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ABSTRACT: The photoresponse in graphene has drawn
significant attention for potential applications owing to its
gapless linear electronic band structure. To enhance both the
spectral selectivity and responsivity in graphene, we demon-
strate a novel but versatile and simple method of introducing
surface plasmons. We utilize block copolymers to fabricate
different nanostructured metal nanoparticle arrays on a single
graphene surface. The plasmonic resonances could be tuned
using Ag, Au, and Cu metal nanoparticles. By extending the
synthetic route for the metallic particles, dual surface plasmonic bands from a single material were also successfully realized.
Furthermore, enhanced photoresponsivity through the entire visible spectra could be achieved by mixing metallic nanoparticles
and by controlling their shapes. Owing to its all-band transition characteristics, the ultrabroad band photocurrent generation in
graphene can be tailored for an arbitrary photoresponse, which could be utilized in flexible CMOS image sensors (CIS) or other
optoelectronic devices in the future.

KEYWORDS: photodetector, graphene, block copolymer, metal nanoparticle, surface plasmon

Graphene, a two-dimensional network of carbon atoms in a
honeycomb lattice, has been intensively studied for the

past decade owing to its unique optical and electronic
properties in both fundamental science and applications.1−6

Numerous studies have proven that the linear, gapless band
structure of graphene surpasses the performance of currently
available semiconductor-based electronic and optical devices on
the market; in other words, unlike other superconductors, the
ultrahigh mobility1,7 and ultrabroad-band photoresponse
originated by the all-band transition in graphene can be
substantially modified through electrical gating.8,9

Photocurrent generation in graphene has been observed at
the graphene/metallic electrode junction,10−12 at the p-/n-
junction formed on graphene by top gating,12−14 and at the
interface of graphene and various materials in the hetero-
structure.15−24 Graphene-based interband photodetectors have
been demonstrated from the ultraviolet, visible to mid-infrared
(mid-IR) range, covering all optical communication bands.16

Photocurrent at the metal−graphene junction and graphene p−
n junctions has been described as either photovoltaic10,12 or
thermoelectric.25 However, it is challenging to identify
photovoltaic and thermoelectric currents in metal−graphene
or graphene p−n junctions due to its identical polarity.
Recently, in biased graphene, the thermoelectric effects are

insignificant, but the photovoltaic and photoinduced bolo-
metric effects dominate the photoresponse.12

The property of the linearly dispersive and zero band gap,
however, leads to a low density of states and no spectral
selectivity. Therefore, there have been efforts to improve the
low responsivity of graphene-based photodetectors by enhanc-
ing the light absorption with the aid of localized surface
plasmon enhancement26−28 or by near-field coupling with
guided waveguides.20−22 Recently, the responsivity was
significantly increased by 3 orders of magnitude over that of
typical graphene-based photodetectors by introducing electron-
trapping centers and by creating a band gap in graphene by
holely quantum dot forming.29 The responsivity was also
significantly increased in the phototransistor structure consist-
ing of a pair of stacked graphene monolayers separated by a
thin tunnel barrier.23 Recently, photoresponse in reduced
graphene oxide (rGO) was studied in the infrared range.24 By
controlling defects and atomic structure by thermal reduction,
responsivity was obtained as high as 0.7 A/W, which is over 1
order of magnitude higher than that from pristine graphene.24

The lack of spectral selectivity originating from the near-
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resonant interband transition has been overcome by introduc-
ing additional metallic nanostructures on graphene26−28 or by
introducing colloidal PbS quantum dot/graphene hybrid
structures showing a high responsivity up to ∼107 A/W at
the infrared wavelength.17,18 By taking advantage of the
plasmonic resonance by patterning metal nanostructures on
graphene, both high responsivity and spectral selectivity can be
achieved.

In the literature, metallic nanostructures have typically been
fabricated either by photolithography or by electron-beam
lithography. However, these methods can be limited when
nonconducting substrates are required or when multiple
plasmonic band enhancements are necessary for graphene-
based photodetectors. Block copolymers (BCPs), which self-
assemble into arrays with nanosized domains, are good
candidates because they can be used as templates and scaffolds

Figure 1. Schematic illustration showing the fabrication process of the plasmonic-enhanced multiband graphene photodetector. (a) The Ag-
precursor-containing PS-b-PAA spherical micelles and the oleylamine-decorated Au nanoparticles are mixed together. (b) A mixture of PS-b-
PAA(Ag) and Au is spin-coated on the graphene surface. Subsequently, the Cu nanoparticle-loaded PS-b-P4VP micellar thin films are coated onto
Ag/Au arrays to form the triple-band graphene photodetector.

