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fabrication. Ne\,ertheless, the effects of the 
surface stress on the oxide and consequent- 
ly on the lifetinle and the reliability of the 
devices are important issues and need to be 
addressed further. 

In the C-V traces of a MOS diode made of 
the Gd,03 of 185 A thicl<ness (Fig. 4). a 
transition -from accumulation to depletion 
mode occurs at -2 V. The inversion carriers 
(holes) folloa the ac signal up to a frequency 
of 10 kHz and do not respond to frequencies 
greater than 100 kHz. This conlpares favor- 
ably to previous sanlples of Ga,0,(Gd20,) 
f i l~ns on GaAs. in which the inversion carri- 
ers followed the ac signal only up to a fre- 
quency of 1 kHz (7).  There is some hysteresis 
in the C-V curves in reverse sweeping, a i t h  
the aidest  spread of no more than 1 V These 
curves remain the same after repeated voltage 
cycles. 

The C-V characteristics can be fulther 
understood by taking the conductance (G)  
into account. The finite value of G is in 
parallel wit11 the oxide capacitance (C,,). 
This simple equivalent circuit model explains 
that the total capacitance increases as the 
nlodulation frequency decreases. After re- 
plotting the C-V curves by subtracting the 
contributions from G and COTi the Dl,, ah ich  
responds only to the low-frequency measure- 
ments, can be deduced from the 11igI1- and 
lo~v-frequency cuwes. Dl, at the nlidgap is 
- 10" cm-%eV1, which is slightly higher 
than those of the S i O A i  interfaces. 

We expect that epitaxial groat11 of struc- 
tures isomolyhic to that of h1n20, can be 
extended to other rare earth oxides and to 
other semiconductor substrates like Si. Our 
findings thus suggest I lea oppoltunities for 
producing hig11-e gate dielectrics for Si- and 
GaAs-based MOSFETs. 
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Studies on the long-term degradation of organic light-emitting devices (OLEDs) 
based on tris(8-hydroxyquinoline) aluminum (AlQ,), the most widely used 
electroluminescent molecule, reveal that injection of holes in AlQ, is the main 
cause of device degradation. The transport of holes into AlQ, caused a decrease 
in its fluorescence quantum efficiency, thus showing that cationic AlQ, species 
are unstable and that their degradation products are fluorescence quenchers. 
These findings explain the success of different approaches to stabilizing OLEDs, 
such as doping of the hole transport layer, introducing a buffer layer at the 
hole-injecting contact, and using mixed emitting layers of hole and electron 
transporting molecules. 

Because of their high brightness (1, 2) and 
the availability of a a i d e  range of ernission 
colors (3, 4), OLEDs have the potential 
to achieve low-cost, full-color flat-panel 
displays. Ho~vever.  OLEDs s h o a  relatively 
poor stability. The half-lifetime, defined as 
the time elapsed before the lulninance of 
the OLED decreases to half its initial value. 
usually amounts to only few hundred hours 
(4 ) .  I11 general. degradation in OLEDs oc- 
curs through the fornlation of nonemissive 
"dark" spots as well as through a long-term 
"intrinsic" decrease in the e lec t ro l~~mines-  
cence (EL)  efficiency of the devices during 
operation (.i). Although the mechanisms 
that cause dark spots have been identified 
( 5 .  6 )  and controlled (7), the causes of 
intrinsic degradation relnain unclear. 111 the 
devices based on small organic ~nolecules,  
i~ltroduction of dopants in the hole trans- 
port layer (HTL) (8) or a buffer layer at the 
h o l e - i ~ ~ ~ e c t i n g  contact (9)  \\!as found to 
sig~lificantly reduce the intri~lsic degrada- 
tion. Half-lifetimes exceediilg 4000 hours, 
at an initial lun~inance of 500 cd:m2, have 
been achieved for devices ~vit11 a copper 
ph t l~a locyan i~~e  (CuPc) buffer layer (9) .  
The life and efficiency of these devices 
is further extended by doping the AIQ, with 
N,N- dimet l~ylquinacr ido~~e (10).  Morpho- 
logical changes in the HTL or degradation 
at the hole-in~ecting contact were speculat- 

ed to cause degladation in the OLEDs, but 
the occurrence of such Drocesses 111 OLEDs 
or their role in degradation has never been 
verified. In fact, other reports show no 
correlation between the morpl~ological sta- 
bility of the HTL and the lifetime of the 
OLEDs (11).  

