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METHOD: OF MAKING'AN CRGANI C THI N FI LM TRANSI STOR, AND ARTI CLE MADE BY THE
-I\/E.THCD Field of the Invention This invention pertains to thin film
t¥ansistors (TFTs) that conprise an 5 organic active layer, and to nethods
of meking such transistors. Background-of_jhe Invention Thin film
transistors (TFTs) are known, and are of consi der abl'e conmer ci al
significance. For_.instance armr&ous silicon-based TFTs are used in a

| arge fraction ofMgélf HOD QF:MAK GANQ‘R M’H@IWT@ANSISTOR TFTs

wi th an organic actlve IayRngmmmgﬁmEmmance F. Gam er
et al., Scien 65 . 1684-1686; H. Koezuka et al., Applied

Physics Lette é the , pp. 1794-1796; H Fuchigam et al., Applied
Physics Letters, Vol. WRis(dentioppertdids & thivfilm ffansiosWIFTs)ahatdomprise an

ésglt Ihg? [ E h.y ta %d%?uvzaiﬁ’fndgg mﬁ%ﬁ?&%&%ﬂ?@hfﬁgg‘g l(:13\2/| gtesalt ypically
are field effdackground ef thedny@titg) .. Such devices potentially have
Si o er C?deaﬂéﬁé‘ééﬂiﬁ%e%wé@ﬁéﬁ“ﬁ EEFTe) M Bnown ahit et BudlBeiBle 7)Y o
| ow t enper at urcomspeseiaksignificanced F@bmﬁam%.amqrthuStsﬂlcnarbaquaEE&(%regseq)m&t ic)
substrat es. Bllﬂ%b%cﬁéﬁaﬁa&ﬁ@mtﬁi’lﬁhuﬂ dtzilthb% p-type and n-type organic
mat eri al 8 al So kno See, 20 for nce, tent5§ 315, 129 S%s
Myauchi eflal ., Synt hAFFEwiRbaiosgania acive fayes ae i asgprice) B e a
junction FET t(m-hiec engly, Seience) Woly265, pp. 1684y1686; H. Koezuka et al., Apphed Physics
Letters, Vol. 62 (15), pp. 1794-1796;-H. Fuchigami et al., Applied Physics Letters,
Vol. 63 (10), pp. 1372-1374; G. Horowitz et al., J. Applied Physics, Vol. 70 (1), Pp-
469-475, and G. Horowitz et al., Synthetic Metals, Vol. 41-43, pp. 1127-1130.
15 These devices typically are field effect transistors (FETs). Such devices potentially
have significant advantages over conventional TFTs, including a potentiaily si_tn_pler
(and consequently cheaper) fabrication process, the possibility for low temperature
processing, and compatibility with non-glass (e.g, plasuc) substrates. Bipolar
_ transistors that utilize both p-type and n-type organic material are also known. See,
20 for instance, US patent 5,315,129. S. Miyauchi et al., Synthetic Metals, 41-43
(1991), pp. 1155-1158, disclose a junction FET that comprises a layer of p-type -
polythiophene on n-type silicon.
However, despite considerable research and development effort,
"organic" TFTs have not yet reached commercialization, at least in part due to the
25 relatively poor device characteristics of prior art organic TFTs.

. An important device characteristic of a switching transistor is the on/off
ratio of the source/drain current. Prior art organic TFTs typically have relatively low
on/off ratios. For instance, H. Fuchigami et al. (op. cit.) recently reported a device
that had carrier mobility comparable to amorphous silicon, but had an on/off ratio of

30 only about 20. That paper also discloses purification of semiconducting material
(PTV) to reduce the carrier scattering by impurities. The material had a conductivity
~ in the range 10~5-10-% S/cm.
H. Koezuka et al. (op. cit.) report attainment of an on/off ratio
(modulatlon ratio) of the channel current of about 107 in a device with doped
35 polypyrole (a highly condu_ctmg polymer)-coated source and drain contacts.
According to these authofs, this is the highest on/off ratio achieved in organic FETs.
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many pot ent i-al discloses such devices, and a method of making the devices.
- 10 Definitions and Glossary _

An "organic semiconductor” herein is a material that contains a |
substantial amount of carbon in combination with other elements, or that comprisés
an allotrope of elemental carbon (excluding diamond), and exhibits charge carrier
mobility of at least 10~3cm2/V+s at room temperature (20°C). Organic

15 semiconductors of interest for TFTs typically have conductivity less than about
' 1S/cm at 20°C.,

A "p-type” ("n-type") organic semiconductor herein is an organic
semiconduyctor in which the Fermi energy is closer to (farther from) the energy of the
highest occupied orbital of the molecules or aggregates present in the material than it

20 is to (from) the energy of the lowest unoccupied orbital. The term is also intended to
mean an organic semiconductor which transports positive charge carriers more (less)
efficiently than negative carriers. Positive (negative) carriers are generally referred
to as "holes" ("electrons”).