Figure 2. Characteristics of the block copolymer-templated metal nanoparticle arrays. (a) A TEM image of the Ag nanoparticle arrays fabricated by
PS-b-PAA micelles. Inset shows a typical surface plasmon band of Ag nanoparticles. (b) A TEM image of the Au nanoparticle arrays spatially located
around the PS-b-PAA micelles without Ag. (c) A TEM image of the Cu nanoparticle-loaded PS-b-P4VP micelles. Inset shows a surface plasmon peak
of the Cu nanoparticles at ∼610 nm. (d) A TEM image of the Au and Ag nanoparticle arrays. Spatial locations of Au (dotted green) and Ag (dotted
red) particles are indicated with visual aids. Inset shows dual surface plasmon bands exhibiting from the Au and Ag particles. (e) A HADDF-STEM
image of the Au/Ag patterned arrays and a line-scan profile showing the spatial location of each nanoparticle. (f) The Raman spectra of pristine
graphene and Ag-patterned graphene.
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for fabricating arrays of nanoscopic metal elements. Moreover,
nanostructured BCP thin films can be formed over arbitrary
substrates such as silicon, quartz, plastic, and graphene by
controlling the substrate surface energy and by selecting a
suitable solvent.31−33

Herein, conventional block copolymers are utilized to
fabricate nanostructured metal nanoparticle arrays on graphene.
This protocol is very simple and versatile for tuning the
plasmonic resonance and controlling the number of resonances.
Arrays of silver, gold, and copper nanoparticles, which have
different surface plasmomic bands, are fabricated on graphene
substrates to make plasmonic-enhanced multiband photo-
detectors. Graphene-based photodetectors plasmonically en-
hanced in the red/green/blue region may be utilized for color
filters. A flexible CMOS image sensor (CIS) could be one of
the promising applications of graphene photodetectors assisted
with plasmonic enhancement in the near future, which
simultaneously fulfills the functions of a color filter. By tuning
the number and the frequency of plasmonic resonances by
utilizing block copolymers, multiband graphene-based photo-
detectors could be applied to various applications in the future.

■ RESULTS AND DISCUSSION

Figure 1 describes the fabrication process for our plasmonic-
enhanced multiband graphene photodetector by fabricating
metal nanoparticle arrays using directed self-assembly of BCP
thin films. To demonstrate plasmonically enhanced multibands
containing red (650 nm)/green (550 nm)/blue (450 nm)
bands, the BCP-template-based copper/gold/silver (Cu/Au/
Ag) nanoparticles are arranged on graphene. First, BCP
spherical micelles are formed in toluene, which is a preferential
solvent for one of the BCP components, and mixed with as-
synthesized oleylamine-modified Au nanoparticles. Subse-
quently, the BCP micelles/Au are transferred onto a graphene
transistor to form a hierarchical self-assembly of Au nano-
particles and BCP micelles. Second, functional group-
containing BCP thin films are immersed in an aqueous
AgNO3 solution to form Ag nanoparticle arrays surrounded
by Au nanoparticles. Third, the Cu nanoparticle-loaded BCP
micellar thin films are coated on nanostructured Au/Ag
patterns to fabricate three isolated Cu/Au/Ag arrays for triple
surface plasmon bands. The final form of the sample is a
graphene sheet with three metal nanoparticle arrays for
plasmonic-enhanced multiband photodetectors.
Typically, 0.5 wt % polystyrene-block-poly(acrylic acid) (PS-

b-PAA) copolymers (number-average molecular weight of 20.3

kg/mol) were dissolved in toluene, which is a selective solvent
for the PS block, to make spherical micelles consisting of a PS
corona and a PAA core. Subsequently, the PS-b-PAA micelles
were transferred onto a Formvar-coated copper grid to create
quasi-hexagonal arrays of PAA spheres within a PS matrix (see
Supporting Information, Figure S1). When the PS-b-PAA thin
films were immersed in an aqueous AgNO3 solution, the
carboxylic acid groups in the PAA domains can be used to
selectively sequester Ag cations.34 Subsequent hydrogen plasma
treatment for a short time (12 s) led to the fabrication of Ag
nanoparticle arrays without changing the separation distance of
original PS-b-PAA micelles (Figure 2a).
In the next step, we synthesized oleylamine-modified Au

