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Due t o t he t wo-dimensional character of graphene, t he plasmons sustained by t his mate-

rial have been i nvariably studied i n supported samples so far. The substrate provides stability

for graphene but often c auses undesired i nteractions ( such a s dielectric l osses, phonon

hybridization, and i mpurity scattering) t hat compromise t he quality and l imit t he i ntrinsic

flexibility of graphene plasmons. Here, we demonstrate t he v isualization of plasmons i n

suspended g raphene a t r oom t emperature, e xhibiting high-quality f actor Q~33 a nd l ong

propagation l ength > 3 μm. We i ntroduce t he graphene s uspension height as an effective

plasmonic t uning knob t hat enables i n situ change of t he dielectric environment and sub-

stantially modulates t he plasmon wavelength, propagation l ength, and group velocity. Such

active control of micrometer plasmon propagation f acilitates near-unity-order modulation of

nanoscale energy flow t hat serves as a plasmonic switch with an on-off ratio above 14. The

suspended graphene plasmons possess l ong propagation l ength, high t unability, and con-

trollable e nergy t ransmission s imultaneously, o pening u p b road horizons f or a pplication

in nano-photonic devices.
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Graphene p lasmons ( GPs), t he c ollective o scillations o f
Dirac-fermion electrons i n doped graphene, enable s ub-
wavelength light c onfinement i n t he infrared ( IR) a nd

terahertz f requency domains1–3, o ffering a n i                      deal platform t o
support h igh-speed4, l ow-damping5,6, a ctively-tunable e nergy
transport at t he nanoscale7,8. I mportantly, GP properties can be
dynamically t uned b y c hanging t he g raphene F ermi e nergy
through electrical gating, which finds applications r anging f rom
light modulation t o l ight detection and sensing9–11. I n addition,
extensive efforts have been devoted t o creating passive graphene
components f or plasmonic c ircuitry, s uch a s waveguides, r eso-
nators, and couplers12. However, t he current s tate-of-the-art of
GPs i s f ar f rom r eal-world applications due t o t heir s hort pro-
pagation l ength, l imited t unability, and l ack of energy flow con-
trollability. This is because the performance of GPs is l imited by a
supporting s ubstrate underneath graphene, which brings about
extrinsic damping pathways, i ncluding dielectric l osses, phonon
hybridization, a nd i mpurity s cattering. Such e xtrinsic damping
comes mainly f rom t he natural I R phonons t hat r eside i n t he
chosen s ubstrates, s uch a s S iO2 a nd BN5,6. Even a t c ryogenic
temperatures, dielectric l osses f rom t he e nvironment s till c on-
tribute a s ignificant d amping t hat c annot b e o vercome b y
improving t he i ntrinsic properties of graphene13. The dielectric
permittivity and phonon hybridization also restrict t he operating
frequency bandwidth of GPs. Besides, when plasmons propagate
across different s ubstrates, electromagnetic energy i s affected by
the dramatic change of t he l ocal dielectric environment, t hereby
causing r eflection, t ransmission, a nd r adiative o ut-coupling
associated with t he p lasmonic i mpedance mismatch b etween
the t wo d ifferent d ielectric e nvironments14–17. Therefore, t he
design of a dielectric environment to address the aforementioned
challenges i n one s ystem i s essential t o bring GPs close t o r eal
photonic devices.

Suspended g  raphene w  ith v  ery h  igh c  arrier m  obility
approaching b allistic t ransport a nd l ong c arrier r elaxation
time18,19 serves as an ideal platform to avoid dielectric losses from
the s ubstrate20. Notably, s uspended g raphene s tructures h ave
been widely explored i n photodetectors, ultrafast photocurrents
and t erahertz generation21, visible l ight emission22, nanomecha-
nical r esonators23, a nd t hermal t ransport d evices24. Here, we
demonstrate that a remarkable i mprovement i n the quality factor
and p ropagation l ength o f GPs c an b e a chieved i n s uitably
designed suspended graphene plasmonic structures. Furthermore,
a broad tunability of the plasmon dispersion, propagation l ength,
phase and group velocities, and energy flow i s demonstrated by
merely i n s itu a djusting t he s uspension h eight, l eading t o a 
change of dielectric e nvironment t hat i s difficult t o a chieve i n
substrate-supported p lasmonic s tructures. Based o n t he a ctive
control of plasmon micrometer propagation, we i mplement an
effective switch for near-unity-order control of plasmonic energy.

