ARTI'CLE COVPRI SI NG a- HEXATHI ENYL Field of the Invent .Em‘a(’ 15 L&@
Ihis invention pertains to articles that conprise a-hexathienyl ([err]-6T¥,

e.g., thin filmtransistors conprising an a-6T-I|ayer. 5 Background of the
| nventi on : ' :-Consi derabl e effort has-recently been directed
towards thin film transistors (TFTS) with organic active |layer. See,
for instance, F. Ganmier et ‘&l , Sci ence, Vol. 265, p. 1684. Anong the

organi ¢ conpounds that ARIICEE&SGOMPRISING o-HEXABFIENYLY consi dered for

use as acti Verjbla¥dthéMwnitidh | S a-hexathienyl, frequently 10 referred to
as [err]-6T. . ] ce, G Horowitz, J. Applied Physjics, Vol.
70(1), p. 469. Thisinvention pertains togstigles that gemsprisecchignathieayier-6T),

resear ch andegevainoflietrinsistd cbmprising an@-6FNayer. TFTs have not yet reached
com*rercializ | RD at Ife st in part due to relatively poor device
characteri tm&wﬁﬁﬁ’ﬂart devices. It is generally 15 believed
that the poor devi ce Cousideralse efforthas sscentdy béenaditected towaids dhia fllm t he
relatively L QW ' f _tvypjcal apLc cactive |layers.
Wrocent 4 gliepis Lm@mﬁm" actfYe Ver S finatnics, B Camiierataly 11 om
a change in Geignes Vs 205 pr K684Semong thesirganicicasppunds that apgpduirreatly amosSer i al
No. 08/ BrRgudiAry cohbidedd P6CHRIS active IS mBeridt is BORBRRARN fréueftly

10 referred to as a-6T. See, for instance, G. Horowitz, J. Applied Physics, Vol. 70(1),

p. 469.

However, despite considerable research and development effort,
.. "organic" TFTs have not yet reached commercialization, at least in part due to
relatively poor device characteristics of typical prior art devices. It is generally

15 believed that the poor device characteristics are at least in part due to the relatively

- low quality of typical organic active layers.
A recent significant improvement in device characteristics resulted from
a change in device structure. See co-assigned US patent application Serial No.
08/353,024, filed December 9, 1994 by A. Dodabalapur et al.

20 A further recent significant advance resulted from the discovery of an
improved method of making organic compounds that are useful as active layer
material. See co-assigned US patent application Serial No. 08/353,032, filed
December 9, 1994 by A. Dodabalapur et al. Using the novel synthesis method the
inventors of the *032 application were able to make films of a-6T that had room

25 temperature conductivity substantially below 108 S/cm, and TFTs that comprise
the improved o-6T had on/off ratios greater than 105, As is conventional, the o-6T
layer was formed by sublimation. The above referenced two patent applications and
the Garnier et al. article are incorporated herein by reference.

Despite the recent advances, it would still be of considerable interest to

30 have available o-6T of still higher quality, since such improvement is likely to
translate into improved device characteristic. This application discloses a novel
form of o-6T which, on theoretical grounds, is believed to be, inter alia, a promising
active layer material for organic TFTs.




20 ° A further recent significant advance resulted fromthe

di scovery of an I mproved net hod of making organi c conpounds that are
useful as active |ayer material. See co-assigned US patent application
Serial No. 08/353,032, filed Decenber_, 9, 1994 by A. Dodabal apur et al.
Usi ng the novel synthesis nethod the -Zfventors of the ' 032 application
were able to nake films of a-6T that had room 25 tenperature conductivity
subst anti al | ySommaryléf{the Dhvéstion and TFTs that conprise t he i nproved

a-6T had on/off ratio I t. [ , I 8 C ' |, . -6T
| ayer was forned by sﬁf#i %n ﬁ%ﬁ .‘%ﬁ%@b"g’\r}é‘é Flélﬁg%e%lcae %{%&ﬂ egp@ﬁtm‘;egﬁog
appl i cati ons #resnbodied infacnosel phase of o-GT,.to he refetred toras dt-ﬁ&'ﬂfgomred herein by

