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G
raphene, a fully conjugated two-
dimensional hexagonal carbonmol-
ecule lattice, has attracted much

attention because of its excellent mechanical,1

thermal,2 optical,3,4 andelectrical properties.5�8

Among diverse intriguing properties of gra-
phene, the high transmittance,9 low sheet
resistance,10 and tunability of the work
function11,12 have been used to fabricate
high-performance soft electronic devices such
as organic field effect transistors (OFETs),13�15

organic photovoltaics (OPVs),16 and organic
light-emittingdiodes (OLEDs).17,18 To enhance
the performance of devices using graphene
electrodes, doping can be applied; using
doping, the work function and sheet resis-
tance of graphene can be controlled.11,12

Recently, a variety of doping methods have
been developed, including substitutional

doping,19 electrochemical doping,20 and
molecular contact doping.12,21�26 Molecu-
lar contact doping was shown to be suitable
for soft electronic devices12 because defects
were not generated during the doping
process.27 Various dopant molecules have
been used in this method, including aro-
matic molecules,21,28 self-assembled mono-
layers (SAM),12,22 metal nanoparticles,26

and acids.10 A simple, stable, reproducible,
controllable, low-temperature, and large-
scale method that does not sacrifice trans-
mittance is a desirable goal of doping.
Herein, we report a spontaneous sub-

strate-induced intercalation of chloroform
(CHCl3, CF) at the graphene/SiO2 interface
and develop a p-doping of graphene using
this result. The solvent doping effect of
graphene was reported before, but it dealt
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ABSTRACT Here, we report a substrate-induced intercalation

phenomenon of an organic solvent at the interface between monolayer

graphene and a target substrate. A simple dipping of the transferred

chemical vapor deposition (CVD)-grown graphene on the SiO2 substrate

into chloroform (CHCl3, CF), a common organic solvent, induces a

spontaneous formation of CF clusters beneath the basal plane of the

graphene as well as inside the wrinkles. The microscopic and spectro-

scopic observations showed the doping behavior of monolayer gra-

phene, which indicates the adsorption of CF to monolayer graphene.

Interestingly, the intercalated organic solvent showed remarkable

stability for over 40 days under ambient conditions. To reveal the

underlying mechanism of the stable solvent intercalation, desorption energy of CF molecules at the graphene/substrate interface was measured using

Arrhenius plots of the conductance change upon time and temperature. Two stages of solvent intercalations with high desorption energies (70 and

370 meV) were observed along with the consecutive shrinkage of the solvent clusters at the basal plane and the wrinkles, respectively. Moreover, the

theoretical calculation based on density functional theory (DFT) also shows the strong intercalation energy of CF between monolayer graphene and the SiO2
substrate, which results from the stabilization of the graphene�SiO2 interactions. Furthermore, the thermal response of the conductance could be utilized

to maintain a certain degree of p-doping of monolayer graphene, which provides the facile, sustainable, and controllable large-area doping method of

graphene for future generation of printed flexible electronics.
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with only the case when graphene is immersed in
organic solvents.29 We suggest that the solvent inter-
calation doping achieves reproducible, stable, and
strong p-doping in the absence of a barrier film
because solvent is spontaneously intercalated at the
graphene/SiO2 interface; note that stable doping with
acids requires the presence of a protective barrier film
because of the instability of the doping agents at
atmospheric pressure.30 Here we show where the CF
molecules are intercalated and how strongly they
interact with graphene. Furthermore, we suggest that
the doping level can be modulated by controlling the
desorption of intercalated CF clusters.

