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Indium tin oxide thin films for organic light-emitting devices
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High-quality indium tin oxide(ITO) thin films (150—200 nm were grown on glass substrates by
pulsed laser depositiofPLD) without postdeposition annealing. The electrical, optical, and
structural properties of these films were investigated as a function of substrate temperature, oxygen
pressure, and film thickness. PLD provides very uniform ITO films with high transpafer®y%

in 400—700 nm spectrunand low electrical resistivity (2—4 10 % Q cm). The Hall mobility and
carrier density for a 170-nm-thick film deposited at 300 °C are 29¢m and 1.4% 107tcm ™3,
respectively. Atomic force microscopy measurements of the ITO films indicated that their
root-mean-square surface roughnéss A) is superior to that~40 A) of commercially available

ITO films deposited by sputtering. ITO films grown at room temperature by PLD were used to study
the electroluminescend&L) performance of organic light-emitting devices. The EL performance
was comparable to that measured with commercial ITO anodes1999 American Institute of
Physics[S0003-695099)00123-0

Indium tin oxide(ITO) thin films have been studied ex- with input from a thermocouple imbedded in the center of
tensively for optoelectronic device applications because ofhe stainless steel substrate holder.
their unique transparent and conducting properties. ITO is a The target wa a 2 in. diameter by 0.25-in.-thick sintered
highly degenerate-type semiconductor, that has low elec- disk containing 1g0; (95%)+Sn0, (5%) by weight. The
trical resistivity of 2—4x10 4 Q cm. ITO is a wide band substrates were cleaned in an ultrasonic cleaner for 10 min
gap(3.3—4.3 eV material which shows high transmission in with acetone and then methanol. After evacuating the cham-
the visible and near-IR regions of the spectrum. ITO haer to a pressure of 16 Torr, the substrates were heated to
been used in a wide range of applications such as liquidhe desired temperature in the desired oxygen pressure. Dur-
crystal flat panel display and solar cell devieBecause ing the deposition, the oxygen pressure in the chamber
ITO films have shown good efficiency for hole injection into ranged from 1 to 100 mTorr. After deposition, films were
organic materials, they have also been widely utilized as thslow cooled to room temperature at the same oxygen pres-
anode contact for organic light-emitting diodéBLEDs).>  sure.
Several deposition techniques have been used to grow ITO The film thickness was measured by a stylus profilome-
thin films including chemical vapor depositidrmagnetron  ter. The sheet resistance measurements were performed using
sputtering®® evaporatior, spray pyrolysis,and pulsed laser a four-point probe. The deposition rate decreased from 0.85
deposition(PLD).2° In this letter, we report a study of the to 0.39 A/pulse with increasing oxygen pressure from 1 to
electrical, optical, and structural properties of ITO films 100 mTorr. The oxygen pressure also affected the thickness
grown on glass substrates by PLD and the performance chagniformity of the films; as the oxygen pressure decreased
acteristics of OLEDs using PLD ITO anodes. from 100 to 10 mTorr, the thickness uniformity improved.

Films were deposited using a KrF excimer laser  The sheet resistance and resistivity were calculated from
[Lambda Physics LPX 305, 248 nm and 30 ns full-width atthe average of three measurements for each film. Hall mo-
half-maximum(FWHM)]. The laser was operated at 10 Hz bility and carrier density measurements were made using the
and focused through a 50 cm focal length lens onto a rotatinyan der Pauw method at room temperature with a field
target at a 45° angle of incidence. The energy density of lasegtrength of 5 kG. Optical transmission measurements were
beam at the target surface was maintained at 22)/@ime ~ made using an UV-visible-near IR spectrophotometer. The
target-substrate distance was 4.7 cm. Before deposition, tiéructure and surface morphology of the films were deter-
target was ablated with a laser fluence of 2 J/¢ar 5000  mined using x-ray diffractiofiXRD) (Cu Ka, A=1.5406 A,
shots. The geometry of this PLD system produced uniforncanning electron microscogEM), and atomic force mi-
films over 1.5<1.5 cnf substrate areas with a thickness CrOSCOpPY(AFM).
variation of less than 10%. The substrate was attached with a Figure 1 shows the dependence of the electrical resistiv-
stainless steel mask to a substrate holder, which was heaté¥ on oxygen pressure for ITO films grown at different sub-
by two quartz lamps. The substrate temperature was helgfrate temperatures. At low substrate deposition tempera-

