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a b s t r a c t

Mixed-ligand terbium carboxylates—Tb(Carb)3(TPPO)2 (HCarb = HSal (salicylic acid), Hpobz (2-
phenoxybenzoic acid); TPPO = triphenylphosphine oxide) and zinc complexes with tetradentate Schiff
bases—ZnSB (H2SB = H2SAL1, H2SAL2 (derivatives of salicylic aldehyde); H2MO1, H2MO2 (derivatives of
o-vanillin)) were used as electroluminescent (EL) layers in organic light emitting diodes (OLEDs). These
devices have undergone reversible and irreversible mechanisms of EL degradation. The reversible one is
eywords:
rganic light emitting diodes
egradation

mainly associated with charge carrier trap filling. At the same time several mechanisms of irreversible
degradation were observed under UV light irradiation, heating and ageing in ambient conditions. The
degradation mechanisms of OLEDs under heating from 293 K to 320 K were related to the changes in the
interface regions. The initial degradation was eliminated by (1) an application of alternating bias voltage;
(2) a decrease of the substrate temperature and the velocity of the thermal evaporation of materials. The
degradation of OLEDs was not observed under low UV irradiation that is promising for OLEDs operation

under day light.

. Introduction

The operational stability of organic light emitting diodes
OLEDs) is the key problem for their successful widespread applica-
ion in displays, as well as for lighting and other practical purposes.
herefore, the investigation and enhancement of this characteris-
ic is very important [1–3]. Nowadays, the following mechanisms
f OLEDs degradation have been distinguished [1]: (1) dark-spot
egradation, (2) catastrophic failure and (3) intrinsic degradation.
he first one is associated with the formation of nonemissive
egions primarily through the degradation at the device electrodes
4–7]. The second one is connected with the formation of defects
n the organic layers which facilitate the origination of short cir-
uits [8,9]. Finally, the third one is related to the decrease of OLEDs
rightness without any obvious change in the device’s appearance

10].

The first two mechanisms are called “extrinsic” degradation of
LEDs. The considerable advancement has been achieved in its
limination [1,4]. For example, it is the improvement of the device

∗ Corresponding author. Tel.: +7 499 783 36 81; fax: +7 499 135 78 91.
E-mail address: lepn@sci.lebedev.ru (L. Lepnev).

379-6779/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.synthmet.2008.12.006
© 2008 Elsevier B.V. All rights reserved.

packaging as well as the enhancement of purity and mechanical
properties of the materials [11]. At the same time the mechanism of
“intrinsic” degradation is not clear yet [1,12,13]. The most important
models proposed to explain the intrinsic degradation of OLEDs [1]
are (1) morphological instability model, (2) unstable cationic tris(8-
hydroxyquinoline)aluminum (Alq3) model, (3) indium migration
model, (4) mobile ionic impurities model, and (5) immobile positive
charge accumulation model. Among various mechanisms, underly-
ing these models, put forward the most widely accepted one offers
chemical degradation of the emissive materials [1]. During OLEDs
operation the molecules can be destroyed into the radical fragments
which take part in further reactions leading to other products. The
last one may act as nonradiative recombination centers, lumines-
cence quenchers, and deep charge traps.

Numerous investigations of OLEDs using Alq3 as EL layer have
shown that their “intrinsic” degradation mainly caused by the
unbalanced hole or electron injection. That in turn results in the
formation of cationic and anionic Alq3 species. They are unstable,

react with each other and act as quenchers. The charge density
determines the rate of degradation (whether they are holes or elec-
trons) [14,15]. The degradation can be also induced by heating of
OLEDs in operation. It has been shown that the optical failure of
OLEDs based on Alq3 (emissive layer and electron transport layer

http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:lepn@sci.lebedev.ru
dx.doi.org/10.1016/j.synthmet.2008.12.006
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tures of emissive materials.
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Table 1
The structures of OLEDs.

