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THI N FI LM TRANSI STORS W TH ORGANI C- | NORGANI C HYBRI D Wﬁ%ﬁm AS
SEM CONDUCTI NG CHANNELS FI ELD OF THE | NVENTI ON This invention relates to
thin filmfield effect transistor structures a@if0nr@ 9718 Qurably, to
such transistor structures which enploy organi e-inorganic hybrid-materials
as sem conducting channels therein. BACKGROUND OF THE | NVENTION Thin film
transi stors, known as TFTs, are widely used as sw tcln!ngf 1288 nts in
electronics, nost not ably for | arge area applications such as active matrix
liquid crystal displays. The TFT is an qxanple of a field effect -
tran5|stord§§ET The best known FET is the
( Met al rﬁ%nﬂﬁ@t‘%?s@ls) WIF%W"%“EOW%?‘E%P@W‘? CRTGIBLE Rt for
hi gh speed ghefddidtcerR@ntisaizigns. Wile the MOSFET specifically refers to
SiJerr]/bulk- Si transistors, nore general conbinations of
Metal - 1 nsul at or- Senmi conductors are known as M SFETs. The TFT is a M SFET
in which the active sem conducting |ayer is deposited as a thin film
Presently TFTs in nost devices are nade using anorphous silicon as the

seni conduct BEELINGE FHEUENGENTION provi des a cheaper alternative to
crystalline silicon -- a necessary

This invention relates to thin film field effect transistor
structures and, more particularly, to such transistor structures
which employ organic-inorganic hybrid materials as semiconducting

channels therein.

BACKGROUND OF THE INVENTION

Thin film transistors, known as TFTs, are widely used as
switching elements in electronics, most notably for large area
applications such as active matrix liquid crystal displays. The
TFT is an example of a field effect transistor (FET). The best
known FET is the MOSFET (Metal-Oxide-Semiconductor-FET), today's
conventional switching element for high speed electronic
applications. While the MOSFET specifically refers to $i0,/bulk-
Si transistors, more general combinations of Metal-Insulator-
Semiconductors are known as MISFETs. The TFT is a MISFET in which

the active semiconducting layer is deposited as a thin £ilm.

Presently TFTs in most devices are made using amorphous
silicon as the semiconductor. Amorphous silicon provides a
cheaper alternative to crystalline silicon -—- a necessary
condition for reducing the cost of transistors used in large area
applications. Application of amorphous silicon is limited to
slower speed devices since its mobility, ~107 cm?/V*sec, is
15,000x smaller than that.,of crystalline silicon. Although



condition for reducing the cost of transistors used in |large area
agpl i cations. Application of amprphous silicon is linmted to slower speed
devices since its nmobility, ~10[err] cnierr]/V*sec, is 15,000x snaller than
that.of crystalline silicon. Although 2 anor phous silicon is cheaper to
deposit than crystalline silicon, deposition of anorphous silicon stil
requires costly processes, such as plasnma enhanced chem cal vapor
deposition. Recently organic sem conductors have received attention as
potential sem conductor conponents for BFTs. See, for exanple, U S. Patent
5,347,144 to Garnier et al., entitled "Thin-Layer Field Effect Transistors
Wth MS St PUCFRRISNFIL CPAsEY AsrPaRdt BetiroghluEld CAVStRBHENDSIdigan: ¢

Material s”. gEp83M LorMHrebindlshdd 311186 dt im0 e84 B%s SBQELy Chdidbsses,

ol i'lgomers, and polyners) may provide a | ess expensive alternhative to

i nor gani ¢ maEPER| @ PrsHaTRIM A} Gak chiprica hyapraydepesidilgler to process by
nmet hods such as spin-coating or dip-coating from solution, thernal

evaporation, or screen printing. However, while the nobilities of organic
Recently organic semiconductors have received attention as

potential semiconductor components for TFTs. See, for example,
U.S. Patent 5,347,144 to Garnier et al., entitled “Thin-Layer
Field Effect Transistors With MIS Structure Whose Insulator and
Semiconductor Are Made of Organic Materials”. Organic materials
{e.g., small molecules, short-chain oligomers, and polymers) may
provide a less expensive alternative to inorganic materials for
TET structures, as they are simpler to process by methods such as
. spin-coating or dip-coating from solution, thermal evaporation,
or screen printing. However, while the mobilities of organic
materials have improved, their mobilities are still low and only
the best materials have mobilities approaching that of amorphous
silicon.

Organic semiconductors are less expensive and easier to
deposit than conventional, amorphous silicon. Such organic
materials are eilther small molecules (e.g. pentacene, metal-
phthalocyanines), short-chain oligomers .(e.g. n—-thiophenes
where n=3-8), or long-chain polymers (e.g. poly-
alkylthiophenes or poly-phenylenevinylenes). Atomic orbital
overlap between adjacent, multiply bonded atoms, known as
conjugation, enables the transport of charge along molecules,
oligomers, and polymers. Molecular orbital overlap between

adjacent molecules enables inter-molecular charge transport.

