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Thin Film Fabrication

Continuous Films of Self-Assembled Graphene Quantum
Dots for n-Type Doping of Graphene by UV-Triggered
Charge Transfer
Myung Jin Park, Yuna Kim, Youngsoo Kim, and Byung Hee Hong*

The demands to examine components serving as one of the active layers in
heterostructures of 2D materials have been recently increasing. Nanomaterials
synthesized from a solution process and their self-assembly can provide a
promising route to build a new type of mixed dimensional heterostructures, and
several methodologies have been reported previously to construct 2D assemblies
from colloidal nanostructures in solution. Graphene quantum dots (GQDs),
receiving much interest due to the tunable optical band gap and the capability of
chemical functionalization, are considered as emerging nanomaterials for various
optoelectronic and biological applications. This study fabricates a closely packed
GQDs film (GQDF) from colloidal solutions using a solvent-assisted Langmuir
Blodgett method, and investigates the optical and electrical characteristics of the
heterostacked graphene/GQD film (G/GQDF) structures. It is observed that the
GQDF plays a role not only as a buffer layer that isolates Chemical Vapor Deposited
graphene (CVD graphene) from undesired p-doping but also as a photoactive layer
that triggers n-doping of the heterostacked CVD graphene film. The n-doping density
of the G/GQDF device is proportional to UV irradiation time, but its carrier mobility
remains constant regardless of doping densities, which are unique characteristics that
have not been observed in other doping methods.

1. Introduction
The discovery and research of various 2D materials enable
a new type of layered heterostructure designs.[1] Recent
works exploited the light matter interaction in an atomically thin layered structure using the band alignment of 2D
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semiconductors.[2–5] Thus, the development of layered materials for 2D heterostructures is of great importance in giving
the diversity of 2D materials-based device applications.
Graphene quantum dots (GQDs), receiving much interest due
to its tunable optical band gap and the capability of chemical
functionalization is considered as an emerging nanomaterial
for various optoelectronic and biological applications.[6–9]
Numerous synthesis methods of GQDs have been reported
including lithographic patterning and oxidative cutting
methods, and mostly GQDs are blended with other materials
in solution phase to improve the performance of polymerbased electronic devices.[10–14] However, the use of GQDs as
separate building blocks in solid state for mixed dimensional
heterostructures has not been demonstrated so far.[15]
One of the promising methods for the 2D film fabrication
from 0D nanoparticles is a solvent-assisted approach where
destabilized charged particles are trapped at liquid/liquid or
liquid/air interface.[16,17] The negatively charged GQDs can
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Scheme 1. An illustration for the solvent-assisted Langmuir Blodgett method to fabricate GQD films.

be utilized in such solvent assisted methods that transform
GQDs in solution into a continuous solid state film. Here,
we successfully fabricate and utilize GQD films (GQDF)
as a building block for mixed dimensional heterostructures
that exhibit novel phototriggered n-type charge doping
effects (Scheme 1). The chemical vapor deposited graphene
(CVD graphene) transferred on the GQDF layer shows a
unique Raman signal similar to that of a folded graphene
layer, which is believed to be originated from the lattice-like
structure of GQDF interacting with graphene’s lattice at the
interface. In a G/GQDF device, the GQDF acts as a buffer
layer that efficiently blocks the undesired p-doping effect and
the decrease in mobility caused by the random potentials on
SiO2 surface. Furthermore, the UV excitation of the GQDF
facilitates the electron transfer to 2D stacked graphene,
resulting in strong n-type doping without decrease in charge
carrier mobility, which has been hardly observed in conventional doping methods of graphene.

