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Direct observation of structural changes in organic light emitting devices
during degradation
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A method for studying the degradation of organic light emitting devices~OLEDs! in real time is
described. Transparent OLEDs allow for the spatial correlation of cathode topographic images with
optical images ~transmission, photoluminescence, and electroluminescence! of the devices
throughout the degradation process. In this study we focused on the evolution of nonemissive,
‘‘dark’’ spots during device operation. We conclude that the electroluminescent dark spots originate
as nonconductive regions at the cathode/organic interface and expand or grow as a result of
exposure to atmosphere. We propose a mechanism of dark spot growth involving aerobic oxidation
of the cathode/organic interfacial region, leading to a highly resistive, carrier blocking interface at
the dark spot locations. No initial defects on the cathode surface, which might be responsible for the
formation of dark spots, were detected by atomic force microscopy. Structural changes, such as
degradation of organic materials and the cathode surface, occur well after the formation and growth
of the dark spots. ©2001 American Institute of Physics.@DOI: 10.1063/1.1389760#
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INTRODUCTION

Since the first demonstration of high brightness, lo
voltage electroluminescence from thin film organic lig
emitting devices1 ~OLEDs!, these structures have attract
considerable interest due to their possible use in a wide ra
of display applications. There have been many research
forts aimed at understanding the degradation mechanism
small molecule based OLEDs. The majority of these relia
ity studies concerned OLEDs employing the common el
tron transporting material, tris-~8-hydroxyquinoline! alumi-
num (Alq3). Two different degradation processes a
observed in Alq3 based devices.2,3 The first is a long term
‘‘intrinsic’’ decay in electroluminescence~EL! intensity lead-
ing to a uniform loss of efficiency over the device emittin
area. The second process occurs on a somewhat shorter
scale through formation and growth of nonemissive regi
or ‘‘dark spots.’’2,4 An inert atmosphere greatly reduces4 or
eliminates2 the formation and growth of these dark spo
Some reports have tied the formation of cathode ‘‘dome-l
textures’’2,5 or ‘‘bubbles’’ 6,7 to the evolution of dark spots. I
has also been proposed that dark spots form as a resu

a!Author to whom correspondence should be addressed; fax:~213! 740-
8594; electronic mail: met@usc.edu
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poor carrier injection due to cathode delamination,2 local
degradation of the Alq3 layer associated with the formatio
of metal hydroxide sites at the cathode/organic interfac6

crystallization of either the hole transporting8 or electron
transporting9 layer, or indium tin oxide~ITO! protrusion
sites.10

A recent report by Liewet al.11 gives evidence that the
dark spot formation in Alq3-based devices is associated wi
changes at the cathode/Alq3 interface. In their study, they
operated an OLED until a significant number of dark sp
had formed, removed the metal contact, and vacuum de
ited a fresh Mg–Ag cathode. This ‘‘rebuilt’’ OLED gave un
form emission, with no apparent dark spots. The authors
tributed these changes to cathode delamination, howe
they did not show direct experimental evidence to supp
this claim.

Conventional OLEDs utilize a transparent anode and
opaque cathode, the latter typically consisting of a react
low work function metal, such as Mg or Ca. The organ
layers used in these devices are very thin, ca. 1000 Å,
typically have a large Stokes shift between absorption
emission, making them transparent to their own emission
the opaque cathode is replaced with a semitranspa
Mg–Ag layer capped with an overlayer of ITO, a transpare
2 © 2001 American Institute of Physics
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OLED, or TOLED, is formed.12 The transparent cathode ha
injection and degradation characteristics similar to those
conventional OLEDs~with MgAg, AlLi, or other opaque
cathode materials! making TOLEDs good model devices fo
opaque and transparent OLED degradation studies.13 The
transparency of this device leads to a number of interes
technological applications,14 as well as making possible th
study of OLED degradation. The experiments described h
allow for the direct, time resolved, spatial correlation of o
tical microscopy images@electroluminescence~EL!, photolu-
minescence~PL!, and transmission~TR!# with atomic force
microscopy~AFM! images of a TOLED obtained througho
the degradation process. Based on our observations we
pose a mechanism for the formation and growth of d
spots involving aerobic oxidation reactions.