Results
Plasmonic response and dispersion i n suspended graphene. As
schematically shown in Fig. 1a, we deposit mechanically exfoliated
graphene flakes onto a SiO2/Si substrate perforated with circular
dimples of different diameters i n the 30 nm–50 μm range (see also
Supplementary F ig. 1 ). Our f abrication p rocedure ( details i n
Methods) a voids c ontamination by c hemical a gents, a s well a s
mechanical damage f rom t he s urface t ension o f t he l iquid t o
maintain i ntact t he i ntrinsic properties of graphene during t he
transfer process. Circular d imples a re mainly used t o prevent
wrinkles and achieve better c ontrol of t he s uspended s tructure.
The holes underneath suspended graphene are filled with N2 gas
to a void t he c ollapse of t he c arbon monolayer a nd c hange i ts
distance t o t he s ubstrate b y c ontrolling t he g as pressure. The

samples are t hen sealed i n a chamber with NO2 gas ( concentra-
tions are varied between 25 and 75% in N2 atmosphere) for several
hours t o achieve a high doping l evel by surface adsorption of gas
molecules, which a ct a s e lectron a cceptors25,26. The monolayer
thickness of t he graphene used i n t his work i s confirmed by t he
Lorentzian profiles of t he 2D peak i n i ts Raman spectra (Fig. 1b
and Supplementary Fig. 2), while t he absence of a defect-induced
D band ( 1350 cm−1) i ndicates a high quality of t he samples. By
comparison, t he G p eak o f s uspended g raphene r edshifts b y
2.1 cm−1, i ndicating unnoticeable strain (only 0.014%) i nduced i n
the carbon monolayer by our suspension structures. Besides, t he
Raman r atio I 2D/IG decreases s ignificantly f rom 5 i n s uspended
graphene t o 3 i n s upported g raphene due t o t he s cattering of
graphene electrons caused by charged i mpurities f rom t he SiO2

substrate. The doping l evel can be directly controlled through the
gas concentration and doping time (Supplementary Fig. 2), which
can s hift t he g raphene F ermi e nergy E F u p t o ~0.9 eV. The
resulting Fermi energy i s much higher t han t hat provided by t he
commonly employed electrostatic gating ( typically c hanging t he
graphene carrier density by up t o ~4 × 1012 cm−2, corresponding
to a Fermi energy shift of ~0.3 eV f rom t he neutrality point). We
find t hat plasmons r emain almost unchanged f or s everal hours
and gradually degrade after a f ew days due t o t he desorption of
NO2 gas molecules. Interestingly, t he plasmons can be effectively
turned off by t hermal enhancement of desorption i n our experi-
ments ( e.g., h eating t he s ample a t 1 00 °C f or 5 min i n N2

atmosphere).
We use a s cattering-type s canning near-field optical micro-

scope (s-SNOM) with a tunable quantum cascade l aser operating
in t he 892–1600 cm−1 r ange t o i mage propagating plasmons i n
graphene. The IR l ight beam i s focused on a metallic atomic force
microscope ( AFM) c antilever p robe t ip ( Fig. 1 a). The b ack-
scattered near-field optical signal can be recorded simultaneously
with t he t opography. The broad s can r ange of s -SNOM ( up t o
50 × 50 μm2) i s critical f or t he characterization of l ong-distance
propagation. I n p revious s tudies, i t was well e stablished t hat
plasmon polaritons manifest as a periodic modulation (fringes) of
the observed near-field s ignal as a f unction of t he t ip position
relative t o g raphene e dges a nd o ther s urface f eatures2,3.
Furthermore, s -SNOM c an distinguish t ip- a nd e dge-launched
plasmons9, t hus providing a valuable platform f or characterizing
plasmon propagation, reflection, and t ransmission14,15.

We first explore plasmon polaritons propagating on a l arge-
area suspended graphene sample ( EF ≈ 0.68 eV) with an I R l aser
operating at λ0= 10.87 μm ( 920 cm−1). I n t he near-field nano-
scopy i mage s hown i n F ig. 1 c, p lasmonic f ringes r emarkably
cover t he entire l arge s uspended graphene area ( with a circular
diameter Φ= 15 μm). The corresponding optical and topography
micrographs are shown i n Supplementary Fig. 1. The wavelength
λp o f t he s uspended GPs i s c alculated t o b e 9 38 nm f rom
analytical RPA theory27 and numerical simulations28, a value that
agrees well with t he e xperimentally observed distance between
two adjacent f ringes i n Fig. 1c. As a salient f eature of suspended
GPs, we remark that their wavelength i s much l onger than that of
graphene samples supported by substrates2,3,5. Besides, inspection
of Fig. 1c r eveals t hat t he plasmonic oscillations extend 7.5 μm
beyond t he edge of t he dimple; t he propagation l ength i s l imited
by t he s ample s ize a nd f ar e xceeding previous r ecords on a ny
other s ubstrates a t r oom t emperature2,3,5. I n c ontrast, t he
nanoscopy i mages of s uspended g raphene without doping a re
featureless (Supplementary Fig. 3).

To i nvestigate plasmon dispersion as a f unction of t he wave
vector q a nd photon e nergy ω, a s maller s uspended s tructure
(diameter Φ= 2.5 μm) i s c hosen t o o btain more a ccurately
measured near-field a mplitude i mages. Fringe patterns c an be
observed with a p eriodicity c orresponding t o λ p/2, which i s
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confirmed by our e lectromagnetic s imulations ( Supplementary
Figs. 4 , 5 ). T he p lasmon d ispersion r elation e xtracted f rom
experimental measurements ( dots i n F ig. 1 d) i s p lotted a nd
compared with RPA calculations (pseudo-color-plot background)27.
Fringes of two distinct periodicities (λp and λp/2) appear i n Fig. 1c
and Supplementary Fig. 4, respectively. The λp/2-period fringes can
be assigned t o t ip-launched plasmons r eflected at t he edge of t he
suspended area and s ubsequently out-coupled t o r adiation by t he
tip2. The plasmon e dge-reflection i s c aused by t he mismatch of
capacitive coupling across dielectric i nterfaces, mainly determined
by the difference in the wave vectors of plasmons between substrate-
supported and suspended regions. The λp-period fringes can also be
produced by edge-launched plasmons propagating t o t he t ip and
being o ut-coupled9. We n ote t hat t he e fficiency o f p lasmon
excitation at the edges depends on the combined effect of dielectric
polarization29 and t he s ize a nd s hape of t he hole e dge ( Supple-
mentary Note 1)30.

