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Abstract 

Improved performance in flexible organic light-emitting diodes (OLEDs) is 

demonstrated by using a hybrid nanostructured plasmonic electrode consisting of silver 

nanowires (AgNWs) decorated with silver nanoparticles (AgNPs) and covered by 

exfoliated graphene sheets. Such all-solution processed electrodes show high optical 

transparency and electrical conductivity. When integrated in an OLED with super 

yellow polyphenylene vinylene as the emissive layer, the plasmon coupling of the NW-

NP hybrid plasmonic system is found to significantly enhance the fluorescence, 

demonstrated by both simulations and photoluminescence measurements, leading to a 

current efficiency of 11.61 cd A-1 and a maximum luminance of 20008 cd m-2 in OLEDs. 

Stress studies reveal a superior mechanical flexibility to the commercial indium-tin-

oxide (ITO) counterparts, due to the incorporation of exfoliated graphene sheets. Our 

results show that these hybrid nanostructured plasmonic electrodes can be applied as 

an effective alternative to ITO for use in high-performance flexible OLEDs. 

 

Keywords: flexible organic light-emitting diodes, flexible transparent electrode, surface 

plasmon, nanowire-nanoparticle junction, exfoliated graphene 
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Introduction 

Flexible Organic Light-Emitting Diodes (OLEDs) have attracted considerable attention 

for use in next-generation foldable or roll type applications due to their advantages such 

as low-cost and large-area fabrication using solution processing. [1,2] One key issue 

involving flexible devices is to develop novel Flexible Transparent Electrodes (FTEs) 

which need to demonstrate superior electrical, optical and mechanical properties. So far, 

indium-tin-oxide (ITO) is the most commercially used transparent electrode, but its role 

in flexible optoelectronics is limited due to the inherent shortcomings of rigidity and 

brittleness. [3-5] Various types of FTEs have been proposed to replace ITO such as: 

metallic nanostructures, [6-9] carbon-based materials, [10,11] conducting polymers [12-14] 

and hybrid films. [15,16] Among them, silver nanowires (AgNWs) is one of the most 

promising candidates as an alternative FTE for flexible devices because of the attractive 

mechanical flexibility, [17,18] excellent conductivity and good optical transmittance. [19,20] 

Nevertheless, some drawbacks remain to be solved for AgNWs-based FTEs. First, the 

randomly distributed AgNWs fabricated by solution processing can result in large 

surface roughness whose structures may penetrate through the active layer, leading to 

short circuits of the thin-film devices. [21-24] Second, percolation of charges through 

junctions between AgNWs can lead to large contact resistance. [25, 26] In addition, the 

nanowire junctions may get damaged after large tensile deformation. In order to 

circumvent these issues, mechanical pressing and thermal annealing of the polymer 

matrix that contains the AgNWs have been applied to drastically reduce the surface 

roughness of the layer. [27,28] Another method consists of the deposition of two-

dimensional graphene layers onto the network of AgNWs to enhance the mechanical 

stability of FTEs, taking advantage of the excellent stretchability of graphene. [29] In 

addition, this scheme protects the AgNWs from getting oxidized, improving the long-

term electrical stability of the FTEs. [30] 

Despite the improved mechanical/chemical stability of FTEs combining AgNWs and 

graphene sheets, the efficiency of the flexible OLEDs still falls behind that of their ITO-

based counterparts. One strategy is to use plasmonic metal nanostructures which 
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support surface plasmon that can couple with excitons to enhance light extraction in 

OLEDs. [31] Surface plasmons are collective oscillations of free electrons in a metal at 

an interface with a dielectric, which can result in electronic and photonic resonances, 

strong absorption and light scattering, and an enhancement of the local electromagnetic 

fields. [32] In particular, the overlap of local electromagnetic field of the excitons in the 

emissive layer and surface plasmons leads to the coupling effect between excitons and 

surface plamons which conduce to significant radiative emission through effective 

energy transfer in OLEDs. [33] Among various metal nanostructures, silver nanoparticles 