Summary of the Invention

.25 - Inabroad aspect the invention is embodied in an article that comprises a
novel organic TFT that can have substantially improved characteristics (e.g., on/off
ratio), as compared to prior art organic TFTs. A method of making the article is also
disclosed. | |

Speciﬁcally; the organic TFT comprises an organic material layer,

30 spaced apart first and second contact means (e.g., gold electrodes) in contact with
said layer, and third contact means that are spaced from each of the first and second-

' contact means and that are adépted for controlling, by means of a voltage applied to
the third contact means, a current between the first and the second contact means
through said layer. Significantly, the organic material of the layer is selected from

35 the group consisting of a-quaterthienylene (a-4T), o-hexathienylene (o-6T), a-
octathienylene (0-8T), a-pentathienylene (a-5T), o-heptathienylene (o:-7T), and o-
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applications of organic TFTs. Furthernore, the organic TFT had very | ow
carrier nobility (2 x [err] and thus would not have been suitable for

Ai gh-speed 5 operation. In view of the potential significance of organic
TFTs, it would be desirable to have avail al3l.e such devi ces that have
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general ly referre
have greatly improved properties, including a substantially improved source/drain

current on/off ratio. Indeed, TFTs that comprise the novel active layer material can

have an on/off ratio that is comparable to those of the novel (2-layer) TFTs described
- in the concurrently filed co-assigned patent application by the same inventors of title
15 "Article Comprising an Organic Thin Film Transistor”. Thus, TFTs according to the

instant invention will typically, but not necessarily, comprise a single organic layer,

the "active” layer (but not excluding the presence of, e.g., a protective layer over said

active layer). ' '

In a further aspect the invention is embodied in a method of making a

20 TFT that comprises an o-mT (m = 4, 6 or 8) active layer. The method comprises

providing a quantity of o--mT, and depositing a layer of the o--mT on a substrate.

- The o-mT is produced by a process that comprises providing o-(m/2) thienyl, de-
protonated in the 5-position, in an organic solvent. Significantly, the process of
producing said o-mT still further comprises contacting said o-(m/2) thienyl in the

25 organic solvent with a non-halogenating oxidizing agent such that an o-mT-
containing mixture is formed, and isolating said o-mT from the mixture. As will be
described later in detail, the "isolating" step comprises a multiplicity of substéps.

Although the discussion below will be primarily in terms of a-6T, we
currenﬂy believe that many if not all of the other members of the above defined

30 group o-nT can also be synthesized/treated to meet the specified conductivity
requirement. A prior art method of making compounds such as 0-6T is disclosed in
Chemical Abstracts, Vol. 114, p. 22, item 186387g (1991).

As will be discussed in detail below, a-6T according to the invention
differs from prior art a-6T not only with regard to carrier concentration but typically

35 also with regard to such characterizing properties as melting point, X-ray diffraction
pattern and elemental analysis. Similar differences are expected for o-4T and o:-8T,
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Sunmmary of the Invention 25 In a broad aspect the invention is
enbodied in an article that conprises a novel organic TFT that can have
Substantially i nproved characteristics (e.g., on/off ratio), as conpared to
prior art organic TFls. A nmethod of maki ng4Lhe article is also disclosed.
Specifically, the organic TFT corrpri ses an organic material |ayer, 30
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(preferably | qeioriaftangdnic TFEs, ][‘héihame 1ayer of the exemplary TFT according to the
10 invention was only lightly p-type at 20°C. -
Brief Description of the Drawings
FIG. 1 schematically shows an exemplary prior art TFT;
FIGs. 2 and 3 schematically depict exemplary TFTs according to the

invention;

15 FIGs. 4 and 5 show data on drain current vs. drain voltage for 2 TFTs
according to the invention, of somewhat different conductivities;

FIGs. 6 and 7 show the X-ray diffraction pattern of, respectively, a-6T
according to the invention, and an exemplary prior art 0.-6T;
FIG. 8 shows exemplary dlfferenual scanning calorimetry data for o-6T

20 according to the invention; and

FIG. 9 shows an exemplary drive circuit in an active matnx hqmd
crystal display that comprises TFTs according to the invention.
Detailed Description

FIG. 1 schematically depicts a prior art organic TFT 10 of the metal-

25 insulator-semiconductor field effect transistor (MIS-FET) type, wherein numerals
11-16 refer, respectively, to substrate, first electrode (e.g., source electrode), second
electrode (e.g., drain electrode), third electrode (gate electrode), insulator layer, and
active layer.

FIG. 2 schematically shows a MIS-FET type device according to the

30 invention. The transistor 20 also comprises substrate 11 (e.g., a glass, silicon or
plastic body), first and second contacts 12 and 13, third contact 14, gate dielectric 15
and active layer 16. It will be recognized that topologically transistor 20 is the same
as prior art transistor 10. However, the former comprises an active layer material
that differs significantly from prior art materials, resulting in substantially improved

35 performance (e.g., substantially higher on/off ratio of the source/drain current), as
compared to prior art organic TFTs.
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5 err], either in the as- deposited condition or subsequent to a rapid

t hermal anneal. In currently preferred enbodi ments the organic |ayer
material is a-6T or a-8T, with a-6T bei ng nost preferred W have nade the

surprising discovery that, for exanple, a:§T can be produced and deposited
In a manner that results in a Iayer of extrenely low 10 conductivity, and
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6 or 8) acti véor"&yéﬂ %cmm&wge&wﬂ%mﬂeﬁgnéhwkﬁw pyides 4 mT,
and deposi ti ng)rgaﬂnamrveqaydrhmsahdanoﬂﬂemby ubspdmidh oni® theznkife assemblydisced by

