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An ink-jet printing method was proposed to solve several conventional problems of ink jet
process. PVK (poly(9-vinylcarbazole)) thin film was synthesized and simultaneousely pat-
terned by the reactive ink-jet process (RIP). Gel permeation chromatography shows a linear
relationship between the molecular weight of the PVK and the reaction time. The as-
synthesized PVK with a controlled molecular weight was applied to an OLED device. Most of
the OLED with the RIP-PVK film performed better compared to the reference OLEDs. The

Ié?}/;[‘;ords“ luminance graphs indicated the existence of a proper molecular weight leading to the opti-
Ink-jet mum structural conformity which was matched well to the modified OLED structure,

Reactive ink-jet showing a linear relationship with the reaction time in the turn-on threshold. This result
PVK implies that one can control the proper molecular weight of a polymer and thus the elec-

trical properties of an OLED device via the RIP method.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The ink-jet printing is one of most attractive patterning
process due to the low process cost, and moderate degree
of pattern precision [1-6]. The progress of ink-jet technol-
ogy has allowed not only the creation of patterns on paper
but also the construction of patterns within electronics
parts such as printed circuits [6], thin film transistor [7],
sensors [8], color filters [9], OLEDs (organic light emitting
diodes) [4,5], and others. The authors have researched
other usages of ink-jet printers, focusing on inks as a reac-
tant that can cause reactions between ink droplets (or
within one drop) and transform them as useful products
in the form of a patterned film as described in Fig. 1. Unlike
the conventional inkjet printing method, controlling the
reaction temperature, catalyst, time, and additional treat-
ment process can result in the creation of a specific mole-
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cule. For example, in the case of a monomer, we can expect
a different molecular weight of the corresponding polymer
by controlling the reaction parameters, producing either an
oligomer (soluble in many solvents) or a molecule with a
medium molecular weight (soluble in specific solvents)
or a high molecular weight (scarcely soluble in any sol-
vent). Consequently, designing a chemical reaction be-
tween inks (or in a single ink mixture) can result in a
patterned material that is hardly etched or printed or that
has a specific weight and specific band energy. In this pa-
per, patterned PVK (poly(9-vinylcarbazole)) thin films
were prepared using the reactive ink-jet process (RIP),
and were applied to an OLED device to characterize its
electrical performance in the device, as with PVK it is known
that holes are the majority carriers when excited [10].

2. Experimental

For the RIP, 6 g of NVK (9-vinylcarbazole, Aldrich, 98%)
and AIBN (2,2’-azobis(2-methylpropionitrile), Aldrich,
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Fig. 1. Schematic diagram of the direct patterning method proposed as
reactive ink-jet process.

98%) from 0.05 wt.% to 0.8 wt.% to NVK were dissolved in
40 ml of BCA (2-(2-butoxyethoxy)ethyl acetate, Aldrich,
99%) solvent. Each reactant mixture was inserted into
one of the cartridges of EPSON Stylus Photo R290 inkjet
printer and then printed onto a silicon wafer and a pat-
terned ITO glass. The printed films were treated in a con-
vection oven for 30 min at various temperatures (100,
120, 140, and 160°C) and at constant temperature of
120°C for various reaction times (30, 60, 90, and
120 min). Finally, as a reference for the modified OLED de-
vice, 2 wt.% of PVK (Mn = 25,000-50,000, Aldrich) in tolu-
ene was coated onto various substrates and then dried in
a convection oven for 30 min at 120 °C.

Glass substrates (25 mm x 25 mm, thickness of 0.5 cm)
with four patterned ITO (2 mm x 2 mm) were prepared. As
mentioned in the previous section, the reaction mixtures
were printed on the patterned ITO and then reacted for
various reaction times (30, 60, 90, and 120 min; marked
as D30, D60, D90, and D120, respectively) at 120 °C.
30nm of Alg3 (tris(8-hydroxyquinolinato)aluminum)
doped with 1% C545T (10-(2-benzothiazolyl)-2,3,6,7-tetra-
hydro-1,1,7,7-tetramethyl-1H,5H,11H-(1)-benzopyropyr-
ano(6,7-8-i,j)quinolizin-11-one) and 30 nm of Alq3 were
sequentially deposited on the synthesized PVK films by
the RIP method. Finally, LiF (0.5 nm)/Al (100 nm) film
was thermally deposited on the Alg3. A reference OLED de-
vice with PVK (Ref.) and an OLED with the as-synthesized
PVK via spin-coating (S30) were fabricated at the same
manner.

3. Results and discussion

Polymerization of NVK from spin-coating or by a RIP
method is identified by a GPC (gel permission chromatog-
raphy) analysis as shown in Table 1. Most RIP samples indi-
cate the existence of polymers with a similar number
averaged molecular weight (Mn) of around 1600 g at a con-
stant reaction time of 30 min regardless of the AIBN content
except one case. Increasing the reaction time resulted in a
gradual increase in the Mn of the as-synthesized PVKs.

