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G
raphene, a two-dimensional sheet
of carbon atoms packed into a honey-
comb lattice, has remarkable mo-

bility of charge carriers at roomtemperature.1,2

Thus, onepromisingapplicationofgraphene is
utilizing it in the electronic industry. In order to
achieve high-performance graphene nano-
electronic devices, it is essential to precisely
manipulate charge carriers. In view of the fact
that chemical doping is an effective method
tomanipulate the doping level, studies on the
impact of adsorbates on graphene have been
attracting considerable attention. As known,
chemical doping can be achieved by substitu-
tional and surface transfer doping. Substitu-
tional doping is a process of substituting
carbon atoms in the honeycomb lattice of
graphene by heterogeneous atoms such as
nitrogen and boron.3,4 Inevitably, substitu-
tional doping may disturb the sp2 hybridiza-
tion of graphene. Surface transfer doping, on
the other hand, would not disturb the struc-
ture of graphene and can be accomplished by
adsorption of various chemical species such
as metals5,6 and organic molecules.7�9 Sur-
face transfer doping of organic molecules
occurs through charge transfer, i.e., exchange
of electrons between graphene and organic
molecules. Particularly, charge transfer can
occur due to the relative position of the
density of state (DOS) of the highest occupied
molecular orbital (HOMO) and lowest uno-
ccupied molecular orbital (LUMO) of the ad-
sorbed dopant and the Fermi level of gra-
phene. If the HOMO is above the Fermi level
of pristine graphene, charge will transfer from
molecule to graphene, resulting in n-type
doped graphene. If the LUMO is below the
Fermi level, charge will transfer to the mole-
cular adsorbate, leading to p-type doping in
graphene. Experimentally, synchrotron-based
high-resolution photoemission spectroscopy
(PES), UV�visible spectroscopy, and Raman
spectroscopy have shown evidence for charge

transferbetweengrapheneandmolecules.8�10

Besides inducing doping in graphene, some
organic molecules are able to switch their
conformations under photoexcitation, which
opens up a new application field, molecular
graphene-based photoswitching.
Azobenzene has been extensively stu-

died for various applications such as light-
driven molecular switches,11�14 reversible
optical storage,15 and micropatterning.16
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ABSTRACT

We studied chemical doping of trans- and cis-azobenzene on graphene by Raman spectroscopy.

It was found that themolecule induces hole-doping in graphene through charge transfer. Moreover,

the doping level in graphene can be reversibly modulated by a photocontrolled molecular

conformation change. As trans-azobenzene isomerizes to the cis configuration under UV

irradiation, we probe the dynamic molecular structural evolution of azobenzene on graphene

by Raman spectroscopy. Raman analysis indicates the precise orientation of cis-azobenzene on the

graphene surface, which brings us further comprehension of the effect of conformation change on

the electronic properties of graphene. In particular, the substantial decreases of the doping level

and chemical enhancement of the molecular signal are attributed to the weakening of hole

transfer frommolecule to graphene, owing to the lifting of the electron-withdrawing group away

from the graphene. Moreover, the calculation results exhibit the favorable configuration of cis-

azobenzene, which is in good agreement with Raman spectroscopic analysis. Our results highlight

an approach for employing graphene as a promising platform for probingmolecular conformation

transition at the submolecular level by Raman spectroscopy.

KEYWORDS: graphene . doping . azobenzene .molecular conformation change
. photoeffect . Raman . photoswitching
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UponUV irradiation, the trans configuration isomerizes to
cis and the cis state will reversibly transform to trans
under visible light.11 As the trans configuration is more
energetically favorable than the cis configuration,17 the
cis state will thermally be transformed to trans. Theore-
tical studies have demonstrated the use of an azoben-
zene molecule contacted with Au as an electronic
switch.12,13 The calculated results showed that the con-
ductancebetween the twoconformations is substantially
distinct. Previously, azobenzene-functionalized carbon
nanotubes,18 graphene oxide,19 and graphene20 have
been reported, where they showed modulated conduc-
tance by UV irradiation. Previously, we presented the
strong doping effect of azobenzene on graphene layers
and showed that the doping is systematically thickness-
dependent.21 Raman spectroscopy is a powerful and
nondestructive tool to study graphene, as it allows
identifying the number of graphene layers,22,23 monitor-
ing the amount and type of doping,24 and probing
disorder25,26 and strain.27,28 In addition, recent studies
on CuPc on graphene29 and trans-azobenzene on Ag
colloids30 show that different orientations of adsor-
bates on graphene correspond to different Raman
spectra.
In this work, we demonstrate that doping in gra-