Thin films of small molecules or short-chain oligomers show

the highest mobilities for organic materials. The small



materials have inproved, their nobilities are still |low and only the best
mgt'eri al's have nobilities approaching that of anorphous silicon. O ganic
sem conductors are | ess expensive and easier to deposit than conventional,
anor phous silicon. Such organic materials are either small nol ecules (e.g:
pent acene, netal - phthal ocyani nes), short-chain oligoners (e.g.

n-t hi ophenes where n=3-8), or |ong-chain polyners (e.g. poly-

al kyl t hi ophenes or pol y-phenyl enevi nyl enes). Atonic orbital overlap between
adj acent, nultiply bonded atons, known & conjugation, enables the -

transport of charge along npol ecules, oligonmers, and pol rs.. .Ml ecul ar
orbital ovefPapc rgaf%&%ﬂnplﬁﬁP%ﬁﬁﬁ ¥haH éh?%engéggﬁTﬁkﬁﬁﬁgiﬁscharge
transport. Hawe Hééimicpbssted by eheeud eev@bosholdén Gihdirda ehégaiy s show the
hi ghest nobilities for organic material s. The

€ : ; small . 3
mol ecul es/ sREPPSEReA R PLFBRErFIeREN Hytht ﬁ‘é%@%%?‘fe RogP PEFERe itfve been
deposi ted byrybera@lie“aROE MO HroREsss 1d18) tall Boverlap and therefore

charge transport between adjacent molecules. Long-chain polymers
are advantageous since they are more soluble, enabling deposition
by low cost techniques such as spin-coating and dip-coating, but

have lower mobilities since they are more disordered.

While organic materials open up the possibility of
depositing semiconductors for TFTs by cheaper and easier
deposition techniques such as thermal evaporation, spin-coating,
and dip-coating, their mobilities are still lower than desired.
Typical mobilities for small molecules/short-chain oligomers
range from 107 to 10 cm?/V*sec and for long-chain polymers
range from 10°% to 1072 cm?/V*sec. The highest mobilities reported
are 0.7 cm?/V*sec for thin films of pentacene and 0.13 cm?/V*sec
for thin films of dihexyl,a—-sexithiophene. A mobility of 0.3
cm?/V*sec measured for single crystal a-sexithiophene represents
the upper limit in mobility for this material. The mobilities of

organic semiconductors rival those of amorphous silicon.

Organic—-inorganic hybrid materials are a distinct class of
materials which enable the combining of the useful
characteristics of organic and inorganic components within a
single material. Some members of this class of materials exhibit
gsemiconducting characteristics. For the purposes of this
description, an organic-inorganic hybrid material is a material
composed of: organic components and inorganic components which
are mixed together on a molecular level, and (i)} wherein the

material is characterized by a substantially fixed ratio of each



deposited as highly ordered thin filnms. The high degree of ordering in the
fi:l ms provides orbital overlap and therefore charge transport between

adj acent. 'nol ecul es. Long-chai n pol yners are advant ageous since they are
nore sol ubl e,” enabling deposition by | ow cost techniques such as

spi n-coating and di p-coating, but have |lower nobilities since they are nore
di sordered. While organic materials open up the possibility of depositing
sem conductors for TFTs by cheaper and easier deposition techniques such as
t hermal evaporation, spin-coating, and diap-coating, their nobilities are ~
still lower than desired. Typical, npbilities for

mol ecul es/ sPEFAIh ZORPBRE Yo rkdr S2F AP PREAT 13100 F‘Fn?b 1Ot erPErEMT 3T 1/ v sec
and for | ongegd@ionepebypeients a@geerﬁidﬁndia@[:eﬁqi dra 10fey rv}heﬁiﬂlﬁr bbﬂV* sec.
The hi ghest nobilities, reported are O. sec for thin f

[ V*
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A mobi ity §81€.abserbeyr thdfcpeewsBasised of predidigbeecaysdrajerngexi t hi ophene
represents the upper [imt in mobility for this material. The nobilities of
organi ¢ sem conductors rival those of anorphous silicon. Organic-inorganic

hybrid material sorf @xanfistdneh 6k@ssi finBeysiialhsbwhichatenaklie thhes

conbi ning of the useful characteristics of organlc and i norganic conponents
within a the form of an organic-inorganic perovskite structure. Layered
perovskites naturally form a quantum well structure in which a

two dimensional semiconductor layer of corner sharing metal

halide octahedra and an organic layer are alternately stacked.

