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3Research Center for Functional Materials, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan
4International Center for Materials Nanoarchitectonics,

National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan
5JARA-FIT Institute for Quantum Information, Forschungszentrum

Jülich GmbH and RWTH Aachen University, 52074 Aachen, Germany
(Dated: January 26, 2023)

We present low-temperature Raman measurements on gate tunable graphene encapsulated in
hexagonal boron nitride, which allows to study in detail the Raman G and 2D mode frequencies
and line widths as function of the charge carrier density. We observe a clear softening of the Raman
G mode (of up to 2.5 cm−1) at low carrier density due to the phonon anomaly and a residual
G mode line width of ≈ 3.5 cm−1 at high doping. From analyzing the G mode dependence on
doping and laser power we extract an electron-phonon-coupling constant of ≈ 4.4 × 10−3 (for the
G mode phonon). The ultra-flat nature of encapsulated graphene results in a minimum Raman 2D
peak line width of 14.5 cm−1 and allows to observe the intrinsic electron-electron scattering induced
broadening of the 2D peak of up to 18 cm−1 for an electron density of 5×1012 cm−2 (laser excitation
energy of 2.33 eV). Our findings not only provide insights into electron-phonon coupling and the
role of electron-electron scattering for the broadening of the 2D peak, but also crucially shows the
limitations when it comes to the use of Raman spectroscopy (i.e. the use of the frequencies and
the line widths of the G and 2D modes) to benchmark graphene in terms of charge carrier density,
strain and strain inhomogenities.This is particularly relevant when utilizing spatially-resolved 2D
Raman line width maps to assess substrate-induced nanometer-scale strain variations.

I. INTRODUCTION

Raman spectroscopy is a highly useful method for the
characterization and benchmarking of single- and few-
layer graphene [1–15] as well as graphene-based het-
erostructures, including twisted bilayer graphene [16–18].
Among the parameters accessible via confocal Raman
spectroscopy are the number of graphene layers [1, 2],
the amount of lattice defects [3, 4], the lattice tem-
perature [5, 6], the mechanical strain of the crystal
structure [7–13] and the amount of (substrate-induced)
nanometer-scale strain variations [14, 15]. Thanks to the
interrelation of the Raman spectra with the electronic
structure of graphene, Raman spectroscopy also gives ac-
cess to a variety of electronic parameters like the charge
carrier density [8, 19–23], defect densities and the ex-
pected maximum charge carrier mobility [14, 24].

It is therefore of high importance to understand
the precise nature of the electron-phonon coupling in
graphene and its evolution with charge carrier density.
While this was already studied extensively for graphene
on SiO2 [8, 19–23] and partly for graphene on hexagonal
boron nitride (hBN) [25], a comprehensive investigation
of the charge carrier density dependent Raman spectrum
of high-quality, i.e. ultra-flat graphene with very low
detrimental influence of the substrate, i.e. graphene en-
capsulated in hBN or suspended graphene, is still miss-
ing. So far, these measurements were prohibited by laser
illumination-induced pinning of the Fermi energy to the
charge neutrality point (CNP) in hBN/graphene/hBN

heterostructures, because of so-called photodoping ef-
fects [26, 27]. These effects do not occur in suspended
graphene. However, due to the electrostatic force induced
by the electrostatic gate the Raman spectrum is in this
case dominated by strain effects [28] making a thorough
investigation of doping effects unfeasible.

Here, we show how hBN/graphene/hBN heterostruc-
tures deposited on a local gold gate rather than on
SiO2 can be employed to thoroughly investigate the Ra-
man spectra of state-of-the-art high quality, i.e. ultra-
flat graphene as a function of charge carrier density.
Thanks to the high quality of the hBN/graphene/hBN
heterostructure and low temperatures, the Raman mea-
surements presented in this work constitute some of the
most pristine Raman spectra of gated graphene mea-
sured so far. In particular, we show in this work first
the unambiguous experimental observation of the break-
down of the Born-Oppenheimer approximation and the
consequent appearance of the phonon anomaly in the G-
peak in graphene (section II). Secondly, we focus on the
2D peak (section III), which shows an ultimately nar-
row 2D line width of Γ2D ≈ 14.5 cm−1. The pristine-
ness nature of the 2D line shape allows us to observe the
influence of electron-electron scattering not only on the
intensity, but also on the width of the 2D peak. This also
allows to extract the phonon-coupling strength near the
K point.