nanoparticles according to a previous report.35 The as-
synthesized Au nanoparticles with an average diameter of 5
nm are mixed with the PS-b-PAA micellar solution and
transferred onto a silicon nitride window to obtain the
transmission electron microscopy (TEM) image. Figure 2b
shows that the Au nanoparticles are spatially located around the
micelles, which are not shown because of the low electron
contrast in TEM. Note that the oleylamine ligand plays an
important role in the dispersion of Au nanoparticles in toluene
and in the Au nanoparticle repulsion from the PS corona,
forming isolated Au nanoparticle arrays separated from BCP
micelles.
To fabricate Cu nanoparticle arrays, we employed poly-

styrene-block-poly(4-vinylpyridine) (PS-b-P4VP, number-aver-
age molecular weight of 53.5 kg/mol) spherical micelles
dissolved in toluene, which is a selective solvent for PS. Because
a rich variety of metal salts can be selectively coordinated to the
P4VP blocks,36,37 copper chloride (CuCl2) was dissolved in the
PS-b-P4VP micelles (molar ratio of CuCl2/vinylpyridine of
0.8). The resulting mixture was subsequently added to the
reducing agent hydrazine in order to make Cu nanoparticles
within micellar cores. Figure 2c shows that Cu nanoparticles
with an average diameter of 5 nm are clearly seen within the
P4VP domains. However, nanostructured Cu nanoparticle
arrays were not easily obtained at room temperature because of
the relatively low reduction potential of Cu compared to that of
other novel metals.38 Therefore, we added the reducing agent
into the Cu-precursor loaded PS-b-P4VP micelles at a high
temperature of 80 °C. Surface plasmon bands of three metal
nanoparticles are seen in the inset of Figure 2a−c. The Ag, Au,
and Cu nanoparticle arrays show typical plasmon bands at
wavelengths (λmax) of 420, 520, and 610 nm, respectively, which
coincides with that given in previous reports.39 High-resolution

Figure 3. Optical absorbance and electrical properties of metal-decorated graphene devices. (a) The UV−vis absorption spectra of isolated metal
nanoparticle arrays, Ag/Au dual patterns, and Ag/Au/Cu triple-patterned arrays. (b) The Ids−Vgs curves of pristine graphene, Ag, Au, and Cu metal
nanoparticle-patterned graphene, and the triple component (Ag−Au−Cu)-decorated graphene transistor at Vds = 10 mV.
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TEM (HR-TEM) images show highly crystalline Ag, Au, and
Cu nanoparticles (Supporting Information, Figure S2).
In order to fabricate a system with dual surface plasmon

bands, the PS-b-PAA/Au samples (shown in Figure 2b) were
immersed in an aqueous AgNO3 solution, which was followed
by hydrogen plasma treatment. Figure 2d shows that the
hierarchical self-assembled nanostructures, which are Au
nanoparticle arrays surrounded by Ag nanoparticles, are
successfully fabricated (Figure 2d) and exhibit dual surface
plasmon bands that originate from the Ag and Au nanoparticles
(Inset of Figure 2d). We confirmed that the Ag and Au
nanoparticles were not in contact with each other, as evidenced
by the high angle annular dark field-scanning transmission
electron microscopy (HADDF-STEM) measurements. The line
scan profile of energy dispersive X-ray spectroscopy (EDS)
taken from the STEM image (selected area in Figure 1d)
indicated that the Ag nanoparticles were surrounded by Au
nanoparticles (Figure 2e).
To optimize the plasma treatment condition, which is a key

step for metalizing precursors and removing the copolymer
layers deposited on graphene, Raman spectroscopy is chosen to
monitor the quality of the graphene. Bare graphene exhibits two
distinctive modes at ∼1582 cm−1 (below 1600 cm−1) and
∼1350 cm−1, which are the G and D band, respectively. A third
mode in the high-frequency region (∼2700 cm−1) is denoted as
the 2D band. By using the intensity ratio of the D band over the
G band, which is a commonly used “quality factor” to evaluate
the condition of graphene, we found that hydrogen plasma
treatment for about 12 s was enough to maintain the graphene
crystallinity and to metalize the precursors (Figure 2f).
Figure 3a exhibits the normalized optical absorption spectra

in the visible range to the highest intensity of graphene
fabricated with arrays of single/double/triple metal nano-
particles. The spectra are cascaded for better visibility. The Ag
(gray), Au (yellow), and Cu (blue) nanoparticles patterned on
graphene exhibit localized surface plasmon resonances at
approximately 420, 520, and 610 nm, respectively, which is
consistent with that shown in previous reports.39

