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G
raphene is a material endowed with
a distinctive Dirac-like energy dis-
persion presenting exotic quantum

behavior.1�4 Shortly, it was soon found out
that its electronic properties are strongly
sensitive to substrates and its environment,
resulting in pronounced changes in charge
carrier migration.5�8 The mechanisms be-
hind the charge scattering processes as well
as the limitations of graphene mobility are
still hotly debated,9�12 and a full picture of
these phenomena is of central importance
since the impact of such scattering centers
is a crucial point for electronic applica-
tions.13�16 Curiously, the pursuit for the un-
derstanding of electron scattering mechan-
isms has been mainly focused onmonolayer
graphene,17,18 even though bilayer gra-
phene and few-layer graphene also present
interesting tunable quantum properties and
potential for electronic applications.19�22

In this work, we expose bilayer graphene
to oxygen molecules, and we are able to

asymmetrically tune the hole and electron
mobilities. These effects reveal that two
different sources of carrier scattering are
being observed: hole mobility is mainly
affected by the long-range scattering pro-
cess (mainly induced from the underlying
substrate) and increases due to the screen-
ing promoted by oxygenmolecules trapped
between the graphene and the substrate.
On the other hand, electron transport is
strongly sensitive to short-range scattering
due to resonant oxygen states located
above the charge neutrality point (CNP).
Our theoretical calculations demonstrate
that the electron coupling with such reso-
nant states is mainly responsible for sup-
pression of the electron mobility, resulting
in an asymmetry between electron and hole
charge transport. Additionally, a phenom-
enological model was proposed to assess
the contribution of both scattering pro-
cesses on the hole and electron mobilities.
These understandings are fundamental for
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ABSTRACT We probe electron and hole mobilities in bilayer graphene under exposure to molecular

oxygen. We find that the adsorbed oxygen reduces electron mobilities and increases hole mobilities in a

reversible and activated process. Our experimental results indicate that hole mobilities increase due to the

screening of long-range scatterers by oxygen molecules trapped between the graphene and the substrate.

First principle calculations show that oxygen molecules induce resonant states close to the charge

neutrality point. Electron coupling with such resonant states reduces the electron mobilities, causing a

strong asymmetry between electron and hole transport. Our work demonstrates the importance of short-

range scattering due to adsorbed species in the electronic transport in bilayer graphene on SiO2 substrates.
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a better control over graphene charge scattering me-
chanisms and may lead to novel manipulations of its
electrical properties.23,24

RESULTS AND DISCUSSION

A systematic study of the effect of adsorption and
desorption of oxygen is realized at a constant tem-
perature of 150 �C. As an initial conditioning, we flow
ultrahigh purity Ar (650 sccm) for 7 h until the CNP
position becomes fixed; due to doping from thermally
activated defects on the SiO2 surface, the CNP usually
stays at �50 V with intrinsic charging of n = 3.6 �
1012 cm�2. After reaching this stationary situation, we
insert a flow of 5% of ultrahigh purity O2, keeping the
total gas flow constant. Figure 1a depicts a diagram of
the bilayer device exposed to oxygen molecules. As
observed in Figure 1b, as soon as oxygen starts to flow,
both charge density and carrier mobility start to
change. The charge neutrality point shifts toward zero
gate voltage (VG), the p-type carrier mobility increases
from 600 to about 1200 cm2/V 3 s, and the electron
mobility decreases from 1800 to about 1450 cm2/V 3 s
(see Figure 2c,d). The measurements are performed as
a function of time until a saturation point is reached

(∼160 min), and no further change in the electrical
properties of the sample are observed. For simplicity,
we will refer to these sets of measurements as oxygen
adsorption. When the O2 flow is stopped, the reverse
effect occurs. The oxygen molecules continuously
desorb from the sample, and the system is restored
to its initial condition (Figure 1c). Again, for simplicity,
we will refer to this stage as desorption. As it will be
discussed later, this process is generally longer than
the first one, and both the mobility and the intrinsic
doping of the sample return to the initial conditions.
This reversibility suggests that neither oxidation nor
formation of permanent epoxy groups (C�O) occurs.
Indeed, we confirm the integrity of graphene by
performing Raman spectroscopy after the electrical
measurements, and no significant defective D peak is
observed (see Supporting Information).
Figure 2a depicts in detail the reversible behavior

of the CNP position during oxygen adsorption and
desorption at 150 �C. For a better understanding of this
behavior, we perform a series of adsorption experi-
ments at different temperatures, as shown in Figure 2b.
At room temperature (and up to 70 �C), there is
only a slight interaction between oxygen and bilayer

