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Rubidium carbonate (Rb,COj3)-doped tris(8-quinolinolato)aluminum (III) (Algs) thin films have been
investigated as electron-injecting materials for organic light-emitting diodes (OLEDs). Electron-only
devices consisting of glass/tin-doped indium oxide (ITO)/Rb,CO3-doped Algz (10 nm)/aluminum (Al)
showed an electron-ohmic contact property between the electrode and the organic layer at the doping
concentration of 10% and higher. The electron-injecting ability of these contacts was largely
enhanced by the n-doping effect of Rb,CO5 into the Alq; layer. The ultraviolet photoemission spectra
revealed that when the doping concentration was increased, the n-doping effect reduced the carrier-
injecting barrier height by lowering the work function at the Rb,CO5-doped Alqs interfaces. Also, the
x-ray photoemission spectra showed that as the doping concentration was increased at the interfaces,
Algs molecules decomposed in a chemical reaction with Rb,CO;. The OLED device, having the
glass/ITO/molybdenum oxide (MoOy, 25%)-doped N,N’-diphenyl-N,N'-bis(1-naphthyl)-1,1’-biphenyl-
4.4'-diamine (NPB, 5 nm)/NPB (63 nm)/Alq; (32 nm)/Rb,CO3-doped Algs (10%, 10 nm)/Al (100 nm)
structure, showed the best performance at the optimal doping concentration of Rb,COs-doped Alqs,
both the maximum luminance of 114 400 cd/m” at the bias voltage of 9.8 V and the power efficiency
of 2.71m/W at the luminance of 1000 cd/m? were obtained. © 2013 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4798302]

. INTRODUCTION

Recently, organic semiconductors such as organic light-
emitting diodes (OLEDs), organic solar cells, organic thin film
transistors, and organic sensors have attracted much attention
due to their potential in optoelectronic applications.'™ Among
these devices, OLEDs are actively investigated for next gener-
ation applications such as lighting, flexible displays, transpar-
ent displays, etc.” One of the critical issues in fabricating
high-performance OLEDs is the improvement of the carrier
injection efficiency at the electrode/organic interfaces. This
carrier-injecting efficiency greatly depends upon the number
of carriers and the carrier-injecting barrier height (®g°) at the
interfaces between the metal and organic layers.® Therefore,
developing an efficient carrier-injecting layer between the
metal and the organic layers is one of the key elements in
improving the light-emitting efficiency of OLEDs.’

Doping techniques for carrier-injecting layers have been
extensively investigated in the development of an efficient
carrier-injecting layer in p-i-n OLEDs, in which an intrinsic
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emission layer is embedded between the p-type and
the n-type doped layer.*'® Recently, metal oxide-based
p-doping materials, such as molybdenum oxide (MoOs3),
rhenium oxide (ReOs), vanadium oxide (V,0s5), and
tungsten oxides (WO;), have been developed to form the
hole-injecting layer (HIL).'*'® Meanwhile, alkali-metal
carbonates, such as rubidium carbonate (Rb,COj3), cesium
carbonate (Cs,CQO3), and lithium carbonate (Li,COs3), have
been investigated as n-type dopants to form the electron-
injecting layer (EIL)."”' Chen et al. reported that the
n-doping effect of Rb,COj; in a 4,7-diphenyl-1,10-phenan-
throline (Bphen)/Rb,CO3/Al system can improve the elec-
tron conductivity between the electron-transporting layer
(ETL) and the electrode in OLEDs through an energy level
study and a theoretical calculation of the gap states formed
at this interface.'” These doping materials lead to the forma-
tion of an ohmic contact between the electrode and the
carrier-injecting layer. Also, p-i-n OLEDs with a carrier-
injecting layer has a low driving voltage with high carrier
conductivity, and therefore, high efficiency.''**

Even though the previous study'® demonstrated that the
n-doping effect of Rb,CO3; on Bphen can improve the

