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We present low-temperature Raman measurements on gate-tunable graphene encapsulated in hexagonal boron
nitride, which allows us to study in detail the Raman G and 2D mode frequencies and linewidths as a function
of the charge carrier density. We observe a clear softening of the Raman G mode (of up to 2.5 cm~!) at low
carrier density due to the phonon anomaly and a residual G mode linewidth of ~3.5 cm™! at high doping. By
analyzing the G mode dependence on doping and laser power we extract an electron-phonon-coupling constant
of ~4.4 x 1073 (for the G mode phonon). The ultraflat nature of encapsulated graphene results in a minimum
Raman 2D peak linewidth of 14.5 cm™! and allows us to observe intrinsic electron-electron scattering-induced
broadening of the 2D peak of up to 18 cm™' for an electron density of 5 x 10'2 cm™ (laser excitation energy
of 2.33 eV). Our findings not only provide insights into electron-phonon coupling and the role of electron-
electron scattering in the broadening of the 2D peak but also crucially show the limitations when it comes to
the use of Raman spectroscopy (i.e., the use of the frequencies and the linewidths of the G and 2D modes) to
benchmark graphene in terms of charge carrier density, strain, and strain inhomogeneities. This is particularly
relevant when utilizing spatially resolved 2D Raman linewidth maps to assess substrate-induced nanometer-scale

strain variations.

DOI: 10.1103/PhysRevB.107.075420

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 heterostructures,
including twisted bilayer graphene [16—18]. Among the pa-
rameters accessible via confocal Raman spectroscopy are the
number of graphene layers [1,2], the number of lattice defects
[3,4], the lattice temperature [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 access
to a variety of electronic parameters like the charge carrier
density [8,19-23], the defect densities, and the expected max-
imum charge carrier mobility [14,24].

It is therefore highly important to understand the precise
nature of the electron-phonon coupling in graphene and its
evolution with charge carrier density. While this was al-
ready studied extensively for graphene on SiO, [§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., ul-
traflat, graphene with very low detrimental influence from
the substrate, i.e., graphene encapsulated in hBN or sus-
pended graphene, is still missing. So far, these measurements
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have been prohibited by laser illumination-induced pinning
of the Fermi energy to the charge neutrality point (CNP) in
hBN/graphene/hBN heterostructures because of the so-called
photodoping effects [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 heterostructures
deposited on a local gold gate rather than on SiO; can be
employed to thoroughly investigate the Raman spectra of
state-of-the-art high-quality, i.e., ultraflat, graphene as a func-
tion of charge carrier density. Thanks to the high quality of the
hBN/graphene/hBN heterostructure and low temperatures,
the Raman measurements presented in this work constitute
some of the most pristine Raman spectra of gated graphene
measured so far. In particular, we show in this work first
the unambiguous experimental observation of the breakdown
of the Born-Oppenheimer approximation and the consequent
appearance of the phonon anomaly in the G peak in graphene
(Sec. II). Second, we focus on the 2D peak (Sec. III),
which shows an ultimately narrow 2D linewidth of I';p &
14.5 cm~!. The pristine 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.

©2023 American Physical Society
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FIG. 1. (a) Optical image of the sample before contact fabrication. The black and gray outlines show the positions of the graphene
flake and contacts, respectively. The scale bar represents 10 um. (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 us to apply a gate voltage V,. (c) The Raman
spectrum of a high-quality graphene/hBN heterostructure for two different gate voltages, V, =0 V (n ~ 0, lower spectrum) and V, =3 V
(n~ 5.3 x 10'2 cm~2, upper spectrum). (d) Position, i.e., frequency wg (blue data points), and linewidth ' (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 top axis shows the corresponding Fermi energy
Eg under the assumption of v = 0.98 x 10° m/s. The vertical dotted lines show the resonance condition |Eg| = Eg/2 = hvg/mn. The solid
lines represent fits based on Egs. (1) and (2) to wg (black trace) and I'g (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.

This also allows us to extract the phonon-coupling strength
near the K point.

Importantly, the insights on the 2D linewidth, specifically
the electron-electron scattering-induced broadening, highlight
a significant limitation in utilizing 2D linewidth Raman
mapping for evaluating graphene samples and fabrication
processes in terms of substrate-induced nanoscale strain vari-
ations [14,15]. This limitation is crucial to consider as strain
variations negatively impact the charge carrier mobility in
bulk graphene at low temperatures [24].