(AgNPs) are considered as promising plasmonic materials due to the localized surface 

plasmon resonance (LSPR) in the visible and high scattering efficiency. [34] The 

application of AgNPs in OLEDs has shown to enhance device performance. [35,36] This 

effect is even enhanced when AgNPs are coupled with AgNWs to constitute a hybrid 

plasmonic system. [37] AgNPs couple the incident light into surface plasmon polaritons 

(SPP) on the surface of AgNW. Such a plasmon coupling at NW-NP junctions induces 

light confinement and local electrical field enhancement larger than they would in 

AgNWs or AgNPs alone, which improves resonant coupling to excitons in the organic 

active layer. [38,39] It is thus interesting to develop novel plasmonic FTEs containing 

different hybrid metallic nanostructures to improve the performances of flexible 

OLEDs.   

In this work, we demonstrate a promising FTE based on hybrid nanostructures which 

takes advantage of both the plasmon effect of AgNWs:AgNPs and the excellent 

flexibility of exfoliated graphene (EG). Guided by electromagnetic numerical 

simulations of the plasmon effect in NW-NP junctions, we first show that the 

AgNWs:AgNPs systems act as efficient nanoantennas and nanoresonators, enhancing 

the fluorescence of the emissive layer in the FTE. Adding EG results in a FTE with a 

superior mechanical stability, a low sheet resistance of 22 Ω sq-1 and a high optical 

transmittance of 80 %. When applied in flexible OLEDs using super yellow 

polyphenylene vinylene (SY-PPV) as emissive material, it yields a current efficiency of 

11.6 cd A-1 and a luminance of 20008 cd m-2. Notably, the flexible devices can maintain 
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90% of their initial luminescence after 1000 bending iterations, outperforming their 

ITO counterparts. 

Experimental Section 

Materials 

The solution of AgNPs (60 nm in diameter) was purchased from Sigma Aldrich. The 

solution of AgNWs (80 nm in diameter and 20-30 μm in length) was ordered from 

BlueNano Company (Cornelius, NC, USA). EG layers dispersed in N-Methyl 

pyrrolidone solution at a concentration of 4 mg mL-1 was purchased from XFNANO 

(Nanjing, China). The lateral size of EG was estimated to be 0.5-3 μm, while the 

thickness was measured to be 0.3-2 nm. Super Yellow (SY) was purchased from Xi 'an 

Polymer Light Technology Corp. Poly (3, 4-ethylenedioxy-thiophene) doped with 

polystyrene sulfonate (PEDOT:PSS) aqueous solution of Clevios PVP 4083 were 

purchased from Heraeus, Germany. The small-molecular material Liq was obtained 

from e-Ray Optoelectronics Corp. Chlorobenzene and 1,8-diiodooctane were ordered 

from Sigma Aldrich. 

Fabrication of hybrid nanostructured FTEs 

The AgNWs:AgNPs/EG FTEs were prepared by a successive solution process on pre-

cleaned Polyethylene terephthalate (PET) substrates. The PET substrate was cleaned 

sequentially in an ultrasonic bath with detergent, deionized water and isopropanol. 

AgNPs and AgNWs mixed solution (AgNPs: AgNWs =1:10) was then deposited on the 

PET substrate followed by an annealing at 110 ℃ for 15 min. Finally, EG dispersion 

was sprayed onto the top of the AgNPs:AgNWs layer by an airbrush system. The 

thickness of the top EG layer was controlled by tuning the spraying height and time. 

The EG dispersion was first atomized into small droplets by toggling the air valve and 

then annealed at 110 ℃ for 1 min. 