Far preparation of such organic-inorganic hybrid materials,
spin coating techniques are suitable because many organic-
inorganic perovskites are soluble in conventional agqueous or
organic solvents. Using this method, high guality, highly
oriented layered perovskite thin films have been achieved. Vacuunm
evaporation techniques have also been used to grow films of
layered perovskites. Copending U. S. Patent Applications, Serial
No. YV9/192130 | entitled “Single-Source Thermal Ablation Method
for Depositing Organic~-Inorganic Hybrid Films” {Attorney docket
Y09-98-451); and Serial No.08/935071  ~ontitled “Two-Step

Dipping Technique for the Preparation of Organic-Inorganic
Perovskite Thin Films” (Attorney docket Y09-97-327), assigned to
the same Assignee as this Application, both speak to alternative
deposition methods for organic-inorganic hybrid materials. The
disclosure of the aforementioned Applications is incorporated

herein by reference.

Accordingly, it is an object of this invention to provide an
improved FET structure which makes use of an organic-inorganic

hybrid material as a semiconducting channel.



single material. Sonme nmenbers of this class of materials exhibit

sgm conducting characteristics. For the purposes of this description, an
or:gani c-inorganic hybrid material is a material conposed of: organic
conponents and i norgani ¢ conponents which are m xed together on a nol ecul ar
| evel, and (i) wherein the material is characterized by a substantially
fixed ratio of each: 4 organi c conponent to each inorganic conponent;
(ii) wherein at | east one conponent is sem conducting; and (iii) wherein
bot h organi c and i nargani c conponents namsi fest forces that enable a self ~.
assenbly therebetween into a predictable arrangenent. One exanple of an
organi c-inorganic hybrid naterial takes the formof an organic-inorganic
pteI‘;Okal te st \rl\ﬁ_c;t%ri% ahaygéﬁcbt@%bﬁvlskiﬁre& Aaventaldry toproaidpiant um wel |
structure in ich a two di nensiopal. sem conduct or | r.of corner sharin
metal hal i dé™BEPERRRFES ShHEVGHIS aghFlé ’I‘%gﬂre BF‘éC%ﬁeéf \égt &Y Shcked. For ’
preparation of such organic-inorganic hybrid materials, spin coating

t echni ques are suitabl e because many organic-
: SUMMARY OF THE INVENTION

An FET structure in accordance with the invention employs an
organic-inorganic hybrid material as the semiconducting channel
between source and drain electrodes of the device. The organic-
inorganic material combines the advantages of an inorganic,
crystalline solid with those of an organic material. The
inorganic component forms an extended, inorganic one-, two-, or
three-dimensional network to provide the high carrier mobilities
characteristic of inorganic, crystalline solids. The organic
component facilitates the self-assembly of these materials and
enables the materials to be deposited by simple, low temperature
processing conditions such as spin-coating, dip-coating, or
thermal evaporation. The organic component is also used to tailor
the eléctronic properties of the inorganic framework by defining
the dimensionality of the inorganic component and the electronic

coupling between inorganic units.



i norgani c perovskites are soluble in conventional aqueous or organic

sal vents. Using this nethod, high quality, highly oriented | ayered
perovskite thin films have been achi eved. Vacuum evaporati on techni ques
have al so been used to grow filns of |ayered perovskites. Copending U S..
Pat ent Applications, Serial No. 09/192130 , entitled "Single-Source Thermal
Abl ati on Met hod for Depositing Organic-lnorganic Hybrid Filns" (Attorney
docket Y(9-98-451); and Serial No.08/ 935071 , entitled "Two-Step D pping -
Techni que for the Preparation of O ganicglnorganic Perovskite Thin Filns" -
(Af't orney docket YC9 97- 327), assigned to the sane Assignee as this
Appl i cat i onBREEE RESERARTIGN AE JHEPRABRGS00si ti on net hods for

organlc i norganic hybrld naterlals The di scl osure of the aforenentloned
Applications is incorporated herein by reference. Accordingly, IS an

obj ect of this Nﬁ%bnﬂléﬁP%QﬁﬁmﬂﬁﬁlE%F%ﬁ$qrﬁp95v%ﬁFIQ??mE%?u%ﬁG?ECWH?EﬁCnakes
use of an of ﬂcnﬂg,saﬂaqnamé%h@ B @iHial case HaxRE sANECiidIdvehanael .

It is another object of this invention to provide an
structure.

a2

Fig. 2 is an X-ray diffraction pattern of a
phenethylammonium tin ilodide (PEA},SnI, film deposited by spin

coating in a TFT device structure.

Fig. 3 is a cross-sectional view of a first TFT structure
incorporating an organic-inorganic hybrid material as a

semiconducting channel.

Fig. 4 is a cross-sectional view of a second TFT structure
incorporating an organic-inorganic hybrid material as a

semiconducting channel.

Fig. 5 is a plot of I,y versus Vps for a TFT with the
organic-inorganic hybrid material (PEA},SnI, as the active

semiconductor material.

Fig. 6 is a plot of I, versus Vps for a TFT with the
organic-inorganic hybrid material {PEA),SnI, as the active
semiconductor material and exhibiting the best characteristics

achieved to date.