RESULTS AND DISCUSSION

Monolayer graphene grown on a copper foil was
transferred onto a SiO2 (300 nm)/Si wafer, and the
poly(methyl methacrylate) (PMMA) supporting layer
on the graphene was then removed by using acetone
or CF. Both photography and field emission scanning
electron microscopy (FESEM) images confirmed the
successful transfer of the chemical vapor deposition
(CVD)-grown graphene from the copper foil to the
target SiO2/Si substrate (Supporting Information,
Figure S1b,c). The removal of PMMA with acetone did
not induce the doping of graphene; in contrast, when CF
was used, the graphenewas significantly doped. When
the PMMA/graphene/SiO2/Si sample was immersed in
CF for 1 h, the PMMA was dissolved, and the graphene
was simultaneously doped (Supporting Information,
Figure S1a). To investigate the effects of the doping of
graphene with CF, the conductance and VG measure-
ments, Raman spectroscopy, and ultraviolet photo-
electron spectroscopy (UPS) experiments were perfor-
med, as shown in Figure 1.
The gate-voltage-dependent conductance in gra-

phene FETs indicates the type and magnitude of the
graphene doping. For undoped graphene samples
where the PMMA was removed using acetone, the
Dirac voltage was 10 V. The low p-doping of the
graphene might have been due to the presence of
PMMA residues and/or adsorbates on the SiO2 sub-
strate. On the other hand, only the hole conductance
was observed, and the Dirac voltage increased by
over 10 times when the graphene sample was dipped
in CF to remove the PMMA, as shown in Figure 1a.
These results were reproducible, and therefore, the
significant p-doping of graphene with CF was con-
firmed. Considering that the electrical measure-
ments were performed under high vacuum conditions
(∼10�5�10�6 Torr), the effects of the doping of gra-
phene with CF were quite substantial. In addition, the
doping remained stable for more than 40 days at room
temperature and atmospheric pressure, as shown in
Figure 1b. Meanwhile, the hole mobility was measured
to be around 3500 cm2/V 3 s, which was calculated in

the linear regime. This is a relatively high value com-
pared to other doping methods using graphene (SAM
doping of CVD graphene, ∼1800 cm2/V 3 s;

12 AuCl3
doping, 1735 cm2/V 3 s;

31 CYTOP doping, 810 cm2/V 3 s
25).

Raman spectroscopy measurements were also per-
formed to confirm the effects of doping. Raman spec-
troscopy is a nondestructive technique and is useful
for identifying the effects of doping,20 as well as the
quality of the graphene.32 Figure 1c illustrates the
changes in the Raman spectra formonolayer graphene
after CF doping. The D band (1350 cm�1) did not
appear after doping, indicating that defects were not
activated under CF doping. In the Raman spectrum of
undoped graphene, the G and 2D bands were located
at 1588 and 2679 cm�1, respectively, and the IG/I2D
ratio was 0.45. This result was similar to the reported
value for CVD-grown graphene on the SiO2 surface.

33

However, the Raman spectrum for the CF-doped gra-
phene showed blue shifts for both G and 2D bands,
at 1596 and 2689 cm�1, and the full width at half-
maximum (fwhm) of the G band was decreased from
18 to 13 cm�1. In addition, the IG/I2D ratio increased to
0.7. These results are consistent with the stiffening and
sharpening of the G band after doping due to the
breakdown of the adiabatic Born�Oppenheimer ap-
proximation and to blocking of the channel for the
decay of phonons into electron�hole pairs, respectively.34

The effects of doping of graphene with CF were also
confirmed by measuring the work function of the
graphene. Figure 1d shows the UPS spectra of un-
doped and CF-doped graphene. SiO2(300 nm)/nþ-Si
wafer was used, and carbon tape/tantalum foil was
connected between sample holder and the graphene
surface for prevention of electron charging. The work
function was calculated using the following equation:

Φ ¼ pω � jESEC � EFEj (1)

where pω = 130 eV, ESEC is the onset of the secondary
emission, and EFE is the Fermi edge (�125.65 eV) under
a sample bias of�20 V. Thework functions of undoped
andCF-doped grapheneweremeasured to be 4.61 and
5.19 eV, respectively. The slight increase in the mea-
sured work function for the undoped graphene com-
pared with the theoretical value of 4.42 eV35 was likely
due to uncontrollable graphene doping from the
charged impurities on the SiO2 substrate.