Fabrication of flexible OLEDs 

OLEDs using ITO, AgNWs: AgNPs and AgNWs: AgNPs/EG based electrodes were 
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fabricated. Prior to the film deposition, the ITO-coated glass substrates and PET 

substrates were thoroughly cleaned successively in an ultrasonic bath with detergent, 

deionized water and acetone for 20 min each, and then dried using a pure nitrogen gas 

stream. The OLED device is composed of PEDOT:PSS with a thickness of 40 nm as 

the hole transporting layer, 60 nm of SY-PPV as the emitting layer, 1 nm of Liq as the 

electron injection layer, and 100 nm of Al as the cathode. PEDOT:PSS was spin-coated 

separately on the prepared ITO and various types of FTEs/PET substrates at 3000 rpm 

for 60 s. Then, it was annealed at 110 ℃ for 30 min. For the emitting layer in OLEDs, 

SY-PPV was dissolved in chlorobenzene at a concentration of 20 mg mL-1. The solution 

was spin-coated onto ITO or FTE/PEDOT:PSS at 1000 rpm for 60 s. Finally, the 

substrate was transferred into high vacuum chamber at a base pressure of about 10-6 Pa 

for evaporation. The evaporation rates of Liq and Al were about 0.1 Å s-1 and 5 Å s-1, 

respectively. A quartz-crystal monitor was used to monitor the deposition rate and film 

thickness. The active area defined by the overlap of the anode and the Al cathode was 

2 mm × 2 mm. 

Characterization 

The surface morphology of hybrid nanostructured FTEs was analyzed with scanning 

electron microscopy (SEM, HITACHI S-4800) and atomic force microscopy (AFM, 

Nanonavi SPA-400SPM). The optical transmittances and the sheet resistances (Rs) of 

FTEs were measured with a UV-vis spectrophotometer (HITACHI Ue3900H) and 4-

point probe system (RS8, BEGA Technologies, Korea), respectively. The 

photoluminescence (PL) spectra and time-resolved PL spectra were measured with a 

FLSP 920 fluorescence spectrometer. Raman spectroscopy was carried out using a 

Horiba LabRam spectrometer with a laser operating at 473 nm wavelength as an 

excitation source. The current density voltage-luminance characteristics and 

electroluminescence spectra of the corresponding OLED devices were characterized 

simultaneously by a computer-controlled programmable Keithley model 2400 power 

source and a PhotoResearch PR650 spectrometer. The spectra were acquired along the 

normal angle of incidence. All the measurements were performed in air under ambient 
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conditions without device encapsulation. 

Electromagnetic simulation  

Absorption spectra and distributions of the electric near-field amplitude of a single 

AgNW, having a diameter of 80 nm and a length of 3.5 µm, or an AgNW decorated 

with 60 nm-sized spherical AgNPs were calculated using the Finite Difference Time 

Domain (FDTD) method (Comsol Multiphysics software). [40] In the calculation, we 

considered planewaves propagating from the air, with a normal incidence to the 

AgNW/glass substrate or AgNW:AgNPs/glass substrate, and polarized parallel to the 

AgNW’s axis. The dielectric constant of silver has been taken from Ref. 41, while the 

refractive index of glass is 1.5. It should be noted that a thin native oxide layer with a 

thickness of 1 nm was considered around the AgNW:AgNP system. Perfectly matched 

layers were applied around the simulation domain and symmetries were used to 

optimize memory and computation time. 

Results and discussion 

In order to get a first insight into the plasmonic effect induced by the hybrid metal 

nanostructures, numerical simulations were performed on NW-NP plasmon couplings. 

Calculations were carried out on a 3.5µm-long AgNW. We studied the effect of NW-

NP plasmon coupling on three different structures that are believed to be characteristic 

of those usually experimentally observed: bare AgNW, AgNW with 8 separated AgNPs 

and 5 clusters of AgNPs. Figures 1(a) shows calculated distributions of the electric near-

field amplitude for the three cases. The corresponding absorption spectra and scattering 

spectra are shown in Figure 1(b) and (c), respectively. In Figure 1(a), the chosen 

wavelengths correspond to strong resonances in Figure 1(b). Without AgNPs (a1 case), 

propagating surface plasmons are launched, travel back and forth along the AgNW and 

interfere with each other, resulting in a stationary mode along the AgNW, as confirmed 

by the field distribution that shows a typical longitudinal oscillating pattern. [42] As 

shown in the corresponding spectra of Figure 1(b) and (c), this resonance can occur at 

many wavelengths when NW length L=pλ/2neff, where neff is the effective index of the 
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plasmon monde and p is an integer. In the presence of AgNPs (a2 case), strong 

resonances are obtained (Figure 1(b)) and it is seen that the field magnitude for the NW-

