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 A bstraet: A s an ti一        refleeting thin fi lm sand transParenteleetrodesofsolarcells,   indium tin oxide (ITO )thin film s

              w ere PreP ared on glass substra tes by D C m agnetr o n sPutteri ng Pro eess.T he m ain sPutt eri n g eondition s w ere sPut-

 teri ng Pow e几            substra te tem Pera ttlre an d w ork Pre ssure. T he infl uenee of the above sPutteri ng eond itions on th e

             tr an sm ittan ee and condu ctivity of the dePosited IT O fi lm s w as investigat ed.T he exP eri m enta l re su lts show that,

                  the tr an sm ittance and the resistivity deerease as the sPutt eri ng Pow erinereasesfr om 30 to 90 W. W hen the sub stra te

     temP eratur e inereases fr om 2 5 to 150 oC ,  the tr an sm ittanee in ere ases slightly w hereas the resistivity deere ases, A s

        the w ork Pressur e inereases fr om 0 .4 to 2 .0 P a,       the transm ittanee deereases an d th e re sistivity in ere ases.W hen the

sputte子     ing pow eo substra tetem pera tu re and w o改  pre ssure ar e30 议 一so oc ,  0.4 Pa re speetivel又山   exTo thsn film s
     exh ib itgood electri ealand opticalp ropert ies,   w ith re sistivity b elow 10一4      em and th e tr an sm ittan ee in th e visible

   w ave ban d beyon d 80% .T herefo re,           the IT O thin fi lm s are suitab le as tran sPar enteleetr odes of solar cells.

       K ey w ord s: IT O thin fi lm s:D C m agnetron sPutt ering :oPtiealProPert ies:electricalProPert ies

D O I: 10.1088/1674一 4 926/32/1/0 13002 E 气C C : 7360F; 7870C ;8 115G

 1 . In tro d u ctio n

N ow adays ,        one of the m ost im Port ant issues fo r the thin

    fi lm s solar eells sueh as a一     51 :H and C IG S 15 the enh aneem ent

  ofem eientlighttr叩ping[1,   2].Indium tin oxide (ITo ) 15 an n-
       ty Pe sem ieonduetor w ith good eleetri ealconduetivity and high

    tra nsp are n ey in the visible spectr a  3,4],      50 it15used noton ly as

anti一       refl eeting thin fi lm sbutalso aseleetrodesofsolareells.A s

anti一       refl eeting th in fi lm s and eleetr odes of so lareells, th e IT O

   fi lm sw ith high quality should be dePosited w ith 1ow erPow erat

low er s曲    str ate tem pera tur e[5].B eeau se h igh tem peratur e an d

        high sPut teri ng Pow er w illdegr ade the interfa ce of th e hetero-

     junetion an d th e underlying deviee strtl etu re,   due to the inte

di而    sion betw een the adj aeent layers.H ow ever,   in the m ost

rePort s,        IT O thin fi lm s ar e sPuttered at relatively hig her tem -

         Peratu res an d sPutt eri ng Pow ers or they are dePosited atro om

        99 .99% .T he sam Ples w ere m ounte d on a ho lder w ith outeir-

cum gyrating ,     and the distanee of th e targ et一   sub str ate 15 8 em .

       T he base pressur e w as ab out5 x 10一 5 p a,    and the fl ow ra te of

    Ar (99.99% )w askePtataeonstan tvalueoflo seem eontro lled
       by a m assflow eontroller. The substrat e tem Peratur e (Ts )w as

  variedin thera nge25 oC 芝Ts 姜150 oC usingIR heater(quartz
     halogen lam P)an d m easured using a ehr om el一 alum elth erm o-

      couPle.B efo re sPutt ering IT O fi lm s on th e sub strates, the tar-

          get w as presPuttered fo r ab out 5 m in w ith a sh utt er eovering

         the targ etin ord er to rem ove the surfac e oxide lay er.

    TW elve IT O thin fi lm s sa呷    les w ith th iekn ess of 150 nm

        w ere dePosited on glass substr ates by ehan ging th e sPu tteri ng

        eonditions.Ta ble 1 lists the samP le nam es and th eir deP osition

eonditions.

