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Surface roughness effects and their influence on
the degradation of organic light emitting devices
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Organic light emitting devices typically consist of one or several organic layers which are
sandwiched between two electrodes, one of which has to be transparent. In most cases
indium tin oxide (ITO) is employed as the transparent, hole-injecting anode material.
Usually, the functional organic layers possess a thickness of about 100 nm. For such thin
films the homogeneity and the surface roughness are especially important factors for the
device performance. Therefore, the surface roughness of all those layers which are the
basis for subsequent deposition processes were systematically studied by atomic force
microscopy (AFM). For these investigations both the ITO substrate and the layers
consisting of different organic materials deposited onto the ITO substrate were analyzed. In
addition, the two different basic deposition methods for the organic materials, namely the
deposition from solution by spin coating and the deposition by thermal evaporation, were
compared to one another with respect to their resulting surface roughness. It was found
that the large surface roughness of the ITO substrate induces layer inhomogeneities,
especially for the vapor deposited organic layers. They can be reduced by the incorporation
of a polymeric smoothing layer. © 2000 Kluwer Academic Publishers

1. Introduction resistance [3,4]. Therefore, the clarification of all
Organic light emitting devices (OLEDSs) receive con- degradation mechanisms is still of significant impor-
siderable attention due to the high potential and adtance for establishing organic light emitting devices
vantages they can offer for flat panel technology. Foramong flat panel displays.
instance, highly attractive low-cost and established de- In the literature several reasons have been identified
position methods can be employed to obtain large-areto explain the observed degradation behavior. For in-
displays and backlighting systems. Also, the indepenstance, recrystallization effects within vapor deposited
dence of the viewing angle, as well as the availabilityamorphous layers [5], insufficient electrochemical sta-
of a broad range of colors are further promising aspectbility [3], or insufficient photostability [6] of the organic
that contribute to the interest in this technology. materials, as well as the oxidation of the cathode mate-
OLEDs usually consist of an organic single or multi- rials [7] are thoroughly discussed.
layer system sandwiched between two electrodes, one In this work further possible causes for degradation
of which has to be transparent to allow the emission offfects were examined. Specifically, effects related to
light. Typically, indium tin oxide (ITO) is employed the ITO electrode material and the surface properties of
as the transparent, hole-transporting anode materiailhe substrate were of interest. Typically, the functional
The cathode is made up of a low-work function metalorganic layers in organic LEDs possess thicknesses of
or alloy. about 100 nm. For such thin films the homogeneity and
In the meantime, very high luminances [1] and ef-the surface roughness are especially important for reli-
ficiencies [2] can be obtained already, which are enable device performance. Therefore, the surface rough-
tirely satisfactory for various technological applica- ness of all those layers which are the basis for subse-
tions. However, a major problem still remains the low quent deposition processes were systematically studied
life time which so far prevented the commercial useby atomic force microscopy (AFM). For these investi-
of such displays. Usually, a strong decrease of theyations both the ITO substrate and the layers consisting
electroluminescent intensity and the efficiency is ob-of different organic materials deposited onto the ITO
served during operation. In addition, the appearancsubstrate were analyzed. In addition, the two differ-
of non-emitting areas (“dark spots”) is observed fre-ent basic deposition methods for the organic materials,
guently, accompanied by an increase of the devicenamely the deposition from solution (by spin coating)
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and the deposition by thermal evaporation, were com3. Results

pared to one another with respect to their resulting sur3.1. ITO substrate

face roughnesses. ITO deposited onto a glass substrate is the basis for
the deposition of the organic layers. Therefore, its sur-
face properties are especially important for the device
characteristics. The surface roughness of a cleaned sub-
strate coated with ITO (Baltracon 255, Balzers) was

2.1. Materials _measured by AFM. Fig. 1 shows the topographical im-
The glass substrates from Balzers were coated wit ge of a 5um x 5 um area of this substrate surface.

ITO of about 100 nm thickness. Poly(vinylcarbazole) the grained structure of the surface is clearly recog-

(PVK) is a hole-conducting polymer and was pur- i apie The root-mean-square (rms) roughness for this
chased from Aldrich. A substituted coumarin derlvatlvearea is 2.7 nm, and the maximum peak-to-valley reaches

