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Organictransistoraith differentstructures are investigated to addréssapplicability and
reliability of parameteextraction A dinaphtho[2,3b:2",3'-f]thieno[3,2-b]thiophen&hanneis
coupledwith pristineor functionalizedyold bottom and togontactgo reveala geometrical
impact onthe deviceperformance andon4idealities Scanningkelvin probe microscopis
employedas a key methotb quantifythe channel and contact potentiatoperando Taking
full account of thecontact effectend includingan explicitthreshold volagein calculation
are shown to beritical to accessheintrinsic carriermobility, while simpk derivativebased
extractionmayover-or underestimati. Further analyticatlevelopmentsorrelae individual

physicalparameterdeading tothe discoveryhat pentafluorobenzenethiot-assembledn

gold predominanthaffect the carriermobility ratherthantheinjectionbarrier.
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1. Introduction

New technologieseed support from robust assessment principles for peopiecisdy
diagnose performance bottlenecks anddiablishrationalstrategies for improvementas
the field of organic electronics develops into matuthgre has been increasinghyensive
discussion on how reliablyevice behaviorare measurednterpreted, reproduced, and
advertised'® Since the parameters ioterest for organic photovoltaics.€. openeircuit
voltage, shortircuit currentandfill factor) are allphenomenologicgdlarametersgi.e. agiven
currentvoltage curvas unambiguouslyeduced t@ set of parametersafocus isnaturally
placedon the importance akcordingsucha curvein a fully standardized mannetith, for
instance noextralight, heat,or active area involved® In contrastwidely discussed
parametergi.e. chargecarrier mobilityand threshold voltag®y) for organic fieldeffect
transistors (OFETSs) araodelparameters, meaning thtae numbes areinherently dependent
on the modelsedas well asthe procedure followetb implement this modé?® Therefore
the lackof consesusmaylead todiscrepancies parameters extracted evieam the same
currentvoltage curve.

In 2004,Horowitz and coworkerssummarized andxtended series otheir earlier
worksto clarify nonidealities or disagreementvith metaloxide-semiconduot field-effect
transistors (MOSFETs$h OFETdevices[” As illustratedhere gatevoltage ¥/c) dependence
of mobility and exisence of theontact resistansgR:) aretwo commonand theoretically
justifiablesources ofleviatonsfrom ideal MOSFET charatteristics. Until recently,many
experimental studiesmployed techniques suel theransmissiodine method TLM) or
gated four-point probe measureme@isPP) whichcanin principledirectly probethese
phenomendy separatinghe channel and contact propert&s¥ In our view, the reported
databring strongevidencedor the pronouncedariability in relativestrengths, and voltager
structure dependencetbie contact and channel effects, which makéesrenttheoretical

frameworls oftennecess@ to understand differemtevices. NonethelesstheMOSFET
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currentvoltage modehas beemmployedquiteuniversallyfor simpleparameter extraction
In 2016, Gundlach and awmerkersused impedance spectroscopgystematicallyaddress
mobility overestimation in rubrersingle-crystaltransistorg'® an issuehatin factoriginates
from neglectingR: andbr non-contextuallyadoptingsimplified equations. In this context,is
timely to critically reassesb®asicassumptionsf the device parametgispecific behavioral
non4dealities andassociated calculatiaasues Ideally, growing efforts into such a process
will be transfornedinto carefullythought-outandbroadly &ceptedoracticedor OFET
research

In this article we report on the usef scaming Kelvin probe microscopy (SKPM) and
correlated analysigimed aigeneralizablgparameterizatiorSKPM is apowerful surface-
sensitive technique thaan directlyprobecritical resistive pathways in OFETs quantiy
material and interfaceelated parametersurthermoreSKPM holdssome advantages over
theTLM or gFPP in thaheitheraveraging over multiple devicesmntegration of metal
probes imo the channel is necessaihe semiconductor of choice is dinaphtho[R,3;3'-
flthieno[3,2-b]thiophenéDNTT), whosedeeplying highesteccupied molecular orbital
(HOMO) and outstandingole mobilityprovide aparticularlyintriguing platform fortackling
theinterplay betweehargeinjection and transportUnlike previous reports of poteati
measurementsn DNTT transistors$t®*8 our primary questions are how to understand
attributesof differentdevicestructurs and on hovextractablgparameters arphysically
correlatedMore importantly, oussystematiclbw of analysisexemplifiesa robust evaluation
scheme thatot only emphasizes the final values alsoputssignificanteffortsin validation
and crossheck of themodel that producabese values
2. Results and Discussion
2.1. Device Performance
DNTT OFETSs with three technologically relevant geometries were constrastéepicted in

