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Effects of Sputter ing Power on Structural, Electr ical and
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Abstract Indium tin oxide (ITO) thin film swere deposited on a RF diode sputtering system
under different sputtering voltages and optimized puttering anbient, i e optimized Ozpartial
pressure and total pressureof OzandA r. Themorphology, structure and oxygen deficiency of
the ITO fims were studied using atomic force microscopy (APM ), X-ray diffractogram
(XRD) and X-ray photoelectron spectrosoopy (XPS), respectively A s indicated by the results,
the film s deposited under higher sputtering voltage show ed higher crystal order and larger oxy-
gen deficiency. Theoptmizationwork has led to the production of ITO film sw ith a resistivity
aslow asl 76x 10 *Q- an, an integrated luminous transnittanceof 76 0% and an integrated
lar trangnittanceof 52 5% w ith no substrate heating or post-deposition annealing
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1 Introduction

Indium tin oxide, commonly referred to as ITO, isaw ide band gap, degenerate n-type

samiconductor. In the form of thin film, it hasw ide applications in optics and optoelectron-

[5]

ics!, such asflat panel diplays®®, heatmirrors®, and heterojunction solar cells®, etc

High electrical conductivity and high trangarency of thismaterial in the visible gpectrum
range have been the focus of research throughout theworld

A variety of techniques have been used to deposit ITO thin films, such as gutter-

inqlS 6l (71

ing'>®, electron beam evaporation'”’, VD' and gray pyrolysis®, etc Among them, sput-

tering technology isfavored ow ing to the possibility of largely mproving its deposition rate

|[10]

up to industrial leve D eposition parameters influencing the electrical and optical prop-
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ertiesof ITO thin film s have been extensively studied'"!,w hich include In/Sn ratio, incident
angle, substrate tenperature, deposition rate, total pressure, Oz partial pressure and anneal-
ing conditions, etc How ever, fev studieson the effectsof guttering pow er have been re-
ported™.

M odern applications employing ITO thin film s use often substratesw ith low themal
stability™. For exanple,w hen acting as the antireflecting layersof olar cellsor the trans-
parent conducting layersof electrochromicw indow s, ITO thin film s should not be deposit-
ed under tamperatures  high that the performances of thew hole devicesw ill be low ered
or even disgppear. The application background of thiswork is acting as the trangarent
conducting layers of electrochromicwindow s, and 0 we chose to deposit the ITO thin
filmsw ith no substrate heating or post-deposition annealing In thispaper, two kinds of
samples, representative of wo typical outtering pow er densities regpectively,w ere investi-
gated and the resultsw ere discussed

2 Expermental

ITO thin film swere prepared by using a 450D RF diode uttering systen. Reactive
Puttering took place from a sintered target (90wt % InX0s-10nt % SnO2and 10an in di-
aneter) in an optimized plasna containing A r (99.99%) and O2 (99.99%) under different
gutteringpowers The guttering pow er w as adjusted by applied voltages, and two sam-
ples, denoted below as# 1and # 2 repectively,w ere deposited under two typical voltages
The atmoghere pressurew asmaintained by gas inlet via a needle valve T he distance be-
tw een the target and the substratew as 9an. T he substratesw ere placed on aw ater-cooled
platform. Before deposition, the targetw aspreguttered for 25min M icroscope slidesw ere
used as substrates for electrical and optical measuranents, w hile polished silicon single
crystal (100) was used for atom ic forcemicroscopy (A AM ) analysis

Film thicknessw as detemined by a Talystep profileneter (Rank Taylor Hobson).
Sheet resistance of sanplesw asmeasuredw ith a four-point probe The surfacemorphology
of the film sw as recorded by A AM using aN anoScope III instrument in contact mode The
structure of the film sw as checked out by X-ray diffraction (N ippon Rigaku RA X ra-10).
Optical transnittance and reflectance spectra were measured using a CARY 2390 gec-
trophotometer w ith an integrating phere XPS gectraw ere recorded on aM ICRO LAB
M K II surface analyzerw ith aM g anode, and all pectraw ere calibratedw ith the A u 4f7.
peak at 83. 8eV.

