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Abstract: Organic light-emitting diodes (OLEDs) have great potential for use in large-area
display and lighting applications, but their widespread adoption for large areas is hindered by
the high cost and insufficient performance of indium tin oxide (ITO) anodes. In this study,
we introduce an alternative anode material — a silver mesh embedded in glass — to facilitate
production of large-area OLEDs. We present a facile, scalable manufacturing technique to create
high aspect ratio micromeshes embedded in glass to provide the planar geometry needed for
OLED layers. Our phosphorescent green OLEDs achieve a current efficiency of 51.4 cd/A at
1000 cd/m? and reach a slightly higher external quantum efficiency compared to a standard
ITO/glass reference sample. Notably, these advancements are achieved without any impact on
the viewing angle of the OLEDs. These findings represent a promising advancement towards
ITO-free, high-efficiency OLEDs for various high performance, large-area applications, such as
lighting and displays.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Organic light-emitting diodes (OLEDs) have been the focus of significant research and develop-
ment efforts which have resulted in commercial success in the mobile device, television, and
wearables sectors. They boast a range of key characteristics including high contrast ratio, wide
viewing angle, fast switching speed, and high luminous efficiency [1-7]. Additionally, their low
power consumption, eco-friendly materials, and uniform illumination make them ideal for large
area lighting applications.

Indium tin oxide (ITO) is commonly used as the transparent conducting electrode in OLEDs,
but it has several economic and technological limitations. Indium is a scarce element, making its
incorporation into large area electronics expensive. The deposition of ITO typically involves
physical vapor deposition (PVD), a process requiring high energy consumption, high vacuum,
and high capital investment. Additionally, the brittleness of ITO renders it impractical for flexible
substrates, limiting its use in flexible or bendable applications [8]. With regard to optical and
electronic properties, 150 nm thick ITO can typically achieve a transparency and sheet resistance
R; in the range of 85-92% and 50-100 /sq, respectively. This performance is inadequate for
large area optoelectronic applications without integrating metal meshes [9]. Furthermore, the
high refractive index of ITO (n ~ 1.8 — 2 in the visible light range) results in considerable
waveguiding losses and thereby limiting the fraction of outcoupled light [8,10].
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As a result, there has been growing interest in exploring ITO alternatives, which may offer
advantages such as mechanical flexibility and compatibility with roll-to-roll manufacturing
processes. These materials include conducting polymer thin films [11,12], carbon-based nanoma-
terials (such as carbon nanotubes [13] and graphene [14,15]), and metal-based materials [16-21].
Poly(3,4-ethylenedioxythiophene) (PEDOT:PSS)(n = 1.5) is a commonly used conducting poly-
mer that is relatively low cost compared to other transparent electrode materials [11]. However,
it faces limitations for optoelectronic applications such as low conductivity, poor durability when
exposed to high temperature, humidity, or UV light, and a non-neutral-color which influences the
emission spectrum to some extent [22]. While individual carbon nanotubes and graphene exhibit
excellent conductivity, their thin film composites have multiple junctions or grain boundaries,
leading to high resistivity [2,3].

Metal-based electrodes, such as ultrathin metal films [23,24], metal nanowire networks [25-32],
and metal meshes [17,18,33—40] have also been the source of much research interest. These
materials offer high conductivity, adjustable transmittance, and adaptable flexibility, which
make them a promising candidate for transparent electrodes. Ultrathin metal films rely on PVD
techniques such as thermal evaporation or sputtering to produce smooth and consistently thin
coatings. However, similar to ITO, these PVD techniques are expensive due to the requirement
of high vacuum and costly equipment. Ultrathin films tend to have wettability issues on various
substrates, which may require a seeding layer or doping to ensure uniformity [3], and there are
fundamental tradeoffs where very thin films have high sheet resistance and thick films have low
transparency. Metal nanowires, such as silver and copper nanowires, also have issues with contact
resistance at the wire-to-wire junctions [25-29,41].

