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The gate bias dependence of the field-effect mobility in pentacene-based 
insulated gate field-effect transistors (ICFETs) was interpreted on the basis of 
the interaction of charge carriers with localized trap levels in the band gap. This 
understanding was used to design and fabricate ICFETs with mobility of more 
than 0.3 square centimeter per volt per second and current modulation of lo5, 
with the use of amorphous metal oxide gate insulators. These values were 
obtained at operating voltage ranges as low as 5 volts, which are much smaller 
than previously reported results. An all-room-temperature fabrication process 
sequence was used, which enabled the demonstration of high-performance 
organic ICFETs on transparent plastic substrates, at low operating voltages for 
organic devices. 

IGFETs (inset in Fig. I )  comprising an organic 
semiconducting layer hale been the focus of 
considerable research actility during the past 
10 years (I) .  Devices based on conjugated poly- 
mers (2-4); oligomers (5-7), or other mole- 
cules (4, 8-11) hale been fabricated and stud- 
ied in the past: progress in performance of 
organic semiconductor IGFETs during the last 
decade has been re\ laved recently (7, 12). 

Because of the relati\ ely lo\\ mobllity of tlie 
organic semiconductor layers, organic IGFETs 
cannot rilal the materials and technology used 
in applications requiring ~ e r y  high s\~itching 
speeds. However. the characteristics and dem- 
onstrated performance of organic IGFETs s ~ ~ g -  
gest that they could be competitil e for existing 
or future applications requiring large area col- 
erage, mechanical flexibility, lo\\.-temperature 
processing. and 10%- 01 era11 cost. Such applica- 
tions include thin-film transistor (TFT) s\vitch- 
lng devices for active matrix liquid crystal dls- 
plays (AMLCD), \\.here hydrogenated amor- 
phous silicon (a-S1:H) TFTs are cul~ently used, 
acti\ e matrix organic light-emitting diode dis- 
plays (AMOLED). and low end data storage 
(such as smart cards and identification tags). 

Pa-o classes of organic semiconductors 
ha\e exhibited the best IGFET performance 
accompanied by good en\ ironmental stabilih: 
thiopliene oligomers and pentacene. Hexatliio- 
pliene oligomers and their deri\ ati\ es, first In- 
troduced in organic IGFETs by Gamier rt (11. 

(5, 6). are conjugated ohgomers that exhibit a 
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pronounced capability for self-assembly in 
close-packed configurations. The highest value 
of field-effect 11lobility ( ( * )  reported for am-di- 
hexyl-Iiexathienylene (DH6T) thin lilms is 0 13 
cm' \ ' - I  s ' (7 ) .  For unsubstituted u-hexatlil- 
enylene (a-6T) and Si0' gate insulator. this 
lalue is 0.03 cm' \ ' - ~ '  s ' (13). 

Pentacene TFTs ha\ e produced tlie highest 
field-effect mobillh alues repolted for organic 
IGFETs, a-hicli in some cases are greater than 
0.6 cm' V ' s ' (11. 14). Field-effect mobilih 
depends on the deposition conditions of the 
pentacene layer and the delice confi, (~~lration 
Mobility measured from solution-processed 
precursor-route pentacene (4 )  IGFI3Ts ap- 
proaches 0.0 1 cm' \' ' s ' .  Mobihtq of 0.62 
cm' V ' s ' fiom ~apor-deposited. purlfied 
pentacene-based de\ ices has also been repolzed 
for fil111s grolvn at a substrate temperature of 
120°C (11. 14). Those de\lces exh~b~ted an 
on off current ratio I of 10'. Tlicse al- 
ues of 111obilitq and on off ratlo are similar to 
tlie ones reported for a-Si:H TFT. Ho\\i.\ cr. the 
operating oltage required to achle~ e such high 
performance from pentacene de\ ~ c c s  1s too high 
(a \ oltage s~ving from - 100 to - 100 \' is 
required) in comparlson \\it11 a-Si:H and tor 
practical applications In general ( 15).  

