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Highly Conductive, Transparent Films
of Sputtered In. .5n.0,
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ABSTRACT

Highly conductive, transparent films of Inp~.8n.0s—y have been deposited
by d-c diode sputtering with Arv, Qs N», Xe, and Oy-Ar mixtures. Sputtering
targets with different Ins0s/8n0. ratios were utilized and the best resulls
were oblained with pure Ar or Xe gas and targets containing 9-13 mole per
cent {m/o} Sn0s The lowest film resistivity achieved was 1.77 X 10~ chm~em,
but routine films had resistivity values of about 3 X 194 ohm-cm. The use of
a very lew sputtering gas throughput (10-2-10~1 Torr liter/sec) was foung to
be necessary to develop films with a slight oxygen deficiency, Targets differing
in density (porosity} differ in their susceptibility to reduction so that sput-
tering conditions depend. on target density. The films have excellent ad-
hrerence and will tolefle clesning, heating, polishing, and bonding without
failure, They may be etched in heated acids with standard photoresist tech-
niques used to define electrode geometry. Exposure of the flms to temperalures
of 500°C in air will cause an approximate factor of 3 increase in resistance at

room temperature. Sputtered films wi

th sheet resistance of 1.6 ohms/square,

73% Hght transmission, and 14% reflection at 5060 nm have been obtained. Suit-~
able antireflection coated films of 5-7 ohms/square possessing over 97% light

transmission appear feasible,

We wish to describe deposition techniques for and
film properties of Ins- wnOa—y (ITO), a substitutional
alloy oxide system with oxygen vacancies. Because of
their low visible light attenuation, high electrical
conductivity, stability, and good adherence sputfer de-
posited films of ITO are expected to find wide applica-
tion in electrooptic device technology.

Transparent, conductive films have generally been
obtained by vapor deposition of thin metal flms or by
use of wvapor reacted films of Sb-doped Sa0: (1).
Recently, characteristics of films of Ins0Oy (2, 3), Sn in-~
corpoeratad in IngCs (4, 5}, 3n0, (3, 6), and Sb incor-
porated in BnO; (7), deposited by sputtering have
been described.

In the sputiered pure oxides the reported resistivity
al room temperature is approximately 10—2 chm-cm
after vacuum or other reducing, annealing trestment.
Unless severe reduction has taken place, the oxide
films display a high light transmission in the visible.
Incorporation of donors such as Sb in SnQ; and Sn in
In:0; yields higher conductivity without the optical
absorption caused by excessive reduction. Vossen (5)
has recently reported the deposition of films of ITO
by rf sputtering using targets of 20 m/c 8n0s: Inp0s.
Resistivity values of 8.25 % 10~% gchm-cm and optical
properties similar to those reported here were obtained,

The films described here have been utilized in dis-
play devices such as ferroeleciric ceramic light valves
(8), Hauld crystal light valves {9), and electrooptic

.pelarization switches (18).

Sputtering Procedure
Some attempts were made to deposit IngO; Aims by
d-c diode, reactive sputtering of In and In-Sn alloys
with mixtures of Ar-O; However, these films were
deposited at very low rates with excessive substrate

Key words: transparent slecirode indium-tin exide, sputtered

sheet conductors.

heating and the films had {0 be reduced by subsequent
heat-treatment in nitrogen. Much more satisfactory

films were achieved dirvectly by d-c spuitering from )

IneQ; and Inp03-5n0s, hot-pressed ceramic targets.t
Three target sizes were utilized, 4.45 cm, 12.% cm, and
228 cm diameters with most of the fiims deseribed
here sputtered from the 12,7 em targets. A potential
difference of 4-5 kV was used with an approximate
current density of 1 mA/em? for the small targets and
0.5 mA/em? for the large targets. The iarget-to-sub-
strate spacing varied from 5 to 7.5 ecm. A thermocouple
gauge was used fo indicate chamber pressure and
26 x 1078 Torr was the average pressure indicated
during film deposition. Both the target and substrate
holder were water-cooled. The subsirates were boro-
silicate glass slides, Corning 7059 glass slides or vitre~
ous. silica slides. No attempt was made to thermally
lock the substrates to the water-cocled holder.