Metal meshes offer an alternative to metal nanowires, avoiding the challenges with contact
resistance at wire junctions. Adjusting the sheet resistance and optical transmittance is possible
by modifying parameters like the linewidth, thickness, pitch, and pattern shape [33,34,42]. Metal
meshes may also be integrated with other nanomaterials such as metal nanowires [28], graphene
[37], and metal nanomeshes [38] to improve performance at the expense of more complicated
fabrication processes.

Several research studies have demonstrated the potential of using various metal electrodes
and device structures in creating OLEDs [17,18,28,35,43-48]. Previous research on metal
mesh-based OLEDs involved printed or sputtered metal meshes [35,48]. However, metal meshes
have drawbacks such as poor adhesion to PEDOT:PSS and the potential for short-circuiting due
to protruding structures.

In a study by Sam et al. [35], silver hexagonal meshes were created on a glass substrate using
photolithography. However, the thickness of the silver meshes could not exceed 100 nm, which
resulted in high Ry= 10 Q/sq. A printed Cu mesh on a glass substrate, even with a maximum
thickness of 136 nm only achieved an R, of 13 Q/sq and a transmittance of 80%. In a recent
study by Wang et al. [49], a random metallic mesh was fabricated on PET via a crack-template
lift-off process. A 100 nm thick metallic mesh with Ry= 10.6 (3/sq and transmittance of 80.6%
was demonstrated. The thickness of metal layers has been limited by the deposition and printing
methods used thus far. Printing methods such as inkjet, gravure, screen, and spin coating lead to
thick metal layers where the abrupt changes in geometry may cause shorting in the OLED layers.

Although using embedded metal mesh structures is a possible solution to these issues, this
approach has not been extensively studied [17,18]. Zhou et al. [18] were the first to fabricate
an embedded silver mesh within a flexible substrate. Hexagonal Ag patterns with a thickness
of 2 um were fabricated and achieved R;= 5 Q/sq and T = 87%. The fabrication process was
complicated and involved the use of electroforming to create a Ni mold. To address these issues,
ink-based metal deposition methods have been reported as an effective approach to fabricate
metal films on various surfaces [50-52]. However, embedded metal meshes in glass substrates
have not been studied.
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In this work, we present the fabrication of a phosphorescent green OLED on a glass-embedded
Ag micromesh using a combination of lithography and reactive ion etching (RIE) processes. The
trenches were filled with a highly conductive reactive silver ink that utilizes low-temperature
curing (below 110 °C). The process is compatible with cost-efficient and scalable roll-to-roll
manufacturing. We demonstrate a phosphorescent green OLED with a current efficiency of 51.4
cd/A at 1000 cd/m? and with slightly higher external quantum efficiency (EQE) compared to the
ITO/glass reference device.

2. Results and discussion

Our approach to fabricating large area Ag micromeshes with narrow width and large thickness is
schematically shown in Fig. 1. These micromeshes are directly embedded into glass to demonstrate
their potential as transparent OLED electrodes. Initially, a glass substrate (a) is coated with
photoresist (b), and a hexagonal pattern is created on it through maskless photolithography (c).
The pattern is then transferred to the glass substrate using RIE (d). Afterward, the photoresist is
stripped (e). Next, Ag ink is applied onto the glass by spin coating and cured (f). Subsequently,
Ag is scraped off using a blade (g) to expose the final structure (h). Finally, PEDOT:PSS is spin
coated on the glass-embedded Ag micromesh (i).

(@) (b) (c) (d) (e)
(i) (h) (8) (f
-i

Fig. 1. Fabrication process flow for the glass-embedded Ag micromesh: (a) transparent
glass substrate, (b) photoresist coating, (c) photolithography, (d) reactive-ion etching, (e)
photoresist stripping, (f) Ag ink coating and curing, (g) removal of excess silver with a blade,
(h) glass-embedded Ag mesh, and (i) PEDOT:PSS coating. The Ag micromesh, illustrated
in (h), is a hexagonal array defined by width W, pitch P, and thickness ¢.

