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G
raphenewithperfect two-dimensional
(2D) carbon crystalline structure is cur-
rently at the center of attention be-

causeof its highelectrical/thermal conductivity,
high mobility, high mechanical property, and
quantum Hall effect.1,2 In particular, graphene
growth in large area and its transfer onto any
substrate have attracted many researchers to
become involved in its study for various appli-
cations, beyond the interests of the basic
science fields.3�5 Graphene has a unique elec-
tronic band structure, in that the conduction
and valence bands meet at a single point, the
Fermi level at the K point, which is called the
Diracpoint. Thisenablesbothelectronandhole
to transport. Because of such band structure,
field-effect transistor (FET) devices with gra-
phene have shown ambipolar properties.6�8

Tuning of the energy level and resulting
control of the electronic properties of gra-
phene, which is required for realization of
electronic devices and related applications,
have been explored by making nanoribbon
and nanomesh structures of graphene, pre-
paring bilayer graphene, and doping of
graphene.9�17 Among these approaches,
doping of graphene is now considered to
be the easiest way to control its electrical
property. The doping can be classified into
some categories according to the method
for doping. For instance, substitutional dop-
ing is the most common method: replacing
the carbon element in graphene with nitro-
gen under ammonia flow at high tempera-
ture induces n-type doping.15,16 Substi-
tutional doping usually has a drawback, such
as a decrease in themobility and conductivity
of graphene, because substitutional doping
introduces large amounts of defects into
graphene.15�17 This substitutional doping is
a kind of functionalization of graphene by co-
valent bonding. In addition to such substitu-
tion, the introductionof functional groups into
graphene by covalent bonding also changes

its electrical properties.18�20 However, gra-
phene functionalized by covalent bonding
has similar drawbacks to the common dop-
ing technique because of defects genera-
tion, inducing a decrease inmobility and the
on/off ratio in a graphene FET. On the other
hand, functionalization of graphene by non-
covalent bonding does not basically gener-
ate defects. This method is expected to be
one of the solutions to solve the problems
of common doping processes. Actually,
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ABSTRACT

Graphene has been functionalized with spiropyran (SP), a well-known photochromic molecule.

It has been realized with pyrene-modified SP, which has been adsorbed on graphene by

π�π interaction between pyrene and graphene. The field-effect transistor (FET) with

SP-functionalized graphene exhibited n-doping effect and interesting optoelectronic behav-

iors. The Dirac point of graphene in the FET could be controlled by light modulation because

spiropyran can be reversibly switched between two different conformations, a neutral form

(colorless SP) and a charge-separated form (purple colored merocyanine, MC), on UV and

visible light irradiation. The MC form is produced during UV light irradiation, inducing the shift

of the Dirac point of graphene toward negative gate voltage. The reverse process back to the

neutral SP form occurred under visible light irradiation or in darkness, inducing a shift of the

Dirac point toward positive gate voltage. The change of the Dirac point by UV and visible light

was reproducibly repeated. SP molecules also improved the conductance change in the FET

device. Furthermore, dynamics on conversion from MC to SP on graphene was different from

that in solution and solid samples with SP-grafted polymer or that on gold nanoparticles.

KEYWORDS: graphene . spiropyran . doping . photochromic molecule

A
RTIC

LE



JANG ET AL. VOL. 6 ’ NO. 10 ’ 9207–9213 ’ 2012

www.acsnano.org

9208

pyrene-modified azobenzene was used for noncova-
lent functionalization of carbon nanotubes and graphene
by π�π interaction.21,22 The mobility of graphene func-
tionalized with azobenzene was 1700�2000 cm2/V 3 s,
which was very similar to the mobility of mechanically
exfoliated graphene, 1800�2000 cm2/V 3 s.