constant during deposition using a temperature controllefures, the resistivity of the film is very sensitive to oxygen
pressure. Low resistivity values were observed in a narrow

d|nstitute for Materials Science, School of Engineering and Applied Sci—pressure rangé10—15 mTor}. As the substrate deposmon

ence, George Washington University, Washington DC 20052: Electronid€Mperature increased, the resistivity of the ITO films be-
mail: hskim@ccf.nrl.navy.mil came less dependent on the oxygen pressure. The oxygen

0003-6951/99/74(23)/3444/3/$15.00 3444 © 1999 American Institute of Physics



Appl. Phys. Lett., Vol. 74, No. 23, 7 June 1999 Kim et al. 3445

T T T

o 20 nm 20 nm
10 —m—25°C 3 il()nm me
. -e-100°C 40 nm ,Monm  40mm > %onm
r o 20 20
— 10k --A--200C __ 5 1 0 1
§ [ -wv-300°C 3 0 o 1T h
d 2 um pm
> @ ®
- f . .
S : FIG. 2. AFM images(2 um X 2 um) of the ITO films grown on glass
'3 _— v substrates bya) sputtering(supplied by Planar Ameri¢and(b) PLD. Note
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temperature was increased from 25 to 300 °C. The optical
properties of the ITO films were also affected by oxygen
FIG. 1. Electrical resistivity(p) of the ITO films, plotted as a function of pressure and film thickness. We found that the optical trans-
oxygen pressure at different substrate deposition temperatures. mission increased as the oxygen pressure was increased from
10 to 50 mTorr for the thickef>300 nm) films deposited at
various temperature§25—300°Q. All of films grown in

Oxygen pressure (mTorr)

pressure dependence of the resistivity of the filgrown at a . >
low temperaturéscan be explained by the number of oxygen PresSUre 01|‘ 10° Torr (Wlthou('g oxyr?enb a‘:jd't'oh showed
vacancies in the film. Oxygen vacancies generate free carf20" OPtical transmissio<50%). The band gapE,, was
ers. An increase in the number of oxygen vacancies leads @Iso affected by substrate deposition temperature. The band

an increase in conductivity. Hence, the resistivity of the [T09aP increased from 3.90 to 4.21 eVoas the substrate tempera-
films decreases with decreasing oxygen pressure from 50 {4 was increased from 25 to 300 °C. This increase in band
10 mTorr due to an increase in the number of oxygen vacar@ap may be attributed to the increased carrier concentration,
cies. However, the resistivity of the ITO films increases with N> & shown Table I. The increase in band gap can be ex-
a further decrease in the oxygen pressiuré0 mTory. The ~ Plained by the Burstein—Moss shifEqN=".
resistivity values of the ITO films grown in pressure of  ITO fims deposited at room temperatu(®T) were
105 Torr (without oxygen additionat 25 and 300 °C were completely amorphous as determined by x-ray diffraction.
0.69 and 7.6 10~*Q cm, respectively. A severe oxygen de- Despite their completely amorphous structure, the resistivity
ficiency may cause lattice structural disorder and reduce thef the RT films was observed to be fairly low~@3.8
mobility of carriers® x10 4Q cm). Films deposited at higher temperatures
The substrate deposition temperature affects the electr[->100 °G had a polycrystalline cubic structure with a lattice
cal properties of the ITO filmgTable |). The resistivity of ~ parameter of 10.22-10.31 A which is larger than the Joint
the ITO fims decreased from 380 % to 1.9 Committee on Powder Diffraction Standard§CPDS'?
x1074Q cm as the substrate temperature was increaseplue of 10.118 A for the O; powder. The increase in
from 25 to 300 °C. The decrease in resistivity can be exJattice parameter of the ITO films over bulk materials can be
plained by the fact that the crystalline sifable ) increases explained by the substitutional incorporation of*Srions
significantly with increasing the substrate temperature, thuito In*" sites and/or the incorporation of Sn ions in the
reducing the grain boundary scattering and increasing thiterstitial positions. For the films deposited at 300 °C, the
conductivity. This decrease in resistivity can also be correintensity of the(222) reflection indicated that this was a pre-

lated with the observed increase in carrier mobility. ferred orientation of the films. Th&21), (400, (422, and
The substrate deposition temperature also affects the 0j§622) reflections were observed to be minor peaks.
tical properties of the present ITO filng$able ). The aver- Since the organic thin films employed in OLEDs are

age % transmission in the visible range of the optical specdirectly deposited on the ITO anode, the surface properties of
trum increased from 85% to 92% as the substrate depositiothe ITO may affect the characteristics of the device. Figure 2

