View metadata, citation and similar papers at core.ac.uk brought to you by iCORE

provided by Bilkent University Institutional Repository

Improved performance of organic light-emitting
diodes with MoQ; interlayer by oblique angle
deposition

S.W. Liu,' Y. Divayana,' X.W. Sun,**" Y. Wang,*
K.S. Leck," and H.V. Demir*34>®
!School of Electrical and Electronic Engineering, Nanyang Technological University, Nanyang Avenue,
639798, Singapore
’Department of Applied Physics, College of Science, Tianjin University, Tianjin 300072, China
3School of Physical and Mathematical Sciences, Nanyang Technological University, Nanyang Avenue,
639798, Singapore
‘Department of Electrical and Electronic Engineering, Department of Physics, Bilkent University,
Bilkent, Ankara 06800, Turkey
Optical Society of America, 2010 Massachusetts Avenue, NW, Washington, D.C. 20036, USA
*hvdemir@ntu.edu.sg
*exwsun@ntu.edu.sg

Abstract: We fabricated and demonstrated improved organic light emitting
diodes (OLEDs) in a thin film architecture of indium tin oxide (ITO)/
molybdenum trioxide (MoOs;) (20 nm)/ N,N’-Di(haphth-2-yl)-N,N’-
diphenyl-benzidine (NPB) (50 nm)/ tris-(8-hydroxyquinoline) (Algs) (70
nm)/ Mg:Ag (200 nm) using an oblique angle deposition technique by
which MoO; was deposited at oblique angles (0) with respect to the surface
normal. It was found that, without sacrificing the power efficiency of the
device, the device current efficiency and external quantum efficiency were
significantly enhanced at an oblique deposition angle of 6 = 60° for MoOs.
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1. Introduction

Organic light-emitting diodes (OLEDs) are regarded as very promising for the next generation
flat panel display technology thanks to their favorable properties of self-emission, low
temperature fabrication, low cost, wide viewing angle, flexible form and high contrast [1].
Beginning with the demonstration of the first bilayer OLED in 1987 [2], this class of
optoelectronic devices has been intensively studied and various attempts have been made to
improve their performances, e.g., by electrode modification [3,4], insertion of a buffer layer
between the metal electrode and the organic layer [5-7], and doping [8,9].

Recently, molybdenum trioxide (MoOs) has been widely investigated as a hole injection
layer (HIL) material to reduce the operating voltage and improve the device performance and
lifetime [10-16]. However, it is well known that, for a typical green-emitting OLED, holes
experience a smaller injection barrier compared to that of electrons [17], and the hole mobility
in the hole transport layer (HTL) is an order of magnitude higher than that of the electron in
the electron transport layer (ETL) [18]. Therefore, there exists an intrinsic electron-hole
imbalance in these devices, and this decreases their efficiency. Although the insertion of
MoO; buffer layer results in an enhanced hole injection and improved device stability, this
simultaneously substantially deteriorates the electron-hole balance, which correspondingly
reduces the current and quantum efficiencies of the resulting devices [12,19].
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In this letter, we developed an oblique angle deposition technique of MoOj to fabricate our
OLEDs. Systematically varying the angle of deposition (8) with respect to the surface normal,
we found that the device current efficiency and external quantum efficiency (EQE) are
significantly increased for 6 = 60°, without sacrificing the power efficiency.

2. Experimental details

In this study, we used MoO; as HIL, N,N’-Di(naphth-2-yl)-N,N’-diphenyl-benzidine (NPB)
as HTL, tris-(8-hydroxyquinoline) (Algs) as emissive and electron transport layers, and
transparent indium tin oxide (ITO) and Mg:Ag as anode and cathode, respectively. The device
structure consisted of ITO/ MoO; (20 nm deposited at various 68)/ NPB (50 nm)/ Alqs (70 nm)/
Mg:Ag (200 nm), where 0 is the tilt angle of ITO glass substrate with respect to the sample
holder, or equivalently, the angle of deposition with respect to the surface normal of the
substrate [the oblique deposition angle, as shown in the inset of Fig. 1(b)]. When MoO; was
deposited, the substrates were oriented at the targeted angle 8, given the fixed vertical material
evaporation in the vacuum chamber. For a parametric study of 6, only MoQOj3 layers were
deposited at various oblique angles of 6, while the rest of organic and metal layers was laid
down in the surface normal configuration (i.e., when the substrates were placed parallel to the
sample holder and perpendicular to the evaporation direction). The deposition rate was 0.1
nm/s for MoOjz, 0.1-0.2 nm/s for NPB and Alqgs, 0.3-0.4 nm/s for the cathode, while the
system vacuum was kept under 5 x 10~ Pa during the whole deposition process. Here 0 was
set to 0° (for the surface normal configuration as a negative control device), and 30°, 45°, 60°,
and 80° for the systematic study.