        O Ptical m easurem ents of th e ITO th in fi lm s w ere Per-

           fo rm ed in th e w avelength ra nge fr om 300 to 800 nm at room

te哪      eratu re and th en ann ealed at higher tem peratu res[6一9],

     th ese w illdam age inter- diffij sion aeross hetero一 unction inter-
     fa ee ofthin fi lm ssolar eellsor th e underly ing electronic dev iee

stru etu re. T herefo re ,      in th is PaPer ITO fi lm s w ere dePosited

        by D C sPutt eri ng at Iow er tem Peratu res an d Iow er sPutteri ng

Pow er,         and the infl uenee of the dePosition Param eters on the

 ehara cteri sties of IT O thin fi lm s w ere investig ated in detail

2 . E x P e rim e n t

       T h e glass sub str ates w ere elean ed by deionized w ater, aee-

tone , ethano l,   deionized w aterin tu rn ,    and then dri ed by ovens.

          IT O fi lm s w e re P reP are d o n th e g la ss sub str ate s b y D C m ag -

  netro n sP uttering system (W Y C D一   600).The targ et15indium -
     tin oxides (InZO 3 :SnO Z = 90 : 10 wt .% )w ith a Purity of

护          rab le 1. S am P le n am e s o f IT O th in fi lm s w ith d iffe re nt deP osition

eo nd ition s.

     Sam Ple D C P ow er S ubstrate SP utt eri n g w ork

(W ) te哪 eratu re (oC ) pressure (p a)

ITO 一   1 30 25 1.6

IT O 一   2 50 25 1.6

IT O 一    3 70 25 1.6

IT O 一   4 9 0 25 1.6

IT O 一   5 30 60 1.6

IT O 一   6 3 0 90 1.6

IT O 一   7 3 0 120 1.6

IT O 一   8 30 15 0 1.6

IT O 一   9 3 0 150 2 .0

IT O 一   10 3 0 150 1 2

IT O 一    11 3 0 150 0 .8

IT O 一    12 3 0 150 0 .4

         * Proj ect supp ort ed by th e N at ional N atu ral Scienee Foun dation of C hina 倒      0.61076063) and the Fuj ian ProvineialN ato ralof Scienee

  Foundation ofC hina (N 0.2009J01285).
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tem Peratu re.U V 一     V IS sPeetr a w ere obtain ed fr om PerkinE lm er

  L am b da 900 U V /V IS加    IR sPeetrom eter. T he electrieal m ea-

     surem ents w ere m ade using an H M S一  3000 H all m easure-

        m en tsystem .F ilm thiekn ess w as m easured w ith a sty lus sur-

 fa ee Profiler. X 一 ray di价  aetion (X R D )Pattem s w ere reeorded

  using a di价aetom eter (PAN alyt ieal, X ,Pert , CuKa , 几 =
      1.5406 A ).The surfa cem orp hologiealexam inationsw ere ear-
        ri ed out by a C SP M 5000s atom ie fo ree m icroseoPe system

   (A F M ) in the eonta etm ode.

       F ig. 3 .Tr an sm itt ance sP ectra o f the IT O fi lm s deP osited at d iffe ren t

     sPutt ering eonditions.(a) A t diffe rentsPutteri ng Pow ers.(b) A t dif-
     fe rentsub strate tem Peratu res.(e)A tdiffe rentw ork Pressur es.

  3 . R esu ltS a n d d iSC u SSio n

   3 .1. S tru etu re a n d m o rP h o lo gy

         Figu re 1 show s A FM im ages o f IT O thin fi lm s dePosited

   at diffe rentPow ers(sam Ples ITO一  1 to ITO一  4).The surfa cesof
         these sam Ples seem to b e fo rm ed by sm all nan osized grai ns,

        an d the surfa ee m orp h ology of the fi lm s varies sign ifi eantly

        w ith the dePosition Pow er The roughn ess inereases w ith th e
   inereasing o f dePosition Pow er,    seen in Ta ble 2.T herefo re, it

          15 obviou sthatthe sPutt ering Pow erhas som e infl uenees on the

  m o rp h o lo g y o f th e fi lm s.

        Figure 2 show s the X R D Pattem s ofIT O film s (sam Ples

ITO 一1, ITO 一  5 to ITO 一    8)dePosited atdiffe rentsubstrate tem Per-

        atu re s.Sharp and intense Peaks ar e observ ed in X R D Pattem s

of IT O fi lm sw ith a relat ively high d ePosition tem P eratUr e.T he

     fi lm s dePosited at temP era tu re s below 60 ∀ are am orp hou s.

