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www.rsc.org/ Triisopropylsilylethynyl-pentacene (TIPS-PEN) has proven to be one of the most promising small

molecules in the field of molecular electronics, due to its unique features in terms of stability,
performance and ease of processing. Among a wide variety of well-established techniques for the
deposition of TIPS-PEN, blade-metered methods have recently gained great interest towards the
formation of uniform crystalline films over a large area. Following this rationale, we herein designed a
versatile approach based on blade-coating, which overcomes the problem of anisotropic crystal
formation by manipulating the solvent evaporation behaviour, in a way that brings about a preferential
degree of crystal orientation. The applicability of this method was evaluated by fabricating field-effect
transistors on glass as well as on silicon dioxide/silicon (SiO./Si) substrates. Interestingly, in an attempt
to improve the rheological and wetting behaviour of the liquid films on the SiO./Si substrates, we
introduced a polymeric interlayer of polystyrene (PS) or polymethylmethacrylate (PMMA) which
concurrently acts as passivation and crystallization assisting layer. In this case, the synergistic effects of
the highly-ordered crystalline structure and the oxide surface modification were thoroughly investigated.
The overall performance of the fabricated devices revealed excellent electrical characteristics, with high
saturation mobilities up to 0.72 cm?/Vs (on glass with polymeric dielectric), on/off current ratio >104 and

low threshold voltage values (< -5V).

1. Introduction significant enhancement of the charge carrier nitgldue to the
high degree of-orbital overlap'. An excellent proof of concept
During the last decade, organic field-effect tratsis (OFETSs) regarding the performance of TIPS-PEN based OFEEs
have attracted significant attention for their grpatential in recently reported by Diao et af.
fabricating the next generation of electronic desidncluding Apart from the advantageous inherent propertieshebe
electronic papet, flexible displays®3, RFIDs*5 and sensing materials, the solution-processing technique alevith the
system$-8 Despite the remarkable progress in the researth @xperimental parameters (i.e., solvent type, satsstsurface
development of vacuum-deposited organic semicomuyctenergy, annealing procedure, etc.) are key faoyargerning the
molecules®, the demands for low-cost and easy-processingsulting crystalline morphology and the overalinfiquality.
methods have led to the manufacturing of OFETs eyap Particularly, the orientation along with the sirelahe shape of
solution-processed semiconductors. To this end;tiomalized the crystallites strongly define the electronic&ébur, since the
acenes represent a class of especially promisimgpoands, due conductivity in organic materials is highly anisigic 1314 Thus,
to their good intrinsic field-effect mobilities, lanced in single-crystal and polycrystalline textured THPEN films,
environmental stability and sufficient solubility icommon the uniaxial crystal orientation is prerequisitedfficient charge
organic solvents. Among them, triisopropylsilyletlyls carrier transport. Two simple and effective solotjirocessing
pentacene (TIPS-PEN}Y° is one of the most intensivelytechniques which have been broadly employed towdnds
investigated organic small molecules. The insertibthe bulky production of efficient transistor devices, are poasting!516
side groups in pentacene, affects the moleculakipa@attern and spin-coating'”18 In the case of drop-casted TIPS-PEN
by converting the edge-to-face herringbone confdionanto a OFETs however, crystals misorientation which tyfjcaccurs,
face-to-face arrangement. This structural modiftcatesults in leads to charge carrier anisotropy and inconsistitice
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performance. Spin-coating on the other hand, esalhe
formation of thin and uniform films over a large=ar providing
control over the film thickness and good reprodilityh yet the
insufficient time for molecular self-organizatiompedes the
generation of highly-ordered crystalline structui¢éence, a
variety of alternative solution-processing techmisju has
emerged, to tune the morphology by taking contnadrothe
crystallization process and giving directional pedpes to the
crystalline films. Some representative examples tloése
techniques include hollow pen writing?, zone-casting?®,
solution-shearing®, dip-coating?' and other approach&%24
Still, establishing a reliable method of producimgystal
alignments or uniaxial periodic arrangements wkéeping the
coating speed at high levels, remains a challeBgéng to the
simplicity and the compatibility with roll-to-rollprocesses,
blade-metered techniques provide the technologiatEntial for
use in large area electronics. Moreover, their uaigdvantages
in terms of thickness uniformity and reproducililihave
rendered them a useful tool for the precise dejposdf soluble
organic semiconducting materials. Recently, bladtened
techniques have been applied in different expertadaetups for
the realization of solar celf§, light-emitting diode$® and field-
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purification. Polyvinylphenol (PVP, Mw: 25 kDa), lystyrene
(PS, Mw: 280 kDa), polymethylmethacrylate (PMMA, M986
kDa), polymelamine-co-formaldehyde (PMF, Mn ~432 v&%
in 1-butanol), as well as propylene glycol methifiez acetate
(PGMEA, >99.5%) toluene (99.8%, anhydrous) and deis
(99.7%, anhydrous) were also purchased from Sigidaioh
and used without further purification.