© 2013 American Vacuum Society 031101-1
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contact property between the electrode and the carrier-
injecting layer, it is difficult to apply Rb,COj; as the ETL
material for OLEDs, especially in actual field operation, due
to its low glass transition temperature (Tg) and low reliabil-
ity in high temperature operations. Among the various mate-
rials, Alqs is the most commonly investigated ETL material;
therefore, it is important to understand the n-doping effect of
Rb,COj3; on Alqgs, which is similar to the n-doping effect of
Rb,CO; on Bphen. Therefore, in this study, the n-doping
effect of Rb,CO5; on Alqgs; has been investigated. Especially,
the electron-injecting properties and electronic structure of
Rb,CO3-doped Alqgs thin films as EILs were investigated,
and these thin films were applied as electron-ohmic contacts
in OLEDs. The n-doping effect of the Rb,CO3-doped Alqs
layer as an EIL at different doping concentrations and differ-
ent thicknesses was investigated by reviewing the electron-
ohmic contact property of electron-only devices. Also, the
interfacial electronic structure that originated from the
n-doping effect, which can be used to understand both ®g°
and the interface mechanism, was investigated by using
x-ray photoemission spectroscopy (XPS) and ultraviolet
photoemission spectroscopy (UPS). Finally, the correlation
between the physical properties of the Rb,CO5-doped Alqs
thin film and the device performance of the carrier-ohmic
OLED was discussed.

Il. EXPERIMENT METHODS

OLEDs were constructed with glass/tin-doped indium
oxide (ITO, about 10 Q/J)/molybdenum oxide (MoOy, 25%)-
doped N,N'-diphenyl-N,N’'-bis(1-naphthyl)-1,1’-biphenyl-4,4’-
diamine (NPB, 5nm)/NPB (63 nm)/tris(8-quinolinolato)
aluminum (IIT) (Alqgz, 42-y nm)/rubidium carbonate (Rb,COs3,
x%)-doped Alqs; (ynm)/aluminum (Al, 100nm). In the
Rb,CO5-doped Alqs thin film, the Rb,CO3 doping concentra-
tion was varied as 0, 2.5, 10, and 50% and the film thickness
was varied as 10, 20, 30, and 40 nm at the optimal doping con-
centration of Rb,CO;. MoO,-doped NPB was used for the
HIL,* NPB for the hole-transporting layer, Alqs for the emis-
sive layer (EML) and the ETL, Alq; doped with Rb,CO; for
the EIL, and Al for the cathode layer. A multilayer of MoO,-
doped NPB/NPB/Alq3/Rb,CO3-doped Alqgs/Al was formed by
in-situ deposition through sequential thermal evaporation on a
glass/ITO substrate. The doped carrier-injecting layers such as
Rb,COs-doped Alq; and MoO,-doped NPB were formed by
coevaporation of host and dopant materials. The emissive
active areas of all devices were 2 x 2 mm?. The electron-only
devices were fabricated separately from the structure of glass/
ITO/RbyCO3-doped Alq; (x%, y nm)/Al (100 nm). The doping
concentration (x %) of Rb,CO5 was varied from 0 to 50%, and
the thickness of Rb,COs-doped Alqs thin film was also varied
from 10 to 40 nm. The same experiments were repeated more
than three times due to the high air sensitivity of the alkali
metals during device fabrication, but the differences of the
measured data among the experiments were less than 10% in
general.

The current density—voltage—luminance (J-V-L) and J-V
characteristics of the fabricated devices were measured using
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an electrometer (Keithley 2400 or Hewlett Packard 4145A),
a silicon photodiode (Oriel 71608), and a picoammeter
(Keithley 485). The electronic structures of the Rb,COj3-
doped Alqjs thin films were examined using XPS and UPS at
the 4D beam line of the Pohang Accelerator Laboratory in
Korea. The depositions and measurements were performed
in an ultrahigh vacuum system, consisting of a main analysis
chamber (approximately, 5x 10~'® Torr) and a sample
preparation chamber (approximately, 5 x 10~° Torr). For the
analysis, Rb,CO3-doped Alq; (10nm) thin films of various
doping concentrations were prepared in-situ by sequential
thermal evaporation on a p-type Si wafer in an ultrahigh
vacuum system, which was connected to the beam line in a
vacuum. The thicknesses of the deposited thin films were
obtained by timed depositions, calibrated using a quartz—
crystal microbalance. In the XPS study, incident photon
energy of 350eV was used to obtain the core level spectra of
Al 2p. For the UPS measurement, the ultraviolet source of
He 7 (21.2eV) line was used. The photoemission onset,
reflecting the work function (®) at the surface of a sample,
was measured by biasing the sample at —5.0 V. The incident
photon energy was calibrated by measuring the Au 4f level
of the Au surface.

