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Abstract—Studies of degradation mechanisms in small mole- aluminum (AlQ;), an emitter and electron transport material,
cule-based organic light-emitting devices (OLEDs) are reviewed. A and a hole transport material (tertiary amine) [4]. The devices
special emphasis is given to OLEDs based on tris (8-hydroxyquino- were produced by vacuum evaporation of organic small-mole-

line) aluminum (AIQ 3), an emitter and electron transport material - . .
used in the majority of OLEDs emitting from the green to the red cule materials and a metallic cathode on a conductive substrate.

part of the spectrum. Different strategies used for increasing de- 1he half-life (time of operation elapsed before luminance de-
vice stability are addressed and the models proposed to explain creases to 50% of its initial level) of these devices was measured

experimental observations related to OLED operational stability jn hundreds of hours, many orders of magnitude larger then
are discussed. Although none of the presently proposed models Canany organic thin-film devices reported previously. Soon after,

explain all experimental observations, the largest body of experi- . .
mental evidence appears to be consistent with a model based on'n 1990, another important development followed. Buroughs

the instability of cationic AlQ 5 species, produced by the injection @l reported observation of electroluminescence in a single layer
of holes into the AlQ; electron transport and emitter layer. Other  device made of a polymer polyphenylenevinilene (PPV), made
models may be of importance in explaining degradation behavior py a spin coating process [5]. These two developments were
on different time scales. Mogjels based on redistribution of space seeds of a new technology of organic light-emitting devices

charge appear to be responsible for reversible short-term degrada- . .

tion, while a model based on indium migration may be important (OLEDs). In many respects, these two d're_Ct'onS’ Small-mole?

for degradation on very long time scales. cule and polymer based OLEDs, developed independently. Until
about 1998, the small molecule based devices had significant
performance advantages over polymeric devices. Recently, this
gap has significantly narrowed and it appears now that both ap-
proaches are feasible for practical applications. However, there
. INTRODUCTION are still many problems to be overcome, ranging from improving

N THE LAST DECADE, a new technology has emerge@eVice stability a.nd color purity to devising economical and ro-

based on electroluminescent organic materials. The electRySt manufacturing processes. _ -
luminescence in organic materials has been known for a longf basic requirement in any emissive technology is providing
time. In 1960s, it was discovered that anthracene single crfélequate device stability for intended applications. In case of
tals can be made to emit light when provided with proper eledisplays, itis generally assumed that a half-life of at least 10 000
trodes and external bias [1]. These devices, however, requifect initial display brightness (luminance) of 100 cd/nis
very high operating voltages, on the order of hundreds of volf@¢eded. For some specialized applications where the usage duty
which, together with difficulties of producing large anthracengyCle is low, a shorter device half-life may be adequate. In this
single crystals, made them unsuitable for practical applicatioféPer, device half-life is sometimes also referred to as device
In the following two decades, organic electroluminescence retime or simply device life. N o
mained a field of purely academic interest. Anthracene devicedn this review, the discussion of stability and degradation in
based on evaporated amorphous films were demonstrated 2EDS will be _I|m|t_ed to small mo.IecuIe based _dewces. In gen-
but their light output decayed catastrophically in a few mirfral, degradation in OLEDs, which appears in the form of a
utes. Electroluminescence in a polymer was first observeddgcrease in device luminance, proceeds through two indepen-
polyvinylcarbazole (PVK), but like anthracene, light emissiofent and V|§ually distinct de_gradatmn mo_des. The first, associ-
decayed very quickly [3]. ated primarily with degradation at the device electrodes, occurs

The situation changed in 1987, with the seminal publicatidArough the formation of nonemissive regions, usually referred

by Tang and Van Slyke in which they described a two laydp @s dark spots, that lead to a decrease in device luminance as

organic thin-film structure based on tris (8-hydroxyquinoline} "esult of losses in the emissive area of a device [6], [7]. The

second degradation mode is reflected in a long-term “intrinsic”
decrease in the electroluminescence efficiency of the emissive
Manuscript received December 11, 2001; revised February 4, 2002. area of a device [7]. Dark spot degradation phenomena will not
The authors are with the Xerox Research Centre of Canada, Mississauga, L.5K . . . .
2L1 ON, Canada. e discussed in this review, as they are reasonably well under-
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Fig. 2. A typical OLED device structure. The function of different layers and

§:H3 HiG the meaning of acronyms is given in the text.
I NNj : Ni by a buffer layer (sometimes also referred to as a hole injection
@ O layer or HIL), followed by a hole transport layer (HTL), emitter
c. NPB d. TPD layer (EML), electron transport layer (ETL), optional electron
injection layer (EIL), and finally a cathode. Specific device

designs may be lacking some of these layers or may have

f.’ (|3H3 O O additional layers to further improve device performance.
C N R For along time it had been believed that morphological insta-
/@: D: D/ bility of the hole transport layer is responsible for OLED degra-
R ITI ﬁ OOOO dation [13], [14]. That notion resulted in a significant body of
CH; o) research that focused on the synthesis of lgh(glass tran-
sition temperature) HTMs [15]-[17]. This research lead to the
e. DMQ f. rubrene O O design and synthesis of a number of important OLED materials.

