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Abstract A series of Alg3 thin films with the thicknesses
of 50, 100, and 200 nm was deposited on Si substrates at
room temperature using the thermal evaporation method.
The thermal crystallization process of Alg3 thin films,
especially 50 nm thick films, was successfully examined
using high-temperature X-ray diffraction (HT-XRD) with
the in-plane scan mode. Film thickness, density, and chan-
ges in surface roughness while heating were determined
using X-ray reflectometry (XRR). The decreased density
and increased surface roughness, which were accompanied
by sublimation, indicate the instability of the Alq3 film.
Thus, thermal instability is a major factor for device failure.
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Introduction

Organic light-emitting devices (OLEDs) are currently under
intense investigation for applications in next generation
display technologies. OLEDs are heterojunction devices
where organic active layers, which behave as thin solid
films, are incorporated into devices. In 1987, Tang and
VanSlyke first reported an efficient OLED using tris-(8-
hydroxyquinoline)aluminum (Alq3) as the electron-trans-
port layer and light-emitting material [1]. Since then Alq3
has become a standard electro-luminescent material for the
devices.

Despite displaying excellent device characteristics, full
realization of OLED technology has been hampered due to
a lack of device stability. OLEDs incorporating Alqg3 suffer
from device degradation due to localized chemical failure
and an intrinsic degradation in performance with time [2].
Many articles have reported that water vapor is more
severe chemical failure of Alq3 than oxygen [3-7]. The
reaction of Alq3 with water has been interpreted to form
8-hydroxyquinoline (8-Hq), which reacts with O, to pro-
duce non-emissive polymer. The hydrolysis of an Alq3
material in a wet atmosphere has also been verified using
sample-controlled thermogravimetry (SCTG) [8] by the
present authors. Encapsulating an OLED can eliminate
water and oxygen, but thermal instability of Alq3 induced
by the Joule heating effect during operation remains.
Hence, thermal crystallization of amorphous Alg3 films
and other thermal changes should be examined as a func-
tion of temperature and time, but thermal analysis of thin
films is difficult due to the minute specimen sample.

Xu et al. have applied variable temperature tapping mode
atomic force microscopy (VT-AFM) to visualize ther-
mally activated degradation pathways in Alq3 thin films
(56 nm), where thermal crystallization is determined by a
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pronounced morphological change [9]. Jian et al. have also
adopted AFM to study Alg3 films (150 nm) deposited on a
sapphire plate at various substrate temperatures [10].
However, the AFM method offers local topographic infor-
mation obtained only for the optimal location on a sample
surface and protrusions, which appeared on the image, may
be insufficient to draw conclusions about thermal crystal-
lization. X-ray diffraction methods are most suitable for
structural evaluations of materials. Kajimoto et al., a group
who studies the decay process of this luminescent material,
have reported that 520 nm thick Alq3 films display clear
diffraction peak after annealing for 11 h at 423 K using
XRD with Bragg—Brentano geometry [11]. However, a
thickness greater than 500 nm is far from industrial appli-
cations. The conventional X-ray techniques are, in general,
not applicable to organic thin film due to strong diffractions
and scatterings from the substrates. In contrast, the XRD
method in the in-plane scan mode is a powerful technique to
determine the phase transition in a film, even for a single
layered LB film [12].

X-ray reflectometry (XRR) is an ideal means to measure
the properties of surfaces and interfaces as thickness,
density, and interface information are provided even from
fairly complex thin film stacks. Recently, this technique
has been applied to OLEDs and polymer films [13-15]. Lee
et al. investigated thermal degradation of OLED multi-
layers (LiF/Alq3/NPB/CuPc/ITO/SiO, on glass) by XRR
and reported that the thermally induced degradation pro-
cess of OLED multilayers had undergone several evolu-
tions due to thermal expansion of NPB, intermixing
between NPB, Alqg3, and LiF layers, dewetting of NPB on
CuPc and crystallization of NPB and Alq3.

X-ray reflectometry is a simple and easy technique to
analyze the relatively weak interactions between X-rays
and the atoms in solids, so they can typically be described
in terms of perturbations. This greatly simplifies the
mathematical description of the X-ray scattering process
and permits the process to be quantitative modeled with
relative ease. The normal output of an XRR experiment
exhibits a regime of nominal total external reflection when
the specular angle is less than the critical angle [16]:

2
Oc ~ V25 — 1|10, (1)
T
where 0 is the real part of the X-ray refractive index
expressed in terms of the classical electron radius ry, /4 the
X-ray wavelength, and p the electron density. Above the
critical angle, the intensity decreases with an inverse
fourth-power dependence on the scattering angle. Simul-
taneously, the intensity of X-rays reflected by thin films or
layer stacks vary periodically in response to changes in the
incidence angle. These periodic variations arise from the

@ Springer

interference of radiation reflected by each of the interlayer
interfaces.

