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Transparent conducting Zr-doped In  ,O5 thin films for organic
light-emitting diodes
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Zirconium-doped indium oxidgZIO) thin films (~2000 A thick have been deposited by
pulsed-laser deposition on glass substrates without a postdeposition anneal. The structural, electrical
and optical properties of these films have been investigated as a function of substrate temperature
and oxygen partial pressure during deposition. Films were deposited at substrate temperatures
ranging from 25°C to 400 °C in Dpartial pressures ranging from 0.1 to 50 mTorr. The films
(~2000 A thick deposited at 200 °C in 25 mTorr of oxygen show electrical resistivities as low as
2.5x10 % O cm, an average visible transmittance of 89%, and an optical band gap of 4.1 eV. The
Z10 films were used as a transparent anode contact in organic light emitting diodes and the device
performance was studied. The external quantum efficiency measured from these devices was about
0.9% at a current density of 100 Afm © 2001 American Institute of Physics.
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Transaparent conducting oxid@CO) films have been duces that of the target. PLD films crystallize at lower sub-
widely utilized as an essential part of many optoelectronicstrate temperatures relative to other physical vapor
devices, such as flat panel displays, thin film transistorsgeposition techniques due to the high kinetic energies
electroluminescent devices, and solar cells, because of thedV) of the ionized and ejected species in the laser-produced
unique properties of high electrical conductivity and highplasmat* Also, the surface of the TCO films grown by PLD
optical transparenc¥.®> A large number of TCO materials is very smootiH* ITO films, grown by PLD, have already
has been investigated over the years such §;inSnG,, been used as the anode contact in OLEDY In this letter,
and ZnO(doped and undopedOf all these TCO films, Sn- we report a study of the electrical and optical properties of
doped In0; (ITO) films have been by far the most widely ZIO films deposited by PLD on glass as a function of sub-
used anode materials for organic light-emitting diodesstrate deposition temperature and oxygen deposition pres-
(OLEDSs) due to their good transparenty90% at 550 nnj sure. Along with this, we report the performance of the first
low resistivity (~2x 104 Q cm), and relatively high work OLEDs with a ZIO anode.
function (~4.8 e\).3~® However, ITO is not always an ideal Z10 thin films (1000—2000 A thick were deposited on
anode contact for OLEDs because of the high energy barrigglass substrate€Corning 7059 using a KrF excimer laser
for a hole injection at its interface with the hole transport(Lambda Physics LPX 305, 248 nm, 30 ns full width at half
layer (HTL). One approach for improving the performance maximur). The laser was operated at 10 Hz and was focused
of OLEDs is to develop anode material with high work func- through a 50 cm focal length lens onto a rotating target at a
tion. Many efforts have focused on improving the device45° angle of incidence. The energy density of the laser beam
performance including reducing the drive voltage and in-at the target surface was maintained at 1 3/cfhe target-
creasing the electroluminescence quantum efficiency, using-substrate distance was 7 cm. The ZIO targets were pre-
several different approach&< Recently, zirconium-doped pared from 18O, (purity, 99.99% and ZrG, (purity,
indium oxide (ZIO) thin films have been proposed as an99.99% powders(Alfa AESAR. The powders were mixed
alternate material to ITO for OLEDSHowever, there have in a mechanical shaker for 1 h, pressediatl in. diameter
neither been systematic studies on the electronic and optickllet at 15000 Ib., and then sintered at 1300 °€6@d in
properties of ZIO films as a function of film processing con-air. The substrates were carefully cleaned in ultrasonic
ditions nor any attempts to fabricate OLEDs using these maeleaner for 10 min with acetone and then methanol. Films
terials as electrodes. were deposited at substrate temperatures ranging from 25 °C

Recently, pulsed laser depositifiLD) has been used to to 400 °C in oxygen partial pressures ranging from 0.1 to 50
grow various TCO thin filmg:*1°~1¥pLD provides several mTorr.
advantages compared to other deposition techniques in the The film thickness was measured by a stylus profilome-
growth of multicomponent oxide thin films. For a multicom- ter (KLA-Tencor P-10 surface profilerThe sheet resistance
ponent target, the composition of films grown by PLD repro-(R,) measurements were performed using a four-point
probe. By assuming that the thickness of the films was uni-

dAuthor to whom all correspondence should be addressed:; electronic maif.orm_' the film reSiStiVity(P) Was dgtermirled using the simple
hskim@ccf.nrl.navy.mil relationp=Ry(d), whered is the film thickness. The optical
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FIG. 1. Electrical resistivity of ZIO films, plotted as a function of oxygen Gro emperature (°C)

deposition pressure at various growth temperatute&5 °C), A (150 °O,

and M (300 °Q. The film thickness was held constant2000 A). FIG. 2. Electrical resistivity of the ZIO films, plotted as a function of film

growth temperature at various oxygen deposition pressive&t mTorr
andd (25 mTorp.