The best films of ITO are obtained with a controlled
throughput of gas. A 4 in. oil diffusion pump equipped
with a liquid nitrogen irap was used to pump on the
chamber, an 18 in. glass cylinder of either 20 or 50
Liter volume. Most of the films to be discussed here
were deposited without liguid Ny in the trap since
early in the investigation film properties did not ap-
pear to be dependent on ¢ooling the trap, The chamber
was eguipped with an aluminum shutier that was
placed between the target and substraie during pump-
down and predeposition sputiering. Initially, the
chamber was pumped to 10~¢ Torr and then the pump-
ing system was throtiled to maintain the admitted
sputfering gas af approximately 20 x 19-% Torr, This
usually corresponded to a very low gas throughput

1 Targefs were obfained from tweo sources: (i} Haselden Company.
San Jose, California (this company supplied the IngQ:s target andg
the high density 9 m/o SnOineD; targets), and (if) Materials Re-

search Corporation, Orangeburg, New York {(this company supplied
all other targets),
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rate of ~1072 Torr liter/sec but many films were de-
posited at throughput rates of ~10-1 Torr liter/sec.

The sputtering gases used wers O, Np, Ar, Xe, and
gas mixtures such as Ar-O; and 0g-Nu No purifica-
tion of the gsses was aitempted., Generaily, the best
fitn properties were obtained with pure Ar or pure

Ke, howsever, the cost of using Xe may outweigh its

advantage of higher deposition rate than Ar. Details
of the influence of the sputiering gas will be considered
in the discussion of film properties.

Initially in the investigation only porous targets were
used and a target conditioning procedure was followed
when pure inert gases were to be used fo deposit test
films. The procedure consisted of sputtering with a
gas mixture of 80% O and 20% Ar for as long as 1.5
hr, subseguently, sputtering could be carried out using
Ar or Xe. After such an oxidizing ireaiment the
porous farget could be operated fer more than § hr
of secumulated sputtering time with pure Ar at low
throughput rates with no apparent film deterioration.
Prolonged sputfering in a pure inert gas resulied in
£lms with a dark appearance showing that excessive
reduction had occurred. With Ar or Xe the porous
target would siowly acquire a dark appearance which
was ascribed to a reduction of the surface. The dark-
ening disappeared after spultering with the Os-Ar
mixture.

Later in the Iinvestigation deposition procedures
were modified so that porous targets could be uged,
without the Op-Ar preoxidation, The procedure con-
sisted of sputtering with Ar only and to begin film
depositionn on the subsirates afier only 4-10 min of
sputtering with the shutier between target, and sub-
strate. Without the Os-Ar oxidation apparently suffi-
cient O was adsorbed from the laboratory atmosphere
when the systerm was open, 10 permit fim deposition
for 30 min.

The dense targets were used in a similar manner
with pure Ar except that predeposition spuitering with
the shutter in place was of 3-8 min duration and actual
singie deposition times could exceed 2 hr duration.

Deposition rates of ~1 pm/hr were routinely ob-
tained with Ar. ‘The highest rates (2.5 um/hr) were
cbtained with Xe and the lowest rates (~0 5 pm/hr)
with Og and the Oz-Np mixtures.

Physical Properties of the Films

Fitm structure.—The structure of bulk InQs is bee
(11}, X-ray diffraction by the ITO films deposited dur-
ing this investigation revealed a similar structure. A
sirong fiber texture was also detected with the [111]
direction normal to the substrate. This preferred align-
ment of the {1111 direction has been reported for pure
IngOy films (3) deposited by sputtering. However,

SPUTTERED Inz-oBnaOs-y 1388

Vossen {3) has reported a [100] direction normal o
the substrate for TTO. The different orientation may
be due o differences in deposition paramelers such
as substrate temperature,

The preferred orientation of these films may be

_ better appreciated by studying the scanning eleciron
“micrographs made of iwo representative samples. In

Fig. 1, a film approximstely 2 pm thick deposited by
sputtering with an Ar-Os mixzture is shown at two
magnifications, the apparent viewing angle is 45°. The
lower magnification shows a uniform crystaliite gize
for the-sputiersd layer buf considerable surface rough-
ness, At higher magnification, the prejections appear
as high as 0.5 wm and are gbout 0.3 wm wide, Tt should
e noted that a Al such as described hers will scatter
light and can supply enocugh friction that the film side
of the subsirate plate can be discerned by iight rub-
bing with a finger.