Herein, the thermal stability of amorphous Alq3 thin
films was analyzed using high-temperature X-ray diffrac-
tion (HT-XRD) with the in-plane scan mode and XRR. Our
data using the XRD method provides evidence that thermal
crystallization of amorphous Alq3 occurs upon heating,
especially for 50 nm thick thin films, and explains the
degradation of device lifetime caused by thermal change.

Experimental
Deposition of Alq3 thin films

Alg3 was purchased from OHJEC Corporation and used as
supplied without further purification. The silicon substrates
were commercial polished wafers with a (100) orientation.
The silicon substrates (15 x 15 mmz) were heated at
823 K in air for 30 min, and then degreased with acetone,
rinsed with propanol, dried in a vacuum, and irradiated by
UV light. Amorphous Alq3 films with thicknesses of 50,
100, and 200 nm were deposited at room temperature by
vacuum thermal evaporation method. The system was
evacuated using a turbo-molecular pump to a background
pressure of ~8 x 10~ Pa. The crucible was heated using a
basket-shaped tungsten wire. Alq3 film thickness was
monitored by a crystal oscillator with a fixed deposition
rate of 6 nm/min. The as-deposited films were directly
transferred from the vacuum chamber into glove box and
inserted into a sealed transfer vessel to minimize degra-
dation caused by exposure to the atmosphere.

High-temperature X-ray diffraction (HT-XRD)
with the in-plane scan mode

The thermal crystallization process was monitored using a
dome type HT-XRD (SmartLab 9 kW, Rigaku) in the in-
plane scan mode diffraction method. The in-plane scan
mode, namely the diffraction planes which are perpendic-
ular to the film surface, is an excellent technique to detect
the diffraction for ultra thin films. Alg3 thin films were
heated to various annealing temperatures (423, 433, and
443 K) in high-purity N, with a flow rate of 100 mL/min.
For an in-plane XRD measurement, a parallel monochro-
matic X-ray beam operating at 45 kV and 200 mA was
incident to the sample at an angle of 0.2°. The scattered X-
ray intensity was monitored as a function of 20 angle with
the in-plane geometry. Data were collected in a range of
20 = 5-30° at intervals of 0.1° with a scan speed of 0.8°/
min using a scintillation counter.
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X-ray reflectometry

X-ray reflectometry analyses were performed using a
Rigaku SmartLab high-resolution diffractometer operated
in a 26 geometry, which registers lattice planes parallel to
the substrate surface. X-ray through beam conditioner is a
monochromatic Cu K,; incident. The reflected incident
beam was conditioned by a variable slit before being
detected by a scintillation counter. XRR intensities were
recorded over an angular range from 20 = 0.2° (below the
critical angle) until all the intensity oscillations due to film
thickness were damped out by the effects of interfacial
roughness, before 20 = 10°. The film thickness, density,
and apparent roughness during annealing were determined
based on Parratt’s formalism [17].

Results and discussion
Thermal crystallization

Figure 1 shows the XRD spectra of the as-deposited Alq3
films with different thicknesses. Two halos appeared on all
spectra, suggesting an amorphous-like structure. The dif-
fraction intensity increased with film thickness, which
agrees with the finding that evaporated Alg3 films at room
temperature are amorphous-like and composed of meridi-
onal isomers of Alq3 molecules [18, 19].

Thermal crystallization from the amorphous phase was
detected for a 200 nm thick Alqg3 film after annealing for
8 h at 423 K. Increasing the temperature (433 K) reduced
the crystallization time to 3 h (Fig. 2). The three strongest
diffraction peaks in the XRD spectrum are ascribed to
o phase of Alq3 according to Cambridge Structural Data-
base. For a thinner film (100 nm thick), the period for
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Fig. 1 XRD spectra of the as-deposited Alq3 films with different
thicknesses
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Fig. 2 HT-XRD spectra of an Alq3 film with the thickness of
~200 nm annealed at 433 K
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Fig. 3 HT-XRD spectra of an Alq3 film with the thickness of
~ 100 nm annealed at 443 K

crystallization was reduced to 2 h at the same annealing
temperature (433 K). However, as shown in Fig. 3, when
the 100-nm thick film was annealed at 443 K the thermal
crystallization process was completed within 30 min.