transmittance and reflectance measurements were made us-
ing a UV-visible-near IR spectrophotomet@terkin—EImer  oxygen pressures. For films grown in 1 mTorr of oxygen, the
Lambda 9. All transmittance and reflectance values wereresistivity decreases from»610~* to 5.2x 10" 4 Q. cm as the
normalized by the values of the bare substrate. The band gaR, is increased from 25 °C to 200 °C and then remains con-
(Ey) was determined by extrapolations of the straight resstant up to 350 °C. For films grown in 25 mTorr of oxygen,
gions of the plots of square of the absorption coefficieht the resistivity decreases fromx5L02 to 2.7x10 % Q. cm
versus photon energyh¢).'® The absorption coefficient  with an increase inT from 25°C to 150°C, and then re-
was determined by the equationy=(1/d)In[(1-R)/T], mains almost constant up to 300 °C. The decrease in resis-
whereT is the optical transmittanc® is the reflectance, and tivity with increase inTg is due to an improved crystallinity.
d is the film thickness. X-ray diffraction (XRD) analysis indicated that films grown
We have studied the electrical properties of the ZlOat 25°C were amorphous, while films grown at higher tem-
films as a function of a target composition with Zr contéht perature(>>100°Q showed a polycrystalline structure. As
to 10 at. % and found that the target with 2.5 at. % of Zr was the substrate temperature increases from 100 °C to 300 °C,
the optimum concentration for maximum film conductivity. the calculated grain size from XRbDincreases from-10 to
Hence, the 2.5 at. % Zr-doped,[D; target was the compo- ~28 nm. An increase in grain size with increasing fhe
sition used in this work. Rutherford backscattering spectromleads to a reduction in grain boundary scattering and a de-
etry measurements indicated that the Zr/In ratie0(057  crease in electrical resistivity.
+0.006) of ZIOfilms is similar to that~0.065+0.006 of The oxygen deposition pressure also affects the optical
the target. Figure 1 shows a plot of electrical resistiyityas ~ properties of the films. Figure 3 shows the optical transmit-
a function of oxygen deposition pressures for films deposited@nce spectra for ZIO films deposited at various oxygen pres-
at three different substrate temperatur@s) ( For the ZIO  sures. The average transmittance in visible raf@#§®—700
films deposited al ;=25 °C, the resistivity is very sensitive
to the oxygen deposition pressure. Low resistivity ZIO films 100
can be obtained only between 15 and 30 mTorr of oxygen.
The decrease in the resistivity with a decrease in oxygen
deposition pressure from 50 to 20 mTorr, can be explained
by the number of oxygen vacancies in the film. Decreasing
the oxygen deposition pressure increases the number of oxy-
gen vacancies in the deposited film leading to an increase in
carrier concentration and a concomitant decrease in film
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resistivity>* A resistivity of ~5.3x10°° Qcm was ob- e 10 mTorT
tained for the ZIO film deposited at 25°C in 20 mTorr of 20l —-nm50mTorr |
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oxygen. However, as thg; increases, the resistivity of ZIO
films is less dependent on the oxygen deposition pressure. . 1 . . . .

The lowest resistivity observed for the ZIO film deposited at 300 400 300 600 700 800 900 1000
300°C in 25 mTorr of oxygen was about X830 * Q cm,
and is similar to that previously obtained X20 # Q cm)

; 3
for IT.O films. L . .. FIG. 3. Transmittance spectra of ZIO films deposited at various oxygen
Flgure_ 2 shows the Va'f'at'on of eI_ectn_caI I‘ESIS_'[IV(I)) pressures. The film thickness was about 2000 A for all films. All films were
as a function ofT for ZIO films deposited in two different deposited at 300 °C.
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00— T T dl' " current density can be obtained at a lower applied voltage of
o0 PLD ZIO 5.5 V. This slight reduction in the driving voltage for the
—e— Sputter-deposited ITO devices with the PLD ZIO anode may be due to an increase
§ in hole injection efficiency from the ZIO layer into the TPD
layer. As seen in the inset of Fig. 4, a luminance of 1000
cd/n? is obtained at ol 7 V in the ZIO device while the
same value of luminance is observed at a higher voltage of
7.5 V in case of the ITO device. An external quantum effi-
ciency measured at a current density of 100 Almas 0.9%.
The reduction in the driving voltage and the high external
§ quantum efficiency achieved for OLEDs based on a ZIO an-
ode are quite promising for use of ZIO as an attractive, trans-
parent electrode.
] In conclusion, highly transparent and conducting ZIO
12 films have been deposited on glass substrates by PLD. The
Applied Voltage (V) electrical and optical properties of the ZIO films have been
investigated as a function of substrate deposition temperature

FIG. 4. Current densityJ) versus applied voltagev) and luminancdl) ~ and oxygen deposition pressure. For 200 nm thick ZIO films
versus applied voltag@/) (inse) characteristics of OLEDs fabricated with a

H — o
Z10 anode and a commercial ITG-1000 A anode. ZIO film(~900 A), d_eposﬂec_i aﬂ_-s_ 200°C aﬂﬁ 25 mTo_rr of oxygen, an elec-
grown by PLD at 200 °C and 5 mTorr of oxygen, was used as an anoddrical resistivity of 2.5¢10™" (A cm with an average trans-
contact in this device. mittance in the visible range of 89%, and an optical band gap
of 4.1 eV was measured. ZIO films have been used as trans-

nm) increases from 70% to 90% with an increase in theparent anode contacts in OLEDs with reduced driving volt-

oxygen deposition pressure from 0.1 to 50 mTorr. This in_age and high electroluminescence quantum efficiency.
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