lll. RESULTS AND DISCUSSION

As there are no intrinsic charge carriers in organic materi-
als, all holes and electrons have to be injected from an anode
and cathode, respectively. Therefore, charge injection effi-
ciency and interface stability control the overall device per-
formance of an OLED. To obtain a low driving voltage and
to eliminate Joule heating at the organic layer/electrode
interface, it is essential to build a robust interface with no
potential barrier.>* In order to establish a robust ohmic con-
tact between the organic layer and the cathode, a series of
electron-only devices with the Rb,CO3-doped Alqj thin film
were designed, and their electrical characteristics were
investigated as functions of the Rb,CO; doping concentra-
tion in Alqg; and the thickness of the Rb,CO3-doped Alqs
thin film. Essentially, an electron-only device can be defined
as a device with the electron as the major carrier.

Figure 1(a) shows the J-V characteristics of the electron-
only devices as a function of the Rb,CO; doping concentra-
tion in the 10nm-thick Rb,COs-doped Alqs layer. The
device structure was glass/ITO/Rb,COs-doped Alqs (x%,
10nm; x=0, 2.5, 10, and 50)/Al (100nm). A bias voltage
was applied to the bottom electrode in reference to the top
ground electrode. When the doping concentration is 10% or
higher, the electron-only devices exhibit a perfectly linear
line, with the characteristics of a true ohmic contact at both
the top and bottom interfaces.”> However, when the doping
concentration of Rb,COs is either below 10% (ITO/Rb,CO5-
doped Alqs/Al) or when the Alqs; layer is pristine (ITO/Alqs/
Al), the current density—voltage curves of the devices are
nonlinear, indicating nonohmic and highly resistive contact
characteristics. Also, when the doping concentration is
higher than 10%, the J-V characteristics degrade, showing
higher resistivity in regards to the contact at higher doping
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Fic. 1. Current density—voltage characteristics of the electron-only devices
both as a function of the Rb,CO; doping concentration in the 10 nm-thick
Rb,CO3-doped Alqz layer (a) and as a function of the thickness of the
Rb,CO3-doped Algs; thin film at the doping concentration of 10% (b). The
device structure was glass/ITO/Rb,CO3-doped Alqs (x%; y nm; x =0, 2.5,
10, and 50; y = 10, 20, 30, and 40)/Al (100 nm). The bias was applied to the
bottom electrode in reference to the top grounding electrode.

concentrations. This observation reveals that electron con-
ductivity is strongly dependent on the doping concentration
of Rb,CO;. In addition, the near symmetric J-V characteris-
tics obtained in our experiment even with different electro-
des (ITO and Al) might be related to the tunneling current
from the ITO side (@ is ~4.7eV) to the Rb,CO; doped Alqs
layer during application of negative voltage to the ITO elec-
trode while the Al electrode is grounded. On the other hand,
when a positive voltage is applied to the ITO electrode while
the Al electrode is grounded, electrons are believed to be
injected when they jump the energy difference between the
lowest unoccupied molecular orbital (LUMO) levels of the
Rb,CO3-doped Alg; and Al (@ is ~4.3eV).

