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[0001] ThV® 28PMP%3ti on claims priority to copendi ng U. SCTHSEIOZ DAl
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CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to copending U.S. provisional application
entitled “SEMICONDUCTOR DEVICES INCLUDING A NANOTUBE LAYER AND A
MEMORY LAYER AND METHODS OF FABRICATING THE SAME” having serial no.
61/310,342, filed March 4, 2010, the entirety of which is hereby incorporated by

reference.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support under agreement ECCS-
0824157/00069937 awarded by the National Science Foundation. The Government

has certain rights in the invention.

BACKGROUND
[0003] Organic field-effect transistors (OFETSs) are field effect transistors that use
an organic material as their semiconductor channel. These organic molecule based
transistors can be fabricated using lower cost capital equipment and lower temperatures
compared to traditional silicon based transistors, thereby offering an opportunity to offer

inexpensive devices for many commercial applications.

BRIEF DESCRIPTION OF THE DRAWINGS
[0004] Many aspects of the present disclosure can be better understood with
reference to the following drawings. The components in the drawings are not

necessarily to scale, emphasis instead being placed upon clearly illustrating the
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[0006] FIGS. 5-8 are graphical representations of cyclic transfer curves associated
with semiconductor devices of FIG. 1 in accordance with various embodiments of the
present disclosure.

[0007] FIG. 9 is a graphical representation illustrating ON/OFF-state stability of a
semiconductor device of FIG. 1 in accordance with various embodiments of the present
disclosure.

[0008] FIG. 10 is a graphical representation of cyclic transfer curves associated with
semiconductor devices of FIG. 1 with and without a charge storage layer in accordance
with various embodiments of the present disclosure.

[0009] FIG. 11 is a flowchart illustrating the fabrication of a semiconductor device of

FIG. 1 layer in accordance with various embodiments of the present disclosure.

DETAILED DESCRIPTION

[0010] Disclosed herein are various embodiments related to semiconductor devices
including an electrically percolating source layer and methods of fabricating the same.
Reference will now be made in detail to the description of the embodiments as
illustrated in the drawings, wherein like reference numbers indicate like parts throughout
the several views.

[0011] Referring to FIG. 1, shown is a cross-sectional, two-dimensional diagram
(with thickness not to scale) of a nonlimiting embodiment of a semiconductor device
100. The semiconductor device 100 operates as a memory element having enhanced

hysteresis characteristics or a transistor having mitigated hysteresis characteristics,



principles of the present disclosure. Mreover, in the draw ngs, |ike
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the present disclosure.
(CNTSs), a layer of graphene, a dilute network of metallic and/or semiconducting
nanowires, or a layer of a conductor, semiconductor, or semi-metal including
perforations. While the embodiment of FIG. 1 is described as including a network of
carbon nanotubes as the source layer 108 (i.e., a nanotube source layer 108), the other
types of source layers 108 are also applicable as can be appreciated. The
semiconductor device 100 is configured to utilize a field effect controlled Schottky
barrier at the interface between the source layer 108 and the semiconducting channel
layer 110 in order to turn the device on and off, taking advantage of the low density of
states of the carbon nanotubes (or other source layer material) and their nanoscale
diameters in the nanotube source layer 108. The memory layer 106 does not rely on
charge injection from mobile carriers induced in the channel of the semiconducting
channel layer 110. Instead, the architecture of the semiconductor device 100 enables
charge injection into the memory layer 106 directly from the source layer 108 and not
from the semiconducting channel layer 110 like other memory devices, resulting in
lower write and erase voltages while preserving low reading voltages and fast reading
speeds. The memory layer 106 may include a charge storage material or a ferroelectric
material. Each of the layers, the configuration, and operation of the semiconductor
device 100 will be discussed in further detail in the following paragraphs.
[0012] The insulating substrate 101 may include an insulating material such as, but
not limited to, glass or plastic that insulates the gate layer 102, which is formed on the

insulating substrate 101. In some implementations, the insulating substrate 101

includes a conductive substrate (e.g., a stainless steel substrate) that includes an
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Reference will now be made in detail to the description of the enbodi nents
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the nenory | 106 directly fromthe source |ayer 108 and not fromthe
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[0014] The dielectric layer 104, which is formed on the gate layer 102, includes an
inorganic dielectric material such as: silicon oxide, silicon nitride, silicon oxynitride
(SiON,), aluminum oxide, hafnium oxide, tantalum oxide, titanium oxide, lanthanum
oxide, zirconium oxide, yttrium oxide, aluminum-titanium oxide, mixtures thereof, and/or
one or more of a variety of organic insulating materials including, but not limited to,
spin-on polymeric dielectrics such as, e.g., polyimide, polyamide, benzocyclobutene
(BCB), polyethylene, or other mixtures. In some embodiments, the dielectric layer 104

includes multiple layers of dielectric materials.



[0012] The insulating substrate 101 may include an insulating material such
as, but not limted to, glass or plastic that insulates the gate |ayer 102,
whi ch i s WO2AHAL08993t he i nsul ating substrate 101. | n sonBCTAPREAM®ATIAT I ons,
the insulating substrate 101 i ncludes a conductive substrate (e.g., a
stainl ess st u t I : | i face | ayer

bet ween the ?@ﬁﬁcﬁ@@gs"u escgr,ragéyéa} g(?#d'gtgf@eggtmeé a Ilg?érfgg'. ﬁ'#?(ﬁ nsul ati ng
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[ 0013] The gate layer 102 Ions as a gate el ectrode and includes an

el ectrical | yeapMielbiCkdring cRargs ARY mipeelidilsitd SoBtsadol tRdt theldHardepdterbgarl of the
gate |l ayer 102 may be an inorganic material or organic material. |norganic
mat eri al s i Nt willlhdt digdoertidting subséR@nt |utio® baded pravesdimpstepscdwsing, and
transparent conducting oxides. For exanple, in some enbodi nents, the gate
| ayer 102 i rigbritceliesh ciithe ssasdondunstoridenide ©90. Stawegem thisomerenswdimeats, thel | con
(e.g., a degeneratively-doped p-type or n-type Si substrate). In other
enbodi nent s,chatye stppage matgeal ofltbe meaory laydrd 86 may netkel impewiouate salventau, Ag, Pd,
Pt, Ta, W Cu, Zn, , Cd, Sb, Ti, Sn, Sr, Bi, and/ or one or nore of a
vari ety of ovhees thagachniguessusggtq transferpdilyle aanctyhermaesh dops nef|IOMRA: i ve

enbodi nents, the gate layer 102 may include a transparent conducting oxide
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i ncl ude, e. con i ve pol ymer m xtures such as

Pol y( 3, 4- et hylgnadi | PEREE nRESk
[0014] The o P, ey RR oo R T @R of iy ekl ikl o

i ncl udes an b ganiiéndiralfRfdnt metefait Syubibs & U6kbr Afblectlebiera@ter @xi de, silicon
nitride, sili'‘con oxynitride (Si OxNy), alum num oxi de, hafni um oxi de,

t ant al um oXirdepdrideadihbetded didrctrit &YeMan Yo ¥inbedimants, e memogXayde 10g/t t ri um
oxide, alum numtitani um oxide, m xtures thereof, and/or one or nore of a

vari ety of 0¢gahdrge stosagk aiatarigl ineluding bedrzocyciobutenen@CBY.uthichas alcrasst ed t o,
spin-on polymeric dielectrics such as, e.g., polyinide, polyan de,
benzocycl obuinking spiB@B) lowplidlgatidnonstaet polymeot BB may actasem. eldatrektaving a
enbodi nents, the dielectric |ayer 104 includes nultiple |ayers of
di el ectric rohaweistorage ability as well as a relatively high stability. In those embodiments, the
BCB may be spun onto the dielectric layer 104 (such as, e.g., a SiO; layer) and
annealed to form the memory layer 106. In other embodiments, the memory layer 106
includes a charge storage material including one or more of the following: CytopTM,
polystyrene (PS), poly(4-methyl styrene) (P4MS), poly(2-vinyl naphthalene) (PVN),
poly(4-vinyl phenol) (PVP), poly(2-vinyl pyridine) (PVPyr) and self assembled
monolayers: from the group of n-octadecylphosphonic acid, 18-
phenoxyoctadecyl)trichlorosilane, docosyltrichlorosilane, hexamethyldisilazane,
octadecyltrichlorosilane, poly(m-xylylene adipamide) (MXD6), poly(a-
methylstyrene)(PaMS), poly(phenyl-methyl-silsequioxane) (PPMSSQ), and/or one or

more of a variety of other charge storage materials.



[0015] On the dielectric layer 104 is fornmed a nenory |layer 106. In sone
enbodi nents, the nenory |ayer 106 includes a charge storage material that
i's both MEIBIEPO3st ori ng charge and i npervious to sol PERUS2EA/O0EHATY t he
charge storage material will not dissolve during subsequent sol ution based
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t
transfer a dilute nanotube nesh does not 1nvolve a solvent (such as, e.g.,

PDVE st anps) taABsle&fic hBRrissal fRURYSTd NBing Rav¥aglert piBEsshyQf tie evapor at ed onto
the source electrode 108, so that the nenory |layer 106 is not exposed to a

sol vent . Depsgdiiltdt@du€ior ddvize @0DOHOWBRE, in $dhte ErabBMHerts YR fedfdledsmateiidli ckness
ranging fromless than 1 nmto about 100 pm [0016] The menory | ayer 106
may i ncl ude maghotdlegmparvieus @lsolventeatieneniod tedeniquek isqa te tlaasfersdite a bl end of
different materials, such as a donor nolecule blend or a

nanoparti cl eranohibed desh dioed rat inviolve B agleent (dush 88 reeg. P8 istampssandidigherenor y

| ayer 106 is a charge storage material including benzocycl obutene (BCB),
which is a cw@gondwﬂagwgz,an@gﬁamrdﬂs) is| eyapeipted eetethesauenedaveni 0% 6 thatthe BCB may
act as an electret having a charge storg{ge ability as well as a relatively

hi gh st abi | i Bmorydayen Q&S ERLBAPSASHIP 8 SOl BEsMeRMRdimghth tSTPYMeNe

enors. | yer BNaHo8 oS e Shcti a8 e oy SRR e T "
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phenoxyoct adeﬂbh 8f ' in(‘st&h%reﬁa’fgjoldf?r%ts,, FRGRNErY "a.klé‘rhlloﬁrag?lb} tﬂ@%ielec]ric layer 104

hexanet hyl di si'l azane, octadecyltrichlorosilane, poly(mxylylene adi pam de)
(MXD6) , pol yfapRblyed 8 fiyatRe hicRabiat istaly)dnpaea vy aididtiic matbdg dvheoxane)
(pPMSSQ), and/or one or nore of a variety of other charge storage
materials. fddifdddte P02 MoNBeLATRGSH ofB BbrEductirtyeor BBMRbdUcEEhatd 4 thatcdiides a
ferroelectric material that is both capable of being polarized and

i mper vi ous t storeahagel Ihe dielebit natetiafl cves thecfitatinggat@sethatbotmthelsomoe di ssol ve
during subsequent processing of the sem conductor device 100. However, in
sone enbodi nieyerd 08 ahdtheeshawel lagerrit@ domotanakel direet\elattiicalveniantpwthvhbeus t o

sol vents where the techniques used to transfer a dilute nanotube nesh does
not invol ve #pajed gate202.sinsamgembedigents phi/fioating gpts) 203 idmade efguminum,

sem conducti ng channel |ayer 110 is evaporated onto the source |ayer 108,
so that the B Jielesliematesigl gayeningtit gl SMiyImy04eR- /B iher pRbadiRents,

enbodi nments, the penory |layer 106 includes a ferroelectric terial

Tncl udi ng one §patRe JaterA020s made, 51 5iph gnd e JRlestTieyTaterial soVET P GBFEES ( PvDF)
and its copolyner. with trifluoroethylene(TrFE), nylon (poly-m)rylylene

adi pam de) a %coBng?'f’?fi nyl al cohol). [0018] In sone enbodi nents, the nenory

e 2 OP LRt O Exeiild i 2 fe thBfind Bile b0 R0y iRGLREOZLS 202

that is fully*en el eCtric ma oating gate 202

i ncl udes a I e‘?ﬁOS’Belé‘w?ﬁH}%‘rﬁBQ’P&eP{oé?%ﬁ%%ﬁrﬁ%t%e%é%wméﬁ1663” store

charge. The el ectric materral "covers t ting gate so that both the

source | ayerméﬁﬁllﬁ&dpahibﬂy mBREO Rk flbé’t)hﬁrga?el'ﬂ)zdqh@@ieleeﬁik‘ﬁwéﬂérfaﬁtﬁickr%sg%_t rical
contact with the Tloating gate 202. I'n sonme enbodi nents, the floating gate