With t he u ltrahigh d oping l evels e nabled b y s uspended
graphene, we can access a wide r ange of plasmon wavelengths,
ranging from 850 to 1560 nm with different excitation frequencies
in o ur s uspended g raphene s ample. Moreover, t he p lasmon
dispersion r elation s hown i n Fig. 1d presents a r elatively s teep
slope, eventually covering excitations by l ight f requencies up t o
1400 cm−1. The operational f requencies are l imited by the Fermi

energies and are generally reaching up to 1000 cm−1 by electrical
gating. Besides, s uspended graphene c an be e asily t ailored i nto
different nanoresonator shapes and sizes by engineering the shape
of t he h ole c arved i n t he s ubstrate r ather t han p atterning
graphene i tself, thus offering a unique opportunity to manipulate
plasmonic propagation a nd l ocalization. For e xample, t he hole
size i n t he substrate can be reduced down t o <50 nm, providing
robust o n-demand h otspots t hat a re a ppealing f or n umerous
applications i n t he fi eld o f n anophotonics ( Supplementary
Fig. 6)12.

Long-distance propagation of s uspended graphene plasmons.
While i n Fig. 1c we have demonstrated a considerable propaga-
tion l ength of suspended GPs, i n Fig. 2a, b we compare the near-
field amplitude i mages of plasmon propagation i n suspended and
SiO2-supported graphene with similar Fermi energies. The near-
field i mages i n Fig. 2b are flanked by t he boundary (indicated by
the white dashed l ines) of a c ircular s uspended r egion with a 
diameter o f 3 5 μm a nd a s uspension h eight o f ~450 nm. To
quantify the improvement brought about by suspended graphene,
we n eed a d irect c omparison o f t he q uality f actor Q. I n
momentum s pace, t he c omplex, f requency-dependent plasmon
wave vector is given by2,13 qp ωð Þ ¼ q1 ωð Þ þ iq2 ωð Þ ¼ iκω

2πσðωÞ, where
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Fig. 1 Plasmonic response and intrinsic dispersion in suspended graphene structures. a Sketch of experimental arrangement for l aunching and detecting
plasmons propagating i n suspended graphene. The tip and sample are i lluminated with a f ocused i nfrared l ight wave (with wavelength λ0 and field Einc),
which can i nduce dipoles around t he hole edge, t hus efficiently exciting t he graphene plasmons (yellow arrows). The t ip subsequently scatters t he
plasmons, and a distant detector measures the scattered field ES. Note that we use defocus processing to enlarge the spot size to ~30 microns and enhance
the surrounding edge l aunching efficiency further. b Raman spectra of suspended and SiO2-supported regions of high-quality undoped graphene. c Near-
field optical signal at λ0= 10.87 μm (920 cm−1) l ight wavelength f rom a t wo-dimensional scan across t he suspended graphene area with a circular
diameter Φ= 15 μm and a suspension height ~450 nm. The i nterface between suspended and supported graphene regions i s marked with a dashed white
circle. The black curve at the bottom shows the near-field profile along with a horizontal cut through the center of the circular hole. The graphene Fermi
energy i s EF ~ 0.68 eV. The scale bar i ndicates 5 μm. λp represents t he plasmon wavelength. d Experimentally measured (symbols, f rom a device with
Φ= 2.5 µm and EF ~ 0.9 eV, shown i n Supplementary Fig. 4) and simulated (white dashed curve, details i n Methods) dispersion of suspended GPs. The l oss
function I m{rp(q, ω)}, calculated f rom the reflection coefficient r p i n the random-phase approximation (RPA, details i n Methods), i s shown as a pseudo-
color-plot background.
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subindices 1 a nd 2 i ndicate t he r eal a nd i maginary p arts,
respectively. Here, σðωÞ i s t he graphene surface conductivity and
κ i s the effective dielectric function of the graphene environment.
The quality f actor Q i s given by Q�1 ¼ q2

q1
� σ1

σ   2
þ κ2

κ   1
, under t he

conditions σ2
�� � � �    σ    1

�   �   
� � a nd κ 1

�    �    
� � �           κ    2

�   �   
��, which are well s atisfied

in this study. Also, the i ntrinsic plasmon propagation l ength (for
1/e a  ttenuation o  f i  ntensity) c  an b  e e  xpressed a  s
LSPP ¼ 1

2q2
¼ 1

4π λpQ. We implement a multi-beam interference

model ( Supplementary Fig. 7 a nd Note 2) t o a nalyze c omplex
near-field amplitude i mages31, from which q2 ωð Þ can be extracted
through direct real-space fitting of the near-field signal l ine scans
(see Supplementary Fig. 8 a nd Note 2 f or more details of t he
analysis method).