Although the incorporation of high, HTMs in OLEDs realized

an increased resistance to device damage that would usually re-
Fig. 1. Chemical structures of some of the materials commonly used in smalilt from brief exposures to elevated temperatures, and certainly
molecule based OLEDs. Chemical names for these molecules are given indhthanced device shelf life, it did not impact device operational
et stability, even when operated at room temperature [18], [19].

Therefore, in this review, studies on high HTMs will not be
device encapsulation, which eliminates water and oxygen fradiscussed in much detail, but only to the extent where they in-
the immediate OLED environment [6]-[12]. Our focus will befluenced increased device life.
on the intrinsic_degradation, ir_1 w.hich d.evice brightne_ss, atcon- ¢ the present time, OLED intrinsic degradation is usually
;tant gurrent bias, decreases in time without any obvious Cha'&%lained in terms of one of three models that have been pro-
in device appearance. posed relatively recently. According to the first model, device

Many different materials are used in small molecule baseggradation is attributed to the notion that cationic Apecies
OLEDs. The molecular structures of some frequently usede unstable and that their degradation byproducts lead to a de-
materials, which will be referred to often in this paper, arerease in device electroluminescence [20]. In the second model,
shown in Fig. 1. AIQ [Fig. 1(a)] is the most frequently degradation is believed to be associated with the migration of
used emitter and electron transport molecule (ETM). Coppiadium from the ITO anode into the organic layers, and the sub-
phthalocyanine (CuPc) [Fig. 2(b)] is commonly used in a buffeeequent quenching of luminescence in the emission zone [21].
layer contacting the hole injecting anod&N'-diphenyl-N,N’-  The third model proposes that electric field redistribution due
bis(3-methylphenyl)-1,1-biphenyl-4,4'-diamine) (TPD) ando presence of mobile ions in the device is responsible for de-
N,N’-di(naphthalene-1-yl)-N,N’-diphenyl-benzidine (NPBYice degradation [22]. The first model can explain a wide range
[Fig. 1(c) and (d)] have been the most frequently used hobé experimental observations; nevertheless, there are some phe-
transport materials (HTMs). For control of emission colonomena that still cannot be understood within the framework
various dopants have been identified. Two typical dopant$unstable cationic Al@Qspecies hypothesis. Experimental ev-
are dimethyl quinacridone (DMQ), and 5,6,11,12-tetrapheniglence for the possible role of indium migration and electric
naphthacene (rubrene), which produce green and yell@ield redistribution due to the presence of ionic species in de-
emission, respectively [Fig. 1(e) and (f)]. Transparent indiuwice aging is less broad. Therefore, all three models can explain
thin oxide (ITO) is almost exclusively used as a hole injectingome of the experimental observations, but so far none can ex-
anode. A Mg:Ag alloy (9:1 by volume) is usually utilized as amplain all.
electron injecting cathode, because of its efficient electron in-In this review, we will highlight results from earlier studies on
jection into AlQ;. However, other cathode materials (Ca, Al:LIOLED stability and discuss models proposed to explain degra-
alloy, etc.) are also used. To facilitate further discussion addtion phenomena. In the following section, some important re-
introduce some common acronyms, Fig. 2 shows a schemasitts, with a focus on successful approaches for improving de-
diagram of a typical OLED structure. Often ITO is first coveredice stability, are reviewed in a historical perspective. In Section
Authorized licensed use limited to: University of Minnesota. Downloaded on June 19,2024 at 02:54:14 UTC from IEEE Xplore. Restrictions apply.
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lll, the degradation model based on the instability of cationitalf life measurements where testing at high current (resulting
AlQs species is discussed. In Section IV, the two other pra: a high luminance) can be used to predict expected half life at
posed degradation models are addressed. In both of these sgmeal currents and luminance needed for display applications.
tions, phenomena supporting the respective model together witcording to this scaling law, at typical display brightness level
observations that cannot be explained are presented. In the dfst00 cd/n¥ their device half life would exceed 20 000 h. Ap-
cussion and conclusion section, the main points will be summgalied to the rubrene doped TPD device described in the previous
rized, and possible future research directions will be discussedragraph, the scaling law would predict half life in excess of
16 000 h.

II. APPROACHES FORMPROVING OLED STABILITY The remarkable stability of devices based on NPB HTM and

OCuPc buffer layer was attributed to the higher glass transition

The initial thin-film OLED device described by Tang an
Van Slyke, consisted of a diamine hole transport layer and;Al emperature of NPB (95C) compared to TPD (65C), and .
;he presence of CuPc buffer layer, whose role was not quite

sandwiched between an ITO anode and a magnesium—sil\% The devi IS0 dri . biasi h
cathode [4]. Its half life was short, only about 100 h at an initid] ca- | N€ GEVICES Were also driven using an ac biasing scheme,

luminance of about 100 cdAn with a reverse bias equal or exceeding the forward device bias,
In 1994, Shirotzet al. demonstrated that introduction of awhich was believed to result in a reduction of space charge ac-

dual hole transport layer significantly improved device stabilitcummatlon as the reverse bias was "sweeping out” the charges

under operating conditions [23]. They speculated that the go%apped in the device. The ac bias may also provide the addi-

film forming properties and better energy level alignment b%—onal t;e_rlleflt ofztéurnmg S%v:ccetﬁhorts in the rev?rsfe trt:las c;;cle.
tween ITO and the starburst hole transport molecule [23], plac Q' and Tang [26] reported further improvement of the perfor-

between ITO and the TPD layer, lead to increased device . . : .
Y SIayer with DMQ green emitter at different concentration levels.

