Effects of substrate temperature on properties of Alq3 amorphous
layers prepared by vacuum deposition
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ABSTRACT

In this report, various organic Alq3 amorphous layers are prepared by vacuum deposition at different substrate
temperatures Ty, (from 30 to 180°C). The surface morphology, structural information, electrical and optical properties
of these as-deposited layers are investigated by atomic force microscopy, X-ray diffraction, J-E curves, and
photoluminescence studies, respectively. Furthermore, a temperature dependence of dark electrical conductivity o(7)
deduced from J-E curves of these organic amorphous layers is presented. Finally, effects from T, on the physical
properties of these organic Alq3 amorphous layers are discussed and a model based on a thermal interconversion
between Alq3 isomers is proposed to explain these experimental results.

Keywords: Organic amorphous layer; Vacuum deposition; Electrical conductivity; Surface morphology;
Photoluminescence; Isomeric transformation.

1. INTRODUCTION

Due to the processability advantages offered by organic materials, an intense research effort has been devoted to
the preparation of organic thin-film field-effect transistors (OTFTs) during the last two decades [1-10]. The active
layer in an OTFT is fabricated of small organic molecules [1-4], conjugated oligomers and polymers [5-10], or
organic-inorganic hybrids. The performance of OTFTs involves the intramolecular and intermolecular charge
transport mechanisms which are strongly affected by the structural and morphological characteristics of the
as-deposited organic layer. Generally, organic layers from small molecules or conjugated oligomers [1-5] are prepared
by vacuum deposition on cold substrate. These organic amorphous layers are not macroscopically homogeneous
because of growth morphology defects [11]. In addition, during vacuum deposition in mass production, the latent heat
released from vaporized molecule to its condensed phase may increase the real temperature of the unheated “cold”
substrates (especially when a plastic substrate of poor thermal conductivity is used). From an external control and
monitoring of the substrate temperature Ty, our earlier experimental results indicated that, with slightly increasing
Tsw (up to 60 ~ 90°C) to enhance the surface diffusion energy of the adhered molecules, the as-deposited Alq3
amorphous layers possess smaller surface roughness, larger electrical conductivity, and higher photoluminescence
intensity [12]. For molecular Cg polycrystalline films, the effects from Ty, as well as the source temperature T,, on
the size, orientation, and crystallinity of the grains have been markedly observed [13,14]. In the case of
oligothiophenes, the effects of Ty, on the structure and morphology of thin organic films have also been analyzed [5].
Thus, a systematic study on the effects from deposition conditions (extending to a wider range of Ty,,) to the physical
properties of the as-deposited organic layers should be very useful to the design, development, and fabrication of the
future OTFTs.

In this report, as an example, various organic Alq3 layers are prepared by vacuum deposition at different 7y,
Alq3 is a stable metal chelate complex that can be sublimed to yield thin films with excellent electron-transport and
light-emitting properties; it stands as one of the most successful organic materials used in organic light-emitting
diodes OLEDs and hence a great attention has been paid to this organic semiconductor [15-21]. In this work, effects
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of Ty on surface morphology, structural information, electrical and optical properties of these as-deposited Alq3
amorphous layers are investigated by atomic force microscopy (AFM), X-ray diffraction (XRD), current-voltage (I-V)
curves, and photoluminescence (PL) studies, respectively. Furthermore, a temperature dependence of dark electrical
conductivity o(7) deduced from /-V curves of these organic amorphous layers is presented. Finally, a model based on
a thermal interconversion between Alg3 isomers is proposed to explain these experimental results.

2. EXPERIMENTAL DETAILS

The Alg3 layers used in this work are prepared in a vacuum thermal evaporation chamber. The source powder is
first loaded in a boron-nitride crucible. After the vacuum chamber reaches a base pressure of 3x107 Torr, the heating
system then turns on. The source temperature Ty, is fixed at 250 = 5°C. The ITO conducting glass plate is used as a
substrate. The distance between source crucible and substrate is approximately 16 cm. The values of Ty, are varied
from 30°C to 180°C (note that the glass-transition temperature 7, = 175°C for Alq3). When T, and 7, attain the
setting values, the shutter in between source crucible and substrate is then removed to allow vacuum deposition. The
typical deposition time is 25 min. The thickness of the as-deposited layers is around 4000 A. The thickness of the
layer is first monitored by a quartz crystal deposition controller in sifu, and then it is also corrected by a spectral
reflectance method after the sample being removed out of the deposition chamber.

