Online ISSN 2198-0810
Print ISSN 2288-6206

International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:829-840
https://doi.org/10.1007/540684-021-00334-7

REGULAR PAPER q

Check for
updates

Large Area Organic Thin Film Coating Using a Micro Multi-nozzle Jet
Head with Side Suction Channels

Kwon-Yong Shin' - Mingyu Kang? - Myong-Ki Kim? - Ki Sung Jung* - Chun Sang Yoo* - Kyung-Tae Kang' -
Sang-Ho Lee'

Received: 5 June 2020/ Revised: 19 February 2021 / Accepted: 2 March 2021 / Published online: 19 April 2021
© Korean Society for Precision Engineering 2021

Abstract

In this paper, we propose a unique micro multi-nozzle jet head to generate a stable column jet flow by applying vacuum suc-
tion to the side of a jetting nozzle. The micro multi-nozzle jet head was designed and fabricated to operate in both the jetting
and suction modes selectively or simultaneously. The jet head includes eighteen jetting nozzles of 100 pm diameter, vacuum
suction channels, inlets and a nozzle protection outer hole. The whole size of the micro multi-nozzle jet plate is 50 x 20 mm?.
To demonstrate large area organic thin film coating, micro multi-nozzle jet coating was performed on a 5th generation size
(1100 1300 mm?) glass substrate. A poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) solution was
selected as a test ink. To uniformly coat an organic thin film, we first investigated the physical parameter conditions such
as jetting pressure, head suction pressure, stage moving speed, and coating head printing pitch. The thickness of the coated

PEDOT:PSS thin film was 76.86 +3.33 nm and its uniformity (CV) was 4.33%.

Keywords Large area - Coating - Organic thin film - Multi-nozzle jet - Suction channels

1 Introduction

Optoelectronic devices based on organic semiconductors,
including conjugated small molecules and polymers, have
attracted tremendous attention from both academic and
industrial circles, due to the many technological advantages
of organic materials, such as low material cost, outstanding
diversity, tunable material properties, compatibility with
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flexible substrates, and low temperature/high throughput
manufacturing processes [1-4].

The most advanced organic electronic systems already
in commercial production are high efficiency, very bright,
and colorful thin displays based on OLEDs. As a flat-panel
light source, OLED shave drawn huge attention due to their
superior features such as large area surface emission, flex-
ibility, transparency, etc. [5—7]. A vacuum thermal evapora-
tion method is currently considered a suitable process for
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realizing multi-layer architectures, which are required for
highly efficient and long life OLEDs. However, the vacuum
thermal evaporation based process faces disadvantages in
terms of fabrication and investment costs. High manufac-
turing costs are one of the factors that make it difficult to
successfully enter the various application markets despite
the many advantages of OLEDs. Solution-process tech-
niques are highly demanded to reduce fabrication costs
in OLEDs [7, 8]. Several wet film deposition techniques
have been investigated for solution processing of OLEDs
in the past. The deposition techniques can be categorized
into printing technologies (inkjet printing, gravure printing,
flexo-printing, screen printing, rotary screen printing) and
coating techniques (spin coating, dip coating, knife coating,
spray coating, slide coating, and slot die coating) [5, 9-17].
The key issue of the wet film deposition is to obtain very
uniform layers with defined interfaces to produce efficient
devices. Slot-die coating has been preferred as a commercial
solution-coating technique for preparing large area and uni-
form organic films, and this technique has been scaled up to
at least Gen. 8 substrates for flat-panel-display processing.
Slot-die coating is also being developed for use in general
OLED lighting fabrication [18, 19]. The slot-die coating pro-
vides large scale roll-to-roll production and the simultaneous
coating of multiple layers of different solutions for a wide
range of process materials and depositing organic thin films
having thickness as low as 20 nm [5-7, 20].

Recently, Dainippon Screen (DNS) and DuPont Displays
Inc. (DDI) have introduced continuous multi-nozzle print-
ing as an OLED patterning technology. Continuous nozzle
printing utilizes a column liquid jet that issues from a fixed
orifice and then impinges on the substrate. The printing pro-
cess operates by continuously moving the liquid jet across
the substrate in alignment with previously defined wetting
and non-wetting areas. The print head traverses back and
forth along the x-axis of the printed plate while the stage
(substrate) proceeds in increments along the y-axis in syn-
chronization with the head. Commercially acceptable cycle
times can be obtained by printing multiple arrays of jets
using x-axis traverse speeds up to 5 m/s [18, 21]. Continu-
ous nozzle printing offers many benefits as a solution-based
manufacturing system such as high throughput and scalable
printing performance, a simple passive jetting mechanism,
wide selectivity of printing materials, simple head fabrica-
tion process, etc.