bility. This hypothesis was investigated in detail by Adaehi . .
al., who studied OLEDs with 14 different hole transport maThe use of a doped emission zone lead to the increase of both

terials in conjunction with AlQ. They found no correlation of device life and brightness. For optimum dopant concentration of

device life with glass transition temperature, but establishec'i_]k 8%, at 20 mA/crh, the device brightness was 1462 cd/and

a
reasonable correlation with the ionization potential of differe

alf life was 7340 h. Using the scaling law described previously,
HTMs [19]. They concluded that small barrier for hole injectior.tlhat would translate to a half life in excess of 100000 h for an
from ITO into the hole transport layer was responsible for im

nitial brightness level of 100 cd/fa Improvements in OLED
proved device performance stability as a result of using CuPc buffer layer and doping of the
In 1995, Hamadat al. [24] combined the dual hole trans-

emitting layer was also demonstrated by several other groups
port zone (starburst amine in contact with ITO overcoated Wi{%?]—[Bl].

TPD) proposed by Shirotet al. [23] in conjunction with Al _Matsumura and Jinde [32] in 1997, and Sataal. [31] in
and also arelated electron transport and emitter material Be 99, compared performanpe of devices containing d|ﬁergnt
(bis(dydroxybenzo[h]quinolinato)beryllium). They found thaf thodes, such as, I\/'Ig':Ag, LA In gnd A,l' For the same device
doping of the TPD layer with rubrene significantly improved:wrent’ th? more efﬁment electron |nject!ng cathodes (Mg:Ag,
device half life, compared to devices where the electron traﬂé:-Al) f?’q“'feo' significantly lower operating voltage thar_l c_je-
port layer was doped with the same material. The half life of ttYAc€S With an In or Al cathode. In addition, good electron injec-
best devices exceeded 3500 h at 500 &ditial luminance. It ©FS showed significantly |mproyed device half life. A S|m|lar
was concluded that the change of emission site from the el%f_hawor. was pbserved by \{Va_kmc&bal. [33] who used thin
tron transport to the hole transport material was responsible fiFCtron injection layer consisting of alkaline metal compounds
improved device performance. a_nd Al capping as c_ath(_)des, Ieadmg_to the conclusion that effi-
In 1996, Van Slykeet al. [25] introduced a thin (150%) cient electron |n]e(.:t|on mprove; deV|c.e Iife. .
copper phthalocyanine (CuPc) buffer layer between ITO ang'" 1998, Popovicet al. investigated in depth the influence
a new hole transport molecule NPB. Using a 600(PB hole of mixing of hole and electron transport materials on devu_:e
transport layer and a 750 AlQ; electron transport and emitterPerformance [34]. The study was motivated by the suggestion
layer, half life of about 4000 h was obtained, at an average ciat interlayer diffusion could be causing device degradation
rent density of 20 mA/cfhand initial luminance of 510 cd/fn  [3°9]- They used NPB and AlQas the hole and electron
Such remarkable performance was accomplished without #2nSPort materials, respectively. Various OLED structures
use of any dopants in either the electron or hole transport lay¥fTe investigated including devices with only a single mixed
This work also established a scaling law for accelerated OLE@Y€N: devices with a hole transport layer and a mixed layer,
testing stating that degradation was essentially a coulomfGigvices with a mixed layer and an electron transport layer, and
process and depended only on the total charge flowing thrOL@‘ﬁV'CGS with hole transport Iaygr, mixed layer, and an electron
the device. As light output is proportional to device currentf@nsport layer. The last device structure showed the best
this scaling law can be expressed by the simple formula performgnce, demonstrating a half life thgt was qt least an 'order
of magnitude longer than that of conventional bilayer devices.
LinitianT1/2 = constant (1) In 1999 Choonget al. studied devices containing a CuPc hole
injection layer, quinacridone (DMQ) doped NPB:AI@nixed
stating that the product of initial luminandg;;:;.1) and device emitter layer, an undoped mixed layer as ETL, and LiF-Al
half life 77/, is constant. The law enabled the use of acceleratedthode. This device structure also demonstrated significantly
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increased half life (70000 h at 100 cdirmitial luminance), 100 7000 b
when compared to conventional bilayer devices (11000 h o 6000 | )
100 cd/n? initial luminance), which used the same material 80 | on NE
[36]. In their work, they referred to the mixed layer as BTEL ¢~ §: 5 5000 ¢
for “bipolar transport and emitting layer” and attributed tht € g |- S8 ) 4000 L
significant improvement in device performance to the absen < §=: 8
of the heterojunction between the hole and electron transp Enl cs S 3000 ¢
material. S | s £
The above were the most important results reported until t S g 2000 F
beginning of 1999. A number of different, seemingly unrelater 2 | = 4000 |
approaches were found to be successful in increasing OLED ¢ I N
bility. These approaches were: 1) doping of the hole transp: 0 o 0 ' '
0 5 10 15 0 50 100 150