6 The abrupt
increase (0.58 eV) in the work function of the graphene
was caused by the p-doping with CF. The p-doping
down-shifted the Fermi level relative to theDirac point,
thereby increasing the density of hole carriers and the
work function of the graphene. The increased hole
carrier density in the CF-doped graphene decreased
the sheet resistance of the graphene electrode, from
630 to 300 ohm/sq. However, the transmittance (T, %)
of the graphene film at 550 cm�1 remained at 97.7%,
regardless of the presence or absence of CF doping, as
shown in Figure 1e. This is one of the most important
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advantages of the solvent doping process over other
doping methods that sacrifice transmittance.26

To identify the presence of the CF in the doped
graphene directly, Raman spectroscopy measurements
were performed on undoped and CF-doped graphene
samples, as shown in Figure 1f. The CF-doped gra-
phene exhibited vibration modes, including deforma-
tion (δC�Cl, 359 cm

�1) and stretching (νC�Cl, 679 cm
�1),

even after 5 days of storage under atmospheric con-
ditions. However, these peaks were absent for the
undoped graphene. In addition, X-ray photoelectron
spectroscopy (XPS) was also performed to prove the
presence of CF. The result shows that the Cl 2p peak
was observed even in ultrahigh vacuum and then 1.39�
1014 #/cm2 of CF molecules was contained in CF-
doped graphene (Supporting Information, Figure S2).

It can therefore be concluded that adsorbed CF was
responsible for the observed doping behaviors of the
graphene. Meanwhile, the doping efficiency of the CF
molecule can be calculated from CF concentration
and charge carrier density in CF-doped graphene.
The relation between Dirac point and charge carrier
density was expressed by the following equation.36

ED ¼ pVF
ffiffiffiffiffiffi
πn

p
(2)

where VF = 1.1� 106m/s and n= charge carrier density.
Since the work function of CF-doped graphene was
5.19 eV, charge carrier density was calculated to be
3.59 � 1013 #/cm2 from the above equation. Consider-
ing charge concentration of the undoped graphene
(2.19� 1012 #/cm2), we found that 3.37� 1013 #/cm2 of
holes was induced by CF molecules, and one atom of

Figure 1. (a) Conductance of graphene FET as a function of VG. (b) Change in the conductance as a function of time at
atmospheric pressure and room temperature. (c) Raman spectra of the undoped and CF-doped graphene film. (d) UPS
spectra, (e) UV�vis spectra, and (f) Raman spectra showing the C�Cl vibrational modes of CF. The black solid line and red
dashed line indicate undoped and CF-doped graphene, respectively.
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CF induces 0.24 holes per CF molecule. This doping
efficiency was an average value because CF intercalants
consist of a multilayer, which means that the degree of
charge transfer is dominantly affected by the nearest
CF layer contacted on graphene.
Atomic force microscopy (AFM) images were taken

to identify the location of the CF adsorbates, as shown
in Figure 2a�c. Sequential AFM images were taken at
the same site, after specific environmental treatment;
this consisted of dipping for 1 h in CF (Figure 2a),
followed by 12 h in a vacuum chamber (Figure 2b),
then annealing at 150 �C for 12 h (Figure 2c). It was
shown that CF clusters (white arrow in Figure 2a,b)
formed when the sample was immersed in CF and did
not disappear even under high vacuum conditions,
as shown in Figure 2a,b. However, the clusters were
removed (white arrow in Figure 2c) or their size was
decreasedwhen the sample was annealed at 150 �C. At
this temperature, the PMMA residue could not be
removed. Thus, the adsorbed CF clusters, rather than
the PMMA residue, were responsible for the change in
the height profiles.
Stable doping of graphene with CF is an unexpected

