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Abstract

Multiple top-contact OTFTs with various channel lengthg (vere successfully scaled-down to theof 1.8 um by using the membrane shadow
mask and the interface between the evaporated Au and pentacene was analyzed based on the channel resistance method. For large grain pente
(S-80) deposited at 8, the parasitic resistanc®y) at Veos=—20V has 1.8t 0.2k cm, whereas for small grain pentacene (S-20) deposited
at 20°C has 4.2+ 0.2k cm, which means thak, depends on the grain size of pentacene. The grain size and grain boundary trap density for
pentacene can be possibly origins to deterniievhich is critically correlated with bulk transport in pentacene. The grain boundary trap density
(V) for S-80 and S-20 was extracted as (£.6.5) x 10t and (1.2 0.3) x 102 cm~2 from the Levinson plots, respectively. In addition, activation
energy ofR, for S-80 is in the range from 42 to 48 meV, whereas for S-20 is from 72 to 108 meV.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction conditions is therefore clearly important from this engineering
perspective.

Recent progress in organic thin film transistors (OTFT) tech- Among two configuration (i.e., bottom- or top-contact) of
nology has led to charge carrier mobility comparable to amorOTFTs, top-contact devices that use metal electrodes evaporated
phous silicon[1,2]. Among various organic semiconductors, on top of a semiconductor film are one of the most commonly
pentacene has shown the highest OTFT mobility (>3/sf8) used designs, but the standard patterning technique (i.e., shadow
to date, and has nearly reached the intrinsic transport limit ofnasking) is hardly capable of high resolutif®]. Thus, the
organic single crystal8,4]. Despite this considerable progress, contact resistance calculation based on the empirical model
few efforts[5—8] have been made to investigate contact effectdy Luan and NeudecklO] and Kanicki et al[11] are rarely
in organic transistors, compared with scientific trials directedused to investigate the interface between the evaporated metal
towards larger field effect mobilities. and the semiconductor in the top contact devices, even though

Consequently, the charge injection/extraction process at thiheir contact resistances are critically important and presumably
source/drain electrodes is still relatively poorly understood. Thisnfluenced by the morphology of organic semiconductor and the
is somewhat surprising since contact resistances in organic tradegree of metal penetration into the semicondufdtdrl 3]
sistors are typically in the range from 1Qlcm to 10 M2 cm In this study, scaling-down of top-contact pentacene TFTs
compared to their inorganic counterparts. That is due to th&vas accomplished up to 1:8n by using Si nitride membrane
fact that the source and drain contacts in organic TFTs arshadow masK14] in order to apply the empirical model to
not easily optimized by conventional processes such as selemp-contact OTFTs. For OTFTs with different pentacene grain
tively semiconductor dopinf¥]. Therefore, understanding the size, comparative analysis for the parasitic resista®g i6
electrical properties of the contacts and their dependence grerformed based on the empirical model to elucidate the grain
electrode materials, organic semiconductors, and processirsize effects on contact resistance. In addition, variable tem-

perature measuremen®], which provide information about
trap states and their distributions in the semiconductor were
* Corresponding author. Tel.: +82 2 880 7282; fax: +82 2 882 4658. executed in order to get insight into the origins to determine
E-mail address: harin74@dreamwiz.com (S.H. Jin). Rp-
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2. Experiments etched by dilute HF solution for a contact of gate electrode.
After surface modification by dilute PMMA solutigi5], the

Fig. 1(a) shows a schemaitic illustration for the fabrication ofas-received pentacene (Sigma—Aldrich) with only 97% purity
top-contact pentacene TFTs (OTFTs). OTFTs were fabricatedias sublimated several times from a resistively heated quartz
on a p-type wafer with the resistivity of X¥5cm. Thirty-five-  crucible and then deposited on the main samples withthe PMMA
nanometre thick oxide was thermally grown on a p-type wafertreated oxide under the vacuum level of #Torr.
The thermal oxide was patterned by photolithography, and then In order to investigate into the grain size effects on the con-
tact resistance for OTFTs, deposition condition of pentacene
was split into two. One for sample-20 (S-20) is substrate tem-
perature Ts) of 20°C, pentacene thicknesg) of 50 nm, and
deposition rate of 0.3/s. The other for sample-80 (S-80) was
thermally deposited at the same conditions of S-20 exZept
of 80°C. Through the Si nitride membrane shadow msK,
50 nm-thick-gold was e-gun evaporated on the pentacene layer
to define S/D electrodes of OTFTs with the channel widti)(
of 150pm and theL. ranging from 20 to 1.8.m. As shown

o re e biare in Fig. (b and c), the surface morphology of pentacene and

T=600 nm shadow mask physical dimension for the fabricated OTFTs were studied with

