Trade Science Inc.

ISSN : 0974 - 7494 Volume 6 | ssue 2

Nano Science and Nano Technology

A Tndéian Journal

—= U] Peper

NSNTAIJ, 6(2), 2012 [43-49]

Electrical evaluation of scaled organic thin-film transistorswith
submicron-gap electrodesfabricated by focused ion beam sputtering

Yoshihiro Tada, Katsuhiro Uesugi, Hisashi Fukuda*
Division of Engineeringfor Composite Functions, M uror an I ngtitute of Technology,
27-1Mizumoto, M uroran, Hokkaido 050-8585, (JAPAN)

E-mail : fukuda@mmm.muroran-it.ac.jp

Received: 15" January, 2012 ; Accepted: 7" February, 2012

ABSTRACT

Submicron-gap electrodes were fabricated using focused ion beam (FIB)
sputtering and applied as source/drain to scaled organic thin-film transis-
tors (OTFTs). Fully focused Gaionsemitted fromliquidion sourceinaFIB
system were irradiated onto a target metal surface for the etching of a
defined area. A comparison of long-channel OTFTs indicates that with
decreasing channel length toward submicron region, marked reduction of
mobility and a threshold voltage shift were observed in submicron-chan-
nel OTFTs. A 0.25 um-channel OTFTsfabricated by the FIB process showed
athreshold voltage of -0.5V and a carrier mobility three orders of magni-
tude smaller than that of the 5-um-channel conventional OTFT. The 0.25
pm-channel OTFTsexhibit also anonsaturating drain current in the output
characteristics owing to short-channel effect. It was concluded that large
contact resistance at the metal/organic interface provides the degradation
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of mobility of scaled OTFTs.

INTRODUCTION

The scaling down of metal -oxide-semi conductor
field-effect transistors (MOSFETS) isof great impor-
tanceinredizing next-generation ultralarge-scaeinte-
grated circuit (ULSI) systems. A goal of these devices
are expected to realize anano-dimensional quantum
deviced® 2, Recently, varioustechnol ogiesfor fabricat-
ing scaled-channel devices have been reported, with
particular focuson theformation of nanogap el ectrodes.
Theédectrodeswill providean application such asfu-
ture molecular transistors and/or single dot
nanomemoriesin the computer system. Several pro-
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cesses have been reported using mechanicd break junc-
tiong¥, electromigration*°, anisotropic chemical etch-
ing®, and soforth. In addition, theanalysisof carrier
transport phenomenaviananosi ze quantum dots and/
or molecular cha ns between nanogap dectrodesisnow
in progressin thefield of molecular eectronics™. An-
other recently proposed application of small-gap elec-
trodesisin next-generation display devices. Further-
more, thedevelopment of flexibleflat-pand displaysis
expected to attemptsto reduce the dimensions of or-
ganicthin-filmtransstors (OTFTs) to assmall aspos-
sible®9, Althoughthebehavior of scded OTFTsisquite
important to operatethelarge matrix display, system-
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aticd sudiesonthedectricd propertiesof sced OTFT
have been reported quitefew.

For theabove purposes, aprecisefabricationtech-
nology to obtain thethree-dimensiond finestructureis
proposed inthisstudy. Up to now, several important
processes have been reported that usefocused Gaions
emitted fromion sourcein afocusedion beam (FIB)
system operating at ahigh voltage® . In particular,
materia deposition and etching processesusingan FIB
may enablethe preci sefabrication of three-dimensiona
finestructures*> 3, In addition, it isapossible method
of performingin Stu observation through monitoring of
secondary electrons, i.e., using scanning ion micros-
copy (SIM) system connected with an FIB apparatus.
Of course, the patterning profile should beandyzedin
nanometer order by methods based on scanning probe
micrascopy (SPM) including scanning tunnding micros-
copy (STM) and atomic force microscopy (AFM).

