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   A bstract Th e Polym er suri油                ee re lax at ion in th in filln s has been a long de bat in g issue.W e re Port a new me th od on stu dy in g

suri泡             ee re lax at ion beh av io rs o f P o lym er th in fi lm s on a so lid sub str ate. Th is m eth od in vo lv ed util止   in g a rub b ed P o ly俪 de

            surfa ee w ith a P re ti ltin g an gle in a liqu id ery stallin e eell.D ue to th e suri兔 ee a lig钊m eni ,     th e liqu id ery sta ls w ere align ed along

   th e rub bin g dire etion.D uri ng heat 吨 th e 11职  id ew stal lin e eell,        w e eont in uously m oin tore d th e ehange of orientat ion of th e
               liqu id ery sta ls. ft 15 un derstoo d th at at a temP er atur e w here the o ri en ta tlo n o f liqu id ery sta l 15 lost,   th e su rfa ee re lax ati on on

                  th e g lass sub strat e tak es P laee to lose th e P oly im id e su rfa ee o ri en tation . It w as fo un d th at th e re lax ati on temP eratu re at w hi eh

             th e liqu id ery stals lo se th eir o ri en tat ion d eP en ds on th e fi lm th iekn ess o f th e P oly i而   d e. A qu an ti tat iv e line ar re lat io nsh iP

      b etw een th e re lax ati on te mP erato re an d re eiP ro eal o f th e fi lIn thickn ess ean be ob serv ed .F u rt herm ore, di ffe ren t to Po lo gies of

th e f#   Ub b ed an d re lax ed th in fi如            5 w ere amP lifi ed usin g th e P olyethy len e d eeorat ion m eth o d an d ob serv ed usin g at o m ie fo rc e

m lcro sc0P y ∃

K eyw ords:Suri五    ce re laxation:L iqui d ery stalori enta tion;Poly ethy lene de eorati on.

IN T R O D U C T IO N

           The un der stan din g of m aero mo leeules an d de veloPm ent of Polym er Physies an d Phy sieal ehe而 stry w ere

i苗tiat ea 谊山  lut e solut ion state s曲 outone hun 击  ed year s ago[].H ow ever,  vastm aj ority ofpraetieal叩plieations
               in Po lym eri e m ate ri als are deP endent uP on th eir bulk Physieal Prop ert ies.T his led to stimu lat ed ac tivities in th e

  stu dy of strU etUr e一    ProPerty re lati onshiPs of bulk Pol卿    ers in th eir eondensed state . C omP 硕  ng to sma ll

mo leeules,           bu lk P olyln ers Possess diffe re nt hierar ehieal strU etu res in diffe re ni lengt h seales fro m highly

       en tangled ehain m oleeu les to heterogeneou s ag gr egates.In m any eirc um stan ees,    Polym ers ean also fo rm oul ered

  strU ctures w ith Positional,         bond ori entat ional an d mo lecular ori enta tional long ran ge orde rs. Sueh a w ide

    hierarc hieal stru etUr e imP lies th e existenee of a broad d yn am ic re lax at ion sPeetrU m eorr esPondin g to eaeh lengt h

  an d tim e seale[2, #].玩 %记ert%明       alitat ively ehara etehze stru eture s an d dyn anu esof th e bu玫pol!rn ers, w e hav e
           defi ned eo neeP ts in descri bin g m any m iero seoP ie P hysiealP henom ena in the bulk state,   sueh as glass transition

temP eratu re,          ery sta llizat ion an d m esoPhase tr an sitions an d a vari ety of re lax at ion Pro eesses. W ith in ere asin g
  inte re sts in suri触    ees an d int erfa ees of P olym ers , in Part ieu lar ,   Polym er b ehaviors in eon血 ed environm ents

 Possessing only l俪  ted length seales,            these tr aditionaleonceP ts used in th e bulk m ay hav e to be re defined or
  m odi fi ed fo r sux 几     ee an d interfa ee eh ar aeteri zat ion.A m ong th ese toPies, suri五  ee re lax at ion in Poly#  m er th in fi lm s

仆  15 researe h w as s叩 ported by 比   e N ationalseien ee Foun妞 ion (D M R .ogo689s).
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             has been a lon g debat ed issu e in th e Past deeade. L iteratu re dat a exh ib its sub stant ial in eonsistenc y , refi ectin g

        deP endeneies of exP eri m enta lm ethod s used to m onitor th e suri兔      ce relaxati on Phe nome na an d effe eto f eonfi ned

      env iro nme n ts on th e th in fi lin sam plesprepar ed ∀4一18&.