Importantly, the insights on the 2D line width, specif-
ically the electron-electron scattering-induced broaden-
ing, highlight a significant limitation in utilizing 2D line
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FIG. 1. (a) Optical image of the sample before contact fabrication. The black and grey outlines show the position of the
graphene flake and contacts, respectively. The scale bar represents 10µm. (b) Schematic illustration of the sample cross-section
highlighting the hBN/graphene/hBN stack placed on top of the metal (Au) bottom gate, which allows to apply a gate voltage
Vg. (c) The Raman spectrum of a high quality graphene/hBN heterostructure for two different gate voltages Vg = 0 V (n ≈ 0,
lower spectrum) and Vg = 3 V (n ≈ 5.3×1012 cm−2, upper spectrum). (d) Position, i.e. frequency ωG (blue data points) and
line width ΓG (red data points) of the Raman G peak as a function of the charge carrier density measured with a laser power
of 1 mW. The upper axis shows the corresponding Fermi energy EF under the assumption of vF = 0.98× 106 m/s. The vertical
dotted lines shows the resonance condition |EF| = EG/2 = h̄vF

√
πn. The solid lines represent fits based on Eq. (1) and Eq. (2)

to ωG (black trace) and ΓG (brown trace), respectively, under the assumption of a finite effective temperature. The schematics
on the top illustrate the Fermi energy dependent electron-phonon coupling for the G mode phonon.

width Raman mapping for evaluating graphene samples
and fabrication processes in terms of substrate-induced
nanoscale strain variations [14, 15]. This limitation is
crucial to consider as strain variations negatively impact
the charge carrier mobility in bulk graphene at low tem-
peratures [24].

II. ANOMALY OF THE G MODE PHONON

To investigate the charge carrier density-dependent
Raman spectra of high-quality, i.e. ultra-flat graphene
we use exfoliated hBN crystals for encapsulation. The
resulting stack is deposited on a prefabricated gold (Au)
bottom gate. Subsequently, we fabricate one-dimensional
contacts to the hBN/graphene/hBN stack by reactive ion
etching (RIE) and metal deposition (5 nm Cr/ 50 nm
Au) [29]. An optical microscope image of the result-
ing sample is shown in Fig. 1(a) and a cross-section of
the plate capacitor-like sample structure, which allows
to apply a gate voltage Vg for controlling the charge
carrier density, is illustrated in Fig. 1(b). Importantly,
this sample structure offers both high electronic qual-
ity and the possibility to tune the charge carrier density
without any photodoping effects [26, 27] or gate-induced
strain effects as seen in suspended graphene samples [28].

For our measurement we utilize a commercial, confocal,
low-temperature (∼ 4.2 K) Raman setup. We use lin-
early polarized laser light (wavelength of 532 nm) with a
power of 1 mW (if not stated otherwise) and a spot size of
∼ 500 nm. The position on the sample was chosen so that
the line width of the 2D peak, which reflects the amount
of nanometer-scale strain variations [14], is minimal and
homogeneous over a range greater than 2× 2 µm2. The
scattered light is detected by a CCD spectrometer with a
grating of 1200 lines/mm. In Fig. 2(c) the Raman spec-
tra around the G peak and the 2D peak is shown ex-
emplary for low (Vg = 0 V) and high (Vg = 3 V) gate
voltage, corresponding to a low and a high charge carrier
density. Note that the gold gate induces a broad back-
ground signal, which we subtract by fitting a third-order
polynomial background. Evidently, the G peak narrows
significantly and shifts to higher wave numbers with in-
creasing doping. The 2D peak decreases in intensity and
shifts to higher wave numbers as well. We point out
that the 2D peak shows a very low full width half maxi-
mum (FWHM) value of Γ2D ≈ 14.5 cm−1 near the charge
neutrality point (CNP) (see also Fig. 3(a)), which illus-
trates the negligible amounts of strain variations and the
high quality of our graphene sample [14, 24]. To the
best of our knowledge, this is the lowest Γ2D observed so
far [11, 14, 22, 24, 30–33] and it enables us to provide
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an unprecedented reference for the charge carrier density
dependence of the Raman spectra of pristine graphene.
To this end we extract the position ω and line width Γ as
a function of the charge carrier density n = α(Vg − V 0

g )
from Lorentzian fits for both the G and 2D peak. Here,
α = 1.8 × 1012 1/(V cm2) is the gate lever arm deter-
mined from Landau fan measurements and V 0

g = 37 mV
describes the offset from the CNP also obtained from
transport measurements (see Appendix A). We ensure
that our Lorentzian fits are not influenced by any resid-
ual background signal by fitting the sum of a Lorentzian
and a linear function to the spectral area around the G
and 2D peak.