The device fabrication is briefly introduced as follows. The ITO glass (20Q/7) was first
cleaned by a routine procedure that includes ultrasonication in acetone and ethanol, and
subsequent rinsing in de-ionized water. After ITO glass was dried in an oven, an oxygen
plasma was used to remove the excess moisture and residual contaminants from the cleaned
substrate. Then the ITO substrates were transferred into the deposition chamber for thin film
deposition. The deposition chamber contains 10 crucibles, holding up to 10 different sources,
each of which is heated by a tantalum heater. There were three sets of shutters working
together to achieve large area uniformity and abrupt interface. Right on top of each crucible
one set of the shutters was placed, through which the open/close sequence controls the
material deposition, while the big shutters between the crucibles and the substrates are used in
combination with the small ones under each substrate, to isolate the substrate from the
evaporated material. The deposition rate and thickness are monitored by a 6 MHZ gold crystal
sensor and a quartz oscillator combined with a frequency meter; the crystal sensor is mounted
in the center right below the substrate holders, which can be rotated at an adjustable speed.
The electroluminescence (EL) spectra of the fabricated devices were measured using a PR650
Spectra Scan spectrometer, while the luminance-current density-voltage (L-J-V)
characteristics were obtained simultaneously, by connecting the spectrometer to a
programmable Keithley 236 source measurement unit. All measurements were carried out at
room temperature under ambient conditions without encapsulation.

3. Results and discussion

Figures 1(a) and 1(b) present the current density versus voltage (J-V) and luminance versus
current density (L-J) characteristics for the control device (0 = 0°) as well as the parametric
set of devices with MoO; deposited at 6 = 30°, 45°, 60° and 80°, respectively. The inset of
Fig. 1(a) shows the applied voltage for the above mentioned deposition angles at a fixed
current density of 35 mA/cm?. It can be seen that the device with MoO3 deposited at 6 = 60°
yields the largest operating voltage compared to the rest, while the operating voltage for the
other devices with MoO; deposited at 6 = 30°, 45° and 80° is slightly reduced at the same
current density compared to the control device and gets closer to that of the control device at
high current density. In Fig. 1(b), the highest luminance occurs for the device with MoOj;
deposited at 6 = 60°.
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Fig. 1. (a) Current density vs. voltage and (b) luminance vs. current density for the
ITO/M0O4(0)/NPB/Alqs/Mg:Ag structures parameterized with respect to 0, the deposition
angle of MoOs. The inset in (a) shows the applied voltage vs. deposition angle at a current
density of 35 mA/cm? The inset in (b) illustrates the orientation of the substrate placed at a
deposition angle (8) with respect to the surface normal during MoO3 evaporation.

It is clear that the resultant J-V curve is not caused by the thickness variation of deposited
MoO; layer because the device at 6 = 60° would otherwise have an enhanced hole injection.
Since the deposited MoO; layer thickness in the substrate surface normal direction shall be the
nominal thickness (i.e., 20 nm) multiplied by cos(6), where 6 is the angle between the
substrate surface normal and vertical direction, this theoretically gives 20 nm, 17.3 nm, 14.1
nm, 10 nm and 3.5 nm for an oblique deposition angle of 0°, 30°, 45° 60° and 80°,
respectively. Matsushima et al. [12,20] reported that when the deposited MoO; thickness
between the ITO and an organic is between 2 and 20 nm, the J-V characteristics are hot much
affected; we verified this finding by fabricating “hole only” devices consisting of ITO/ MoO5
(X nm)/ NPB (100 nm)/ Mg:Ag (200 nm), where X was set to 3.5 nm, 10 nm, 14.1 nm, 17.3
nm and 20 nm, while MoO3 was deposited at 0° for all samples. The J-V characteristics of
these “hole only” devices are shown in the inset of Fig. 2(a), from which we can see that the
resulting hole injection characteristics did not significantly differ when MoOj thickness was
varied from 3.5 to 20 nm. Therefore, the possible device fabrication parameter affecting the
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performance is the oblique flux angle, which affects the surface morphology of the fabricated
devices.

