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Abstract

Electronic degrees of freedom are predicted to play a significant role in mechan-

ics of two-dimensional crystalline membranes. Here we show that appearance of

charge carriers may cause a considerable impact on suspended graphene corruga-

tion, thus leading to additional mechanism resulting in charge carriers mobility

variation with their density. This finding may account for some details of sus-

pended graphene conductivity dependence on its doping level and suggests that

proper modeling of suspended graphene-based device properties must include

the influence of charge carriers on its surface corrugation.

Keywords:

The unique electronic properties of graphene are the core feature of this

two-dimensional material. Charge carriers dynamics became the main subject

of the related research since the very confirmation of graphene’s most intrigu-

ing property – quasi-relativistic dispersion relation [1]. Moreover, the research

in the field has been considerably encouraged by the high electron mobility in5

graphene that makes it quite perspective material for high-speed electronics.

The investigation of free-standing (suspended) graphene is of special interest

since the record values of electron mobility[2, 3, 4, 5] have been demonstrated

for this very case. At the same time, the physics of the electron transport in
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suspended graphene becomes more complicated because of graphene extension10

into the third dimension. Electrons are scattered by the sheet undulations [6, 7]

and for the case of pristine graphene it is suggested that its transport proper-

ties are governed by the interaction with flexural phonons (out-of-plane oscilla-

tions) [8, 9, 10, 11]. For instance, this leads to a limit for suspended graphene

conductivity that is unavoidably present at non-zero temperature.15

The flexural phonons are considered to be the main cause [12] of the pro-

nounced corrugation of suspended graphene which was first detected by trans-

mission electron microscopy (TEM) [13, 14]. Besides that, interaction between

charge carriers and lattice undulations may significantly affect the corrugation

of graphene [15, 16] and even may lead to a specifically corrugated state as it has20

been suggested in several works [17, 18, 19, 20, 21]. These results suggest that

graphene can be considered as an ”electronic membrane” where electronic and

mechanical degrees of freedom are strongly coupled and proper portraying of its

electronic properties should require consideration of its surface corrugation char-

acteristics . For example, calculation of Volt-Ampere Characteristic (VAC) for25

an ordinary suspended graphene-based field-emission transistor must account

for the flexural phonons suppression by the back gate induced strain [22].

An important consequence from this is that the investigation of the charge

carriers effect on the corrugation can not be performed using electrostatic doping

of graphene; because in this case the external electrostatic force unavoidably30

acting on the sheet significantly disturbs the corrugation dynamics. For this

reason, we had to use another way for charge carriers generation in suspended

graphene, and we exploited electron-hole pairs generation under the electron

beam of TEM, that leaves the rest of the intrinsic graphene physics rather

untouched. At the same time, in situ observed electron diffraction patterns allow35

to track variations of the suspended graphene corrugation [23, 24, 25, 26, 27, 28].

Here, we present the experimental results revealing the influence of generated

charge carriers on the corrugation of suspended graphene. The results allow for

the evaluation of the corresponding impact on the flexural phonons dynamics

and the transport properties of graphene.40
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Graphene flakes were deposited on a conventional lacey carbon film on a

TEM copper grip. A lacey carbon film has holes 1 − 5 µm in diameter, thus,

providing the corresponding sizes of graphene free-standing areas. We used

graphene obtained by a chemical route [29] which is characterized by well-

preserved crystalline structure, that makes it possible to utilize electron diffrac-45

tion analysis, and relatively low content of ad-species on graphene surface. At

the same time, we do find it essential to perform the experiments on partially

oxidized graphene because the appearance of a bandgap Eg ca. 1 eV [30, 31, 32]

considerably increases carriers lifetime up to τ ≈ 10−8s [33, 34] and, thus, the

carrier density generated by the electron beam can reach practically relevant50

values. The use of partially oxidized graphene is crucial since the carrier life-

times in pristine graphene are of the order of 10−13s [35, 36] which prevents

achieving reasonable carrier densities in our case. Whereas, ad-species does not

affect considerably the flexural phonons dynamics and corresponding mechanical

properties of graphene up to the surface coverage of ≈ 0.9 [37].55

The charge carrier concentration in this experimental set-up can be varied

by the intensity of the illuminating beam (Figure 1). The generated electron-

hole pairs density can be evaluated using Bethe formalism with the modification

of the incident electron energy loss derivative to the total average energy loss

after graphene penetration and corresponding substitution of the total electron60

volume concentration used in Bethe formula by the surface density. The average

quantity of electron-hole pairs created by an incident electron, then, can be

multiplied by the electron beam current density and carrier lifetime in order to

get the generated carrier density ng:

ng =
2πn

EEg

(
e2ke

)2
ln

4E

I
× J

eS
× τ . (1)