phenomenon because the boiling point of CF (61.2 �C
at atmospheric pressure) is low enough to allow eva-
poration at room temperature, and the CF�graphene
interaction is governed by weak van der Waals forces.
There are two possible scenarios: (i) CF is trapped in the
PMMA residues on the graphene surface, and (ii) CF is
intercalated at the interface between the graphene

and the SiO2. To examine the feasibility of scenario (i),
the PMMA residue was thermally removed at 350 �C
for 2 h (instead of removing it in the solvent), and the
characteristics of the graphene were examined. After
the samples were immersed in CF, the AFM images and
Raman spectra showed that CF clusters were gener-
ated, and p-doping still occurred (Supporting Informa-
tion, Figure S4). Thus, it can be concluded that the
PMMA residue did not provide the sites for the adsorp-
tion of CF. To confirm the validity of scenario (ii), Raman
spectroscopy measurement was carried out after rapid
hexane washing (Figure 2d). The νC�Cl intensity was
almost unchanged, consistent with scenario (ii); CF
adsorbates existed at the interface between graphene
and SiO2, rather than on the surface of the graphene. In
addition, we confirmed that the νC�Cl peak disap-
peared after 150 �C annealing. We speculate that CF
molecules were able to penetrate through defects in
the graphene (i.e., point defects or cracks) or through
the sides of the graphene layer and then formed
inhomogeneous clusters (Figure 2a�c). The formation
of an inhomogeneous cluster might be induced by the
surface energy mismatch of the two surfaces, that is, a
rigid bottom substrate with high surface energy (SiO2)
andflexible top layerwith low surface energy (graphene).
The next question was at what sites CF adsorption

occurred. Figure 2e shows the height distribution of
wrinkles in both CF-doped and dedoped graphene.
Onehundred suchwrinkleswere examined. After thermal
annealing at 150 �C, the average height of the wrinkles

Figure 2. Changes in the AFM images of the graphene surface (a) after immersion in CF for 1h, then (b) after drying in vacuum
at room temperature for 12 h, and finally (c) after thermal annealing at 150 �C for 12 h. The scan sizes were 5 μm� 5 μm. (d)
Changes in the Raman spectra for CF-doped graphene after rapid hexane washing and 150 �C annealing. (e) Height
distribution of wrinkles in CF-doped and undoped graphene. The inset image shows a schematic drawing of the changes in
the dimensions of the wrinkles.
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decreased from 3.3 ( 1.9 to 2.1 ( 1 nm, and the
fwhm of the distribution became narrow. These results
are consistent with CF intercalation expanding the
wrinkles and CF desorption shrinking them, as shown
schematically in the inset of Figure 2e. As well as being
trapped in thewrinkles, CF could also be trapped at the
interface between the basal plane of the graphene and
the SiO2 substrate. This was confirmed by the removal
of the CF clusters with thermal annealing at 150 �C
(Figure 2a�c). Another evidence for the intercalation
of CFwas found by examining the effects of the doping
of a suspended graphene layer. Since the suspended
graphene had no sites for intercalation, the p-doping
effect did not occur after the sample was dipped in CF
(Supporting Information, Figure S5).
To explain the observed CF intercalation, we carried

out total energy calculations using density functional
theory (DFT). As shown in Figure 3a, the system was
modeled by a symmetric slabwith a lateral unit cell size
of eight carbon atoms. The original O-terminated alpha
quartz SiO2(001) surface changed to give a six-membered
ring consisting of six Si�Ounits, where each carbon atom
was located on a hollow site.37 Considering the occupied
volume of CF molecule and the available space be-
tween graphene and SiO2, we confirmed that one
CF molecule per 2 � 2 graphene cell is appropriated.