Figure 2 provides a visual characterization of the sample at various stages of fabircation.
In Fig. 2(a), the glass sample is shown before silver coating, while in Fig. 2(b) and (c), it is
shown after the silver and PEDOT:PSS coating. Figure 2(a) shows a 2D color map image of
the fabricated sample where uniform trenches with a nominal width and pitch of 1 and 25 um,
respectively, were created. Additionally, the profile scanlines are shown across the x— and y—
directions, indicating a uniform depth of 0.8 um achieved through a 700 s RIE process. The
metal mesh is defined by the mesh width W, pitch P, and thickness t.

The choice of parameters for the Ag micromesh, including W, P, and ¢, was guided by several
considerations. The minimum feasible width achievable through maskless lithography is 1 um,
which is optimal for ensuring successful fabrication. This width facilitates the effective filling of
trenches with silver ink, thus enhancing overall performance. Additionally, this width diminishes
the risk of shorting incidents across the samples. A P of 25 um was selected to strike a balance
between high transmission and low sheet resistance. This choice is informed by our previous
research [51], which indicates that this P yields satisfactory results for both criteria. During the
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Fig. 2. Surface characterization of Ag micromesh coated with 70 nm PEDOT:PSS. (a)
OpZ2cal profilometry analysis of glass before silver coating, showing a 2D color map image
and topography profiles in both x- and y-directions. (b) AFM characterization with 2D and
3D views. (c) SEM images captured at an 80° angle from overhead, presented at different
magnifications.

etching process, both the photoresist and glass undergo etching. However, it is essential to cease
etching after the removal of the photoresist to avoid introducing defects in the glass substrate.

Figure 2(b) presents the atomic force microscopy (AFM) characterization of the electrodes
after both silver and PEDOT:PSS coating in 2D and 3D views. It is evident from the images
that the surface is smooth with a low mean square roughness R, of 2.5 nm. Scanning electron
microscope (SEM) images were also obtained, and the results are shown in Fig. 2(c). The SEM
images were captured at 80° from overhead at different magnifications. The SEM images confirm
the even distribution of silver filling in the trenches and the absence of silver traces between the
trenches, leading to high transmission.

Figure 3 presents the optical properties of the glass and two transparent electrodes, ITO on
glass and Ag micromesh coated with 70 nm PEDOT:PSS on glass. Figure 3(a) displays the
transmission vs. wavelength in the visible range of 400 - 800 nm. In contrast to ITO, which
exhibits significant variation across the visible wavelength range, the Ag micromesh maintains a
consistent level of transmission. The transmission and conductivity of the Ag micromesh can be
tuned by altering its width, pitch, and thickness [18,33]. The Ag micromesh shown here has
a nominal width of 1 um, pitch of 25 yum, and thickness of 0.8 um. Its visible transmission is
approximately 84% after being coated with PEDOT:PSS and excluding the glass substrate’s
contribution. Its visible transmission is approximately 84%, as determined after the application of
the PEDOT:PSS coating. To account for substrate effect, we divided the measured transmission
by the transmission of the glass substrate. The micromesh coated with 70 nm PEDOT:PSS has
a sheet resistance of R; = 1.1 Q/sq, which is comparable to the best transparent conductive
electrodes [2,18,33].

The Ag mesh has a period that is several orders of magnitude larger than the visible wavelength
resulting in reduced light diffraction. One of the key aspects in display applications is the
transmittance haze, which measures the ratio of light that is scattered to the overall amount of



Research Article . 31, No. 21/9 Oct 2023/ Optics Express 34701

Optics EXPRESS

(a) (b)

100 T T T 20

—bare glass

—ITO/bare glass
~ 90 E —Ag microgrid+PEDOT:PSS/bare glass
9 15¢ 1
o
g Q 10f
g 70t © //
© s ]
i 60 —bare glass
—ITO/bare glass
- —Ag microgrid+PEDOT:PSS/bare glass B
5
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(c) (d)
100 T T
—bare glass
—ITO/bare glass
80 —Ag microgrid+PEDOT:PSS/bare glass 4
s
<
o 60
o
c
ol
© 40t
(=
Q
o
20
0
400 500 600 700 800

Wavelength (nm)

