18 OOT 2404 WO 01/80287 PCT/ US01/ 12429 PROCESS FOR FABRI CATI NG THI N ?#hw
. TRANSI STORS This invention relates to a process for fabricating t hi h8C
transistors. Thin filmtransistors (TFT's) are known to be useful for, inter
alia, 5 controlling various types of display; for exanple TFT's are
commonly used to control liquid crystal displays used in portable conputers

and sim | ar nic devices. TFT's can al so be use ol
el ect rophore‘?‘#gl%é*sgpl ays; see, for exanple, WO A-00/ 6%5&@“18\%5{6\ 01108241;

WO A-01117029; WO A-01/17040; and WO A-01/17041. The disclosures of all.
these applications are herein 10 incorporated by reference. Al though nost
TFT's have hitherto been fabricated on rigid substrates, there is
increasing interest in fabricating TFT's on flexible substrates, especially

flexible-polymeric films. TFTs fabricated on such flexi glgs ﬁubstrat es could
formthe basis for IBBQQE&%F&%\}:@BWF%HN&WW LM, i%s' 5 t yet rugged, 15

thus permtting their use.in, nohile devices. TFT's based. upgn r phous
silicon sem conductors grrhﬁ Ehd ﬁﬁtﬁegtés 32 L?goé’esgnﬁ’gﬁm éxg"bq ?i%)ubst rates
since they all owandissdas.i cati on with a m ni num nunber of process steps and
with a low thermal budget. r phus ~sid. L con transi st grs. hayve peen
fabricated on ultra thi n%%&%mé %B‘E?%{?’Z“’s? “f%"gZ?r’ ?'}(;ef a&(arrpl e, Ma
et al., Applied chimdlingsvaliedst tgpes ,of disp1aH) for 2G6Hle?TFI 4 8@ pimendyl uswd tpol yi m de
filnms (see G eskova,et .al_. EE El ect.ron_ Devj trers. . 473
(1999)). Howev er®® ngﬁglw %@D%ase i“hpf’ﬁagg?cpéogn él{s?g %‘gs?%’rﬂl%ég&?)ﬁbt he latter
paper, sol d conmevicisal THT'unatealsd he usednte cottag) tebostrophPistié displmysti ssfr &de Mark) has
a_glass transitlgh,l SPROLAYE S lodbYoBRR WO 10M WE. A 5tiae! S the

I'ch can be e he

t enperatures 25 npl oyed during ft abrication process, and
results in a | essd WetA-81/4TMbr y Thandisglorures of| dll dkese SppHcations] aest ayer. This

pol yi m de gl so tddi RerdBlcst Ure absorption (about 4 percent by weight)
and such high noh?cs%{p%fae bgbsorption can result in swelling of the substrate
and Consequent cr acki ng d’flthp]lﬂhnmost TFT's have hitherto been fabricated on ngld

substrates, there is increasing interest in fabricating TFT's on flexible substrates,

especially flexible polymeric films. TFT's fabricated on such flexible substrates

could form the basis for large displays which would be light-weight yet rugged,

15 thus permitting their use in mobile devices. TFT’s based upon amorphous silicon

semiconductors are attractive for use on such flexible substrates since they allow

fabrication with a8 minimum number of process steps and with a low thermal

budget. Amorphous silicon transistors have been fabricated on uitra-thin stainless

steel substrates (see, for example, Ma et al., Applied Physics Letters, 74(18), 2661

20 (1999)) and on polyimide films (see Gleskova et al., IEEE Electron Device Letters,
20(9), 473 (1999)). '

However, the polyimide used in the process described in the latter

paper, sold commercially under the name "Kapton" (Registered Trade Mark) has a

glass transition temperature of only about 300°C, which restricts the temperatures

25 which can be employed during the fabrication process, and results in a less

satisfactory amorphous silicon semiconductor layer. This polyimide also has a

high moisture absorption (about 4 percent by weight) and such high moisture

absorption can result in swelling of the substrate and consequent cracking of thin

layers deposited on the substrate, or delamination of thin layers from the substrate.

-1-



| ayers deposited on the substrate, or delam nation of thin |ayers ﬁro@tfﬂﬁ
substrate. -1 1 8 OCT 2004 WO 01/80287 PCT/USOL112429 Al t hough st ai rql S 4
" steel substrates can withstand process tenperatures nuch higher than 300C,
such substrates require both passivation and pl anarizati on steps before
transi stors can be fabricated thereon. Passivation is required to ensure
proper electrical isolation between adjoining netal c t to be forned
on the 5 sud¥@PR®” and to ensure that potential cont a%gﬁfgg({”g{‘aﬂthi n the
stainless steel do not diffuse into the transistors. Stainless steel
substrates do, however, have the advantages of high dinensional stability
and ease of handling in a manufacturing environnment. It has now been
di scovered that certain types of polyin des possess 10 properties which

render themvery suitable for use as substrates in the fabrication of TFT s.
These pol yi ni de Adtpaghsteindess el subgirates eap WifbsAndprosrss trBRFraNgesFuich highelc ki ng

| ayer. Accordi n%a&iaoéd@iMh&%%&?ﬁ&é%ﬁ&ﬁvﬁo%ﬁ@ﬁﬁﬁﬁiﬁ&i@&&fﬂﬁ at | east
one transistor on a substrate by depositing on the substrate at |east one
| ayer of 15 semnitensigiere &t beyfabaeated) therpep. ¢ Rassipation di, feqpiregcle £asurg R@PFUbSt 1 at e

conprises a polyphiedlVissRfon PitwekiadBininkhinstal? LRHIGSSs 11§ 1R SBREdd Yhel Nt ended
for the formation of anorphous silicon transistors, and in such a case the