layer; 2) introducing a CuPc buffer layer inbetween the ITO ar ”
the HTL; and 3) using mixed emitter layers composed of ho Vappi (V) J (mA/cm®)

and electron transport materials. However, the exp'anations Bg. 3. Current-voltage characteristics (a) and luminance-current curves (b)
for different devices(Q) Bilayer device NPB—-AIQ. (l) Device containing

fered for their effectiveness or the underlying degradation me Hoped hole transport layer NPB:rubrene (0.95:0.05)5AIQ\) Device
anisms were essentially speculative in nature and often cont¢éntaining the buffer layer, CuPc—NPB-AJQAIl devices had an ITO anode
dictory. In addition, improved stability devices required cattnd Mg:Ag cathode.
odes with low injection barriers and also special cleaning proce-
dure forthe ITO anode using either UV ozone or oxygen plasmghown in Fig. 3. To follow a control experiment approach, the
The use of dopants to modify device emission color and increaggaracteristics of standard bilayer OLEDs, made from the same
efficiency also influenced device life when used in conjunctiomaterials and fabricated on the same substrates during the same
with these three methods. vacuum cycle, were taken as a reference. Clearly, introducing
a layer of CuPc (15 nm thick) at the ITO contact enhanced the
I1l. OLED DEGRADATION MECHANISM BASED ON UNSTABLE elect.roluminescence efficier_lcy (equal to the slope ofithd
AIQ CATION relationship a_nd measured in cd/A) of the OLEDBsL(2 cd/A
for OLEDs with the CuPc layer compared 4a@3.1 cd/A for
Our studies on understanding the mechanism of degradati&iandard bilayer OLEDs). Because introducing the CuPc layer
of OLEDs during prolonged operation was motivated bgaused a shift in the—V" characteristics to higher voltages, it
the existence of the above seemingly unrelated approacheas concluded that the CuPc impeded the injection of holes
described in the previous section, which all led to substantiato the HTL. The higher electroluminescence efficiency was,
improvements in device stability. In this section, we will closelyherefore, attributed to the role of the CuPc in achieving more
follow the argument which our group first published to explaibalanced electron and hole injection processes by impeding the
the origin of long-term degradation of OLEDs based on AlQinjection of holes into the NPB layer. Doping the HTL with
electron transport and emitter material [20]. Some more receabrene also led to a shift in th&-V" characteristics to higher
results, which provide additional insights into the degradatiamltages, in agreement with the findings of Vestweberet al.
process, will also be discussed. [37]. This shift pointed to the role of the dopant molecules in
The finding that doping of HTL or introducing a CuPc buffefforming hole traps, thus reducing their mobility in the HTL
layer between ITO and the HTL could result in a substantial iifi38]. Similar to the case of OLEDs with a CuPc layer, doping
crease in device life suggested that the problem somehow liediie HTL also led to a higher electroluminescence efficiency.
the hole transport layer. But contrary to this assumption, studidswever, unlike the case of CuPc, where the higher efficiency
on devices with mixed layers of hole transport and electramuld be solely attributed to a more balanced electron/hole
transport materials showed that neither CuPc buffer layer natio, the role of dopant molecules in enhancing the efficiency
HTL doping were necessary for devices to have increased halis extended to include their contribution to the generation
life [20], [34]. This remarkable enhancement of stability as af light. The fact that the shift in thgd—V" characteristics was
result of introducing the mixed layer, in spite of not having enuch more pronounced in case of introducing the CuPc layer
doped HTL or a buffer layer at the hole injecting contact, sughan in case of doping the HTL could be attributed to the
gested that, contrary to what was believed before, device agififferent nature of the hole-impeding processes in both cases.
was not caused by morphological changes in the HTL [13], [13he CuPc layer impeded the injection of holes into the HTL,
or degradation at the ITO-HTL interface [25]. The fact that th@hereas the dopant molecules reduce their mobility inside
stability of the OLEDs was enhanced by altering the HTL-AIQthe HTL [39]. The shift of the/-V characteristics to higher
interface, in this case by means of inserting a mixed layer in besltages in case of introducing the CuPc layer or doping the
tween, indicated that aging in OLEDs was mainly caused BYTL did not contradict the fact that these stabilizing agents
degradation at (or near) that interface. may seem to lower the luminance turn-on voltage of the OLEDs
To investigate the mechanism for the enhanced stabiliye to the efficiency enhancement. Based on these results, a
we studied OLEDs of various structures, including ones witobmmon feature in the role of these two approaches to improve
a CuPc buffer layer at the ITO contact, or rubrene-dop&dl ED’s stability was to slow down the transport of holes to
HTLs. TheJ-V and IL—J characteristics of these devices aréhe HTL-AIQs interface, where they get injected into the AlQ
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layer. Therefore, the injection of holes into the AlQayer 1.2

appeared to be the main factor responsible for the long-term I Electrons
degradation in OLEDs. This postulate was consistent with the 1 ‘(:“’Mmm
results of Papadimitrakopoul@s al.[40], which showed from I \M

cyclic voltammetry on AlQ in solutions, that the oxidation of 0.8 A ot st o g 101€S

