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I. SAMPLE PREPARATION

Monolayer graphene and thin layer h-BN were prepared by mechanical exfoliation from

flaky graphite and hexagonal boron nitride crystal using the method in Ref. [1], which were

then transferred onto resistive silicon wafers with 300 nm of thermally-grown oxide. The

thickness of the graphene and h-BN is characterized by the atomic force microscope (AFM).

The h-BN/graphene/h-BN heterostructure devices were assembled by the polymer-free

van der Waals assembly technique [2]. The transfer process is illustrated step by step in

Fig. S1. Firstly, through changing the temperature, the top h-BN, graphene, and bottom

h-BN can be repeatedly picked up by the PC film and form heterostructure due to the

viscosity control. Finally, the whole heterostructure is placed on the target substrate and PC

is removed by rinsing in chloroform for 45 s. The Au electrodes in the target substrate were

obtained using standard ultraviolet lithography and electron beam evaporation techniques.

(a) (b)

(c)(d)

FIG. S1: The fabrication process of the heterostructure devices. (a) The PC film catches the

top h-BN. (b-c) The top h-BN catches the monolayer graphene and bottom layer h-BN. (d) The

heterostructure is placed on the target substrate.

Figure S2 shows the optical microscopic image of the devices in the main text, the contacts

are formed with Au electrodes (50 nm in height). The encapsulated region consists of top
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h-BN, monolayer graphene, and bottom h-BN, which are shown as the red, black, and white

lines, respectively. The bottom h-BN is used as a spacer between graphene and Au.

FIG. S2: The image of the prepared device under optical microscopy. The red, black, and white

line enclosed areas represent the top h-BN, the middle layer graphene, and the bottom h-BN,

respectively.

II. THE UNFLATNESS OF THE Au SUBSTRATE

The AFM was used to analyze the morphology of the Au substrate before and after the

transferring of the hBN/graphene/hBN heterostructure on it, which shows that the rough-

ness is about 6 nm and 3 nm, respectively. As a result, we can estimate the encapsulated

region is partially suspended on the holes. The depth of the holes is around 3 nm, which is

given by the depth difference between the bare Au substrate and our test sample. The AFM

topography of the bare Au substrate and the encapsulated region on top of Au substrate is

shown in Figure. S3.

III. MATERIAL ANALYSIS OF THE PLASMON SCATTERERS

To determine which these plasmon scatterers presented in the substrate might stem from,

Energy-dispersive X-ray Spectroscopy (EDS) analysis was adopted. When the acceleration
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FIG. S3: Comparison of AFM topography of the bare Au substrate and the heterostructure stacked

on top of the Au substrate. (a) AFM topography of the bare Au substrate. (b) The line profile of

height corresponds to the dashed red line in (a). (c) AFM topography of the encapsulated sample

region. (d) The line profile of height corresponds to the dashed red line in (c).

voltage of the excited electrons is reduced to a certain range, the characteristic X-rays al-

most all come from the surface of the material, reflecting the composition information of the

surface composition. Energy spectra of the SiO2 and Au substrate before and after lithog-

raphy under 4 kV acceleration voltage are shown as Fig. S4. In principle, the scatterers can

be formed by nonuniform gold evaporation or possible chemical pollution during the lift-off

process. However, by comparing the characteristic peak intensities and atomic percentages

of different elements (mainly C and O) before and after the lithography, one can find that

there is no obvious increment for C and O and the possibility of photoresist residues can be

excluded. As a result, the scattering is coming from the unflatness of the Au film.

IV. CALCULATION OF AGPs DISPERSION

In the calculation, the quantum capacitance effect needs to be considered for the thin

hBN dielectric (6 nm). The relation between the carrier density ns and the backgate voltage
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SiO2 without lithography SiO2 with lithography

Au without lithography Au with lithography

FIG. S4: The EDS spectra of the different substrates. (a) SiO2 substrate before lithography. (b)

SiO2 substrate after lithography. (a) Au substrate before lithography. (d) Au substrate after

lithography.

Vg can be written as [3, 4],

Vg =
µ

e
+ ens/C0, (1)

where µ is the internal chemical potential of the graphene, and C0 is the areal geometric

capacitance. The doping at zero gate voltage is very close to zero and can be ignored for

the encapsulated sample.

Furthermore, to get a more accurate description of the conductivity of graphene within

the acoustic plasmon response, wavevetor q dependence is included as [5],

Im{σgraphene(ω, q)} ≈ ω−1e2(2vFkF/h)[1 +
3

4
q2v2F/ω

2], (2)

where kF =
√
πns is the Fermi wavevector. The Fermi velocity renormalization effect [3, 4]

can be ignored considering the high carrier density of the sample in our experiment.

Considering the above effects, the dispersion relation of acoustic graphene plasmons is

obtained by using the transfer matrix method. Firstly, considering the electromagnetic

scattering at a single-layer graphene interface, in which the graphene sheet is sandwiched
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by two semi-infinite dielectric media characterized by the relative permittivities ε2 and ε3,

as described in Fig. S5.