     W b en the deP osited tem Peratur e exeeeds 90 oC ,  the fi lm s ex-

        h ibit several ob vious X R D Peak s eorre sPonding to the P lan es

 (211), (222), (400),    (440) an d (622) of ITO W ith th e strU c-

  tu re ofJC PD S一   ICD D N o.050848 (eubie bixbyite strU etu re).
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几       ble 2 .P hy sieal Pro Pert ies of the IT O fi lm s dePo sited at d iffe ren t sPu tt ering P ow ers.
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几 b le 3. Se而    eo ndu eting ProP ert ies o f th e IT O fi lm s deP osite d at diffe rent su bstr ate temP eratUr es

S amP le Su bstr ate tem Peratu re R esistivity

(9 em )

 7 .77

 0 .544 9

   7 .65 1 x 10一2

  1 520 x 10一2

   3 .346 x 10一3

M obility

(em Z/(v s))

IT O 一l

IT O 一5
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0 9

 2 .22 8

  4 .16 2

 8 .54

14 .4 5

 C arri er eon eentr at io n

(em 一3)

一  8 92 6 x 10 17

一   5.14 1 x 10 18

一   1.9 60 x 10 19
一  8 08 x 10 19

一   1.2 9 1 x 102 0

(oc)一 259060

          T able 4 .S em ieon duetin g P ro P ert ies o f th e IT O fi lm s d ePo sited atd iffe rent w o rk P ressu re s.

      Sam Ple G asPre ssure R esistivity M obility C arri er eoneentra -

(Pa) (10一4 em ) (em Z/(v s)) tion (em 一3)

ITO 一   12 0 4 3.5 74 2 4 .04 一7,  2 64 x 10 20

IT O 一  11 0 .8 6刀 07 17 .63 一5名  92 x 10 20

IT O 一   10 1.2 12 .2 15 .42 一  3 3 2 x 1020

IT O 一    8 1.6 33 .4 6 14 .45 一  1.29 1 x 1020

IT O 一   9 2 .0 76 .23 11 58 一  7 .07 x 10 19

    Wi th inereasing th e sub stra te te m Pera tu re ,   th e intensity and th e

       fu llw idth at halfm aximu m ofdiffr aetion Peak (222)beeom e

stro ng ,         ind ieating th atth e IT O fi lm s gro w w ith a str ongly Pre -

   fe rr ed (222)orientat ion w ith bettercry stallinity .

  3.3. E leetrieal Pro P erti es

  3.2. O P ti ealeharaeter抚ation

        T he oPtical tr an sm ittan ee of th e fi lm s w as reeorded as

 a fu netion of w avelength in the w av eIength range 30于 800

nm Figur es3(a),   3(b)an d 3(e)show transm ittanee sPeetra of
       the ITO fi lm s dePosited at diffe re nt sPutteri ng eonditions.In

Fig.3(a),      th e tran sm ittan ee ofth e film s15decreased in thevis-
        ib le w ave ban d w ith inere asing th e sPu tteri ng Pow er. B eeause

 th e high一      energy Plasm a bom bar ds th in fi lm s du ring sPutteri ng ,

      som e ITO m ay b e deeomP osed into m etal,  thus th e tra nsm it-

     tan ee of th e fi lm s deereases.A s anti一   refl eeting thin fi lm s and

 electro desofsolar eells, ITO th in film sshould havehigh tran s-
m itt anee ,        therefo re th e sPutt eri ng Pow er o f 30 W 15 aPProPri -

ate, In Fig.3(b),     th e tran sm ittanee increases slightly w ith in-
       ereasin g the sub strate temP eratu re fr om 25 to 150 oC , but the

     v ari at ion of the tr ansm itt an ee 15 notobvious.

      Figure3(e)show sth etra nsm ission sP eetraofth eITO film s
        deP osited atdiffe rentw ork Pre ssur es.Th e resu lt show s that an

oPtim un以       oPtiealtr an sm ittan ee 15 obtained fr om th e IT O fi lm

     dePosited at 0 .4 P a Pressur e.A tlow erPre ssure , th e ion energy

        distri bution 15 sharp er and th e average energy 15 higher, th ere-

        fo re the infl uence of ion bomb ardm ent 15 m ore sign ifi ean t.A t

  th e sam e tim e ,         lo w P re ssur e Iea d s to a lo n g m ean fr ee P a th o f

打   + w ith high k inetie energy ,     and th e atom s spu ttered fr om th e

    targ et hav e higher kin etie energ ies,  ther eby the ery stallizat ion

   of th e thin fi lm s is bett e几and th e tr an sm ission is higher.