AlQ3 was irreversible. However, one should keep in mind that
solution electrochemistry is not a reliable tool for predicting
solid state properties as the environment of organic molecules
in the two cases is very different. Therefore, this type of 04 1 Q p
correlation should be taken only as a guide and not as a proof I N\’N,_\N
of the degradation mechanism. 02 r dN TPT Nb

To investigate the validity of the hypothesis that cationic | L L
AlQ3 species in the solid state are unstable, photoluminescence 0
(PL) measurements were employed to monitor changes in 0 10 Ti 20 h 80 40 50
the PL quantum efficiency of a 5-nm-thick AlQsandwiched ime (hours)
between two thick NPB Iayers and equipped with ITO anoddg. 4. Integrated fluorescence as a function of time_fromaAKandwiched

. L. . . between two hole transport layers NPB-AKNPB, which allow only hole
and Mg:Ag cathode. Under positive ITO bias, charges drlV‘%r'&nsport, and between two electron transport layers TPTzATRT, which
through the AIQ layer would be predominantly holes. Al-allows only electron transport through the device. In both cases, the devices
though the shape of the photoluminescence spectra did Wefe driven at a current density of 50 mA/énThe insert gives the structure of
.. TPT electron transport molecule.

change in time on prolonged current flow, a gradual decrease
in the peak height of the AIQ photoluminescence spectra
was observed, revealing a continuous decrease in the phamerface. Under these conditions, the density of electrons in the
luminescence quantum efficiency of the Al@n prolonged AIQ; layer adjacent to the HTL-AIQinterface is increased,
current flow [20], [41]. The decrease in the photoluminescentieus leading to rapid recombination and therefore a shorter life-
guantum efficiency of the AlQ pointed to its degradation astime of the cationic AlQ species. This, in turn, leads to signif-
a result of hole transport, thus revealing that cationic AlQcant decrease of AlQdegradation and consequently increases
species were unstable and that their degradation products wageice stability. High electron density at the HTL-AlGhter-
fluorescence quenchers. The establishment of a correlatfane may also lead to direct production of excited states, without
between fluorescence decay and device aging was attempteziformation of cationic AlQ intermediates, by direct injection
before on bilayer devices containing an HTL and Akectron of holes from the HTL into anionic AlQ [45]. This process
transport and emitter layer [42]. However, these attempts diduld greatly reduce formation of cationic A{Qpecies and
not produce conclusive results as the PL was dominated by thgrobably the dominant mechanism for improved stability of
component originating from the bulk of the thick AJQayer, OLEDs with a mixed emitter layer. In addition to improved car-
rather than the interfacial region with the hole transport layerrier balance, holes in the mixed layer will preferentially reside

It is important to point out that the transport of electronsn NPB sites because of the lower ionization potential of the
through AlQ;, being itself an excellent electron transport mateNPB relative to that of AlQ (~5.2-5.4 eV and~5.6-5.7 eV,
rial [43], should not be expected to cause degradation. In ordespectively), whereas electrons will reside on Al§es. As
to prove the validity of this assumption, devices containinig the mixed layer NPB and Al@Qmolecules are in close con-
5-nm-thick AlQ; layers sandwiched between two tetraphenytact, recombination of holes and Alnions to produce ex-
triazine (TPT, insert in Fig. 4) electron transport layers weigted states of AlQ directly will be a dominant recombination
also studied. Like NPB, TPT has the absorption cutoff arouuiocess. Later, the same argument was also used by Clebong
400 nm, and therefore, allowed unobstructed photo-excitatiahto explain stability of their bipolar transport and emitter layer
of AlQ3 in photoluminescence measurements. These devic3TEL) devices [46]. In fact, the argument was used to explain
where only electron transport was allowed, did not show amyher phenomena pertaining to OLEDs stability [20]. For ex-
decrease in the photoluminescence quantum efficiency of Al@mple, the correlation between a lower ionization potential of
under similar testing conditions [44]. The results of relativéhe hole transport material and a higher device stability [19] was
integrated photoluminescence measurements on samples wekgptained in terms of the same processes. In this case, a lower
AlQ3; was subjected to predominantly hole or electron flowonization potential of the HTL leads to a more difficult injection
are shown in Fig. 4. While significant photoluminescencef holes into the AlQ as a result of the higher hole injection bar-
decrease is observed in the case of transporting holes irir at the HTL-AIQ interface. The reduced injection of holes
AlQ3, the photoluminescence stays remarkable constant in cage the AlQ; layer leads to a higher density of electrons in the
of transporting electrons. These results, therefore, providat s layer adjacent to the HTL-AIQinterface, which in turn,
strong evidence that injection of holes into the Al@yers of leads to a shorter lifetime of cationic Ak@pecies. The increase
the OLEDs was a main factor in device degradation. in device stability on using metals with lower work function for

In view of the above results, the role of doping the HTL or inthe cathodes [31]-[33] was explained in terms of an easier in-
troducing a thin buffer layer of CuPc at the hole-injecting conection of electrons from the cathode into the Al@yer, which
tact in improving OLEDs stability was explained in terms ofeads to a higher density of electrons in the AlQyer adjacent
their effect in slowing down the hole transport to the HTL—AIQ to the HTL—AIQ; interface, and hence, a higher device stability.