II. ANOMALY OF THE G MODE PHONON

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

our measurement we utilize a commercial, confocal, low-
temperature (~4.2 K) Raman setup. We use linearly 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 linewidth of the 2D peak,
which reflects the amount of nanometer-scale strain varia-
tion [14], is minimal and homogeneous over a range greater
than 2 x 2 um?. The scattered light is detected by a CCD
spectrometer with a grating of 1200 lines/mm. In Fig. 1(c)
the Raman spectra around the G peak and the 2D peak are
shown as examples for low (V, = 0 V) and high (V, =3 V)
gate voltage, corresponding to low and high charge carrier
densities. Note that the gold gate induces a broad background
signal, which we subtract by fitting a third-order polynomial
background. Evidently, the G peak narrows significantly and
shifts to higher wave numbers with increasing 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
FWHM value of I'yp ~ 14.5cm™! near the CNP [see also
Fig. 3(a)], which illustrates the negligible amounts of strain
variation and the high quality of our graphene sample [14,24].
To the best of our knowledge, this is the lowest I';p observed
so far [11,14,22,24,30-33], and it enables us to provide an
unprecedented reference for the charge carrier density depen-
dence of the Raman spectra of pristine graphene. To this end
we extract the position w and linewidth I" as a function of the
charge carrier density n = a(V, — Vgo) from Lorentzian fits for

both the G and 2D peaks. Here, o = 1.8 x 10'2 1/(V cm?)
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FIG. 2. (a) G peak frequency wg 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 I'g. Solid lines are fits based on Eq. (2). For clarity each graph in (a) and
(b) is offset by 5cm™!, and the vertical dashed lines shows the resonance condition |Er| = Eg/2 [as in Fig. 1(d)]. (c) The extracted effective
temperature Tor as a function of laser power p extracted from wg(n) (blue data points) and I'g(n) (red data points) by fitting Eqs. (1) and (2),
respectively. The dashed line marks the experimentally observed effective saturation temperature 7 3. (d) Extracted electron-phonon-coupling
constant A as a function of laser power, again from both wg(n) (blue data) and I'g(n) (red data) obtained from fitting with Eqgs. (1) and (2),
respectively. Interestingly, A is constant when extracted from wg(n) and in good agreement with the value reported in Ref. [20] (see dashed

line) but decreases for low power when extracted from I'g(n).

is the gate lever arm determined from Landau fan measure-
ments, and V? = 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
residual background signal by fitting the sum of a Lorentzian
and a linear function to the spectral area around the G and 2D
peaks.

Figure 1(d) shows the extracted positions wg and
linewidths ' of the G peak as a function of n. Note that
the extracted data shown consist of multiple sweeps with
increasing and decreasing V. As observed previously in nu-
merous experimental studies [19-23], we find that the G peak
is heavily influenced by n. We observe 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 |Eg| = Eg/2 = hivg/n; see illus-
trations in top row of Fig. 1(d). For large |n|, the phonon
frequency wg increases due to the nonadiabatic phonon hard-
ening [34,35] also observed previously [19-23]. Unlike the
previous experimental studies, we unambiguously observe
the predicted anomalous phonon softening at |Ex| ~ Eg/2
[see dotted vertical lines in the main panel of Fig. 1(d)]
due to the high electronic quality and homogeneity of our
hBN/graphene/hBN sample. It is noteworthy that the phonon
softening gets significantly more pronounced when the laser
power is reduced [see Fig. 2(a)], reaching a dip of around
2.5 cm™! 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 ™! for T = 4.2 K.

The electron-phonon coupling also allows the phonons
to decay into electron-hole pairs, resulting in a limited life-
time and, consequently, in a high G peak linewidth of I'g =~
15cm~! for low doping [see middle schematic in the top
panel of Fig. 1(d)]. For larger (or smaller) Fermi energies
|Er| > Eg/2, these transitions are Pauli blocked [see left and
right schematics in Fig. 1(d)], and the G peak narrows to I'g &
3.5cm™!, which is one of the lowest values found experi-
mentally and approaches the broadening due to anharmonic
contributions [36] consistent with the negligible amount of
disorder-induced broadening in our sample.

