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G
raphene is ambipolar with a zero
neutrality point in field effect tran-
sistors (FETs, i.e., graphene FETs

(GFETs)). The electronic structure of gra-
phene is modified by adsorbates,1 and
n- and p-type GFETs have been thereby
made.1�5 However, during transfer of gra-
phene and fabrication of GFETs, some
adsorbates are unintentionally adsorbed
typically yielding p-type doped graphene.
Several mechanisms for the p-type doping
of graphene by unwanted adsorbates have
been proposed, including charge transfer
doping from H2O/O2 molecules6,7 and the
enhancement of external scattering centers
by residues from, for example, poly(methyl
methacrylate) (PMMA).8�11 Is the dominant
doping of graphene in, for instance, GFETs
by H2O/O2 molecules or residues such as
PMMA on the graphene, or both? Another
important issue is the repeatability and perfor-
manceofelectronicdevicesusingunintention-
ally doped graphene. It is important to be able
to restore the intrinsic properties, Vdirac≈ 0, of
GFETs, and to this end thermal treatment in
high vacuum systems8�10 andwet treatments
such as with chloroform11 have been used;
these approaches have focused on the re-
moval of resist residues such as PMMA to
recover intrinsic graphene response. We esti-
mated the reason of dominant doping of
graphene through the studies ofp-typedoped
singlewalledcarbonnanotube (SWCNT) FET in
the environment.12�14 SWCNTs have a similar
reaction with adsorbates in the environment
as graphene, resulting in p-type doped pro-
perties due to the water and/or oxygen
molecules.12�14 The studies of SWCNT doping
can help to understand the dominant factor
governing the mechanism of the initially
p-doped graphene.
Here graphene synthesized by CVD on Cu

foil was treated with buffered oxide etch
(BOE), and it was learned that this recovers

intrinsic graphene. A mechanism by which
the intrinsic properties of initially p-type
doped graphene can be recovered is pre-
sented, and the dominant factor governing
this process is identified. GFETs based on an
Si3N4 dielectric layer were treated with a
BOE solution, which was used several times
for the removal of native oxides and to etch
the nitride layer for making a suspended
structure.15,16 The BOE treatment of gra-
phene eliminates the H2O/O2 redox system
due to the reaction between HF and H2O. By
study of GFETs having residual PMMA and
also PMMA-coated GFETs, it was found that
the dominant factor for p-doping was elec-
tron transfer by the H2O/O2 redox system. A
substantial improvement in stability of the
intrinsic properties of graphene in an air is
obtained by PMMA coating of GFETs.
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ABSTRACT

The intrinsic properties of initially p-type doped graphene (grown by chemical vapor

deposition (CVD)) can be recovered by buffered oxide etch (BOE) treatment, and the dominant

factor governing p-type doping is identified as the H2O/O2 redox system. Semi-ionic C�F

bonding prevents the reaction between the products of the H2O/O2 redox system and

graphene. BOE-treated graphene field effect transistors (FETs) subsequently exposed to air,

became p-type doped due to recovery of the H2O/O2 redox system. In comparison, poly(methyl

methacrylate) (PMMA)-coated graphene FETs had improved stability for maintaining the

intrinsic graphene electronic properties.
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RESULTS AND DISCUSSIONS

Graphene in the GFETs was treated with BOE solu-
tion according to the method as shown in Figure 1a:
after making the GFETs on a gate insulator of Si3N4,
they were dipped in BOE solution for different expo-
sure times, and then coated with PMMA. The electrode
of a source-drain (S-D) in GFET was the metal config-
uration of Ti and Au as shown in Figure 1a. As the same
contact metal configuration was used for all the de-
vices used in this work, a variation in the work function
of contact metal that would dope graphene can be
excluded.6,14 The electronic response of the aforemen-
tioned GFETs is shown in Figure 1b,c. The device
structure and the movement of a Dirac point (Vdirac)
are shown in the inset of Figure 1b,c. As the exposure to
BOE increases up to 26 s (Figure 1b), the Vdirac shifted
from∼45 to∼0 V. Further BOE treatment of GFETs (39 s)
resulted in negligible change in the Vdirac. Although
residual PMMA remained on the graphene surface
during the PMMA coating process (explained in detail
in Figure 3), Vdirac values for GFETs were∼0 V. Figure 1c
shows that BOE-treated GFETs (red dots) and PMMA-
coated GFETs (blue dots) have a Vdirac value of ∼0 V.
Schematics of the exposure to the BOE solution, and
the device, are shown in Figure 1c. The BOE recovers
the intrinsic properties of graphene. We have investi-
gated the GFETs in an attempt to identify the effect of
residues on the graphene surface. The residual PMMA
and/or PMMA film also did not have any effect on the
electronic properties of graphene because those GFETs