Figure 1. (a) Diagram of the bilayer graphene device exposed to oxygen molecules. (b,c) Source�drain current (ISD) versus
gate voltage (VG) as a function of time in the adsorption and desorption process of O2 on bilayer graphene at 150 �C.
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graphene. Interestingly, as the temperature increases,
the shift of the CNP becomes more evident, indicating
a thermally activated process. Finally, we present the
hole and electron mobility changes, as well as the
reversible behavior of the minimum of conductivity
at the CNP (see inset in Figure 2d) in the adsorption
and desorption processes. As noted in Figure 2c,d, by
exposing to oxygen molecules, we observe a signifi-
cant increase in holemobility and a decrease in electron
mobility on bilayer graphene. The field effect mobility
was assumed to be gate-independent and estimated
according to μ = (dσ/dVg)� (cg)

�1, where cg is the back
gate capacitance per unit area, away from the neutral-
ity point. We will also be referring to the expressions
p-type (VG � VCNP < 0) and n-type (VG � VCNP > 0) for
the electrostatic doping.
Figure 2a demonstrates the kinetics of the interac-

tion between bilayer graphene and oxygenmolecules.
The first feature to be noted is that the p-type charge
transfer resulting from such interaction saturates
at a certain level, indicating that there is a limited
number of O2 interaction sites within the bilayer
graphene device. This behavior can be described by a

first-order Langmuir-type adsorption model (see Sup-
porting Information for details). In addition, the time
scale for saturation is rather large, on the order of tens of
minutes. This suggests that the observed charge transfer
cannot be attributed to a simple O2 physisorption be-
cause saturation of physisorption sites should occur very
rapidly under the large O2 partial pressure (∼0.05 atm)
used in our experiments.25,26 Moreover, it is well-known
that O2 physisorption on basal graphite surfaces or
single-walled carbon nanotubes (SWCNTs) does not
result in charge transfer.27,28 On the other hand, the
changes due to O2 exposition observed in our experi-
ments are fully reversible and do not generate defective
sp2-bonded sites, according to the nonexistence of a
D-band in the Raman spectra of the exposed devices.
Thus, no evidence is found for O2 chemisorption at the
graphene surfaces (such as Coxidation orO2 dissociation
followed by formation of epoxy groups), and any O2

chemisorption that might be favored at the contact
metal/graphene interface29 does not significantly affect
device properties.16

The interpretation that O2 physisorbed at the un-
covered graphene surface does not contribute to hole

Figure 2. Changes in the electrical properties of a bilayer graphene as a function of time due to the interaction with O2

molecules. (a) Shift in the charge neutrality point as a function of O2 adsorption and desorption. (b) Shift in the charge
neutrality point as a function of O2 adsorption at different temperatures. The fitting shown by the red lines refers to the first-
order Langmuir-type adsorptionmodel (see Supporting Information for details). (c,d) Electron and holemobility changes as a
function of the (de)adsorption of O2molecules. The inset shows the reversible behavior of theminimumof conductivity. Black
lines shown in (a), (c), and (d) are a guide for the eyes.
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doping is also corroborated by the temperature de-
pendence of the adsorption curves shown in Figure 2b.
If O2 physisorption would result in doping, then, upon
heating, one would expect a decrease in such effect
because the adsorption/desorption balance would be
shifted to the desorption side; that is, the number of
occupied interaction sites would be reduced. However,
the O2 doping increases when temperature is in-
creased, as it is clearly demonstrated in Figure 2b.
Therefore, this combined evidence suggests that the
active O2 interaction sites (i.e., interaction that leads to
charge transfer and thus doping) are locatedwithin the