For electrical characterization, a top Au-metal contact with active area of about 4x4 mm” and thickness of about
1000 A is fabricated by ion-sputtering. To reduce the thermally driven diffusion of Au atoms into the sample, the
experimental parameters of ion-sputtering are controlled such that the temperature of the sample immediately after
sputtering is within a reasonable range. For /- measurements, an electrometer (in a current-voltage mode) is applied
to the sandwiched Au/organic-layer/ITO samples. Due to the small resistance for some of the sandwiched organic
samples, the small series resistance from the measurement circuit (especially for the sheet resistance from ITO film)
has to be taken into account. Then, current density versus electric field (J-E) curves for various organic samples are
deduced from /-V curves. With low fields being applied (from 0 to 0.75 MV/m), the J-E curves measured from all the
samples exhibit a linear ohmic behavior [11], and hence, the dark electric conductivity ¢ of the organic Alq3 layer is
then estimated. To eliminate effects from water vapor and oxygen gas, the measurements are conducted after the
sample being put into a cryostat system under dynamic vacuum for at least 2 h. The data are taken and averaged
during the next 10 h to check their stability and reliability at 300 K. The experimental results indicate that after 12 h in
dynamic vacuum condition the electrical conductivities o(7 = 300K) for our amorphous layers are found to reach
nearly steady state. Then, a temperature dependence (7 varies from 300 ~ 40K) of the dark electrical conductivity o(7)
of the amorphous layers is performed.

3. RESULTS AND DISCUSSION

Figure 1 shows the typical AFM pictures for the as-deposited Alq3 layers with respect to different 7y,,. The
calculated values of root-mean-square roughness (R.s) are shown in Fig. 2. With slightly increasing Ty, from 30°C
up to 60°C, the as-deposited layers are found to possess flatter surface morphology with smaller R,,s. However, for
Tow = 90°C, the surface roughness of the amorphous layer reaches a local maximum [12]. Further increase of thermal
energy with Ty, = 120°C, the surface roughness of the amorphous layer again possess flatter surface and R, reaches
a local minimum. Finally, with increasing Ty, from 120°C up to 180°C, R,y increases. Also from the XRD patterns,
an amorphous character with a broad diffuse peak representing an average nearest-neighbor bond length [11] is shown
in Fig. 3 for all of the as-deposited films.

Figure 4 gives the room temperature normalized PL spectra for various Alq3 amorphous layers deposited at
different Ty,,. The incident pumping light is a beam of wavelength 396 nm from a semiconductor-laser. The luminance
intensity from sample deposited at Ty, = 60°C is much higher (which can be detected directly by the eyes during the
experiments) than that from other samples. By comparing Figs. 2 and 4, one can find that the PL intensity peak of the
sample is approximately inverse proportional to the roughness of the sample. This finding reveals that the surface
morphology of the amorphous layer plays an important role in the luminance efficiency of OLEDs. Then, to
investigate the PL intensity peak shift with respect to Ty, from a Gaussian fit for each curve (but only the points
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above 90% of its maximum intensity are taken for fitting due to the asymmetric character), the PL intensity peaks are
532.8 nm (for Ty = 30°C), 532.0 nm (60°C), 526.4 nm (90°C), 529.0 nm (120°C), 531.2 nm (150°C), and 529.7 nm
(180°C), respectively. The average PL intensity peak is about 530 + 3 nm with half-amplitude bandwidth of 120 nm,
which is consistent with the published results [12,16]. In addition, the PL intensity peak is observed to have a small
blue-shift for Ty, varying from 30°C to 90°C.

Under dynamic vacuum condition for at least 12 h, o(7 = 300K) for various samples deposited at different 7, are
shown in Fig. 5. From this figure, one can see that the value of o(300K) of the as-deposited Alq3 amorphous layers
increases with increasing Ty, for Ty, = 30 ~ 90°C, drops down to a local minimum at Ty, = 120°C, and then increases
with increasing Ty, again for Ty, = 120 ~ 180°C.