The extracted values of Q and LSPP as a function of Fermi energy
(Fig. 2c and Supplementary Fig. 9) reveal a remarkable i mprove-
ment i n s uspended g raphene s amples ( maroon c urves) o ver
supported ones ( orange curves). The quality f actor of s uspended
GPs varies from Q= 29 to Q= 33 when EF i s changed from 0.3 to
0.8 eV, while i n SiO2-supported plasmons Q s tays below 5.4. I n                                  
addition, LSPP i ncreases f rom 1.0 t o 3.1 μm with i ncreasing EF i n
suspended GPs, while it is limited to the 0.1–0.2 μm range in SiO2-
supported plasmons as a result of t heir smaller quality f actor and
plasmon wavelength. I n a ddition, t he p lasmon wavelengths o f
graphene s uspended i n a ir ( dielectric c onstant ε air≈1) a nd
supported o n a S iO2 s ubstrate s atisfy t he r elation λ suspended/
λsupported= (1 + ε SiO2

) /2, where t he           r eal part of ε SiO2
i s 3.8 a t

920 cm−1 32.    The i mprovement i n the quality f actor i n suspended
graphene is due to the reduced environmental losses brought about
by t he absence of a s ubstrate ( Supplementary Note 1). However,
the quality f actor of our s uspended graphene s amples does not
reach t  he e  stimated i  ntrinsic l  imit Q  ~ 40–70 a  t r  oom
temperature5. We attribute t his t o i mpurity s cattering produced
by gas-molecule dopants, which provide an extra extrinsic decay
channel33. A possible mechanism could be related to the exchange
of momentum with the graphene crystal l attice, as NO2 molecules
have a size comparable to the unit cell, leading to local heating and
additional plasmon damping. Nevertheless, we observe t hat t he
quality factor of suspended GPs samples is always higher than that
of supported GPs at room t emperature.

Note t hat o ur e xperimentally measured v alue o f Q f or
suspended GPs exceeds by 35% t hat f ound i n previous work f or
plasmons on high-quality graphene encapsulated i n a hexagonal

BN sandwich configuration at room t emperature5. However, t he
performance of propagating plasmons i n a suspended sample at
room t emperature i s still not comparable t o t hat i n encapsulated
graphene at l ow temperature13. This proves that phonons exert a
significant i nfluence on the dissipation of GPs. We also note that
effective electrical gating of suspended graphene could be used to
suppress l osses associated with i mpurity s cattering and push Q
further t o i ts i ntrinsic l imit, which i s i ncreased by 2–3 t imes at
room t emperature a nd o ne o rder o f m agnitude a t l ow
temperature.

Active control of suspended graphene plasmons. The elimina-
tion of i nteractions f rom t he s ubstrate r enders a pure plasmonic
environment, providing a unique platform f or manipulating t he
out-of-plane i nteraction between i ntrinsic GPs and t he dielectric
environment. I n Fig. 3a, we show t he calculated plasmon disper-
sion with different s uspension heights d. The height d between
suspended graphene and t he substrate i s t aken as t he sum of t he
hole depth d1 and the height of the graphene bubble d2eff relative to
the substrate plane. The strength of l ong-range Fröhlich coupling
between GPs a nd t he optical phonons of t he SiO2 s ubstrate i s
strongest when graphene i s directly placed on top of the substrate
(d= 0), where the dispersion splits i nto three bands6. We observe
that, as d i ncreases f rom 0 t o 453 nm, t he coupling strength gra-
dually weakens ( black-dashed c urves i n Fig. 3a) a nd e ventually
disappears at d= 55 nm and 147 nm f or t he surface optical pho-
nons a t ω 1= 806 cm−1 a nd ω 2= 1168 cm−1, r espectively. I n
Supplementary Fig. 10, we show the corresponding measured near-
field amplitude i mages with i ncreasing suspension height d. Note
that when d2 is positive, we define an effective height to reduce the
deviation caused by the parabolic shape of the suspended graphene
bubble. The e ffective height i s given by d2eff= (1/r)

R r
�rh   ðxÞdx,

where h(x) i s obtained by fitting t he height profile t o a parabola.
Following t his approach, t he plasmon wavelength c an be t uned
over a wide r ange ( from 4 00 nm t o 1 .2 μm) due t o i ts s trong
dependence on t he permittivity of t he e nvironment. Figure 3 b
shows t hat, f or different suspension heights d, t he plasmon wave
vectors extracted f rom t he measured near-field amplitude i mages
(symbols) agree well with t he calculated results (maroon curve)34.
Besides t he s ignificant control obtained over t he plasmon wave-
length by changing t he suspension height, both phase (νP=ω/q1)
and group ( νg= ∂ω/∂q1         ) velocities sharply i ncrease with d i n t he
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d < 80 nm r egion, and t hey s aturate at d ~ 200 nm, as s hown i n
Fig. 3c. Notably, νg can vary within a range of 0.42–2.5 × 107 m/s,
suggesting t he possibility of broadly c ontrolling t he propagation
speed of i nformation i n a graphene waveguide.