2.2 Sample Preparation

Glass Substrates. Bottom-gate, top-contact OFETEi§. 1a)
incorporating a crosslinked PVP dielectric wereriedted on
glass. The PVP solution (8 wt%) was prepared byirada
crosslinking agent of PMF in a weight ratio of IMMIPGMEA
solvent. Glass substrates, were rinsed with desshizater and
ultrasonicated in isopropylalcohol (IPA) for 10 nmah 120°C.
After drying, aluminium (50 nm) was deposited byation
beam evaporation in order to form the gate eleesodVP
dielectric was spun onto the substrates, followgdthermal
annealing at 180C for 30 min to promote crosslinking. The
thickness of the resulted films was about 500 nm.

SiO2/Si Substrates. Bottom-gate, top-contact OFETEi§. 1b)
were fabricated on a heavily doped p-type silicafer with a

effect transistord’—2° However, the quality of the resulting flms300 nm thermal oxide layer, which serves as a comgate

is highly dependent on an intricate balance of sdymrameters,
such as the viscosity, the processing temperathee solvent
evaporation rate and the coating speed.

We herein first report a simple and fast film-fangn route
based on a combination of blade-coating and a clbedrdrying
process namely “non-isotropic solvent evaporatifor’growing
self-aligned TIPS-PEN crystals. To achieve that,imteduced
an evaporation gradient which limits the randonstalygrowth
and prevents the commonly observed “coffee-staattepns. It
should be noted that despite the numerous appredohnehe
induction of uniaxial crystal orientation that aldy exist in
literature, our work is clearly distinguished, imetsense that
neither time consuming nor complex experimentaligetare
required. The proposed method was initially evadaby
fabricating OFETs on glass substrates based orslorked
polyvinylphenol (PVP) dielectric, while its complitity was
further investigated in conventional SiSi substrates.
However, in the latter case, when the active l@jehe organic
semiconductor is fast blade-coated from low viscsaisitions,
problems in its wetting and flow behaviour are amtered,
restricting the coating of homogeneous wet films r&ctify this
issue, we incorporated a soluble polymer onto:SiBich also
serves as a passivation layer. The various typ#sedabricated
OFETSs, yielded reliable performance with high cleaogrrier
mobility, highlighting the versatility and effecéwness of the
“non-isotropic solvent evaporation” method.

2. Experimental section

2.1 Materials
Triisopropylsilylethynyl-pentacene (TIPS-PEN99.0%) was

electrode/gate dielectric. The substrates werasdmmicated in
acetone and IPA followed by oxygen plasma cleani®g.or
PMMA thin films were spun onto the thermally grov@iOz

substrates, from a PS (in toluene) and a PMMA (iisa@e)

solution and then baked in a hot plate for 1 h. &lerage
thickness of both polymeric layers was kept constani 25 + 4
nm, as determined using spectroscopic ellipsometngreas the
root mean square roughness values were found b@ldwmm

(PS: 0.21 nm, PMMA: 0.29 nm), as calculated froondt force
microscopy (AFM) measurements.

After the deposition of the active solution onhe tvarious
substrates, gold source-drain electrodes (50 nnm wapor-
deposited through a shadow mask with various cHdangths
and widths in an ultra-high vacuum chamber.

2.3 Blade-coating Process

A blade-coating apparatus (RK PrintCoat Instrumemapable
of micro-adjusting the speed of the blade (1-10sewy as well

TIPS-PEN

© p—
&
Blade '3/: g

Moving Direction
TIPS-PEN

/ Solvent Evaporation
/
Substrate

Fig. 1 Schematic presentation of the device structure of blade-coated TIPS-PEN
OFETs based on (a) crosslinked-PVP and (b) polymer/SiO2 dielectrics. (c) Scheme

TIPS-PEN

purchased from Sigma-Aldrich and used without ferthof the employed blade-coating technique. The inset image depicts the
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experimental apparatus used in this work.
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as its height through precision holders, was wilifor the respectively. For the AFM measurements, tapping enods
accurate deposition of the semiconducting solutidie stage used for better image acquisition using rectangulificon
was kept fixed, while the edge of the blade wamfog an angle cantilevers with 10 nm nominal tip curvature. Theages were
with the substrateé=jg. 1c). By adjusting the height of the bladeacquired at a resolution of 512 points per line.DA5000
we were able to regulate the shape of the meniaodsspread (Brucker) diffractometer with Cuét (2.2 kW X-ray tube)
the contact line of the liquid across the desineghaThe speed monochromatic radiation source, operating at 40add 40 mA

of the blade was constant at 1.5 cm/sec, whilehtkight was
adjusted to 0.4 + 0.1 mm. The optimum volume ofTtHeS-PEN
solution for rectangular substrates with dimensioh20x15
mm, was determined in the range of 20425 as smaller
amounts led to fluctuations in the liquid film, wkas larger
prevented the expulsion of the solution due to ¢hgillary
forces.

