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Abstract: In this work, the synthesis and characterization ofgraphene-metal nanocomposite,
a transparent conductive layer, is examined. This transparent conductive layer is named
graphene-Ag-graphene (GAG), which makes full use of the high electron mobility and high
conductivity characteristics of graphene, while electromagnetically induced transparency (EIT)
is induced by Ag nanoparticles (NPs). The nanocomposite preparation technique delivers three
key parts including the transfer of the first layer graphene, spin coating of Ag NPs and transfer
of the second layer of graphene. The GAG transparent conductive nanocomposite layer possess
a sheet resistance of 16.3 ohm/sq and electron mobility of 14,729 cm2/(v s), which are superior to
single-layer graphene or other transparent conductive layers. Moreover, the significant enhancement
of photoluminescence can be ascribed to the coupling of the light emitters in multiple quantum wells
with the surface plasmon Ag NPs and the EIT effect.

Keywords: transparent conductive layer; graphene-metal nanocomposite; electromagnetically
induced transparency; surface plasmon

1. Introduction

Photoluminescence (PL) enhancement has attracted the attention of many researchers [1–3].
Their methods include changing the structure of quantum wells, using high transparency and high
conductivity conductive layers and proper device structures [4–6]. The transparent conductive layer is
conductive and transparent, and it is widely used in optoelectronic devices [7–9]. The main transparent
conducting layers are indium tin oxide (ITO) and zinc oxide (ZnO) [10–13]. The sheet resistance of
ITO and ZnO are 157.9 ohm/sq and 100 ohm/sq [10,11], and their conductivities are 150 S/cm and
300 S/cm [12,13]. The electron mobility is of paramountimportance in that it determines the transverse
extension of the current [14,15]. However, their electron mobilities are 32 cm2/(v s) and 69 cm2/(v s),
which are too small to limit the lateral diffusion of the current [16–18]. In recent years, there have
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been many studies of graphene as a transparent conductive layer, but it has been found that the sheet
resistance of single- layer graphene is particularly high, and the transparency of multilayer graphene
has been reduced [19–21].

The exploitation of surface plasmon (SP) coupling in light-emitting diodes (LEDs) is a promising
approach to achieve the photoluminescence enhancement [22–24]. Further, plasmon-enhancement
has been reported in multiple quantum wells coated with silver (Ag) films [25,26]. The fundamental
resonance mode of Ag nanostructures is located at a yellow-red spectral range [27], which can usually
induce a stronger localized surface plasmon (LSP) coupling effect when compared with a high-order
resonance mode. Electromagnetically-induced transparency (EIT) refers to the formation of a narrow
transparency window within a broad absorption profile upon the application of an indirect excitation
and the quantum destructive interference between the two excitation channels in a three-level atomic
system [28–30]. This phenomenon leads to a narrow transparent spectrum through an opaque medium
accompanied with strong dispersion, hence produces the ultraslow group velocity and enhanced
light-matter interactions [31,32].

In this work, SP of Ag nanoparticles (NPs) and EIT of graphene-based metamaterials were
well researched by the finite-difference time-domain method (FDTD). Graphene-Ag nanocomposite
transparent conductive layer would be a suitablechoice due to the electron mobility of graphene and
the SP and EIT effect of Ag NPs. The sheet resistance of the graphene-Ag-graphene (GAG) transparent
conductive layer, which is synthesized by the authors, is 16.3 ohm/sq, and its electron mobility is
14,729 cm2/(v s).

2. Experimental Section

2.1. The Growth of Graphene Sheet Layer

First, the rolled copper (Cu) foil was ultrasonically cleaned with absolute ethanol, and then
placed in vacuum plasma cleaner for 180 s. After plasma cleaning, the copper foil was loaded on the
mold, and placed in a chemical vapor deposition (CVD) furnace, evacuated, and continuously passed
through gas hydrogen (H2) and argon (Ar). Then, a vacuum is applied to the growth of the H2 and
methane (CH4). After growing 12 min, the flow rates of both H2 and CH4 were adjusted to 200 mL/min.
After 5 min, vacuum pumping, H2 and Ar are introduced. The furnace was cooled down to room
temperature naturally.

2.2. Transfer Graphene Layer to Target Substrate

The as-synthesized G/Cu sample was taken out from the furnace and placed on the spin coater
with dropping several drops of polymethyl methacrylate (PMMA) solution on it. After spin coating,
the sample was heated in an oven at 150 ◦C for 20 min. After that, oxygen plasma was introduced to
remove the graphene on the back side of the copper foil. The PMMA/G/Cu sample was immersed to
the Ferric chloride (FeCl3) solution for 10 h and then employed a glass slide to collect the PMMA/G
composite which floated on the FeCl3 solution. The composite was washed by hydrochloric acid (HCl)
aqueous solution and de-ionized (DI) water. Following this, the PMMA/G was transferred to the target
substrate and dried naturally. The PMMA/G/target substrate was respectively soaked in both acetone
(CH3COCH3) and ethyl acetate (CH3COOC2H5) solution for 1 h each, and dried in the air for further
use. Finally, the graphene was placed on the silica (SiO2) substrate.

2.3. Preparation of GA (Graphene/Ag) Hybrid Sample

The preparation of a GA (Graphene/Ag) hybrid sample needed to be carried out in an oxygen-free,
ultra-clean environment. Further, 0.05 mL of the purchased Ag solution (0.1 mg/mL) was added into
50 mL DI water to prepare an Ag solution with a concentration of 0.1 µg/mL. In order to ensure that
Ag NPs distributed evenly on the graphene layer, a plasma cleaning technique was applied to improve
the hydrophilicity of graphene. Typically, a piece of graphene layer with the size of 1 cm × 1 cm was
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placed in PDC-002 plasma cleaning machine for 15 min with high power. Following this, 0.1 mL of
as-prepared Ag solution was dropped on the treated samples and spun in four different modes for
comparison (a. 1000 rpm, 30 s; b. 600 rpm, 30 s; c. 600 rpm, 10 s and d. 0 rpm).