Figure 1(d) shows the extracted positions ωG and line
widths ΓG of the G peak as a function of n. Note that
the extracted data shown consists of multiple sweeps
with increasing and decreasing Vg. As observed previ-
ously in numerous experimental studies [19–23], we find
that the G peak is heavily influenced by n. We ob-
serve the typical hallmarks of the resonant coupling of
the G-mode phonon to the electronic transitions across
the gapless bands of graphene located at half the phonon
energy |EF| = EG/2 = h̄vF

√
πn, see illustrations in

top row of Fig. 1(d). For large |n|, the phonon fre-
quency ωG increases due to the non-adiabatic phonon
hardening [34, 35] also observed previously [19–23]. Un-
like the previous experimental studies, we unambiguously
observe the predicted anomalous phonon softening at
|EF| ≈ EG/2 (see dotted vertical lines in the main panel
of Fig. 1(d)) due to the high electronic quality and ho-
mogeneity of our hBN/graphene/hBN sample. It is note-
worthy that the phonon softening gets significantly more
pronounced when reducing the laser power (see Fig. 2(a))
reaching a dip of around 2.5 cm−1 for a laser power p
of 0.01 mW. However, this softening is still significantly
weaker than the theoretically expected value of around
7.5 cm−1 for T = 4.2 K.

The electron-phonon coupling also allows the phonons
to decay into electron-hole pairs, resulting in a limited
lifetime and consequently in a high G-peak line width of
ΓG ≈ 15 cm−1 for low doping (see central top schematic
in Fig. 1(d)). For larger (or smaller) Fermi energies
|EF| > EG/2, these transitions are Pauli blocked (see left
and right schematics in Fig. 1(d)) and the G-peak nar-
rows to ΓG ≈ 3.5 cm−1, which is one of the lowest values
found experimentally and is approaching the broadening
due to anharmonic contributions [36] consistent with the
negligible amount of disorder-induced broadening in our
sample.

The non-adiabatic frequency shift as a function of n
can be calculated as the real part of the self-energy
(see [20, 34, 35]) resulting in

h̄∆ωG = λP

∫ −∞
∞

|f(E − EF)− f(E)|E2sgn(E)

E2 − (h̄ω0
G)2/4

dE,

(1)
where λ is the electron-phonon coupling constant, P be-
ing the Cauchy principal value, ω0

G = EG/h̄ is the fre-

quency of the G peak for pristine graphene and f(E)
is the Fermi-Dirac distribution. For T = 0 K the inte-
gral of Eq. (1) shows a logarithmic divergence when the
Fermi energy matches exactly half the phonon energy
EF = ±h̄ω0

G/2 ≈ ±98 meV [34]. For elevated tempera-
tures or high charge disorder the divergences, also called
phonon anomalies, are smeared out. The line width of
the G peak, ΓG, can be similarly calculated as the imag-
inary part of the self-energy [20, 34, 35] leading to

ΓG =
πλω0

G

2

[
f

(
− h̄ω

0
G

2
− EF

)
− f

(
h̄ω0

G

2
− EF

)]
+Γ0

G,

(2)
where Γ0

G is the G peak width resulting from all other
broadening mechanisms, such as disorder, strain varia-
tions and anharmonic coupling. Thus, the peak width
shows a step like behavior with a high ΓG for all
|EF| < h̄ω0

G/2 and a sudden decrease at half the phonon
energy. Temperature and charge disorder smear out these
transitions, as indicated by the Fermi-Dirac distributions
in Eq. (2). This again becomes experimentally most ap-
parent for low laser powers (see Fig. 2(b)).

Next we use Eqs. (1) and (2) with the fitting parame-
ters Teff , λ, vF and ω0

G or Γ0
G to fit our experimental data

ωG(n) and ΓG(n), respectively. For example, the black
and brown solid trace in Fig. 1(d) show corresponding
fits. Interestingly, from both fits we find an elevated ef-
fective temperature of Teff = (201 ± 0.6) K from ωG(n)
(black trace) and Teff = (185 ± 5) K from ΓG(n) (brown
trace), owing to the relatively weak manifestation of the
phonon anomalies at |EF| ≈ EG/2 and the smooth de-
crease of ΓG in our data. Please note that here we use
this elevated effective temperature to capture broaden-
ing of multiple origins, e.g. charge disorder within the
laser spot, laser-induced heating of the electronic system,
a finite lifetime and a related electronic broadening of
the electronic states. Furthermore, we find the electron-
phonon-coupling constant to be λ = (4.38± 0.01)× 10−3

from ωG(n) and λ = (4.37 ± 0.04) × 10−3 from ΓG(n)
in agreement with previous reports [20, 22]. The ex-
tracted Fermi velocities are vF = (0.944±0.02)×106 m/s
from ωG(n) and vF = (0.930 ± 0.04) × 106 m/s from
ΓG(n). Moreover we obtain ω0

