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ABSTRACT: Here we directly probe the electronic properties of bilayer graphene
using s-SNOM measurements with a broadly tunable laser source over the energy
range from 0.3 to 0.54 eV. We tune an OPO/OPA system around the interband
resonance of Bernal stacked bilayer graphene (BLG) and extract amplitude and phase
of the scattered light. This enables us to retrieve and reconstruct the complex optical
conductivity resonance in BLG around 0.39 eV with nanoscale resolution. Our
technique opens the door toward nanoscopic noncontact measurements of the
electronic properties in complex hybrid 2D and van der Waals material systems,
where scanning tunneling spectroscopy cannot access the decisive layers.
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he stacking and rotation of individual graphene layers

leads to changes in its band structure,' > for example, in
bi- or trilayer graphene or twisted bilayer graphene. This opens
up intriguing new physical properties, including, for example,
topological protected states”” or unconventional super-
conductivity, with the latter being recently reported for twisted
bilayer graphene.’

Local probing of these electronic properties at the scale of
individual flakes or even the moiré super lattice’'* is usually
done by scanning tunneling microscopy (STM), which
requires electrical contact. Optical measurements, such as
infrared absorption spectroscopy or Raman scattering, also
work for noncontacted and encapsulated samples, but these
techniques lack the resolution desired for the investigation of
nanostructures due to the diffraction limit. Furthermore, the
interpretation of Raman spectra becomes more challenging
with an increasing number of layers.

The diffraction limit in resolution and the need for electrical
contacts can be overcome by employing infrared scattering-
type scanning near-field optical microscopy (s-SNOM). s-
SNOM uses light scattering at a sharp tip to optically record
samples’ properties. The lateral resolution is determined by the
radius of the tip apex. Thus, a lateral resolution down to 20 nm
can be achieved at infrared frequencies.''

With the help of s-SNOM, propagating surface plasmon
polaritons (SPPs) and surface phonon polaritons have been
imaged in 2D materials such as graphene'”™'® and hexagonal
boron nitride (hBN)'"~"? at photon energies of below 0.2 eV.
Furthermore, polariton-based contrast mechanisms are ex-
ploited to image multilayer graphene.”” The real-space imaging
of polaritons allows to indirectly investigate the optical
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properties of graphene at submicron scale, by extracting the
wave vector from the retrieved wave patterns. As polaritons
only exist at frequencies below the plasma frequency, it is not
possible to extract the electronic properties in the range above
the plasma frequency by polariton imaging. Whereas direct
probing of the conductivity resonance of multilayer graphene
(MLG) over a broad spectral range has not been performed
with s-SNOM so far, mainly due to the lack of tunable light
sources.

Here we extend the approach of direct optical probing of the
electronic properties of bilayer graphene (BLG) by deploying a
commercially available tunable OPO/OPA laser source in s-
SNOM, which can be continuously tuned between 0.27 and
0.9 eV. We show first results on sequential near-field
spectroscopy on BLG around its interband resonance," paving
the way for a future in-depth analysis of the electronic
properties of stacked and twisted few-layer graphene and other
van der Waals materials.

When going from monolayer to bilayer graphene the change
of the band structure manifests itself in an absorptive
resonance at 0.37 eV," as depicted in Figure 1b. This behavior
was first observed in far-field infrared spectroscopy by Mak et
al. by deploying a synchrotron as broadband infrared radiation
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Figure 1. (a) Sketch of a far-field IR measurement at few-layer graphene (FLG) used to obtain the spectra of monolayer and bilayer graphene in
(b). The plot is adapted from Mak et al." Insets show the bandstructure in single and BLG, which gives rise to the conductivity resonance at around
0.37 €V. (c) Schematic of the s-SNOM measurement with a tunable OPO laser used in this work. The tip oscillates at a frequency Q. It is
illuminated by the tunable laser and scatters the light. (d) Estimated s-SNOM near-field amplitude (S;/S;(SiO,)) and phase (¢; — @3 (SiO,))

contrasts for BLG on SiO,/Si are depicted in the plot.

source and an FTIR spectrometer.’ In this type of measurment
(Figure 1a) the optical absorbance is directly proportional to
the optical conductivity ¢.”'