Fig. 3. Optical characteristics of glass-embedded Ag micromesh and PEDOT:PSS compared
to ITO. (a) Transmission versus wavelength, (b) haze versus wavelength (c) reflectance
versus wavelength, and (d) optical image of a 3 x 3 cm sample of glass-embedded Ag
micromesh and PEDOT:PSS with 7 = 78% at 550 nm.

light transmitted [53]. Figure 3(b) depicts the haze as a function of wavelength. The ITO-coated
glass exhibits an average haze of 0.9% within the visible wavelength range. In contrast, the Ag
micromesh demonstrates a significantly higher average haze of 7.1% for the same wavelength
range. Increased levels of haze can be advantageous for OLED efficiency as they help suppress
internal waveguide modes that occur at the electrode-OLED layer interface. Hexagonal patterns
applied to the glass surface effectively enhance haze, which is desirable for achieving higher
EQE. Additional scattering structures may further increase haze [53-55] and improve EQE.
Figure 3(c) plots the reflectance vs. wavelength. Bare glass and Ag micromeshes have nearly
constant reflectance with an average of 6.9 and 13.6%, respectively. The optical image of a3 x 3
cm Ag micromesh coated with 70 nm PEDOT:PSS is presented in Fig. 3(d).

The schematic of the OLED stack fabricated on glass-embedded Ag micromesh can be seen in
Fig. 4(a). On top of the Ag micromesh, a 70 nm coating of PEDOT:PSS was applied. Unlike
ITO, which covers the entire pixel, the Ag micromesh only covers a small portion of the pixel,
leaving the rest of the surface as bare glass.

Consequently, to enhance lateral charge transport in the interstices of the mesh and to maximize
charge injection into the whole device area, the presence of a laterally conductive layer like
PEDOT:PSS is essential. The PEDOT:PSS further helps to planarize the top surface for the
deposition of the various OLED layers. Because the various OLED layers are very thin, they
must be deposited on a surface with minimal roughness to reduce short circuit leakage. As
discussed above, the mean square roughness of the top surface is 2.5 nm.
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Fig. 4. OLED structure and emission properties. (a) Schematic of stacked green OLED on
top of glass-embedded Ag micromesh. (b) Normalized intensity vs. visible wavelength for
green OLED. Inset: Optical image of green Ag micromesh in operation.

The hole-transporting layer consists of 20 nm of 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane
(TAPC) followed by 10 nm of 4,4’ ,4”-tris(carbazol-9-yl)triphenylamine (TCTA). For the emissive
layer, a 35 nm thick mixture of equal parts TCTA and 1,3,5-tri(p-pyrid-3-yl-phenyl)benzene
(TpPyPB) was doped with the green triplet emitter tris(2-phenylpyridine)iridium(III) (Ir(ppy)3).
The electron-transport layer was formed by 25 nm of TpPyPB, terminating with a bilayer LiF
and Al cathode (1.2 nm and 40 nm respectively).

The emission spectrum of the devices is shown in Fig. 4(b), and shows a dominant emission
in the green wavelength range with peak emission at 515 nm. The peak wavelength does not
align with the maximum transmission of ITO/bare glass, as seen in Fig. 3(a). In contrast, the Ag
micromesh’s transmission shows no significant wavelength dependence over the OLED’s en2re
emission spectrum. The inset of Fig. 4(b) shows an operating OLED, demonstrating uniform
emission over the 0.1 cm? active area.