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

—00 2
FAwe — AP/ fE = E) = FEEE) )
o0 E? — (hal)" /4
where A is the electron-phonon-coupling constant, P is the
Cauchy principal value, wOG = Eg/h is the frequency of the
G peak for pristine graphene, and f(E) is the Fermi-Dirac
distribution. For T = 0 K the integral of Eq. (1) shows a log-
arithmic divergence when the Fermi energy matches exactly
half the phonon energy Er = :I:ha)g /2 =~ £98 meV [34]. For
elevated temperatures or high charge disorder the divergences,
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FIG. 3. (a) Position, i.e., frequency w,p (blue, left axis), and
linewidth I';p (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 up-
per axis shows the corresponding Fermi energy Er assuming vg =
0.98 x 10°m/s. The dotted line shows I'yp calculated with Eq. (3).
(b) Scatterplot of w,p as a function of wg 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 gray
line marks a slope of 0.7 (for more details see text).

also called phonon anomalies, are smeared out. The linewidth
of the G peak I'g can be similarly calculated as the imaginary
part of the self-energy [20,34,35], leading to

0 0 0
FG _ T[)\.Z(UG [f(_h;)G _EF> _f(hz)G _EF>] + ng
@)

where T2 is the G peak width resulting from all other
broadening mechanisms, such as disorder, strain variations,
and anharmonic coupling. Thus, the peak width shows a
steplike behavior with a high I'g for all |Eg| < thG /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 be-
comes experimentally most apparent for low laser powers [see
Fig. 2(b)].

Next, we use Egs. (1) and (2) with the fitting parameters
Tete, A, Vg, and a)g or Fg to fit our experimental data wg(n)
and I'g(n), respectively. For example, the black and brown
solid traces in Fig. 1(d) show corresponding fits. Interest-
ingly, from both fits we find an elevated effective temperature
of Teer = (201 £0.6) K from wg(n) (black trace) and Toy =
(185 £ 5) K from I'g(n) (brown trace), owing to the relatively
weak manifestation of the phonon anomalies at |Ep| = Eg/2
and the smooth decrease of I'g in our data. 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 A = (4.38 £ 0.01) x 1073 from wg(n) and A =
(4.37 £ 0.04) x 1073 from I'g(n), in agreement with previ-
ous reports [20,22]. The extracted Fermi velocities are vy =
(0.944 +0.02) x 10°m/s from wg(n) and vg = (0.930 &
0.04) x 10° m/s from ['g(n). Moreover, we obtain a)% =
(1588.7 £ 0.1)cm™ ' and T2 = (3.37 £0.03)cm™".

To elucidate the origin of the broadening expressed by
the elevated effective temperature, especially with regard to
laser-induced heating, we perform laser power dependent
measurements. In total we were able to vary the laser power p
by almost three orders of magnitude from 0.01 to 9.25 mW,
limited only by the required integration time for low laser
powers. In Figs. 2(a) and 2(b) we show the position wg and
the linewidth I'g of the G peak as a function of charge carrier
density for different magnitudes of the laser power. With
decreasing laser power, the decline in I'g gets sharper, and
the phonon anomaly at Ep = hiwg/2 becomes significantly
more pronounced. This reduced broadening for lower laser
power indicates a decrease in the effective electron temper-
ature To due to a reduced effective laser-induced heating of
the electronic system, as seen in Fig. 2(c), where the extracted
Te is plotted as a function of laser power p, again from
fitting with Eq. (1) (blue data) and from fitting with Eq. (2)
(red data). Interestingly, T. increases logarithmically above
p ~ 0.1 mW, whereas it saturates at ~100 K for lower laser
powers.

Note that the independent fits to wg [Eq. (1)] and '
[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 temperature,
which remains constant, as indicated by the unchanging @
and Fg [5,6] (see Fig. 6 in Appendix B). As the saturation
value of Tj; ~ 100 K at low power is significantly higher than
the cryostat temperature of 4.2 K, we attribute this discrep-
ancy to the residual doping inhomogeneities in our sample.
Indeed, the effective temperature 7 j; corresponds to an ef-
fective energy broadening of §Er = kgTj; ~ 9meV around
the phonon anomaly, i.e., at Er ~ Eg/2 = hivg/rn. With
the latter expression we estimate a corresponding charge
carrier density disorder of 8n &~ 10 x 10'° cm~2, which, in-
terestingly, is in good agreement with the residual charge
carrier density disorder n* ~ 13 x 10'®cm~2 obtained from
transport measurements on the very same sample after laser
illumination (see Appendix A and Fig. 5).

