection at the dielectric boundary. How
the morphology of graphene affects the impedance mismatch and reflection of plasmons has
been discussed in detail in the manuscript.

Since the gate voltage applied by the suspended graphene and SiO» supported graphene is the
same, the graphene's carrier concentration on both sides strongly depends on the effective
capacitance contributed by the dielectric constant of air and SiO2. As shown in Supplementary
Figure 14g, when the gate voltage is tuned from 0 to 30 V, the change of |EF| shifts from about
0.3 to 0.5 eV for SiO, supported graphene. This shift of |EF| is larger than the change for
suspended graphene, from about 0.3 to 0.4 eV under the same gate voltages. Therefore, with a
continuous increase of the gate voltage, the difference of height and the Fermi level on both
sides can be exacerbated at the same time, which further promotes the reflection of plasmons
at the boundary. As shown in Supplementary Figure 14h, the reflection of plasmons at the
dielectric boundary increases with increasing gate voltages, from 23% to 70%.
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Supplementary Figure 15. Tunable control of graphene plasmon reflection by varying the
graphene Fermi energy. (a) Near-field infrared image of suspended graphene with different
Fermi energies is controlled by chemical doping. The bright fringes at the air-dielectric
interface and natural graphene edge are indicated by green and white arrows, respectively. The
scale bar indicates 2.5 um. (b) Plasmon reflectance as a function of Fermi energy. Symbols are
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obtained from experimental data of (a), while curves are from the simulation.

Supplementary Note 5. Tunable control of graphene plasmon reflection by varying the
graphene Fermi energy.

An essential feature of graphene over metals as plasmonic materials is the ability to change the
carrier concentrations to modulate the plasmon performance. Therefore, we explore the
corresponding plasmons switching effect by adjusting the graphene carrier concentration. This
facilitates the mutual compatibility of our plasmons switch and other electronic devices.
Supplementary Figure 15a shows a near-field infrared image of suspended graphene with
different carrier densities (corresponding to a Fermi energy varying from ~0.2 to 0.6 eV). As
the Fermi level increases, the fringes at the dielectric boundary and the natural edge become
brighter. This indicates that the strength of the plasmon resonance is enhanced with increasing
doping concentration. Besides, the number of fringes of the suspended graphene region is also
reduced because the graphene plasmon's wavelength is increased with increasing doping
concentration. We calculated the reflection as a function of graphene Fermi level. As illustrated
in Supplementary Figure 15b, the reflectance of plasmons at the dielectric boundary decreases
with increasing doping levels, from 85% to 42%. A longer wavelength can enhance plasmon
diffraction effects to transmit boundary regions.
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Supplementary Figure 16. Tunable control of graphene plasmon reflection by changing
the excitation wavelength. (a) Near-field infrared images of suspended graphene with
different excitation wavelengths. The bright fringes at the air-dielectric interface and natural
graphene edge are indicated by white and green arrows, respectively. The scale bar indicates
2.5 um. (b) Plasmon reflectance as a function of excitation wavelength. Symbols are obtained
from experimental data of (a), while curves are from the simulation.



Supplementary Note 6. Tunable control of graphene plasmon reflection by changing the

excitation wavelength.

It is also possible to achieve in-situ modulation of reflection by changing the excitation
wavelength. As shown in Supplementary Figure 16a the plasmon wavelength is decreased with
the increase of excitation energy, but the reflectance gradually increases as the excitation
energy gets closer to the surface optical phonons of SiO.. Besides, the background of the near-
field image gradually becomes more intense near these phonon frequencies. Compared with
Fermi energy modulation, changing the incident wavelength is more effective, and the
regulation range is extended from 51.6% to 97.4%. It is worth noting that when the graphene
bubble is nearly flat (d>=0, i.e., co-planar with the substrate surface), both by changing the
excitation wavelength (Supplementary Figure 16b) or the Fermi energy (Supplementary Figure
15b), the tunability of the plasmons at the dielectric boundary is very weak.
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Supplementary Figure 17. Experimental setup for bubble filling. (a) Schematic of gas
diffusion into a graphene bubble from the chamber when applying very high pressure (P.). Pe
indicates the external atmospheric pressure. (b) Experimental parameters for bubble filling.
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