A film approximately 1.3 s thick deposited by sput-
tering with Ar is shown in Fig. 2 at the same magni-
fications as in Fig. 1. In the micrograph obtained at
the lower magnification a uniform erystallile size is
also observed for this film. At higher rsgnification,
however, the crystallites of this film appearsd fo pro-~
ject only as high as 0.25 um and are aboul 0158 um
wide. The two films depicted in Fig. 1 and 2 alsc dif-
fered strongly in their iight scatiering properties with
the film of Fig. 1 scattering more. In the visible region
of the spectrum these films behave as dielpcirics, and
the increased light scatiering is relaled {o crysiallite
size and the height of projection.

Where DECESSATY, azdeguate polishing has been
effected by the use of either 0.05 or 0.3 um grain size
alumina and a soft cloth. To remove all scratches pro-
diuced by the alumina grit the films have then been
polished with a combination chemical-mechanical
polish.? Films polished with this two-step process have
appeared smooth when viewed in a scanning elecivon
microscope.

One general observation should be noled: smaller
crystailites with lower projections are obiained if
higher power is used in the plasma {eg., 0.7 mA or
greater per cm? of target at 5 kV). The ITO films. de-
scribed here have been deposited on thermally stable
substrates which tolerate high plasma powers. How-
ever, more delicate substrates such as single-crysial,
single-domain BaTiO; and thin ferroeleciric ceramic
plates have also been used. Slower deposition on these
substrates resulis in slightly larger ITO. crystallites
with some increase in light scaitering evident, espe- .
cially when porous targets are used.

2 Sylon HT-30, Monsante Company, St Louis, Missouri.

Fig. 1. Scansing electron micrographs of an Ing—.5n,0a—y film sputtered from on Ine03-% m/o 5n0g toeget with en Ar-Op gas
mixture. The apparent viewing angle is 45°.
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Fig. 2. Scunning electron micrographs of en Ing.. 500y film sputtered with Ar only from an Ing03-9 mfo 5aly torget.
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Fig. 3. Transmission characteristics from 300 to 2500 nm of an
Ing 350,03~y film on vitreous silico sputtered from an IneQ3-9
mfo $nQy target.

Optical properties—Films of ITO sputtered with Ar
are highly transparent in the visible as may be seen in
the plot of per cent transmission vs, wavelength shown
in Fig. 3. The data plotied in Fig. 3 were obiained from
a 0.5 zm thick film spuiterd with Ar from an InyQs-8
m/o SnQO; target. A vitrecus silica substrate 0.5 mm
thick was used. The structure of this film is similar
to that depicted in' Fig. 2. The reflection data for this
fiim obtained at an angle of incidence of 14°, are shown
for a similar spectral range in Fig. 4. Both the trans-
mission and refleciion data are accurate to within 1%
and show channel specirum fringes. Assuming negli-
gible light absorption the reflectance maxima occurring
near 480 and 620 nm vyield refractive index vaiues of
2.03 and 195, respectively, which are in good agreement
with the index values measured by Miiller {2) for pure
InsOy films. Transmission fringes have been used to
obtain the values of film thickness, d, shown in Table

1. Fringes near 500 nm in wavelength have been used
with a refractive index of 2.0. From the data presented
in Fig. 3 and 4, it is evident that the light absorbed or
scattered by the ITO film is about 2% of the incident
near 500 nm and that the major cause of {ransmission
loss is refliection. It is clear that suitable antireflection
coatings and substrates would permit in excess of 07%
of the light to be transmitted within a given spectral
region near 500 nm wavelength for such ITQ fitma. The
film: described here has a sheet resistance of approxi-
mately 7 ohms/square. Films with similar optical
characteristics have been deposited with even lower
sheet resistances {approximately b ohms/square}.

