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High-quality indium—tin—oxidgITO) thin films (200-850 nm have been grown by pulsed laser
deposition(PLD) on glass substrates without a postdeposition annealing treatment. The structural,
electrical, and optical properties of these films have been investigated as a function of target
composition, substrate deposition temperature, background gas pressure, and film thickness. Films
were deposited from various target compositions ranging from 0 to 15 wt % of &m@@ent. The
optimum target composition for high conductivity was 5 wt % $#O5 wt % 1n,O5. Films were
deposited at substrate temperatures ranging from room temperature to 300, @arti@l pressures
ranging from 1 to 100 mTorr. Films were deposited using a KrF excimer [@4& nm, 30 ns full

width at half maximum at a fluence of 2 J/cfn For a 150-nm-thick ITO film grown at room
temperature in an oxygen pressure of 10 mTorr, the resistivity was04 4 () cm and the average
transmission in the visible rangd00—700 nmwas 85%. For a 170-nm-thick ITO film deposited

at 300 °C in 10 mTorr of oxygen, the resistivity wax 20~ * () cm and the average transmission in

the visible range was 92%. The Hall mobility and carrier density for a 150-nm-thick film deposited

at 300 °C were 27 cAV s and 1.4 1071 cm™3, respectively. A reduction in the refractive index for

ITO films can be achieved by raising the electron density in the films, which can be obtained by
increasing the concentration of Sn dopants in the targets and/or increasing deposition temperature.
Atomic force microscopy measurements of these ITO films indicated that their root-mean-square
surface roughness~5 A) was superior to that of commercially available sputter deposited ITO
films (~40 A). The PLD ITO films were used to fabricate organic light-emitting diodes. From these
structures the electroluminescence was measured and an external quantum efficiency of 1.5% was
calculated. ©1999 American Institute of Physids$S0021-897€09)04223-1

I. INTRODUCTION Since ITO films have shown good efficiency for hole
injection into organic materials, they have also been widely
Indium—tin—oxide (ITO) thin films have been studied utilized as the anode contact in organic light-emitting diodes
extensively in the optoelectronic industry because they com(OLEDs).?* There are several deposition techniques used to
bine unique transparent and conducting properties. ITO thigrow ITO thin films including chemical vapor deposition
film is a highly degenerate-type semiconductor which has a (CvD),* magnetron sputtering® evaporatior, and spray
low electrical resistivity of 2—4 10™* Q .cm. The low resis-  pyrolysis® However, these techniques require either a high
tivity value of ITO films is due to a high carrier concentra- sypstrate temperatur®00—500 °G during deposition or a
tion because the Fermi leveEf) is located above the con- postdeposition annealing treatment of the films at high tem-
duction level €c). The degeneracy is caused by bothperature(400-700°G. These high temperature treatments
oxygen vacancies and substitutional tin dopants created dugenerally damage surfaces of both the substrate and the film.
ing film deposition. The carrier concentration of high con- Recently, ITO films have also been grown by pulsed
ductivity ITO films is in the range of #8-10° cm®* Fur-  |aser depositionPLD).2%** PLD provides several advan-
thermore, ITO is a wide band gap semiconductortages compared to other techniques. The composition of
(Eg: 3.5-4.3 eV, which shows high transmission in the fims grown by PLD is quite close to that of the target, even
visible and near-IR regions of the electromagnetic spectruny,, g multicomponent target. PLD films may crystallize at
Due to these unique properties, ITO has been used in a widgyer substrate temperatures relative to other physical vapor
range of applications. For example, ITO films are used agjeposition(PVD) techniques due to the high kinetic energies
transparent electrodes in flat panel displays and solar cell§>1 eV) of the ionized and ejected species in the laser-
surface heaters for automobile windows, camera lenses arﬂi‘oduced plasm¥ Also, the surface of films grown by PLD

mirrors as well as transparent heat reflecting window mateg very smooth, so that ITO films grown by PLD can be used
rial for buildings, lamps, and solar collectdrs. as an anode contact in OLEBs.

In this article, we report a study of the electrical, optical,
dElectronic mail: hskim@ccf.nrl.navy.mil and structural properties of ITO films deposited by PLD on
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— Oxygengas  Highvacuum sure and substrate temperature were optimized to obtain high

; "'{g, quality films of low resistivity and high transparency.
(248 nin) ./ ﬁ The film thickness was measured by a stylus profilome-

-~

ter [Tencor Alpha-Step 290The sheet resistanc®() mea-

e surements were performed using a four-point probe. By as-
T j suming that the thickness of the films was uniform, the film
Target resistivity (p) was determined using the simple relatipn
I
I

=Rs-t, wheret is the film thickness. All sheet resistance and

=
resistivity values were determined as the average of three
i I measurements for each film. Hall mobility and carrier den-
f Q&S“bmm sity measurements were made using the van der Pauw
Quartz method?® at room temperature with a field streng®) of 5
kG. The Hall coefficient R) was measured using the for-
mula, RH_: (10.0Jt)/(| B), whereVis the average tra_nsverse
voltage in[mV], | is the dc current ifmA], andt is the
thickness of the film ifum]. The measured Hall coefficient
FIG. 1. A schematic diagram of the experimental setup. (Ry) was used to calculate the free-electron den@ity of
the films by the equatio\=1/(Ry-e), wheree s the elec-