In the case of the slot-die coating system, each time the
substrate size is changed, there is a disadvantage that a
heavy slot-die head of hundreds of kg must be fabricated
by ultra-high precision metal processing to fit the width of
the substrate. Repetitive fabrication of the heavy slot-die
head to fit the substrate size is not easy to realize scalable
coating required for large area organic thin film coating. The
multi-nozzle printing is very useful for performing scalable

coating of the organic thin film over a large area with the
same multi-nozzle head due to its advantages such as high
throughput and scalable printing performance [22-27].
Other previous studies on the multi nozzle printing reported
a method of printing stripe patterns inside bank structure to
fabricate the pixels of organic light emitting diode (OLED)
display.

The research objective of this study is to develop the large
area organic thin film coating method by scalable multi-
nozzle jet coating. Prior to continuous nozzle printing pro-
cess, it is very important to make a stable column jet flow
because we can control the coating thickness by regulating
the flow rate. In this study, we proposed a unique nozzle
jetting method that applies vacuum suction to the side of
the jetting nozzle for stable formation of a stable column jet
flow. The vacuum suction was very effective in eliminating
dangling droplet formation at a nozzle end, which interfere
with the immediate and stable column jet flow. To realize
the proposed nozzle jetting method, we fabricated the micro
multi-nozzle jet head with three dimensional micro chan-
nel networks by micro fabrication process. The developed
micro multi-nozzle jet head includes eighteen jetting noz-
zles of 100 pm diameter, suction channels, and inlet hole.
A poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) solution was selected as a test ink to perform
the feasibility test for large area thin film coating application.
To uniformly coat an organic thin film, we first investigated
the physical parameter conditions such as jetting pressure,
head suction pressure, stage moving speed, and coating head
printing pitch.

2 Experimental

2.1 Coating Methods

We used a poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS), (Clevios CH8000, Heraeus, Ger-
many) aqueous solution with a concentration of 2.8 wt%
to demonstrate large area and uniform coating by a micro
multi-nozzle jet coating method. In this study, we prepared
ink samples of pristine PEDOT:PSS diluted by ethanol 90
vol% to investigate the concentration for uniform coating
of PEDOT:PSS on a substrate. PEDOT:PSS was filtered
through a 0.45 pm syringe filter. Micro multi-nozzle jet coat-
ing was performed with a Gen. 5 streamjet coater (DEVI-
CEENG, Korea) over a coating area of 1500 x 850 mm>,
equipped with an alignment system for substrate and nozzle
alignment, a 2-channel pneumatic control ink supply system
(up to 500 kPa), and an atmospheric DC plasma surface
treatment system (SYSTEMKOREA, Korea) with treatment
area of 1300 x 1600 mm? under ambient air. An indium tin
oxide (ITO)-coated glass substrate of 1100 x 1300 mm?>
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size was used as the substrate and its surface was treated
by atmospheric plasma before starting the coating process.
Operation conditions of the atmospheric plasma system
are 2 kW of radio frequency power (15~40 kHz), a gap
distance of 1 mm between the substrate and atmospheric
plasma surface treatment system, and a moving speed of
40 mm/s. EtOH-diluted PEDOT:PSS solution was jetted
through the multi-nozzle under conditions of jetting pitch
of 25~40 mm, a head moving speed of 1 m/s, a coating
gap distance between the nozzle and substrate of ~ 1 mm,
a head suction pressure of 90 kPa, and a jetting pneumatic
pressure of 180 kPa, respectively. All coating experiments
were performed at 24 °C (1.0 °C) and 50% (£ 5%) relative
humidity. Figure 1 shows a schematic image of the large
area coating method using a micro multi-nozzle jet head
(Fig. 1a) and a multi-nozzle jet coating system (Fig. 1b).
The micro multi-nozzle jet head traverses back and forth
along the x-axis while the stage increments along the y-axis
in synchronization with the head.