NP plasmon coupling effect is related to the arrangement of AgNPs. Compared to 

Figure 1(a)-a1, Figure 1(a)-a2 shows localized electromagnetic hot spots which are 

associated to a strengthening of the local density of states (LDOS) and the associated 

spectral features. With clusters of AgNPs (a3 case), the local electromagnetic field is 

strongly enhanced and the hot spots are numerous, suggesting a much higher photonic 

density of state. It should be noted that this effect is likely to result from a coupling 

between the propagating surface plasmon supported by the AgNW and the localized 

surface plasmons supported by either single AgNP or clusters of AgNPs. For example, 

AgNP and clusters can resonantly launch and drive the propagative plasmons. In turn, 

the propagating surface plasmons can excite the localized plasmons modes of the AgNP 

and clusters. As a result, NP-NW resonant gap modes are strongly excited. In Figure 

1(a)-a3, it is worth noticing that strong oscillations appear between clusters and AgNW 

and between different clusters, suggesting local Fabry Perot cavities and significant 

contribution of propagating surface plasmons. This could be due to the fact that, 

compared to the single AgNP, the complex structure of cluster is associated to a much 

richer angular spectrum of wave vectors that are susceptible to well match the 

dispersion function of the propagating surface plasmons. 

In Figure 1(b), it turns out that combination of AgNW and clusters of AgNPs leads to a 

strong enhancement absorption over a broad spectral range (300-700 nm). The 

scattering spectrum is also broadly enhanced, as it is shown in Figure 1(c). When the 

hybrid plasmonic nanostructures were integrated into the OLED device, the absorption 

is likely to play an important role in the near-field plasmon-exciton coupling within 

OLEDs, while the scattering properties are of prime importance because we aim at 

enhancing the far-field emission of the OLEDs. As a conclusion of this part, the FDTD 

simulations qualitatively demonstrate that the plasmon effect of the NW-NP hybrid 

system can significantly enhance the electric field intensity around the junctions as well 

as spectral properties. Such an enhancement will be essential to increase the radiative 
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emission of the OLEDs when AgNWs:AgNPs are integrated in the transparent 

electrode. 

 

Figure 1. FDTD electromagnetic simulation on a 3.5µm-long AgNW coupled with 

AgNPs. (a) Map of the magnitude of the electric near-field, in three different cases. a1: 

without AgNPs (λ=630 nm), a2: with 8 separated AgNPs (λ=425 nm), a3: with 5 

clusters of AgNPs (λ=610 nm). The magnitude of the enhanced electric field intensity 

is indicated by the color scale. (b) Absorption and (c) scattering spectra for the same 

three cases.  
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In the second part of this work, the hybrid nanostructured FTEs were fabricated 

according to the iterative processes illustrated in Figure 2(a). First, AgNWs:AgNPs 

were spin-coated on the PET substrate. The morphology of the AgNW network coupled 

with AgNPs was observed with SEM and AFM, as shown in Figures 2(b) and (c). 

AgNWs with a diameter of 80 nm were randomly distributed and overlapped with each 

other on the surface. AgNPs with a diameter of 60 nm were found not only to fill up the 

empty gaps in the network of AgNWs, but also to couple with the AgNWs forming the 

NW-NP junctions. In some areas highlighted by circles, clusters AgNPs are visible. 

Therefore, although the distribution of AgNWs:AgNPs is not well controlled, both 

configurations considered in the FDTD simulations above do exist and should have an 

impact on the optical properties of the transparent electrode. 

 

Figure 2. (a) Schematic of the fabrication process of hybrid nanostructured FTEs. (b) 

SEM and (c) AFM images of AgNWs:AgNPs. The scale bar is 500 nm. The white 

circles indicate regions of high concentrations of Ag NPs.  