06 r

Normalized PL
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Fig. 5. Luminance decay as a function of time for two devices in which th O TPD b.
hole transport zone consists of two layers, made of NPB and TPD hole transg 08 | o
molecules, in different orders. The structures corresponding to curves A anc L - ® TPD + 5% NPB
are given in the text. In both cases devices were dc driven at 31.25 MA/cm D.. Eg
o 06 r Op O B g ]
~d g O = .—.—.—.
Recent additional experimental results, which give furthe: 04 O o
support to the proposed OLED degradation model, are presen
in the remaining part of this section. 02
A. OLEDs With Dual Hole Transport Layers O
OLEDs with dual layer HTL consisting of separate layers o 0 10 20 30 40 50
pure NPB and pure TPD were constructed in the following a Time (hours)
rangements where the hole transport layer structures are denoted
in bold [41], [47] Fig. 6. Comparison of luminance decay of devices without and with dopant in
. the hole transport layer. (a) NPB hole transport layer, doped with TPD. (b) TPD
A.  ITO-NPB-TPD-AIQ;-Mg:Ag hole transport layer, doped with NPB.

B. ITO-TPD-NPB-AIQ;—Mg:Ag

Because of the higher ionization potential of TPD relative i@ device lifetime, should be expected according to the model.
that of NPB (5.5-5.6 eV and 5.2-5.4 eV, respectively) structuyge have, therefore, performed experiments where we doped 5%
Ais expected to enhance the injection of holes into the AlQyf NPB into TPD and vice versa, and compared the device life-
layer by means of hole cascading. On the other hand, duetjfies with devices without the dopant [47]. According to the
the relatively high hole injection barriers at the ITO-TPD angroposed model, we expect that doping TPD into NPB will not
NPB-AIQ; interfaces in structure B, injection of holes into theyffect device stability, while doping NPB into TPD should lead
AlQ; layer is made more difficult. According to the conventg a half life increase. That this is indeed the case is demon-
tional approach [19], [23], the improvement of hole injectioRtrated by results shown in Figs. 6(a) and (b). 5% of TPD in
should lead to increased device life, and therefore, deviceniPB does not change the stability at all [Fig. 6(a)], while 5% of
should show better performance than device B. But accordingN®B in TPD leads to small, but clearly measurable increase in
the proposed degradation mechanism the opposite should hglslice half life of about 50% [Fig. 6(b)]. This indicates that ion-
OLEDs of structures B should be more stable than OLEDSs phtion potential of TPD is somewhat larger than that of NPB,
structure A, as the presence of additional barriers will impedgit the difference is probably not as large as reported in the lit-
hole transport. Lifetime measurements reveal that this indeegigture and quoted in the preceding paragraph. The concept of
the case. OLEDs of structure B haw times longer half life hole transport layer doping to increase the device life was ex-

compared to OLEDs of structure A (Fig. 5). plored in some detail in [48]. In agreement with the proposed
. degradation model, it was found that a variety of dopants lead
B. Doping the HTL to device stability improvement.

According to the model, doping the hole transport material
with a dopant leads to the increased device stability as a resulfof
the role of dopant in slowing down the hole transport by acting The nature of AlQ degradation is further elucidated by time-
as a hole trap. Widely used dopants, such as rubrene, alntresblved fluorescence measurements [49]. It is shown that de-
always have an ionization potential that is smaller than the iovice aging leads to an increase of fluorescence decay rate with
ization potential of the host molecule. However, in the oppositke initial amplitude of multiexponential fluorescence decay re-
scenario, when ionization potential of the dopant is larger, meaining essentially constant. This is consistent with the idea
significant influence on hole transport, and therefore, no chantit the products of cationic Akdegradation are fluorescence

Time-Resolved Fluorescence Measurements

Authorized licensed use limited to: University of Minnesota. Downloaded on June 19,2024 at 02:54:14 UTC from IEEE Xplore. Restrictions apply.

SDC EX. 1021 - 6/10



368 IEEE JOURNAL ON SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 8, NO. 2, MARCH/APRIL 2002

quenchers. Further insights into the nature of electroluminegtantially lower electroluminescence efficiency only in devices
cence aging were obtained by measuring simultaneously phdiere the indium was doped in the emission zone of the;AlQ
toluminescence and electroluminescence aging in devices cayer, while doping the hole transport layer or the CuPc hole in-
taining 5-nm-thick AlQ layer sandwiched between NPB holdection buffer layer had no effect. Based on these observations,
transport and tetraphenyltriazine (TPT, insert Fig. 4) electrdhwas concluded that substantive indium diffusion from ITO
transport layer [50]. These studies showed that cationic;Al@node occurred upon device operation, where its deep penetra-
degradation products act not only as fluorescence quenchers fisut, possibly assisted with electrical migration of charged In
also as charge traps and electron-hole recombination centergtoms, could be a major cause of luminescence quenching and
Clearly, in view of the above discussion, the model of OLEIbence OLED degradation. It is worth mentioning, however, that
degradation based on the instability of cationic Al§pecies an In concentration of 0.25%, as was used in the experimental
seems to be capable of explaining a large number of expdievices, could be unrealistically too high to assume that trace
mental observations. However, an observation that does not gyels of indium in real OLEDs may have similar effects. It is
pear to support this model has been reported recently by H/#§0 important to note that the devices investigated in that study
etal.[51]. Using simple OLED structures containing only NPEYad long lifetimes, exceeding 2000 h at an average forward cur-
and AIQ;, Hunget al. modified ITO anodes with CHFplasma fent of 20 mA/cni.
polymerized thin film. When compared to devices without the [t mustbe pointed out that, with some additional assumptions,
CHF; film, these modified anodes lead to both a decrease in d8is model can, indeed, explain a variety of observations per-
vice operating voltage, indicating increased hole injection, atyning to device degradation, such as, the dependence of device
anincrease in device half life. At the first glance, improved hof@@bility on 1) ITO surface treatment; 2) the use of buffer layers
injection should lead to increased hole supply to Alpd de- gt the anode contaqt; and 3) doping the hole transport layer. For
crease in device life, and thus contradicts the model. One pdistance, the effectiveness of UV ozone cleaning and oxygen