D eposition paraneters and some propertiesof ITO thin fims# 1 and # 2 are detailed
in Table1
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Table 1 Deposition parameter sand propertiesof ITO thin films

Sample #1 #2
Sputtering voltage/A/ 2600 1600
Oz partial pressure/x 0. 13332Pa 3 3

Total pressure/x 133. 32Pa 0.1 0.1
Thickness/mm 440 400
Deposition rate/ (nm- min 1) 17.6 20.0
Resistivity/ (x 10" “Q- am) 1.76 11.4
RM S roughness/nm 6. 569 0.998
M aximum peak-valley distance/mm 50. 634 8. 034
Binding energy for In 3ds//&v 452.2 452.0
Binding energy for In 3ds//&/ 444. 6 444. 4

3 Reaultsand discussion

3.1 Electrical and optical properties

Resistivity P of thin film s can be calculated according to

P= Rad

w here R« is the sheet resistance; d is the thicknessof the film. Resultsare listed in Table
1 It isseen that P of ITO# 2 isnearly one order of magnitude higher than that of # 1

The low est value of resistivity for ITO fims reported in the literature™ is about 2x
10 “Q- an, but substrate heatingw as used during deposition T he resistivity of ITO # 1
isaslow as1.76x 10 ‘Q- an. So it ispossible to reduce the resistivity of ITO films to 2
x 10 Q- am or even low er under proper uttering amohere, epecially proper oxygen
partial pressure,w ith no substrate heating or post-deposition annealing, m eanw hile keeping
aufficiently high visible transn ittance

Spectral characteristicsof ITO filmsin thevisible and solar spectrum range are show n
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FIG 1 Visbleand solar gectral propertiesof ITO thin films
(@ 1Mo #1 (b) ITO# 2

in Fig-1 V isible integrated trangnittances Tvisof ITO # 1 and # 2w ere calculated to be
76.0% and 82.1% regpectively, while slar integrated transnittances T« 52.5% and
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70.2% regectively. For both Tvsand Tw, ITO # 2 ishigher than # 1, but their gpectral
characteristicsdiffer alot A sseen in Fig 1, ITO # 1 hasaplasnaabsrption peak around
1320nm,w hile for ITO # 2, such apeak doesnot gppear, at leastw ithin themeasured pec-
trum range A coording to theD rude theory, wavelengthsfor plasna resonance aborption
decreasew ith increasing free carrier density, and vice versa The above results show that
electron density of ITO # 1 ismuch higher than that of # 2 Fortunately, high reflection
of ITO # loccursin theN IR region, and there is little effect on itsvisible transnittance,
how ever its olar transnittance has been reduced considerably.

3.2 Structural features observed by ARV

Fig.- 2 show stheA FM imagesof ITO # 1and # 2 Judged by their m s roughness and
maximum peak-valley distances, as shown in Table1l, ITO # 2 isfar snoother than # 1
In face, if the scan area for ITO # 2 in Fig- 2 (b) was reduced to 1um?, clear mages could
not be obtained due to the Imited resolution capacity of the instrunent But it can be seen
from Fig- 2 that # 1 ismuch denser than # 2, which can partly explain the controversial
deposition rates reported in Table 1 From Fig. 2, average crystallite sizesw ere estim ated
to be 50 and 40nm for ITO# 1 and # 2 regectively.

For ITO# 1, whichw as deposited under higher souttering pow er, the particles put-
tered out from the target has higher kinetic energy, and higher-energy particles bom bard-
ing the substrates can lead to tenperature ascending, both of w hich are beneficial to crystal
growth In Fig. 2 (a), one can clearly see that the columnar crystallites, numbered around
5 8, grow in betw een the grain boundaries to form larger clusters, resulting in shrinkage
or even disgppearance of grain boundaries A s grain boundaries scatter electrons, thiswiill
largely mprove the electron mobility, and hence reduce the electrical resistivity of ITO#
1

E
&
-

(@ (b)
FIG.2 ARV imagesof ITO thin film s deposited on Si substrates
(@) ITOo# 1, (b) ITO# 2



808 20

3.3 XRD analysis

N early all the diffraction peaks in Fig- 3
can be indexed by assuming the C-type rare-
earth oxide structure (JCPDS card # 6-
0416). The intensity of the highest peak
(400) for # 1 ismuch higher than that for
# 2, which indicates that # 1 has higher de-

za/(> gree of crystal order compared to # 2, in
consistency with the above ARV observa
FIG.3 XRD patternsof ITO thin fims# 1and tions

# 2, deposited on glass substrates For ITO# 1, weak broad peaks accom-
pany w ith the three peaksfor (222), (400) and (622), indicating the existence of mpure
or non-crystalline phases A s an exanple, the peak around the diffraction angle of 33°,
markedw ith® * ', can be attributed to the (320) reflection for the compound In2Sn:20 7 «

(JCPDS # 39-1058).

