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Improving the stability of organic light-emitting devices using a solution-
processed hole-injecting layer
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A B S T R A C T

The stability of organic light-emitting devices with a spin-coated film of 4,40 ,400-tris(3-methylphenyl-

phenylamino)triphenylamine (m-MTDATA) as hole-injection layer (HIL) was investigated. The lifetime

of this device is increased to 40 900 h (with an initial luminance of 100 cd/m2), which is 2.7 times as large

as that of the control device with a vacuum-deposited film of m-MTDATA as HIL. A significant feature

with this method is that the performance and the operational stability of the device with spin-coated HIL

are little attenuated by the rough substrate coated by the indium-tin oxide film. The surface morphology

of the solution-processed m-MTDATA thin film is quite even and uniform, and it acts as a smoothing

layer in the device, which leads to the stability enhancement of the device.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

The operational stability is a critical factor for the commercia-
lization of the organic light-emitting diode (OLED) in flat panel
displays and lighting. There have been considerable research
efforts to improve their operational stability [1–4]. For small
molecule-based OLEDs, several causes for its degradation have
been suggested, such as, crystallization of organic thin films [5,6],
electrochemical reactions at the electrode/organic interface [7],
migration of metal species [8], quenching by tris(8-hydroxyqui-
nolinato) aluminum (Alq3) cations [9,10] and the local decom-
position of the electrode/organic interface [11–13]. In this paper,
we focus on the stability of the anode/organic interface, which is an
important factor to obtain long-life devices as it determines charge
injection into the devices [13–16].

Indium-tin oxide (ITO) films are widely used as anode because
of its good conductivity, transparency, and high work function.
Surface morphology of ITO film is an important factor for the
stability and efficiency of OLEDs. In small molecular devices, all the
functional organic layers (about 100 nm) are deposited on ITO,
thus surface morphology of an ITO can be directly transferred to
them [16,17]. It has been found that the large surface roughness of
an ITO substrate induces layer unevenness for the vacuum
deposited organic layers [16,17]. Therefore, the rough surface of
* Corresponding author. Tel.: +86 29 82664867; fax: +86 29 82664867.

E-mail address: zhaoxinwu@mail.xjtu.edu.cn (Z. Wu).

0169-4332/$ – see front matter � 2009 Elsevier B.V. All rights reserved.

doi:10.1016/j.apsusc.2009.04.192
an ITO can have a negative effect on the operational stability of the
device [16]. In practice, the roughness can be reduced by
incorporating a polymeric smoothing layer, such as parylene
and poly(3,4-ethylenedioxythiophene) doped with poly(styrene-
sulfonate) (PEDOT:PSS) [18–20]. However, ITO corrosion by the
acidic PSS, and the following indium diffusion into the organic
layers has been reported to be an important cause to the poor
electroluminescent durability of devices made of PEDOT:PSS [21].

In this paper, we introduce a hole-injection layer (HIL) using
spin-coated 4,40,400-tris(3-methylphenylphenylamino)triphenyla-
mine (m-MTDATA) as a smoothing layer. The surface morphology
of the spin-coated HIL after thermal annealing is much smoother
than that of the vacuum-deposited HIL, which substaintially
reduces the device leakage current, and thus enhances the
lifetimes of the devices with spin-coated HILs. We attribute this
improvement to the ability of the spin-coated m-MTDATA films to
improve the surface of the ITO, which in turn reduce the possibility
of getting shorts through the thin molecular films.

2. Experimental

Two types of ITO substrates with different surface morphology
were selected as the anode to compare their effect on the stability
of the devices. The two types of ITO were both purchased from
Shenzhen Nanbo Display Technology Co., Ltd. of China. ITOS and
ITOR have smooth and rough surface morphology (details are given
below), respectively. Using these ITO substrates, we fabricated four
kinds of devices as follows:
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Table 1
Surface roughness of ITO substrates and the organic thin films, average rough Ra,

root-mean-square roughness Rrms and peak-to-valley roughness Rpv.

Sample Thickness (nm) Ra (nm) Rrms (nm) Rpv (nm)

ITOS 100 1.1 1.3 13.4

ITOR 100 7.8 9.6 69.4

ITOS/m-MDTATAVD 100/50 1.2 1.5 16.2

ITOS/m-MDTATASC 100/50 0.2 0.2 2.3

ITOR/m-MDTATAVD 100/50 6.1 7.5 52.9

ITOR/m-MDTATASC 100/50 0.6 0.8 8.0
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Device A: ITOS/m-MTDATAVD/NPB/Alq3/LiF/Al;
Device B: ITOS/m-MTDATASC/NPB/Alq3/LiF/Al;
Device C: ITOR/m-MTDATAVD/NPB/Alq3/LiF/Al;
Device D: ITOR/m-MTDATASC/NPB/Alq3/LiF/Al.