2.4. Transfer Second Layer Graphene to GA

Transferring the second layer grapheme to the GA also needed to be carried out in an oxygen-free,
ultra-clean environment. Using the graphene which was prepared as shown in Section 2.1, graphene
stripping was prepared as shown in Section 2.2. Finally, the graphene was placed on the GA.

2.5. Theoretical Model

The graphene layer is reasonably considered as a sheet of material modeled with complex surface
conductivity. The surface conductivity can be retrieved by the Drude model under THz region [33]:

σintra(ω, EF, Γ, T) = j e2KBT
π}2(ω+ jΓ) (

EF
KBT + 2 ln(e

−EF
KB + 1)) (1)

where e, }, and KB are the universal constants representing the electron charge, Planck’s constant,
and Boltzmann’s constant, respectively. Further, ω is the radian frequency. In addition, j, EF and Γ
(Γ = }/τ, where τ is the electron relaxation time) are the current density, and the physical parameters of
graphene layer accounting for Fermi energy and intrinsic losses, respectively.

Simultaneously, the dielectric constant of the graphene layer can be expressed as follow:

εg = 1 + j
σg

ωε0∆
(2)

where ∆ is the thickness of the graphene layer and ε0 is the permittivity. In our calculations,
the parameters were set as follows: T = 300 K, Γ = 0.4 meV, and the thickness of graphene layer is
∆ = 0.34 nm [34–36]. By comparison to traditional metal film, the conductivity of the graphene layer
can be tuned by varying its chemical potential via electrostatic biasing from Equation (1).

The penetration length of the SPPs, d, is defined by Equation (3), where εm and εd are relative
permittivities of the metal and dielectric, respectively. Further, ω is the frequency of the SPPs, and c is
the speed of light. The relative permittivity of Ag is depended on the wavelengths by neglecting the
imaginary part in the complex relative permittivity of a metal [19].

d =
c
ω

√(
εm + εd

−ε2
m

)
(3)

2.6. Simulation Method

In Figure 1, the problem geometry, an embedded radiating dipole, only two orientations including
the x- and y- directions are considered, at a fixed depth d, in an InGaN quantum well coupling with
the LSP modes induced on a surface Ag NP. The refractive index of GaN-based layers are set as 2.4,
including p-GaN, InGaN/GaN QW layer and n-GaN [37], and experimental data are used for the
dielectric constant of Ag [27], and the refractive index of the capping layer is n. The three-dimension
simulations are carried out with the assistance of the commercial software, FDTD Solutions, which is
based on the numerical algorithm of the finite-difference time-domain (FDTD) method. The perfect
matched layer (PML) boundaries condition is set in ±z directions and periodic boundaries condition
which determines the period of the Ag NPs is set in ±x and ±y directions. The size of simulation region
is 900 nm × 900 nm × 1000 nm for x, y and z directions, respectively. A power monitor surrounding the
radiating dipole is used to measure the radiated power of the dipole via calculating the net total power
flowing out of the monitor box. Another power monitor surrounding the Ag NP is used to measure
the absorbed power of the NP (Pabs) determined by its size and material. The radiated and absorbed
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power are normalized and defined as the ratio of the radiated and absorbed power with the NP over
that without the NP, respectively.Polymers 2018, 10, x FOR PEER REVIEW  4 of 12 
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Figure 1. The structure schematic diagrams of graphene-Ag-graphene(GAG).

2.7. Characterization

Electron mobility can be obtained according to Equations (4) and (5), where d is the thickness of
the sample, B is the magnetic field strength, q is the electron charge, VBD is the voltage across the BD of
the GAG sample, and IAC is the current of the AC of the GAG sample.

µ = |RH |/ρ (4)

|RH| =
d
B

∆VBD

IAC
(5)

A HMS-5000 full-automatic temperature Holzer effect tester is based on the principle design,
which can intuitively obtain the electron mobility of GAG. Before the test, the GAG sample was fixed
to the center of the PCB board with double-sided tape, and the side of the graphene was facing up.
Using a thin metal wire to weld the four apex angles of the sample to the joints of the four corners of
the PCB circuit board. In order to ensure the accuracy of the experimental data, it should be noted
that the solder joints should be as small as possible and must be soldered with special indium silver.
The length of 4 wires should be short and be similar. The PCB board was inserted into the rack and the
rack was closed. The power of the experimental instrument was turned on and the experiment started
after it was fully warmed up. In the experiment, the input current, magnetic field strength, and film
thickness D in the Input Value section on the upper left side of the experiment interface needs to be
filled in, and then the instrument automatically starts the experiment and data calculation. The GAG
transparent conductive layer consists of two layers of graphene sandwich silver particles, so it can be
approximated to a film material with uniform thickness. The electrical conductivity can be obtained by
the Vanderbilt method. It is also tested by HMS-5000 full-automatic temperature Holzer effect tester.
The test must note that the four contact points, A, B, C, and D, are as small as possible (far less than the
sample size) and that the four contact points must be at the edge of the film.

The absorption spectrum of the GAG transparent conductive layer and graphene-Ag (GA) were
tested by UNICOUV-2600/A ultraviolet spectrophotometer. The test must align the center of the sample
with the exit aperture to ensure that the sample is perpendicular to the optical path. It is necessary to
test the contrast silicon dioxide substrate for reference before testing.

3. Results and Discussion

Under the same conditions, the material of the metal ball is different, and the effect of plasma
excitation is different. With the assistanceof FDTD, the plasma excitation of four kinds of nano-metal
particles, aluminum (Al), silver (Ag), gold (Au), and chromium (Cr) nanoparticles, were studied under
the same conditions, i.e., 50 nm radius and 300–800 nm light wave range. As shown in Figure 2,
the effective radiated power (ERP) (SiO2) line shows the normalized radiated power (RP) of the light
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wave on the interface between the SiO2 and the air when there areno metal NPs on the SiO2 surface.
The Au NPs have the best normalized radiated power at 614 nm (RP = 1.44), which is the closest to
the yellow band. However, its half-wave width is too narrow to reach the peak effect in the actual
preparation. It is a good choice to use the Ag NPs, because its wavelength width is 150 nm when its RP
is greater than 1.
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Figure 2. The radiated powers of without metal and with four kinds of metal nanoparticles (NPs).

