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Abstract.

Flexible ITO/Ag-grid hybrid layers were prepared by a solution process and embedded into a plastic layer.

The structural analysis confirmed that the printed layers were successfully embedded into the plastic substrate without any
structural damage. The detachment of the printed ITO/Ag-grid layers from the glass substrate was carried out by dissolving a
metallic sacrificial layer, which deposited on the glass substrate before the printing step. The optimum electrical and optical
performance was obtained with Ag-grid pitch of 300 pm, leading to the sheet resistance of 2 2 per sq and the transmittance

of 85%.
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1. Introduction

Transparent electrodes (TEs) are one of the most
indispensable materials to fabricate rapidly emerging elec-
tronic devices, including flexible displays, touch panels,
photovoltaic cells, light emitting diodes, thin film transis-
tors, etc. Among various TE materials, Sn-doped In,O; (ITO)
is widely used due to its excellent electrical and optical
properties. However, ITO is considered unsuitable due to
the following issues: (1) large fabrication cost involved in
vacuum-based process and (2) lack of flexibility for future
flexible electronics [1-5]. Due to these technical issues, many
efforts have been devoted to preparing ITO films by solution-
based processes in a flexible platform [6-10].

The solution process based on printing technology offers
an opportunity to reduce the fabrication costs from the fol-
lowing viewpoints: (1) efficient materials utilization due to
direct deposition of the desired material at a location where it
should be patterned and (2) low investment cost of the manu-
facturing equipment and easy scalability for large-area elec-
tronics since the printing technology does not require com-
plicated and expensive vacuum-based equipment [11-15].
Despite these advantages of the solution process, it is reported
by many research groups that the material performance of
the solution-prepared ITO films needs to be further improved
compared to the sputtered ITO films [16—18]. The sheet resis-
tance of the solution-prepared ITO films is usually one-order
higher than that of the sputtered films with a similar trans-
parency. Such a high sheet resistance mainly comes from
low carrier mobility [6]. Usually, the packing density of the
solution-processed ITO films is not high enough compared
to the sputtered films, indicating that significant amount of
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pores and interfaces in the solution-processed ITO films act
as scattering sites for the transport of the carriers in the
film.

In order to increase the conductivity of the solution-
processed ITO films, there were several efforts to hybridize
the ITO film with an assisting conduction path such as metal-
grid, graphene and nanowires [6,19,20].

In this paper, we present a new approach to the preparation
of flexible ITO hybrid TEs. The solution-processed ITO was
hybridized with a metal-grid assisting electrode patterned by
electrohydrodynamic (EHD) printing. In recent times, EHD
printing has gained lot of attention due to the feasibility of fine
patterning with line resolution less than 10 pum, which is invis-
ible to the human eyes [21-23]. The most important novelty of
this work compared with other ITO-based hybrid electrodes
such as ITO/graphene and Ag nanowire/ITO comes from the
fabrication process itself: both ITO and Ag-grid were pre-
pared by an inkjet printing technology. In the cases of other
ITO-based hybrid electrodes, ITO is usually deposited by a
vacuum-based sputtering process. These ITO-based flexible
electrodes were made by transferring the assisting conduct-
ing path such as thermal-CVD-graphene and Ag nanowires
onto flexible substrates and sputtering ITO over them [24,25].
Moreover, the transparency of the hybrid films is affected by
the amount of the assisting conduction path introduced to
the ITO film. The EHD-printed metal-grid assisting electrode
in the hybrid TEs minimizes the disturbance of the trans-
parency in the hybrid TEs. The flexibility in the hybrid TE was
secured by embedding the entire hybrid TE (ITO/Ag-grid)
into polydimethylsiloxane (PDMS) substrates. The electrical
and optical properties of the flexible hybrid TE were investi-
gated by modulating the line-to-line pitch in the metal grid.
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Figure 1. (a) Inkjet printing of ITO thin film and EHD printing of Ag-grid assisting electrode. (b) Fabri-

cation process of flexible ITO/Ag-grid hybrid TE.