2. Result and Discussion
We synthesized the GQDs from carbon fibers (CFs) with
the help of strong acids (H2SO4:HNO3 = 3:1).[18] The nitration reaction of CFs is promoted by elevating reaction temperature. The newly formed NO2 groups strongly withdraw
electrons from the carbon frameworks in CFs, enabling nucleophilic substitution to occur with alkaline species such as
OH−.[18,19] Introducing the alkaline groups allows the vigorous
oxidation of hydroxyl groups to carboxylic acids. As shown
in Figure S1b (Supporting Information), we tested the functionalization of GQDs under various nitration conditions, and
found that the IR peaks of hydroxyl and carboxylic groups
are the strongest after 24 h of nitration. To fabricate the
GQDF, we adopted the Langmuir Blodgett (LB) method. We
prepared an ethanol solution blended with the aqueous solution of GQDs (0.4 mg mL−1) at a ratio of EtOH:H2O = 4:1,
and carefully loaded the mixture using a syringe pumping
method to the water surface. Then the GQDs mixture is well
trapped at the water/air interface, which was confirmed in
the preliminary experiment shown in Figure 1a,b. The charge
density of GQDs measured from zeta potential decreases
with increasing EtOH volume ratio (Figure S2a, Supporting
Information), which does not change significantly even after
100 h (Figure S2b, Supporting Information). The ethanol–
water (4:1) solution of GQDs carefully added to the surface
of water tends to form a metastable state close the interface
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with air due to the surface energy of ethanol lower than
water. However, hard mixing may break the metastable state
and result in homogenous solution of GQDs. Therefore, the
key of our experiment is to keep the metastable state during
the addition of GQD solution until the self-assembly of
GQDs completes. In addition, the lower dielectric constant of
ethanol reduces the negative charge repulsion between individual GQDs, causing the decrease of interparticle distances
of GQDs. As the metastable ethanol evaporates, the GQDs
are accumulated more at the liquid–air interface, leading to
the formation of film structures during the LB process.
The loaded mixture is stabilized for about 30 min before
isothermal compression. The surface pressure is monitored
from a tensiometer equipped LB instrument. As the layer of
mixture is compressed, a gradual increase of surface pressure
is detected, which demonstrates that individual GQD particles start to meet each other. A significant turning point corresponding to the phase transition for the packing region was
not confirmed at the low loading volume of mixture (3 mL)
(Figure S3, Supporting Information), so we repeated experiments with increasing the loading volume from 6 to 12 mL to
find the close-packing condition of GQDs (Figure 1f). Finally,
the compression isotherm curve showing a clear phase transition was observed with the loading volume of 12 mL.
We then transferred the GQD layers on SiO2 substrate
to observe the surface morphology of GQDF depending on
the surface pressure. For the transferred GQD layers transferred at the surface pressure of 25 mN m−1 (1st stage), the
Atomic Force Microscopy (AFM) images show that GQD
particles start to form islands with monolayer thickness
(Figure 2a). As GQDs are subjected to more pressure by barriers, the islands start to meet each other forming a closely
packed layer in the 2nd stage of isothermal plot (Figure 2b,c),
in which the roughness of GQDF is considerably flat enough
to compare with that of SiO2. Note that GQD islands as
well as individual GQD particles also come closer to one
another in Figure 2b. The 3rd stage shows a steep increase
in surface pressure for increasing compression as indicated
by the dotted arrow in Figure 1f, which is in contrast to the
case of hard colloids that tend to collapse into multilayers or
flocculate with the reduced surface pressure.[20] In Figure 2d,
multiple stacked-islands are observed, which is similar to the
folding mechanism of graphene oxides, in which small islands
are lifted on larger ones due to the repulsive force between
charged GQDs islands.[21]
Transfer characteristics curves show that the ratio
between transfer rate and number of cycles is close to 1 with
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Figure 1. a) A photograph of drop-casted GQDs mixtures blended with EtOH (left) and H2O only (right). b) A photograph of (a) after 2 h. c) A photograph
of the GQDF transferred on SiO2. d,e) Bright field and dark field OM images of the white-dotted area in (c), respectively. Deposited layer is baked at
80 °C for 2 h and dark field image is acquired from the increasing exposure time for 10 s. f) Compression isotherm curves of the GQDs mixtures as a
function of different loading volumes. g) Transfer characteristics curves of GQDF deposited at the 2nd stage of the compression isotherm in (f).