Fig. 7 is a plot of I, versus Vs for a TFT with the
organic-inorganic hybrid material containing an alkyl diammonium
cation {i.e., BDASnI, (butyl diamm onium tin iodide)) as the

active semiconductor material.



| nproved FET structure which may be processed at | ow cost. SUMVARY OF THE

| NVENTI ON An FET structure in accordance with the invention enploys an
origani c-inorgani ¢ hybrid material as the sem conducting channel between
source and drain electrodes of the device. The organic- inorganic materi al
conbi nes the advantages of an inorganic, crystalline solid with those of an
organic material. The inorganic conponent fornms an extended, inorganic
one-, two-, or three-dinensional network to provide the high carrier
nobilities characteristic of inorganic, g{ystalline solids. The organic -~
corrponent facilitates the self-assenbly of these materials and enabl es the
materials to be deposited by sinple, |low tenperature processing conditions
such as spin-coating, dip-coating, or thermal evaporation. The organic
canponent is also used to tail or the el ectroni c properties of the inorganic
framewor k bREE Y bR & ONhe | nor gani ¢ conponent and t he
el ectronic coupllng betmeen |norgan|c unlts 6

This invention makes use of organic-inorganic hybrid
materials as semiconducting channels in thin film FETs. Organic-
inorganic hybrid materials, comprising molecular scale composites
of organic and inorganic materials offer potentially higher
carrier mobilities than amorphous silicon, while also being
inexpensive and easy to deposit. The inorganic component provides
the high mobility characteristic of a crystalline, inorganic
semiconductor, while the organic component contributes to self-
assembly of the material from either solution or the gas phase.
The organic-inorganic hybrid materials may be deposited by a
number of techniques, including spin-coating, dip-coating, or

- thermal evaporation techniques. As with organic semiconductors,
these methods are compatible with the requirements of both low
cost and large area deposition for large area applications. The
low temperature processing conditions of these deposition
techniques also enable the possibility of depositing these
materials on plastic substrates for flexible applications. In
general, organic-inorganic hybrid materials may be substituted in
all of the applications put forth for organic semiconducting
materials. In addition to the ease of processing, the potentially
higher mobilities of these materials may extend their application
to higher speed devices than is presently possible with either

amorphous silicon or organic semiconductors.

The invention comprises a thin film FET having an organic-
inorganic hybrid material as the active semiconductor layer. Fig.

1 illustrates one example of an organic-inorganic hybrid material



BRI EF DESCRI PTI ON OF THE DRAW NGS Fig. 1 depicts the structure of one
exanpl e of an organic- inorganic hybrid material, in this case based on the:
perovskite structure. Fig. 2 is an X-ray diffraction pattern of a _

phenet hyl anmoni um t'in iodide (PEA)[err]Sni[err] filmdeposited by spin _
coating in a TFT device structure. Fig. 3 is a cross-sectional view of a
first TFT structure incorporating an organic-inorganic hybrid nmaterial as a
sem conducting channel. Fig. 4 is a cross-sectional view of a second TFT .
structure incorporating an organi c-inorggnic hybrid mterial as a -
serti conducting channel. Fig. 5is a plot of I[err] versus V[err] for a TFT
with the ord@ritat rfer hased dryler tHreatdimenls LORPEN) feravisBat £ estiucdsirehe acti ve

w th the orasiorronerenaisetet Sreelboflriad pbriFEnlel Bk 1 1G et ve
seni conduct eftatdna 4R . aRaclexhitbhednon t1fe ibedef Tt &yt ek sX i arsicmshiéved to
date. Fig. ¢nd Sddl@b Qha'di ol YEISHS nhBE" bed Oy sLETcMd{L 1 e
schematic 18). The A cations sit in the large interstices between
octahedra 12.

Layered inorganic compounds based on the three dimensional

N perovskite structure can be visualized by taking an n-layer thick
“cut” {n=1 to infinity) along the <100> or <110> planes of the
perovksite. In the organic-inorganic hybrid materials, the
.anionic, inorganic BX; octahedra of the'perovksite sheets are
charge balanced by cationic, organic molecules 20 forming
alternating layers and/or sitting in the A cation interstitial
sites. Examples of these materials include B=Group 14 {IV A},
transition metal, and rare-earth elements; X=halogen {(Cl, Br, or
I}, and A=organic ammonium or diammonium cation. The organic
ammonium or diammonium cation may be aliphatic, such as an
alkane, or aromatic, such as in the example provided. Other
aromatic molecules include heterocyclic molecules. The organic
molecules may be insulating, again as in the example provided, or

semiconducting, such as oligo-thiophenes.

