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Abstract

The chemical and morphological structures of
the surface and interface of organic electro-
luminescent devices were evaluated using surface
analysis techniques. The effect of surface
polarity of the substrate with regard to the
morphology of an overlying hole-transport
material was investigated by atomic force
microscopy, decomposition of the light-emitting
material during depositing cathode material was

investigated by x-ray photoelectron spectroscopy
and time-of-flight secondary ion mass spectro-
metry, and the growth mechanism of dark spotsin
devices was investigated based on the mass
spectrometry results. It was confirmed that these
analytical methods are useful for solving
problems related to the development of EL
devices.
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1. Introduction

Organic electroluminescent (EL) devices are
expected to be used in various fields, offering
excellent luminescence properties, if reliability long-
life operation can be guaranteed.” In order to
improve the reliability of EL devices, it is necessary
to evaluate the structure of the constituent organic
materials and the degradation mechanisms at the
surfaces and interfaces. The authors have attempted
to evaluate the chemical or morphological structures
by various surface analysis techniques.>® This
paper describes the morphological characterization
of a hole transporting material on a substrate by
atomic force microscopy (AFM), the evaluation of
degradation of an emitting material at the interface
during cathode deposition by x-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary ion
mass spectrometry (TOF-SIMS), and the analysis of
dark spots in EL devices by TOF-SIMS. These
analyses were confirmed to be useful to solve
problems related to each of the processesinvolved in
the development of these devices.

2. Experimental

2.1 Materials

The structure of the EL device examined in this
study is shown in Fig. 1. The EL device had a
typical two-organic layer structure of indium-tin-
oxide (ITO) as a transparent anode, triphenylamine-
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Fig. 1 Schematicillustration of the structure of the
studied EL device.
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tetramer (TPTE) as a hole transporting layer, tris (8-
hydroxyquinoline) auminum (Algs) as an emitting
layer, and Mg-Ag or Al as the metal cathode. The
chemical structure of TPTE and Alg; are shown in
Fig. 2. The total thickness of the device was ~400
nm. The device was covered with an MgF, thin film
protector of ~300 nm in thickness. All materials are
commercially available reagents. TPTE and Alqg;
were refined by vapor deposition before use.

2.2 Sample preparation

2.2.1 Holetransporting layer on Si substrate

An H-terminated hydrophobic Si (100) surface
was prepared by dipping in 0.5% HF for 5 min. The
hydrophilic surface was prepared from the
hydrophabic surface by dipping in H,SO,/H,0, (4/1)
for 5 min and rinsing with ion-exchanged water.”
TPTE films were deposited on the hydrophobic or
hydrophilic surface by evaporation.

2. 2.2 Al/Algginterface

The layer structure of Al/Alg; was prepared on a
Si substrate by vacuum evaporation. The Algs film,
60 nm in thickness, was thermally evaporated in a
vacuum of 1 x 107 Torr. Algs films were then
transferred to the connected ultrahigh-vacuum
preparation and analysis chambers via the mobile
chamber under 1 atm of N,. XPS and TOF-SIMS
spectra were measured immediately after the
deposition of the Al film under a vacuum of 1 x 10
Torr (deposition rate of 0.5 nm/s). The thickness
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Fig. 2 Chemical structures of triphenylamine-
tetramer (TPTE) and tris (8-hydroxy-
quinoline) aluminum (Algg).



was monitored by a quartz thickness monitor. The
Al film was 0.5 nm thick.

2. 2. 3 Dark spot formation in EL devices

The formation of dark spots was induced by
exposing the surface of the ITO to the ambient
atmosphere for 2 days prior to vapor deposition of
the organic layers, cathode, and MgF, protector. A
large number of dark spots of approximately 50-100
um in diameter grew due to exposure. An optical
micrograph of the dark spotsisshown in Fig. 3. The
occurrence and growth of dark spots were observed
by a video microscope system. Based on the
previous paper, it was predicted that the dark spots
grew at the interface between the cathode and the
Alg; layer of the EL device” Therefore, chemical
structural analysis of the dark spots was performed
by TOF-SIMS analysis of the tape stripped surfaces.

2.3 Analysis

2.3.1 AFM

Tapping-mode AFM measurements were carried
out using a Digital Instruments Nanoscope Illa and
D3100 AFM in air at room temperature, with a
single-crystal Si cantilever with a tip radius of 5-20
nm. The spring constant of this cantilever typically
used for tapping-mode experiments in air was 260-
410 N/m, and the scan frequency was about 1.0 kHz.
Tapping mode is effective for examining the surface
morphology on very soft surfaces like living cells.