202 is made @hdeduditad BhargéExchBgyetiaf lob&ir bitvebmin@IfloatingGiez02dditite | Nl udes
al um num oxi de. In other enbodinents, the floating gate 202 is nmade of
silicon, andsdufue Ialieehes;of betwaat e ifledting @etera0a@nd thei chahnetl agersiibjvi@n di oxi de.
[0019] In the exanple of FIG 2, the floating gate 202 is included in the
di el ectric |@yeassdslichab cang.t fusnatiegror ot caryierinjé@®n. Imsamehmplegebationsent s, t he
menory |ayer 106 may fully or partially include the floating gate 202. The
di el ectric rmultiple lyensiof divleetsis Materiabmiay kaised theantrethiarge axgargngeC’can occur
between the floating gate 202 and the source |ayer 108, or between the
floating gate 202 and the channel |ayer 110, via processes such as, e.g.,
tunneling or hot carrier injection. In sone inplenentations, nmultiple

| ayers of dielectric material may be used to control charge exchange. For



exanple, in the enbodinent of FIG 3, two dielectric materials 104a and
104b are used to encase the floating gate 202. In sone enbodi nents, the

di el ect riWORAIEWOPEP 104b may formthe nenory |ayer 106. PCA/USRHA[0271SS

enbodi nents, the nmenory |layer 106 nay not be included in the sem conduct or
device. [ OO%QAmﬁefnefhelémobmelﬁt &F 16! Htwd dieleBfic FAEFSIS 108y 81d 1028 atesude@r med on
the nmenory | ayer 106. In enbodinents that do not include a nenory |ayer
106, the soutkEendasyme fld&thgigatd 202Mbtisanie érhisodithaits i digledtiymatedfl404dhe sour ce
| ayer 108 may include, e.g., a percolating network of carbon nanotubes
(CNTs), a | aysy foh tge aphencaye 1per baltier empodimentorthe olemoet laydrilG6 enag hotr

sem conducti ng nanowi res, or a percolating |ayer of a conductor,

sem conduct oibe ir@hldsféhﬂithmrdboﬁdnetbmﬁvi‘?g perforations. The source | ayer 108
is perforated t E)ermt a subsequently deposited | ayer to have direct
contact with ﬂ@Q"W tﬁ@fﬁgml@ékff% & 1.8 sairer lays 10 ipdermed R HeMRY sour ce

| ayer was fornmed menory layer 106). In the exanple of FIG 1,

the source | éﬁ)’efrm%oé“ ?WE?‘U‘B%@S that %?Ptﬁ‘éh’g?ﬁﬁ'éeé“‘(rtﬁﬁ)mpyﬁhﬁémﬂﬁe B¥i r si des
th f f th Th | t b |
208 has an oNCEEPERAI) T HEPEEH U 08 7omATe B '1@%%??9%@#%% Sfior
conti guous nanofupes, “c?rktPcar@%n %nt%l[%éé’(ec% %Q?aa@?ﬂogg%%ﬁ etr&‘?atu not ube
en Vi ove,

source Iayer Tﬁg I'OI’T'I a ano source

| ayer 108 ”a%elg;gce Cl;rielt% amd &/ sgrhllcbﬂc{?l r@rr{%ﬁ%ﬁa‘% &ta ée‘?@o’?&tmggﬂ EP&% of the

under | yi ng sur e a nmenor as i s cover nanot ubes of

t he nanot ubecémegﬁ sbABhdubt?. or semﬁln&er.H&&d.e/gepeﬂmehmssouee%ybm@ net wor k

of conducting or doped sem conducting nanow res can be used as the dilute
but per col at ig\y@rfbidtdn tB%érrﬁnh@sMH?déﬂtI)} dafREitelifer WHa08 diréct Bortas Wity beNt act i ng
the menory | ayer 106. Exanples of such nanowi res include, but are not
limted to, $idssarceMy@O¥ds 81 theRysridniwhioh thasmivde @R wab &omed @i tibes and
sem conducti ng nanowi res each have an intrinsic |low density of states (DOS)
in contrast temoetlayes,108)ilc thefexampla ohFigh 1088 sourpe laydreli08 érhidds carbdrs, t he
source layer 108 may be a | ayer of graphene or a |ayer of a conductor,

sem conduct onanajubes ¢@iNTsyeing or thair sidessorbtbe aurtasaof themeainary laieni@6péhe or at i ons.
[0021] In sone enbodi nents, the source layer 108 is a dilute, and

el ectrical | y rqsetig@nenatyis, sojiegg dayen 108 hagia e %‘P?'Ee'ﬂer&ﬁ’&fﬁﬁﬁedmme%‘é’rﬁot ubes,
being primarily single wall carbon nanotubes and in sone

en?odl ment s, CWEF%?%CPF)FOPERPPH%P?{Ut%%FH?to S'tVA%f t%F‘s’ée(TOH‘Q?%I"ﬁhe dlh | ute"

t . 08
Subst ant | al _PaRedRReIa oMo o Tran et S TERER e Ko lbes ang
there exi st gtﬁ[%eg@%eﬁogWLgre,%tsnﬁ.c.gﬁtgnaﬁgeacggg?gfeggﬂﬁs?%@mn@mefwsn Sy es that

do not have 8 S Oof nanatu are associ a with

this layer cg gﬁa%b;ag\h%'atﬂa&a?rg gﬁmerast?eé&m grﬁbe&u&wt ahXEHR sdufceSOME

enbodi nent s, ude sem con ing or netallic nanowres. The

source | ayer 151 080§BYn Q?en%ﬁf/é bﬁbé‘d%éMs e duufee,emneeffmaﬁ@u&.h;omwea l'yi ng

surface in thé range of, e.g., about 0.1%to about 99.9% about 30%to
about 90% a@én@&%&tu@ﬂ%hb@w@t&%e&@%aﬁuéamﬁé but pRRIoRAh@AIMTEr the edees t o:
(i) a nanotube or nanow re source |layer 108 having a density of nanotubes
(L e., nunberayef108annithiBetiregt§contattingaliceagmony layantil. rxampleabf suehsuf fi ci ent
to provi de electrical continuity fromone end of the source |ayer 108 to
the ot her endamwires intlude tmiharecbiimiteddorisiven darxnwires and sifoeninanetizes. Alsbm
i ncluding frequent perforations (e.g., occurring in the nanoneter range, in
t he pi comet enanciutpe ans d¢roicondyctinganandwirasreacie havezngetlinginiow density of stgtes
electrical continuity fromone end of the source |ayer 108 to the other
end. A per colR@$xp centrast iaiestals, IVYh'C(B‘rhaM‘e?\NSF‘IPQ%H"193‘9@?’69?9"6?'?"%6*@? $PUERSt 0 t he
menory | ayer 106 or deposited bP/ one or nore of var i etX of ,suitable
met hods. [0!?29']1013%33’&?@/'@&9”0?&@8“%‘9Wﬁéayﬁ%l?f@ﬁ?ﬂ UL TEREIYEL™: Y0¥ ™M t he
exanple of FIG rere resent nanot ube network (e.g., a CNT
nmesh) and neﬁ}‘?falﬂrﬁ?'i’?'?otfe@ t°8nﬂtgH %g?‘{eip(?ﬁfo@roqshe mesh with respect to the
ot her | ayers. However, the curved lines in FIG 1 are not drawmn to scale or
meant to physically depict how the nanotubes actually lie on the surface of
the nmenory layer 106. In reality, the nanotubes lie in direct contact with
portions of the surface of the nenory |ayer 106 and contact the surface of
the nenory layer 106 in substantially all areas. Except for their
occasi onal crossings where
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one bundl e passes over another, the nanotubes of the nanotube source | ayer
108 lie along the surface of the nenory layer 106 in FIG 1. [0023] In
sone enmboWPFEH{WI6Bhe source |ayer 108 is electrically ®6RRENAA2TYS a
contact pad 111 that, e.g., provides el ectrical contact to one or nore

edges of the A ;%eso%t diirfidned e LARA1AIBE1GEN L Bk WbEleictBBaly T contact

pad 111 incl u conta Y net al at forns zgn ohm ¢

contact wit hpé#&@lfﬁ@ur&&& df%ﬁlfdug%d aﬁ’d/gr bunWe& haﬁdﬁﬁ)egm{gtﬂ?%nl Regleded in the

nanot ube sou 108. El ectrical contact to the source Iayer 108 is
made Vi a the 864 Adotudas (MNTENEd ihisehe ahBoImens, kefeabRfinddiingsnestige | ayer
108. FIG 1 e.g. shows the contact pad 111 |ying underneath the nanotube
sour ce | ayer si¥N¥rs. ARWe¥€ hereinN"diGt8Erefairdiodé. o ahanottbedfilmdnduaet inthel sduide i s
deposited on top of at |east a portion of the source layer 108. In sone

i npl enent at i aysr, 108thavisg zabstentiaiegisrenif tedercery faydreldégwt derededy nerotukasuced
(or mnimzed) by having each individual nanotube or nanotube bundle or
nanow re i n ahethermexistaprigeablelleggths efaanptybesoanddiin aanatepeburdieathabfieratr ode or
contact pad 111. [0024] A sem conducting channel |ayer 110 including a
sem conduct i hgvenifesnpagtubes or Gﬁﬁwwnﬁlﬁ%g@bﬂ 2 @ésqc withghis laygr ¢ragsing
enbodi nrent of FIG 1, the sem conducti ng channel && 1@ f.| s also in
contact wit he#hepapevedh belpwthgm ﬂ’e’?f"&&‘)th‘%@ ' s9p8 empR Bﬁr 8 '"éKFEY 108 and
sem conducti ng, channel er forma gate volta L

i nj ection baf"%lug? se'ﬁgo'?/d”f: "gl:% 9@'&%‘&%”&' % trﬁﬁﬁ?lﬁ(é‘?'g Q Z’Ie ? %é{

sem conduct or Efl%e\“%;e)e\ﬁl% un e(I:'|§/I|n I_Sl',Jréan? Il’ﬂhg?%}lgg F% qjaé.bghted‘ 'tc%t%u?f fect

transi stor (E

gate-fiel d- 'BQWG%@?%@%W&@B 4+ 41 aBGlobA gpaﬁﬁtfdo%r ﬁhh&h%e‘rd?)‘ia%ﬁ ace of

t he source | ayer sem conduct | ng c ayer 110 nce t
nanot ubes of reﬁer@"’?@ Sé'lﬂgncﬁl%ér&%ahm%rso@lgg |£@Nﬁ)8%vin§'fardeﬁ§iy(bf h%ttﬂ)@83| ty of

states (DCS), erm level of the nanotubes can undergo an appreciabl e
shift in res wwﬁb@r & rdAdtEbdsi gt Unibélea)Gn Wakowiras tHatisrsufiitiehtad ghivideo  be
| owered in addition to a fiel |nduced band bending that also thins the

barrier to pelesiritalicomtingity fign ohdemdDsfitieasiurceildyet hes todhe atber emer (188 i ncl uded
nmetal instead of nanotubes, the source |ayer 108 would not allow a change
in barrier hebghttohesemicorduret airseinametatfilhiinghidDOSenbert pedesstianste.ger mi t a
Ferm level shift that will allow a change in barrier height. Al though,

devi ces Wi t hootuning imthginapaBetsbiangs ime eicPapier aage and/enin fsrmiciemeter o barri er
thinning, their current nodulation will not be as large as with Iovver DOS
materials. M=nge) byt rﬁanlameé%'calépmtwwgfrpm ﬁ@%/ew;ﬁf@%squwd@/@f deithy o

states in bulk form can, have a tkt ﬁ%antum n@@?nﬁnt V\,hen in
nanowi re f or fiheTeRd- sAePﬁrccf@tnglnaQ?tH%fé’Hé’r”ﬁtﬂ’Q @i F§rqv‘§'t 30&t ure, has a
| ow DOS. The sem cond 100 sti functl ons iguration in
whi ch the sofee®™ QYR Séﬁéd?pﬁ’ﬁ qué{songomlgofg VREFY P su'taﬂ%ﬁb&%gges due to
field-induced pand Be0dl0g, fnd o}#grr]\gl%tut% soE'Fé‘é"?a‘&%H%é |R‘itbe5éi<§ﬂlg%%ﬂ:|c9‘ﬁr ations

to function, tihes de ver elt use of |arge

gate voltageg Jegggedtﬁﬁlle%g{hggl ﬁotgﬁeellle?\%rkg&%g?hﬁﬁ'rﬁéshtgh& Rearith&cde i ¢ | ayer

104 that has°& direl'ectric con t hereby severely limting

the range of o@ii'b@!)ﬁhé‘mbr‘\ @/I@rh F‘esBé&t&tﬂ@oﬂbﬁlEﬁ%r H6wdvaY Qe didded Iikbeinef or e,

|l ow density of 'state materials such as e.g. nanotubes provi de nore
flexibility ywidh frenpesiwt © dchie of fleftitd pysREllyRbR! haw Befnanotabdiaictuatyer s,
and since nanotubes are air stable, this enhances the |ikelihood of
commer ci al i zaé b helirfhdecof IR TMMENOE o060 e Featity 1tHO nanutubedilie g dractaootaets .

with portions of the surface of the memory layer 106 and contact the surface of the

memory layer 106 in substantially all areas. Except for their occasional crossings where



[ 0025] As nentioned above, the sem conducting channel |ayer 110 includes a
sem conducting material. The sem conducting channel |ayer 110 includes an
organi ¢ oWO2ALY YW c seni conducting material. Operati onZCIHAES2QIR@2T18D of t he
val ence band of an inorganic sem conductor is equivalent to the highest
occupi ed nol @gslbafdOpddistPbvet BRIRr, the ¥adotdes Bf 1HB BRI sodFcelflel BT lieC OF gani ¢
sem conductor. Wile, the bottom of the conduction band of the inorganic
seni conduct Oklong tHeCHuHded efiie emblyaayledN@sih FLIOCCUpi ed nol ecul ar or bi t al
(LUMOD) | evel of a nolecular or polyneric organic sem conductor. In the

foll owi ng di sqoe23] o samd enbadirbems) theesobrce Iayed 1@%is électrically chetacted byal s ref er
to their usual neaning for inorganic sem conductors and their equivalents
for mol ecul arcostad ppol yhitbet, e.gs ndvides électrioal sontact fQORGYr Mate edessiad dreduct i ng
material of the sem conducting channel layer 110 is such that the HOMO of

t he seni condnendtuke neiwek ohihe nprAubg soMice laveatds. dihecpatagtaadil 1] glufesd t he
nanot ubes of the nanotube source |ayer 108 for realisticall plicable
gate fields CAHAESPIER tAES garetal|thy mié?OhHFﬁé’o'FtSFtIVB%“P?gSQﬂ‘é‘éd?\F 19%ns
illustrate what happens if the onducting nateri d W t hin
reach of the elﬂer"}‘ﬁ% '?ee@wws t"ﬁ'&a‘ﬁ{;ﬁ@{ g eg‘f‘ﬁf?z'ﬂer%s E%‘ﬁpﬁ\/ﬂ)'g?qt he
sem conduct i ng, mat er| e F I t he
gate field h& thf 80L¢Ig%€y%r fggés rBgr FYRF Qé:f) ”‘?ﬁ‘g’] a ﬁyﬁ]af gets alicnﬁ Oﬂgg%&m%
(antl-barrler logs C uld
have a nor mal’ ur?%%y%glnt% I F l?:ﬁr%)%%agéaﬁa cHﬂﬁcé%ﬁ&”l? P&ﬂy %h%srgérjnﬂég%g\aé??%ésn

channel |ayeg, J:u?la?é}dlObhﬁoWQ\'fHPtngﬁnégMB&ﬁm&%’QﬁeécQ@act 111i98&ddsied yhen the

nanot ube source ayer 108 1 ncludes nanot ube bundl es he nanot ube bundl es

may self scregivratdagfd @eton\n8ichBlrck e CltBNMesortd infpheneheitibes) fdlidest devi ce

100 can be turned off. For exanple, the top nanotubes in a bundl e may be
screened froind depig@atigctbraledice 102mapbélredbeedgait rainfmizdd)l bphavinyeeaghingividagier 102
cannot switch the respective barriers off. Because those nanotubes permt
current fl ownamdegestchanstuled bundie qabeoviinedrh theisnghue geth8tdirectlyabendctedde 102,
such a normal |l y-on sem conduct or device 100 cannot be turned off

ef fectivel y ancetgreeatrbde eredoteetspadid1.ON' OFF current ratio. [0028] In
contrast, if the HOMO of the semi conducting material |ies below the Ferm

| evel of the r{&%ﬂutﬁe@miqqméu@iagéharm@amowg 'ﬁ@!gd't‘%aﬁ@ﬂ'ﬁe@uﬁm pteliadis st i ng
barrier. According I¥ t he sem conductor device 100 woul d have a

nor mal | y- of f fe5EReE O theesoyfsedayer 14f 18 Bigisrehediment ?fd:'@hhrq??e?e"?'%ﬂy‘g?"’t'ﬂo and the

tub | 8._Further, the | t d on by th
nanot ubes. neAFTRLRGS ({0 FnateD aeon SHES Flinsblal" <y £ g 100