) » ) tron charge. The measured Hall coefficieR,j was also
glass substrates without a postdeposition anneal. Film propised to determine the Hall mobility,) using the following

erties were measured as a function of target compositione|ation: 41, = Ry, wheree is the conductivity. The optical
substrate deposition temperature, background gas pressufgynsmission and reflectance measurements were made using
and film thickness. Along w_|th this, we present datg on they, yv-visible—near-IR spectrophotometgPerkin—Elmer
performance of OLEDs using these films as their anod§ ympda 9. Refractive indices of the films were determined

{ I —

Raster Window

Window

contact. from the reflectance maxima data using the following rela-
tion: n-d=k-\/4, wheren is the refractive indexd is the
Il. EXPERIMENT film thickness[nml], \ is the wavelengthinm], andk is the

interference order(an odd integer** X-ray diffraction

substrates using PLE?. A schematic diagram of the experi- (XRD) [Rigaku rotating anode x-ray generator with KCa
mental setup is shown in Fig. 1. A KrF excimer |aserr§1d|at|or] was used to gharacten;e the_crystal structure of the
(Lambda Physics LPX 305with a wavelength of 248 nm f|Ims. From an analysis of the diffraction _pattern, we deter-
and pulse duration of 30 ns delivered an energy of 300 mAnined the Iatt|ce parameter,.prefe.rred orientation, and aver-
per pulse. The laser was operated at 10 Hz and was focus@J€ 9rain size of the deposited films. The true peak width
through a 50 cm focal length lens onto a rotating target at 4Bs) corresponding to monochromatic x rays was determined

45° angle of incidence. The energy density of the laser bearly Measuring x-ray peak widths and the peak positions,
at the target surface was maintained at 2 3/chine target- which were analyzed using a peakfit routine with a Gaussian

substrate distance was 4.7 cm. The geometry of this pLdlistribution function. The instrumental broadenirp) was
system produced uniform films over 1.5 gh.5 cm sub- determined by measuring the diffraction peak width of sili-
strate area with a thickness variation of less than 10%. ThEON powder. Thg corrected peak wid®) can be calculated
substrate was attached with a stainless steel mask to a sy the formulaB®=B¢—Bj. The calculated peak widtB)
strate holder, which was heated by two quartz lamps. Th¥/as used to determine the grain sizgusing the formula,

substrate temperature was monitored with a thermocouple 4 0-9\/ (B cosé), whereA is the x-ray wavelength and is
all times. the Bragg diffraction angl& X-ray photoelectron spectros-

The ITO targets were prepared from,@y (purity,  COPY (XPS) [VG Scientific, 220] was used to analyze the

99.999% and SnQ (purity, 99.999% powders [Alfa film composition. chnning ele_ctron microscopﬁﬁﬁ_M)
AESAR]. The powders were mixed in a mechanical shaket-EO-1500 and atomic force microscopyAFM) [Digital
for 1 h, pressed into a 1-in.-diam pellet at 15000 Ib., andnstrument, Dimension 3100 sgr]ewere used to evaluate
then sintered at 1300 °C ff h in air. The substrates were the surface morphology of the films.

cleaned in an ultrasonic cleaner for 10 min with acetone and

then methanol. All substrates were blown dry with dry nitro- |||, RESULTS AND DISCUSSION

gen gas before they were introduced into the deposition sysA Electrical "
tem. During deposition, oxygen background gas was intro- "~ ectrical properties
duced into the chamber to maintain the desired pressure and The electrical properties of ITO films depend on the film
its pressure was monitored with a MKS pressure/flow concomposition and deposition parameters such as substrate
troller (type 250 @ from 0.1 to 100 mTorr. Moreover, during deposition temperature, oxygen pressure, and film thickness.
deposition, the substrate temperature was fixed to the desirédgure 2 shows the typical variation of film resistivity),
temperaturg25—300 °Q. After deposition, for films depos- carrier density(N), and Hall mobility(«) as a function of the

ited at elevated temperature, the films were cooled to roon$nQ, content in the ITO target. The Sp©ontent was varied
temperature at the same oxygen pressure. The oxygen prae-the range from 0 to 15 wt%. In our previous stifdhe

ITO thin films were deposited on glagwicroslide glasp
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FIG. 2. Dependence of resistivity, carrier density, and Hall mobility on
SnG, content for the deposited ITO films. The substrate deposition temperaFIG. 3. X-ray diffraction patterns for ITO films deposited on glass from
ture was kept at 250 °C and the oxygen pressure was 10 mTorr duringargets with different SnOcontents. All films were deposited at 250 °C in
deposition. 10 mTorr of oxygen.

optimal deposition condition&ubstrate deposition tempera- mum SnQ content in the ITO targetfor minimum film re-

ture a_md oxygen pressjréor obtaining high conductivity of sistivity) was 5 wt%. XPS measurements indicated that the
ITO films were 250°C and 10 mTarr. Hence, the above OPgp/1n ratio(~0.048 of ITO films is similar to that(~0.050