Here, n is the total electron density in graphene, which is 2.2 × 1016 m−2,65

E is the incident electron energy, Eg is the material bandgap, e is the electron

charge, ke is the electrostatic constant, I is the mean excitation potential, which

is 78 eV for carbon atoms [38], J is the electron beam current, S is the area of the
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Figure 1: Schematic of the experiment. The electron beam of TEM generates charge carri-

ers, so that their density varies when the beam current density changes. The scattered fast

electrons form a diffraction pattern, which than acquired at a set of crystal tilts to get the

information on the out-of-plane distortions of the crystal structure.

electron beam spot. For the given values of E = 200 keV , J = 1.2 nA (the ex-

periments were performed using transmission electron microscope JEM-2100F,70

Jeol, Japan), we estimate that at the beam size of 1 µm the generated charge

carriers density should be ng ≈ 1012 cm−2. We also performed measurements

of less influenced graphene by spreading the beam up to 3 µm, thus lowering

the charge carriers density by an order of magnitude to ng ≈ 1011 cm−2. Mea-

surement at lower beam current densities is hampered by the corresponding75

decrease of the intensity in the electron diffraction images and, thus, noticeable

decrease of the signal-to-noise ratio. Whereas, measurement at higher beam

current densities is limited by the radiation damage threshold of graphene. At

the same time, we have to perform the experiments at 200 keV beam energy

because it provides better beam spatial coherency, than at lower voltages, which80

is crucial for the resolution of the used technique and, thus, for the corrugation
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analysis at the long-wavelength part of the spectrum.

It is worth noting, that at the given incident electron beam current densities

the degree of irradiation defects emerging during the time of one experiment

(ca. 5 min) stays well below 10−3 according to [39] and, thus, does not con-85

siderably affect the overall measurements. Similarly, the heating of the crystal,

that is the result of energy transfer from the incident electrons to the phonons,

remains negligible mainly due to the high thermal conductivity of the suspended

graphene [40, 41, 42], which is defined by flexural phonons dynamics at ambient

temperatures [43, 44, 45], and does not exceed several Kelvins in our case. It is90

also important that the sheet strain induced by the heating is limited by rela-

tively low levels ca. 10−6 − 10−5 [46, 47, 48, 49]. In this case, the corrugation

may only be affected at rather small wavevectors below 0.01−0.1 nm−1 [50, 51]

which are even inaccessible for the used measurement technique.

The corrugation of the suspended graphene is measured by the technique95

based on the analysis of electron diffraction patterns variation with the crys-

tal tilt against the incident electron beam [52]. The technique allows measuring

the Fourier components H(q) of the crystal relief autocorrelation function H(r);

and, if we consider the corrugation as a manifestation of the flexural phonons,

directly provides the flexural phonons spectrum. However, since some sort of100

uncertainty might be admitted concerning the complex mechanism of the corru-

gation formation we will further refer to the measured H(q) as to the corruga-

tion spectrum, which can be considered as a sum of possible static corrugation

and dynamic corrugation caused by flexural phonons. The diffraction patterns

were acquired from the graphene sheet area 100 nm in size using corresponding105

selective aperture in TEM.

Figure 2 presents the measured profiles of the suspended graphene corruga-

tion in log-log scale for the two charge carriers densities. The plot for the lower

density has much higher noise due to the lower electron beam intensity used in

this case.110

The most remarkable result here is the decrease of the corrugation spectrum

at its long-wavelength part when the charge carrier density increases. The corru-
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Figure 2: Corrugation spectrum profile measured at different charge carriers densities ng ≈

1011 cm−2 (red) and ng ≈ 1012 cm−2 (black). Spectrum exponents at the long-wavelength

part are marked to show the exponent decrease with increasing charge carriers density. Inset

shows fittings of the spectrum profile at the short-wavelength part, where it follows the ∼ q−4

law coming from the harmonic approximation and is defined by temperature T and bending

rigidity κ of the suspended graphene only.