Modulation of the interaction between GPs and a substrate can
also a ffect t he p lasmon q uality f actor. I n F ig. 3 d a nd
Supplementary F ig. 1 0b, we s how t he a nalysis o f t he q uality
factor Q a nd propagation l ength LSPP f or different s uspension
heights d. Once g raphene i s detached f rom t he s ubstrate, t he
quality f actor Q i ncreases sharply due to the reduced coupling t o
dielectric losses from the SiO2 substrate (see detailed discussion in
Supplementary F ig. 1 1 a nd S upplementary Note 3 ). This i s
consistent w ith t he e xponential d ecay o f t he e lectric fi eld
associated with p lasmons a way f rom t he g raphene p lane. By
computing t he p ercentage o f t he n ear-field i ntensity i n t he
proximity of g raphene, we find t hat 65% of t he mode e nergy
(λp ≈ 1.5 μm at a s uspension height of d= 453 nm) i s c onfined
within 100 nm above or below the graphene plane11. We observe
a t wofold i mprovement of Q when d i ncreases t o 55 nm, while a
milder i ncrease i n Q t akes place after d exceeds 100 nm. For t he
achieved maximal s uspension height ( d= 453 nm), t he quality
factor Q i s e nhanced b y a bout a f actor o f s ix, a nd t he
corresponding LSPP i ncreases by one order of magnitude ( from
0.25 t o ~3.0 μm) compared t o t he values observed i n s upported
graphene.

Plasmonic s witch b ased o n s uspended g raphene p lasmons.
Both t he l ong-distance propagation a nd c ontrol of s uspended
GPs o ffer u nique p ossibilities f or s tudying a pplied a spects o f
graphene plasmonics. Nanoscale e nergy t ransfer a nd manage-
ment mediated by plasmons at t he i nterface between t wo media
are vital f or t he design of nanophotonic devices14,16,35. In Fig. 4,
we d emonstrate t hat p lasmon e nergy fl ow t hrough t he a ir-
dielectric i nterface can be controlled by gradually changing t he
shape of t he s uspended graphene, s erving a s a n e ffective plas-
monic s witch. Our e xperiment s etup i s i llustrated i n Fig. 4 a.
Indeed, we c an t une t he height d2 of a graphene bubble f rom
−50 nm (concave shape) to +60 nm (convex) by changing the gas
pressure, a s r evealed by AFM ( Fig. 4b) and t he c orresponding
near-field amplitude i mages of t he circular s uspended s tructure
shown i n Fig. 4c. Pronounced plasmon i nterference f ringes a t
both a ir-dielectric i nterfaces ( indicated by a white a rrow) a nd
natural g raphene e dges ( indicated b y a g reen a rrow) c an b e
observed, which suggest that plasmons can be efficiently reflected
by t he a ir-dielectric i nterface, b esides t he w ell-known t otal
reflection at t he natural graphene edges14. The r eflectance coef-
ficient can be estimated as r= (Sdielectric-Ssheet1)/(Sedge-Ssheet2)14,36,
where Sdielectric, Sedge, Ssheet1, and Ssheet2 r epresent t he near-field
signals of the bright fringe at the air-dielectric interface, the bright
fringe at t he natural graphene edge, and f rom t he background of
suspended (Ssheet1) and supported (Ssheet2) graphene, respectively
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Fig. 3 Active control of suspended graphene plasmons by changing the suspension height. a Calculated i maginary part of the l oss function I m{rp(q, ω)}
in the RPA for different suspension heights d, with fixed EF= 0.65 eV and λ0= 10.87 μm (920 cm−1). The black-dashed curves i ndicate the evolution of the
energy splitting stemming f rom t he coupling between GPs and phonon polaritons i n SiO2. b Experimentally measured (symbols) and t heoretically
calculated (solid curve) plasmon wave vector as a function of the suspension height d at λ0= 10.87 μm (920 cm−1). I nset: i llustration of a cross-sectional
side view of the suspended graphene device. d1 and d2eff represent the depth of the dimple and the effective height of the graphene bubble, respectively.
The former (d1) i s predetermined by the fabrication process, while d2eff can be varied i n situ by controlling the gas pressure from beneath the substrate film.
c Extracted phase (orange curves) and group velocity (maroon curves) as a function of d. Solid curves are theoretical predictions, while symbols are values
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(Supplementary Fig. 12). Note t hat t he diameter of t he hole i s
2.5 μm, which i s l arger t han t he propagation l ength of t he gra-
phene plasmon ( Lspp= 1.4 μm) at t he considered Fermi energy
EF= 0.4 eV (Fig. 2c). Therefore, the value of Sdielectric is essentially
determined by t he first f ringe amplitude near t he air-SiO2 i nter-
face. Since the near-field amplitude S tracks variations in the l ocal
electric field between tip and graphene, the plasmon energy scales
as t he s quare of S, and t hen t he r eflectance can be evaluated as
R= |r|2. Figure 4d i llustrates t he spatial distributions of t he real
part of the electric field Re E x

� �
a long the horizontal direction for

the t ransmission o f GPs f rom s uspended t o S iO2-supported
graphene r egions, w here a p lasmonic i mpedance mismatch
between t he t wo r egions a ppears due t o t he a brupt c hange of
substrate permittivity and graphene morphology at t he i nterface.
We also note that both the contact angle θ and the step height d2

influence t he plasmonic i mpedance mismatch and f urther affect
the plasmonic t ransmission (Supplementary Fig. 13).