Simulations were performed using the finite-difference time-
domain (FDTD) method (Lumercial FDTD solution).40 The
FDTD method is a rigorous numerical technique for solving

the Maxwell equations in the time-domain. In this simulation,
the optical absorption was calculated with the structure of
graphene and metal particle arrays on the glass substrate. For
the simulation, the diameter of metal particles and the center-
to-center distance between the nanoparticles was taken to be 6
and 24 nm, respectively. These values were taken from the
actual data based on atomic force microscopy (AFM) imaging.
From the simulation, the Au, Ag, and Cu particles on graphene
exhibit peaks at ∼490, 510, and 620 nm, respectively, which are
in good agreement with most of experimental results. In the Ag
case shown in Figure 3, we observed a significant difference
between the calculation and experimental results of about 50
nm. We speculate that this difference originates from the
oxidation of the Ag nanoparticle surface formed by the block
copolymer method (Supporting Information, Figure S3).
So far, single surface plasmon resonance is shown to be

tuned by selecting materials. By multiple selection of materials
and corresponding synthetic routes can effectively adjust the
number and position of spectral resonance. Double surface
plasmon bands were prepared by Ag nanoparticles surrounded
by Au nanoparticles on graphene, as shown in Figure 1. By
spreading the Cu nanoparticles embedded in PS-b-P4VP
micelles on top of the Ag/Au nanoparticle arrays on graphene,
a triple-band structure is now formed, as shown in Figure 3a
(black line). The PS-b-P4VP provides a protective layer against
the oxidation of Cu nanoparticles. To adjust the relative
intensity of optical absorbance from each metal, the ratio
among metal concentration was varied. According to the
studies, Ag nanoparticles, and Cu nanoparticles produced the
strongest and weakest localized surface plasmon peak,
respectively, among Ag, Au, and Cu nanoparticles. We have
found that the relative concentration of Ag/Au/Cu = 1:4:5
produces similar optical absorbance intensity at the resonance
wavelengths. As shown in Figure 3a, for double band from Au−
Ag metal nanoparticles (green cross) and triple band from Au−
Ag−Cu metal nanoparticles (black diamond), weight ratio of
1:3 = Ag/Au and 1:4:5 = Ag/Au/Cu are found to produce
similar optical absorbance intensity at the resonance wave-
lengths, respectively.
The graphene patterned with metal nanoparticle arrays is

fabricated into a back-gate field effect transistor (FET), as

Figure 4. Photocurrent mapping. (a) Schematics of the photocurrent mapping of the nanoparticle decorated graphene device. (b) Photocurrent
mapping image of the Ag nanoparticle decorated graphene transistor with 487 nm laser with 200 nm per step at zero gate and drain bias. (c) A 3D
plot of the photocurrent image along the dashed line in (b). (d) Photocurrent mapping image of at the edge of electrode of the Ag nanoparticle
decorated graphene transistors at various laser wavelength with 200 nm per step at zero gate and drain bias.
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shown in Figure 1. The dependence of the drain current (Ids)
on the gate voltage (Vg) was measured at Vds = 10 mV under
air. Graphene transistors exhibit ambipolar characteristics
induced by the electron and hole current depending on the
gate bias.4,5 The field effect mobility (μTFT) in the linear regime
was obtained using the standard formula, μTFT = (dId/dVg)/
(εε0VdsW/Ltox), where Id is the drain−source current, Vg is the
gate voltage, Vds is the drain−source voltage, and tox is the
thickness of SiO2 (100 nm). The channel length (L) and width
(W) were 5 and 45 μm, respectively. The electron (hole)
mobility was ∼5800 (1100) cm2/(V s). These values were
comparable to those of exfoliated graphene.4,5 The transistors
of graphene patterned with single component (Ag, Au, Cu) or
triple component (Ag−Au−Cu) metal nanoparticles exhibited
p-type doping characteristics. We observed a shift in the Dirac
point toward the positive gate voltage, as shown in Figure 3b.
Graphene can be n-type or p-type doped by the adsorption of
metal particles. In the theoretical calculation, Ag, Au, Cu, and
Pt (111) form weak bonds (0.04 eV per carbon atom) to
graphene with a relatively large equilibrium separation (deq ∼
3.3 Å), compared to Co, Ni, and Pd(111).41 At the equilibrium
separation between graphene and the metal surface, the
graphene is n-type doped with Ag and Cu, and p-type doped
with Au, which does not agree with our results. However,
graphene can exhibit p-type doping even with Ag and Cu,41