JVST A - Vacuum, Surfaces, and Films

031101-3

Figure 1(b) exhibits the J-V characteristics of the
electron-only devices measured as a function of the thick-
ness of the Rb,CO3-doped Alqs thin film at the doping con-
centration of 10%. The device structure was glass/ITO/
Rb,CO3-doped Alqsz (10%, y nm; y = 10, 20, 30, and 40)/Al
(100nm). As shown in the figure, the J-V characteristics of
the electron-only devices demonstrated the best performance
when the Rb,COs-doped Alqs thin film was the thinnest
(10 nm). When the Rb,CO3-doped Alqs thin film was thicker
than 30 nm, the J-V characteristics became very resistive and
even showed slightly nonlinear characteristics. The
increased resistive J-V characteristics with the increase of
the Rb,CO5-doped Alqs thin film thickness are believed to
be related to the increased resistance of the film. Therefore,
the electron-injecting layer demonstrated the best perform-
ance when the electron density at the interface was increased
without an increase in the series resistance of the device at
Rb,CO3-doped Alqs thin film thickness of 10 nm and doping
concentration of 10%. In fact, the increase of voltage with
increasing thickness of the Rb,CO3-doped Alqj thin film at a
given current density also tells us that the electrical conduc-
tion of the electron-only device with the 10% Rb,CO3-doped
Alg; thin film is bulk-limited conduction not interface-
limited conduction due to the efficient electron injection at
the interface for the 10% Rb,CO5-doped Alq; thin film. For
bulk-limited conduction, ohmic conduction, trap-filled lim-
ited conduction, and space charge limited conduction will
follow the relationships of V o< thickness, V o thicknessz,
and V thickness3/2, re:spective:ly.26 However, due to the
lack of data, the exact bulk-limited conduction mechanism
could not be identified in this experiment.

In order to further understand the J-V characteristics of
the electron-only devices investigated in Fig. 1(a) as a func-
tion of Rb,CO; doping concentration in the Rb,CO3-doped
Alg; thin film, the interface characteristics between the
Rb,CO3-doped Algs thin film and electrodes were investi-
gated for the electron injection mechanism at the interface.
Figure 2(a) shows the electron density curves of the Al 2p
core level XPS for both pristine Alqs and Rb,CO3-doped
Algqs; thin films with various Rb,CO5; doping concentrations
on p-type Si wafers. The film thickness was maintained at
10nm. The peak at 74 eV in the figure is from the Al 2p XPS
spectrum of the nondoped Algs.”” As the concentration of
the Rb,CO; in the film increased, a new peak related to a
species decomposed by chemical reactions is observed from
10% of Rb,COj at the lower binding energy of 73.3eV, and
this peak increases with increasing concentration of the
Rb,COj; dopant in the film, indicating increases in chemical
reactions. This peak also gradually broadens. Therefore, as
shown in the Al 2p XPS spectra, the Alq; molecule itself
begins to slowly decompose, starting at 10% Rb,CO3 doping
concentration, and becomes seriously decomposed at 50%
Rb,COj; doping concentration. Similar phenomena were also
observed for the electronic features of the Al-on-Alqs inter-
faces investigated by Mason ef al.?®

The slightly decomposed species of Alqs will function as
the electrical conductor with the metallic structures. When
the doping concentration of Rb,COj is less than 10%, Alqs
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Fic. 2. Al 2p core level XPS spectra of the Rb,COs-doped Algs thin film (a)
and the onset of the work function in the UPS spectra (b) as a function of
Rb,CO3 doping concentration. The bottom curves in (a) are deconvoluted
peaks at 74 and 73.3 eV for the Al 2p core level XPS peak.

appears to be not decomposed, except for the formation of a
stable Algs > radical anion through the acceptance of elec-
trons from the Rb metal in Rb,CO; caused by the nonstoi-
chiometric Rb,CO; deposition.28 However, when the
concentration of Rb,COj is equal to or higher than 10%,
Alqg; appears to be decomposed by the strong reaction
between Rb,CO; (as an electron donor) and Alqg; (as an

Alq; Alq; doped with
Rb,CO; (10%)
EVAC \
5.7eV
®o=0.1eV
oMo || N\
0.8 eV ]
D .
2.1eV 2.9eV 2.8 eV 2.0V
HOMO N\ !