semi conducfor nkksRAte)and to easure tay ppiertial cpnipminagt Sitindhs stairlees steglda notny ent i on

al so provides a difigéshts e whdfsRd Qfiirdess LRS! bubbtates 200, GOWHRel, Hatd R
pol yphenyl ene pol yi m de, .the substrate, bear { |Least one transistor. The

sole Figure of %@MWMWi%d'aa@geﬁmwe%%fwi on t hrough

a single transi shéfonfinta thin filmtransistor array formed on a polyinde
ol yi mdes for use it nd 1 BEEER fRgned abseal boet SERobtiE BORor ci 4l |y
under t he 10r ade propeiias Which fexdeb thetmtvelypdultable FF ulpyas shlidfratésnin thedfabrichtiva. , 55 East
59th Street, 18tort]T'Ei"(s).o’iﬁmN§o\(vyi1X1%£ léubg%te]é%)ag%e usLoJQ thitg gr without a metal backing
layer.
Accordingly, this invention provides a process for fonming at least
one transistor on a substrate by depositing on the substrate at least one layer of
15 semiconductor material. In the present process, the substrate comprises a
polyphenylene polyimide. This process is especially intended for the formation of
amorphous silicon transistors, and in such a case the semiconductor material is of
course an amorphous silicon.
Thig invention also provides a transistor formed on a substrate
20 comprising a polyphenylene polyimide, the substrate bearing at least one transistor.
The sole Figure of the accompanying drawing is a schematic cross-
section through a single transistor of a thin film tramsistor array formed on a
polyimide substrate by the process of the present invention.
Preferred polyphenylene polyimides for use in the present process
25 are those sold commercially under the trade names Upilex-S and Upilex-VT by
UBE Americﬁ, Inc., 55 East 59th Street, 18th Floor, New York NY 10022, United
States of America. Both these materials are stated by the manufacturer to be of the
formula:
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States of America. Both these materials are stated by the manufacturer to be
. of the fornmula: -2 1 8 O C T 2004 WD 01/ 80287 PCT/ US01J12429 r i nT\81(dhiR
is an al kyl ene group. These polyim des are derivatives of biphenyl-

3,3 ,4,4" -tetracarboxylic acid and an a,to-al kanedi am ne, for exanple 1, 6-
hexanet hyl ene di am ne (formally hexane-1,6-diamne). The main difference 5

bet ween the erials is that Upilex-Sis a sinple lmde film while
de'\ﬂfs@-} pﬁgﬂp%ﬁ%

Upi l ex-VT is surface-treated on one face to facilitate am'nation of the
film wthout adhesive, to ceramcs or netal foils. For purposes of the
present invention, the Upilex VI may be |lam nated to a stainless steel
backing film Another preferred polyimde for use in the present process is
Upi | ex-50SS, fromthe sane 10 nanufacturer. Pol yphenyl ene polyi m des have
glass transition tenperatures considerably higher, and water absarptions
considerably I ower|, than those of the other polyimdes previously pused as
transi stor substrates. Tgﬁ)connercial Upilex material & al ready nenfi oned
have gl ass transitfion te Eratures in excess of 400C 1% and water
absorptions not grleater | : ) h glass tfansition
tenperatures allow t he dse of ) [ e (Odreat ex than abopt 300C,
and preferably greateg’than abp ' i cationjprocegs fhan has
hitherto been possjibleswith th 4l y usedsas transj stor
substrates, and these\h{%§er ) in higher{quality
silicon layers havling 20 Yg

Gher mobflity an o of f - 3Lt e current | eakage.
Pol yphenyl ene pol yji mi des d| so have the advantages of Hfi gh di nensi opal
stability during qigfessing and snooth surfaces, whiclis inportanf for the
deposition of the in layers of material used in -3 1 8 0!': i 2004,

in which R is an alkylene group. These polyimides are derivatives of biphenyl-
3,3'.4,4'tetracarboxylic acid and an o,0-alkanediamine, for example 1,6-
hexamethylene diamine (formally hexane-1,6-diamine). The main difference
5 between the two materials is that Upilex-S is a simple polyimide film, while
UpileJF—VT is surface-treated on one face to facilitate hot lamination of the film,
without adhesive, to ceramics or metal foils. For purposes of the present invention,
the Upilex VT may be laminated to a stainless steel backing film. Another
preferred polyimide for use in the present process is Upilex-50SS, from the same
10 manufacturer.

Polyphenylene polyimides have glass transition temperatures
considerably higher, and water absorptions considerably lower, than those of the
other polyimides previously used as transistor substrates. The commercial Upilex
materials already mentioned have glass transition temperatures in excess of 400°C

15 and water absorptions not greater than about 1.4 percent. These high glass
transition temperatures allow the use of higher temperatures (greater than about
300°C, and preferably greater than about 400°C) in the fabrication process than has
hitherto been possible with the polyimides previously used as transistor substrates,
and these higher process temperatures result in higher quality silicon layers having

20 higher mobility and low off-state current leakage. Polyphenylene polyimides also
have the advantages of high dimensional stability during processing and smooth
surfaces, which is important for the deposition of the thin layers of material used in