Thermal crystallization of a 50-nm thick film is crucial
for understanding the thermal effect for real devices
because this thickness is comparable to OLEDs (~40—
50 nm [20]). Figure 4 shows the HT-XRD spectra of a
50-nm thick film annealed at 443 K. Very weak diffraction
peaks appeared after annealing 2 h, which decreased and
eventually disappeared. This behavior is attributed to the
sublimation of the specimen.

Thickness, density, and roughness
A model structure consisting of (a) the silicon substrate, (b)

an interfacial SiO, oxide, and (c) the Alqg3 layer was used
as the initial structure to calculate a trial reflectometry
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Fig. 4 HT-XRD spectra of an Alq3 film with the thickness of
~50 nm annealed at 443 K
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Fig. 5 X-ray reflectometry curve of the as-deposited Alq3 film with
the thickness of ~50 nm on Si along with the simulation curve

curve. The thickness, density, and roughness of the Alq3
layers were then varied according to a genetic algorithm to
minimize the difference between the observed and calcu-
lated X-ray scans. Figure 5 depicts the model structure,
which generated the calculated curves with the best fit to
the experimental data for the as-deposited Alg3 thin film
(~50 nm). The non-linear least square fitting of the
experimental XRR curves with the profiles calculated using
the relatively simple model above resulted in very good
agreement between theory and experiment. The reliability
of the fitting was estimated by R. The reliability factor R
was 1.125%, which was as good as the allowable value.
The thickness, density, and roughness of Alq3 layer were
57.69 nm, 1.188 g/cmS, and 1.21 nm, respectively. The
small difference in the electron densities of Si and SiO,
made the fitting process insensitive to the structural details
of the oxide; hence, in these samples, the oxide thickness
and Si/SiO, interfacial roughness were kept constant.
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Fig. 6 X-ray reflectometry curves of Alg3 films with the thickness
of ~50 nm on Si annealed at 433 and 443 K

In order to investigate the thickness, density, and
roughness change of Alg3 film during heating, an XRR
scan was collected every 10 min. Figure 6 shows the
experimental XRR curves obtained from a Alq3 film
(~50 nm) annealed at 433 and 443 K. The intensity of
interference fringe decreased with the annealing time, and
almost disappeared after 40 min at 443 K, indicating that
the roughness significantly increased during thermal crys-
tallization. Each XRR scan was simulated using the above
structure mode. Figure 7 shows the density and thickness
changes of the Alg3 films (~50 nm) as a function of
annealing time at 433 and 443 K. The estimated standard
deviation errors of the density change with annealing time
for the films annealed at 433 and 443 K were 0.0128 and
0.0020, respectively. The film density gradually decreased
with heating time when annealed at 433 K. In contrast, the
density remarkably decreased after 30 min when annealed
at 443 K. This decreased density is attributed to the sub-
limation of Alq3. As the film thickness remained nearly
constant during the heating process, the decrease in film
density suggests the Alq3 film became porous. Figure 8
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Fig. 7 Density and thickness changes of Alq3 films annealed at
different temperatures as a function of annealing time
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Fig. 8 Roughness change in Alq3 films annealed at different
temperatures as a function of annealing time

shows the roughness change of the Alq3 films (~50 nm).
The figure depicts that the roughness initially decreased,
but then increased. A glass transition temperature of Alq3
film has been reported [9] near 403-413 K; thus, the
roughness after the decrease is ascribed to the glass tran-
sition. The increased roughness after the glass transition is
interpreted by the simultaneous thermal crystallization and
sublimation process.

Although more measurements are necessary to fully
understand these observations, these results clearly dem-
onstrate that amorphous Alq3 thin films are unstable during
heating. Simultaneous thermal crystallization and subli-
mation lead to a decrease in density, but increase in
roughness. Moreover, these results confirm that XRR is a
highly effective analysis method to evaluate the thermal
change of small molecular organic thin films.

Conclusions

High-temperature X-ray diffraction with an in-plane scan
mode is successfully employed to systematically visualize
the thermally induced crystallization of Alq3 thin films.
Films with thicknesses of 100 and 200 nm display clear
diffraction peaks, which are ascribed to the a-phase of Alg3.
For 50 nm thick films, which are compatible with OLEDs,
weak diffraction peaks appear after annealing for 2 h at
443 K. These results suggest HT-XRD in the in-plane scan
mode is a novel, but excellent thermal analysis for time-
dependent crystallization of nm thick organic amorphous
thin films. Film thickness, density, and surface roughness
changes of Alq3 thin films during heating can be elucidated
by XRR measurement. The film thickness remains nearly
constant during the heating process. However, the film
density gradually decreases and the surface roughness
obviously increases with heating time. Hence, the thermal
instability of Alg3 films is considered as a significant factor
for device failure.
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