A schematic representation of the processing stepd in
the present study, is shown kig. 2a. Prior to depositing the
semiconducting solutions, the substrates were &ep0°C for
several minutes. Promptly, the solution was tramstkeinto the
gap between the substrate and the blade througdllacaaction
in order to form a meniscus and subsequently wasagpby the
blade until a thin liquid film was formed. Followgnthe samples
were covered with a small Teflon container whicboirporates
a rectangular slit in its one side, in order tesglely direct the
vapour flow of the solvent and control the crystallion of
TIPS-PEN. The width of the slit was fixed at 3 mmhereas its
length was specified by the substrate’s dimensidter film
solidification, the samples were dried overnightatovacuum
chamber to remove the residual solvent.

2.4 Characterization

For the investigation of the surface morphology, MARNd

was used to determine the crystalline quality #3J4PEN films.
X-Ray diffraction (XRD) were performed in the angufrange
(20) of 4°to 20 with a step size of 0.02vhich is the range where
the main reflections from TIPS-PEN are apparemalfy, the
electrical characteristics of the produced OFETsrewe
investigated using a Keithley 4200SCS semicondysdcameter
analyzer under dark and ambient conditions, at room
temperature.

3. Results and discussion

3.1 Non-isotropic solvent evapor ation

In the conventional drying approach, the liquidrfiis left to
evaporate freelyHig. 2b, left), resulting in a rapid drying process
which is mainly governed by the free (natural) aection due to
the temperature difference between the lower (sategliquid)
and the upper interface (liquid/air). In such cdlse,evaporation
rate at the contact edges is higher than in theeeeegion of the
wet film. During this stage, the nucleation prefdyaoccurs at
the edges of the liquid film and seeds the fornmatd self-
assembled crystals towards the inner region o$tistrate. This
phenomenon arises from the capillary flow of thdvet,
transferring the solute from the centre to the plegry line in
order to compensate the higher evaporation ratpicaily, the

polarized optical microscopy (POM) measurements ewetesulting films exhibit a ring-like morphology, ammching the
performed via a NTEGRA Scanning Probe Microscop@-(Nso-called “coffee stain” pattefd.
MDT) and a Nikon LV100 polarized optical microscope

Nucleation points —

A

(@) |

Pre-heating the substrates

Blade-coating of TIPS-Pentacene Non-isotropic Solvent Evaporation g

Container

. J_sm

- Solvent Evaporation
—— Convective Flow
—— Crystal Growth Direction

Fig. 2 (a) Process flow chart for the development of self-aligned TIPS-PEN films using non-isotropic solvent evaporation method (POM Image shows a close view of the
channel of a fabricated OFET). (b) Schematic illustration of the evaporation behaviour when the liquid film is left to evaporate freely (left) and via non-isotropic solvent
evaporation method (right).

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3



RSC Advances Page 4 of 10

The process significantly differs when using a eorr as Specifically, the diffraction pattern showed a esmf strong and
shown inFig. 2b (right). Specifically, when the solvent close tsharp Q0l) peaks implying the well-organized molecular
the substrate receives heat, it becomes less dadséses to the structure and confirming that the TIPS-PEN molesubre
upper part of the container, thus increasing thmoua pressure stacked with the silyl groups on the substrateasarf Moreover,
and creating a solvent environment. Under such itiond, the according to Bragg’s Law2(sind=n/, 2=1.54 A) the primary
evaporation rate is notably reduced, inhibitinguheontrollable diffraction peak at 2=5.38 corresponds to an interlayer spacing
crystallization. Interestingly, a slit in the coimar acts as a of d(001)= 16.4 A, which matches well with the c-axisticell
ventilator and causes diffusion of the solvent vapdriven by (triclinic system with unit cell parameters af= 7.5650 Ab =
the temperature difference between the inside hedottside 7.7500 A.c=16.835 Aa = 89.15, B =92.713, y = 83.63) 3L
regimes. The crystal growth is initiated from thened contact POM imaging revealed a clear optical birefringen€a broad
line at the edges of the wet film, when the nuébeatiensity oriented crystalline array along the direction lé tvapor flow.
reaches a critical concentration vafieAs the evaporation rate The crystals displayed an elongated ribbon-likacttire while
from the side of the substrate closer to the slglevated, more maintaining a good degree of orientation and shapf®rmity
TIPS-PEN molecules are transferred towards thet fsae to over several hundreds of microns, depending orutfif@rmity
seed the crystallization. In this way, crystalsf@rably grow of the blade-coated wet film and geometrical faxtuch as the
towards the opposite direction, maintaining a msoopic substrate dimensions. The crystals thickness rargtaieen
uniaxial orientation. 220-340 nm as calculated from the AFM peak-to-yallalues.
Since, the films crystallization is greatly infeed by the These results are comparable with that of relerepurted works
evaporation process, the choice of a suitable sglves %2% in which more demanding or time-consuming techeg
undoubtedly a critical factor. To this end, solwewith different were applied for the establishment of the desiraijestalline
boiling points were tested, in order to obtain tetimum orientation.
crystalline characteristic{g. 3). It was found, that low boiling Figure 4 (d, e€) shows typical transfer and output
point (<70°C, i.e., chloroform) solvents led to uncontrollableharacteristics of top contact devices. The fidfdat mobilities
crystallization and a consequent formation of splier («) were calculated in the saturation regime usirgftiowing
structures. On the other hand, high boiling po#it30°C, i.e., equation:
dichlorobenzene) solvents resulted in undesirablakyb 5
crystalline domains with a thickness exceeding 880 Hence, - i(a ’D> (1)
toluene was chosen as the most suitable solventtaluies Wei\ovg