WO 01/80287 PCTI USO01/ 12429 the formation of thin filmtransistors; for
~exanpl e, the aforenentioned Upil ex- 50SS has a di nensi onal stabilitying”zﬂﬂ4
about 0.01% and an average surface roughness of about 20 to 30 nm An "~
addi ti onal advantage of pol yphenyl ene polyimdes is their |ow coefficients
of thermal expansion, which are typically about 2-10 x 10 5 Cl1, in contrast
to the 35 x 10-6 Cl1 typical of the polyimdes previous Si nce
silicon has“PUE®Ticient of thermal expansion of aboukxyﬂgﬁgﬁpb C, the
coefficient of a pol yphenyl ene polyimde substrate is nuch nore closely
matched to a silicon |ayer deposited thereon, so that the silicon layer is
much | ess prone to cracking and/or delam nation. 10 The aforenenti oned
properties of pol yphenyl ene polyimde substrates render the present process
wel | adapted for use in a roll-to-roll process, _in_which deposition of the

semi conduct or niheciormation of i Sk Sansisiorsy RrofaMPlEOtS affEnentipned KRileXs| vi ni de

substrate. As alsh@Pghy 2 ARRHnkiOAC Habillth 6F HOLHO 00 ask R BvepRk Virfit hougmbst r at e used
15 in the present process nay or not haveﬁgl?en'?t al ' bacri,n, | ayer on its

surface opposi ©Bakoyt %H‘t"'oofﬁn'v\ﬂfléﬁn‘% ippal AvaARtRgs yBhenyleieiohyiudessis; o pe

deposi ted. Such ygir 16% el kit Mbrha k@fandisn, WaRh dte tiplcdllp BN 210 xt0€ mechani cal
integrity of the film during the transistor fabrication process, thus

avoi ding, for exEnpneontaptytothentieondy °F obPiEHt RAbAmes Peonshioised r et ch or
ot herw se di Storsinfcsiuﬁiwaghabmf%ls%ﬁﬁgut RWbrh il Uspion SFlkoNG xCigTtgr't ign of the

substrate during tormation o e transistors thereon. In addition, a netal
backi ng | ayer caeefficient afa polyrhgiylenp polyimide substrgie ds muchanore glotrtuapteted

phot o-ef fects iR, | BRechGiyer QpONiEd RbrebsS tHatthe Lifitn 18%ARRARY 18O MbROBNET at ed

current in an am)r_p?mus silitcon filn) caused by light incident on the rear
surface of the ceking sadipedglsmipatiothe netal backi ng | ayer need not be

continuougp this layer naYe 25oRaA¥RicARE fropefies €3t Egdliphchyletid Optgyimide t 0 reduce

its stiffness and thus give the netal - cked, subst.rat re flexibility. If
such apertures &nistrtes msRdepihg presragiprogegy W %4(%%‘?‘?&555@1'@“]&%% rabl e t hat

they be forned ifwhick 8gusifidn dfaielsehidondactor rseail Wieffgited onacomtinasusaweb of t he
apertures may be _used fQqQ chanical registration of the substrate with
appar at us used i°ﬁthfﬁ‘gly‘|mé{fr‘;"r€5§?ﬁ°'on process. Indeed, in sonme cases, a

As already mentioned, the polyphenylene polyimide substrate used

15 in the present process may or may not have a metal backing layer on its surface
opposite to that on which the semiconductor material is to be deposited. Such a
metal backing layer is useful in enhancing the mechanical integrity of the film
during the transistor fabrication process, thus avoiding, for example, any tendeucy
for the polyimide film to stretch or otherwise distort during handling, and thus

20 reducing distortion of the substrate during formation of the transistors thereon. In
addition, a metal backing layer can act as a light barrier to decrease any unwanted
photo-effects in the semiconductor material (for example, photogenerated current
in an amorphous silicon film) caused by light incident on the rear surface of the
polyimide film. The metal backing layer need not be continuous; this layer may

25 have apertures extending through it to reduce its stiffncss and thus give the metal-
backed substrate more flexibility. If such apertures are to be provided, for obvious
reasons it is desirable that they be formed in a regular pattern, and accordingly
some or all of the apertures may be used for mechanical registration of the
substrate with apparatus used in the fabrication process. Indeed, in some cases, a

30 patterned metal backing layer might be used as a shadow mask for exposure of




30 patterned netal backing |ayer m ght be used as a shadow mask for exposure
~of -4 180CT2004 WO 01180287 PCT/ USOL/ 12429 photoresist in a patterningl 80€p 200
during formation of the transistors on the substrate. Alternatively or in
addition, it may be advantageous to incorporate a dye into the polyimde
itself to refuse or elimnate such undesirable photo-effects. As in certain
prior art processes, it may be desirable to deposit a 5 passivating |ayer
of silica, ﬂ%mfn nitride, silicon nitride or other ﬁﬁ?’ﬁ?qlﬁ?‘mon t he
substrate prior to the deposition of the transistors on this substrate.
Typically, such a passivating layer will have a thickness in the range of
about 20 to about 100 nm Passivation is useful not only for increasing the
surface resistance of the polyimde surface, and thus for increasing

el ectrical insulation between, adjacent conductors,. 10 but also for

i ncreasi ng t he @RGIRFRYESt rapatteringstep fyringormationqfiths tragsigtors on fhe sWhstEate ng t he
substrate absor hilegativelyer ifladitds PRHAE 66 &dvidtlagediRdo irRbrpbiaR al At M eUr pose it
is desirable to p]ace the passivating |ayer on h surfaces of the