oy ger acfieliely o iR R ARG AP WENETET, b BB | e
qual i ty, siShceompasesamyliphicitnef TETS such as arfigt panel display|ox@a efestrenicnpr oved
devi ce char acin@mosy) that chRiprise® R qheiity Of B S CSipaRtamly) INChuantity g FTOf a- 6T
o el Shsilniale S sk oo Shat s diffdion pedks ot 8L, "9
-2 - SBUGHAL294) 171320 2615 @and 20108 degrees in its CuK ,, powdeh X-fray\difftaction i S
defined by t hﬁat&k‘rﬂi The mwh %h&rquges?grpa% a%—ﬁ‘%ﬁ Qk&ﬁﬂlaﬁly is produced by a
10 process that comprises solidifying at least a portion of a mass of molten o-6T such
that the solidified material consists substantially of o.-6T/HT. According to our
present understanding, o.-6T/HT has monoclinic crystal symmetry, with unit cell
axes a = 0.914 nm, b =0.568 nm, and ¢ = 2.067 nm, and monoclinic angle f = 98°,
all within about £1%. The angle f is the angle between the a and ¢ crystallographic
15 axes, as is conventional.
Brief Description of the Drawings . :
FIG. 1 shows powder X-ray diffraction patterns;
FIGs. 2-4 shows calculated energy band diagrams for o.-6T/HT; and
FIG. 5 shows an exemplary temperature profile in apparatus that was
20 used to grow single crystal o-6T/HT.
Detailed Description
It is conventional in the prior art to form an o-6T layer by sublimation
onto a cool substrate from a quantity of &.-6T that is maintained at a temperature
close to the melting point of the quantity of material. The resulting o-6T layers
25 typically are highly polycrystalline and had relatively low carrier mobility. The
prior art o-6T will be referred to as a-6T/LT. FIG. 7 of the above referenced *032
patent application shows the X-ray diffraction pattern of an exemplary sample of o-

6T/LT.

The 032 application discloses a novel method of making a-6T/LT that
30 results in substantially improved material, and FIG. 6 of the *032 applicatioh shows
the X-ray diffraction pattern of a sample of the improved o-6T/LT. The improved
material has high carrier mobility, and yields TFTs with high current on/off ratios.
The prior art contains assertions of polymorphism in a-6T. See for
instance, B. Servet et al., Chemistry of Materials, Vol. 6, p. 1809 (1994). However,
35 none of the "phases"” }eported in the Servet et al. paper corresponds, to the best of our

knowledge, to the o-6T/HT of interest herein.




is.ehbodi ed in a novel phase of [err]-6T, to be referred to as [err]-6T/HT.

vor e specifically, the invention is enbodied in an article (e.g., a
TFT, or an article that 5 conprises a nultiplicity of TFTs such as a flat
panel display or an electronic menory) that conprises a quantity-of
[err]-6T. Significantly, the quantity of J=®tr]-6T consi sts
substantially of a phase of a-6T that exhibits diffraction peaks at 20 =

4. 31, 8. 64, 12. Bee alsb. K Destbetldl., Auvard Mawsgis£vel. 51(1), TpS433(l1993D10V\Uer
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referred to a2 *P/iﬂ‘?{y o bé"e ?W?F“ﬁ%éh%{m i %ﬁ@%ﬁ %ézfr‘)l app—'ilcﬁ&?‘é‘n
applicati as sdmhasbfganiéms.dl ffraction pattern of an exenplary sanpl e of

a 6T/LT. As those skilled in the art know, a material can generally be identified
by its X-ray diffraction pattern. FIG. 1 shows the measured X-ray powder
diffraction (CuK ,, radiation) pattern (10) of a sample of a-6T/HT, together with the
calculated pattern 11. The calculated pattern is based on the results of the analysis of

20 single crystals of o-6T/HT. The crystals were translucent, with an orange luster.
Integrated X-ray intensities were collected with graphite monochromatized CuKg
radiation on a conventional diffractometer, and the crystallographic analysis was
carried out on a conventional computer work station using a known structure
package. The sulfur and carbon atoms were refined anisotropically, and for the

25 hydrogen atoms a common iSotropic temperamre factor was refined. No other
constraints were applied. The analysis showed that o.-6T/HT has monoclinic crystal
symmetry, with unit axes a = 0.914 nm, b =0.568 nm, ¢ = 2.067 nm and 3 = 98°,
with uncertainty of about +1%. Inspection of FIG. 1 reveals essentially perfect
agreement between the measured and calculated powder diffraction patterns (after

30 subtraction of the background scattering from the measured pattern), lending strong
support to the results of the single crystal analysis.