(Makrolex 10GN, Bayer) was employed for the blend 1 o nm 1 addition, island structures with lateral ex-
systems incorporating PVK as the matrix polymer.iangions of about 0.1 tojim on the surface can be seen
Polystyrene (PS, Aldrich) was the matrix polymer for aj, g 1 The enlarged sector is shown in Fig. 2 and clar-
further blend system. For this blend system 1,3,5-1ris[4¢ie these observed structures. Marked by an arrow in
(di-4-ethylphenylamino) phenyllbenzene (TDAPB-4, ¢ ront left area such a plateau exhibiting a sharp edge
AGFA) or aluminum tris(8-hydroxyquinoline) (A} c4n pe recognized. It stretches from the right front to

were employed as the monomeric blend componeniye center back. The difference in height of the edge
Aluminum tris(8-hydroxyquinaline) (Alg3) was used s anout 7 nm. The fine structure of the islands shows

as the model compound for the monomeric layers. Iiyaing which are about 20 nm in size and which possess
was synthesized by the reaction of aluminum trichlo-i,o same maximum difference in height of 7 nm. It is
ride (AICI3, Merck) with 8-hydroxyquinoline (Merck). pticeable that within the island the single grains seem
For a further experiment poly(ethylenedioxythiopheny, he grown together, whereas outside these plateaus
polystyrenesulfonate) (Baytron P, Bayer) was emy,cqarsingle grains of about 40-60 nm can be found.

ployed as a hole-injecting layer spin-coated on the ITOrhjs ya|ye correlates very well with the ones found in
substrate. the literature [9] for tin doped KOs samples.

2. Experimental

2.2. Preparation of the samples

The 2 in x 2 in ITO substrates were thoroughly
cleaned by a detergent solution and deionized wate
in combination with ultrasonification and a plasma-
etching treatment prior to use. The polymeric blend
systems were deposited under nitrogen by spin coatin
from a filtrated 1 wt-% solution of PVK: 10GN (mass
ratio 4:1) or PS:TDAPB-4 (mass ratio 1:1) in 1,2-
dichloroethane. The blend system PS : Alg3 was spi
coated fron a 1 wt-% solution in tetrahydrofuran
(THF). The monomeric Alg3 was vacuum deposited
by thermal evaporation in a vacuum below 2@nbar.
Typically, the deposition rate was between 0.1 an

3.2. Polymer layer deposited on
ITO substrate
ltiig. 3a shows the surface of the blend system PVK and
10GN (mass ratio 4: 1), as an example for the rough-
ess of a polymeric system. The thickness of this layer
about 100 nm, and it was spin-coated at 400 rpm

at room temperature fro a 1 wt-% solution in 1,2-
rglichloroethane onto an ITO substrate. By AFM the
surface of this layer appears almost completely unstruc-
tured. The homogeneous layer possesses a rms rough-
ness of 1.0 nm, and the maximum difference in height
peak-to-valley) is about 9 nm. This value for the peak-
o-valley is in good agreement with the differences in

0.5 nm/sec. height which appear at the edges of the islands on the
ITO surface.
The smoothing effect was observed independently
2.3. Atomic Force Microscopy (AFM) from the matrix polymer and the blend molecule for

The topography surface roughness and material corall investigated polymer systems. Similar results were
trast, respectively, of the substrates were determinedbtained, for instance, for the polymeric blend sys-
with Park Scientific Instruments (PSI Autoprobe tem PS:Alg3 (mass ratio 1:1) spin coated from a
CP) and Digital Instruments (Dimension 3000 with 1 wt-% solution in THF onto the ITO substrate or for
Nanoscope Ill controler) atomic force microscopes.Baytron P. The AFM phase contrast images in Fig. 3b
With both atomic force microscopes quantitative sur-and the topographic linescans in Fig. 3c compare an
face analysis with resolution in the nanometer regimdTO-Substrate (left image and linescan) with an 50 nm
in all three dimensions is possible. The Digital In- thick Baytron P layer spin coated onto ITO (right im-
struments Dimension 3000 microscope provides phasage and linescan). The phase contrast images of the
detection [8] yielding material contrast information. uncovered ITO surface (Fig. 3b, left) clearly show a
Silicon cantilevers with integrated tip (Nanosensorssharp contrast between single ITO grains and the sur-
Pointprobe), spring constant of 20—40 N/m and resorounding grain boundary region. This contrast vanishes
nant frequency of 280 khz were used for tapping moden the Baytron P coated ITO surface (Fig. 3b, right).
imaging. The PSI Autoprobe CP was used in contacthis indicates that both the ITO grains boundaryregions
mode with a titanium nitride tip (PSI-Microlever, radius are filled and the ITO grains are completely covered
about 50 nm) at a bearing force of about 0.5 nN. with Baytron P. This conducting polymeric coating,
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Figure 2 Relief topographical image (04m x 0.7 um) of a non-coated ITO substrate (Baltracon 255, Balzers).

with excellent hole-injecting properties [10], reducesness was observed over a time period of two months
the roughness (peak to valley) of the uncoated ITO fromand storage in air at room temperature.
about 10 nm (Fig. 3c, left) to about 3 nm (Fig. 3c, right).
This material, often named “PEDT", is also known to
improve substantially the lifetime stability of polymer 3.3. Monomeric layer deposited on
LEDs [11,12]. ITO substrate
Itis stillnecessary to clarify for which layer thickness For the determination of the surface roughness of a
the smoothing effect occurs. No change of the roughvapor deposited monomeric layer Alg3 was chosen as
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Figure 3 (a) Topographical image (4/&m x 4.5 um) of an ITO substrate coated with a polymeric blend system RMKGN (mass ratio 4: 1).
(b) AFM phase contrast images fn x 1 um) and (c) topographical linescans of ITO (left) and a 50 nm Baytron P layer on ITO (right).
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Figure 4 Topographical image (Bm x 5 um) of an ITO substrate coated with monomeric evaporated Alg3.