No. OLED structures

I ITO/PEDOT:PSS/PVK/Tb(Sal)3(TPPO)2/CaAl/Ag
II ITO/PEDOT:PSS/PVK/Tb(pobz)3(TPPO)2/CaAl/Ag
Fig. 1. Chemical struc

ETL)) and TPD (N,N′-bis(3-methylphenyl)-N,N′-diphenylbenzidine,
s hole transport layer (HTL)) is strictly related to the glass tran-
ition temperature (Tg) of TPD [16]. While the electrical one has
een reached only at temperatures higher than Tg. The thermal
tress has been generated by the voltages resulted in the optical
ailure of OLEDs. This stress is a reason of the considerable increase
f hole traps at the HTL/ETL interface. The traps can act as non-
adiative recombination centers [13] leading to the reduction of
L. Thus, thermal stress results the optical failure via formation of
onradiative zones that are still electrically active.

The similar investigations have been also done for the OLEDs
tilizing carbazole derivatives [17]. From one side, it has been estab-

ished that the key step of operational degradation is homolytic
leavage of weaker bonds in the excited state followed by the rad-
cal addition reactions to yield stabilized � radicals. For example,
n case of CBP (4,4′-bis(N-carbazolyl)biphenyl; carbazole-derived
ost) it is an exocyclic C–N bond. OLED operation leads to the
ccumulation of the neutral radical species and their reduced or
xidized forms acting as nonradiative recombination centers and
uminescence quenchers. On the other side it has been shown that
LEDs using mCBP (4,4′-bis(3-methylcarbazol-9-yl)-2,2′-biphenyl)
s the host material [18] exhibit the luminance loss and increase
f the voltage versus time and current density. These effects have
een observed due to exciton–polaron annihilation reactions and

t has been explained by the model of defect sites acting as deep
harge traps, nonradiative recombination centers and lumines-
ence quenchers.

In spite of considerable research progress in the field of “intrin-
ic” OLEDs degradation the complete picture of the processes is still
issing [1]. Up till now the operational stability of OLEDs is not suf-

cient for practical applications. Thus, the interest to the scientific
esearch of their stability and degradation mechanisms retains.

The possible applications of the terbium complex Tb(Sal)3
TPPO)2 (HSal = salicylic acid; TPPO = triphenylphosphine oxide)
nd zinc complexes with Schiff bases ZnSB (H2SB = H2SAL1, H2SAL2
derivatives of salicylic aldehyde); H2MO1, H2MO2 (derivatives of
-vanillin)) as EL materials were shown in our previous works
19–24]. Herein we investigate the degradation mechanisms of
LEDs based on Tb(Sal)3(TPPO)2 and ZnSB as well as new OLED

tuctures based on Tb(pobz)3(TPPO)2 (Hpobz = 2-phenoxybenzoic
cid).

. Experimental details
.1. Materials

The mixture of poly(3,4-ethylenedioxythiophene) and poly
styrenesulfonate) in water (PEDOT:PSS, 2.8 wt.%, Bayer AG);
oly(N-vinyl carbazole) (PVK, Aldrich) and 4,4′-bis[N-(1-naphthyl)-
III ITO/�-NPD/ZnSal1/CaAl
IV ITO/�-NPD/ZnSal2/CaAl
V ITO/�-NPD/ZnMO1/CaAl
VI ITO/�-NPD/ZnMO2/CaAl

N-phenyl-amino]biphenyl (�-NPD, Aldrich) were used as hole
transport layer (HTL) while 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP, Aldrich) as electron transport layer (ETL).
The emissive layers of Tb(Carb)3(TPPO)2 (HCarb = HSal, Hpobz) and
ZnSB (H2SB = H2SAL1, H2SAL2, H2MO1, H2MO2) were synthesized
and characterized as described in [20,24,25] (Fig. 1).

