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Abstract

Flexibility will significantly expand the applicatn scope of electronics, particularly large-aresctebnics.
Over the last ten years, printed organic electrimibelieved to be one of the next major technaialgi
breakthroughs in the field of microelectronic ahé use of printing technology to process orgare@dfi
effect transistors (OFETS) opens promising perspestfor low cost, large area circuits integratad o
flexible, plastic substrates. With amorphous polmesed thin films transistors acceptable eledtrica
performances are now achieved with relatively gstadility at ambient air. In literature a lot of kahas
been devoted to study degradation of device cheriatits under bias stress conditions but only peyers
deal with the mechanical behaviour. In this paper review our first reliability results obtained tiexible
organic thin film transistors under mechanical sges. The variations of electrical characteristinder
bending tests, both in compression and tensiore baen studied. Using specific equipment, we his@ a
evaluated the reliability of transistors under @yddending tests. The stress dependency of thesféman
characteristic deviates from the one observedianganic material like silicon.

1. Introduction

Organic transistors based on conjugated polymessall molecules have been intensively studieaaemt
decades, and their performance has continuallyawgat [1] with understanding and progress on cheynist
design and synthesis of solution-processed orgsgmnaconductors [2] [3]. Organic thin films transist
(OTFTs) have the advantages of flexibility, largeaacapability, low cost, and low temperature pset®,
and so have various potential applications sudh dsplays [4], radio frequency identification $al$], and
large area sensors [6] on flexible substrates. &agplications are commonly subjected to bendirgirs,
which could modify the performance of organic degicOne of the next challenges is now to demomstrat
the robustness and reliability of OTFTs to suppbe use in the frame of these applications. While
degradation of device characteristics under bigsstconditions has been extensively studied [y, few
papers deal with the effect of mechanical stressthen electrical characteristics. In particular, Bma
molecules-based OTFT and changes in mobility oleskiv bent organic TFT devices have been repoded t
result from changes in the energy barrier to holgping due to variation of the intermolecular spgainder

a bending strain [8]. In this paper, we aim to stigate the effect of mechanical stresses on duatepr
OTFT characteristics.

2. Material and methods

In this work, the mechanical behaviour of a prinfedhannel organic field effect transistor is stadi



Samples are achieved in the CEA-Liten laboratofié® structure of the transistor is a “top gateottdm
contacts” design (Fig. 1.b). The semi-conductingetais a screen-printed triarylamine copolymer film
which is a well known family of air stable and dadm-processed P-channel semiconductor [9]. The non
planar conformation of the triarylamine and thekla€ order make this class of semi-conducting nialter
suitable for printing and annealing processes. Goldce and drain contacts were patterned by éddation
on a 125 um plastic PolyEthylene

Naphthalate (PEN) substrate from Dupont Teijin sgred with 30 nm of gold. Above the organic
semiconductor, a 1pm thick low k perfluoropolyméelectric layer (Cytofj [10] and a silver conductive
gate have been also screen printed. Each 5 crmx teést sheet contains 30 transistors with chamemgths
of 50 um, 80 um and 100 pm and channel widths ngnfgom 500 pum to 2 mm. For fatigue tests, larget t
sheets 8 cm x 20 cm, also composed 30 transiséwestheen designed to fit the machine.
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Fig.1: (a) illustration of “top gate — bottom cocis’ organic TFT on
PEN substrate. (b) Typical dc characteristics withstress, showing
source-drain currenglas function of source-drain voltage,VGate

voltage \% is changed from 0 to —40 V in —10 V steps.

Electrical characterizations of the OTFTs have bperiormed in the dark, in air without encapsulatio
using a Keithley 4200 semiconductor analyser coptbiwith a semi-automatic Suss Microtech prober.
Transistors parameters such as saturation molititgshold voltage and.k ratio were extracted following
the 1620TM IEEE standard test procedure. Figuresioavs the typical output characteristics withdrgss,
source-drain currentys is monitored as a function of source-drain voltafge and gate voltag®/cs was
changed from 0 to —40 V in =10 V steps. The measuebility u was 0.03 cf/V.s and theon/off ratio
was 16.



3. Results and discussion

Bending tests both in tension and compression Haeen performed while recording the electrical

characteristics of the transistor (Fig. 2). Curvatradii R from 50 mm down to 3 mm have been tested in
tension. Due to probing problems, only large rdmtween 50 and 30 mm have been achievable in
compression mode.

