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1. Nano-infrared imaging experiments

The nano-infrared (IR) imaging experiments introduced in the main text were performed
at UCSD by using a scattering-type scanning near-field optical microscope (s-SNOM). Our s-
SNOM is a commercial system (neaspec.com) equipped with continuous wave mid-IR quantum
cascade lasers (daylightsolutions.com). The unit for the IR frequency used in the work is
wavenumber (cm™). The typical laser frequency used in the work is @ =910 cm™!, corresponding
to a photon energy of 113 meV. The s-SNOM is based on an atomic force microscope (AFM)
operating in the tapping mode with a tapping frequency of ~270 kHz and tapping amplitude of ~50
nm. A pseudo-heterodyne interferometric detection module is implemented in our s-SNOM to
extract both the scattering amplitude s and phase y of the near-field signal. In the current work,
we discuss mainly the amplitude part of the signal that is sufficient to describe the plasmon
hotspots. In order to subtract the background signal, we demodulated the near-field signal at the
n™ harmonics of the tapping frequency (n = 3 in the current work). In all the displayed near-field
images, we plotted the near-field amplitude normalized to that taken off the nanobubbles on the
flat graphene/hBN region. Our nano-IR imaging experiments were performed at ambient
conditions.

2. Sample preparation and characterization

Our graphene films were fabricated using a two-step low pressure chemical vapor
deposition (CVD) process.! We then transferred graphene films to exfoliated hexagonal boron
nitride (hBN) crystals on standard SiO2/Si substrates using a sacrificial polymethyl methacrylate
(PMMA) layer.”* After transferring, we cleaned the PMMA residuals by acetone following by a
thermal annealing at 340 °C with Ha/Ar. The thermal annealing could potentially induce a tiny
compressive strain of about 0.06% on the flat graphene on hBN region away from the
nanobubbles.® Such a small strain has negligible effects on both the electronic and plasmonic
properties of graphene.’° Optical microscopy and Raman spectroscopy were used to determine the
graphene thickness and to locate graphene/hBN (GBN) and graphene/Si02 (GOS) regions (Figure
S1). All our data images about graphene nanobubbles were taken in the graphene/hBN regions.
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Figure S1. (a) Typical optical image of CVD graphene transferred to exfoliated hBN microcrystals
on Si0O2/Si wafers. Here the graphene on hBN and graphene on SiO: regions are marked with
‘GBN’ and ‘GOS’ respectively. (b) Raman spectra of graphene on hBN and graphene on Si0x.
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3. Graphene nanobubbles

The nanobubbles are formed in the graphene on hBN regions after the transferring and
annealing processes. The formation of these nanobubbles is believed to be related to the negative
thermal expansion coefficient of graphene® as well as residual materials at the graphene/hBN
interface.”” These residual materials will aggregate together as the filling materials inside the



bubbles. They are originated from interfacing materials of graphene during the transfer process,
for example air, water, acetone and PMMA. The follow-up thermal annealing could cause thermal
degradation of PMMA into monomer MMA that is normally in the liquid form at ambient
temperature.'”!! Indeed, previous works about similar nanobubbles have seen evidence of
hydrocarbons inside the bubbles.” It was also observed that these residual materials are mobile’”
and easy to escape or evaporate when nanobubbles were broken.” Moreover, our real-space
simulations in Figure S6 suggest that a homogeneous distribution of the filling materials is
necessary to reproduce the hotspots patterns observed in our experiments. In our analysis, we
consider all possible forms of residual materials. For air or hydrocarbon gas, the permittivity is &m
~ 1.0. For water,'” acetone,'” and solid PMMA,'* &m at @~ 910 cm™' is about 1.3, 1.8 and 2.4 at @
~910 cm™, respectively. For other hydrocarbon liquids, though optical constants vary depending
on the exact chemical composition, &m at @ ~ 910 cm™ is commonly far below 4.0 that is the
effective permittivity of hBN (Figure S3).!° The relative smaller permittivity of the bubble medium
compared to that of hBN is the major cause of the plasmonic impedance mismatch between
graphene nanobubbles and the flat graphene regions.

4. Graphene doping

As shown in Eq. 1 in the main text, carrier density (n) is one essential parameter that
determines the plasmon wavevector and hence the plasmon wavelength of graphene. Nevertheless,
we believe the doping inhomogeneity (dn) of our graphene samples is a minor effect compared to
variations of dielectric environment as discussed in detail in the main text. Compared to detached
graphene in the bubble region, the flat support graphene is coupled closely with the substrate,
which could possibly cause additional doping to graphene. This is certainly an issue if using SiO2
as the substrate that could introduce strong doping to graphene.'® Nevertheless, our graphene
sample is sitting on hBN that is a much better substrate with negligible doping effect on graphene,
as confirmed by the transport study'’ and very recently a Raman study.'® In the latter Raman work,
the authors investigated graphene on various substrates including hBN as well as suspended
graphene over trenches, and their data suggest that the doping level of graphene on hBN is roughly
the same as suspended graphene. Therefore, we believe that the carrier density of supported
graphene on hBN will not be consistently and largely different from the detached graphene bubble
region. Moreover, we wish to emphasize that our graphene samples are highly doped at ambient
conditions with a carrier density of n ~ 3 x 10'? cm™ according to our simulations, so small doping
inhomogeneities (on) will not affect much the plasmon wavelength (4p) of graphene since Ap ~ (n
+ o) = n'? (1 + 0.56n/n). For example, a doping inhomogeneity as big as on = 0.5 x 10'? cm™
only causes a change of 8% to the plasmon wavelength. This is certainly a small effect compared
to the effect due to variation of dielectric environment (~70%) discussed in the main text.