2.2. OLEDs fabrication

Thin films of PEDOT:PSS with thickness ∼30 nm for OLEDs with
the structures I and II (Table 1) were obtained by spin-coating
from its commercial solution on ITO-coated glass (Merk). The poly-
mer �-glycidoxypropyltrimethoxysilan (Silquest A 187 Epoxysilan,
from Witco) was added (concentration ∼0.2 wt.%) to PEDOT:PSS
in order to improve adhesion properties and film stability. Then
the film was dried on a hotplate under an ambient atmosphere
to crosslink the Epoxysilan at 110 ◦C for 20 min. Thin films of
PVK (∼25 nm) and Tb(Carb)3(TPPO)2 (∼20 nm) were obtained by
spin-coating from toluene and benzene solutions, respectively. The
rotation speed varied in the range 2500–3000 rpm. Thin films of
ZnSB (∼60 nm), �-NPD (∼40 nm) and BCP (∼40 nm) (OLEDs with
structures III–VI (Table 1)) as well as electrodes (CaAl, Ag) were ther-
mally evaporated (Univex-300, Leybord-Heraeus) under a pressure
below 3 × 10−5 mbar. The thickness of the deposited electrodes was
∼100 nm that was controlled by the quartz indicator. The contacts
were attached to the electrodes, and the device was sealed with
epoxy resin. The emitting areas were 2 mm × 3 mm.

For the investigation of photoluminescent (PL) and morpholog-
ical properties the thin films of Tb(Carb)3(TPPO)2 and ZnSB were
obtained on a quartz substrates by the same methods.

The EL spectra of OLEDs I and II (Fig. 2(a)) contain linelike
Tb3+ transitions: 490 nm (5D4 → 7F6), 545 nm (5D4 → 7F5), 590 nm
(5D4 → 7F4), 620 nm (5D4 → 7F3) (for more details, see [20]). The EL
spectra of OLEDs based on ZnSB (Fig. 2(b)) exhibit broad emission
bands corresponding the �–�* transitions of ZnSB molecules.
2.3. Physical measurements

Transmission spectra of layers on quartz substrates were
measured at T = 293 K using a mask with diameter 2.5 mm on



L. Lepnev et al. / Synthetic Metals 159 (2009) 625–631 627

F etwee
c mA/c
T

s
w

s
3
p
l
m
a
p
m

p
b
c

m
n
i

F
d

ig. 2. (a) 1—EL spectrum of OLED II with and without hole-blocking BCP layer b
urrent density: 0.8 mA/cm2); (b) EL spectra of OLEDs based on ZnSB; 1—III (18 V, 5.6
= 293 K.

pectrometer “Specord M–40”. The jump of transmission near
avelength 333 nm was caused by lamp change.

Luminescence spectra were measured with the multichannel
pectrometer S2000 (Ocean Optics). A nitrogen laser (wavelength
37 nm, pulse frequency 100 Hz, pulse duration 10 ns, average
ower ∼1 mW) was used as an excitation source. The evolution of

uminescence intensity versus time was measured using the grating
onochromator, a photomultiplier connected with microvoltmeter

nd a plotter at wavelengths near the emission maxima. The sam-
les were cooled inside a cryostat, pumped to a pressure ∼2 × 10−2

bar.
The voltage was applied to OLEDs using a stabilized power sup-

ly and a special form signals generator. The voltage was measured
y a digital voltmeter, while the current—by amperemeter and the

urrent sensing circuit of the digital voltmeter.

The thin film surfaces were investigated by atomic force
icroscopy (AFM) including the research complex NTEGRA, a scan-

er and a detecting head. The software NT-MDT was used for the
mage processing.

ig. 3. (a) Initial EL intensity decays; (b) the EL intensity decays after switch off/on the vo
epicted in the figure; T = 293 K.
n emissive layer and CaAl cathode; 2—EL spectrum of OLED I (applied bias: 26 V;
m2); 2—IV (16 V, 450 mA/cm2); 3—V (16 V, 14.5 mA/cm2); 4—VI (16 V, 17.1 mA/cm2);