To analyze the stability, we define the intercalation
energy per CF molecule as follows:

Eintercalation ¼ � 1
NCF

(EG �CF �SiO2 � EG �SiO2 � NCFECF)

(3)

Here, NCF represents the number of CF molecules
intercalated at the interface, and EG‑CF‑SiO2

, EG‑SiO2
, and

ECF stand for the total energy of the CF intercalated
system, the graphene-on-SiO2 surface system, and the
CF molecule, respectively. We calculated two struc-
tures with different dipolemoment orientations for the
CF inside the graphene�SiO2 interface: the hydrogen-
upward direction (Figure 3a), and the hydrogen-down-
ward direction. On the basis of the calculations, the
intercalation energy of the hydrogen-upward CF was
0.28 eV, and that of the hydrogen-downward CF was
0.23 eV. Because the SiO2 surface layer was positively
charged, the upward dipole direction of CF was more
energetically stable than the downward one.
We further studied the change in the work function

after CF intercalation. Graphene with hydrogen-upward
CF molecules but without the SiO2 substrate was
considered in comparison with intrinsic graphene.
During calculation, the system consists of a CF(top)/
graphene structure because the induced dipole of

Figure 3. (a) Interfacial structure of the SiO2-CF-graphene system (gray, C; black, H; green, Cl; red, O; orange, Si). The red arrow
plotted in the side view indicates the direction of the CF dipolemoment. Chlorine atoms are located at the hollow sites of the
six-membered ring of the SiO2 surface. (b) Plane averaged electrostatic potential of the CF-doped graphene and the undoped
graphene. The positions of the graphene and CF layers are indicated together.
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graphene made by CF is not enough to screen the CF
dipole moment.38 The results showed that the work
function of graphene was changed from 4.36 to 4.92 eV,
as shown in Figure 3b. The predicted shift (ΔΦ= 0.56 eV)
was qualitatively consistent with the experimental
result (ΔΦ = 0.58 eV). The doping by CF can occur
via induced dipole moments39 rather than via direct
charge transfer28 because both the HOMO and LUMO
levels of CF are far from the Dirac point of graphene
(Supporting Information, Figure S3). When CF mol-
ecules are aligned unidirectionally with the hydro-
gen-upward direction, CF induces local electrostatic
fields down-shifting the vacuum level, which causes
p-doping, which is similar with doping by water
molecules,40 SAMs,39 and ferroelectricmaterial.41 How-
ever, the calculated results showed that the Dirac point
of the graphene did not move downward; this was
confirmed by calculating the band structure (Supporting
Information, Figure S3). The reason for this is that,
theoretically, the electrons in the CF-doped graphene
cannot be ejected because the calculationwas conducted
in a closed system. When we consider an open system,
the electrons can then move through the metal elec-
trodes and/or other metal contacts on the surface of
the graphene, enabling doping to occur.
The energies for the desorption of CF molecules

from intercalated sites were determined using the

Arrhenius plot with the following equation:

Edesorption ¼ �R Dlnk
D(1=T)

� �
(4)

where R is the universal gas constant (8.314 J/mol 3 K)
and k is the rate constant. The rate constant k for
desorption of CF was determined from the equilibrium
slope, that is, the conductance divided by the anneal-
ing time. Figure 4a shows the change in normalized
conductance as a function of time, at various tempera-
tures (25, 65, 80, 100, 120, 135, and 150 �C). Because the
escape of adsorbed molecules induced a decrease in
the conductance of the graphene, different slopes
were shown as a function of annealing temperature.
At room temperature, the conductance did not change
with time. However, at higher annealing temperatures,
the conductance decreased rapidly at short times, and
then the slope leveled out, with the rate constant k
becoming constant after approximately 20 min. The
two different desorption energies were calculated from
the Arrhenius plot (Figure 4b), 0.076 and 0.373 eV.
We speculate that these two different desorption
energies might have originated from the differences
in the intercalated regions (i.e., beneath the basal plane
of the graphene and inside thewrinkles). To investigate
this hypothesis, temperature-dependent AFM mea-
surements were carried out, as shown in Figure 3c�f.