From Figure 2, the radiated power of Ag NPs is 1.31, but its effective radiated power (ERP) is only 0.93.
Asthe absorption of the light wave is affected by the size of the NPs, the ERP must be the difference
between the normalized radiated power (RP) and the absorbed power (Pabs), so ERP = RP − Pabs [38–40].
The effective radiated powers of NPs with different radius in the visible band were researched. In the
radius setting, seven kinds of radius had been studied, which were 50 nm, 60 nm, 70 nm, 80 nm, 90 nm,
100 nm, and 110 nm, respectively. Figure 3 shows that the highest plasma-induced excitation peak is
induced by the Ag NPs whose radius is 100 nm. It is the reason that the radius of NPs is chosen to be
100 nm in experimental preparation.
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Figure 3. The effective radiated powers of seven kinds of Ag NPs under 600 nm light wave radiation
by finite-difference time-domain method (FDTD) simulation.

The period of the Ag NPs is mainly taken into account from two aspects—the plasma-induced
excitation angle and the absorption [19,41–44]. The plasma excitation effect and the absorption of
nanoparticles vary with the incident angle of the light wave. The longer the perimeter and the smaller
the angle, the worse is the plasma excitation effect. When the incident angle is larger, the effect of the
plasma-induced excitation is stronger, but the more NPs in the unit area, the more light is absorbed.
The optimal number of NPs per unit area can be set by rational optimization of the periodicity, therefore,
it is necessary to compare their ERP. Taking into account that the Ag NPs radius is 100 nm, the ERP and
absorption of the six periods are studied. The six periods which are a regular set of periods selected
from more than a dozen research periods are 500 nm, 700 nm, 900 nm, 1100 nm, 1300 nm, and 1500 nm,
respectively, and their ERP are shown in Figure 4. The four cases with a period of 900 nm or above are
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better in the red and yellow spectral range. However, 1500 nm is in a downward trend in the whole
yellow band, so the period can be controlled at 900~1300 nm. This result provides more ways for the
experimental preparation of GAG, such as spin-coating and printing with a certain concentration of
the Ag NPs.Polymers 2018, 10, x FOR PEER REVIEW  6 of 12 
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The surface morphology of the graphene layer was examined by SEM and showed in Figure 5a.
Surface wrinkles reflect the surface of graphene, and the Raman spectrum further verifies the existence
and quality of graphene, which are showed in Figure 5b. The graphene has two Raman characteristics,
which are G and 2D. The G belt is located at 1582 cm−1 and the 2D belt is located at 2700 cm−1. Asthe 2D
band is generated by two phonon double resonance processes, it is related to the band structure of
the graphene layer. The G band is produced due to the A-mode of the double-degenerate Brillouin
zone center, which is also considered to be due to the presence of sp2 carbon (C). The Raman spectra
of high quality single layer graphene show that the intensity of 2D is much greater than that of G.
In multilayer graphene, 2D and G are exactly the opposite of single-layer graphene. The Raman peaks
of as-prepared graphene layer were consistent with the reported data at [45–47], which implied the
high quality of the CVD growth graphene, as illustrated in Figure 5b. The I-V curve of the graphene
in Figure 6 also illustrated that the quality of the CVD growth graphene is very high because there
was no obvious current fluctuation in different voltage measurements [48–51]. This depends on high
precision experimental equipment and optimized preparation process.
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Four spin-coated samples named GA samples were tested by JSM-6390 SEM after air-drying as
shown in Figure 7. The 1000 r/min speed of sample A was so fast that most of the NPs were thrown
out of the sample. The distances between Ag NPs were very large. The rotation time of sample B was
too long, which caused the accumulation of Ag NPs in the periphery of the sample. Sample D was not
rotated and dried directly, so the overall accumulation phenomenon was more serious. Sample C had
moderate rotational speed and appropriate time. The Ag NPs distributed uniformly in centripetal
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force, and the edge also accumulated slightly due to the edge effect. It was obvious that the distribution
of the Ag NPs in sample C was the most uniform.

Polymers 2018, 10, x FOR PEER REVIEW  6 of 12 

 

 
Figure 4. The effective radiated powers of different spacing of the Ag NPs by FDTD simulation. 

The surface morphology of the graphene layer was examined by SEM and showed in Figure 5a. 
Surface wrinkles reflect the surface of graphene, and the Raman spectrum further verifies the 
existence and quality of graphene, which are showed in Figure 5b. The graphene has two Raman 
characteristics, which are G and 2D. The G belt is located at 1582cm−1 and the 2D belt is located at 
2700cm−1. Asthe 2D band is generated by two phonon double resonance processes, it is related to the 
band structure of the graphene layer. The G band is produced due to the A-mode of the double-
degenerate Brillouin zone center, which is also considered to be due to the presence of sp2 carbon (C). 
The Raman spectra of high quality single layer graphene show that the intensity of 2D is much greater 
than that of G. In multilayer graphene, 2D and G are exactly the opposite of single-layer graphene. 
The Raman peaks of as-prepared graphene layer were consistent with the reported data at [45–47], 
which implied the high quality of the CVD growth graphene, as illustrated in Figure 5b. The I-V curve 
of the graphene in Figure 6 also illustrated that the quality of the CVD growth graphene is very high 
because there was no obvious current fluctuation in different voltage measurements [48–51]. This 
depends on high precision experimental equipment and optimized preparation process. 

 
Figure 5. (a)SEM image and (b) Raman spectrum of the as-prepared graphene. 

 
Figure 6. I-V curve of the graphene.

Polymers 2018, 10, x FOR PEER REVIEW  7 of 12 

 

Figure 6. I-V curve of the graphene. 