timal deposition conditions were used in this research. In th%f the target. Hereafter, the 5 wt% Sp@oped InO; target
case of the “”d"pe‘g ﬂ@{f!m’ the carrieigensity and resis- was used to deposit th;e ITO films described in tﬁis work.
t!wty were 1'5.< 102 cm = and 1.'6< 107 Qcm, respec-. The deposition temperature was found to affect the elec-
tively. The resistivity of the ITO films was observed to ini- trical properties of the ITO films. Figure 4 shows the varia-
. o . 0 .
tially dlecresse Wltg tlﬂcietﬂsmg S@@gnteq: up 5 Wtd/o'.lt}] . tion of resistivity (p), carrier densityN), and Hall mobility
was "’?Sog servet ta te garr;eo/r _?2?' y !tr]clrgase wi . 'rt',u), as a function of deposition temperature for the ITO films
creasing n_@con ent up 1o > wt. This initial increase in deposited in an oxygen pressure of 10 mTorr. The resistivity
carrier density resulted in a decrease in the resistivity as 8f the ITO films decreased from 3®.0-% to 1.9x 10~
result of the glo_npr eIectron; from the Sn d(_)p]érh? H_OV_V' Q) cm as the deposition temperature was increased from 25 to
ever, the resistivity of the films, after reaching a MINIMUM 2550~ The carrier concentration in the ITO films was ob-

o ) . . .
(at5 Wt. A)tr? f 2”9)’ gtradtuallyt mi:geaf;a/d \_/rvgh a fsrthetr """ served to gradually increase as the substrate deposition tem-
crease in the Snfxontent up to 15 wt%. This is due to an erature was increased. This increase in carrier concentration

increase in the cor_10entrat|on of the .e_lectron traps as a I’eSLﬁ,ﬁay be due to an increase in diffusion of Sn atoms from
of excess Sn doping. Above the critical Sn contéstrre-

sponding to about 5 wt % of Sp@ontenj, excess Sn atoms

may occupy interstitial positions and some Sn atoms may S
also form defects such as &h Sn0O,, and SnO, which act —O—Resistivity (9) ]
as carrier traps rather than electron dorfoféie decrease in | --@--Carrier density (N) ] 130
carrier density and increase in resistivity beyond 5 wt% of e Hall mobilty () ) ]
SnGO, content is due to increased disorder of the crystal lat- 4| 1% 425
tice, which causes phonon scattering and ionized impurity
scattering and results in a decrease in mobffityhe Sn ion,
which is surrounded only by kD5, can behave as a donor. ~+
In an over doped state, however, the Sn ion is affected by a g r
second Sn ion due to excess Sn and the interaction of Sn ions %
leads to a suppression in their donor abiltyThis result is

also correlated with the loss of crystallinity in ITO films for L
higher dopant levelé?°(Fig. 3). Manifacier® also suggested |
that for the ITO films with higher doping levels, the increase L L PN o
in resistivity is due to an increase in disorder, which de- ¢ 5 100 150 200 250 300

creases the mobility and free carrier density. This is in agree- Growth temperature (°C)

ment with our results shown in Fig. 2. It was further seen o o _ _ y

flom Fig. 2 that Hall mobily decreased with increasing £1%- 5 Yetalen o esety. carier enst. and b maniy a2 e
SnG,. The decrease in mobility with increase in Sn dopantmtorr of oxygen. The target composition used in these experiments was 5
level was caused by ionized impurity scattering. The opti-wt % SnQ+ 95 wt % In,O;. The film thickness was-200 nm for all films.

T T T T T 25 =35

€
(3]
o

N(10®em™)
uem?v7's™
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TABLE |. Variation of calculated grain size and lattice parameter for the Y —
ITO films grown at different deposition temperatures. All films were depos- —Q— Resistivity (9

ited in 10 mTorr of oxygen using the target with 5 wt % of SnO I --@-- Carrier density (N) s
--- -+~ Hall mobility (1)

: : . : 20 F
Growth temperature Film thickness  Grain size  Lattice parameter 0

(°C) (nm) (nm) A)

-
w
T

25 270x15.5
100 310:14.1 10 10.221%0.0072
200 290-12.8 14 10.22510.0077
300 300£12.0 20 10.23810.0082

[y
(=1
T

2 (107 -cm)

N (10%cm ™)

interstitial locations and grain boundaries into the In cation

sites. Since the Sn atom has a valency of 4 and In is trivalent,

the Sn atoms act as donors in ITO films. Hence, the increase 0 —— 2'0 : 4'0 : 6'0 : 8'0 : 1(')0 -5

in diffusion with the' substrate tempera’gure rgsglt§ in hlgher Oxygen pressure (mTorr)

electron concentration. The decrease in resistivity with in-

crease in deposition temperature can be also explained by tif#G. 6. Variation of resistivity, carrier density, and Hall mobility as a func-

fact that the crystallite size increageﬁgnificamly with in- tion of oxygen deposition pressure for the films grown at 300 °C. The film
. L. thickness was-200 nm for all films.

creasing the deposition temperat(see Table), thus reduc-

ing the grain boundary scattering and increasing conductivity

(s.ee Fig. 3. This deprease n I’ESISII.VIty was _also assoc'at(_adcancies leads to an increase in carrier density and a conse-

with the observed increase in carrier mobility as shown in

. . . . quent increase in conductivity. This relationship is well
Fig. 4. For the films grown at higher deposition temperaturgy, ,rated in Fig. 6. The carrier density of the ITO films

(>300°0, the resistivity was found to increase again. This;, .o oqes from % 107% to 11x 107° cm 3 due to an increase
Increase may be due to corsltzr;(\)mlnatlon of the films l_)y alkalﬁn the number of oxygen vacancies when the oxygen depo-
ions from glass substratés®**and/or by a change in the sition pressure is decreased from 50 to 10 mTorr. Hence, the

i~22,23
Sn/In and O/In ratios’ resistivity of the ITO films decreases with decreasing oxygen