To experimentally determine the degree of coupling between the surface plasmons of 

the AgNW:AgNP electrode and the excitons of the emissive layer, PL and time-resolved 

PL measurements were conducted. SY and PEDOT:PSS, which were used as the 
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fluorescent emissive layer and hole transport layer, were deposited on the PET 

substrates with AgNWs:AgNPs. Figure 3(a) shows the steady-state PL spectra for 

samples consisting of PEDOT:PSS/SY, AgNWs/PEDOT:PSS/SY and 

AgNWs:AgNPs/PEDOT:PSS/SY. As a control, PEDOT:PSS/SY yielded the lowest PL 

intensity because of significant exciton quenching at the PEDOT:PSS/SY interface.[43] 

The intensity was increased by ~25% when AgNWs were added, while the 

AgNWs:AgNPs/PEDOT:PSS/SY films demonstrated the highest PL intensity, 

consistent with our predictions. The time-resolved PL measurements for 

PEDOT:PSS/SY, AgNWs/PEDOT:PSS/SY and AgNWs:AgNPs/PEDOT:PSS/SY are 

plotted in Figure 3(b). A significant increase in the PL decay rate was observed when 

AgNWs:AgNPs were added, leading to the decrease in the lifetime of the exciton. From 

the decay values, the average PL lifetime was calculated to be 0.90 ns for 

PEDOT:PSS/SY, 0.81 ns for AgNWs/PEDOT:PSS/SY and 0.72 ns for 

AgNWs:AgNPs/PEDOT:PSS/SY, respectively.  

 

Figure 3. (a) PL spectra and (b) Transient PL decay curves of PEDOT:PSS/SY, 

AgNWs/PEDOT:PSS/SY and AgNWs:AgNPs/PEDOT:PSS/SY.  
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The mechanism of the typical coupling process is given in the schematic diagram of 

Figure 4(a). First, the excitons are generated in the emissive layer which can decay 

either radiatively or nonradiatively. Then, the excitons get coupled with the hybrid 

AgNW:AgNPs surface plasmons modes (described in the above “electromagnetic 

simulation” section) that have a high density of LDOS. Finally, this coupled excited 

state gets radiatively de-excited through plasmon-enhanced emission. Such coupling 

process is much faster than the spontaneous recombination of excitons, [44] leading to 

the reduction in the lifetime of excitons supported by the time-resolved PL 

measurements. It should be stressed that this fast plasmon coupling minimizes the 

unwanted non-radiative recombination. Furthermore, it is known that the effective 

surface plasmons extend away from the surface of the metal nanostructures by 10 to 70 

nm. [45] In our case, AgNWs:AgNPs were separated by 40 nm from the emissive layer, 

a distance small enough to that the plasmons efficiently assist the coupling of the 

exciton in the emissive layer. Finally, our AgNWs:AgNPs hybrid systems effectively 

combine both localized surface plasmons and propagating surface plasmon polaritons, 

leading to a stronger hybrid plasmon coupling, demonstrated by both simulations and 

PL measurements. Hence, these results indicate the existence of plasmon coupling 

effect in the hybrid nanostructured FTEs, which can further enhance the performances 

of OLEDs. 
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Figure 4. (a) Schematic diagram showing the coupling mechanism between the surface 

plasmons of AgNW:AgNP and the excitons. Within the emitting layer (EML), different 

dipole orientations are represented. d is the distance between a dipole and the top 

surface of the layer used as a spacer. (b) Geometries of the plasmonic nanostrutures 

considered in the simulation. b1: bare AgNW, b2: AgNW coupled with one AgNP, b3: 

AgNW coupled with four AgNPs. (c) Scattering cross section in air (corresponding to 

the actual light output channel of OLED) calculated for three different dipole 

orientations: x (along the NW axis), y (in-plane, perpendicular to the NW axis) and z 

(out-of-plane) with different geometries of the plasmonic nanostructures. 