Al t hough the t t ubes in fo 1 h ayer 108
participate 13y F'ﬁdé ﬁ SFWéwewc e'ﬁ" Hé]ga}¥§'$1 @ fortm gﬁggg'ﬁgg‘%’%%dﬁ? &F current
ratio.  LO0Fndcnbl Eanel N b@é{aeﬁ%%mn msme@a.%w A oRlRlidcHr dbfte  NE
sem conductin annel "I'ayer 1 that has an appropri at eve or
val ence band 166iﬂﬁctio(ﬁ§ as lJMQhottky barrier field effect transistor (FET) in WhICh the current

modulation is due to a gate-field-induced modulation of the Schottky barrier at the

interface of the source layer 108 and semiconducting channel layer 110. Since the

nanotubes of a nanotube source layer 108 have an intrinsic low density of states (DOS),

the Fermi level of the nanotubes can undergo an appreciable shift in response to a gate

field and cause the barrier height to be lowered in addition to a field induced band

bending that also thins the barrier to permit tunneling. In contrast, if the source layer

108 included metal instead of nanotubes, the source layer 108 would not allow a



| evel or conduction band edge, the issues associated with being able to
control the sem conductor device 100 using the gate |ayer 102 can be

m ti gat edVOPAE/H0BI9Bowi ng descri ption of sem conducting RETASEHI2TIET t he
sem conduct i ng channel | ayer 110 assunes that the work function of the

nanot ube sourg H]E &%%ﬁh?béﬁ:QQ%t &ts Rafe\: TE’RE@S% ddeShaarhit Spb&Tii al s to

serve as the Sem con UCtI anne ayer I ncl U e sem conducti ng

materials w Ee@el%hmﬁﬂﬁéﬂr%bv anhaHé’é |ﬁ®§ﬁlepﬁé‘f?\t eA@dugR leditedhitPdiReithighd. O eV to

about -7.0 eV. Additionally, when the nan be source | ayer 108 incl udes
nanot ube bun@ossoutdRenAETEICAMISIN WATUSRD Bafriad thBhing NBeiscefEdLtitionyillc hannel
| ayer 110 may be one or nore of the followng materials that has a HOVO

| evel reasonabipe ddagpeas WhirpwehbOBotdterfalsn Métalic ehotviness, adaghithey have 4 he
bundles (i.e., in the range of about -5.2 eV to about -7.0 eV, when the
wor k funct i orargdr dehsity oastetes besuli fornabanuhave 3.1 BOS: dulto quantum confinement

N, N -di (1- napht hyl )-N, N -di phenyl-1, 1' - di phenyl - 1, 4' - di am ne) (NPD?

pol y[ (9, 9- dwben inlnahbwics ferny.1Tire %1"9919@@906@%'@%@)@&%@0@% Bayalow) |
(PF-9HK) and pol y(9, 9-di octyl fl uorene-co-N-(4-butyl phenyl) - dlﬁhenylanlne)
(TFB). In ad®AS o etsmqeed@&hdew%u@ﬁﬂh&nﬁ%&ném @ penfigyrationgh whjch

%ei“h"ingéiﬁé't Sgggé‘éﬁé‘rebsuricﬁaeﬁs%é%teil’%@%rhtﬁaﬁp i gﬁhﬁﬁsoﬁ‘@haﬂwéﬁa% ev'h"le 0
o et on baperdid il e B aBieor st %t'oan‘@"&'g'aqﬁg'%%@'d may al S0
be enpl oyed anggcan&gi% ectnersquhJ %naf? fenégte g%(ljd;dm\gaﬂoé"él&gmﬁrgam c or

i norganic sefM& ert al ence band edge

energy of ab er.(ag n BheE ?lg.ﬁr.&ggég 04§1<a {srr ve?PI'aEg%rd(éé@ljlé doRtait thefedy

pent acene, hexyl't hi ophene) rene, and tetracene. In sone

enbodi nent s, SEJE‘?eIV fHhifhs Bie PAHYE SEHRR A ab%e ksved didkctfidRy&eIl C ORsteRtd, NY

channel Iayer 110°1s wthin™a range of about -1.5 eV to about +1.5 eV of
the work fungdy s oflskite materisIe slayRre.d GBnotubdsQidite rhork @ekisity fvan  a

sem conductor device 100 that is an n-channel device, possible materials
included in féypecedinecaruini of gnatdrialsriel otheryeyers1did sinvelnadetulsssdre eingablei ng
materials with a LUMO | evel or conduction band edge energy of about -3.0
eV to about 4iGs EntevcesAblel likelitmavdlof gommbrsialization ofthe semieonsluciptdevicaylé® 108

i ncl udes nanot ube bundl es, the use of a sem conducting channel |ayer 110
with a LUMO Iir@iudlngmencvtvbﬁ}- a normally off band line-up with the nanotube
source | ayer 108 ., an electron injection barrier) with said LUMO | evel
of about -3.0 [642 o%b@ﬁ'oneﬂ poyay tageanconAecting Franrater 410 BFUYSt nanot ubes

s about -5.0e ermts transj| stor acti on at tron cur.rent
PR B8 S | R A VORI R

- di fl h I b h
D T DO s gioB3 Mafernt Gebesionat RE R o IRRARRE SR L) e,
napht hal ene, H,%&%}c%gﬁ%g&'&t Or'.s' I3leRAD SNy ﬁ?esl &%Lbl&?ﬁmlegl%r o gwr@ﬁ'

sem conduct o | tion to t sem conduct |

listed for t hee,e[soqg: ucg&,gﬁéb d&@%mcl RWidonduktorMiAiie. %h@@&%ﬁl&%éour ce

| ayer 108 that i né nanot ubes, a sem conducting material with a
LUMD | evel r<‘5@1§dufcﬁ’cfrm?anﬁ‘ o?ﬁn@llﬁcﬁééﬁkceseﬂlc%ﬁatﬁ&m id & uRGlehOB tRAbWe unddcupied he

nanot ube work function of ab may al so be enpl oyed and can be any

organi c or i peyicaRt sroi&TLeN0 \fl‘é@él@fa WioleBular dr @¥kpnkay &lgatit seribehdationnnband
edge energy of about -4.8 eV to about -5.0 eV. In some enbodi ments, the

conduct i on bamgforage) dscussibA)vhienea banl Idvbie ase noreinnttbndiand tpvelb saierdb theryer 110
is wwthin a range of about -1.5 eV to about +1.5 eV of the work function of
t he sour ce | ageal mbABing for inorganic semiconductors and their equivalents for molecular and

polymeric semiconductors.
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[ 0031] When the nanotube source |ayer 108 includes individual nanotubes,
the sem conducting channel |ayer 110 can al so include sem conducting

mat er i al SWORAI/H0%¥h a negligible injection barrier wit hPCW@Sﬁ‘&ﬂ@@U%S
Negli gi bl e neans that the of fset between the nanotube work function and

e ther the 28{ I'I'hjel\//[s)erlflﬁi\)/rgcjuc@ Qgrlaﬁgﬁhgg&&g% P&geégg%?l éra1)48rl 110 is

| ess than abo because N nano ubes Shave a

smal | er di a”%&&rth%]t'?ﬁéhéw&% g@ﬂ&;ngp&ﬁ? ?r%qen@flfes WRhin GSRAGF il Fteﬁnlslé\fef er from

t he screenin ani sm previously desc thereby allow ng a charge

i nj ection ba%; fh@'ﬁaﬁd?udé% o?fh%%ﬁ&uﬁé@d&%haﬁpﬁ’d)ﬂ RidaflicAlly appitable ghlelest 0 turn
the device o The sem conducting channel |ayer 110 may i ncl ude

an organic S%@&iwqﬁé gé’tg |dyBt €021 alhe idohiag ABSLripibnk st WAgt Hapyas iftA8. The
organi ¢ sem conducting material of the sem conducting channel |ayer 110 can
i ncl ude a | i gemicbnducigdamaesl dped it Yie witiin aactaftthe Feranijeoelrud theotanetobese
conpound) such as, e.g., naphthal ene, anthracene, rubrene, tetracene,
pentacene, hexjes2zhe f tanHOME ofitle sendsontibating ofaterial jpis girevet the Gieimi tevel cthg. |
copper - pht hal ocyani ne( CuPc) - based conpounds, azo conpounds, peryl ene- based
conmpounds, andnaleies\the getedieldrhas ngenerate aharien asthe %GCU'@B'QWUWF éh as, e.g.,
hydr azone conpounds, triphen nmet hane- based conpounds,

di phenyl net haﬁ@eﬁﬁml%oWMY the seanieandudesiedice HPhwei Bavea RATRRIYAN

Y P C%@@‘jgazaggzsa@&W@rsz%zqogﬁc%%%ﬁl?@1 e Ret oy
2,2',7,7" - T
R S ayerﬁoﬁr E\QM cm%&ﬁ 3 g iR R 2 @Bi’ésonaﬁ@@%’

4,4 - N

297,71 obpiless s PanBETH A Mol B OPdd Bl R MR MR O

4, 4' -bi s(2, 2 ﬂnﬂgr?da JOYH%WJ{e)@gQQﬁBXkun(prﬁfor ef%pl@%“eﬂbﬁ%ﬁdﬁﬂie@‘irpa al um num

(AQq), trls( -qurnolinola l'um num (A

tris(4-net hylbgﬁcgé Su% h@@é@é&h@#dmh@g%%ﬁﬂ%z aRdhe Yatd feRE driRsgdtdRyaof ; a

pol ymer conpoun yt hi ophene, poly(p-phenyl enevi nyl ene)

(PPV), pol ymaps c&m6t sifdh ik res;réaﬁwdanﬂarr@wsaeoa@éa/tﬁegeSnénaMbmpam|ckrmrgr oups,

al koxyphenyl - PPV, phenyl - PPV, phenyl /di al koxy- PPV copol yner,

pol y( 2- met hoxgw indegendehntof kieegaye fisly nddced by fiHecgayd lepervioRyduem e nofmdiiHoPPV) |,

pol y(et hyl enedi oxyt hi ophene) (PEDOT), poly(styrenesul fonic acid) (PSS),

pol y(ani | i nekxefieddductop oévideN00icaphat be haesl off) effehthlelygod greadly reduces the

pol y(N-vi nyl carbazol e), poly(vinyl pyrene), poly(vinylanthracene),

pyr enef ol mal @O cureit ratioet hyl caxbazol e- f ol mal dehyde resin, and

nodi fications thereof; an n-type transporting organic snmall nol ecul e,

ol i goner or pdPesRr Inscaiyastsif ﬂ’@ "QOMO@f ths Sem&PM"I‘QJ'@?'@H@)&‘?? balpwBigyierm o - g
,2 15 2 -quatert hi ophene ( DFHCO- CO-4T, P(NDI 20D T2),

PDI 8- C\2,  PDIgves(ghe nengiohes “b?rﬂft? @V?féP%HéS t°r{s‘i!i+‘?€ﬁ'éq RRESINGRAS e, and

oy ﬁﬁhﬁ%%acgﬁ%@%%%é Saea oGl 8 30 frte SRATRRT Sy B RSPETS; e
pRSEREessem ﬁgﬁlgéja%g#oﬂgﬁlgg gﬁaﬂnﬁ, I?% (;' %l%idzthgngmtt%% s%([i%le rhy}epy(%r Fja?laer' f ! udes a

conducti ng nclu car

nanot ubes, a, Coﬂﬁérﬂ‘réo%éﬁtcﬂ&t@rl t%y! tﬁet\brlo% e@ nQQQItué oot lﬁgﬂgﬂﬁhbng f' | m a

conti guous tr?insparen conduct’ ng oxi or a layer of sem conducting

nanow r es. I wgreAl@,ep@ﬁh tranotub&s ifl il BunkidY 6f thd Azndtibel udes a
thin Pd net aI |zat| onﬁﬁepyo%él ted di rectly on top of the sem conducting

channel | ayersogffl@layérrﬂOgtpaﬂiblpﬁféblﬂ@hm@tsﬁntcrﬁr@eﬂﬁyab Aot diygeide HONKDFF ncl ude a
nmetal such as, e.qg. . I'n other enbodinents, the drain |ayer may
i nclude a | ay;@.rreerratiaanot ubes In sonme inplenentations, the size of the
sem conduct or device 100 may be reduced (or mnim zed) by utilizing an
i ndi vi dual narjee29pe Acbortiingly dbyaisingl seseenicohd&tingvmiaterialfer the semigrslugingnect ed t o
a netal electrode.

channel layer 110 that has an appropriate HOMO level or valence band edge, or LUMO
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[ 0034] The device arrangenent described herein can be enbodied as a
transparent sem conduct or device 100. Rather than a silicon back ﬂgge as
that is

t he gate‘ivgfglrl/lf?)@? the gate |layer 102 can be a conduct ipﬁﬁ/%‘flé/rﬂ?
optically transparent, such as indiumtin oxide, or a thin SWT filmthat

I s deposit eg c@m & c%né}Jcﬂ@ﬁBé’Hdeé?:‘ge,i g 14k s 3o eingldble to EBRdI BRNS par ent

gate | ayer can then be covéred by an optically transparent dielectric
llayer 104 f ol domieddlYor deviedidccdidgthd a8 sHar B2lcaRBEwingatedy ehe idBwing ol | owed
by the dilute, percolating, source |ayer 108 foll owed by the rest of the
devi ce | ayer dea&ipi®néf sermidndutihg AatHals edtthecsanticontiidigg pedreel lajer déh al so be
used for the drain layer 112, such as a thin nanotube filmor bi-layer of a
thin netal faskonedhstthawbikdarstion efithe caotibe tsburge Byerdk®8lisgtmut -510e\sone

enbodi nents, the insulating substrate 101, gate |ayer 102, the dielectric

| ayer 104, t Rossibleprohaheg) erateri@l to séree soihe semicenductingodannal gysichiodingigct i ng
channel |ayer 110, and the drain layer 112 are all optically transparent.
The confi gur aseminenductieg Matedals with adHOMPaYalAr ¥alepre haad edgn erEED BFPH 1 exi bl e
transistors requiring that SWNT filns be used for the sourq . drain and
gate |layers wpP H?Vatoﬁg i-bP 8V Agpitienaty, whea {henaneiybe soUrGeRyes) §8 REHBTY | ayer
106, constructed on a flexible insulati .Supstrate 101. In so

enbodi nent s, ”t""l’?%tup‘ﬁgldndjﬂsi g SE’GI&Q?‘?U&{"@ T%%,'aﬁﬁgﬁ?’g S?’&%’P‘R%HE{ Crhtaﬂréer%y%rl ectric