I / atomic force microscopy (AFM). The AFM images indicate that
: 5 = ! for the fabricated OTFTSs, the representative channel with 10 and
| 1.8pm was clearly defined on the pentacene layer among vari-

ous channel lengths ranging from 20 to jL18 despite the usage
pentacene (50 nm) of shadow mask.

= ihe"ﬁ;f'gzi‘&:"gg 0 For the fabricated OTFTs, all electrical measurements for

l P-type Si substrate OTFTs without passivation were performed in air by using Agi-
(@) lent 4156B electrical parameter analyzer. In addition, transfer

characteristics for two samples in the linear regime were mea-
sured at various temperatures from 293 to 323 K with the step of
10K to investigate into the activation energy for contact resis-
tance.

3. Results and discussion

In the linear regime ofVps=-3V, the transfer charac-
teristics for an S-20 and an S-80 were shownFig. 2
As shown inFig. 2a and b), the current level was sig-
nificantly increased a%. was reduced from 10 to 18m.
From the transfer characteristics in the linear regime, the
extracted electrical parameters for OTFTs with=10pm
and Lc=1.8um were summarized ifmable 1 For OTFTs
with Lc=10um, the effective mobility &in), threshold volt-
age (), current on-off {on/lof) ratio and subthreshold slope
(SS) for S-80 were 0.3520.002cn?/V's, —7.849+0.173V,
(4.541.7)x 1P, and 2.25+ 0.17 V/dec, whereas for S-20 were
0.138+0.002cnf/Vs, —8.528+0.029V, (3.4£0.2)x 10°,
and 2.3A40.15 V/dec, respectively. The result denotes that the
mobility for S-20 is approximately 3 times larger than that of
S-20, which is likely due to the grain size effefi$)].

For the scaled-down OTFTs with:=1.8um, electrical
parameters for S-80 were extracted as 012001 cn?/V s,
—7.421+£0.239V, (2.9-1.4)x 10%, and 2.63 +0.18 V/dec
and for S-20 as 0.0520.001cn?/Vs, —8.1524+0.054V,

. - i _ @.O:t 0.5)x 10°, and 2.63+ 0.17 V/dec. As the channel length
Fig. 1. (a) Schematic illustration of process steps for pentacene TFTs fabricate

using a silicon nitride membrane shadow mask. AFM images for channel arewaS reduced from 10 to 1}’8_11’ the deterlprated mOb”Ity is due .
Pentacene was deposited at substrate temperau)ref 80°C. resistancg6]. In addition, compared with S-20, the reduced
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Fig. 2. (a) Transfer characteristics for pentacene TFTs with deposition condition 8E<&80°C; and (b)7s=20°C in the linear regimeW =150p.m, L. =10,
3, and 1.§um, Vps=—3V). The inset in (a) and in (b) shows the AFM image of pentacene deposited at 80 &#8dA®M images indicate that the grain size of
pentacene deposited at 80 and’@0s in the range from 2 to gm and from 0.2 to 0.3m, respectively.

