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ARTd# CLE COVPRI SI NG ORGANI C THI N FI LM TRANSI STORS Fi el d of the lnvention
This invention pertains to thin filmtransistors (TFTs), nore specifically,
to-TFTs that conprise organic active |ayer nmaterial. 5 Background of the
Invention Thin filmtransistors (TFTs) are,known, and are of consi derable
commerci al significance. For instance, arrbhf)hous silicon-based TFTs are
used in a l.arge fraction of active matrix liquid crystal displays. TFTs
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large fraction of active matrix liquid crystal displays. '
TFTs with an organic active layer are also known. See, for instance, F.

10 Garnier et al., Science, Vol. 265, pp. 1684-1686; H. Koezuka et al., Applied 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.
These devices typically are field effect transistors (FETs). Such devices potentially

15 have significant advantages over conventional TFTs, including a potentially simpler
(and consequently cheaper) fabrication process, the possibility for low temperature
processing, and compatibility with non-glass (e.g, plastic) substrates. Bipolar
transistors that utilize both p-type and n-type organic material are also known. See,
for instance, US patent 5,315,129. S. Miyauchi et al., Synthetic Metals, 41-43

20 (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
relatively poor device characteristics of prior art organic TFTSs.

25 ~ Animportant 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. Fuch_igami et al. (op. cit.) recently reported a device
that had carrier mobility comparable to amorphous silicon, but had an on/off ratio of
only about 20 at -30V gate-source voltage. That paper also discloses purification of

30 semiconducting materials to reduce the carrier scattéring by impurities.

H. Koezuka et al. (op. cit.) report attainment of an on/off ratio
(modulation ratio) of the channel current of about 10° in a device with doped
polypyrole-coated (a highly conducting polymer) source and drain contacts.
According to these authors, this is the highest on/off ratio achieved in organic FETS.

35 Nevertheless, the reported on/off ratio is still substantially smaller than on/off ratios
typically available in conventional FETs and demanded for many potential
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In view of the potential significance of organic TFTs, it would be

10 desirable to have available such devices that have improved characteristics,
including improved on/off ratio of the source/drain current. This application
discloses such devices, and a method ¢f making the devices. _

US patent application Serial No. 08/404,221, filed March 15, 1995 by R.
C. Haddon et al., discloses a C go-based organic transistor. See also A. Dodabalapur

‘15 etal., Science, Vol. 268, p. 270 (1995).
Definitions and Glossary _

An "organic semiconductor” herein is a material that contains a
substantial amount of carbon in combination with other elements, or that comprises
an allotrope of elemental carbon (excluding diamond), and exhibits charge carrier

20 mobility of at least 10~3cm?/V-s at room temperature (20°C). Organic
semiconductors of interest herein will typlcally have conductmty less than about
1S/cm at 20°C.

A "p-type” ("n-type") organic semiconductor herein is an organic
semiconductor in which the Fermi energy is closer to (farther from) the energy of the

25 highest occupied molecular orbital (HOMO) of the molecules or aggregates present
in the material than it is to (from) the energy of the lowest unoccupied molecular
orbital (LUMO). 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").

30 An organic "p-n junction" herein is the contact region between a p-type

and a n-type organic semiconductor.
Summary of the Invention

In a broad aspect the invention is embodied in an article that compnses a
novel organic TFT that can have substantially nnproved characteristics (e.g., on/off

35 ratio), as compared to prior art organic TFTs. Some embodiments of the invention
can exhibit p-channel or n-channel transistor behavior, depending on biasing




polsypyrol e-coated (a highly conducting polyner) source and drain contacts.
According to these authors, this is the highest on/off ratio achieved in
organic FETs. 35 Nevertheless, the reported on/off ratio is stil
substantially smaller than on/off ratios typically available in
conventional FETs and demanded for many potential - -2- applications of
organic TFTs. Furthernore, the organic TFT had very low carrier nobility (2
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concent r at i on.the third contact means, a current between the first and the second contact means.
Significantly, the organic material comprises a layer of a first organic material of a
first conductivity type and a layer of a second organic material of a second
conductivity type that is in contact with the layer of the first organic mategial at least
10 in a region between the first and second contact means and forms a p-n junction with
the layer of first organic material, the layer of the first organic material being in
contact with each of the first and second contact means and being not in contact with
the third contact means. The third contact means generally can be identified with the
gate contact in prior art devices, and the first and second contact means with the
15 source and drain contacts of prior art devices.

* Exemplarily, a TFT according to the invention has exhibited an on/off
ratio of more than 105, substantially higher than the ratios exhibited by prior art
organic TFTs. The exemplary TFT according to the invention furthermore exhibited
relatively high carrier mobility, in excess of 0.003 cm2/V-s. Desirably, TFTs

20 according to the invention exhibit an on/off ratio greater than 10° at an operating
gate voltage, and a carrier mobility of at least 3 x 10~3cm?/V-s, all at 20°C.

The layer of the first organic material in TFTs according to the invention
can comprise any of the organic materials known to be suitable for use as the active
layer in organic TFTs. Among these materials are polythiophene and substituted

25 derivatives thereof such as poly(3-hexylthiophene and poly(3-octylthiophene)
-polyihienylenevinyléne, o-hexathienylene (x-6T) and substituted derivatives thereof
such as o, @-dihexyl-o-6T. Other suitable first organic materials are disclosed in US
patent 5,315,129 and in G. Horowitz et al., Synthetic Metals, Vol. 41-43, pp. 1127-
1130. Exemplarily, the first organic material is selected from polymers of thiophene

30 of degree of polymerization greater than three (and typically less than 9), polymers
of substituted derivatives of thiophene, and poly(thienylenevinylene). Recently we
have shown that 2, 2’-bis (benzo [1,2-b: 4,5-b’)dithiophene can have p-type mobility
of > 10~* cm?/V-s in a TFT, with excellent on/off ratio and thermal stability. This
compound, as well as its tris analog and substituted derivatives, is contemplated for

35 use in TFTs according to the invention.
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Among the second organic materials that are suitable for use in the
invention is C¢y. However, the invention is not so limited, and the use of other

10 organic materials, including p-type materials, is contemplated. Among n-type
organic semiconductors that are likely to be useful are other fullerines (e.g., C7o and
homologs), perylene tetracarboxylic anhydrides and imides and substituted
derivatives (e.g., perylene tetracarboxylic dianhydride or PTCDA), oxadiazole
compounds, tetracyanoquino-dimethanes (e.g., 7, 7, 8, 8-tetracyanoquinodimethane

15 and its dibenzo derivative), porphyrins and quinones. Exemplary substituents are
nitro, cyano, halo and perfluoroalkyl substituents, with other alkyls also being
potentially useful. Those skilled in the art will appreciate that not all n-type organic
semiconductor materials will necessarily be useful in the practice of this invention.
Indeed, there are materials (¢.g., Alq) that are useful in some embodiments of the

20 invention but are currently not thought to be useful in other embodiments.

