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Abstract　 Indium tin ox ide ( ITO ) th in film s w ere depo sited on a R F diode spu ttering system

under differen t spu ttering vo ltages and op tim ized spu ttering am bien t, i. e. op tim ized O 2 part ia l

p ressu re and to tal p ressu re of O 2 and A r. T he mo rpho logy, structu re and oxygen deficiency of

the ITO film s w ere studied using atom ic fo rce m icro scopy (A FM ) , X2ray diffractogram

(XRD ) and X2ray pho toelectron spectro scopy (XPS) , respect ively. A s indicated by the resu lts,

the film s depo sited under h igher spu ttering vo ltage show ed h igher crysta l o rder and larger oxy2
gen deficiency. T he op tim izat ion w o rk has led to the p roduction of ITO film s w ith a resist ivity

as low as 1. 76×10- 48 ·cm , an in tegrated lum inous transm it tance of 76. 0% and an in tegrated

so lar transm it tance of 52. 5% w ith no substra te heat ing o r po st2depo sit ion annealing.

PACC: 8115G, 7360F, 7865

1　 In troduction

Ind ium tin ox ide, comm on ly referred to as ITO , is a w ide band gap , degenera te n2type

sem iconducto r. In the fo rm of th in film , it has w ide app lica t ion s in op t ics and op toelectron2
ics[ 1 ] , such as fla t panel d isp lays[ 2, 3 ] , hea t m irro rs[ 4 ] , and hetero junct ion so lar cells[ 5 ] , etc.

H igh electrica l conduct ivity and h igh tran sparency of th is m ateria l in the visib le spectrum

range have been the focu s of research th roughou t the w o rld.

A variety of techn iques have been u sed to depo sit ITO th in film s, such as spu t ter2
ing [ 5, 6 ] , electron beam evapo ra t ion [ 7 ] , CVD [ 8 ] and sp ray pyro lysis[ 9 ] , etc. Am ong them , spu t2
tering techno logy is favo red ow ing to the po ssib ility of la rgely im p roving its depo sit ion ra te

up to indu stria l level[ 10 ]. D epo sit ion param eters influencing the electrica l and op t ica l p rop2



ert iesof ITO th in film s have been ex ten sively stud ied [ 1 ] , w h ich include InöSn ra t io , inciden t

angle, sub stra te tem pera tu re, depo sit ion ra te, to ta l p ressu re, O 2 part ia l p ressu re and anneal2
ing condit ion s, etc. How ever, few stud ies on the effects of spu t tering pow er have been re2
po rted [ 11 ].

M odern app lica t ion s em p loying ITO th in film s u se often sub stra tes w ith low therm al

stab ility [ 12 ]. Fo r exam p le, w hen act ing as the an t ireflect ing layers of so lar cells o r the tran s2
paren t conduct ing layers of electroch rom ic w indow s, ITO th in film s shou ld no t be depo sit2
ed under tem pera tu res so h igh tha t the perfo rm ances of the w ho le devices w ill be low ered

o r even disappear. T he app lica t ion background of th is w o rk is act ing as the tran sparen t

conduct ing layers of electroch rom ic w indow s, and so w e cho se to depo sit the ITO th in

film s w ith no sub stra te hea t ing o r po st2depo sit ion annea ling. In th is paper, tw o k inds of

sam p les, rep resen ta t ive of tw o typ ica l spu t tering pow er den sit ies respect ively, w ere invest i2
gated and the resu lts w ere d iscu ssed.

2　 Exper im en ta l

ITO th in film s w ere p repared by u sing a 4502D R F diode spu t tering system. R eact ive

spu t tering took p lace from a sin tered target (90w t. % In2O 3210w t. % SnO 2 and 10cm in di2
am eter) in an op t im ized p lasm a con ta in ing A r (99199% ) and O 2 (99199% ) under d ifferen t

spu t tering pow ers. T he spu t tering pow er w as ad ju sted by app lied vo ltages, and tw o sam 2
p les, deno ted below as # 1 and # 2 respect ively,w ere depo sited under tw o typ ica l vo ltages.