EXPERIMENT

Transparent organic light emitting devices were fab
cated and packaged as previously reported.12 The 232 mm
TOLED structure consisted of layers deposited in the follo
ing order: ITO/100 Å CuPc/500 Å NPD/500 Å Alq3/100 Å
Mg–Ag ~10:1!/400 Å ITO. All layers were deposited b
vacuum thermal evaporation at a chamber base pressu
31027 Torr, except for the top 400 Å ITO which was spu
tered as described elsewhere.12 A microscope that correlate
TR, PL, and EL wide field images with AFM images wa
used to observe changes in TOLED’s physical characteris
as they occurred. A schematic diagram of the experime
setup is given in Fig. 1. The instrument is comprised o
Digital Instruments Bioscope AFM operating in conjunctio
with a Queensgate NPS100xy closed loop scanning s
mounted on a Zeiss Axiovert inverted fluorescence mic
scope. The TOLEDs were placed on the sample stage
the Mg–Ag/ITO cathodes facing the AFM tip. Ultrafine a
justment screws were used to precisely position the A
probe in the region of interest within the optical image fie
For these experiments, light emitted from the substrate
collected by a 203 objective (numerical aperture50.7) and

FIG. 1. Experimental setup for measuring EL, PL, TR, and AFM imag
The inset shows a transmission image of the device. The AFM tip is cle
seen in the image, allowing the optical and AFM images to be spati
correlated.
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transmitted through a set of neutral density filters to a sp
trograph~SP-150, Acton Research Corporation! with an in-
tensified charge coupled detector~ICCD from Princeton In-
struments!. The spectrograph had a grating and mirr
installed on a turret to allow for the acquisition of either t
TOLED emission spectra or optical images.

Transmission imaging was achieved by reflecting wh
light from a fiber bundle off of a 45° mirror mounted abov
the AFM probe while illuminating the devices from the cat
ode side. Fluorescence imaging was carried out using
illumination with a long-pass dichroic beam splitter. The d
vices were illuminated at a wavelength ofl5(400
610) nm from the anode side using filtered light from
incandescent lamp. Al5500 nm long pass filter was place
in front of the ICCD to block scattered excitation light. Ele
troluminescence images were taken when forward bias
applied across the TOLED.~Here forward bias is defined a
applying a negative voltage to the cathode as reference
the anode.! Topographic images of the cathode surfaces w
taken with the AFM in the tapping mode using an etch
silicon probe. Spatial correlation of the AFM with the optic
images is possible because of the device transparency.
AFM tip is clearly visible through the device in the transmi
sion image shown in the inset of Fig. 1.

RESULTS AND DISCUSSION

After TOLED fabrication, the devices were passed fro
the vacuum system into a nitrogen filled glove box witho
exposure to the atmosphere. A glass slide was then atta
to the substrate with an epoxy seal, encapsulating
TOLED.4 Electroluminescence~at an applied current of 0.1
mA!, PL, and TR images of the packaged devices showed
observable dark spots after several days. The EL and
spectra of the devices were identical, featuring broad em
sion with a maximum atl5530 nm, typical of Alq3. The
glass slide was removed and the EL image at a currentI
50.1 mA was examined briefly in air. Again, no dark spo
were observed. A 4203630mm2 region of the device was
then ‘‘mapped’’ by taking nine 90390mm2 AFM scans,
evenly spaced over the device. Three hours after remov
the device encapsulation and mapping the same surfac
constant current ofI 51.5 mA (40 mA/cm2) was applied to
the TOLED, except for short intervals~2 to 3 min!, during
which PL and TR images were acquired. During 47 h
running the device, the voltage rose monotonically from
to 9.8 V.