because of the distance between the graphene and metal. The
large separation between graphene and metal nanoparticles
over equilibrium separation is attributed to a thin, residual
hydrophobic polymer (>1 nm) that is formed in between the
graphene and metal nanoparticles, which leads to a positive
voltage shift of the Dirac point by the Ag and Cu nanoparticles.
We confirmed the existence of residual polymer layers beneath
the Ag particles through X-ray photoelectron spectroscopy
analysis (Supporting Information, Figure S4).
To study the photoresponse of the various metal nano-

particle-patterned graphene transistors, a focused laser beam
was irradiated and scanned in the area of the device channel,
including the area of the source and drain electrode at zero gate
(Vg = 0 V) and drain bias (Vds = 0 V). Figure 4 provides an
overview of the characterization of photocurrent enhancement
of the Ag nanoparticle-patterned graphene transistor. The same
procedure was applied to all other samples. Figure 4a is the
cartoon of the photocurrent mapping of the metal nanoparticle
decorated graphene device. Figure 4b is the typical photo-
current mapping image of the Ag nanoparticle-patterned
graphene transistor with 487 nm laser with 200 nm per step
at Vg = 0 V and Vds = 0 V. Figure 4c is the 3D plot of the source
and drain electrode along the broken line in Figure 4b. The
photocurrent mapping image clearly shows an antisymmetric
plot of the source and drain electrode, which is consistent with
that reported in the literature.10,12,26 Contact effects at
graphene and metal electrode junctions under zero bias
application have been extensively studied.10,12,14 Photogen-
erated electron−hole pairs can be separated by the built-in
potential at the metal−graphene junction originating from its
work function difference, contributing to the measurable
photocurrent. Thus, mirror symmetry of the built-in potential
profile at each graphene-metal contact produces antisymmetric
photocurrent at source and drain electrode, as seen in Figure
4b,c. Modification of built-in potential can benefit improvement
of photoresponse in addition to the plasmonic enhancement of
photocurrent at the graphene-metal electrode junction because

Ag, Au, and Cu nanoparticles induce p-type doping in graphene
as discussed in Figure 3b.
According to the literatures,16,28,30 the working mechanism

of our devices which is a hybrid structure of graphene and
nanoparticles seems to be based on photoinduced doping
(photogating effect) and photovoltaic effect. The photogating
effect which is based on light-induced modification of graphene
carrier density and thus its conductance Δσ = Δnqμ, where σ is
electrical conductivity, q is electron charge, and μ is the
mobility. Hot electrons created in the metal nanoparticles by
absorbing light can be injected into graphene tunneling through
very thin spacer layer of block copolymer. And the intense near
field around the decorated metal nanoparticles will enhance the
direct excitation of electron−hole (e−h) pairs efficiently in a
single graphene layer, and photoexcited e-h pairs will be
separated by the built-in electric field formed at the graphene-
metal contacts. e−h separation will be the most effective at the
graphene−metal contact. Still, measurable photocurrent can be
observed at the graphene channel area as seen in Figure 4c,
which seems to be originated from photoinduced doping from
metal nanoparticles to graphene. Because of the high mobility
of graphene, both sources of photon-induced graphene
conduction electrons (direct excitation and hot electrons) can
flow directly into the electrical circuit and thus can be detected
as a photocurrent. Bolometric effect which is based on the
change in μ due to heating is different with the photogating
effect based on a light-induced change in n.
Recently, Niu et al. reported on the changes in the surface

plasmon resonance due to electromagnetic coupling between
graphene and Au nanoparticles.42 In this work, they
demonstrated that surface plasmon resonance wavelength was
shifted by the variation of the thickness of insulating spacer
between graphene and Au nanoparticles. This is attributed to
the electromagnetic coupling between the localized surface
plasmons excited in the metal nanoparticles and the graphene
film. The intensity of the coupling decays exponentially with a
decay length of d/R = 0.36, where d is the spacer layer thickness
and R is the diameter of the Au nanoparticles. In our system, we
used block copolymer spacer (with thickness of >1 nm, as
confirmed by XPS) between graphene and Au/Ag nano-
particles. These thin space layers can slightly shift surface
plasmon of Au nanoparticles and do not significantly influence
on the photogating effect.
By changing the laser wavelength in the visible range