We investigated OLEDs based on AIQ,. 
the most ~videly used electrol~~minescent 
molecule, and found that injection of holes in 
AIQ, was the lnain factor responsible for 
device degradation. Photoluminescence (PL) 
quantum efficiency of AIQ, layers. where 
predon~i~~ant ly  holes are transported, de- 
creased upon prolonged current flow (12). 
These findings naturally explain different ap- 
proaches to stabilizing OLEDs, such as dop- 
ing of the HTL (8).  introducing a CuPc buffer 
layer at the hole-in~ecting contact ( 9 ) .  or us- 
ing a mixed e~nitting layer of hole and elec- 
tron transporting n~olecules (13). 

We previously found that using a mixed 
emitting layer of hole and electron trans- 
porting molecules, placed betaeen pure 
hole and electron transport layers (ETLs). 
drainatically increased LED stability (13). 
These devices s h o a  a half-lifetime of about 
1400 hours at an initial luminance of about 
1000 cd!mz (versus tens of hours for devic- 
es with pure layers), despite not having a 
doped HTL or a buffer layer at the hole- 
il~jecting contact (Fig. 1 ) .  This result sug- 
pests that device acing at room temperature - - - 

' D e p a r t m e n t  o f  M a t e r i a l s  Science and Eng ineer ing,  
is not caused by morphological changes in 
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tures, particularly if devices are operated or 
stored at higher temperatures. The fact that 
the stability of the OLEDs can be enhanced 
by altering the HTL-AlQ, interface. by in- 
serting a mixed layer in bet~veen, indicates 
that aging in OLEDs is nlainly caused by 
degradation at (or near) that interface. 

We investigated the enhanced stability of 
the OLEDs having a mixed layer by studying 
OLEDs with various stmch~res. These in- 
cluded devices with a CuPc buffer layer at the 
IT0  contact (9) and rubrene-doped HTL ( 8 ) .  
The current density versus voltage ( J- T f )  and 
luminance versus current density (L-J) char- 
acteristics of these devices are sho~vn in Fig. 
2. The characteristics of standard bilayer 
OLEDs, made from the same materials and 
fabricated on the same substrates during the 
same vacuum cycle. are also shown as a 
reference. The introductioi~ of a 1 5-nm-layer 
of CuPc at the I T 0  co~ltact e~lhances the EL 
efficiency (about 4.2 cd:A for OLEDs 1vit11 
the CuPc layer cornpared with about 3.1 cd!A 
for regular bilayer OLEDs). Because intro- 
ducing the CuPc layer causes a shift in the 
J-V characteristics to higher voltages, it can 
be concluded that the CuPc impedes hole 
injection into the HTL. The higher EL effi- 
ciency is therefore attributed to the role of the 
CuPc in achieving nlore balanced electron 
and hole injection processes by impeding 
hole injection into the .V,N'di(naphthalene- 
1-y1)-hr,~\~'-dipI1e~~ylbe1~zidi~~e (NPB) (14). 
Doping the HTL with rubsene also leads to a 

Fig. 1. Luminance (L)l  
ini t ial  luminance (Lo) 
and driving voltage 
(V)/ init ial  driving volt- 
age (V,) versus t ime of 
a mixed emitt ing layer 
OLED (squares) and a 
standard bilayer OLED 
(triangles), both driv- 
en at 25 mA/cm2. Lo 
values are 1050 and 
710 cd/m2 and V, val- 
ues are 7.5 and 8.0 V, 
respectively. 

Fig. 2. j - V  (A) and L - j  
(B) characteristics for 
ITO-NPB-AlQ,-Mg- 
Ag (open circles), ITO- 
rubrene-doped NPB- 
AlQ -Mg-Ag (solid cir- 
clesj, and ITO-CuPc 
(15 nm)-NPB-AlQ,- 
Mg-Ag (triangles) OLEDs. 
In all devices, the thick- 
nesses of the HTL and 
AlQ, layers are 60 and 
75 nm, respectively. 