Figure la.Here, theAu bottom<contact (BC) and tepontact(TC) devices represent the
3
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coplanar and staggered configuratigegpectivelyjn the presence of a bottogae that is
usuallyemployedfor a vacuurmprocessednolecular semiconductd¥. There is anothegroup

of BC devices withselfassembled monolayer (SAMs) of pentafluorobenzenethiol (PFBT) on
Au (BC-SAMSs), with which weintend toelucidatethe effect of interfac&unctionalization

For all OFETSs, w incorporate@ bilayer dielectric opoly(methylmethacrylate) (PMMA)
andsSiOy, to benefit fronthe surface inertnesd the former andhe stronginsulation of the
latter. All layersother than Awerepreparedvith the sam@rocess parametersndthe

DNTT films for all deviceswere evaporated in a single process to ensure that observed
differenceswill find their rootcausean the contact geometriesxdmetal/organic interfaces
alone. Figure 1b shows the cheat structure oODNTT, PMMA, andPFBT.

As anaggregategerformance indicatpsaturationregime tansfer characteristics
OFETs were recorded. Thesultsin Figure 1c evidencthehigh-quality switching of our
deviceswith small hysteresisy currenon-off ratio over 16, and turningan at Vs close to0
V. Indeed deliberatelyintroducedchangesn geometryresulted imnoticeable variations in
performance, mainlgeen athe onstate drain currentd). At this point, our focugoesto
exploringintermediate manifestations betweea tariable (geometryand outcome
(performancgg rather than simply pushing the performance of the most promising structure.
In this context, output analysis in Figurerkggeals anmportantaspec{the raw data for this
figure are in Figure S1, Supporting Information); moving from TC to BC notleatysto
inferior performance, but also introduces more pronounceddealities While the TC
deviceshows anearlytextoookdike linearto-saturation transitiorthe BC and BGGAMs
devices show supéireally increasingp at low drain voltageMp) andrestrictedsaturatiorat
high Vb. The output differential conductaneere directly visualizeselatedissueg*® Figure
1d (inset)indicatesthat itdoes not monotonicallgecrease in the case of EBAMSs, andthere
is even a strong initiaisefor the BCdevice. Such nohnearityis often considered as a

manifestation oR;, accounted for ba diodedike parasitic element that gradually facilitates
4
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current injection upon ineasingvo.?%?4 However, field enhancement of carrier mobility
may alsageneratesimilar shape&? thusthe presencef R:in our OFETsstill remainsa
guestion(to be answereth Section 2.3).

We briefly note thaexperiments with pentacene moreclassicalsemiconductor, showed
less dramatiperformance variatiothan that obtained witBNTT (Figure S2, Supporting
Information).This verification strengthens our hypothesis tias the remarkably high
ionization potential (IP) of DNTT (ca. 5.4 e\f)at maximizes injectionelated problems
making contact assessmenparticularlycritical task for devices comprising this matefal.
Pentacengenerallydevelopsa polycrystalline state that is very similar that of DNTT, but
its lowerlP (ca.5.1eV) makes the HOMO level much more approachable by the Fermi level
of common highwork-function metalsNotwithstandingit is important tqooint outthatthe
high IP isa major contributor to the exceptional air stability of DN
2.2. Film Mor phology
Recalling our previousimulationresults geometricaconfinement of charge distribution can
be abasicsource of th@bserved variatiorga narrow low<€arrierdensity zone at the
electrode/channel edgeasshown to degradihe performance of coplansiructures
compared tetaggered ones, even with the saamiconductor and interface paramet&rd!