Ion/Ios ratio for S-80 device can be ascribed to various reasonteristics and plotting the width-normalizétd,-W as a function
[17] such as pentacene conductivity, interdiffusion of gold, par-of L for different gate voltages.
asitic resistance, and locally ill-defined S/D edge as the channel In addition, the inset iffrig. 3(a) shows thak, can be equiva-
length decreases. lently expressed as the sum of four components sugR; a3y,
As shown in the inset oFig. 2@ and b), the AFM images %Ry, and®Re, whereSr; and¥R. originate from the charge car-
for pentacene grain size confirm the result of field effect mobil+ier injection/extraction process in the S/D electrodes 4hd
ity. On the other hand, the increase of anomalous off-current iand9Ry, are due to the bulk transport in the pentacene before
the depletion regime was reproducibly observed for the largéhe injected charge carriers from S/D electrodes reach the accu-
grain OTFTs as the channel length decreases to the size of pemulation layer at the insulator/pentacene interf@geFrom the
tacene grain, whereas the similar behavior of off-current wagmpirical model developed by Luan and Neudfgdq and Kan-
not observed for small grain OTFTs even with=1.8um. icki et al. [11], the Ry,-W can be equivalently to the minimum
Among various reasons, the contact resistance for OTFTs caffective contact resistanc®d.W)g in series with an accumu-
be one of main candidates to govern the off-current in the depldation channel of lengtlip under the source/drain electrodes.
tion regime. Therefore, it is meaningful to investigate into theAmong the previously mentioned four components, the sum of
pentacene grain size dependency on the contact resistance®sf and®R. can be linked to the value ORf-W)o, which is the
OTFTs. minimum effective contact resistance with the characteristics
The dependence of the current/voltage characteristics oof independence on gate voltage. The linkaBg W)o to the
channel length can be used to extract parasitic resistances thafection/extraction term otR; and“R. is thought to be reason-
include various components related to the contacts. In the lineaible due to the fact that thermionic emission of carriers over the
regime, the overall device resistand&) can be expressed as injection barrier does not explicitly depend on applied voltage,
the sum of the intrinsic channel resistanggnj and a parasitic  even if there can be second-order field-induced barrier lowering

resistanceKp) according to effects[18].
Vos|"e I3 Fig. 3 shows that Ry-W)o for S-80 and S-20 was extracted
on = =Rh+Rp=———77"7—— +Rp, as 0.2 and 1.2® cm, respectively. The result foR§-W)g may
9Ips |yps—0 WuiCi(Ve — Vi) be attributed to the difference in the effective channel width

(Weft). The surface roughness for S-20 is larger than that of
whereu; andVr; are the intrinsic mobility and threshold voltage, S-80 due to the nanoscopic morphology difference between S-
respectively[6]. The parasitic resistanc®y) can be extracted 20 and S-80. The rougher surface with smaller grains leads to
by determining?on from the linear regime of the transfer charac- an enlarged contact area between gold and the pentacene layer,

Table 1

Electrical parameters for OTFTs deposited at substrate temperafyye$ 20 and 80C

Ts (°C) Lc (wm) Vin (V) win (CMB/V's) Ton/Ioff ratio Subthreshold slope (V/dec)
20 10 —8.528+ 0.029 0.138+ 0.002 (3.4+ 0.2)x 10° 237+ 0.15

80 10 —7.849+ 0.173 0.359+ 0.002 4.5+ 1.7)x 10° 2.25+ 0.17

20 1.8 —8.152+ 0.054 0.052+ 0.001 (8.0& 0.5)x 10° 2.63+ 0.17

80 1.8 —7.421+ 0.239 0.112+ 0.001 (2.9+ 1.4)x 10* 2.63+ 0.18

L; and Ts indicate channel length and substrate temperature, respectively.
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Fig. 3. Width normalized device resistanég{-W) as a function of channel lengtii{) at Vps=—3V andVgs from —10V to —20 V. Ron- W was extracted from
OTFTs deposited at: (a) 8C; and (b) 20C with channel lengths between 1.8 andu20 and W, of 150um. They-intercepts of the fitted dash lines give the
parasitic resistances at the various gate voltages. All fitted lines meet at a single point, which defines a characteristic normalizedRgsig)an@®.4- W)o has
0.2k cm atlp=12.2umin (a); and 1.2 R cm atlp=4.2pm in (b). The inset in (a) indicates a simplified low-frequency equivalent pentacene TFT circuit where
the conducting path between source and drain is divided into a series of five resistive eleri@nfRef Rch, dRp, and9Re.

which means that th#@e for S-20 is naturally longer than that large pentacene grain on SiQ@ate insulator, th&, at highVgs
of S-80. Therefore, the larglq for S-20 can resultin the larger by using four probe measurements is estimated as 2225k
(Rp-W)o than that of S-80. in the literature, which is a similar value of 180.2 k&2 cm for

