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ABSTRACT: J-aggregates are fantastic self-assembled chromophores
with a very narrow and extremely sharp absorbance band in the visible
and near-infrared spectrum, and hence they have found many exciting
applications in nonlinear optics, sensing, optical devices, photography,
and lasing. In silver halide photography, for example, they have
enormously improved the spectral sensitivity of photographic process
due to their fast and coherent energy migration ability. On the other
hand, graphene, consisting of single layer of carbon atoms forming a
hexagonal lattice, has a very low absorption coefficient. Inspired by the
fact that J-aggregates have carried the role to sense the incident light in silver halide photography, we would like to use J-
aggregates to increase spectral sensitivity of graphene in the visible spectrum. Nevertheless, it has been an outstanding challenge
to place isolated J-aggregate films on graphene to extensively study interaction between them. We herein noncovalently fabricate
isolated J-aggregate thin films on graphene by using a thin film fabrication technique we termed here membrane casting (MC).
MC significantly simplifies thin film formation of water-soluble substances on any surface via porous polymer membrane.
Therefore, we reversibly modulate the Dirac point of graphene in the J-aggregate/graphene van der Waals (vdW)
heterostructure and demonstrate an all-carbon phototransistor gated by visible light. Owing to the hole transfer from excited
excitonic thin film to graphene layer, graphene is hole-doped. In addition, spectral and power responses of the all-carbon
phototransistor have been measured by using a tunable laser in the visible spectrum. The first integration of J-aggregates with
graphene in a transistor structure enables one to reversibly write and erase charge doping in graphene with visible light that
paves the way for using J-aggregate/graphene vdW heterostructures in optoelectronic applications.

KEYWORDS: J-aggregates, graphene, frenkel exciton, membrane casting, field effect transistor, phototransistor, dirac point,
optoelectronics, photodetector

■ INTRODUCTION

Graphene has received a tremendous amount of interest
because of its exceptional electrical and optical properties1,2

and has found many applications in the optoelectronics area
such as solar cells,3 light-emitting diodes, photodetectors,4−6

lasers,7 optical modulators,8 and infrared camouflage.9 Owing
to its only 2.3% of light absorption, chemical and thermal
stability, high flexibility, and one carbon atom thickness (0.345
nm), graphene has been used as a transparent conductor in
photodetectors, solar cells, liquid crystal displays, field effect
transistors, and light-emitting diodes in flexible and printable
optoelectronics.10−15 In addition, recently distict two-dimen-
sional nanomaterials have been integrated with graphene into
van der Waals (vdW) heterostructures.16−18 In fact, most of
these applications require controlling the type (n-type or p-
type doping) and density of charge carriers on graphene.19−22

To date, chemical doping,19,23 electrostatic gating,20,24 and
photoinduced doping25 have been frequently used to control
charge density on graphene. Specifically, chemical doping is
achieved by chemical compounds or nanoparticles near or in
(substitutional doping) graphene,23,26 electrical doping is
obtained by changing the gate voltages,22,27 and photoinduced
doping is done by placing a light-sensitive chemical compound
near graphene and by using light to excite that chemical
compound.25,28 Developing new ways of reversible and
controllable doping (charge density and types) of graphene
is urgently needed and very crucial for future graphene
optoelectronics since increasing the level of doping in
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graphene will significantly modify optical properties of
graphene; for example, high doping of graphene will extend
graphene plasmon frequencies in the near-infrared region.29

In recent years, photoinduced doping has received a special
interest because (I) photoinduced doping is a dynamic process
where doping level of graphene can be reversibly controlled by
light,25,28 (II) high doping levels can be achieved ∼1012
cm−2,30 (III) current flow in the graphene transistor can be
altered by light “light gating”,4 (IV) graphene-based photo-
detectors working in a broad range of wavelengths and good
responsivity can be achieved,4,5 and (V) p−n junctions can be
optically and spatially created on graphene.31 Until now,
quantum dots,4 light switchable azobenzene chromo-
phores,25,28 perovskites,32,33and two-dimensional nanomateri-
als5,30 have been mainly used to efficiently photodope
graphene with light. One of the most interesting and
traditional light-sensitive supramolecular self-assembled struc-
tures is J-aggregates, first observed by Jelly and Scheibe in
1936,34,35 which self-assemble at high concentration and show
a very narrow and intense absorption band, which is shifted to
longer wavelengths relative to the monomer absorption band.
Notably, at high concentration, individual dye molecules
organize in a brickstone work like structure, and thus J-
aggregates can be considered as a two-dimensional sys-
tem.35−37 In fact, J-aggregates were popularly used for spectral
sensitization of photographic processes with silver halides
because of strong light absorption in the visible spectrum.35