phene and molecular Raman scattering can be modu-
lated by photocontrolled molecular conformation
changes. Both Raman scattering and electrical trans-
portmeasurements confirm that dopingmodulation in
graphene originates from the reversibility of the mo-
lecular conformation change. Furthermore, the specific

orientation of azobenzene interacting on graphene
after UV irradiation was revealed by utilizing the
changes in the molecular Raman signals. On the other
side, the adsorption energies of different adsorption
configurations of azobenzene on graphene were cal-
culated to examine the preferred molecular configura-
tion. The theoretical results are consistent with the
experimental data. Our studies lead to insight on two
aspects: interaction between the trans-/cis-azoben-
zene molecule and graphene, and tunable molecular
doping of graphene by a photoeffect. More impor-
tantly, these results show the unique ability of Raman
spectroscopy for determining the specific configura-
tion of azobenzene on graphene at the submolecular
level, which reveals a way to sense configuration
evolution of such azobenzene molecules and other
switchablemolecules such as stilbenes and spiropyran.

RESULTS AND DISCUSSION

Methyl orange (MO), one type of azobenzenemolec-
ule, is used to noncovalently functionalize graphene. It
is characterized by an azo group (NdN) that bridges
two benzene rings. More specifically, the end of each
aromatic benzene ring is substituted by a dimethyl
amine group and sulfonate group, which are electron-
donating and -withdrawing groups, respectively, as
shown in Figure 1a. At equilibrium, azobenzene is in
the trans state, with a planar structure (Figure 1a, left).
UV light causes trans-azobenzene to isomerize to the
cis structure, which has two benzene rings being
angled with respect to each other (Figure 1a, right).

Figure 1. (a) Illustrative photoisomerization process ofmethyl orange (MO),where themolecular conformation changes from
trans (left) to cis (right) under UV light and reverts to trans under white light. (b and c) AFM images (with height profiles) of
MO-graphene before and after UV illumination, respectively.
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The configurations of cis- and trans-MO have been
evidenced by scanning tunneling microscopy (STM)
when the molecules adsorb on a Au(111) surface.31

During the photoisomerization process, the distance
between two carbon atoms that are connected by a
donor and acceptor decreases from about 0.9 nm to
0.55 nm, resulting in a decrease in molecular dipole
moment.32,33 For the isomerization of azobenzene
from trans geometry to cis geometry, there are two
possible mechanisms: one is photoisomerization via in-
version about one nitrogen atom in the same molecular
plane; the other is isomerization via rotation of NdN.34

Figure 1b and c show the morphological change of
MO film deposited on graphene before and after UV
irradiation, characterized by atomic force microscopy
(AFM). The thickness of pristine graphene on the SiO2

substrate is ∼1 nm (Figure S1, see Supporting
Information). The height profile across themarked area
shows that after depositing MO on graphene the
molecular film surface is smooth and the height in-
creases to ∼1.4 nm, indicating a thickness of the
molecular film of ∼0.4 nm. After UV irradiation for 2
h, the surface becomes rough and the average height
increases by ∼0.5 nm, implying that the molecules
transform from trans to cis configuration. In addition,
by use of UV�visible absorption spectroscopy, it is
found that the amounts ofMOongraphene before and
after UV illumination are comparable (Figure S2, see
Supporting Information). Thus, no apparent desorption
of MO occurs here.
Figure 2a shows a comparison among Raman spec-

tra of pristine graphene, MO-modified graphene (MO-
graphene), and MO-graphene after UV irradiation. The
G peak of pristine graphene is usually observed at
∼1580 cm�1, which arises from the high-frequency E2g
phononmode at the Brillouin-zone center (Γ).22 The G0