Figure 2. a–d) AFM images of GQD layers transferred on SiO2 substrates, compressed with different surface pressures of 25, 29, 32, and 35 mN m−1,
respectively. The black line in each image is the AFM height profile along the red line. The y-axis unit is nm.
small 2017, 1603142
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maintaining linear relationship, and the surface pressure is
considerably stable, indicating that the monolayer of GQDF
is successfully deposited on the SiO2 substrate without
multilayer formation and fluctuation during the deposition
cycle (Figure 1g). The deposited GQDF area on the SiO2
substrate is clearly visible to naked eyes as well as optical
microscopes (Figure 1c–e).
The GQDF exhibits photoluminescence (528 nm) at
325 nm excitation (Figures S1a and S4, Supporting Information). The blue shift of PL in GQDF compared with a GQDs
solution type is originated from the irradiation-induced
reduction of GQDs, leading to the decrease in resonance
volume.[12,22] The clear PL spectra confirm that the GQDs are
homogeneously deposited on the substrate with maintaining
the intrinsic optical properties of individual GQDs, which can
be easily combined with other 2D materials. Recently, it was
reported that the photoinduced doping of graphene can be
modulated by underlying photoactive defects of h-BN, semiconducting nanoparticles and transition metal dichalcogenides.[5,23–26] Considering the considerable optical absorption
of GQDF, the excited electrons in GQDF are expected to be
transferred to the linear electronic bands of graphene. We
then designed the carbon-based heterostructure by stacking
the CVD graphene on the GQDF. The fabrication processes
of graphene/GQDF devices on SiO2 substrates are depicted
in Figure S11 (Supporting Information).
To examine the overall condition of graphene on the
GQDF, we carried out comparative Raman studies on the
graphene on GQDF/SiO2 compared to that on a bare SiO2
substrate, which shows a clear difference in peak positions
and their intensities (Figure S5a, Supporting Information).
These anomalous spectral differences can be explained by
the spatially distributed spectral analysis that separately considers strain and doping effects as shown in Figure 3.[27,28]
The G and 2D Raman data were collected from hundreds of
data points per sample with Lorentzian fitting (Figure S5b–g,
Supporting Information).

In Figure 3a, the data points (blue) of the graphene on bare
SiO2 follow the uniaxial strain slope (Δω2D/ΔωG = 2.2 ± 0.2) with
deviation from zero point, indicating that the sample is under
compressive strain (εc: 0.18%) with considerable p-doping
(n: 25.0 × 1011 cm−2). However, the Raman data points of
graphene on GQDF are centered at 1581.17 ± 0.83 cm−2 and
2682.84 ± 1.85 cm−2 without linear distribution. Furthermore,
the points positioned at relatively high Δω2D/ΔωG values are
off the uniaxial strain slope without clear p-doping. This phenomenon is analogous to the spectral feature of a twisted
bilayer graphene with the higher 2D frequency shift than that
of the G peak. In that case, the 2D mode is more sensitive than
the G mode due to the increased phonon wave vector (q) that
leads to reduced Fermi velocity (νRF) during double resonance
processes.[29,30] This implies that the underlying GQDF forms
a quasi-lattice structure that strongly affects the optical properties of graphene through the lattice–lattice interactions. Dos
Santos et al. calculated the electronic structure of bilayer graphene with respect to its twisted angles, and showed that the
Dirac cone of a bilayer graphene is linearly dispersed like a
monolayer graphene with reduced Fermi velocity.[31] Ni et al.
estimated the degree of reduction in Fermi velocity (ΔνF/νF)
for a folded graphene layer with unknown rotation.[30] We estimate the change of νRF value corresponding to the graphene
on GQDF using a modified formula considering ΔνF/νF =
0.00447Δω2D cm−1, in which the zero point of 2D frequency
(ω2D0) and the excitation laser energy are 2676.9 cm−1 and
2.42 eV, respectively. The difference value (Δω2D ≈ 5.94 cm−1)
of graphene on GQDF results in reduced ΔνF/νF value as
much as −2.66%. Figure 3b shows the data point distribution
of 2D/G intensity ratio (I2D/G) that is useful to determine the
existence of charged impurities. The intervalley process in 2D
mode is easily affected by external doping related to electron–
electron scattering.[32] In Figure 3b, the I2D/G of graphene
on SiO2 is reduced more than that of graphene on GQDF,
indicating that GQDF does not include charge impurities than
SiO2 at the interface with graphene.