A dependence of the calculated mob~llty 
of pentacene IGFETs on gate Ioltage \\as 
obserled earlier (10) .  1 lo\\e\cr.  relati\cly 
101% Loltages up to only Z20 \ '  \\ere used in 
that lvork. and subscqucntl! onl) a >mall 
portion of the ~ol tagi .  span of 111tcre>t \\ ;IS 

probed. M'e studled the gate ~ o l t a g c  dcpcn- 
dence of mobilit) in pentacene de\Ices and 
used our ~lnderstand~ng to demonstrate high- 
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lo\\ operating voltages. For this purlmse. \ye 
used a metal oxide fill11 \\.it11 a relatl\ ely high 
dielectric constant. barium zirconate titanate 
(BZT), as gate insulator. Our delices \yere 
fabricated \\ it11 an all-room-temperature (RT) 
process \Ve demonstrated fill1 compatibility 

it11 transparent plastic substrates by making 
de\ Ices on such substrates. 

The hpical del Ice conliguration used in this 
Ivork is dep~cted In the inset in Fig. 1. Penta- 
cene lilms were deposited b! means of lapor 
deposition. During deposit~on. the substrate a-as 
kept at RT. As-rece~~ed pentacene (07&"0;  
FLUKA Chemicali \\as used Both mobilih 
and cunent modulation ( I , ) , ,  (!, i increase \\lien 
pentacene is p~irlfied before deposition (14).  so 
\ \e  expect that all O L I ~  results can be substan- 
tlally impro\ ed by Llslng purlfied pentacene. 
Further details on the Lacuum chamber config- 
uration and deposition conditions can be found 
in ( 7 ) .  The BZT gate dielectric films lvere 
deposited on oxidized Si Ivafers or thin poly- 
carbonate sheet, pro\ided \\.it11 Pt pate lines. 
lvith radlo frequency lnagnetron sp~~ttering of a 
sintered polvder target of BZT. in an Xr 0' gas 
niixtl~re The substrates a-ere held at RT during 
sputtering. and the chamber pressure a-as 2.5 X 

10 ' torr The po\ver dens15 a-as 0.8 \\' cm-'. 
Gold source and drain electrodes lvere lapor 
deposited on top of the pentacene layer t l iro~~gh 
a sliado\\ mask. For large channel de\ices. a 
con1 ent~onal metal mask n as used. To create 
dellces xith channel length ( L )  on the order of 
10 p n ~ .  u dabricated and used special Si mem- 
brane masks 

The operation of pentacene IGFLTs is 
adequately Inodeled by standard field-effect 
transistor ecl~~ations (16 i .  as sIio\~n previous- 
I!. tbr \ arious organlc semlconductor IGFLTs 
(5 ,  10, 1 7 ) .  Typical [,-type semlconductor 

Fig. 1. Plots of I, versus V, (left axis) and (/,)'I2 

versus V, (right ax~s) from an organic IGFET wi th  
a 0.5-p,m SiO, gate insulator. (Inset) Schematic 
diagram of  organic IGFET. 
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characteristics are exhibited in saturat~on as 
sho\\n 111 FIE I. \\ 111ih 1s a dram current (I,,) 
\ ersus gate oltage ( I ,,) plot It corresponds 
to a de\ ice 1~1th L = 4 1 uln and \\ ~ d t h  II  
= 1500 p.m and comprising pentacene a5 
the semiconductor. 0.5-p.111-thick thermally 
groa-n S i 0 2  as the gate ~nsulator. hca\il!. 
doped Si ( t i  type) as the gate electrode. and 
ALL source and drain electrodes. The 1.1. \vax 
0.16 cm' V ' s I. and the subthreshold \ olt- 
age I ' ,  \ \as  about -30 \'. The lo, ,  I (,,-, ratio 
\\.as abo\ e 10' n hen I ,~, 1% as scanned from 
- I00 to + 80 \'. The measuretl mobility \ al- 
ue is in agrecmcnt \\ it11 repo~ted  hole mobil- 
ity from IGFLTs based on pentacene films 
gro\vn at room temperature (13,  IS).  The 
mobility from de\ ices 1% it11 loner  IT' L ratios 
n a s  considerably higher and reachcd 0.25 
cm' V - '  s - '  for de\ ices \\it11 IT. L = 3 . 5  
because of  stray currents outside the channel. 
It is important that TI. L is at leajt 10 to 
minimize the effccts of S L I C ~  currents. .An 
altcrnatile \vay to acllie\e this \vould be to 
pattern tlle semiconductor so that its \vidt11 
does not exceed the a-idth of  tlle channel. 
Plots of I , ,  IersLls drain ~ o l t a g e  ( I7 , , )  at dif- 
ferent 1,; are also typical, and similar tnobil- 
ity \vas calculated from the linear r q i m c .  