Four spin-coated samples named GA samples were tested by JSM-6390 SEM after air-drying as 
shown in Figure 7. The 1000 r/min speed of sample A was so fast that most of the NPs were thrown 
out of the sample. The distances between Ag NPs were very large. The rotation time of sample B was 
too long, which caused the accumulation of Ag NPs in the periphery of the sample. Sample D was 
not rotated and dried directly, so the overall accumulation phenomenon was more serious. Sample 
C had moderate rotational speed and appropriate time. The Ag NPs distributed uniformly in 
centripetal force, and the edge also accumulated slightly due to the edge effect. It was obvious that 
the distribution of the Ag NPs in sample C was the most uniform. 

 

Figure 7. SEM images of four spin-coated samples: (a) 1000 r/min 30 s, (b) 600 r/min 30 s, (c) 600 r/min 
10 s and (d) 0 r/min. 

Sample C was selected as the second graphene transfer sample, and the transfer process was the 
same as the first one. Due to the transparency of graphene, it could not be seen with SEM, so anatomic 
force microscope (AFM) was used to characterize the surface morphology of GAG, which isshown in 
Figure 8. The step line of GAG selected in a transverse region of the AFM was zoomed in, and 
indicated its difference from the step line of GG, which was very smooth (the test result is tilted due 
to the slightly tilted test base). It indicated that the fluctuation of the GAG layer was due to the Ag 
NPs. 

Figure 7. SEM images of four spin-coated samples: (a) 1000 r/min 30 s, (b) 600 r/min 30 s, (c) 600 r/min
10 s and (d) 0 r/min.

Sample C was selected as the second graphene transfer sample, and the transfer process was the
same as the first one. Due to the transparency of graphene, it could not be seen with SEM, so anatomic
force microscope (AFM) was used to characterize the surface morphology of GAG, which isshown
in Figure 8. The step line of GAG selected in a transverse region of the AFM was zoomed in, and
indicated its difference from the step line of GG, which was very smooth (the test result is tilted due to
the slightly tilted test base). It indicated that the fluctuation of the GAG layer was due to the Ag NPs.

The carrier motilities of graphene and the GAG transparent conductive layer were achieved,
which were 11,524 cm2/(v s) and 14,729 cm2/(v s). The mobility of graphene is lower than that of
high-quality graphene, but the mobility of GAG is close to the mobility of high-quality graphene.
The sheet resistances of graphene and the GAG transparent conductive layer were 864 ohm/sq and
16.3 ohm/sq. As described earlier, the sheet resistance of single-layer graphene is still as large as that
of [19–21]. After forming the GAG structure, the square resistance of the transparent conductive
layer is already smaller than that of ITO and ZnO in [10] and [11]. ITO, GAG and GA were used
as transparent conductive layers for the same type of LED, and their PL spectra shown in Figure 9
indicate that GA and GAG are more suitable for transparent conductive layers than ITO. The PL peak
value of GAG is 15.625% higher than GA. The absorption spectrum of the GAG transparent conductive
layer and graphene-Ag (GA) are basically consistent with the effective radiated power of GA and GAG
by FDTD simulation.



Polymers 2019, 11, 1037 8 of 12Polymers 2018, 10, x FOR PEER REVIEW  8 of 12 

 

 

Figure 8. Atomic force microscope (AFM) image of GAG transparent conductive layer and the AFM 
of graphene-graphene. 

The carrier motilities of graphene and the GAG transparent conductive layer were achieved, 
which were 11,524 cm2/ (v s) and 14,729 cm2/ (v s). The mobility of graphene is lower than that of 
high-quality graphene, but the mobility of GAG is close to the mobility of high-quality graphene. The 
sheet resistances of graphene and the GAG transparent conductive layer were 864 ohm/sq and 16.3 
ohm/sq. As described earlier, the sheet resistance of single-layer graphene is still as large as that of 
[19–21]. After forming the GAG structure, the square resistance of the transparent conductive layer 
is already smaller than that of ITO and ZnO in [10] and[11]. ITO, GAG and GA were used as 
transparent conductive layers for the same type of LED, and their PL spectra shown in Figure 9 
indicate that GA and GAG are more suitable for transparent conductive layers than ITO. The PL peak 
value of GAG is 15.625% higher than GA. The absorption spectrum of the GAG transparent 
conductive layer and graphene-Ag (GA) are basically consistent with the effective radiated power of 
GA and GAG by FDTD simulation. 

 
Figure 9. The photoluminescence (PL) spectra of light-emitting diodes (LED) with indium tin oxide 
(ITO), with graphene-Ag (GA) and with GAG. 

Figure 8. Atomic force microscope (AFM) image of GAG transparent conductive layer and the AFM
of graphene-graphene.

Polymers 2018, 10, x FOR PEER REVIEW  8 of 12 

 

 

Figure 8. Atomic force microscope (AFM) image of GAG transparent conductive layer and the AFM 
of graphene-graphene. 

The carrier motilities of graphene and the GAG transparent conductive layer were achieved, 
which were 11,524 cm2/ (v s) and 14,729 cm2/ (v s). The mobility of graphene is lower than that of 
high-quality graphene, but the mobility of GAG is close to the mobility of high-quality graphene. The 
sheet resistances of graphene and the GAG transparent conductive layer were 864 ohm/sq and 16.3 
ohm/sq. As described earlier, the sheet resistance of single-layer graphene is still as large as that of 
[19–21]. After forming the GAG structure, the square resistance of the transparent conductive layer 
is already smaller than that of ITO and ZnO in [10] and[11]. ITO, GAG and GA were used as 
transparent conductive layers for the same type of LED, and their PL spectra shown in Figure 9 
indicate that GA and GAG are more suitable for transparent conductive layers than ITO. The PL peak 
value of GAG is 15.625% higher than GA. The absorption spectrum of the GAG transparent 
conductive layer and graphene-Ag (GA) are basically consistent with the effective radiated power of 
GA and GAG by FDTD simulation. 

 
Figure 9. The photoluminescence (PL) spectra of light-emitting diodes (LED) with indium tin oxide 
(ITO), with graphene-Ag (GA) and with GAG. 
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(ITO), with graphene-Ag (GA) and with GAG.