Electroluminescence images were taken at regular in
vals starting 3 h after removing the encapsulation. Imag
taken at 6, 29, and 44 h are shown in Fig. 2. After the firs
h of aerobic exposure, very few new dark spots appear.
EL dark spots form and grow, PL and TR images of t
device remain uniform and featureless. It is not possible
differentiate the EL emissive and nonemissive areas of
TOLED in the PL and TR images. Under constant total c
rent injection, the light intensity of the emissive areas mon
tonically increases as the EL dark spots grow, supporting
suggestion made by McElvainet al.2 that the dark spots are
regions of low conductivity. As observed previously by Bu
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FIG. 2. EL images reflecting evolution
of dark spot growth in the TOLED.
The device was exposed to the air fo
3 h and then run at a constant curre
of 1.5 mA (40 mA/cm2). Times
quoted as the total time in the air.~a!
t56 h, ~b! t529 h, and~c! t544 h.
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rows et al.,4 a dark front moves in from the contact edge
gradually consuming the EL active regions of the devi
This front can be seen in Figs.2~b! and 2~c!, advancing from
the upper right-hand corner. The advance of this front
considerably faster than the rate of the dark spot growth

Evolution of the cathode morphology was monitored u
ing AFM ~Fig. 3! in the region corresponding to the box
Fig. 2~a!. The image in Fig. 3~a! was recorded 1 h after the
package cover had been removed~before the constant curren
was applied!, and shows no surface features. The rms rou
ness of the film is 3 nm, similar to ITO coated glass su
strates. After running the device atI 51.5 mA for 3 h ~6 h
total in air!, three dark spots appear in the region of t
device shown in the EL image, Fig. 3~b!. The EL and AFM
Downloaded 13 Dec 2002 to 18.82.1.108. Redistribution subject to AIP
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images are taken on opposite sides of the TOLED, so t
have a mirror relationship to each other and hence the im
in Fig. 3~b! is reversed to simplify its comparison to th
AFM images. Comparing Figs. 3~a! and 3~b!, there are no
identifiable defects in the AFM scans where the dark sp
are present. This observation is contrary to previous rep
which have suggested that dark spots are the result of de
in the cathode, or are due to large particles present on
substrate prior to organic and metal film deposition.2,4,7,9,10

Delamination has also been proposed as a mechanism
dark spot formation and growth,2,7 although, once again we
find no evidence for this in our experiments. The AFM sc
over the area of dark spots, shown in Fig. 3~c!, shows no
topographical differences between the dark spots and
nd
FIG. 3. ~Color! Spatially correlated AFM and EL images of the TOLED used for Fig. 2.~a! AFM scan taken 1 h after removing the device encapsulation a
before applying bias to the device.~b! EL image spatially correlated to the cathode area@designated by the box in Fig. 2~a!#, t56 h, ~c! An AFM scan of the
same area,t56 h. AFM scans of the area designated by the box in~c! are shown att58 h ~d!, at t529 h ~e!, and at 44 h~f!.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 4. ~Color! Time and spatially correlated images of two TOLEDs, which spent 92 h in room ambient. Device 1 was run for 61 h at constant cu
1.5 mA, no bias was applied to device 2. Images of device 1 are shown in~a! EL, ~b! PL, ~c! TR, and~d! AFM image of the area designated at~c!. Images
of device 2 are shown in~e! EL, ~f! PL, ~g! TR, and~h! AFM image of the area designated at~f!.
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bright areas surrounding them. Further, there are no to
graphical features at the edges of the dark spot, and no
tectable height differences between the EL emissive and
spot regions of the device. While our AFM data do not e
clude the possibility of a slight delamination~0.5–1 nm! of
the cathode and Alq3 layers, the formation of more pro
nounced bubbles6,7 or dome-like structures2,5 is clearly not
observed.

In the early stages of device degradation, small featu
are often observed near the centers of the dark spots, h
ever, they are not always present in subsequent AFM sc
It is not possible to determine with certainty if these are r
topographic features or artifacts of the AFM imaging pr
cess. Artifacts could result from AFM tip charging, leadin
to repulsive interactions between the tip and cathode of
electrically biased device; intermittent artifacts could res
from a fouled AFM tip depositing material in these areas
the device, or other processes that are unrelated to phy
changes in cathode morphology.