Likewise, inspired by the fact that J-aggregates have carried the
role to sense the incident light in silver halide photography, we
herein use J-aggregates to increase spectral sensitivity of
graphene in the visible spectrum and demonstrate a hybrid J-
aggregate−graphene phototransistor. Until now, J-aggregates
have been widely used in demonstration of polariton lasers,38

solar cells,39 second harmonic generation,40 sensitive and
selective detection of molecules,41 nonlinear optical devices,42

observation of exciton polaritons,43,44 color selective photo-
detectors,45 and synthesis of plexcitonic nanoparticles.46,47 The
recent applications show that J-aggregates could indeed
establish a bridge between the fields of photonics and
excitonics.48 However, J-aggregates have not been applied in
photodoping of graphene, and thus integration of graphene
with J-aggregate family dyes will open new directions for
graphene optoelectronics in the visible and near-infrared part
of the spectrum.
Owing to the hydrophobicity of polymer transferred single-

layer graphene on a surface, it is very challenging to place a
polar solvent, i.e., water, soluble quantum dots, or dye
molecules on graphene. Previously, to fabricate hybrid light-
sensitive gain medium/graphene heterostructure, spin-coating,
drop-casting, and supramolecular π−π stacking28 have been
chiefly used to place molecules and nanomaterials on
graphene.25 It should be noted that although superhydrophilic
and superhydrophobic graphene structures in large area can be
achieved by vertically aligning graphene nanosheets,49 single-
layer graphene on a flat surface synthesized by chemical vapor
deposition and transferred by a polymer, e.g., poly(methyl
methacrylate) (PMMA), shows hydrophobic properties, i.e.,
contact angle of 92°.50,51 Alternatively, the simple and easy
layer-by-layer (LBL) method52 can be used to create J-
aggregate thin films on glass or silicon substrates; however, the
method does not work on graphene since aqueous solutions of
cationic and anionic polyelectrolytes used in LBL deposition
do not properly adhere to the graphene surface.53 To

circumvent this problem, we have developed a new thin film
fabrication technique that we call here membrane casting
(MC) and successfully fabricated a J-aggregate−graphene
phototransistor gated by visible light (Figure 1). Thanks to

the hole transfer from J-aggregate thin film to graphene,
graphene is effectively p-doped. The new technique enables us
to reversibly write and erase charge doping in graphene with
visible light. The first integration of graphene with J-aggregate
dyes will open new avenues in application of graphene in
optoelectronics at visible and near-infrared wavelengths.

■ EXPERIMENTAL SECTION
Graphene (typically several cm2) on copper foils (Mitsui Mining and
Smelting Company, Ltd. BI-SBS) was synthesized by the chemical
vapor deposition (CVD) technique using methane as a carbon
precursor as described in detail previously.9,54 The copper foils were
cut into small pieces and placed on a quartz holder inside a hollow
cylindrical quartz tube in a high-temperature furnace. Briefly, the
temperature of the growth chamber was first increased to 1035 °C
under the flow of 100 sccm H2 gas flow. Afterward, at 1035 °C, CH4
gas with 10 sccm flow rate was introduced for a minute. Subsequently,
the reaction chamber was cooled to room temperature in about an
hour. Afterward, graphene on copper foils was uniformly coated with
light-sensitive polymers, i.e., photoresists (Shipley 1813 photoresist),
and annealed at 70 °C overnight. Likewise, PMMA can also be used
instead of Shipley 1813.54,55 First, the copper film was completely
etched in 1 M FeCl3 aqueous solution. Then, graphene attached to
photoresist film was transferred to dielectric substrate by heating first
at 80 °C for a few minutes and then at 110 °C for a minute. Finally,
the photoresist film was completely removed from graphene by
washing with acetone for several times and finally rinsing with
isopropyl alcohol. Raman spectra of samples after graphene transfer
onto glass and silicon substrates indicate that graphene is indeed
single layer in large area.54 To fabricate flexible graphene devices,
graphene was transferred to a 75 μm thick poly(vinyl chloride)
substrate by using the hot lamination technique.54 After etching
copper foils, the gold metal electrodes were fabricated. A cyanine dye
J-aggregate, (5,5′,6,6′-tetrachlorodi(4-sulfobutyl)benzimidazolo-
carbocyanine (TDBC), purchased from FEW Chemicals, was used
without further purification. To fabricate J-aggregate thin films, a 10
mM TDBC aqueous solution was prepared. In a typical film
fabrication, 50 μL of 10 mM TDBC solution was placed between
porous polyethylene membrane and a substrate. After 10 min waiting
at room temperature, the porous membrane was gently removed from