Fig. 1 a Schematic image of
large area coating method using
a micro multi-nozzle jet head, b
multi-nozzle jet coating system
(Gen. 5 streamjet coater, DEVI-
CEENG, Korea)

head

Printing pitch

Coated Film
(PEDOT:PSS)

Micro multi-nozzle jet

2.2 Nozzle Fabrication

Figure 2 shows the process flow diagram for the micro fabri-
cation of the micro multi-nozzle jet head. First, the back side
of silicon (Si) for the inlet hole is etched with ~200 pm depth
by a Si deep RIE system (Rapier, SPTS, UK) after pattern-
ing ~5 pm thick photoresist (AZ4620, Allresist, Germany) as
an etch mask by a photolithography process (Fig. 2a). After
removal of the thick PR, 1 pm-thick SiO, is deposited on the
top of Si substrate using a PECVD (plasma enhanced chemi-
cal vapor deposition) system (NEXSO 7000 HDPECVD,
NEXSO, Korea). A SiO, layer is etched in a toroidal shape
by a RIE system to define the micro-nozzle (RIE 80 plus,
Oxford Instruments, UK) after patterning of a photoresist
(PR) (AZ 5214E, MicroChemicals, Germany) (Fig. 2b).
Then, a~5 pm-thick PR (AZ4620, Allresist, Germany) was
patterned as an etch mask and a 150 pm-deep nozzle hole
was formed by a Si deep RIE system (Rapier, SPTS, UK)
(Fig. 2¢). After removal of the PR, Si deep RIE was carried
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out again to form the through nozzle hole (Fig. 2d, e). The
Si0, layer was removed by a buffered oxide etchant. A glass
substrate was etched by sand blasting with a dry film resist
etch mask (MS7100, Mitsubishi Paper Mills, Japan) to form
a circular opening that matched the micro nozzles. Finally,
the glass substrate with the circular opening was aligned and
bonded by an anodic bonding system (SB6, SUSS MicroTec,
Germany) onto the silicon substrate with the micro nozzle
structure (Fig. 2f). Finally, a hydrophobic fluorocarbon (FC)
film was coated on the top surface of the fabricated micro
multi-nozzle to prevent spreading of the ink solution on the
nozzle surface during jetting (Fig. 2g). The FC coating pro-
cess was carried out by a polymer deposition process in a Si
deep RIE system (Rapier, SPTS, UK).

2.3 Measurement

The film thickness of the coated PEDOT:PSS films on the
substrate was measured using a spectral reflectance system
(F30, Filmetrics Inc.). An Atomic Force Microscope (AFM)
(NX 10, Park Systems Corp.) was used to measure the film
surface roughness uniformity, and SEM was used for analy-
sis of the cross-sectional structure of the fabricated micro
multi-nozzle and coated PEDOT:PSS film.

3 Results and Discussion

Prior to development of the micro multi-nozzle jet head,
we tested the effects of the number of nozzles on the uni-
formity of flow rate of each nozzle by simulating the flow
patterns with different numbers of nozzles using a commer-
cial software (COMSOL Multiphysics® v. 5.4., COMSOL
AB, Stockholm, Sweden). Figure 3 shows a schematic of
a micro multi-nozzle jet head (Fig. 3a), and 3-D computa-
tional fluid dynamics (CFD) simulation results (Fig. 3b—d):
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velocity magnitude isoconours and velocity vectors for two-,
three-, and four-nozzle jets with different nozzle diameter
(¢=0.05~2 mm) and different distance between two neigh-
boring nozzles (L=1~3 mm). To quantitatively identify the
uniformity of flow rate of each nozzle, we measure the flow
rate ratio at two different nozzles, Q,/Q,, as a function of
the nozzle diameter for three- and four-nozzle jets. Note that
since the flow pattern is symmetric for the two-nozzle jet,
we do not include its result in the Fig. As readily observed
from Fig. 4, for the three-nozzle jet the volume flow rate at
the center nozzle is slightly higher than that at the side noz-
zle, while the difference in the volume flow rates between
the two nozzles nearly disappears when the nozzle diameter
becomes large enough (e.g., 0,/Q, = 0.99 at 200 pm). For
the four-nozzle jet, however, the volume flow rates at the two
different nozzles are nearly identical regardless of the nozzle
diameter such that Q,/Q, is found to be unity. Note that the
effect of the distance between two neighboring nozzles on
0,/Q, is found to be negligible. From the simulation results,
it can be deduced that we could obtain nearly-identical vol-
ume flow rates at different nozzles of 100 pm nozzle diam-
eter when even number of nozzles is utilized.