3. Results and discussion

3.1. EL degradation of OLEDs

The evolution of OLEDs (Table 1) EL intensity in time were
detected and analyzed in order to investigate the degradation
mechanisms. The experiments were carried out at 293 K. It should
be noted that, in general the EL intensity decreases for all OLEDs
and the character of decays differs considerably (Fig. 3(a)). The
latter could be a result of different factors, the nature of these is
out of the frames of this article. If one switches on the voltage
after “time pause” the EL intensity sharply increases with fol-
lowing relaxation (Fig. 3(b) and (c)). The scheme of experiment
is exemplified for OLED VI (Fig. 3(b)). The maximum value of EL

intensity rise depends on the duration of “time pause” and exceeds
the saturation when the latter is more than 5 min (Fig. 3(b)). In
this case, two processes should be considered: (1) charge carrier
trapping and (2) drift of ionic impurities [26–29]. The internal
electric field arisen opposite to an external one reduces the electric

ltage for OLED VI; (c) EL intensity relaxation after “time pause”; types of OLEDs are
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ig. 4. OLED I: (a) EL intensity decay or growth after “time pause” at constant elect
lectric bias: T = 293 K, f = 100 Hz; (c) initial EL intensity decay or growth at T = 293 K

urrent flow and the EL intensity. The carrier release occurs during
he “time pause” and results in the jump of EL intensity.

The same experiments were carried out at 77 K for OLED I
Fig. 4(a)). The initial EL intensity decay after switch on the volt-
ge is similar to the one at 293 K (Fig. 3(a)). However, after “time
ause” the sharp increase of EL intensity was not observed and
quasy-stationary value of the latter was achieved. It can be the

esult of insufficient thermal energy for the release of charge car-
iers from the traps during “time pause”. This confirms that the
nitial decrease of EL intensity is determined by the trap filling
rocess.

For the better understanding the reasons of initial decrease and
he nature of OLEDs degradation the EL intensity dependence on
ime was investigated for OLEDs under alternative voltage bias at
93 K (Fig. 4(b) and (c)). Van Slyke et al. have shown that OLEDs
peration under alternative bias prevents the capture of charge car-
iers in organic layers [30]. Indeed, in OLED I under square shaped
ias (0.1–100 Hz) another character of EL intensity variation was
bserved (Fig. 4(c)): an increase with the following slow decrease.
urthermore, the EL intensity after “time pause” gradually rises
ithout any sharp jumps. This confirms the existence of charge

arrier traps in the studied organic layers. The reasons of the slow
haracter of initial- and after “time pause” increase of EL intensity
re associated with heating of the samples upon electric current
ow and frequency dependent processes. The last one should be

nvestigated more carefully. An increase of the alternating symmet-
ic sinusoidal electric stress frequency (up to 5 Hz) for OLEDs based
n ZnSB results in significant decrease of EL intensity and remain-
ng on this low level at higher frequencies (up to 50 Hz). Thus, the
nvestigation of these OLEDs operating at alternating bias was not
erformed.

Further, in order to examine the degradation of OLEDs dealing
ith the processes of capture and release of charge carriers the
ehavior of OLEDs operating at constant electric bias under UV irra-
iation was executed (Fig. 5). After the initial decrease of the EL

ntensity (Fig. 3(a)) OLEDs were irradiated by short-term (1.5 min)
nreduced UV light. First, this results in rise of EL intensity. But
fter switching off the light the decay to the quasi-stationary value
s: 1—T = 293 K, 2—T = 77 K; (b) EL intensity growth after “time pause” at alternating
onstant electric bias, 2—alternating electric bias (f = 100 Hz).

(Fig. 5(a)) occurs after stopping illumination. The sharp jump of EL
intensity can be associated with the photorelease of charge carri-
ers from traps. However, the release of charge carriers may be also
caused by additional heating of the samples upon absorbing the UV
light. Thus, the influence of heating on the EL intensity of operat-
ing OLEDs should be investigated. Therefore, the characteristics of
OLEDs were investigated under heating from 293 K up to 320 K. If
one heats the OLEDs after initial decrease of EL intensity up to quasi-
stationary value, the latter rises (Fig. 6(a)). In some cases it increases
up to the starting value observed when OLED was switched on for
the first time. The observed phenomena are in agreement with the
carriers capture and release processes. In this case the release of car-
riers from traps is caused by the temperature enhancement. Thus,
the system comes back to the initial state with following decrease
of the internal electric field opposite to the external one. Further-
more, if OLEDs are heated up to 320 K during the “time pause” the
EL intensity jumps become considerably higher compared to OLEDs
operating without heating (Fig. 3(b) and (c)). This indicates that the
heating of switched off devices results in the release of trapped
carriers.