shift in the J -  V characteristics of the OLEDs 
to higher voltages, in agreement a i t h  the 
findings of Vest~veber and Rieb (14). This 
shift points to the role of the dopant mole- 
cules in for~ning hole traps, thus reducing 
their inability in the HTL (15). Similar to the 
case of OLEDs with a CuPc layer, doping the 
HTL also leads to a higher EL effyciency. 
Ho~vever, u~llike CuPc. where the higher ef- 
ficiency can be attributed solely to a Inore 
balanced electro~l hole ratio, the role of do- 
pant ~nolecules in enhancing the effic~e~lcy 
must be extended to include theil' role 111 

generat1011 of light (8). The niore pronounced 
shift in the J-V characteristics after introduc- 
ing the CuPc layer than for doping the HTL 
can be attributed to the different nature of 
the hole-impeding process in both cases. 
The CuPc layer impedes the injection of 
holes into the HTL, but the dopant mole- 
cules reduce their mobility inside the HTL, 
the effect of 1vl1icl1 may not be as strongly 
reflected on the J-l' characteristics because 
of the superior hole nlobility characteristics 
of NPB (16). The shift of the J-Tf charac- 
teristics to higher voltages in the case of 
introducing the CuPc layer or doping the 
HTL does not contradict the lower lumi- 
nance turn-on voltage achieved a i t h  these 
stabilizing agents due to efficiency en- 
hancement. A c o n ~ m o ~ l  feature of the role 
of these two stabilizing agents is to impede 
the holes and thus to slow down their trans- 
port to the HTL-AlQ, interface where they 

are injected into the AIQ, layer. Thus hole 
il~jection into the AlQ, layer appears to be 
the maill factor responsible for OLED deg- 
radation. This expla~lation is consistent 
with the results of Papadirnitral<opoulos et 
01. (17). which show from cyclic voltam- 
nletry on AIQ, in solutions that oxidation 
of AIQ, is irreversible. 

We then constructed devices in which pre- 
dominantly holes are transported through a 
thin AIQ, layer (Fig. 3). A 5-nm-thick AIQ, 
layer was placed between t ~ v o  layers of NPB. 
The lower 20-11111-thick NPB layer facilitates 
the injection of holes from the I T 0  anode into 
the AIQ, layer, ~vhereas the upper 40-nm- 
thick layer both transports the holes from the 
AlQ, layer to the cathode and blocks elec- 
trons from reaching the AlQ, layer. The 
blocking of electron transport by NPB was 
incomplete, hoa.elrer. Some electrons still 
reached the middle AIQ, layer and caused 
weak EL. Because the NPB-cathode contact 
was unstable, usually creating shol-ted devic- 
es, a thin buffer layer of AIQ, (10 nm thick) 
was used between the upper NPB layer and 
the cathode. 

In situ PL measuren1ents (performed with 
442-nm Hg-line excitation, where NPB ab- 
sorption is negligible) were cawied out to 
 non nit or changes in the PL quantum efficien- 
cy of the 5-nm-thick AIQ, layer. A gradual 
decrease in the peak height of the PL spectra 
of AIQ, [Fig. 4, spectra (a) to (c)] revealed a 
continuous decrease in the PL efficiency of 
AIQ, after prolo~lged current flow. Other 

by the ~netal  due to the relatively large exci- 
ton diffi~sion length of AlQ, (1). Thus spectra 
(a) to (c) in Fig. 4 corespond to PL of the 
5-nm AIQ, layer. The decrease in the PL 

OLEDS consisti~lg of only a 60-11111-thick 
NPB layer and a 10-11111-thick AIQ, top layer 
were also tested under the same conditions to 
determine whether PL from the top AIQ, 
contributed to the signal [Fig. 4, spectr~lrn 
(d)]. The 10-11111 AIQ, top layer, in contact 
~vi th  the nletal cathode, co~ltributes negligi- 
bly. probably because of exciton quenching 

AlQ? (5 nm) 
YPB (20 nmi 

Fig. 3.  Structure o f  OLEDs used for  PL 
measurements. 
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quantum efficiency of this layer points to 
degradation as a result of current flow. As 
this layer transports predominantly holes, the 
observed fluorescence decrease indicates that 
cationic A1Q3 species are most likely leading 
to formation of fluorescence quenchers. In 
principle another mechanism of fluorescence 
decrease is also possible—formation of a 
high concentration of nonemitting degrada
tion products, which are not fluorescence 
quenchers. This mechanism would require 
that in our experiments (Fig. 4) about half the 
A1Q3 molecules decompose. We investigated 
this possibility by using infrared spectrosco
py to detect any changes in the absorption 
spectra of A1Q3 after degradation. No detect
able changes were observed, thus showing 
that the number of degraded A1Q3 molecules 
is not substantial but is limited to a few that 
acted as fluorescence quenchers. 