The micro multi-nozzle jet head was successfully fabri-
cated by the proposed micro fabrication process as shown in
Fig. 5a. Eighteen nozzles of 100 pm diameter were formed
with 2 mm interval and the nozzles were divided into two,
and two suction channels were connected to the upper side
of the nozzle. The whole size of the micro multi-nozzle jet
plate is 50 x 20 mm?. Figure 5b is a microscopic image of Si
microstructure with a jetting nozzle and a suction channel
before the glass bonding process. Figure 5c is a microscopic
image of the microstructure of the completed micro nozzle
jet plate with an outer hole upward of the Si micro structure
after the glass bonding process. We formed the key struc-
tures including a jetting nozzle, suction channels and inlets
on the Si substrate, and an outer hole on the glass substrate



International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:829-840 833

3 mm
3mm
0.04 mm—] } 0.5mm
3 mm 2mm
2mm
—________~]22mm
N 4 mm
L=1~3mm
¢ =0.05~02mm
(a) (b)

(© (d)

Fig.3 a Schematic of a micro multi-nozzle jet head and 3-D CFD simulation results: velocity magnitude isocontours (m/s) and velocity vectors
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Fig.4 Variation in the flow rate ratio at two nozzles, Q,/Q,, as a
function of the nozzle diameter for three- and four-nozzle jets

to protect a jetting hole during nozzle wiping for mainte-
nance, as shown in Fig. 5d, which presents a three dimen-
sional schematic diagram of a single micro nozzle structure.
Figure 5e is a SEM image of the magnified nozzle structure.
The micro multi-nozzle jet plate was completed by affixing
the multi-nozzle jet head to an ink reservoir block by adhe-
sive bonding (Fig. 5f).

To make a thin film on the large area substrate by the
nozzle coating process, the ink was coated by repetitively
moving the head with the fixed head overlapping interval
along the coating trajectory as shown in Fig. 1a. Prior to the
coating process, it is very important to make a stable column
jet flow because we can control the coating thickness by
regulating the flow rate by control of the applied jetting pres-
sure in the state of making the column jet flow. In this study,
we proposed a unique nozzle jetting method that applies
vacuum suction to the side of the jetting nozzle for the for-
mation of a stable column jet flow. The micro multi-nozzle

jet head was designed and fabricated to operate in both the
jetting and suction modes selectively or simultaneously, as
shown in Fig. 5. Generally, in the first stage, the nozzle jet
forms a dangling droplet at the nozzle end, and then the jet-
ting pressure is further increased, and the dangling droplet
drops and a continuous flow occurs, as shown in Fig. 6a.
In our experiment without vacuum suction control, for the
single nozzle, we increased the applied jetting pressure up
to 30 kPa to create a continuous column jet flow, and then
the jetting pressure was lowered to the target jetting pressure
of 10 kPa for 15 s to stabilize the flow rate for the coating
process. However, when the suction pressure of 90 kPa was
applied to the side of the jetting nozzle through the side
suction channel, as shown in Fig. 6b, a stable column jet
flow was instantly formed by the applied target pressure of
10 kPa within 1 s without any dangling droplet at the end
of the nozzle.

To perform a feasibility test of the developed micro multi-
nozzle jet head for the large area and uniform thin film coat-
ing application, we selected EtOH-diluted PEDOT:PSS
solution as a test ink. In our previous study, we investigated
the ink formulation of PEDOT:PSS used as a hole injection
layer (HIL) in an OLED structure for single nozzle coat-
ing. PEDOT:PSS is widely used in various organic opto-
electronic devices. As a result, the optimized thickness uni-
formity was obtained at 90% EtOH volume concentration
in PEDOT:PSS solution. In single nozzle coating using a
SUSS needle of internal diameter = 100 pm, we could obtain
a4 mm wide and 20 nm thick PEDOT:PSS film suitable for
OLED device fabrication with a printing speed of 1 m/s and
an ink injection rate of 2 ml/min. From the previous results,
we selected a PEDOT:PSS solution diluted by EtOH with
a 90 vol% as a test ink [28]. The viscosity and surface ten-
sion values of the PEDOT: PSS solution were 10.5 cP and
71 mN/m before dilution. After dilution with 90% volume
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Fig.5 Micro fabrication results: a microscopic image of the micro
multi-nozzle jet head, b microscopic image of Si microstructure with
a jetting nozzle and a suction channel, ¢ microscopic image of the
microstructure of the completed micro nozzle jet head by bonding