In order to get a deep understanding on the process of enhancement of light emission 

observed in Figure 3, additional FDTD calculations were carried out. The realistic 

geometry illustrated in Figure 4(a) was considered. A light-emitting exciton produced 

by charge injection within the 60-nm thick emitting layer (EML) was represented by a 

point-like emitted dipole (λ=550 nm) whose spatial orientation and position is a priori 

random in a real device. Three geometries of the plasmonic nanostrutures were 

considered: bare AgNW (Figure 4(b)-b1), AgNW:AgNP (Figure 4(b)-b2), AgNW: 

AgNP-cluster (Figure 4(b)-b3). The dipole was placed at the middle of the structure 

(x=0, y=0), within the emissive layer, at the distance d ranging from 0 to 60 nm on the 

top of the 40-nm thick spacer (see Figure 4(a)). The scattering cross section in air 

(corresponding to the actual light output channel of OLED) was calculated for three 

different dipole orientations: x (along the NW axis), y (in-plane, perpendicular to the 

NW axis) and z (out-of-plane). Figure 4(c) shows the results of the calculation. For 

comparison, dipole emission without any plasmonic nanostructures was considered as 

reference which corresponds to the bare OLEDs. In general, scattering efficiency turns 

out to get improved by the presence of the plasmonic nanostructures. It is worth noticing 

that the different plasmonic nanostructures play different role relative to the dipole 

orientation. X-dipole emission is mainly boosted by the bare AgNW, which is due to 

the fact that x dipoles, especially at short distance from the AgNW, can get easily 

coupled with the propagative surface plasmons. Z-dipoles are very sensitive to the 
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AgNW: AgNP-cluster which is a complex structure susceptible to generate rich out-of-

plane LDOS. The y dipole emission benefits from both AgNW:AgNP and 

AgNW:AgNP-cluster systems. While the scattering efficiency without nanostructures 

is poorly sensitive to the dipole position (blue curves), the presence of the hybrid 

plasmonic nanostructures makes this dependence significant. This is likely to be due to 

the rich angular spectrum associated to the different plasmonic nanostructures, resulting 

in a strong gradient of the optical near-field along the z axis. In conclusion, Figure 4(c) 

shows that each dipole within the emissive layer can take advantage of specific 

plasmonic nanostructures, depending on its orientation and spatial position. 

In a subsequent step, mechanical properties of the hybrid OLED was considered. EG 

layers were deposited on top of the AgNWs: AgNPs network with spray-coating. In this 

work, EG was used to enhance the mechanical flexibility of FTEs. Compared to the 

commonly used CVD-grown graphene, [46] EG possesses the advantage of a low-cost 

and solution-processing, which is a better choice for the application of OLEDs. The 

uniformity of the deposition was deduced from the SEM and AFM observations. As 

shown in the bottom right part of Figure 5(a), when the AgNWs:AgNPs network is not 

covered with the EG layers, the AgNWs appear much brighter in the SEM image, 

clearly indicating the absence of EG on top of the AgNWs: AgNPs. Similarly, 

examination of the roughness in the AFM images provided a good insight into the 

presence or not of the EG layers. While the root-mean-square (RMS) of the topography 

of the AgNWs:AgNPs deposited on the PET substrate was 22.3 nm, it  significantly 

reduced to 7.6 nm after coating the AgNWs:AgNPs networks with the EG layers, as 

shown in Figure 5(b). Such a good uniformity is essential to contact the organic 

emissive layers. Furthermore, the small density of defects in EG that is reflected by a 

small D peak (~1350 cm-1) in comparison with an intense G peak (~1580 cm-1) and a 

visible 2D peak (~2700 cm-1) in the Raman spectrum of Figure 5(c), indicates the high 

structural quality of the EG layers.  
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Figure 5. (a) SEM and (b) AFM images of EG deposition on AgNWs. The scale bar is 

500 nm. In (a), the dashed circle highlights AgNWs which are not covered by EG. (c) 

Raman spectra of AgNWs:AgNPs/EG film. (d) Optical transmittance and sheet 

resistance values of AgNWs, AgNWs:AgNPs and AgNWs:AgNPs/EG based FTEs. 

