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Top-emitting organic light-emitting diodes (TEOLEDs) with a thin semitransparent conducting
cathode (STCC) of Ba/Ag/indium tin oxide (ITO) were fabricated and their electric/optical
characteristics were investigated. At the wavelength of 520 nm, optical properties of STCC of
the Ba(3 nm)/Ag(15 nm)/ITO (100 nm) structure showed the transmittance of 63% and the
reflectance of 37%. The light out-coupling properties of the TEOLED, which is composed of
glass/Ag(150 nm)/ITO (130 nm)/4,4",4"-tris[2-naphthylphenyl-1-phenylaminoJtriphenylamine
(2-TNATA, 30 nm)/4,4’-bis[N-(1-napthyl)-N-phenyl-amino]-biphenyl (18 nm)/tris(8-quinolinola-
to)aluminum (III) (62 nm)/Ba (x nm,x=3,2, and 1 nm)/Ag(15 nm)/ITO (100 nm), was increased
as the deposition thickness of Ba is increased. This driving performance of the devices could be
interpreted on the base of carrier injection barrier by measuring built-in voltage as well as both the
optical properties and electric properties of the cathode. The optical properties (e.g., transmittance
and reflectance) and electric properties of all STCCs (Ba/Ag/ITO) used in this study were nearly
equal. However, built-in voltage studied using modulated photocurrent technique was increased as
the thickness of barium composing of STCC was increased. This rising of a built-in voltage means
a lowering of barrier height for electron injection in the devices. © 2008 American Vacuum

Society. [DOL: 10.1116/1.2924333]

I. INTRODUCTION

Organic light-emitting diode (OLED) displays have been
recognized in recent years as one of the promising flat panel
display technologies that are capable of meeting the demand
of future information-display application and lighting. Top-
emitting OLED structures coupled with a low temperature
polysilicon thin film transistor backplane is one of the most
important key-element techniques in active-matrix OLED
displays. This is because the TEOLED cannot only provide a
higher aperture ratio than the general bottom-emitting diodes
but also can realize higher image quality on account of its
geometrical merit allowing a high pixel resolution.

In TEOLEDs, semitransparent top cathodes (STCCs) play
an important role in achieving good device performance.
This STCC should satisfy two conflicting requirements si-
multaneously, i.e., high electrical conductivity and high op-
tical transmittance, to maintain the characteristics of an in-
trinsic top emission. Moreover, for efficient electron
injection from the cathode into the electron-injecting layer
such as Algs [lowest unoccupied molecular orbital (LUMO)
level: 3.1 eV], alkali metal [e.g., Cs (2.1 eV), and Li
(2.9 eV)] and alkaline-earth metal [e.g., Ca (2.9 €V) and Mg
(3.7 eV)] with a low work function have been mainly used as
an adjoining cathode layer adjacent to ETL.

Many attempts have been made to develop proper top
cathodes.”” Particular attention has been focused on the de-
velopment of new cathode systems such as semitransparent
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conducting buffer layers/transparent conducting oxides
(TCOs) [e.g., Ag-doped Mg/tin-doped indium oxide®
(ITO) and Ca/ITO (Ref. 7)], multimetal cathode systems
[e.g., Ca/Ag (Ref. 8) and LiF/Al/Ag (Ref. 9)], and metal-
free cathode systems [e.g., copper phthalocyanine/ITO
(Ref. 3) and Li-doped 2,9-dimethyl-4,7-diphenyl-1,
10-phenanthroline/ITO,>  Cs-doped  4,7-diphenyl-1,10-
phenanthroline/Ag (Ref. 10)]. The multimetal layers used as
cathode systems have been utilized to prevent physical/
chemical damages to the organic layers occurring during
sputter deposition of the TCOs such as ITO in the
TEOLED:s.

Among the various cathode structures, Ba/Ag cathode
containing Ba with low work function (2.7 eV) has been
used for an efficient electron injection layer in transitional
polymer light-emitting devices.'! However, the TEOLEDs
employing the Ba/Ag/ITO cathode as STCC have not been
reported to date. In this study, the light out-coupling proper-
ties of a TEOLEDs with Ba(x nm,x=3,2,1, and 0 nm)
/Ag(15 nm)/ITO (100 nm) were investigated in addition to
the optical properties of the multilayer cathode and the injec-
tion barrier characteristics derived by modulated photocur-
rent technique. This study would be helpful in designing op-
timal structure of the TEOLED.