(or 2D) peak, usually observed at ∼2670 cm�1 (under
2.33 eV excitation), is a second-order vibration caused
by the scattering of two phonons at the zone
boundary.35 Raman spectra can effectively indicate
the type and the amount of doping through the
change of position and line width of the G peak as
well as the shift of the G0 peaks, referring to those of the

pristine sample.24 After the modification by MO, sev-
eral MO bands appear in the range between 1050 and
1630 cm�1, as shown in Figure 2a. It is noted that there
is no obvious peak around 1350 cm�1 after deposition
of MO on graphene, which indicates the absorption
process of MO on graphene does not destroy the
structure of graphene. In our previous study, we have
shown MO induced hole-doping in graphene through
charge transfer, and the doping is highest in mono-
layer graphene and decreased with increasing number
of layers.21 Although MO contains both an electron
donor and electron acceptor, overall the MO molecule
is an electron acceptor because the sulfonate group is a
strong electron-withdrawing group, whereas the di-
methyl amino group is a relatively weak electron-
donating group.
The changes of the G peak after MO deposition and

UV illumination are shown in Figure 2b. The G peak
after MO deposition shifts to ∼1592 cm�1 from
∼1580 cm�1. After UV illumination the G peak moves
back ∼3 cm�1 toward the lower energy region. The G0

peak also shifts toward higher energy by ∼10 cm�1

afterMOdeposition and shifts back∼2.5 cm�1 after UV
exposure (Figure 2c). The reverse shifts of the G and G0

peak after UV irradiation clearly indicate the decreased
doping in graphene. It was reported that UV illumina-
tion effectively modulates the doping level in gra-
phene through the conformation change of DR1-
functionalized pyrene.20 Here, the downshift of both
the G and G0 peak for the UV-irradiated sample is also
due to the molecular conformation change under UV
light from trans to cis, which causes the weakening of
the interaction between graphene and the molecule.
After white light illumination, the G and G0 peaks shift
back to positions similar to those of MO-graphene,
which indicates the recovery of doping in graphene.
This dopingmodulation by UV and white light has been
further confirmed by the electrical transport measure-
ments of a back gateMO-graphene transistor (Figure S3,
see Supporting Information). Similar transport behavior
was also found in graphene functionalizedwith disperse
red 1; however, the additional pyrenegroupwas used as
the linker there.20

Figure 2. (a) Raman spectra of pristine graphene, MO-graphene, UV-irradiated MO-graphene, and UV-irradiated
MO-graphene upon white light illumination. The variation of (b) the G peak and (c) the G0 peak of pristine graphene,
MO-graphene, UV-irradiated MO-graphene, and UV-irradiated MO-graphene upon white light illumination.
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Moreover, the photoswitching measurement was
carried out to further examine the effect of light on
doping in MO-graphene samples (Figure 3). Figure 3a
and b show an optical image of the MO/graphene
device and the schematic of the experimental setup.
The top panel in Figure 3c presents the drain current
evolution with time. In the left gray region (0�350 s),
the current of the as-prepared MO-graphene sample
was measured in a dark room and stayed around
14.8 μA. Then, UV light was turned on for ∼1000 s
(denoted by the blue shadow), and the current was
found to be stable at 6.5 μA. This process corresponds
to isomerization from trans to cis state. The conversion
time constant is∼110 s, obtained by a monoexponen-
tial fit, as shown in Figure S3c. After that, UV light was
removed and white light was introduced. With the
transformation from the cis to trans state, the current
increased and remained around the value before UV
irradiation. Thus, the light-driven doping in MO-gra-
phene is reversible. Furthermore, multiple photo-
switching measurements have been performed at
two periods, 1200 s (UV 600 s/WL 600 s) and 2400 s
(UV 1200 s/WL 1200 s), as shown in the middle and
bottom panels, respectively. The repeatable and rever-
sible rise and decrease of drain current demonstrates
the stability of conductance modulation of the present
MO-graphene system.
To exploit the structural evolution of MO on gra-