graphene/SiO2 interface and not in the uncovered
graphene surface. By performing in situ Raman mea-
surements, Ryu et al. have observed similar reversible
hole doping upon O2 exposure of single-layer gra-
phene on SiO2 substrates.24 The authors attributed
the effect to charge transfer from O2 molecules within
the graphene/SiO2 interface. They derived one possi-
ble explanation from the work of Shamir et al., which
has shown that O2 and other gases can be electro-
statically attracted by charge accumulated on the
silicon dioxide surface.30 In a second step, such a
bound O2 molecule could act as an acceptor center
and thus promote the hole doping by partial charge
transfer from graphene and simultaneously affect the
electron and holemobilities as it will be discussed next.
The origin of the scattering mechanisms in devices

with graphene on SiO2 substrates has been subject
to intense scrutiny.31�33 Several experimental ap-
proaches have been attempted, especially in mono-
layer graphene, in order to identify the source of carrier
scattering, including transport measurements at dif-
ferent dielectric environments or upon exposure to
different molecules.7,8,13,14,16 Particularly, two scatter-
ing models have been evoked in the interpretation of
these experimental results, viz., charged long-range
impurity scattering34 and resonant short-range impur-
ity scattering.35�37 However, there is still controversy
regarding whether each model can provide a broad
and unique explanation for the carrier transport within
such devices. In spite of this lack of consensus, it is
usually agreed that charged (long-range) scattering
would be the dominant mechanism for “dirty” low
mobility samples, whereas short-range scattering
caused by adatoms, defects, or rippling would be
the principal mechanism for “clean” high mobility
samples.10,11 One way to address these issues was
performed by Fuhrer's group, where charged impurity
scattering was verified experimentally by exposing
monolayer graphene to potassium ions (K).7 In this
case, an excellent agreement between experiment
and Boltzmann's theory regarding long-range charged
impurity scattering was obtained. A similar work,
performed by the same group, for bilayer graphene
also provided evidence for charged impurity scatter-
ing; however, the authors suggested that the full

explanation of the experimental data required other
sources of scattering (such as short-range) to be taken
into account.17

In this context, our work shows that the exposure of
bilayer graphene to oxygen molecules generates an
asymmetrical change in the electron and hole mobi-
lities, revealing that two different sources of carrier
scattering are being observed. As previously discussed,
the O2 molecules are incorporated between the bot-
tom graphene layer and the substrate, probably bind-
ing to specific SiO2 sites created by the temperature
annealing process. This interfacial O2may influence the
bilayer graphene electrical properties by (1) decreasing
the role of scatterers such as substrate defects, corru-
gation, or charged impurities by acting as a screening
center as theoretically predicted by Huang and Das
Sarma;38,39 (2) possibly increasing the average distance
between the substrate impurities and graphene car-
riers. Nevertheless, it is to be noted that both of these
effects would contribute to an increase in the mobility
for both p-type and n-type electrostatic doping.
Another scattering source comes from a resonant

mechanism, in which a defect (impurity, adatom,
and so on) adds electronic levels near the charge
neutrality point.35�37 To evaluate the importance of
this mechanism to the present case, we have carried
out spin-polarized band structure calculations based
on the pseudopotential density functional theory40,41

as implemented in the SIESTA program42 and within a
recently introduced exchange-correlation functional
which takes into account van der Waals interactions
in a self-consistent way.43�45 Our model system con-
sists of a reconstructed O-terminated SiO2 slab repre-
senting the 001 surface of alpha-quartz on top of
which we placed a bilayer graphene.46 The commen-
surability mismatches are minor within this model,
never exceeding 0.3% considering the isolated bilayer
graphene calculation (fully relaxed) as reference.
Oxygenmolecules are included in the interfacial region
as well as on the top of the bilayer graphene. An
extended cell (for visualization purposes) of the fully
relaxed geometry is shown in Figure 3a, and the
corresponding band structure is presented in the left
panel of Figure 3b, with the Fermi level represented by
a dashed line at zero energy (see Supporting Informa-
tion for a complete visualization of the band structure
including spin polarization). It is clear in the figure that
the oxygenmolecules introduce a set of less dispersive
states above and close to the Fermi level, which
become more mixed with carbon states in the CNP
region. This latter feature may be seen in the projected
density of states shown in the right panel of Figure 3b
and in the zoomed image around the CNP presented in
the top inset. There is a certain degree of hybridization
between O and C orbitals, mainly for positive energies,
an effect that rapidly decays for energies below the
Fermi level, indicating the importance of a resonant
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scattering mechanism for a n-doped system. In other
words, the orbital mixing found above the CNP is a
source of resonant scattering, which contributes to
the experimentally observed decrease of the n-type
mobility in this energy range, while the states below
the CNP are mainly C-type, making the O contribution
negligible in the description. Essentially, the same
phenomenology is observed when we employ a simpler
model in which the substrate is removed and only the
oxygenmolecules are present. However, the presence of
the substrate is important to understand the observed
increase in the p-typemobility in the experimental data.
Indeed, as previously discussed, this effect may be
ascribed to the incorporation of oxygen molecules in
the interfacial region, acting, for instance, as screening
centers. In accordance with our results, Ferreira et al.