The absorption spectrum of GA and GAG showed that the second graphene layer increases the
GAG absorption. However, the GAG transparent conductive layer would increase the optic power
due to plasma-induced enhancement which can be seen in Figure 10. The ERP of GAG is 1.33, and the
ERP of GA is 1.27, therefore, the second layer of graphene increased the ERP by 4.7%.

A question to consider is why the effective radiated power of GAG is better than GA. If the simple
transparency (T) formula (T = T1 ×T2 ×T3), TGAG must be 0.975TGA. In this study, the spacing between
two layers of graphene is 200 nm, so EIT is easily produced. Using FDTD, the current induced on
GAG by 600 nm light waves is higher than GA (JGAG (MAX) = 7 × 105, JGA (MAX) = 5.9 × 105)
(Figure 11). The electromagnetic induction effect also makes its carrier motilities higher than
grapheme [51–53]. The thickness of GAG is 590 times that of graphene, and the electrical conductivity of
Ag is 6.301 × 107 S/m, which is more than 63 times that of graphene (1 × 106 S/m) [54,55]. This provides
an explanation of why the sheet resistance of the GAG is far less than graphene.
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4. Conclusions

Based on the study of materials of theindex dielectric layer to cover NPs andthe radius of
nanoparticles and period of the plasmon, a graphene-metal nanocomposite transparent conductive
layer of GAG was designed.Due to the plasma excited effect of Ag NP and double-layer graphene
electromagnetically induced effect, the effective radiated power of the GAG transparent conductive
layer is reaching 1.33, its carrier motilities are 14,729 cm2/(v s),and its sheet resistances are 16.3 ohm/sq.
The PL of LED has significantly improved due to the performance of the GAG transparent conductive
layer. In conclusion, GAG is a sounded, promising, transparent conductive layer to meet the future
demand of light devices.

Author Contributions: Conceptualization, H.H. and Z.G.; data curation, S.F., Y.Z. and Y.L.; formal analysis,
H.H. and D.L.; funding acquisition, Z.G., H.S. and X.W.; investigation, H.H. and H.S.; methodology, H.H.;
project administration, H.H. and Z.G.; Software, H.H. and S.Y.; writing—original draft, H.H.; writing—review &
editing, S.F.

Acknowledgments: This work was supported by The Science and Technology Program Project for the
Innovation of Forefront and Key Technology of Guangdong Province, China (Grant Nos. 2014B010119004
and 2014B010121001), The Institute of Science and Technology Collaborative Innovation Major Project of
Guangdong Province, China (Grant No. 201604010047), Special Fund for Science and Technology Innovation
and Development of Guangzhou-Foreign Science and Technology Cooperation Project under project(Grant No.
201807010083), and Research and Development Program in Key Areas of Guangdong Province under project
(Grant No. 2019B010128002).

Conflicts of Interest: The authors declare no conflicts of interest.



Polymers 2019, 11, 1037 10 of 12

References

1. Lee, J.; Govorov, A.O.; Dulka, J.; Kotov, N.A. Bioconjugates of CdTe Nanowires and Au Nanoparticles:
Plasmon-Exciton Interactions, Luminescence Enhancement, and Collective Effects. Nano Lett. 2004, 4,
2323–2330. [CrossRef]

2. Rojas-Hernandez, R.E.; Rubio-Marcos, F.; Serrano, A.; Del, C.A.; Fernandez, J.F. Precise Tuning of the
Nanostructured Surface leading to the Luminescence Enhancement in SrAl2O4 Based Core/Shell Structure.
Sci. Rep. 2017, 7, 462. [CrossRef] [PubMed]

3. Fukuura, T. Plasmons excited in a large dense silver nanoparticle layer enhance the luminescence intensity
of organic light emitting diodes. Appl. Surf. Sci. 2015, 346, 451–457. [CrossRef]

4. Phillips, M.R. Stability of InGaN/GaN MQW Luminescence Under Prolonged High Current Injection.
Microsc. Microanal. 2012, 18, 1876–1877. [CrossRef]

5. Yoo, J.; Ma, X.; Tang, W.; Yi, G.C. Metal-Lined Semiconductor Nanotubes for Surface Plasmon-Mediated
Luminescence Enhancement. Nano Lett. 2013, 5, 2134–2140. [CrossRef] [PubMed]

6. Wu, C.R.; Liao, K.C.; Wu, C.H.; Lin, S.Y. Luminescence Enhancement and Enlarged Dirac Point Shift of
MoS2/Graphene Hetero-Structure Photodetectors with Post growth Annealing Treatment. IEEE J. Sel. Top.
Quantum Electron. 2016, 23, 101–105. [CrossRef]

7. Ellmer, K. Past achievements and future challenges in the development of optically transparent electrodes.
Nat. Photonics 2012, 6, 809. [CrossRef]

8. Wang, Y.B.; Wei, X.H.; Chang, L.; Xu, D.G.; Dai, B.; Pierson, J.F.; Wang, Y. Room temperature fabrication of
transparent p-NiO/n-ZnO junctions with tunable electrical properties. Vacuum 2018, 149, 331–335. [CrossRef]

9. Ievtushenko, A.I.; Karpyna, V.; Eriksson, J.; Tsiaoussis, I.; Shtepliuk, I.; Lashkarev, G.; Yakimova, R.;
Khranovskyy, V. Effect of Ag doping on the structural, electrical and optical properties of ZnO grown by
MOCVD at different substrate temperatures. Superlattices Microstruct. 2018, 117, 121–131. [CrossRef]

10. Myroniuk, D.V.; Ievtushenko, A.I.; Lashkarev, G.V.; Maslyuk, V.T.; Timofeeva, I.I.; Baturin, V.A.;
Karpenko, O.Y.; Kuznetsov, V.M.; Dranchuk, M.V. Effect of electron irradiation on transparent conductive
films ZnO: Al deposited at different sputtering power. Semicond. Phys. Quantum Electron. Optoelectron. 2015,
18, 286–291. [CrossRef]

11. Jeong, H.; Jeong, M.S. Confocal electroluminescence investigations of highly efficient green InGaN LED via
ZnOnanorods. J. Alloys Compd. 2016, 660, 480–485. [CrossRef]