In the devices, N,N0-di(naphth-1-yl)-N,N0-diphenyl-benzidine
(10 nm) is used as the hole-transport layer (HTL), Alq3 (60 nm) is
used as the emitting layer as well as the electron-transport layer.
LiF (0.5 nm)/Al (100 nm) is used as the bilayer cathode. These
layers were deposited by thermal evaporation in a vacuum
chamber at a pressure of 5 � 10�6 Torr. The film with m-MTDATA
is used as HIL, which was fabricated on the two kinds of ITO
substrates by either spin-coating or vacuum deposition. Devices A
and C are the control OLEDs, in which the film of m-MTDATA was
prepared by vacuum deposition (m-MTDATAVD). In devices B and
D, the films of m-MTDATA were fabricated by spin-coating (m-
MTDATASC).

In our experiment, the chlorobenzene solution containing
15 mg/ml of m-MTDATA was prepared first, then it was spin-
coated on patterned ITO glass substrates. After this step,
the samples were dried in an oven for 3 h at 70 8C. The
thickness of these spin-coated films was approximately 50 nm.
The devices were then encapsulated under a nitrogen atmo-
sphere (O2 and H2O levels less than 2 ppm) with epoxy and
glass lids. Finally, the devices were tested in the ambient
environment.

The thickness of the organic films by vacuum deposition and
spin-coating on the ITO substrates was measured by an
ellipsometer. The surface morphology of the ITO and the organic
thin films was examined by atomic force microscope (AFM).
Electroluminescence characteristics of the devices were measured
using a Keithley 2602 source-measure unit. Operational stability
measurements of the encapsulated devices were performed using
a constant DC current. All measurements were carried out at
ambient temperature.

3. Results and discussion

Since the roughness of the ITO is often a critical parameter for
the performance of OLEDs, we examined the surface morphology
of the ITO film using AFM. Fig. 1 shows the surface morphology
images (5 mm � 5 mm) of the cleaned ITO electrode. As seen in
Fig. 1(b), the grainy structure of the surface is clearly recognizable.
The Rrms (root-mean-square roughness) of the ITOR is 9.6 nm, and
the Rpv (peak-to-valley roughness) reaches 69.4 nm. The island
structures with lateral extensions of about 0.1–0.5 mm on the
surface can be seen in Fig. 1(b). In contrast, the Rrms of the ITOS
Fig. 1. AFM images (5 mm � 5 mm) of the cleaned ITO electrode: (a) ITOS (the ITO
(Fig. 1(a)) is only 1.3 nm, and the Rpv is 13.4 nm. The detailed
surface characteristics of ITO electrodes are listed in Table 1.

Fig. 2 shows the current density–voltage, luminance–voltage
and efficiency–current density characteristics of devices A–D. As
seen in Fig. 2(a), the device C has a higher current density
compared to devices A, B and D. Especially, there is a large leakage
current at voltages well before the appearance of luminance.
Similar phenomena had been found by other authors [20,22]. This
suggests that the ‘‘island’’-like surface of the ITOR works as a
current injection center [16]. Because the rough surface morphol-
ogy of the ITO was directly transferred to the organic layer [16,17],
the local electric field concentrated on certain points. This
concentration of the electric field is the main cause of the leakage
current [16,17,20,22]. In Fig. 2(b), little difference on luminance–
voltage characteristics was found in device A (smooth ITO, vacuum
deposited) and device B (smooth ITO, spin-coated) with m-
MTDATA as HIL. But device B shows the highest current–efficiency
of 6.15 cd/A among devices A–D, which is shown in Fig. 2(c). The
detailed characteristics of the devices are listed in Table 2.

Fig. 3 shows the operational stability of devices A–D, which was
measured under the condition of constant current density
(35.7 mA/cm2) and at ambient temperature. The gradual degrada-
tion is frequently disrupted by a sudden drop in the luminance of
device C (rough ITO, vacuum deposited), which then recovers
gradually. The sudden luminance-drop indicates the formation of a
short in the device. However, most of the shorts do not last for a
long time, the luminance of the device C can return to normal
through the ‘‘self-healing’’ or ‘‘repair’’ process [22,23]. Parallel to
the decay of the luminance, an increase of non-emissive area in
device C was observed, which was also reported by Forrest and co-
workers [12]. The non-emissive regions were not caused by O2 or
H2O, but by the shorts that eventually results in the failure of
device C. In contrast, the dark spots (non-emissive regions) were
not observed in other devices.