moderate boiling point (118), which gives the semiconductor . .\y (1000 mm) is the width of the channkl(80 um) the
adequate time to self-assemble into high qualitystedline

length of the channeCi is the total measured capacitance per
arrays. unit area (5.2 nF/cf), Ve is the applied gate voltage ahdis

3.2 OFETson glass substrates

Our first results concerning the “non-isotropic \asit @ -~ ®)
evaporation” method were obtained in OFETs incaaping R
crosslinked PVP dielectric on glass substrates. $adace
properties of the underlying layer not only plagracial role in
the coating-process of the wet film, but also ie ttesulting ,
crystalline morphology. Specifically, PVP demonstsa - E W E
excellent compatibility with TIPS-PEN, providing suitable

Intensity (a.u)
wti
x j
5

d = 5 05
surface in terms of roughness (0.31 g, 4a), while favouring @ 1o o € V,=0t0-40V
the adhesion of the hydrophobic silyl groups of SAPEN due 0.004 -20 o= 10V
to its low surface energy (34.6 m3JmThis is consistent with v 32 s
the XRD spectraKig. 4b) and the POM measuremefsg. 4c) e g
obtained for the crystalline films grown onto théRPlayer. 000z 57 2 -10

0.001 -5
? 4030 20 40 0 10 O 0 -40 30 20 -10 0O
Vs (V) vy (V)

Fig. 4 (a) AFM topography image and the corresponding contact angle
measurement of the crosslinked PVP surface. (b) Out-of-plane XRD spectra of TIPS-
PEN films deposited on top of the PVP layer. Inset shows the AFM image of a TIPS-
PEN crystal. (c) POM image in the channel area of a transistor showing the
excellent directionality of the crystalline domains. The white arrow indicates the
Fig. 3 POM images of blade-coated TIPS-PEN crystals via “non-isotropic solvent  direction of the vapor flow. (d) Transfer (Vg was swept from 10 to -40 V with
evaporation” using different solvents: (a) chloroform, (b) toluene, (c) 1,2- constant Vpat-40V) and (e) output (Vg varied from 0 to -40 V in steps of -10 V)
dichlorobenzene. characteristic curves of TIPS-PEN OFETs on PVP/Au/Glass substrates fabricated via
“non-isotropic solvent evaporation method”.
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the drain current. For the precise calculatiorhef mobility, the
channel width values were determined independéytijne sum
of the crystallite widths using optical microscopys expected,
the fabricated OFETs exhibited excellent electricahaviour
with a clear pinch-off and evident saturation cletedstics. The
slight hysteresis which is apparent in both charéstic curves
is attributed to the presence of the hydroxyl gsoup the
chemical structure of the polymeric dielectric. Theerage
mobility over a batch of 8 devices was estimates @nt/Vs,

while the highest obtained value was 0.722%/&¢fs. All the

OFETs showed near zero threshold voltages (< -&ng an

RSC Advances

(film/air), it tends to solidify faster and localgeparate from the
polymer’'s phase. Simultaneously, the induced teatpes
increases the solvent evaporation rate and consdguthe
crystal growth is driven by the “non-isotropic seht
evaporation” process, resulting in self-orientedystalline
arrays.

