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Tetraalkyl-substituted zinc phthalocyanines used as anode buffer
layers for organic light-emitting diodes”
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Two soluble tetraalkyl-substituted zinc phthalocyanines (ZnPcs) for use as anode buffer layer materials in tris(8-
hydroxyquinoline)aluminum (Alqs)-based organic light-emitting diodes (OLEDs) are presented in this work. The hole-
blocking properties of these ZnPc layers slowed the hole injection process into the Alq; emissive layer greatly and thus
reduced the production of unstable cationic Alqs3 (Alqgr ) species. This led to the enhanced brightness and efficiency
when compared with the corresponding properties of OLEDs based on the popular poly-(3, 4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT: PSS) buffer layer. Furthermore, because of the high thermal and chemical stabilities of
these ZnPcs, a nonaqueous film fabrication process was realized together with improved charge balance in the OLEDs and

enhanced OLED lifetimes.

Keywords: organic light-emitting diode, anode buffer layer, metal phthalocyanine, solution process

PACS: 73.40.Qv, 73.90.+f

1. Introduction

Since they were first reported by Tang and VanSlyke in
1987, multilayer organic light-emitting diodes (OLEDs) have
been widely investigated because of their remarkable range
of applications in display and lighting technologies. OLEDs
offer advantages that include flexibility, large device area,
light weight, a solid-state nature, wide viewing angles, fast
switching speeds, and low cost.!!=3] Following the significant
progress made in both academic and industrial researches over
the past three decades, OLED technology is now entering the
market. To ensure their widespread commercial application in
the future, new material systems and manufacturing process
technologies must be developed continuously on an ongoing
basis. [

Device efficiency and device lifetime, which are the two
main concerns for practical use, are directly related to the en-
ergy consumption and long-term stability/durability and are
largely governed by the charge balance in OLEDs. >8] There-
fore, to obtain an efficient OLED, it is essential to optimize
the charge carrier injection, transport, and recombination pro-
cesses in the device.!>%! Indium tin oxide (ITO) is the pre-
ferred anode material for use in electroluminescent devices be-
cause of its high conductivity and high transparency in the visi-
ble spectral regime.”) However, the relatively low work func-
tion of ITO together with the interface dipoles that occur at
the conventional ITO/organic interfaces typically induce high
barriers for hole injection.[*”! Therefore, insertion of a hole
injection layer (HIL) between the ITO anode and the organic

DOI: 10.1088/1674-1056/ab5933

hole transport layer (HTL) has become a popular strategy for
provision of favorable band alignment in OLEDs.[10-13]

The metal oxides such as WO;3,14  V,0s,15]
Mo0O3,313:16-18] ReO3, 1191 and NiO, Y are important HIL
materials and have been used widely to enhance the hole injec-
tion because they offer appropriate energy levels, good ther-
mal stability, and excellent charge carrier mobility.®] How-
ever, these inorganic HILs are usually prepared by annealing
a precursor layer at relatively high temperatures, which thus
limits the application of these materials in flexible electronic
products. (&)

Conducting polymers another class of
HIL/HTL materials. Their unique optical and electrical prop-

erties have allowed them to demonstrate promising potentials

represent

for use in flexible optoelectronic devices.'®! Among these ma-
terials, poly-(3, 4-ethylenedioxythiophene): poly(styrene sul-
fonate) (PEDOT: PSS) is one of the most popular HIL/HTL
materials because of its appropriate energy levels and abil-
ity to form smooth films on ITO substrates.?!:??! Unfortu-
nately, challenges including ITO etching, indium diffusion,
water residue, exciton quenching, and weak adhesion still
exist.[>%23.241 Tn addition, water residue induced by aqueous
PEDOT: PSS dispersion can introduce damage to the devices
that typically leads to poor long-term durability. 3]

Since the first demonstration of the use of copper phthalo-
cyanine (CuPc) to modify the ITO anode of an OLED by Tang
and VanSlyke in 1996,0! the use of metal phthalocyanines
(MPcs) as anode buffer layers has been subject to intensive
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investigation with the aim of achieving higher OLED efficien-
cies and stabilities.[>%19-25-30] Tn most cases, these MPc layers
are fabricated via the vacuum sublimation method because of
the poor solubility of typical MPcs in organic solvents. 323301
While vacuum processing eases the fabrication of complex
OLED configurations with the desired performance and high
reliability on a laboratory scale, this approach is very costly
because of the expense of maintaining an ultrahigh vacuum
combined with its high energy consumption, high operating