model compound. A 70 nm layer of this compound Foracomparable sample (ITO/REDAPB-4 (mass
was vapor deposited onto the ITO substrate at roonnatio 1:1)/Alg3) a higher magnification (260 nm
temperature and at a pressure below®thbar with 260 nm) of the phase contrast image reveals an even,
a rate below 2 nm/s. The vapor deposition resulted irslightly undulating structure of the Adgsurface. The
a closed layer of Alg3 on the ITO substrate. From theimage is depicted in Fig. 6. The comparison of the cal-
micrograph shown in Fig. 4 it can be seen that a surfaceulated hexagonal habits of an Algrystal with the
structure similar to the one for the uncoated ITO subshape of this surface structure indicates the presence
strate is found. The rms roughness gives the same valug Alg3-microcrystals. The proposed Alg3 habits are
of 2.7 nm, and the maximum difference in height in thebased on attachement energy calculations using Dreid-
investigated area even shows a somewhat higher valueg force field simulation (Cerius 3.5, Molecular Simu-
of 23.7 nm. After a two-week storage in air and at roomlations). From the regularity of the phase contrastimage
temperature the sample did not show any changes in i@n average grain size of about 80 nm is extractable, in
surface roughness. good agreement with reported grain sizes obtained for
sublimated Alg3-layers [13, 14].

3.4. Monomeric layer deposited

onto a polymeric layer
A monomeric layer of Alg3 was vapor deposited onto4. Discussion
an ITO substrate coated with PVK. The purpose was td-ig. 7 shows the frequency distribution of the heightlev-
evaluate the influence of the surface roughness of thels for the samples described above, which were found
polymeric film on the surface roughness of the vaporfor every single pixel during the AFM measurements.
deposited monomeric layer. For this sample the surfac&he maximum of the distribution is assigned to zero.
of the monomeric layer clearly appears to be more hoThus, the half widths of the curves are a measure for
mogeneous, as can be seen from Fig. 5, in contrast to ththe surface roughness. A broader distribution is equiv-
layervapor deposited onto the non-coated ITO substratalent to a higher surface roughness. This figure docu-
(Fig. 4). This smoothing effect results in a reduced rmaments the two different distributions in surface rough-
roughness of 1.2 nm, and the observed peak-to-vallegess found. The uncovered ITO exhibits peak-to-valley
value of 10.4 nm is comparable to the one shown bydifferences up to 7 nm, compared to less than 3 nm for
the polymeric layer (Fig. 3). Also for this sample no the ITO-substrate coated with the polymer.
change in roughness could be detected after the storageThe reduction of surface roughness is a common
for two weeks in air and at room temperature. feature for all polymer layers investigated above. We
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Figure 5 Topographical image (Bm x 5 um) of an ITO substrate coated with PVK and subsequently vapor deposited Alg3.

— 20 nm

Figure 6 Phase contrast image (260 nm260 nm) of the evaporated Alg3 surface deposited on a polymeric blend systemTR8PB-4 (mass
ratio 1: 1)) (left). For comparison: calculated habits of an Alg3 crystal and inserted the unit cell of Alg3 (right).

find that the surface smoothing of ITO has importantAlg3-layer was evaporated directly onto ITO. Itwasim-
consequences for the performance of organic LEDspossible to obtain stable’ U -characteristics with these
Especially if a good hole-conducting polymer is spin-devices. However, with an additional hole-injection
coated onto ITO this treatment leads to a reduction ofayer such as Baytron P or PS/TDAPB-4, the occur-
electrical shorts. For organic LEDs which are entirelyrence of electrical shorts was drastically reduced.
built up from monomeric layers, short circuits are fre- When a supplementary layer or layer stack is
qguently found under operation [13]. We can confirmdeposited onto a polymeric intermediate layer the
these findings with experiments where a 50 nm thiclfield strength-inhomogeneities will be reduced. Field
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14000 T T by the incorporation of a polymeric electric contacting
12000*_ - Z:’ 7o smoothing layer. As a result the current density is dis-
—s— PVK+10GN on ITO tributed homogeneously over the entire device area.
10000 | > Algon PVK on ITO Microscopic channels which suffer from accelerated
5 degradation due to the higher locally-limited charge
S 8ooor 1 transport are not formed, and therefore short circuits,
(2] .
€ o000l | hot spots, and dark spots can be prevented or drastically
3 reduced.
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strength-inhomogeneities are present in case of varig?0rt and sample preparation.

tions of layer-thicknesses. Therefore, thickness-inho-
mogeneities have to be avoided, particularly within the

layer where the voltage drop within the device is dom-References
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