FiG. 3. Proposed energy band diagrams of the pristine Alg; and Rb,CO;-
doped Alqs thin films. The doping concentration of Rb,CO3 was 10%.
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electron acceptor), similar to the Cs,CO5-doped Alqsz sys-
tem.?" Furthermore, considering that the Al atom in the satu-
rated Algqs molecule has six-coordinate numbers by three
chelate ligands, the structural destruction of Alq; exposes
the Al atom in the Alq; molecule. These phenomena lead to
a marked increase in the free carrier concentration in the
doped layer and are related to the formation of the ohmic
contact observed in electron-only devices with Rb,CO3 dop-
ing concentrations of 10% and above. However, the severe
decomposition of the Alq; thin film increased the defects in
the film; therefore, it decreased the free carrier concentration
in the film and worked as a resistor, especially when the dop-
ing concentration was higher than 10%.

Figure 2(b) shows the onset of the @ in the pristine Alqs
film and in Rb,CO3-doped Alqs thin film as a function of the
Rb,COj; doping concentration in the UPS spectra. Compared
to @ in the pristine Alqs, at the initial doping concentration
of 2.5%, ® was significantly reduced to 0.4eV compared to
that of pristine Alqs. This abrupt reduction of @ is related to
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Fic. 4. (a) Current density—voltage—luminance characteristics in OLEDs
with all carrier-ohmic contacts measured as a function of the Rb,CO5 dop-
ing concentration in the Rb,CO3-doped Algqs thin film. The device structure
was glass/ITO/MoO,-doped NPB (25%, 5nm)/NPB (63 nm)/Alqz (32 nm)/
Rb,CO3-doped Algs (x%, 10nm)/Al (100nm). The doping concentrations
of Rb,COj in devices I, II, III, and IV were 0, 2.5, 10, and 50%, respec-
tively. (b) Power efficiency measured as a function of a current density.
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the charge exchanges and a strong dipole field at the inter-
face between Alq; and Rb,CO;.%° The @ is further decreased
with the increase of Rb,CO; doping concentration to 10%;
however, the further increase of the doping concentration
from 10 to 50% does not change ® significantly, maintaining
@ at 0.7 eV, similar to that of the pristine Alqs,

Figure 3 shows the proposed energy band diagram for the
pristine Alqz and 10% Rb,COjz-doped Alqs thin films
obtained from the results in Fig. 2(b). Here, the ionization
potential, the energy band gap (E,), and the ®g°, which is
defined as the difference between the LUMO level and Ef of
the electrode, of the pristine Alq; were taken as 5.7, 2.9, and
0.8 eV from the literature.® Due to the reduction of ® by the
doping of Rb,CO; in Alqs thin films as shown in Fig. 2(b),
®3° could be reduced to 0.1eV from 0.8 eV at these interfa-
ces following the Rb,CO3; doping concentration of 10% and
above in the Rb,CO3-doped Algs thin films. Such low ®g° is
originated from the reduction of @, which is caused by the n-
doping due to the interface dipole effect.®

To apply the results obtained in Figs. 1 and 2 to OLED
devices, MoO,-doped NPB was used as the hole-ohmic con-
tact and the Rb,CO3-doped Alq; as the electron-ohmic con-
tact. Figure 4 shows the J-V-L characteristics of the OLEDs
with all carrier-ohmic contacts measured as a function of
Rb,CO; doping concentration in the Rb,CO3-doped Alqgs
thin film. The device structure was glass/ITO/MoOx-doped
NPB (25%, 5nm)/NPB (63nm)/Alq; (32nm)/Rb,CO3-
doped Alqs (x%, 10nm)/Al (100 nm). The doping concentra-
tions of Rb,COj5 in devices I, II, III, and IV were 0, 2.5, 10,
and 50%, respectively. The J-V-L characteristics for devices
I, I, III, and IV are also summarized in Table I. As shown in
the table and Fig. 4, device III with the doping concentration
of 10% exhibited the lowest turn-on voltage of 2.6 V at the
luminance of 0.1 cd/m* among the devices investigated. In
contrast, the devices with doping concentrations of either
less than or greater than 10% showed higher turn-on voltages
(V) than device III. Also, the maximum luminance (L,,4)
of devices I, II, III, and IV were 18 000 (at 11.6 V), 87 800
(at 10.8'V), 114 000 (at 9.8 V), and 39 140 (at 10.4) cd/m?,
respectively. Figure 4(b) and Table I show power efficiency