between 400 and 700 nm, photocurrent was mapped in the
same area at the fixed laser power of 1.08 mW. The
photocurrent mapping images of the Ag nanoparticle-patterned
graphene transistor at various laser wavelengths were plotted in
the same scale, as shown in Figure 4d. The maximum
photocurrent enhancement was observed at 446 nm, which is
consistent with the optical absorption from localized surface
plasmon resonance for Ag nanoparticles shown in Figure 3a.
Because the work functions for graphene and Cr are very
close,43 photocurrent generation at the interface between the
bare graphene and the electrode was undetectable using the
same measurement conditions of the Ag-patterned graphene
device shown in Figure 4 (Supporting Information, Figure S5).
After measuring the photocurrent of graphene transistors

patterned with single (Ag, Au and Cu), double (Ag−Au), and
triple (Ag−Au−Cu) metal particles as a function of the laser
wavelength, the responsivity is plotted in Figure 5a,b. The
maximum responsivity of the Ag, Au, and Cu metal
nanoparticle-patterned graphene is exhibited at ∼450, ∼530,
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and ∼650 nm, respectively, which is consistent with the optical
absorption results shown in Figure 3a. However, for Cu
nanoparticle-patterned graphene, a large enhancement of the
photocurrent is observed at a shorter wavelength. The
responsivity at the resonance frequency is ∼55, 25, 5 mA/W
for Au, Ag and Cu nanoparticle-patterned graphene transistors,
respectively. The responsivity of graphene photodetector
assisted with Au nanoparticles prepared by a different method
was 6.1 mA/W reported in the previous work,27 which is lower
even with higher Au nanoparticle density on graphene than our
results by about a factor of 10. For double (Ag−Au) and triple
(Ag−Au−Cu) metal nanoparticle-patterned graphene photo-
detectors, photocurrent enhancement from Ag and Au
nanoparticle is clearly observed at ∼450 and ∼530 nm,
respectively. A noticeable enhancement of the photocurrent at
longer wavelengths is still observable as shown in Figure 5b,
even with sparse wavelengths of the lasers for photocurrent
measurement.
It is valuable to mention the effect of the relative

concentration of Ag, Au, and Cu metal nanoparticles on the
spectral shape of the responsivity to develop plasmon assisted
graphene photodetectors. As mentioned earlier in Figure 3a,
localized surface plasmon resonance intensity from the
nanoparticles exhibited in the order of Ag, Au, and Cu. Ag/
Au = 1:3 and Ag/Au/Cu = 2:3:5 were prepared for surface
plasmon assisted double- and triple- band graphene photo-
detectors. Responsivity from Ag nanoparticles from double
band (Ag, Au) graphene photodetector at the concentration of
Ag/Au = 1:3 was measured to be somewhat lower than that
from Au nanoparticles. By increasing Ag concentration in the
triple band (Ag, Au, Cu) sample case, photocurrent enhanced
from Ag nanoparticles was observed to be increased by about

50% against that from Au nanoparticles compared to double
band photodetectors as shown in Figure 3a. Overall, the
spectral shape of responsivity from each photodetectors
matches well with optical absorbance data. Slight difference
between optical absorbance data and spectral shape of
responsivity may be related with stability of Ag and Cu
nanoparticles which are generally less stable than Au during the
measurement scanning with laser.
We extended synthetic route for metallic particles with dual

surface plasmonic bands using a different protocol. When we
used a solvent mixture of toluene and tetrahydrofuran (THF;
toluene/THF = 7/3, v/v) to prepare the PS-b-P4VP copolymer
solution, spherical and cylindrical micelles were simultaneously
formed because the addition of a slightly selective solvent,
THF, decreases the solvent selectivity for the copolymers
(Supporting Information, Figure S6). Subsequently, the loading
of Ag precursors and hydrazine reducing agents to the
copolymer micellar solution led to the formation of Ag dots
and Ag nanorods as confirmed by HR-TEM images
(Supporting Information, Figure S7a,b). The optical absorption
of Ag dots and the mixture of Ag dots and nanorods were
measured (Supporting Information, Figure S7c). As clearly
shown in the figure, a single plasmonic absorption band was
detected at approximately 420 nm by the Ag dot arrays, while
an additional band was detected at approximately 600 nm,
which originated from the formation of Ag nanorods. This
method allows the formation of dual plasmonic bands from a
single material and single process. Note that Ag particles with
different shapes can be easily tuned by controlling the
morphologies of the micellar templates.
The case of randomly distributed Ag nanoparticles (6 nm in