Figure 1. Graphene−J-aggregate hybrid. Schematic representation of
the field effect transistor with the excitonic film, i.e., a phototransistor,
under visible light illumination. Graphene layer is transferred on Si3N4
dielectric film and uniformly covered with excitonic thin film
fabricated by the membrane casting technique. The size of the J-
aggregate thin film is dictated by the porous polymer membrane.
Source and drain electrodes are fabricated by thermal evaporation of
gold. The red region between the source and drain represents the J-
aggregate sample. Incident photons generate electron−hole pairs in
the excitonic film. The holes transfer from J-aggregate thin film to
graphene, and hence graphene is effectively p-doped. The charge
density on graphene layer is indeed dynamically modulated by the
incident photons impinging on the J-aggregate film.
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solid J-aggregate film. The porous polyethylene membrane (PEM),
which is commonly used as a separator in lithium ion batteries, was
purchased from the Gelon LIB Group (Celgard 2730).56 In fact, the
membrane is 20 μm thick and has a porosity of around 43%. Notably,
water molecules pass through the pores of the membrane, and an
isolated solid J-aggregate thin film was obtained between the porous
membrane and substrate. The thickness of the J-aggregate film,
measured by a stylus profiler (Dektak-XT, Bruker), is around 150 ±
50 nm. To gate the phototransistor with visible light, a super-
continuum laser (Koheras-SuperK Versa) with acousto-optic tunable
filter working in the visible and near-infrared spectra was used as a
tunable laser light source with a spectral width of around 1 nm. In
addition, the laser beams were expanded and collimated to illuminate
the entire surface of the transistor. In reflection and transmission
measurements, a variable angle spectroscopic ellipsometer (J. A.
Woollam, VASE) was used. The dielectric function of the excitonic
thin film was measured by using the same ellipsometer. Photo-
luminescence (PL) emission measurements of J-aggregate thin films
were obtained by using Varian Cary Eclipse fluorescence spectropho-
tometer. In fact, the excitation wavelengths in PL measurements were
varied from 360 to 540 nm with 10 nm increments. While the
electrical transport measurements of devices were performed by using
a Keithley 2400 source measure unit, the resistance of the J-
aggregate/graphene hybrid system was measured by using a Keithley
2000 digital multimeter in an air environment and at room
temperature. All electrical and optical measurements were done at
ambient conditions.

■ RESULTS AND DISCUSSION
We fabricated the hybrid graphene−J-aggregate phototransis-
tor and reversibly modulated the Dirac point of graphene. A
schematic representation of the phototransistor (i.e., first
discovered by John N. Shive in 1949)57 is shown in Figure 1
where the vertical arrows mark gating of the transistor with
visible light, and the current flow between source and drain
electrodes is isreversibly altered by the gate voltages. Chemical
vapor deposition grown graphene on copper substrates was
transferred to silicon substrates for electrical characterization.
Notably, Raman measurements have confirmed that graphene

on silicon substrate is indeed single layer.58 An optical
microscope (OM) image of a typical large area 2 × 2 cm2

graphene grown via CVD and transferred on a thick dielectric
film is reported in Figure S1a. Source and drain electrodes
were fabricated by thermally evaporating 100 nm gold on
graphene. It should be noted that graphene on the dielectric
film is evidently discernible in the OM image as shown in
Figure S1b because of the strong amplitude modulation of
reflection at the air−graphene−dielectric interface.59 The
isolated J-aggregate thin film uniformly covers the graphene
surface in which the size of the film is veritably determined by
the porous membrane size in the MC method (Figure S1b).
Electrical measurements have revealed that graphene can be