Inthisstudy, wewill demonstratetheuseof an FIB
processfor thefabrication of submicron-gap eectrodes,
whichwill begppliedtofully scaled OTFTswithasub-
micron-length channd . We consider that thegod to use
the FIB processis nanogap electrode fabrication for
molecular devicesand singledot nanomemoriesinfu-
ture quantum computer system. In OTFTSs, severd or-
ganic materialshavebeeninvestigated. In particular,
pentacenethinfilmisthe most promising organic mate-
rial for scaled OTFTs, because of itshigh carrier mo-
bility and long-term stability under atmospheric condi-
tions, and itsuseis expected to make organic devices
competitivewith those based on standard amorphous
sliconthin-filmtrans stors. Therefore, wearefocusing
ontheelectrical propertiesof scaled OTFTsover wide
range of channel lengths.

EXPERIMENTAL

The starting material sused in thisstudy were Sb-
doped, n*-type (< 0.1 Q-cm), Czochra ski (CZ)-grown
Si(100) wafers, whichwerecutinto 1.5cmx 1.5¢cm
chipsasshownin Figure 1(a). Thesechipswererinsed
in deionized water, ethyl alcohol, acetone, and then
methyl acohol, and werefinally processed by astan-
dard RCA method. After cleaning, the chips were
treated in dry oxygen ambient at 1100 °Cfor 20minto
form a200-nm-thick SIO, film (Figure 1(b)). Then,
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triple-layered metal (Cr/Au/Cr) filmswere deposited
onthe SIO, film by vacuum deposition (Figure 1(c)).
Thethicknesses of thetop Cr /Au/ bottom Cr layered
filmwere 10, 40, and 5 nm, respectively. Themiddle
Aufilmwasused asan electrode. The bottom Cr film
was necessary to maintain the adhesion of the metal
filmtothesurfaceof thegate SO, film. Thetop Cr film
was prepared to prevent direct etching of themiddle
Aufilmby FIB tailsinthefollowing etching step. The
filmswerethen patterned to define 20-um-widestrips
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Figurel: Sepsin thefabrication process of the electrode
pattern. n*-Si substrate (a), Formation of SO, on the sub-
srate(b), deposition of triple-layered metal (Cr/Au/Cr) films
ontheSO, film(c), and patter ning of filmsby photolithogr a-

phy (d).
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Figure2: An examplefor finepattern fabrication of starting
electrodepatternwith width of 5 umand length of 2pumusing
FIB sputter etching. (a), patter ning of metal filmwith width of
50 nm and length of 100 nm (b), and wir e cutoff by singleline
scan (C).
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Figure3: Schematic drawing of FI B sputter etching.
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by conventional photolithography (Figure 1(d)). An
exampleof thesubmicron-gap € ectrodeformation pro-
cess, which involved three steps, isshownin Figure 2.
Inthefirst step, astarting electrodewith awidth of 5
pmand alength of 2 umisprepared by photolithogra-
phy (Figure 2(a)). In the second step, Ga" ionswere
irradiated to form fine pattern with awidth of 50 nm
and alength of 100 nm at the center of metal e ectrode
(Figure2(b)). Inthefinal step, asmall gap wasformed
inthepatterned wireby asingleline scan of focused Ga
ions(Figure2(c)).

Figure 3 showsaschematic drawing of FIB sputter
etching process, inwhich secondary el ectronsemitted
from thematerial surface owingto Gaionirradiation
were detected by an SIM in a FIB system
(SM12050M U, Sl Ltd). The surface morphology of
the electrode after fabrication was imaged by AFM
apparatus SPA300, Sl Ltd., usinganonconductivetip
innoncontact mode. X-ray diffraction (XRD) spectrom-
eter (RIGAKU Ltd.) wasused to anaysisthe mol ecu-
lar structure of the pentacenefilms. In thisstudy, a50-
nm-thick pentacenelayer was evaporated directly onto
thetop of the electrodes by vacuum evaporation at a
condition of deposition rate of 4 A/s under a pressure
of 2.0x 10°Torr at 300K. Thedlectrica characteris-
ticsof the OTFTswere measured using acomputer-
controlled automatic eectrical analyzer system (Mea-
sureJigLtd, M1-494).

RESULTSAND DISCUSSION

Direct observation of the small-gap el ectrodes be-
forethe deposition of apentacenefilmwasperformed
by SIM method, where an obtainedimageisshownin
Fgure4(a). Thedectrodeswere successfully fabricated
by atwo-step process. First, apatterned bridge of width
of 20 um wasfabricated by optical lithography, then
the center of awirewasetched using the FIB to awidth
of 2 um. Finaly, the center of the el ectrode was cutoff
tothedesired length. Using the FIB process, achannel
length of aslow as 250 nmisfabricated.