. The OXygen pressure was fiS0 fpund to _affect the elf'lcf)ressure from 50 to 10 mTorr due to an increase in the num-
trical properties of the ITO films. Figure 6 illustrates the

I o . ; ber of oxygen vacancies. However, the resistivity of the ITO
variation of resistivity(p), carrier densityN), and Hall mo-

bili f : ‘ for the ITO fil films increased with a further decrease in the oxygen pres-
lity () as a unpt_lon ot oxygen pressure for t e ims sure(<10 mTorp. This increase in resistivity may be due to
grown at a deposition temperature of 300 °C. It is found tha

Ehe fact that severe oxygen deficiencies may deteriorate the
;he resistivity of the f||;ns resrga;ns 1g'gh 1_|'_8X 10 q glcm crystalline propertiegsee Fig. 7 and consequently reduce
Of OXygen pressures trom 0 miorr and decreaség,, mobility of carriergsee Fig. 6. This result is similar to
with decreasing the oxygen pressure from 50 to 10 mTorrthe previous report on the sputtered ITO filMsSince the

This decrease in resistivity with decrease in oxygen pressur((;xygen vacancies were reduced with increasing oxygen pres-
can be explained by the number of oxygen vacancies in thg

ITO film. Th ) o f lect in th ure, the decrease in carrier density with increasing oxygen
. I'm. 1he oXygen vacancies crealte free electrons in ressure suggests that the carrier density resulted from oxy-
films because one oxygen vacancy creates two extra ele

) . . X len vacancies as well as tin doping.
trons in the film. The increase in the number of oxygen va-

g g
§ g §5§ 8§
T sg ¥ < 100 mTorr
3
5 8 50 mTorr|
L] 2
g B 30 mTorr]
&= 200°C S
S g E MTON
- =
E N 2
| MTOH
100 °C
T N AmTom
25°C
A 1 n 1 i 1 1 1 1 1 i 1 1 L i L
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20 (degrees) 20 (degrees)

FIG. 5. X-ray diffraction patterns for ITO films grown on glass at different FIG. 7. X-ray diffraction patterns for the ITO films grown on glass at
substrate deposition temperatures. The oxygen pressure was kept in Hifferent oxygen pressures. Substrate deposition temperature was 300 °C.
mTorr during deposition. The film thickness was800 nm for all films. The film thickness was-200 nm for all films.
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FIG. 8. Variation of resistivity, carrier density, and Hall mobility as a func-
tion of film thickness for the films grown at 300 °C and 10 mTorr of oxygen.

Figure 8 shows the effect of the film thickness on the
resistivity (p), carrier density(N), and Hall mobility () of
the ITO films. All the films shown here were grown from the
5 wt% SnQ-doped 1305 target at the deposition tempera-
ture of 300°C and the oxygen pressure of 10 mTorr. The
film thickness is directly proportional to the number of laser
shots with an average deposition rate~af A/shot. As seen e 5 0 ‘ i 12 13
in Fig. 8, the resistivity of the ITO films initially decreases N (10 cm®)
with an increase in the film thickness up to 220 nm and
remains almost constant with further increase in the filmFIG. 9. (a) Dependence of photon energy aif for ITO films grown at
thickness up to 870 nm. It is also observed that the carrieﬂl'gf;g?ttﬁ;gzt;?;eﬁtlfn”;psirg\;‘l‘rﬁ?;)va”at'o” of band gap as a function of
density increases with an increase in the film thickness up to '
220 nm and then remains almost constant with further in-
creases in the film thickness up to 870 nm. It is also seen in
Fig. 8 that the Hall mobility increases with increasing film Wherehv is the photon energy. Figuréd showsa” versus
thickness. XRD measurements indicate that the thicker film& plot of photon energyhv) curves for ITO films grown at
are more Crysta”ine and have |arger grains than the thinné]”fferent temperatures. The values of the direct Optical band
films have; the 220-nm-thick film has an average grain siz&)ap Eq were determined by extrapolations of the linear re-
of 20 nm and the 870-nm-thick film has an average grain siz&ions of the plots to zero absorptiorlfv=0). It was ob-
of 26 nm. The larger grain size can cause a decrease in grafi¢rved that the direct band gap of the ITO films increased
boundary scattering, which leads to an increase in the corfrom 3.89 to 4.21 eV with an increase in deposition tempera-
ductivity. Thus, the initial decrease in resistivity is due to anture from 25 to 300 °C. This increase in band gap is due to
increase in both carrier density and carrier mobility of theincrease in carrier concentration of the filtgee Fig. 4.
films. For thicker films(>300 nm), the resistivity remains This shift of the band gap with change in carrier concentra-
constant because both carrier density and carrier mobilitfion can be explained by the Burstein-MosB—M)

hv(eV)

38 i

become independent of film thickness. Shift.26’27 ASSUming that both the conduction band and va-
lence band are paraboliEermi wave numberk)«E? and
B. Optical properties the B—M shift is the predominant effect, the band gap, which

is the energy gap between the top of the valence band and

The optical transmissioiiT) and reflectancéR) mea- 0 |o\west empty state in the conduction band can be given
surements were performed using a UV-VIS-NIR spectrophoby

tometer(Perkin—Elmer Lambda)dn a two-beam configura- ..
tion. The transmission and reflectance data were used to Eg=Ego+AEg ™, (©)

calculate absorption coeffi<_:ients of _th_e ITQ films at differentwhereEgO is the intrinsic band gap~3.75 eV andAEgB—M
wavelengths. The absorption coefficient, is given by the s yne B~ M shift, which is the increase due to filling up of

relation low lying energy levels in the conduction band. The B—M
T=(1-R)exp — ad), (1)  shift AEg™™ is given by
whered is the film thickness. The absorption coefficient data ~ AES ™= (#2/2m}c)(37?N)??, (4

were used to determine energy gag, using the relatiof? wheremy is the reduced effective mass of the electron car-

ahv~(hv—Ey)'? (2)  riers given by
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TABLE Il. Optical properties of the ITO films grown at 250 °C and 10 mTorr of oxygen as a function of SnO
content(wt %). The film thickness was determined by a stylus profilometer and the carrier density was deter-
mined from the measured Hall coefficients.