Contrary to the standard In20s pow der pattern inw hich the strongest peak is (222),
both films# 1 and # 2 show (400) preferred orientation It is reported that the crystalliza-
tion of ITO along (400) plane requires less energy than that required for the crystallization
along (222) plane'™!
netically preferred W e deposited the film s at near room temperature, w hich is expected to
reduce the themal mobility of the adatom son the substrates, and hence the film s are pref-
erentially oriented in < 100> direction
3.4 XPSanalysis

Binding energies for In 3ds2and In 3ds2 in ITO# 1 and # 2 are listed in Table 1, and
are found to be inw ell agreamentw ith literature values*®. N o appreciable difference in the
chamical states of In isobserved between ITO films prepared under different guttering
pow ers The conductivity of ITO isn-type asa result of oxygen vacancies and the presence

(400)

(222 (440)
(211) (411) (622)

Intensity/a. u.

10

Concisely, (222) isthemodynamically preferredw hile (400) iski-

of tin dopantw hich has a higher valence than indium. The extra electronic charge in the
ITO films is trgpped only at oxygen vacancies and Sn centers, and the In 3ds2or In 3ds2
peaks should be insensitive to the loss of oxygen and to the Sn concentration

How ever, O 1sXPS gectraof ITO# 1and # 2, shown in Fig. 4 (a) and 4 (b) repec-
tively, exhibit differences U sing wo Gaussian functionsw ith variable positions, w idths
and intensities, theO 1speaksw ere fitted, after deduction of the background, by two peaks
located around 532eV and 530¢V , referred to asO 1 and O 1 regectively.

In0 s exhibits the cubic bixbyite structure It show s a fluorite-related superstructure
w here one-fourth of the anionsaremissing Each cationic site can be described as a cube
w here wo anion sites are anpty at opposite vertices for b sites and along one diagonal of a
face for d sites’®. A sa consequence, the oxygen anions can be classified into two cate-
gories near and av ay from the structural oxygen vacancies (referred to asO 1 andO n, re-
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FIG.-4 O 1sXPS gectraof ITO thin fims
(@) 1ITO# 1, (b) ITO# 2

ectively). TheratioofO1/01nis2 1 Incomparionwith thoseinO 1, theouter-layer
electrons in O 1 are more strongly attracted by the surrounding cations, and have less
screening effect to the inner-layer electrons So the binding energiesof O 1sforO 1 should
be higher than for On. Therefore, the intensity of O 1 peak will increasew ith increasing
oxygen deficiency, and the area ratio of O 1 /O 1 can be taken as an indicator of oxygen defi-
ciency.
A s calculated from Fig. 4, thearearatioof O1/0uis2.1 1for ITO# 2, while3.5
lfor ITO# 1 Clearly, oxygen deficiency in ITO# 1 ishigher than that in ITO# 2 At
higher sputtering pow er, the particle ejection rate from the target isfaster, and more oxy-
gen is needed to compensate for itsconsumption A t the same level of oxygen partial pres
sure and total pressure, the result will naturally be that ITO# 1 has higher oxygen defi-
ciency, and hence higher carrier density that # 2

4 Conclusion

In thiswork, ITO thin films have been deposited by RF diode reactively guttering
technique under different gouttering pow ers at near room temperature It is demonstrated
that the ITO film, deposited at optimum oxygen partial pressure and higher uttering
pow er, has higher crystal order and oxygen deficiency, w hich resultsin its low electrical re-
sistivity of 1 76x 10 *Q- an, mearnw hile kegping its visible integrated transnittance up
to 76 0%. The results indicate that it should be possible to produce large area ITO for
electrochromic w indow s w ith sufficiently low sheet resistance coupled with high visible
transnittance
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