Figure 2 providesclearevidence that morphology another key contributor to the
difference between the TC and BC geometiié® atomieforce microscop (AFM) images
hereshow that despite th@ominally identical DNTT depositiothere arestriking
differences in thdéinal film microstructureFigure 2 includes images taken separately on the
electrode (DNTT on Au or PFBCGoated Au) and on the channelNDT on PMMA) for the
BC and BCGSAMs samplesand a single channel imafyge the TCdevicewhere the entire
film sits on PMMA. The BC electrode image (Figure 2a, right) features small, depaeked
grainsthatcan beattributed tathe strong substrate-metule interactiof?”! asimilar

morphologyhas beemeported in pentacene on K. Comparison ofhis image tdhe BG
5
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SAMs electrode image (Figure 2b, righiycloses oneffect of theSAMs. PFBT molecules
are knowrto make theéAu surface more hydrophobfé! andthis can explaitthe build-up of
smaller grains on o AM-modified metalelectrode Another interesting finding is that,
despite the same underlying surface of PMMA, the channel morphologies somelgcat ref
the existence anchemistryof thecoplanar source/drain electrodédthough visiblylarger
than those abowvhe electrodethe DNTT grains on the B@evices channel (Figure 2a, left)
are much smaller than thogsethe correspondin@C OFETchannel (Figure 2cWWe infer
that this particlar growth condition affords substantial diffusive motadrarriving
moleculed?” to the point thakateral interactiorof crystallites on Au and PMMAulminates
in the channel morphology intermediate between that on the electrode and thafi@@the
PMAA surface Similarly, the channemorphologyin the BGSAMs device (Figure 2b, left)
can be viewed as slightly releasedndplanarizedstate ofthe adjacent electrodaorphology.
Thefilm formationin the TC device seems to be apparently free fltoasmechanism
and Figure 2c exhits substantialljarge dendritic grains. Hre, cleaterracelike structures
are observed, as confirmed &iynple histogram analysis of heights fbetwo rectangular
zonesmarked as A and Brigure 2d,&. The emergencand periodicity of multiple peaks
manifess a high degree of ordering and laymrlayer growth modé¢five and four layers for
the zone A and B, respectively)he peakio-peak distances represesittical interlayer
distanceswhichin this caseoughly proximate to the molecular length caxisdimension
in the triclinic unit cell of the DNTT crystaF{gure 2, inset)’*? Therefore it can be inferred
thatthe channel isnainly composed ofmoleculeghat are standing up on PMMA# (001)
plane para#l to the substralewhich isexpectedo favor inplane charge transpdtt!
2.3. Parameter Extraction
SKPMis able tosequentiallyperformhigh-resolution recording of surface topography and

potential,allowing for thesystematicorrelation between pisical layers, their intéaces,and
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electrostatis (Figure S3, Supporting Informatial§! This techniqués used heréo directly
probe outOFETS’ electricalconductionpathundercurrentcarrying conditions.

The result for the TC device, recorded atraarmediaté/p, showssaturatiorto-linear
regime transition upon increasiig (Figure 3a). More importantlyjt is an additional
confirmationthat the TCbhehavior can be describedressarlyideal, because the appligd is
solely maindinedby the chanel. In contrastthe lineafregime potentiaprofiles from theBC
and BCSAMs transistorsnanifestthe emergence aionnegligiblepotential dropsit the
electrode/channel interfag¢Figure 3b)in good agreementith computational predictiol3®
The pofileshere atvg = 0 V reflect theintrinsically dielectrielike character of the organic
semiconductoin the absence afjectedchargeg® which makes the contact effqutactically
invisible (i.e. bulk resistivity becomes dominant).dl theotherprofiles in Figure3b, the
appliedVp is droppedpartially at the channel anélso atthe contad, with
Vp =V, +V,, (1)
whereVeh andV. are the potential drops across the channel and the combined source and drain
contacts, respectively

To start parametetiizg, we first extracted/r. Someof themeasuredinearregime
transfer characteristiexhibiteda curvedshapewhich makes thelinear extrapolatiomethod
difficult to rely upon'®3 We therefore usethe second-derivative method by whi¢h
appears as the position of a uniquedfinedpeak(Figure S4, Supporting Informatiof}!