The achievement of the lowest possible resistivity is
of practical significance in that it provides some free-
dom in selecting the film thickness while still main-
taining satisfactorily low sheet resistance, ¥or example,
thin films have very broad interference fransrmission
maxima and the use of low resistivity films permiis
useful sheet resistance to be obtained with maximum
transmission (~80%) over a band of wavelengths.

A potentially useful characteristic of these sputtered
films is their high refleetivity in the infrared. Trans-
mission data obfained through film and subsirate and
reflection data are shown out to 15 um in Fig. 5. The
sampie used for these measurements was the same as
that used for obtaining the data of Fig. 3 and 4. For
comparison the reflection data obtained for the vitreous
silica substrate are also included in Fig. 5. The irans-
mission is essentially zere over the entire infrared
spectrum scanned, The infrared mirror properiies are
evident in the reflection data from the film surface
sinece none of the characteristics of underlying viireous
gilica reflection was detected. )

Carrier conceniration can be related by a simple
theory to the wavelength corresponding to minimum
reflectivily which occurs before the onset of constant
high refiectivity at longer wavelengths (12), Calcula-

Table L
Figure of
Nomina)l target Sputtering R d % T {ai (1o~ merit
composition gas, conditions {ehm/square) (pm} 500 nm) ngm-cm) (% T/R)
InzCs . Ar 28.8 0.500 ki 13.4 2.87
Ins0a + 9 m/o SnOy Oa 285.0 0.262 Bi 74.5 0.284
IOz + 8 mfo Sndy O 8.14 6,755 87 8,15 10.7
(then reduced
- in N= at 300°C}
IngQs + 8 m/o SnOs 0o/ Ar {10/90} 13.2 102 33 12.8 8.80
In:Cs + 9 mso Bals Ny 69.4 9.223 a8 15.3 .24
IneCa + 8 m/o Snlhe Ar 323 0.840 70 292 21,7
Iny0a + $ m/so Sny He 3.21 8,770 73 2.4% 24.6
InsQs + 2 m/o Snth Ar 3.10 0.573 83 L7 26.8
(T > 500°C
substrate)
En0q Ar 9 x 104 0,335 78 3.02 x ig 6.68 x 10—+
 BrOs + 7m/o SbyCp Ar 350.0 0,990 o4 540.0 9,118
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tions based on the wavelength for this minimum re-
flectivity of an ITQ film have yielded a carrier concen-
tration that agreed well with a value based on Hall
measurements. Since not all the ITO films of this in-
vestigation have been measured for both reflectance
and transmittance, the iransmission at 1.5 am was
chosen arbitrarily as a rough indication of carrier con-
centration. For empirical purposes of film evaluation,
a roughly linear relation over a limited range of film
resistivity and transmission at & = 1.5 um was found;
10% transmission for p == 3.5 ¥ 10~¢ ¢hm-cm and 7%
transmission for p == 13 X 10—¢ chm-cm. The ITO films
compared were sputter deposited from a single 9 m/fe
SnOgp: InaO3 target.

It was found that films deposited using gas mix-
tures, such as O3-Ns, Oa-Ar, or Op-Np-Ar, scatiered
light much more than films deposited using a single
gas. This scattering could be observed even in films
less-than 1 xm thick by placing the coated substrate
piate edge-on in an intense light beam. The path of
the light beam was clearly revealed by scattering. The
scattering iz related to the larger more proirudant
crystaliites formed more readily at the lower film dep-
osition rates obtained with the gas mixtures.