SnG Film Mean Refractive Plasma Carrier
content thickness transmission index Band gap wavelength density
(Wt %) (nm) (%) at 550 nm (eVv) (nm) (10%° cm™3)
0 204+15.4 84.8-4.54 2.17 3.76 4500 1.63
2 223+14.6 89.8-4.32 2.01 4.11 2184 4.7
5 200+14.2 88.4:4.60 191 4.20 1725 9.05
7 191+15.6 91.7:4.00 2.04 4.14 1812 8.50
10 235+-15.8 90.5-3.87 1.99 4.16 1768 8.4
15 193+16.3 88.0:5.30 2.16 4.09 1851 7.1
1/m§ = 1/mg +1/m; (5  SnG, content up to 5 wt% and then slightly increases up to

wherem® andm?* are effective mass of the carriers in the 15 wt %. This variation of the refractive index with Sn dop-
C v ing can be understood by the relafibn

conduction band and valence band, respectively. It should be
noted here that at very high carrier densities the electron— n2=eopt—(4wNe2)/(m* wf)), (7
electron and electron-impurity scattering could cause a ban
gap narrowing>2° Considering both band-gap widening and
narrowing effect, the effective band gap should be written b

%here €opt IS the high frequency permitivityN is carrier
concentrationg is the electron chargan* is the effective
Ymass of the electron, and, is the frequency of electromag-
Eg:Ego+AE§‘M+ﬁE, (6) netic oscillation at which measurements were carried out
(wo=2mc/N\). As the SnQ content increased up to 5 wt %,
“the carrier concentration increased up9t®5x 10%° cm™2

nd thus the value of decreased to 1.91. However, the

alue ofn increased again with further increasing Sreon-
Sent up to 15 wt % due to a decrease in carrier concentration.
These results are similar to previous reported vaftié&The
refractive indices of the films are also affected by the growth
temperature. In Table lll, it is shown that the valuerofat
550 nm of wavelengthdecreases from 2.14 to 1.81 with an
increase in the substrate deposition temperature from 25 to
300°C. This decrease in the refractive index can also be
explained by an increase in the carrier concentration of the

where A3, represents self-energies due to the electron
electron and electron-impurity scatterifity® This effect
causes the band-gap narrowing due to the downward shift
the conduction band and upward shift of the valenc
band?®3° However, as shown in Fig.(8), the band gap of
the ITO films was found to be directly proportional '3,
showing that the effect of the B—M shift on the band gap
dominates ovef:3.

Sn doping also affects the band gap of the ITO films.
Table Il shows the effect of Sn doping on the optical prop-
erties for the ITO films deposited at 250 °C in 10 mTorr of

oxygen gas. The direct band gap was found to initially " films according to Eq(7).3* As the deposition temperature

. 0 .
crease with Sng)content up to 5 wt% and slightly decrease increased up to 300 °C, the carrier density of the films in-

up 0 15 \.Nt 0. Thls |n|t|§1l Increase in band gap is due to ar‘creasec{see Fig. 4 and thus, resulted in a reduction of the
increase in carrier density of the films as a result of Sn dop

ing. This band-gap widening can also be understood by thgalue ofn. Shown in Fig. 10 is the dependence of the refrac-
B—M effect?®2” However, above the critical Sn doping, the
carrier density decreased with Sn doping because excess Sn

L 1 1 T
causes crystal disorder and the Sn atoms act as carrier traps 24k i
instead of electron donors. This decrease in carrier density )
shifted the absorption edge towards lower energies.
The effect of Sn doping was also found to decrease the & 221 @ i
refractive indexn. In Table Il, the values of at 550 nm are = 0
presented. The refractive index gradually decreases with 3 \.\
£ 20} '\ -
2 o
TABLE lII. Optical properties of ITO films grown at various temperatures. -8 I @ ]
All films were deposited in 10 mTorr of oxygen using the target with 5 wt % g 1.8 b \. _
of SnG.. &, \.
Growth Film Mean Refractive Cutoff
temperature thickness transmission index wavelength L6 T
(°C) (nm) (%) at 550 nm (nm) , | ) ] ; 1 . 1
25 270:155  80.9-8.99 2.14 2475 200 400 600 800 1000
100 310:14.1  82.4:5.47 2.09 1547 Wavelength (nm)
200 290-12.8  84.0-8.99 1.92 1613
300 300:12.0 84.9-8.99 1.81 1713 FIG. 10. Variation of refractive index as a function of wavelength for the

