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 
Abstract—We report a highly flexible ultrathin Au grid with 

high mechanical robustness as transparent electrode for flexible 
organic light-emitting devices (OLEDs). The grids are introduced 
to an ultrathin Au film to improve its optical transmittance and 
mechanical performance. With the line width of 15 µm and the gap 
width of 30 µm, the optimal ultrathin Au grid presents a desirable 
transmittance of 88.7% at 550 nm and a sheet resistance of 36 Ω/sq. 
Owing to the reduced tensile stress by the ultrathin grid patterns, 
the flexible ultrathin Au grid exhibits extraordinary mechanical 
stability with maintained conductivity after 48000 bending cycles 
under a bending radius of 1 mm. Flexible OLEDs with high 
flexibility and mechanical robustness have been obtained using the 
ultrathin Au grid as the transparent anode by maintaining 92% 
initial efficiency after 4200 bending cycles. Moreover, flexible 
OLEDs exhibit a significantly improved current efficiency in 
comparison to the devices based on continuous Au or traditional 
ITO anode. 
 

Index Terms—Ultrathin Au grid film, flexible transparent 
electrodes, mechanical robustness, flexible organic light-emitting 
devices. 
 

I. INTRODUCTION 

lexible organic light-emitting devices (OLEDs) have 
attracted great research interests owing to their availability 

in flat panel displays, mobile screens and wearable equipments 
[1-7]. Transparent conductive electrodes (TCEs) with excellent 
optical transparency and electrical conductivity, which act as 
the window for charge injection and photon extraction, play an 
important role in the performance of OLEDs [8-11]. In addition, 
owing to the promising applications of TCEs in flexible and 
wearable devices, flexibility and mechanical stability are 
further required. Indium tin oxide (ITO) is the most commonly 
used TCE in OLEDs [12, 13]. However, ITO suffers from 
several significant limitations as the flexible TCE, such as its 
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brittleness with poor mechanical performance [14-17], the 
rising cost, and the incompatibility with plastic substrate due to 
the high processing temperature [18-20]. To satisfy the 
requirements of flexible applications, great endeavors have 
been dedicated to the development of novel flexible TCEs, 
including graphene [21-23], carbon nanotubes [24, 25], 
conducting polymers [26-28], metal nanowires [29-31], metal 
nanomesh [32-40] and ultrathin metal films [41, 42]. Recently, 
ultrathin and continuous metal films, with thickness below 10 
nm, have leaded the way as the promising alternatives of ITO 
in flexible optoelectronic devices because of their low-cost 
manufacturing, mechanical flexibility, and high conductivity 
[4]. The work functions can be easily tuned as well by using 
different metallic materials. However, owing to the metallic 
absorption and reflection, the optical transparency of ultrathin 
metal films in the whole visible wavelength region is still lower 
and narrower than that of ITO, and it is limited to improve their 
optical properties by reducing the thickness of metal film. On 
the other hand, the formation and propagation of cracks in metal 
films during repeated bending dramatically break the 
optoelectronic performances of metal-based TCEs, resulting in 
an inferior mechanical stability. 

In this paper, we propose a simple and low-cost method to 
realize an ultrathin Au grid film with desirable optoelectronic 
and mechanical performances. In the ultrathin Au grid film, a 
MoO3-seeding-layer is used to suppress the Volmer–Weber 
growth mode of thermally deposited ultrathin Au film, and the 
periodic grids are introduced by lithography and wet-etching 
technologies. High and tunable optoelectronic characteristics of 
the ultrathin Au grid films are achieved by tuning the line width 
and spacing of the grid patterns [43]. The grid patterns can 
reduce the tensile stress during the bending cycles, which 
prevents Au film from cracking and the cracks propagating [44]. 
As a result, flexible OLEDs based on the ultrathin Au grid 
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electrodes exhibit superior performance with higher efficiency 
and mechanical robustness, compared to the devices based on 
continuous Au electrodes and ITO electrodes, and remain 92% 
initial efficiency after 4200 bending cycles under a bending 
radius of 2mm. 