Figure 5 shows the OLED performance of the devices with the two types of transparent
electrodes. The current density-voltage plot in Fig. 5(a) demonstrates the similarity of the devices,
allowing us to reasonably compare their performances. Both devices demonstrate very low
leakage current before turn-on, indicative of success in achieving a planarized surface through
the combination of scraping, cleaning, and coating the substrates with PEDOT:PSS. The turn-on
voltage is the threshold voltage at which the OLED device initiates light emission and conducts
current significantly. It marks the juncture where the current begins to rise sharply. In the case of
both devices, the turn-on voltage occurs at about 2.5 V, which aligns with the typical behavior
observed for green emitters. The turn-on voltage for both devices occur at 2.5 V as is typical for
green emitters. The ITO control achieves a much higher current density of 100 mA/cm? at 5V,
compared to the micromesh’s 10 mA/cm? at the same voltage. We attribute this discrepancy
to the planar ITO having a much larger surface area to conduct current into the PEDOT:PSS
layer, while the micromesh has necessarily less area to accomplish the same. The conductivity of
the PEDOT:PSS was adjusted using various commercially available grades to enhance current
injection in the micromesh device, emphasizing the importance of achieving a balance. At lower
conductivities, the current densities are subdued compared to the ITO control for a specific
voltage. However, at higher conductivities, device performance is predominantly affected by
current leakage within the PEDOT:PSS layer-plane, complicating accurate area determination
and efficiency measurements. Ideally, the PEDOT:PSS layer’s conductivity should be adjusted to
be low enough to prevent device shorting, yet remain high enough to facilitate lateral current
injection within the active area, charging the hexagonal glass regions surrounded by the anode
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mesh. Achieving this balance is very difficult in practice and beyond the scope of the present

work, but offers a promising future direction to pursue.
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Fig. 5. Performance evaluation of glass-embedded Ag micromesh green OLED compared
to the ITO/glass control sample: (a) normalized EL intensity vs. emission angle; (b) current
density vs. voltage; (c) EQE vs. current density; and (d) current efficiency vs. luminance.

Both devices have nearly identical angular emission profiles (Fig. 5(b)), andclosely follow
a Lambertian profile. Closer inspection reveals that the emission profile of the micromesh
follows the Lambertian profile even more closely than the control sample, which is indicative
of some loss mechanism for light in the emission range of 15-60°. This is consistent with ITO
waveguide-trapping due to its high index of refraction and relatively high layer thickness. By
removing this layer we are able to restore a more Lambertian profile to our OLEDs and emit more
photons otherwise trapped in the ITO layer. This is how the Ag micromesh has similar EQE
to the control ITO device despite evidence of relative current injection issues when comparing
J — V characteristics. Although the J — V characteristics of the micromesh samples can be
improved through doping, the optical losses due to waveguide trapping in the ITO device are not
as easily addressed. This indicates a strength of the micromesh samples that could be leveraged
to consistently outperform standard ITO architectures.

In regions where the devices have comparable current densities, the micromesh sample’s EQE
performance is on par with, if not slightly better than, the ITO control (Fig. 5(c)). Both devices
show very stable EQE over the range of current densities with negligible rolloff. Even though the
silver micromesh has a lower transmittance for green light emission (500 - 550 nm wavelength), it
achieves a higher EQE than the ITO /glass controls sample. This is because the silver micromesh
has a much lower sheet resistance R;= 1.1 Q/sq, compared to the ITO/glass control sample,
which has Ry= 78.2 Q/sq. Figure 5(d) shows that both devices are comparable in their current
efficiency over the range of luminance that the micromesh samples achieve, with a slight edge to
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the micromesh over the measured range. Ag micromesh and ITO/glass control devices achieve
current efficiencies of 51.4 and 49.1 cd/A at a luminance of 1000 cd/m?, respectively.

3. Conclusion

In conclusion, this study presents a promising solution to the challenges faced by OLED
technology in wearable electronics, displays, and lighting applications. By introducing an
embedded silver mesh on glass that can replace ITO, the production of large-area green OLEDs
becomes feasible. The manufacturing technique proposed in this paper is to both straighxorward
to implement and scalable, involving the use of reactive particle-free silver ink to fill the trenches,
instead of costly methods like sputtering or thermal evaporation. The phosphorescent green
OLED achieved a current efficiency of 51.4 cd/A at a luminance of 1000 cd/m?, EQE slightly
surpassing that of the ITO/glass reference sample. These findings mark a significant step
forward towards realizing high-efficiency OLEDs that are ITO-free and can be utilized in diverse
high-performance lighting applications.

4. Experimental

4.1. Ink information

This study utilized EI-1207, a silver metal-complex based conductive ink from Electroninks Inc,
which is commercially available. The ink has a viscosity of 8 cps and a solid content of around
12 %. The ammonia ligands compounds in the ink serve as a stabilizer and evaporate during the
curing process by heating, leading to the reduction of the silver compound and the formation of
silver. The ink was previously developed by one of the authors [56].