Electrical properties.—The properties of a number of
representative films are listed in Table I The re-
sistivity values were obtained from bridge measure-
ments of sheet resistance and thickness values ob-
tained from transmission channel spectra. These re-
sults are representative of resistivity values obtained
directly from the sputtering process and involve no
post-deposition annealing except where specifically
indicated, A film approximately 1.5 um thick deposited
by sputtering with Ar and a 9 m/o 8n02:Inx0y target
was measured by the van der Pauw technigue {13}
and the parameters obiained were; resistivity, p =
3 x 10—% ohm-cm; carrier density, n = 86 x 10%
cm—%; Hall mobility, xg = 24 em?2/V-sec,

Since the goal is to obtain stable films with the low-
est sheet resistance and highest optical transparency,
a figure of merit for the films has been obiained by
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dividing per cent light transmitted at 500 nm {obtained
from an average itransmission curve drawn through
the fringes over the range 450-550 nm) by the sheet
resistance of the film. The figure of meril has units of
[{per cent transmission} - {sguare/chm)]. For brevily,
these units will be dropped and the fligure of merit
will be cited as a number.

Factors Determining Film Characteristics

Target composition.—Incorporation of substitutional
Sn into the IngC; crystal structure yields donor cen-
ters; consequently, the Sn content of the target in-
fluences the resistivity of the sputtered films, Targets
were obtained which ranged in composition from In:QOp
1o Sn0s with a series of the mixed oxides varying from
2 ¢0 28 m/o 8SnO: in Tng0s.

In order to evaluzte the influence of target composi-
tion on film properties, a standard procedure was de-
veloped for putiing a target inio service. The targel
to be tested was first oxidized in Ar-Oy by sputtering
for 30 min. Three distinet sputter depositions were then
made using Ar only and resistivily values were ob~-
tained from the third deposition, Argon throughout
was maintained at approximately 0.01 Torr liter/sec
and ail other parameters were maintained constant
during the series of depositions.

Comparison of the film resistivities on the basis of
nominal farget compoesition yielded a discrepancy for
Bims deposited using a target containing 7 m/o 8n0s.
As a result, a count ratio of Sn/In obtained from x-~ray
fuorescence of the actual films was used for a relative
8n content value. Since all films were about $.4 um
thick it was assumed that this analysis would be valid
for a relative comparison. Some of the targets had a
speckled appearance and some segregation of the
oxides during the target fabrication could have oc-
curred which would cause a disciepancy between the
nominal target composition and actual film composi-
tion. Incorporation of impurities such as Sb, Pb, T4, or
Bi in a target could also increase the film resistivity
{5) and cause some of the scaiter in Fig, 6.

A plot of sputter deposited film resistivity wvs, the
x-ray measured Sn/In ratio is shown in Fig. & for
targets containing from 9 te 23 m/¢ 3n0,. Small vari-
ations in oxygen vacancy content could account for the
scatter of the points. Lowest resistivity flms occur for
Sn/In ratios from 0.18 tc 0.28, These low resistivity
films were deposited using targeis containing 9, 11, and
13 m/o SnQs Vossen (5) obtained minimum resistivity
from targets containing 20 m/c SnQO: while the present
investigation yielded minimum resistivity in films ob-
tained from targets containing abowt 10 m/o SnOz. The
discrepancy in optimal target composition may be
aseribed to differences in film deposition conditions.

14
S(0)

O 12.7 cm TARGET
1 4.45cm TARGET

RESISTIVITY (107 % srom}

sy gy (23
{113 a

% PN TUUN U S NS Y SO W G TN SOVUN WU WG S U S W WY o
0 004 008 2 Qi G20 Q24 028 (32 038 040
Sa/In  RATIO

Fig. 6. Resistivity of IngOg films containing vorying smounts of
SnOyz pletted as o function of the Sn/in rotic measured by x-ray
fluorescence, The numbers in parentheses indicate nomina! 5aQ:
mfo content of the rargets used.



For the fitms, no significant lght absorption was mea-
sured and only the reflection loss fimited {ransmission.
Not shown in ¥Fig. § is the resistivity representative of
the Snls target. Under similar sputiering conditions,
the BnQ: ifarget yielded fiims with » values of 9.1
shir-Con 1o re then 10 chm-cm.