T he a tm o sphere p ressu re w as m ain ta ined by gas in let via a need le va lve. T he distance be2
tw een the target and the sub stra te w as 9cm. T he sub stra tes w ere p laced on a w ater2coo led

p la tfo rm. Befo re depo sit ion, the ta rget w as p respu t tered fo r 25m in. M icro scope slides w ere

u sed as sub stra tes fo r electrica l and op t ica l m easu rem en ts, w h ile po lished silicon sing le

crysta l (100) w as u sed fo r a tom ic fo rce m icro scopy (A FM ) analysis.

F ilm th ickness w as determ ined by a T alystep p rofilem eter (R ank T aylo r Hob son ).

Sheet resistance of sam p les w as m easu red w ith a fou r2po in t p robe. T he su rface m o rpho logy

of the film s w as reco rded by A FM u sing a N anoScope Ë in st rum en t in con tact m ode. T he

structu re of the film s w as checked ou t by X2ray d iffract ion (N ippon R igaku RA X ra210).

Op tica l t ran sm it tance and reflectance spectra w ere m easu red u sing a CA R Y 2390 spec2
t ropho tom eter w ith an in tegra t ing sphere. XPS spectra w ere reco rded on a M ICRO LAB

M K Ê su rface analyzer w ith a M g anode, and all spectra w ere ca lib ra ted w ith the A u 4f7ö2

peak at 8318eV.

D epo sit ion param eters and som e p ropert ies of ITO th in film s # 1 and # 2 are deta iled

in T ab le 1.
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Table 1　D eposition param eters and properties of ITO th in f ilm s

Samp le # 1 # 2

Sputtering vo ltageöV 2600 1600

O 2 partial p ressureö×0113332Pa 3 3

To tal p ressureö×133132Pa 011 011

T h icknessönm 440 400

D epo sit ion rateö(nm·m in- 1) 1716 2010

Resist ivityö(×10- 48 ·cm ) 1176 1114

RM S roughnessönm 61569 01998

M axim um peak2valley distanceönm 501634 81034

B inding energy fo r In 3d3ö2öeV 45212 45210

B inding energy fo r In 3d5ö2öeV 44416 44414

3　Results and d iscussion

311　Electr ica l and optica l properties

R esist ivity Θof th in film s can be ca lcu la ted acco rd ing to

Θ= R shd

w here R sh is the sheet resistance; d is the th ickness of the film. R esu lts are listed in T ab le

1. It is seen tha t Θof ITO # 2 is nearly one o rder of m agn itude h igher than tha t of # 1.

　　T he low est va lue of resist ivity fo r ITO film s repo rted in the litera tu re [ 13 ] is abou t 2×

10- 48 ·cm , bu t sub stra te hea t ing w as u sed du ring depo sit ion. T he resist ivity of ITO # 1

is as low as 1176×10- 48 ·cm. So it is po ssib le to reduce the resist ivity of ITO film s to 2

×10- 48 ·cm o r even low er under p roper spu t tering a tm o sphere, especia lly p roper oxygen

part ia l p ressu re,w ith no sub stra te hea t ing o r po st2depo sit ion annea ling,m eanw h ile keep ing

sufficien t ly h igh visib le t ran sm it tance.

Spectra l characterist ics of ITO film s in the visib le and so lar spectrum range are show n

F IG. 1　V isib le and so lar spectral p ropert ies of ITO th in film s

(a) ITO # 1; (b) ITO # 2.

in F ig11. V isib le in tegra ted tran sm it tances T vis of ITO # 1 and # 2 w ere ca lcu la ted to be

7610% and 8211% respect ively, w h ile so lar in tegra ted tran sm it tances T so l 5215% and
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7012% respect ively. Fo r bo th T vis and T so l, ITO # 2 is h igher than # 1, bu t their spectra l

characterist ics d iffer a lo t. A s seen in F ig. 1, ITO # 1 has a p lasm a ab so rp t ion peak around