II. EXPERIMENT 

A. Fabrication of the ultrathin Au grid electrodes  

The ultrathin Au grid films were prepared by thermally 
deposition, lithography, and wet-etching technologies as shown 
in Fig. 1. The glass substrates were cleaned successively with 
acetone, ethanol, deionized water and placed in a drying oven 
at 95 ℃ for 5 min. Then 3 nm MoO3 and 8 nm Au were 
deposited on the cleaned substrates with a rate of 0.4 Å s−1 by 
physical vapor deposition. MoO3 serves on a seeding layer to 
enhance the adhesion between the Au film and the substrate, 
and improve the surface appearance of the ultrathin Au film. 
The S-1805 photoresist (Rohm and Haas Electronic Materials, 
LLC) was spin-coated on the Au film at 1000rpm for 1 min, and 
then baked in a drying oven at 95 ℃ for 3 min. Subsequently, 
the samples with various grid masks were exposed under an UV 
light for 50 s and developed for 5 s. The Au films were etched 
by etchant (0.2g KI + 0.05g I2 + 10ml H2O) [45] for 5 s. Finally, 
the samples were dipped in acetone for 15 s to remove the 
residual photoresist. 

B. Fabrication of OLEDs  

OLEDs were prepared based on ultrathin Au grid electrodes, 
continuous Au electrodes, and ITO electrodes, respectively. 3 
nm MoO3 was first deposited as an anode modification layer, 
followed by 40 nm N,N'-Diphenyl-N,N'-bis(1,1'-biphenyl)-
4,4'-diamine (NPB) as a hole transporting layer. 4,4'-Bis(N-
carbazolyl)-1,1'-biphenyl (CBP) doped with 5 wt% of 
phosphorescent emitter 2,3,5,6-tetrakis(3,6-diphenylcarbazol-
9-yl)-1,4-dicyanobenzene (Ir(BT)2(acac)) were co-deposited as 
the orange light-emitting layer with the thickness of 30 nm. 
Finally, 20 nm 2,2',2"(1,3,5- Nbenzenetriyl)tris-[1-phenyl-1H-
benzimidazole] (TpBi) as an electron transporting layer, 3 nm 
Ca and 80 nm Ag as the cathode were deposited, respectively. 
The structures of the OLEDs are glass substrate/ anode (Au 
grid/ continuous Au/ ITO)/ MoO3/ NPB/ CBP: Ir(BT)2(acac)/ 
TpBi/ Ca/ Ag. 

C. Fabrication of flexible OLEDs 

The glass substrate was treated with Octadecyltrichlorosilane 
(OTS) for 10 h in a drying oven at 95 ℃. Then an ultrathin layer 
of SU-8 2025 (MicroChem Corp.) was spin-coated at 4500 rpm 
and was exposed for 2min under UV light, which acted as a 
flexible substrate (Fig. 1a). After the fabrication of various 
anodes and OLEDs, the flexible OLEDs deposited on the SU-8 
2025 film were peeled off from the glass substrates (Fig. 1h and 
1i). 

D. Characterizations of electrodes and OLEDs 

The surface morphologies of the ultrathin Au grid films were 
characterized by a scanning electron microscope (SEM, JSM-
7500F, JEOL) and an atomic force microscope (AFM, Icon, 

Bruker). The sheet resistance was measured by a four-point 
probe system (RTS-5, PROBES TECH), and a UV-Vis 
spectrophotometer (UV-2550, SHIMADZU) was used to 
measure the transmittance. The electroluminescence (EL) 
performance of OLEDs was measured by a PR655 
spectroradiometer (Photo Research Inc.) and a Keithley 2400 
Source. 

 

III. RESULTS AND DISCUSSIONS 

The surface morphologies of our proposed ultrathin Au grid 
films were characterized by SEM as shown in Fig. 2a and Fig. 
S2. The ultrathin Au grid films demonstrate uniformity of the 
patterns with a very little error compared with the designed 
parameters over a large area, and clear boundaries without 

 
residual photoresist. The optical transparency and electrical 
conductivity of the ultrathin Au grid films are determined by 
the line widths and gap widths of the grid patterns [43]. The 
dependences of the transmittance and sheet resistance of the 
ultrathin Au grid films on the line widths and gap widths are 
summarized in Fig. 2b and Table I. The optoelectronic 
properties of continuous ultrathin Au films and ITO were also 
measured for comparison. In the measurement of optical 
transparency, the influence of glass substrate has been deducted 
by using a bare glass as a reference. The 8 nm continuous Au 
film with a transmittance of 77.4% at 550 nm has been achieved, 
which is much lower and narrower than that of ITO (93.6 % 

Fig. 1. Schematic of the fabrication process of the flexible OLEDs based on 
ultrathin Au grid electrodes by lithography and wet etching.  

