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Abstract

We report on the Ag thickness effect on the electrical and
optical properties of indium zinc tin oxide (IZTO)-Ag-
1ZTO multilayer electrode grown on a PET substrate and
the surface plasmon effect of Ag layer on the optical
properties of IZTO-Ag-1ZTO electrode. Using an IZTO-
Ag-1ZTO multilayer with a total thickness below ~80 nm,
we can obtain high-quality flexible electrode with very
low sheet resistance, high transmittance, high work
function and superior flexibility.

1. Introduction

Indium-tin-oxide (ITO) is the most commonly used
electrode material in flat panel display (FPD) as it
provides good electrical conductivity and high
transparency in the visible region. Moreover, for FPD
based on organic light-emitting diodes (OLEDs), ITO
is the preferred anode material as it provides good
energy-level alignment for the efficient injection of
holes into the organic layers[1-3]. An alternative to a
simple ITO film for transparent conductors is the use
of dielectric—metal—dielectric (DMD) multilayers, also
known as ITO-metal-ITO (IMI) when ITO is used
instead of dielectric cladding layers. These structures
are typically composed of a thin silver layer (~10-15
nm) sandwiched between two high dielectric constant
layers (~30-50 nm). When designed properly, the high
index of refraction contrast between Ag and the
dielectric layers results in efficient plasmon coupling
and visible transparency greater than 90% can be
achieved.[4,5] However, the low work function of
ITO (~4.7 eV) could result in imperfect work function
alignment with hole injection layers or extraction
layers in flexible OLEDs or OPVs. In addition,
conventional amorphous ITO films grown on polymer
substrate have several problems, such as high sheet
resistance and low transmittance due to low sputtering
temperature. Therefore, it is desirable to substitute

amorphous ITO electrode with another TCO with low
resistance, high transparency, superior flexibility, and
a high work function.

In this work, we report on the properties of an
indium-zinc-tin-oxide (IZTO)-Ag-IZTO multilayer
electrode grown on polyethylene terephthalate (PET)
substrate at room temperature and the surface plasmon
resonance effect of the Ag layer on the optical
properties of IZTO-Ag-1ZTO electrode. Using an
IZTO-Ag-1ZTO multilayer with a total thickness
below ~80 nm, we can obtain high-quality flexible
electrode with very low sheet resistance, high
transmittance, high work function and superior
flexibility.

2. Experimental

Both top and bottom IZTO films with a thickness of
30 nm were deposited on a 200 pum thick PET
substrate using rf (13.56 MHz) magnetron sputtering
system at a constant Ar low rate of 20 sccm, working
pressure of 3 mTorr and rf power of 120 W. After
deposition of the bottom IZTO film, Ag layer was
deposited onto the IZTO film by thermal evaporation
at a constant deposition rate of 0.02 nm/s. Sheet
resistance of the IZTO-Ag-1ZTO anode was measured
as a function of Ag thickness by means of a four-
point probe measurement. The transmittance of the
IZTO-Ag-IZTO multilayer was measured in the
wavelength range of 200-800 nm using a UV/visible
spectrometer. The surface morphology of the Ag layer
on the bottom IZTO film was analyzed as a function
of Ag thickness using field emission scanning electron
microscope (FESEM). Finally, the flexibility of the
IZTO-Ag-IZTO multilayer was analyzed using a
laboratory made bending test system. The structural
properties of IZTO-Ag-1ZTO layer were analysis by
XRD examination.
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3. Results and discussion

Fig. 1 shows the sheet resistance, optical
transmittance, and figure of merit (®Orc) of the IZTO-
Ag-1ZTO electrode on a PET substrate as a function
of Ag thickness. Insertion of transparent Ag interlayer
led to a significant reduction in the sheet resistance,
with a rapid decrease in the sheet resistance for Ag
layer thicker than 8 nm.
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Fig. 1. Sheet resistance, transmittance at 550 nm
wavelength, and figure of merit of and
IZTO-Ag-1ZTO multilayer electrode on
PET substrate as a function of the Ag
thickness.