TaBLE I. Current density—voltage—luminance characteristics of the OLED
devices according to the doping concentration of Rb,COjz; (%) in the
Rb,CO5-doped Algs thin film. The device structure was glass/ITO/MoOy-
doped NPB (25%, 5nm)/NPB (63 nm)/Alq; (32nm)/Rb,CO;-doped Alqs
(x%, 10nm)/Al (100 nm). The doping concentrations of the Rb,COj in devi-
ces I, II, I1I, and IV were 0, 2.5, 10, and 50%, respectively.

Doping
concentration Vrat npe (Im/W) at
Device of Rb,CO; (%) 0.1 cd/m? 1000 cd/m?> Luax (cd/m?)
I 0 3.0V 08at84V ~ 18180at11.6V
(36.4mA/cm?)
1l 25 28V 21at62V  87820at 10.8V
(22.5mA/cm?)
111 10 26V 27at54V 114400 at9.8V
(21.3mA/cm?)
v 50 26V 20at5.6V  39140at 104V
(24.3mA/cm?)
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(npg) measured as a function of current density. The power
efficiencies of devices I, II, III, and IV were 0.8, 2.1, 2.7,
and 2.0 Im/W, respectively. The npg value increased from
0.8 to 2.7Im/W as the doping concentration was increased
from O to 10%, due to the increased n-doping effect in the
Rb,CO3-doped Algs thin films in addition to the reduction of
®5° with increasing doping concentration of Rb,COs.
However, as the doping concentration was further increased
from 10 to 50%, the npg decreased from 2.7 to 2.0 Im/W and
the J-V-L characteristics degraded. When the doping con-
centration of Rb,CO; was increased higher than 10%, ®g°
remained at 0.1 eV, but due to the significant chemical reac-
tion, the interface properties degraded, resulting in the poor
device performances of the OLED devices for doping con-
centrations greater than 10%. In Fig. 1, the J-V characteris-
tics of the electron-only devices were degraded when the
doping concentration of Rb,CO3 was increased beyond 10%.
Therefore, light-emitting properties of Vr and #pg shown in
Fig. 4 and Table I are in good agreement with the results of
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Fic. 5. (a) Current density—voltage—luminance characteristics in OLEDs
with all carrier-ohmic contacts measured as a function of the thickness of
the Rb,CO5-doped Algs thin film at the doping concentration of 10%. The
device structure was glass/ITO/MoO,-doped NPB (25%, 5nm)/NPB
(63 nm)/Alq; (42-x nm)/Rb,CO5-doped Alq; (10%, y nm)/Al (100 nm). The
thicknesses of the Rb,CO3-doped Alqs thin films in devices III, V, VI, and
VII were 10, 20, 30, and 40 nm, respectively. (b) Power efficiency as a func-
tion of a current density.
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TaBLE II. Current density—voltage—luminance characteristics of the OLED devices according to the thicknesses of the Rb,CO3-doped Alq; thin films in the
devices. The device structure was glass/ITO/MoOx-doped NPB (25%, 5 nm)/NPB (63 nm)/Alqs (42-x nm)/Rb,CO3-doped Alq; (10%, x nm)/Al (100 nm). The
thicknesses of the Rb,CO;-doped Algs thin films in devices III, V, VI, and VII were 10, 20, 30, and 40 nm, respectively.

Device Algs (42-x nm)/Rb,COs-doped Algs (10%, x nm) Vrat 0.1 cd/m? #pe (Im/W) at 1000 cd/m? Lnax (cd/m?)

I 32/10nm 26V 2.7 at 5.4V (21.3mA/cm?) 114400 at 9.8V
\% 22/20 nm 3.0V 1.8 at 6.8V (25.0mA/cm?) 73140 at 10.6 V
\%! 12/30 nm 3.0V 1.9 at 7.2V (27.3mA/cm?) 63660 at 11.0V
VII 2/40 nm 32V 1.5at 7.8V (26.5 mA/cm?) 48710 at11.4V

the electrical conductivity and interface mechanism, shown
in Fig. 1.