I , th | _ : !
1t T, Tt e e S M Py 7
Referring nex&eeh?rt dnthe &mrkff[]ﬁ’éﬂ@n b}stpgygrf)o?@o% ?netﬁ% b Ofliks (.6 A1l BRgSONal

. , S :
di agram (w t h t'hi ckness not to sca a nonlimting enbodi nent of

anot her _sem capgustoly dakhaer 600, widhnk ABraicath SRR RETAEE Watditooe 400

conprises the ow ng layers: an i1nsulating substrate 101, a gate |ayer

102, a di el eCé\i)!|9N',rmdﬁﬁ-n&&ﬂhynmmemFﬁéhyLﬂyeﬁphl;%1,&aiama@ (NP, doyie,.® source
| ayer 108, a sem conducting channel |ayer 110, and a drain |ayer 112. The
i nsul ating sufisdy-aticeryiid, 7idia)AiBE@-Helg-30b- arvazbiay] ¢PF-QHIR) ansdpobjio, d-giotiyk ned on
the insul ating substrate 101. A sem conducting channel |ayer 110 i ncl uding
a sem conductfiuogngmb--{4abutylshehyl)-dipicenglamine® (TdFBRi In ddelijien tolthe sermibendyetingc e

| ayer 108 is formed on the sem conducting channel |ayer 110. The source

| ayer 108 i s matefials isteztfot the semispndusting dheorpl laven Y OPéhed-eheanglayer to have
direct contact with both the source |ayer 108 and the | ayer on which the
source | ayer semicondvaterdieving 10Gwith a pansbibeisavce fayer @84t inchidpdpendlefiog j s in
contact with the contact pad 111. A nenory

) _ nen IaeréLGisfornegqj[ﬁvrthe
source | ayer mapgtupes, é@ﬁf“é?@t‘d%'f‘%m?ie"%ﬂﬁthiaH"QMﬁt'%Y@ tha Fpins ey %gﬂ'aucti ng
h |1 . 110. The dj el ectric | 104 is f d th
106 and t he. qaPE0 PRETVUSE SaputhRers R PR dct By P AR Sh e
nbodi ts, | 108 incl udi d ndiyi tub
hanot ube bundte i paeRF Sb et s Saf Bt LG AhoBEE 0P cuce or
mnimze the %@n@&ctihﬁ@ﬁe@@s%%ﬁ@b I%Vér‘?f?leﬁg@band[eggg’@rlerb\?&ta»bow th

reference to s ac Ic transfer curve 500 for an enbodi ment

of the sem COBYAY @GR 5.5 @vLANARRIRE Aol pbitéeend, pof/(Mekyihidphnegat e | ayer

102 that inclu egeneratively doped p-type Si, a nmenory |ayer 106 that

i ncl udes BCB, (kP@HT‘)a,‘ﬂﬁ)ﬁ'éﬂé‘?aﬁpﬂéfrﬁ&né.amonib%nﬂoﬂﬁdﬂfﬂ, the valefied i edgaot ube
dilute network, a contact pad 111 including palladium a sem conducti ng
channel | ayerHdM0 1&Jeabf thé1€érhid&@RIucting channel layer 110 is within a range of about -1.5 eV

pol y(9, 9-di octyl -fl uorene-co- N (4-butyl phenyl)-di phenyl am ne) (TFB), and a
drain | ayer Iltb2bbhat 5 evcoftisesonydlndtion of[tig0®nicetayec 40B.be seen in FIG 5, the
OV OFF ratio between the drain current (ID) 502 in the ON-state and | D 504
in the OFF-st af003@f Likewisechoi @ eerdigondoctotidaviced 0Q @t SRN@-channgl devigh: e t han 4
orders of magnitude. At about -5 V drain-source voltage (_Vs.g’), the ON-state
current 502 ipossiblemateriass ipgiudedrin thgsamicandyctrgschanpe! vRie] 10dngide cor r espondi ng
to a current density of about 2.3 mA/cnR. Note that injection intp the

seni conduct i rREMUGPRAHRING Malasials with 3 LN leys! op cndugtion, papd Fﬁ%e %r}?{qyrog ag%rl ap
area between the nanotube source layer 108 (FIG 1) and the drain |ayer 112
(FIG 1) so that an areal current density is sensibly defined, just as for
organic light emtting diodes and organic solar cells. The | ow driving

vol tage of the sem conductor device 100 is an inprovenent over organic thin
filmtransistors.
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[0038] In devices simlar to that for which FIG 5 shows the cyclic
transfer curve 500, sub-mcron particulates in the nanotube source materi al
limted NR20HIMI¥Be sem conducting channel |ayer 110 c8GIASBEIRAHSES bef ore
direct shorts between the nanotube source |layer 108 and drain |ayer 112,
respectivel y,3 pepedeamsiit 19 e\d exddimalyD@RsT M IngnotUbeesosRBIIAeN MKihdlinggsc hannel

| ayer 110 of at least 350 nmin thickness of this enbodi nent avoi ded such
di rect shor t sandtiibessumigles,the déenaf atsemidoheuctitg clanes sayef 1 10heithseini/MOnelett i ng
channel |ayer 110 may be as small as about 1-2 nm The sem conducti ng
channel | ayefforning  fvrmkliyesibapd findap with the namgebeofource layer 1@thidat arlelagirano about
5000 nm Note that for a lateral organic FET, a 350 nm channel |ength would
requi re expetrgéotien barger) witis edidit VMR lenet efeabaitng 0 eVite Bbeut 48 A (Wit thewodt i on of
source material particul ates, the sem conducting channel |ayer 110 can be
made t hi nner fungfienofjthgynanotubes igiagp-S-LelY)rrefpitsdeansistor adiop galy the 8IEFt%8d,  whi ch

wi || benefit device operation because of | ow state cq nel respstance

(as indi cat eGUB§Nt frerligahle I"La_ﬁﬁ”?lé fﬂﬁ?%@”ﬂ?@ﬂ%@'”%?@algﬁert ﬂ(gwglﬂg/e'!%n%}r'ovi ng

dovi co 100, PBOMEPPPHRIPRLR A e ar B OO (860 CH iy T e bei s of
bout 157 V i t - +10

hysteresis i DGoar i (BROR AP ERNZPRIRERS Fabcii o A ipndeed® . o

vol tages use%ﬁ&%ﬁ@, ﬁﬁ%li%&f@ﬂél’%ﬁ@d@#i\%ﬁe@ Eof @M—%g%nkgﬂse(rﬁ&oﬁdu&%nde%é ¢80, iicl udes

a thermal oxi avi ng ckness of about nmto avol d gate | eakage

currents. Thgggadro YR dAdGnbEAMb hidtbrialRasted fd? ehdePiidondudtifgl ur@elndyer educt i on
of the thickness of the dielectric layer 104, w thout conprom sing the
menory char agt@witshineotubd $HUARlIayen1d8hatifichiied busddDtingRibes, aabout a 12 nm
thick BCB | ayer was designed as a charge storage |layer to serve as the
menory | ayer séfRofducting rhiteridbGith wa /M lees tiexd fdras ansgligitie electmarnnjeation al | y
avai |l abl e, easy to process and stable after curing. As a Si-based pol yner
cont ai ni ng SibaBiebwitittbe aaubtetreomnak functidnraf abouBEHE) k¥ snay@isn beleowlpyed ahchsan

excel I ent anbi pol ar charge storage ability with good stability. The

di recti on of belagy exgenit er inpraari¢ semicerdueler vitta bidvedeveher copdysition bandiadge
hysteresis. For a sem conductor device 100 including a p-channe

anti cl ockwi s€ngygy Poabskt B 9\abevt -8 eve S‘(’F%@!@?Odﬁws-%ﬁ%?%if’é b?’gjn

Power "BSC hy shes adiuke BYaRE nedefncontictes e Bvet Lt BRNE gronse Babghe” 0
yoterests. -1 B8 St P et e Bhent PR BUERER Ber o o' 1 Gue o
it Prct gat o 005t o SRS hanel Y Sourblyp K ihcudel BRI aHGEes, B0 CVEL
poi i~ gate SaTEaul cERRARIEY B BT SEmeBI g RRerd B 8 S on

the basis of ,gleSfdidiOmicRtidrCiSards with tHeVimotuBbs) NRRgibiwintdansithat BE et
generality, tha Gis at its nost negative value. In order to bal ance the

negative chapgfieds téManaiuBswerm firdtBogaiceithaytas HOMD 6HILUMO Jevel dititeh t he
nanot ube source |ayer 108 (FIG 1) and the nmenory |layer 106 (FIG 1)

contai n a corpesaductigy chabnsllayer 1100siets than abaut 92.eVI dhisgobedause char ge on

t he carbon nanotubes of the source | ayer 108 depresses the contact barrier
with the seniircivitiialiZed mgnatutzasiale b ayelter dibfefarth@n buhdled hanetubgs Aot aredk
injection so that the p-channel device is in its ON-state. Now scan the

gat e vol t age expastadds suféer frombbe sesesnjng:mechiBeis Prey@usly dessrived. dpeliyn FI G 6) .

In response to the decreasing VG the negative charge on the gate |ayer 102
and the corr @iQinaia ARprerBiectiandagies tqke ghateh BIRUIREP %F'Wf@fga?er{@'%tﬁnot ube
source |l ayer 108 and nepory |layer 106 is reduced, but the charge on the
menory | ayer W08 device Qped and | ess easily drained. To maintain

el ectrostatic charge bal ance, the positive charge on the carbon nanotubes
of the nanotube source |ayer 108 is preferentially drained, raising their
contact barrier with the sem conducting channel |ayer 110, resulting in the
rapid turn off of the channel. At the first turn back point (-50 V) nuch of
the trapped charge has remained in the nenory | ayer 106 so as VG becones
nore negative again the positive charge in the nanotube source |layer 108 is
qui ckly replenished rapidly turning the channel back on again. If VGis
returned to about -100 V in each excursion, this behavior occurs for any
turn back point so that the apparent Bhreshol d voltage at which the channel
turns on shifts to lie near the VG where the scan changes direction and
turns back. As illustrated by the cyclic transfer curves 600 of FIG 6, the
menory | ayer 106 can store negative charge as well as positive charge so

o r N - - )



902 was still nore than 3 orders of magnitude higher than the OFF-state ID
904, indicating relatively good charge storage stability of the BCB | ayer.

However, WOBO1SI0AIB typically used as a charge storage RETAISEHI02TR/RAr ge

rel axation leads to charge loss in the nenory layer 106 (FIG 1), which can

morense | n t RS Y SprE R ooyt e By R B BT G070 100 1
possibl e Wi t behiB6hdiSfhathatBrid RAp Akt AGRrdERARE hal, TiRAkoaNNI DI LS a great er

barrier to charge exchiange wt [0043] The material included
in the menoryehyRiuctidbniterist 8f the sericenduibfgdPasiePlap&rel 1 ¥R Include 8 lingakipr i al
that exhibits an energy barrier to charge exchange with the nanotube source
| ayer 108. O¢gidensaddivciiait akafatit esmitisld (drabsfeadoiipodnd) Bactoss, elgt,0 (or out of )
the menory | ayer 106 involves a characteristic mninmmchange in the gate
vol t age VG t haghthatenecaghmeshet mbsshe] thieacene tpeotaterieh heahelel andidragives AVD. Thi s
critical threshold voltage AVD is independent of the charge already stored
i n the char géhesdofiragggnérd pach ds08.gadppendaipancianine@uPcHmassdl gempsfundh@zst or ed
charge. Suppose that for given gate voltage V&, the quantity of charge in
the menory | agrepounds peslene-basetteampopnds. anedegivaiives thpresf, adw'@iece}ar n the
menory |ayer 106 to Q+AQ i nvol ves a correspondi ng m ni num change in the
gate vol t ageCoPYNd A\gh as; 8 gy hydragene coRpprAsapheayIdethane-kesedcamiouade VG of

VA+AVD. A f th | VG i | VG d
not +cor res pgﬁitﬂﬁ‘;f&f’ﬁpt?até‘ceteﬁagg‘i gfé‘\‘lr(t)ﬂﬂéﬁi’tgg't"?‘e“t?;b%ééfg?e‘ﬁ‘ggo\ée’?%g?yh/g‘y\li‘g’ﬁiﬂ%gﬁqsayer 0586
t . Rat her, t i th tit f. ch i th | 106
to Go requi r BUefdny b7l ot i e AT Afes Y FeBTREG * Thus. f or

i . . Vi h |
fhan’’ D, °t Rl E ¥ iteu gy G nRinhdBrales KEPARBEAENTNIRE TS oe®

than AVD, t a ry layer €5 'not change. Since
the sem cond Lyismit9Q o \WBRIbHISRHe ASHird- TRRITN K-l LRERthy ) AEL €S on
hysteresis t'(t)é‘fr%@%gd%@éfﬂéﬁﬁ?lﬂ@%,? %ﬁ(}f men%?%plstat €s,’ ang 'ﬁ’@ k%)/st'eresi s in

turn requi r_eaipﬁér@u,acaiarﬁ&a{b%eﬁ% ?ﬁ#ﬂ@-hﬂfB),tJ]@AﬂﬁBF\f-y-rﬂeﬁWﬁJheﬂﬁm- the quantity

AVD, which is a characteristic the charge storage material used (as well

as the di el eghdryRniry.aiphdaniié @i EDABR)R, 2T, Tharesis 2emdiphanyrinyl)-b@yer 106
t hi cknesses), sets the lower limt for the wite and erase voltages for

t he sem condggitobifluctené (SpirdOPVBiheA'-hig 2 d-dipheay!viryibiphiergl @RME), (8- 0044] I n
sone enbodi nents, the sem conductor device 100 is operated as a transistor
i nst ead of aqueinuinglatd)awpintm (Ala), tistSrgiindlipelgto)aiyeinem ¢80, Iris(4emetbyi r abl e.
However, carbon nanotube vertical field effect transistors (CN VFETS)

