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Top-emission organic light-emitting diodes (TEOLEDs) using chromium anode have been fabricated by employing two
techniques: direct-current magnetron sputtering and e-beam evaporation. Atomic force microscopy and work function taken
on the chromium film surfaces obtained from both techniques revealed that using dc magnetron sputtering is advantageous
over e-beam evaporation in terms of surface characteristics particularly when the film is deposited. The anode having a triple-
layer structure of Cr/Al/Cr was deposited on a Si wafer. The device structure of the TEOLED was Cr (20 nm)/Al (100 nm)/
Cr (20nm)/c-napthylphenylbiphenyl diamine (NPB) (60nm)/tris(8-hydroxyquinoline) aluminum (Alq3) (60nm)/LiF
(1nm)/Al (2nm)/Ag (20nm)/NPB (200 nm). The TEOLED containing the Cr layer deposited by dc magnetron sputtering
method showed higher luminance and efficiency than that containing the Cr layer deposited by e-beam evaporation. The
superior device characteristics of the TEOLED containing the chromium layer deposited by dc magnetron sputtering have

been investigated. [DOI: 10.1143/JJAP.46.3618]

KEYWORDS: top-emission organic light-emitting diodes, anode, sputtering, e-beam evaporation, triple layers, characteristics

1. Introduction

Transparent organic light-emitting diodes (TOLEDs) or
top-emission organic light-emitting diodes (TEOLEDs) have
become increasingly interesting in recent years because of
their technological potential for multi color self-resolution,
high contrast and high aspect ratio active matrix organic
light-emitting device (AMOLED), and OLED micro dis-
plays.!” The advantages of OLEDs over Flat Panel Dis-
plays are their high emission efficiency in the visible
spectrum, ease of processing, and almost infinite possibility
for modification.*> A TEOLED electrode usually consists of
transparent conducting oxides (TCO), thin metals or other
combinations, such as a dot-nickel embedded indium tin
oxide (ITO).>® However, the high residual stress and
stiffness of a metal layer or the TCO layer make it difficult
to use as an electrode on a flexible substrate. For efficient
hole injection, high work function materials are necessary to
reduce the energy barrier between the Fermi level of the
anode and the highest occupied molecular orbital (HOMO)
of the adjacent organic layer. The metals previously
investigated as anodes for OLEDs are Ni, Ag, Au, Cr, and
Pt.5'9 These metal films have been investigated for their
high-work function and chemical stability, either as a
substitute for ITO or as a thin layer deposited on highly
reflective metals. In this work, the TEOLED with the Cr/
Al/Cr anode on the poly(ethylene sulfone) (PES) film is a
promising candidate as a flexible OLED, because of it
can be bent to a substantial degree without breaking. The
TEOLED anode layers have been prepared by various of
methods such as sputtering, e-beam evaporation, thermal
evaporation, and pulsed laser deposition.®® !V Tt is well
known that a metal thin film has the size of various crystals
and the growth direction of the crystals with the deposition
method or deposition conditions.'>'? These improved film
properties would ensure more advanced device perform-
ances such as enhanced luminescence efficiency and longer
lifetime.' In this study, we have prepared the Cr anode by
dc magnetron sputtering and e-beam evaporation and in-

vestigated the effects of the anode deposition methods on the
TEOLED characteristics.

2. Experimental Procedure

The silicon wafer with a thermally grown silicon oxide
layer was used as a substrate for the control experimental.
The structure of the anode was Cr/Al/Cr and patterned by
photolithography. Reflective and opaque Cr anodes were
patterned by photolithography and wet etching. Al was
deposited by dc magnetron sputtering. The Cr layer was
grown by dc magnetron sputtering and e-beam evaporation.
The base vacuums for the sputtering and e-beam evaporation
were approximately 5 x 1077 and 3 x 107 Torr, respec-
tively. The edge of the anode was passivated using an
organic material to prevent short failure between the cath-
ode and the anode. Surface morphology was examined by
scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The substrates containing patterned Cr
anodes were routinely cleaned and treated with oxygen
plasma at 20 W for 3min before loading into a thermal
evaporation chamber with base vacuum of 5 x 10~ Torr.
The device structure of TEOLED grown by vacuum thermal
deposition was a-napthylphenylbiphenyl diamine (NPB)/
tris(8-hydroxyquinoline) aluminum (Alqs)/LiF/Al/Ag/
NPB where NPB and Alq; were used as a hole transfer or
buffer layer and an emitting layer, respectively. The multi-
layer of LiF (1nm)/Al (2nm)/Ag (20nm) was used as a
cathode. The deposition rates of the organic layers were
between 0.1 and 0.2nm/s. The sample was then transferred
to another chamber without breaking the vacuum for cathode
deposition. Electroluminescence spectra were obtained using
a Minolta CS-1000. The current/voltage and luminescence/
voltage characteristics were obtained using a current/voltage
source/measure unit (Keithley 238) and a Minolta LS-100.
We measured the work function using a photoelectron
spectrometer (Model AC-2, RIKEN). All these TEOLEDs
were measured at room temperature with glass encapsula-
tion.
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Fig. 1. SEM image of Cr/Al/Cr anodes. Cr/Al/Cr anodes deposited by
sputtering (a) and e-beam evaporation (b).