Inorganic perovskite sheets 12 and organic layers 20 are
bound by strong, ionic and hydrogen bonding. The ionic bonding
requires the organic-inorganic compound to have a specific
stoichiometry and the organic molecules to sit in well-defined,
crystallographic sites. The bonding between tﬁe organic and
inorganic layers causes these hybrid materials to deposit as

crystalline, thin films or to grow as single crystals.



organi c-inorganic hybrid material containing an al kyl di ammoni um cation
diamm oniumtin iodide)) as the active sem conductor
7 DETAI LED DESCRI PTI ON OF THE | NVENTI ON Thi s i nvention makes
use of ‘organi c-inorganic hybrid materials as sem conducting channels in
thin filmFETs. Oganic- inorganic hybrid materials, conprising nolecular

(i,.e., BDASnl 4 (butyl

mat eri al .-

scal e conposites of organic and inorganic materials offer potentially
hi gher carrier nobilities than anorphous silicon, while al so being

I nexpensi ve and easy to deposit.

may” be dep03|teﬂﬁbg a nunber of techniques, i1ncluding spin-coating,
Rer
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deposits as a well-oriented, crystalline thin film, with the
organic and inorganic sheets parallel {or c-axis of the structure

perpendicular) to the semiconductor substrate.

The organic-inorganic perovskites described above, as well
as other organic-inorganic hybrid materials, combine the
advantages of an inorganic, crystalline semiconductor with those
of an organic material. The inorganic component forms an
extended, inorganic one-, two-, or three-dimensional network to
potentially provide the high carrier mobilities characteristic of
inorganic, crystalline solids. The organic component facilitates
the self-assembly of these materials. This enables the materials
to be deposited by simple, low temperature processing conditions
such as spin-coating, dip-coating, or thermal evaporation. The

organic component is also used to tailor the electronic

‘properties of the inorganic framework by defining the

dimensionality of the inorganic component and the electronic

coupling between inorganic units.

Fig. 3 shows a cross-sectional view of a typical TFT device
structure 30. TFT 30 includes an organic-inorganic hybrid
material layer 32. Layer 32 is an organic-inorganic perovskite
and serves as the semiconducting channel between source and drain
electrodes 34 and 36. The orientation of the material, as seen by
x-ray diffraction, is such that the two dimensional inorganic
sheets 12 provide the electrical connection between source and

drain electrodes 34 and 36. The conductance of the organic-



cost and | arge area deposition for large area applications. The | ow

t enperature processing conditions of these deposition techniques al so
enable the possibility of depositing these materials on plastic substrates
for flexible applications. In general, organic-inorganic hybrid materials,.
may be substituted in all of the applications put forth for organic

sem conducting materials. In addition to the ease of processing, the
potentially higher nobilities of these materials may extend their
application to higher speed devices thanios presently possible with elther

anor phous silicon or organi ¢ semiconductors. The invention conprises a thin
film FET hadPREIBRLGrEpARICOrANHRydsi BoAykated Reress A0 sdefheigriive

Se”‘CondUCtthh§¥€ing|ﬂd@er138||éﬁ%%rﬁke§ o0 Siareh enPfpr@n ghgani c-inorganic
hybtid materi al 8 that i|s based on a three-di nensi onal perovskite

structure, ABRILrIfR %br(é%ku 22 sdegeraratelonpersds ot mélispmrianpmX err]

oct ahedra 12;31Egehyocdiahedr 9Rpdd-ted g9fgﬁgg¥ggfeshg X anions at the vertices
and one B cation in thée center (see crystal

Organic-inorganic hybrid material 32 may be deposited either
before or after the metal deposition of source and drain
electrodes 34 and 36. Depositing organic-inorganic hybrid
material 32 afterwards reduces the material’s exposure to

potentially damaging high temperatures during metallization.

While Fig. 3 illustrates a typical FET structure
arrangement, alternative structures are contemplated as within
the ambit of the invention. See Fig. 4 where the respective
elements of an alternative FET structure are illustrated and
numbered identically as in Fig. 3. Alternative substrates include
plastics such as polyimide and polycarbonate, which may be used
to build flexible devices. In such an arrangement patterned metal
gate electrodes are deposited on the substrate either through a
shadow mask or by photolithography. The gate insulator is then
deposited by one of a variety of methods which include, but are
not limited to, spin-coating, chemical vapor deposition,
sputtering or vacuum deposition. The organic-inorganic hybrid
material and source and drain electrodes are then deposited as

described above.

Preliminary data demonstrating the desired field-modulated
conductance and current saturation for a TFT prepared with the
organic-inorganic hybrid material (PEA),SnI, are shown in Fig. 5.
In the measured device, a ~100A (PEAJZSnI4layer was spin-coated

from acetonitrile on a 5000A thick Si0, gate oxide. The



schematic 18). The A cations sit in the large interstices between octahedra
12. Layered inorgani c conpounds based on the three dinensional perovskite
structur.e can be visualized by taking an n-layer thick "cut" (n=1to
infinity) along the <100> or <110> pl anes of the perovksite. In the

organi c-inorganic hybrid materials, the anionic, inorganic BX err]

oct ahedra of the perovksite sheets are charge bal anced by cationic, organic
nol ecul es 20 formng alternating | ayers and/or sitting in the A cation
interstitial sites. Exanples of these matétials include B=Group 14 (1V A),~
transition netal, and rare-earth el enents; X=hal ogen ), and
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semiconducting channel (I,) increases with increasing negative

gate bias (V) and source-drain voltage ({Vy). Fig. 6 is a plot of

Ips versus Vs for a TFT with the organic-inorganic hybrid

material {PEA).SnI, as the.active semiconductor material and

exhibiting the best characteristics achieved to date.