It is known that there is an inverse correlation between sheet resistance (Rs) and optical 

transmittance of AgNW-based films, which are highly dependent on the fabrication 

process. [47] Figure 5(d) shows the optical transmittance and Rs of the different 

nanostructured FTEs. After optimizing the density of AgNWs, the average 

transmittance of the FTE consisting of AgNWs only was ~ 88% over the whole visible 

spectral range, while Rs was 44 Ω sq-1. When AgNPs were mixed into AgNWs, the 

average transmittance was slightly decreased to 86% due to screening effect by isolated 

AgNPs. But this decrease took along with a valuable reduction of Rs to 36 Ω sq-1, which 

we attribute to the filling of empty spaces between the interconnected AgNWs by the 

AgNPs. This insertion of AgNPs improved the electrical contact between the NWs, 

making the carrier collection more efficient. After the coating of the AgNWs:AgN 
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network with an uniform EG sheet, the transmittance dropped to ~80%. Such loss of 

transmittance with EG sheet indicates that the sheet contains a few (2~3) graphene 

layers. However, Rs was further reduced to 22 Ω sq-1, due to an increase of the lateral 

conductivity since the empty gaps between AgNWs were bridged by the 2D EG layers. 

Finally, the figure of merit (FoM) defined as the ratio of the electric conductivity to 

optical transparency, [48] was used to better assess the performance of the FTEs. The 

calculations gave FoM values of 65, 67 and 75 for the FTEs consisting of AgNWs, 

AgNWs:AgNPs and AgNWs:AgNPs/EG, respectively.  

 

Figure 6. Rs/R0 evolution as a function of bending (left) and folding (right) cycles for 

different FTEs of the bare AgNWs, AgNWs:AgNPs and AgNWs:AgNPs/EG. The 

radius of bending is 4 mm. Insets are photographs of FTEs under bending and folding 

tests.  

To investigate the mechanical flexibility of hybrid nanostructured FTEs induced by the 

coverage of EG layers, all three different electrodes were mechanically stressed. Figure 

6 shows the variation of Rs with respect to the initial value R0 for AgNWs, 

AgNWs:AgNPs and AgNWs:AgNPs/EG based FTEs during bending (left) and folding 

(right) tests. For a 4 mm bending radius, 1000 bending cycles yielded a ratio of Rs/R0 

that increased by a factor of 5 for AgNWs and AgNWs:AgNPs based FTE. When EG 

layers were added on the AgNWs:AgNPs network, the relatively small increase of Rs/R0 

by a factor of 2.1 shows an improved mechanical stability of the FTEs. Similarly, the 

Rs/R0 value was dramatically increased to 8.5 and 8.9 for AgNWs:AgNPs and AgNWs 
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based FTEs, respectively, after 1000 folding cycles with a radius lower than 1 mm . In 

comparison, EG minimized the degradation of the conductivity with an increase of 

Rs/R0 by a factor of 3.5 only, showing that the use of EG layers makes the FTEs more 

robust to mechanical stresses.  

Finally, to assess the feasibility of the hybrid nanostructured plasmonic FTEs for 

application in flexible OLEDs, a set of flexible OLEDs were fabricated with a device 

architecture of PET/FTEs/PEDOT:PSS (40 nm)/ SY (60 nm)/Liq (1 nm)/Al (100 nm), 

as shown in Figure 7(a). PEDOT:PSS was used as hole transport layer, while SY was 

applied as the emissive layer. A bilayer cathode of Liq/Al was used for improving the 

electron collection. The control OLED with a device configuration of 

Glass/ITO/PEDOT:PSS (40 nm)/ SY (60 nm)/Liq (1 nm)/Al (100 nm) was also 

fabricated for comparison. The current density–voltage characteristics, luminance and 

current efficiency of OLEDs using ITO, AgNWs, AgNWs:AgNPs and 

AgNWs:AgNPs/EG FTEs are shown in Figure 6(b) and (c), while the device parameters 

are given in Table 1. 