In a first exemplary embodiment of the invention the transistor further
comprises a dielectric layer disposed between the third contact means and both of the
first and second contact means, with the first organic material layer in contact with
the dielectric layer. Transistors of this embodiment have a structure analogous to

25 that of conventional metal-insulhtor—semiconductor (MIS) FETs and will be referred
toaéummﬂmTTﬁhofchﬂSFETQma '

In a second exemplary emibodiment the third contact means of the
transistor are disposed on the second organic material layer and are spaced from the

_ . first organic material layer. Transistors of this embodiment have a structure
" 30 analogous to that of conventional junction FETs (J-FETs) and will be referred to as
organic TFTs of the J-FET type. ' .
_ A third exemplary embodiment is similar to the above first embodiment,
but with the order of the first and second organic material layers interchanged.
Transistors according to the invention are advantageously used in
35 articles such as display systems, memories, and other analog and/or digital circuits.
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J FIG. 1 schematically shows an exemplary prior art organic TFT;
FIGs. 2-4 schematically show exemplary transistors according to the

invention;
FIGs. 5 and 6 show performance data of a MIS-FET-type transistor
10 before and after provisien of a second organic material layer;
FIG. 7 shows performance data of a J-FET-type transistor according to
the invention; -
FIGs. 8 and 9 schematlcally show the band edge alignment of isolated
o-6T and Alq, and the band edges of a-6T in contact with Alg;
15 FIG. 10 shows an exemplary drive circuit in an active matrix liquid
| crystal display that comprises TFTs according to the invention;
' FIG. 11 schematically depicts an exemplary organic thin film transistor
capable of p-channel and n-channel operation in a single device;
FIG. 12 shows the relevant energy levels of Au, o-6T and Cgo;
20 FIGs. 13 and 14 show energy band diagrams of the transistor according
to the invention in the p-channel and n-channel enhancement mode, respectively;
FIGs. 15 and 16 show transistor characteristics for p-channel and n-
channel operation, respectively;
FIG. 17 shows further transistor characteristics; and
25 FIG. 18 schematically shows an exemplary circuit comprising n- and p-
channel transistors according to the invention.
Detailed Description
Prior art organic TFTs typically are MIS-FET-type or hybrid J-FET-type
transistors and can be embodied in a variety of structures. An exemplary prior art
30 MIS-FET-type TFT (10) with organic active layer is schematically depicted in FIG.
1, wherein numerals 11-16 refer, respectively, to the substrate (e.g., glass, plastic,

- metal, semiconductor), source electrode, drain electrode, gate electrode, gate
insulator layer and organic active material (organic semicoriductor) layer. As those
skilled in the art will appreciate, means for causing the flow of charge carriers

35 between source and drain, and means for applying a voltage to the gate electrode will
be present in a working device but are not shown.
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condi tifons, and need not necessarily have high on/off ratio. Specifically,
the organic TFT conprises organic material, spaced apart first and second
contact neans (e.g., gold electrodes) in contact with the organic material,
and third contact nmeans that are spaced frgmeach of the first and second 5
contact neans and that are adapted for controlling, by neans of a voltage
applied to the third contact neans, a current between the first and the
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10 ratio of the transistor.

- We currently believe that the decrease in the "off" current is associated
with the contact between appropriate organic layers 16 and 21, e.g., the o-6T/Alq )
interface, and attendant depletion of the (p-type) residual carriers in the layer (e.g.,
16) of first organic material.

15 By analogy with conventional p-n junctions, it can be said that the width
W of the depletion layer formed at the first/second organic material interface at zero
bias is (2€4 V1,i/qN; )/2, where e is the dielectric constant of the first organic
material, Vi is the "built-in" potentlal l Epp — Ep2 I /q, N is the free carrier
density in the first organic material, q is the elementary charge (1.6 x 10~1°C), and

20 Ep; and Ep; are the Fermi energy in the first and second organic materials,
respectively. In the above expression for W it is assumed that the second organic
material has much higher free carrier density than the first organic material.

We currently believe that the presence of a depletion region of non-zero
width at zero bias results in lower current between the first and second contact means

25 (Ip) at zero bias by causing many of the free carriers in the first organic material
layer to be electrically inactive. '

. The above remarks are offered for tutorial reasons only, and are not
intended to limit the claims. _
A significant feature of transistors according to the invention is a

30 relatively large (e.g., > 0.5V) value of Vy;. This in turn requires a relatively large
difference in Fermi energy between the first and second organic materials.

This is exemplarily illustrated in FIGs. 8 and 9, which schematically
respectively show the band edge alignment of isolated a-6T and Alg, and the band
~ edges of a-6T in contact with Alq. As is well known, a-6T and Alq are recognized

35 as p-type and n-type organic semiconductors, respectively. The numerical values in

FIG. 8 are in electron volts, and numerals 91-93 in FIG. 9 refer to insulator, 0-6T



ratio of nore than 106, substantially higher than the ratios exhibited by
prior art organic TFTs. The exenplary TFT according to the invention
furthernore exhibited relatively high carrier nmobility, in excess of 0.003
[err] /V s. Desirably, TFTs 20 accordi ng_xo the invention exhibit an
on/off ratio greater than 105 at an operating gate voltage, and a carrier
mobility of at-least 3 x [err] cn2/V s, all at [err] The layer of the first
organi c materi and Alg, respectivel¥r di ng t'o the invention can conprise any of the
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seen from the figures, provision of the Alq layer resulted in a significant decrease in
drain current (Ip) at zero gate bias (V.¢ = 0), exemplarily from —1. 11 A to -68 nA.
FIG. 7 shows similar performanbe data for a J-FET-type organic TFT
according to the invention. As can be seen, the device has desirably low I at

15 Vg = 0. FIG. 3 schematically depicts a J-FET-type organic TFT (30) according to
the invention, with numerals 31-36 designating the insulating substrate, first organic
material layer, second organic material layer, first contact means, second contact
means, and third contact means, respectively.

FIG. 4 schematically depicts a further exemplary embodiment of the

20 invention that corresponds to the above described third embodiment: Numerals
41-47 refer, respectively, to the substrate, first organic semiconductor layer, second
organic semiconductor layer, first contact, second contact, third contact, and gate
dielectric. It will be understood that in this embodiment layer 42 is n-type organic
semiconductor material. '

25 _ The data of FIG. 7 were obtained from a TFT of the general type shown
in FIG. 3. Specifically, the substrate was SiO,-coated Si. An inter-digitated set of
source/drain electrodes (10 nm Cr/30 nm Au) were formed on the substrate. The
width and spacing of the fingers of the digitated structure was 10jLm; the overall
dimensions of the structure are 2 mm x 2 mm. A 50 nm layer of a-6T was

30 evaporated over the interdigitated structure, and a 60 nm layer of Alq was evaporated
onto the o-6T layer. A 100 nm thick and 3 mm wide finger of Al, defined by means
of a shadow mask, was deposited on the Alq layer so as to extend across the
source/drain spacing. The Al finger served as the gate electrode.