During slight heating at 305 K of OLEDs II and VI the decays
of EL intensity were not observed, and new quasi-stationary state
was achieved. If the heating of OLEDs is switched off the follow-
ing decrease of EL intensity up to the initial quasi-stationary value
appears (Fig. 6(a), curve 1) due to the trap filling. Therefore, the
process of thermal release of charge carriers from the traps during
heating is reversible.

So, both shot-time UV irradiation and heating results in
enhancement of EL intensity. As a consequence, it is possible to
conclude that an increase of EL intensity under UV illumination
originates not only due to the photorelease of charge carriers from
traps but also because of the thermal release caused by heating of
OLEDs by absorption of UV light.
For all OLEDs the long-term heating at 320 K results in the
decrease of EL intensity (Fig. 6(a)) possibly caused by the irre-
versible sample degradation. Moreover, such heating of OLEDs
leads in the decrease the magnitude of EL jumps noticed after
“time pause” up to their disappearance. Thus, the irreversible
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Fig. 5. (a) The influence of short-term UV nitrogen laser irradiation (∼1.5 min) on the EL intensity of OLED I; (b) the change of PL intensity of Tb(Sal)3(TPPO)2 thin film at
different power of irradiation (the percents correspond to the relative intensity of the laser light to the unreduced one); T = 293 K.
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ig. 6. (a) The influence of thermal heating on the EL intensity of OLEDs: 1—OLEDs
eated to 320 K. In the latter case the heating was not switched off (initial temper
—before heating; 2—after heating the operating OLED for 6 min at 320 K. The cur
uasi-stationary value of EL intensity.

hermodegradation has a strong influence on the processes of
apture and release the charge carriers from traps.

From the other hand, if unreduced UV laser irradiation is applied
o OLEDs for long time, the EL intensity decreases down to the value
ower than the one before illumination. After that if one switch
ff and then applies again the UV irradiation the magnitude of the
L intensity jumps diminishes and finally disappears. This demon-
trates the presence of irreversible photodegradation processes. To
larify if the irreversible changes occurred in OLEDs under heating
nd UV irradiation are connected with the degradation of the emis-
ive layer materials, the PL decays of the latters were investigated
nder the similar conditions.

.2. PL degradation of emissive materials
It was established that the rate of PL intensity decrease depends
n the intensity of UV irradiation (Fig. 5 (b)). At 10 times reduced
V intensity no changes of PL intensity were observed. The simi-

ar behavior was observed for all other emissive materials studied

ig. 7. (a) The PL intensity of ZnSAL2 thin film heated from 293 K to 320 K (PL was exited
uenching of the PL intensity for ZnSAL2 thin films (PL was excited by unreduced nitroge
t slight heating up to 305 K; 2—all other OLEDs heated up to 305 K and OLEDs I–VI
of OLEDs was 293 K); (b) the EL intensity jumps of the OLED I after “time pause”:
dicate the relationship of the absolute as well as relative jumps amplitude to the

in this work. This is promising for OLEDs operation under day
light.

The comparison of Figs. 6(a) and 7(a) shows that PL intensity
decreases contrary to the increase of EL intensity under heating.
The reason of such dependences for thin films of emissive mate-
rials can be associated with thermal quenching. So, the processes
taking place in OLEDs at heating cannot be simply transferred to
ones occurred in the materials of their emissive layers under pho-
toexcitation. It should be noted that each heating cycle results in
lowering of quasi-stationary value of PL intensity. Thus, the irre-
versible degradation occurs in studied materials even under 10
times reduced laser light. To demonstrate the irreversible processes
taking place in thin films they were irradiated by unreduced laser
light during heating. It was shown that PL intensity at room temper-

ature under the thermal treatment up to 690 K decreases (Fig. 7(b)).