It is noteworthy that we find not only a decrease in Ty
for lower laser power p but also a decrease in ['g at the
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CNP [see black arrows in Fig. 2(b)]. As described by Eq. (2),
this directly relates to a decreased electron-phonon-coupling
constant A for low laser power p, as shown in Fig. 2(d) by the
red data points. With increasing p we see a ~50% increase
from A < 3 x 1073 to a saturation value of A ~ 4.4 x 1073
for p > 0.1 mW. Surprisingly, this is in direct contrast to
the electron-phonon-coupling constant as extracted from wg,
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 A &~ 4.4 x 1073, in good agreement with the value
found previously [20] [see dashed line in Fig. 2(d)].

The origin of this inconsistency in A between the two
extraction methods (wg [Eq. (1)] and 'g(n) [Eq. (2)]) might
be due to the different sensitivities of the fitting parameter
A for different regimes of n. While X is determined by the
broadening I'g at Ef < hwg/2 [Eq. (2)], the coupling con-
stant extracted from wg [Eq. (1)] is more sensitive to the
strength of the nonadiabatic hardening, which occurs for Ex >
hwg /2. This could point to a charge carrier density dependent
electron-phonon-coupling constant. The increase of A with
laser power when extracted via ['g [obtained from fitting with
Eq. (2)] can also be contextualized when considering the sim-
ilarity of the influence of laser power and n: With increasing
laser power the number of free charge carriers increases due
to photoexcitation similar to a gate-induced increase in n,
which may explain why A approaches the value found for
Er > hwg/?2 at larger laser powers.

III. TUNING THE LINEWIDTH 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 the subject of ongoing research [11,30,37,38], it is
commonly fitted by a single Lorentzian, especially when used
for rapid characterization of graphene and graphene-based
heterostructures with regard 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
characterization.

The extracted positions w,p and linewidths T'pp of the
2D Raman peak are shown in Fig. 3(a). The frequency wsp
shows a significant nonsymmetric increase with increasing
|n|. The increase in wyp can be attributed to a nonadiabatic
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 w;p as a function of wg for different
gate-voltage-controlled charge carrier densities n (see color
bar). This two-dimensional representation (wg, wsp) of the
Raman peak positions is commonly used to separate the
influence of strain and doping in a kind of “vector decom-
position” method [8,15]. This decomposition approach uses
the assumption that wp(wg) is partially linear. Evidently, in
graphene encapsulated in hBN we find that wyp(wg) shows
a strong nonmonotonous contribution at low n [gray “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 x 10> cm~2 does the response linearize. By means

of linear regression in this doping regime, we find slopes of
dwyp/dwg ~ 0.49 and dw,p/dwg =~ 0.31 for hole and elec-
tron doping, respectively. These values differ significantly
from the values reported by Lee et al. [8] [0wyp/dwg =~ 0.7,
see gray line in Fig. 3(b)]; however, they are in agreement
with the values found earlier by Froehlicher and Berciaud
[22] on liquid-gated graphene on SiO,. 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
below 10'2 cm~2, where the nonmonotonic behavior of wg
and wsp becomes relevant [see Fig. 3(b)]. An increased wop,
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, I';p is not
dominated by the broadening due to nanometer-scale strain
variations [14] and shows an ultimately low value of I',p &~
14.5cm™". This allows us to observe the significant mono-
tonic increase in I',p with |n| [see red data points in Fig. 3(a)].
This increase can be attributed to an increased electron-
electron scattering rate y.. with increasing charge carrier
density. Basko [40] calculated that the linewidth of the 2D
peak is given by

Fop = 8v/2253 — 122, 3)
(%3

where vg and vyo are the Fermi velocity and the (transverse
optical) phonon velocity. The ratio of vt and vg is determined
by the strength of the Kohn anomaly at the K point and can
be extracted by measuring the dispersion of w,p with laser
energy. Berciaud et al. [30] reported a value of vro/vp =
6.2 x 1073 at a laser energy of E; ~ 2.33eV. The electronic
broadening parameter Y., increases due to electron-electron
scattering Yee, as shown by Basko et al. [41], who calculated
that the electron-electron scattering rate scales linearly with
EFZ