‘Cne point cencernming the dats Yig. § should also
¢ grie, Note that the effect of adding even an aptimal
ni of B to the "'uua film is nniy to decrease the
stivity by 2n approximate faciar of 4 from that ob-
=d frow 2 target conteining oqdy Inp0s. The data
shown in Tabie I and Fig. € infueeate that film resistic-

; is mors censiiive fo *he oxyzen vacancey conteni
t is o the 3n content For exemple, the L0 fiim
ited by sputiering with O: gos and 2 9 m/o SnDg
}p target yielded a resiszivity reore than » factor
4 greater than that of the film obtained by sputier-
Ar and the ;05 targst. Further, sputtering with
gas and 2 § m/o Sndy IngQ; terget and then re-
ng the film in Ny 21 300°C vielded a resistivity
only a factor of 2 greater than that cbtained for flms
depesited from the same targel using Ar. These resulis
indicate that the same target may vield vastly different
resistivities depending on the extent to which oxygen
vacancies are incorporated into the deposited flms.

For comparison, in addition to the films of SnOa—,,
filas of 8n;-.8h0p—y were also deposited using the
same spuitering parameters as this series of ITO films.
The results for two representative films are included
in Table I The Sn-based films show higher resistivity
and lower light transmission when deposited by the
same methods as the ITC films. As in the case of ITO
filros, the resistivity of the Sn-based films was pri-
mariiy dependent on oxygen deficiency. Further oxy-
gen defieiency would have {0 be incorporated to lower
the Sn-based film resistivity {o vahies comparable fo
those for the In~based Blms,

Target density.—--Most of the sputier deposition of
73 was carried but using targets with 70-80% of solid
density. However, two tfargets with over 80% solid
density were acquired and the films deposited with
these targets differed from those obtained from the less
dense targets. All the fargets used in a comparison of
films from porous and dense sources were nominal 9
m/o Sn0::In0s. Generally, less light scattering was
observed in ITO films obtained from the dense fargets.
Also, single long duration sputter depositions resulted
in dark {more reduced) fillnz when porous targets
were used and much lighter films when dense targets
were uszd,

Porous targets.—A geries of films was deposited using a
12.5 cm diameter target. Prior to each deposition the
target was conditioned by spuitering with an Ar-Os
mixture for 10 min The duration of the film deposition
for each test flm was 30 min, Only Ar gas was ad-
mitted during sach deposition period. Fower was keﬂt
at ZT5W and snamﬂg fixed at approximatelv T om.
variable for the daposition series was Ar through
The results of varying the Ar thro: 1gb 11 and Sput-w
ng from a porous ‘ar‘-ﬁ,et are shown in Fig, 7-14

g. 7, ghestl resisience is nlotted wvs throughpul, and
it mey be seu-n that shset resistance varied by more
than a factor 21 § over the series. Film thickness veried
by more than a factor of § over the series, Fiim thick-
ness varied by more than a factor of 2 (Fig. 8) with
higher rates of deposition cccurring at greater through-
put of Ar. Resistivity vs. throughput is shown in Fig. 8
where an approximaie factor of 4 decrease is shown
over the range of throughput. From Fig. 9, it may be
seen that increasing the throughput of the Ar should
yield lower film resistivity. For the sputtering condi-
tions used in this series of depositions such increases
of Ar throughput would also yield more light absorp~
tion. A figure sf merit was caleulated for each film
but because transmission wag limited only by refiection
for this series of films, the figure of merit was simply
the inverse of the sheet resistance values of Fig. 7.
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The resuits obtained with a porous target and Ar
throughput variation can be interpreted in terms of
oxygen removal by an increasing fow of Az thmugh
the sputtering ehamber. At high throughput, the in-
ereaged Oir "}ow may scaiter more Oy from the region
= target and substrate, thus f-omnbmmg {o
7y in the depuosited film, Similarly, with
e A; {.n.n sent between the target and substrate,
e gputtering is more efficient and the rate of deposi~
tion will be increased. In the case of porous iargets
additional oxygen loss is atiributed to poor heat trans-
fer through the target which causes the surface of the
porous target to operate at a higher effective texnpera-
ture than a dense target. Some of these hypotheses
have been investigated in experiments with porous and
dense targels.