G = (1588.7 ± 0.1) cm−1

and Γ0
G = (3.37± 0.03) cm−1.

To elucidate the origin of the broadening expressed by
the elevated effective temperature, especially with regard
to laser-induced heating, we perform laser power depen-
dent measurements. In total we were able to vary the
laser power p by almost three orders of magnitude from
0.01 mW to 9.25 mW, limited only by the required inte-
gration time for low laser powers. In Figs. 2(a) and 2(b)
we show the position ωG and the line width ΓG of the
G-peak as a function of charge carrier density for differ-
ent magnitudes of the laser power. With decreasing laser
power, the decline in ΓG gets sharper and the phonon
anomaly at EF = h̄ωG/2 becomes significantly more pro-
nounced. This reduced broadening for lower laser power
indicates a decrease in the effective electron temperature
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FIG. 2. (a) G peak frequency ωG as a function of charge carrier density n for different magnitudes of laser power (see colored
labels). The solid lines are fits based on Eq. (1). (b) Laser power dependence of ΓG. Solid lines are fits based on Eq. (2).
For clarity each graph in panels (a) and (b) is offset by 5 cm−1 and the vertical dashed lines shows the resonance condition
|EF| = EG/2 (as in Fig. 1(d)). (c) The extracted effective temperature Teff as a function of laser power p extracted from
ωG(n) (blue data points) and ΓG(n) (red data points) by fitting Eq. (1) and Eq. (2), respectively. The dashed line marks the
experimentally observed effective saturation temperature T ∗

eff . (d) Extracted electron-phonon-coupling constant λ as a function
of laser power; again from both ωG(n) (blue data) and ΓG(n) (red data) obtained from fitting with Eq. (1) and Eq. (2),
respectively. Interestingly, λ is constant when extracted from ωG(n) and in good agreement with the value reported in Ref. [20]
(see dashed line), but decreases for low power when extracting it from ΓG(n).

Teff due to a reduced effective laser-induced heating of
the electronic system, as seen in Fig. 2(c), where the ex-
tracted Teff is plotted as function of laser power p; again
from fitting with Eq. (1) (blue data) and from fitting
with Eq. (2) (red data). Interestingly, Teff increases log-
arithmically above p ≈ 0.1 mW, whereas it saturates at
∼ 100 K for lower laser powers.

Note that the independent fits to ωG (Eq. (1)) and ΓG

(Eq. (2)) give very similar results. This shows that the
electronic system can be significantly heated by the laser
illumination and is in contrast to the lattice tempera-
ture which stays constant as indicated by the unchang-
ing ω0

G and Γ0
G [5, 6], see Fig. 6 in Appendix B. As the

saturation value of T ∗eff ≈ 100 K at low power is signifi-
cantly higher than the cryostat temperature of 4.2 K we
attribute this discrepancy to the residual doping inho-
mogeneities in our sample. Indeed, the effective temper-
ature T ∗eff corresponds to an effective energy broadening
of δEF = kBT

∗
eff ≈ 9 meV around the phonon anomaly,

i.e. at EF ≈ EG/2 = h̄vF
√
πn. With the latter expres-

sion we estimate a corresponding charge carrier density
disorder of δn ≈ 10×1010 cm−2, which interestingly is in
good agreement with the residual charge carrier density
disorder n∗ ≈ 13 × 1010 cm−2 obtained from transport

measurements on the very same sample after laser illu-
mination (see Appendix A and Fig. 5).

Noteworthy, we not only find a decrease in Teff for
lower laser power p, but also a decrease in ΓG at the
CNP, see black arrows in Fig. 2(b). As described by
Eq. (2), this directly relates to a decreased electron-
phonon-coupling constant λ for low laser power p, as
shown in Fig. 2(d) by the red data points. With in-
creasing p we see a ∼ 50 % increase from λ < 3 × 10−3

to a saturation value of λ ≈ 4.4× 10−3 for p > 0.1 mW.
Surprisingly, this is in direct contrast to the electron-
phonon-coupling constant as extracted from ωG, which
does not show a dependence on the laser power (see blue
data points in Fig. 2(d)) and remains at the saturation
value of λ ≈ 4.4×10−3 in good agreement with the value
found previously [20] (see dashed line in Fig. 2(d)).