22 Besides, the
chromophores on carbon nanotubes or graphene exhib-
ited light-modulated responses in conduction and dop-
ing. However, due to the relatively slow kinetics of
photoisomerization (from trans to cis) on graphene, the
light response in conductance change was slow and the
signal-to-noise ratio was very low.
Spiropyran (SP), which is a well-known photochro-

mic molecule, has been used for molecular switches23

and molecular sensors.24 SP is changed to charge-
separated merocyanine (MC) of purple color upon UV
light exposure and returns back to colorless neutral SP
upon visible light exposure or dark condition. The
structural difference between SP and MC induces a
difference in electrical and optical properties which are
reversibly controlled upon alternating UV and visible
light irradiation.25�27 To date, SP has been used for
functionalization of single-walled carbon nanotubes
(CNTs) by both covalent and noncovalent bonding
methods.28�31 Due to the appearance and disappear-
ance of the absorption band at 590 nm upon UV and
visible light irradiation, respectively, it has potential for
optical switching devices.30 In addition, the electrical
property of a CNT could also be tuned by functionaliza-
tion of the CNT with pyrene-modified SP.31 The thresh-
old voltage of a CNT-based FET device was shifted to
the direction of negative gate voltage because of a net
negative charge transfer from pyrene-modified SP to
CNT, and the conductance of CNTs functionalized with
SP reversibly changed upon UV and visible light irra-
diation. Basically, the functionalization of graphene
with a photochromic molecule by noncovalent bond-
ing has many advantages, such as the defect-free
doping effect and the possibility to control the gra-
phene doping level using light exposure without de-
fect generation.
Herein, we show the defect-free n-doping of gra-

phene and its reversible modulation of the Dirac point
and mobility by functionalization with SP via nonco-
valent bonding. The functionalization of graphene was
successfully carried out by using pyrene-modified SP.
Pyrene is well-adsorbed on graphene by π�π interac-
tion. This study describes optoelectronic properties of
graphene which are reversibly modulated by conver-
sion between SP and MC upon alternating UV and
visible light irradiation.

RESULTS AND DISCUSSION

Functionalization of graphene by noncovalent
bondingwas triedwith the pyrene-modifed spiropyran
(SP) molecule which was synthesized by a known
method.32 (Figure S1 in the Supporting Information

shows a schematic diagram of the pyrene-modified
spiropyran.) The photochromic SPmoiety is connected
to graphene through the pyrene moiety, which is
attached on the graphene surface via π�π interaction.
This study investigates how the electrical property of
graphene in a field-effect transistor is affected by the
photochromic SP moiety on UV and visible light irra-
diation. Actually, the colorless SP in a solution is
changed to the purple MC upon UV light irradiation,
which is proved by the appearance of an absorption
band at 560 nm (see Figure S2). In addition to such
color change with UV irradiation, it is an interesting
thing that a dipole field is generated by the MC
because the neutral SP form has a closed ring structure
but the MC form has an open structure with separated
charges.25�27 The MC form returns back to the SP form
upon visible light irradiation or in darkness.
We fabricated a field-effect transistor device with

single-layer graphene. Graphene was grown on Cu foil
by the chemical vapor deposition (CVD) method and
thenwas transferred onto a 300 nmSiO2/Si wafer using
a common transfer method.4 The graphene FET device
was immersed into a solution with pyrene-modified SP
for 24 h, followed by rinsing with acetone to remove
any unbound SP and then drying with N2. It is well-
known that the pyrene is adsorbed on graphene
through π�π interaction. Figure 1 shows a simple
scheme of a FET device with graphene functionalized
with SP and photoconversion from SP to MC.
Figure 2 shows the Raman spectra of pristine gra-