Figure4(b) showsabird’s-eye-view AFM image
of the cutoff electrode pattern. The channel width and
lengthwere2 umand 0.25 um, respectively. Thedepth
around the center position was about 100 nm deter-
mined by aline profile obtained by AFM image scan-
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Figure4: S M imageof thedectrodepatter n after cutoff (a) and
bir d’s-eye-view of thenanogap dectrodeobtained by AFM (b).
ning. After a pair of electrodes was fabricated,
pentacene film was deposited in the activeregion to
cover thesurrounding areausing ametal mask. XRD
methodsareextremely powerful in determiningthede-
greeof crysdlinity, averagedomain szeandfilmorien-
tation. An in-plane X ray diffraction data of the
pentacenefilmsdepositedontothe SO, layer areshown
inFigure5(a). The (001) diffraction peak located at
20=5.7° corresponding to theinterplanar pacing of 14.8
A. The peaks of (002) and (003) are also found in the
XRD spectra Pentacenefilmshavehigh crystdlineor-
dering and crystal rods (c-axis) arewell arranged al-
most normal to the surface. A schematic drawingis
showninFigure5 (b), inwhich 50-nm-thick pentacene
arranged inthe “thin-film” phase. Then, the electrical
propertiesof the OTFTs have been measured for the
deviceswithvariouschanne length.
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Figure5: Dependenceof the X-ray diffraction spectraonthe
growth ratefor the pentacenethin films(a) and schematic
drawing of the crystal arrangement of the pentacenethin
films(b).

Figure 6 showstypica output and transconductance
characteristicsof an OTFT withachannd length L of 5
um and channel width Wof 20 um. Thisdevicewas
fabricated by photolithography without FIB process.
Ascan beseenin Figure 6(a), the output characteris-
ticsindicatelong-channel-typeoperationin which the
drain current and the holeinjection occursat anegative
gatebias|  saturatesat ahigh drainvoltageV, opera-
tion. Thecarrier mohility i inthesaturationregionis

cd culated using the equation®.
W
l ds 2L p‘extc (Vg _Vth)z (1)

Where v, isthegatevoltageand C, isthe capaci-
tance per unit areaof thegateinsulator (=3.4x108F
cnv). V, isthethreshold voltage and isdefined asthe
voltageat whichthelinear fit of | >V, interceptsthe
gatevoltageaxis. Usingeq.(1), thecal culated mobility
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Figure6:1 -V, characteristics(a) and transconductance
characteristics (b) of a pentacene OTFT with L=5 um and
W=20 um.

was 0.46 cm?/Vs. V, isas-7.0V for operationinan
enhanced mode. Thel /I . ratio was obtained to be
about 158 from the transconductance characteristics
asshownin Figure 6(b).

Figure 7 showsthe output and threshold voltage
characteristicsfor an OTFT with channel length de-
creased to 0.75 um. Thecarrier mobility and V, were
1.16x10° cm?/Vsand -3.0V, respectively. Thel /I
ratio increased to 1.8x10%owing to the lower drain
current around V,=0. Theresult indicatesthe degra-
dation of mobility and V, at lower voltageswith de-
creasing channd length.

Figure 8 showsthe output and threshold voltage
characteristicsfor afully scaled OTFT decreasing a
channdl lengthto 0.25 um. Theresultsindicatethat the
carrier mobility and V,, were 2.48x10* cm?/Vsand -
0.5V, respectively. Thel /I . ratio was 1.0x10°. In
the output characteristics, agradual increaseindrain
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Figure7:1 -V characteristics(a) and transconductance
characteristics(b) of apentacene OTFT with L=0.75umand
W=20 pum.

current at alower drain voltageand nonsaturation at a
higher voltagewere observed. For theMOSFETS, itis
known that with decreasing channel length, the short-
channdl effect isenhanced™. Asaresult, thedevices
exhibit adegradation of mobility. However, acarrier
mobility three orders of magnitude smadller than that of
the5-um-channel OTFT could not beexplained only
by short-channel effect. In fact, submicron-channel
MOSFETSs indicated only one order of magnitude
smaller mobility ascompared to long-channel devices.
Inan OTFT, thetotd deviceresstanceR, . isgiven
byt
RrOT = Rchannel + Roontact’ (2)
WhereR_  isthechannel resistanceand, R,
isthe contact resistance at the organic/meta interface.
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Figure8:1 -V, characteristics(a) and transconductance
characterigtics(b) of apentacene OTFT with L=0.25 umand
W=2.0 um.