1320nm , w h ile fo r ITO # 2, such a peak does no t appear, a t least w ith in the m easu red spec2
t rum range. A cco rd ing to the D rude theo ry, w avelength s fo r p lasm a resonance ab so rp t ion

decrease w ith increasing free carrier den sity, and vice versa. T he above resu lts show that

electron den sity of ITO # 1 is m uch h igher than tha t of # 2. Fo rtuna tely, h igh reflect ion

of ITO # 1 occu rs in the N IR reg ion, and there is lit t le effect on its visib le t ran sm it tance,

how ever its so la r t ran sm it tance has been reduced con siderab ly.

312　Structura l fea tures observed by AFM

F ig12 show s the A FM im ages of ITO # 1 and # 2. Judged by their rm s roughness and

m ax im um peak2valley d istances, as show n in T ab le 1, ITO # 2 is far sm oo ther than # 1.

In face, if the scan area fo r ITO # 2 in F ig12 (b) w as reduced to 1Λm 2, clear im ages cou ld

no t be ob ta ined due to the lim ited reso lu t ion capacity of the in strum en t. Bu t it can be seen

from F ig12 tha t # 1 is m uch den ser than # 2, w h ich can part ly exp la in the con troversia l

depo sit ion ra tes repo rted in T ab le 1. F rom F ig12, average crysta llite sizes w ere est im ated

to be 50 and 40nm fo r ITO # 1 and # 2 respect ively.

　　Fo r ITO # 1, w h ich w as depo sited under h igher spu t tering pow er, the part icles spu t2
tered ou t from the target has h igher k inet ic energy, and h igher2energy part icles bom bard2
ing the sub stra tes can lead to tem pera tu re ascending, bo th of w h ich are beneficia l to crysta l

g row th. In F ig12 (a) , one can clearly see tha t the co lum nar crysta llites, num bered around

5～ 8, grow in betw een the gra in boundaries to fo rm larger clu sters, resu lt ing in sh rinkage

o r even disappearance of gra in boundaries. A s gra in boundaries sca t ter electron s, th is w ill

la rgely im p rove the electron m ob ility, and hence reduce the electrica l resist ivity of ITO #

1.

(a) (b)

F IG12　A FM im ages of ITO th in film s depo sited on Si substra tes

(a) ITO # 1; (b) ITO # 2.
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F IG13　XRD pattern s of ITO th in film s # 1 and

# 2, depo sited on glass substra tes

313　XRD ana lysis

N early a ll the d iffract ion peak s in F ig13

can be indexed by assum ing the C2type rare2
earth ox ide structu re ( JCPD S card # 62
0416 ). T he in ten sity of the h ighest peak

(400) fo r # 1 is m uch h igher than tha t fo r

# 2, w h ich ind ica tes tha t # 1 has h igher de2
gree of crysta l o rder com pared to # 2, in

con sistency w ith the above A FM ob serva2
t ion s.

Fo r ITO # 1, w eak b road peak s accom 2
pany w ith the th ree peak s fo r (222) , (400) and (622) , ind ica t ing the ex istence of im pu re

o r non2crysta lline phases. A s an exam p le, the peak around the d iffract ion angle of 33°,

m arked w ith‘3 ’, can be a t t ribu ted to the (320) reflect ion fo r the com pound In2Sn2O 7- x

(JCPD S # 3921058).

Con trary to the standard In2O 3 pow der pa t tern in w h ich the strongest peak is (222) ,

bo th film s # 1 and # 2 show (400) p referred o rien ta t ion. It is repo rted tha t the crysta lliza2
t ion of ITO along (400) p lane requ ires less energy than tha t requ ired fo r the crysta lliza t ion

a long (222) p lane [ 14 ]. Concisely, (222) is therm odynam ica lly p referred w h ile (400) is k i2
net ica lly p referred. W e depo sited the film s a t near room tem pera tu re, w h ich is expected to

reduce the therm al m ob ility of the adatom s on the sub stra tes, and hence the film s are p ref2
eren t ia lly o rien ted in < 100> direct ion.

