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ABSTRACT: Twisted bilayer heterostructures (TBHs) are
materials whose physical properties depend on the twist angle
between the two layers of two-dimensional (2D) materials. Those
heterostructures are not found in nature, and it is quite common to
fabricate them with a nonhomogeneous twist angle, giving rise to
the so-called twist-angle disorder. The most reliable method used
to fabricate TBHs is the tear-and-stack method, which enables
production of TBHs starting from a crystal of hexagonal boron
nitride that works as a stamp. However, the twisted 2D materials
stay attached to the boron nitride permanently. In this paper, we present a pyramid trunk stamp that enables a versatile and easy
fabrication of twisted heterostructures without the aid of boron nitride crystals. The semipyramidal stamp enables good visualization
of the 2D materials, easy alignments, and transfer of 2D materials between different substrates, and the same stamp can be reused for
many fabrications. We demonstrate our method producing twisted bilayer graphene (TBG), and we present an investigation based
on nano-Raman hyperspectral imaging, which can be implemented to characterize regions of TBG under twist-angle disorder, strain,
or doping.

KEYWORDS: twisted bilayer graphene, tear-and-stack method, strain, scanning microwave impedance microscopy,
scanning tunneling microscopy, nano-Raman

■ INTRODUCTION

Van der Waals heterostructures are unique platforms for
studying strongly correlated physics. One exotic example is the
twisted bilayer graphene (TBG) with a twist angle close to the
so-called “magic angle” (θ ∼ 1.1°). This special two-
dimensional (2D) material shows phase transitions from a
conducting system to a correlated insulator phase, a
ferromagnetic phase, and superconductivity.1−10 These quan-
tum properties arise from the formation of a flat band
responsible for strongly interacting effects.11−15 Not only TBG
but other 2D systems like twisted double-bilayer graphene16

and twisted bilayer transition-metal dichalcogenides also show
strongly correlated phases.17,18 In essence, the central knob
that tunes the interaction strength and raises such quantum
properties in twisted bilayer heterostructures (TBHs) is the
ability to stack twisted 2D materials with meticulous precision.
So far, most reliable ways of transferring 2D materials

between any substrates use a polymeric platform.19−21

However, to manipulate 2D materials and produce TBH, it
is crucial to have technologies and procedures that enable
layer-by-layer pick-up, rotation, and precise subsequent

stacking of 2D materials.22,23 The pick-up method is a
significant improvement in sample preparation for twistronics.
It takes advantage of the bidimensional nature of the 2D
materials to stack them together and form a molecular “Lego”,
whose properties are tuned by the choice of one out of a
countless continuum of rotational angles. Nevertheless, to
achieve angular control and produce TBHs, the best approach
so far is to take advantage of the pick-up technique and use it
to tear-and-stack different regions of the same 2D layer.22,24

More recently, it has been shown that by using a microdome
polymer stamp, it is possible to perform three-dimensional
(3D) manipulations of 2D materials, like folding, rotating,
sliding, and exfoliating.26 Although these techniques paved the
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way for fantastic applications, producing a clean TBH with a
high precision angle between the two sheets is still challenging.
The tear-and-stack method renders high-quality TBH

samples.24,25 The most common method uses a combination
of a hemispherical poly(dimethylsiloxane) (PDMS) and a
hexagonal boron nitride (hBN) stamp to tear a 2D material in
two pieces and stack them together with the desired angle.24

Electronic transport groups widely employ this method;1,2,27,28

however, it leaves a capping hBN flake on top of the TBH,
which hinders near-field29,30 interactions and scanning probe
microscopy investigations.31 One option involves an additional
procedure in the fabrication process to overcome this pertinent
issue, by transferring the hBN/TBH system to an intermediate
substrate before the final transfer to the target substrate.32

Nonetheless, this procedure has many steps and can yield a
poor-quality TBH. Besides, the conventional tear-and-stack
method cannot lead to scalable TBH production because hBN
flakes have uncontrolled sizes and availability. One option that

does not require any hBN target crystal is a tear-and-stack
method based on wetting-induced delamination.33