The conductivity peak at 0.37 eV can be qualitatively
explained by the band structure of BLG." Electrons in BLG can
be described by a pair of hyperbolic bands. The conduction
and valence bands are split in pairs of two. The upper valence
and the lower conduction band touch at the K-point. The
other two bands are separated by the interlayer coupling
strength of y; ~ 0.37 eV and can be described by the tight-
binding model." The possible transitions from upper valence or
lower conduction band to the upper conduction band (inset,
Figure 1b) manifest themselves in a peak in the optical
absorption.”” These transitions correspond to the peak in the
absorption in Figure 1b and the calculated phase signal in s-
SNOM in Figure 1d. For higher photon energies, the graphene
layers become decoupled and the two layers of BLG will
approach a conductivity of two times the universal
conductivity/absorption of monolayer graphene.

In Figure lc, the principle of measurement of the optical
conductivity with s-SNOM is depicted. s-SNOM records the
optical near-field scattering amplitude and phase at a certain
laser frequency, by lock-in detection of the light scattered from
an AFM tip at higher harmonics (here, third harmonic) of the
tip oscillation frequency. The amplitude and phase of the
scattered light can be accessed with the help of the
pseudoheterodyne phase-modulation.”® Since the amplitude
and the phase of the scattered light are related to the complex
optical conductivity or permittivity respectively, they can in
principle be reconstructed from the measurement. This
method allows for the differentiation between several stacking
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order of graphene such as rhombohedral and Bernal stacked
trilayer graphene”* and Bernal and non-Bernal stacked BLG.”
Furthermore, previous studies addressed the contrast between
a monolayer and Bernal stacked BLG on top of a Si/SiO,
substrate with the point dipole model.”® At the single IR
frequency of a HeNe-Laser of 0.366 eV these predictions could
also be experimentally verified.

Here, we use theoretical literature data to predict the
expected spectroscopic contrast in s-SNOM with an extended
version of the finite dipole model’**” and a transfer matrix
model for graphene.”® With the transfer matrix model the
reflection of the air/BLG/SiO,/Si layerstack is calculated,
which allows us to estimate the expected scattering phase and
amplitude of BLG in s-SNOM measurements (Figure 1d).
Based on the literature data from Kim et al.,>* a resonance in
the phase at around 0.4 eV and a derivative line shape in
amplitude are obtained. Further details about the calculation
and the approximations made can be found in the Supporting
Information.

B SET UP AND SAMPLE PREPARATION

To survey the conductivity resonance in BLG, we use a
commercially available s-SNOM (NeaSNOM, neaspec
GmbH) with pseudoheterodyne detection and a LN, cooled
InSb detector (Infrared Associates) in order to record phase
and amplitude data simultaneously. The previously inaccessible
spectral range is accessed with a tunable short pulse OPO/
OPA laser system, capable of addressing the relevant energy
range from 0.27 to 0.9 eV. The laser system has a pulse
duration of 0.5—1 ps and a repetition rate of 42 MHz. This
provides a resolution of 6 meV and a shot noise limited
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Figure 2. (a) Light microscope image of the few-layer graphene flake and Raman map around the 2D-peak (details in SI). (b—d) Infrared s-SNOM
amplitude s(w) (top row) and phase @(w) (bottom row): images taken at three different photon energies of (b) 0.282, (c) 0.390, and (d) 0.5 eV.
The images are referenced to the signal on the SiO, substrate on the left and were recorded with a different tip than the reference spectra in Figure
3. Note that the color bars of the phase are asymmetric. The scale bars correspond to 4 ym each.
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Figure 3. Spatially averaged third demodulation order normalized amplitude and phase contrast of BLG/SiO, in (a) and SLG/SiO, in (b). The
respective contrast is normalized with respect to SiO,. An inversion of the phase contrast between SLG and BLG happens around 0.31 eV. The data
sets were recorded with a different tip than the images in Figure 2. The positon of the recorded images, from which the data points were extracted

can be found in the SI (Figure S4).