314　XPS ana lysis

B inding energ ies fo r In 3d3ö2 and In 3d5ö2 in ITO # 1 and # 2 are listed in T ab le 1, and

are found to be in w ell agreem en t w ith litera tu re va lues[ 15 ]. N o app reciab le d ifference in the

chem ica l sta tes of In is ob served betw een ITO film s p repared under d ifferen t spu t tering

pow ers. T he conduct ivity of ITO is n2type as a resu lt of oxygen vacancies and the p resence

of t in dopan t w h ich has a h igher va lence than ind ium. T he ex tra electron ic charge in the

ITO film s is t rapped on ly a t oxygen vacancies and Sn cen ters, and the In 3d3ö2 o r In 3d5ö2

peak s shou ld be in sen sit ive to the lo ss of oxygen and to the Sn concen tra t ion.

How ever, O 1s XPS spectra of ITO # 1 and # 2, show n in F ig14 (a) and 4 (b) respec2
t ively, exh ib it d ifferences. U sing tw o Gau ssian funct ion s w ith variab le po sit ion s, w id th s

and in ten sit ies, the O 1s peak s w ere fit ted, after deduct ion of the background, by tw o peak s

loca ted around 532eV and 530eV , referred to as O É and O Ê respect ively.

In2O 3 exh ib its the cub ic b ixbyite st ructu re. It show s a fluo rite2rela ted superst ructu re

w here one2fou rth of the an ion s are m issing. Each ca t ion ic site can be described as a cube

w here tw o an ion sites are em p ty a t oppo site vert ices fo r b sites and along one diagonal of a

face fo r d sites[ 16 ]. A s a con sequence, the oxygen an ion s can be classif ied in to tw o cate2
go ries: near and aw ay from the structu ra l oxygen vacancies ( referred to as O É and O Ê , re2
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F IG14　O 1s XPS spectra of ITO th in film s

(a) ITO # 1; (b) ITO # 2.

spect ively). T he ra t io of O É öO Ê is 2∶1. In com parison w ith tho se in O Ê , the ou ter2layer

electron s in O É are m o re strongly a t t racted by the su rrounding ca t ion s, and have less

screen ing effect to the inner2layer electron s. So the b ind ing energ ies of O 1s fo r O É shou ld

be h igher than fo r O Ê. T herefo re, the in ten sity of O É peak w ill increase w ith increasing

oxygen deficiency, and the area ra t io of O É öO Ê can be taken as an ind ica to r of oxygen defi2
ciency.

A s ca lcu la ted from F ig14, the area ra t io of O É öO Ê is 211∶1 fo r ITO # 2, w h ile 315

∶1 fo r ITO # 1. C learly, oxygen deficiency in ITO # 1 is h igher than tha t in ITO # 2. A t

h igher spu t tering pow er, the part icle eject ion ra te from the target is faster, and m o re oxy2
gen is needed to com pen sa te fo r its con sum p tion. A t the sam e level of oxygen part ia l p res2
su re and to ta l p ressu re, the resu lt w ill na tu ra lly be tha t ITO # 1 has h igher oxygen defi2
ciency, and hence h igher carrier den sity tha t # 2.

4　Conclusion

In th is w o rk, ITO th in film s have been depo sited by R F diode react ively spu t tering

techn ique under d ifferen t spu t tering pow ers a t near room tem pera tu re. It is dem on stra ted

tha t the ITO film , depo sited a t op t im um oxygen part ia l p ressu re and h igher spu t tering

pow er, has h igher crysta l o rder and oxygen deficiency, w h ich resu lts in its low electrica l re2
sist ivity of 1. 76×10- 48 ·cm , m eanw h ile keep ing its visib le in tegra ted tran sm it tance up

to 76. 0%. T he resu lts ind ica te tha t it shou ld be po ssib le to p roduce large area ITO fo r

electroch rom ic w indow s w ith sufficien t ly low sheet resistance coup led w ith h igh visib le

t ran sm it tance.
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