recently reported a unified model for graphene and
bilayer graphene transport based on resonant scatterers,
where it has been suggested that the origin of such
scatterers would lie in adsorbed hydrocarbons at the
graphene surface.37 Additionally, Wehling et al. theore-
tically predicted that if such a resonant state is created
above/below the CNP, an asymmetry between electron
and hole mobility would be expected.35

To further provide an assessment of the contribution
of both short-range and long-range scattering on the
electron and hole mobilities, we now present a model
that includes both scatteringmechanisms and allows for
a fitting of our experimental results. First, we recall our
main hypotheses: (i) oxygen adsorption in the interfacial
region contributes to an increase in the electron and
hole mobilities due to screening of substrate impurities,
and (ii) resonant states, evidenced in our DFT calcula-
tions for energies above the CNP, are responsible for a
decrease in electron mobility, an effect that competes
with the increased trendoriginated fromthemechanism
described in point (i). Interestingly, if the same experi-
ment was to be performed on suspended graphene

devices, the resonant effect caused by the oxygen
molecules would induce a decrease of only the electron
mobility, keeping the hole mobility unchanged. It is also
important to recall that both the long-range charge
impurity model proposed by Das Sarma et al.18 and
the resonant short-range scattering proposed by
Ferreira et al.37 result in conductivities of bilayer gra-
phene that are linear with the carrier density (σ� n) and
mobilities that are independent of the carrier concentra-
tion and inversely proportional to the impurity concen-
tration, leading to μ = C/Nimp.
As already described (see Supporting Information

for details), a Langmuir-type adsorption model was
employed to describe the kinetics of oxygen adsorp-
tion, leading to a CNP shift given by ΔVG = ΔVG

SAT(1 �
e�t/τ). Applying point (i) of our theoretical model, we
expect that the number of long-range impurities (Nimp)
is a function of time and given by the sum of two
contributions: substrate impurities (NSiO2

), whichwould
decrease at the same rate as the O2 uptake (dVG/dt =
(1/τ)e�t/τ), and oxygen impurities (NO2

), with a satura-
tion value NO2

SAT. According to refs 17 and 18, we can
directly correlate the shift in CNP (ΔVG) to the number
of adsorbed oxygen impurities by NO2

= (cg/e)ΔVG.
Thus, the time dependence of the oxygen impurities
wouldbegivenbyNO2

=NO2

SAT(1� e�t/τ),which is shown
as a fitting to the experimental results in Figure 4a.
Therefore, the total impurity concentration would be

Nimp ¼ N0
SiO2

e�t=τ þNSAT
O2

(1 � e�t=τ) (1)

where NSiO2

0 is the initial impurity value of the SiO2 sub-
strate. Thus, introducing Nimp on the relation, μ = C/Nimp,
we obtain the following expression for the holemobility:

μh ¼ C

N0
SiO2e

�t=τ þNSAT
O2

(1 � e�t=τ)

¼ 1
Ae�t=τ þ B(1 � e�t=τ)

(2)

Figure 3. (a) Extended cell showing the relaxed structure of the model system employed with a reconstructed SiO2 slab and
oxygenmolecules incorporated above and below the bilayer. Gray, orange, red, and white spheres represent carbon, silicon,
oxygen, and hydrogen atoms, respectively. (b) Left panel: Band structure of the system described in (a). For visualization
purposes, we did not distinguish the two spin components. The Fermi level is indicated by a dashed line. Right panel:
Projected density of states with black and red lines for carbon and oxygen contributions, respectively. The inset shows a
zoomed image around the Fermi level. A broadening in the PDOS of 0.03 eV was employed for visualization purposes.
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Figure 4b depicts eq 2 fitted to the experimental results
for the hole mobility. We emphasize that the same value
of τobtained from theNO2

fittingwasused in eq2, so that
we were left with only two fitting parameters. Addition-
ally, the value obtained for constant C (∼1015 (V 3 s)