phene, graphene functionalized with SP (SP-graphene),
and SP-graphene after UV and visible light irradiation.
It is confirmed that pristine graphene has just a little
defect because its Raman spectrum shows the D band
with very small intensity. Pyrene-modified SP is func-
tionalized to graphene by noncovalent bonding, so it
does not generate any change in the crystal structure
of graphene. So, a defect was not generated in the
graphene. Note that a small increase of D band in-
tensity in the Raman spectrum of SP-graphene is due
to an overall increase of all bands including G and 2D
bands. Even though we now do not understand the
reason for the increase of the Raman signal for SP-
graphene, we assume that the increase of the Raman
signal is due to resonant enhancement by similarity of
the chemical structures between pyrene-modified SP
and graphene.33 It is interesting that the baseline of the
SP-graphene Raman spectrum rose and became broad
after UV irradiation, which is due to the fluorescence of
MC converted from SP by UV irradiation.34 Also, the UV
irradiation induced appearance of many bands be-
tween 1100 and 1500 cm�1 which is due to the re-
sonance effect.35 The resonance effect in the MC form
is expected because it shows absorption at 560 nm
(Figure S2). On the other hand, the Raman baselinewas
suppressed after sequential visible light irradiation,
and after visible light irradiation for 30 min, it finally
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became same as that of SP-graphene before UV
irradiation. The Raman bands between 1100 and
1500 cm�1 also disappeared after visible light irradia-
tion for 30 min. The above changes in Raman spectra
were reversible by alternating UV and visible irradia-
tion. Note that the Raman spectrum of SP-graphene
after UV light irradiation was not affected by 532 nm
laser as an excitation wavelength for gathering the
Raman signal because the exposure time of the 532 nm
laser was very short, 1 s. As a control experiment,
pyrene-coated graphene did not show any resonance
Raman effect at an excitation wavelength of 532 nm.
Figure 3 shows the drain current (ID) as a function

of the gate voltage (Vg) of pristine graphene and

graphene functionalized with SP. The Dirac point of the
pristine graphene device was 31.5 V, and charge carrier
mobilitywas calculated tobe338.6 and234.0 cm2/V 3 s for
hole and electron, respectively. The mobility was calcu-
lated by using the following equation, μFE = gmL/VDWCg;
gm is transconductance, VD is source�drain voltage, L is
length,W is width, and Cg is capacitance of 300 nm SiO2.
The p-type behavior of a pristine graphene FET is usually
caused by adsorbed oxygen or water. When graphene
was functionalized with SP, the Dirac point was shifted
from 31.5 V to�2.5 V, indicating an n-doping effect. The
n-doping of graphene is considered to be due to net
negative charge transferred from the functionalized SP to
graphene and due to cleaning the surface of the gra-
phene by adsorption of pyrene-modified SP.31 So the

Figure 1. Schematic of a FET device with graphene functionalized with spiropyran.

Figure 2. Raman spectra of pristine graphene, graphene
functionalized with spiropyran (SP-graphene), and graphene
functionalizedwith spiropyran after UV and visible irradiation.

Figure 3. I�Vg curves for the FET device with graphene
before (black curve) and after (red curve) functionalization
with spiropyran.
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Fermi energy in graphene is changed, as displayed by
the scheme in the inset of Figure 3. The charge carrier
mobility slightly increased from 338.6 to 508.8 cm2/V 3 s
for hole and 234.0 to 428.4 cm2/V 3 s for electron. The
increase in charge carrier mobility may be because the
functionalization with pyrene-modified SP makes the
graphene surface clean by removing adsorbates. It also
indicates that the functionalizationwith pyrene-modified
SP did not induce any defect in graphene because it
occurred by noncovalent bonding π�π interaction.
Many researchers have studied the doping of gra-

phene to control its electrical properties and to tune its
energy level for electronic device applications. So far,
most of these studies have focused on the substitu-
tional doping of graphene by an annealing process
with N2 or NH3 gas.

14 However, inevitable defects were
generated by these dopingmethods, and thus the car-
rier mobility in graphene decreased dramatically, by
over 60%.14 The simple deposition of metals such as
Au, Ti, Fe, and K on the graphene surface has also been
used for graphene doping.36,37 The drawbacks in these
kinds of doping call for a new approach such as the func-
tionalization of graphene via noncovalent bonding. Very
recently, the doping of graphene using noncovalent
bondingwas introduced. Kim et al. reported thep-doping
of mechanically exfoliated graphene with pyrene-
modified azobenzene without decrease of mobility.22