2. Experimental

Figure 1 illustrates the entire fabrication process of
ITO/Ag-grid hybrid TE. The inkjet printing of ITO and
EHD printing of Ag-grid assisting electrode is illustrated
in figure la. ITO solution ink was formulated by dis-
persing commercial ITO nano-particles with Dsy =25 nm
(Advanced Products) in N,N-dimethylformamide (DMF;
boiling point: 153°C, surface tension: 40.4 dyn cm™"). ITO

solid concentration in the solution was fixed at 30 w%. The
ITO ink was processed by ball-milling for 24 h, followed by
ultrasonic homogenizing process for 1 h. An inkjet-printing
unit (UJ200, UNIJET) was used to prepare the ITO films on
glass substrates. The inkjet-printed ITO films were annealed
at 600°C in vacuum by a rapid thermal annealing (RTA).
Ag-grid assisting electrode was printed on the inkjet-
printed ITO films by an EHD jet printer (NP-200, ENJET)
with a commercial Ag ink (NPK). The Ag ink with 50 wt%
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solid concentration was injected into a stainless-steel nozzle
with an inner diameter of 100 um by a syringe pump at the
feeding rate of 150 nl min~'. The electric field (6 kV cm™')
applied between the nozzle and the substrate develops a fine
streaming of the Ag ink from the nozzle, which enables a fine
patterning regardless of the nozzle dimension. The printing
speed was fixed at 20 cm s~

Figure 1b describes the fabrication of the flexible ITO/Ag-
grid hybrid TE, which consists of two processes: embedding
Ag-grid/ITO hybrid TE into PDMS substrate and peeling the
hybrid TE from the glass substrate.

PDMS solution was prepared by mixing PDMS base and
its curing agent at a ratio of 10:1. The PDMS solution was
cast over the printed Ag-grid/ITO layer on the glass substrate
as described in figure 1b. The PDMS layer was then thermally
cured at 250°C for 30 min. To release the Ag-grid/ITO hybrid
TE film from the glass substrate, a metallic sacrificial layer
was deposited on the glass substrate before the inkjet-printing
of ITO layer. In this experiment, Cu layer was selected as a
sacrificial layer since it can be easily deposited by a thermal
evaporator and also selectively etched away with a commer-
cially available etchant [GE103, SoonJeong]. After the PDMS
curing, the Ag-grid/ITO layer was detached from the glass
substrate along with the PDMS layer by dissolving the sacri-
ficial layer in the Cu chemical etchant.

The electrical and optical properties of the Ag-grid/ITO
hybrid TE films were characterized by Hall measurements
(HMS3000, ECOPIA) and UV/visible spectrometry (V-570,
JASCO), respectively. The microstructure of the Ag-grid/ITO
hybrid TE was investigated using a focused-ion beam field
emission scanning electron microscope (FIB FESEM,
NOVA200).

3. Results and discussion

3.1 Microstructure of flexible ITO/Ag-grid hybrid TE

Figure 2 presents the microstructures of the flexible ITO/Ag-
grid hybrid TE embedded into PDMS substrate. The planar
and tilted views of the hybrid TE are shown in figure 2a and
b. There were no cracks observed in the inkjet-printed ITO
layer. However, there is a slightly uneven surface around the
Ag-grid. Figure 2c illustrates the FIB-FESEM cross-sectional
image of the hybrid TE. The Ag-grid assisting electrode
printed by EHD is completely embedded into PDMS and cov-
ered with the inkjet-printed ITO film (300 nm). The Ag-grid
line maintained its initial printing shape without any damage
even though it is embedded into the PDMS layer. The Ag line
has 5 pm width and 2 pm height.

3.2 Electrical property of flexible Ag-grid/ITO hybrid TE

Figure 3 shows the electrical properties of the flexible
ITO/Ag-grid hybrid TE as a function of Ag-grid pitch. The
Ag-grid pitch was modulated from 500 to 100 um. The sheet

Page3of5 3

ITO surface
()

e
ITO/Ag-grid

v ITO

e

_ITO/Ag-grid -
100pm

“~FIB Protection Layer

Figure 2. Microstructures of the flexible ITO/Ag-grid hybrid TE
embedded into PDMS substrate: (a) planar and (b) tilted, and (c)
FIB-FESEM cross-sectional views.

resistance and resistivity of the flexible ITO/Ag-grid hybrid
TE decreased with decreasing Ag-grid pitch. With the Ag-grid
pitch of 300 pm, the sheet resistance and resistivity values
were 2  per sq and 1 x 107* Q cm, respectively, which is
more than 30 times smaller sheet resistance compared with
the ones of the inkjet-printed ITO film without the Ag-grid
assisting electrode. Table 1 presents the sheet resistance and



3 Pagedof5
[
o Flexible Ag-gridITO TE embedded in PDAS
2 0 =
<} Dfﬁo——of_ﬁ j10' %
8 10’ = \h’ @
£ o -
& 2 B
E o {_‘-‘1\-}"" Df——_D_D_ﬂ___F -1[.-‘?
= 10 D)f--': _i
2
w e e |
100 200 300 400 500
Pitch(um)

Figure 3. Electrical properties of the flexible ITO/Ag-grid hybrid
TE as a function of Ag-grid pitch ranging from 100 to 500 pum.

resistivity of the inkjet-printed ITO films after annealing at
600°C in vacuum.