Fig. 2. (a) SEM image of 8 nm Au grid film with line width of 15 μm and gap 
width of 30 μm deposited on the glass substrate. (b) Transmittance spectra of 
ITO (black line), continuous Au film (8 nm, green line), and Au grid films (8 
nm) with different line widths and gap widths. The line widths of the grid films 
are 15 μm (red line), 25 μm (blue line), 25 μm (pink line), respectively, and 
their gap widths are 30 μm, 40 μm, 25 μm, respectively. 
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@550 nm). After introducing the grid patterns, the ultrathin Au 
films demonstrate high and broad optical transparent properties, 
and the transmittance of the ultrathin Au grid film with the line 
width of 25 µm and the gap width of 25 µm is 83.5% at 550 nm. 
The optical performance of ultrathin Au grid films can be 
further improved by decreasing the line widths and increasing 

the gap widths of the grid patterns. The 8 nm ultrathin Au grid 
film with 15 µm line width and 30 µm gap width exhibits a 
uniform and high transmittance of 88.7 % @550 nm. However, 
the grid patterns reduce the effective area of the electrical 
conductor, which leads to the degeneration in conductivity. As 
summarized in Table I, the sheet resistances of ultrathin Au grid 
films with various line widths and gap widths are increased to 
36 Ω/sq, 29 Ω/sq, and 21 Ω/sq, respectively, compared to the 
continuous Au film with sheet resistance of 15 Ω/sq. 

 The figure of merit (FOM) is usually introduced [46] to 
evaluate the optoelectronic characteristics of transparent 
conductive film which is defined by the Haacke equation: 

 

FOM ൌ ்భబ

ோೞ
                                                  (1) 

 
in which T represents the visible light transmittance (@550nm), 
and Rs represents the sheet resistance. Table I shows the 
calculated FOMs of ultrathin continuous Au film and ultrathin 
Au grid films based on 8 nm-thickness Au. The ultrathin Au 
grid film with line width of 15 µm and gap width of 30 µm 
shows a superior FOM, and as a result, it is applied as the 
transparent anode in rigid and flexible OLEDs.  

The inset in Fig. 3a shows the schematic structure of flexible 
OLEDs based on the ultrathin Au grid anode, and OLEDs based 
on continuous Au anode and ITO anode were also prepared as 
reference. The performances of OLEDs are summarized in Fig. 
3. The maximum luminance of flexible OLEDs and rigid 
OLEDs based on ultrathin Au grid anode is 41710 cd/m2 and 
42930 cd/m2, respectively, while the maximum luminance of 
planar rigid OLEDs based on continuous Au anode and ITO 
anode is 64690 cd/m2 and 68480 cd/m2, respectively (Fig. 3a). 
The decrease in luminance of OLEDs based on grid electrode 
is caused by the reduced effective light-emitting area in the grid 
patterns, in which the non-conductive spacing regions cannot 
emit light, as shown in Fig. 3e and Fig. 3f. The non-conductive 
spacing gaps also decrease the current density of the grid-
electrode-based OLEDs (Fig. 3b). However, in the calculation 
of current efficiency of OLEDs, the mismatch in effective area 
between continuous-electrode-based devices and grid-
electrode-based devices can be eliminated. As shown in Fig. 3c, 

the maximum efficiency of flexible OLEDs with ultrathin Au 
grid anode is 38.1 cd/A and the maximum efficiency of rigid 
OLEDs with ultrathin Au grid anode is 35.8 cd/A, which are 
significantly higher than those of the continuous-Au-anode-
based OLEDs (29.2 cd/A) and the ITO-anode-based OLEDs 
(31.8 cd/A). Owing to the improved transmittance in the whole 
visible wavelength by the grid patterns, we obtain a 30% 
improvement in current efficiency from the OLEDs based on 
ultrathin Au grid anode. Owing to the high refractive index of 
ITO, the light can be reflected at the interface between ITO and 
glass substrate, which, leads to the power loss in the waveguide 
mode in ITO-based OLEDs [47, 48]. Although the transparency 
of ultrathin Au grid electrode is slightly lower than that of ITO, 
the superior performances in grid-electrode-based OLEDs are 
still achieved due to the suppression of ITO induced waveguide 
mode [4]. 