Since the structural change of photochromic mol-
ecules between SP and MC is reversible upon alternat-
ing UV and visible light irradiation, it is expected that it

would be possible to tune the position of the Fermi
level (Dirac point in I�Vg curve). Actually, we could
observe the reversible and repeatable change of the
Dirac point in I�Vg curves upon UV and visible light ex-
posure, as shown in Figure 4. In Figure 4a,b, I�Vg curves
were measured with increasing time under UV (a) and
visible (b) light irradiation. A portable hand-held ultra-
violet lamp (365 nm, 4 W) and 150 W halogen incan-
descent lamp were used for UV and visible light
irradiation, respectively. Note that the Dirac point of
the pristine graphene was not changed upon UV light
irradiation (Figure S3). On the other hand, graphene
functionalized with SP showed a change of the Dirac
point with UV light irradiation, which induced the con-
formational changeof SP toMCongraphene. In Figure 4a,
the Dirac point of the SP-functionalized graphene shifted
from �2.5 to �9 V after UV light irradiation for 30 min,
indicating further n-doped graphene (Figure 4c). In addi-
tion, the hole and electron mobility of the functionalized
graphene slightly decreased to 392.4 from 508.8 cm2/V 3 s
and to 301.2 from 428.4 cm2/V 3 s, respectively, after UV
light exposure for 30min. It is assumed that themobility is
slightlydecreasedbecause thecharge-separatedMCstate
is a scattering site. Upon visible light irradiation, the Dirac
point returned back to the initial value,�2.5 V (Figure 4b).
Themobility increased to the initial values, as well. This
means that changes in Dirac point and mobility are
reversible upon alternating UV and visible light irradia-
tion, and the doping level of graphene functionalized
with SP can be controlled. Charge-separated MC lowers

Figure 4. (a) Dirac point change in I�Vg curves for FET with graphene functionalized with SP upon UV light exposure, and (b)
Dirac point change in I�Vg curves for FET with graphene functionalized with SP upon visible light exposure. (c) Energy level
change upon UV and visible light exposure. (d) Dirac point change as a functional of UV and visible light exposure time.
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the Fermi level, while SP raises it (Figure 4c). Note that it
took a longer time for the Dirac point to return to the
initial value upon visible light irradiation (Figure 4d).
The reversible changes of Dirac point andmobility in

FETs with functionalized graphene is due to the rever-
sible conformational change between SP and MC on
graphene upon UV and visible light irradiation. How-
ever, it remains unclear just how such a conformational
change between SP andMC affects the Dirac point and
mobility of graphene. This is a topic of future study.
One possibility whichwepropose here is that the effect
may be due to the charge separation in theMC created
by UV light exposure. The charges in the MC form gen-
erate a localized dipole field on graphene which may
affect the shift in theDiracpoint.31 Actually, this is similar
to the results in a single-layer graphene FET with dual
gates, where an electric field created by back-gate bias
affected the position of the Dirac point of a top-gated
graphene FET device.2 The charge-separated MC can
also play a role as a scattering site for the carriers. This
site scatters carriers, inducing the decrease in mobility.
Figure 5 shows changes in the conductance of

pristine graphene and functionalized graphene upon
UV light on and off. As a control experiment, no
conduction change was observed in the pristine gra-
phene device (Figure 5a). On the other hand, the con-
ductance change of the functionalized graphene de-
vice was pronounced, and the conductance increased
by 6% upon UV light irradiation. Compared to the
conductance change on graphene functionalized with
azobenzene,22 Figure 5b shows a high signal-to-noise
ratio and very fast response. It is assumed that the

conformational change between cis and trans in azo-
benzene on graphene is slow, whereas that between
SP andMC on graphene is fast. Actually, the decay time
constant (τ) of trans to cis conversion in azobenzene on
graphenewas 302 s.22 In Figure 5b, the conductance of
graphene increased during the generation of the di-
pole field by the conversion from SP to MC upon UV
light exposure but decreased during the extinction of
the dipole field by the conversion from MC to SP in
darkness. The conversion process of MC to SP under
dark condition can be described by a biexponential
expression, G = G0[x exp(�k1t) þ (1 � x)exp(�k2t)].