phene during UV illumination, the detailed Raman
features of as-modified and the UV-illuminated sam-
ples are analyzed. Figure 4a shows Raman peaks of
molecular signals observed in the MO-graphene and
irradiated MO-graphene samples. Note that the mo-
lecular signals were not detectable on the SiO2/Si
substrate (Figure S4, see Supporting Information), in-
dicating that these MO signals were chemically

enhanced on the graphene substrate, which has been
previously reported in various organic molecule-
graphene systems.36,37 Upon UV illumination, the peak
positions of MO remain the same, while the intensities
alter (Figure 4a). The inset is the molecular structure of
MO. The peak at 1158 cm�1 (labeled M1) is assigned to
the stretching mode of C�S, C�C, and SdO.30,38 The
weak peak at 1290 cm�1, denoted as M2, is ascribed to
the stretchingmode of C�N, and themost intense peak
at ∼1500 cm�1 (M3) originates from the stretching
mode of an N-aromatic ring.30 After UV irradiation, the
new peak, labeled as M4, appears at 1650 cm�1, which
was alsoobserved in theRaman spectra ofMOadsorbed
on Ag particles.30 The appearance of the M4 peak in the
UV-illuminated sample could be due to the fact that the
vibrational mode becomes polarization allowed after
the structural change. A detailed study on this mode is
needed. The relative intensity ratios between molecular
Raman peaks and the G peakwere thoroughly analyzed
and utilized to trace the transition of the molecular
configuration after illumination with UV light.
Figure 4b�e show the comparison of the normal-

ized intensity ratio of the molecular peaks and the G
peak, I(M1)/I(G), I(M2)/I(G), I(M3)/I(G), and I(M4)/I(G),
respectively, before and after UV irradiation. Note that
I(M1)/I(G), I(M2)/I(G), and I(M3)/I(G) are normalized by
their values after modification, whereas I(M4)/I(G) is
normalized to its value after the UV irradiation. I(M1)/
I(G), I(M2)/I(G), and I(M3)/I(G) decrease by 34%, 19%,
and 28%, respectively, after successive UV irradiation,
indicating the occurrence of molecular conformation
transition. As MO contains aromatic rings, it interacts
with graphene via π�π interactions; thus the MO
molecule in trans configuration is favorable to align
parallel to the graphene surface, as schematically
shown in Figure 5 (left). The reductions of I(M1)/I(G)

Figure 3. (a) Optical image of MO-graphene device. (b) Schematic of the photoswitching setup. (c) Drain current versus
irradiation time curves.
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and I(M3)/I(G), which are related to vibrational modes
of C�S/SdO and an N-aromatic ring, respectively,
suggest that after UV irradiation a sulfonic functional
group with its corresponding benzene ring moves
upward from the graphene surface to form a cis
configuration (Figure 5 right). The different degrees
of the reduction of the ratios are attributed to distinct
interactions of molecular vibrational modes on gra-
phene. The reduction proportions of I(M1)/I(G) and
I(M3)/I(G) are larger than that of I(M2)/I(G), implying
that M1 and M3 vibrational modes are further away
from the graphene surface than the M2 mode after UV
illumination.
The preferable cis configuration as mentioned

above can be explained by the distinct interaction of
functional groups substituted at each side of the
benzene ring on graphene. As a result of the dimethyl
amine group being as hydrophobic as graphene, it
adheres to graphene via a hydrophobic interaction. On
the other hand, the sulfonate group is hydrophilic; thus
a repulsive interaction between it and graphene exists.
Therefore, after UV irradiation, trans-MO changes to a

cis configuration, resulting in the lifting of the sulfonate
group and the corresponding aromatic ring owing to
the repulsive force, whereas another aromatic ring
with a dimethyl amine group prefers to remain adsorb-
ing parallel to the graphene surface. The observed
downshifts of the G and G0 peaks are consequences
of conformation transition. Since the sulfonic group is a
strong electron-withdrawing group, resulting in p-dop-
ing in graphene, once the electron donator lifts up-
ward, the hole transfer efficiency from the molecule to
graphene is significantly decreased. As charge transfer
is one of the most essential requirements for the
occurrence of chemical enhancement, the decrease
of hole transfer will weaken the chemical enhance-
ment. Thus the reduction of Raman intensity of M1, M2,
and M3 after UV illumination was observed as men-
tioned previously.
In ref 20, the azobenzene is not directly adsorbed on