Interestingly enough. \\-hen a thinner ( 0 .  I2 
p.111) SiO, gate insulator \ \as  uscd. the mobil- 
ity. measured at voltage5 as h ~ g h  as the ones 
used in the thick (0 .5  p.111) SiO. J c \ ~ c e s  (Fig.  
1 ). \\.as substantially higher. \arying bet\\ccn 
0 . 1  and 0.6 cm2 \- ' s I .  In the de\  ices \\ith 
thin S i 0 2 .  the gate tield C and charge per unit 
area on the semiconductor side of the insula- 
tor t), \Yere sub\tantially higher because of 
the reduction in insulator thickness. We need 
to separate the effects of  these t \ \o paramc- 
ters to dc te rm~ne  \\.liicl~ one is responsible for 
the increase in m o b ~ l ~ t b  

The dependence of p. on [ ,,. E. and t), is 
shoun In Fig. 2. The solid c~rcles refer to all 
three absc~ssa scales and correspond to a pen- 
tacene-based de\ ice \\.ith a 0.12-p.111-thici< SIO, 
gatc insulator therrnall! grolvn on the surface of 
a Ilea\ ily doped 11-t)pe Si gatc. The mob~lity 
initially increases linearl! \\.it11 increasing [ , ,. 
E. and Q5 and eventually saturates. The t\to 
open circles correspond to p. \ c r s ~ ~ s  E and p. 
versus 0, plots only and are generated bq a 
similar dc\ ice. \\.l~ich. ho\\.c\er. compn\ed a 
0.5-p.m-thick SiOz gate insulator. Q, is a func- 
tion of the concentration of accum~~la tcd  carri- 
ers in the channel region (.I,). Because the na- 
ture of field-induced c o n d u c t ~ \ ~ t y  has been 
sho\\n in the past to be t u o  dimensional and 
confined very close to the ~nterfacc of the Insu- 
lator with the organic semiconductor (13).  all of 
this charge is cvpectcd to be localized in the 
first few semiconductor monolayers from this 
interface. An increase in I.;, rcsults in an in- 
crease in E and .Y. However. for the same i ; ,. .\' 
depends on both the dielectric constant of the 
gate dielectric and its thickness. \vl~ercas E 

depends only on its thickness. 
To determine \vhich of' the m o .  .\ or E. is 

in\ol \ed In the tnechnnism that enhances the 
field-effect mohilit). n e  fabricated ICiFETs 
\vith pate insulators ha\ Ing a dielectric constant 
larger than that of SiO, and n thickness close to 
0.12 1.1.111. similar to t iat  of the SiO, dc\ ices. 
Thus. a similar accun~ulatecl cartrier concentra- 
tion \vas attained as in the SIO, cn\e. but at 
much lo\\er gate \oltilgc\. \ \ ~ t h  all the other 
parameters kept the same. If m o b i h h  depends 
on \ rather than E. then ;I high mobillr) should 
he a c h i e ~ e d  in the de\ ices comprising the 11ig11- 
dielectr~c con.stant c: gate ~nsulator at lo\\er 
\oltage\. and hence gate fields. than in TFTs 
ni th a comparable tllick~~es.; of S i02 .  In other 
Ivords. for the same gate tield. a h ~ y l ~ e r  mobiht!. 
sl~ould be measured ti-o~n de\ ices \! it11 higher t. 
insulators. n h ~ c h  n e o b s e t ~  ecl (Fig. 2 ) .  The 
dotted symbols in the el l~pse represent a p. 
\ ersus E plot. col-respond~ng to de\ ices com- 
prising gate ~nsillatorj 1% it11 t. higher than that of 
S102. The triangles correspond to HZT ( e  = 

17.3). the siluares to harii~m strontium tltanate 
(BST)  (t: = 16) ( I  9). and the diamond to Si:N, 
(t. = 6.2).  