films deposited at 250 °C and 10 mTorr oxygen.
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FIG. 11. Typical transmissiofT), reflectancéR), and absorptioitA) spec- Wavelength (nm)
tra for the ITO film grown at 200 °C and 10 mTorr of oxygen. The fiim
thickness was-300 nm.
tive index on wavelength for the 300-nm-thick ITO film de- 100 ———————7—— —T
posited at 250 °C. An average refractive index of 19521 | (b) N LN L
was calculated for the visible range. sl YA\ \\\\\\\\ )
In the near-IR region, the interaction of free electrons NG\ =
with incident radiation occurs due to the high number of free 9
electrons in a material. This interaction may lead to polariza- s of f g
tion of the radiation within the material and thus, affect the ' ! 500 nm thick films |
relative permittivity e. This optical phenomenon can be un- € ;;"
derstood on the basis of classical Drude’s mddéAccord- g r 1
ing to this model?? € can be written as = i —— 1 mTorr
. . oo e 10 mTorr
e=(n—ik)’=¢€"+i€", (8) Sl 77 20mTorr 7|
2 ;' ——50mTorr
6’=n2—k2=6w[1—wp/(w2+ Y1, (9) 7
0 2 1 1 1 L I3 n 1 L 1 n 1
and 300 400 500 600 700 800 900 1000
) . Wavelength (nm)
€'=2nk=wpye. l[w(0+y)]. (10
FIG. 12. The effect of oxygen pressure on the optical transmission for the

films grown at 300 °C(a) The thickness of all films was 150 nm.(b) The

The plasma resonance frequenay is given by
film thickness was~500 nm for all films.

wS:(47TN62)/(GOExm;), (11
where €,, and €, represent the dielectric constants of the
medium and free space, respectively is the effective trolled by changing the carrier density through Sn doping:
mass of the charge carrier, aNds the carrier concentration. The higher the carrier density, the lower the valuengf
v is equal to 1f, where 7 is the relaxation time, which is This result is in good agreement with the Drude’s theory.

assumed to be independent of frequency and is related fbhe substrate deposition temperature also affects the cutoff
wavelengthh ,. As shown in Table IlI, it was observed that

mobility as
= — o) (1t 12 the value ofA, has a minimum of 1547 nm for the film
y=1Ur=—el(m; ). (12) grown at 100 °C. Figure 11 shows the typical transmission

The cutoff wavelengttior plasma wavelengih , is defined  (T), reflectance(R), and absorptior{A) spectra of the ITO

at T=R where the dielectric-like visible transmission equalsfilm deposited on glass. The absorption spectra was calcu-
the metallic-like IR reflectance. The cutoff wavelength lated from the relationT+R+A=1. The film shows high
transparency in the range of 400—1000 nm and high reflec-

can be obtained from the relation
tivity in the IR region. The cutoff wavelength 61550 nm

Np(pm) = 1.2/ (hap). (13 \yas observed in this figure.

Table Il shows the variation of cutoff wavelength of the The optical transmission properties of the films are also
films as a function of Sn©content(i.e., carrier density The  affected by oxygen deposition pressure and film thickness as
results can be explained on the basis of E44) and (13). well as substrate deposition temperature. Figur@lshows
The value ofA , decreased with increasing SpContent, up  the effect of oxygen pressure on the optical transmission
to 5 wt %, due to the increased carrier dengy shown in  spectra of the films deposited at 300 °C. The transmission of
Table Il and then increased up to 15 wt % due to a decreashe 150-nm-thick films was not significantly changed when
in carrier density. Thus, the value af, can easily be con- the oxygen pressure was varied from 10 to 50 mTorr. How-
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100 (ITO) films grown at 250°C in 10 mTorr of oxygen. Sn-
S j . doped InO; films were always observed to be polycrystal-
line and showed a similar crystal structure to that of undoped
In,O5. However, the lattice parameter, calculated from the

XRD patterns for undoped @3 and ITO films, were in the
range from 10.122 to 10.238 A which is normally larger than
the JCPDS valu® of 10.118 A for the 1gO; powder. This
increase in lattice constants of the ITO films can be ex-
plained by the substitutional incorporation of?Srions into
In®* sites and/or the incorporation of Sn ions in the intersti-
tial positions. Since the radi6.93 A) of Sr#™ ions is larger
0 L L s than that(0.79 A) of In®*, the substitution of Sri for In®*
00 40300 60 700 800 900 may result in a lattice expansiGnThis increase in lattice
Wavelength (nm) parameters may be also related to oxygen deficiency and
FIG. 13. Effect of film thickness on the optical transmission for the films Strain effect due to thermal expansion coefficient mismatch
grown at 300 °C in 10 mTorr of oxygen. between the film (7.2 107°C)3* and glass substrate (4.6
X 10 8°C). Moreover, tin doping changes the grain size of
the films. As shown in Fig. 3, the width of tH@22) peak is

