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Abstract

Two types of coated paper sheets and plastictfedted by corona discharge (in nitrogen at
atmospheric pressure), were used as substratpsariing by conductive inks using inkjet
technique and pen plotter. Printed inks were foatad on commercial water-based
PEDOT:PSS and different concentrations of additiassvater, dimethylsulfoxide (DMSO),
isopropanol (IPA), and others. The ink formulatiovere characterized by viscosity and
surface energy, substrates and prints by AFM, STittaacopy and by FTIR, UV-Vis and

NIR spectroscopy. Printed structures, lines wiffedent thickness and full areas were
characterized namely by electric conductivity asgbgraphy. The influence of substrate
guality, plasma treatment and ink formulation otwaductivities are discussed. Addition of

5 % of DMSO increased conductivity of features edesably. Surface roughness, wetting
and imbibition were key factors of features qualRjasma treatment as well as IPA enhanced
the printability and structure conductivities ofl$gparticularly printed by plotter. Sufficient
conductivities of ink-jet prints were achieved jbgtrepeated printing (up to 10 times), so the

misregistration is the limiting factor of print dig.
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Introduction

Printed electronics based on solution-processabkenac inks has big potential to decrease
the cost of electric circuit fabrication (Kallbe2§06, Mékela 2005). Principal advantages are

mass or large area production, low cost, flexipitift substrates and production variability, as
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Radio frequency identification chips RFID, flat @rgc light-emitting diodes (OLEDS)
lightings, flexible displays and solar cells, itiggtnt packaging and papers etc.

Inkjet printing is applicable to all required miadédés (conductors, semiconductors and
dielectrics) including OLEDs and TFTs (Yoshioka 808vanholm 2007). Inkjet was used to
print conducting links based on nanosilver collfide, Chou and Huang 2005) and
conductive/semiconductive structures based espeoialconjugated polymer chain poly(3,4
ethylenedioxythiophene) in complex with poly-(styeesulfonate), PEDOT:PSS, to create
conductive links or OLED (Soltman 2008). Condudyivf the complex was increased
adding specific organic solvents like dimethylsxitte (DMSO) (Kim, Jung, Lee and Joo
2002). The clustering of the PEDOT patrticles imi@ér domains (Timpanaro et al. 2004)
after addition of these solvents was investigatél ielp of AFM and STM measurements.
The substrate wetability, roughness and dieleptoperties are also key parameters of
quality.

In this work, two coated papers and plasma treplastic foil were printed by water-
based PEDOT:PSS ink with different solvent addgit@get high conductivity structures.

The influence of substrate roughness, plasma texgtand ink formulation are discussed.

Experimental

The plastic foil, polyethylenetherephtalate forlagrinters (120 g M, “PET”) and two
coated paper sheets: Novatech gloss (150°gdisperse lacquer, “DLG”), Novatech satin
(1150 g m?, UV lacquer, “UVL") were used as the substratespitnting. PET foils for ink-
jet printers were shown as unsuitable due to reugiayer, where the ink is absorbed and
does not create the conductive line.

Standard dielectric barrier discharge (DBD, 15 §\kHz, 10 J cnf) in N; at
atmospheric pressure (at flow rate of 10 | imas used for plasma treatment of the
substrates. The commercial conductive polymer PEPSS, 1.3 wt. % in water from
Aldrich was first diluted by water (2:1) and smathount of chosen solvents,
dimethylsulfoxide (DMSO), dimethylformamide (DMFA9thyleneglycol (EG) and used as
the ink in inkjet printer EPSON Stylus Photo R36@tint different lines, points and full
areas in slow mode (Fig. 1). Inkjet printing oughbe repeated several times onto the same
substrate (overprinted) to get sufficient featuaed conductivities. PEDOT:PSS was printed

onto the substrates also by the line plotter HBSA4Th this case it was not diluted by water
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and just 5 wt. % of DMSO was added. Some amourgogfropanol (IPA) was added just
when extra glossy substrates (PET and UVL) wenmat¢xdi by the plotter. Moreover, the inks
were applied by spin coating onto glass substdézsed in chromosulfuric acid to measure

the properties of compact layers.
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Figure 1: Inkjet printed features.

Ink formulations were characterized by viscositg surface energy, the substrates by
AFM topography including RMS roughness and prirgegdctures by electric conductivity
(DC by 4-point method and AC by digital bridge) aongdography, using the equipments:
capillary viscometer UNITEX, contact angle gonioere{SEE, MU Brno), optical and atomic
force microscopy CP I, Veeco, multimeters KeithB800 and Metex M-3650D, and LCR
Digibridge Quadtech 1715.
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Figure 2: Specific volume conductivity (AC, 100)Hf PEDOT:PSS layers with different
solvent additives on glass substrates dependinigvanse temperature.
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Results and Discussion

Viscosity and surface energy were determined fapua ink formulations and as the most
appropriate formulation PEDOT:PSS : water (2:1thvei % DMSO) was chosen, with the
viscosity of 21.1 mPa s and the surface energy df {N m™.

Addition of 5 % of DMSO, DMFA or EG to PEDOT/PS®ater solution (2:1)
increased considerably (100 times) the conductvithayers (Fig. 2). Reverse temperature
dependences indicate semiconductor (or quasi-netabacter of the layers, with the similar
and low activation energy (about 0.1 eV). It camfirthat solvent additives change just
supramolecular structure (ordering of macromolegjul€he highest conductivity was
achieved by DMSO, where addition of 5 wt. % wasnid as the optimal. However, specific
volume conductivities of the PEDOT:PSS systemsstlle8 order lower under metal systems
based on silver ink and evaporated aluminum. Serfanductivities of PEDOT:PSS are just
2 (or 1) order lower under metal layers, considglower thickness used of nano-silver or
evaporated Al layers.