had a Dirac point of ∼0 V. The dominant factor in
restoring the Fermi level of graphene to the intrinsic
energy level, Ei, is thus the removal of the interaction of
the H2O/O2 redox system and graphene, not the
removal of the residual PMMA.
From the analysis of the intensity, frequency, and

position of the characteristic G-, D-, and 2D-Raman
modes, the crystalline quality, doping level, and strain
were evaluated at different locations on the graphene.
The Si3N4 layer thickness was controlled by BOE treat-
ment in order to obtain high optical contrast for
graphene based on the optical reflection and transmis-
sion between it and the Si3N4 layer.

17,18 An 82 nm thick
Si3N4 layer was selected to obtain high intensity signals
in the Raman spectra. Figure 2 shows the Raman
spectra of as-prepared graphene and BOE-treated
graphene at the 633 nm excitation wavelength. For
13 s of treatment, the position of the G-band was
shifted from ∼1590 to ∼1586 cm�1, Figure 2b. How-
ever, as the BOE treatment time increases above 13 s,
the G-band did not shift further. The 2D band
(Figure 2c) was slightly red-shifted from ∼2649 to
∼2645 cm�1 for the 13 s BOE exposure. For treatment
times of more than 13 s, the 2D did not further shift. No
enhancement of the D-band was observed (Figure 2a).
These results indicate that the positions of the G- and
2D bands of graphene on Si3N4 are red-shifted when
doping is eliminated by the BOE treatment; since the
D-band does not change we infer that there is no
chemistry, or at least no substantial chemical change,

Figure 1. Schematic of the BOE treatment methods and the transfer characteristics of graphene-Si3N4 FETs. (a) After making
GFETs, theywere treatedwithBOE solution, and then coatedwith PMMA. (b) GFETsbefore and after BOE treatment in ambient
conditions. (c) BOE-treated GFETs (red dots) and PMMA-coated GFET (blue dots) made according to panel a. The inset image
and graph (b and c) are the device schematic and variation of Vdirac, respectively.

A
RTIC

LE



SHIN ET AL . VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

C

from exposure to BOE. We infer that the interaction
between the H2O/O2 redox system and graphene is
removed by BOE treatment without any change in the
graphene structure.
Figure 3 shows XPS spectra of C 1s, O 1s, and F 1s of

graphene before and after BOE treatment for 13 s.
According to the XPS spectra of C 1s (Figure 3a), as-
prepared graphene showed the C�C carbon group and
the residual PMMA on the graphene surface, consistent
with previous work.19,20 After BOE treatment of gra-
phene on Si3N4, no changes in these peak positions and
no new functional groups were found, Figure 3d, in-
dicating no change in the covalent chemical bonding
networks and removal of residual PMMA in graphene
from the BOE treatment. Changes in the XPS spectra of
O 1s and F 1s in the graphene film on Si3N4 were
observed after the BOE treatment. In Figure 3b, an O
1s peak at 532.5 eV is seen, and is due to a layer of

H2O
21�23 adsorbed onto the Si3N4 dielectric. The Si3N4

dielectric layer has a very thin H2O layer because the
Si3N4 surface has imino (NH) groups that adsorb the
water molecules through hydrogen-bonding.24,25 In the
studies of SWCNT and graphene FET on SiO2, a very thin
H2O layer was observed on the hydrophilic oxide layer
(SiO2).