5. Calculation of the local plasmon wavelength

In order to determine the local plasmon wavelength, we first calculate the plasmon
dispersion by evaluating numerically the imaginary part of the reflection coefficient Im(7p) for the
entire graphene/gap/hBN/SiO2 heterostructure system by using the transfer matrix method (Figure
4 in the main text).'® Here the gap layer is added to simulate the dielectric medium inside the
graphene nanobubble. Based on the calculated dispersion diagrams, we can determine directly the
local plasmon wavevector gp hence the local plasmon wavelength Ay, = 21/gp of graphene. With
this method, we produced the gap size (ze.ap) dependent plasmon wavelengths for graphene as
shown in Figure 4a in the main text. We set the hBN thickness to be 150 nm according to our AFM



measurement, but the calculation results do not show noticeable changes for graphene plasmons
when the thickness of hBN is above 100 nm.

6. FDTD simulation

We performed rigorous electrodynamics simulations to further investigate the impact of
bubble topography and dielectric environment on the plasmon propagation and subsequent hot-
spot formation. A commercial-grade simulator based on the finite-difference time-domain
(FDTD) method was used to perform the calculations.!” We considered four different models in
our simulations to test the effects of pure dielectric environment (with Model 1 & 2) and pure
topography (with Model 3 & 4) on graphene plasmons:

(1) Graphene on an hBN substrate with a cylindrical vacancy to simulate the pure dielectric
environment of graphene nanobubbles without introducing topographic features. Detailed sketches
about the cylindrical vacancy are plotted in Figure S2. The depth and the diameter of the cylindrical
vacancy are set to be 10 nm and 250 nm to match the aspect ratio of the nanobubble ‘A’ in Figure
1 of the main text. Note that the average height of the nanobubble ‘A’ is roughly 10 nm.

(2) Graphene on a flat and intact hBN substrate.

(3) Suspended graphene with a Gaussian-shaped bubble at the center to simulate the pure
topographic effects of our graphene bubbles without introducing variations of dielectric
environment. The height and the full width at half maximum of the Gaussian-shaped graphene
bubble are set to be 20 nm and 125 nm to match the aspect ratio of the nanobubble ‘A’ in Figure
1 of the main text.

(4) Suspended and flat graphene.
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Figure S2. Detailed sketches about Model 1 for FDTD simulation. These sketches include the
3D side view (a), x-y plane top view (b), and x-z plane cross-sectional view (¢) about the model.
Note that graphene (not shown in these sketches) will be placed right above the hBN surface and
vacancy.

In our modeling, the Fermi energy of graphene (EF) is set to be ~ 0.2 eV corresponding to
a 2D optical conductivity op = (0.2 + 2i)Go at =910 cm’!, where Go =me*/4h = 6.07x107 Q! is
the universal optical conductivity of graphene. The effective thickness of graphene is set to be 5
nm, which is two orders of magnitude smaller than the plasmon wavelength. We employ a multi-



resolution grid with a grid spacing of 1 nm in the graphene layer that gradually increases to 10 nm
away from graphene. Excitation of graphene plasmons is achieved using a point dipole emitter
source with IR frequency around 910 cm™. The dipole emitter is placed 2 nm above the graphene
plane and is polarized along the z-axis (normal to the graphene film). For hBN, we modeled it as
an isotropic medium with an effective dielectric constant of &fr ~ 4.0 at @ = 910 cm™'. This is
validated by the calculated dispersion diagrams in Figure S3 with both effective and realistic
dielectric constants (&b ~ 8.1+0.01i and & =~ 1.7+0.02i)."® Here we found that the plasmon
wavevector gp at =910 cm! is roughly the same for both dispersion diagrams.
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Figure S3. Calculated frequency (@) — momentum (g) dispersion diagrams of graphene on hBN
considering realistic (a) and effective (b) dielectric constants of hBN. Here the realistic dielectric
constants of hBN is adopted from previous literature'® and the effective dielectric constant is set
to be 4.0 at @= 910 cm™'. The arrows in panel a mark the two reststrahlen bands 746-819 cm™ and
1370-1610 cm™' of hBN where graphene plasmons couple strongly with hyperbolic waveguide
polaritons in hBN. The horizontal and vertical dashed lines mark the excitation frequency (@ =
910 cm™) and corresponding plasmon wavevectors of graphene.
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Figure S4. Zoomed-in view of the FDTD simulations (Model 1 and Model 2) shown in Figure 3
of the main text. The zoomed-in regions are marked with dashed squares in panels a and ¢. The
plasmon field maps in these zoomed-in regions are plotted in panels b and d.