diameter) and Ag nanorods (6 nm in diameter and 20 nm in
length) on graphene was simulated by FDTD simulation. The
Ag band was clearly split into two bands (Supporting
Information, Figure S8). However, each band was ∼50 nm
higher than that of the experimental results (shown in Figure
S7) as discussed earlier. This approach is very simple and
effective, not only providing more than two absorption peaks
with a single component, but also providing arrays with fixed
separation distances between the dots or rods depending on the
molecular weight of the copolymers. Therefore, the plasmonic
resonance frequency can be modulated to the desired values.
The normalized responsivity of photodetectors of graphene
loaded with Ag dots and the mixture of Ag dot and nanorods
was measured as a function of the laser wavelength (Supporting
Information, Figure S7d). As shown in the figure, a small
enhancement of the photocurrent is observed at approximately
600 nm, which originates from the Ag nanorods.
In addition, two different block copolymer micellar solutions

containing Au and Ag nanodots reduced by hydrazine
reductant can be mixed simultaneously to generate two
plasmonic bands (Supporting Information, Figure S9). By
modifying the conventional metal nanoparticle patterning
process using BCP templates and varying the nanopatterning
of metal nanoparticles, the frequency and number of plasmonic
resonances can be designed with versatility.
Finally, utilization of uniform patterning of metal nano-

particles by block copolymers can be expanded into other types
of graphene photodetectors. Recently, vertically stacked
graphene photodetectors consisting of a pair graphene
separated by a thin tunnel barrier29 demonstrated broadband
photodetection from the visible to the mid-infrared range by
tunneling of photoexcited hot carriers generated in the top

Figure 5. Responsivity of graphene with metal nanoparticle arrays.
Responsivity of (a) the double (Ag−Au) and triple band (Ag−Au−
Cu) graphene-based photodetectors and (b) the Ag-, Au-, and Cu-
patterned graphene-based photodetectors as a function of laser
wavelength.
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layer with responsivity of over 1A/W at mid-infrared. Metal
nanoparticle patterning by our method on top graphene layer
will provide spectral selectivity and improve responsivity further
in this type of vertical graphene photodetectors effectively
because whole graphene surface will be involved in photo
response by hot-carrier generation under optical illumination.

■ CONCLUSIONS

Various metal nanoparticle arrays (Ag/Au/Cu) in a regular
structure were successfully fabricated on graphene by utilizing
block copolymers without any surface treatment. This protocol
is very simple and versatile for tuning the plasmonic resonance
and for controlling the number of resonances. The photo-
current enhancement assisted by surface plasmonic metal
nanoparticles was observed by changing the laser wavelengths
from approximately 400 to 800 nm. The resonance
phenomenon of photocurrent was well matched with the
optical absorption data of metal nanoparticles fabricated on
graphene. Graphene-based photodetectors, which are plasmoni-
cally enhanced in the red/green/blue region, may be utilized
for color filters. Moreover, flexible CMOS image sensors (CIS)
can be one of the promising applications of graphene
photodetectors assisted with plasmonic enhancement in the
near future, which simultaneously fulfills the function of a color
filter. By tuning the number and frequency of plasmonic
resonances by utilizing block copolymers, multiband or single-
band photodetectors of graphene could be utilized in various
applications in the future.

■ METHODS

Synthesis and Transfer Graphene. Graphene was
synthesized on a 75 μm thick copper foil by chemical vapor
deposition (CVD) at 985 °C by flowing methane (30 sccm)
and hydrogen (100 sccm) for 20 min under vacuum (∼950
mTorr). The diameter of the CVD chamber (8″) allowed the
uniform synthesis of graphene on the ∼3 × 3″ copper foil.
Hydrogen was injected from the initial point to the cool down
(to room temperature) stage, while methane was injected only
at the growth temperature. Poly(methyl methacrylate)
(PMMA) purchased from Sigma-Aldrich (C4) was spin-coated
on graphene grown on a 75 μm thick copper foil at a speed of
1000 rpm for 60 s. Then, the copper was etched away using a
nickel etchant for approximately 2 h (Transene Company Inc.).
Subsequently, the PMMA-coated graphene layers were rinsed
in deionized (DI) water several times. The PMMA-coated
graphene was then placed on a Si/SiO2 (100 nm) substrate and
immediately dried in an oven at 80 °C.
Synthesis of Metal Nanoparticle Arrays. The 0.5 wt %

polystyrene-block-poly(acrylic acid) (PS-b-PAA) copolymers
(number-average molecular weights Mn