2 D O0esS o RO hB ik e Y 10 e SRS i bl
said a-nil sti Ialndfwasmeheatmmeds Measummntsrwgemdd imsimfi® yadwamenyl in the 25
organi ¢ solvent W th apfpir GRWALGARS 0P Gl biirddt V. R VoraPe SotaihRl (R & M-
exemplary TFT as described above, with the active layer material (0-6T) prepared as
described in detail below.
15 The off-current (gate voltage 0 or positive, drain voltage -100V) was
about 10™!! A, and the on/off ratio was greater than 10°. The as deposited «-6T at
20°C had a conductivity below 10~2 S/cm, (approximately 10~° S/cm), and was
barely p-type (i.e., it was substantially intrinsic), as those skilled in the art will
recognize from the substantial overlap of the curves for 0-60V gate voltage.
20 FIG. 5 shows analogous results for a TFT as described above, but with
. 0-6T of somewhat higher conductivity (approximately 1.4 x10™% S/cm) due to
adventitious impurity doping. The carrier mobility was about
1-2 x 102 cm?/V-s, and the on/off ratio was greater than 108 for gate voltages
between 20V and -30V. |
25 , As can be seen from the above comparative results, material preparation
is a significant aspect of TFTs according to the invention. We will next describe a
novel method of making o-6T that can yield material of very low conductivity, _
~ exemplarily < 5 x 10~% S/cm at 20°C. Use of such material in a TFT can result in
. very low off-current, a feature that inter alia can result in high on/off ratio and good
30 dynamic response of the TFT. The closely related compounds &-8T and o-4T can be
made by substantially the same method.
Material Preparation
Reagent grade o-terthienyl was dissolved in about three times its weight
of toluene and applied to a column of ten times its weight of silica gel packed with
35 hexane in a chromatography column. The o-terthienyl was eluted from the column
with hexane and the eluate was concentrated in vacuum. This purified a-terthienyl
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~containing mxture is formed, and isolating said a-ml fromthe m xture. As
~w |l be described later in detail, the "isolating" step conprises a
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a-6T acti Vem' 3titred flask containing a non-halogenating oxidizing agent, e.g., 6.4 g of reagent
grade ferric acetylacetonate, and 150 ml of the THF, cooled to <-70°C under
nitrogen. The low temperature was maintained for one hour after the addition; then
the mixture was allowed to warm to ambient temperature over 5-20 hours. The
remaining part of the procedure is directed towards isolation of the 0-6T.

15 The suspended solids were collected by vacuum filtration and washed in
sequence with 100 ml of ethyl ether, 300 ml of 1% HC! in water, 300 mi of (DI)
water, 100 ml of ethanol, and 100 ml of ether, yielding 3.5 g of crude solid product.
The solid was further washed with 100 ml each of 0.1% Na, CO 3 in water, water,
water again, ethanol, methyl ethyl ketone, and toluene, all heated to just below

20 boiling and with vigorous shaking to prevent bumping. The undissolved solids were
extracted with an inert solvent with boiling point > 120°C, e.g., 800 ml of boiling
mesitylene under nitrogen for one hour. The extract was filtered at the boiling point
through a funnel heated with the vapors of the same solvent (¢.g., mesitylene) that
was boiling in the receiving flask. The filtrate was allowed to cool to ambient |

25 temperature, and crystals were obtained. The supernatant was separated from the
crystals by suction filtration and used to further extract the undissolved solids. A
total of 1.5 g of crystals were obtained. Portions of 200-300 mg of the thus produced
crystals were placed at the bottom of a glass sublimator measuring 5 cm in diameter
and 6-12 cm high. The material was sublimed >1 cm along the glass tube by heating

30 at about 300°C and 10~ torr. After cooling under vacuum to ambient temperature,
the sublimed material was scraped from the glass tube.

The above described exemplary novel method of making o-6T
comprises features that can significantly affect product quality. Among these is the
use of a non-halogenating oxidizing agent, exemplarily ferric acetylacetonate. We

35 have made the surprising observation that prior art a-6T (e.g., o-6T made with |
cupric chloride) contains significant amounts (typically 0.1-1 weight percent) of