Il. EXPERIMENTAL DETAILS

A. Device fabrication

Device structure of the TEOLED was composed of
glass/Ag(150 nm)/ITO (130 nm)/4,4’,4"-tris(2-naphthyl-
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FI1G. 1. Block diagram for a measurement of modulated photocurrent. The
device is irradiated by the light from the xenon light source chopped by
rotating blade and modulated photocurrent was measured using a lock-in
amplifier and oscilloscope.

phenyl-1-phenylamino)triphenylamine (2-TNATA) (30 nm)
/4,4’ -bis[ N-(1-napthyl)-N-phenyl-amino-biphenyl ~ (NPB)
(18 nm)/Alg;(62 nm)/Ba (x nm,x=3,2,1, and 0 nm)/
Ag(15 nm)/ITO (100 nm). The Ba thickness of devices 1, 2,
3, and 4 was 3, 2, 1, and 0 nm, respectively.

A 150-nm-thick Ag layer consisting of a multilayer anode
(Ag/ITO) was vacuum evaporated on a glass substrate by
using a thermal evaporator. Onto this Ag layer, a
130-nm-thick ITO layer was deposited by conventional dc
sputtering, followed by a heat treatment; the ITO deposition
was carried out in Ar at the pressure of 5 mTorr mixed with
less than 2% O, at the dc power of 400 W. Organic layers
(2-TNATA/NPB/Alq;) consisting of 30-nm-thick 2-TNATA
as a hole-injecting layer (HIL), NPB as a hole-transporting
layer, and 62-nm-thick tris(8-quinolinolato)aluminum (III)
(Algs) as both an electron-transporting layer (ETL) and an
emissive layer were sequentially deposited by using a ther-
mal evaporator system. The x-nm-thick Ba layer and a
15-nm-thick Ag layer consisting of a multilayer cathode
(Ba/ Ag/ITO) were deposited onto the multiorganic layers by
using a thermal evaporator. Finally, the 100-nm-thick ITO
capping layer was deposited by dc sputtering in Ar at the
pressure of 5 mTorr mixed with O, at a power of 100 W.
The emissive active area of the devices was 1.4 X 1.4 mm?2.

B. Measurement of built-in voltage

The device for built-in voltage was fabricated as the glass/
ITO (about 10 €)/sq, Geomatec Co. Ltd.)/Algs (150 nm)/Ba
(x nm,x=3,2,1, and 0 nm)/Ag (100 nm) structure. Figure
1 shows a block diagram of an experimental setup for a
measurement of modulated photocurrent. The organic light-
emitting diode is connected in series with 5 k() external re-
sistance, and these two devices are electrically connected to
Keithley 236 source-measure unit for an application of bias
voltage. The device is irradiated by the light from the 450 W
xenon light source (Oriel Instruments 66021) chopped by
rotating blade (Stanford Research SR540). Modulated fre-
quency was set to 20 Hz. And modulated photocurrent gen-
erated in the diode was measured as a function of the applied
bias voltage using a lock-in amplifier (Stanford Research
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SR530) and oscilloscope (Agilent 54610B). Phase-sensitive
lock-in amplifier measures a magnitude and phase of photo-
current.

C. General measurement

Reflectance spectra and transmittance spectra of the elec-
trodes were measured by using a UV-visible-near infrared
(UV-vis-NIR) spectrophotometer with a VW specular wave-
length reflectance (Cary 5000 UV/VIS/NIR, Varian Inc.) and
a UV spectrophotometer (UV S-2100, SCINCO Inc.), re-
spectively. The resistivity was measured by using a four-
point probe (CMT-SERIES, CHANG MIN Co. Ltd.). The
current—voltage—luminance characteristics were measured
using a source-measure unit (2400, Keithley Instrument Inc.)
while the emission intensities from the TEOLED devices
were measured by using the photocurrent induced on a sili-
con photodiode (Oriel 71608) with a picoammeter (485, Kei-
thley Instrument Inc.). The electroluminescence (EL) spectra
of the as-fabricated devices were measured by using optical
emission spectroscopy (PCM-420, SC Tech. Inc.).

lll. RESULTS AND DISCUSSION

In the multilayered cathode system, the use of Ba with a
low work function (2.7 eV) could lead to a device perfor-
mance with efficient electron injection. Meanwhile, Ag in the
Ba/Ag/ITO cathode was used as a protecting layer to prevent
the oxidation of both Ba and the organic layers, which are
sensitive to atmospheric moisture and oxygen. A thin layer of
Ag has a relatively low optical absorption and the highest
conductivity among metals. In addition, ITO (refractive in-
dex: 1.95) (Ref. 12) was used as a high-refractive index-
matching layer for the enhancement of the optical transmis-
sion through the top of the device and as a semipassivation
layer to protect the device.