the graphene surface but connected to pyrene, which
interacts on the graphene surface; thus the azobenzene
molecule can freely change conformations under UV
illumination. However in our work, the MO molecule
directly anchors onto the graphene surface via a π�π
interaction. To isomerize from trans to cis form, the MO
molecule needs to overcome theπ�π interaction. Thus,
it is plausible that the MO may not be capable of
transforming its configuration completely. In order to
clarify the influence of the π�π interaction on the
molecular conformation change, we compared the
doping between the two methods. In method 1, MO
was deposited on the graphene surface and then dried
at room temperature, followed by rinsing to remove
unabsorbed molecules. The UV illumination was con-
ducted afterward for 2 h. For method 2, theMO solution
was drop cast on graphene and UV illumination was
simultaneously carried out as long as in method 1.
Figure 6 compares the G peak positions of MO-

graphene and UV-irradiated MO-graphene for meth-
ods 1 and 2. Note that in order to ensure doping
homogeneity, the G peak positions were extracted
from Raman spectra from 10 different points, as Raman
spectra on different points from the same sample can

Figure 4. (a) Raman spectra of MO-graphene and UV-irra-
diated MO-graphene presenting the molecular Raman
peaks, denoted as M1, M2, M3, and M4. The inset is the
molecular structure of MO. (b�e) Normalized intensity ratio
of molecular peaks to the G peak after modification and UV
irradiation: (b) I(M1)/I(G), (c) I(M2)/I(G), (d) I(M3)/I(G), and (e)
I(M4)/I(G).

Figure 5. Schematic diagram showing the adsorption of
MO on graphene. Before UV illumination the molecule
interacts with graphene via a π�π interaction (left). UV light
alters the MO conformation into the cis configuration, in
which the sulfonate group and its corresponding aromatic
ring are lifted from the graphene surface (right).

Figure 6. G peak positions of modified graphene and UV-
irradiated modified graphene in methods 1 and 2.
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vary even in pristine graphene.39 Referring to that of
the as-modified sample, the G peak positions after UV
irradiation downshift by∼3 and∼6 cm�1 for a sample
under conditions 1 and 2, respectively. The estimated
hole concentration can be quantified with respect
to the shift of the G peak caused by electro-
static doping.24 The carrier concentration is ∼5 �
1013 cm�2 after functionalization. UV light significantly
decreases the carrier concentration to ∼4 � 1013 and
∼2.8 � 1012 cm�2 for methods 1 and 2, respectively.
The insets are schematic drawings of electronic struc-
tures corresponding to the observed G peak positions.
In the modified sample, the Fermi energy (EF) greatly
shifts away from the Dirac point. After the UV irradia-
tion, the shift of EF becomes smaller and associates
with the G peak position.
Figure 7a and b represent the schematic diagram

describing the photoisomerization processes formeth-
ods 1 and 2, respectively. The larger downshift of the G
peak position inmethod 2 compared to that ofmethod
1 could be elucidated by the following reasons. For
method 1, as molecules first adsorb on graphene in the
trans configuration before carrying out UV exposure, it
is reasonable that a π�π interaction between them
counteracts the conformation transition. Thus, some
portions of molecules may not be able to convert their
structure into the cis configuration (black circles). Be-
sides the π�π interaction, the possible overlapping of
somemolecules during deposition could prevent them
from altering their structure from trans to cis (red
circle). In contrast, for method 2 the UV irradiation
was performed instantly after deposition. Presumably,
before the MO adheres to the graphene surface, the
molecules are able to alter their structure freely from
trans to cis configuration. As a result, the proportion of
cis-azobenzene in method 2 is more substantial than
that ofmethod 1. Owing to less disturbance of theπ�π