6,14 After BOE treatment, the intensity of the
532.5 eV peak decreased but the 534.2 eV peak intensity
increased, Figure 3e. For the F 1s region, Figure 3c, the
ionic C�F bonding peak was barely seen before BOE
treatment, indicating a concentration of such F-bonded
species under 0.2 atom%. After BOE treatment, peaks at
686.7 and 689.3 eV were observed, Figure 3f, and were
assigned to Si�F bonding26 and semi-ionic fluorine,27

respectively, according to HF (aq) þ H2O (l) T F� þ
H3O

þ. We suggest that H3O
þ is related to the 534.2 eVO

1s peak, Figure 3e. In Figure 3b, the 534.2 eV peakmight
be present because of dilute hydrochloric acid used

Figure 2. Raman spectra of graphene treated with BOE: (a) Raman spectra of graphene treated by BOE for various times (0 to
52 s); (b) variation of G-band position and (c) 2D band position with increasing BOE treatment time.
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during the transfer of graphene from the copper foil
onto the Si3N4. The graphene layer is likely to form semi-
ionic bonds with F� ions because graphene has a net
positive charge (explained in detail in Figure 3g); and if
this is the case, the graphene layer is passivated and
the reaction between the H2O/O2 redox system and

graphene is eliminated. Si�F bonds formedon the Si3N4

dielectric layer by the BOE treatment also play a role in
preventing the interaction of the H2O/O2 redox system
and graphene. Therefore, we propose that the intrinsic
electrical properties of graphene are recovered because
of Si�F and C�F bonds due to the BOE treatment.

Figure 3. XPS spectra of graphene before and after BOE treatment and scheme of charge transfer between H2O/O2 and
graphene. C 1s, O 1s, and F 1s in graphene layer before (a, b, and c) and after (d, e, and f) BOE treatment, respectively. After BOE
treatment, the peaks in the O 1s and F 1s regions changed due to the chemical reaction of HF (aq)þ H2O (l)T F� þ H3O

þ. (g)
The change in the Fermi level of graphene induced by the effect of H2O/O2 molecules (doped state) and BOE treatment
(intrinsic state). Fermi level of electrons in the H2O/O2 redox system, Eredox, and graphene is �5.3 and ∼4.6 eV, respectively.
The difference of Fermi level of H2O/O2 redox system and graphene provides a strong driving force for charge transfer. Semi-
ionic C�F and Si�F bonding of graphene plays a role in the recovery of the intrinsic graphene properties.
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As described in the previous reports on O2/water
mediated surface charge transfer to explain the p-doping
of SWCNT and diamaond,14,28 water supplies solvated
O2 to the graphene electrode, which sets the condi-
tions for the redox reaction.6 Water in equilibrium with
air has pH ≈ 6 from the CO2 in the air.28

The reaction,

O2 þ 4Hþ þ 4e�(graphene)S
redox

2H2O (1)

dominates under acidic conditions.
The reaction thermodynamics in eq 1 are influenced

by the H2O/O2 system and its acidity.28 The redox
potential, Eredox, of electrons in the H2O/O2 redox
system is given by the Nernst equation.6,28

Eredox ¼ μe(SHE) þ E0redox þ
aRT

neF
[4pH � log(cox)] (2)

where μe(SHE) = �4.44 eV is the standard hydrogen
electrode (SHE) potential relative to the vacuum level,
Eredox
0 is the standard electrode potential of this

reaction versus the SHE, F is the Faraday constant, ne
is the number of moles of electrons, R is the ideal gas
constant, (aRT/(neF)) = 0.0592/4 eV (at T = 298 K), and
cox is the oxygen concentration. So, the Eredox of
electrons in the H2O/O2 redox system is �5.3 eV at
pH ≈ 6. The Fermi level of graphene is ∼4.6 eV.29 The
Fermi level of graphene lies above the electrochemical
potential of the H2O/O2 redox system, Figure 3g, which
provides a strong driving force to shift the Fermi level
of graphene toward that of the H2O/O2 redox system at
equilibrium. O2 molecules solvated in the water layer
adsorbed on Si3N4 obtain 4e� from the graphene and
are involved in up to four intermediate reactions in
eq 1, generating highly reactive species such as the
superoxide anion (O2

•�), peroxide (H2O2), and hydroxyl
radical (•OH).30 These strong Brønsted bases can form
“traps” at the Si3N4 surface that fix a net negative
charge. That stabilizes a net positive charge (hole) in
the graphene layer, which explains the positive shift
of the Vdirac of graphene in Figure 1c.