Fig. 3shows that the parasitic resistance corresponds to th®8-80 in this study. The results hint that the magnitude of the
y-axis intercept of the extrapolated linear fitRyy- W versusL. extractedRp and the observed grain size dependencyrgin
This resistance depends on the gate voltage as shdvigrid(a).  this study might be reasonable.
The same gate voltage dependency on parasitic resistance isThus, it is meaningful to investigate into the origins of the
also reported in recent publicatigh9]. Fig. 4(a) shows that grain size effects on th®, of pentacene TFTs. In order to eluci-
the parasitic resistance of S-80 is about 3 times larger than thdate the above mentioned origins, it is highly required to analyze
of S-20. For the device of S-80, a width-normalized contacthe relationship between four componentskgfand grain size
resistance is 1.& 0.2 k2 cm at the gate voltage 620V and  of pentacene.
10.0+0.5k2cm at—10V. For the device of S-20, a width- Among four components dtp, R is mainly caused byRp
normalized contact resistance is 4£P.2kcm at the gate and9R, becausér; and’R. are much smaller thaRy, In addi-
voltage of—20V and 26+ 0.7 k2 cm at—10 V. The resultindi-  tion, the dependency af, on Vgs is mainly originated from
cates that the parasitic resistance is closely related with graigomponents such &gy, and“Ry,, which is substantiated by the
size of pentacene though Au deposition for two samples wagact that thermionic emission, which is dominant process for
performed in the same batch. In a sense, there is a recent repgifection of charge carriers in OTFTs, does not explicitly depend
for the grain size dependency &g studied by Pesavento et al. on field as mentioned previously8].
[20], utilizing gated four-probe measurements, which are known - Opviously, sincep, is mainly caused by the components, i.e.,
to have a similar resul8] compared with the parasitic resistance s, anddg,,, related with the bulk transport in the pentacekye,
determined fronk versusL. plots. For the reported OTFTs with s critically determined by the bulk mobiliff], which is closely

30 T T T T T 106 T T
1 107 1
.
L B
1 = T
8 100} Aa A
2 A,
| 7] A.‘
- A
% 10} Ty 4
{ 2 A
100 | m  Tg=80°C (N=5.6x 10" em?) ]
A T=20°C (N=1.2 x 10'2cm?)
obLs R ) . " 1011 : . .
-20 -18 -16 -14 -12 0.10 0.15 0.20 0.25

(a)

Gate Source Voltage (V)

(b)

Fig. 4. (a) Width normalized parasitic resistan&g-{¥) as a function of gate voltage for OTFTs with pentacene deposited at 80 i@l Z@e values ok, -W
were extracted from analysis of devices with channel lengths between 1.8 qmd 20d a fixed channel width of 1%0n. (b) Levinson plot [In{ps/Vss) Vs.
1/Vss] for OTFTs with pentacene deposited at 80 and@0For two samples, the trap density at the grain boundary can be estimated to-h® &).& 10! and
(1.240.3) x 102 from the slopes, respectively.
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related with the grain size and the trap states localized mainly at 150 r T T T T
grain boundaries. In order to examine the relation betwggen ——T=20°C
and grain boundary trap densiti], N is extracted by using < 120 | - T=80°C ]
the Levinson techniquRl1]. From the approximated the drain g
current/ps equation, =
g’ 90 P -
=
Ips WueeoVoCi eNEt 1 =z
In{— ] =1In - — ., @ S sk !
Ves L 8ereokTCi \ Vs = [
£ = s s » =
= [
whereW, L, andt are the channel width, length, and the thick- < 30f i
ness of polycrystalline film, respectively. From the slopes in
Fig. 4(b), N; for the devices of S-80 and S-20 was estimated to 5 Ex . , \ . .
be (5.6 0.5) x 10 and (1.2+ 0.3) x 102 cm~2, respectively. 40 -12 -4 -16  -18 20

The grain boundary trap density for S-20 is about two times

Gate Voltage (V)

as Iarge as that of S-80. As shown in the InSefFn. 2(a and Fig. 6. Activation energy for width normalized parasitic resistance as a function

b), the pentacene grain ?ize for S-80 is in the range from 2 8¢ gate voltage. The solid triangles and squares correspond to the cases of OTFTs
4m, whereas for S-20 in the range from 0.2 to @B. The  with pentacene deposited at 80 and’20
result clearly substantiates the fact that the grain boundary trap

density (V) decreases as the grain size of pentacene increasgssiween an electrical proper;, its activation prefactor(o)

Therefore, the parasitic resistanceRpfdecreases as the grain 5.4 the activation energy, whet, is the width of the trap dis-

size increase. The results indicate that the Qiﬁerepdépdbr tribution and is often called the Meyer-Neldel enegiy) [8].