ever, the influence of oxygen pressure on the transmissioflightly larger as a result of tin doping, indicating that the
was distinctly observed as the thickness of the films wag@rain size of the films became smaller. The calculated grain
increased from 150 to 500 nm. This is well shown in Fig.Size of the undope® wt %) and tin-doped10 wt %) films
12(b), which shows the effect of oxygen pressure on theV@s~30 and~20 nm, respectively.
optical transmission spectra of the 500-nm-thick films depos- ~ Figure 5 shows XRD patterns of ITO films grown at
ited at 300 °C. In Fig. 1), the optical transmission of the different substrate deposition temperatures. The films depos-
500-nm-thick films increases with increasing oxygen presited at room temperaturéRT) appeared to be amorphous at
sure. This may be due to the improvement of the crystallinity2ll oxygen deposition pressures. Despite their amorphous
of the ITO films with increasing oxygen pressure, since theStructure, the resistivity of the RT films is low, indicating
grain size of the 500-nm-thick films increased from 15 to 2gthat in this case the resistivity mechanism is mainly governed
nm with an increase in oxygen deposition pressure from 1 t®Y Scattering of the electrons by ionized impuritidsthe
50 mTorr. films deposited at a temperature of 100 °C showed crystalline
The effect of thickness on the optical transmission of thestructure with a strong400) diffraction peak, indicating a
ITO films is shown in Fig. 13. From Fig. 13, we can see thatpreferred orientation along tH&00] direction. As the depo-
the optical transmission increases with decreasing film thicksition temperature was further increased up to 300 °C, the
ness for the films deposited at 300 °C in oxygen pressure direferred orientation peak of the films changed222. By
10 mTorr. According to Eq(1), the optical transmissiofT) fitting of the diffraction peaks, the grain size and lattice pa-
exponentially decreases with increasing film thicknéds  rameter of the films were calculated. As shown in Table I, as
However, from Fig. 13, the optical transmission is not expo-the deposition temperature increases from 100 to 300 °C, the
nentially related to the film thickness. This result suggestgrain size of the films increases from10 to ~20 nm and
that the transmission of the ITO films grown by PLD is the lattice parameter of the ITO films increases from 10.2217
affected by other physical properties of the films. One pos= 0.0072 to 10.2381 0.0082 A.
sible explanation of this nonexponential relationship between  The crystalline structure of the films was also affected
the transmission and the film thickness is an increased graipy oxygen pressure during deposition. Figure 7 shows the
size with film thickness. According to XRD data, the thicker XRD patterns of the films deposited at 300 °C in different
films usually have larger grain size and the larger grain siz@xygen pressures. From the patterns, we can see that the
results in better transmission. Thus, the larger grain sizélms have &111) preferred orientation. As the oxygen pres-
compensates for the expected exponential decrease in trargre increases from 1 to 100 mTorr, the intensity of(@%2)
mission[see Eq.(1)]. In Fig. 13, as the film thickness in- peak increases, indicating that the films are more crystalline
creases, variations in the transmission are increased due amd maintains &111) preferred orientation. Moreover, when
interference phenomena. The optical transmission propertigbe oxygen pressure increases, the linewidth of (222
of the ITO films are also affected by substrate depositiorreflection decreases, indicating that the grain size of the film
temperature as shown in Table Ill. Since the grain size of thés increasing. Even though the grain size of the films in-
films also increases with the substrate deposition tempergreases with oxygen pressure, the resistivity of these films
ture, the transmission of the films increases with depositiofncreases with oxygen pressure. This indicates that the con-
temperature. tribution of grain boundary scattering is not the dominant
scattering mechanism in these films. This can also be under-
stood from the mobility data shown in Fig. 6. The mobility
The crystalline structure of the films was studied by of the carriers in the films decreases as the oxygen pressure
XRD (CuKa, A\=1.5406 A. Figure 3 shows the x-ray dif- increases. This suggests that the dominant scattering mecha-
fraction patterns for undoped J@; and Sn-doped hD;  nism in these films is ionized impurity scattering because the

80

3

Transmission (%)
&

[~
<

C. Structural properties
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1120 nm roughness for the ITO film deposited by PLD at a substrate
‘ temperature of 300 °C and oxygen pressure of 10 mTorr is
10 nm ~4.4 A compared to a value 0£12.5 A for the bare glass

40 nm
20

substrate. However, the rms surface roughness of the film
deposited by sputtering is-39 A compared to a value of
16.2 A for the bare glass substrate. This indicates that these
PLD ITO films show lower surface roughness than that of
sputtered ITO films. The grain sizes of the film shown in Fig.
14(b) were observed to be 20—40 nm.

E. Figure of merit

The simultaneous achievement of maximum optical
20 nm transmission and electrical conductivity is not possible since
these two properties are inversely related. Therefore, a figure

10 nm of merit has been developed to compare transparent conduct-
ing oxide (TCO) films like ITO. There have been several
2 0 nm reports on the definition of a suitable figure of merit. One of
the common definitions was proposed by Fraser and ook
1 who defined~1-=T/Rg, whereT is the optical transmission
0 4 0 andRg the electrical sheet resistance. However, on the basis
2 pm

40 nm
20

of this figure of meritF1¢, the maximunt+c occurs at 37%

of optical transmission and thus the electrical sheet resistance
(b) was over emphasized in its relative importance to the optical
G 14, ARM | o 2 ) of the 170 il | transmission for films. An optimal consideration between

. 14. images(2 umx2 um) of the iims grown on glass ; ; ; i

substrates bya) sputtering(supplied by Planar Ameri¢gand(b) PLD. Note eleqmcal sheet reESgStance a_nd optlca_l transmlssu_)n was
that the scale in thedirection(20 nm/div) is greatly expanded with respect achieved by Haac _ Wh(? defined the f'QUre of merit as
to the scales in the andy directions(1.0 zm/div.) and therefore, in fact, the ~ prc= T YRs. On this basisgrc has the maximum value at
crystallites are flat and broad in the lateral direction. 90% of optical transmission. In Table 1V, the values m{c
and ¢+ for the ITO films prepared in this work are com-

oxygen vacancies behave as ionized impurity scattering cer‘?—ared with those of the films prepared by other techniques

ters in addition to the tin dopants. However, as oxygen presr_eported in the literature. Table 1V shows that the ITO films

sure increases, the carrier concentration decreases due to
fewer oxygen vacancies in the film and consequently con
ductivity decreasetsee Fig. 6.