\ bot
substrate. It i &oljuuds itselftorpiussog clirpingte sheh padesipablepotpaffscts he substrate to

renove water fromthe suBstii 3érin fok @Fft phRedsklC itdR4I0Sel dekitiBleQb dE;h;@itBaSSi vati ng
a tenperature of at

| ayer;, sug¢ch baking will nerally. be 15 carried qut at

| east abouf 1508 ?tmﬁl"%‘?‘]%é‘g‘%?l“éfmpé‘é?’ée’ %‘B‘tﬂnge?ﬁ matengl gn fieef er abl y
fOL about 3 Tnlﬂﬁtﬁﬁated_ ﬁﬁortﬂﬁeddp&ﬁﬁc%&f&#\mm a mﬁaﬂmstsﬁbﬁaas_g TYpsBy, btk passi ?/aél ed
substrate. ccording.to a paper by. Philips Research laboratories entitle
TV OO and | ©1 SPRPBRin g RS A ik R B of OB Sk 0806) |t he
sh&i nkagfe rate Evﬁssﬁata]@ﬁmﬁﬁfﬁfm@mwg?ﬁm&itﬁgﬁaohﬁwg bydtwo f
orders of nagnitude affer ._hour s_.of . heat j, n a .4 orders o
mmgni tude af Cor “H5 Ak Bl &F iRt BrentRbiatts BrubhameaflSudng

fe?(lper |( gentlgdest(_':bﬁm.f?r.rindrm 19g fepianensiahal mbiﬁ%fmakiémegpﬁﬁﬁpg .ﬂn]f’pO',yLm de
ilm (brand no S 3?§ r. 1. i i f suc
post - baki ng of fﬁe péaggslg%e gtgln_uo_s a e@gﬂ eag‘l}rf%rd,%icl? sf‘]%ﬂi%ﬂ bte1325 carried
out at a tenper desirpldle tofplage the passivatig(dayef o bosh pufates df b substrdtee dis alohours. |t
has not been dgiGidil ROLL.CHRE[HIRA @L sibstie i Rmotd §RE £diS WelSbmre! ¥ the

substrate in the
prior to the deposition of the passivating layer; such baking will generally be

15 carried out at a temperature of at least about 150°C for a period of at least about 1
minute, and preferably for about 3 minutes.

It may also be advantageous to post-bake the passivated substrate.

According to a paper by Philips Research Laboratories entitled “AMLCDs and

Electronics on Polymer Substrates” (Euro Display 1996), the shrinkage rate of a

20 free-standing polyimide film can be reduced by two orders of magnitude after 10

hours of heating at 275°C, and by 2.4 orders of magnitude after 100 hours at the

same temperature. In one specific experiment described in this paper, after 100

baking at 275°C, a polyimide film (brand not specified) shrank at 3 ppm br',

Accordingly, if such post-baking of the passivated substrate is desired, it should be

25 carried out at a temperature of at least 250°C for a period of at least 5 hours. It has

not been determined experimentally whether these results apply the substrate in the

form of a tensioned roll, nor has it been determined experimentally whether the

reduction in shrinkage still applies after the pre-baked substrate is cooled, unrolled,

exposed to the processing necessary to form transistors thereon, re-rolled under



formof a tensioned roll, nor has it been determ ned experinentally whet her
~the. reduction in shrinkage still applies after the pre-baked SUbStfﬁts@ i@ﬂ
cool ed, unrolled, exposed to the processing necessary to formtransi g)r2 4
thereon, re-rolled under -5 T 8 0C 2004 WO 01/80287 PCTI US01/ 12429 tension
and reheated several days later, as is necessary for formation of
transistors_ .o substrate in a roll-to-roll proces ternatively, the
substrate C(‘)vlﬂ'ﬁmﬁ)zg'?pre- baked in a conveyor oven imd?ﬁ?@%oﬁllﬁa ore
deposition of the layers required to formthe transistor. 5 The surface
el ectrical resistivity of polyphenylene polyimdes is, however; so- high
(typically > 1016 a) that in many cases it nmay be possible to obtain
adequate el ectrical insulation between adjacent conductors w thout such a
is still

passivating layer.. If the passivating layer is omtied,. it

advant ageous to %g%mdtrﬁgafgﬁgegﬁag ?%@f’é?"ﬂ?ﬁ%ﬁ’%i%ﬂ“ﬁ“%@“@ﬂﬁsconductor

| ayer thereon i onchedabstrite irtk tollao-1dll ddesswatlemativety, tha yubstdietouldteqid-|

mat eri al s absor hed | yi mi de, thus.reducin | 1ing of, the

p]?I %/lhm del due. E%ﬁrﬁ _eiaggz?g?? ﬁ“&'ﬁ?&‘r‘%&“"‘r"fﬁ’&ﬁt‘%’a ?%Sﬁz?ﬁﬁéﬁ‘taih?%’ﬁ : thLaE! lity
o] e polyim G ormation o ransi stors ereon. Suc aki ng

Is desirabky effected at ggﬂggr er.t 260C for .a period of at
| east 1 h(k)ur. In one préferre 5%%&%?5%%%5%%0 F@@EPYE"%? BW%é RBubstrate is
heated to '15 B&@&Ser 64 bigh (typicallys> g0 asy that ammiaty casestic mae bapossible thbor a peri od
of 4 hours. The _pres n%gepeguq%ﬁr.r aﬁo%ng)c%géegeaﬁlt sénogo %uré% | M %n{i n_descri bed
bel ow use an inverted Lranststor des] gn, in ATE e (‘jsa‘f"e 8 8& Podes lie
adj acent t he supissivating dayerT & thopassivtiohlayerisemiited, it isanl pbtmagoustthibakei r st st ep