31.32] Unlike vac-

temperatures, and huge materials losses.!
uum processing, solution-based processing offers the advan-
tages of low-cost fabrication, compatibility with flexible sub-
strates, and the potential for use in large-scale electronic de-
vice production, 131331 and is thus beneficial for industrial man-
ufacturing applications. Numerous studies have thus been con-
ducted to develop new soluble MPcs, in particular, MPcs that
can be functionalized using solubilizing alkyl or alkoxy groups
on peripheral or nonperipheral positions in the MPc rings are
of considerable interest.3!]
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Fig. 1. (a) Molecular structures of the materials used. (b) Device con-
figurations and energy level diagrams of the OLEDs in this study.

In our previous work, we presented two soluble
tetraalkyl-substituted copper phthalocyanines (CuEtPc and
CuBuPc) that were used as anode buffer layers in OLEDs
and when compared with PEDOT: PSS-based OLEDs, en-
hanced device efficiency and stability were achieved.[®! In this
work, we change the central metal in the phthalocyanines from
Cu to the less costly Zn and present two soluble tetraalkyl-
substituted ZnPcs (ZnEtPc and ZnBuPc, as shown in Fig. 1(a))

for use as anode buffer layers in OLEDs. These ZnPcs demon-
strate good solubility in common organic solvents and thus al-
low the OLED anode buffer layers to be prepared via spin-
coating. Typical tris(8-hydroxyquinoline)aluminum (Algs)-
based OLEDs are fabricated using these layers and character-
ized to examine the quality of the thin films. The performance
and durability of OLEDs containing these ZnEtPc and ZnBuPc
buffer layers are also assessed.

2. Experimental details
2.1. Materials

All materials were purchased from Sigma-Aldrich and
used without further purification. The ZnEtPc and ZnBuPc
(Fig. 1(a)) were synthesized using a method similar to that pre-
viously reported in the literature!®3! and the products were
further purified via vacuum sublimation to satisfy the elec-
tronic application requirements. The energy levels of ZnPcs
were extracted from cyclic voltammetry data and ultraviolet—
visible (UV-vis) absorption spectra data using a previously
reported method.!3*! The highest occupied molecular orbital
(HOMO) level for both ZnEtPc and ZnBuPc was deter-
mined to be 5.0 eV, which is comparable to that of PEDOT:
PSS[89-3]1 and means that these materials are highly suitable
for use as OLED anode buffer layers. The energy levels of
N, N’-bis-(1-naphthalenyl)-N, N’-bis-phenyl-(1, 1’-biphenyl)-
4, 4'-diamine (NPB) and the other OLED materials were ob-
tained from the literature*”! and are summarized in Fig. 1(b).

2.2. Device fabrication and characterization

The device configurations and the corresponding energy
level diagrams are illustrated in Fig. 1(b). The OLEDs were
fabricated on patterned ITO glass substrates with a sheet re-
sistance of 20 Q/0]. The ZnEtPc/ZnBuPc buffer layers on
the ITO substrates were prepared by spin-coating at a rate of
4000 rpm from a ZnEtPc/ZnBuPc solution in dichlorobenzene
(10 mg/ml). The thicknesses of the resulting spin-coated lay-
ers were measured using a KLA-TENCOR D-100 profiler and
were estimated to be approximately 27 nm for both the ZnEtPc
and ZnBuPc layers. The other device layers were fabricated
by thermal deposition under a pressure of ~ 1 x 10~¢ Torr
(Mbraun MB200 glovebox). The thicknesses of the vacuum-
deposited thin films were monitored in situ during deposition
using a quartz crystal monitor. All diodes were encapsulated
using a UV adhesive in the glovebox (Mbraun MB200) un-
der a N, atmosphere prior to the measurements. The emis-
sive area of the as-fabricated OLEDs was 10 mm?. The
current—voltage—luminance characteristics of the OLEDs were
recorded using an automated system equipped with a cali-
brated spectrometer (Photo Research PR680) and a source
measurement unit (Keithley 2400). All tests were performed
under ambient conditions after the device fabrication and en-
capsulation.
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3. Results and discussion