With decreasingchannel length, R, isnearlytoaero,
thus,R . becomeslarger relativetoR . For ex-
ample, theratio of contact res stanceto total resistance
isabout 50% in themicron-scale OTFTs. In contrast,
whenthe channel lengthisreduced to 0.5 um, theratio
of contact res stancetototal res tancebecomesnearly
100%. Ineq.(2), putting R, . approximately equal to
R e FOr 20.25 pm channel givesacontact resistance
R, of about 6.6x10°Qcm, whereR " isdefinedasR_,_,
(©)xW(cm). Thetotd resistanceR . (=R, ,,,.) iSesti-
mated fromthelinear region of theoutput characteris-
ticsof the OTFT at gatevoltage Vg:O V asshownin
Figure8(a). Thevaueof R isnearly thesameasthose
of previously reported bottom-contact-type pentacene
OTFTS. It is concluded that high R and then the
degradation of mobility u_ areattributed to various
scattering agentsinthevicinity of theinsulator interface,
namely, charged centers, surface phonons, and surface
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roughness*™. A conventional meansof describing be-
havior istointroducethe mobility degradation factor 6,
whichinitsamplest formulationleadstoamobility given
byl

- uint
Hex = [ +9(V g_Vth) (3)
0=2R h,C, (4)

Assuming here that the intrinsic mobility .  of
pentaceneisabout 0.1 cm?/Vs, then 6 iscaculated to
be 180, and i, is2.8x10* cm?/Vsaccordingto eq.(3),
whichisconsistent with the experimentally obtained
vaue. Tomaintainamobility of 0.1 cm?/Vsevenfor the
0.25-um-channel device, R must be suppressed to 10°
Qcmor below.

InFigure8(a), nonlinear build-up characteristicsis
observed. Theconduction below V=10V isindeed
not simplechargetransport acrossameta/organicin-
terface, inwhich carriersmust surmount thefull poten-
tial barrier. Pentaceneisawidely used p-channel or-
ganic semiconductor and Auisused toform an ohmic
contact in pentacene OTFTSY. However, thisis be-
causethe potential barrier at the pentacene/Au elec-
trodeinterface modifiesthe carrier concentration, which
isdirectly related tothevalue of R . Another possible
injection mechanisminvol ves defect-ass sted transport,
inwhich carriersbypassthe barrier by hopping through
midgap states between the LUMO (lowest unoccupied
molecular orbital) and HOM O (highest occupied mo-
lecular orbitd) levels. Detail sof theenergy band scheme
must beinvestigated to obtain scaled OTFTswith high
performance.

Inconclusion, aprocess ng method for thefabrica-
tion of submicron-gate el ectrodesfor application to
scded organicthinfilmtrandstors (OTFTs) thatinvolved
focused ion beam (FIB) sputter etching was proposed.
First, thedectrica characteristicsof OTFTswith chan-
nel length of 5 um were examined, for which weob-
tained acarrier mobility of 0.46 cm?V sand athresh-
oldvoltageof -7.0 V. Thevauesindicatethat OTFTs
withamicron-order channd exhibit normal long-chan-
nel behavior. In contrast, it was confirmed that submi-
cron-channel OTFTsexhibited anon saturating drain
current and athreshold voltage shift. In addition, the
output characteristicsindicated both anomalous cur-
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rent build-up behavior not dueto smplecarrier trans-
port inthedrain current aswell asthe degradation of
effective carrier mobility. In conclusion, by FIB pro-
cessing, submicron-channg OTFTsweresuccessfully
fabricated, which reveaed their unique characteristics
of themohility and threshold voltage being strongly af -
fected by anincreaseinthe channel electricfield and
enhanced contact resistance at the el ectrode/organic
filminterface.
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