2.3.2 TOF-SIMS

TOF-SIMS measurements were performed using
a Physical Electronics TFS-2100 (TRIFT 2)
instrument controlled by Cadence software. High-

200 um

Fig. 3 Optical micrograph of dark spots grown
in the device.
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mass resolution spectra of M/AM > 3000 at m/z 27
(Al") or 25 (C,H") were acquired using a bunched
®Ga’ ion pulse at an impact energy of 15 keV, anion
current of 600 pA per pulse, a pulse width of 14 ns
(700 ps after bunching), and a pulse frequency of 10
kHz. High lateral resolution (0.2 um) images and
low mass resolution (M/AM > 300) spectra were
acquired using an unbunched ®Ga’ ion pulse at an
impact energy of 25 keV, an ion current of 600 pA
for 1 pulse, a pulse width of 30 ns, and a pulse
frequency of 10 kHz. Total ion doses in these
measurements were approximately < 1 x 10"
ions/cm®. Spectra from the regions of interest in a
secondary ion image were acquired using the
Cadence software. In all cases, two different
positions of the same surfaces were measured in
order to estimate the reproducibility of the TOF-
SIMS data.

2.3.3 XPS

XPS measurements were performed using a
Physical Electronics PHI-5500MC with a mono-
chromatic AlK o x-ray source (1486.6 eV) in an
ultrahigh vacuum. Spectrawere recorded at 23.5 eV
pass energy, 150 W x-ray source power, and a take-
off angle of 70°.

3. Resultsand discussion

3.1 Morphology of TPTE layer on Si substrate
The effect of surface polarity of the substrate on
the morphology of the TPTE layer was investigated
by AFM. Figure 4 showsan AFM image of aTPTE
layer on Si substrate. The surface of the Si substrate

Hydrophilic surface

Hydrphobic surface

Fig. 4 AFM image of the surface of TPTE layer
deposited on the hydrophilic and the
hydrophobic surfaces of Si wafer.
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is half hydrophilic, half hydrophobic. From the
AFM image, it was found that the morphology of
TPTE layer is flat on hydrophobic surface, and
rough on hydrophilic surface. As TPTE is non-
polar, the above results mean that non-polar
molecules wet a hydrophobic surface and are
repelled from a hydrophilic surface. It can be
concluded that the morphology of the organic layers
is affected by the surface polarity of the substrate.
This phenomenon was not observed in SEM images.
Therefore, AFM is expected to be a useful tool for
evaluation of the morphology of organic thin layer
such as organic EL devices.

3. 2 Decomposition of Alg; during cathode

deposition

Figure 5 shows the core-level peaks of N, Oy
and C,, in the XPS spectra measured immediately
after the deposition of Al on Alg; in the Al/Alg;
systems. The peaks of Ny, O and C, from Algs
are shown as references. The Ny peak from Alg;
was observed at 400.3 eV, and that from Al/Alg; was
composed of two overlapping peaks at 400.3 eV and

Intensity (arb. units)

Intensity (arb. units)

Intensity (arb. units)

290 288 286 284 282 280

Binding energy (eV)

Fig. 5 XPS spectrameasured immediately after
deposition of each layer in Al/AlQs.
(@) Nis (b) Oys (€) Cys
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398.5 eV. The N, peak at 398.5 eV isin close
agreement with that reported for quinoline5) in the
sense that the positions of the peaks are lower than
that of the Alqg; peak, which suggests the
decomposition of Algs. On the other hand, the O,
peak from Alqg; was observed at 531.7 eV, and that
from Al/Alg; was composed of two overlapping
peaks at 531.7 eV and 533.0 eV. Similarly, as shown
in Fig. 5(c), the C,, peak from Alg; was observed at
285.6 eV, and that from Al/Alg; was composed of
two overlapping peaks at 285.6 eV and at about
285.0 eV. If the cleavage occurs at the C-O bonds of
Alqgs, it is expected that the binding energy of carbon
would decrease and that the binding energy of
oxygen would increase by electron transfer from
oxygen back to carbon. This assumption is in good
agreement with the changes in the spectra of O, and
C.s, and supports the idea of decomposition of Algz
suggested by the change in the spectra of Ni..
Therefore, it is possible to conclude that the
deposition of Al on Alg; causes the decomposition
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Fig. 6 Positiveion spectra of the surfaces of Algs
and Al/AlQs.



of Algs.