Transistors according to the invention can be produced by any

35 appropriate method on any suitable substrate. Exemplary substrates are glass,

plastics such as MYLAR® or KAPTON®, or Si (coated with SiO or uncoated).




of &> [err] in a TFT, with excellent on/off ratio and thermal stability.
This conmpound, as well as its tris anal og and substituted derivatives, is
contenpl ated for 35 use in TFTs according to the invention. -4- The
above recited conpounds are p-type organi c sem conductors, but the
invention is not so linmted. W currently-®elieve that other organic
conpounds that can be deposited in thin filmformand that are n-type are
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is not so | iSmi meyresylidn additional improyement in device characteristics. Techniques for
~ purifying o-6T are described in co-assigned US patent application entitled "Method
of Making an Organic Thin Film Transistor, and Article Made by the Method",
Serial No. 08/353,032, filed December 9, 1994.
We have also found that an appropriate heat treatment of the deposited
10 first organic material (e.g., &-6T) can change the morphology of the layer, and
consequently further improve device characteristics. More specifically, we have
found that rapid thermal annealing (RTA) of deposited films of a-6T can
substantially increase the grain size of the material, to the extent that average grain
size can exceed the channel length (typically 4 — 12jum) of the intended TFT. If this
15-isﬂwcmsaﬂwntMemnhwunmmﬁﬂjmnbduwesuunmuhnyﬁkeashuﬂecqmum
Typical as-deposited films of o-6T are polycrystalline, with average
grain size of about 100 nm or less. Annealing such films for a short time (typically
less than 10 seconds, e.g., 1 second) at a temperature close to, the melting point (e.g.,
295-315°C) exemplarily has resulted in increase of the average grain size to above
20 2pm, exemplarily about 5—100um. Annealing is desirably in an inert atmosphere,
e.g. N2. Any suitable heat source (e.g., a bank of halogen lamps focused to a
susceptor, or a graphite strip heater) can be used. '
' Although in many cases the carrier mobility in the p-type material will
be substantially higher than the mobility in the n-type material (exemplarily by a
25 factor of 100 or more), it may at times be advantageous if the respective mobilities in
the two materials are comparable (e.g., are within a factor of about 10 of each other).
If this is the case then it will be possible, by appropriate biasing of the gate electrode
in a MIS-FET type structure such as is shown in FIG. 2, to obtain either an n-channel
or a p-channel transistor. Those skilled in the art will recognize that the ability to
30 form either n- or p-channel transistors makes possible fabrication of complementary
circuits, and we contemplate use of TFTs according to the invention as building
blocks in complementary analog and/or digital circuits. Such TFTs need not possess
very high on/off ratio in order to be useful. '
Transistors according to one embodiment of the invention can be used
35 as discrete devices but will more typically be used in integrated circuits that
comprise a multiplicity of transistors according to the invention, possibly in
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i nvention the cmmsﬁ@esﬁmﬁquﬁMMﬁ@WSHaMb@mHyﬂmmywmsﬂd
bet ween the t hidgh-cailchir TR g%‘fh oﬁngig ﬁélﬁzﬁfcaﬂf'ﬂhﬁﬁﬁe ty ct

L rSt organic rraterl e

nmeans, with the I n contact’ w t electrlc

| ayer. Transi s%"m i3 pasedoa agillustration at i J °§ "Amorphoys andMig ﬁF&“’F‘S 25
that of convenDeeiges", NeKlicki, editbn) Aatech ETouss) Bdsoh (1991)) BIGHIBTdépmerhﬁt be

referred 10 aspects of an exemplary circuit diagram of an active-matrix liquid 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
103-105 refer to signal lines, gate lines and common electrode, respectively. Video
signals and gate pulses are also shown schematically.
15 - FIG. 11 schematically depicts an exemplary organic thin film transistor
according to the invention. The transistor is capable of p-channel and n-channel
“operation in a single device. Reference numerals 110-116 refer to the silicon
substrate which serves as the gate, the gate dielectric (Si0), the gate contact (Au),
the source (Au), the drain (Au), the p-type organic layer (a-6T) and the n-type
20 organic layer (C¢o), respecﬁvely. As those skilled in the art will recognize, the
transistor of FIG. 11 closely resembles that of FIG. 2. As those skilled in the art will
recognize, either or both of layers 115 and 116 can comprise more than one organic
compound.
In a currently preferred embodiment the p-type layer consists of o-6T, is
25 typically about 10-20 nm thick, and is disposed on the gate dielectric. The n-type
* layer consists of C ¢, is typically about 20-40 nm thick, and is disposed on the p-
type layer. It is typically desirable to provide an electrically inactive layer (e.g.,
Si0) on the n-type layer, to protect the n-type layer from the ambient.
| Itis not a'tequirement that the p-type material is disposed below the n-
30 type material. However, we have attained better device characteristics for such
transistors, as compafed to transistors having the p-type layer disposed on the n-type
layer. Furthermore, we have observed degradation of n-channel operation if the p-
type layer is relatively thick (typically >40nm). Tethus appears desirable that the p-
type layer is relatively thin (<40 nm, preferably <20 nm).



to.as organic TFTs of the M S-FET type. In a second exenplary enbodi nent
the third contact neans of the transistor are di sposed on the second
ofganic material layer and are. spaced fromthe first organic nateri al

| ayer. Transistors of this enbodi ment have,a structure 30 anal ogous to
that of conventional junction FETs (J- FETS? and will be referred to as
organic TFTs of the J-FET type. A third exenplary enbodinent is simlar to
the above first enbodi Fheenergk lewels of thedighestaccupied molecnlas orbitabi(H@MMN '

organi ¢ mmat er ighlj 16wt ufiodcipié G&tﬂé&mmﬁm 0) &-6F il dd fre'showii tn FIG.

i nvention are @Svan&l used | arti cI es Sli!Che%glsdl sg) ﬁ%&\"t t ens,

menori es, and Sm%dﬁﬂ these energy levels gre sugl

enbodi ment of thégate iv/bintedme melanwnh témersoﬁncb,rm pahanmel nmateriab@ e of

operation ag &qhiehid Wi HbIE Ghd Shed'ins AAR1E bialf Posfivey Widh Tshéct 1 as' St or
source, the n-channel material (C o) is filled with electrons.