Summarizing the results it is possible to conclude that the
irreversible degradation develops for OLEDs under long-term unre-
duced UV irradiation or heating and for thin films of emissive
materials under: (1) heating at 320 K and 10 times reduced UV

by 10 times reduced intensity of the nitrogen laser; �ex = 337 nm); (b) the thermal
n laser light): 1—heating; 2—subsequent cooling.
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ig. 8. (a) Transmission spectra of untreated layers: 1—ZnSAL1; 2—ZnSAL2; 3—ZnMO
arkness or irradiated by 10 times reduced nitrogen laser light without or with heat
f all treatments was 30 min; T = 320 K).

rradiation; (2) strong heating and unreduced UV irradiation; (3)
nreduced UV irradiation. It can be detected by (1) decreasing the
agnitude of EL intensity increment caused by UV illumination,

fter long-term UV irradiation; (2) reduction the values of EL inten-
ity jumps after “time pause” and heating at 320 K.

To elucidate is the irreversible degradation under UV irradiation
onnected with the development of photobleaching process, the
ransmission spectra of ZnSB thin films after different treatments
ere measured (the irradiation by unreduced and 10 times reduced

aser light under or without heating at 320 K). Transmission spec-
ra of untreated layers are shown in Fig. 8(a). The transmittance for
nSAL1 layers near the excitation wavelength (337 nm) is the same
or untreated layers and for layers heated for 30 min in darkness
r irradiated by 10 times reduced nitrogen laser with or with-
ut heating (Fig. 8(b)). The similar dependences of transmittance
nder various treatment conditions were observed for ZnSAL2 and
nMO1. Thin films of ZnMO2 possess low transmission in the men-
ioned spectral region. As a consequence, the role of photobleaching
rocesses is difficult to establish in this case. It should be mentioned
hat for ZnSAL1 and ZnMO1 the treatment of the layers was carried
ut subsequently. Only in the case of ZnSAL2 the experiments were
erformed in different points of the film and it was observed that
ependences were the same as for ZnSAL1. Thus, photobleaching
rocess plays negligible role in irreversible PL degradation of thin
lms noticed in heating experiments (Fig. 7(a)).

However, irradiation by unreduced nitrogen laser light for
0 min decreases transmission (Fig. 8(b)). The same relative reduc-
ion of transmission was observed when going from curve 1 for
ntreated sample to curve 2 and from curve 2 to curve 3. Therefore,
he role of heating in the increase of absorption at high intensity of

V irradiation seems to be insignificant. It was shown that only 10

imes reduced UV light (Fig. 5(b)) or heating in darkness have no
nfluence on PL intensity of thin films. Summarizing the obtained
esults one could conclude that only mutual influence of reduced
V light and heating lead to lowing of the quasy-stationary value

ig. 9. OLED IV made in modified preparation conditions (for more details, see the text):
time pause” (the arrows indicate the voltage off/on); T = 293 K.
ZnMO2; (b) short-wave region of ZnSAL1 transmission spectra: 1—initial, heated in
radiated by unreduced nitrogen laser light; 2—without or 3—with heating (duration

of PL intensity and thus to irreversible degradation of thin films
(Fig. 7(a)).

An enhancement of thin films absorption under unreduced UV
irradiation should lead to increase of its PL intensity. But the exper-
imental results show a contrary behavior (Fig. 5(b)). Hence, the
chemical transformation occurs. The similar discussion could be
considered as valid for explaining the decrease of quasi-stationary
value OLEDs EL intensity under unreduced UV light.

The chemical transformations can be explained by the low ther-
mal stability of the emissive materials [31–33]. Here, we could trace
back to Fig. 7(b) where the decrease of PL was observed under heat-
ing the thin films up to high temperatures (∼670 K). However, the
thermal stability of the complexes used as emissive materials shows
that Tb(Carb)3(TPPO)2 and ZnSB have no weight loss up to 450 K
[20–24,34]. This means that the main role in the degradation under
the heating up to the high temperatures plays the irradiation by
unreduced UV light. Probably, processes of EL light reabsorption
could be the reason of irreversible OLED degradation. However, the
comparison of the EL spectra of OLEDs (Fig. 2) with transmission
spectra of films (Fig. 8(a)) reveals that the spectral region of OLEDs
emission does not practically overlap the spectral region of films
absorption.