Yee ~ 0.06]EF|. “

Note that the exact prefactor depends on the dielectric screen-
ing of the electron-electron interaction. Here, we assume
€ =~ 5, which approximates the mean of the in-plane and
out-of-plane dielectric constant of hBN [42]. When consid-
ering that the electronic broadening y.p, = ye% ~+ Yee increases
due to electron-electron scattering y,, as described in Eq. (4),
we find qualitative agreement between Eq. (3) and our exper-
imentally extracted I',p [see black dotted line in Fig. 3(a)].
Here, we use y,;, ~ 43.3 meV, which corresponds to a residual
peak width of I'Y, ~ 13.3cm™! due to phonon anharmonic-
ities and intrinsic electronic broadening [43]. Note that the
experimental data show an unexpected asymmetry not cap-
tured in Eq. (3).

To further elucidate the influence of electron-electron scat-
tering, we now focus on the area of the 2D peak A,p. The blue
data in Fig. 4(a) show that A,p decreases with increasing |Eg|,
which results from the increased electron-electron scattering
rate Y. with |n|. Following Basko et al. [40,41], the area of
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FIG. 4. (a) Area (blue, left axis) of the 2D peak as a function of
the Fermi energy Er under the assumption of vg = 0.98 x 10°m/s
at a laser power of 1 mW. The right axis shows the normalized root
of the area /Ag/Asp in red. The red solid lines are fits to the data
points based on Eq. (6) for both hole doping (medium red) and
electron doping (dark red). The light red data points are omitted for
both fits. (b) [';p as a function of A;p showing the expected behavior
Iyp o 1/4/A;p (red curve). See text for details. The colors of the data
points correspond to different gate-controlled charge carrier densities
n. After combing Egs. (3) and (5) we used I'»p = a/+/Ayp + ¢ to fit
the data in (b). The obtained values are a = 2942 (arbitrary due to
Ad)and c = —1.57 £0.28cm ™.

the 2D peak is given by

2
Asp (V—K> : )
Ye-ph + Vee

where the total electron scattering rate Ye.ph + Yee 1S given
by the sum of the electron-phonon scattering rate y.p, and
the electron-electron scattering rate y.. while the electron-
defect scattering rate has been neglected. The electron-phonon
scattering rate is Yepn = ¥k + yr [40,41], where yx is the
scattering rate of the optical phonon at K and yr takes into
account the scattering from optical phonons at the I' point.
While yx and yepn should not depend on the charge carrier
density, y.. scales with Er [see Eq. (4)]. As the area of the
G peak Ag does not depend on Er for experimentally viable

|Er| < Er/2, it is useful to normalize A,p to Ag. Equation (5)
can then be transformed into

A AL 0.06
s - TG(l + |EF|), ©)
AZD A2D Ve-ph

where A Jop denote the respective areas at Er = 0. The red
data in Fig. 4(a) depict the experimentally obtained +/Ag/Azp
values. Akin to the asymmetry found in I';p, we find that
+/Ac/Aop differs between electron and hole doping. By fitting
Eq. (6) separately to the electron and hole regimes, we find
electron-phonon scattering rates of y;, = (67.5 & 0.8) meV

and yet}ph = (44.2 + 0.5) meV, respectively. While previous
measurements on electrochemically gated graphene on SiO,
found scattering rates of similar magnitude (39-72 meV), no
asymmetry between electron and hole doping was reported
[22].

The extracted scattering rate is directly connected to the di-
mensionless electron-phonon-coupling constants Ar and Ak,
which describe the coupling strength of the optical phonons
at I' (G mode) and near the K point (2D mode), respectively.
Following Refs. [22,40,41,44], we obtain

T[)\,K EL

o = = — ——E
Yeph = YK + ¥r 3 (2 D)+

where Eg ~ 197meV and Ep ~ 167meV are the optical
phonon energies at I' and near the K point, respectively.
By using Ar &~ 4.4 x 1073 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 Ax &~ 37.9 x 1073 and Ag =~ 23.4 x 1073 for electron and
hole doping, respectively. These values are in agreement [45]
with previous reports measured on electrochemically gated
graphene on SiO; (Ax ~ 27 x 1073 to 39 x 1073) [22].