As the device ages further, a permanent feature nea
center of the dark spot appears and grows, ultimately fo
ing a raised region immediately around a tall protrus
@Figs. 3~d!–3~f!#.15 The raised region may result from
delamination, although the region is significantly smal
than the dark spot.

After studying the TOLEDs for 4 days, their optical an
AFM images were compared to devices having spent
same amount of time in the air~adjacent TOLEDs on the
Downloaded 13 Dec 2002 to 18.82.1.108. Redistribution subject to AIP
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same substrate!, but with no bias applied. Electrolumines
cence images of the unstressed devices show densities
sizes of dark spots similar to TOLEDs that had been un
nearly continuous operation. Figures 4~a!–4~d! show images
of a device that was operated for 61 h at 1.5 mA~92 h total
in the air!. Figures 4~e!–4~h! are images of a device whic
spent the same amount of time in the air, but with no b
applied. In contrast to the TOLEDs in early stages of deg
dation, the large EL dark spots of the stressed device h
correlated circular dark spots in both the PL and TR imag
The PL and TR dark spots have the same center location
the corresponding EL dark spots, but are significantly sma
in size. The AFM image of the dark spots revealed that th
regions contained a raised, ring-shaped structure, with a
tional large features inside the ring, Fig. 4~d!. The optical and
topographic images show that the cathode and the underl
Alq3 are damaged in the later stages of device degradat

Large EL dark spots of the unstressed device have
related features on the PL and TR images as well, see
bright and dark rings, respectively, in Figs. 4~f! and 4~g!. The
AFM image of the unstressed device in Fig. 4~h! shows a
raised ring, very similar to the one seen in the stressed
vice, which is the same size as the correlated PL and
features in Figs. 4~f! and 4~g! of the unstressed TOLED. In
contrast to the stressed device, however, the raised rin
Fig. 4~h! has only a single particle located at its center. The
rings may designate cathode areas which have delamin
from the emitting Alq3 layer. Enhanced PL is expected for
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp



V.

3246 J. Appl. Phys., Vol. 90, No. 7, 1 October 2001 Kolosov et al.
FIG. 5. ~Color! Electroluminescence image showing the AFM area~a! as well as the AFM images of the device at timet50, applied voltage 11 V~b!, at time
t5160 min, applied voltage 14 V~c!, and of the fully degraded device~d!. The bubble seen in~c! was formed shortly after the bias was increased to 14
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delaminated cathode since exciton quenching at the free
face of Alq3 is reduced.

Dome-like structures2,5 or bubbles6,7 were not observed
during our degradation studies. To investigate whether
previously reported bubble-like features were related
stress caused by operating the device, we examined de
operated at markedly higher power levels. AFM scans w
taken in the area between two dark spots as shown in
5~a!. The AFM image in Fig. 5~b! was taken at the beginnin
of the experiment with an applied bias of 11 V (J
5100 mA/cm2), which is significantly higher than the bia
used in the experiments described above~8.5–9.8 V, J
540 mA/cm2!. There were no detectable changes in cath
morphology for 2 h at thehigher bias conditions. When th
bias was increased to 14 V (J5250 mA/cm2), the cathode
surface morphology changed abruptly. Initially the surfa
exhibited large~severalmm high! and rapidly changing fea
tures. Thirty minutes later, a large bubble~height;1.5mm!
was observed@Fig. 5~c!# to stabilize under constant bia
AFM images of the top and adjacent to the bubble app
nearly featureless with no signs of rupture of the catho
surface. The AFM image in Fig. 5~d! was taken after the EL
emission from this area of the device had completely cea
as a result of a further increase in bias~to 16 V!. The result-
ing surface appeared rippled and irregular, with vertical f
tures of;1000 nm. Cathode bubbles have been previou
attributed to gas evolution processes.5,7 This is consistent
Downloaded 13 Dec 2002 to 18.82.1.108. Redistribution subject to AIP
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with our studies which show that bubble formation is relat
to the power applied to the device~and hence heat gene
ated!, and can form in regions free from obvious defects
the surface.