12. Han, T.H.; Jeong, S.H.; Lee, Y.; Seo, H.K.; Kwon, S.J.; Park, M.H.; Lee, T.W. Flexible transparent electrodes for
organic light-emitting diodes. J. Inf. Disp. 2015, 16, 71–84. [CrossRef]

13. Liu, Y.F.; Feng, J.; Zhang, Y.F.; Cui, H.F.; Yin, D.; Bi, Y.G.; Song, J.F.; Chen, Q.D.; Sun, H.B. Improved efficiency
of indium-tin-oxide-free organic light-emitting devices using PEDOT: PSS/graphene oxide composite anode.
Org. Electron. 2015, 26, 81–85. [CrossRef]

14. Seo, Y.K.; Joo, C.W.; Lee, J.; Han, J.W.; Cho, N.S.; Lim, K.T.; Yu, S.; Kang, M.H.; Yun, C.; Choi, B.H. Efficient
ITO-free organic light-emitting diodes comprising PEDOT: PSS transparent electrodes optimized with
2-ethoxyethanol and post treatment. Org. Electron. 2016, 42, 348–354. [CrossRef]

15. Li, H.; Ying, L.; Xin, Z.; Wang, X.; Liu, X. High-performance ITO-free electrochromic films based on
bi-functional stacked WO3/Ag/WO3 structures. Sol. Energy Mater. Sol. Cells 2015, 136, 86–91. [CrossRef]

16. Lin, B.; Lan, C.; Li, C.; Chen, Z. Effect of thermal annealing on the performance of WO3–Ag–WO3 transparent
conductive film. Thin Solid Films 2014, 571, 134–138. [CrossRef]

17. Koubli, E.; Tsakanikas, S.; Leftheriotis, G.; Syrrokostas, G.; Yianoulis, P. Optical properties and stability of
near-optimum WO3/Ag/WO3 multilayers for electrochromic applications. Solid State Ion. 2015, 272, 30–38.
[CrossRef]

18. Kim, J.H.; Joo, C.W.; Lee, J.; Seo, Y.K.; Han, J.W.; Oh, J.Y.; Kim, J.S.; Yu, S.; Lee, J.H.; Lee, J.I. Highly
Conductive PEDOT: PSS Films with 1,3-Dimethyl-2-Imidazolidinone as Transparent Electrodes for Organic
Light-Emitting Diodes. Macromol. Rapid Commun. 2016, 37, 1427–1433. [CrossRef]

19. Xu, K.; Chen, X.; Deng, J.; Zhu, Y.; Guo, W.; Mao, M.; Lei, Z.; Jie, S. Graphene transparent electrodes grown
by rapid chemical vapor deposition with ultrathin indium tin oxide contact layers for GaN light emitting
diodes. Appl. Phys. Lett. 2013, 102, 666.

http://dx.doi.org/10.1021/nl048669h
http://dx.doi.org/10.1038/s41598-017-00541-w
http://www.ncbi.nlm.nih.gov/pubmed/28352090
http://dx.doi.org/10.1016/j.apsusc.2015.04.044
http://dx.doi.org/10.1017/S1431927612011233
http://dx.doi.org/10.1021/nl400547z
http://www.ncbi.nlm.nih.gov/pubmed/23573911
http://dx.doi.org/10.1109/JSTQE.2016.2577519
http://dx.doi.org/10.1038/nphoton.2012.282
http://dx.doi.org/10.1016/j.vacuum.2018.01.015
http://dx.doi.org/10.1016/j.spmi.2018.03.029
http://dx.doi.org/10.15407/spqeo18.03.286
http://dx.doi.org/10.1016/j.jallcom.2015.11.151
http://dx.doi.org/10.1080/15980316.2015.1016127
http://dx.doi.org/10.1016/j.orgel.2015.06.031
http://dx.doi.org/10.1016/j.orgel.2016.12.059
http://dx.doi.org/10.1016/j.solmat.2015.01.002
http://dx.doi.org/10.1016/j.tsf.2014.10.045
http://dx.doi.org/10.1016/j.ssi.2014.12.015
http://dx.doi.org/10.1002/marc.201600144


Polymers 2019, 11, 1037 11 of 12

20. Son, K.J.; Kim, T.K.; Cha, Y.J.; Oh, S.K.; You, S.J.; Ryou, J.H.; Kwak, J.S. Impact of plasma electron flux on
plasma damage-free sputtering of ultrathin tin-doped indium oxide contact layer onp-GaN for InGaN/GaN
light-emitting diodes. Adv. Sci. 2018, 5, 1700637. [CrossRef]

21. Lai, W.C.; Lin, C.N.; Lai, Y.C.; Yu, P.; Chi, G.C.; Chang, S.J. GaN-based light-emitting diodes with
graphene/indium tin oxide transparent layer. Opt. Express 2014, 22, A396–A401. [CrossRef] [PubMed]

22. Sun, G.; Khurgin, J.B.; Soref, R.A. Practicable enhancement of spontaneous emission using surface plasmons.
Appl. Phys. Lett. 2007, 90, 11564. [CrossRef]

23. Neogi, A.; Lee, C.-W.; Everitt, H.; Kuroda, T.; Tackeuchi, A.; Yablonovitch, E. Enhancement of spontaneous
emission in a nitride based quantum well by resonant surface plasmon coupling. Phys. Rev. B Condens. Matter
2002, 66, 153305. [CrossRef]

24. Chen, H.-S.; Chen, C.-F.; Kuo, Y.; Chou, W.-H.; Shen, C.-H.; Jung, Y.-L.; Kiang, Y.-W.; Yang, C.C. Surface
plasmon coupled light-emitting diode with metal protrusions into p-GaN. Appl. Phys. Lett. 2013, 102, 041108.
[CrossRef]

25. Lin, C.H.; Su, C.Y.; Yang, K.; Chen, C.H.; Yao, Y.F.; Shih, P.Y.; Chen, H.S.; Hsieh, C.; Kiang, Y.W.; Yang, C.C.
Further reduction of efficiency droop effect by adding a lower-index dielectric interlayer in a surface plasmon
coupled blue light-emitting diode with surface metal nanoparticles. Appl. Phys. Lett. 2014, 105, 101106.
[CrossRef]