Here, we present a versatile pyramid trunk PDMS stamp
that does tear-and-stack without hBN, eases 2D material
visualization, and is conducive to several nanomanipulation
methods.29 The so-called pyramid stamp (PS) is fabricated
with precisely controlled dimensions by standard clean-room
fabrication (see the Supporting Information). The PS is
durable, and a single stamp can be used for multiple
operations. We validate our method by making TBG samples
via a versatile tear-and-stack method and transferring them to
different substrates. The quality of the samples is evaluated by
atomic force microscopy (AFM), near-field scanning micro-
wave impedance microscopy (sMIM), and scanning tunneling
microscopy (STM). We show that micro-Raman and nano-
Raman spectroscopy can be implemented as noninvasive
techniques able to distinguish strained and doped regions of
TBG on hBN crystals. Such an analysis is blurred if the TBG is
sitting on SiO2/Si substrates possibly because of spatial charge

Figure 1. Tear-and-stack to build TBG using the PS. (a) Visualizing the graphene flake though the PS. (b) Beginning of the tear process. The PS is
aligned over a region of a graphene sheet. (c) PS in contact with part of the graphene sheet while the temperature is raised. (d) PS cooled down
and retracted from the graphene sheet, tearing and picking up the section of sheet previously in contact with the PS. (e) PS aligned over the
remaining half of the graphene sheet, which is then rotated by the desired twist angle. (f) PS pressed in contact with the rotated section of the
graphene sheet while the temperature is raised. (g) Sample cooled down, separating the PS from the sample. The TBG stays attached to the PC
that covers the PS. The scale bar depicted in the optical pictures presented in panels a−g is 50 μm. (h) Optical micrograph of a graphene sample on
a SiO2/Si substrate before the tear-and-stack process. (i) Same transferred to a coverslip after a tear-and-stack procedure. The scale bar depicted in
panels h and i is 10 μm.
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inhomogeneity. Finally, we show that nano-Raman spectros-
copy is capable of detecting local strain in TBG on hBN
crystals, and variable local strain is present in TBG samples
because of twist-angle disorder.

■ RESULTS AND DISCUSSION
We begin illustrating how the PS is used to do versatile tear-
and-stack of a graphene flake (Figure 1). First, the PS is
covered with a polycarbonate (PC) sheet, as we show
schematically in Figure 1a (see the Methods section for
details). The top panel of Figure 1a shows an optical
micrograph of a graphene sheet through the PS. Because of
the PS flat surface, the graphene is clearly observed below it.
The substrate is initially heated up to a temperature of T = 70
°C, and then the PS edge is aligned to partially cover a
graphene flake (Figure 1b). Figure 1b also shows an optical
micrograph of the alignment procedure. Next, the PS is
contacted with the graphene still at T = 70 °C (Figure 1c). At
this temperature, approximation and separation between the
graphene and PS can be performed several times until reaching
a desired contact. After reaching the desired alignment, we tear
the graphene flake. For that, keeping the PS in contact, the
temperature is raised from T = 70 to 80 °C (Figure 1c). After 1
min of contact, the sample is cooled to T = 70 °C. Similar to
the pick-up method,22,24 after the temperature is ramped up
and down, the graphene flake sticks to the PC. The PS is then
retracted, removing the piece of graphene underneath it from
the substrate (Figure 1d). Figure 1d presents an optical
micrograph of the torn graphene as seen through the PS,
indicated by the red arrow. Moreover, the remaining piece of
graphene on the substrate can also be observed, as indicated by
the orange arrow in Figure 1d. Next, the base is precisely
rotated (Figure 1e), and the two parts of graphene are stacked
together (Figure 1f). The previous temperature ramp and
cooldown process is then repeated to remove the remaining
piece. In the end, the two parts of the original graphene flake
stay attached to the PC that covers the PS (Figure 1g). Figure
1g also exhibits an optical micrograph of the TBG on top of
the PS.
The tear-and-stack method using the PS is advantageous

because the TBH can be transferred to any substrate by
detaching the PC22 because there is no hBN flake atop. In
order to transfer the TBG, one needs to choose a target
substrate, put the PS in contact, and raise the temperature to T
= 180 °C. At this temperature, the PS is retracted, transferring
the TBG and PC layer to the substrate. Next, the PC layer is
removed in chloroform and isopropyl alcohol baths (15 min at
40 °C in chloroform and 1 min in an isopropyl alcohol bath at
room temperature). For illustration purposes, Figure 1h
presents an optical micrograph of a graphene flake on a
SiO2/Si substrate prior to the tear-and-stack process. Then,
graphene is torn at the dashed red line; the graphene region
inside the black dashed line is picked up and stacked onto the
remaining piece. Afterward, the formed TBG is transferred to a
coverslip substrate (Figure 1i). In Figure 1i, we observe the
graphene inside the black dashed line stacked on the remaining
graphene piece. The contact between the PC and TBG could
lead to residue contamination, but we show here by sMIM,
Raman spectroscopy, and STM that our TBG samples are
clean.
In order to validate the reliability of the tear-and-stack