3.3 Optical property of flexible Ag-grid/ITO hybrid TE

Figure 4 presents the optical transmittance of the flexible
ITO/Ag-grid hybrid TE at the wavelength from 300 to 800
nm. The inset in figure 4 presents the transmittance values at
550 nm as a function of the Ag-grid pitch. The degradation in
the transmittance can be calculated by Ag filling factor (Fag),
which defines the area occupied by Ag-grid assisting elec-
trode with respect to Ag-grid free area [21]. Fa, is obtained
from the following equation:

Fag ~ (2WP)/ P2, (1

where W and P are the line width and pitch of the printed
line in Ag-grid, respectively. Considering the width of the
EHD-printed Ag line (5 um), Fae becomes less than 5% if
the Ag-grid pitch becomes wider than 300 um, which implies
that less than 5% degradation in transmittance is expected
due to the Ag-grid. Figure 4 shows that the transmittance at
the Ag-grid pitch of 300 um is around 85%, measured along
with ITO and PMDS layers. This transmittance at the Ag-grid
pitch of 300 pm is in good compliance with the calculated
expectation (5% degradation in transmittance) when the ITO
and PDMS layers in the hybrid TE are simultaneously taken
into account.

The optical performance in the case of TE with Ag-grid
assisting electrode improves at the expense of the electrical

Table 1.
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Figure 4. Optical transmittance of the flexible ITO/Ag-grid hybrid
TE at wavelength from 300 to 80 nm. The inset shows the transmit-
tance at 550 nm as a function of Ag-grid pitch.
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Figure 5. Figure of merit values for the flexible ITO/Ag-grid
hybrid TE as a function of Ag-grid pitch. The inset shows an optical
image of the flexible ITO/Ag-grid hybrid TE.

performance. There must be an optimum Ag-grid pitch for the
best optical and electrical performance, which can be deter-
mined from the concept of figure of merit (¢p\) defined by
Haacke [26]:

TlO

PrM = = ot exp(—10at), (2)

sheet

Electrical property of inkjet-printed ITO films on glass

substrates after 600°C annealing in vacuum.

ITO film#01  ITO film #02  ITO film #03
Sheet resistance (€2 per sq) 3.1 x 102 2.9 x 10? 2.8 x 102
Resistivity (€2 cm) 9.4 x 1073 89x1073  8.63x1073
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where T, Rgeet, 0, t and o are the transmittance at a
wavelength of 550 nm, the sheet resistance (2 per sq), the
electrical conductivity (27! em™!), the film thickness (cm)
and the optical absorption coefficient (cm™'), respectively.
Figure 5 shows the figure of merit variation of the flexible
ITO/Ag-grid hybrid TE with the Ag-grid pitch. The figure of
merit increases with increasing Ag-grid pitch up to 300 pum
since the transmittance values are predominant in the equation
compared with the sheet resistance values. The maximum ¢y
value (82 x 1073 Q1) reached at the Ag-grid pitch of 300 pm.
Further increase in the Ag-grid pitch beyond 300 pum resulted
in the decrease of ¢py.

4. Conclusions

In this study, ITO/Ag-grid hybrid layers were embedded into
a plastic layer (PDMS in this study) and used as a flexible
TE. Both ITO and Ag-grid assisting electrode were prepared
by the inkjet printing and EHD printing, respectively. A Cu
sacrificial layer was introduced to the glass substrate and used
to detach the printing layers (Ag-grid/ITO) from the substrate.
The sheet resistance of the flexible ITO/Ag-grid hybrid TE is
smaller than 2 Q2 per sq and decreases with decreasing Ag-grid
pitch. The optical transmittance remains greater than 85% for
the Ag-grid pitch of 300 wm or greater. The ¢py increases
with increasing Ag-grid pitch up to 300 um. Further increase
in the Ag-grid pitch led to the decrease of ¢py.
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