26. Lu, C.H.; Wu, S.E.; Lai, Y.L.; Li, Y.L.; Liu, C.P. Improved light emission of GaN-based light-emitting diodes
by efficient localized surface plasmon coupling with silver nanoparticles. J. Alloys Compd. 2014, 585, 460–464.
[CrossRef]

27. Kuo, Y.; Chang, W.Y.; Chen, H.S.; Kiang, Y.W.; Yang, C.C. Surface plasmon coupling with a radiating dipole
near a Ag nanoparticle embedded in GaN. Appl. Phys. Lett. 2013, 102, 161103. [CrossRef]

28. Liu, X.; Gu, J.; Singh, R.; Ma, Y.; Zhu, J.; Zhen, T.; He, M.; Han, J.; Zhang, W. Electromagnetically
induced transparency in terahertz plasmonicmetamaterials via dual excitation pathways of the dark mode.
Appl. Phys. Lett. 2012, 100, 36.

29. Singh, R.; Al-Naib, I.A.I.; Yang, Y.; Chowdhury, D.R.; Wei, C.; Rockstuhl, C.; Ozaki, T.; Morandotti, R.;
Zhang, W. Observing metamaterial induced transparency in individual Fano resonators with broken
symmetry. Appl. Phys. Lett. 2011, 99, 201107. [CrossRef]

30. Xiao, S.; Wang, T.; Liu, T.; Yan, X.; Li, Z.; Xu, C. Active modulation of electromagnetically induced transparency
analogue in terahertz hybrid metal-graphenemetamaterials. Carbon 2018, 126, 271–278. [CrossRef]

31. Manjappa, M.; Turaga, S.P.; Srivastava, Y.K.; Bettiol, A.A.; Singh, R. Magnetic annihilation of the dark mode in
a strongly coupled bright-dark terahertz metamaterial. Opt. Lett. 2017, 42, 2106–2109. [CrossRef] [PubMed]

32. Xiao, S.; Wang, T.; Jiang, X.; Yan, X.; Cheng, L.; Wang, B.; Chen, X. Strong interaction between graphene layer
and Fano resonance in terahertz metamaterials. J. Phys. D Appl. Phys. 2017, 50, 195101. [CrossRef]

33. Zhao, X.; Yuan, C.; Zhu, L.; Yao, J. Graphene-based tunable terahertz pplasmon-induced transparency
metamaterial. Nanoscale 2016, 8, 15273–15280. [CrossRef] [PubMed]

34. Watanabe, E.; Tsukagoshi, K.; Yagi, I.; Aoyagi, Y. Fabrication of coulomb blockade device utilizing the 0.34 nm
interlayer spacing in a multiwalled Carbon nanotube. Microelectron. Eng. 2004, 3–74, 666–669. [CrossRef]

35. Low, F.W.; Lai, C.W.; Hamid, S.B.A. Surface modification of reduced graphene oxide film by Ti ion implantation
technique for high dye-sensitized solar cells performance. Ceram. Int. 2017, 43, 625–633. [CrossRef]

36. Dong, C. Evolution of Pt Clusters on Graphene Induced by Electron Irradiation. J. Appl. Mech. 2013,
80, 040904. [CrossRef]

37. Kuo, Y.; Chang, W.Y.; Chen, H.S.; Wu, Y.R.; Yang, C.C.; Kiang, Y.W. Surface-plasmon-coupled emission
enhancement of a quantum well with a metal nanoparticle embedded in a light-emitting diode. J. Opt. Soc.
Am. B 2013, 30, 2599. [CrossRef]

38. Fridén, J.; Razavi, A.; Stjernman, A.; Wu, Y.R.; Yang, C.C.; Kiang, Y.W. Angular sampling. Test Signal, and
Near Field Aspects for Over-the-Air Total Radiated Power Assessment in Anechoic Chambers. IEEE Access
2018, 6, 57826–57839.

39. Xie, R.; Li, Z.; Li, X.; Gu, E.; Niu, L.; Sha, X. Emission enhancement of light-emitting diode by localized
surface plasmon induced by Ag/p-GaN double grating. Opt. Commun. 2018, 419, 108–113. [CrossRef]

40. Li, Z.; Xie, R.; Li, X.; Gu, E.; Niu, L.; Sha, X. Luminous enhancement of nitride light-emitting diodes by
localized surface plasmon and triangular structure. Superlattices Microstruct. 2018, 120, 127–135. [CrossRef]

http://dx.doi.org/10.1002/advs.201700637
http://dx.doi.org/10.1364/OE.22.00A396
http://www.ncbi.nlm.nih.gov/pubmed/24922249
http://dx.doi.org/10.1063/1.2539745
http://dx.doi.org/10.1103/PhysRevB.66.153305
http://dx.doi.org/10.1063/1.4789995
http://dx.doi.org/10.1063/1.4895692
http://dx.doi.org/10.1016/j.jallcom.2013.09.164
http://dx.doi.org/10.1063/1.4803042
http://dx.doi.org/10.1063/1.3659494
http://dx.doi.org/10.1016/j.carbon.2017.10.035
http://dx.doi.org/10.1364/OL.42.002106
http://www.ncbi.nlm.nih.gov/pubmed/28569856
http://dx.doi.org/10.1088/1361-6463/aa69b1
http://dx.doi.org/10.1039/C5NR07114C
http://www.ncbi.nlm.nih.gov/pubmed/27500393
http://dx.doi.org/10.1016/S0167-9317(04)00179-0
http://dx.doi.org/10.1016/j.ceramint.2016.09.205
http://dx.doi.org/10.1115/1.4024168
http://dx.doi.org/10.1364/JOSAB.30.002599
http://dx.doi.org/10.1016/j.optcom.2018.03.012
http://dx.doi.org/10.1016/j.spmi.2018.05.031