38

The biexponential fitting indicates that two types of
MCs= with decay rates k1 and k2 exist, and their frac-
tions are x and 1� x. Details of the two types of MC are
now unclear. We assume that one is a separated MC on
graphene and the other is a stack of MC (aggregates
of MC) on graphene. Another interesting point is the
kinetics of MC conversion to SP on graphene because
such conversion may show different behaviors in the
cases of free SP in solution, SP grafted to polymer, and
SP adsorbed on graphene via pyrene. With the biex-
ponential fitting in Figure 5c, the half-life (τ) of MC
conversion to SP on the graphene was calculated to be
34.6 s. The half-life of the conversion on graphene is
much shorter compared to that in cases of other solid-
state samples, such as SP-grafted polymers and SP on
gold nanoparticle, and even is comparable to that in
solutions with SP-grafted polymers. For reference, the
half-life of the conversion was between 9.6 and 497 s
in solutions with SP-grafted polymers and was over
74.6 min in solid samples of SP-grafted polymers.38

Figure 5. Conductance change in FETdevices (a)with pristinegrapheneand (b)withgraphene functionalizedwith spiropyran
in vacuum. Thebias between the source anddrain electrodes is 10mV, and thegatebias is 0 V.G is conductance andGi is initial
conductance. (c) Biexponential fitting result of conductance at 0 V gate bias vs time under darkness.
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The half-life of the conversion in SP-modified gold
nanoparticles was 23 min.39

CONCLUSION

In summary, we have demonstrated defect-free
n-doping of graphene by using functionalization with
SP by noncovalent bonding. The conformational

change between SP andMC on UV and visible (or dark)
light irradiation affected the electrical properties of gra-
phene. We demonstrated a reversible light-modulated
Dirac point of graphene according to UV and visible
light exposure. This allows for new possibilities of dop-
ing control methods using functionalization of graphene
with photochromic molecules.

EXPERIMENTAL METHODS
Synthesis of Graphene Using CVD. Graphene was prepared

by a common chemical vapor deposition (CVD) method.
Copper foil (99.8% purity, 0.025 mm thick, Alfa Aesar) was
positioned in a 2 in. quartz tube CVD system. It was heated to
1050 �C with 10 sccm hydrogen gas and subsequently 5 sccm
CH4 gas flow for 15 min. After that, the furnace was quickly
cooled to room temperature. The front side of the graphene
on the Cu foil was covered with PMMA, and the back side of
the graphene on the Cu foil was removed with O2 plasma
(Femto, Diener). The graphene grown on the Cu foil was
etched by 0.1 M ammonia persulfate (Sigma Aldrich), fol-
lowed by wash with fresh DI water several times. Then,
graphene was transferred to a Si substrate with 300 nm
thermal oxide.

Fabrication of Graphene FET Device and Functionalized with Pyrene-
Modified Spiropyran. Graphene channels patterned on a Si sub-
strate with 300 nm thermal oxide were used for device fabrica-
tion by electron beam lithography (Nanobeam nB4, NBL), O2

plasma, metal deposition (Ti (5 nm)/Au (35 nm)), and lift-off
process. The channel of the graphene FET is 1 μm in length and
2 μm width. The fabricated graphene FET device was function-
alized by dipping it into a solution with pyrene-modified
spiropyran for 24 h. After that, it was rinsed with acetone to
remove unbound molecules and dried in N2.

Analysis of Graphene with Pyrene-Modified Spiropyran and Measure-
ment of Graphene FET Devices. Raman spectroscopy (WiTec) was
used to check the quality of graphene after the transfer
process. Raman spectra of SP-graphene after UV and visible
irradiationweremeasured to check if the functionalizationwas
successful and the conformational change occurred. The
532 nm laser as an excitation source was used, and the laser
power was 2 mW, which avoids any damage or heating of the
graphene during the measurement. Exposure time is 1 s, and
the calibration was done using a reference Si peak position at
520 cm�1. The fabricated graphene FET device was loaded into
a vacuum chamber (Lake Shore) for electrical measurement.
Electrical properties of the FET device of pristine and function-
alized graphene were characterized in vacuum (∼10�5 Torr)
with a semiconductor parameter analyzer (4200-SCS semicon-
ductor parameter analyzer, Keithley). Every electrical measure-
ment was done in a vacuum condition near 10�5 Torr, and thus
we could measure only changes of electrical property of the
graphene due to the SP without any effect by oxygen and
water molecules in air.
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