Figure 6 shows the positive ion TOF-SIMS
spectra of Alg; and Al/Alg; in representative
regions. The intensities of the peaks at m/z 27, 103,
105, 115, 128, and 130 increased after Al deposition
on Alg,, and were assigned to Al*, CgH,", CgHy',
CoH;", NCgHg', and CoH,N-H", respectively. The
peak at m/z 130 was considered to correspond to the
secondary ion from quinoline. It is possible that the
origin of the molecules exhibiting peaks at m/z 103,
105, 115, and 128 was quinoline. This finding
suggests that Algs is decomposed into quinoline by
the deposition of Al on Algs.

3.3 Analysisof dark spotsby TOF-SIMS

3. 3. 1 Determination of the position of atape-

stripped surface

The cathode side of the devices was peeled off
with adhesive tape from the anode side. To
determine the position of the surface mechanically
stripped with adhesive tape, TOF-SIM S spectrawere
obtained from both sides of the stripped interface.
Figure 7 shows the positive spectra of the tape-
stripped surfaces of an undegraded device. In the
spectrum of the cathode side, Mg" originating from
the constituent element of the cathode was the main
detected component, and the fragment ions
originating from Alg, such as Al” and Alg," could be

49

clearly seen. In the spectrum of the anode side,
fragment ions originating from Alg; were the main
detected component, with small signals due to Mg".
These results indicate that the tape-stripping exposed
the interface of the cathode and the Alg, layer of the
EL device.

In the spectra of Fig. 7, CqHgN™ at m/z 130
originating from quinoline, which indicates the
decomposition of Algs, was clearly detected on the
cathode side but not on the anode side. As described
in the previous section, vapor deposition of cathode
material onto the Alg; layer causes decomposition of
Alqg; and generates quinoline at the interface.
Therefore, the fragment ions of Alg; detected on the
cathode side are assumed include both Alqs,
transferred from the light-emitting layer, and
decomposed Alg; generated upon vapor deposition
of the cathode and which remained on the cathode
side after tape-stripping. Neither ITO nor TPTE
were detected on either the cathode or anode side.
This result indicates that tape-stripping did not
damage the specimen between the light-emitting
layer and the anode.

3. 3.2 Secondary ion imaging of dark spots

Secondary ion images obtained by TOF-SIMS
analysis of the cathode and anode sides of the tape-
stripped surfaces are shown in Figs. 8 and 9,
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£ ] Alg,*
g X 500 9 x 100
o) 100000 1
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120 .
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Fig. 7 Positive ion spectra of tape-stripped surfaces of an undegraded device.
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respectively. The measured positions of the positive
and negative ion images are not the same. As
mentioned in the last section, the main positive ions
on the cathode side were Mg" originating from
cathode material, and those on the anode side were
Al" and Alg," originating from Alg,. Therefore, the
interface between the cathode and the Algs-emitting
layer was exposed by tape-stripping. On some of

Comments: Alg, Comments: F image

Fig. 8 Secondary ion images obtained by TOF-SIMS
analysis of the cathode side of the tape-
stripped surfaces of the EL device. Thefield
of view is100 x 100 um.

Comments: Alg, image Comments: O image

TSR e

Comments: F image

Comments: Mg image

Fig. 9 Secondary ionimages abtained by TOF-SIMS
analysis of the anode side of the tape-stripped
surfaces of the EL device. Thefield of view is
100 x 100 pm.
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the secondary ion images at the tape-stripped
surfaces, many circles corresponding to dark spots
were observed.

Cathode side of the tape-stripped surface: As
shown in Fig. 8, many circles about 20-50 um in
diameter were observed in secondary ion images of
Alg,’, Mg, O", and F. Among them, Alg,” and
Mg" originate from the Algs-emitting material and
the cathode material, respectively. In the Alg,"
image, the ion intensity was highest near the center
of the circles. In the Mg® image, in reverse, the ion
intensity was largest near the circumference and
relatively small near the center of the circles. This
result suggests that the Alg,” on the inside of the
circles did not react with Mg but was transferred
from the Alqg; layer by tape-stripping. The
distribution of O7, on the other hand, was partly
similar to that of Mg" at the point where the ion
intensity was highest near the circumference of the
circles. This result suggests that the distribution of
Mg" partly originates from oxidized Mg. It is
assumed that the yield of Mg" was enhanced by
combination with oxygen because the ionization
yields of metal elements are known to be enhanced
by combining with electronegative elements such as
oxygen.? The distribution of F~ was also partly
similar to that of Mg" at the point where the ion
intensity was relatively low near the center of the
circles. Therefore, part of the Mg" image was
estimated to originate from fluorinated Mg, and it is
assumed that the yield of Mg" was enhanced by
combination with fluorine as with oxygen. F is
estimated to originate from the MgF, protector, but it
is not clear whether the F~ image in Fig. 8 is the
image of the MgF, protector itself or of the
fluorinated cathode material. From these images,
therefore, it is concluded that, on the inside of the
dark spots, the cathode material was oxidized or
fluorinated and part of the light-emitting layer was
transferred onto the cathode side by tape-stripping.