An IZTO-Ag-1ZTO multilayer with 14-nm-thick Ag
layer, a sheet resistance of 4.99 Q/sq. was seen. The
transmittance of the IZTO-Ag-IZTO electrode at a
550 nm wavelength also depends on the thickness of
Ag layer. At an Ag thickness of 8§ nm, a fairly low
transmittance of 66.8% at a 550 nm wavelength was
seen due to the absorption of the aggregated Ag layer.
However, 1ZTO-Ag-1ZTO eclectrode with an Ag
thickness of 14 nm showed the highest transmittance
of 86% due to the surface plasmon resonance (SPR)
of the Ag layer. It was reported that the high index of
refraction contrast between Ag and the dielectric layer
results in efficient plasmon coupling such that visible
transparency greater than 90% can be achieved [1].
Therefore, the dramatically increased transmittance of
an [ZTO-Ag-1ZTO electrode with an Ag thickness of
14 nm can be attributed to SPR of a properly designed
Ag layer. However, further increase in Ag thickness
resulted in a decrease in transmittance even though it
had the lowest sheet resistance (2.4 €/ sq.). The figure
of merit value (®rc) value of the IZTO-Ag-1ZTO

multilayer also increases with increasing Ag thickness.

The maximum ®rc value (44 x 10'39'1) of the I1ZTO-
Ag-1ZTO multilayer was obtained at an Ag thickness
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of 14 nm (T: 0.86% and Ry,: 4.99 /sq.). Further
increases in the Ag thickness, however, lead to a
decrease in dpc value due to increased absorption by
the Ag metal layer. Bender et al. showed that the
maximum Orc value of an ITO-Ag-ITO layer with 10
~ 12-nm-thick metal layer on a glass substrate is 24.7
x 107°Q", which is lower than our results.[6] The
higher ®@¢ value of the IZTO-Ag-IZTO multilayer on
PET films indicates that IAI is a promising candidate
to replace the ITO-Ag-ITO electrode in flexible
OLEDs and OPVs.
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Fig. 2. Surface FESEM images of the Ag layer
deposited on the bottom IZTO film with
increasing Ag thickness of (a) 8 nm (b) 12
nm (¢) 14 nm (d) 20nm

The Ag thickness dependence of the electrical and
optical properties of an IZTO-Ag-1ZTO electrode can
be explained by the FESEM results in Fig. 2. The
morphology and shape of the Ag layer clearly change
with increasing Ag thickness. Fig. 2(a) and 2(b) show
Ag layer with a thickness of less than 12 nm, in which
a disconnected structure can be seen. This
disconnected Ag layer corresponds to high sheet
resistance and light absorption in IZTO-Ag-1ZTO
structure, as seen in Fig. 1. However, in the case of
14-nm-thick Ag film pictured in Fig. 2(c), the Ag
layer was continuous. The low sheet resistance and
high transmittance of the IZTO-Ag-1ZTO multilayer
with Ag thickness of 14 nm could be attributed to the
fact that the Ag layer completely covered the bottom
I1ZTO layer. FESEM results indicate that the effective
SPR of the Ag layer occurred in the transition region
from an aggregated Ag layer to a continuous Ag layer.



In the case of our IZTO-Ag-IZTO celectrode, the
optimized SPR can be found at a Ag thickness of 14
nm. Fahland er al. also reported that the critical
thickness of the Ag layer for transition from distinct
islands to a continuous film is predominantly between
10 and 20 nm [7].
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Fig. 3. XRD plot of IZTO-Ag-I1ZTO electrode as a
function of Ag thickness

Figure 3 shows XRD plots of IZTO-Ag-IZTO
electrode grown on a PET substrate as a function of
Ag thickness. All XRD plows show only a PET
substrate peak regardless of Ag thickness, indicative
of amorphous IZTO and Ag structure. Due to low
substrate temperature, both IZTO and Ag layer was
deposited on a PET substrate as a type of amorphous
structure.
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Fig. 4. Normalized resistance change after repeated
bending as a function of the number of
cycles for the reference ITO/PET, and
1ZTO-Ag-1ZTO/PET.