3. Results and Discussion

The plasma-treated Cr layer is appropriate for an anode
electrode. However, the high residual stress and stiffness of
the Cr layer made it difficult to use as an electrode on a
flexible substrate. We have optimized Cr and Al thicknesses
to prevent a possible crack of the metal film after the
bending of the flexible substrate, which resulted in a Cr (20
nm)/Al (100 nm)/Cr (20 nm) structure. Al was used to make
the film more flexible and to increase the conductivity and
reflectivity of the anode layer. For the given anode structure,
the effects of the deposition of Cr on device characteristics
have been investigated on a Si wafer substrate. Figure 1
shows the SEM image of the Cr anodes on Si wafers. The
surface of Cr deposited by dc magnetron sputtering on the Si
wafer was very smooth compared with that deposited by
e-beam evaporation on which some particles were observed.
The smoother anode surface is believed to correspond to the
improved characteristics of the OLED devices. The pin-
holes will produce a short current from the anode directly
underlying the NPB and cathode, preventing the current
from contributing to luminescence, and precluding lumines-
cence at reasonable current levels; however, this is not
shown on both films.'> From the AFM study, we also found
that there were some particles on the surface as shown in
Fig. 2. The rms values of the Cr films deposited by sput-
tering and e-beam evaporation are 7.65 and 52.54 A, re-
spectively. Normal metal atoms during deposition find their

(b)

Fig. 2. AFM image of Cr/Al/Cr anodes. Cr/Al/Cr anodes deposited by
sputtering (a) and (b) e-beam evaporation (b).

positions along the crystal plane with the smallest surface
energy and grow perpendicular to this plane. Although metal
films deposited by e-beam evaporation or sputtering posses
different structures from a perfect crystal, their general
aspect shows some similarity.'® From these results, we
conclude that the deposition by sputtering produces a
better film than that by e-beam evaporation. Some features
are also known about an e-beam-deposited thin film and a
sputtering-deposited thin film. E-beam deposition produces
essentially line-of-sight characteristics, and for this reason it
is necessary to move the substrate to sample various arrival
angles. In spite of this randomization, the e-beam-deposited
films grow with a columnar structure. Although substrate
adhesion might be strong, the coating might exhibit poor
coherence because intercolumn void space can permit gases
to permeate, and the structure as a whole is subject to
fracture because the bonding between columns is weak.
However, sputtered coatings can also exhibit a columnar
grain structure however, there is a greater capacity to affect
the size of the columns. The operative parameters that
determine structure are as follows kinetic energies of the
sputtered atoms (in excess of ~5eV, compared with <1 eV
for e-beam evaporation), energy transfer from energetic ions
in the plasma, and scattering by the relatively high density
of the gas atmosphere. These parameters prevent columnar
growth by providing greater mobility on the substrate
surface and scatter into many directions. Energy and gas
pressure must be balanced, however, because high back-
ground pressures can lead to porous coatings, such as with
argon adsorption to grain surfaces. At high bombarding
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Fig. 3. Reflectance spectra of Cr/Al/Cr anodes deposited by sputtering
and e-beam evaporation.
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Fig. 4. Electroluminescence spectra of TEOLEDs on Si wafer.

energies near 500eV, a columnar structure can be sup-
pressed, and fine grained layers result.!”!® The sputtering
would be fragmented on the substrates and it is likely that
their kinetic energy leads to effective surface migration so
that we may achieve an improved surface.'82")

Figure 3 shows the reflectance spectra of the Cr/Al/Cr
anodes deposited by sputtering and e-beam evaporation. A
higher reflectance than that of a chromium single layer was
obtained in the Cr/Al/Cr multilayers. In two Cr/Al/Cr
multilayers, sputtering produced gave a film with a higher
reflectance. The origin of the difference in reflectance is not
clear but the poor surface morphology of the film grown by
e-beam deposition might be related.