method using the proposed PS, we produced several TBGs
sitting on SiO2 and hBN/SiO2 substrates with small twist

angles. All fabricated TBGs are high-quality samples, and we
observe twist-angle-dependent Moire ́ patterns34−37 and atomic
reconstructions.38 In Figure 2, we show images of sMIM with

resolution down to 1 nm of three TBG samples. These images
are the conductance component of the reflected microwave
signal, which is a function of the local conductivity of the
sample.39 The scanning technique is versatile and clearly shows
the formation of lattice reconstruction on a TBG sample with a
small angle θ = 0.15 ± 0.05° (Figure 2a). This sample is on top
of an hBN/SiO2 substrate. The image reveals the triangular-
like domains associated with Bernal AB−BA regions.29,38

Interfaces with different reflectances are observed, at the
boundaries between Bernal regions, which we interpret as the
soliton regions. Bright spots associated with AA stacking
regions can be seen at the vertices of the triangular domains.
Figure 2b shows an example of a TBG with twist angle very
close to the magic angle θ = 0.97 ± 0.07°. This TBG is on top
of a SiO2 substrate. Again, the sMIM image reveals bright and
dark spots following a Moire ́ superlattice. Moreover, as
expected,34 the periodicity of the Moire ́ superlattice decreases
with increasing twist angle, as shown in Figure 2c for a TBG
with a larger twist angle θ = 1.82 ± 0.07°. This TBG is also on
top of a SiO2 substrate. All data shown in Figure 2 were taken
at room temperature and ambient conditions. Indeed, sMIM is
a practical scanning probe technique but is also sensitive to
sample contaminants. Using the PS technique, a dozen samples
were fabricated, and all of them were clean enough to observe
Moire ́ patterns with a scanning probe technique.
The PS also can be implemented to transfer a TBH between

different substrates. To illustrate this capability, in Figure 3, we
show a sMIM characterization of a TBG (θ ∼ 1°) initially
fabricated on a SiO2 substrate (see optical micrographs and
more details in the Supporting Information). The image in
Figure 3a corresponds to the in-phase component of the
reflected microwave signal, which clearly shows the changes in
the local conductivity of a Moire ́ superlattice with a periodicity
of 14.06 ± 0.04 nm, corresponding to twist angle θ = 0.96 ±
0.01°. After characterization of the sample with sMIM, the
TBG was transferred to a mica substrate coated with an
atomically flat layer of gold for STM measurement (mica/Au).
The sample, now STM-compatible, was introduced to a

UHV VT STM/AFM model scanning tunneling microscope
manufactured by Omicron GmbH, where we measured the
sample in a vacuum at a base pressure of 1.0 × 10−10 Torr. In
Figure 3b, an STM current image was acquired over the TBG,
at approximately the same region where the sMIM data were

Figure 2. Visualizing Moire ́ patterns by near-field sMIM. (a) sMIM
measurement of a crystal reconstruction observed on a TBG with a
small twist angle θ ∼ 0.15°. TBG on top of an hBN crystal on SiO2.
(b) sMIM measurement of a Moire ́ crystal lattice observed on a TBG
with a twist angle close to θ ∼ 0.97°. (c) sMIM measurement of a
Moire ́ crystal lattice observed with a twist angle of θ ∼ 1.82°. TBGs in
parts b and c are on top of SiO2 substrates.
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collected previously. The image was collected in a constant-
current mode with a tip bias of 1 V and a feedback current of
500 pA. The Moire ́ superlattice measured by STM shows a
periodicity of 13.99 ± 0.09 nm, which corresponds to a twist
angle θ = 1.00 ± 0.01°. Despite the significant challenge of
precisely locating the same regions for a sMIM and STM
comparison, the twist angles inferred from the periodicity in
Figure 3a,b are remarkably close, indicating areas in close
proximity. Notably, the quality of the sMIM and STM data
shows that the PS transfer technique provides stable and
reasonably clean TBG samples. We also provide, in Figure S5,
AFM maps comparing the wrinkles and bubbles observed
before and after transfer of the sample presented in Figure 4.
To investigate the structural quality and homogeneity of the