The degree of intermixing between TIPS-PEN angmpef
is a crucial factor which defines the critical irfitees of the
stratified layers. The above assumption was ingatd by the
selective etching of TIPS-PEN using hexane solvdrte
removal of TIPS-PEN in both samples, revealed tkistent

on/off current ratio of 10 To the best of our knowledge, thisnterface with the polymer and allowed us to sttldyremaining
performance is among the highest reported for TPESI surface characteristics using AFM measurementsteftre, in
OFETs with similar device structure, highlightintgetefficient the case of PS interlaya,relatively smooth surface along with
charge transport arising from the excellent cryis&lproperties residual small crystalline fractions with moleculterraces

of the films.

3.30FETson SiO2/Si

First attempts

appeared on the top surface, indicating the exgstef a good
molecular interface Hig. 5a). Additionally, this is consistent
with the AFM results obtained from the PS surfafteracasting

to deposit TIPS-PEN on self-assethbleeat toluene using the exact procedure parametanse( drying

monolayers (SAM)-treated SiOusing the above approachtime, etc.) Fig. 5c, d). Specifically, the obtained topographs

resulted in poor film coverage and limited crystgain

orientation, due to the non-ideal wet film distiilom. This is

attributed to the low viscosity of TIPS-PEN solutiand the fast
blade movement. A well-known approach to cope veitith

issues is to mix the semiconductor with a polynfierming a

blended solution with compatible wetting properfitsiowever
in this case the resulting vertical profile of film is influenced
by the complexity of the phase separation phenomehih

may lead to a non-distinct stratified structure ahds non-
uniform charge conduction. Interestingly, in thregent work,
we examined the use of polymeric interlayers asltarnative
way to modify the high surface energy of the p@aD,;, and

effectively facilitate favourable crystallizatiomherefore, two
commonly used hydroxyl-free polymers, PS or PMMAerey
chosen for their excellent dielectric properti@s® and their
hydrophobic nature which can limit the migration whter

molecules on the hydrophilic oxide surface.

Since a non-orthogonal solvent (toluene) was ueedhe
processing of the semiconductor, one would expeseréus
degradation or even a complete delamination ofutigerlying
soluble polymeric layer. Indeed, this is a plausihiypothesis
when using spin-coating for the deposition of
semiconductor’s solution over a soluble polymer doethe

strong centrifugal forces. In contrast, blade-amatian serve as

a gentle way of solution-processing, since theidifilm is
formed in a relatively slow manner onto the sulistiay the
assistance of the capillary forces. Accordinglypir approach
a multitude of interplaying factors define the euan of the
crystalline morphology, depending on the degreatafraction
between the three components (solvent, TIPS-PENN=).
Therefore, a qualitative explanation regarding thfferent
stages of crystalline formation that take placeirdurthe
deposition of the active layer, follows. After spding the active
solution, the local dissolution of the polymer Iedd the partial
diffusion of TIPS-PEN molecules into the polymeriatrix.
Since the crystalline TIPS-PEN enriches the uppéerface

This journal is © The Royal Society of Chemistry 2012

the

revealed a negligible increase in the surface rpags,
indicating that the solvent did not notably afféoe polymeric
surface. In the case of PMMA interlayer, TIPS-PEfhang
revealed polymeric domains protruding from the ascef Eig.
5b). This fact, along with the increased surface rmags
observed when casting neat toluene onto PMMA filsagigests
a more extensive intermixing of the polymer withPB-PEN
(Fig. 5e, f). In this case, phase separation phenomena dbiyen
the enthalpic and/or entropic effects, seem to paynore
predominant role to the resulting interfacial comifion,
similarly to that of small molecule/polymer blenddidm
approache&*3%

PS after TIPS-PEN
etching

PMMA after TIPS-

@ PEN etching

(b)

i

(c) (d)

(f)

PMMA after toluene

Fig. 5 AFM images of the hexane-etched (a) TIPS-PEN/PS and (b) TIPS-PEN/PMMA
films and the surface topographies of (c, d) PS and (e, f) PMMA before and after
casting neat toluene using the same deposition parameters.

J. Name., 2012, 00, 1-3 | 5
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Figure 6 (a, b), shows the POM images of typical blade€apacitance-frequencyC{f) measurements were subsequently

coated TIPS-PEN films as deposited on PS or PMM#ériayer
via “non-isotropic solvent evaporation”, respeclyvel he clear
birefringence indicates that well-oriented crystedl features
were successfully established, forming into eloadaneedle-
like crystals of some hundreds of microns. Moreother relative
consistency in the brightness and the colour of ¢hestals
implies good thickness uniformity and crystallogrep
alignmentThe long axis of the crystals is in the directja@r 0]

while the short-axis corresponds fa 2 0] 3. The angular
deviation of the crystals long-axis from the mainowgth