Figure 4 shows the EL spectra of TEOLEDs (at 20 mA/
cm?). The TEOLED containing the sputter deposited Cr
anode showed an emission maximum of about 537nm
whereas the emission maximum of the TEOLED containing
the e-beam evaporation-deposited Cr anode shifted to 520
nm. The EL peak appeared at 530nm in bottom-emission
OLED with Algs based on indium tin oxide (ITO)/glass
(data not shown). The difference in the emission spectra
should be related to the work function of the Cr/Al/Cr
layers. From this phenomenon, we can verify the concept
that when work function increases in the hole transfer layer
(HTL), the hole carrier hopping distance decreases and
therefore is beneficial to hole current conduction, whereas
electron hopping distance increases and leads to a lower
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Fig. 5. (a) J-V-L characteristics of TEOLEDs on Si wafer and (b)
external electroluminescence quantum efficiency vs voltage of TEO-
LEDs.

electron carrier mobility. The holes injected from the HTL
interface can propagate for a longer distance before recom-
bining with electrons than the electrons that are injected
from the electron transfer layer (ETL) interface. Therefore,
the recombination positions shift.?!

Figure 5 shows the (a) current density—voltage—luminance
(J-V-L) characteristics of the TEOLEDs and (b) the
external electroluminescence quantum efficiency vs voltage
of the TEOLEDs. The maximum luminance and external
quantum efficiencies of the devices containing sputtering-
and e-beam-deposited anodes were about 75,000 and 300
cd/m?, and 0.88 and 0.18%, respectively. Although the J-V
characteristics were similar for both devices at a low voltage
region, a higher current density was observed in the device
containing the Cr anode grown by sputtering deposition at a
high voltage region. According to the photoelectron spec-
trometer result, we obtained a work function of 5.2eV
for the as-deposited Cr film by sputtering, which is higher
than that of 4.8eV for the Cr film by e-beam evaporation.
Therefore, the lower current density of the TEOLED
containing the Cr anode grown by e-beam evaporation
might be explained by a higher injection barrier between
the anode and the hole transporting layer of NPB. The
experimental results suggest that by the Ar ion bombardment
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Fig. 6. Energy band diagram of TEOLED.

with controlled energy, a growing Cr thin film by dc
magnetron sputtering transfers the momentum of Ar ions to
the particles on the substrate, and enhances the mobility of
particles, resulting in a higher packing density, i.e., a higher
work function.?>29 As for external quantum efficiency, the
higher work function anode showed a better efficiency due to
a lower injection barrier, which resulted in better charge
balance. The high performance is attributed to the balance
injection of charge carriers and the effective extraction of EL
emission from the anode.

Figure 6 shows the models of an energy diagram of the
TEOLEDs containing sputtering- and e-beam-deposited Cr
layers. The NPB is determined to be 5.35 £ 0.05eV using
the cutoff and low balance energy onset of the HOMO.%?>

By using the energy level, the following equations can be
considered

Dgputter: 3.2€V,  Pepeam: 4.8€V,  dnpp: 5.4eV

(q)NPB - cbe—beam) > (q)NPB - (Dsputter)
0.6) > (0.2),

where @y 15 the work function of the Cr film by direct
magnetron sputtering, ®epeam i1 the work function of the
Cr film by e-beam evaporation, and ®npg is the highest
occupied molecular orbital level of NPB. Consequently,
the luminance and turn-on voltage in TEOLEDs could
be improved by the work function of the Cr anode. The
enhancement of emission intensity originated from the
balanced injection of electrons and holes into the TEOLEDs,
as shown in Fig. 5.

4. Conclusions

Chromium anodes using direct current sputtering and
e-beam evaporation have been successfully fabricated on a
Si wafer. The Cr anode prepared by sputtering deposition

method showed better device characteristics in terms of
maximum luminance and external quantum efficiency. The
enhanced device characteristics could be explained by the
higher work function and reflectance of the Cr anode grown
by sputtering.
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