The hole transport properties of the ZnEtPc and ZnBuPc
were examined via top contact field-effect transistor (FET)
technology, as shown in Fig. 2. Both the devices using the
spin-coated thin films of ZnEtPc and ZnBuPc exhibit a p-type
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FET behavior, and the charge carrier mobilities of the ZnEtPc
and ZnBuPc were determined to be 6.5 x 10~% ¢cm?/V-s and
9.5 x 10™* cm?/Vs, respectively, which are similar to those
of CuEtPc and CuBuPc in our previous work, suggesting that
these materials are suitable for the application as anode buffer
layers in OLEDs.[°!
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Fig. 2. Output and transfer characteristics of top-contact FETs based on the spin-coating thin films of (a), (b) ZnEtPc and (c), (d) ZnBuPc.
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Fig. 3. AFM images of (a) the pristine ITO glass, (b) the PEDOT: PSS film, and the spin-coated thin films of (c) ZnEtPc and (d) ZnBuPc on

ITO substrates.
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The morphologies of the spin-coated ZnEtPc and ZnBuPc
thin films on ITO were studied via atomic force microscopy
(AFM) and compared with those of the pristine ITO and the
PEDOT: PSS thin film. As shown in Fig. 3, the pristine ITO
has a rough surface with a surface root-mean-square (RMS)
roughness of 2.36 nm (Fig. 3(a)). The ZnEtPc and ZnBuPc
thin films exhibit a smooth and uniform surface characteristic
with average surface RMS roughness values of 1.38 nm and
0.92 nm, respectively (Figs. 3(c) and 3(d)), which are simi-
lar or lower than that of the PEDOT: PSS thin film (1.29 nm)
(Fig. 3(b)). The flat and uniform property of the ZnEtPc and
ZnBuPc anode buffer layers between ITO and NPB may help
to create a conducting path for charge transport and reduce
the pin-hole effect that will affect the long-term durability of
OLED:s.

The electroluminescent (EL) spectra of the fabricated
OLEDs are shown in Figs. 4(a) and 4(b). Both devices show
emission maxima at approximately 530 nm, which is consis-
tent with the EL characteristics of the Alq3-based OLEDs and
indicates that the buffer layers do not cause obvious changes in
the emission spectrum of Algs.[®%?>! The transparency spec-
tra of the ZnEtPc and ZnBuPc buffesr are illustrated in Fig. 5,
the transparencies of > 99% and > 97% at the EL maximum
(~ 530 nm) are found for the ZnEtPc and ZnBuPc buffer lay-
ers, respectively, indicating that the absorption behavior of
these buffer layers has no obvious effect on the EL of the de-

vices.
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Fig. 4. Electroluminescent spectra of the OLEDs with (a) the ZnEtPc
layer and (b) the ZnBuPc layer.
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Fig. 5. Transparency spectra of the ZnEtPc and ZnBuPc buffer layers.

=
N

——ZnBuPc (a)
| —v— ZnEtPc

—— PEDOT: PSS
gl —+ w/o anode
buffer layer

—_
o

Luminance/103 cd-m~2
o

4l

2l

O -

2 3 4 5 6 7 8 9 10
Voltage/V
600

q ——ZnBuPc (b)
g 500F 7 ZnEtPc
° —+—PEDOT: PSS
< | ——w/o anode
g 400
> buffer layer
= 300t
g
< 200
©
=
$ 100
—
S
] or

2 3 4 5 6 7 8 9 10
Voltage/V

Fig. 6. (a) Luminance—voltage and (b) luminance—current density char-
acteristics of OLEDs. The data for the OLEDs without an anode
buffer layer and for those with a PEDOT: PSS layer are taken from
the literature.”)

The luminance—voltage (L-V) and luminance—current
density (J-V) curves for all the OLEDs are shown in Figs. 6(a)
and 6(b), respectively. When compared with the OLED with-
out the anode buffer layer,[®! the insertion of the ZnEtPc and
ZnBuPc interlayers between the ITO and the HTL causes the
L-V characteristics to shift toward a higher voltage. Turn-
on voltages of 3.7 V and 3.8 V are observed for the OLEDs
that contain the ZnEtPc and ZnBuPc buffer layers, respec-
tively, while that of the diode with the single HTL is only
2.5 V, thus indicating that the anode buffer layers impede
hole injection into the HTL.[%7° This hole-blocking charac-
teristic is possibly caused by the alkyl groups (i.e., ethyl and
butyl) on the ZnPc structures, which form thin “insulating
layers” at both the ITO/ZnEtPc (ZnBuPc) and ZnEtPc (Zn-
BuPc)/NPB interfaces.®3>! As shown in Table 1, a significant
OLED luminance enhancement when compared with that of
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the single HTL diode is achieved by inserting the ZnEtPc (Zn-
BuPc) buffer layer at the ITO/NPB interface. Both ZnPc-based
OLEDs exhibit a luminance maximum similar to that of the
PEDOT: PSS-based OLED, while the highest luminescence
among all the diodes of 10560 cd/m? is found for the ZnEtPc-
based OLED (Table 1). It was previously reported that hole
migration into the Alqgs layer in Algz-based OLEDs led to a