Fig~lre 3 correspond\ to an I (  I F  f T that com- 
priscs a 0.122-pm-thick film of BZT gate in- 
sulator. 7 he dei ice ( I[' = I500 p.m and L = 

18.4 p.111) exhibits evcellentp-type ICiFFT char- 
acterlstlc\ ( \ ec  inset). I hc plol c:ori.e\ponding to 
the leti a\ i \  is a \emilog plot ot ' l , ,  \ e r s ~ ~ s  I.;,. 
and the plot -- con.e\ponil~ng tu t11c I-ight auls i, a 
plot of \ I,, ~ c r s ~ ~ s  I ,,: IJ. c;~lcul;~tecl ti-om this 
plot is 0.32 cm' \ '  ' s ' .  This iilob~lit! \ \as  
obtained at m ~ ~ c l i  loner :ate ticlds ~ h a n  tho\e 

necessal-) to obtain the same mobility \\-it11 the 
SiO, gate insulator (see Fig. 2) .  Tlle current 
mod~tlation i, 10' for a I ; ,  \ anation fkom - 1 1  
to 6 \ and 1; = -4 \', 

Iliph mobilities can be a c h i e ~ e d  at lo\v 
operating \ oltages in pentacene IGFETs, 
\ \hen relati\ely high dielectric constant gate 
in5ulators are ~ ~ s e d .  The gate Loltage depen- 
dence in these de\ ices is a res~llt of the higher 
concentration of the charge carriers accumu- 
lated in the channel. 1% hich \ \as  achieled \\-it11 
these 1nsu1atol.s. Tlle applied gate field used 
in Fig. 3 \ \ as  kept more than 3 5 times lo\ver 
con~pal-ed \\.it11 the fields used in thin S i 0 2  
dc\ Ices In Fig. 2 to obtain similar 11lobility 

alues This conclusion is corroborated by 
the t jct  that de\ ices made ~ v i t h  Si,N, as  the 
gate insulator. \\hie11 has a dielectric constant 
of about 6.2, required a gate \ oltage reduced 
p r o p i j r t ~ o ~ ~ a l l ~  to the dielectric constant in- 
crease relati\e to SIO' to reach mobility 
equal to or c \en  higher (p. = 0.6 cm' V-I 
5 ' )  than that of  d e ~ i c e s  \ v ~ t h  a SiO, gate 
insulator ~ v i t h  tlle same thickness. 

Because the gate ~ o l t a g e  dependence of mo- 
hilit) is due to A\ and not E. \ve can safely 
eliminate the possibilit) that a Poole-Frenkel 
mechanism ( 13, 20) is responsible for such 
dependence. 7 he multiple trapping and release 
~uoiicl 121).  \ \ h ~ c h  is \\.idely used to model the 
beha\ ior of a-SI:H TFTs. seems to be the likely 
mechanism to cxpla~n the obsened character- 
istics. This model has been successfully uscd in 
the pa\t to model w-6T and DH6T device char- 
actcrlstlcs (13,  33) .  According to this model, a 
large conccntration of localized states exists in 
the forbidden gap. abo\ c a narrou. delocalized 
band (that is. the top of the valence band). At 
lo\\ gate bias. n ~ o s t  of t11c holes injected in the 
semiconductor arc trapped into these localized 
(tates. The deepest states arc filled first and 
can-icrs can be released thermally. As the ncg- 

Fig. 2. Dependence of Ir on V,, E ,  and Q . .  Solid 6 3 0 -3 -6 -9 -12 
circles refer to  all three x axes and correspond 
to  devices with 0 12-pm-thick SiO,. Open cir- "G (V) 

cles refer only to  E and Q j  axes (0.5-(*m-th~ck Fig. 3. Plots of I, versus V, (left axis) and (I,)"* 
SiO,). Dotted symbols in ellipse refer to  the E versus V, (right axis) from an organic ICFET with 
axis only. Triangle, BZT; square, BST; diamond, a 0.122-(*m BZT gate insulator. (Inset) I, versus 
Si,N, insulator. V, at various V,. 
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vD00 
Fig. 4. Plot of /D versus VD at various VG from 
an organic IGFET on polycarbonate. 