FIG. S5: Electromagnetic scattering at a single graphene 2D layer. The graphene sheet is located at

the plane defined by z = 0, and sandwiched between two semi-infinite dielectric media characterized

by the relative permittivities ε1 and ε2 as indicated in the figure. The electromagnetic properties

of graphene are encompassed by its conductivity, σg.

Therefore, the T-matrix across a single graphene [6], namely

T1→2 =
1

2

 1 + η + ξσ 1− η − ξσ
1− η + ξσ 1 + η − ξσ

 (3)

And the T-matrix across an interface between two media in which the graphene sheet is

absent, can be fetched from Eq. 3 by taking the limit when σg=0, producing

T 0
1→2 =

1

2

 1 + η 1− η

1− η 1 + η

 (4)

For a multilayer system, the T-matrix can be written:

T1→N = T1→2 · P2(d) · · ·TM−1→M · PM · TM→N (5)

Where the “·” denotes matrix multiplication, and Pm is a propagation matrix describing

the free wave-propagation along a dielectric layer of length d and characterized by a relative

permittivity εM , and it can be described as

PM(d) =

 e−ikM,zd 0

0 eikM,zd

 (6)
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The matrix TM−1→M is the T-matrix describing the propagation of light across a single

graphene sheet. After the graphene layer, the electromagnetic radiation needs to propagating

along an insulating slab of thickness d before reaching the next graphene layer; this is

accounted for by the matrix PM(d). Finally, we just need to consider the effect of the next

graphene layer by multiplying the previous matrices from the right with TM→N , which is the

same T-matrix of single-layer graphene. The reflection and transmission coefficients of the

multilayer system can be calculated from the elements of the transfer matrix as follows:

RN = r2N =
∣∣∣ T1N (2,1)
T1N (1,1)

∣∣∣2 (7)

Using the above method, the reflection coefficient of our multilayer system shown as Fig. S6

has been simulated.

FIG. S6: Electromagnetic scattering of our devices (here depicted at normal incidence). The

graphene sheet is located at z = 0 and are encapsulated by top h-BN (2 nm) and bottom h-BN

(6 nm). The thickness of the Au and SiO2 is 50 and 300 nm, respectively.

The multilayer system from top to down is h-BN (2 nm)/ monolayer graphene/ h-BN (6

nm)/ Au (50 nm)/ SiO2 (300 nm)/ Si. The h-BN is a dispersive material with a frequency

dependent permittivity ε due to phonons. Due to the layered nature of h-BN, it is an

anisotropic material and so its permittivity ε is a tensor. Choosing x, y to be the in-plane

directions and z to be the out-of-plane direction, by symmetry the permittivity must be

diagonal in a perfect h-BN crystal:

ε =


εx 0 0

0 εy 0

0 0 εz

 (8)
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TABLE I: h-BN permittivity paramaters

l εl(∞) sv,l ~ωv,l/meV ~γv,l/meV

x, y 4.87 1.83 170.01 0.87

z 2.95 0.61 92.5 0.25

with components εx = εy 6= εz. The frequency dependent permittivity ε as a function of the

driving electric field with an angular frequency ω can be described by:

εl(ω) = εl(∞) + sv,l
ω2
v,l

ω2
v,l − iγv,lω − ω2

, l = x, y, z (9)

The corresponding parameters is shown in the following Tab. I

Moreover, in this simulation, the Au is described by Drude model, in which the local

dielectric function takes the form [7]: εm = εb −
ω2
p

ω2+iγω
, here εb = 9, ~ωp = 9 eV, ~γ =

0.071 eV.

V. THE AFM TOPOGRAPHY OF THE SELECTED REGION FOR THE SEC-

OND SAMPLE

The AFM topography of the selected region corresponding to the black dashed square in

Fig. 3(a) in the main text. (b) shows the corresponding height profile of the scatterer along

the solid white line. One can find that the height of the scatterer is approximately 3 nm

with a length of 100 nm.
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FIG. S7: (a) The AFM topography of the selected region in Fig. 3(a) (main text). (b) The line

profile of height corresponds to the solid white line in (a).
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VI. RELATIVE NEAR-FIELD AMPLITUDE OF THE ENCAPSULATED

GRAPHENE BOUNDARY FOR THE SECOND SAMPLE

The relative near-field amplitude of the encapsulated graphene boundary is defined as the

magnitude of the near-field amplitude of the encapsulated graphene boundary relative to the

near-field amplitude on graphene far from the boundary (∆SR). Here ∆SR is normalized by

the absolute near-field magnitude of graphene SR, gra, to exclude the influence of near-field

signal variations with time or voltage. The variation of the relative near-field amplitude for

the scatterers and the encapsulated graphene boundary is 286% and 12.47%, respectively,

when the gate voltages increase from 1.6 V to 2.9 V. Therefore, ∆SR can be considered

almost unchanged with the change of gate voltages, which is shown in Fig. S8. The points

in the figure are the average of multiple sets of data.
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FIG. S8: The relative near-field amplitude of the encapsulated graphene boundary (∆SR) changes

with the gate voltages. The red circles represent the data.
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