When t he s uspended graphene i s above t he s ubstrate s urface
(i.e., d2 > 0, see upper part of Fig. 4d), i t i s convenient t o exploit
the c ontact a ngle θ ( determined b y t he v alue o f d 2 a nd t he
graphene morphology) t o control t he r eflection at t he i nterface
due t o a d ifferent g raphene morphology c ompared with t he
situation i n which d2 < 0. When θ gradually i ncreases f rom 0 t o
45°, t he r eflectance g radually i ncreases f rom 6 .5 t o 8 .6%.
However, when t he graphene i s below t he s ubstrate s urface i n
the s uspended r egion ( i.e., d 2 < 0, b ottom        part o f Fig. 4 d), i t
attaches t o t he s idewall of t he dimple due t o v an der Waals
attraction, and the contact angle θ stays at 90°, whereas d2 mainly
determines t he r eflection. As d 2 i ncreases f rom −50 nm t o
−3 nm, t he f ringe c ontrast i n t he s uspended g raphene r egion

Fig. 4 Plasmonic switch based on tunable control of GP transmission at air-dielectric substrate i nterfaces. a Schematic of the plasmonic switch. Black,
red, and blue arrows represent i ncident, reflected, and transmitted plasmons, respectively. The green arrow stands f or plasmon scattering (out-coupling)
into radiation. The black-dashed l ine i ndicates the air-dielectric i nterface. b AFM topography i mages of suspended graphene with different heights of the
graphene bubble d2, obtained by controlling the gas pressure for fixed hole depth d1= 300 nm (see definitions i n the i nset of Fig. 3b). A negative value of d2
indicates t hat t he graphene bubble i s sunken i nside t he substrate dimple. We use a sample with a l arge value of d1 t o avoid any complications i n t he
interpretation. θ i s the contact angle of suspended graphene and the substrate. c Near-field I R i mages of suspended graphene, taken simultaneously with
the AFM topography for the corresponding suspension heights shown i n (b). The i ncident l ight wavelength i s λ0= 10.87 μm (920 cm−1), and the graphene
Fermi energy i s 0.40 ± 0.03 eV. Since the entire sample i s treated with the same gas concentration and doping time, we assume that the graphene has the
same Fermi energy i n t he substrate and suspended regions. The bright f ringes at t he air-dielectric i nterface and natural graphene edge are i ndicated by
white and green arrows, respectively. The scale bar i ndicates 2 µm. d Simulated spatial distribution of t he electric field along t he x direction as GPs
propagate f rom t he suspended region to the region supported by the SiO2 substrate, with d2 > 0 (upper part) and d2 < 0 (bottom part). I nset: expanded
view of the boundary area. e Plasmon reflectance (red), transmittance (blue), and scattering (green) as a function of d2 and θ. Colored curves are numerical
simulations with EF= 0.4 eV, whereas symbols represent experimental results extracted from (c). The vertical dashed l ine and two shaded areas are used
to i ndicate the two cases where the suspension height i s positive or negative. Error bars are extracted f rom different l ine profiles i n each scanned i mage.
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gradually decreases, i ndicating a r educed r eflectance at t he air-
dielectric i nterface. We e xperimentally observe t hat t he r eflec-
tance i s c lose t o 9 0% when d 2 d ecreases t o −50 nm with
EF ≈ 0.4 eV (Fig. 4e, symbols).

The minimum r eflectance i s 6.5% i f t he graphene bubble i s
nearly flat (d2= 0, i .e., co-planar with the substrate surface). Due
to the small thickness of single-atomic-layer graphene, almost no
free r adiation i s e mitted i n t he s cattering process under t hese
conditions ( green c urve i n Fig. 4e)36, s o t he maximum e nergy
crossing t he air-dielectric i nterface can be estimated t o be 93.5%
from t he measured r eflectance ( T= 1-R)37. B y a nalogy t o
electronic devices, we can define the ratio between the maximum
and minimum energies passing across t he i nterface as t he switch
ratio of plasmonic devices38; t he observed s witch r atio r eaches
>14 b y i n s itu c hanging t he s hape o f s uspended g raphene.
Simultaneously, the plasmon wavelengths are very different at the
two s ides ( λp ≈ 530 nm a t t he l eft i n t he s uspended g raphene
region, and λp ≈ 170 nm at t he right i n t he SiO2-supported area,
as shown i n Fig. 4d). Therefore, t he device serves as an efficient
plasmon wavelength converter.