Next, R; and theintrinsic channel resistand&:h were calculated bghe relationship

R =% @
and

\Y
Ry = — 3)
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Now, the intrinsic mobilityucn is accessible bgssuminga normal linearegimechannel

conductance, and with the use of predetermifieds

1 « L
Rch WC(VG _VT),

whereW is the channel width, is the channel length, ai@lis the gate dielectric capacitance

Hen = (4)

per unit area.

Figure 3c(main panelshowsthe modulationof thewidth-normalizedR: by V. The
horizontal axis iglrawnhere as the effective overdrive voltage Vr that is directly
proportional to theccumulated charge densitigus enablingomparison between samples
on a commorphysical basisAlso, althougloften overlookedthevalues ofR. basednthe
linearregime assumption should be strictly discussed in this regime of operation.sFor thi
reason, we systematically disregarded values at céftaandincluded in Figure 3c only
those that satisfys-V1 < Vb. When comparing the BC and BC-SAMs samples, the addition
of SAMs brought significant reduction R. At first glance, this might be attuibedto the
substantial injectiofibarrier change, which in tuan be related tbighly electronegatig F
asymmetically positionedn PFBTto creae strongdipolest®d We will revisit this statement
in Section2.4.

The SAMs alsaignificantlyinfluencedthe mobility,as shown incn plot in Figure 3c
(inset) Even withsmaller graingFigure 2 and B, the DNTT film in theBC-SAMs device
exhibitedbetter transport quality than that in the BC sample. A recent report on organic
diodes on PFBTAu alsoshowedsmaller but betteorderedand largemmobility pentacene
grains on SAM$®! It is thereforeinferredthat the classical graisize dependence of the
mobility maybe reverseth case where metainduced frustration plays an importante.
Therefore, tkb whole analysis up to this point deliversadid understandinghatthe
performance improvement by the SAMisst viewedas enhancelb in Figure 1carisesin

factfrom both cecreasedr: and increasedqn, with fairly comparablecontribution.

8
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The TCpotentialprofiles hadvc = 0, andhereforeuch is calculated by replacing.n with
Vb in Equation (3) and (4 he values ofich for all three structures are theamparedo the

mobility extractedoy derivativebasedmethods:

I L 1 1
PR RV SO
d, W C V,
dy-1| i
|9l | 2L 1
/usat{ dVG JXWXC- (6)

Here,uin andusatcorrespond to the lineaand saturation regime mobilitjpeasuredt small
and highVp, respectivelySince all three methodgparently accommodatiee Vs
dependence of the mobility, we took tin@ximum over the gateweep range as
representative for eactevice to presentin Figure 3dhefull comparisorperfamedon the
exactly same set of transistors (5 FETs for egolp).It is clearfrom this plot thatthe
choice of methodtrongly affects the extracted mobility and the defgiiesctionof inter-
methodchangesnayreflectnonidealitiesof the devices. Whenconsidering
potentiometricallyerified uch as the exactalue,thewidely citedusat valuesunderestimate
the mobilitiesfor theBC and BCSAMs devices and overestimdite the TC devicgethe ratio
Usaltich 1S 0.48 for the BC, 0.37 for the BC-SAMs, and 1.3 for the TC OFETsworth
mentionng thatour TC OFEE featuredanearly straight square-rotf versusVg plot (Figure
S5, Supporting Information), while not exempt from possitvierestimatiort® We point out
that the problenoriginatesfundamentallyfrom the specificities of the dertive-based
method itselfwhich systematically neglexthedu/dVs (and related ters) to reach a simple
and applicablexpression for mobilit{?¥ After all, theimpressivdinearity betweerthe
square-rootp andVe for theTC deviceonfirms theoutstanding ability of DNTT to form
well-ordered molecular filmg=jgure2c) with strongelectronic coupling betwedrontier
orbitals37:38l

2.4. Physical Description
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Whenwe encounter strongly contabitnited devices, it ismportant to understandaterial
and structurabrigins of R, to identify the mosimeaningfulstrategiedor improvementsin
staggered devices,is believed that the bulk film resistan@so known aghe access
resistancegontributegnostly, as the injected carriers needravel vertically to reach the
channel*%4 In this case the metdorganiccarrierinjection barrieiseems to haveinimal
effect!?® The coplanar OFETsneanwhile aresensitivelyaffectedby the barrier height,
while the semiconductor mobilitgtill is animportantfactor.!?8