 
The flexibility and mechanical stability of the ultrathin Au 

grid electrode and OLEDs have been evaluated by bending tests. 
After 48,000 bending cycles with a bending radius of only 1 
mm, continuous Au electrode exhibits a 38% increasement in 
sheet resistance. While the ultrathin Au grid electrode 
demonstrates the more striking mechanical stability with a mere 
11% increase in sheet resistance (Fig. 4a) which is at the 
forefront of many reported flexible TCEs [49-51]. In addition 
to photolithography [36], there are many other techniques to 

Fig. 3. EL performance of the OLEDs. (a) Luminance-voltage, (b) current 
density-voltage, (c) efficiency-voltage and (d) normalized EL spectra of 
OLEDs based on the SU-8/Au grid anode (flexible OLEDs), glass/Au grid 
anode (rigid OLEDs), glass/continuous Au anode (rigid OLEDs), ITO anode 
(rigid OLEDs). The inset in (a) shows the schematic structure of flexible 
OLEDs based on the ultrathin Au grid anode. The optical microscope images 
of working OLEDs based on glass/Au grid anode and SU-8/Au grid anode are 
shown in (f) and (g), respectively. 

TABLE I 
TRANSMITTANCE, SHEET RESISTANCE (RS), AND FIGURE OF MERIT (FOM) OF 

TRANSPARENT CONDUCTIVE FILMS 

line width - gap width T (%) Rs (Ω/sq) FOM (x10-3 Ω-1) 

Continuous Au 77.409 15 5.15
15μm-30μm   88.651 36 8.33
25μm-40μm 86.555 29 8.14
25μm-25μm 83.469 21 7.82 

T (%) is the transmittance at 550 nm. 



1536-125X (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNANO.2019.2928689, IEEE
Transactions on Nanotechnology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

 

4

achieve gold meshes, such as self-assembly [32-34], electron 
beam lithography [37], nanosphere lithography [38], grain 
boundary lithography [39], and template method with 
sacrificial layers [40]. We have compared the performance of 
the 8 nm ultrathin Au grid film with them in Table S1, and our 
proposed ultrathin Au grid electrode shows excellent flexibility 
and mechanical stability. The superior mechanical stability of 
the ultrathin Au grid electrode, compared to the continuous Au 
electrode, arises from the grid patterns which can reduce the 
tensile stress during the bending cycles to prevent Au film from 
cracking and stop the cracks propagating. On the other hand, 
the mechanical stability of ultrathin metal film is usually better 
than that of thick metal film. Although the 30 nm Au grid 
electrode (6 Ω/sq) and the continuous Au electrode (2 Ω/sq) 
have excellent conductivity, they turn to be nonconductive after 
800 bending cycles and 600 bending cycles, respectively, as 
shown in Fig. S4. The strong adhesion between Au grid and the 
substrate is demonstrated by tape adhesion test, which is 
conducted by a 3M Scotch tape. As shown in Fig. S5, the 
ultrathin Au grid film fabricated by lithography and wet-etching 
maintained its conductivity after 50 taping cycles, 
demonstrating its high durability against mechanical 
delamination from the substrate. Figs. 4b and c show the 
luminance and efficiency of the OLEDs based on 8 nm ultrathin 
Au grid electrode and continuous Au electrode in the bending 
test. After 4200 bending cycles under a bending radius of 2 mm, 
the flexible OLEDs based on continuous Au electrode remain 
only 66% of initial luminance and 78% of initial efficiency. 
However, the luminance and efficiency of flexible OLEDs 
based on ultrathin Au grid electrode maintain 80% and 92% of 
their initial values respectively under the same bending 
conditions, demonstrating the high flexibility and mechanical 
robustness. 

 
 

IV. CONCLUSIONS 

In summary, we fabricated an 8 nm ultrathin Au grid 
electrode by a simple method as the replacement of ITO in 
flexible OLEDs. The ultrathin Au grid electrode demonstrates 
desirable and broad optical transparent properties, with the 
transmittance of 88.7% at 550 nm, and high electrical 
conductivity, with the sheet resistance of 36 Ω/sq. Owing to the 
excellent optoelectrical properties of the ultrathin Au grid 
electrode, we obtain a considerable enhancement in current 
efficiency of the ultrathin Au grid electrode-based OLEDs 
compared to that of the continuous Au electrode-based and 
traditional ITO electrode-based OLEDs. Moreover, the 
ultrathin Au grid electrode exhibits outstanding flexibility and 
mechanical robustness due to the reduced tensile stress by grid 
patterns during the bending cycles. 89% initial conductivity of 
the ultrathin Au grid electrode and 92% initial efficiency of the 
flexible OLEDs are remained after 48000 and 4200 bending 
cycles, respectively. The ultrathin Au grid electrode is 
undoubtedly promising for the application of flexible devices in 
wearable equipments. 
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