The origin of this inconsistency in λ between the two
extraction methods (ωG (Eq. (1)) and ΓG(n) (Eq. (2))),
might be due to the different sensitivity of the fitting
parameter λ for different regimes of n. While λ is deter-
mined by the broadening ΓG at EF � h̄ωG/2 (Eq. (2)),
the coupling constant extracted from ωG (Eq. (1)) is
more sensitive to the strength of the non-adiabatic hard-
ening, which occurs for EF > h̄ωG/2. This could
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FIG. 3. (a) Position, i.e. frequency ω2D (blue, left axis) and
line width Γ2D (red, right axis) of the Raman 2D peak as a
function of the charge carrier density n at a laser power of
1 mW. The upper axis shows the corresponding Fermi energy
EF assuming vF = 0.98×106 m/s. The dotted line shows Γ2D

calculated with Eq. (3). (b) Scatter plot of ω2D as a function
of ωG for different charge carrier densities n (see color bar).
The colors of the data points correspond to different n. The
blue (red) line shows a linear fit at high charge carrier density
for hole (electron) doping. For comparison: The grey line
marks a slope of 0.7 (for more details see text).

point to a charge carrier density dependent electron-
phonon-coupling constant. The increase of λ with laser
power when extracted via ΓG (obtained from fitting with
Eq. (2)) can also be contextualized when considering the
similarity of the influence of laser power and n: With in-
creasing laser power the number of free charge carriers in-
creases due to photo excitation similar to a gate-induced
increase in n, which may explain why λ approaches the
value found for EF > h̄ωG/2 at larger laser powers.

III. TUNING THE LINE WIDTH OF THE 2D
PEAK

Next, we focus on the charge carrier dependence of
the Raman 2D peak. Even though the precise line
shape of the 2D peak is still subject of ongoing re-

search [11, 30, 37, 38], it is commonly fitted by a sin-
gle Lorentzian, especially when used for rapid character-
ization of graphene and graphene-based heterostructures
with regards to doping and strain variations [8, 14, 15].
As such, we limit the following discussion to a single
Lorentzian to provide a useful reference for device char-
acterization.

The extracted positions ω2D and line widths Γ2D of the
2D Raman peak are shown in Fig. 3(a). The frequency
ω2D shows a significant non-symmetric increase with in-
creasing |n|. The increase in ω2D can be attributed to
a non-adiabatic contribution, similar but weaker to the
effect observed in the case of the G peak [22, 23]. The
asymmetry results from a small adiabatic contribution
originating from the change in the lattice parameter with
doping, which apparently is different for hole and electron
doping [23].

Figure 3(b) shows ω2D as a function of ωG for dif-
ferent gate-voltage controlled charge carrier densities n
(see color bar). This two-dimensional representation
(ωG, ω2D) of the Raman peak positions is commonly used
to separate the influence of strain and doping in a kind of
”vector decomposition” method [8, 15]. This decomposi-
tion approach uses the assumption that ω2D(ωG) is par-
tially linear. Evidently, in graphene encapsulated in hBN
we find that ω2D(ωG) shows a strong non-monotonous
contribution at low n (grey ’tail’ in Fig. 3(b)), due
to the appearance of the phonon anomaly of the G-
peak (see Fig. 2(b)). Only for larger carrier densities
|n| > 2× 1012 cm−2 the response linearizes. By means of
linear regression in this doping regimes, we find slopes
of ∂ω2D/∂ωG ≈ 0.49 and ∂ω2D/∂ωG ≈ 0.31 for hole
and electron doping, respectively. These values differ
significantly from the values reported by Lee et al. [8]
(∂ω2D/∂ωG ≈ 0.7, see gray line in Fig. 3(b)); how-
ever they are in agreement with the values found ear-
lier by Froehlicher et al. [22] on liquid-gated graphene
on SiO2. We stress that special care has to be taken
when using this decomposition approach to analyze high
quality hBN/graphene/hBN heterostructures, as these
samples typically show doping values significantly be-
low 1012 cm−2, where the non-monotonic behavior of ωG

and ω2D becomes relevant (see Fig. 3(b)). An increased
ω2D, for example, which results from low doping, could
otherwise be misinterpreted as a screening of the Kohn
anomaly at the K point also resulting in a stiffening of
the 2D-mode phonons [15, 39].