As the anode of the TEOLED, high reflectivity as a mirror
and proper cavity property are required to achieve a strong
radiative emission as the electric field of states is propor-
tional to the reflectivity of the mirrors and to the reciprocal
of the length of the cavity.I2 To obtain a high light-output in
this TEOLED study, Ag/ITO was used as a highly reflective
anode system with a good electrical conductivity, and
Ba/Ag/ITO was introduced as a highly transmittable cathode
system with a good conductivity.

During the deposition of ITO onto glass/Ag/ITO/organic
layers/Ba/Ag, if the thickness of Ba/Ag cathode system is
not thick enough, the device could be damaged by the
plasma through oxidation and physical damage of the or-
ganic layers. In fact, the TEOLED with the Ag-only layer
(below 12 nm in total thickness) cathode showed a poor de-
vice performance after the sputter deposition of the
100-nm-thick ITO capping layer (not shown). Therefore, the
Ba(x nm)/Ag(15 nm) cathode system having the total thick-
ness between 15 and 18 nm was used in this study, to prevent
both physical damage of the organic layers and the oxidation
of Ba during the ITO deposition.

Figures 2(a) and 2(b) show the transmittance curves and
the reflective curves, respectively, as a function of wave-
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FIG. 2. (a) Transmittance spectra and (b) reflectance spectra of cathodes
system composed of Ba (x nm)/Ag (15 nm)/ITO (100 nm) (x=3, 2, 1, and
0 nm).

length for Ba(x nm:x=0-3)/Ag(15 nm)/ITO (100 nm). The
transmittance of cathode was largely increased and the resis-
tance was decreased with adding the Ba thickness in the
glass/Ba(x nm)/Ag(15 nm)/ITO (100 nm) cathode, com-
pared to cathode of Ag(15 nm)/ITO (100 nm). These optical
properties are not sensitive to the change of a Ba thickness
used in this study. Although the increase in transmittance
with the decrease in resistance by introducing Ba into cath-
ode is not well understood, the change of optical properties is
estimated to be derived by the change of the interfacial struc-
ture between Ba and Ag.13

Meanwhile, cathode structure of Ba(3 nm)/Ag(15 nm)
/ITO (100 nm) showed the high transmittance of 63% and
the reflectance of 37% at the wavelength of 520 nm.

In addition, as shown in Table I, when the thickness of Ba
in Ba(x nm)/Ag(15 nm)/ITO (100 nm) cathode is 3, 2, 1,
and 0 nm, resistivities of the multilayer cathode were 5.6,
5.6, 5.7, and 5.8 )/sq, respectively. Also, the Ag(150 nm)
/ITO (130 nm) anode showed a resistivity of about 0.2 )/sq.

Figure 3 shows the EL spectra of the TEOELDs with the
Ba(x nm,x=3,2,1, and 0 nm)/Ag(15 nm)/ITO (100 nm)
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TaBLE I. Transmittance, reflectance, and sheet resistance of cathode system
composed of Ba/Ag/ITO.

Cathode Transmittance® Reflectance”  Sheet resistance
structure (%) (%) (Q/sq)
Ba(3 nm)/Ag(15 nm) 63 37 5.6
Ba(2 nm)/Ag(15 nm) 64 35 5.6
Ba(l nm)/Ag(15 nm) 64 35 5.7
Ba(0 nm)/Ag(15 nm) 38 43 5.8

“Optical properties at the wavelength of 520 nm.

cathode and the maximum peak of the EL spectra was sum-
marized in Table II. The maximum EL peaks of devices 1, 2,
3, and 4 were 518, 520, 520, and 520, respectively, as shown
in Table II. EL spectra of the TEOLEDs are occurred from
the Fabry-Pérot resonator formed by the semitransparent
Ba/Ag/ITO cathode and highly reflective Ag/ITO anode, ex-
plaining the microcavity effect."* The maximum EL peak of
520 nm was obtained by adjusting the macrocavity effect,"”
which could be controlled by changing the thickness of ITO
composing the multilayer anode. The EL spectrum was mea-
sured at the normal viewing angle and at L.