                    Th e ke y issue in th e stu dy of th is toPie 15 to find a Pro Per Pro be w hieh ean Pre eisely refleet th e surfa ce

  relax at io n an d m lni而        ze th e env ironm enta l effe ets on th e me asure m eni s.hi oth er w ords,  w e n eed intri nsieally

      surfa ce sensitive me th ods w ith a high sign al一to一       noise rat io to deteet surfa ee re lax at ion behav iors. O ur re eent

                re search has led to a diffe rentbut sen sitive aPPro ach to investi ga te surfa ce relax ation on a solid substrat e.W h en

Polyi而    de th in fi lm s w ere sPin 一       eoat ed on a glass surfa ee w ith diffe rent th iekn esses,   a rub bing Pro eess w as

   aP Plied on th e P olyi而    de sur fa ee to fo rm alig川         m ent lay ers. It 15 w ell kn own th at th ese alignm eni lay ers ean

              effe etively align liqu id cry sta ls in liqu id ery stal eells (LC Cs).Ifth e al ignm ent lay ers are subj eet to therm al
           ann ealing atdiffe rent temP eratu res an d th en exam lned fo r th e 1055 of align m eni in th e liqu id ery sta ls , th e surfa ee

            relax at ion of th e alig. m eni lay ers w ith diffe rentlay er th ickn esses ean be qu an titat ively illu str at ed.

 E X P E R IM E N T A L D E T A IL S

对 廷te 内油 15 an d sa !叨les

   W e ehose a Polyi而          de hav ing side Pendeni gr ouP sofbiP heny ls eonn eete d by six m ethy leneun its, ab bre viat ed as
6F D A 一                C 6B P . Th e reason for this ehoiee 15 th at th e Polyim ide 15 kn own to generat e a high Pretilt an g le , as

report ed 谊 our prev iou s p汕 lieati on s[19一 22].xts che而      eal stru eture 15 iltu strat ed in e hart 1.
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     C h art 1 C h em ieal stru etu re o f 6F D A 一C 6B P

Th e s!   th esis of th is polyi 而   de was described elsewh ere [, ,一26] 仆 15 po一帅     er has an intrin sie viscosity of

  1 dL/g an d ean be dissolve d in org an ie solvents suc h as eyelop entanone.Polyi而de th in film shav in g diffe re ni

          film th iekn esses fo r LC disPlay alignm ent layers w ere Pro eessed by sPin 一 coat in g Pol外而  de solut ion in

    eyc lop entanone (u sin g diffe re ntcon eentratlons)at 2000 r/而         n fo r45 5on elean glass sub strates.Th e filln s w ere

sub se职              ently bak ed at 100oC (P rim ary dry ing temP era tu re)fo ronehour an d 200OC fo ran ad di tionalhour befo re
        rub b in g .Th e fi lm th iekn ess w as eontr olled in th e ran ge of s一      70 nm .R ubbin g w as eondu ete d on th e P olylm ide

ali即叨     ent lay er s using a ro tati ng dru m 认         !raPP ed w ith v elv et at ro om te mP eratu re . Th e L C m at eri al Z L I一2293

      (M erc k) w as filled into th e emP ty eells(w ith s 卿   sP aeers ) in wh ieh th e alignm ent l盯   ers w ere assemb led into

 an an ti一  ar allel rub bin g eonfi gu ra丈          ion .Th e Preti lt an gle o f th e alignm ent lay ers w as eh ara cteriz ed in th e L C C s
   by th e m agnetie nu ll (M N ) m eth od,   eonstru ete d in our laboratory .Th e 入      IN me th od 15 a Pre eise an d re liable

              me as ure m ent fo r detenninlng high Pre tiltan gles (> 100)based on th e nu llof th e LC oPtiealPhas e re tardat ion

      w ith a eontinu ousinere ase ofan exte 扭         al m agn etie field.Th e basie Pri neiP le ofth is m eth od w asde seribed in th e