S eady deser: beieaile b dBlodb oHALi Rl iy iRh f Gadr B dig PVR
The prefedfed nmefamnter g aphpthenyglafiloguatdrigls abshrbedrpntie polyimids, thesredugingy pref erred
havi g a thi cknooss Aol Abiog R rer ibgfof AR OUEHE te bl bl P71 Y. tern
the netal fil m SeSilifyehthe polyimi g the Srmatiqnnd transistoroterequn iSuch hakisgni ques,
prior to the depQfiifabynfited % 1SAEMAD PGt B0 foRh peddd Jraf st € gat e
hour. In one preferred embodiment described below, the substrate is heated to
15 350°C, close to its glass transition temperature, for a period of 4 hours.
The presently preferred embodiments of the tnvention described
below use an inverted transistor design, in which the gate electrodes lie adjacent
the substrate. To form such inverted transistors, the first step (after any passivation
and/or pre-baking of the substrate in the ways already described) is the deposition
20 of a metal layer on the substrate. The preferred metal for this purpose is
chromium. It is generally preferred to deposit the chromium or other metal as a
continuous film, typically having a thickness in the range of 50 to 200 nm, and
thereafter to pattern the metal film, typically by conventional photolithographic
techniques, prior to the deposition of the semiconductor material, to form the gate
25 electrodes and the select lines of the transistor array to be formed. The next step in
the process is normally the deposition of & layer of dielectric material, for example
silicon nitride; this deposition is conveniently effected by plasma enhanced
chemical vapor deposition. The semiconductor material, - preferably amorphous
silicon, is then deposited, again conveniently by plasma ephanced chemical vapor



25 electrodes and the select lines of the transistor array to be fqr§ﬁ%* Epe

~next step in the process is normally the deposition of a |ayer of 0
dielectric material, for exanple silicon nitride; this deposition is

conveniently effected by plasma enhanced chem cal vapor deposition. The

sem conductor material, preferably anorphous silicon, is then deposited,

agai n conveqi.en by plasma enhanced chem cal vapor 2004 WO

01/ 80287 P Q&ﬁﬁ.ﬁ2429 deposition. As discussed in thgcéﬁg'éﬁghtloned

WO A- 00/ 67327, the anorphous silicon layer (and the associated dielectric

| ayer) can, in an appropriate design, be |eft unpatterned so that the

anor phous silicon | ayer extends continuously between pairs of adjacent

transistors. Next, a layer of n-type silicon .:s deposited over the 5

anor phous silicgn, again convenlent&% by plasna enhanced chem cal vapor

deposi tion. Fi ndfesition, yhsdipqussed: iy the afgrementioned, W QsA-0f/6{337, heamPhusi dues from

tlhe ~chem f:al V§£B£Uh P@ﬁ&'&ﬂe(&&hoﬁﬁt@&éﬁﬁﬁﬁﬁci@ermaﬂn ahawpnaie%s@swpl et aln

al um num ayer ver e n ayer, is neta

| ayer conveni enf B‘%‘F‘E’@‘f @b‘ég Kﬁﬁi %&P&‘F}“B‘?'?lyblsﬁép%t al layer

can then be patpﬁ&mddjh@nﬁmﬂ;@ SHRkk Eﬁy&ﬂdndﬂ&lsﬂmﬁﬁ e&rcpdaﬁﬂsgvbmheonventional

photolithogjraphl C teChmlg:lfJ) and the ned er. used as an etch
®h y'ﬂ’r‘%Il

mask for a°reactPrREUY g Copyenjent 3 ¢Mhg with a

carbon tetrat| ussposidrOXFigAly, mrmhmy mehaaalehﬁﬁgl st&pwuémowﬁcmsufeatﬁbﬁxr the Preferred
enbodi nents of the.inventi.on ! be d re detail,

n
Chough by, -vey Sieise YEEF SERaon ep ety § AR e fe PP E e BERBpany | ng
drawi ng, which hhﬂmd@osmhemuhem-mmlmsmtnthmntem byg hoeversentiglbeing t r ansi st or

fornmed on a pol My e F%S 0, he pr esent
i nvention. The a 4 cg%labgyl ng Sﬂ}g%&ﬁﬁa Fﬁ%mﬁ SI'S olfo

transi st ol0 20 mymd g@m@lmrbq% Unegqngmp@élpll@hthomanlsdtedm@emmbheny| ene

pol yi m de subst ﬁtteﬁ]  dhEmakR f: ) P9 provided
with a stainl es st g%ﬁmrafle%g% Ea%%nnﬂhl ay er6ria4l%tmr§ir ob&nh%é\khkb?éﬁgﬁyf

regul arl y- spac eﬂh@péi‘}wrWK@IMGWﬁMPOHWMYEW mixture has been found

satisfactory.

Preferred embodiments of the invention will ::ow be described in
15 more detail, though by . way of illustration only, with reference to the
accompanying drawing, which shows a schematic cross-section through a single
transistor formed on a polyphenylene polyimide substrate by the process of the
present invention.
The accompanying drawing shows a single transistor of a transistor
20 array (generally designated 10) formed on a polyphenylene polyimide substrate 12.
This substrate 12 is shown in the drawing provided with a stainless steel metal
backing layer 14 through which extend regularly-spaced aperwures 16, only one of
which is visible in the drawing. As already mentioned, the presence of the metal
backing layer 14 is optienal in the process of the present invention, although such a
25 metal backing layer does provide additional mechanical integrity to the substrate
and may thus facilitate handling of the substrate, especially v/hen the invention is
to be carried out on roll-to-roll coating apparatus.
On the upper surface of the substrate 12 (as shown in the drawing),
there is deposited a passivating layer 18 formed of silica or silicon nitride. As
30 previously mentioned, the presence of such a passivating layer 18 is optional, and
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which is visible in the drawing. As already nentioned, the presence 3f @Fﬁ
~nmetal backing layer 14 is optional in the process of the present in é% ' Hm4
al t hough such a 25 netal backing | ayer does provide additional nechani cal
integrity to the substrate and may thus facilitate handling of the
substrate, especially when the inventionis to be carried out on