Thus, it was shown that emissive materials used in this work
are thermally stable and the degradation processes of OLEDs is not
related to the heating or the light reabsorption. Thus, because the
same EL intensity changes were observed upon heating for OLEDs of
different emissive and hole-transporting layers the nature of mate-
rials and their interaction in interfaces have no special role in these
processes. Probably, the degradation processes taking place in the
interfacial regions during OLEDs operation changes the current flow

conditions.

It is well known that the morphological properties of thin
films have an influence on OLEDs characteristics. The preparation
of smoother films can not only reduce the current densities but
also eliminate the interfacial traps. Thus, the investigation of thin

(a) the initial change of the EL intensity, (b) the relaxation of the EL intensity after
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lms morphology was performed depending on the deposition rate
nd substrate temperature. The thin films of ZnSB with rough-
ess ∼10–15 nm were obtained at T ≥ 400 K and deposition rate
5 Å/s. The most smooth (rms ∼ 5 nm) and homogeneous thin films
ere deposited at lower temperature (∼300 K) and deposition rate

1 Å/s). These conditions were further used for thin films deposi-
ion in OLEDs. It was shown that in fresh OLEDs IV an improvement
f properties was established, namely the initial EL intensity decay
nd jumps after “time pause” disappeared (Fig. 9(a) and (b)). This
eans that the degradation processes described above are absent

n this new devises. Unfortunately, after 2 weeks these OLEDs aged
nd the initial EL intensity decays and jumps after “time pause”
hanged to the forms shown in Fig. 3.

For further understanding the mechanisms of irreversible degra-
ation of OLEDs the influence of water and oxygen should be
onsidered. These experiments are under way.

. Conclusions

The investigation of OLEDs (Table 1) operation and character-
stics under different conditions let us to prove the existence of
eversible and irreversible degradation. The first one is associated
ith the initial increase of the EL intensity due to the charge carri-

rs trapping process. The charge carrier release with the following
ecovery of the EL intensity can be achieved by (1) switching off the
oltage, (2) short UV light exposure, (3) heating of the OLEDs or (4)
witching to the alternating voltage. The last one can also enhance
he life-time of OLEDs. However, if one decreases the temperature of
LEDs from 293 K to 77 K the charge carrier release is not occur dur-

ng switching off the voltage. The irreversible degradation occurs
t the prolonged heating as well as under the intense UV nitrogen
aser irradiation and during ageing at ambient conditions. On the
ther hand, the irradiation of OLEDs by nitrogen laser with 10 times
educed intensity does not lead to the noticeable degradation of
L intensity. The same EL intensity changes originated by heating
rom 293 K to 320 K were clearly observed for OLEDs with differ-
nt structure (Table 1). In addition, Tb(Carb)3(TPPO)2 and ZnSB are
hermally stable up to 450 K. Thus, the degradation in this tempera-
ure range (293–320 K) is more related to the changes in the current
ow conditions due to the development of degradation processes in
he interface regions than with chemical transitions in the emissive
ayers. Using the literature data one may suppose that variations of
lectron injection barrier height occur due to the diffusion of cath-
de material molecules into emissive layer. However, the formation
f hot spots which undergo thermal runaway and eventually short
lectrically should not be ruled out.

The working characteristics of OLEDs depend on the morpho-
ogical properties of emissive layers. For example, the decrease
f evaporation velocity and temperature of the substrate lead to
vening-out the surface of ZnSB thin films. Thus, the initial decrease
f EL intensity as well as the jumps of the EL intensity after “time
auses” disappears. However, these new OLEDs are not sufficiently
righter than previous one and ageing leads to the decrease of their
erformances.
The luminance of the studied OLEDs achieved the value (was
eached) ∼50 cd m−2. This characteristic can be improved if one
tops the evolution of the degradation processes.

Herein, we found the way to avoid the irreversible degradation
nder UV irradiation by means of lowering the UV intensity that is

[
[
[

als 159 (2009) 625–631 631

promising for stabilization of OLEDs performances at the day light
operation.
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