Figure 4. (a) Change in the normalized conductance as a function of time, at various annealing temperatures. (b) Arrhenius
plot for the normalized conductance,where k represents the equilibrium rate for the change in normalized conductance. (c�f)
Changes in the AFM images of the graphene surface, after annealing at (c) 60, (d) 80, (e) 135, and (f) 150 �C for 1 h. (g)
Schematic illustration of the intercalation and desorption of CF.
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The temperature was varied from 25 to 150 �C, and the
annealing timewas fixed at 1 h. The results showed that
the CF molecules adsorbed beneath the basal plane of
the graphene started to become desorbed at tempera-
tures lower than 120 �C (Figure 4c,d), whereas those in
the wrinkles started to desorb from 120 �C (Figure 4e,f),
as shown schematically in Figure 4g. The reasonwhy the
CFmolecules intercalated in thewrinkles did not desorb
easily is not obvious; however, it is likely that this
phenomenon resulted from the fact that the increased
contact area of the chloroform clusters in the wrinkles
contributed to an enhanced interaction between the
graphene and the CF molecules.

The thermal response of the conductance could be
utilized to maintain certain degree of p-doping of
monolayer graphene. The sample-to-sample variation
of conductance of CF-doped graphene before anneal-
ing was not noticeable due to the similar quality of
graphene from the same preparation methods. In
addition, since rate constants associated with desorp-
tion were calculated at each temperature, the doping
level could be controlled by changing desorption
time. Figure 5 shows electrical measurement of a gate-
voltage-dependentgrapheneFETas a functionof anneal-
ing time at 150 �C under vacuum conditions. The result
shows that Dirac voltage was changed from over 80 to
3 V. In other words, the work function of CF-doped
graphene can be tuned from 5.19 to nearly 4.42 eV by
controlling the degree of desorption.

CONCLUSION

In conclusion, we report stable doping of transferred
graphene on the target SiO2 substrate via spontaneous
substrate-induced solvent intercalation. This achieves
the simple, strong, stable, reproducible, controllable,
low-temperature, and large-scale p-doping of graphene
without sacrificing transmittance. Furthermore, we de-
monstrated where the CF molecules are adsorbed and
how strongly they are adsorbedwith the graphene. This
doping method can be possibly applied to the large-
area andhigh-performance soft electronic devices using
graphene electrodes on plastic substrates.

METHODS
For the growth of monolayer graphene, copper foil was

heated to 1000 �C under H2 flowing at 10 sccm and 60 mTorr,
and subsequently at 45 sccm, CH4 gas was flowed at 300 mTorr
for 30 min. The chamber was then rapidly cooled to room
temperature under H2 flowing at 10 sccm. A schematic drawing
of the transfer process for CVD-grown graphene is shown in
Figure S1. The CVD-grown graphene films on copper foil were
covered with polymethylmethacrylate (PMMA, Mw = 340 kg
mol�1), and the graphene on the back side of the copper foil
was removed using oxygen plasma. This sample was then
floated in an aqueous solution of 0.1 M ammonium persulfate
((NH4)2S2O8). After all of the copper foil was etched away, the
graphene film with the PMMA supporting layer was moved to
a deionized water bath for 10 min, then transferred to a SiO2

(300 nm)/Si substrate; this was followed by the removal of the
PMMA support layer with acetone or chloroform (CF) for 1 h, as
shown in Figure S1. To fabricate the source/drain electrodes in
graphene FETs, 100 nm thick patterned gold electrodes were
deposited on the graphene with a shadow mask.
The graphene filmswere characterized using atomic forcemicro-

scopy (AFM, Digital Instruments Multimode) operating in tapping
mode, Raman spectroscopy (Alpha300R, WITec, λ = 532 nm), ultra-
violet photoelectron spectroscopy (8A2 beamline at the Pohang
Accelerator Laboratory in Korea), UV�vis spectroscopy (Varian,
CARY-5000), and characterization of the current�voltage prop-
erties of the FET devices, as measured using a Keithley 2636A
semiconductor parameter analyzer under vacuum conditions.
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