Figure 3. Raman spectral analysis of the graphene on GQDF/SiO2 compared to graphene on SiO2. a) Correlation between Raman G and 2D modes
of graphene on GQDF/SiO2 (red symbols) and on bare SiO2 (blue symbols). Inset: arrows marked as εC, εT, eH, and vRF represent vectors from the
zero point peak (ωG0, ω2D0) affected by compressive strain, tensile strain, hole doping, and reduced-fermi velocity, respectively. b) Intensity ratio
of Raman 2D/G modes of graphene on GQDF/SiO2 (red symbols) and on bare SiO2 (blue symbols). Circles and error bars in (a) and (b) represent
the average and standard deviation values.
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The measured Raman results coincide with the field
effect transistor (FET) device performance. In Figure S6
(Supporting Information), the charge neutral point (or
Dirac point) of a G/GQDF device is observed at 5.7 V corresponding to a mild p-type character (4.1 × 1011 cm−2), which
is much smaller than the p-doping on bare SiO2 surface (45 V;
32.4 × 1011 cm−2). This indicates that the G/GQDF device
does not need a thermal annealing treatment in vacuum to
remove undesired p-doping effects.[33] The slight difference
in doping level derived from FET and Raman measurements
is attributed to the attachment of dipolar molecules such as
H2O from air during device measurement.[33–35] To further
recognize the role of the GQDF that isolate graphene from
p-doping effect, we fabricate a patterned G/GQDF device
where graphene covers both of a GQDs island and an SiO2
region. In the FET measurement, the CVD graphene covering both GQDF and SiO2 regions shows a dual Dirac
point as shown in Figure S6c (Supporting Information). This
behavior demonstrates once again the role of GQDF as a
buffer layer that blocks strong p-doping.
To investigate photoactive properties of the GQDF, we
fulfilled the photoinduced doping (PD) test in the vacuum
condition. Figure 4 shows the electrical properties of the
G/GQDF device under different PD condition. The moistureinduced p-doping effect is removed in the vacuum condition
(Figure 4a), and the Dirac voltage is shifted to −2 V, which is
attributed to electron donating groups (OH) of GQDs.[36]
Because the GQDs show photoexcitation at 366 and 488 nm,

the experiments could be carried out using a potable UV
lamp (365 nm). We irradiate the UV through the quartz
window of a vacuum chamber with measuring Dirac voltages (Vg). The Dirac voltage was down-shifted (ΔVg = −2 V)
compared to the pristine state after UV exposure for 1 min
(Figure S7b, Supporting Information). This phenomenon was
more evidently clear at the charge separated condition.[5,37]
We set a Vg at −50 V with an irradiation for 1 min and swept
a Vg from −50 to 40 V. In this condition, the charge neutral
point (CNP) was noticeably shifted to −9 V (ΔVg = −7 V)
(Figure 4a).
To further investigate the PD character of GQDF, we
measured the Dirac curves of the G/GQDF device exposed
to a UV lamp for up to 40 min. Figure 4b shows the UVdoped graphene on GQDF with different exposure time.
The CNP moves toward negative voltage with the increase
of irradiation time, which indicates that excited electrons
are gradually accumulated toward the graphene’s band
structure. The UV-induced doping effect was saturated after
30 min (Figure 4d), and there was no significant hysteresis
observed (Figure S8, Supporting Information). Remarkably, transport curve shapes constantly remain similar to the
pristine state during PD. This behavior is in contrary to previous reports that show the broadening of Dirac point with
the increase of adsorbed doping agents on graphene.[38–40]
Figure 4c shows the quantitative transport analysis by calculating electron and hole mobility (μe, μh) as a function
of different doping concentrations. Evidently, two types of

Figure 4. Field effect transistor (FET) characteristics of the G/GQDF device on an SiO2/Si substrate. a) Photoinduced doping of the G/GQDF
heterostructure under UV irradiation for 1 min at Vg = −50 V. b) Shift of the Dirac voltage with increasing irradiation time from 0 to 40 min at
Vg = −50 V. c) FET electron mobilities (μe) and hole mobilities (μh) of G/GQDF with respect to increasing photoinduced doping (PD) in (b). d) A plot
of the saturated charge density on graphene with increasing photoinduced doping time. The width and length of the channel are 250 and 50 μm,
respectively.
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mobility, μe and μh, remain almost constant over the entire
range of doping concentrations.
Furthermore, the PD can be erased at the positive voltage
with the thermal annealing. Figure S9a (Supporting Information) shows that the CNP of doped sample is recovered to the
pristine state under +80 V at 50 °C annealing for 30 min condition. The shape of overlaid peaks (Figure S9b, Supporting
Information) is not significantly changed, which demonstrates
that the PD can be easily reversible without the degradation
of transport character. However, the relaxation of carriers was
observed due to the electron transfer from graphene to the
GQDF (Figure S9c, Supporting Information). Even though
the PD in G/GQDF is not persistent, the rate of relaxation
is quite slow under dark even in room temperature. The graphene is also affected by the daylight with an n-type doping
(≈2.9 × 1011 cm−2). However, doping concentration is not significantly changed as much as we observe under the UV irradiation condition (Figure S9d, Supporting Information).
These characters offer several merits in a way that the
modulation of doping density can be easily controllable with
varying exposure time and the reversibility is also achieved
without the decrease of transport properties by simple gate
voltage applying technique. The basic doping mechanism
presented here differs from that of physical or chemical
treatments using several doping agents that cause the decrease
of electrical properties and the contamination on graphene
surface.