direction was found in the range of £1i@ an area of 10 mfm
which is acceptable for efficient charge transpamtl device
performance consistency. It is worth noting, th ttilization
of the different polymeric interlayers did not ircusignificant
effects in the crystalline orientation and morplyyloThe insets
show the corresponding AFM topographies of the éledlated
TIPS-PEN films. As calculated from the peak-to-ggllvalues,
the crystals thickness was comparable in both caseging
from 160 to 230 nm. Correspondingly, the averaggthwof the

crystals was found in the range of 2046@ for the PS and 15-

performed in the polymer-modified structures, ttineate the
capacitance valu€i, which is essential for the extraction of
OFETs parameters. Hence, parallel plate metal-dtsul
semiconductor (MIS) capacitors were developed alwitly the
OFETSs devices in order to investigate their diglegiroperties.
The C-f data (100 kHz-1 MHz) shown iRig. 7a, highlight a
slight frequency dispersion in the capacitance. maximum
capacitance was obtained in the accumulation remyapplying

a negative bias of -30 V. Capacitance densities. @t 0.4 and
5.8 + 0.3 nF/crhat 1 MHz were measured for the Au/TIPS-
PEN/PS/Si@Si and Au/TIPS-PEN/PMMA/Si&Si MIS
devices, respectively. These values are notableiddivan that
of the 300 nm neat SiO(~11.0 nF/crf), pointing out the
presence of a double dielectric structure. To frrinvestigate
the hysteresis behaviour of the devices, capa@tanttage C-

V) measurements were also carried &idg(7b, c). By sweeping
in the off-to-on direction, typical characteristafsSMIS capacitor
based on p-type semiconductor with negative fladbanltage
were revealed. Both PS and PMMA-modified devicehjl@ted
negligible hysteresis, confirming the absence apdr at the

40 pum for the PMMA-modified films. Continuing with the dielectric-dielectric and dielectric-semiconductamterfaces.

structural characterization, the out-of-plane XRig@ctra ofFig.
6c shows strong (OQl) reflections,
crystalline nature of the TIPS-PEN films onto thelymeric

Interestingly, this result implies the efficientgsavation of the

indicating the highly SiOz by the polymers, which minimizes the localizatwitrap

sites caused either by the absorbed water moleauléy the

interlayers. According to the Bragg’'s Law, the imte peak at residual solvent of the film¥3". The current density — voltage

20=5.32 +0.04 corresponds to an interplanar distanag(@d1)
=16.5-16.8 A, which is consistent with the dista of the well-
defined layered structure depicted in the AFM inseage,
where consecutive layers of ~1.7 nm thickness @denced in
the height profile. We conclude that the triclistcucture of the
TIPS-PEN crystals was well preserved in the depdsitims,

indirectly confirming the strong 2B@-n stacking which benefits

the efficient charge carrier transport.

(c)
(001)
TIPS-PEN / PS
E (003)
el
« (002)
2 |
‘8
c
L
£
TIPS-PEN / PMMA
\
L l‘\ J‘
5 10 15 20
20 (degree)

Fig. 6 POM images and the corresponding AFM topographies (insets) of self-
organized TIPS-PEN crystals onto (a) PS and (b) PMMA surface. The white arrow in
the POM images indicates the main direction of the crystal growth. (c) Out of plane
XRD spectra of the blade-coated TIPS-PEN films. The inset shows an AFM
topography of the edge of a TIPS-PEN crystal and a cross-sectional profile which
indicates the highly crystalline layer-by-layer morphology.
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(J-V) plots of the polymer-modified based MIS diodes also
illustrated in Fig. 7(d, €). The curves exhibited a typical
behaviour with non-symmetricJ-V characteristics and an
increased current density under reverse bias. ddleabe

(a)

6.5

— MIS Structure
e
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2 6.01 & :.. m-mn®"
E * o .0 000®
©
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© 554 .

100k 1M
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_
=
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5.00]

5.98|

Capacitance (nFlem”)
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(d) (e)
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2 107 K3 £ 10" i
£ . £ B
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Fig. 7 (a) C—f measurements (inset shows the structure of the MIS-capacitors). (b,
c) High frequency (1MHz) C-V curves and (d, e) J-V characteristics of the PS or
PMMA-modified MIS devices respectively.