P-114 / H.-K. Park

To investigate the flexibility of the optimized
IZTO-Ag-IZTO multilayer prepared on a PET
substrate, a laboratory-made bending test system was
employed.[8] For comparison, a reference ITO/PET
sample was prepared using dc sputtering at room
temperature. The change in resistance was expressed
as (R—R¢/Ry), where Ry is the initial resistance and R
is the measured resistance after bending. Figure 4
shows changes in the resistance of the reference
ITO/PET and IZTO-Ag-IZTO/PET sample. It was
shown that the R—Ry/R, value of reference ITO/PET
sample increased remarkably in initial bending cycles
due to the generation and propagation of cracks.
However, the IZTO-Ag-IZTO electrode exhibited a
constant R—R(/R, value, indicating constant resistance
of the IZTO-Ag-IZTO electrode throughout the
bending test. The robustness of the 1ZTO-Ag-1ZTO
multilayer is attributed to the existence of a ductile Ag
metal layer between the IZTO layers. Lewis et al.
reported that a ductile Ag layer between ITO layers
provides effective electrical conductivity even after
the ITO is beyond its failure strain (~0.8%) due to a
higher failure strain of the bulklike Ag film (4% —
50%) [1].
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Fig. 4. Current density-voltage-luminance (J-V-L)
characteristics of  flexible OLEDs
fabricated on IZTO-Ag-IZTO/PET and
reference ITO/PET samples, respectively.

To compare the electrical and optical properties of
flexible OLEDs fabricated on 1ZTO-Ag-IZTO/PET
and a reference ITO/PET sample, we prepared flexible
OLEDs on both the IZTO-Ag-IZTO anode and the
reference ITO anode [10]. The fabrication process for
producing a flexible OLED was described in detail in
our previous reports.[8,9] The current density (J) of a
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flexible OLED fabricated on an IZTO-Ag-IZTO
multilayer anode is higher than that of a flexible
OLED fabricated on an ITO anode at the same voltage
after a turn on of the flexible OLED. The L-V curve of
the flexible OLEDs on the [ZTO-Ag-IZTO multilayer
also exhibits higher luminance than that of a flexible
OLED on the a-ITO/PET sample as expected from the
J-V curve. Due to a lower Ohmic loss and the higher
work function of the IZTO layer in the IZTO-Ag-
IZTO/PET sample than the ITO/PET sample, the
flexible OLED on the IZTO-Ag-1ZTO anode shows
higher current density and luminance. The measured
work function of the UV ozone-treated 1ZTO-Ag-
IZTO electrode by photoelectron spectroscopy with a
UV source is between 5.12 = 0.02 eV. Therefore, the
high performance of flexible OLEDs on an [ZTO-Ag-
IZTO multilayer anode can be attributed to the low
sheet resistance of the IZTO-Ag-1ZTO electrode and
high transmittance caused by SPR of the Ag metal
layer sandwiched between the two IZTO electrodes.
Furthermore, the higher work function of the IZTO
layer (~5.12 eV) compared to that of the reference
ITO (4.74.9 eV) layer can lead to a lower barrier
height between the IZTO electrode and the organic
layer.

4. Summary

The IZTO-Ag-1ZTO multilayer on a PET substrate
had a low sheet resistance of 4.99 Ohm/square and
high transmittance of 86% despite the fact that the
IZTO layer was very thin (~30 nm). An Ag metal
layer with a critical thickness of 14 nm sandwiched
between two IZTO layers was shown to provide
significantly = improved sheet resistance and
transmittance as well as mechanical robustness upon
bending. Due to the SPR effect of the 14-nm-thick Ag
layer, we can obtain IZTO-Ag-IZTO electrode with
high transmittance as well as superior flexibility. This
indicates that an IZTO-Ag-IZTO multilayer on
polymer substrates is a promising flexible electrode
scheme that can be used as a substitute for a
conventional ITO anode or ITO-Ag-ITO on polymer
substrates.
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