reversibly doped with incident photons. In the dark condition,
the Dirac point of graphene is at around 30 V, which indicates
that graphene is indeed hole-doped (Figure 2a). Application of
gate voltage to graphene transistor results in accumulation of
charge carriers in graphene, and thus the resistance of graphene
decreases. In fact, the resistance of the device channel reaches
its maximum value at the Dirac point where the carrier
concentration is at a minimum. In actuality, we expect to see
the Dirac point at around 0 V in undoped graphene, but
graphene has an intrinsic hole concentration due to the
adsorbates in contact with graphene.60 Upon illumination with
white light, graphene is heavily hole-doped. Notably, there is a
large shift in Dirac point of graphene under white light
illumination; see the Supporting Information for the spectral
distribution of the white-light-emitting diode. Source−drain
current measurements show that the hybrid system produces
photocurrent when illuminated with white light (Figure 2b). It
is evident in the figure that graphene is effectively p-doped
under the bright condition. Following absorption of incident
photon energies greater than the band gap, J-aggregates on
graphene undergo a transition from the ground state to a
higher electronic state by generating electron−hole pairs
(Frenkel excitons).48 The absorption of incident photons is

Figure 2. Electrical characterization of hybrid J-aggregate−graphene phototransistor. (a) A graph shows resistance (kΩ) spectra versus applied gate
voltages for the bright and dark conditions. Resistance decreases several kiloohms under the visible light illumination because of increase in density
of carrier concentration. The Dirac point of graphene can be reversibly tuned by incident photons. (b) Source−drain current as a function of the
drain voltage shows increase of the drain current under the visible light illumination. Actually, incident photons generate electron−hole pairs,
whereupon holes are transferred to graphene channel. Consequently, holes drift to drain and thus increase the drain current. (c) Schematic
representation of the energy level diagram of the J-aggregate−graphene interface. Upon excitation of the J-aggregate, bound states of electrons and
holes are created, and subsequently holes are transferred to graphene and electrons are concurrently trapped in the J-aggregate thin film. Eventually,
the holes lower the Fermi energy of graphene, and hence, in the bright condition, graphene is heavily hole-doped.
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followed by nonradiative relaxation of excited electrons to
lower vibrational states, and then the energy (heat) is released
in the process if the electron−hole recombination is radiative
(nonradiative).61 Meanwhile, the holes can also be transferred
to graphene, which efficiently dopes graphene and lowers the
Fermi level of graphene (Figure 2c). Note that previous
observations in PbS quantum dots/graphene hybrids have
shown that graphene is p-doped when PbS quantum dots
absorb incident photons.4 In fact, the holes on the graphene
channel drift toward the drain and thus increase the drain
current while electrons stay in the J-aggregates as it has been
also observed in the PbS−graphene system.4 Therefore, drain
current increases in the bright condition. Previously, it was
experimentally demonstrated and theoretically calculated that
J-aggregates (e.g., TDBC) have exciton diffusion lengths of a
few hundred nanometers, which are more than the exciton
diffusion lengths measured in typical organic semiconductor
and quantum dot films, i.e., around a few tens of nanome-
ters.62−64 In our case, the J-aggregate film thickness is around
150 ± 50 nm, and hence we can safely assume that most of the
generated excitons reach and contribute effective hole doping
of the graphene layer. In addition, to understand the effect of
excitonic thin film thickness on device performance, we
fabricated J-aggregate−graphene hybrids on a flexible substrate
(i.e., poly(vinyl chloride) (PVC)) and illuminated the device
from the excitonic thin film site (front) and graphene site
(back). For optically thick excitonic films we observed only
resistance variation from the back-illumination. Therefore, J-
aggregate−graphene transistors on transparent substrates can
be used in back-illumination to eliminate excitonic film
thickness dependence.
The membrane casting (MC) technique has been used to

yield J-aggregate thin films on graphene (Figure 3). Briefly, 10
μL of 10 mM TDBC aqueous solution was dropped on a
substrate, and the drop was uniformly covered with porous
polyethylene membrane as shown in the schematic representa-