Thanks to the high quality of our sample Γ2D is not
dominated by the broadening due to nanometer-scale
strain variations [14] and shows an ultimately low value
of Γ2D ≈ 14.5 cm−1. This allows us to observe the sig-
nificant monotonic increase in Γ2D with |n|, see red data
points in Fig. 3(a). This increase can be attributed to
an increased electron-electron scattering rate γee with in-
creasing charge carrier density. Basko [40] calculated that
the line width of the 2D-peak is given by

Γ2D = 8
√

22/3 − 1
vTO

vF
γeh, (3)
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where vF and vTO are the Fermi velocity and the (trans-
verse optical) phonon velocity. The ratio of vTO and
vF is determined by the strength of the Kohn anomaly
at the K-point and can be extracted by measuring the
dispersion of ω2D with laser energy. Berciaud et al. [30]
reported a value of vTO/vF ≈ 6.2×10−3 at a laser energy
of EL ≈ 2.33 eV. The electronic broadening parameter
γeh increases due to electron-electron scattering γee as
shown by Basko et al. [41], which calculated that the
electron-electron scattering rate scales linearly with EF:

γee ≈ 0.06|EF|. (4)

Note that the exact prefactor depends on the dielec-
tric screening of the electron-electron interaction. Here,
we assume ε ≈ 5, which approximates the mean
of the in-plane and out-of-plane dielectric constant of
hBN [42]. When considering that the electronic broaden-
ing γeh = γ0

eh + γee increases due electron-electron scat-
tering γee as described in Eq. (4), we find qualitative
agreement between Eq. (3) and our experimentally ex-
tracted Γ2D, see black dotted line in Fig. 3(a). Here we
use γ0

eh ≈ 43.3 meV, which corresponds to a residual peak
width of Γ0

2D ≈ 13.3 cm−1 due to phonon anharmonici-
ties and intrinsic electronic broadening [43]. Note that
the experimental data shows an unexpected asymmetry
not captured in Eq. (3).

To further elucidate the influence of electron-electron
scattering, we now focus on the area of the 2D peak A2D.
The blue data in Fig. 4(a) shows that A2D decreases
with increasing |EF|, which results from the increased
electron-electron scattering rate γee with |n|. Following
Basko et al. [40, 41] the area of the 2D peak is given by

A2D ∝
(

γK

γe-ph + γee

)2

, (5)

where the total electron scattering rate γe-ph+γee is given
by the sum of the electron-phonon scattering rate γe-ph,
the electron-electron scattering rate γee and the electron-
defect scattering rate has been neglected. The electron-
phonon scattering rate is γe-ph = γK + γΓ [40, 41], where
γK is the scattering rate of the optical phonon at K and
γΓ takes into account the scattering from optical phonons
at the Γ point. While γK and γe-ph should not depend
on the charge carrier density, γee scales with EF (see
Eq. (4)). As the area of the G-peak, AG, does not depend
on EF for experimentally viable |EF| < EL/2, it is useful
to normalize A2D to AG. Eq. (5) can then be transformed
into: √

AG

A2D
=

√
A0

G

A0
2D

·
(

1 +
0.06

γe-ph
|EF|

)
, (6)

where A0
G/2D denote the respective areas at EF = 0. The

red data in Fig. 4(a) depict the experimentally obtained√
AG/A2D values. Akin to the asymmetry found in Γ2D,

we find that
√
AG/A2D differs between electron and hole
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FIG. 4. (a) Area (blue, left axis) of the 2D peak as a
function of the Fermi energy EF under the assumption of
vF = 0.98 × 106 m/s at a laser power of 1 mW. The right

axis shows the normalized root of the area
√
AG/A2D in

red. The red solid lines are fits to the data points based on
Eq. (6) for both hole doping (red) and electron doping (dark
red). The light red data points are omitted for both fits.
(b) Γ2D as a function of A2D showing the expected behavior
Γ2D ∝ 1/

√
A2D (red curve). See text for details. The col-

ors of the data points correspond to different gate-controlled
charge carrier densities n. After combing Eqs. (3) and (5) we
used Γ2D = a/

√
A2D + c to fit the data in panel (b). The

obtained values are a = 2942 (arbitrary due to A0
2D) and

c = −1.57± 0.28 cm−1.

doping. By fitting Eq. (6) separately to the electron and
hole regime, we find electron-phonon scattering rates of
γee-ph = (67.5 ± 0.8) meV and γhe-ph = (44.2 ± 0.5) meV,
respectively. While previous measurements on electro-
chemically gated graphene on SiO2 found scattering rates
of similar magnitude (39-72 meV), no asymmetry be-
tween electron and hole doping was reported [22].