reduced fluorescence quantum yield caused by the degradation
products of the unstable cationic Alqs species (Alq;), which
acted as fluorescence quenchers.[%7-3%1 The higher brightness
of these devices is therefore attributed to the effect of the
ZnEtPc and ZnBuPc buffer layers in achieving more balanced
hole and electron injection processes by impeding hole injec-
tion into the NPB layer. [6-7:9:35.37.38]

Table 1. OLED performance.

Anode buffer layer A3 max/nM CIE® (x, y) VEm—on/V LEY, /cd-A™! PES,,/Im-W! Lf, Jedm™2
W/o anode buffer layer 530 0.313, 0.541 2.5 2.96 2.04 6966
PEDOT: PSS 530 0.314, 0.533 3.0 3.77 1.97 9477
ZnEtPc 530 0.285, 0.544 3.7 3.19 1.31 10560
ZnBuPc 530 0.289, 0.547 3.8 3.22 1.27 9152

aMaximum peak value of EL spectrum. PMeasured at maximum luminance. °Turn-on voltage recorded at luminance of 1 cd/m?. ¢Maximum luminous

efficiency. *Maximum power efficiency. TMaximum luminance. The data for the OLEDs without the anode buffer layer and with the PEDOT: PSS are taken

from the literature. !

The enhanced charge balance achieved when using the
ZnEtPc and ZnBuPc anode buffer layers can also be observed
in the luminance—current density (L—J) and current efficiency—
current density characteristics (Figs. 7(a) and 7(b), respec-
tively). The luminance increases almost linearly with increas-
ing current density from a low initial current density (approx-
imately 0-100 mA/cm?) and when the current density ex-
ceeds 100 mA/cm?, a significant roll-off effect can be ob-
served in both diodes, thus indicating the reduced charge bal-
ance in the device at high current densities (Fig. 7(a)). Possible
causes include exciton—exciton interactions, exciton—charge
carrier interactions, and exciton dissociation when the device

8.9.25.39-411 More seri-

is operating at a high current density.!
ous roll-off effects were observed in the single HTL diode
and the PEDOT: PSS-based diode, indicating that the ZnEtPc
and ZnBuPc layers can significantly optimize both charge car-
rier injection and transport processes in the OLEDs.[3:9-%]
These results are consistent with the characterization results
for the current efficiency—current density characteristics, in
which the EL efficiencies of all diodes see a sharp rise, thus
achieving their maximum values at low current densities, and
these efficiencies then decay with increasing current density
in the high current density range (Fig. 7(b)). While the PE-
DOT: PSS-based OLED produces the highest maximum effi-
ciency of 3.77 cd/A at a low current density, the device shows
a more obvious efficiency roll-off than that of the OLEDs
containing the ZnEtPc and ZnBuPc buffer layers (Fig. 7(b)).
The ZnEtPc- and ZnBuPc-based OLEDs generally demon-
strate superior EL efficiencies when compared with those of
the other two device structures within the main measurement
range. It was previously reported that the improved hole
impedance into NPB produced by the use of a hole-blocking
layer can help to increase the electron density in the Alqs

layer zone adjacent to the NPB/Alqs3 interface, thus reduc-

ing the Alq3+ population and improving direct hole injection
from the NPB into the anionic Algs species (Alq;) to gener-
ate more excited states.[®° Similar to the results reported in
our previous work, [’ the hole-blocking characteristics of the
ZnEtPc and ZnBuPc buffer layers produce better charge bal-
ance in the OLEDs, thus giving rise to the improved device

performances. [6-7:9-33.38.42]
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Fig. 7. (a) Luminance—current density and (b) current efficiency—
current density characteristics of the four types of OLEDs. The data
for the OLEDs without an anode buffer layer and with the PEDOT: PSS
buffer layer are taken from the literature. [°]