FIGs. 13 and 14 schematically show the energy band diagrams of an
exemplary transistor according to FIG. 11 in the p-channel and n-channel modes of
operation, respectively. In the p-channel mode an accumulation layer of holes is

10 formed in the o-6T near the o.—6T/SiO, interface, and in the n-channel mode an
accumulation layer of electrons is formed in C ¢ near the interface with o-6T. FIGs.
13 and 14 assume an applied bias of -30 V and +60 V, respectively. Numerals 130
and 140 refer to the Fermi levels, and numeral 131 refers to the energy level of the
metal contact.

15 FIGs. 15 and 16 show drain current vs. drain voltage for an exemplary
transistor according to FIG. 11, for p-channel and n-channel operation, respectively.
It is to be emphasized that the data of FIGs. 15 and 16 were obtained from a single
transistor, establishing that one and the same transistor can serve as either a p-
channel or n-channel device. The dotted lines in FIG. 16 represent drain currents at

20 low positive gate fields.

Although the discussion of complementary organic thin film transistors
was in terms of o —6T/C gp-based transistors, the invention is not so limited. We
have, for instance, achieved results qualitatively similar to those of FIGs. 15 and 16
with a transistor of the type shown in FIG. 11, but with o, ® hexyl 6T substituted for

25 «-6T, and we expect that many of the above recited first organic materials are
suitable for use in p- and n-channel organic thin film transistors, provided they are
used in a combination that has an energy band line-up similar to that of the
o—6T/C ¢ combination of FIG. 12, and has appropriate transport properties.

. Specifically, the LUMO and HOMO of the p-channel materials must be closer to the
30 vacuum level than the HOMO of the n-channel material.

The data of FIGs. 15 and 16 were analyzed with a model that takes into
account short-channel effects, parasitic resistance, and field dependence of the carrier
mobility. The p-channel mobility is about 4 x 10~3 c¢m?/V-s, and the threshold

~ voltage is about 0 V. The n-channel mobility is about 5 x 10~ cm?/V-s, and the

35 n-channel threshold voltage is about +40V. The asymmetry of device characteristics

may be related to the fact that the HOMO energy of a-6T almost exactly matches the




circuits that conprise such transistors. These TFTs do not necessarily
possess as high on/off ratios as do sone of the previously disclosed
p-channel TFTs. 5 Brief Description of the Drawings FIG 1 schematically
shows an exenplary prior art organic TFT, EL . 2-4 schematically show
exenpl ary transistors accordlng to the invehiion; FIG. 5 and 6 show
performance data of a M S-FET-type transistor 10 before and after provision

of a second or guerkduration rqféﬂl,b thLGMQCMMfﬁmmmMﬁﬂlg&awaﬂi)f a
J-FET-type ”arfﬁhéﬁdnror@gﬁ ?ﬁ%hhl?ﬁ%m&'o@% Vﬁ’eﬁdﬂ tween the

he band edges WRKURSHOR AT g e%ﬁr% G R O
exenpl ary dri veontactmetallizatiomamidevice geotneiry will gedude bomstheah-cﬂml thyesholdt
cxonpl ary or gariiiugy i e rnpie s EE bRl oter oigeb 0120 2 Y Cehamnel
operation in a single dEomplementary circuits that utilize conventional (i.e., Si-based)
transistors are well known, and are known to be capable of operation with low power
dissipation, see, for instance, W. N. Carr et al., "MOS/LSI Design and Applications",
McGraw-Hill, especially pp. 77-78. In conventional complementary circuits it is
10 pfedetermined (through choice of dopant) which transistor will be n-channel and
which will be p-channel. '
| Transistors according to one embodiment of the invention can be either
p-channel or n-channel, depending on the applied bias, and thus can provide the
circuit designer an additional degree of: freedom, sinec-a given- transistor canbeap-
15 channel device under oneé sét of blas condmons, and 3 n—channel devxee under '
‘another set of bigs conditions.” ™ D ‘
FIG. 18 schematically shows an exemplary complementary cucult, an
inverter, that comprises two substantially identical transistors according to the
invention, with one of the transistors operating as an n-channel device and the other
20 operating as a p-channel device. |

Example: A thermally oxidized n-type Si wafer (SiO, thickness
~0. Sp.m) was carefully cleaned in acetone and methanol, followed by a rinse in DI
water. The SiO, was removed from predetermmed pomons of the wafer in
conventional manner by etchmgmb i \“ ¢d.oxide. etch (BOE) iion _
25 contact pads were deposmed on predetermmed ppmons of both the exposed Sx and
the SiO, in conventional fashion, with the pads on the Si to function as gate contact,
and the pads on the SiO, to function as source and drain contacts, all in a TFT
~ substantially as shown in FIG. 11. Gate lengths were between 1.5 and 25j1m, and
the pad width was 250pum. The thus prepared wafer was loaded into a thermal
30 evaporator (base pressure <10~ 5 Torr). A quantity of a-6T, prepared and purified
substantially as disclosed_ in US patent application Serial No. 08/353,032, was
present in the evaporator, as was a quantity of C g, prepared substantially as
disclosed in R. C. Haddon et al., ACS Symposium Senes No. 481 (1992), p. 71, and
in the above cited *221 US palent application. A 15 nm film of o-6T was first
35 subhmed over the substrate, followed-by sublimation of a 40 nm film of Cp, both at




FIG 12 shows the relevant energy levels of Au, a-6T and [err]; 20

FIGs. 13 and 14 show energy band diagrams of the transistor according to
the invention in the p-channel and n-channel enhancenent node,
respectively; FIGs. 15 and 16 show transi.sfgar characteristics for p-channel
and n- channel operation respectively, FIG 17 shows further transistor

characteristics; 25 ticall ws .gn exenpl ar
circuit corrprl I’

Sateg n e nge 05 - 0 s Deposniat BT s il whn ity ™ Y
i nventi on. Det subliaxitite ©f ai45nnofilnPof a6 Taoipraegiahe € ¢J fidm the pmbient. yWerhave
M S- FET-type o
Variety of striuhd ?‘eﬂégxﬂﬁsﬁﬁ%*?%f“@@d}?%%%?%%?@*@Eﬁ?@%@*ﬁﬁﬂ%m)
with organic amdmequqslé@sucb degwénmn inothar s-gpe semigomductors.  wher ei n
nunerals 11§16 refer, depOsititf ofthe prdtedtive (QedricalBl inddtivepast i C,

nmetal, sem con or urce eI ect drain eI ectrqde at.e, el ecirode,
gate insul at or i};"ﬂ a‘ﬁﬁﬁ‘? r"b’éﬁ?@o‘é"é{’? WV@W%POICG‘P&%% E“‘gg‘l‘f‘F]EléH for)’
| ayer. As thosintekviduath probé station for\tahsistepchacaiterizatiomePlids. 1517 showi ng t he
flow of char 9€ciiaPacidristits of a particular one of the thus produced TFTs.