Now that weknow the accurat@alues foruch andRe, we can further our analysis gain
deepemunderstandingf R.. As asharp carriedensity bottleneckegion is responsible fd.
in coplanar device®” R. in our BC and BCSAMs OFETscan basicallyexpecttwofold
influences fom Vg; firstly as the chargdensity modulatorcapacitive effegt secondly as the
mobility changemithin the sameR. zone.In fact, by multiplyinguch with Ve-Vr, webuild an
effective input variable that takmtheffecsinto accountFigure 4aprovesthatR: scales
guasilinearlywith this variable and moremportantly,a collective behavior is seéor
different devicesBased on this finding, mple analytical descriptiothatcorrelateR: with

other parameters can peoposed as

____ B
t ey O

wheref is the proportionality constant. From a physical point of vighe,parametef should
contain among others, @eapacitance term that dictates the efficiency of charge accumulation
andaninjection-barrier term that directlprobesthe metal/organigunction. The fitting results

in Figure 4b globdy validate this inversproportionality,with some unexpecteahnd
interestingfeaturesFirstly, different OFETSs fronthe samehip can be overall well described
by asingle tendline. This aspect is clear fahe five BC OFETs that afally fitted with =

3.1x 10’ Flen?. It means thathemajorreason fodeviceto-devicenon-uniformity is the

local mobility (or morphological) variatigrwhile the injection barriefcontained irp)

10



WILEY-VCH

remains rathestable across the sampl&zcondly ad more surprisinty, the BGSAMs
devices alswisibly satisfythe same trendt sufficiently highVs, which starts to deviatat
smallVe. As a model system for fluorinated aromatic SAMBEBT canexertmorphological
and energetieffects!'® Figure 4bsuggestshat, in this particular group of transistdise
SAM effectmore strongly manifesitself as a growth templai@igure 2b)andaboost for
the mobility (Figure 3d) while its effect onnjection energyor ) was weakerln other
words, thereducedr: in the SAM-functionalized OFETis mainly due to théncrease inicn,
which in the end drove the overpkrformance enhancemdRigure 1c).The deviation at
smallVg, for which aboundary with amallerp canbedrawn mayindicatethatpossible (yet
still non-dramatic) barrier reductiotomes into playvhenfewer accumulated charges
become available, bfrther investigation seems necessary to fully understand this behavior.
3. Conclusion

Organic semiconducts havemany appealing potential applicatiohsit some of their
distinctcharacteristiclundamentdy limit deviceperformancesinsignificantgeneration of
thermalcarriers and pronounced Fermi-level pinning are ansoiebfeaturespoth of which
make practical devices ofteontactdominated. V€ have comprehensivelgvisitedthe
origins, manifestations, anchpacts ofR: in DNTT OFETs.Particular attention was paid to
different approaches txtractchargecarrier mobility and it became evident thidtose which
do not addresB. (ideal MOSFETmodel) or do not determinér explicitly (derivativebased
method3$ should not be preferrett.can bepointed out that taking full account of the effects
of Rc is highly recommendegavhen reporting on OFETs witirewmaterialsand/or device
structuresSKPM provides the invaluable capability to separate contact effects from the
channel on a single deviogithout having to compare several devices in which comparability
(and reproducibility) oflevicescan bea signficant issue Further understanding was
established on thelectrodeSAMs. At the interface between PFBT and DN the promoted

molecular packing and enhanced transp@$ showro createmajorcontributionto the
11
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performance improvemeniVeinfer thatpreparingSAMs thatfurther optimizethe molecular
arrangemendf DNTT mayeventually lead t®C devicesvhoseperformance approachdsat
of the TC counterparts.