performance above 300 kHz, leading to a very stable and
spectrally defined excitation. Furthermore, the repetition rate is
well above the tapping frequency of the AFM tip (250 kHz)
and is clearly separated from the demodulation frequencies.
Our sample consists of a multilayer graphene (MLG) flake
deposited on top of 90 nm SiO, on Si. On this flake single
(SLG), bi- and trilayer (TLG) regions can be identified. We
perform sequential spectroscopy at fixed wavelengths in the
region, where SLG and BLG can be identified, by recording
amplitude and phase resolved near-field images on larger areas
of this flake. Also, Raman spectra have been acquired to verify
the Bernal stacking of the BLG region.

B RESULTS

To show that a difference in the s-SNOM signal is observable
at different photon energies beyond the surface plasmon
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polariton regime of multilayer graphene, we map the near-field
contrast on BLG with SLG and TLG next to it (Figure 2).
Figure 2a shows an optical light microcopy image of the MLG
flake investigated in our experiments. In the middle of the flake
there is a stripe of SLG with adjacent BLG on top and bottom.
On the left and right side of the flake is the SiO, substrate. At
the left top of the flake, also a small region of TLG can be
identified. The bottom panel of Figure 2a shows the integrated
Raman scattered intensity around the 2D peak at 2690 cm™,
verifying the mentioned graphene stackings above. In order to
confirm that the two adjacent regions to the SLG are in fact
Bernal-stacked BLG, we use the distinct Raman fingerprint of
BLG (spectra in SI, section B). All s-SNOM amplitude S; and
phase ¢; images in Figure 2 are normalized to the values
obtained on the SiO, substrate. The images in Figure 2b—d are
recorded at three different photon energies of 0.282, 0.39, and
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0.5 eV, respectively. These photon energies correspond to
energies below, close to and above the expected conductivity
resonance in BLG. In all three phase images a distinct contrast
between the BLG and the SLG regions can be identified.
Interestingly, an inversion of the phase contrast between BLG
and SLG occurs between 0.282 and 0.39 eV hinting toward a
large relative change of the optical conductivity of BLG with
respect to SLG in this regime. In the phase contrast in Figure
2¢, a distinct trend in the phase from top to bottom can be
observed. This is due to a piezo drift in the pseudo heterodyne
module of the s-SNOM. At these short wavelength, a piezo
drift will have a larger influence compared to s-SNOM at
wavelengths of the CO, laser.

A strong amplitude contrast is observable for BLG toward
SLG and the surrounding SiO, substrate at the lower energies.
This contrast vanishes toward the 0.500 eV. Meanwhile the
phase contrast of BLG shows a maximum around 0.39 eV
which is close to the expected conductivity resonance. At
higher energies the phase contrast decreases again, but a
distinct contrast between BLG and the surrounding SLG and
SiO, is still observable. This hints toward an association
between the real part of the optical conductivity, which is
proportional to the optical absorption”' and the s-SNOM
phase.

Besides the BLG and SLG regions, a small area of TLG can
be identified on the top left of the flake. This region shows a
strong contrast in amplitude and phase toward the BLG at
0.282 eV. The amplitude and phase contrast almost vanishes at
0.39 eV and slightly reappears at 0.5 eV.

To quantitatively map the conductivity resonance, we
performed s-SNOM imaging over the boundary between the
substrate and the MLG, in the region where BLG and SLG are
present (see SI, Figure S4). The spectra presented in Figure
3a,b are achieved by extracting the spatially averaged third
demodulation order amplitude (S;) and phase (¢;) signals at
BLG, SLG, and the SiO, substrate in the respective area.

The spectra for SLG do not show distinct features in our
investigated energy range. At 0.282 eV the phase of SLG shows
the largest contrast to SiO, and the phase contrast decreases
for higher energies toward a value of 0.05 rad, while the
amplitude contrast increases toward 1.0S. Larger amplitudes
and phase contrasts at lower energies stem from Drude-like
contributions of free charge carriers. As previously stated, this
asymptotic behavior of amplitude and phase contrast at higher
energies is due to the constant absorption of SLG at high
energies, resulting in a nonvanishing, but constant, contrast.