35 . be tween source and drain and peans for applying a voltade ﬁﬂ%éﬂ@% ﬂkgBEEN |

el ectrode will |ﬂ lng device but are not shawn. ‘g |
FIG 2 scherratlcal Fm l ﬂ m ary M S-FET-type device ( EFn.. CED 1

to the invention. Numerals 1l-16.refer to &errents t hat respectlvely

correspond to el enents of the sanme referente nuneral in FIG 1, ‘and nuneral
21 refers to an organic material layer that is of the opposite conductivity
type as |ayer Clas:and forms a p-n junction therewith. Exerrpl arily, layer '

é?slczvgrte)cgptehgte gr’ov?m -cl)-%n %‘g’fyﬁu at eﬁ%yer%ﬂefn %%sllngve
substantially inproved é\ﬂ“é%mﬂ prgapiefatetialy bi cal |y a si gni f i cant decrease
in the "off" current bGU)‘&Pﬂi%d%ﬁﬂt fifst aidisedbid Contat hdead(128F3)AN bitbcti Wit ease
in the on/of %z%d qﬁ%t'it?o orgta&% t;[n{tgnzﬁl stdor
¢) third contact means (14) that are spaced from each of said first and
second contact means and that are adapted for controlling, by means of a voltage
applied to the third contact means, a current between the first and the second contact
means;
10 CHARACTERIZED IN THAT
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

15 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
20 to form an n-channel transistor, and at least a second of said transistors biased to
form a p-channel transistor, said first and second transistors being otherwise
essentially 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
25 material is closer to 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. Article according to claim 4, wherein the p-type organic material is
selected from the group consisting of polymers of thiophene of degree of
30 polymerization greater than 3 and less than 9, polymers of substituted derivatives of
thiophene, poly (thienylenevinylene), and 2, 2’-bis (benzo [1, 2-b: 4, 5-b’}
dithiophene.

This Sheet Has Been Reﬁ

llllllll Mt




W .currently bekieve-that—thedecrease in the "of f" current Srms%ﬂEE@M@ BEEN

w th-the contact bet late organic layers 16 and 2[, e. REFUATED
a-6T/ Al g inter‘-fﬂlﬂ ﬁﬁf@‘gﬂﬁ-@g‘t depletion of the (p-type) resFauadt
carriers in the'l - s of first ,grganic material. 15

By anal ogy with conventional p-n junctiong, It can be said that the width W
of the depletion layer fornmed at the first/second organic material
interface at zero bi a$- iAstipleaggordingae elajra 5; wherein the ndypa erganic gasesid isant of
Eﬂg ;Ir(raztcg;??%l ensi lﬂﬂi%\roilﬁg&%siisﬁ%bgrﬂleggli!%ﬁﬁr%{tﬂe%hlgfg@ﬂ%iagﬁ% gér}errent :'jy
charge (1.6 x Q@V&T&““& dmiges and their syp t?‘@?ﬂf“%ﬁ’ﬁmcm&i n the
first and secoettacyagequinodisacthanes and dibenpe dérivatives thereof, iperphigrineamk pr essi on
for Wit isgas ﬁ% that the second organic material has nuch higher free
carrier dengit & the first organic material. W currently believe that
the presence of a depletion region of non-zero width at zero bias results

in lower current bet ; hrdi Oﬂﬂelﬁ : sat zerd
bi as by causing mny%%@%@%ﬁ?@ﬁﬁ% n t @WP{;# orggnnllgcﬁla%adtaelrs?al
|l ayer to be el @&6drandshe p-typearganjematerial is Cep.

8. Article according to claim 3, wherein the p-type organic material is in
contact with said first and second contacts.

10 9. Article according to claim 1, further comprising a quantity of material
or combination of materials disposed on one of said layers of organic material and
selected to essentially prevent contact of an ambient atmosphere with said layers of
organic material. '

i This Sheet Has Been RTlaced
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The abdve remarks are offered for tutorial reasons only, andg TRHNQHEET HAS BEEN
intended to limt the clains. AS|gn|f|cant ‘feature of transilstorsREFLACED J
according to the invention is a 30 relatively | arge (e.g.. 5

value of V [err] This in turn requires "a_rlgl_atively-large difference in

Ferm energy between the first and second organic materials. This is

Show the band edgARNICHALOMBRISING DRGANIG TEINFIKN TRANSIFRORE d cdges
of a-6T in conAbstracsi th Alg. As is well known, a-6T and Al q are recogni zed
e By B AT T LR R AN o bETRRR P B  ,
FIG 9 refer timprowed cxganic thin film transistor (THTY thak gan havesebstantially highelGs. 5 and
6 show conpgr %hi@%/tﬂﬁh%ufr@ﬁt dtvdtt randoetlar d0RPeioAR Yrgani€ TFTs. An exemplary
‘TFT (20) according to the invention comprises, in addition to a p-type first organic
material layer (16) (e.g., o.—6T), an n-type second organic material layer (21) (e.g.,
Alg) in contact with the first material layer. TFTs according to the invention can be
advantageously used in, for instance, active liquid crystal displays and electronic
10 memories, and a preferred embodiment is expected to find wide use in
complementary circuits. The preferred embodiments are organic TFTs that can be
either n-channel or p-channel transistors, depending on biasing conditions. In a
specific embodiment the transistor comprises a 15 nm thick layer of a—6T (115)
with a 40 nm thick layer of C g thereon (116). The latter was protected against
15 degradation by the ambient by means of an appropriate electrically inert layer.

¥
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wi thout and with second organic material |ayer, respectively. [[Helig&HEEDHAS BEEN
FIG 5 were obtained froma transistor of the type shown in FI{G LACE
wi thout layer 21. 5 The substrate was silicon, the gate contac
thick gold stripe. The gate dielectric was a 300 nmthick |ayer of
conventionally forned [err]. The gold source and drain el ectrodes were 30
nmthick, [err] long and & rr] wide, and were spaced apart by a distance of
[err]. The p-type organﬁ' senﬂconductor | al/ér was 50 nmthj '121 6T. The
data of FIG 6 were ob Giﬁngomthe above descri bed _J# 2 , but
with a 60 nmthick Al q I$ eposi t1d on t he a- GIREMEs g4 e seen
fromthe figures, provision of the Al q | ayer >
decrease in drain current (ID) at zero ga#e oY
from[err] to -68 nA. FIG 7 shows gSiellLarmi®f
J-FET-type organic TFT accor di ngrqEEeasP )\ e
device has desirably low [err, ‘s, 3
depicts a J-FET-type organi c {FH
nurmeral s 31-36 designating the
| ayer, second organic naterlall
means, and third contact neans,

organi c materi al
, second cont act
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FI G "4 schematical | y depicts a further exenplary enbodi nent JfTHﬂ%%:‘E TAE’Q%BEEN
i nvention that corresponds to the above described third enbgdinent:

Nuneral s 41-47 refer, respectively, to the substrate, first organic

sem conductor |ayer, second organi c sem conductor |ayer, first contact,
second contact, third contact, and gate dielectric. It will be understood
that in this enbodinent |layer 42 is n-type organi c sem conductor material.
25 The data of FIG 7 were obt2flned froma TFT of the general

type shown in FIG 3.FFfecifically, the substrate was [err] Si. An
inter-digitated set of sou_rtcsg(lgf' el@ oee Sr36—Tim Au) were

~1.- o€ v - D
formed on the substrate. The W dtfh and spacing of the fingers of the
%Euggure are

digitated structure was [err] . digle overal |l dinensions of the

2 M x 2 nm A 50 nm | ayer! 19 was 30 evaporated over c
interdigitated structure, and a §0 nm|layer of Alq was ev
a-6T layer. A 100 nmthi ck g 037

ated onto the
d by nmeans of
across the

e OV

source/drain spacing. The Al finger served as the g
Transi stors according to t+®0x%ehti on can be pr ogupET
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35 appropriate nmethod on any suitable substrate. Exenplary sypIHISSSRSEBHAS BEEN
gl ass, plastics such as [err] or [err], or Si (coated with [qﬁr] OREPLACED
uncoat ed) . Al t hough provi sion of a second organic materi al B
generally result in inproved device characteristics if the first organic
materiral is of a purity that is conventionally found in prior art devices,
we have al so found that, at least in the §ﬁse of devices that conprise

a-6T, the use girphigger purity first® organi‘c material 5 may result in

addi ti onal inpngEHE t in device characteristicsFI[fech8i ques9tor purifying .
a-6T are described in co-assigned US patent application entijti ed "Method of -
Maki ng an Organi ¢ Thiax6Fi | mAl§r ansi stor, and Article Made Ry ,
Serial No. 081353,032, filed Decenber 9, 1994. W have al 4o |fotqd that an
appropri ate heat treaLnenb—gﬁ-%he deposited 10 first organid '
(e.g., a-6T) can charg® the Abrphology of the Iayer,Egnd dornsequen
further inprove device characteristics. Mre specifically, have

52 - a

3.8

FIG. 10
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found that rapid thermal annealing (RTA) of deposited filns pfTHIS GREEAMAS BEEN
subpstantially increase the grain size of the material, to th
average grain size can exceed the channel length (typically
the intended TFT. If this 15 is the case then the active material can
behave substantially like a single crystal. Typical as-deposited filns of
a-6T are polycrystalline, with average grain size of about 100 amor |ess.
Anneal i ng such films for a short tine (tyﬁVcaIIy | ess than 10 seconds,
e.g., 1 second) at a tenperature close to, the nelting point (e.g., [err] -
exenplarily has resulted in increase of the average grain size to above 20
[err] exenplarily about 5 - [err] Annealing is desirably in an inert '
atnosphere, e.g. N2. Any suitable heat source (e.g., a bank of hal ogen
| anps focused to a susceptor, or a graphite strip heater) can be used.
Al though in many cases the carrier nmobility in the p-type material wll be
substantially higher than the nobility in the n-type material (exenplarily
by a 25 factor of 100 or nore), it may at tines be advantageous if the
respective nobilities in the two materials are conparable (e.g., are within
a factor of about 10 of each other). Ibggts i $the case then it wll be
©
B b

possi bl e, by appropriate biasing of th ctrode

L—114
Y ——111
12 —"1" '
—~—1{10
FIG. 12
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in+*aM S-FET type structure such as is shown in FIG 2, to ob aﬂms@HﬁmﬂHggBéEN
n-channel or a p-channel. transistor. Those skilled in the ar mﬁ||REPLACED

récogni ze that the ability to 30" formeither n- or p-channefF=rrarsistors

makes possi ble fabrication of conplenentary circuits, and we contenpl ate
use of TFTs according to the invention as building blocks in conplenentary
anal og and/or digital circuits. Such TFTs need not possess very high on/off
ratio in order to be useful. Transi$tors ggcording to one enbodi ment of the
i nvention can be used 35 as discrete devices but will nore typically be
used in integrated circuits that conprise a multiplicity of transistors
according to the invention, possibly in -9- conjunction with

conventi onal sem conductor devices, wth conductors interconnecting the
devi ces and provi di ng neans for energi zing the devices, providing input
signals to-the circuit and optionally receiving output signals '

/...' -
/]/

FIG.
’2/’/1c¥-6T
510s

13

FIG.
5i0s
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therefrom 5 : By way of exanple, transistors accordig o]

i nvention are used as current switches in liquid.crystal displ 3@h$&P%§THASBEEN
functionally the sane way as prior art sem conductor TFT' s ar FﬂﬁJﬁﬁcED
used. This i's schematically illustrated in FIG 10, which is based on an
illustration at p. 102 of "Amorphous and M crocrystalline Devices", J.

Kani cki, editor, Artech House, Boston, (1991). FIG 10 depicts relevant 10
aspects of an exenplary circuit diagram of active-matrix liquid crystal

di spl ay, wherein transistors 101 are TF?S cokg' g to the invention, and

the remai nder of the circuit is conventiondl? rals 102 refer to liquid

—

crystal, and nuneral s§ 103-105 refer to signal lines, gate |ines and common
el ectrode, respectively. Video signals and gate pul ses are al so shown
schematically. 15 -§04 FIG 11 schematically depicts an"exenp] ary
organic thin filmtrgnsistor according to the invention. The trg#sT gor is
capabl e of p-channel 4and n-channel operation in a single devi€e. Reference
nuneral s 110-116 refdgr to the silicon substrate which serye$ as the gate,
the gate dielectricBfflerr] the gate contact (Au), the soy’Ce (Au), the drain
(Au), the p-type organic |layer (a-6T) and the n-type -3
DRAIN _¢
CI{RRENT GATE
pA -2.7 FIELD
-4- (10 v/cn)
-2.3
.2- g _2
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— - -1.3
~20 -30 -4 -
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FIG. 16
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20. organic layer [err] respectively. As those skilled in thg 4i'P FE;ﬁA%BEEN
recogni ze, the transistor of FIG 11 closely resenbl es that 'f El ;* GRE

those skilled in the art will recognize, either or both of .| ayers 115 and
116 can conprise nore than one organic conmpound. In a currently preferred
enbodi ment the p-type | ayer consists of [err] is 25 typically about 10-20
nmthick, and is disposed on the gate dielectric. The n-type |ayer consists
of [err] is typically about 20-40 nmthygk, and is disposed on the p- type

| ayer. It is typically desirable to provide an electrically inactive |ayer
(e.g., SiOQ on the n-type |ayer, to protect the n-type layer fromthe
anbient. It is not a requirenent that the p-type material is disposed bel ow
the n- 30 type material. However, we FP@,at§gf ned better device
characteristics for such tranS|stors as conpared to transistors having the