The extracted scattering rate is directly connected to
the dimensionless electron-phonon coupling constants λΓ

and λK , which describe the coupling strength of the op-
tical phonons at the Γ (G-mode) and near the K point
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(2D-mode), respectively. Following Refs. [22, 40, 41, 44]
we obtain

γe-ph = γK+γΓ =
πλK

2

(
EL

2
− ED

)
+
πλΓ

2

(
EL

2
− EG

)
,

(7)
where EG ≈ 197 meV and ED ≈ 167 meV are the optical
phonon energies at Γ and near the K point, respectively.
By using λΓ ≈ 4.4 × 10−3 as extracted from Eqs. (1)
and (2), we find in our high quality hBN/graphene/hBN
sample that the electron-phonon coupling strength near
the K point is λK ≈ 37.9× 10−3 and λK ≈ 23.4× 10−3

for electron and hole doping, respectively. These values
are in agreement [45] with previous reports measured on
electrochemically gated graphene on SiO2 (λK ≈ 27 ×
10−3 − 39× 10−3) [22].

Finally, we highlight the common origin of the decrease
of A2D and of the increase in Γ2D with increasing |n| by
plotting Γ2D as a function of A2D, see Fig. 4(b). Indeed,
there is an universal scaling of the 2D peak width with
the area Γ2D ∝ 1/

√
A2D. This functional connection can

easily be computed by combining Eqs. (3) and (5). While
this connection was predicted theoretically [14, 37], it
is finally possible to verify this scaling experimentally,
thanks to the negligible amounts of other 2D line broad-
ening effects in our sample.

IV. CONCLUSION

In summary, we thoroughly investigated the Raman
spectra of high-quality, i.e. ultra-flat graphene encap-
sulated in hBN, especially with regards to its charge
carrier density dependence. In the first part of this
work we focused on the electron coupling to the G-mode
phonon. We showed a well visible phonon anomaly of
the G-mode in graphene and discussed its laser power
dependence. Interestingly, we observe indications that
the electron-phonon coupling λ might significantly de-
pend on the charge carrier density. Taking the 2D-peak
into account we provide a new benchmark for the anal-
ysis of the Raman spectra of hBN/graphene/hBN het-
erostructures in regards to the charge carrier density via
the so-called ”vector decomposition” method. Further-
more, we extract the electron-phonon coupling strength
at K by examining the electron-electron scattering in-
duced drop in the 2D-peak intensity and show how the
electron-electron scattering leads to a broadening of the
2D peak. We believe that this systematic study provides
an unprecedented reference for Raman spectroscopy on
high-quality graphene samples encapsulated in hBN and
is useful to further investigations on the electron-phonon
coupling and to benchmark graphene samples (includ-
ing graphene-based heterostructures and twisted bilayer
graphene) also in the context of using Raman spec-
troscopy for process monitoring.
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APPENDIX A: TRANSPORT MEASUREMENTS

In Fig. 5 we show low-temperature (4.2 K) transport
measurements on the very same graphene sample where
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FIG. 5. (a) Two-terminal electrical conductance G
as a function of gate voltage Vg of the locally gated
hBN/graphene/hBN heterostructure after laser illumination.
(b) Two-terminal Landau fan measurement (recorded before
laser illumination) showing the differential current dI/dVg as
function of applied gate voltage Vg and magnetic field (B).
The bias voltage is Vsd = 100µV. By analysing the slopes
of the observed Shubnikov-de Haas oscillations (see dashed
lines) we can extract the lever arm. For more details see text
and Ref. [47]. (c) Double logarithmic graph of the conduc-
tance G after illumination. The dashed and solid lines are
linear fits. The crossing point of these lines defines n∗ (see
arrow). The inset shows the wiring of the sample.
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(b) Extracted ω0

G (blue data points) and Γ0
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as a function of laser power p; again from fitting ωG(n) (blue)
and ΓG(n) (red) with Eq. (1) and Eq. (2), respectively.

the detailed gate-dependent Raman spectroscopy mea-
surements have been performed. Fig. 5(a) shows two-
terminal conductance G measurements (source and drain
contacts are highlighted in the inset of Fig. 5(c)) as a
function of gate voltage Vg after the graphene sample
has been illuminated with the green Raman laser. From
the data we extract the charge neutrality point to be at
V 0
g = 37 mV.