' FIG. 1 also shows a CuK , powder diffraction pattern (12) of the prior
art material o-6T/LT. As is evident, there are substantial differences between
patterns 10 and 12, indicative of the substantial difference in structure between o-

35 GI/HT and 0-6T/LT. For instance, prior art pattern 12 exhibits peaks at 20 = 3.95,
7.90, 11.84 and 15.82°, whereas pattern 10 does not have peaks at these diffraction




The ' 032 application discloses a novel nethod of making [err]-6T/LT that 30
tesults in substantially inproved material, and FIG 6 of the '032

application shows the X-ray diffraction pattern of a sanple of the

i mproved a-6T/LT. The inproved material has high carrier nobility, and
yields TFTs with high current on/off rat i-ds The prior art
contains assertions of polynorphismin [err]-6T. See for I nstance, B.
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-3 - pattern 12 has a substantialeak at Be=1232 6%, whereas pasiernd @dadkistkisi al s,

Vol . 5 (1), QFeathre.(1993), whi ch reports nmesophase formation in

[err]-6T at high tenperature. These authors report obtaining high
tenperaturé (the mat eExtgndedEugked thenry band strugture salsplatipngshoy that Q‘G'W&f

di ffraction pghh aidifect@dy senfica@ucion, wilhl e conducddesing nihimurk bt d’b%rﬂ'ﬂl@ the
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reference, whnhelecuhoorystal)eemadkhbleaepree gf alispersiondlong X andcyrandishownal
307 err] o, Subsetfulylh ipersii alghl 2 hE Lilplied Bhécky bdp RLEDF RO, HIGET
associ at ed0wi2-# show thecaleaated dispersion relations for the four highest occupied and two
lowest unoccupied bands of a-6T/HT, where I' = (0, 0, 0), X = (a*/2, 0, 0), Y = (0,
b*/2, 0) and Z = (0, 0, c*/2), where a*, b* and c* are the conventional reciprocal
lattice vectors. In FIG. 2, the dashed lines represent the corresponding energy levels
in the free molecule. Extended Huckel theory band structure calculations are
15 conventional, as is the above band structure nomenclature.

The calculated electronic bandstructure of a-6T/HT is strikingly similar
to that of the 2-dimensional organic superconductors based on bis(ethylenedithio)
tetrathiafulvalene (ET), e.g., k— (ET), Cu(NCS),. This suggests high hole
mobility of o-6T/HT, and thus usefulness of a-6T/HT (especially in single crystal

20 form) as active material in TFTs. The suggestion is based on the approximate
proportionality (in a free electron model) of carrier mobility to the width of the
relevant energy band. The bandwidth calculated for x—(ET), Cu(NCS), at T is
0.56 eV for the band which crosses the Fermi level, and the valence band of -
6T/HT is calculated by us to have a width of 0.40 eV at I. In view of the similar

25 bandwidths the two materials can be expected to exhibit similar hole mobilities.
Measurements indicate that the prior art material has hole mobility >0.2 cm?/V's.
Thus, the inventive material is likely to also have a hole mobility of order
0.2 cm2/V-s, which is considerably higher than the hole mobility typically
observed in prior art o-HT.

30 We will now describe an exemplary method of making o-6T/HT.

A quantity of o-6T was synthesized and purified substantially as
described in the above referred-to *032 patent application, and the thus produced
material was placed into a borosilicate glass capillary, with great care being taken to
exclude air and moisture from the capillary. After flame sealing the capillary it was

35 transferred to a conventional light microscope with hot stage, the latter modified to
produce a defined temperature gradient along the capillary. An exemplary




crystalline phase of [err]-6T but as belonging to the nesophase. 10
En view of the prior art reports of a high tenperature nesophase, the
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[err]-6T, nanely, the phase [err]-6T/HT, canme as a surprise to us. Not
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powder diffragtian & gﬁﬁﬁésta?\’%ll}’g}l)isgo?e prior art material a-6T/LT. As

is evident, there ar f erences between atterns 10 and

12, indicative of theTheBbevedesemibed melsgeawth maihad hasaroduced dighqualiner r | -
single crystals and single phase powders of a-6T/HT. Undoubtedly it will be

possible, by building on our results, to produce &-6T/HT also by other methods

20 and/or in other than single crystal and powder form, e.g., as a thin film on an
appropriate substrate. For instance, our preliminary results indicate that o-6T/HT
films can be formed by sublimation onto a substrate, provided the substrate is
maintained at a sufficiently high temperature, e.g., 295°C and above. At lower
substrate temperatures (e.g., 275°C), the prior art phase o-6T/LT is formed. Thus,

25 we currently contemplate substitution of o-6T/HT films for the organic active layer
in prior art TFTs, including the TFTs disclosed in the above referenced ’024 patent
application, and in the references cited therein, all of which are incorporated herein
by reference. Such substitution could be one for one, and would generally not
require any change in device design, or in, for instance, the circuitry for a flat panel

30 display.