Figure 5(a) shows the J-V-L characteristics in OLEDs
with all carrier-ohmic contacts measured as a function of the
thickness of the Rb,CO3-doped Alg; thin film at the doping
concentration of 10%. The device structure was glass/ITO/
MoOy-doped NPB (25%, 5nm)/NPB (63 nm)/Alqs (42-x
nm)/Rb,CO3-doped Alqg; (10%, ynm)/Al (100nm). The
thicknesses of the Rb,CO3-doped Alqs thin films in devices
III, V, VI, and VII were 10, 20, 30, and 40 nm, respectively.
As shown in Fig. 5(a), device III showed the highest current
density. Also, the Vr of devices III, V, VI, and VII were 2.6,
3.0, 3.0, and 3.2V, respectively; therefore, device III showed
the lowest Vr. These results mean that the Rb,CO3-doped
Algs thin film functions as a resistor; thus, a higher electrical
performance is obtained with a low-thickness Rb,CO3-doped
Alg; thin film. The J-V-L characteristics of devices III, V,
VI, and VII are also summarized in Table II. The L,,,. val-
ues of devices III, V, VI, and VII were 114 400 (at 9.8 V), 73
140 (at 10.6V), 63 660 (at 11.0V), and 48 710 (at 11.4V)
cd/mz, respectively. Therefore, when the thickness was
changed from 10 to 40nm, considering both the Vt and
Liax, device III with the 10 nm-thick Rb,CO3-doped Alqs
thin film exhibited the highest device performance. Figure
5(b) and Table II show the npr measured as a function of
current density. Device III in the #pg also showed the highest
efficiency of 2.7Im/W among the devices investigated. The
increased thickness of the Rb,CO3-doped Alqgs (10%) film at
constant total thickness of EIL/ETL [Rb,COs-doped Alqs
(10%) + Alqs] decreases the total resistance of the device;
therefore, the improvement of the device characteristics
might be expected. However, as shown in Fig. 5, the lower
performance of the device was observed in our experiment
with the increase of thickness of the Rb,COjz-doped Alqs
thin film at the same thickness of the EIL/ETL. The lower
device performance might be related to the decrease of EML
thickness responsible for the recombination of the carriers
even though the increased thickness of the Rb,CO3-doped
Algs; layer at constant total EIL/ETL thickness enhanced the
electron injection and transport in the OLED. However, the
exact reason may need to be investigated further. If the per-
formances of our devices are compared with the devices
investigated by other researchers, even though the devices in
this study did not show performances as good as those of the
Bphen-based devices reported by other researchers,'® they
were better than those of the devices with LiF/Al cathode
structures, which are most commonly studied.?>?%-3¢

J. Vac. Sci. Technol. A, Vol. 31, No. 3, May/Jun 2013

IV. CONCLUSIONS

The Rb,CO3-doped Alqgs thin film was investigated as a
potential electron-ohmic contact material in OLEDs. UPS
analyses revealed that the ®g°, which occurs between elec-
trodes and the Rb,CO5-doped Alqs thin film, was dramati-
cally reduced as the Rb,CO; doping concentration in the
Rb,CO3-doped Algs thin film was increased to 10% due to
the reduction of the ® by the n-doping effect. However, the
increase of Rb,CO5; doping concentration from 10 to 50%
did not change ®3°, although it increased the decomposition
of Alqz molecules; therefore, the interface characteristics
were degraded, and the J-V characteristics of electron-only
devices and the J-V-L characteristics of OLED devices with
the Rb,CO5-doped Alqs thin films as the electron-injecting
layer were degraded by increasing the doping concentration
beyond 10%. The OLED consisting of glass/ITO/MoO-
doped NPB (25%,5nm)/NPB (63 nm)/Alq; (32 nm)/
Rb,CO3-doped Alq; (10%, 10nm)/Al (100nm) structure
showed the highest light out-coupling characteristic with the
Lyax of 114 400cd/m* at 9.8V and npe of 2.7Im/W at
1000 cd/m?, among the other devices mentioned.
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