Fig.2: Photograph and Schematic illustration of ceileal
characterization by tips probing under tensile lmmpdUsing half-
cylinder forms with Curvature radius&from 50 mm £ = 0.13%)
down to 3 mm4 = 2.08%).

Since the transistor layers are very thin (um doveecompared to the PEN substrate thickrigsabsolute
value of the mechanical strainin the transistor can be evaluated from bendigusausing the following
formula (Eqg.1) [11]. By convention, compressiveasts are negative values while tensile strains are
positive.

lel =@s/2R) (1)

Transistors are tested with two different stressations under identical conditions so that theirrse-drain
current paths may be arranged precisely perperdiend parallel to the direction of strain, refdrte as
perpendicular position and parallel position, resipely.

The shape ofpk-Vgs and bs-Vps characteristics under bending strain remainseclo the initial one
(Fig.3.a and Fig.3.b respectively). The transisttlf works normally under bending stress but pnse
electrical performance variations. Gold source drain electrodes give good ohmic contact for gfMps
curves and contact resistance does not changacdtigstLeakage current increases by one decadem f
1pAto 10 pA.
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Fig.3: bsVgs characteristics at p4 = -40V (a) and JsVps
characteristics at ¢ = -40V (b) with bending strains from O (flat
position) to +2.08% (bending radius of 3 mm).

The electrical properties of transistors were atseasured while changing bending radius. Normalized
saturation current and mobility have been plottetsus the mechanical straarwith the parallel position
(Fig.4.a and Fig.4.b respectively). Saturation enirrincreases clearly with increasing tensile straine
change in saturation current is +12% at bendingusa@&=3 mm. On the opposite, in compression mode,
although we have only investigated small straims,saturation current tends to decrease. Such ¢haggges
cannot be explained only by the deformation ofdbeice structures at R=3 mm, corresponding torswéi
only 2.08%. Indeed, using tludassical Poisson model (Eq.2) [12] whesendy; are Poisson coefficients of
semiconductor and gate insulator, respectivelyngesa in the structural parameters of OTFT, narmiely,
(channel length)WW (channel width), andl (the thickness of gate insulator) are evaluatetithair insertion

in the equation Eq.3 shows that for 2.08% of stigéometrical deformation causes only about -2% of
saturation current.

W22W (1L —p.e);L2LA+e) ;i 26 (L —ypi.¢) (2)
Finally when the stress is released, we recoverirtii@l electrical characteristics of the transistThe

change in source-drain current is reversible apdodcible. This reversibility shows that this pberenon
is not associated with the time-dependent drifle€tronic performance.



We evaluated field-effect mobility using the equation (Eq.3) [13], whéegg is the source drain currei;,

is the insulator capacitance, avidis thethreshold voltage, in the saturation mode and gxiitt normalized
by the value without straip, in the Fig.3. In this figure the mobility increasey 8% when strain is 2.08%
of tension.

lo=(nC/2) (WIL) (Ve-Vr)2  (3)
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Fig.4: Relative change in (a) saturation curdgntand (b) mobilityu
plotted as function of strain tensile strainCompressive strains are
negative values (only from -0.13% to -0.21%) while tensile strains
are positive £ from +0.13% to +2.08%).

The observed strain effect on the mobility of thesganic TFTs with amorphous polymer semiconduigtor
the opposite of the results obtained with crystellor polycrystalline organic semiconductors lilkafacene
films [14] [15] when mobility decreases with incsii@g tensile strain and increases with increasing
compressive strain. In this last case, becauskheo$ize and the organization of pentacene smakautds,
mobility change by mechanical stress is quite nealsle since the transport properties of organicemdéar
systems follow the hopping model rather than thedbeodel. Under tensile strain, as described in a
theoretical study [16] energy barrier for hole hiogpincreases due to the larger spacing betweeeredd
molecules, resulting in an decreasing in the migbilin contrast, in the case of our study, the



polytriarylamine has an amorphous and non-planarcttre with a very long polymer chains muddled
randomly [17] which can explain the opposed behavimmpared to pentacene molecules.

Interestingly, we note that parallel position arefgendicular position show similar strain dependsnaf
mobility, although the directions of strain are gaEdicular and parallel to the direction of thersetdrain
current path for these two different positions. Isaa isotropic electrical property indicates tmansport is
also consistent with the hopping model in amorprtbusfilms, in which a conducting path from theusme
electrode to the drain electrode is formed by cedigirain chains oriented in random directions [13].