re fe rences[27,28].玩 b五ef,  a p ol硕         zed H e:N e m eiden t laser beam p asses thr ough a fr oni polariz er,   th en an L C C ,
               fo llowe d by a re ar Polari zer (or an an alyz er) an d 15 fm ally de teeted by a Position sen sitive det eeto r.W hen an
               L C C 15 rotat ed su eh th at th e L C m oleeules are ori ented Para llel to th e extem al m agn etie fi eld , th e light
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             tra nsm ission 15 indePendento fth e str ength ofthe extern alm agn etie fi eld.T he Pretiltang le of alignm ent lay ers 15

         deriv ed fr om this Position w ith a m inimum oPtiealretardat ion ehan ge.

       In or der to exam th e surfa ee toPology ofth e ru bbed an d re lax ed th in film s, aPolyethy lene (PE )deeorat ion

m eth od[20,2,一川 w asused t%a娜    lify th e surfa ee topologies.The de tailed e却    erim entalpro eedure w asas fo llow s∃
       PE 15heated to over 1000oC in a vaeuum ehamb ereau sing the Polyet冲leneto deeomP ose in to oligom ers, w hieh

                ar e eoat ed onto th e sub str ate of in tere st. S inee th e short eh ain m oleeu les tend to Paek in to exten ded ehain

 lam ella ery stals,             the ery stals fo rm w ith their ehain ax es Para llel to a fo ld direetion sinee this 而 nimi zes the

  surfa ee fre e energ y.

Eq iP m en ts an d丑印er枷en ts
    In ord er to qu an titatively exa而    ne th e degr ee of Plan ar allgnm ent,  an align m entPara me ter, A , w as defin ed. T he

              nem atie L C ori entation w as m easur ed u sing an exPeri m ental setuP invo lving a m easure m ent of th e light

               tran sm ission thro ugh an L C C p laeed in betw een ero ssed polari zers as a fu netion of th e ro ta tion an gle[16, 27, 28].

           The LC C 15 rotat ed ab out an axis Para llel to th e ligh t beam ,      as oPPosed to Perp endieular fo r th e Pre tilt

  m easurem ent.A eeording to M alus # 5 law , I( 仍一I( 0)eos,(仍, w here I( 动     15 th e intensity or light tr an s而tted

  thr ough tw o Pol硕        zers an d 8 15 the angle betw een the tran s而       ssion ax esofth e tw o Polari zers.An align ed LCC

               P laced in betw een tw o ero ssed P olari zers ean be tr eated as a third Polari zer w ith its trans而   ssion axis Par allelto

                th e ru b dire etion.A P erfe etly align ed L C C b etw een crossed Polari zers leads to th e re lat ion shiP as a fim etio n of

           th e LC C ro tat ion an gle o = 00to 900w ith respectto th e polarizer tran s而 ssion axis:I(扔一I( 45 )sin ,(2仍[,2].For
         determ in ing how mu eh th e L C C d eviates fro m th e Perfe etalignm ent,        th e L C C s w ere ro tat ed fro m 00 to 900 and

                th e light intensitiesw ere m easured w ith changesin th e an gle.An align m entPar am eterw as defined based on th e

 deviat ion or小  e light int ensity 伽   m th e th eore tical sin,(2必  eurv e at angles汕 er e th e 叻 b访  9 dire ction w as

         Par allelto one ofth e tw o Polari zers (i.e.00 an d 900).The av erag e ofth ese norm alized int ensitiesw as used to
  detenn lne the no n一  uni t align m ent Par anleter A :

 A (450)= [I( 00)+ I( 90o)1/2I( 45o) (l)

 w hen 6F D A 一           C 6B P w as used to Produ ee alignln en t lay ers of L C C s in th e an ti一 Par allel m ode, an allgnm eni

       Param et er o f0 .05 an d a Pretilt an gle of 20o 土 20 ean be reProdu eib ly determ ined.

