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Research on flexible silver nanowire electrode for or-
ganic light-emitting devices 
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By spin-coating silver nanowires (AgNWs) and polymethyl methacrylate (PMMA), applying pressure imprint and 
plasma treatment, we obtained flat AgNW thin film with a sheet resistance of 20 Ω/sq and a transmittance of 78% at 
550 nm with low surface roughness. No significant change in sheet resistance was observed after cyclic bending 
(bending radius is 5 mm) test and tape test. After 1 000 bending tests, the change rate of sheet resistance was only 
8.3%. The organic light-emitting devices (OLEDs) were prepared by using such AgNW electrodes and a maximum 
brightness of 5 090 cd/m2 was obtained. Compared with the AgNWs electrode without any treatment, the present 
AgNW electrodes have lower sheet resistance and better hole injection. Our results show spin-coated with flat lay-
ers, embossed and plasma-treated AgNW electrodes are suitable for manufacturing flexible organic optoelectronic 
devices.* 
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In recent years, display technology has profoundly af-
fected people's lifestyles. With the increasing demand for 
display screens, it has become an important area of mod-
ern electronics research. Compared with traditional dis-
play, organic light-emitting devices (OLEDs) have high-
er brightness, higher color gamut, faster response time, 
and higher contrast. In addition, OLEDs have foldability 
characteristics, making them applicable to wearable de-
vices and ultra-thin electronic display devices[1-8]. At 
present, the most widely used transparent electrode in 
OLED devices is indium tin oxide (ITO). However, due 
to the poor bendability of ITO and the scarcity of metal 
indium, ITO is not the best choice for flexible elec-
trodes[9].  

Currently, the electrodes used in the market to replace 
ITO are silver nanowires (AgNWs)[10,11], graphene[12,13], 
carbon nanotubes (CNT)[14], conductive ink[15], etc. Car-
bon nanotubes have high surface roughness due to high 
aspect ratio, graphene has a high sheet resistance, and 
conductive inks are also excluded due to low transmit-
tance. AgNWs have been widely studied as ITO re-
placement electrodes due to their excellent transmittance 
and low sheet resistance. Nanowire thin films are often 
used in the production of devices based on the solution 
method. The methods for making AgNW electrodes are 

usually spin coating, screen printing, inkjet printing[16-18], 
etc. In these processes, the intersecting AgNWs are 
mainly attached to the PET substrate by gravity, which 
will cause the intersecting AgNWs to loosen and the 
adhesiveness between the intersecting AgNWs and the 
PET substrate to deteriorate, and generate a large sheet 
resistance. In order to reduce the sheet resistance and 
improve the adhesion between AgNW and the substrate, 
the commonly used methods are high temperature an-
nealing, embossing, making composite electrodes, im-
proving electrode manufacturing processes such as re-
verse peeling[19], etc. 

In this study, we used a spin coating method and a 
suitable spin coating rate to deposite AgNWs on PET to 
produce a transparent anode that can be used in flexible 
OLEDs. Due to the higher aspect ratio of AgNWs, higher 
surface roughness results. And AgNW adhesion will 
become worse over time, which will affect the stability 
of device operation. In order to solve these problems, we 
use polymethyl methacrylate (PMMA) as a flat layer and 
apply a certain pressure, so that the surface roughness 
and sheet resistance of the AgNWs film are reduced and 
the adhesion is improved. Then plasma treatment is used 
to further reduce the surface roughness and sheet re-
sistance of the AgNWs thin film so as to facilitate the 
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preparation of subsequent light emitting devices. 
PMMA powder (purchased from Aldrich, M.W.: 

996 000) was dissolved in water with anisole 
(CH3OC6H5) to prepare a 4 wt% PMMA solution. 
AgNW suspension in water with 5 mg/mL was pur-

chased from VIGON TECHNOLOGY, and the average 
diameter and length of the AgNWs were ~35 nm and 
~25 μm. The procedure used for the fabrication of the 
AgNWs-based transparent electrode is schematically 
illustrated in Fig.1.

 

 
Fig.1 Procedure of the fabrication of the AgNWs-based transparent electrode 

 

First clean the PET substrate with acetone, alcohol 
and deionized water in sequence. Then dry the water 
on the PET with nitrogen and heat the substrate at 
100 °C for 10 min to dry to ensure that all the water is 
removed. On the cleaned PET substrate, first 
spin-coat AgNWs at a speed of 500 rpm/min for 5 s; 
then spin-coat AgNWs at a speed of 1 000 rpm/min 
for 25 s, then anneal at 140 °C for 10 min. As AgNW 
film has high surface roughness and poor surface ad-
hesion, spin-coat PMMA on a substrate coated with 
AgNW at a rate of 1 000 rpm/min to reduce the sur-
face roughness of the film and improve the adhesion 
of the film. The coating time was 60 s, followed by 
annealing at 100 °C for 10 min. In order to make the 
film surface evener, use a tablet press to apply 
35 MPa pressure to embed AgNWs in PMMA. Plasma 
treatment (40 W) was performed on the AgNW film. 
To avoid the oxidation of the AgNWs, we choose Ar 
to generate the plasma. 