By using the TEOLEDs fabricated with the cathode sys-
tem and the anode system described above, the current—
voltage-luminance characteristics of the devices [Ba thick-
ness in Ba/Ag(15 nm)/ITO (100 nm); devices 1, 2, 3, and
4=3, 2, 1, and 0 nm] were measured and the results are
shown in Fig. 4(a). The current density—voltage—luminance
characteristics and the EL characteristic for devices 1-3 were
also summarized in Table II. Turn-on voltages (V;) at the
luminance of 0.1 c¢d/m? for devices 1, 2, 3, and 4 were 2.8,
2.8, 2.8, and 4.4 V, respectively. As shown in Fig. 4(a) and
Table I, at a luminance of about 100 cd/m?(L,), the current
densities (J) of devices 1, 2, and 3 were 2.1 mA/ cm?

10 -
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E.L. intensity (arb. units)

8.0

450 580 550 600 650
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FiG. 3. Electroluminescent spectra for devices 1-4. Devices were composed
of  glass/Ag (150 nm)/ITO (130 nm)/2-TNATA (30 nm)/NPB
(18 nm)/Algs (62 nm)/Ba (x nm)/Ag (15 nm)/ITO (100 nm). (Ba thick-
ness of devices 1, 2, 3, and 4=3, 2, 1, and 0 nm).
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TaBLE II. Current density-voltage—luminance characteristics and the electrolumines cent properties of the de-
vices composed of glass/Ag (100 nm)/ITO (125 nm)/2-TNATA (30 nm)/NPB (18 nm)/Alg; (62 nm)/BA

964

(x nm)/Ag (15 nm)/ITO (100 nm). (Ba thicness of devices 1, 2, 3, 4, 15, 10, 5, and 0 nm).

Thickness 7 at Text AL
of Ba/Ag/ITO  ELA,," 100 cd/m? 100 cd/m? Loy V at (100 cd/m?)

Device (nm) (nm) (Im/W) (%) (cd/m?) (V)
1 3/20/100 518 2.7 1.5 79 890 6.0

at 11.6 V at 2.1 mA/cm?
2 2/20/100 520 2.4 14 52100 6.2

at 122V at 2.5 mA/cm?
3 1/20/100 520 2.4 1.3 55500 6.2

at 14.0 vV at 2.8 mA/cm?
4 0/20/100 520 7700 10.8

at 16.6 V at 21.0 mA/cm?

*Maximum EL peaks at the luminance of 100 cd/m?.

(6.0 V), 2.5 mA/cm? (6.2 V), and 2.8 mA/cm? (6.2 V), re-
spectively. The maximum luminances (L,,,,) for devices 1-3
were 79 890 (11.6 V), 52100 (12.2 V), and 55 500 cd/m?
(14.0 V), respectively, as shown in Table II. Figure 4(b)
shows the external quantum efficiency (7.y) and the power
efficiency (7pg) for devices 1-3 as a function of the lumi-
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FiG. 4. (a) Current density and luminance curves as a function of bias
voltage and (b) external quantum efficiency and power efficiency as a func-
tion of a luminance, for devices 1-4.
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nance, and the results were also summarized in Table II. As
shown in Fig. 4(b) and Table II, #pg at L, for devices 1-3
were 2.7%, 2.4%, and 2.4%, respectively, and 7. at Ljgg
were 1.5, 1.4, and 1.3 Im/W, respectively. When the charac-
teristics of the devices such as Vi, J, Ly .x, Texe- and 7pg Were
compared, device 1 with the cathode structure of
Ba(3 nm)/Ag(15 nm)/ITO (100 nm) showed the most excel-
lent driving performance.

Data based on the current density—voltage—luminance
characteristics exhibits that the light out-coupling efficiency
is largely dependent on the thickness of Ba composing the
multilayer cathode, than both the optical property and the
resistivies of cathode shown Table I. This implies that the
driving performance of the device is dependent on the barrier
height for electron injection in the interface formed between
Ba and Alq;. Meanwhile, the carrier injection from the elec-
trode to organic layers (ETL or HIL) of the devices could be
understood by using modulated photocurrent technique.16
The built-in electric field in the device is generated by an
alignment of the Fermi level of the two electrodes. The
built-in voltage corresponds to a difference of work function
between the anode and cathode.