 A to m ie fo ree而ero scoPy (AF M ,        D igitalInstrU m eni sN an oseoPe IllA )w asut ilized to exam ine th e sur fa ce

       toPologies on th e glass substra te w ith a 100 娜  seann er un der th e t叩    Ping m ode. Th e eantilever fo re e w as

           eon tr olled to be light enou gh to avoid any dam age to th e sam P le ,      yet stro ng enough 50 th at the suri兔 ee fe atu res

              cou ld be aeeur at ely exP lore d . T h e scann in g rate w as set uP to b e 1 HZ fo r low 一  m agn ifi eation im ages at a

     re solution of 5 12 x s lZ Pixels Per im age.

  R E S U L T S A N D D ISC U SS IO N

             F lgu re 1 show s thr ee ex am Ples of th e effe ct of th erm al tr eatlnent on rub bed 6F D A 一  C 6B P align m ent lay ers at

            diffe re nt lay er th iekn ess aft er ann ealin g at diffe rent temP eratu res fo r fi ve nun utes. Th e re lax at ion temP eratU res

  of losin g align住           le ni are de fi ned us in g a te m Perato re at w h ieh th e 50% of th e sh娜   inc re as e of th e alig川叮ent

                 Par am eterA 15 ob serv ed.It ean be exPeeted that the indu eed surfa ee ord eri n g aehieved by ru bbin g should b e lost

       as the P olym er 15 heate d tllrou gh its suri兔   ee re laxat ion temP eratu re.F or exam Ple,     th e fi lm hav ing a thiekn ess of

          65 nm sh ow s a 1055 of align m ent at 100 oC . T he th inn er fi lm s,     sueh as 18 nm or 6 nm , P ossess align m ent

     re lax at ion tem Peratu res of 95oC an d 85oC ,      re sPectiv ely. T he m ost imP ort ant exP eri me ntal ob serv ati on in this

                 fi gure 15 th at th e re lax ati on temP eratu re at w hieh th e allgnm ent Param ete r A has a sudden ehan ge 15 dePen dent

    uP on th e allgnm eni lay er th iekn esses.

      A Ploto f th e re eiPro eal fi lm th iekn ess versus relaxat ion temP eratur e is shown in F ig .2.It is evideni that a

             linear relat ionshiP betw een th e re laxation temP era ture an d reeiProealo f fi lm th iekn ess 15 h eld.T he ex tr aPolat ion

              leads to a temP eratu re of 100 .4oC wh en the fi lm th iekn ess 15 aP pro ac hin g in fi nity .T his temP eratu re eorr esPonds

           w ellto th e bu lk a relax at ion temP eratu re of 102oC observ ed in dynami e m eehaniealan alyzer tests.
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Ta 二373.5(l一0.025劝 (in K)

           Th islin ear re lat ionshiP hasal so been fitto a genera lfo rm ofRe f. (4 ):

几二几 (bulk) [l一(a/h)#灼
wh en l扭       15 equalto un itan d Eq.(3)re tu rn sto Eq.(2).
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  Fig.2 A Plotofth e re eiP ro ealfilIn th iekn ess ver sus re lax at ion te mP eratu re

    In ord er to dire etly exa而  ne th e suri勉      ee ori en tati on of th e ru bbed th in fi lin s,    we uti lized AF M to investigate

suri兔 ce to Pology of th e ru bbed th in film s hav ing a th iekn ess of 65 nm .A new Pro be is used to am P1ify th e
di月贻re nce 加 surfa ee toP o lo盯 :功e 现 deeora tion m e山od[15].仆 15 m e山 od 55加   ically u sed to det~ n e 小e 允一d

   dire eti on in lam ellar ery sta ls.H ere ,           itw as aP Plied fo r th e su eeessfu l observ at ion ofth e ori entati on on th e ru bbed

Polyi 而           de film surfa ee.Figu res3(a) an d 3(b)show AF M im ag esofth e sur fac e top ologiesofthe rub bing align ed
         film s afte r th ennalann ealing at 70oC an d 110OC fo r 15 而n, resPeetively and th en, usin g th e PE deeorat ion.
          N ote th at th e arm ealin g temP eratu re ofth e fo rm er ease 15 below its a re lax at ion temP eratu re an d th e latt er ease is

           ab ove th e a re lax at ion temP eratu re. D iffe re nces betw een th ese tw o AF M im ag es w ere evide nt.Figure 3(a)

                  show s an ori entatlon of th e PE cry stallin e rod s Perp en dieular to th e rUb direeti on .Th e P E ehain ax is in eaeh rod
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