tion (Figure 3a,b). The substrate and porous membrane
strongly adhere to each other because of the capillary forces.
Owing to the hydrophobic nature of the membrane,56 dye
solution cannot enter the pores of membrane. Note that dye
droplets can be also covered with a glass substrate instead of a
porous membrane, but a glass substrate, nevertheless, blocks
evaporation of water molecules; hence, in the case of a glass
substrate, thin film formation cannot be achieved. After
evaporation of water in dye solution, the porous polyethylene
membrane is peeled off the rigid and isolated J-aggregate film
on a substrate (Figure 3c−f). The force needed to peel an
elastic thin film from a substrate has been extensively studied
and strongly depends on several parameters such as adhesive
surface energy, elastic modulus of the film, and thickness of the
film.65 Recently, based on these parameters, capillary peeling
has been proposed and used to detach hydrophobic films from
a substrate.66 Therefore, the interaction between the porous
polymer film and J-aggregate on the substrate determines the
optical quality of the J-aggregate film. One important
advantage of the MC technique over other thin film fabrication
techniques is that water-soluble substances can be assembled
on virtually all kinds of substrate surfaces, i.e., hydrophilic or
hydrophobic, and the size of the film is absolutely dictated by
the size of the porous membrane. Thus, the graphene layer is
selectively and uniformly coated with an isolated J-aggregate
thin film as shown in Figure 3c. In addition, the isolated
excitonic thin film does not dissolve in acetone, which means
that the excitonic thin film is compatible with lithographic
processes (details of the micropattern formation using
photolithography will be published elsewhere). In fact,
generating an organic superlattice of J-aggregates on a metal
substrates is very interesting and attractive, for example, for
understanding plexciton mediated energy flow at nanoscale
dimension67 and localization of incident light below the
diffraction limit as well.68

Figure 3. Membrane casting (MC) technique for fabricating J-aggregate thin film. (a) Porous polyethylene membrane assists removal of water
molecules from the J-aggregate solution located on a substrate. (b) After removal of the porous membrane, the isolated J-aggregate thin film is
yielded on a substrate. It should be noted here that the size of the membrane dictates the final size of the excitonic thin film on the substrate. (c, d,
e) Optical microscope images of J-aggregate film on a glass (i.e., a rigid substrate) and poly(vinyl chloride) (i.e., a flexible substrate) indicate
uniform film formation. The excitonic film has a golden appearance. (f) Optical microscope images of porous polyethylene membrane. The porous
membrane is strongly hydrophobic, and hence the J-aggregate aqueous solution is not allowed to penetrate inside the pores of the membrane.
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Figure 4. Optical characterization of excitonic thin film. (a) Absorbance spectra of monomer and J-aggregate molecules in water. (b)
Transmittance (T), reflectance (R), and absorptance (A) spectra of isolated excitonic thin film fabricated by membrane casting technique (A + R +
T = 1). (c) Emission of excitonic thin film as a function of excitation wavelength shows broad emission band at around 595 nm. (d) Real (blue
line) and imaginary (red line) dielectric constants of isolated J-aggregate thin film measured with an spectroscopic ellipsometer. The results of
Lorentz fitting model for real and imaginary dielectric constants are also given.

Figure 5. Temporal response of the hybrid J-aggregate/graphene phototransistor in the dark and under illumination. (a) Temporal resistance
change of the device at 600 nm and under illumination of 100% power. At full laser power, in less than 3 s about 0.5 kΩ resistance change occurs.
Note that the laser is on and off in the red and bright green regions, respectively. (b) Temporal resistance change of the hybrid device as a function
of the applied laser power. The dashed lines in the graph indicate when the laser is off.
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Optical characterization of the J-aggregate solution and J-
aggregate thin films investigated by using absorption and
emission spectroscopy has revealed that J-aggregate thin films
and aqueous solutions have very broad and narrow absorbance
spectra, respectively, in the visible region while J-aggregates in
thin films and in aqueous solution have very similar emission
properties (Figure 4). The sharp intense narrow absorption
band (∼585 nm) at a longer wavelength than monomer peak
(∼537 nm) is indication of J-aggregate formation in the
solution (Figure 4a). The narrow emission peak at around 600
nm dominates the emission map (see the Supporting
Information for the emission map). Owing to the aggregation
of dye molecules in the J-aggregate thin film, the broad
absorbance peak appears in the visible region (Figure 4b). The
central emission wavelength of the film is ∼595 nm, which is
red-shifted with respect to the J-aggregate emission in solution,
i.e., ∼587 nm (Figure 4c). The real and imaginary dielectric
constant of excitonic thin film is shown in Figure 4d. The real
part of the dielectric function is negative at high frequencies,
and thus exciton polaritons can be generated by using the
excitonic thin film.68