MECHANISTIC DISCUSSION

It has been proposed that oxidation occurs in EL d
spot regions and leads to the formation of a metal hydrox
at the cathode/organic ingterface.6 Based on our observation
we propose a related, oxidation-based mechanism for d
spot formation and growth. Water and oxygen from the
may diffuse into the device through microscopic pinhole
cracks, or grain boundaries in the cathode which are
small to be detected by AFM. Oxygen and water en
through these defects and lead to oxidation reactions at
Mg/organic interface, forming an insulating layer. The ox
dation reaction could involve the magnesium electrode its
leading to electrically insulating magnesium oxide or h
droxide at the interface between the cathode and org
film, creating a barrier to electron injection. An alternate o
dation process that may be prevalent at the early stage
dark spot formation and growth involves reduced Alq3 mol-
ecules (Alq3

2), formed near the cathode/Alq3 interface dur-
ing thermal deposition of Mg.16 The reduced Alq3 facilitates
electron injection into the layer bulk. Oxidation of surfac
Alq3

2 would lead to poor electron injection, forming E
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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dark spots. Interfacial Alq3
2 oxidation is not expected to lea

to a significant change in film thickness in the dark sp
since only a small fraction of the layer is reduced on therm
deposition of Mg.

After extended exposure to the air, bulk cathode oxi
tion may occur, leading to a measurable increase in de
thickness. But the dark spots should grow faster and la
than the raised regions in the AFM images, as observ
Diffusion of oxygen and moisture from the edges of the d
vice occurs faster than at dark spots since the surface ar
significantly larger at the edge than at the microscopic ca
ode defects. This leads to a more rapid growth of the d
fronts than dark spots. Since the process proposed for for
tion and growth of dark spots involves aerobic oxidation,
dark spot growth is expected to occur at similar rates
unstressed devices stored in the air, as well as devices b
driven in the air.

Aziz et al. reported9 that exposure to humidity induce
the formation of Alq3 crystallites in originally amorphous
films. Those crystals form protruding lumps that are seve
times thicker than the original film, and have a water cont
higher than that in the amorphous Alq3 regions. The diffu-
sion of water into the device through microscopic defects
the cathode may lead to crystallization of Alq3 in the OLED
structure itself, leading to growth of Alq3 crystals. These
crystals enlarge the defects in the cathode and ultima
appear on the cathode surface as large grains, e.g., Figs~d!
and 3~e!. The Alq3 grains formed in the early stages of d
vice degradation may be small and easily swept away by
AFM tip, possibly explaining the intermittent features o
served in the AFM images in the first 10–15 h of devi
degradation.

CONCLUSIONS

We have found that EL dark spots in OLEDs originate
nonconductive areas at the metal/organic interface, and
idly grow as a result of atmospheric exposure. The dark sp
are attributed to regions of poor electron injection formed
local oxidation. Continuous diffusion of oxygen and wat
into the device leads to growth of the oxidized region of t
cathode, radially from the central defect. Significant str
tural changes in the cathodes occur well after the initial f
mation and growth of the EL dark spots take place. In c
trast to the growth of dark spots, bubble formation was fou
to be enhanced at high current densities.

While crystallite growth in the Alq3 contributes to the
cathode morphological changes observed, the princ
causes of dark spot formation and growth are oxidation
actions at the cathode/electron-transporting-layer interfa
This oxidation could involve the cathode itself, leading to
resistive oxide layer between the cathode and the Alq3, or it
Downloaded 13 Dec 2002 to 18.82.1.108. Redistribution subject to AIP
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could involve a reduced region within the bulk transpo
layer. A reduced interfacial region~forming midgap states!
near the cathode is critical to achieving a low barrier to el
tron injection, even for cathode materials that are air sta
~e.g., ITO17 or Ag18!. As a result, dark spot formation an
growth may still occur due to oxidation of the reduced Al3

in the cathode/organic interfacial region.
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