AFM measurements, contact mode as well as intemtitontact (tapping) mode,
have shown a very slight increase of surface roeghiof PEDOT:PSS layers for samples
with 5 wt. % DMSO addition caused by more visibtaig domains with the average size of

25 nm (Fig. 3, root mean square roughness wasm.&ém 1.0 nm for a and b samples,

respectively) that is in correlation with findingEothers (Pingree et al. 2008).

Figure 3: AFM images of PEDOT:PSS layers (tappiragle) without (a) and with (b) 5
wt.% DMSO addition.

The similar results was obtained by STM measurésn@&owever, characteristic
10 nm wide and 25-50 nm long cigar shaped part({d@@spanaro et al. 2004) were not

positively detected.
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Reflectance spectra in a wide range of wavelen@tis 4) correlate with the theory
and expectations (Chang, Lee, Kiebooms and Alesd®29), including sharp increase below
plasma frequency of free charge carriers (electamasholes) situated in NIR, corresponding
to 1 eV. The spectra of both layers (with and withoMSO) are practically identical, it
means that the concentrations and the mobilitigeeotarriers did not changed with the
addition of DMSO, and the considerable increaseoofluctivity (with DMSO) is caused just
by better charge transfer among distinct macronutdscof PEDOT. So, the addition of the
solvent changes just the supramplecular structulledaes not change the electronic

properties of macromolecule itself.
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Figure 4: Reflectance spectra of PEDOT:PSS layerglass substrates in photon energy
scale.

Original high viscosity PEDOT:PSS could not bejétlprinted. It had to be diluted
(2:1 with water). Because of high dilution the ¢og$ were very thin, so to get stable results,
features had to be overprinted several times oh etner (more than 4, up to 10 times) that
could cause misregistration problems. Eight sutesgraere 10 times inkjet printed with the
ink formulation with the addition of 5 wt. % of DMI5that was found as the most effective
considering overall topography and conductivitieig)( 5). Surface conductivity of printed
lines depends on roughness, ink wetability and laibn. Conductivities on smooth foil PET
and UVL are much higher than on DLG substrate. ipemonductivity ought to be

independent on line width, however the lines aréigdyy discontinuous. The increase of
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conductivity depending on the number of repeaté&gbirprinting onto three gloss substrates

is illustrated in Fig. 6.
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Figure 5: Specific surface DC conductivities dfetfient lines and of full areas of 10 times
inkjet printed PEDOT:PSS/DMSO onto different suitss
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Figure 6: Specific surface DC conductivities @& thm line and full area of inkjet printed
PEDOT:PSS/DMSO onto 3 chosen substrates dependitttecnumber of
overprinting
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In the case of printing by plotter, PEDOT:PSS wasdiluted by water, just 5 % of
DMSO was added again. The lines were drawn by ¢imewith diameter of 0.7 mm. PET foil
could not be plotted without of plasma treatmeat gtnhanced the printability and also the
stability of the results. Better wetting was acle@also by addition of IPA. After all the
conductivities achieved by single drawn by plotere similar to those obtained by 10 times

inkjet printed (Fig. 7).
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Figure 7: Specific surface DC conductivities oftRET:PSS/DMSO lines (including IPA
addition) printed by plotter onto glossy UVL paperd plasma treated PET
substrates

Mechanical, UV and thermal fastness of PEDOT ingjented lines were tested at the
best substrates, considering conductivity (PET A, Fig. 8). Mechanical treatment (25
crossings by abrasive tester UGRA) was relativetyereffective at the PET substrate, while
the UV treatment (1 hour of UV-A exposition by 400HPA Philips lamp) decreased more
the conductivity of lines at UVL. Thermal treatméitdays at 100 °C and relative humidity

50 %) was the most destructive for the conduciivesl on both substrates.

Acta Chimica Slovaca, Vol.4, No.1, 2011, 59 - 67



M. Sandrej et al., Properties of Conductive FeasuPginted on Papers and Foils
66

init.

PET

UVL

0,154

[mS7sq]

0,104 mech.

0,05+

0,00

Figure 8: Specific surface DC conductivities dfjet printed lines PEDOT:PSS/DMSO onto
2 glossy substrates (6 times printed) initial afteranechanical, UV and thermal
treatment

Conclusion

PEDOT:PSS complex with 5 % of DMSO formed layerthwionductivities of 5000 S Thor
0.2 mS s{ in surface specific measure for features printeglbtter or 10x by inkjet, that is
about 1000 times less than metal systems get. CocrahPEDOT:PSS water solution

(1.3 wt. %) need to be diluted more by water (2ot)nkjet printing by EPSON.

Surface roughness (or smoothness), wetting anibitiom were key factors of
features quality. The highest surface conductiwittlines were achieved at glossy non-
imbibitive substrates with sufficient wetting (Usldquered paper and plasma treated PET foll
for laser printer). Plasma treatment and IPA additaused the increase of conductivities of
lines and areas, as well as the homogeneity andlbgeality of lines.

AFM measurements in contact and tapping modes (83 Mell) have proven
formation of clusters of PEDOT:PSS macromolecufess addition of specific solvents
(DMSO). The reflectance spectra support the expieatthat the addition of solvent changes
the supramolecular structure and does not chamrgeldctronic properties of macromolecule
itself.
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Resistance of the printed conductive featuresoatsy substrates were tested by
mechanical, UV-A and thermal treatment. The fourglistances are comparable with those of

common inks on relevant substrates
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