(wi t hout t he8awinalinglatolgiuminura@mesd randgerivativssrihereef, 3 pR¥MaNIAMBOURY/SHCB B8 S|
The menory | ayer 106 of the sem conductor device 100 hel ps, m,ti%g}e

hyst eresi s efBe®pythipphens. PYYEIRNEPXIRGVIRYIEN (RP\DneeyRsT FONteidin@ PIPAY! when t he
sem conductor device 100 is operated as transj r . so lang as the range
of gate vol tﬁﬁ’é”-@\““ﬁf%@d‘"?&%” @aups; AR ylﬁﬁ‘?’d’@ﬁ@]kp S(f erring back to

FIG 8, the curv 00 nstrate that fhe hysteresi LS Jear zero with
The i mel uer offasy Tapids 'ttbh°e°pﬂ'¥’|’?85~ 9°‘V§y"é‘?tﬁ%'€’h(%ﬁ‘%‘@'ﬁ%'gﬂ%ﬁr4e limting the
range of gate v @9%? e ] gi%t i 100 (FIG 1). As
shown in FI Gsheéglebor aeﬁ‘%gwgr{e/ﬁgélp@@%ﬁ%@e ?)b%hgrfoe&ﬂ?g%%@’ nm t hi ckness
W th about ap&li(s@@n%%ﬁkic?&ﬁ’) dP%‘é?rpolymﬁﬂe)t(bﬁMﬂ%@(N’-Qih&lé’é?ﬁ‘az’b%ﬂge is limted
to a span of "about < V (1.e., the

halogenated poly(N-vinylcarbazole), poly(vinylpyrene), poly(vinylanthracene), pyrene-

folmaldehyde resin, ethylcaxbazole-folmaldehyde resin, and modifications thereof; an n-

type transporting organic small molecule, oligomer or polymer such as, e.g., 5, 5_-

diperfluorohexylcarbonyl- 2,2_:5_,2_:5_,2_-quaterthiophene (DFHCO-4T), DFH-4T,

DFCO-4T, P(NDI20D-T2), PDI8-CN2, PDIF-CN2, F16CuPc and fullerene, naphthalene,
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range AVc is about 25V, under these conditions), there is little
hysteresis. Thus, the hysteresis that is observed when the sem conduct or
devi ce 10W0i28116198494t ed as a nenory el enent is mitigat ed PARAH2Q1AE27155
sem conductor device 100 is operated as a transistor in alimted gate
vol tage span [ j L VSt LI LS Siofdaak BRfA e

pr ogr ammed tge céﬁ%%gt?g%éttmgﬂ"fng§é+v¥té\%¥géa®é&\%oﬁ1toa%e bsg ﬁ?e l%cgﬁ?ts?al gate

vol tages (abgyf smeoxide (APldngdiitsh. the semi conductor device 100 as
denonstrated by the shifted curves 800 in FIG 8. [0046] The |imted gate

vol tage range [6¢33] RRE QidiSlap@and ¥ hfdOnasd SentiéRRuAPE chdrireNaydh 14 teind

sem conduct or device 100 al so however limts the ratio of the ON current to
the OFF curr eftdrain idybel dandiwrs alodh@etifgd\he¥eRalc The aiain laydr 103 may ecldésar abl e in
transistors, and so for this purpose nenory |ayers that have larger AVc to
perm t | ar gelayeodficadpen sanatgses aancorttiperue imetajie filrara tretiguwns senicofduciinafémeasi ng
their OV OFF ratio) are desirable. The charge storage |layer 106 is such

t hat char ge exohtiguges thansparent coneuctingipxide, beg layer of sgmigertiuctng neReWIERS: st or age

| ayer 106 only occurs if the gate voltage exceeds a critical threshold gate
vol t age, theFensxampler itsomg expogdimepts; e d&ainlayerdd 2 inclides 8 thin Pgymetaliization
programmabl e t hreshol d vol t age, é,0047] _The del eterj ou? hést eresis in

CN- VFETs (t hderqsiiedhdtectiuenuton ohihe s88isPAUStRg GoRRe! RURDYY- IS'BR 106) ari ses
because of char traps i,n.a dielectric layer 104 (e.qg., silicgn oxides and
nitrides). Tﬁ@?g‘ﬁ%’ﬁ'g?g‘ge ppgﬁgy%gﬁfgaggcglgg)%@eé%gy@easa%g.,pﬂl:grlglg % nduce
hysteresis in_the devices. .However . Li -enpl oyed nenory
Lyer 106 0P RATERNEHES ARk aye by ynctRe el neloBHen AR St 10

cor respondi nﬂ’h%fﬂg@hxig’gﬁ@,r}hgﬁz@o. J} gerﬂggr{gpggr daégigggtr)r%ﬁa? ngéo:[]Ib@J (oT' o charge

exchange wt ectrrcs 1s varra ading to a small

effective AlgnimitBSy BRAind & iRdibitheal PR aSine ofieRy&ratie, With théagncksrn range
and the correspondi'ng hysteresis-free OV OFF current ratio in these

devi ces. | ncepifeeRl k@A nfelal dletfitlege st orage | ayer 106 selected for its |arge
AVc (about >25V), such as in the sem conductor device 100 using BCB as the

char ge st or aggod3ay emhe deWcOMEMgbmentjesdrioedrgrsia cah bé bmbsdied asoamtiarsparendevi ce
100 when the sem conductor device 100 is operated as a transistor in the

i mited gat e sgmicomdyetos peniceofoOalRatiier thad ajlicasbatk gatess ditk gatelager 10 004 8]
Referring to FIG 10, shown is a conparison of the cyclic transfer curves
1000 of a megeteyayet €3%e¢an tierectandilatiny malROs thatdy epdicallydieaspareniystich apipdium
(corresponding to curve 1002) and two control CN-VFETs w t hout a charge

st orage | ayetin oxifle, ogahic SWNiei@ thaiiis deppsited optog trangparentansylafing sHostrat®0 nm
thick thermal oxide layer. The first control devi cbgfécor_r spondi ng to curve
1004) was builP1- D¢ traneparpptasin laer dpEpandhen ke sqveed) ©Ptigaly transgarelit o ng

by o commer cREIETE RV [Plovrd e elsal Eesareatesg Bt R BB o -
denti cal - FOP GogautB 8o el 15 il B S RpAREGES Y ©, 1
vt oresi o f BEnietEeCANEtp e FBtch Bt AR B R e B Y e bour 6
V (curves 10Q¢.2Rd, thidQBhotub& RIRES bi-MGdnbf a ¥ mERMRNIdved by a transparent

conducting oxide layer. In some embodiments, the insulating substrate 101, gate layer

102, the dielectric layer 104, the memory layer 106, the source layer 108, the

semiconducting channel layer 110, and the drain layer 112 are all optically transparent.

The configuration described is also amenable to the fabrication of flexible transistors

requiring that SWNT films be used for the source, drain and gate layers with a flexible
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el ement showed symretric hysteresis between the up (starting fromVg = +100
V) and down (starting fromVg = -100 V) scans, denonstrating a good charge
st orage PEBIVIPEP3of BCB for both negative and positivECERRRYA/02TARE

hysteresis in the control devices (curves 1004 and 1006) is offset because

02 Lo dom BRlsEf Ble ldiCh B hARRAARPRRO I AACEERaGR dslaf% ol e

W th apparen efficrency. urning now to

illustrated g&osﬁa@bh.oﬂh%h}ef&mddﬁﬁéfn@?%e%s%%%&gﬂﬂHﬁEﬁ61,cb%Yé Iﬁﬁrji_gﬁ), &l G 1)

according to various e ments of the present disclosure. IS

under st ood t BaleckiBfaybd WAChE ek Ry&f106] the sdutcdlbit 108 ShéTBerRibohdagtingxanpl e of
the many different Steps that my %e enpl oyed to i nplenent the fabrication

of a seni conguhera@eyi®and 62 digin dgscrizkesalfsidien. I n bl ock 1110, a gate

| ayer 102 (FIG 1) is fornmed on a substrate 101 (FIG 1), and in block
1120, a di el eqo035F Refeminglki4t t6 FIG. 4, $howrsis & orosedeadional hevoglithensioagler 102. | n
bl ock 1130, a nenory layer 106 (FIG 1) is forned on the dielectric |ayer
104. The mendiagraheayvith thidk6essenpt tonschiellef sananlihitingaewbodiherd oframatiall ar nonol ayer,
a polynmer deposited through a liquid solution, or a polymer deposited

t hrough a | i gemigonsigriar deyicevioph Teerippdiatad saaisepuctar épvice 400 compagesAle
nanoparticl es enbedded in a polynethyl nethacrylate (PMVA) |ayer. In sone
enbodi ment s, folowing lyersg ap fsularspsubsirate 104, ajgate; layer 10k @ disledtirdarsr dPbét ri ¢

| ayer 104 and/or nenor EP' ock. 1140, a source |ayer

éos (FIG 1) mef“wd?%dx%:?%gﬁr@ F%f‘gﬁﬂi"f %°3€F§84Vflbg‘? '?ﬁsm%m@&"q d@apel108 may

, €e.g., ically. i : f b b

‘aver of o aNERE0. i aeHelRrE LI L RO R A b e R PR RS IR iy
metal [1c andypf (SRIHCRIAMCS] R AAAMY dBltde 168 ALrbalbdrbhioePal&OL At i Ng

| ayer of a conduc sefm con or sem - et een configured

to have perf j Erfgzﬁ : b , poration
t hrough a phgg(gﬂ:ltg ﬂ@%? g%rﬂlﬂga uIey e?t?}rtllée?g f@&eﬁ@é?hﬂ%ﬁgéiﬁai%é@ st?g%gel f

assenbl ed napge{dsiiclofified SHERESkhicoRuRlingdenB il iaperous. frié Bbired lapereds y
maski ng and etfching, etching to be performed by solution chemstry or by

reactive spegérfsate@tdperill aRabidqaently depdsiléd lapatlo Waviehtiract contabtowith baththas ma
activation and or bonmbardnent. In the case of, a nanotube source |ayer 108
i ncludes at keasd lagsre08andtheliey/er dinehisiotheceurcaiager vid3Soinsedp &t feastart mottiano
permt a subsequently deposited |ayer to have direct contact with both the
sour ce | ayer oflt68 saurce lajer 108ysain contactiwitt thetdoatastmaddd ] AyesmatatayeiclOfesdl (e. g.
the nenory |ayer 106). _

formed over the source layer 108 in contact with it and in contact with the

semiconducting channel layer 110. The dielectric layer 104 is formed on the memory

layer 106 and the gate layer 102 is formed on the dielectric layer 104. In some

embodiments, source layer 108 including each individual nanotube or nanotube bundle

directly contacted by metal electrodes is used to reduce or minimize the size of the

semiconductor device 400.

[0036] Next, with reference to FIG. 5, shown is a cyclic transfer curve 500 for an
embodiment of the semiconductor device 100 depicted in FIG. 1, comprising a gate
layer 102 that includes degeneratively doped p-type Si, a memory layer 106 that

includes BCB, a nanotube source layer 108 including a carbon nanotube dilute network,

a contact pad 111 including palladium, a semiconducting channel layer 110 that
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[0051] In block 1150, a contact pad 111 (FIG 1) is forned in contact with
at least a portion of the source |ayer 108. For exanple, the contact pad
111 may DEOP2BHAME9Nn at | east a portion of a nanotube s8GITAS29134&7115508.

Al so, in sonme enbodinents, electrical contact to the nanotube source |ayer

orior o1 or et OB R T Ao BRSPS oo,
sem conduct i laga"plgg%g% tHa@M@IHdés]%{n( FI G 1) is formed on anot her portion of

t he source | ayer such e sem conducting channel layer 110 is in
contact wth hegd t i caRHE S&enl iR¥RE. 5108 GNIBFE RtioHetieN thetsih chfféht (Dhe

t hi ckness of the sem conducting channel layer 110 (i.e., the channel |ength
of the sem cepginah@ONCRME GRd (LEO) id the dEFate bafe BYmiESIRIUBIPE&SI 100 g (par anet ers
in the nethod of depositing the sem conducting channel |ayer 110, such as
Spi n- coat i ng 1) ishesrérthlan @\vadEds aft magnituds) tabowt N8V @rainvesucedfoltage/ phsh)ethy  of ot her
thin fil mdeposition techniques. In sone enbodi nents the sem conducti ng
channel | ayeONLdtBteicarrérd 502t about héps furabeut lady/as rirBpikey siae tdormasHontiing to
deposition technique such as resistiye thermal evaporation, sputtering,

spi n- coat i nga curkntjdensityof abduhd3 nvsigoT -Nase thptrmnctiqngntomecqﬂm@@wqﬂgg

el ectrochem cal deposition or other neans that may provide fine control

over the chasfrane}layred 19 W'@kﬁé@@“rs PY?@&@“%GEH%% getweenpthg dapetiifduct i ng

channel layer 110 is as . th q ?:cul ar ag ﬁ'% g. about 1 nm
or hundr eds S?U’Fl%l'ﬁb‘?fﬂpét@et M?ﬂg"@%d@'” ay&b?bh?t( Kpd) sajhaben AgRks "S'Pt one of a
variety of thicknesses n ont r ol rOVId d by the

deposi tion p4f fsesregs'blél ‘a'ﬂlef%l&!%{ﬁﬁf‘gi orqarqé:mpﬁtlkegrﬁﬁagglogqs Eﬂ‘i’e SR ¥Shduct i ng
channel | ayegﬁl &u e Ig\%t IrI\I;llg voht%g%gHBg Fﬁhgé]%ru?éggev f1b6]%sant|91 roggrggr({%b rI engt h

of the senmc substrate c heat ed

during the d%%%ﬁ%ttﬂﬁ’ﬁl tPan@@ ance the crystallinity of the sem conducting
channel | ayer ept at roomtenperature to attain an anor phous phase.