The device with a AgNWs:AgNPs FTE showed substantially improved light-emitting 

characteristics with the luminance of 18010 cd m-2 at 10.5 V and current efficiency (CE) 

of 10.62 cd A−1 compared to the device with a AgNWs FTE (luminance of 13696 cd m-

2 at 11 V and CE of 8.55 cd A−1). The gain in luminance and CE is mainly attributed to 

the plasmon coupling of light induced by the addition of AgNPs, especially at the NW-

NP junctions. The device consisting of the AgNWs:AgNPs/EG FTE exhibited further 

improved performances (luminance of 20008 cd m-2 at 10.5 V and CE of 11.61 cd A−1), 

taking advantage of plasmonic effect of AgNWs:AgNPs and the high FoM value of 

FTEs induced by the 2D transport properties of EG layers. The performances of the 

latter devices with hybrid nanostructured plasmonic FTEs were found to be quite close 

to that using ITO (Figures 7(b) and (c)). Figure 7(d) shows the normalized luminance 

of OLEDs using AgNWs, AgNWs:AgNPs, AgNWs:AgNPs/EG FTEs and ITO 

electrodes after bending tests at a bending radius of 4 mm, while Figure 7(e) shows the 

electroluminescence of the flexible OLEDs with AgNWs:AgNPs/EG FTEs under 
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mechanical stress. The luminance of the devices with AgNWs, AgNWs:AgNPs and 

AgNWs:AgNPs/EG FTEs remained 61%, 64% and 90% after 1000 bending, 

respectively. In contrast, the luminance of the ITO control device reduced dramatically 

to 42% of its initial value after only 100 bending cycles, demonstrating the clear 

advantage of our hybrid nanostructured plasmonic FTEs over the ITO electrode. 

Figure 7. (a) Device structure of flexible OLEDs using hybrid nanostructured 

plasmonic FTEs and the corresponding energy level alignment. (b) Current density and 

Luminance plotted against voltage with AgNWs, AgNWs:AgNPs, AgNWs:AgNPs/EG 

FTEs and ITO electrodes. (c) Current efficiency plotted against luminance with AgNWs, 

AgNWs:AgNPs, AgNWs:AgNPs/EG FTEs and ITO electrodes. (d) Normalized 

luminance of OLEDs with AgNWs, AgNWs:AgNPs, AgNWs:AgNPs/EG FTEs and 
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ITO electrodes after bending tests at a bending radius of 4 mm. (e) Photograph of 

flexible OLEDs with AgNWs:AgNPs/EG based FTE under operation. 

Table 1. Key parameters of OLEDs with AgNWs, AgNWs:AgNPs, 

AgNWs:AgNPs/EG FTEs and ITO electrodes. 

Types of electrodes Von 

(V) 

Lmax 

(cd m-2) 

CEmax 

(cd A-1) 

Current 
Density 

(mA/cm2) 

ITO 2.6 22498 14.92 238.6 

AgNWs 

Ag NWs:Ag NPs 

3.1 13696 8.55 171.6 

3.0 18010 10.62 210.3 

Ag NWs:Ag NPs/EG 3.0 20008 11.61 215.4 

Conclusion 

In this work, we have developed a solution processable hybrid nanostructured 

plasmonic electrode for use in flexible OLEDs. The synergy of 0D AgNPs, 1D AgNWs 

and 2D exfoliated graphene sheets leads to a FTE with excellent electrical, optical and 

mechanical properties. In particular, the enhanced surface plasmonic effect of the NW-

NP hybrid plasmonic systems has been demonstrated by combining transient PL 

measurements with theoretical calculations, which leads to improved radiative emission 

in OLEDs. Flexible OLEDs with a current efficiency of 11.61 cd A-1 and a maximum 

luminance of 20008 cd m-2 were successfully fabricated with this hybrid FTE. Finally, 

the flexible OLEDs exhibit an excellent mechanical flexibility, retaining > 90% of the 

initial luminance after a test of 1000 bending cycles. These results demonstrate that the 

hybrid nanostructured FTE with enhanced plasmonic effects is a favorable alternative 

to ITO for use in high-performance flexible OLEDs. 
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