Fig. 7 is a plot of I, versus Vyz for a TET with the
organic-inorganic hybrid material containing an alkyl diammonium

cation (i.e., BDASnI, (butyl diammonium tin iodide)} as the

active semiconductor material.

Although mobilities of 0.06-0.25 cm?/V*sec are lower than
the expected intrinsic values, they are already approaching those
of amorphous silicon and the best organic semiconductors.
Notably, these mobilities are higher than for spin-coated organic
semiconductors. Attainment of the higher intrinsic mobilities is
expected to be achievable. While field effect mobilities have not
been measured, reports of Hall effect mobilities range from ~1-
100 cm?/V*sec. Although the relationship between Hall mobilities
and field effect mobilities may be complex, in very simple theory
they are expected to be proportional. Therefore, these large Hall
effect mobilities suggest that similarly large field effect
mobilities, exceeding those of amorphous silicon, may be
achieved. In addition to the organic-inorganic hybrid materials

promising high mobilities, they may also be deposited by cheaper



crystal |l ographic sites. The bondi ng between the organic and inorganic

| ayers causes these hybrid naterials to deposit as crystalline, thin filns
or to grow as single crystals. Fig, 2 is an x-ray diffraction pattern of
t he organi c- inorganic hybrid material phenethylamoniumtin iodide,
(PEA)[err]Snl[err], deposited in a TFT device structure. The presence of
only the (001) reflections denonstrates that the material deposits as a

wel |l -oriented, crystalline thin fillm with the organic and i norganic sheets
parallel (or c-axis of the structure perpendicular) to the sem conductor -
substrate. The organi c-inorgani c perovskites described above, as well as

ot her organPEo¢e®sigunitechybaies rtaeer tldss counbh o tinergdvantegdsisef an

norgani ¢, eLush AlldN9 RSILE PMELAE LD 0SB Ofnn 9! BARL G Rt erfal . The

i nor gani ¢ conponent forns an norganic o

t hr ee- di nensvapatatiginsork to potentially provide the hlgh carrler
nmobilities characteristic of inorganic, crystalline solids. The organic
conponent facilitates the self-assenbly of these naterials. This enables
the nmaterials The electronic properties of organic-inorganic hybrid

materials may be tailored through chemistry. There is a wide-
range of organic and inorganic components usable as the organic-
inorganic hybrid material. The only requirement for this
application is that one or both of the organic and inorganic
components be semiconducting. Materials with desired properties
may be designed by choosing the chemistry, crystal structure, and
dimensionality of the inorganic component and the length and
chemical functionality of the organic component. The flexibility
in the chemistry of organic-inorganic hybrid materials may be
used to prepare both n- and p-type transporting materials,

desirable for complementary logic, and normally on- or off- TFTs.

It should be understood that the foregoing description is
only illustrative of the invention. Various alternatives and
modifications can be devised by those skilled in the art without
departing from the invention. Accordingly, the present invention
is intended to embrace all such alternatives; modifications and

variances which fall within the scope of the appended claims.



to be deposited by sinple, |ow tenperature processing conditions such as
spi n-coating, dip-coating, or thermal evaporationi~The~vrgani c conponent is -
al so used to tailor the electronic properties of the inorganic framework by
defini.ng the dimensionality of the inorganic conponent and the electronic,
coupling between inorganic units. Fig. 3 shows a cross-sectional view of a
typical TFT device structure 30. TFT 30 includes an organic-inorganic
hybrid material Iayer 32. Layer 32 is an organic-inorganic perovskite and
serves as the sem conducting channel betyeen source and drain el ectrodes 34
and 36. The orientation of the material, as s iffraction, is

eef—by—x=Tay difirac
such that the two dimensional inorgani EL8RERts 13wk i m mnectri cal
connection between source and drain el ectrodes 3ﬂ|f a“& '“' pli ilinduct ance
of the organic- 10 i norgani ¢ seniconductor is #odul ateH dcrdss an
electrically insulating layer 38, such as a thin SiJerr] film by a gate

el ectrode 40 (sugh a5 13cdRUSARIA! ebynsianesh cBitgrallhigeon | ayer).,

a source region and a drain region:

a channel layer extending between said source region and said
drain region, said channel layer comprising a semiconducting

organic-inorganic hybrid material;

a gate region disposed in spaced adjacency to said channel layer,
and

an electrically insulating layer between said gate region and

said source region, drain region, and channel layer.

2. A field effect transistor as set forth in claim 1,
wherein said source region, channel layer and drain region are
disposed upon a surface of a substrate, said electrically
insulating layer is disposed over said channel layer and
extending from said source region to said drain region, and said

gate region is disposed over said electrically insulating layer.