OLEDs were fabricated using the treated AgNW as 
anode electrode. A 30-nm-thick MoO3 was used as 
buffer layer, a 40-nm-thick NPB was used as the hole 
injection layer, a 60-nm-thick tris-(8-hydroxyquinoline) 
aluminum (Alq3) was used as active layer and electron 
transport layer, and a 1-nm-thick LiF and 
100-nm-thick Al film served as cathode. 

In our work, thermal evaporation processed films 
were fabricated by a deposition chamber (Angstrom). 
Organic coating evaporation rate was 1 Å/s, the rate 
of evaporation for Al was 2 Å/s, and the rate of evap-
oration for LiF and MoO3 were 0.5 Å/s. Transmittance 
spectra were recorded by UV 2550 ultraviolet spec-
trophotometer. The sheet resistance was measured 
with a four-probe ST-21 system. The surface rough-
ness was measured using an atomic force microscope 
(AFM) (Dimension Icon, Bruker Corporation) in tap-
ping mode. The current density-voltage (J-V) charac-
teristics of the OLEDs were measured using a 
Keithley 2400 source measure unit (Tektronix). 

We prepared three different electrodes. The pro-
cessing process of device A is shown in steps 1 to 2 of 

Fig.1. The processing process of device B is shown in 
steps 1 to 4 of Fig.1. The processing process of device 
C is shown in steps 1 to 5 of Fig.1. Fig.2 shows 
atomic force microscopy (AFM) images of the surface 
of the electrodes for different processing processes. 
Fig.2(a) shows the root-mean-square surface rough-
ness (Rrms) of the device A without any treatment. 
From the figure, the Rrms of the device A is 42.9 nm. 
Due to the high surface roughness in the figure, it is 
concluded that device A has more prominent nan-
owires. Such large surface fluctuations will lead to a 
higher possibility of device breakdown and electrical 
short circuit. It is obvious that surface roughness is 
clearly a property that affects the compatibility of 
transparent electrodes with the device. Fig.2(b) shows 
the AgNW thin film of device B which has been 
spin-coated with a flat layer and imprinted and the 
Rrms of 4.88 nm. By spin-coating ultra-thin layer of 
PMMA, the role of PMMA is to reduce the surface 
roughness of the AgNW film. We imprint AgNWs 
into PMMA to make the film more conductive. 
Fig.2(c) shows the AgNW thin film of device C after 
spin-on flat lamination and plasma treatment. Its Rrms 
is 4.60 nm. Compared with device A, device C also 
significantly reduces the surface roughness of the 
film. 

At the same time, we measured the sheet resistance 
of device A with 50 Ω/sq using the four-probe ST-21 
system, the sheet resistance of device B with 40 Ω/sq 
and the sheet resistance of device C with 20 Ω/sq. 
Plasma treatment can be used to reduce the sheet re-
sistance of AgNW[20,21]. We believe that by control-
ling the plasma treatment time, AgNW can be melted 
and some non-conductive PMMA can be removed at 
the same time, which makes the AgNW sheet re-
sistance lower. After comparative verification, the 
optimal plasma treatment time is 10 s in this experi-
ment. 

Fig.3 shows the optical transmittance characteris-
tics of the electrodes. Electrodes A, B and C exhibited 
a high optical transmittance in the visible region, 
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which was not much different from the PET. Com-
pared with device A, device B has a denser AgNWs 
stack by embossing, which fills more blank areas, 
thereby making the transmittance and sheet resistance 
lower than device A. Device C makes device perfor-
mance better by using plasma processing. The effect 
of plasma on AgNWs can be manifested in two ways. 
First, the energy of the electrons in the low-tempera- 
ture plasma at room temperature is very high, which 
can reach several electron volts. This energy is 
enough to destroy the covalent bonds in PVP and 
PMMA, so that they can be rapidly decomposed. And 
the plasma etching can quickly remove the PVP thin 
layer and PMMA flat layer on the AgNWs surface. 
The second is the thermal effect of the plasma. Due to 
the continuous collision of high-energy particles with 
AgNWs, part of the energy in the high-energy parti-
cles will remain on the AgNWs surface. With the ac-
cumulation of this part of the energy, the temperature 
of the AgNWs surface will gradually rise, eventually 
causing AgNWs surface melting phenomenon. After 
that, re-crystallization and fusion between adjacent 
AgNWs will occur, thereby reducing the contact re-
sistance between AgNWs and improving the adhesion 
between AgNWs and the substrate[20,21]. 