TBG produced by the tear-and-stack method, we performed

Raman spectroscopy measurements. In Figure 4a, we show an
optical picture of a TBG sample sitting on the SiO2 substrate.
This is the same TBG characterized by sMIM and STM that is
shown in Figure 3. In Figure 4b, we also present a
hyperspectral Raman map extracted from the rectangular
dashed region in Figure 4a, where the color scale represents
the ratio between the intensities of the 2D and G Raman
spectra. Although the values go up to 2.5 in the monolayer
regions, the color scale was saturated at 1 to highlight the TBG
areas (green areas). In both parts a and b of Figure 4, the TBG
is surrounded by a red dotted line for better visualization. The
yellow regions cover single-layer graphene, and the blue
regions on top indicate multilayer graphene. Figure 4c presents
a representative micro-Raman spectrum of the same TBG. The
spectrum was obtained with an excitation laser line of 532 nm.
The first-order bond-stretching G mode, at 1582 cm−1,40,41

exhibits a well-defined Lorentzian shape. The two-phonon 2D
peak at 2686 cm−1 is associated with a totally symmetric
transversal optical mode near the K point in the first Brillouin
zone of graphene40,41 and exhibits the broad shape typically
observed in the Raman spectra of TBG samples with small θ (θ
⩽ 10°).29,42−44 There is no sign of any detectable defect-
induced D band (expected at ≈1340 cm−1) or any other peak
related to contamination by organic compounds. The inset
shows an image extracted from a hyperspectral Raman map, in
which the color scale renders the 2D/G intensity ratio. The
green shades (delineated by red dashed lines) span over the
TBG area, the yellow shades cover single-layer graphene areas,
and the blue shades indicate multilayer graphene.
The undetectable levels of the disorder-induced D band’s

intensity over the TBG samples produced by the tear-and-stack
method indicate a low concentration of structural defects such
as vacancies and grain boundaries.45 However, besides
structural defects, strain and doping also affect the operation
of graphene-based devices, and Raman spectroscopy is able to
detect and evaluate the levels of both of them as well.46,47

Because both strain and doping influence the 2D and G bands’
frequencies, the comparison between these two quantities
provides a route to disentangle their Raman signatures. This
schema was introduced by Lee et al.,46 who proposed the plot
of the 2D band’s frequency (ω2D) as a function of the G band’s
frequency (ωG) to simultaneously analyze strain and doping in
graphene by Raman spectroscopy. Although ω2D varies linearly
with ωG for both strain and doping, the slopes are different,
being 2.2 for hydrostatic strain (isodoping), 0.75 for p doping
(isostrain), and ≈0.1 for n doping (isostrain). Intermediate
values (between 0.75 and 2.2) can occur in systems where
strain and doping coexist, and the crossing point indicates the
absence of both.46−48 Figure 4d shows the ω2D versus ωG plot
of the data extracted from the hyperspectral Raman matrix that
gave rise to the image shown in Figure 4b. Blue and red bullets
are data points extracted from the areas delimited by the
dashed blue and red lines, respectively. The lines with slopes of
2.2 (dashed black line) and 0.75 (dashed green line) are also
plotted in Figure 4d for reference. The crossing point between
the isostrain and isodoping lines in TBG may depend on twist-
angle, laser-energy excitation, and its determination is beyond
the scope of this work. All reference lines plotted in Figures 4
and 5 are guidelines, and their crossings have no real meaning.
TBG samples on SiO2 substrates are known to present spatially
heterogeneous charge distributions.49,50 As such, the blue
bullets in Figure 4d, extracted from the TBG area, are widely
spread over the plot, indicating the coexistence of strain and

Figure 3. sMIM and STM characterizations of a TBG transferred
from SiO2 to mica/Au substrates. (a) sMIM characterization of the
TBG on the SiO2 substrate. (b) STM image of the TBG on the mica/
Au substrate.