roll-to-rol Iw(g'ﬁ%ispg apparatus. On the upper surface pfpc{.,pgmﬁﬂgstrate 12 (as
e dr

shown in th awing), there is deposited a passivating l'ayer 18 fornmed of
silica or silicon nitride. As 30 previously nentioned, the presence of such
a passivating layer 18 is optional, and -7 1 8 0CI 2004 WO 01/ 80287
PCT/ U501112429 in sone cases the passivating |ayer 18 nay be omtted, since
the high surface resistivity of the pol yphenyl ene polyim de provides
sufficient insulation beaﬁgen, ad'ifen transi stors. Care %pould, however,
be taken in eli H R FFSt' PP P[P MRy be pmitted. singe the pigh gpcface over s not
Srfasent out - ga?sdsﬁgdfyr@rnidmpn@ﬂyﬁf 'é@aﬁhmﬁet}ﬁavﬁaﬁ SuffiGiert ZnsiBNont ke O 'c?use f
el ami nation of yariqus.layers fromthis substrate. . t he upper surface o
pasolvati ng. | ay el Hepsud Cte st Bl oot Ui ket i fiis ok feessliing ol ga o
el ectrodes 20 ( tuyer\18Ginee iffthivviayels b peemnotigadsing froalr the\polgmideatdtabove t he
el ectrodes. 20 a deposi t ed ccessively a.dielectric. |ayer 22, fornmed of
silicon ni % ri de?fgl%gﬁfﬁoe?%?3%?"8%"33&%%‘8&@’“&@}"%Sﬁ‘fbs%'di scussed in 10
t he af orenenti oned WO A- OB s 1ip@ef surfdoe ofpassivatiag layer [1§\tkeare 82 deposited e anor phous
silicon layer 24 can left, unpatierned voi di mg. t.he reed.to pattern
these .layers su S?%. %feéil ﬁn%/mr%ageutglté'%%otq%ez%g%?y %?e ?Eug Palﬁssfesntgrmgarray.
Finally, the tr dnwing),end abave thy elechopdesi 20ase depdsitgdosuc@ively adielegini: lsyeF i con and a
nmet al el ectrode o . Of SOME: ; ter I ng any
conventi onal pr3%2%2&?§§%¥%§P§%Qtﬁgggﬁﬁfﬁg anaﬁm%%%gggiﬁsgﬁggﬁgéges of the
transi st ol®. A theadmemgutioged WO -0HG3AT, thndiclodtrie kayer 32 adtthe pmorhayeneral |y

simlar 1o thalidRoye b8 duf BOKR uphienids.fla dviighy il dlea pPRkGAh&, W thout 2

met al backing or passivating layer. In this second preferred enbodi nent,
t he af or ement i olfers subgtantiajly s fhgcostiof Se tIBNIERT aTay. Buthe trasis®50C t o

renove water angrR¥mphidReHh layer 26 of n-type silicon and a metal electrode layer 28; both of
these layers are patterned using any conventional process to provide the source and
-15 drain electrodes of the transistors.

A second preferred embodiment of the invention is generally similar
to that described above, but used a polyimide substrate without a metal backing or
passivating layer. In this second preferred embodiment, the aforementioned
Upilex-5088 was first baked for 4 hours at 350°C to remove water and any other

20 solvents present. A layer of chrome 100 nm. thick was deposited upon the baked
substrate by thermal evaporation and photolithographically patterned to form the
gate electrodes and select lines of the final transistor array. Mext, a 320 nm. layer
of silicon nitride dielectric was deposited on the substrate by plasma enhanced
chemical vapor deposition (PECVD) using a silane/ammonia mixture; during this

25 deposition, the substrate reached its maximum processing temperature of 350°C.
A 160 nm layer of amorphous silicon semiconductor material was then deposited
by PECVD from pure silane, followed by deposition of a 4) nm layer of n-type
amorphous silicon by PECVD from a silane/phosphine mixture.

Following these PECVD steps, a layer of aluminum was deposited

30 on the substrate and patterned photolithographically to form the source and drain




20 solvents present. A layer of chronme 100 nm thick was deposited upon the
- baked substrate by thermal evaporation and photolithographically pat8&Cied
to formthe gate electrodes and select lines of the final transistor array.
Next., a 320 rim layer of silicon nitride dielectric was deposited on the
substrate by plasma enhanced chem cal vapor deposition (PECVD) using a

si | ane/ ammo ure; during this 25 deposition, the trate reached its
maxi num pro%@%ﬁmﬁ%gt enperature of 350C. A 160 riml ayé’%*@?o A6t phous
silicon sem conductor material was then deposited by PECVD frompure
silane, followed by deposition of a 40 nmlayer of n-type anorphous silicon
by PECVD from a sil ane/ phosphine m xture. Follow ng these PECVD steps, a

| ayer of al um num was deposited 30 on the substrate and patterned
photolithographically to formthe source and drain -8 1 O C T.2004 WO