S-80 and S-20 can be caused by the possible origins such as iy 5 shows that the width normalized parasitic resistance

grain size and grain boundary trap density. versus inverse of temperature was plotted based on the extracted
On the other handrig. 4(@) shows thakp-W has the depen- Rp from Ron- W versus channel length plots measured at the tem-

dency of gate-source voltage. The result needs to be investiaratyre ranging from 293 to 323 K. The result indicatesRgat

gated_|_n ordgr to get insight into the grain size _effects on theyag thermally activated behavior, which means atepends

parasitic resistance of OTFTSs. In the linear regime of OTFTgyp, the temperature as well as on gate-source voltage. Arrhenius

(Vbs=—3V), variable temperature TFT measurements rangy|ots indicate that the slope Fig. 5b) is steeper than that of
ing from 293 to 323K were executed to obtain an ArrhemusFig_ 5a) at the same gate-source voltage.

plot of parasitic resistance of OTFTs with different grain size. Fig. 6 shows that activation energy of OTFTs for S-80 and
The investigation of activation energy f@ is based on the  g.50 at each gate-source voltage was obtained from the slopes
assumption, which means that a consequence of assuming Mk the Arrhenius plots ifFig. 5. From least-square fitted lines in
tiple trapping and release (MTR) model with an exponentialgig 5 the activation energy for S-80 is in the range from 42 to
distribution of trap states is that the Meyer-Neldel Rule (MNR) 48 meVv whereas S-20 has the range from 72 to 108 meV. The
should hold. The MNR relates result indicates that the activation energy Ry has the char-

) acteristics of grain size dependency. The grain size dependency

En

G =Gy exp<_ (3) on activation energy aRj is also reported in the recent litera-

kT ture[20]. Even though different gate insulators are used for the

reported OTFTs in the literatufg0], the maximum pentacene

Go = Gopexp ( E > (4) grain sizes observe_d on Si@Gnd A_I203 are approxima_tely 10
KT and 40um, respectively. In the literaturg0], the activation
T (K) T(K)
333.3 312.5 2941 277.7 263.1 250.0 333.3 312.5 294.1 277.7 263.1 250.0
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Fig. 5. Arrhenius plots of width normalized parasitic resistance obtained from OTFTs with pentacene deposited &€;(@ah8@b) 20C. The dashed lines are
the results of the least squares fittings to Arrhenius relation for the respective gate voltage.
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energy forR, was all within the range of 15-25meV onA&)s,  S/D electrodes and the bulk transport in the pentacene. The pen-
whereas the activation energy for Si@ere in the range from tacene grain size and its film morphology are critically correlated
20 to 40 meV. We notice that the activation energyRgin this  with theRp because botfky, and’Ry, caused by bulk transportin
study has the similar behavior of grain size dependendgn pentacene contribute significantly to the valuergf The min-
compared with the resultin the literaty29]. On the otherhand, imum effective contact resistance dtp(W)o, extracted from
the activation energy in this study is largely higher than that inchannel resistance method, has been tried to find the linkage
the literaturg20]. The result is thought to be due to the fact thatof Sr; andR. originated from the injection/extraction at S/D
pentacene grain size in this study is much smaller than that ielectrodes because bdit) and®Re do not have the dependency
the literaturg20]. on Vgsand are possibly affected by the effective channel width
In addition, the gate voltage dependency on activation energfWes) due to the surface morphology of pentacene. In addition,
for Ry can be explained by fact that the applied gate voltage in th&y, is substantially influenced by grain boundary trap density
TFTs moves the Fermi level through the trap distribution, closefN:), which are inversely proportional to the grain size for pen-
to the band edge, which increases the effective mobility in pentacene. The result is backed up by the fact that the activation
tacene. In polycrystalline pentacene, we consider the existenanergy for S-20 and S-80 confirms the relation of grain bound-
of trap states localized mainly at grain boundaries, which arary trap densityX;).
distributed in higher energy levels than those in the grain. Such
a model of trap distribution is also assumed in multiple trap-A cknowledgments
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