6 So, the graphene

Figure 4. Time evaluationof grapheneFETbasedon the gate insulator of Si3N4 exposed in an air for various days. BOE-treated
GFETs were exposed in ambient condition for days. PMMA was coated on BOE-treated GFETs. (a) Transfer characteristics of
GFET exposed to air for days. (b) The change of Vdirac (left) and net charge density (right) of BOE-treated GFETs and PMMA-
coated GFETs. The lines are a guide for the eye only. (c) The variation of resistance, RSD, of BOE-treated graphene.
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on the dielectric layer of Si3N4 was initially p-doped,
Figure 3g. Similarly, the electrons in the SWCNT on SiO2

readily transfer from the semiconducting carbon nano-
tubes to H2O/O2 redox system due to the difference of
the Fermi energy between the SWCNT andH2O/O2 redox
system, resulting in the unipolar p-type conduction
behavior of SWCNT.14 Thus, the dominant factor govern-
ing themechanismof the initially p-dopedgraphenewas
H2O/O2 redox system on a hydrophilic dielectric layer
(Si3N4). As the graphene is exposed to the BOE solution,
HF (a weak acid in water) is partially deprotonated by the
water layer that is between the graphene and the Si3N4,
according to the Brønsted-Lowry definition, and F� and
H3O

þ ions are formed. Although only a small fraction
(∼ 2.5%) of theHFmolecules are theoretically dissociated
to ions in bulk H2O, once the F� is “trapped” in an ionic
bondwith thepositively chargedgraphene, LeChatelier's
principle would show that further dissociation of HF to
form F� would be expected, until all of the positive
charged graphene have ionic bond with F�. For appro-
priate BOE exposure time the effect of charge transfer
doping between H2O/O2 and graphene can be elimi-
nated (yielding the intrinsic state in Figure 3g).
Semi-ionic bonding between the graphene and F�

ions by the Coulomb force was difficult to permanently
maintain because the positively charged graphene can
be neutralized by receiving electrons from the negative
ions31,32 or the free electrons by γ rays33 in air. The
negative ions were produced by the nuclear radiation
from either the radioactive minerals or radioactive
gases, which are released from the earth's crust in
air.31,32 And the free electrons were produced by γ rays
leaking from radioactive materials.33 Further studies
were needed to clarify the origin of the neutralization
process of graphene in air. As the F� ionswere removed
from the graphene (Supporting Information Figure S1
and S2), the graphenewas again p-doped by the H2O/O2

redox system upon exposure to air. It means that, due
to very small undercut of Si3N4 layer by BOE solution
(0.78 nm, BOE treatment for 39 s) compared to the
channel size of graphene (10 μm� 10 μm), most of the
graphene regions in the devices treatedby BOE solution
were physically attached on Si3N4 and the electrical
properties of graphene were directly affected by an

underlying substrate containing O2 solvated in a very
thin water layer formed on Si3N4. Figure 4 shows the
changes in the transfer characteristics, Dirac point, net
charge density. and resistance of the GFET based on a
Si3N4 gate insulator upon exposure to air. As the time of
exposure to air increased, Vdirac in GFETwas increasingly
shifted to positive gate voltage (Figure 4a,b), and the
resistance, RSD, of the graphene layer between source
anddrain, obtained from the IV characteristics, gradually
decreased (Figure 4c). In Figure 4b (right axis), the net
charge density was estimated using, n = (εε0/ds)ΔVDirac,
where ε= 7.5ε0 and ds= 100 nmare the permittivity and
thickness of the Si3N4 gate dielectric, respectively. The
net charge density changed from zero to 1.8 �
1013 cm�2 during exposure in air after 18 days. In
Figure 4b (blue line), the Dirac point and net charge
density of PMMA-coated GFETs after BOE treatment
changed from zero to 17.5 V and 6.6 � 1012 cm�2,
respectively. This indicates that the graphene layer is
p-doped by the reaction between graphene and the
H2O/O2 redox system and that the fluorine was de-
tached from graphene. However, in the case of PMMA-
coated GFETs, they were p-doped less than BOE-treated
GFETs because PMMA evidently substantially deters the
formation of the H2O/O2 redox system.