A 7059 slide with Au-Cr electrodes defining a clear
sguare in the center of the slide was used to show that
continual reduction occurs during deposition, Leads
were attached to the metal electrodes and sheet re-
sistance was measured at intervals during the deposi-
tion. A 22.5 ¢m diameter target was used and the
throughput of Ar was 0.01 Torr liter/sec. The target
was not cenditioned by sputiering with Ar-O, Pre-
deposition sputtering against a shutter was performed
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for 10 min. Resistance was measured after approxi-
mately § min of sputtering. From previous resulis the
deposition rate of the filin was assumed to be approxi-
mately constant. Resistance of the square film area
was measured dirscily and the produst of resistance
times elapsed deposition time (Rt} was assumed fo be
proportional to the bulk resistivity of the film. A plot
of Bt »s. ¢ is shown in Fig. 10 where a decrease of over
78% in the value of the product oceurs for the total
deposition period. This is interpreted in terms of con-
tinuous outgassing of the target and an increase in the
state of reduction of the film as sputtering proceeds. A
break in the curve is due tg readsorption of air when
the system was vented to the afmosphere and operated
for 30 sec with the shutter masking the substrate. The
film layer deposited after the brief exposure to the
atmosphere shows a different rate of change of re-
sistivity as the target outgasses. For sputter depositions
of I hr with this particular target the films were
strongly reduced and darker in appearanc: than films
deposited for the same total time with a brief inter-
ruption to introduce oxygen after 20 min of sputtering.

Dense targets—Two dense fargets 12.5 om in diameter
were acquired and similar ITO films were obiained
from them,

A series of films was deposited using one of the dense
targets. Argon throughput was approximately 0.1 Torr
liter/sec and power in the discharge was 275W. Pre-
deposition sputtering was performed for 10 min with
the shutter in place, and Ar-O; sputtering was not used
to condition the targel. The films were deposited by
continuous spuitering without interruption for re-
admission of air. From the linear relation of Glm thick-
ness and deposition time (Fig. 11) the deposition rate
appears to be constant. Sheet resistance vs. time is
plotted in Fig. 12 and figure of merit vs. time in Fig. 13.
From a plot of In I/I, vs. thickness, a value for the
absorption constant at 500 nm was obtained, a ~ 108
em~! (0.4 dB/um). .

The resistivity of these films varied from 4.3 x 10-4
to 29 X 10¢ ghm-em for the shortest and longest
sputtering times respectively. This change in resistivity
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is considerably less than the change in Rt {(Fig. 10) dis-
played by the fiim obtained from a porous target and
is attributed to a lower rate of oxvgen loss by the dense
target, From the assumption of constant resistivity of
3 x 10-% chm-em and optical absorption of 103 em—1, a
maximum figure of merit of 84 should be obtained in
a film 7 qm thick from the dense targes.

In summary, the differences that are observed be-
tween ITO filmg obtained by sputtering with Ar from
dense or porous fargeis are: (i) Dense targets yield a
smaller gradient in the state of reduction through the
film thickness and hence a smaller gradient in resistiv-
ity. (it} Dense targets do noti appear to be as sensitive
te Ar throughput. (iii) Single depositions resulting in
thick ITO films without excessive light absorption are
more easily performed with dense targets. (iv) IO
films obtained from porous targets tend to scatter light
more than films obtained from dense targets.
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The gradient in resistivity through the film thickness
may be minimized by increasing the predeposition

- sputtering with a shutter in place. However, the char-

acteristics of a given target may require that different
sputtering procedures be followed than those described
for the porous and dense iargets of this investigation.