interaction, it is sensible to assume that the distance
between the lifted part of the molecule and graphene
in method 2 is relatively larger than that of the former
method. According to the considerations above, the
degree of charge transfer from graphene to MO in
method 2 is smaller than that of method 1. This result
indicates that the interaction between graphene and
the molecule can affect the molecular conformation
transition.
In the following, in order to verify the Raman analysis

on the geometry of cis-MO interacting on a graphene
surface, we calculated the adsorption energies of the
molecule with different geometries (see Supporting
Information for the calculation details). Figure 8 shows
the three optimized adsorption configurations of MO
on graphene. In configuration 1, the MOmolecule is in
trans configuration, lying on the graphene surface
(Figure 8a). In the case of the cis state, we consider
two possible configurations. For configuration 2 (cis
form), one aromatic benzene ring attached to a sulfo-
nate group is lying on the graphene surface, while the
other benzene ring, with a dimethyl amine group, is
lifted upward (Figure 8b). Configuration 3, another cis
form, contradicts configuration 2, in that one aromatic
benzene ring connected with a dimethyl amine group
is parallel to the graphene surface, while the other part
is lifted (Figure 8c). The adsorption energy is defined by
the following equation:

ΔEabsorption ¼ Etotal � Egraphene � Emolecule

where Etotal is the total energy of the optimized mole-
cule-doped graphene system, Egraphene is the total
energy of pristine graphene, and Emolecule is the energy
of the isolated molecular adsorbate.
The summarized results including adsorption ener-

gies andMO-graphene distances corresponding to the
three configurations are shown in Table 1. It is worth

Figure 7. Schematic diagrams showing deposition and photoisomerization processes for twomethods. (a) Method 1: theMO
moleculeswere spin coatedonto grapheneand thendried at room temperature. TheUV irradiationwas carriedout afterward.
(b)Method 2, theMO solutionwas drop cast onto graphene andUV illuminationwas simultaneously performed. In the case of
method 1, as the molecules were deposited onto the graphene surface due to π�π interactions, first, it is plausible that after
UV exposure, somemoleculesmay not be able to transform to the cis state (black circle). The red circle shows the overlapping
of molecules that encounter the transition of MO.
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noting that the distance between the molecule and
graphene is measured perpendicularly from one car-
bon atom in graphene to the closest N atom in the
azo group. According to the theoretical calculation, the
adsorption energy of configuration 1 (trans configuration)
is the highest, indicating that it is the most stable
configuration owing to more functional groups interact-
ing with graphene. For cis geometries, the adsorption
energy in configuration 2 is lower than that of configura-
tion 3 by 1 eV. Consequently, the molecule is more
energetically favorable to alter its conformation to con-
figuration 3 than configuration 2 after UV irradiation. The
theoretical results correspond with the Raman investiga-
tion that the sulfonic group, with its corresponding
aromatic ring, prefers to lift upward into the air to obtain
a cis configuration. According to the calculations, the di-
hedral anglebetween the twobenzene ringsof isolatedcis-
azobenzene is∼90� (angle at the conical intersection);40,41
in contrast, the dihedral angle obtained from our
calculation for configuration 3 is ∼45�. The decrease

of the dihedral angle is attributed to the passivated
isomerization process by the interaction between gra-
phene and the molecule. In order to compare the
electron-accepting capability of trans- and cis-MO,
the electron affinities were calculated. The electron
affinity (vertical excitations)42 of trans-MO is about 1.06
eV, and that for cis-MO is 0.96 eV. This indicates that the
trans configuration can attach electrons easier than the
cis configuration. Thus, the degree of charge transfer
from graphene to trans-MO is higher than that to cis-
MO, which is also in good agreement with Raman
scattering studies.