A mechanism of photocurrent could be quantitatively ex-
plained. When the Algs; molecules absorb incident light,
electrons are excited from the lower energy level to the
higher one. If the applied bias voltage is zero, the excited
electrons drift due to a built-in electric field. There is a pho-
tocurrent even at zero bias voltage. If the applied bias com-
pensates a built-in voltage, excited electrons do not drift be-
cause of flatband structure. In this case, there is no
photocurrent flow. When the applied bias is above the
built-in voltage, there occurs an electric field across the or-
ganic layer in the opposite direction to the previous one. In
this situation, the photocurrent flow direction is opposite to
the previous one. This causes a phase change of photocurrent
by 180°.

Figure 5(a) shows a magnitude and phase of modulated
photocurrent measured using lock-in amplifier as a function
of the applied bias voltage. Figure 5(a) is a result obtained
from the ITO/Alq;(150 nm)/Ba(3 nm)/Ag(100 nm) device
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FIG. 5. (a) Magnitude and phase of modulated photocurrent measured from
the device 1 of (a) ITO/Algs (15 nm)/Ba (3 nm)/Ag (100 nm). (b) Built-in
voltage as a function of the Ba layer thickness increases. There is an in-
crease in built-in voltage as the Ba layer thickness increases. Open squares
and solid squares represent the built-in voltage and the barrier height for
electron injection, respectively, in the ITO/Alg; (15 nm)/Ba (x nm, x=3, 2,
1, and 0 nm)/Ag (100 nm) device.

and Fig. 5(b) shows a built-in voltage and barrier height for
an electron injection for devices 1-4. Figure 5(a) shows that
as the applied bias voltage increases, the magnitude of pho-
tocurrent decreases up to certain voltage, and then increases
again. In this case, the voltage when the magnitude of pho-
tocurrent is minimum is the built-in voltage (Vi in)-
Around this voltage, the phase of photocurrent changes by
about 180°. In this way, when a thickness of Ba was 3 nm
(device 1), 2 nm (device 2), 1 nm (device 3), and 0 nm (de-
vice 4), values of Vi in were 1.5, 1.4, 1.3, and 0.4, respec-
tively. Barrier height for electron injection (PJ) is repre-
sented by the following equation:

n
(I)B = q)anode - ELUMO - Vbuill in*

Here, @, and E; ymo correspond to work function of an-
ode (ITO: 4.7 eV)," energy level of the LUMO of Alg;,
(3.1 eV), respectively.'® Values of @', for devices 1, 2, 3, and
4 were 0.1, 0.2, 0.3, and 1.3 eV, respectively. The barrier
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height is dependent on the Ba/ Alq; cathode structure used in
this study and this indicates that barrier height for carrier
injection is at the Alqs/Ba interface, because the structure of
the organic layers and anode was maintained same. There-
fore, the light out-coupling properties in the TEOLEDs con-
taining Ba/ Ag/ITO used in this study is mainly dependent on
barrier height for electron injection as well as the optical
properties and the electric properties of the STCC.

IV. CONCLUSIONS

The cathode of Ba(3 nm)/Ag(15 nm)/ITO (100 nm)
showed the high transmittance of 63% and a reflectance of
37%. When adding Ba to Ag(15 nm)/ITO (100 nm) cathode,
the optical properties such as transmittance and a resistance
was largely improved, compared to Ag(15 nm)/ITO
(100 nm). Meanwhile, the light out-coupling property of the
TEOLEDs with the Ba/Ag/ITO cathode system used in this
study was mainly dependent on barrier height for electron
injection from the Ba/Alqs interface into the Alqs layer. The
device which has a structure of glass/Ag(150 nm)/ITO
(130 nm)/2-TNATA (30 nm)/NPB (18 nm)/Alqg;(62 nm)/
Ba(3 nm)/Ag(15 nm)/ITO (100 nm), showed the good driv-
ing performance of a high L, of 79890 cd/m? and 7pg
of 2.7 1m/W. Also, barrier height for electron injection
in the device which have the ITO/Alq;(150 nm)/
Ba(3 nm)/Ag(100 nm) structure is estimated as 0.1 eV.
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