CONCLUSION

BOE recovers the intrinsic graphene. The dominant
factor for p-doping of graphene is the interaction
between the H2O/O2 redox system and graphene, as
the Vdirac of the GFETs with the residual PMMAwas∼0 V.
Exposure of the GFET to the BOE solution converts at
least part of the H2O layer into F� and H3O

þ ions, and
the F� ions have bonds with the graphene, removing
the driving force for p-doping by removing the inter-
action between the H2O/O2 redox system and gra-
phene. Upon re-exposure to air p-doping again occurs
as the H2O/O2 redox system is again introduced be-
tween the graphene and the Si3N4 substrate. PMMA-
coated graphene was less p-doped than graphene
evidently because the PMMA layer restricts formation
of as extensive an H2O/O2 redox system. The discovery
that BOE can recover intrinsic graphene opens up new
opportunities for its reliable application in nanoelec-
tronics and optoelectronics.

EXPERIMENTAL SECTION

Graphene Synthesis Using CVD. Graphene was synthesized by
thermal CVD. In the first step of synthesis, a roll of copper foil
was inserted into a quartz tube and heated to 1000 �C (heating
rate: 10 �C/min) with a flow of 10 sccm of H2 at 1 Torr. The
copper foils were heat-treated to increase the grain size for
30 min, as previously done.34,35 For the synthesis of graphene, a
gas mixture of CH4 and H2 was then flowed at 1 Torr for 30 min
(1,000 �C) with rates of 20 and 10 sccm, respectively. Finally, the
sample was cooled down to 300 �C (5 �C/s) under flowing H2.
The resulting graphene film on copper foil was spin-coatedwith

PMMA, and the copper foil was etched in a plastic bath filled
with ammonium persulphate solution, (NH4)2S2O8. The PMMA/
graphene film was then transferred onto arbitrary substrates
after being cleaned with deionized (DI) water for tens of
minutes. PMMA was removed at least in part by washing with
acetone.

Si3N4 Deposition and Etching Rate in BOE. To investigate the effect
of the BOE treatment on back-gated GFETs, the GFETs were
made on ∼100 nm thick Si3N4 that was deposited on a pþþ Si
substrate by low pressure chemical vapor deposition (LPCVD). A
SiO2 layer with a high etching rate of ∼100 nm/min36 in BOE
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(J. T. Baker, 6:1 volume ratio of 40% NH4F in water to 49% HF in
water) was not suitable in this experiment because the gra-
phene layer easily peeled off. For the Si3N4, the BOE etching rate
was about 1.2 nm/min. GFETs were not easily peeled off from
the Si3N4 by a BOE treatment lasting tens of seconds.

Fabrication and Characterization of Graphene FET. Both conven-
tional photolithography and e-beam evaporation were used to
make Ti/Au electrodes (15 nm/50 nm) by drawing a photoresist
(PR) line pattern onto the graphene regime that was selectively
preserved. For a selective graphene etching, the PR pattern on
the graphene was used as an etch mask. Graphene, except for
the channel area and the electrode part, was etched away by O2

plasma using a reactive ion etcher (RIE, Miniplasma-Cube,
Plasmart) set at 100 W for 10 s. The GFET channel length was
10 μm and the width was 10 μm. All electrical transport
characteristics were measured at room temperature with a
source�drain (S�D) bias voltage of Vds = 1 V in a probe station
coupled to a semiconductor parameter analyzer (Keithley 4200).
The Raman spectra of graphene on the Si3N4 substrates (82 nm
thick) were measured with a micro-Raman system (Renishaw,
RM1000-In Via) with laser excitation at 633 nm and a 50�
objective lens, before and after BOE treatment. Samples of
1 cm � 1 cm (graphene on Si3N4/Si substrate) were measured
by X-ray photoelectron spectroscopy (XPS, VG microtech ESCA
2000).
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