IR characterizations were carried out with the as-
synthesized PVK films by a drop-coating method using
the RIP ink due to the thickness of the as-synthesized
PVK, which was about 60 nm via RIP method and which
led to an extremely low intensity of the IR spectrum. The
authors assumed that the as-synthesized PVKs synthesized
by the RIP method would have vibration modes similar to
that of a sample created with the drop-coating method at
the molecular level. Fig. 2a shows the IR spectra obtained
from the as-synthesized PVK at 120 °C for 30 min, a refer-
ence PVK sample, and an NVK sample. The specific peaks in
NVK are located at 1665 & 1640 cm~! (C=C stretching of
the vinyl group), and 1370 cm~! (CH=CH, in-plane defor-
mation) [11,12]. The disappearance of these peaks, as
shown in Fig. 2 (a’) & (a”), confirms the formation of the
PVK from the drop-coated mixture of NVK and AIBN
(0.1 wt.% to NVK) on the Si wafer at 120 °C.

To find a proper concentration of AIBN to NVK for the
ink-jet printing process, the authors prepared as-synthe-
sized PVKs using a spin-coating method that depended
on various conditions, as shown in Fig. 2b—d. Many reports
have proposed that configuration differences in PVK results
in two different PL peaks; a totally eclipsed configuration
sandwiched by two carbazole groups as shown in Fig. 3
is responsible for the low-energy emission band, whereas
a result of it being partially overlapped by only one
eclipsed carbazole group is responsible for the high-energy
emission band [13-15]. The PL in Fig. 2c shows the in-
crease in high-energy emissions as the reaction time in-
creases. Because the two peaks are related to the degree
of polymerization of the NVK as shown in Table 1, this re-
sult indicates that the more polymerized PVK has a less
sandwiched form in terms of the aforementioned ratio.

The surface roughness of the RIP PVKs was measured by
AFM, as shown in Fig. 4. The as-synthesized PVK appears to
be rougher than the spin-coated PVK with a 1.7 nm RMS
roughness. However, considering that the acceptable
roughness of any coated film is generally between 10%

Table 1

GPC results of the average molecular weight of the as-synthesized PVK depending on the reaction time and the AIBN content.
Reaction time (min, at 120 °C, 0.1 wt.%) 30 60 90 120
Mn (g/mol)* 1637 3186 5152 11,293
Mw (g/mol)° 1789 3336 12,940 12,635
AIBN content (wt.%, at 120 °C, 30 min) 0.01 0.05 0.1 0.2
Mn (g/mol)? 1989 1578 1637 1550
Mw (g/mol)° 3949 1703 1789 1664

¢ Number averaged molecular weight.
b Weight averaged molecular weight.
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Fig. 2. (a) IR spectra of the NVK, reference PVK (Aldrich) and the as-synthesized PVK samples created via spin-coating at 120 °C for 30 min, (a’) & (a")
enlarged spectra of (a) (the arrows indicate specific peaks of NVK at 1370, 1640, and 1665 cm™"); PL spectra of the as-synthesized PVKs using a spin-coating
method depending on (b) the concentration of AIBN (wt.%), (c) the reaction time at constant AIBN of 0.1 wt.%, and (d) the reaction temperature with a
constant AIBN concentration of 0.1 wt.%. Note that all PL spectra are normalized.

Fig. 3. Two different configurations in PVK [14]; (a) a totally eclipsed configuration sandwiched by two carbazole groups giving a low-energy emission
band, (b) partially overlapped by only one eclipsed carbazole group giving a high-energy emission band. Note that the ratio of (a) & (b) can be changed by
heating treatment and/or altering the molecular weight of PVK based on the PL results.
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Fig. 4. (a) Selected AFM images of the PVK as-synthesized via RIP method at 120 °C for 30 min, (b) RMS values of the surface roughness of the PVK film, (c)
SEM image of the as-synthesized PVK films used in the AFM measurement.
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Fig. 5. Schematic diagrams of (a) one of the common OLED structures used in this experiment, (b) a modified OLED structure with an as-synthesized PVK
film using the RIP method, (c) a modified OLED structure with an as-synthesized PVK film using the spin-coating method. In (b) & (c), note that the hole
injection and transporting material (2-TNATA and NPB) are replaced with the as-synthesized or reference PVK.

and 15% for any manufacturing process, the RIP PVK has a
reasonable roughness of less than 10% (based on the thick-
ness of the as-synthesized PVK as judged from the SEM
images given in Fig. 4c) for the fabrication of OLED devices.

One of the commonly adopted OLED structures in
Fig. 5a was modified for a comparison of the as-synthe-
sized PVKs created via the two different methods of RIP
and spin-coating. As shown in Fig. 5b and c, the hole injec-
tion and transporting materials (respectively, 2-TNATA
[4,4',4"-tris(2-naphthylphenylamino)triphenylamine] and
NPB (N,N’-di(naphthalene-1-yl)-N,N’-diphenyl-benzidine) in
the reference device were replaced with the as-synthesized
or reference PVK. Although PVK is not an ideal material
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to replace the two layers, the as-synthesized PVKs could
be characterized via the characterization of the modified
OLED.