The half lifetimes of the devices could be extrapolated by fitting
the measured decay curves with a stretched exponential decay
with relatively smooth surface) and (b) ITOR (the ITO with rough surface).



Fig. 2. EL characteristics of devices A–D: (a) current density–voltage, (b)

luminance–voltage, and (c) efficiency–current density.

Fig. 3. Operational stabilities of encapsulated devices A–D, operated at a constant

current density of 35.7 mA/cm2.
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function [24]:

LðtÞ ¼ L0exp � t

t

� �b
" #

; (1)

where L(t) is the relative luminance, t corresponds to decay
time, and b is a dispersion factor. We have found that the
Table 2
Performance of devices A–D.

Device no. Turn-on

voltage (V)

Maximum

luminance (cd/m2)

Maximum current

efficiency (cd/A)

A 3.0 33 503 5.48

B 3.1 32 713 6.15

C 2.7 30 788 4.88

D 3.2 30 104 5.97
half lifetimes of devices A–D are 199 h, 464 h, 56 h and 335 h at
the initial luminance of 1800 cd/m2, 1980 cd/m2, 1600 cd/m2,
and 1940 cd/m2, respectively. The half lifetime at the same
lightness was estimated from the following expression
[3,4,24,25]:

Ln
0t1=2 ¼ const; (2)

where L0 is the initial brightness, t1/2 is the lifetime for the
initial luminance of L0, and n is an acceleration exponent. An
acceleration factor of 1.5 is chosen considering the experimental
results obtained at different initial luminance values [3,4,24,25].
The half lifetimes of devices A–D at an initial luminance of
100 cd/m2 are projected to be 15 200 h, 40 900 h, 3600 h
and 28 600 h, respectively. Devices B and D with spin-
coated HILs exhibit much longer operational lifetimes
compared to devices A and C that use vacuum-deposited HILs.
Since the lifetime of the devices are closely related to surface
morphology of the ITO substrates and the HILs, we obtained
AFM images of the HILs on the ITO substrates and analyzed their
morphology.

Fig. 4 shows the surface morphology of the HILs used in
devices A–D. The four parts of this figure are (a) ITOS/m-
MTDATAVD, (b) ITOS/m-MTDATASC, (c) ITOR/m-MTDATAVD, and
(d) ITOR/m-MTDATASC, respectively. Spin-coated m-MTDATA
films were annealed for 3 h at 70 8C. The values of Rrms are (a)
1.5 nm, (b) 0.2 nm, (c) 7.5 nm, and (d) 0.8 nm, respectively.
The detailed surface characteristics of organic thin films are
listed in Table 1. It can be seen from Table 1 that the surface
roughness of m-MTDATA film by vacuum deposition is similar
to the surface of the ITO substrate, but the surfaces made by
spin-coating are much smoother than that of the ITO substrate.
This indicates that the organic layer by vacuum deposition
cannot remedy the rough surface of the ITO substrate. In fact,
the ‘‘island’’-like surface morphology of the ITO substrate is
directly transferred to the vacuum deposited organic layer,
which is the main reason for causing microscopic electrical
shorts in the devices. In contrast, the smoother surface of the
spin-coated HIL reduces the probability of electrical shorts since
it improves the contact of HIL/HTL. It is thus advantageous to
use the spin-coating technique for building devices of better
stability. From this comparison, it is suggested that the spin-
coated HILs have strong effect of reducing electrical shorts in the
devices, and are thus suitable for enhancing the stability of OLED
devices.



Fig. 4. AFM images of m-MTDATA thin films with a thickness of around 50 nm: (a) ITOS/m-MDTATAVD, (b) ITOS/m-MDTATASC, (c) ITOR/m-MDTATAVD, and (d) ITOR/m-

MDTATASC.
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4. Conclusion

The effect of the spin-coated HIL on the operational stability of
OLEDs has been investigated. We have demonstrated that the use
of spin-coated HIL can dramatically improve the stability of the
devices by improving the surface morphology of the HILs. The
projected half lifetime of the device with spin-coated HIL under the
initial luminance of 100 cd/m2 is about 40 900 h, which is 2.7 times
better than that of the control device that use the vacuum
deposition technique. It is thus believed that, with the spin-coating
technique, OLED devices can achieve a considerable performance
and stability even when they are fabricated on rough ITO-coated
substrates.
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[24] C. Féry, B. Racine, D. Vaufrey, H. Doyeux, S. Cinà, Appl. Phys. Lett. 87 (2005)
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