Figure 4. Micro-Raman characterization of the TBG on a SiO2/Si
substrate. (a) Optical image of the TBG on a SiO2 substrate. (b)
Hyperspectral Raman map extracted from the dashed region in part a,
in which the color scale renders the 2D/G intensity ratio. Although
values of up to 2.5 can be observed over the single-layer graphene
areas surrounding the TBG, the color scale was saturated at 1 to
highlight the TBG region. The green shades (delineated by dotted
lines) span over the TBG area, the yellow shades cover single-layer
graphene areas, and the blue shades indicate multilayer graphene. A
laser power lower than 2 μW was used to avoid sample heating. (c)
Representative micro-Raman spectrum of the same TBG shown in
part a, with the sample sitting on the SiO2 substrate. (d) Plot of ω2D
versus ωG for the TBG data extracted from the hyperspectral Raman
matrix that gave rise to the image shown in part b. Blue and red
bullets are data points extracted from the areas delimited by the blue
and red dashed lines in part b, respectively. Lines with slopes of 2.2
(dashed black line) and 0.75 (dashed green line) are plotted for
reference.
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doping over the scanned area. By shrinking of the analyzed
area down to a 15 μm × 5 μm rectangle, boxed by a red dashed
line in Figure 4b from which the red bullets in Figure 4d were
extracted, a considerably smaller spreading of the data points is
observed. These data points (red bullets) present a subtle
tendency to follow the 2.2 slope line, indicating strain, but
micro-Raman spectroscopy is not able to precisely detect the
local strain expected in TBGs because it lacks the necessary
level of spatial resolution.
Not just the charge inhomogeneity impacts Raman analysis

on TBG. In fact, micro-Raman spectroscopy fails to deliver
accurate local distributions of strain or doping because it lacks
spatial resolution due to diffraction.51 The measurement is
performed in the far-field regime, for which spatial resolution is
limited to a half-wavelength of the excitation field (approx-
imately 300 nm for visible light).52 The information is blurred
by spacial inhomogeneities.53 To overcome this limitation,
nano-Raman hyperspectral imaging, through the tip-enhanced
Raman spectroscopy (TERS) schema, was employed.52,54−59

Illumination and detection occur in the near-field regime
through a nanoplasmonic structure.52,60,61

Figure 5a shows a micro-Raman hyperspectral map of a
TBG sample sitting on a hBN substrate. Here a hBN substrate
is used to overcome the interference of charge inhomogeneity
on nano-Raman spectroscopy measurements. The spectrum
was obtained with an excitation laser line of 633 nm. The color
scale renders the 2D band’s intensity, whose spatial variations
indicate nonuniformity of structural parameters or charge
distributions over the sample’s surface. TBG and graphene
areas span over the blue and yellow shades, respectively. Figure
5b shows the ω2D versus ωG plot extracted from the same
micro-Raman hyperspectral matrix that gave rise to the image
in Figure 5a. The pink and green bullets were extracted from
the boxed areas delimited by the dashed pink and green
rectangular regions of 4.0 μm × 2.5 μm in Figure 5a,
respectively. The observed trend indicates the absence of local
surface charge and the presence of a very small strain in the
pink data compared to the green regions. Note that micro-
Raman spatial resolution limits a precise interpretation because
the data are acquired in an area larger than the unit cell of most
of the Moire ́ superlattice formed in TBG.2 Surely, a careful
analysis of the Moire ́ superlattice has to be confronted with
local Raman spectroscopy for a well-grounded interpretation.
Figure 5c shows a sMIM map obtained in the position

indicated by the pink cross in Figure 5a. The image clearly
shows the presence of a superstructure typical of reconstructed
TBG (rTBG),29,38 however, with the size of the reconstructed
areas varying, indicating a gradient in strain from one layer
with respect to the other (see more details in the Supporting
Information). Figure 5d shows a nano-Raman hyperspectral
map (TERS) scanned over a 120 × 120 nm2 area also centered
at the location indicated by the red cross in Figure 5a. The
color scale renders the 2D band’s frequency with a spacial
resolution of ≈10 nm. Figure 5e shows the ω2D versus ωG plot
for data (blue bullets) extracted from the nano-Raman
hyperspectral matrix that gave rise to the image in Figure 5d.
Most of the data points lie along the strain (red dashed) line or
along the hole-doping (black dashed) line. The data points
indicating high levels of strain correspond to the yellowish
region in Figure 5d, consistent with the sMIM picture shown
in Figure 5c. Because of experimental limitations, we cannot
guarantee that parts c and d of Figure 5 come from exactly the
same location, but they certainly come from close locations,