be made by PLD at low processing temperatures with
comparable=1¢ values to other procedures. From Table IV,

it can also be seen that PLD can be used to grow ITO films
with comparable electrical and optical properties to those of

D. Surface morphology commercial films.

Since the organic thin films in OLEDs are directly de- ) _
posited on the ITO anode, the surface properties of the IT(§ - Device performance with PLD ITO anode
will affect the characteristics of the device. Figure 14 shows  Figure 15 shows the schematic structure of an OLED
two AFM images(2 umx2 um) of ITO films deposited by used in this research. The device structure is made of a hole
sputtering(supplied by Planar Ameri¢gand PLD. The thick- transport layef(HTL), ~500 A thick] of N,N'-diphenyIN,
ness of both films is about 180 nm. Prior to AFM measureN-bis (3-methylphenyll,1’'-diphenyl-4,4diamine (TPD),
ments, the films were washed with methanol and blown dryand an electron transport/emitting lay¢ETL/EML), ~700
with nitrogen gas. The root-mean-squatans) surface A thick] of tris (4-methyl-8-hydroxyquinolinolatcaluminum

TABLE IV. Comparison of values of figure-of-meribr- andF+ for ITO films prepared by different techniques.

Substrate Film Sheet Transmission
temperature thickness resistance N=(400-700 nm Figure of merit Figure of merit
Process (°C) (nm) R«(Q/sq.) (%) Fre(X1072 Q71 dre(X1073 Q7Y
Present work 25 150 27 85 31 7.3
Sputtering(Ref. 5 130 80 62 85 14 3.2
Present work 300 180 11 92 84 39.5
CVD (Ref. 3 400 430 6.74 80 118 15.9
Spray(Ref. 7) 420 350 9.34 85 91 21
Commercial Proprietary
180 12 90 90 34.9

(sputtering (>25
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FIG. 15. Schematic structure of an organic light-emitting devideED) g
with an ITO anode deposited by PLD. ITO film, grown at room temperature -20 20
in oxygen pressure of 10 mTorr, was used in this device. Voltage (V)
(1) (Almgs). The cathode contact deposited on top of the (a)
ETL is an alloy of Mg:Ag(ratio=12:1 and a thickness of
1000 A). Details on the fabrication of these devices are de-
scribed elsewherd 3 The active area for the device is 7000 [T
~2x2 mn?t. The current—voltage—luminan¢e-V-L) data I °©
were taken(in N, atmosphergusing a Keithley current— 6000 |- / .
) . o
voltage source and a luminance metafinolta LS-110. I /
Figure 1&a) shows the current—voltage—luminance output 5000 |- o y
(I-V-L) characteristics of an OLED with an ITO anode N’E‘ [ o/ 1
grown on glass by PLD at room temperature. Th®¥ and § 4000 - / 7
L-V curves show a typical diode behavior, with current and - Pt
power output observed only in the forward bias. As shown in & 3000 o/o ]
Fig. 16b), furthermore, the data fok and| superimpose g [ o
. ; ; . E 2000 | o 4
quite well, in agreement with what has been reported using g o
commercial ITO. The device external quantum efficiency — 1000'_ P 1
measured for such a heterostructure device wgs=1.5% |
at 100 A/nf. This value is comparable to those reported re- ok
cently (7ex=1.5%-2.5%) using commercial ITO from dif- ]
ferent sources as the anode confact’ The above value for 0 200 400 600 800 1000 1200 1400 1600 1800
next iNdicates that ITO films, grown by PLD at RT, are work- Current (A/m?)
ing well. v
IV. SUMMARY
(b)

High-quality ITO films have been deposited on glass
substrates by PLD. The electrical, optical and structurakiG. 16. (a) Current—voltage—luminancé—-V—L) and (b) luminance—
properties of the ITO films have been investigated as a funCcurrent(L—I)_c_hars_acteristics of a heterostructurg device with a PLD ITO film
tion of target composition, substrate deposition '[emperaturé?,_‘S the hole injecting layer to TPD layer. ITO film, grown at room tempera-

. . re in oxygen pressure of 10 mTorr, was used in this device.

oxygen background gas pressure, and film thickness. All o
the ITO films grown by PLD were found to bretype semi-
conductors. A Sng content of 5 wt% in the target was conductivity of the films. However, a further decrease in
observed to produce films with a minimum resistivity. How- oxygen pressure below 10 mTorr caused lattice structural
ever, for films deposited from a target with greater than 5disorder and hence decreased conductivity. As the thickness
wt % of SnQ, an increase in the resistivity was observed. Itof the ITO films was increased, the films deposited at 300 °C
is possible that excess Sn atoms may form clusters and disecome more crystalline and had larger grain sizes, which
tort the lattice as well as produce additional scattering cenresulted in an increase of their conductivity.
ters. Increasing the substrate deposition temperature created The optical properties such as band gap, refractive index,
more Sn donors and oxygen vacancies and resulted in plasma wavelength, optical transmission, and reflectance for
higher electron concentration, and thus increased conductithe ITO films were strongly affected by tin-dopant concen-
ity of the films. A reduced oxygen pressure from 50 to 1Otration and deposition conditions. The band-gap widened
mTorr resulted in more oxygen vacancies and increased thaith an increase in carrier concentration. This band-gap wid-
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