p-type |ayer disposed on|the n-type Iayer FurthernDre we have observed
degr adati on of n-channeb operation if the p- type |ayer |5W§|aglwaly t hi ck
(typically [err] 40nn).°Tt thgs ap S|rable that the df type layer is
relatively thin (<40 nm {pref GﬁqggN
6
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i
'10- The energy levels of.the highest occupied nol ecul ar

and | owest unoccupi ed ol ecul ar ‘orbitals (LUMD) a-6T and [

REPHAC gHENﬁ ))3 HEET
r] ar
FI'G 12. As those skilled in the art will recogni ze, these mregyeq@@@\@@gb
are such that, when the gate is biased negpgively with res

sotjrce' Lhe pdchannel material (a- 5 6T) is filed with holes, and when the
ate is

gate 1 by ased POSRIELY ChMPRRIRRS DREANIE.FANS Firyt TRANSBIURS , |,

show the ener gAbstradt di agr ans of an exenpl ary transistor according to FIG
11 i'n the p-channel. and ag‘elg gﬁgﬁeﬁi’?&R‘%h% tgélu}vreﬁﬁ&? drllf{t Yan | N the

p- channel node an accunu e a-6T

near the a - [énpqovetimzﬁan&dbm dTHT): thatean) aﬁéé'ébséﬂﬁu&'ékﬁb’fﬁb%mon

131%6240;55{1?; g&ﬁ@dﬂ{ﬁﬂi éljrféh@ohﬁfﬁﬁgc()) ﬂeﬁrcog??ggﬂﬂﬂfr S ARETRTS. hAﬁeﬁé' J\Pﬁbes 13
. - an c

130  and 140 rew& ear WSP@OH%H{BP?FGMPBP&ﬁﬁE}%P@%@y@% MR ner gy

| evel of the material layer (16) (e g., a—6T), an n-type second organic material layer (21) (e.g.,
Alq) in contact with the ﬁrSt material layer. TFTs according to the invention can be
advantageously used i in, for instance, active liquid crystal displays and electromc

10 memories, and a preferred embodiment is expected to find wide use in
' eomplementary circuits. The preferred embodiments are organic TFTs that can be
either n-channel or p-channel transistors, depending on biasing conditions. Ina
spec1ﬁc embodiment the transistor comprises a 15 nm thick layer of «~6T (115)
with a 40 nm thick layer of C60 thereon (116). The latter was protected against
15 degradation by the ambient by means of an appropriate electrically inert layer.

Figure 11
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metal contact. 15 FIGs. 15 apd.16 show drain cur _

vol tage for an exenplary transistor according to FIG 11, f rrpicﬁdhﬁMR.ﬂmg

n:channel operation, respectively. It is to be enphasized t! 5P5¥hemdara"ﬁfm"'r

FI Gs. 15 and 16 were obtained froma single transistor, establishing that

one and the sane transsz$r.zan serve as gfther a p- channel1dr n-channel =
n -

wagﬁﬁéﬁﬁi%m

-device. The dotted lin |G 16 represent drain c 43 | ow
positive gate fields. PRIORARIh the @ scussi on of CorGumitrnes anic thin
filmtransistors was in‘terms of a-©T/ C60- bagge taZH ' < v3§tion
Is not so limted. W have, for instance,.e ST o° Sl 2

~simlar to those of FIGs. .15 and 16 AN a e shgniZglP ' € &SP SO in
FIG 11, but with a, w hexyl 6T gsSesior( o D\~ Pk 1
that many of the above recit e NNGPOT ga et VS " f or use

in p- and n-channel organic f{ \
in a conbination that has an Qg rRans 2
[err] conbination of FIG 12, and\yaskang 3l ausport properties.
Specifically, the LUMO and HOMD &4/ 11 et e
to the - -
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30 vacuum | eve
15 and 16 were analyzed with a nodel”

effects, parasitic resistance, -and fi
nnblllty The p-channel
voltage is about 0 V. The n channel

n- channel threshaol d voI | about
characteristics may be relat

than the HOMO of the n-channel.

nmobility is about 4 x [err] s,
mobi | t

. material. Thg %%R%Qﬁ”\’"ﬂ*i"(%ﬁEET
that takes into account
el d dependence of the c
and t e threshord-
I's about [err] and the 35

e asymmetry of .device

+40V.

al host exactly matches the ™

Fgﬁﬁfithe fact that the HOMO energy of a-6T
function of AU,

but that the LUMO energy

of [err] matches the Au work funcé on only relatively poorly, With a
potential barrier of >1V extis2xl@g” pet ween the work function a 4V £e60- UMD
level. 1t is however expected that}optinization of ‘the contagt.
metal | i.zati on and device geogﬁ ﬂﬁ.Aﬂll reduce both the n-c | threshol d
5 voltage and the n-channel fite draln of f set voltage rent ary -
Circuits that utilize conventional[ (i. Si - based) ] o
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. REPLACE
transistors are well known, and are known to be capabl e of operation M ﬁ?ﬁdEET.

| ow power dissipation, see, for instance, W N Carr et al. 'd\g@/BQMAR 1996
Design and Applications”", MGawHill, ezpe0|ally pp. 77- 78. (L e J
conventi onal conplenentary circuits |t /L0 predeterm ned (through choi ce

of dopant) whf§G,tr8nsistor will be n-channel argghi qp wi | | ghe p-channe
TranS|stors accordlng to one enbodi ment of the invention gan be either

p- channel n- channel gfndlng on the applied bias, anfl’

us can provide
t he CIFCUIt deS|gne % i onal degree of freedom singe|gh _ -
transi stor can be a p- 15 channel device under one set of |bi ditiogg
and a n-channel de dey.ganot her set of bias conditions
schemati cal .y shows ~exenplary conplenentary circurfT—ah [Qiverter, tnhat
conprises two substantially identical transistors according
invention, with one of the transistors operating as an n-iii devi ce and
the -other 20 opera s a p-channel device. Exanple: A
oxidized n-type Si +€§E+—th|ckness -0.3 [err]) was careful | 1ed
in acetone and nethanol ‘Powed by arinse in D Y '
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water. The [err] was renoved from predeterm ned. portions of |
conventional nmanner by etching 25 contact pads were deposit
predet ermi ned portions of both the exposed Si and the SiQ2 i
fashion, with the pads on the Si to function as gate contact
on the SiQ2 to function as source and drain contacts,
substantially as shown in FIG 11. Gate.le
[err], and the pad width was [err].  The t prepared wafer
a thermal 30 evaporator (base pressure < [err] Torr).