We have also studied the total resistance variatgwaus the mechanical strain. Using the transondane
method (TLM), we have observed that the channésteasce decreases while the source and drain ¢ontac
resistance increases under a tensile bending .sthaitensile strain of about 2% which is close he t
maximum strain of gold film [18], the device islistunctional and the contact resistance variatstiows
that charge injection still occurs at source/semileator interface; confirmed by thgsiVps characteristic.
This result could be explained by the fact that,tle transistor configuration, gold electrodes are
encapsulated by the organic semiconductor layechvhiinimizes the degradation of gold/semiconductor
interface. The channel resistance change is censigiith the mobility variation under tensile sge$hus,
the increase of the mobility could be explainedabgnodification of the polymer structure. Indeedstkn
stress could induce a slip mechanism of the polychains which improve the relative order in theypadr
material [19] which leads to an increase of thedecwmtivity [20]. Electrical observation and paranmste
variation seem to confirm the coherence of thislangtion based on literature analysis and although
have no enough clear proof yet of this structuralifications under strain. So the next step of tigly
will be a detailed structural analysis under sti@gsAFM measurements and RAMAN spectroscopy [21]
[22] in order to highlight the structural variatiohthe polytriarylamine during mechanical stress.
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Fig.5: bending fatigue machine. Different curvatuadii can be used
(5 mm, 10 mm and 25 mm) with a maximum speed otydes by
min.
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Fig.6: Normalized saturation currelt, as a function of the number
of bending cycles (R=5 mm). The data are normallzgdhe start of
the measurement. This procedure is repeated orirtipoycles of 15
times for 1 min.

Complementary to these static tests and in ordenvestigate the recovery performance after stngssi
transistors, some preliminary fatigue tests aréopmied using a dedicated cyclic bending maching.(5).

A lot of bending cycles with bending radius of 5 mmmich corresponds to a strain of 1.25%, are edpl
the OTFTs. First, the transistors sheet is bemhfilat R=> to R=5 mm, and immediately released up to flat
state at the highest frequency of our system (tfesyper minute). Measurements are performed at (@D,
300, 500, and 1000 bending cycles.

The normalized saturation current as a functiorth& number bending cycles is shown in Fig.6. We
observed an unexpected increase of the saturatioent! s, by ~10% as soon as we reached 50 cytigs.
continues increasing with the number of cycleseAft000 times, the augmentation is estimated to.8D%
weeks after this experiment, we measured againdewices and observed a change of the electrical
characteristic; indeed, saturation current hasedsad from 60% to 20% (Fig. 5). That means thatr aft
stress, a slow relaxation phenomenon occurs. ke githe lack of catastrophic degradation aftéoteof
cycles, we have no good stability under mecharfiatfjue contrary to encapsulated organic transistor
which are more stable under a lot of bending cy¢3. But this performance remains better than
amorphous-silicon field effect transistors (a-SiTBE which fail mechanically by periodic cracks imet
amorphous layers of the TFT at a strain of abob%0[24] [25]. More experiments are necessary with
increasing the number of cycles and investigativegrelaxation after fatigue to get a better undeding of
this phenomenon which could be a real problemHerftinctionality of electronic systems.

4, Conclusion

In summary, we have studied the robustness of ardietd-effect transistors (OFET’s) made of amayph
triarylamine copolymer semiconductor on a PEN féxisubstrate under mechanical stress. Under gensil
bending tests, we have observed a reversible iperefathe saturation current and mobility of abtdfs for

a mechanical tensile strain of 2%. This could bplared by an improvement of the relative ordethsaf
semiconductor structure. Further ways of analysisld still be investigated in order to achieve more
information about the structural behaviour of thmogphous active layers. Indeed, using micro-Raman
spectroscopy which is a sensitive technique of ctire study, polymer organisation generated by
mechanical strain can be brought out after anajyRiaman spectra. Besides that, the AFM microsowitly,
phase image in tapping mode, can supply the ilitistt of these structure variations due to meclzénic



strain.

We have also performed preliminary cyclenthng tests and observed a 60% increase of the

saturation current after 1000 cycles with a slolaxation phenomenon. Different transistor geomstaied
orientations will be tested to get a better un@eding of these mechanisms.
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