It i s worth noting that a suspended graphene electromechanical
system driven by gate voltage can be used t o actively control t he
reflection. As a t hin atomic membrane with l ow l ateral s tiffness,
suspended graphene can be i deal f or electromechanical devices t o
control i ts morphology. I ndeed, s uspended g raphene c an b e
gradually sucked i nto the holes with a vertical displacement under
a t ransverse e lectric fi eld. The h eight o f s uspended g raphene
relative to the substrate can be tuned from +5 nm to −26 nm with
a gate voltage varying f rom 0 t o 30 V (Supplementary Fig. 14 and
Note 4). With a continuous increase in gate voltage, the differences
of h eight a nd F ermi l evel o n b oth s ides c an b e e xacerbated
simultaneously, further promoting the reflection of plasmons at the
boundary. As shown i n Supplementary Fig. 14, plasmon reflection
at t he dielectric boundary i ncreases with gate voltage f rom 23 t o
70%. Other controllable parameters, s uch as t he graphene Fermi
energy and t he i ncident l ight f requency, c an a lso offer versatile
methods for tunability (Supplementary Figs. 15, 16 and Notes 5, 6).

Discussion
To c onclude, we demonstrate t hat high-frequency propagating
plasmons ( ~1400 cm−1)  can be excited i n suspended monolayer
graphene with an ultrahigh doping level (up to 0.9 eV) introduced
through g as-molecule a dsorption. I mportantly, a h igh-quality
factor ( Q= 33) and a l ong propagation l ength ( LSPP > 3 μm) i n
plasmons e volving i n t ailored s uspended g raphene a t r oom
temperature a re a chieved b y e liminating i nteractions with a 
substrate. I n a ddition, s uspended g raphene provides a unique
clean plasmonic platform that grants us better understanding and
tuning of t he i nteraction physics of t he e xtrinsic e nvironment
with GPs. More precisely, by i n s itu c hanging t he s uspension
height of graphene, we i mplement an efficient manipulation of
the plasmon wavelength, propagation l ength, a nd phase/group
velocity. We further present an effective route to fully control the
transmission of plasmonic energy at t he air-dielectric hole-edge
interface by a pplying e lectromechanical c oncepts t o plasmonic
devices, i n which t he s uspended graphene can be deformed by
either i ntroducing a gate voltage or varying gas pressure. Fur-
thermore, we discuss how t he deformation c an be t ailored t o
create a plasmonic s witch ( by gas) and t ransistor ( by gating) t o
achieve near-unity-order manipulation of plasmonic energy flow.
The c ombination o f m icrometer p ropagation a nd e nergy
manipulation can be applied t o design other advanced devices,
such as plasmonic resonators, filters, and modulators, which are
pivotal t o control energy flow i n ultra-compact i ntegrated plas-
monic circuits.

Methods
Nanofabrication of suspended GP devices. Circular holes with sizes ranging
from 30 nm t o 50 μm were patterned on a 300 nm SiO2/500 μm Si substrate using
100 kV electron-beam l ithography (EBL) (Vistec 5000+ES, Germany) on ~350 nm
of ZEP520A electron-beam l ithography resist. The hole arrays were etched by C4F8
and SF6 gases (North Microelectronics, DSE200). Then, t he resist l ayer was dis-
solved with butanone and the whole wafer was cleaned with i sopropyl alcohol. For
holes t hat were deeper t han 300 nm, we used plasma-enhanced chemical vapor
deposition t o grow a 300 nm-thick l ayer of SiO2 i n t he hole t o cover t he silicon
substrate. The remaining residues on t he silicon oxide surface were removed by
oxygen plasma cleaning with 5 Pa and 80W f or 20 min. Graphite flakes were then
mechanically deposited onto the substrate. Optical microscopy was used to identify
monolayer graphene sheets, and t heir l ayer numbers were f urther confirmed by
Raman spectroscopy. To control t he shape of suspended graphene, t he samples
were placed i nto the chamber with N2 to create a pressure difference (ΔP) between
the i nside and outside of the suspended graphene membrane. ΔP was utilized as a
controlling l oad to change the suspension height based on the well-established gas
diffusion method according t o ΔP= (PaV0/ (V   0   + Vs))-Pe          

39, where P           a            a nd Pe are
the applied and external atmosphere pressures; and V0 and Vs are t he volumes of
the hole and suspended graphene bubble, respectively. A schematic diagram of the
gas diffusion process i s shown i n Fig. 4a. Following Hencky’s solution, the pressure
difference across t he membrane and t he maximum deflection at t he center of t he
suspended graphene hole f ollows a simple relation: ΔP= k E t d32=r

4  , where k i s a
dimensionless coefficient, E i s Young’s modulus, t i s the thickness of the graphene
layer, d2 i s t he maximum deflection, and r i s t he circular radius of t he suspended
graphene region. Our experimental parameters f or bubble filling are shown i n
Supplementary Fig. 17. Then, t he samples were t ransferred t o another chamber
with NO2 gas molecules t o t une t he Fermi energy of graphene. HNO3 vapor was
also used to dope the graphene and achieve higher carrier density. We verified that
heating t he doped samples produced a l arge decrease i n doping.

Near-field optical microscopy measurements. Near-field results were measured
using a scattering SNOM setup (Neaspec GmbH) equipped with wavelength-
tunable l asers (between 890 and 1600 cm−1). The spot sizes of t he Mid-IR beam
under t he AFM t ip were made ~30 μm i n l ateral size t o cover t he l arge area of
suspended graphene, thus facilitating tip and edge launching of the GPs explored in
this work. The probes were commercially available AFM tips metalized and having
an apex radius of ~25 nm (Nanoworld). The tip-tapping frequency and amplitudes
were ~270 kHz and ~30–50 nm, respectively. The near-field amplitude images were
obtained f rom t he t hird-order demodulated harmonic of t he near-field amplitude,
which resulted i n massive suppression of background noise.