Polymers 2019, 11, 1037 12 of 12

41. Yao, S.; Guo, Z.-Y.; Sun, H. Emission enhancement of surface plasmon coupled blue LED with a surface Al
nanoparticle. IEEE Photonics Technol. Lett. 2017, 29, 1011–1014. [CrossRef]

42. Zhao, M.Q.; Zhang, Q.; Huang, J.Q.; Tian, G.L.; Nie, J.Q.; Peng, H.J.; Wei, F. Unstacked double-layer
templatedgraphene for high-rate lithium-sulphur batteries. Nat. Commun. 2014, 5, 3410. [CrossRef]

43. Valmorra, F.; Scalari, G.; Maissen, C.; Fu, W.; SchoNenberger, C.; Choi, J.W.; Park, H.G.; Beck, M.; Faist, J.
Low-bias active control of terahertz waves by coupling large-area CVD graphene to a terahertz metamaterial.
Nano Lett. 2013, 13, 3193–3198. [CrossRef] [PubMed]

44. Chen, J.; Cui, M.; Wu, G.; Wang, T.; Mbengue, J.M.; Li, Y.; Li, M. Fast growth of large single-crystalline
graphene assisted by sequential double oxygen passivation. Carbon 2017, 116, 133–138. [CrossRef]

45. Sun, L.; Lin, L.; Zhang, J.; Wang, H.; Peng, H.; Liu, Z. Visualizing fast growth of large single-crystalline
graphene by tunable isotopic carbon source. Nano Res. 2017, 10, 355–363. [CrossRef]

46. Lin, L.; Li, J.; Ren, H.; Koh, A.L.; Kang, N.; Peng, H.; Xu, H.Q.; Liu, Z. Surface Engineering of Copper Foils
for Growing Centimeter-Sized Single-Crystalline Graphene. ACS Nano 2016, 10, 2922–2929. [CrossRef]

47. Buron, J.D.; Pizzocchero, F.; Jessen, B.S.; Booth, T.J.; Nielsen, P.F.; Hansen, O.; Hilke, M.; Whiteway, E.;
Jepsen, P.U.; Bøggild, P.; et al. Electrically Continuous Graphene from Single Crystal Copper Verified by
Terahertz Conductance Spectroscopy and Micro Four-Point Probe. Nano Lett. 2014, 14, 6348–6355. [CrossRef]

48. Gan, L.; Luo, Z. Turning Off Hydrogen to Realize Seeded Growth of Sub-Centimeter Single Crystal Graphene
Grains on Copper. ACS Nano 2013, 7, 9480–9488. [CrossRef]

49. Chen, X.; Zhao, P.; Xiang, R.; Kim, S.; Cha, J.; Chiashi, S.; Maruyama, S. Chemical Vapor Deposition Growth
of 5 mm Hexagonal Single-Crystal Graphene from Ethanol. Carbon 2015, 94, 810–815. [CrossRef]

50. Sun, J.; Egbert, G.D. A thin-sheet model for global electromagnetic induction. Geophys. J. Int. 2018, 189,
343–356. [CrossRef]

51. Sigman, J.B.; Barrowes, B.E.; O’Neill, K.; Wang, Y.; Simms, J.E.; Bennett, H.H.; Yule, D.E.; Shubitidze, F.
High-Frequency Electromagnetic Induction Sensing of Nonmetallic Materials. IEEE Trans. Geosci. Remote Sens.
2017, 55, 5254–5263. [CrossRef]

52. Gao, M.; Wang, Y.; Wang, Y.; Wang, P. Experimental investigation of non-linear multi-stable
electromagnetic-induction energy harvesting mechanism by magnetic levitation oscillation. Appl. Energy
2018, 220, S030626191830518X. [CrossRef]

53. Kholmanov, I.N.; Magnuson, C.W.; Aliev, A.E.; Li, H.; Zhang, B.; Suk, J.W.; Zhang, L.L.; Peng, E.; Mousavi, S.H.;
Khanikaev, A.B. Improved electrical conductivity of graphene films integrated with metal nanowires.
Nano Lett. 2012, 12, 5679. [CrossRef] [PubMed]

54. Moradi, O.; Gupta, V.K.; Agarwal, S.; Tyagi, I.; Asif, M.; Makhlouf, A.S.H.; Sadegh, H.;
Shahryari-ghoshekandi, R. Characteristics and electrical conductivity of graphene and graphene oxide for
adsorption of cationic dyes from liquids: Kinetic and thermodynamic study. J. Ind. Eng. Chem. 2015, 28,
294–301. [CrossRef]

55. Ijam, A.; Saidur, R.; Ganesan, P.; Golsheikh, A.M. Stability, thermo-physical properties, and electrical
conductivity of graphene oxide-deionized water/ethylene glycol based nanofluid. Int. J. Heat Mass Transf.
2015, 87, 92–103. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/LPT.2017.2701357
http://dx.doi.org/10.1038/ncomms4410
http://dx.doi.org/10.1021/nl4012547
http://www.ncbi.nlm.nih.gov/pubmed/23802181
http://dx.doi.org/10.1016/j.carbon.2017.01.108
http://dx.doi.org/10.1007/s12274-016-1297-1
http://dx.doi.org/10.1021/acsnano.6b00041
http://dx.doi.org/10.1021/nl5028167
http://dx.doi.org/10.1021/nn404393b
http://dx.doi.org/10.1016/j.carbon.2015.07.045
http://dx.doi.org/10.1111/j.1365-246X.2012.05383.x
http://dx.doi.org/10.1109/TGRS.2017.2704102
http://dx.doi.org/10.1016/j.apenergy.2018.03.170
http://dx.doi.org/10.1021/nl302870x
http://www.ncbi.nlm.nih.gov/pubmed/23083055
http://dx.doi.org/10.1016/j.jiec.2015.03.005
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.02.060
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	The Growth of Graphene Sheet Layer 
	Transfer Graphene Layer to Target Substrate 
	Preparation of GA (Graphene/Ag) Hybrid Sample 
	Transfer Second Layer Graphene to GA 
	Theoretical Model 
	Simulation Method 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