Now, we would like to examine spectral and power
responses of the all-carbon phototransistor by taking a closer
look at its measured resistance variation in the dark and under
laser light illumination. Temporal resistance variation of the
device at 600 nm and 100% laser power as shown in Figure 5a
indicates that resistance of graphene can be reversibly tuned by
the incident photons. It should be noted that 100% laser power
corresponds to 165 μW/cm2 (see the Supporting Informa-
tion). At full laser power, in less than 3 s about 0.5 kΩ
resistance variation occurs. In fact, the rate of the resistance

variation significantly increases with the increase in the
incident laser power (Figure 5b). Rise and fall times of the
device resistance are not equal to each other, which is most
likely due to the surface trap states in J-aggregate−graphene
hybrids.69 Furthermore, the detailed photoresponse of the
phototransistor at different laser powers is indicated in Figure
6. The resistance variation decreases with the applied incident
laser power. At the Dirac point (at around 40 V gate voltages),
the largest resistance variation can be observed (Figure 6a−c).
Owing to the variation of the laser power with wavelength (see
the Supporting Information), the resistance variation maps in
Figure 6a−c are not uniform along the wavelength axis. Along
the gate voltage axis, since the charge density on graphene
varies with the gate voltage, the resistance variation map is not
uniform and represents the location of Dirac point. Indeed,
resistance vs gate voltage graphs demonstrate that the Dirac
point of graphene can be reversibly tuned with the incident
photons. It is obvious in the figure that the shift in Dirac point
is larger at high laser powers. The charge density on graphene,
which can be deduced from the graphs in Figure 6d−f,
increases from 1.5 × 1012 to 4.4 × 1012 cm−2 as the incident
laser power is tuned from 30% to 100%. The critical parameter
indicating the performance of a photodetector is the
photoresponsivity Rp, which is expressed as Rp = ΔIp/Plaser =
(Ibright − Idark)/Plaser = Vsd(1/Rbright − 1/Rdark)/Plaser = Vsd(Rdark
− Rbright)/RdarkRbrightPlaser, where Ip is the photocurrent, Plaser is
the laser power, and R is the resistance of graphene in the dark
and bright conditions, respectively. The responsivity of the
phototransistor is calculated to be around ∼20 mA/W for the
device shown in Figure 6; see the Supporting Information for
the laser power dependence of the responsivity.

Figure 6. Photoresponse of the phototransistor. (a, b, c) Photoresponse of the phototransistor at (a) 100%, (b) 50%, and (c) 30% laser powers.
The red and blue regions indicate large and small resistance variations, respectively. The resistance variation decreases with the applied incident
laser power. Along the gate voltage axis, since charge density on graphene changes with the gate voltage, the map is not uniform and represents the
location of Dirac point. (d, e) Resistance vs gate voltage graphs show that the Dirac point of graphene can be reversibly tuned with the applied
incident laser power at 600 nm. The shift in Dirac point is larger at high laser powers.
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■ CONCLUSION
In conclusion, we have integrated J-aggregate dyes with
graphene and demonstrated an all-carbon phototransistor
gated by incident photons. We can increase the spectral
sensitivity of graphene in the visible spectrum and dynamically
tune the Dirac point of graphene in hybrid J-aggregate−
graphene structure, and thus the charge density on graphene
can be reversibly tuned by visible light. In addition, we have
developed a novel, facile thin film fabrication technique we
called here as membrane casting (MC) for noncovalent
assembly of J-aggregates on graphene. The new thin film
fabrication technique allows thin film fabrication of water-
soluble nanomaterials and molecules on any surface by using
the porous hydrophobic polyethylene membrane. Therefore,
MC can be used to fabricate thin films of variety of water-
soluble materials such as proteins, metallic or semiconducting
nanoparticles, graphene oxide, and polymers on desired
substrate surfaces. In the J-aggregate−graphene structure,
graphene is very sensitive to the visible light. Graphene is
affectively p-doped as confirmed by electrical measurements.
Spectral and power responses of the all-carbon phototransistor
were measured by using a tunable laser. The first integration of
J-aggregates with graphene in a phototransistor fabricated by a
new thin film fabrication technique described here enables
reversible writing and erasing of charge doping in graphene
with incident photons that should prove applicable to a wide
range of graphene photonics and optoelectronics applications
in the visible and near-infrared region of the electromagnetic
spectrum.1,2
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