35 6T/HT and [err]-6T/LT. For instance, prior art pattern 12 exhibits peaks
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a substantlal'l'lpaakenﬁomelan}le&mZ 68[err], whereas pattern 10 | acks this

feature. xr)é%éﬁﬁln }h&o& L ructure
cal cul ati ons show that %r r ! -6 I S -an nﬁl rec{ﬁgap sem conduct or,

with the conduction b& ED BY¥ BHAT: he val ence band naxi num at
r. The conduction ands&l@h@ﬂﬂﬁybﬁ&dﬁéxb@ﬁéﬁyﬁb@t&ﬁs&éﬂb@&nﬁm of a phddk @EHl ar

crystal) rkapl e re erS|

subst ant i af n?‘ ﬁﬂBﬁPXg@gE‘?’g’hb% . &@Lﬁ %r?igéi é%e‘r?gékd 62%3 Hi5ed ey -
FIGs. 10 2- QQﬂSBMim@qu,lpW&réﬂrwmmrpmainatlons for the four highest
occupi ed and two | owest unoccupi ed bands of [err]-6T/HT, where [err] =

(0, 0, 0), X =(a*/2, 0, 0), Y = (0, b*/2, 0) and Z = (0, 0, c*/2),
where a*, b* and c* & dhe agicleefclaim brwhereiscsaisk phase of o-hexathienybkasvect or s.
In FIG 2, t qt§£ t W Jal v,

in the free %ecu‘ﬁi %?1[35 h Wnnﬁ%gﬁ}é% rﬁl}gtﬁr?%&%ﬁd%ns

ar e 7 nm, and monoclinic angle B thhm about £1%.

10 : 3. The article of claim 1, wherein said phase is produced by a process
that comprises solidifying at least a portion of a mass of molten a-hexathienyl.

4. The article of claim 1, wherein said phase is produced by a process
that comprises deposition of a-hexathienyl on a substrate, said substrate being at a
temperature of 295°C or above.

15 5. The article of claim 1, wherein said quantity comprises a film of said
phase.

6. Article according to claim 5, comprising one or more thin film
transistors, a given one of said thin film transistors comprising a film of said phase of
o-hexathienyl.

20 7. Article according to claim 6, wherein the article is a flat screen
display.
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pat ent application, and the thus produced material was placed into a
borosilicate glass capillary, with great care being taken to excl ude
~air and noisture fromthe capillary. After flame sealing the capillary it
was 35 transferred to a conventional |ight mcroscope with hot stage, the
latter nodified to produce a defined tenperature gradient along the

capillary. An exenplary
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apﬁropriate substrate. For instance, our prelimnary results indicate that

[.err]-6T/HT films can be fornmed by sublimation onto a substrate,
provi ded the substrate is mai ntai ned at a sufficiently high
tenperature, e.g., 295[err]C and above. At | ower substrate

tenperatures (e.g., 275[err]C), the pricq/fut phase [err]-6T/LT is formed.
Thus, 25 we currently contenpl ate substitution of a-6T/HT filns for the

organi c active |ayer in prior art TFTs, including the TFTs di scl osed

in the above referenced ' 024 patent application, and in the references
cited therein, all of which are incorporated herein by reference. Such
substitution could be one for one, and woul d generally not requi re any

change in device design, or in, for instance, the circuitry for a flat
panel 30 display. '

- 6- The invention clainmed is: 1. An article
conprising a quantity of a-hexathienyl; CHARACTERI ZED | N
THAT said quantity of [err]-hexathienyl consists
substantial |l y of qaﬂggs of a- 5 hexat hi enyl that exhibits diffraction
peaks at 2[err] =74.31, 3.64, 12.96, 17.32, 26.15 and 29.08[err] in

its CuK[err], powder X-ray diffraction pattern
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2. The atticle of claim1, wherein said phase of [err
menoclinic crystal symmetry, with unit cell axes a =

nm and c = 2.067 nm and nonoclinic angle [err] . b ft hi n
about 1% 10 3. The article of claim1, v .rejn sai d pha-e is
produced by a process that conprises_solidifying 4§ {i pn of
a mass of nolten a-hexathienyl. -7- 4. [ The | i m

1, wherein said phase is produced by a process
deposi tion of a-hexat hi ARTICHECOMBRISING occHEX STHIENS : )
5. The artlcle of claim1,

tenperature M‘&err] C or above. 15

wherein said ty conprises a filmof said phase.

6. Article according Aoprevignsty Snkeewm phaserod oehmcaﬁnenmdﬂstglnhmdfd-ﬁm
transistors, e%hﬂwafrﬁca iox? esk3 20 L .51 484, 13.98] #1.92 2 RId B 0@ iftal || M Of

sai d phase_o hi enyl Article accordlng
to claime6d (K ePAWdRRXFRY idl';ffl@cﬁl@ patiermand i expected to hmesqspeﬁmes &8

high hole mobility) that make the phase desirable for use in, e.g., thin film
transistors. Substitution of thin films of a-6T/HT for prior art organic thin films in
. thin film transistors and other devices is contemplated.

Fig. 1