has exhibited in the as-deposited condition an on/off ratio of nore than
[err] at [err], substantially higher (e.g., by a factor of 102) than the
ratios typically exhibited by prior art organic TFTs. The active |ayer of
the exenplary TFT according to the 10 invgrhtion was only lightly p-type at
[err]. Brief Description of the Drawings FIG 1 schematically shows an
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comprise a multi-step washing sequence applied to the (pre-washed) crude solid
product, and sublimation of the washed solid product along a significant distance,
typically >1 cm.
We have also made the surprising discovery that o:-6T made according
15 to the above described method has a melting point that differs substantially from
reported melting points of prior art a-6T, which are in the range 280-307°C.
Specifically, using differential scanning calorimetry under nitrogen, we found the
~ melting point of the novel a-6T to be about 313°C, as demonstrated by FIG 8.
Furthermore, we have found significant differences between the X-ray
20 diffraction patterns of a-6T made according to the novel method and published
diffraction patterns of prior art 06T, as demonstrated by FIGs. 6 and 7. The former
pertains to o-6T according to the invention, and the latter is the published diffraction
pattern of a prior art -6T. See B. Servet et al., Advanced Materials, Vol. 5(6), p.
461 (1993). :
25 . Generally speaking, material according to the invention has more
* numerous and sharper X-ray peaks. Specifically, in o-6T according to the invention
the prior art peaks (see the above cited article by B. Servetet al.) at about 20° and
22.5° each are resolved into at least two peaks. '
The above discussed observations indicate that a-6T according to the
30 invention is a material that can give rise to evaporated films that can exist in a more
' stable, more dense and better ordered crystalline form than prior art o-6T. Indeed,
electron microscopy has confirmed that as-deposited films of 0-6T according to the
invention (deposited on a substrate at room temperature) can consist of large,
anisotropic platelets with 1engths of 100-200 nm that are clearly interconnected.
35 This is to be contrasted with similarly deposited prior art o-6T films which are
reported to have grain sizes of 50 nm, with the isotropic grains more or less
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active layer. FIG 2 schematically shows a M S-FET type device according to
the 30 invention. The transistor 20 al so conprises substrate 11 (e.g., a
gl ass, silicon or plastic body), first and second contacts 12 and 13, third"’
contact 14, gate dielectric 15 and active.lgayer 16. It will be recogni zed
that topologically transistor 20 is the same as prior art transistor
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defined on t hecaiténtdbetowi ldwengfm (preferably below 0.05 weight %) is an important aspect
10 of active layer material according to the invention, since active layer material with
higher halogen content is likely to have relatively low carrier mobility.

Those skilled in the art will appreciate that the above described method
of making a-6T is exemplary, and that modifications of the method are possible. For
instance, alternative inert solvents (e.g., Xylene) of similar polarity to that of

15 mesitylene may be used, other metal-alkyl reagents (e.g., sec-butyllithivm) may be
used instead of n-butyllithium, and other non-'haldgenating oxidizing agents (e.g.,
ferric trifluoro-acetylacetonate, manganese (III) acetylacetonate) may be used.
Furthermore, the method is not limited to the synthesis of o-6T but applies, with

~ obvious modifications (e.g., starting material, quantities and temperatures of

20 solvents, sublimation temperature and pressure), also to the preparation of o-4T and
¢.-8T, and to the preparation of closely related compounds such as the end-
substituted derivatives of 0-6T, «-4T and o-8T. Furthermore, at least the
purification aspects of the novel method are expected to be applicable, with obvious
modifications (e.g., use of solvents of appropriate polarity and boiling point,

25 sublimation temperature and pressure) to other related compounds such as o-5T, o-
7T and 0-9T, and their 4 or 5 substituted derivatives.

An appropriate quantity (e.g., 50 mg) of a-6T produced as described
above was placed into a conventional tungsten boat in a conventional evaporator
system. The base pressure in the evaporation chamber was about 10~7 torr. The

30 boat was heated to about 300°C, and a 50 nm thick o-6T film was deposited
uniformly over an appropriate substrate at room temperature. The as-deposited
material typically was polycrystalline, with average grain size of order 100 nm.

) We have found that an appropriate heat treatment of the as-deposited o
nT can change the morphology of the layer, and potentially further improve device

35 characteristics. More specifically, we have found that rapid thermal annealing
(RTA) of as-deposited films of, e.g., ¢-6T can substantially increase the grain size of
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BpfropeateRBAIt in very low off-current, a feature that inter

t in hi 9hegiePhbre, ¥e'Hiva BRcHR% that RTA of as-deposited p-type o-6T
films can result in substantial decrease of the conductivity, with consequent increase
in on/off ratio. For instance, a as-deposited o-6T layer exhibited a conductivity of
about 10~¢ S/cm. After a RTA (296°C for 1 second) in N, the layer exhibited a
conductivity of 0.7 x 10~8 Stem. Ttis expected that other members of the group
o-nT will show similar conductivity decreases.

. TFTs according to the mventlon can be produced in substanually the
same way as analogous prior art TFTs, prov:ded;that 46 af-n'l' of the reqmred low
conductivity is- -used. Exemplary substrates are glass, plasncs such as MYLAR® or
KAPTON®, or Si (coated with SiO, or other insulator). Use of encapsulant that
protects the active layer material is contemplated _

Transistors according to the invention can be used as discrete devices
but will more typically be used in integrated circuits that comprise a multiplicity of
transistors according to the invention, possibly in conjunction with conventional
semiconductor devices, with conductors interconnecting the devices and providing
means for energizing the devices, providing input signals to the circuit and
optionally receiving output signals therefrom. '

By way of example, transistors according to the invention are used as
current switches in liquid crystal displays in functionally the same way as prior art
semiconductor TFTs are currently used. This is schematically illustrated in FIG. 9,
which is based on an illustration at p. 102 of "Amorphous and Mlcrocrystalhne
Devices", J. Kanicki, editor, Artech House, Boston. (1991) FIG 9 depxcts relevant
aspects of an exemplary circuit diagram of an active-matrix llqmd crystal display,
wherein transistors 101 are TFTs according to the invention, and the remainder of
the circuit is conventional. Numerals 102 refer to liquid crystal, and numerals