The BLG spectra shows much richer features, in both
amplitude and phase, compared to SLG. For small energies the
amplitude contrast is larger compared to SLG and resembles
the shape of the imaginary part of the optical conductivity of
BLG. The increase in the amplitude contrast between 0.282
and 0.39 eV for BLG is approximately the same as with SLG.
However, at the expected conductivity resonance of 0.39 eV,
the BLG amplitude contrast shows a pronounced derivative
line shape and the amplitude contrast decreases for higher
energies toward that of SLG.

The phase contrast of BLG to the substrate shows a
pronounced peak around 0.39 eV with a steep flank on the left
and a flatter flank on the right. This behavior is very similar to
the real part of the optical conductivity of BLG. For higher
energies, the phase contrasts are higher than for lower energies
and ¢5(0.54 eV) = 0.12 rad more than twice that of SLG. The
conductivity of SLG approaches largely photon energy
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independent values for energies above 1 eV."?' The
conductivity is approximately og g ~ me’/2h for a single
layer of graphene. For BLG this will result in an approximately
constant conductivity of 20g; at energies well above the
conductivity resonance, which explains the nonvanishing phase
contrast between SLG/BLG and the SiO, substrate. Another
very interesting point is the inversion of the phase contrast
between 0.282 and 0.31 eV, which was also observed in Figure
2b,c. This shows that the phase inversion is independent of the
tip. However, the exact position of the inversion might vary
with the tip. The observed s-SNOM contrast of BLG
resembles the qualitative behavior of the calculated spectrum
in Figure 1d well, where we used literature data for the
complex conductivities for estimating the s-SNOM response.

The quantitative amplitude and phase contrast is highly tip
dependent (see Figure S1). Deviations between measurement
and calculation in amplitude and phase could stem from
unintentional doping.”’ The amplitude and phase contrast are
sensitive to the Fermi level, while the phase contrasts shows
greater variations with changes of the Fermi level.”* A further
limit of state-of-the-art calculations originates in the
description of the tip—sample coupling. Notably, in our
calculations the finite momentum transfer of the tip is not
taken into account in the optical conductivities. However, all of
this will not alter the qualitative behavior of the s-SNOM
contrasts around the resonance.”

B CONCLUSION AND OUTLOOK

We have shown a direct s-SNOM measurement of the complex
optical conductivity resonance in BLG around 0.39 eV with
nanoscale resolution by introducing a new tunable OPO/OPA
laser source. This combination allows for the spatially resolved
mapping of electronic and optical properties of few-layer
graphene at nanometer resolution. Our work paves the way for
a detailed investigation of the IR-conductivity properties and
the mapping of the specific resonance in various stacking
orders. Even the local IR-conductivity properties of twisted
graphene and Moiré-pattern can be investigated by extending
the energy range beyond the accessible range of SPPs. By
combining this technique with low-temperature s-SNOM, even
superconductivity phenomena in magic-angle graphene at IR
frequencies could be investigated. In contrast to STS, the
optical probing does not require an electrical contact, thus, it
will be applicable to stacked 2D materials with insulating or
encapsulating layers on top, as required for high mobility
graphene.” This is due to the subsurface imaging capability of
s-SNOM, as the probing optical fields can couple through thin
dielectric layers.'”*° With improved theoretical modeling,
including the tip—sample coupling, a local quantification of the
complex optical conductivity will become possible.

Overall, this new imaging modality could lead to a paradigm
shift in s-SNOM imaging of 2D materials: While the previously
used polariton imaging relies on an indirect extraction of the
electronic properties from the modeling of the plasmon
polariton reflection, we can now perform a direct extraction of
electronic properties. Our technique opens the door toward
nanoscopic noncontact measurements of the electronic
properties in complex hybrid 2D and van der Waals material
systems where tunneling spectroscopy cannot access the
decisive layers.
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