The deposi ti onjogag| arrﬁéémseﬁnah% R i WheAl I 5 el BRyLIRArATRF BIayS phase
percent of the channel Tayer such as by increasing thé growth rate during a

resistive thepgabp- W@&Ofﬁfléu\/&eélwﬂ% o8P 86uréd MateRIIMASH hdv thihaell d be not ed
that due to the vertical architecture of the device, in sone enbodinents an
anor phous chaamiebndudtitey chatingd lag@érer10edult Ge piade esforesdiett shogs petiveen ther ough
grain boundaries. If an anorphous phase cannot be attained at room

t enper at ur e aenututel sonse daydr HI8ANdgiramtaien 1R erespectiedly, tdndesadid davices ystal lite
size of the films versus films grown at higher tenperatures and sl ower
growt h rat esireherable. pbe sérnicenduoiing chamnst pyrRId30 pf atdeast 330mramdhipkresgolni th i t
the benefits of an anorphous film Alternatively, the sem conductor device
100 can be stft @BQC@H“Q%a!P'WSQUC%Q'%ﬁmoW %?@thnmj’d@})%‘Fsetﬂedh'PlFPﬁ%Qfe t he

crystallinit t he sem conducti ng1 channel layer 110 if it _deened

necessary. ?WHTWP?POHP%EW@"TS'W” Gnay be asssredl affﬁo\(tlﬂr%;f‘ml)Tth f or med on
th i duct h | The d | a sy
| ayer of - oneSSMerMEGAABE AL DRROPSS cenEB i P AER" ek P! F1ih a

t t t i de,
o Paver ofbf 00 ool Br St ST biaioLET ?5@(*@“3“[’6'3%@9‘%4@311%' the
flowchart of réalu(% e%pje E@?W@h fesolfi 4 t‘érnﬂ'{gdeh lim Fe'df?&rongesdu?c gunder st ood

that the ord n may rom-t ch I's pi cted. For

exanpl e, the nﬁféi'ﬁf cfﬁfcu%@%hlsem.ceﬁd&m &%nﬁ@fa?elbﬁ@(bbﬁ bEPadb Sisifer.anbl ed
relative to e order shown. Also, two or noré bl ocks shown in succession

in FIG 11 nmayowisy é?iﬁﬂ!?!ﬂlé&@rr@ﬁ’t%ﬁ&f&ﬂblb& rélizedd, whiclh allitbeAéfit dOVIE3 G TefNios .
Further, in sonme enbodi nents, one or nore of the blocks shown in FIG 11

may be ski ppBecaute 6fTbw DRBstateicharmeliredistasico@s inditated dly thesaidlity toalriveahigteans ar e
wi thin the scope of the present disclosure.
currents) thereby improving the reading speed and reducing the power consumption of

the semiconductor device 100.
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[ 0056] Wth reference back to FIG 4, the blocks of flowhart 1100 nmay be
reordered for fabricating a top-gated sem conductor device 400 according to
vari ous eWR3HIPE93 of the present disclosure. For exanBC&USA0IAOATIAS | ayer
112 is formed on a substrate 101 and a sem conducting channel |ayer 110 is
formed on the in_layer 112 A sourc aver.. 1 I r .

sem conduct i négd’éﬁgnﬁéqnxlﬁ]g)%%'cffﬁﬁeﬁ %uﬂ'egstoh %Ess%ergs Sp(l(’)f?atb:;@r;rgzsl '?H%Mshgarr ce

| ayer 108 | na%ﬁ@t\%ﬁéq‘%ﬂggn01a-1BWIoaﬁbO‘p.aEl%a%ﬁysttﬁgé@mggfuI‘ Yidn-vbiffiel S formed

on the source“layer and 1n contact sem conducti ng channel

layer 110. T | iddtibfs. TRY B otab &y (5ed ne drdGudBRiettrcaxRF 19406 and
the gate Iayg\r%n{ig Zp?)gé%“gfsnggé{ongt e di g?ectri c layer 104. [rgo 7] Because

of their quaghgonewRithRoRHS RhefBRde hdlihgARRkAHE Bf 4BVt ZAD imptd dweidnanot ube
source |l ayer 108 provide for a natural gate field enhancenent that
facilitates ghengRagxarenge Theightetvbragerequingd leyutd bel§réatiwbduzet bg nmenory

| ayer 106 includes a charge storage naterial) at conparatively | ow gate

vol t ages. Adesduttinalf the, thitkressref tbe dielzcta€ lagératOg ewithooheompeoraising thehneeradmar ge
storage material is directly fromthe nanotube source | ayer 108 rather than
bei ng nedi at ebaradteriztich t he semi conducting channel |ayer 110. This neans
that the band structure properties of the charge storage material of the
nenory | ayer 100hr & bprreseriambediment abeuria 1Rbihish BEB Iakee yandesianed@st he
sem conducting material used for the sem conduct ]| ng:ﬁchann &10. The

[ |
vertical chaArBarogsomaeddeniosearesdiesTPReD 1ayselch Fhnmd)- ﬁﬁgéf”aégglfeahg
sem conduct or device 100 el.im natagls t he cougl i nﬂ be&)weﬁnr rmlbi Ié\tgsend t he
roughness of PEFAYSEt &5 OpYergially Avaijablegasy fprocess gnd slaple ALFT NG e

hi t ect | | hi gh i ity of | t i j | C
onalor ©memor Gty ien S diEPe SEO P 41 ertic hat, BRAR ey Bhditbhald O

a |l ower densit Lo i oy r j ;

pat terni ng. - et UaREnBlekl bt Bug URREaH Sy She Rl MR e e
storage |ayegjfeldiReBHARGMs WY& intdthe HRlchesh o séRiBbAdubir @dviceabi ers and
an efficient ?I ow gate voltage) charge i'njection into the nenory | ayer 106
nmay be possi PcRdinkiaGcHERRdI drf anti@BENisRor fowef BatkisweBp titrdrblidieaBSCcyhannel

resi stance for high speed reading of a nmenory. Additionally, the ability to
i nj ect char gagstekéis & gentlaled bylcharge BBRaYeYn diglgetricsliMar theahbewl. ifveed.eal i zat i on
of low wite and erase voltages for the nenory. [0069] In contrast to a
| at er al chanegdng lokgrBBChyElefesisdandle skersinghé opalictodnisfer tyrvesf ofdr riers in a
sem conducting film the sem conductor device 100 has a higher read speed
and | ower w isemicamtlicter devicesohdicajiog that ehargrestamge isdheorigin of thehystesgsis hannel
organi c TFT, the charges induced by the gate electric field formng the
conduct i ng chd®@fdl Jedurther deronstreteithat thechysterests is dye teghwige soFagedt thehe
interface of the gate dielectric and the sem conductin

CO filmin the

di rection pefsaiony laYardP6 ayelis tiangfepusyrs 9P °Y‘Ffé"§t'ﬂ‘fté‘ﬁeé’88‘i‘gel(}“ o} "RRISSA%r f ace
is rough (i.e., on the order of sever [ ter f nan ter oughness
or |larger), f"H%“aE%E’r'FiFE(P' %}r?qc{i}‘oY"H '"t'ﬂbsgl?ﬁsﬁ'gF?fﬁ?rﬁngﬂ%(%ﬁsr{ga ﬂ%}qnel i's
greatly reduced, - orders, of magnitude. G ven e i rgani c
mat eri al s fo?hed‘\fﬁ'gg%pé’mil%aéea\f?yasF%W'?ensc%‘bﬁ? %%;./h %?@%]%&oc@g'\é%uqﬂg %@8{?6 to
further conpromSe ke MRPddby it BUBROAIw A bl SckRESinyithdl Vil char ge
st or age Iayelp fo P8qUce Write and erase v tages.

at its most negative value. In order to balance the negative charge accumulated on the

gate layer 102 (FIG. 1), both the nanotube source layer 108 (FIG. 1) and the memory

layer 106 (FIG. 1) contain a compensating amount of positive charge. The positive

charge on the carbon nanotubes of the source layer 108 depresses the contact barrier

with the semiconducting channel layer 110 (FIG. 1) allowing for hole injection so that
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[0060] It should be noted that ratios, concentrations, anmounts, and ot her
nunmeri cal data nay be expressed herein in a range format. It is to be
under st oOWO2AEY108¢98h a range format is used for conveni BREASANA/OBHEYI ty,
and thus, should be interpreted in a flexible manner to include not only

the numeri Cakh&\éoa—lct:ﬂaﬁﬁgeaé%é iiﬁ lty ON‘?sq;té.eQO\lﬁ%%afnh\ﬁ/% bé&gggloﬁiggg%\%e{?gs fegtgl.%ﬁt but

also to inclu a he 1'ndi vi dual numer ranges

enconpassed %%U’eﬂ)ohhﬁoy B8 688 il FIGSAC Ih rBsRL foathe YH&RIRNA, thAID- range is

explicitly rec To illTustrate, a concentration range of "about 0.1%to

about 5% shQulflvdendrdd &1 1RE @hRayeP 10241 dURE cotRispéHding dobiiveeatiakdecdntthy T eci t ed
concentration of about 0.1 wit% to about 5 wit% but al so i nclude i ndi vi dual

concent r at i 08smiigaten of th¥narStube3Saurcanglef 498 aicmérhiery Siybr 10BNg &tluded, but, 0. 5%
1.1% 2.2% 3.3% and 4.49% wthin the indicated range. The term "about"
can incl ude theatiatge@nahe memonilaygr H06Cie treppeg and less gasily idcaned. To gaingdn of
nunmerical values. In addition, the phrase "about 'x' to 'y" includes "about
'X' to about electfd3@it tharge bhlandedthb eositivsirgigeed thenearbanranatybeseofdesscr i bed
enbodi nents of the present disclosure are nerely possible exanpl es of

i npl enent at i oarplubgsowicy layer 18858 prefarentially drpiaeg. raisipkthelr spripH §amier wikethe
principles of the disclosure. Many variations and npdifications Eh%y be

made to the SYBFRNMELUSBRRE! BiECHPHERNG)N B reme Uit Q¥ PSR PRANAPK Y

cepart 00, uhl aatl kel LIS He P A ot chibEBRP et i B R o o

D e BB B TR Feaping v ety chros e rarcute
source layer 108 is quickly replenished rapidly turning the channel back on again. If Vg
is returned to about —100 V in each excursion, this behavior occurs for any turn back
point so that the apparent threshold voltage at which the channel turns on shifts to lie
near the Vg where the scan changes direction and turns back. As illustrated by the
cyclic transfer curves 600 of FIG. 6, the memory layer 106 can store negative charge as
well as positive charge so this behavior holds for both negative and positive Vg turn-
back points. Symmetric behaviors are also shown, by the cyclic transfer curves 700 of
FIG. 7, for Vg scans that always return to +100V. There the apparent threshold
voltages at which the channel turns off shifts to lie near the turn back point. The
hysteresis in the semiconductor device 100 is thus fully programmable, depending on
the Vg turn back points and can even be made effectively zero by restricting the scan
range as illustrated by the cyclic transfer curves 800 of FIG. 8.

[0042] Stability in each state of a non-volatile semiconductor device is useful. FIG.

9 shows the stability of the semiconductor device 100 (FIG. 1) for both ON and OFF
states, respectively. To set the semiconductor device 100 to its ON-state, Vg was

scanned to 100 V, and then scanned back to 0 V. The OFF-state was set by scanning

Vg to -100 V first and back to 0 V. After 30 minutes the ON-state source-drain current
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1. A sem conductor device, conprising: a gate layer forned on a substrate;
a dielectric layer fornmed on the gate |layer; a nenory |layer fornmed on the
di el ect r i WOI2811¢109693 a source layer fornmed on the neR6T{USPENERTISher e
the source layer is electrically percolating and perforated; a

sem conduct i BE2 GEasNhork A3 draérTBEmadhitfEhigIE td thaPEF-statdBoes t he
sem conducting channel layer is in contact wwth the source |ayer and the

menory | ayer jndtatihgveRrtively fuddasige storaygastabiitychf tHecBGR layero HbweternBCR isannel
| ayer forma gate voltage tunabl e charge injection barrier; and
not typically used as a charge storage material. Charge relaxation leads to charge loss
in the memory layer 106 (FIG. 1), which can be seen from the gradual decay of the ON-
state Ip 902 and corresponding increase in the OFF-state Ip 904. A more stable
semiconductor device 100 is possible with the use of a charge storage material that
exhibits a greater barrier to charge exchange with the CNTs.

[0043] The material included in the memory layer 106 to serve as a charge storage
layer is a material that exhibits an energy barrier to charge exchange with the nanotube
source layer 108. Overcoming that barrier and transferring charge into (or out of) the
memory layer 106 involves a characteristic minimum change in the-gate voltage Vg that
is referred to as the critical threshold voltage, AV¢. This critical threshold voltage AV¢ is
independent of the charge already stored in the charge storage layer 106 and
independent of the sign of the stored charge. Suppose that for given gate voltage Vg,
the quantity of charge in the memory layer 106 is Qq. Increasing the quantity of charge
Q in the memory layer 106 to Q,+AQ involves a corresponding minimum change in the
gate voltage Vg of AV, resulting in a new value of the gate voltage Vg of Vgo+AVe. A
return of the gate voltage Vg to the given gate voltage Vg, does not correspondingly
return the quantity of charge Q in the memory layer 106 to Q,. Rather, returning the
quantity of charge Q in the memory layer 106 to Qq requires that the gate voltage Vs be
reduced to Vgo-AVe. Thus, for any given gate voltage Vgo, s0 long as the gate voltage
Vg changes are less than + AV, the charge state of the memory layer 106 does not
change. Since the semiconductor device 100, when used as a memory element, relies
on hysteresis to define a plurality of memory states, and the hysteresis in turn requires
distinct charge states of the memory layer 106, the quantity + AV¢, which is a
characteristic of the charge storage material used (as well as the dielectric layer 104

material and thickness and memory layer 106 thicknesses), sets the lower limit for the
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a drain layer formed on the sem conducting channel layer. 2. A
sem conduct or device, conprising: a drain layer fornmed on a substrate; a

seni conduwplzﬂb‘”@ﬂ%‘l’ﬁnel | ayer formed on the drain |ayer; PCT/US2013/0295% ce
| ayer fornmed on and in contact with the sem conducting channel |ayer, where

the source | gyel ar{oserg%e% téde% V\%Atxe %&ldﬁ&tbp&vggqo@%ﬁeﬂrﬁé@é’s a fhefBRPTY |ayer

fornmed on the source sem con
element.

[0044] In some embodiments, the semiconductor device 100 is operated as a
transistor instead of a memory element. In transistors, hysteresis is undesirable.
However, carbon nanotube vertical field effect transistors (CN-VFETs) (without the
memory layer 106) generally exhibit substantial hysteresis. The memory layer 106 of
the semiconductor device 100 helps mitigate hysteresis effects normally observed
without the memory layer 106 when the semiconductor device 100 is operated as a
transistor so long as the range of gate voltage is limited to be less than +AV.

[0045] Referring back to FIG. 8, the curves 800 demonstrate that the hysteresis is
near zero with the inclusion of BCB in the memory layer 106 (FIG. 1) while limiting the
range of gate voltages applied to the semiconductor device 100 (FIG. 1). As shown in
FIG. 8, for an SiO, dielectric layer of about 200 nm thickness with about a 12 nm thick
BCB layer, when the gate voltage range is limited to a span of about <25 V (i.e., the
range + AV is about 25V, under these conditions), there is little hysteresis. Thus, the
hysteresis that is observed when the semiconductor device 100 is operated as a
memory element is mitigated when the semiconductor device 100 is operated as a
transistor in a limited gate voltage span. Moreover, this nearly hysteresis-free operation
can be programmed to occur about any desired gate voltage by the initial gate voltages
(about >25 V) applied to the semiconductor device 100 as demonstrated by the shifted
curves 800 in FIG. 8.