30 dynam c response of the TFT. The closely rel ated conpounds a-8T and a-4T
can. be nmade by substantially the sane nethod. Material Preparation Reagent
grade a-terthienyl was dissolved in about three tines its weight of tol uene
and applied to a colum of ten times its.-wgi-ght of silica gel packed with
35 hexane in a chromat ography colum. The a-terthienyl was eluted fromthe

colum with h a t he el vate .concentrated.i . Jhi s ified
a-terthienyl %?—ﬂ@ire plossighal ss'ﬁ@ws Pﬂ‘?ﬁ°‘P6‘8H&138g‘P¥‘grc¥?#ﬂg§%@%q¥?d§%ed '
Wi th a magnet ignakiand igate puises adOslsorshosin schematicatlyof uran (THF), freshly
distilled from sodi um benzophenone ketyl, was added. The flask was capped
with a rubber stopper. The solution was then purged wi th nitrogen, and
cooled (with magnetic stirring) under nitrogen to [err] 5 A syringe
containing 7.3 m of 2.5 Mn-butyllithiumin hexane was enptied into the
flask via-a needle through the stopper over 10 mn., followed by stirring
for 20 additional mnutes below [err], resulting in formation of a
substantial quantity of a-terthienyl de-protonated in the 5 position,
namely, 5-lithio-a-terthienyl. A precipitate formed. The resulting
suspensi on was added via a cannula to a second 10 stirred flask contai ning
a non- hal ogenati ng oxidi zing agent, e.g., 6.4 g of reagent



grade ferric acetylacetonate, and 150 ml of the THF, cooled to [err] under
nitrogen. The Iowm ure was mai ntai ned for onel ;

"addi ti on; t”ﬂmm s allowed to warmto a

5-20 hour $ ﬁmm @ﬂm?t of the progedure is-djrect@ERLatEDdS
i solationiof *the a 6} * The suspended soFdgs—weFe-cortrected by
vacuum filtrati on and washed in sequence with 100 m of ethyl ether, 300 ni
of 1% HO in GHIME: 300 M of (D) water, 100 ml of ethanol, and 100 m of
ether, yielding 3.5 g, Q&nﬁﬁdﬁ&oﬁiﬂﬂsﬁxﬁ&ﬁﬂﬂhuﬁiﬁsﬁﬂ&gﬁ,%sommgr washed

with 100 mM each of ter, water again, ethanol,

net hyl ethyl ket one, éi qﬁ)%tbéll)lgfmﬁaf“cﬂ‘é%\t?% "to just below 20 boiling and
Wi th vigorous shaki ngb) spacedupart fitstiaml segonditantact dieass(12¢ #3)sinl codtactwith

extracted th. solvent with boiling point > [err]. e.g., 800 m of
boiling ne sﬁcgﬁgéﬂ%% nitrogen for one hour. The extract was filtered at

the boili ng poi nt thr ohgurdaconunhmeansddﬂb@amlspaqeé frompsnid figst apd seconde
sol vent (e.g.q cgofk h%&#&ﬁﬁtm ag%d)ﬁrbbﬁ@olhﬁt £SO Wivoltagd Aspied g€

filtrate was o) coo ent 25 ratur and crystals were

obt ai ned. ThethQGlp&wt’ﬂ%% a@ﬁﬁﬂ'&?%ﬂe@”f@ﬁtﬁm@@mﬁ@mﬁ?‘@ i on
filtration anﬁm@ﬁg@wgﬁg&mﬁ%@ﬂumﬁmsol ved solids. A tot al of
1.5 g of crystal s were.qbtai ned. Portion 00-,300

produced dPystals wer @)&eé?fgﬂ“%tmg‘i@i feS%thz %‘ggpgﬁ%f%gt or measurl ng
5 cmin di amewith ndethgoanliteger fromit to™h allvitheor \uithmusuhsnmmtrem theld-omSal ong

the glass tub | ut..[err] and [err] torr. After cooling
under vacuum aaﬁ)%%%?ﬁ)%tt&?rgﬁﬁn ’u@eﬁo the subl i med nateri_gl S)A%?atsfd %oed from -

t he gl ass tube. e) has an electncal conductivity of atmost 5 x 10~

biTes SHEPDEASIBHEN {ver

2. An article according to claim 1, wherein the organic material is
15 selected from o-6T and &-8T, both with or without said substituent.

_3. An article according to claim 2, wherein the organic material contains
less than 0.1 weight percent halogen.

4. An article according to claim 3, wherein the organic material is o-6T
and has a melting point of about 313°C.

20 - 5. Anarticle according to claim 4, wherein the layer of organic material
is a polycrystalline layer with average crystallite size of at least 2jLm.

6. An article according to claim 1, wherein the thin film transistor has an
on/off ratio of a source/drain current greater than 10°.

7. An article according to claim 1, wherein the organic material has a
25 conductivity of at most 5 x 10~8 S/cm in the as-deposited condition.