PS = 16 kg/mol and
Mn

PAA = 4.3 kg/mol, polydispersity (Mw/Mn = 1.15) were
dissolved in toluene to form spherical micelles consisting of a
PS corona and a PAA core. Subsequently, the PS-b-PAA thin
films were immersed in an aqueous 0.1 wt % AgNO3 solution
for 3 min to bind Ag+ with the PAA chains, which was followed
by hydrogen plasma treatment for 12 s in order to reduce Ag+

to pure Ag nanoparticles. The oleylamine-modified Au
nanoparticles were synthesized by a chemical reduction process.
Typically, 60 mg of Au precursor (HAuCl4·3H2O) and 1.3 g of
oleylamine were dissolved in 1 mL of toluene. This mixture was
subsequently injected into a refluxing solution containing 2.5 g
of oleylamine dissolved in toluene and held at 110 °C for 2 h.

Finally, the Au nanoparticles were collected by repeated
precipitation and centrifugation in methanol and were
dispersed in toluene. To fabricate quasi-hexagonally ordered
Cu nanoparticle arrays, polystyrene-block-poly(4-vinylpyridine)
(PS-b-P4VP) copolymers (number-average molecular weights
Mn

PS = 35 kg/mol andMn
P4VP = 18.5 kg/mol, dispersityMw/Mn

= 1.15) were dissolved at 80 °C for 3 h, and subsequently,
CuCl2 salt (molar ratio of CuCl2/vinylpyridine = 0.8) was
added into the polymer solution. After mixing for 6 h, small
amounts of aqueous hydrazine were added into the Cu-loaded
PS-b-P4VP micellar solution to form pure Cu nanoparticles
within P4VP cores.

Synthesis of Triple Metal Nanoparticle Arrays on
Graphene Transistor. The PS-b-PAA spherical micelles were
prepared in toluene and mixed with oleylamine-modified Au
nanoparticles with a 1:1 weight ratio. Subsequently, PS-b-PAA/
Au solutions were transferred onto a graphene transistor by
spin-coating at 3000 rpm for 60 s, which was followed by
immersion in a 0.1% AgNO3(aq) solution for 3 min to bind
Ag+ with the PAA chains. When the films were exposed to
hydrogen plasma treatment (Femto Plasma Cleaner, 100 W)
for 12 s, hierarchical nanostructured Ag/Au arrays, which can
exhibit dual surface plasmon bands, were obtained. To fabricate
triple plasmon bands, Cu-containing PS-b-P4VP were spin-
coated on a graphene transistor with Ag/Au arrays.

Characterization of Metal Nanoparticle Arrays. For
transmission electron microscope (TEM) measurements, metal
nanoparticle-containing solutions were spin-coated on a
Formvar-coated copper grid. The TEM images for general
metal nanoparticle patterns were taken in the bright-field mode
using JEM-2100 (JEOL, Tokyo, Japan). The scanning TEM
(STEM) images were taken in the high-angle annular-dark-field
(HAADF) mode of a JEM-2100F (JEOL Ltd.) operating at an
acceleration voltage of 200 kV. The ultraviolet−visible-infrared
(UV−vis-IR) measurements for localized surface plasmon
resonance absorbance were carried out with a Varian Carey
5000 (Agilent) spectrophotometer. All samples used for the
UV−vis measurements of surface plasmon resonance were
fabricated using glass substrates instead of a graphene
transistor.

Device Fabrication and Characterization. The graphene
was transferred on Si/SiO2 (100 nm) by conventional “wet”
graphene transfer. A graphene channel was patterned by
photolithography followed by oxygen plasma ashing process for
120 s. The photoresist on the graphene channel was removed
by soaking in acetone, which was followed by isopropyl alcohol
(IPA) rinsing. Finally, the source and drain electrodes (Cr(10
nm)/Au(100 nm)) were patterned using photolithography and
a lift-off process. The electrical characterization of graphene
devices was conducted with an Agilent 4156C system. The
Raman spectra were acquired by a Nanobase (XperRam 200)
instrument with a 514 nm laser line. By observing the Raman
spectrum of graphene, the synthesis condition of graphene and
the metallization condition of the patterned metal precursor by
oxygen plasma were finely tuned. The photocurrent mapping
was implemented with a modified Raman instrument
(XperRam 200) by coupling various lasers using optical fibers
with 200 nm per step.
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