3. A field effect transistor as set forth in claim 1,
wherein said gate region is disposed as a gate layer upon a
surface of a substrate, said electrically insulating layér is
disposed upon said gate layer, and said source region, &hannel
layer, and drain region are disposed upon said electrically
insulating layer.



all of which are supported by substrate 42. Organic-inorganic hybrid

mgt eri al 32 nay ‘be deposited either before or ‘after the-netal deposition of
sdurce and drain el ectrodes 34 and 36. Depositing organic-inorganic hybrid
mat eri.al 32 afterwards reduces the material 's—exposure to potentially .
damagi ng high tenperatures during netallizatio s ﬂ | lustrates a
typi cal FET structure arrangenent, alternati veﬂmmﬂlmﬂur“ lLonterrpI at ed
as wWithin the anbit of the invention. See Fig. 4 ere thesrespective :
el ements of an alternative FET structuretdare illustrated and nunbered
idéntically as in Fig., 3.  Alternative substrates include plastics such as
pol yi mi de and po?yéé&ﬁ@ﬁgt%?fﬁﬁiGﬁaﬁﬁys%ﬁfﬁ§e8eFoﬁﬁﬂﬁ1danE%Fbﬂe devi ces.

In such an ahessger®iila pabhei dechorghalc aaierial Ast&O4as iar g AeRasihed on the
substrate either through a shadow mask or by photolithography. The gate

i nsul at or i SRR SHosPreanhy weopents eROr AN I ORBASORG T rhilek| ude,

but are not akkmnigsh ttgetRbR- 6P BleceheMiGab1Vapd [dePRgeLd AN c3pUttering
or vacuum deposition. The organjc-inorganic hybrid material and source and

drain el ect FeHBE &t €% FOATAEHRSI 106dPYs2 BRSRBE4 BbbE Xefr BRtin v padht a
denonstrat i Bgghhec desigotdnt | €0 dsdduhat&shic component; (ii) wherein at

least one component is semiconducting; and (iii} wherein both

-

organic and inorganic components manifest forces that enable a

self assembly therebetween into a predictable arrangement.

5. A field effect transistor as set forth in claim 1,
wherein said semiconducting organic-inorganic hybrid material
includes an inorganic component having a perovskite crystalline

structure.

6. A field effect transistor as set forth in claim 5,
wherein said semiconducting organic-inorganic hybrid material

.includes an alkyl monoammonium cation.

7. A field effect transistor as set forth in claim 5,
wherein said semiconducting organic-inorganic hybrid material is

phenethylammonium tin iodide, (PEA},SnI, .

8. A field effect transistor as set forth in claim 5,
wherein said semiconducting organic-inorganic hybrid material

includes an alkyl diammonium cation.

9. A field effect transistor as set forth in claim 8,
wherein said semiconducting organic-inorganic hybrid material is
BDASnI, {butyl diammonium tin iodide} as the semiconductor

material.



conductance and current saturation for a TFT prepared with the
or.gani c-i norgani ¢ hybrid material (PEA)[err]Snl[err] are shown in-Fig: b=
In the nmeasured device, a ~100A (PEA)2Snl 4 | ayer was spin-coated from
acetonitrile on a 5000A thick Si 2 gate oxi de._The 11 sem conduct or
channel was defined by Au el ectrodes to be 70[§m

Lmin |Iength and ;
1500[err]min width. In general, high work fun Mﬁs %’Hﬂl as Au, Pd,
M rid .

'

and Pt form "good" ohm c contacts to this orga L,
material. (PEA)[err]Snl[err] is a "p-typ%" material as it transports hol es.
t hfough the sem conductor |layer. This is apparent since the current flow

t hrough t he sem conducting channel (I[err]) increases with increasing
negative gate bigs £ \i;@nkldeA0d SQURSEs A YOl tAGARH( Yhekiddy Fi10. 6 is a
plot of I[err] versus V[errf for a TFT wth the organi c-i norgani'c hybrid
mat eri al ( PEARRSH 43dsl shestiatioeonpnisendudiiorimis eitalciahd exhi biting the
best characteristics achieved to date. Fig. 7 is a plot of I[err] versus

Vlerr] for a TFT with the organic-inorganic hybrid material containing an
al kyl di ammoni uld. A field effect transistor as set forth in claim 1,

wherein said substrate comprises a plastic material.



cation (i.e., BDASnl[err] (butyl diamoniumtin iodide)) as the active

sem conductor material. Although nobilities of 0.06-0.25 cnferr]/V*sec are
| ower than the expected intrinsic values, they are already approaching

t hose of anorphous silicon and the best organic sem conductors. Notably,
these nobilities are higher than for spin-coated organic sem conductors.

Attai nment of the higher intrinsic nobiléties is expected to be achievabl e.