TABLE I. Electrical and optical properties of ITO films deposited at different temperatures. The variations of
sheet resistance and resistivity were due to thickness variation of the films. All transmission values were
normalized by the transmission of a bare glass substrate. The values of enerdgy gayere determined by
extrapolations of the straight regions of the plots of square of the absorption coeféiéiesphoton energi.

The absorption coefficienk was determined by the equatioms=In(1/T)/d, whereT is transmission and is

film thickness. Grain sizes were calculated using the Scherrer formula f¢222greflection of the films.

Growth  Grain Sheet Carrier Energy gap Mean
temperature size resistance Resistivity density Mobility Eq transmission
(°C) (nm  Q/sq)  (1004Qcm) (10%cm™®) (cnmPVish (eV) (%)
25 - 28.1+0.82 3.8:0.43 8.5 12.8 3.90 85
100 8 18.20.40  2.9:0.23 10.0 16.8 4.08 88
200 14 12.90.42 2.1+0.17 13.2 27.3 4.15 90

300 20 11.20.75 1.9-0.18 145 29.4 4.21 92
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600 2500 LS-110. The |-V and L-V curves show a typical diode
® 'Current|| ® Luminancs L] behavior, with current and power output observed only in the
500 [ 2250 . 1 2000 forward bias. Furthermore, the data foandL superimpose
€ 1500 . quite well, in agreement with what is reported with commer-
400 e L - - cial ITO. The device external quantum efficiency measured
E /N P . 3 for such a heterostructure device was=1.3%. This value
= P8 W A 8 is comparable to those reported recently 7o
E wo| [ T ] 1000 g =1.5%-2.5%) using commercial ITO from different
= T . 3 sources as the anode contatt® The above value fomey,
100} B ottt . 1 500 indicates that ITO films, grown by PLD at RT, are of good
- ﬁ‘ quality and could have a potential for a dramatic increase in
OF  SE——mm— {0 OLED external quantum efficiency.
S -'-_1'0 PR e = In conclusion, high—quality_ITO films have bggn grown
Voltage (V) on glass substrates by PLD without a postdeposition anneal.

For a 170-nm-thick films deposited at 300 °C in the same
FIG. 3. Current-voltage—luminandé-V-L) characteristics of a hetero- oxygen pressure, the resistivity is X920 % cm and the
structure device schematically represented in the insert. ITO film, grown ahverage % transmission in the visible range-82%. These
room temperature in oxygen pressure of 10 mTorr, was used in this devic%alues are similar to those measured (l<95)74 Q (;m and
] ] 90% from commercial ITO films(grown by sputtering
shows two AFM image$2 um X 2 um) of ITO films de-  p| b ITO films show lower surface roughness than commer-
posited by sputteringsupplied by Planar Amerigand PLD.  ¢ja| ITO films, with a substantially smaller surface roughness
Prior to AFM measurements, the films were washed Wltf'l(by~1 order of magnitude We used these ITO films as the
methanol and blown dry with nitrogen gas. The root-meanynode contact in OLEDs and studied the device performance.
square(rms) surface roughness for the ITO films depositedg| efficiencies comparable to those reported with commer-
by PLD at a substrate temperature of 300°C and oxygegja| ITO have been measured for heterostructure devices
pressure of 10 mTorr is-4.4 A compared to a value of made of TPD/AImg. This indicates the promise of the

~12.5 A for the bare glass substrate. However, the rms fresent approach for making good quality ITO films with a
the film deposited by sputtering is39 A compared to a potential application in OLEDSs.

value of 16.2 A for the bare glass substrate. This indicates
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