This journal is © The Royal Society of Chemistry 2012
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current density values of the PS- or PMMA-modifiamples, (a) 1o 0.008 (b) 0

TIPS-PEN / PS

for a negative gate bias of -30 V, was rather lamging from
107 to 108 A/cm?. The absence of hysteresis along with the
relatively low leakage current values, underlindet tgood
functionality of the proposed MIS structure andwaiéd us to < 107¢
extend our study in the fabrication of OFETs desice T
Figure 8, shows the transfer and output characteristi¢beof '
PS- and PMMA-modified OFETs. All thel-V curves
demonstrated unipolar p-type characteristics wigtiretct turn- :
on behaviour and good saturation properties botthénlinear 10 30 20 0 0 10 " 40 30 20 10 0
and saturation regime. The deviation from lineaaityow Vp in V. (V) v, (V)

V,=01t0-40 V
v =-10V

10°

the output plots of the PS-modified OFETSs, indisathe 10* -30,

TIPS-PEN / PMMA

V,=0to-40 V

presence of a Schottky-like barrier which is atttédal to non- o~ = 10V

ideality factors between the contacts and the semalicctors®3°

Hardly any current hysteresis was observed inltheplots,

confirming that the polar Sigurface was effectively passivated <

by the polymeric interlayers. The extracted eleefrparameters  <°

are summarized and comparedable 1. The PS- and PMMA- 10°

modified TIPS-PEN OFETs demonstrated field-effeobitities 1070 | ——V,= 40V

up to 0.63 crfVs and 0.20 ciiVs respectively, whereas the e V=5V

on/off current ratio in both cases was higher ti&h The 4030 200 0 10 %40 30 20 0 o

considerable difference observed in the measuredrmpeance Ve (V) Vo V)

between the two alternate OFET types, is attribudhe

different interfacial properties between the semdractor and Fig. 8 Transfer and output characteristics of the self-aligned TIPS-PEN OFETs with
. . . polymeric modifying layers of PS (a, b), PMMA (c, d). Devices had a top-

the aSSIStII’]g polymer. SpeCIflca”y’ the inducedcalo contact/bottom-gate architecture and were measured at Vp=-5V (linear) and Vp=

morphological changes in the TIPS-PEN/PMMA inteefags -40 v (saturation).

shown above, may cause disruption of ther stacking

interaction. On the other hand, TIPS-PEN/PS samplestability can be described by the following sthetd-

maintained a better molecular interface which ledadsa exponential function®

significant increase of the charge carrier mohilityis worth

-20-

t
mentioning that both OFETs consistently exhibitethmzero AV (t) = 4V, {1 —exp [—(;)B]} (2)
threshold voltages, implying the low charge trapagity in the
accumulation channel. with AVt (t) = V7 (1) - V1o andAVo = VG - V10, whereVe is the

Charge carrier mobility is undoubtedly one of tm®st applied gate ando the initial threshold voltage. The parameter
important parameters for the evaluation of OFETréopmance. S (0<f<1) is the stretching or dispersion parameter, eher
However, other characteristics like the operatioredd represents the relaxation time of the carriers.s€hmarameters
environmental stability are also considered esakintiorder to express a good quantified indicator of the relatdevice
obtain a better image of the transistors functibyal stability. The scattered points shown Hig. 9(c, d) are the
Accordingly, stress measurements were carried bt fixed measured data of the/r and the relative threshold voltage shift
gate bias of -40 V for various timings up to*Id®c, at room AVr (t)/AVo, respectively. The parametear® were extracted by
temperature and ambient conditions and the effatthe drain the curves (solid lines) of the stretched expomeriii of AVt
current and threshold voltage were monitoréidjure 9(a, b), (t)/AVo versus time, according ©q. (2). The best fitting plots
shows the evolution of transfer characteristicshim saturation exhibited ag value of 0.43 and 0.48 for the PS- and PMMA-
regime ¥e= Vb= -40 V), as a function of stress time. Thenodified devices respectively. Singéactor is highly dependent
observed shift towards the negative direction, datis an on the chemical nature of the semiconductor and ghte-
alteration of the threshold voltage, defined asVr. dielectric*, the observed alteration is attributed to theedéht
Simultaneously, a decay in the source-drain curienalso polymeric modification of $d2. Accordingly, the relaxation
apparent and more pronounced in higher stress tihasbly, timert was found in the range betweerf 88d 10. These values
after the first 1®sec only a slight decrease of approximately 1386e in good agreement with that reported for OFE$mg
in the drain current and a threshold voltage gifiess than -5 hexamethyldisilazane (HMDS)-treated dielectricspolymeric
V were observed for both types of devices. Addiitn only interlayers*?=#4 It is also noteworthy, that PS-modified OFETs
marginal differences were seen in the slopes aadsteresis yielded highert values indicating smaller voltage shifts and
of the transfer characteristics. TNe fluctuations are mostly better stability. This slight discrepancy is retht® the more
ascribed to the charge trapping which takes platethie hydrophobic character of PS, which restricts mdiieiently the
dielectric/semiconductor interface. The threshaittage formation of trap sites, compared to PMMA. Anotpessible