CONCLUSIONS

In summary, the modulation of doping in graphene
and the Raman intensity of molecules has been de-
monstrated by the molecular conformation transition
via the photoeffect. The trans-MO-modified graphene
imposes stronger doping than that of cis-MO, and this
doping modulation is reversible, as evidenced by the
shift of the G peak and electrical transport character-
istics. Under illumination with UV and white light, the
MO-graphene transistor shows the switching behavior
of the conductance, thus affirming that the reversibly
modulated doping in graphene originates from rever-
sible photoisomerization of azobenzene. More impor-
tantly, we introduce a way to identify the precise cis-
MO geometry, which is done by analyzing the change

Figure 8. Top view (left) and side view (right) of optimized adsorption configurations ofMOon graphene. (a) Configuration 1:
trans-MO adheres to the graphene surfacewhere two aromatic benzene rings and graphene are in-plane. (b) Configuration 2:
cis-MO adsorbs on graphene where one aromatic ring with a sulfonic group aligns parallel with respect to the graphene
surfacewhile another aromatic ringmoves upward. (c) Configuration 3: cis-MO adsorbs on graphenewhere one aromatic ring
with a dimethyl amine group interacts with graphene while another aromatic ring lifts upward.

TABLE 1. Calculated Adsorption Energies of Three

Configurations of MO Adsorbed on Graphene

configuration adsorption energy (eV) distance (Å)

1 �3.95 3.09
2 �1.90 3.05
3 �2.90 3.46
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of intensities of molecular Raman peaks before and after
UV irradiation. The reductions of doping in graphene and
molecular Raman signals when MO transforms to the cis
configuration arise from partial lifting of the molecules,
i.e., the weakening of charge transfer. The calculation
results agree well with experimental data, affirming that

Raman spectroscopy is an effective route to particularly
identify the configuration of MO. We believe that this
work opens up research on optical modulated doping in
graphene and more importantly extends potentials of
graphene as a unique platform for studying molecular
structural evolution at a submolecular level.

EXPERIMENTAL DETAILS
Graphene monolayer was prepared by mechanical cleavage

from highly ordered pyrolytic graphite43 and then transferred
onto a SiO2/Si wafer. Single-layer graphene is identified by
Raman22,23,26 and optical contrast spectroscopy.44 4-Dimethy-
laminoazobenzene-4-sulfonic acid, or methyl orange, was used
to functionalize graphene. The MO solution with a concentra-
tion of 2 � 10�5 M was selected for graphene modification to
generate a monolayer thick molecular film on graphene.21 The
MO solution was prepared in dimethylformamide (DMF) solu-
tion and was then deposited onto a graphene sheet by spin
coating at 2000 rpm for 2 min. After functionalization, the
sample was rinsed with DMF to remove unadsorbed molecules.
Raman measurements were performed using a WITEC

CRM200 Raman systemwith a 532 nm laser source. The incident
laser power was 0.3 mW to prevent decomposition of the
molecules and thermal effects. The laser spot size was about
0.5 μm in diameter using a 100� objective lens. Photoisome-
rization was performed at ambient pressure by illumination of
the MO-graphene sample using a∼1.25 mW/cm2 UV lamp with
a 356 nm line for 2 h to alter the conformation of MO from trans
to cis. To isomerize from cis to trans, the sample was illuminated
under white light from a tungsten lampwith an intensity of 0.65
W/cm2 for 3 h. The distance between the samples and light
sources was maintained at 10 cm. The doping modulation in
graphene was thoroughly monitored by Raman spectroscopy.
The steady-state absorption spectrum was determined by an

UV�vis spectrophotometer (Cary 100Bio, Varian). For preparing
the field effect transistor, monolayer graphene was first exfo-
liated on p-Si substrates with a 300 nm SiO2 layer. After that, a
double-layer photoresist (MMA and PMMA) was spin-coated
onto the sample for the patterning process. The source and
drain electrodes were designed by means of standard electron-
beam lithography. To create two-probe devices, two contacts
consisting of Ti/Au (5 nm/60 nm) were deposited by electron
beam evaporator. The heavily p-doped (boron) Si served as a
global back gate in the FET configuration. The drain current (Id)
versus the gate voltage (Vg) was recorded by sweeping back-gate
bias at a constant drain�source bias (Vd = 0.1 V). Photoswitching
measurements were performed under Vg = 0 V and Vd = 0.1 V.
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