sible explanation is that very efficient anodes will lead to Sigg!e}sma treatment of the ITO surface in improving device sta-
nificantly reduced electric field in the hole transport layer angi!ity can be associated with their ability to reduce oxygen defi-

at the HTL—AIQ; interface which will decrease (rather than in€/€ncy of as-grown ITO films, and therefore, reduce the amount

crease) hole injection into Al despite of the overall reduc- of unbound indium atoms available for diffusion into the organic

tion in the device operating voltage. Detailed understanding aﬁgers [21]. The increase in device stability on using different
realistic modeling of bipolar space charge limited transport uff(_erlayers atthe ITO contact, such as CuPc[25], plasma_poly—
these structures could perhaps provide answers to these q%%qzed CHE [51], or amorphous carbon.[53], can be exp!alned
tions [52]. Interms of the role of thes_e buffer Iayer; in acting as barriers for
In diffusion. This explanation can be valid when the buffer layer
leads to either an increase or a decrease in the operating voltage
IV. OTHER PROPOSEDOLED DEGRADATION MODELS of the device, an observation that is not readily understood by

In addition to the model discussed above, according to whilfle model that assumes the instability of cationic Akpecies.
degradation is attributed to the instability of AjQationic The increased stability of devices with a doped hole transport

species, two other models for explaining device degradatibyer may be attributed to the role of the dopant molecules in
were proposed. The first model associates degradation venging and immobilizing the In atoms, and hence, reducing
diffusion of indium species from the anode into the organf&'e'r penetration to the AlQemitting !ayer.

layers, while the second attributes it to changes in the internalHowever’ the m?‘,’e' cannot explain a ngmber of other ob;er-
electric field in the organic layers caused by mobile ions whic tions Fhat are d'ﬁ'cglt to oyerlook. .For |n.stan_ce, the notion
are present as contaminants in the organic material or relea In diffusion is assisted with electrical migration of charged

from the electrodes. Because the amount of experimental délgtoms is not consistent with the fact that long-term degrada-

supporting these two models is relatively small, only a bri H‘g?hbg:z\ggrg grli‘vlfr?sé?n%iet?oer:glt;]esfﬁgtﬁg:;rg!aér?\zger
discussion will be provided for each. 9 : 9,

especially when the magnitude of the reverse voltage is greater
than that of the forward voltage [25], as it is often the case,
should prevent or at least substantially reduce the migration of

According to the model, which was proposed by leteal. the charged In atoms, and hence, increase device stability. An-
in 1999, OLED intrinsic degradation is attributed to penetrather observation was reported by Ske¢al.[55] who detected
tion of indium species released from the ITO anode into th change in device lifetime on coating the ITO with a Pt layer,
organic layers, which results in luminescence quenching [25liggesting that In diffusion may not be an important factor in
Using secondary ion mass spectrometry (SIMS) and mass spalectroluminescence degradation. Furthermore, Hitiady [56]
trometry, Lee and coworkers were able to detect In in the dound that OLEDs containing sputter deposited cathodes had
ganic layers of devices that had been aged, where its concanincreased half life over conventional devices containing ther-
tration was ten times higher than in as-prepared devices. To imally evaporated Mg:Ag cathode. Other groups reported similar
vestigate whether the presence of trace amounts of indiumaibservations [31]—-[33]. The ability to change device stability by
the organic layers can be causing OLED electroluminesemmaly modifying the electron-injecting contact, without altering
degradation, they tested OLEDs that deliberately contained the ITO contact or the hole transport layer can not, so far, be
dium as a dopant in the different layers of experimental dexplained in terms of the migration of indium originating from
vices at a concentration of 0.25%. The results showed a stite ITO anode.