8. A method of making a thin film transistor that comprises an o-mT
active layer where m = 4, 6 or 8, all with or without substituent on the 4- or 5-carbon

on the terminal rings, the method comprising —_—
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The above described exenptary-novel nethod of nmaking a-6T conprises
features th Lani f i tly affect product qualifAmong I\ ||t he
use of a noq'ugmi@'wllmjﬂ 'di zing agent, exenplaril|l yH®prEE' " E%te
acetyl acetionatec made t he surp2i-si ng obsler vat i pe-efl art
a-6T (e.g., a-6T made with cupric chloride) contains~—significant anounts

(typically 0.1-1 wei ght, per.cent f. - Ao fa.Qur
know edge, the presencaé Pg?"‘ﬁ‘l‘?ﬁsa)‘ﬂ’%a‘é‘é’i‘%f%f“ér'g@hgﬂﬁ%‘ﬁg&c&g@qn E%IV\OE ﬂlﬂ% to
now, and its soinptisestpravidingoeful) thiesy, dérprotanated,in;the8-posision.dnianorganiet her

hal ogens, pre ess than 0.05 weight %9 from a-6T according to the
I nvention is g&&%ﬁé

S cant aspect of the invention that j onsiderad
inportant for 5 .att aibrfispesidng alayer absaid P‘GWT@BWQWW%@MW% 1P
robility. e ﬁhﬁ%ﬁﬁf:ﬁ&ﬁ&{'ﬁfﬂf@dﬁﬂnﬁ b@d@hm&yée&%mmtf?ﬁhmmgiswus
ypically-differs significantly fromprior ar < Wi regar :
el enental - anal ysi s.. Pr@f@ﬂ%@éﬁiaﬁgwaﬁﬂIﬂ'h@agﬁﬁ“yﬂ%B‘e e é@vgrgl i d
extraction w yftednéRilbgémating oxidivinglagent suchghgtainrd-mfF ecntsiningimixtjrens | ,
exenplarily m;sit I_en‘g, and 1 isolation of the a-6T by crystallization of
t he extract. %‘r@? rred nethods further conprise a nulti-step washing
sequence applied to thd) ifplatingseiheadhTfromisaid six@rer oduct, and subl i mation
of the washed solid product along a significant distance, .

10 9. Method acéording'to claim 8, wherein the deprotonated o-(m/2)
thienyl is 5-lithio-o-terthienyl, and the o-mT is a-6T. '

10. Method according to claim 8, wherein step d) comprises washing the
o-mT with solvents, and optionally comprises one or both of
i) recrystallization of the a-mT under inert conditions; and
15 ii) sublimation of the o-mT under vacuum.

e
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typically >1 cm W have al so nade the surprising discovery that a-6T e
according 15 to the above described net hod has a nel \Q% ﬁK‘@BEEN
differs substantially fromreported nelting points of 2p AégﬁT

are in the range [err]. Specifically, usi-ng-di fferentl a¥ TICE,
calorinetry under nitrogen, we found the nelting point of the novel a 6T to

g?gﬁ??%a%?r{j}ffmmﬁzgﬁwmw%cgy E:l(hjblig*{gﬁactl on pat r'ﬁg of a-6T

‘made according to the noveAANPARTICREMABEBhIHEMETHAD on patterns of
prior art a- 6Memnstrated by FIG. 6 and 7. The forner pertains to

a- 6T accordin e invention, and the latter is t ubl i shed
diffracti on pattern ofOgapiq @mﬁlmvanwmée@nslmeﬂwatpf&méﬂs (e-2a00008 o

'Vat eri a: S, 5/0|ra osf»@bs aPZO“@'ﬁ%.réditQ@@s)edh%e 1mproved transﬁ@ﬂﬁdoﬁiﬂdse aneega;(ﬁcg
material accor enti,on, ha ous r per

peaks. Speci flaE'&qul? )io%l%wa‘&‘épﬁf‘ﬂg(ﬁg)i‘ |n eﬁﬂfuoﬁja&h "&ﬁ ey td?%'eaks
(see the abovqocPioedver mc% S/chy). amsemwfpmduamg)sueumtmatsxsdxscqoma [err]

each ar e resolyc, ol QuAlok 835 s BuRF ive T BB Vol SAHSSEpARF AR 2L | ons

i ndi cate that Ro? nventi on er| a
give rise to qymfpne(hmatbrfal im-lmmhxenﬂnneeﬁa-ﬁl‘) i m@ma@%wmxs@rs A®re dense

i cr oscopy RaEXkted o B (0F o B R o B B £ e [ (e

invention (deposited on a substrate at roomtenperature) can consist of
| ar ge, .

whiich
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anlsotfoplc platelets with | engths of 100-200 nmthat -are clearly
interconnected. 35 This is to be contrasted with S|n1IarIy deposited prior
art a-6T filns which are reported to have grain sizes of 50 nm with the

i sotropic grai-ns nore or |ess -8 - separated fromeach other (B. Servet
et al, Chemstry of Materials, Vol. 6, 0¥@94), p. 1809). These structural
differences are reflected in differences in carrier mobility. The a-6T
films according to the |nvent|on can have nobility of about [err] s,

wher eas t he above d i b prior art material was reportg® to have 5
mobility of only 2 Err _We currently believe tha é | scussed

i mpr oved propertles HM rtan for attai nment <ot s devi ce

per f or mance, e.g., for attalnnen of a hi gh_ermtestsr _
source/drain current In particular, : qmm~ ofiierif bel ow
0.1 weight % (preferably bel ow 0. Q A itat g0 et ac15 10 of
active layer materi al accordL-' T v = s 1 1

material wi th higher haloge'
carrier nobility. Those s<‘
descri bed net hod of naking™a
nmet hod are possible. For insta
xyl ene) of simlar polarity t g4