ative gate bias increases, the Fermi level ap­
proaches the delocalized band edge and more 
traps are filled. At an appropriately high volt­
age, all of the trap states are filled, and any 
subsequently injected carriers are free to move 
with the microscopic mobility associated with 
carriers in the delocalized band. In devices with 
a 0.12-jjim-thick Si02 gate insulator, the nega­
tive gate bias required to reach such earner 
concentration levels was above 70 to 80 V. As 
shown in Fig. 2, the mobility saturates above 
this gate bias, indicating that all localized states 
are occupied. By using higher dielectric con­
stant insulators, a sufficient number of carriers 
to fill all these traps are generated by the field 
effect at much lower gate voltages, and this is 
the reason that high mobilities are observed at 
such low voltages compared with the Si02-
based devices. Several localized top levels 
have been reported for thin polycrystalline va­
por-deposited films of pentacene at depths 
ranging from 0.06 to 0.68 eV (23), which could 
account for the aforementioned localized states. 
Brown et al. (17) have used an alternative 
model, based on hopping polaron transport pro­
cesses, to explain the gate bias dependence in 
organic semiconductor IGFETs. 

On a more practical note, all of the steps 
in the fabrication process of our low operat­
ing voltage BZT-pentacene-based devices 
were performed entirely at RT. Initially, we 
used sol-gel-deposited BST films as the high 
e gate insulator (19), which required anneal­
ing at 400°C, and although they produced 
excellent low-voltage device characteristics, 
they were not compatible with transparent 
plastic substrates. The RT fabricated devices 
we now report are compatible with transpar­
ent plastic substrates. Given their operating 
characteristics, which are very close to the 
characteristics of the widely used a-Si:H 
TFT, they are good candidates for applica­

tions involving AMLCD or AMOLED dis­
plays on plastic substrates. Several efforts in 
the past to develop a-Si:H TFT-based liquid 
ciystal displays on plastic have not been suc­
cessful because of deterioration of the perfor­
mance of those TFTs when a-Si:H was grown 
at temperatures below 150° to 200°C. 

To demonstrate the feasibility of the above 
idea, we successfully fabricated pentacene-
based TFT on very transparent plastic sub­
strates (polycarbonate). The BZT gate insulator 
was 0.128 |xm thick. Their performance was 
similar to devices fabricated on quartz or Si02/ 
Si substrates. Figure 4 shows the characteristics 
of such a device (W = 1500 jxm and L = 69.2 
|xm). Mobility was 0.2 cm2 V - 1 s - 1 , as calcu­
lated in the saturation region. Mobility values as 
high as 0.38 cm2 V"1 s_ 1 were measured from 
devices with a WIL ratio of 4. These are the 
highest reported mobilities from devices fabri­
cated on plastic substrates, and they are ob­
tained at a maximum gate voltage of only 4 V. 
The highest mobility reported before for organ­
ic IGFET on plastic substrates was up to 0.1 
cm2 V - 1 s - 1 , and it required the operating 
voltage to be modulated between 0 and —100 V 
(24). 
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ly Miocene [—55 to 20 million years ago 
(Ma)], horses had short-crowned teeth, indi­
cating a browsing diet of leafy and soft 
plants. After —20 Ma, fossil horses under­
went an explosive adaptive radiation result­
ing in numerous clades with high-crowned 
(hypsodont) teeth adapted for grazing on 
abrasive plants, particularly grasses. This 
connection between observed tooth crown 
height and interpreted diets of extinct horses 
is a widely accepted model of long-term ad­
aptation and evolution (1). 

Ancient Diets, Ecology, and 
Extinction of 5-Million-Year-Old 

Horses from Florida 
Bruce J. MacFadden,1* Nikos Solounias,2 Thure E. Cerling3 

Six sympatric species of 5-million-year-old (late Hemphillian) horses from 
Florida existed during a time of major global change and extinction in terrestrial 
ecosystems. Traditionally, these horses were interpreted to have fed on abrasive 
grasses because of their high-crowned teeth. However, carbon isotopic and 
tooth microwear data indicate that these horses were not all C4 grazers but 
also included mixed feeders and C3 browsers. The late Hemphillian Florida 
sister species of the modern genus Equus was principally a browser, unlike 
the grazing diet of modern equids. Late Hemphillian horse extinctions in 
Florida involved two grazing and one browsing species. 
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