Figure 5. Micro- and nano-Raman analysis of the local strain in the
TBG on a hBN substrate. (a) Micro-Raman hyperspectral map of a
TBG sample sitting on a hBN substrate. The TBG + hBN system is
deposited on a glass coverslip. The color scale renders the 2D band’s
intensity. (b) ω2D versus ωG plot extracted from the same micro-
Raman hyperspectral matrix that gave rise to the image in panel a.
The pink and green bullets were extracted from the dashed pink and
green rectangular regions depicted in part a, respectively. (c) sMIM
data showing the conductance component of the reflected microwave
signal over the area highlighted by the red cross in panel a. (d) Nano-
Raman hyperspectral map scanned over a 120 × 120 nm2 area
centered at the location indicated by the pink cross in panel a. The
color scale renders the 2D band’s frequency with a spacial resolution
of ≈10 nm. (e) ω2D versus ωG plot for data (blue bullets) extracted
from the nano-Raman hyperspectral matrix that gave rise to the image
in panel d. (f and h) Similar to parts c−e, respectively, but the analysis
was performed over the area highlighted by the green cross in panel a.
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and a larger microscopy picture of the region next to the pink
cross in Figure 5a confirms that this region is indeed highly
inhomogeneous with different rTBG formation, typical of a
region with considerable strain gradients (see the Supporting
Information).
A similar analysis was performed in the location indicated by

the green cross in Figure 5a, and the results are displayed in
Figures 5f−h. The results show that this region is much more
uniform that the previous one, as visually shown in the sMIM
map (Figure 5f) and also in the 2D band’s nano-Raman
frequency map (Figure 5g); both images are flat and practically
featureless. The data points in the ω2D versus ωG plot (Figure
5h) are concentrated around a specific point of the strain line.
The comparison between these two regions shows that nano-
Raman spectroscopy is more than useful; it is rather a
necessary tool to characterize TBG samples at the nanoscale,
being able to indicate uniform areas, proper for device
fabrication, unidentified by micro-Raman spectroscopy.

■ CONCLUSION

In conclusion, we created a deterministic and controllable
nanomanipulation platform able to do a versatile tear-and-stack
procedure as well as other possible manipulations. The twisted
structures produced by this method are clean, as confirmed by
micro- and nano-Raman imaging, sMIM, and STM. The PS
technique does not require capping TBH with an hBN flake,
which allows the study of these systems by many techniques.
Our characterization based on Raman spectroscopy on TBG
samples prepared on SiO2 and hBN crystals shows that optical
analysis can reveal whether the TBG region is under strain of
doped-on hBN crystals, with nano-Raman showing details not
observable in micro-Raman spectroscopy. We believe this work
will provide new tools to the emerging field of twistronics,
easing high-quality sample fabrication and characterization.

■ METHODS
Sample Preparation. We prepared the TBG samples by a new

dry tear-and-stack method, using a PDMS semipyramidal stamp
covered with a PC sheet. The method is similar to the standard tear-
and-stack,22,24 but here we use the PDMS stamp itself to tear a
graphene flake into two pieces and stack them together, forming the
TBG arrangement. Next, we transfer the TBG from the stamp to any
substrate by detaching the PC at T = 180 °C. To prepare the rTBG
from Figure 2a, we dry-transfer the TBG to a flat hBN flake. We do
not heat the PC in this process; we make physical contact between the
TBG and hBN flakes at room temperature. See the Supporting
Information for more details.
sMIM. The sMIM data were acquired with a MFP-3D-SA atomic

force microscope manufactured by Asylum Research. PrimeNano Inc.
manufactured the specialized coaxial AFM probes and the microwave
generator, mixer, and impedance matching circuitry. All sMIM data
were collected at ambient conditions using a transmission signal of
approximately 3 GHz.
STM. All STM data were collected with a UHV VT STM/AFM

model manufactured by Omicron GmBH, which was previously
calibrated against a standard graphite lattice of a HOPG surface well
as against a reconstructed Si(111) 7 × 7 surface lattice. Etched W
probes were used for all measurements performed at room
temperature under a pressure of 1.0 × 10−10 Torr.
Micro-Raman and Nano-Raman Spectroscopy. Micro-Raman

hyperspectral imaging was acquired on a Witec Alpha300
spectrometer. Nano-Raman hyperspectral imaging was acquired on
a home-built system, through the TERS schema, and the technical
details are explained in ref 62. Illumination and detection occur via a

plasmon tunable tip pyramid,63,64 whose apex diameter defines the
spatial resolution (approximately 10 nm in the current case).
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