"; i gy ow
¢ at the above

ﬂf‘ﬁuoiflcatlons of the

14 15

/////////////////////</\ / //




hY

15 mesityl ene may be used, other netal-al kyl reagents (e.g.,
sec-butyllithium may be used instead of n-butyllithium and ot her

‘non- hal ogenati ng oxi di zing agents (e.g., ferric trifluoro-acetyl acetonate,
manganese (l11) acetyl acetonate) nmay be % d. Furthernore, the nethod is
not limted to the synthesis of a-6T but nglies, wi th obvi ous

nodi fications (e.g., starting material, quantities and tenperatures of 20
sol vents, sublimation tenperature and pressure) al so to the preparation of
a-4T and a-8T, and to tff&.prebaration of closely related compounds such as
t he end- substituted . derivatives of a-6T, a-4T and a-8T. Furthernore, at

|l east the purification aspects of the novel nethod are expected to be

. applicable, with obvious nogh Sl —Gr——1 6 ot s of
appropriate polarity andgob Irng pornt 2 bl inaticntedpdlfat ure and
pressure) -to other rel ated onpe/,,, e ST 7Tarld-68- 9T, and
their 4 or 5 substltyLedUJé i Vo es——rm—approprrate—uartit40( e. &, 50 np)
of a-6T produced as d&300gb d gbove was placed into a convent'onaE:tungsten
boat in -a convention

br At.Q = —asepressurg 1 thg
~ evaporation chanber s1@b8 t [err] torr The 30 boat was |heat ed o about
[err], and a 50 nm t & ck 2g 6T filmwas deposited uniformy |over aEE
appropriate substrat&’atQw)wntenperature The as- dep05|ted mat er pal
typically was pol ycrg fj10pe, with average grain size of g e{ 189 nm We
have found that an a Bt € heat treatnent of il g d a- nT can
change t he nor phol ogy oﬂBT myer, g Poientially furtheréqhéhove devi ce

35 characteristics. {@4§se0|f|ca"y, we have found that {rapid therm
anneal i ng ' .
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1 -
(RTA) -of as-deposited filns of, e.g., a-6T can substantially increase the
grain size of -9- the material, to the extent that average grain size -
‘tan be conparable to or even exceed the channel length (typically 4- 12
[err]) of the intended TFT. If this i§ gﬁg case then the active |ayer can
behave substantiallf7clke6a single crystial layer. Annealing an as-deposited
a-6T filmfor a short time (Typically Tess than 5 I0 seconds, €.]9., 1
.second) at a tenperature clpse to {optidnalkly even slightly abovje) the
melting point (e.g., [err])|exenplarily §hd$ resulted in increaseq of the
- average grain size to ab@gej[err], e.g..] th the range 5- [err] Annealing is
desirably done in an inefE atlnosphere, 4 qf. N2. Any suitabl e hdat source
(e.g., a bank of hal ogen=Pafys focused toffh susceptor, or a graphite strip
heater) can be used. 10 &t [ifs anticipa -u|that t he nor phol ogy of the other
a-nTs can-al so be inprové& byl appropri allie fIRTA. Furthernore, we Hhave
di scovered that RTA of ag=de¢dosited p-tHp4qlia-6T filnms can result|in
substanti al decrease of @Qe wonductivit t i th condequent increase in
on/off ratio. For instan¢e, \N ag- dgpoki d a-0T | ayjer exhibited |a
conductivity of 15 about=E[ ¢ ]S/ my At @R dIRTA [ferr,] for 1 sgcond) in
N2, the layer exhibited a conguftiji tiy jof /0 X [efy@fiS/ cmalt ils expected
t hat ot her nmenbers of the g oup

!
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a-nT wll show simlar conductivity decreases. TFTs according to the

i nvention can be produced in substantially the sane way-as anal ogous pri or
art TFTs, provide that a a-nT of the requird low 20 conductivity is used.
Exenpl ary substrates are gl ass, plastics such as [err] or [err] or S
(coated with SiO2 or other insulator). @{4 of encapsul ant that protects the
active layer material is contenplated. Transistors according to the

i nvention can be used as discrete devices but will nore typically be used
inintegrated circuits that conprise a multiplicity of 25 transistors
according to the invention, possibly in conjunction with conventional

sem conduct or devices, with conductors interconnecting the devices and
providing nmeans for energizing the devices, providing input signals to the
circuit and optionally receiving output S|gnals therefrom By way of

exanpl e, tr stdls according. to the invention are used as 30 current
swtches in liquid crystal di s;ﬁlays i nGpunct i orﬁg ly the sane way as prior
art sem conductor TFTs are cur ) i S schenatically

illustrated in K i C

" Anor phous and I@O SWSC g
Boston (1991). FIG 9 depicts relev
di agram of an active-matrix liquid c
101 are TFTs according to the inve

is conventional. Nuggsaﬁﬁcloz r

2 of
edlto Artech House,

di spl ay, @g \Aﬁ'ggFlLr;Lg:ﬂsEors
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.-10- 1@3-105 refer to signal lines, gate lines and co ﬁe'ﬂl ectrode,
respectively. Video srgnal's and gate pul ses are al so ghow bﬁ,@%¥j
Cains: 1. An article conprising a thin filmtransist . g.