ratio EtOH, its viscosity and surface tension were measured
at 1.4 cP, and 23.8 mN/m, respectively.

Prior to large area and uniform thin film coating, we
investigated the coating uniformity of the thin film by chang-
ing the applied jetting pressure and the printing pitch of the
micro multi-nozzle jet head, as depicted in Fig. 1a. The
ITO-coated glass substrate was treated by the atmospheric
DC plasma surface treatment system for 30 s to obtain a
hydrophilic surface before coating process. The initial con-
tact angle of the EtOH-diluted PEDOT:PSS on the glass
was about 24.8°, but its contact angle decreased to less than
5¢ after plasma surface treatment for 30 s. This means that
the plasma surface treatment turns the glass surface into
a hydrophilic (high energy) surface, allowing the EtOH
diluted PEDOT:PSS to be perfectly wetted.

First, the width of the PEDOT:PSS film pattern was meas-
ured after single printing with the micro multi-nozzle jet
head. EtOH diluted PEDOT:PSS solution was jetted under
conditions of a head moving speed of 1 m/s, a coating gap
distance between the nozzle and substrate of ~1 mm. The
size of the ITO-coated glass substrate used in the experi-
ment was 200 x 200 mm?. Figure 7a shows cross sectional
schematic illustration of the micro multi-nozzle jet head
connected with the ink supply lines during coating process
and Fig. 7b is a photograph of stable column jet flow forma-
tion. The width (W4 of the PEDOT:PSS film pattern
was measured as ~47 mm, which is about 37% wider than

@ Springer KE ;]E
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the glass substrate, d three dimensional schematic diagram of a single
micro nozzle structure, € SEM image of the magnified nozzle struc-
ture, f microscopic image of the micro multi-nozzle jet plate

the entire 18 nozzle width (W,,,,.) of 34.2 mm. The printed
PEDOT:PSS pattern showed the coffee ring phenomenon
at the edge areas, as shown in the microscopic image of
Fig. 7c. The thickness line profile of the printed PEDOT:PSS
pattern was measured at 1 mm intervals using the spectral
reflectance system (Fig. 7d).

An average thickness and its uniformity of the 1 time
printed PEDOT:PSS films were analyzed by changing the
jetting pressure from 160 to 220 kPa at 20 kPa intervals.
As seen in Fig. 8, the average thickness of the PEDOT:PSS
films increased from 58.79 nm to 75.32 nm as the printing
pressure increased. The best thickness uniformity was 4.8%
at 180 kPa. The thickness of the PDDOT:PSS film coated
at 180 kPa was 62.25 +2.99 nm. Thickness analysis was
performed for a 40 mm wide pattern excluding a 3 mm wide
coffee ring region at the edge of the printed pattern. The
coffee ring region was excluded from the thickness analysis
because the width of coffee ring region was negligible to
less than 1% of Sth generation size (1100 % 1300 mm?), the
final target substrate size. The height of the pattern edge was
about 100 nm due to the coffee ring phenomenon (Fig. 7d).