Next the surface morphology of MoO; films deposited on ITO glass substrate at different
angles was investigated by atomic force microscopy (AFM). The AFM images were obtained
over an area of 2 um x 2 um for the MoO; films deposited at different angles of 0°, 30°, 45°,
60° and 80°. The morphology of the samples with MoO deposited at angles other than 60°
exhibits many sharp spikes and their roughness is larger compared with that of the MoO; film
deposited at 60°. The surface roughness data are summarized in Table 1. The surface of the
MoO; film deposited at 60° shows the smallest roughness and is more uniform compared with
others. This is probably due to the ease of ITO pits filling at the oblique angle of 60°. The
non-monotonic behavior of the surface roughness for different deposition angles is due to the
competition between surface diffusion and ballistic shadowing [21]. According to Hawkeye et
al. [21], ballistic shadowing leads to the preferential growth of the tallest columns inclined
towards the source, producing a rougher surface. Surface diffusion, which is inversely
proportional to the deposition rate, causes the deposited atoms/molecules to redistribute,
promoting a smoother surface. Extinction occurs if the small columns fall into the “shadow”
of the larger neighboring columns, then the small columns will no longer receive any vapor
flux. At oblique angle 6, the amount of vapor flux towards one unit surface area is decreased
by cos 0, i.e. the surface deposition rate is decreased with increasing 6. At a low oblique
deposition angle, the ballistic shadowing effect and the surface diffusion are comparable,
leading to a surface with roughness similar to that of the normal deposition. When the oblique
angle is increased, the surface deposition rate is decreased significantly, thus, the surface
diffusion is greatly enhanced, which overtakes the effect of ballistic shadowing, resulting in a
more uniform surface with smaller roughness. However, at a large deposition angle (larger
than 60° in the experiment), ballistic shadowing effect becomes strong, which eventually
leads to extinction, the smaller columns which fall into the “shadow” of the larger neighboring
columns can no longer receive any incoming MoOj flux, and surface diffusion is insufficient
to fill out the shadows, resulting in a rougher surface. By ploting the surface roughness as a
function of the deposition angle (inset of Fig. 3) and comparing the plot with the inset of Fig.
1(a), which shows the plot of the applied voltage with respect to the deposition angle, we
observed that when the film surface is rougher and less uniform (Table 1), the corresponding
applied voltage is smaller. Although at 45°, the RMS (Root Mean Square) roughness is 2.3 £
0.1 nm, the peak to peak roughness is very large (39.1 = 1.5 nm), signifying a non-uniform
surface.
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Table 1. Summary of Surface Roughness of MoOj; Films Deposited at Different Angles

Deposition Peak-to-Peak RMS Roughness Mean Roughness
Angle Roughness (nm) (nm) (nm)
0° 36.7+1.0 2.7+05 1.7+£02
30° 414+15 28+05 19+04
45° 39.1+15 2304 14+01
60° 199+15 16+0.1 11+01
80° 326+1.0 40+03 32+04

The reduced voltage for a rougher and non-uniform surface is caused by the enhanced hole
injection owing to possible nanostructured interface formation resulting from the rough
surface, which is similar to the case of enhanced field emission of nanostructured films
[22,23]. At the deposition angle of 60°, the MoO; surface is much more uniform, we suggest
that the interfacial dipole layer (IDL) formed between MoOj; and NPB is much stronger
compared with that of the devices deposited at other angles because the ionization potential
(IP) critically depends on the surface morphology [17], while the IDL formed may impede
hole injection at the MoOs/organic interface [24].

It is well known that the hole mobility in NPB is several orders of magnitude larger than
that of the electron in Algs [25], and for an OLED composed of ITO/HIL/NPB/Algs/Mg:Ag,
the hole injection barrier (1.7 eV) is smaller than the electron injection barrier (2.0 eV) [17].
Therefore, there is an intrinsic electron-hole imbalance in such typical green emitting devices.
However, the impedance of the hole injection from ITO anode to NPB due to a strong IDL
formed at the MoO; (6 = 60°)/organic interface may alleviate the problem of electron-hole
imbalance, which is good for higher device efficiencies.