�1)
has the same order of magnitude as other values found
in the literature.6,17,39

Next, we turn to the time dependence of the elec-
tron mobility. According to our theoretical model,
there is a resonant scattering mechanism superim-
posed to a long-range charged impurity scattering,
so that we apply Matthiessen's rule to write

1
μe

¼ 1
μc

þ 1
μR

(3)

in which μc and μR stand for the mobilities originated
from the charged impurity and the resonant scattering
mechanisms, respectively. The former has the same
time dependence discussed before, and the latter
accompanies the time dependence of the oxygen
adsorption, so that we write

μc ¼ D

Ae�t=τ þ B(1 � e�t=τ)
(4)

μR ¼ E

(1 � e�t=τ)
(5)

in which A, B, and τ are the same as before, andD and E

are the proportionality constants related to μc and μR,
respectively (D must be included due to the different
scattering cross sections of electrons and hole carriers).

Again, Figure 4b shows that the resulting equation
fitted very well the experimental data (with only two
additional fitting parameters, D and E). A similar pro-
cedure was performed for the desorption process, pro-
viding approximately the same results for the fitting
parameters (see Supporting Information for details).
Based on the results of the fittings made with the

abovemodel, it becomes clear that we can only explain
the behavior of the electron mobility if we take into
consideration both types of scattering mechanisms
(long- and short-range), providing further support for
the asymmetric behavior of the O2 resonant centers.
Thus, our theoretical and experimental results clearly
demonstrate that adsorbed species (from an external
source) can play the role of short-range scatterers and
that they can also asymmetrically affect the electron
and hole mobilities.

CONCLUSIONS

Our experiments and theoretical calculations de-
monstrate that the adsorption of oxygen molecules
on graphene has two distinct effects on electron and
hole mobilities: (1) the adsorbed molecules originate
impurity resonances at energies higher than that of
CNP, which results in asymmetry between electron and
holemobilities; (2) themolecules also provide a screen-
ing effect for existing long-range scatterers at the
underlying substrate via incorporation of oxygen mol-
ecules at the interfacial region between the substrate
and the bilayer.

EXPERIMENTAL METHODS
We deposit bilayer graphene via standard mechanical ex-

foliation of graphite on top of 300 nm SiO2 grown on heavily
doped p-type Si substrates. The number of layers and the AB
staking order are precisely confirmed by Raman spectroscopy
and optical contrast.47 Contacts of Cr/Au (3/35 nm) are fabri-
cated by standard electron beam lithography, producing field
effect transistor devices whereby the Si substrate is used as the

back gate contact. The device is transferred into a tubular
testing chamber, wherein we perform in situ electrical measure-
ments probing the charge density of the bilayer graphene by
both electrostatically gating and by interacting with O2 mol-
ecules at different temperatures. To verify the reproducibility,
the measurements were repeated in more than one device and
the same qualitative results were observed (see Supporting
Information).

Figure 4. (a) Time dependence of the adsorbed oxygen impurities as a function of time. The fitting procedure was executed
based on the equationNO2

=NO2

SAT(1� e�t/τ). (b) Holemobility and electronmobility as a function of oxygen adsorption time.
Fitting procedures were performed using eqs 2 and 3.
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The electronic properties of bilayer graphene are strongly
dependent on the state of cleanness of the samples and are also
sensitive to adsorbed impurities, its surrounding environment,
and temperature.48 Then, we developed a standard cleaning
procedure to perform the experiments. The device is initially
submitted to 12 h long thermal annealing at 230 �C with
constant flow of Ar/H2 (10%) to remove PMMA residue remi-
niscent from the electron beam lithography process. After this
procedure, our samples show a better response to the adsorp-
tion of oxygen molecules, and typically, the neutrality point
gets shifted to the n-type doping region due to the activation of
surface defects in the SiO2 substrate.
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