To apply a single printing method to scalable coating
for large area organic thin film deposition, EtOH-diluted
PEDOT:PSS solution was coated by the multi-nozzle jet
coating method described in Fig. 1a by changing the print-
ing pitch from 25 to 40 mm at 5 mm intervals. Here, the
printing pitch is defined as the distance that the stage moved
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along the y-axis at a criterion of the head center point. The
jetting pressure was 180 kPa which showed the best uniform-
ity in the single printing experiment. As seen in Fig. 9, the
average thickness of the PEDOT:PSS films decreased from
94.17 to 58.12 nm as the printing pitch increased. The cof-
fee ring phenomenon was still observed on the edge region
of the coated thin film. The thickness was measured for a
140 ~ 160 mm wide pattern excluding a 10 mm wide coffee
ring region at the edge of the printed pattern. The width of
the coffee ring regions was negligible to 1.53% level of 5th
generation size (1100 1300 mm?), the final target substrate
size. From a line scan thickness analysis, the line profiles
showed periodical waviness in the case of the thin films
coated with a printing pitch of 25, 30 and 40 mm, but for a
PEDOT: PSS film coated with a 35 mm print pitch, the line
profile showed thickness uniformity (CV: coefficient of vari-
ation) of 3.87%. Finally, for the feasibility test of large area
thin film coating, we coated a PEDOT:PSS thin film on a
Sth generation size (1100 x 1300 mm?) glass substrate by the
developed micro multi-nozzle jet coating head with 35 mm
printing pitch. Then, after splitting the Sth generation size

(b)

glass substrate into 40 pieces, the thickness and uniformity
of each 40 samples were measured using a spectroscopic
reflectometer. The measured thickness was 76.86+3.33 nm
and its uniformity (CV) was 4.33% excluding a 10 mm wide
coffee ring region at the edge of the printed pattern. Fig-
ure 10a shows a cross sectional SEM image of the micro
multi-nozzle jet coated PEDOT:PSS thin film of ~77 nm
thickness.

The surface topography of PEDOT:PSS films deposited
on the ITO-coated glass substrate was analyzed by AFM to
compare the micro multi-nozzle jet coating method versus
the conventional spin coating method, which is generally
used in coating flat and uniform organic thin films. Fig-
ure 10b—d show AFM images of a 1 x 1 pm? scanned area
on a bare ITO surface, a spin-coated PEDOT:PSS film
surface, and a nozzle jet-coated PEDOT:PSS film surface,
respectively. The center-line average roughness (R,) and
peak-to-valley roughness (R, ,) of bare ITO are 13.47 and
143.23 nm. The Ra/Rp_V values of spin-coated and nozzle
jet-coated PEDOT:PSS films are 1.01 nm/9.02 nm, and
1.07 nm/8.70 nm, respectively. R, and R, , of the spin and
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Fig.8 Average thickness change of the 1 time printed PEDOT:PSS
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nozzle jet-coated PEDOT:PSS film surface was signifi-
cantly lower than that of the bare ITO surface. The nozzle
jet-coated PEDOT:PSS film surface showed larger grain
surface compared to the spin-coated PEDOT:PSS film, but
the nozzle jet-coated PEDOT:PSS films showed surface
roughness very similar with spin-coated films.

4 Conclusions

This study developed a unique nozzle jetting method to
form a stable column jet flow by removal of a dangling drop
formation step that occurs in the general nozzle jet coating
method. Vacuum suction to the side of the jetting nozzle
is very effective for quick formation of a stable column jet
flow. The micro multi-nozzle jet head was designed and fab-
ricated to operate in both the jetting and suction modes. By
a silicon micromachining process and an anodic bonding
process, eighteen nozzles of 100 um diameter were formed
with 2 mm intervals and two suction channels were formed
at both ends of the nozzle array. The stable column jet flow
was instantly formed by control of the suction pressure and
jetting pressure within 1 s. This study successfully dem-
onstrated the micro multi-nozzle jet head based coating
method applicable to a large area organic thin film coating.
We coated a PEDOT:PSS thin film on a 5th generation size
(1100 x 1300 mm?) glass substrate by the developed micro
multi-nozzle jet coating method. A uniform PEDOT:PSS
thin film was obtained by conditioning physical param-
eters such as the jetting pressure, stage moving speed, and
coating head printing pitch. The average thickness of the
PEDQOT:PSS thin film was 76.86 +3.33 nm and the uniform-
ity (CV) was 4.33% under conditions of 1 m/s head moving
speed and 180 kPa jetting pneumatic pressure excluding a
coffee ring region. Also, the nozzle jet-coated PEDOT:PSS
films showed surface roughness that was very similar with
the spin-coated films from the AFM analysis.
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Fig. 10 Cross sectional and surface analysis results of PEDOT:PSS
thin film coated by micro multi-nozzle jet head: a cross sectional
SEM image, b AFM image of bare ITO substrate surface before coat-
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