gation amplitude correspondingly decreases from 3.2 Å at ng ≈ 1011 cm−2 down

to 1.7 Å at ng ≈ 1012 cm−2. Moreover, the exponent of the spectrum profile sig-

nificantly decreases from -2.2 at ng ≈ 1011 cm−2 to -1.5 at ng ≈ 1012 cm−2. It is115

interesting that the exponent measured at lower densities is much closer to one

(namely, equal to −3.15) coming from the theory of 2D membranes [53] and ap-

pears in theoretical simulations of graphene flexural phonons dynamics [54, 55],

which take into account only mechanical degrees of freedom. Ergo, it can be seen

that appearance of free electrons causes a significant impact on the corrugation120

of graphene and, thus, electronic degrees of freedom should not be excluded

6



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

from the modeling of graphene structural or mechanical properties. Taking into

account that the role of the electronic degrees of freedom in graphene structural

characteristics is not well-defined (for example, see [56, 20, 57]) we may suppose

that the magnitude of the observed effect may relate to the intrinsic defects or125

ad-atoms, which unavoidably present in a experimentally studied sheets, since

the rest experimental details can not provide this effect on measurements as it

is discussed earlier in this work.

The reason of the spectral dependence softening at small q-s and the corre-

sponding amplitude decrease at increased charge carriers density is not obvious.130

At the first sight, the increasing charge carriers generation by the electron beam

leads to the intensification of the charge density fluctuations, that, in turn, is

expected to raise the amplitude of the out-of-plane undulations through the cou-

pling of the bending and stretching modes. However, the enhanced screening at

the higher carrier density reduces the coupling between electronic and mechan-135

ical degrees of freedom. This can be explained as the shift of the crossover q-s,

at which the interaction with the charge carriers results in the large anomalies

in the flexural phonon spectrum [15, 17, 19], towards zero when the dielectric

constant increases. Thus, in the measured wavevector range we observe the op-

posite effect. However, we have to admit that initially reduced screening in the140

oxidized graphene may account for the magnitude of the observed effect, which,

thus, can be overestimated in comparison to more practically relevant cases.

A note can also be taken concerning the behaviour of the spectrum right-

hand part corresponding to the short wavelength undulations. There is an

agreement between various theoretical approaches that the spectral dependence145

must be T/κq4 at this range, where T is the crystal temperature and κ is the

bending rigidity. This expression comes from harmonic approximation of 2D

membrane mechanics with the only difference that the bending rigidity can vary

depending on the spectrum amplitude on the whole scale due to the essential

non-linearity of graphene mechanics [12, 58, 59]. Our measurements allow us150

to suppose that we observe an actual increase of the spectrum intensity at

this range with increasing charge carrier density. This increase can not be
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attributed to the temperature rise resulting from the enhanced heating of the

sheet by more intense electron beam used for producing of the higher density.

The expected heating should not exceed 1 K at the given current densities due to155

the high thermal conductivity of the sheet. At the same time, the corrugation

variation with temperature is expected to be proportional to T (or
√
T for

wave-vectors below critical qc, which is of the order of 1 nm−1) and can be

noticed at such degree only at much higher temperature changes [24, 28]. Thus,

the observed variation of the spectral amplitude at the short-wavelength range,160

which is opposite to that at smaller q-s, can be considered as a pure evidence of

graphene mechanics non-linearity leading to 15% increase of the bending rigidity

in our case (from ca. 1.2 eV to 1.4 eV).

Our finding implies some consequences concerning the variation of graphene

electronic properties with charge carriers density. Unfortunately, it is hard to165

decouple the observed effect with the result of the flexural modes suppression

under back gate induced strain in suspended graphene. However, it is expected

to be, at least partially, responsible for the non-linear and asymmetrical re-

sistivity dependence on the charge carriers density (i.e. electrostatic doping

level) [4, 60, 61, 62] which is more pronounced in suspended devices. Neverthe-170

less, it can be concluded that the suppression of the long-wavelength undulations

has to contribute to the enhancement of the charge carriers mobility in the case

of increasing electron doping, since the practically relevant values of the Fermi

vector lie in the spectral range in which we observe the decrease of the corru-

gation amplitude.175

To conclude, we have discovered the variation of the suspended graphene

corrugation with the change of the charge carrier density. The variation is

more pronounced at the left-hand part of the corrugation spectrum at q <

1 nm−1. This result suggests that the found decrease of the corrugation may

result into the decrease of the flexural phonons contribution to the graphene180

resistivity up to 50%. This may explain some details of the electron mobility

dependence on the doping level. The observed phenomenon proves that the

consideration of graphene as an electronic membrane is essential for correct
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modeling of suspended graphene based devices.
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• Strain-free charge carriers generation technique is used. 

• Strong influence of charge carriers on the corrugation of graphene is observed. 

• So, this mechanism can not be omitted at a proper modeling of graphene properties. 

 