[0046] The limited gate voltage range that permits nearly hysteresis-free operation
in the semiconductor device 100 also however limits the ratio of the ON current to the
OFF current in the device. Large ON/OFF current ratios are desirable in transistors,
and so for this purpose memory layers that have larger + AV to permit larger voltage
swings and thereby go further on and off (increasing their ON/OFF ratio) are desirable.

The charge storage layer 106 is such that charge exchange between the source layer
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channel layer is in contact with the source | ayer and the nenory | ayer, and
where the source | ayer and the sem conducting channel |ayer forma gate

vol tage tWAZBIERNWErge injection barrier; a dielectric PRS2 on t he

menory |ayer; and a drain layer forned on the dielectric layer. WO

201y 20050 e R s ARk Dol oG BAERREp L8 e o 2 3
threshold gate voltage, thereby operating as a hysteresis-free transistor with a
programmable threshold voltage.

[0047] The deleterious hysteresis in CN-VFETs (that do not have a purposely-
employed memory layer 106) arises because of charge traps in a dielectric layer 104
(e.g., silicon oxides and nitrides). These charge traps can also store charge and
thereby induce hysteresis in the devices. However, unlike for a purposely-employed
memory layer 106 for which the energy barrier to charge exchange and correspondingly
+ AV. can be a well defined value, the barrier to charge exchange with the dielectrics is
variable, and small, leading to a small effective + AV¢. This restricts the hysteresis-free
gate voltage scan range and the corresponding hysteresis-free ON/OFF current ratio in
these devices. Incorporation of a charge storage layer 106 selected for its large + AV
(about >25V), such as in the semiconductor device 100 using BCB as the charge
storage layer, improves the performance of the semiconductor device 100 when the
semiconductor device 100 is operated as a transistor in the limited gate voltage span of
about <25 V, as discussed above.

[0048] Referring to FIG. 10, shown is a comparison of the cyclic transfer curves
1000 of a memory element including a BCB charge storage layer 106 (corresponding to
curve 1002) and two control CN-VFETs without a charge storage layer. All devices
were built on a p-Si substrate with a 200 nm thick thermal oxide layer. The first control
device (corresponding to curve 1004) was built on the untreated SiO2 dielectric layer.
For the second control device (corresponding to curve 1006), the oxide surface was
treated by a commercially available water repellent (Rain X) to render the oxide surface
hydrophobic. All other parameters for the three devices were identical. For a gate
voltage scan range between -100 V and +100 V, the hysteresis for the memory element
(curve 1002) was about 157 V, while the hysteresis for the control devices (without

BCB) is about 98 V and about 64 V (curves 1004 and 1006), respectively. The memory
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4. The sem conductor device of claim3, wherein the insulating substrate
I ncl udes a conductive substrate with an insulating surface |layer. 5. The
sen condUWPEP11d894% e of either clainms 1 or 2, wherein t RETERRH1/0FIET

i ncl udes an organi ¢ conducting or sem conducting material. 6. The

sem conduct oL, gy 66,83 it BFE nikbABocBls e WAGL ST HSE 0 BohRUES

i ncl udes an | norgani c ¢ Sem con

sem conduct oy \gﬁlgéliéfﬁ‘ngq'on?\/ he'iO(P‘l/)aécgﬁs aeHan%atlmﬁ@ddrbhE*b% sfrgjeectric layer

i ncl udes an inorgani c or ganic insulating material. 8. The sem conduct or

devi ce of ei Lhgbilif!ABEB fér KYth Rega‘(WB?érﬁ‘I'dbsﬁtt&@cﬁﬁ&j@ﬁ&he'hgétéfeﬂb% fhe ebitfope
storage |l ayer. 9. 'The sem conductor device of claim wherei n the charge

storage | ayeleiiCesGOuHdsO1008 @ng HO0B) isuifsetaieasnge 0L doginated byebtrdriteapsour ce
| ayer and the charge storage |ayer only occurs upon a gate voltage
exceedi ng a asbpposad ta BCE vhich trapsltaeswathtapgarently equal efficiency.

[0049] Turning now to FIG. 11, illustrated is a method of fabricating a
semiconductor device 100 (FIG. 1) according to various embodiments of the present
disclosure. It is understood that the flowchart 1100 of FIG. 11 provides merely an
example of the many different steps that may be employed to implement the fabrication
of a semiconductor device 100 as described herein. In block 1110, a gate layer 102
(FIG. 1) is formed on a substrate 101 (FIG. 1), and in block 1120, a dielectric layer 104
(FIG. 1) is formed on the gate layer 102. In block 1130, a memory layer 106 (FIG. 1) is
formed on the dielectric layer 104. The memory layer 106 may include a self-assembled
molecular monolayer, a polymer deposited through a liquid solution, or a polymer
deposited through a liquid solution with embedded nanoparticles, such as Au
nanoparticles embedded in a polymethyl methacrylate (PMMA) layer. In some
embodiments, a floating gate 202 (FIG. 2) is included in the dielectric layer 104 and/or
memory layer 106.

[0050] In block 1140, a source layer 108 (FIG. 1) is formed on the memory layer
106. The source layer 108 may be, e.g., an electrically percolating network of carbon
nanotube(s), a layer of graphene, an electrically percolating network of one or more
metallic and/or semiconducting nanowire(s), or an electrically percolating layer of a
conductor, semiconductor, or semi-metal that has been configured to have perforations,
by a process such as, but not limited to, evaporation through a photolithographically
defined mask or a mask defined by self assembled nanoparticles, deposition of a
continuous film followed by masking and etching, etching to be performed by solution

chemistry or by reactive species (e.g. by partially oxidation) with or without a plasma
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10. The sem conductor device of claim9, wherein the sem conductor device
operates as a hysteresis-free transistor with a programrmabl e threshol d

vol t age. WO20MRE994i conduct or devi ce of either clains PCHUS201LAKEPEI n t he
nmenory layer is a ferroelectric |ayer. 12. The sem conductor device of

ei ther clai Wﬁctﬂwa@dn ahd, Jr%ﬁqb%mfémrthébé&oa d aPBlub® SoL06H 18ydr88 incidédt! y
encased by a dielectric materi al WO 2011/ 109693PCT/ U82011/ 027155 13. The

sem conduct ofeagEsheGRNSbE | 'ﬁierﬁoll&e laye L1038 i8 péfRatsd tpeymit a\sebselquaitivdes t he
fl oati ng gate.

deposited layer to have direct contact with both the source layer 108 and the layer on

which the source layer was formed (e.g., the memory layer 106).

[0051] In block 1150, a contact pad 111 (FIG. 1) is formed in contact with at least a
portion of the source layer 108. For example, the contact pad 111 may be formed on at
least a portion of a nanotube source layer 108. Also, in some embodiments, electrical
contact to the nanotube source layer 108 is formed by depositing the contact pad 111
on the memory layer 106 prior to forming the nanotube source layer 108.

[0052] In block 1160, a semiconducting channel layer 110 (FIG. 1) is formed on
another portion of the source layer 108 such that the semiconducting channel layer 110
is in contact with both the source layer 108 and the memory layer 106. The thickness
of the semiconducting channel layer 110 (i.e., the channel length of the semiconductor
device 100) is determined by the processing parameters in the method of depositing the
semiconducting channel layer 110, such as spin-coating, thermal evaporation, and/or
one or more of a variety of other thin film deposition techniques. In some embodiments
the semiconducting channel layer 110 is formed on the source layer 108 by a thin film
deposition technique such as resistive thermal evaporation, sputtering, spin-coating,
ink-jet printing, vapor-jet printing, drop-casting, electrochemical deposition or other
means that may provide fine control over the channel layer thickness. In some
embodiments, the semiconducting channel layer 110 is as thin as a single molecular
layer (e.g. about 1 nm) or hundreds of nanometers thick (e.g., about 500 nm) or more,
or one of a variety of thicknesses in between, with thickness control provided by the
deposition parameters. Significantly, the thickness of the semiconducting channel layer

110 coating the source layer 108 defines the channel length of the semiconductor

device 100.
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14. The sem conductor device of either clains 1 or 2, wherein the nenory

| ayer includes a self-assenbled nol ecul ar nonol ayer, a polyner, or a

pol ymer WOPRIEMIEHRded nanoparticles. 15. The sem conduc®P6il/U$2eA1087183 eit her
claims 1 or 2, wherein the source |layer is a network of carbon nanot ubes.

16. Th - dov ree | . .
|2 ay\</avlr1 ?nidegiﬁ“gi?ﬁEﬁéﬁa%ir%t% gﬂggi‘é%g%%ﬁéf?%?elpagﬁ?ng% e\gﬁae,il ![tﬂeef' h§| Zlolrjnrs Ci N
) t o ' I i i

eanon 1o, 180SBRLCE e MkRTcdnu G MLl o TEOrRebt 4t i REERABENEL LG,

the source | QMﬁﬁ ah Qﬁb{;bﬂ@és Ghak&Y e &gpo;léj iGPSHIARAENs QR be RINFOM IR BSse,

configured to have perforations. 19. e sem conductor device of either
clainms 1 or ghe MEHRIUS pRadeHeriRhEorIRdchaRAE fayer sudh 88 8¢ IncRasiHPiRGréeh ecul ar

orbital level of the sem conducting channel layer is within a range of
about -1.5 eYaté QuritigQiiesistivethetMaldvaporatiehtydelol aépazition metHde. st@HoWELE ayer .
noted that due to the vertical architecture of the device, in some embodiments an
amorphous channel layer is preferred to prevent shorting paths through grain
boundaries. If an amorphous phase cannot be attained at room témperature conditions
and high growth rates, then the smaller crystallite size of the films versus films grown at
higher temperatures and slower growth rates should permit a more “amorphous like”
film and bring with it the benefits of an amorphous film. Alternatively, the
semiconductor device 100 can be subjected to a post evaporation heating cycle to
improve the crystaliinity of the semiconducting channel layer 110 if it deemed
necessary.

[0054]) In block 1170, a drain layer 112 (FIG. 1) is formed on the semiconducting
channel layer 110. The drain layer 112 may be, e.g., a layer of one or more carbon
nanotube(s), a contiguous metallic film, a contiguous semiconducting film, a contiguous
transparent conducting oxide, or a layer of one or more semiconducting nanowire(s).

[0055] Although the flowchart of FIG. 11 shows a specific order of execution, it is
understood that the order of execution may differ from that which is depicted. For
example, the order of execution of two or more blocks may be scrambled relative to the
order shown. Also, two or more blocks shown in succession in FIG. 11 may be
executed concurrently or with partial concurrence. Further, in some embodiments, one
or more of the blocks shown in FIG. 11 may be skipped or omitted. It is understood that
all such variations are within the scope of the present disclosure.

[0056] With reference back to FIG. 4, the blocks of flowchart 1100 may be

reordered for fabricating a top-gated semiconductor device 400 according to various
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20. The sem conductor device of either clainms 1 or 2, wherein a conduction
band edge or | owest unoccupi ed nol ecular orbital |evel of the

sen condUWPi2AY/1¥PRAnel |ayer is within a range of about PCT/US2&/02YSabout
+1.5 eV of a work function of the source layer. 21. The sem conduct or

device of eit hgéﬂﬁwéﬁégﬁ%h% e Srit,’[dli%(\%%ﬂr%i %ﬁ%@@%%ﬂﬂ%&ériﬁﬂis%m%4 ayer

i ncl udes an &M mat e

2oL L00e S TR 8 S DA SRR okl
pol ycyclic anqBick fayeP ¥ Rffmed on the semiconducting channel layer 110 with at least a
portion of the source layer 108 in contact with a contact pad 111. A memory layer 106
is formed on the source layer 108 and in contact with the semiconducting channel layer
110. The dielectric layer 104 is formed on the memory layer 106 and the gate layer 102
is formed on the dielectric layer 104.

[0057] Because of their quasi-one-dimensional shape, the nanotubes making up
the nanotube source layer 108 provide for a natural gate field enhancement that
facilitates charge exchange with the memory layer 106 (when the memory layer 106
includes a charge storage material) at comparatively low gate voltages. Additionally, the
majority of charge exchange with the charge storage material is directly from the
nanotube source layer 108 rather than being mediated through the semiconducting
channel layer 110. This means that the band structure properties of the charge storage
material of the memory layer 106 are optimized against the nanotubes independent of
the semiconducting material used for the semiconducting channel layer 110. The
vertical channel architecture and distinct operational mode of the semiconductor device
100 eliminates the coupling between mobility and the roughness of the dielectric layer.
Further, the vertical channel architecture allows a higher packing density of integrated
circuit (IC) and/or memory chips in contrast to a lateral channel architecture which has a
lower density and/or the additional expense of high resolution patterning.

[0058] For the semiconductor device 100 including a charge storage layer in the
memory layer 106, both a high mobility of carriers and an efficient (low gate voltage)
charge injection into the memory layer 106 may be possible. High mobility enables a
reduction in ON-state channel resistance for high speed reading of a memory.
Additionally, the ability to inject charges efficiently into a memory layer 106 enables the

realization of low write and erase voltages for the memory.
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23. The sem conductor device of claim21, wherein the sem conducting
channel | ayer includes a pignent select ed fromthe group consistin
copper pht WaI28EY&HG%8e( CuPc) - based conpounds, azo conpoun§§,T/U§é‘?194‘)éﬁg5 based
conpounds, and derivatives thereof. 24. The sem conductor device of claim

21, wherein t Ir?gaﬁr%gttto%%tgeﬁaﬁ%elloq'%ﬁr wb@%ﬁﬁaeahmgah gw ar

corrpound sel e from roup consi st razone conpou

triphenyl metg FH%PS .Pa%s&h.cseamwmﬁ \h@s@r‘ﬂ%ﬂﬁ/&u@ﬁ? bmeb@qu%meu@%

sti | bene-based conpounds, arylvinyl conpounds, pyrazolinebased conpounds,

tri phenyl amsB@eodé?iallMﬁérlm)fﬁb'sar(dTé?Qe voRégesald he @@éfﬁ@wmd%terbnwaﬁﬁe'l ergahiar
wei ght arylam ne derivatives (a-NPD), 2,2,7, 7

t et r aki s(di phemyihadhdrges ddted P itteaditd blerienivd (osmhg the bBRYucting channel

N, N -di (1- naphthyl)- N, N -di phenyl-4, 4' -di anonobi phenyl ( Spiro- NPB),

4,4' | 4" - tri s[abewdnutaé vthip ttenfirstifew hanoyieters nithe interfabe pftha gatediglavhivEDATE) |

2,2",7, 7 -tetrakis(2,2- diphenylvinyl)-9, 9-spirobifluorene (Spiro-DPVBi),

4, 4' - bi s( 2, 2-senticphductimg/iilmmin Jheidiraetiop IpepBRIRIlr with Srepplans of dhe interfageo)&theini num

(Al'g), tris(8- quinolinolato)al um num (Al g3)

tri s(4- met hylintgéage irotopefvliat 991memwemﬁfenaer?he)ten%ﬁd*aa@w%W@é@ugmeﬁseéf 25.