conprising a) a quantity of organic materjgl; ; b) spaF B\ %L—ch
second contact neans (12, 13) in contact with said C]Ue‘ ty—oef-—or gani

mat eri al ; and c)  1.hj n C from.each of said -
first and second“HpEE &ﬁ%&ﬁkﬁgsﬁﬁﬁMZ@&ﬁ 2 Tﬁ‘g by
means of a vol tage appli eANmAtRHcEEMAmB’xcerm‘HeDcurrent bet ween
the first and econd contact neans; CHARACTERI ZED IN THAT d) t he

quantity of -material conprises a layer (16) that conprises a first
organi c nateri al of a Orgarit thio fitin etansistoys havires mproved mroperti¢L()g. L dngoff

conprises 3 Sg{Q ';dm"rzﬂ?ﬂ"é) HBUEEIREd. OThAinR6 AR RIS Ediprid dRGaniG 2l 0 -

second organi'c mate g
' active layer (16) of low conductivity (<5 x- 107° S/cm at 20°C, preferably less than

10~8 or even 10~° S/cm). A method of producing such materials is disclosed.
Rapld thermal annealing was found to have beneficial results. An exemplary and
. preferred material is a-hexathienylene (¢-6T). The improved transistors are
10 expected to find use for, e.g., active liquid crystal displays and for memories.

'No Figqure Suggested'




being in co rst or gani ¢ nat eﬁ‘ﬁ%"rA%ﬁM in g
bet ween sai EMHM j}g‘! cont act m;ﬁ _________ j
1, wherein t "material TsTa p. JPS?pE' """" -

second organic material is an n-type organic material. 3. Artlcle accordi ng
to any of (Qabasys 1 and 2, wherein the article conprises a plurality of said

transistors, with at !le%gltar?cl% l:&ﬁoriﬁﬁo ﬁ%&iﬂgﬁﬁ%kﬁ@? (Se. bﬁ %rﬁrgg{aor m an

n- channel transistor, east transi’sto I“ased -t o
form a p-channel transﬂﬁ@rﬂnﬂ@d?f&fgﬁﬂi%ma@ﬁal’second transi stors being

otherwi se essential |y pykpRéddGephrt fifst afd bécoh@ cofaHéans (12 18} A dBntact WRAT € N
the p-type and ge or%anl C naterllglléf are sel ected such that the LUMO and
HOMO of "t he p ?‘{a&é%’ AN TRRtELS closer to a vacuum energy |evel than

the HOMO of the n-typec)ahigdhesmacraieans W)Memmtddmmam oftdaldFirsnarin

"l owest unocc I | r
orbital", reslég‘%: |vc§§§8tclﬁéﬁﬁra§ B}aégxlgcag Hﬁﬁflmg,ﬁ@z %%e&gl vﬁo‘f{ﬁ#@ -type
or gani ¢ mat er iappligdsto @uﬂ@gnm&mmeam emgnﬂxe.ﬁrgta@tﬂtp@wm SOImCt

t hi ophene of qgghge of pol ynerization great er than 3 and less than 9,

F?Lygﬁ;iseg;v?gglsgln;yt e@ﬂgﬁfﬁ% ]‘(ﬁ) I[Og?mza- bl:00|4?/ 5-b'] dithiophene.
d) the quantity of organic material comprises a layer (16) that comprises
a first organic material of a first conductivity type and a layer (21) that comprises a
second organic material of a second conductivity type, said second organic material
being in contact with said first organic material at least in a region between said first

(

and second contact means.

2. Article according to claim 1, wherein the first organic material is a p-
type organic material and the second organic material is an n-type organic material.

3. Article according to any of claims 1 and 2, wherein the article
comprises a plurality of said transistors, with at least a first of said transistors biased
to form an n-channel tranéistor, and at least a second of said transistors biased to
form a p-channel transistor, said first and second transistors being otherwise
essenti.glly identical.

4. Article according to claim 3, wherein the p-type and n-type organic
materials are selected such that the LUMO and HOMO of the p-type organic
material is closer to0 a vacuum energy level than the HOMO of the n-type organic
material, where "LUMO" and "HOMO" mean "lowest unoccupied molecular orbital”
and "highest occupied molecular orbital”, respectively.

5. Arlicle according 10 claim 4, wherein the p-type organic malcrial is
selected from the group consisting of polymers of thiophene of degree of
polymerization greater than 3 and less than 9, polymers of substituted derivatives of
thiophene, poly (thicnylenevinylene), and 2, 2°-bis (benzo (1, 2-b: 4, 5-b7]
dithiophene.
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anhydrides and imides and their substituted derivatives, oxadiazole compounds,
tetracyanoquinodimethanes and dibenzo derivatives thereof, porphyrins and

quinones.

7. Article according to claim 6, wherein the p-type organic material is
¢-6T and the n-type organic material is Cgp.