Identical devices in which the Mg-Ag 
cathodes were replaced by pure Ag cath
odes were fabricated and tested under the 
same current driving conditions. Because 
of the higher work function of Ag com
pared with Mg-Ag (4.2 and 3.7 eV, respec
tively), the injection of electrons from the 
cathode into the organic layers is reduced, 
which leads to even more unbalanced cur
rent with higher hole/electron ratios. In the 
case of the devices with the Ag cathode, the 
PL intensity of the A1Q3 decreased to 45% 
of the initial level [Fig. 4, spectrum (e)]. In 
comparison, when a Mg-Ag cathode was 
used, PL decreased less, to 60% of the 
initial value over the same time [Fig. 4, 
spectrum (c)]. This result clearly shows 
that higher hole/electron ratios lead to fast
er degradation of the A1Q3, thus supporting 
the conclusion that cationic A1Q3 species 
are unstable. 

Because A1Q3 is an excellent ETL (18), 
electron transport is not expected to cause 

Fig. 4. Normalized PL 

spectra of AlQ3 in a de

vice from Fig. 3 wi th a 

Mg-Ag cathode, driven at 

50 mA/cm2 , obtained be

fore stressing (a), after 

stressing for 10 hours (b), 

and after stressing for 50 

hours (c). Spectrum (d) 

was obtained from an 

OLED without the middle 

AIQ3 layer. Spectrum (e) 

is a PL spectrum of a de

vice f rom Fig. 3 w i th an 

Ag cathode, obtained af

ter stressing for 50 

hours. Spectra (b) to (e) 

are normalized to the 

peak PL before stressing 

the devices. 

p 0.4 

degradation. Our studies on similar devices in 
which A1Q3 layers were placed between two 
ETLs, thus allowing only electrons to be 
transported through the A1Q3, did not show 
any decrease in the PL quantum efficiency 
under similar current driving conditions. 

The role of doping the HTL or introduc
ing a thin buffer layer of CuPc at the 
hole-injecting contact in improving OLED 
stability can be explained in terms of slow
ing down the hole transport to the HTL-
A1Q3 interface. Under these conditions, the 
density of electrons in the A1Q3 layer ad
jacent to the HTL-A1Q3 interface is in
creased, thus leading to rapid recombina
tion and therefore a shorter lifetime of the 
unstable cationic A1Q3 species. It is also 
possible that because of the high electron 
density at the HTL-A1Q3 interface, the pro
duction of cationic A1Q3 species is greatly 
reduced, as holes can be injected directly 
from NPB into anionic A1Q3 species to 
produce excited states (19). This last effect 
is probably the dominant mechanism for 
improved stability of OLEDs with a mixed 
layer. In addition to improved carrier bal
ance, holes in the mixed layer will prefer
entially reside on NPB sites because of the 
lower ionization potential of the NPB rela
tive to that of A1Q3 (5.1 and 5.6 eV, re
spectively), whereas electrons will reside 
on A1Q3 sites. As NPB and A1Q3 molecules 
are in close contact in the mixed layer, the 
direct recombination of holes and A1Q3 

anions to produce excited states of A1Q3 

directly will be a dominant recombination 
process. 

The above argument can also be used to 
explain other phenomena pertaining to OLED 
stability. For example, the correlation be
tween a lower ionization potential of the hole 
transport material and a higher device stabil
ity (11) can be explained in terms of the same 
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processes. In this case, a lower ionization 
potential of the HTL leads to a more difficult 
injection of holes into the A1Q3 as a result of 
a higher hole injection barrier at the HTL-
A1Q3 interface. The reduced injection of 
holes into the A1Q3 layer leads to a higher 
density of electrons in the A1Q3 layer adja
cent to the HTL-A1Q3 interface, which, in 
turn, leads to a shorter lifetime of cationic 
A1Q3 species. The increase in device stability 
on using metals with lower work function for 
the cathodes (20) can be explained in terms of 
an easier injection of electrons from the cath
ode into the A1Q3 layer, which leads to a 
higher density of electrons in the A1Q3 layer 
adjacent to the HTL-A1Q3 interface and 
hence a higher device stability. 
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