4.2. Fabrication of silver mesh glass

Figure 1 illustrates the process for fabricating glass-embedded Ag micromesh. A fused silica
glass substrate of size 30 mm x 30 mm was purchased from UniversityWafers and cleaned
ultrasonically with acetone, methanol, and isopropyl alcohol 10 minutes each, followed by drying
with nitrogen. To enhance photoresist adhesion, the substrate underwent HMDS treatment using
a vapor prime oven system. S1805 photoresist was spin-coated onto the substrate at 1500 rpm,
resulting in a thickness of 0.6 um, and then baked at 110 °C for 5 minutes. Patterns were
created on the photoresist using Heidelberg ML A100 Direct Write Lithography and developed in
AZ400 K (1:4) from MicroChemicals for 2 minutes. The patterns were transferred onto the glass
substrate using a reactive-ion etching (RIE) process with a gas flow of 50 sccm Ar and 25 sccm
CHEF3, a pressure of 30 mT, and a power of 250 W. The glass substrate was then spin-coated
with particle-free silver ink (EI-1207 from Electroninks) at 1000 rpm, followed by ramp-curing
starting at 70 °C, with an increase of 10 °C every 15 minutes until a final curing temperature of
110 °C was reached. It took 30 minutes to completely cure the silver ink at this temperature. The
silver was removed from the glass substrate using a razor blade, leaving it only in the trenches.
To fully fill the trenches with silver, the process was repeated once more. Finally, the samples
were sprayed with acetone, methanol, and IPA to remove any silver particulates, and PEDOT:PSS
was spin-coated at 1500 rpm to achieve a thickness of 70 nm.

4.3. OLED Fabrication

The PEDOT:PSS layer was coated with thermally evaporated layers using shadow masks to
complete the OLEDs, starting with 20 nm of 1,1-Bis[(di-4-tolylamino)phenyl]cyclohexane
(TAPC) and 10 nm of 4,4’ ,4"-Tris(carbazol-9-yl)triphenylamine (TCTA) as hole-transport layers,
a 35 nm complex layer of TCTA and 1,3,5-Tri(p-pyrid-3-yl-phenyl)benzene (TpPyPB) doped with
the green triplet emitter Tris(2-phenylpyridine)iridium(IIl) (Ir(ppy)3) in a 5:5:1 ratio, followed
by a 25 nm electron-transport layer of TpPyPB. The cathode of the device consisted of a bilayer
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of thermally evaporated LiF (1.2 nm) followed by aluminum (40 nm). Layers were deposited
in an Angstrom EvoVac chamber at <107 Torr and evaporated nominally at a rate of 1 A per
second (except for the green triplet emitter dopant which was evaporated at 0.2 A per second.
The devices of both ITO/glass and Ag-mesh were 10 mm?, defined by the electrode overlap.

4.4. Metal mesh characterization

A probe station with a semiconductor device analyzer (B1500A Semiconductor Device Analyzer
from Keysight Technologies) using four needle Van der Pau nonuniform method was used to
measure sheet resistance. To get a high resolution image of the glass-embedded Ag micromesh,
scanning electron microscopy (Zeiss SIGMA VP) was employed. The total and direct trans-
mittance and reflectance were measured at the wavelength range of 400 to 800 nm using a
UV-vis-NIR spectrometer with a 100 mm diameter integrating sphere (PerkinElmer Lambda
750). To measure roughness of the surface, an AFM (Bruker-Icon-VI) was used.

4.5. OLED characterization

The current density-voltage performances of the devices were measured using a Keithley model
2400 SourceMeter. At each voltage step a Hewlett Packard 4140B pA Meter/DC Voltage Source
measured the photocurrent of a silicon photodiode to allow for luminance to be calculated.
A homemade goniometer system is used to probe emission at various angles by rotating the
photodiode probe at a fixed radius using a ThorLabs TDCO0O01 servo controller. The emission
spectrum was measured using a StellarNet EPP2000 spectrometer.
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