One test device had four OLED cells, all of which were
tested in the same manner. The authors selected one cell
based on its turn-on voltage from four cells of the OLED de-
vice and then compared this to a reference OLED. The en-
ergy band of the modified devices indicates that PVK can
act as an electron-blocking layer. The HOMO (the highest
occupied molecular orbital) level of PVK (5.8 eV) [16],
however, increases the energy necessary to inject the hole
from ITO into PVK due to the large difference in the band
energy gap of about 1 eV between the PVK and ITO, which
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Fig. 6. (a) Luminance vs. current density graphs of the OLED devices depending on the reaction time of the reactive ink (for 30 min (D30), 60 min (D60),
90 min (D90), and 120 min (D120)), by spin-coating (for 30 min (S30)) (b) current efficiency vs. current density graphs of OLEDs. (c) Luminance vs. voltage
graphs of the modified OLEDs. (d) Luminance vs. voltage graphs showing the turn-on voltage deviations compared to the (¢); the arrows indicate the degree
of deviations. Note that the std. indicates a common OLED device with a hole injection (2-TNATA) and transporting material (NPB).
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is also responsible for the high turn-on voltage of the mod-
ified OLED compared to the standard OLED used in this
study.

Fig. 6 presents graphs from two types of OLED devices
modified by the as-synthesized PVKs created by the RIP
and spin-coating methods. The luminance vs. current den-
sity graphs and the current efficiency vs. current density
graphs shown respectively, in Fig. 6a and b, indicate that
most of the modified devices perform more poorly com-
pared to the std. (standard) OLED with a hole injection
and transfer layer. Considering that the PVK is not an ideal
material as a hole injection and/or transfer layer for the se-
lected OLED structure, the performance of the modified
OLEDs proves that the RIP method has high potential for
use in direct patterning processes.

The current efficiency of the modified OLED shown in
Fig. 6b reaches a maximum of 11.7 cd/A for RIP-PVK,
5.7 cd/A for spin-coating PVK, and 10 cd/A for the reference
PVK. Compared to the OLED with RIP PVKs having a thresh-
old voltage of around 4.5V, the OLED with the reference
PVK has a little higher threshold voltage of approximately
0.5 V. From the other three OLED cells, one cell, which had
the largest difference in the turn-on voltage, was selected
and compared to the cell having turn-on voltage of 4.5V
as shown in Fig. 6d. Looking closely the graphs, one can
note an interesting result of the linear dependency of the
turn-on voltage as the reaction time increases. The D30
set gives the highest turn-on voltage with a range of 4.5-
5.2V, whereas the D120 set shows the lowest turn-on with
a range of 4-4.5 V. We can consider one major reason for
this turn-on threshold trend. In this study, it was necessary
to consider the glass transition temperature (Tg) of the as-
synthesized PVK because the reaction occurred within a
very thin layer of around 60 nm on the ITO substrate. The
T, value of the as-synthesized PVK is expected to be much
lower T, value due to the PVKs low molecular weight. This
may lead to a change of the structural conformity of the
as-synthesized PVK films when we increase the reaction
time. According to one report, the T, value of PVK is line-
arly dependent at 1/Mn and reaches theoretically 227 °C
at the maximum Mn [17]. In addition, the molecular
weight of the PVK, which is dependent on the reaction
time, may yield a proper molecular weight that will influ-
ences the hole injection and mobility of the as-synthesized
PVK film due to structural conformity. According to the PL
experiments, there are two different major peaks that indi-
cate the two different energy levels of the PVK film, as
shown in Fig. 3. The PVK is a non-conjugated polymer,
which means that the change of energy level, which is
dependent on its molecular weight, is negligible compared
to that of the conjugated polymer. On the contrary, the en-
ergy difference between the two conformational structures
of PVK, which is dependent on the reaction time and/or the
molecular weight is about 0.24 eV, which is enough energy
to change the threshold of the OLEDs with the as-synthe-
sized PVK films.

4. Conclusions

An inkjet printing method was proposed to solve
several conventional problems of ink jet process. As an

example study, PVK thin film was synthesized and simulta-
neously patterned by the RIP method. The polymerization
of NVK using the RIP method is easily identified by a GPC
analysis, which shows a linear relationship between the
molecular weight of the PVK and the reaction time. The
RIP-PVK films had worse surface roughness than that of
spin-PVK film. Considering that the acceptable roughness
of any coated film is generally between 10% and 15% for
the general manufacturing process, however, the RIP PVK
has a reasonable roughness of less than 10%. The as-syn-
thesized PVK film was applied to an OLED device in order
to evaluate its electrical performance. Most of the modified
devices performed more poorly compared to the std. OLED
with a hole injection and transfer layer, but performed bet-
ter than the reference OLED or the spin-PVK OLED proving
that the RIP method has high potential for use in direct
patterning processes.

Conclusively, despite the requirement of more precise
experiments than this study on the RIP method, the exper-
imetal results imply that one can control the proper molec-
ular weight of a polymer and thus the electrical properties
of an OLED device via a simple experiment. The authors be-
lieve that the RIP method can become not only one of least
expensive methods of fabricating devices but also one of
the most convenient methods with which to study and de-
velop highly efficient devices.
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