The sem conduct or device of claim21, wherein the sem conducti ng Hannel
T

| ayer i ncl uddaoe)). i SaRaT mabiiydn this Wisa tin condyqtingFhanaelys ereptvasAel e RY of

E?;LKEF;?:;%?SEE@’O: A TS e”ﬁ%ase‘ it eRREFRa TR iy
_ PPV, - PPV -
Do y( 2. et holg)” BmdsiZif8sacs raRe 1o fiRhes compromise tne oty bv sareniny

B S PR R (o
pol y(N-vi nyl Cgbﬁ‘”n@mmﬂ‘%%@ﬁ'y@ﬁét PMio€ B heenB MRS VAdUnRN Y &R&inerical

pyr ene-f ol mal e resin | 'caxbazol e-f ol mal dehyde ' resin, and

nodi fi cat i ongatiRsyas exprlisedifeifl §1 RABEIHEHST 10810 eeurabrsoaitiat &doh aher ei n
t he sem conducting channel |ayer includes an n-type transporting organic

smal | mol eculrgngebhz0iRIse®for PovEARFceSRk BRIy ahd €rus! Sioulibetmerpastal inti ng Of
5, 5 -diperfluorohexylcarbonyl2,2 :5 ,2 :5 2 -quaterthi ophene (DFHCO 4T),
DFH 4T, DFCOféiible R{aNBRr20 Dcllidy noﬂ?ﬁlyﬂhé}ﬂﬂnerkll valuebl2xpliEitly eefed aattle fimitd &r ene,
naphthalene, peryl ene, and ol i gothi ophene derivatives.

the range, but also to include all the individual numerical values or sub-ranges

encompassed within that range as if each numerical value and sub-range is explicitly

recited. To illustrate, a concentration range of “about 0.1% to about 5% should be

interpreted to include not only the explicitly recited concentration of about 0.1 wt% to

about 5 wt%, but also include individual concentrations (e.g., 1%, 2%, 3%, and 4%) and

the sub-ranges (e.g., 0.5%, 1.1%, 2.2%, 3.3%, and 4.4%) within the indicated range.

The term “about” can include traditional rounding according to significant figures of

numerical values. |n addition, the phrase “about ‘X’ to 'y"” includes “about ‘X’ to about

lyHl.

[0061] It should be emphasized that the above-described embodiments of the

present disclosure are merely possible examples of implementations, merely set forth

for a clear understanding of the principles of the disclosure. Many variations and
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27. The sem conductor device of either clains 1 or 2, wherein the

sem conducting channel |ayer includes an inorganic sem conductor. 28. The
sem conduwwoaniidevisse of either clainms 1 or 2, wherein tireTdrsasin/obager

i ncludes at | east one carbon nanotube. 29The sem conduct or device of either

claims 1 0r 2, heteii s b hd AUEL ol AR AL SHiTRTlconduct i ng

or metallic rf‘?q' he sem conduct or device of elt alns 1 or 2,

wherein the ' oL i R §6dlotrNdIGubmg oxi de.
31 Tho som R o B B R e e 0P

I ayer i ncl udgsqgifeafibridiaAl vhyatishs SRMtERHRE ¢shd NQudsdIHYdif ®Bhin the scope of this

disclosure.
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32. The sem conductor device of either clains 1 or 2, wherein the source

| ayer is one or nore nanotubes or nanowi res each of which is directly

cont act edwbyor/weduct i ng or sem conducting contact. WWBCT/US2011/027155

2011/ 109693PCT/ US2011/ 027155 33. The sem conductor device of either clains
1 or 2, wherein the substrate, gate Iager dielectric layer, nmenory | ayer,
source | ayer, sem conducti ng channel , and drain |ayer are all

optically trans ar en é%esemco%uctor device of either clainms 1 or
2, wherein tﬁ@ eE‘UBsal tethe pwing [[eldimedi; o) ectric |ayer, nenory |ayer,
source | ayer, sem conducting channel layer, and drain |ayer are all
flexible. 35. A nethod, conprising:

1. A semiconductor device, comprising:

a gate layer formed on a substrate;

a dielectric layer formed on the gate layer;

a memory layer formed on the dielectric layer;

a source layer formed on the memory layer, where the source layer is
electrically percolating and perforated;

a semiconducting channel layer formed on the source layer, where the
semiconducting channel layer is in contact with the source layer and the memory
layer, and where the source layer and the semiconducting channel layer form a
gate voltage tunable charge injection barrier; and

a drain layer formed on the semiconducting channel layer.

2. A semiconductor device, comprising:

a drain layer formed on a substrate;

a semiconducting channel fayer formed on the drain layer;

a source layer formed on and in contact with the semiconducting channel
layer, where the source layer is électrically percolating and perforated,;

a memory layer formed on the source layer, where the semiconducting
channel layer is in contact with the source layer and the memory layer, and
where the source layer and the semiconducting channel layer form a gate
voltage tunable charge injection barrier;

a dielectric layer formed on the memory layer; and

a drain layer formed on the dielectric layer.
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formng a gate |ayer on a substrate; formng a dielectric |layer on the gate

| ayer; formng a nenory |ayer on the dielectric |ayer; formng a
source | yOn0unpeé nmenory | ayer, where the source | ayePCrd/Sedig®empal |y
per col ati ng and perforated,; form ng a sem conducti ng channel |ayer on

the source | %e[ h g%gﬁcghﬁ%ﬁc% dgvigeocgftelltﬁmr é:féfimsta i}grr mm%@(n tlhg¥ﬁk§s;traf3er]9alﬁ ormng a

drain |ayer trng chan
insulating substrate.

4, The semiconductor device of claim 3, wherein the insulating substrate includes a

conductive substrate with an insulating surface layer.

5. The semiconductor device of either claims 1 or 2, wherein the gate layer

includes an organic conducting or semiconducting material.

6. The semiconductor device of either claims 1 or 2, wherein the gate layer

includes an inorganic conducting or semiconducting material.

7. The semiconductor device of either claims 1 or 2, wherein the dielectric layer

includes an inorganic or organic insulating material.

8. The semiconductor device of either claims 1 or 2, wherein the memory layer is a

charge storage layer.

9. The semiconductor device of claim 8, wherein the charge storage layer is
configured such that charge exchange between the source layer and the charge
storage layer only occurs upon a gate voltage exceeding a critical threshold gate

voltage.

10. The semiconductor device of claim 9, wherein the semiconductor device

operates as a hysteresis-free transistor with a programmable threshold voitage.

11. The semiconductor device of either claims 1 or 2, wherein the memory layer is a

ferroelectric layer.

12. The semiconductor device of either claims 1 or 2, further comprising a floating

gate that is fully encased by a dielectric material.
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36. A nethod, conprising: formng a drain |ayer on a substrate; formng a

sem conducti ng channel |ayer on the drain |ayer; formng a source
| ayer on wbeosempednducti ng channel |ayer, where the soRrCTASk@YAL7155
el ectrically percolating and perforated; form ng a nenory | ayer

fornmed on thg, souhegemrYfductidevide dfeRM 12 whereir 188 nimdnhaysreiblgesthect i ng
channel layer; formng a dielectric layer on the nenory | ayer; and

floating gate.

14, The semiconductor device of either claims 1 or 2, wherein the memory layer
includes a self-assembled molecular monolayer, a polymer, or a polymer with

embedded nanoparticles.

15. The semiconductor device of either claims 1 or 2, wherein the source layer is a

network of carbon nanotubes.

16. The semiconductor device of either claims 1 or 2, wherein the source layer

includes graphene.

17. The semiconductor device of either claims 1 or 2, wherein the source layer is a

network of metallic or semiconducting nanowires.

18. The semiconductor device of either claims 1 or 2, wherein the source layer
includes a layer of a conductor or semiconductor configured to have

perforations.

19. The semiconductor device of either claims 1 or 2, wherein a valence band edge
or highest occupied molecular orbital level of the semiconducting channel layer
is within a range of about -1.5 eV to about +1.5 eV of a work function of the

source layer.

20. The semiconductor device of either claims 1 or 2, wherein a conduction band
edge or lowest unoccupied molecular orbital level of the semiconducting channel
layer is within a range of about -1.5 eV to about +1.5 eV of a work function of

the source layer.

21. The semiconductor device of either claims 1 or 2, wherein the semiconducting

channel layer includes an organic semiconducting material.
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formng a drain layer on the dielectric layer. 37. The nethod of either
clainms 35 or 36, further conprising formng a floating gate that is fully
encased byoaodieb@stric material. WO 2011/ 109693PCT/ USPQTAISO@TH>H588. The
met hod of claim 37, wherein the floating gate is formed in the nmenory

22, The semiconductor device of claim 21, wherein the semiconducting channel

layer includes a linearly condensed polycyclic aromatic compound.

23. The semiconductor device of claim 21, wherein the semiconducting channel
layer includes a pigment selected from the group consisting of copper-
phthalocyanine(CuPc)-based compounds, azo compounds, perylene-based

compounds, and derivatives thereof.

24, The semiconductor device of claim 21, wherein the semiconducting channel
layer includes a low-molecular compound selected from the group consisting of
hydrazone compounds, triphenyl methane-based compounds, diphenylmethane-
based compounds, stilbene-based compounds, arylvinyl compounds, pyrazoline-
based compounds, triphenyl amine derivatives (TPD), arylamine compounds,
low-molecular weight arylamine derivatives (a-NPD), 2,2',7,7'-
tetrakis(diphenylamino)-9,9'-spirobifluorene (Spiro-TAD), N,N’-di(1-naphthyl)-
N,N'-diphenyl-4,4'-diamonobipheny! (Spiro-NPB), 4,4',4"-tris[N-3-methylphenyl-
N-phenylamino]-triphenylamine (MMTDATA), 2,2',7,7'-tetrakis(2,2-
diphenylvinyl)-9,9-spirobifluorene (Spiro-DPVBI), 4,4'-bis(2,2-
diphenylvinyl)biphenyl (DPVBI), (8-quininolinolato)aluminum (Alq), tris(8-
quinolinolato)aluminum (Alg3), tris(4-methyl-8quinolinolato)aluminum(Almqg3),

and derivatives thereof.

25. The semiconductor device of claim 21, wherein the semiconducting channel
layer includes a polymer compound selected from the group consisting of
polythiophene, poly(p-phenylenevinylene) (PPV), polymers containing biphenyl
groups, polymers having dialkoxy groups, alkoxyphenyl-PPV, phenyl-PPV,
phenyl/dialkoxy-PPV copolymer, poly(2-methoxy-5-(2'-ethylhexyloxy)-1,4-
phenylenevinylene) (MEH-PPV), poly(ethylenedioxythiophene) (PEDOT),

poly(styrenesulfonic acid) (PSS), poly(aniline) (PAM), poly(N-vinylcarbazole),
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| ayer. 39. The nmethod of either clainms 35 or 36, wherein the source Iayer
Is a network of carbon nanotubes. 40. The nethod of either cla or 36,
wher ei n Y8 28H(03) ayer includes graphene. 41. The net HSEE/‘@FO%/"%H@ cl ai s
35 or 36, wherein the source layer is a network of
halogenated poly(N-vinylcarbazole), poly(vinylpyrene), poly(vinylanthracene),
pyrene-folmaldehyde resin, ethylcaxbazole-folmaldehyde resin, and

modifications thereof.

26. The semiconductor device of claim 21, wherein the semiconducting channel
layer includes an n-type transporting organic small molecule, oligomer or

polymer selected from the group consisting of 5, 5_-diperfluorohexylcarbony!-

P(NDI20OD-T2), PDI8-CN2, PDIF-CN2, F16CuPc and fullerene, naphthalene,

perylene, and oligothiophene derivatives.

27.  The semiconductor device of either claims 1 or 2, wherein the semiconducting

channel layer includes an inorganic semiconductor.

28. The semiconductor device of either claims 1 or 2, wherein the drain layer

includes at least one carbon nanotube.

29 The semiconductor device of either claims 1 or 2, wherein the drain layer

includes a contiguous semiconducting or metallic film.

30. The semiconductor device of either claims 1 or 2, wherein the drain layer

includes a contiguous transparent conducting oxide.

31.  The semiconductor device of either claims 1 or 2, wherein the drain layer

includes a plurality of semiconducting nanowires.

32. The semiconductor device of either claims 1 or 2, wherein the source layer is
one or more nanotubes or nanowires each of which is directly contacted by a

conducting or semiconducting contact.
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sem conducti ng nanowires. 42. The nethod of either clainms 35 or 36, wherein

the drain layer is a network of carbon nanot ubes.
WO 2011/109693 PCT/US2011/027155

33. The semiconductor device of either claims 1 or 2, wherein the substrate, gate
layer, dielectric layer, memory layer, source layer, semiconducting channel

layer, and drain layer are all optically transparent.

34. The semiconductor device of either claims 1 or 2, wherein the substrate, gate
layer, dielectric layer, memory layer, source layer, semiconducting channel

layer, and drain layer are all flexible.

35. A method, comprising:

forming a gate layer on a substrate;

forming a dielectric layer on the gate layer;

forming a memory layer on the dielectric layer;

forming a source layer on the memory layer, where the source layer is
electrically percolating and perforated;

forming a semiconducting channel layer on the source layer and at least
a portion of the memory layer; and

forming a drain layer on the semiconducting channel layer.

36. A method, comprising:

forming a drain layer on a substrate;

forming a semiconducting channel layer on the drain layer;

forming a source layer on the semiconducting channel layer, where the
source layer is electrically percolating and perforated,

forming 2 memory layer formed on the source layer and at least a portion
of the semiconducting channel layer;

forming a dielectric layer on the memory layer; and

forming a drain layer on the dielectric layer.

37. The method of either claims 35.or 36, further comprising forming a floating gate

that is fully encased by a dielectric material.
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WO 2011/109693 PCT/US2011/027155

38.

39.

40.

41,

42.

The method of claim 37, wherein the floating gate is formed in the memory

layer.

The method of either claims 35 or 36, wherein the source layer is a network of

carbon nanotubes.

The method of either claims 35 or 36, wherein the source layer includes

graphene.

The method of either claims 35 or 36, wherein the source layer is a network of

semiconducting nanowires.

The method of either claims 35 or 36, wherein the drain layer is a network of

carbon nanotubes.

35