A. Indium Migration Model
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B. Mobile lons Model of a Pt-coated ITO as anode does not seem to influence device

The degradation model based on mobile ions was introdudd§ [25]: which according to the indium migration model, is un-
to explain a common observation that has almost always pappected. It could be argued that thin Pt films are not continuous,

associated with the decrease in device luminance during oL therefore, Inmigration from ITO to the organic phases is not
operation, which is the tendency of the driving voltage to ifplocked. However, even with incomplete Pt coverage of ITO, the

crease [57], [58]. The increase in voltage is however often feffective area available for In migration should be substantially

versible, at least partially, on either resting the device at zero 4gduced and at least some influence on device life should be

plied bias or reversing its polarity [59]. Shen and coworkers [5PPServable. The ability to change device stability by only mod-
presented a systematic study of this phenomenon on blue-gré}9 the electron-injecting contact, without altering the ITO
emitting devices of (unfortunately) an unspecified structure. TIF@Ntact or the hole transport layer, is yet another phenomenon
device degradation reflected in operating voltage increase i SuPported by the indium migration model.

electroluminescence decrease was modeled assuming the exis!is contradiction between indium migration and unstable
cationic AlIQ; models could be reconciled by simply assuming

tence of mobile ions in the organic layers of the OLED. Ac ’ ey :
cording to this model, the redistribution of mobile ions, such a1t these two mechanisms operate in different time scales. It

In, Sn, Mg, etc. from the electrodes or other contaminants if$-mPortant to note that the measurements of indium concen-
corporated during the fabrication process, under the externdfigtion in different OLED layers [21] have been performed on

applied electric field, induces an internal field, which partially€"y Stable devices showing haI;TI:ves in excess of 2000 h at
cancels the external one. Luminance decay is attributed to fhlgh current density of 20 mA/cmThe measurements were

creased ion concentration, which could act as charge reconflfin€ only at the beginning and at the end of device aging. Itis

nation or fluorescence quenching centers. However, it must §irely possible that indium migration is responsible for aging
pointed out that the model is essentially based on a mathenfYe"Y long times and becomes a dominant aging mechanism
ical analysis that correlates solutions for time-dependent trf1ly after the cationic AI@_degradc_';ltlon has been sgffmlently
sient equations for mobile ions distributions with experimenté‘?duceq I_t would be very interesting to sFudy the time evol_u-
changes in voltages, without direct experimental proof. tion of |nd|gm concentration as the experiment is progressing
Models based on redistribution of space charge, of whate®f Performing indium analysis measurements on devices that
origin, either ionic or due to charge traps, may be relevant f§f€re aged for different times. In this case, the quantitative cor-
understanding the fast initial (short-term), often reversiblEelation between the detected amount of indium and decrease in
decay in OLED electroluminescence. This is in many cases pdfvice luminance should be observed.
ticularly pronounced under dc driving conditions [59], and also 1he experimental evidence for the existence of both re-

reflected in variations in initial (short-term) OLED electrolyVersible and irreversible part of device degradation is very

minescence decay behavior for ac versus dc driving conditiofféond [571-{60]. Redistribution of mobile ions or space charge
[54]. However, the fact that changes in both luminance afy deep trap population [57], [58], and perhaps reorientation
driving voltage after long-term operation-£00 h) are mostly ©f internal dipoles [61] are all plausible candidates for ex-
irreversible, as well as the fact that long-term degradation rdtining the reversible part of changes in device operation. It
is essentially the same for both dc and ac driving [54] suggegistherefore, highly likely that device degradation is governed

that this degradation mechanism, if indeed operative, can Omf/ different phenomena at different time scales. At short times
have a limited effect on long-term device degradation. (on the order of tens of hours), OLED performance degradation
may be governed by space charge redistribution phenomena

due to various slowly migrating charged or dipolar species. At
longer times (hundreds to thousands of hours), degradation due
From the above discussion it is obvious that, at the preséatinstability of AlQ; cationic species may dominate, and at
time, no single model explains all experimental observationsMéry long times (several thousands of hours) indium migration
appears that the model based on unstable cationig 8p@cies induced degradation may be significant. The given times scales
is able to explain the widest variety of the observed OLED agimngould correspond to typical accelerated OLED aging testing
phenomena. Perhaps the only observation that is not consistantditions at currents on the order of few times 10 mA/cm
with this model is the observation that the increased device staAlthough significant progress in understanding OLED degra-
bility is, in some cases, associated with what appears to bedation phenomena has been accomplished in the last couple
increased hole injection. As discussed before, the reason forafi-years, the complete, fully consistent picture of the degra-
creased stability in that case may lie in the reduction of hotlation processes is still lacking. Most studies specifically ad-
injection into AlQ; as a result of reduced internal electric fielddressing the intrinsic degradation problem concentrated on de-
The assumption that ITO contact buffer layers (CuPc, plasmi@es containing AlQ. As these materials are generally used in
polymerized CHE, amorphous carbon) or dopants in the holdevices emitting light from the green to the red part of the spec-
transport layer act as indium scavengers could explain increasean, the study of AlQ-related aging processes is highly rele-
device life based on the indium migration degradation mode&iant for practical devices. However, blue-emitting OLEDs, and
However, many experiments contradict this hypothesis. For exften OLEDs based on triplet emitters [62] use different mate-
ample, it is difficult to understand why changing the order afals as emitter hosts. It may be that the mechanisms involved
two hole transport layers (NPB and TPD), as described in Sée-degradation on Al@-based devices are quite universal. On
tion 111, should affect indium migration. Also, the introductionthe other hand, other materials, like blue emitters (oxidiazoles,

V. DiscussiON ANDCONCLUSION
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antracenes, triazines, etc.), may show fundamentally different2] J. Shen, D. Wang, E. Langlois, and J. Yang, “Degradation mechanisms

degradation mechanisms. Therefore, the field of research on

OLED stability and degradation retains its significance. It will
play an important role in further developments of OLED tech-[23]
nology.
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