A two-terminal Landau fan measured before the il-
lumination with the laser is shown in Fig. 5(b). This
plot shows the differential conductance dI/dVg as func-
tion of Vg and applied out-of-plane magnetic field (B).
The observed Shubnikov-de Haas oscillations in the so-
called Landau fan are used to extract the gate lever arm
α = 1.8 × 1012 1/(V cm2), which agrees well with the

capacitor model leading to α = ε0εr/(ed), where ε = 3.4
is the out-of-plane dielectric constant of hBN [48] and
d ≈ 10 nm is the thickness of the bottom hBN crystal
(see schematic in Fig. 1(b)). For more details on this
technique please see Ref. [47].

Figure 5(c) shows a double logarithmic graph of the
conductance G as function of carrier density n. Follow-
ing Ref. [24] we extract from the intersection of the linear
fits (see dashed and solid blue lines) the residual charge
carrier density inhomogeneity n∗ ≈ 13× 1010 cm−2. In-
terestingly, this value matches well with the charge car-
rier density disorder induced effective temperature T ∗eff
as discussed in the main text.

APPENDIX B: LASER POWER DEPENDENCE
OF ADDITIONAL FITTING PARAMETERS

In Figs. 6(a) and 6(b) we show – in complete anal-
ogy to Figs. 2(c) and 2(d) – the additional laser power
dependent fitting parameters obtained from fitting (i)
Eq. (1) to the data presented in Fig. 2(a) (blue data
points) and (ii) Eq. (2) to data as shown in Fig. 2(b)
(red data points). From both fits we find that there is
a consistent vF, which is only weakly depending on the
laser power p (Fig. 6(a)). Please Note that vF can also
vary with n [47, 49, 50]. However, as the variation in vF

is mostly located at the CNP and is not pronounced in
hBN/graphene/hBN heterostructures, we neglect the vF

renormalization in this work.
Most importantly, we observe (as shown in Fig. 6(b))

that ω0
G (blue data) and Γ0

G (red data) are indeed nearly
constant as function of laser power p as mentioned in the
main text.
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and B. Plaçais, Dielectric permittivity, conductivity and
breakdown field of hexagonal boron nitride, Mater. Res.
Express 9, 065901 (2022).

[49] D. C. Elias, R. V. Gorbachev, A. S. Mayorov, S. V. Mo-
rozov, A. A. Zhukov, P. Blake, L. A. Ponomarenko, I. V.
Grigorieva, K. S. Novoselov, F. Guinea, and A. K. Geim,
Dirac cones reshaped by interaction effects in suspended
graphene, Nat. Phys. 7, 701 (2011).

[50] G. L. Yu, R. Jalil, B. Belle, A. S. Mayorov, P. Blake,
F. Schedin, S. V. Morozov, L. A. Ponomarenko, F. Chi-
appini, S. Wiedmann, U. Zeitler, M. I. Katsnelson, A. K.
Geim, K. S. Novoselov, and D. C. Elias, Interaction phe-
nomena in graphene seen through quantum capacitance,
Proc. Natl. Acad. Sci. U.S.A. 110, 3282 (2013).

http://link.aps.org/doi/10.1103/PhysRevB.80.165413
http://link.aps.org/doi/10.1103/PhysRevB.80.165413
https://doi.org/10.1038/s41699-018-0050-x
https://doi.org/10.1038/s41699-018-0050-x
https://doi.org/10.1103/PhysRevB.77.041409
https://doi.org/10.1103/PhysRevB.77.041409
https://doi.org/10.1103/PhysRevLett.120.187701
https://doi.org/10.1103/PhysRevLett.120.187701
https://doi.org/10.1088/2053-1591/ac4fe1
https://doi.org/10.1088/2053-1591/ac4fe1
https://doi.org/10.1038/nphys2049
https://doi.org/10.1073/pnas.1300599110

	Charge carrier density-dependent Raman spectra of graphene  encapsulated in hexagonal boron nitride
	Abstract
	I Introduction
	II Anomaly of the G mode phonon 
	III Tuning the line width of the 2D peak
	IV Conclusion
	 Acknowledgments
	 Appendix A: Transport Measurements
	 Appendix B: Laser power dependence of additional fitting parameters
	 References