4. Experimental Section

Device FabricationThe OFEE were fabricated according to the structures in Figure 1a.
Heavily doped-type Si wafes with 100-nm thickhermally grownSiO, wereused as gate
substratesThey werecleaned with acetone, isopropanol, and dried with nitrogen #A&er.
brief oxygen plasma treatmeatPMMA solution M.W. = 120,000, 40 mg/mL in toluepe
was spincoatedat 2000 rpm for 45 s, arahnealed at 12C for 30 min film thickness:200
nm). For the BC and BGAMSs devices, &-nm Cr adhesion layer and 35-nm Au source/drain
electrodes were thermally evaporat€de SAMs were anchoretly immerson into a 10 mM
PFBT solution (in isopropanol) for 10 min, followed by rinsing with pure isopropanol and
drying with nitrogenThe aganic channelvasdeposited simultaneoudlyr all deviceshy
thermal evaporation @NTT at0.2 A/swith thefinal nominal thickness of 40 nm. For the
TC OFETs,30-nmAu source/drain electrodes were vacudepositecbn the semiconductor.
For each evaporation stegpdedicated shadow masksusedto makepatternsThe channel
haveW = 500um andL = 50 um. All chemicals were used aeceivedirom SigmaAldrich.
Electrical CharacterizationThe arrentvoltage characteristics of the OFETs were recorded
using a Keithley 4200 Semiconductor Characterization Systenmé&hasurements were
carried outn the dark and under ambient atmosphere.

AFM MeasuremeniThe surface morphology of theNTT films was investigated bgpping-
modeAFM (XE-100, Park Systems)heimage analysisvasperformed usinghe Gwyddion
software

SKPM Measurementopographic and surfagotential measurements were performed in a
2-step sca mode (Bruker Nanoscope lIElectrode potentials were switched off for

topography scans and applied for the interlaced lift mode scan, in which the iggdssa
12
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that van der Waals interactiongtivthe surface are negligiblBotential profiles shown in
Figure 3are thebackgrounereferencedlataobtained bysubtracting the profiles withip = 0

V from the profileswith each noreeroVp. Due to the higlsurfaceroughness (Figure 2 a and
b), measuregrofiles were smoothed for the BC and B8Ms devicego clarify the overall

curve shapes

Supporting Infor mation
Supporting Information is available from the Wiley Online Library or fromathinor.
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Figure 1. (a) Structural illustration ofthe three OFET geometriemployed in tis study.(b)
Chemical structure of DNT, PMMA, and PFBT(c) Saturatiorregime duakweep transfer
characteristicef OFETSs. Insetmicroscopemage of the source (S) and drain (D) electrodes
in the channel are@cale bar: 150m). (d) Normalized output curvagvealing the ideality of
eachtransistor group. Inset: Normalized differential output conductance.
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Figure 2. AFM topographyof the DNTT film in(a) BC, (b) BGSAMs, and (c) TC OFETSs.

For the BC and BGGAM samplesimages were separately taken on the channel and the
electrode region(d) and (exorrespond to the height histograms analyzed in zone A and B in
(c). The arrows indicate the pesikatevidenceexistence of moleculderracesand layered
structure Inset of(d): molecular packing motif dDNTT crystals.
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Figure 3. (a) Potent profiles measured tme TCOFETwith an intermediat®p and varying
Ve. D and S show the position of the drain and the source electrode, respedijvebtential
profilesmeasured othe BC(left) and BGSAMSs (right) devicesvith asmallVp (linear
regime)and varyingVe. Vertical dataoffsets were introduced ®arify the shapef each
graph (c) Ve-dependenR:-W(main panel) angcn (inset)of representative BC and BEAM
devices (d) Comparison othargecarriermobility calculatedoy different methods.
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Figure4. (a) Log-log R: versus ach(Ve-Vr) plotfor five BC OFETs Theresultsfrom a
selected device (FE3) are highlightedavith filled symbolsand the correspondings values
aregiven forthis device(b) Linearplot for five BC (red)and five BGSAMs (blue)devices
(different FETs have different symbol3he experimental data acempared t@n inverse
proportional function.
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Contact properly: DNTT is anoutstanding organic hole-transpartut its lowlying
HOMO makes the material prone tpoorinjection Thisresearctshows that stronmterplay
between these two factorings substantialevicenon4idealities, and entails difficulties in
performance evaluatiodhn SKPM-based analysislarifies materialorigins, parametric
interplays andconceptuamodelsfor contacts in DNT ransistors
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Figure S2. Saturatiorregime transfer characteristics of the pentadmsed OFETs with the
BC, BGSAMs, and TC configuration.
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Figure S3. (a) Topography and (b) surface potential image of a BC OFET measured by
SKPM. These images were takan/p =-2 V andVg =-25 V.
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