Finally, we highlight the common origin of the decrease of
Asp and the increase in I'yp with increasing |n| by plotting I'yp
as a function of Ayp [see Fig. 4(b)]. Indeed, there is universal
scaling of the 2D peak width with the area, I'y;p o< 1/4/Asp.
This functional connection can easily be computed by com-
bining Egs. (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 broadening effects in our sample.

IV. CONCLUSION

In summary, we thoroughly investigated the Raman spectra
of high-quality, i.e., ultraflat, graphene encapsulated in hBN,
especially with regard to its charge carrier density depen-
dence. In the first part of this work we focused on the electron
coupling to the G mode phonon. We showed a clearly visible
phonon anomaly of the G mode in graphene and discussed
its laser power dependence. Interestingly, we observed indica-
tions that the electron-phonon coupling A might significantly
depend on the charge carrier density. Taking the 2D peak
into account, we provided a benchmark for the analysis of
the Raman spectra of hBN/graphene/hBN heterostructures
in regard to the charge carrier density via the so-called vec-
tor decomposition method. Furthermore, we extracted the
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electron-phonon-coupling strength at K by examining the
electron-electron scattering-induced drop in the 2D peak in-
tensity and showed how the electron-electron scattering leads
to a broadening of the 2D peak. We believe that this systematic
study provides a reference for Raman spectroscopy on high-
quality graphene samples encapsulated in hBN and is useful
for further investigations of the electron-phonon coupling and
to benchmark graphene samples (including graphene-based
heterostructures and twisted bilayer graphene) also in the con-
text of using Raman spectroscopy 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 same graphene sample where the de-
tailed gate-dependent Raman spectroscopy measurements
were performed. Figure 5(a) shows two-terminal conductance
G measurements [source and drain contacts are highlighted in
the inset in Fig. 5(c)] as a function of gate voltage V, after the
graphene sample has been illuminated with the green Raman
laser. From the data, we extract the charge neutrality point to
be at Vgo =37 mV.

A two-terminal Landau fan measured before the illu-
mination with the laser is shown in Fig. 5(b). This plot
shows the differential conductance dI/dV, as a function of
V, 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 o = 1.8 x 102 1/(V
cm?), which agrees well with the capacitor model, leading
to o = gp¢e,/(ed), where ¢ = 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 see Ref. [47].

Figure 5(c) shows a double-logarithmic graph of the con-
ductance G as a function of carrier density n. Following
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 x 10'© cm™2. Interestingly,
this value matches well the charge carrier density disorder
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FIG. 5. (a) Two-terminal electrical conductance G as a function
of gate voltage V, of the locally gated hBN/graphene/hBN het-
erostructure after laser illumination. (b) Two-terminal Landau fan
measurement (recorded before laser illumination) showing the dif-
ferential current dI/dV, as a function of applied gate voltage V, and
magnetic field B. The bias voltage is Vg = 100 V. By analyzing 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 conductance 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.

induced effective temperature 7, 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 analogy 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
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FIG. 6. (a) Extracted Fermi velocity vg as a function of laser
power p from fitting wg(n) (blue data points) and I'g(n) (red data
points) with Eqgs (1) and (2), respectively. (b) Extracted a)g (blue
data points) and rg (red data points) as a function of laser power
p, again from fitting wg(n) (blue) and I'g(n) (red) with Egs. (1) and
(2), respectively.

075420-7



J. SONNTAG et al.

PHYSICAL REVIEW B 107, 075420 (2023)

shown in Fig. 2(b) (red data points). From both fits we find that
there is a consistent vg, which is only weakly dependent on
the laser power p [Fig. 6(a)]. Note that vp can also vary with
n [47,49,50]. However, as the variation in vg is mostly located
at the CNP and is not pronounced in hBN/graphene/hBN

heterostructures, we neglect the vg renormalization in this
work.

Most importantly, we observe [as shown in Fig. 6(b)] that
wg (blue data) and Fg (red data) are indeed nearly constant as
a function of laser power p, as mentioned in the main text.
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