01/ 80287 PCT/ USGS‘?FT’Z%SZ@ leetl%tetdegyotheewétrtwﬁfsthetsaw%tagfmcrwy@ubstrate

was then subj ecteH uifg acarrm%&an@orid%xygeﬁﬁﬁhﬂ-s kd Shttam GRIOPPE SLhcon layer
tetrafl uori de/ oxy. erelar/nxture at ern the t pe silicon |ayer using the

patterned al um aﬁis‘ﬁ a“fﬁ ; rfrathe feasops dsafly

expl ai ned, the anpspdEOtE Mhdrphoad siflevd Gidl SilGon oithidd ltaglet, Iwetiot pdfdridnot
patterned during this step.. Finall a |l ow resolution patterning step was
used to pa?terndt“%'egtn'ﬁ ’§i?‘W%ﬂ“@ﬁ@%ﬁ%ﬁﬁ’ﬁﬁ%ﬁgﬁﬂﬁﬁ% to enabl e
el ectrical cont ambrphmxstsmcma.-dﬂ siliodd ditridéRyGetoenibldelevtidal deatactitd BsSmadthe t hi n
filmtransistor selﬂ{“%]b({]abri cated can be used directly in the

manuf act ur er of “3 &e di splay, or other types of display,
wi thout 10 further proc&bsihiaglilmRonsigoranmy thus fabdcatddican bd dsed difeatfysinst or  ar r ay

shown in the dr eIe har. :C di spl ay
by the process escPEgMigg %&5{8@8@{?@3@&1&%%&%& 5(5?1(%) os@ 7€ of this
co- pendi ndOappl ifthes procespigg. hdior expuipire dhep thira fibul ttaysmca“fmagrshevn imthsone cases,
|t 1s desirabl e ghQidf QidI8e froobflalel Hhuo! Y bcubiheRltt Wholad ! b rdebds™

transistors to protect the transistors agal ns

ot her materi al s dosiieed iImAKO-AOB6465; Qﬁef@ﬂ%rsdlsdewftblhe‘w@d@etamipmet ic

di spl ay. is herein incorporated by reference. In some cases, it is desirable to provide a

barrier layer covering the thin film transistors to protect the iransistors against the
15 effects of solvents or other materials which may tend to diffuse out of the
electrophoretic display.

The thin film transistor arrays produced by the process of the
present invention are especially intended for use in electrophoretic displays,
especially encapsulated electrophoretic displays such as thcse described in U.S.

20 Patents Nos. 5,930,026; 5,961,804; 6,017,584, 6,067,185; ¢€,118,426; 6,120,588,
6,120,839; 6,124,851; 6,130,773; 6,130,774; and 6,172,798, and in International
Applications Publication Nos. WO 97/04398; WO 98/03896, WO 98/19208; WO
98/41898;, WO 98/41899; WO 99/10769; WO 99/10768; WO 99/10767, WO
99/53373;, WO 99/56171; WO 99/59101; WO 99/47970;, WO 00/03349; WO

25 00/03291; WO 99/67678;, WO 00/05704; WO 99/53371; WO 00/20921; WO
00/20922; WO 00/20923; WO 00/26761; WO 00/36465; WO 00/38000; WO
00/38001;, WO 00/36560; WO 00!20922; WO 00/36666; WO 00/59625; WO
00/67110; WO 00/67327 and WO 01/02899. The entire disclosures of all these
patents and published applications are herein incorporated by reference.
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than prior art processes, can S € Sem co

permits the use of higher processing temperatures than prior art processes, and
which can thus produce semiconductor layers of higher quality than prior art
15 processes. The substrate used in the present process has a coefficient of thermal
expansion which closely matches that of most semiconductor layers, so reducing
the risk of cracking and/or delamination of the semiconductor layer due to
differences in thermal expansion between this layer and the substrate. The present
invention provides a process which is well-adapted to roll-to-roll operation, and
20 thus the present process is very suitable for the fabrication o large area transistor
arrays on flexible substrates.

The thin filmtransistor arrays produced by the process of the present
invention are especially intended for use in electrophoretic displays
especi ally encapsul at ed el ectrophoretic displays such as thcse descri
U S. 20 Patents Nos. 5,930,026; 5,961, 804; 6,017,584; 6,067, 185; 6,118, 426;
6, 120, 588; 6,120, 839; 6,124,851; 6,130,773; 6,130,774, and 6,172,798, and
in International Applications Publication Nos. WO 97/04398; WD 98/ 03896; WO
98/ 19208; WYY EI80s; WO 98141899; WO 99/ 10769; WO 9SFTHYEAMM N0 99/ 10767;
WO 99/53373; WD 99156171; WD 99/59101; WD 99/47970; WD 00/ 03349; WO 25

00/ 03291; WD 99167678; WD 00/ 05704; WD 99/53371; WD 00/20921; WO 00/20922;
WO 00/ 20923; WD 00/ 26761; WO 00/ 36465; WO 00/38000; WO 00/38001; WO

00/ 36560; WD 00/ 20922; WD 00/ 36666; WD 00/ 59625; WO 00/67110; WD 00/ 67327
and WD 01/02899. The entire diclosures of all these patents and published
applications are herein MNYEGPpbFeRgss apsl/modifqations cepbe ngderin e proferred
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of higher qual i inreatieaprqyidena procass for forming transistors on a flexible substrate which .
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the preferred enhodi nﬁﬂt? of the present process already described without
peEe the, ipaentipn. | For grampips the presemt ’i“B‘ﬁ‘quﬂéPméS?gWﬁfie, t he

present inventi @ thé faicatioBSbS ibek@e gateO whiidtdrARidnCas 1B Qbwhoht 8@ gate
transi storg such as that %ho.wn in thepﬁ; %:con"?an ing draw r}gs, t he court
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15 processes. The substrate used in the present process has a coefficient of
thermal expansion which closely matches that of npbst sem conductor | ayers,

so reducing the risk of cracking andLor am nation of the semc
| ayer due to differences in thernal éﬁﬁﬂﬂs on between this |ayer gndgjﬁ@m

substrate. The present jnveny bRReR OV fGihePatPRF §os i) wel | - adapt ed
toroll-to-roll operatjon andlp20 t hus the pregent roce“;gorsg @%ry sui tabl e

for the fabri calptwtedis. Q%caé’f%%e?o{ﬂf-”aﬁ?g idenositing gp ﬂmb&umefﬂ@)at

substrates. aﬁdnwﬁayeﬂofﬁm&ﬁ@@c%ﬁnaft&m 0! ) NohreiBASh A0 B ARG ST T (10)
on a substrate whi ch process conprises depositing o e 8tbst rat e