Thermal effects (target and substrate) —Thermal
effects are evident at both the subsirate and the target.
Preliminary results have shown that bonding a sub-
strate 1o the water-cocled holder increases the film re-~
sistivity by more than a factor of 102, This higher re-
sistance is attributed to a lower concentration of oxy-
gen vacancies, Generally, the higher the substrate tem-
perature, the lower the film resistivily. An example of
a film deposited on a substrate above 500°C is. given in
Table 1. A film resistivity of 1.77 x 10~¢ ohm-cm was
obtained. Normal subsirate {emperature was about
420°C during film deposition.

Target surface temperature effecis have been varied
by operating a porous target at the same power con-
tinuously and intermittently with a 50% duty eycle
and an on time of 30 sec. The modulation was accom-
plished by on-off switching the d-¢ potential applied to
the target. For the same total elapsed sputtering times
the films deposited continucusly had approximately
half the resistivity of films deposited with the inter-
mittent plasma. Both target and substrate temperatures
are lower in intermitient operation of the plasma, and
more oxygen will be retained by the target surface and
more wili be accepted by the growing film.

Applications

Films of ITO deposited by sputtering from 9 m/o
Sn0q:Ing0y targets have been used for a variety of
applications. The majority of films deposited on 7058
slides have been used as conductive substrates for
sputter-deposited CdS films (14), allowing the CdS
films fo be tested through the ITO layer which acts as
an ohmic coniact. The ITQ-CdS interface has ex-
hibited excellent adherence and CdS films cver 20
rm have been deposited without adherence failure.
Many films have been deposited on light valve devices,
such as the strain-biased ferroelectric ceramic (ferpic)
(8), and the ITO has not suffered adherence failure
even though strained to more than 10-3 in tension, In
the same device, a layer of photoconductive CdS is
coated with ITO and adherence failures at this surface
have occurred only when the surface of the CdS has
been contaminated with diffusion pump vapor. Some
films have alsc been utilized in liquid crystal light
valve devices. A variely of heater requirements have
been satisfled, such as a hot stage for a microscope
and a substrate heater for CdS film deposition. The
substrate heaters have operated at temperatures as
high as 350°C in & sputtering chamber with less than
3% change in the room temperature resistance. Sub-
sirate heaters of 3 ohm/square sheet resistance have
operated at 250°C for over 300 hr in a sputiering cham-
ber without change or failure. At room temperature, no
measurable changes in sheet resistance have accyrred
in specimens exposed to the laboratory ambient for
2 years.

The ITO films described here would appear to be

‘ideally suited to longitudinal electrooptic devices such

as optical polarization switches used in digital light
deflecter systems. Low optical loss and a low resistivity
for high switching speeds and minimal thermally in-
duced refractive index gradienis are obvious advan-
tages.

For electrooptic device applications where trans-
parent electrodes of a specific geometry are required,
the difficulties associated with sputter-deposition
through & mask may be avoided by etching. Various
heated acids such as sulfurie, chromie, phospharic, or
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mixtures of hydrochloric and acetic acids have been
used. A most satisfactory etchant has been oxalic acid
in 0.1 molar conceniration, which at 50°C, etched ITO
films through photoresist defined patterns {15). Pat-
tern definition below 10 wm has been achieved.

Conclusions

Directly usable, highly conductive transparent fiims
of ITC have been deposited by a d-c diode sputtering
process. Use of pure Ar or Xe as the spuitering gas
vields low resistivity material, bui the use of only
inert gas regquires low throughput rates to avoid ex-
cessive reduction of the flm and target. Lowest re-
sistivity films have heen obtained for IngOs targets
containing from 9 to i3 m/0 of Sn(; Target density is
important in that more reduced films are obiained
from a porous target under a given set of sputtering
conditions and conditions must be optimized for an in-
dividual target, (GGenerally, high density fargels are
superior. With suitable antireflection coatings, it is
feasible to obtain films with sheet resistances of only a
few ohms per square and opiical transmission in excess
of 83% in regions of the visible spectrum. Due io the
excellent adherence and to the desirable optical and
electrical properties of the ITO films, application has
been found in the strain-biased ferpic, liguid crysial
light wvalves, and as substrates for testing photocon-
ductive films.
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