Anode side of the tape-stripped surface: As shown
in Fig. 9, a large number of circles of Mg" and F
corresponding to dark spots were also observed on
the cathode side. They are considered to originate
from MgF,, which was used for the protector,
because of the similar distributions except at the
point where a small nucleus under 1 um in diameter



was observed in the Mg" image in the center of the
circles. This image of MgF, indicates a remaining
trace of invasion from the cathode side of the device.
MgF, is not able to flow by itself because it is solid
under ambient conditions. It is possible that aliquid
dissolved MgF, and carried it into the interface.
Because of the high solubility of MgF, in water, it is
expected that MgF, can be carried by moisture in
this way. Therefore, it is proposed that an invasion
of moisture from the cathode side of the device into
the cathode/Alq, interface caused oxidation of the
constituent element Mg of the cathode, forming a
dark spot. In the Alg,” image of the anode side, on
the other hand, no circle was observed as shown in
Fig. 9. This result indicates that the growth of dark
spots was caused by changes only at the
cathode/Alqs layer interface, with no chemical or
structural changes in the overall Algs layer.

3. 3. 3 Secondary ion spectra of a dark spot

The distribution of Alg,” and Mg" (Fig. 8)
suggested that the Alg; component is transferred
from the inside of a dark spot by tape-stripping. To
evaluate the transferred component in more detail,
the fragment pattern of Algs; on the inside of a dark
spot was compared with that on the outside.
Positive secondary ion spectra of the inside and the
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outside of a dark spot, obtained by TOF-SIMS
analysis of the region of interest on the cathode side
are shown in Fig. 10. From these spectra, C;HgN™ at
m/z 130 originating from quinoline, which indicates
the decomposition of Alq;, was detected on the
outside of the dark spot clearer than on the inside,
and the intensity ratios of the fragment ions of Algs
such as Al Alg,", and (Algs + AIO)" are different in
each spectrum. The ratios of Alg, /Al" and (Alg; +
AlO); /Alg," on the inside are larger than those on
the outside. This tendency is similar to the relation
between the cathode side and the anode side of an
undegraded device (Fig. 7). On the basis of these
results, it is concluded that undecomposed Alq;
adsorbed onto the cathode surface on the inside of a
dark spot and remained at the cathode side of the
tape-stripped surface.

Liew et a. concluded that the growth of dark spots
occurs primarily due to cathode delamination, based
on the fact that the Alqg; at the sites of the dark spots
is gtill functional.” However, from our results, it is
suggested that on the inside of the dark spots, the
affinity of the cathode material and Alqg; was
stronger than on the outside of the dark spots, and it
is assumed that delamination of the cathode/Alg;
layer interface does not occur easily. When the
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Fig. 10 Positive ion spectra of the inside and the

outside of adark spot obtained by the

TOF-SIMS analysis of the cathode side using an ROI function.
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cathode was peeled off, part of the Alqg; at the
interface may be removed with the cathode, and the
remaining Alqg; would still function as a light-
emitting layer. Also in our results, there were few
images of dark spots on the anode side after tape-

stripping.

4. Conclusions

(1) From AFM image of TPTE on a Si substrate, it
was found that the morphology of TPTE layer was
affected by the polarity of the substrate.

(2) From the results of XPS and TOF-SIMS
analyses of the Alg,; surface with one monolayer
deposition of Al, it was found that Alqg; is
decomposed into quinoline by the deposited Al.

(3) From the results of TOF-SIMS analysis of a
tape-stripped surface of EL devices, it was found
that an invasion of moisture from the cathode side of
the device into the cathode/Alqs interface caused
oxidation of the constituent element Mg of the
cathode, forming adark spot.

(4) From the results described above, it was
confirmed that surface analysis techniques such as
AFM, XPS, and TOF-SIMS are useful for solving
problems related to the development of organic EL
devices.
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