Figures 2(a) and 2(b) show the current efficiency and power efficiency versus current
density, respectively. In Fig. 2(a), at a current density of 35 mA/cm?, the current efficiencies
for the devices with MoO; deposited at 6 = 0° (control), 30°, 45°, 60° and 80° are found to be
2.28, 2.42, 2.33, 3.02 and 2.24, respectively. This indicates an increase in efficiency for the
device with 6 = 60° compared to that of the control device, while the other devices with 6 =
30°, 45° and 80° have similar levels of current efficiency compared to the control device.
Furthermore, we attribute the improved performance to the better electron-hole balance in the
case of 6 = 60°. The power efficiency for the device with MoOj3 deposited at 6 = 60°, from
Fig. 2(b), however, is comparable to (or slightly better than) that of the control device. This is
due to the fact that the power efficiency is determined by both the EQE and device operating
voltage [26], and the high EQE for the case of 8 = 60° [inset of Fig. 2(b)] compensates for the
effect of increased operating voltage caused by the impedance of hole injection. The resultant
high EQE for 6 = 60° is caused by a comparatively more balanced electron and hole
concentration in the device. The decreased hole injection from the anode minimizes the hole
leakage to the cathode; therefore, it reduces the formation of cationic Algs [27], which is one
of the main culprits of the decreased fluorescence efficiency and device stability. Moreover,
the reduction of hole injection, according to Kalinowaski et al. [28], is equivalent to
minimizing the carrier recombination to the transit time ratio (t./t;), which is inversely related
to the quantum efficiency.
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Fig. 2. (a) Current efficiency vs. current density and (b) power efficiency vs. current density for
the ITO/M0oO3(0)/NPB/Alqs/Mg:Ag structures parameterized with respect to 0, the deposition
angle of MoO;. The inset in (a) shows the current density vs. voltage for the “hole only”
devices with MoOj3 deposited at 0° with different film thickness of 3.5 nm, 10 nm, 14.1 nm,
17.3 nm and 20 nm. The inset in (b) shows the EQE vs. current density.

To verify the effect of MoO; film deposited at 6 = 60° on the hole injection, we
constructed ‘hole only’ devices with a thin-film structure of ITO /MoOz; (20 nm deposited at
8) /NPB (100 nm) /Mg:Ag (excluding the Algs ETL in the device). The large electron barrier
at the Mg:Ag/NPB interface in this set of devices ensures that the electron concentration in the
fabricated devices is negligible compared to that of the holes. Figure 3 depicts the J-V
characteristics for the resulting ‘hole only’ devices, from which we can observe clearly that
the operating voltage for the device with MoO; deposited at 6 = 60° is increased compared to
that of devices with MoO; deposited at other angles. Therefore, the deposition angle of MoQs,
0, which influences the final surface morphology of the fabricated devices, can serve as a
control parameter to tune the hole injection.
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(ITO/MoOs(0)/NPB/Mg:Ag structures) parameterized with respect to 0, the deposition angle of
MoOs. The inset shows the RMS roughness vs. deposition angle.

4. Conclusion

In summary, we systematically studied the effect of an oblique angle deposition of MoO; on
the performance of organic light-emitting diodes with a structure of indium tin oxide (ITO)/
molybdenum trioxide (MoOQs) (6)/ N,N’-Di(naphth-2-yl)-N,N’-diphenyl-benzidine (NPB/ tris-
(8-hydroxyquinoline) (Algs)/ Mg:Ag. At the optimized deposition angle of 60°, we found that
the decreased hole injection is caused by the stronger interfacial dipole layer between MoO;
and NPB associated with the surface morphology. It is inferred that this behavior is caused by
the stronger interfacial dipole layer which may be formed associated with the surface
morphology. The effects of the reduced hole injection on the device performance are
discussed. Finally, it is verified from the ‘hole only’ devices (without the electron transport
layer) that the device with MoO; deposited at 8 = 60° shows decreased hole injection
behavior. The device current efficiency and external quantum efficiency were found to be
significantly enhanced for 6 = 60° while maintaining the power efficiency of the device.
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