While field effect nobilities have not been nmeasured, reports of Hall
effect nobilities range from~1- 100 cnferr]/V*sec. Al though the

rel at i onshiTHIbEFIAS TRANSISTORY MITHDRGANICENOREANIT HYBRIDI MATERIAY.Sbe
conplex, in very si npl e t ARIPMIGENDIICTINGIEEASNEIS be proportional .

Therefore, o dirge Hall effect nobilities suggest that simlarly large
field effect nD Ilities, exceeding those of annrphous silicon, may be

achi eved. r d r. Iy i ng
hi gh nobi I’ F%ﬂdit{u}gg@e Eﬁa?/écg Eegaﬂhg%é()@?’ ﬁga%ne?MIg E&%?%I?: eglg% 1?19

techni quesmztitte]r(i1 (ggos?sethg Semcon u%tlﬂgn&aggqlb%tﬁe%n source (34) and drain electrodes (36)

of the device (30). The organic-inorganic material combines the advantages of an
inorganic, crystalline solid with those of an organic material. The inorganic component
forms an extended, inorganic one-, two-, or three-dimentional network to provide the high
carrier mobilities characteristic of inorganic, crystalline solids. The organic component
facilitates the self-assembly of these materials and enables the materials to be deposited by
simple, low temperature processing conditions such as spin-coating, dip-coating, or
thermal evaporation. The organic component is also used to tailor the electronic properties
of the inorganic framework by defining the dimensionality of the inorganic component and

the electronic coupling between inorganic units.

FIG 3



. L
Techni ques include spin-coating, dip-coating, or thernmal evaporation. The
ektectronic properties of organic-inorganic hybrid materials may be tailored.
t hrough chem stry. There is a wi de- range of organic and inorganic
conponents usable as the organic- inorganic hybrid material. The only
requirenent for this application is that one or both of the organic and
| nor gani ¢ conponents be seniconductingl Materials with desired properties -
may be desi gned by choosing the chenis%?y, crystal structure, and
di mensionality of the inorganic conponent and the | ength and chem cal
functionality of the organic conponent. The flexibility in the chem stry of
organi c-inorganic hybrid materials nmay be used to prepare both n- and
p-type transporting materials, desirable for conplenmentary |ogic, and
normal Iy on- or off- TFTs. It should be aydepgtQod t hgz o T [

description is only illustrative of t 4 »‘{&/ };
nodi fications can be devised by thos %

fromthe invention. Accordingly, the
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13 CLAIM5 1. A field effect transistor conprising: a source region and a
drain region; a channel |ayer extending between said source region and said .
drain region, said channel |ayer conprising a sem conducting

organi c-inorganic hybrid nmaterial; a gate region disposed in spaced

adj acency to said channel layer, and an electrically insulating |ayer .
bet ween sai d gate region and said sourcggregion, drain region, and channel -
| ayer. 2. A field effect transistor as set forth in claim1l1, wherein said
source region, channel |ayer and drain region are disposed upon a surface

of *a substrate, said electrically insulating |ayer is disposed over said
channel | ayer and extending fromsaid source region to said drain region,

and said gate region ij6 i~sposed over said electrically insulating |ayer.
3. Afield effect transisto ' ' ' ' te

region is disposed as Q4Qﬁf | dy&F upon a é
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surface of a substrate, said electrically insulating |ayer is disposed upon
said gate |layer, and said source region, channel |ayer, and drain region

are di sposed upon said electrically insulating |ayer. 14 4. Afield
effect transistor as set forth in claim1, wherein said organic-inorganic
hybrid material is a material conposed of: organic conponents and inorganic -
conponents which are m xed toget her oqgg nol.ecul ar level, and (i) wherein -
the material is characterized by a substantially fixed ratio of each

organi ¢ conponent to each inorganic conponent; (ii) wherein at |east one
cortponent is sem conducting; and (iii) wherein both organic and inorganic
conponents mani fest forces that enable a self assenbly therebetween into a
predi ctable arrangenent. 5. Afield effect trangistor as set forth in claim
1, Wwherein said seniconducting organic-inorgani ¢ hybrid material includes

an inorgani c conponent havingf?.perov540\e crystalline structyre.
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6. A'field effect transistor as set forth in claim5, wherein said

sem conducting organi c-inorganic hybrid material includes an al kyl

nonoanmoni um cation. 7. Afield effect transistor as set forth in claimb,
wherei n said sem conducting organi c-inorganic hybrid material is

phenet hyl ammonium tin iodide, (PEA)[err]Sni[err] . 8 Afield effect :
transistor as set forth in claimb5, whergig said sem conducting -
organi c-inorganic hybrid nmaterial includes an al kyl diamoniumcation. 9. A
field effect transistor as set forth in claim8, wherein said

sef conducting organic-inorganic hybrid material is BDASnl[err] (butyl

di ammonium tin i odide) as the sem conductor material. 15 10. Afield
effect transistor as set forth in claim1, wherein said substrate conprises
a flexible material. 11. Afield effect transistor as set forth in claiml1,
wherein said substrate conprises a plastic material.
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