(12) at |east (g??é;"PBWFaB?IY@EFﬁl%ﬁm%? Whiehels 2 dprivasive OQB‘Phenbfhar acterized
in that the sulbsYddt-stragaf@dyylcowigri ses a pol yphenyl ene pol yi mide,, which is a
derivative of biphenyl- 3,3 ,4,4" -tetracar boxyl i c aci d. 2. A process
according to claiml chapact eh 8&sd he imde is a derivative of
bi phenyl -3, 3", 4, 4' -tetracar box3ﬁl i C gzg%’@ﬁg é ar%}eﬂéﬁqéﬂlg ihe. 3. A
process accor di ﬁ@lyinéi Sify2 BFTative QﬂmplpnﬂéédﬂﬂgtwhWMrhcdaﬂrﬁat@rd &ed in that
a passivating | gikefedladle | S deposited on one. or both surfaces of the
substrate (12) before the semi conductor material (24, 26) i s deposited
t hereon. 4. A process aécordlﬁgﬂ@f@SSCMdeB tc lray aa¢ erltlmep}ede&ng h;aﬁmg he
passi vating | aychardclBledif Haf 4 $:88vasih r and/ or .
PS8 bR bRl e el et of o g

has a thlcknes in the ran to
claim3 or 4. substrate (120 ke Prﬁ ﬂteﬁﬂtﬂcmﬁ‘éctomﬁjmai Qe e26) be):pdsﬁedhmécﬂd to a

tenperature greater than. 150G fpdced &g{r thP la%;BIg}&det :}?f} before
rocess accd to any one

deposition of the si vat I ayer

of claims 3 to BBSSIQ%'QF MBZ‘QB’PF‘FFWW&QH W@dw@mm@iﬂ@mw@rhaat ed to a

t enperat ure greﬂﬁ@nesthﬂnemg’éieﬂ)foqlooﬁmpe“ Od Of at least 5 hours after
deposition of the passi vsatl ng Iag 3t0 gess according to any one
of the preceding clains chara ﬁ“t‘HﬁF’ e hipgrizedm it Be i s heat ed

to a tenper at ursibsgragall2ris héaged to a tempcrahue greater than 150°C for a period of at least

1 minute before deposition of the passivating layer (18).

6. A process according to any one of claims 3 to O
characterized in that the substrate (12) is heated to a temperature greater than

250°C for a period of at least 5 hours after deposition of the passivating layer (18).

7. A .pro&:ess according to any one of the preceding claims
characterized in that the substrate (12} is heated to a temperature greater than
250°C for a period of at least 1 hour before deposition o the semiconductor
material (24, 26).

8. A process according to any one of the preceding claims
characterized in that the substrate (12) comprises a metal laver (14) on the side
thereof remote from the semiconductor material {24, 26).
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250C for a period of at least 1 hour before deposition of the sem conductor
material (24, 26). 8. A process according to any one of the preceding clains
characterized in that the substrate (12) conprises a netal |aser (1£B)UHnZUﬂ’he
side thereof renote fromthe sem conductor material (24, 26). 18 OCT 2904 1
8 OCT 2004 9. A process according to claim8 characterized in that the

netal |ayer (14) has apertures (16) extendi ng therethrough. 10. A process
according to any one of the preceding clains characterized in that the

deposi tion of the sem copduct,o i al: 4), .1 Sg e ted .a t enper at ure
in excess of 300C. 11.. A pr éc ?gaggéégr?dgl‘éé %%lma?\fg%%gm&fd t g‘agp‘gcedi ng

cl ai ms char actrestal Jayer (14) hahepertules(l1§axianding thetetwought eri al  (24) conpri ses

anor phous silicon. 12. pr Qc : i.n ifm 11 characgterized in
that the anorphous sili cg?i i g ﬁ%?es%g‘fcct%@ﬁeg %ng %ﬁgt{f%? preeﬁ{égmﬁdém@?)nti nuo-isly
bet ween at | easharagigrred pathatshodepasiicrod e seminosdistoomsieridl324)As ffcazess

according to an e of t.he pre LAg clainms characterized in that
%ae&g'lgman'e la exc%ss 0??&{ g

deposition of t m conductor matéria. (24, 26) is effected on a
conti nuous web of substnate Al@pcessldecortinpuiosinyadne of k729 proddpigi Qiifg a

Punroh s a eprtRErd & B ey iAo S Rl e R R RS P e 0, 15 A
substrate according to @&2ai mAlprpceshacadingro zii Wy} charyctanaed irothatitae € of t he
features defi n%ol'p'ﬂm?sr’sylic&f: iscﬁlo?‘liaaqt%m!sd éootbz;.lt?ft' extends continuoxsly between at least
' some pairs of adjacent transistors.
' 13. A process according to any one of the preceding claims
characterized in that deposition of the semiconductor materia. (24, 26) is effected
on a continuous web of substrate (12).
14. A substrate (12) comprising a polyphenylene polyimide, the
substrate bearing at least one transistor (10) , which is a derivative of biphenyl-
3,3',4,4'-tetracarboxylic acid.

15. A substrate according to claim 4 characterized by any one
or more of the features defined in any of claims 1 to 13.
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