Theoretical calculations and electromagnetic simulations. The dispersion rela-
tion of GPs can be obtained f rom t he poles i n t he i maginary part of t he Fresnel
reflection coefficient rp q ;ω

� �   
, defined by the ratio between reflected and i ncident field

amplitudes at t he air/graphene/substrate i nterface, rp q ;ω
� �   ¼ ε    1k0 � ε0k1 þ 4πk0k1σ=ω

ε 1k0 þ ε0k1 þ 4πk0k1σ=ω
,

where ε0 i s the dielectric constant of air, ε1 i s the complex dielectric f unction of SiO2,
σ ¼ σ q ;ω

� �
i s t he i n-plane optical conductivity of graphene, and k0 and k1 represent

the out-of-plane l ight-wave-vector components i n air and SiO2, respectively27. The
permittivities of silicon dioxide and silicon (used later) at a light wavelength of 10.87 μm
are ε(SiO2)= 3.8 and ε(Si)= 8.9, respectively40. For suspended graphene, we have

rp q ;ω
� �   ¼ 4       πk20σ=ω

2ε0k0 þ 4πk20σ=ω
, In general, the graphene conductivity is a function of photon

frequency ω, Fermi energy EF , inelastic relaxation time τ, and temperature T. Under the
conditions kBT ≪ _ω and kBT ≪ | EF | , the conductivity σ can be modeled i n the l ocal
limit of t he RPA41 and decomposed i nto i ntraband and i nterband contributions as

σ ¼ σintra þ σinter ;where σintra ¼ e 2

π_2
iEF

ω þ i τ�1 ,      σ inter ¼ i e 2

4           π_ l n
2                     EFj j � _ ω þ i τ�1ð Þ
2    EFj j þ _ ω þ i τ�1ð Þ

� �            
;              e i s

the electron charge, and _ i s t he reduced Planck constant. The relaxation t ime
τ ¼ μEF /ev

2
F depends on t he graphene Fermi velocity νF= c/300 and t he carrier

mobility μ.
The simulated results shown i n Figs. 1, 4, and Supplementary Fig. 5 were

obtained using a Finite Elements Method package (COMSOL). I n t he simulation,
the graphene l ayer was assigned a finite t hickness t g= 1 nm and an effective
dielectric f unction ε= 1+ I 4πσ/(ωtg). For t he near-field i mage simulations i n
Fig. 1d and Supplementary Fig. 5, t he graphene was modeled as a t ransition
interface with the above dielectric properties. We approximated the tip by a vertical
point dipole source f eaturing an oscillating dipole placed at a distance of 60 nm
from the suspended graphene surface. The model was designed as an axisymmetric
circular aperture structure, and we calculated t he out-of-plane electric near-field
component Ez as a f unction of t he dipole position along a radial l ine crossing t he
center of t he circular suspended graphene region by exploiting t he axisymmetry.
The Ez distribution was t hen expanded i nto a 2D axisymmetric plot. I n t he
simulation, t he contact angle θ was determined by t he suspension height d2
through a f unction fitted f rom experimental measurements ( Fig. 4b).

In t he simulations of GP transmission i n Fig. 4, the GPs were l aunched f rom a
port to the l eft and then propagated along the graphene from the suspended region
to t he SiO2-supported area t oward a port t o t he right. The simulation was
performed on half of t he suspended graphene region due t o t he symmetrical
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structure of t he samples used i n t he experiments. The t wo numerical waveguide
ports were placed at t he ends of graphene t o produce GPs. A GP i mpinging f rom
the l eft at the i nterface could be reflected (GP moving to the l eft), transmitted (GP
moving t o t he right), or out-coupled as a f ree-space I R photon. When t he
suspended graphene was above t he substrate surface (i.e., d2 > 0), t he structure of
suspended graphene was matched through a simple deflection profile as a result of
the competition between t he elastic energy of t he deformed suspended graphene
and the uniform f orce associated with gas pressure, as well as the adhesion energy
(between graphene and the substrate), which can be fitted as yðxÞ ¼ d2ð1� x2=a2   Þ
with 95% confidence l evel42, where d2 i s t he height of t he center point of t he
suspended graphene t o t he substrate surface, and a= 1.25 μm i s t he radius of t he
hole. We set t he center point of suspended graphene t o x= 0 (x being along t he
radial direction). The relationship between t he contact angle θ and t he height d2
was extracted by t aking t he derivative at t he edge of suspended graphene (x= a):
tan(θ)= 2d2/ a, where θ i s i n t he [0, π/2) range. I nelastic l osses of GPs were not
considered throughout the process, and the graphene thickness was assumed to be
1 nm. The reflectance R at the i nterface was defined as the ratio of the reflected GP
energy (propagating t o t he l eft) t o t he i ncident GP energy ( propagating f rom t he

left t o t he i nterface): R ¼ j ER j2
jEin j2. We note t hat i n our simulations t he out-coupling

channel produced only minor corrections.

Data availability
The data t hat support t he findings of t his study are available f rom t he corresponding
authors upon reasonable request.
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