It can be found that the CIE coordinate value at the OLED
maximum luminance undergoes a slight change due to the in-
sertion of the PEDOT: PSS thin film, and a relatively signit-
icant alteration when the ZnEtPc and ZnBuPc thin films are
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introduced. And similar CIE coordinate values can be found
for the ZnEtPc- and ZnBuPc-based OLEDs (Table 1). Ac-
cording to the L-V and J-V characteristics of the OLEDs
(Fig. 6), all the anode buffer layers exhibit a hole-blocking
property for hole injection from the ITO anode, resulting in the
enhanced operating voltages compared with the OLED with-
out anode buffer layer. And higher operating voltages of the
ZnEtPc- and ZnBuPc-based OLEDs than that of the PEDOT:
PSS-based device can be found. It was reported that the re-
combination zone shifts to the anode side with increased ap-
plied voltages, which results in the change of chrominance in
the multilayer devices.!**! Thus, the variation in the CIE co-
ordinate is attributed to higher operating voltages due to the
hole-blocking properties of these anode buffer layers, which
lead to the movement of the recombination zone away from
the cathode side and closer to the anode side.

To investigate the effects of the quality of the ZnEtPc
and ZnBuPc layers and that of the enhanced charge balance
on the long-term device durability, the OLED lifetimes were
tested under a constant drive current density of 100 mA/cm?.
As shown in Fig. 8, the OLED lifetimes are significantly im-
proved when using the ZnEtPc and ZnBuPc buffer layers. The
luminance of the single HTL diode decays rapidly, showing a
poor half-lifetime of 355 min.”! The OLED lifetime is im-
proved by the insertion of the PEDOT: PSS layer and this
OLED exhibits a half-lifetime of 619 min.[” Significant en-
hancements in device durability are observed for the OLEDs
with the ZnEtPc and ZnBuPc layers, which have half-lifetimes
as long as 2245 min and 2367 min, respectively.

1.0F
0.9

——ZnBuPc

ZnEtPc

——PEDOT: PSS
——w/o0 anode buffer layer

Normalized luminance (L/Lg)
=
=

0-2 1 1 1
0 1000 2000

Duration/min

3000

Fig. 8. (a) Normalized luminance vs. operating time characteristics of
the OLEDs at a constant current density of 100 mA/cm?. The data for
the OLEDs without an anode buffer layer and with the PEDOT: PSS
buffer layer are taken from the literature. ]

These results reveal the strong correlation between
the hole injection and transport processes and the device
lifetime.”3#!1 Indeed, the hole-blocking properties of the
ZnEtPc and ZnBuPc anode buffer layers can help to drive the
recombination zone away from the cathode, which leads to
increased electron density at the NPB/Alqs interface and re-
duced production of the unstable Alq3+ species and thus results
in longer OLED lifetimes. [6-3341]

Another factor that is responsible for the increased OLED
durability under continuous operation conditions is the qual-
ity of the anode buffer layers. It was previously reported that
the chemical reaction of PEDOT: PSS with the ITO layer in-
duces instability in ITO/PEDOQOT: PSS system that typically ac-

n. 1334441 This process can oc-

[35,44]

celerates the device degradatio
cur during both OLED fabrication and device operation
and the degradation becomes more serious when the device
is exposed to moisture because large amounts of indium can
then diffuse further into the neighboring layers and accelerate
the degradation of these layers.!”3>#4! Furthermore, because
the reaction between Alqz and any trace water is believed to
be another major failure pathway for Alqs-based OLEDs, [40]
any potential water residue in an OLED induced by aqueous
PEDOT: PSS dispersion after fabrication would introduce this
danger to the device.! Unlike PEDOT: PSS, which is acidic,
the ZnEtPc and ZnBuPc layers are highly chemically and ther-
mally stable and thus offer effective protection to the ITO an-
ode. In addition, the spin-coated ZnEtPc and ZnBuPc layers
are fabricated from nonaqueous organic solvents (in this work,
dichlorobenzene) that can suppress water damage to the device

and thus play a role in retarding device degradation. 8931

4. Conclusions

In summary, two soluble tetraalkyl-substituted ZnPcs
(ZnEtPc and ZnBuPc) for use as anode buffer layers in OLEDs
are presented. The hole-blocking properties of these ZnPc
layers significantly impede hole injection into the Alqs emis-
sive layer and thus reduce generation of the unstable Alq3+
species, which leads to enhanced OLED luminance and effi-
ciency when compared with the corresponding properties of
PEDOT: PSS-based OLEDs. The high thermal and chemical
stabilities of these ZnPcs, the nonaqueous ZnPc film fabrica-
tion processes, and the enhanced charge balance in the result-
ing OLEDs lead to the enhancement of the OLEDs’ durability.
The results of this study indicate a promising direction to fol-
low in future work.
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