 

 

Fig.2 AFM topography images of (a) device A, (b) 
device B and (c) device C 

 

 
Fig.3 The transmittance curves of different elec-
trodes 

Fig.4 shows the change in sheet resistance during 
the bend and tape tests. Fig.4(a) shows the resistance 
change rate, obtained by a simple repeated bending of 
a film with a size of 44 mm×42 mm, curved surface of 
44 mm and bending radius of 5 mm. Curves A, B, and 
C correspond to device A, device B, and device C, 
respectively. After 1 000 bending times, the resistance 
change rate of device A is the largest, and the re-
sistance change rates of device B and device C are 
better than device A. Among them, the increase of the 
sheet resistance of the device C is less than 10% of 
the initial value, which is much lower than that of the 
device A and the device B. Fig.4(b) shows the change 
in sheet resistance of the device after repeated peeling 
with adhesive tape. A, B, and C in Fig.4(b) correspond 
to the resistance change curves of device A, device B, 
and device C, respectively. As can be seen from 
Fig.4(b), compared with the untreated device A, device 
B and device C have better adhesion. Due to the loose 
adhesiveness of AgNWs and PET substrate, AgNWs 
and PET substrate are easily separated. The AgNWs 
thin film of the device B added with the flat layer and 
the device C treated with the plasma layer were only 
slightly separated. This is because the added PMMA 
has stronger adhesion to PET after heating and the 
adhesion of AgNWs film is further strengthened after 
plasma treatment. Therefore, devices B and C pro-
cessed by PMMA embossing and plasma have better 
mechanical stability and are expected to be suitable 
for applications of flexible optoelectronic devices. 

 

 
Fig.4 (a) Sheet resistance change rate during the 
test; (b) Sheet resistance change during the test 
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Fig.5 shows L-V and I-V characteristics of OLEDs 
prepared with AgNWs as anodes through different 
processing processes. Curve A in Fig.5 corresponds to 
device A, curve B corresponds to device B, and curve 
C corresponds to device C. We can see in Fig.5(a) that 
compared with the untreated device A, device B and 
device C show better optical characteristics. It can be 
seen from Fig.5(a) and (b) that the untreated device A 
has a breakdown at a lower voltage, resulting in a 
maximum brightness of only 258 cd/m2, while the 
processed devices B and C have the maximum bright- 
ness. They are 2 414 cd/m2 and 5 090 cd/m2, which 
are much brighter than device A. Device B was spin- 
coated with a flat layer and embossed to obtain a flat-
ter AgNW film. The spin-coated flat layer PMMA, 
embossing, and plasma-treated device C can provide 
good hole injection in the OLED, so that the device C 
has the best performance. After testing, the maximum 
brightness and current density of the OLED device 
prepared with device C as the anode were 5 090 cd/m2 
and 850 mA/cm2, respectively. Compared with device 
A and device B, device C, which has been spin-coated 
with a flat layer, imprinted and plasma-treated, can 
improve the hole injection characteristics and make it 
very suitable for the manufacture of OLEDs. 

 

 
Fig.5 (a) Iuminance-voltage curves; (b) Current 
density-voltage curves 

 
In summary, spin-coating PMMA flat layer, em-

bossing and plasma treatment were conducted to pre-

pare flexible AgNW electrodes. Spin coating PMMA, 
embossing can make the AgNW thin film more flat, 
while plasma treatment can greatly reduce the sheet 
resistance of AgNW, from 40 Ω/sq to 20 Ω/sq, while 
keeping the transmittance basically unchanged. This 
is because high-energy plasma can remove PVP and 
PMMA from the surface and fuse AgNWs together 
where AgNWs are in contact, thereby reducing the 
sheet resistance of AgNWs. Bent and tape tests were 
then performed on the spin-coated PMMA, embossed, 
and plasma-treated electrodes. Test results show that 
the electrode can maintain a low resistance change 
rate under 1 000 bending tests. In order to prove the 
applicability of this electrode in the construction of 
optoelectronic devices, we built an OLED device with 
AgNWs imprinted with spin-coated PMMA and 
plasma treated as the anode. Compared with the de-
vices that have not undergone PMMA imprinting and 
plasma, the plasma-treated devices after spin-on 
PMMA imprinting exhibit better device performance. 
Our experiments show that the electrode properties of 
AgNW can be improved by spin-coating PMMA and 
embossing, followed by plasma treatment. The com-
bined method of imprinting PMMA and plasma pro-
cessing AgNWs can be applied to improve flexible 
photovoltaic devices in the future.  
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