The FDTD simulation results of Model 1 and Model 2 are shown in Figure 3 in the main
text. In Figure S4, we plot the zoomed-in snapshots of the plasmon field (£2) maps close to the
emitter. As shown in these field maps, the plasmon wavelength (4p) in the zoomed-in regions of
Model 1 (graphene/air/hBN) is about 70% larger than that in Model 2 (graphene/hBN), consistent
with the dispersion calculations in Figure 4 of the main text. As discussed in the main text, the
increase of the plasmon wavelength above the bubble/vacancy region is the origin of the plasmon
confinement inside the bubbles.

The FDTD simulation results of Model 3 and Model 4 are shown in Figure S5, where we
plot the plasmon field (£7) map of suspended graphene with a Gaussian-shaped graphene bubble
at the center (Figure S5c) and that of the completely-flat suspended graphene (Figure S5d),
respectively. Similar to Figure 3 in the main text, we plot the zoomed-in views of the region far
away from the emitter (marked with rectangles in Figure S5c,d) in Figure SS5e,f and the
corresponding E; profiles right above graphene in Figure S5g. In this zoomed-in region, plasmons
are the dominant source of field. By comparing Model 3 and Model 4 through these field maps
and profiles, one can see that plasmon field of the two models are generally the same indicating
that graphene plasmons can propagate freely off the bubble with negligible energy loss despite the
curvature. Similar results were also obtained in previous simulation work,'® where the authors
conclude that the high spatial confinement of graphene plasmons is responsible for the negligible
radiation loss on slightly-curved graphene. Indeed, the plasmon wavelength (4, ~ 100-200 nm) is
far smaller than the radius of curvature of the bubble (~ 600 nm). The simulation results in Figure
S5 prove that pure topographic variations of our nanobubbles are not responsible for the plasmon
confinement and hence the hotspots formation inside the bubbles.
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Figure S5. The FDTD simulations of surface plasmon polaritons launched by a point emitter above
suspended graphene. (a) Model 3: graphene with a Gaussian-shaped bubble (height = 20 nm; full
width at half maximum = 125 nm) at the center right beneath the emitter. (b) Model 4: flat
suspended graphene. (¢,d) Simulated £, maps of model 3 and model 4, respectively. (e,f) Zoomed-
in £z maps of the regions defined by rectangles in panels ¢ and d, respectively. (g) Horizontal line



profiles of £z taken right above the surface of graphene in panels e and f. Scale bars represent 100
nm in panels ¢ and d, and represent 50 nm in panels e and f.

7. Real-space simulation of hotspot patterns in nanobubbles

In order to reproduce the real-space patterns of hotspots distribution, we construct a simplified
triangular cavity (Figure S6a). Considering that the nanobubbles that we investigated are relatively
flat (height << side length), the triangular cavity is a good approximation of the pyramid-shaped
bubbles (Figure 1 in the main text). In Figure S6a, we plot the simulated field distribution map
|EZ(x, y)| that resembles what we measure in our nano-IR experiments. Here (x, y) are the
coordinates of the plasmon source that is scanning over the cavity and Ez(x,y) is the total plasmon
field at a given position (x, ). The purpose of the simulation is for qualitatively understanding the
hotspots pattern formation and their dependence with both the plasmon wavelength and bubble
size. The tip-launched plasmon field distribution takes the standard circular (cylinder) waveform
obtained by solving the Helmholtz equation. We considered mode localization effects by assuming
plasmon reflections off the bubble edges. Similar method has been used in an earlier work,'” where
fringes patterns of phonon polaritons of hBN were simulated.

The simulation results are given in Figure S6b-f, where the varying parameter is the ratio
between the length of the cavity edge (L) and the graphene plasmon wavelength (A4p). One can see
that, as L/Ap varies from 2.78 to 0.55 (Figure S6b-f), the Ez(x, y) maps show systematic evolutions.
The dominant features of these simulations are the bright hotspots at the corners of the triangular
cavity. As L decreases or Ap increases (e.g. when excitation frequency decreases), the hotspots
merge towards the center of the cavity and eventually merge into one single hotspot at the center
(Figure S6f). All these features agree well with our imaging data of graphene nanobubbles with
different bubble sizes or excitation frequencies (Figure 1 and Figure 2 in the main text).
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Figure S6. Real-space simulations of plasmonic hotspots inside a triangular cavity. (a) Illustration
of the triangle cavity for the purpose of real-space simulation. The length of the side is L. (b-f)
Real-space simulations about |E7| field amplitude of an equilateral triangle cavity with the ratio
L/, from 2.78 to 0.55.
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