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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Table 1 Electrical performance parameters of the various OFET devices fabricated via non-isotropic solvent evaporation method
Samples Havg (CMMP/VS) Umax (CM?/VS) Vi (V) ] SS (V/dec)
TIPS-PEN / PVP/Glass 0.58 0.72 -2.6 (£1.7) 11% 1.82
TIPS-FEN / PS/SIQ/Si 0.52 0.63 -3.5 (x1.1) 4.8 X910 2.18
TIPS-FEN / PMMA/SIO,/Si 0.15 0.20 -1.9 (#1.4) 1.1x%0 1.96
explanation is the increased trap states betweBS-PEN and PEN/polymer interaction. Furthermore, the utilipati of

PMMA which is correlated with the abovementionegared polymeric interlayers onto the Si(Si substrates resulted in great
interfacial defects and the ester groups in PMMAchtact as operational and environmental stability as a consage of the
hole traps*. This fact can be further confirmed by calculatingigh crystalline quality and th&ibsequent efficient passivation.
the charge carrier density, since the thresholdagel shift is The presented experimental aspects open interesting
mainly attributed to the trapping events at théaai interfaces perspectives towards the control over the crysilhorphology

of the transistors. Hence, the difference in thenber of the and encourage further studies on other solutiowgssed
trapped holes can be expressed by the followingtamure: crystalline materials.

_ AVt G
- e

N, (3) (a)

TIPS-PEN / PS TIPS-PEN / PMMA

with N: the total trap density and the elementary charge.
Consequently, values of 3.93 x1@n? and 4.80 x 18 cnr?
were obtained for the PS- and PMMA-modified devices
respectively. According to all the abovementioniedlihgs the
fabricated devices demonstrate significant openatistability.
The environmental stability of the devices wasestigated
by exposing a batch of fabricated transistors fong period (~3
months) in normal ambient conditioriSigure 9 (g, f), shows a
comparison in the transfer characteristics betwéenfreshly-
prepared and the air-exposed transistors. Bottcdswéxhibited
a negligible positive shift in the threshold vokags well as a
slight increase in the hysteresis between forwani lzackward ol
scans. Moreover, a slight decrease was also olibérvee on-
current and the on/off current ratio. These redutther confirm
the long term environmental stability of the degiegising from
their effective passivation by the polymeric intsrs.

V=V, =40V
0~10* sec

V=V =40V
0~10* sec

0_ 1 1 1
-50 -40 -30 -20 -10 0
v, (V)

op 0 ==
-50 -40 -30 -20 -10 0
v, (V)

(d)

¥ TIPS-PEN/PS
® TIPS-PEN/ PMMA

0.4

0.3

IS
T

AV, (V)

4. Conclusions

AV, I AV

0.1}t

5|

.
T LIX D
043
i

In summary, we have successfully designed a nawlfacile
method (“non-isotropic solvent evaporation”) whiahduces
control over the crystalline orientation and thewgth direction
of TIPS-PEN blade-coated films. The versatilitytloé proposed
experimental setup was evaluated by fabricating T3&h two
alternate substrates. Specifically, the OFETs ipoating
crosslinked-PVP dielectric on glass substratesdgil high
mobility values up to 0.72 c#Vs, as a consequence of the
enhanced crystal orientation and the preferentialeoular
stacking. In the case of OFETs on conventional iSYS
substrates, hydroxyl-free polymeric (PS or PMMAJiasng
layers were incorporated in order to accommodate th
appropriate wetting characteristics between ther@colution
and the hydrophilic Si@surface. The electrical characteristics of
these devices revealed a reliable performance métjigible
hysteresis, low threshold voltage and promising ititgplyalues,
up to 0.63 crfVs and 0.20 c@tVs for the PS- and PMMA-

¥ TIPS-PEN/PS

® TIPS-PEN/PMMA
0.0+

10*

10° 10"
Time (sec)

10" 10’

TIPS-PEN/PS TIPS-PEN / PMMA

— initial
— after 3 months

initial
—— after 3 menths

107k

sari-L) (A"

10 -

I T

v,

10-“ L L L L L L 10-” L L L L L L
-40 -30 -20 10 0 10 -40 -30 -20 -10 O 10

v, (V) vV, (V)

Fig. 9 Evolution of the transfer curves of the (a) PS and (b) PMMA-modified OFETs
with increasing time (0-10% sec), under a gate bias of -40 V. Panels (c, d) show the

modified OFETSs, respectively. The evident differena the
measured performance between the two modified dewian be
attributed to the interfacial phenomena, occurdoging TIPS-

This journal is © The Royal Society of Chemistry 2013

threshold voltage shift (AVy) and the plot of AV:/AVo vs time. Transfer
characteristics measured in blade-coated TIPS-PEN OFETs modified using (e) PS or
(f) PMMA before and after 3 months exposure. Insets show the /I vs V; plots.
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