3. Conclusion
In summary, we successfully fabricate a closely packed continuous film of GQDs (GQDF) derived from a colloidal
solution of GQDs, prepared by a solvent-assisted Langmuir Blodgett method and use the GQDF as an active
platform material in a graphene FET device. The CVD graphene transferred on GQDF shows Raman signals similar
to a folded graphene layer with the reduced Fermi velocity
(−2.66%), indicating that the underlying GQDF forms a
quasi-lattice structure that strongly affects the optical properties of graphene. In the G/GQDF device, the GQDF plays a
role as a buffer layer that isolates the CVD graphene from
inhomogeneous p-doping by the charge impurities of SiO2
surface, confirmed by Raman and electrical transport analyses. Furthermore, we discover that the electron transfer
from GQDF to graphene can be modulated by UV irradiation, which enables the phototriggered n-doping of graphene.
We also find that the FET characteristics remain almost constant regardless of doping density. Thus, we believe that the
present results would offer a new route to fabricate mixed
dimensional heterostacked devices from various 0D, 1D, and
2D materials for various optoelectronic applications and bioapplications in the future.[41–43]

80 °C. The reacted CF mixture was cooled down to room temperature and diluted with water at a ratio of CF:H2O = 1:10, followed by
filtering by a dialysis bag (1000 Da). Then pH was adjusted to 8 by
adding NaOH solution and stirring for 12 h. Additional dialysis was
carried out for 3 d.
Fabrication of GQDF: Before depositing GQDs, an SiO2/Si substrate was treated by UV-ozone to make the surface hydrophilic. Then
the substrate was set up in the deionized water (DW) filled Langmuir
trough. A GQDs solution (0.4 mg mL−1) was prepared at a ratio of
EtOH:H2O = 4:1 was under mild sonication for 15 min. Then the solution (12 mL) was carefully loaded on the surface of water at a rate
of 0.5 mL min−1. After stabilization for 20 min, the LB barriers were
moved to compress the GQDs layer at a rate of 1.5 cm2 min−1. The
compression was stopped at different target points and stabilized
for 20 min. The substrate was lifted up for deposition at a rate of
1 mm min−1, followed by annealing at 90 °C for 1 h to remove solvent.
Fabrication of G/GQDs Device: Electrodes were patterned on
the GQDs deposited substrate using a shadow masking technique. Cr (5 nm) and Au (30 nm) were deposited on GQDF using a
thermal evaporator. One side of graphene grown on a copper foil
was coated with poly(methyl methacrylate) PMMA, and the other
side was etched by O2 plasma treatment (100 W, 20 sccm, 8 s).
Then, the copper foil was etched in an ammonium persulfate solution (0.088 m). The graphene supported by PMMA was transferred on
the SiO2/Si substrate. The graphene transferred on the SiO2/Si substrate was coated with additional PMMA and attached to a mold-in
PDMS flake. The stacked structure was floated on the KOH solution
(1 m) and the SiO2/Si substrate sinks to the bottom of bath, leaving
the floating sample attached to the hydrophobic surface of PDMS.
After several rinsing with DW, the sample was transferred to the electrode patterns on GQDF by stamping, followed by heating at 80 °C
to promote the adhesion between PMMA and GQDF while the PDMS
was detached. Finally, the PMMA was removed in the acetone.
Characterization: The deposition of GQDF was carried out by
a tensiometer equipped Langmuir Blodgett apparatus (KSV-NIMA),
and the surface was analyzed by an atomic force microscope (Park
System XE-100) using the noncontact mode. Spherical abberation
corrected scanning transmission electron microscope (Cs-STEM)
was used to analyze the size and lattice fringe of GQDs. Raman
spectra were obtained using a Renishaw 2000 (excitation at
514.5 nm). Agilent 2602 and Kiethley 2400 were used to measure
the field effect characteristics in ambient and vacuum conditions,
respectively. Vilber Lourmat UV hand lamp (VL-4.LC) was used for
photoinduced doping at 365 nm. The photoluminescence was
obtained by using Jasco FP-8300 and HORIBA Raman microspectrometer (Jobin Yvon, LabRam HR Evolution) at room temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library
or from the author.

4. Experimental Section
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