e g,

t REPWEEEY LiTH SHEET

d
posiorvhli AR %%,

all inaTFT
ths were between 1.5 and 25

was | oaded into

A quantity of [err]

prepared and purified substantially as disclosed in US patent application

Serial No. 08/353,032, was present in the evaporator,
[err] prepared substantially as .disclosed in R C Haddon et
Synposi um Series No. 481 (1992), p.- 71, and in the above cit
pat ent application.

as was a quantity of

al ., ACS
ed '221 US

A 15 nmfilmof a-6T was first 35 sublined over the

substrate, followed by sublimation of a40 nmfilmof C60, both at-

11

FIG.
116

113 115

— | — 114
- ] i
- 412 -
—~— {10
- FIG. 12
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—~
VACUUM
2.9 eV il |
' G
—6—0_-_- 3.8 eV LUMO
5.1 eV' | '52 y
- ; 5.2¢
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-12- rates in the range 0.5 - 10 nm's. Deposition of the [errFE?#$%#Va§f3”LET
fol l owed by sublimation of a-45 nmfilmof a-6T to protect tjhe [ erg]

t he anbient. W have found .that exposure to oxygen |leads to d@@?adatrOﬂ --------
transport properties in [err], and nay |ead to such degradation also In T

ot her n-type sem conductors. 5 - Subsequent to the deposition of -
the protective (electrlcally inactive) a- 6T film the wafer was renpved
fromthe evaporation chanmber and quickly Bffaded into a vacuum probe ‘station
for transistor characterization. FIGs. 15-17 show characteristics of a '
particul ar one of the thus produced TFTs. Claims 1. An article

conmprising a thin filmtransistor (e.g., 20) conprising a) a quantity of
organic material; b) spaced apart first and second contact neans (12, 13)

in contact with : - S

140

~\\\fj'

4
S

Cgo

14

FI6. 14
/ °=_--'5T' '.

13

FIG.
5109

131



EAAT Wi T D
5 said quantity of organic material; and c) third contact aﬁ§p7%%5%f%5?ﬁEET
are spaced fromeach of said first and second contact neans |lafg yh&L"Mﬁ@aEQQH_
~adapted for controlling, by neans of a voltage applied to tk brgd '
means,. a current between the first and the second contact means; 10 - '
CHARACI ERI'ZED I N THAT d) the quantity d¥%7organic material conprises a |ayer
(16) that conprises a first organiceggmsrialézf a first conductivity type
and a layer (21) that conprises a s ‘or& ic material of a second
conductivity type, said second organic material being in contact with said
first organic naterial at.- least in a region between said first 15 and
second cont act nme@ns, wherein said first organic material is . in-%3ntact
with said firstilmd second contact neans, and is spaced frgafsaid third
contact neans, and wherein said second organic material /S spaced from
said third contact neans. 2. Article according to claipfl, wherein the.

first organic matérial is a p- type organic material #nd the secend organic
material is an natype organic material. 20 _ 3. Arty€1e according
toany of claims } and 2, wherein the article .
| | - / . BATE
o s I -7 D
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conprises a plurality of said transistors,.with at |east a f ﬁ§¥%@PLy
transistors biased-to form an nﬁchahnelliran5|stor and at §$ ikﬁdﬁ“zdggﬁ
s&id transistors biased to forma p-channel transistor, sa|d Lf 3 152
second transi stors being otherw se essentially identical. 25
‘Article according to claim3, wherein the p-type and n-type organic

mat eri al-s are sel ected such that the LUMO and HOMO of the p-type organic

material is closer to a vacuun1energy I | than t he HOMD of the n-type
;organic-naterlal where "LUMD' and ' mean "l owest unoccupi ed nnlecular
orbital" and ' hlghest occupi ed nol ecul ar orbital", respectively.
REPLACEMENT SHEET 5. Article according to cIa|n14 ‘wherein the p-type
organic material is selected fromthe @ qﬁzlstlng of pol yner's of
t hi ophene of degree of polynerization greater an 3 and less than 9,
pol ynmers of substituted derivatives of
4. g s
| P--CHANNE!i | |
A4\ p=0.004 cn’/V-s
N-CHANNE,
| . p=0.005-ca”/V-s
MAGNITUOE OF
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. _ REPLACEMENT SHEE
t*hi ophene, poly (thi ensfl—enew nyI ene), and 2, 2'-bis (benzo [1, 2-Db: 4,
5-b'] 5 dithiophene. ording to claim5, wherein the n-type .

organic material is m tm mﬂjﬂe group consisting of e
peryl ene tetracar bo | and imdes and their s {ﬁﬁp_'tAHcﬁé
SNgdes

derivatives, oxadi azol e corrpounds t et racyanoqui nodi nehane$ mpd.
derivatives thereof, porphyrins and 10 gujfiones. 7. Artic .
claim6, wherein t he p-type organic material - is a-6T and the n-type organlc

mat eri al 'bz.|err] 8. Article according to claim3, wherein the p- type
organic | is in contact with said first and second contacts.

o corbi nat ?Sﬁ"éf"tﬂag{“é‘ﬁ‘?f:? rhpisify & thin BN ads (e 20) ?“??gaﬁer '
material and sel ectdd® qUARRHEYOf rorganig mpaterialy contact of an anbi ent
atmosphere with saiyy s'p%é‘d ip&ft 258U SedBidédrithct means (12, 13) in contact with
5 said quantity of organic material; and
c) third contact means (14) that are spaced from each of said first and -
second contact means and that are adapted for controlling, by means of a voltage
applied to the third contact means, a current between the first and the second contact
means; | '. |
10 CHARACTERIZED IN THAT
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
15 and second contact means, wherein said first organic material is in contact with said
first and second contact means, and is spaced from said third contact means, and
wherein said second organic material is spaced from said third 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. |
20 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 transistor, and at least a second of said transistors biased to
form a p-channel transistor, said first and second transistors being otherwise
~ essentially identical.
25 4. Article according to claim 3, wherein the p-type and n-type organic
matenals are selected such that the LUMO and HOMO of the p-type organic
- material is closer to 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.
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3. Article according to claim 4, wherein the p-type organic material 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 (thienylenevinylene), and 2, 2’-bis (benzo [1, 2-b: 4, 5-b’]
dithiophene.

6. Article according to claim 5, wherein the n-type organic material is
selected from the group consisting of the fullerenes, perylene tetracarboxylic
anhydrides and imides and their substituted derivatives, oxadiazole compounds,
tetracyanoquinodimethanes and dibenzo derivatives thereof, porphyrins and
guinones.

7. Article according to claim 6, wherein the p-type organic material is
0-6T and the n-type organic material is C .

8. Article according to claim 3, wherein the p-type organic material is in
contact with said first and second contacts.

9. Article according to claim 1, further comprising a quantity of material
or combination of materials disposed on one of said layers of organic material and
selected to essentially prevent contact of an ambient atmosphere with said layers of
organic material.