      Sem ieondueting Pro Pert ies of the fi lm s w ere m easure d by

      the H allm easurem entsystem atroom temP eratu re.孔  ble 2 ex-

        hibits th e electri ealPrOP ert ies ofth e IT O th in fi lm s deP osited at

      diffe rent sPutt eri ng Pow ers.T he negat ive sym bol ofthe m ea-

sur ed earrl er eoncentr ation indieatesthatthe fi lm sare ofn一帅 e

       eondu etivity. T he resistivity deere ases as th e sPutt eri ng Pow er

     inereases fro m 30 to 90 W,        and this m ight be due to th e bet-

         ter cry stallinity of the fi lm s caused by th e bom bar dm ents of

high一     energy partieles (ars on positive ions (Ai + )) at the sur-
  fa ee ofth e targ et,     A s the bom barded atom sare accelerated fr om

     the eath ode sheath to the substr ate,    th e fi lm s w ith bett er cry s-

         tallinity eould be dePosited atth e larg er sPu tt erin g Pow er. T he

      b etter ery stallin ity of the fllm s results in low er resistiv ity.

         Ta ble 3 gives the electri eal ProPert ies of IT O thin fi lm s

      d eP osited at diffe rentsub stra te temp era tur es.W ith th e inereas-

   ing of th e sub strat e tem Pera tur e, th e resistiv ity deereases fr om

     7.77 to 3.346 x 10一3 em ,   th e eleetr on m obility inereases

    fro m 0.9 to 14.45 em Z/(v    s)an d th e eam er coneentrat ion in-

        ereases fro m 8.926 x 1017 to 1.291 x 102o em 一3.T h e i卿 rove-

        m entofthe eleetri ealProPert iesofth e fi lm sw ith inereasing th e

       sub strate tem Peratu re 15 m ainly due to elth anced cry stalliza-

    tion of the fi lm s.C om bined w ith Fig.2 ,   there 15 a eorre lation

       betw een the eondu etivity and th e cry stallinity. H enee inereas-

          in g th e substra te tem Perature 15considere d to be a Path w ay fo r

high一  quality IT O fi lm s.

        Ta b le 4 show s the sem icondueting ProPert ies of the ITO

        fi lm s deP osited at diffe rent w ork Pre ssures. It 15 fo un d th at

         the re sistivity of the ITO th in fi lm s incre ases w ith increasing

       th e w ork Pressure fro m 0 .4 to 2 Pa.W %   len the w ork Pressur e
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 15 inere ased ,       neutr al gas and ionized gas ion s w ill fr equently

  hit eaeh oth er ,      50 kinetie en er gy of A r+ bomb ar din g the tar-

       get dim inishes ow ing to seattering Proeess. T h e atom s w ith

         sm allenergies dePosited at th e sub str at es reduce th e ac tive re-

 aetion of IT O ,     w hieh w illPro duee a num berof indiu m tin sub-

eom Pounds,       and affe et the ery stalline ProPert ies o f the fi lm s.

         T herefo re the resistivity ofth e IT O thin fi lm s w illinerease w ith

   inereasing the w ork Pressur e.

4. C on Clll sion

         IT O thin fi lm s w ere deP osited on glass substrates by D C

      m agnetron sPutt ering under various eonditions. It w as con-

         fi rm ed that the eleetr ieal and oPtical ProP ert ies of IT O thin

      fil m s str on gly deP ended on th e sPutt ering Pow er, sub str at e

       tem Peratu re an d w ork Pressure.B ased on the requ ire d resis-

     tiv ity and tran sm ission ProPert ies of anti一  refl eeting thin fi lm s

    an d eleetr odes of solar eells,    an oPtim um sP utteri n g Pow er fo r
         dePositin g IT O fi lm s 15 30 W. For im Provem ents in eonduetive

  and tr an sParent ProPert ies,   the sub strate tem Peratu re shou ld

            be inereased to 150 oC an d the w ork Pressure should be de-

   ereased to 0.4 Pa ,     thisb eing suP Port ed by the stru etu ral, oPtieal

    and eleetri calevidenee obtained fr om X 一 ray di价 aetion exPeri-

m ent s, U V es~V IS sP eetro m eter,   and H allm easur eme ntsystem .

 These film s e油   ibit low :esistivity (3.574 x 10一4 em ) and

     aPPro xim ately 86% avera ge tra nsm ittanee.T hey are good fo r

   _ _ Liu W eietal.

anti一     refl eeting thin fi lm s and eleetrodes of solar eells.
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