To test the thermal stability of physical properties for various amorphous Alq3 layers deposited at different Ty,
we perform a temperature dependence of dark electrical conductivity, o(7). As shown in Fig. 6 with back-and-forth
temperature scan (7-scan) and with a cooling/heating rate of about 2 K/min, several interesting features are observed.
(1) For amorphous Alqg3 layers deposited at Ty, = 30°C, the values of ¢ slightly jump back and forth with decreasing
T. But once reaching to the lowest 7 of 40K and then with increasing 7, for 7> 110K o starts to deviate from its
corresponding value measured at previous 7-scan. For 7 = 300K, the ratio of the second measured value of ¢ to the
first one after a complete 7-scan, i.e., o(T = 300K, 2"Y)/a(T = 300K, 1%), is about 0.73. (2) For amorphous layers
deposited at Ty, = 60°C, 90°C, and 180°C, the variation of ¢ versus T is rather small, and these layers exhibit high
thermal stability. The ratios of o(7 = 300K, 2"Y)/a(T = 300K, 1%) for layers deposited at Ty, = 60°C, 90°C, and 180°C
are 0.90, 0.94, and 0.96, respectively. (3) For amorphous layers deposited at Ty, = 120°C and 150°C, an abrupt
decrease during the first decreasing 7-scan is observed. Once dropped into the lowest-o state, ¢ becomes less
sensitively dependent on 7. The ratios of o(T = 300K, 2™)/a(T = 300K, 1) for amorphous layers deposited at Ty, =
120°C and 150°C reduce exaggeratedly down to 0.67 and 0.31, respectively. These findings strongly reveal that ¢ of
the amorphous layers deposited at Ty, = 120°C and 150°C is under irreversible change with respect to the first
cooling-down process.

Above experimental results from Figs. 1-6 clearly show that the physical properties of the as-deposited Alq3
amorphous layers are strongly affected by Ty, especially for an anomalous Ty,-dependence of physical properties as
Ty varies from 90°C to 120°C. To explain these rich behaviors, at first, some important published results about Alg3
molecules and its condensed phases are summarized as in the following. There are two types of geometrical isomers
for Alq3, namely, meridional (mer, Cl1 symmetry) and facial (fac, C3 symmetry); but the possibility of thermal
interconversion between the mer and fac isomers when sublimed in high vacuum is still unclear [17]. Though such an
isomeric transformation at around 115°C was inferred from NMR measurements when dimethylsulfoxide was used as
the solvent [17, 18]. From a detailed density functional theory study, the mer isomer is calculated to be lower in
energy than the fac isomer by 0.17 eV [19]. For crystalline phases, a-Alq3 and f-Alq3 phases are identified as low
temperature phases, while y-Alq3 and J-Alg3 phases are identified as high temperature phases (above 395°C) [17].
From ordered Alqg3 films by molecular beam deposition on cleaved KCl and KBr substrates at room temperature, the
growth of mer isomer crystals was suggested [20]. However, the high temperature J-Alq3 phase being composed of
fac isomers was identified [21].

Then, to explain the experimental results obtained by this work, we propose a model based on that a thermal
interconversion between the mer and fac isomers occurs in between 90 ~ 120°C when sublimed in high vacuum. For
Top S 90°C, the vacuum deposition to form the amorphous layer is dominated by irregular stacking of mer Alq3
molecules. For Ty, 2 120°C, the vacuum deposition from irregular stacking of fac Alq3 molecules may start to play a
significant role.

For Ty £ 90°C, we assume that the vacuum deposition is dominated by irregular stacking of mer Alq3 molecules.
With slightly increasing Ty, from 30°C up to 60°C, the adhered Alg3 molecules gain more surface diffusion energy.
This 2D surface-diffusion process leads the as-deposited Alq3 amorphous layers with flatter surface morphology and
smaller R, as shown in Figs. 1-2. However, for Ty, = 90°C, this higher thermal energy may promote a preferential
rearrangement of the short z-7 contacts between the ligands of neighboring Alq3 molecules and results some
prototypes of a-Alq3 or p-Alq3 crystallines [17,20]. Hence the surface roughness of the amorphous layer reaches a
local maximum. For Ty, in between 30 ~ 90°C, the higher T, results the closer links between the ligands in mer Alq3
molecules. Therefore, for Alq3 layers deposited at higher Ty, the easier charge-carrier-hopping leads to a higher
value of o(7 = 300K) as shown in Fig. 5; and, the stronger interaction between the ligands in mer Alq3 molecules
results a small blue-shift of the PL intensity peak as abovementioned. In addition, from a study of a(7), this specific
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3D stacking structure deposited at Ty, = 90°C (as comparing to those deposited at Ty, = 30°C and 60°C) can be
rather robust upon cooling down to low temperatures as depicted in Fig. 6.

For Ty, 2 120°C, we suggest that the vacuum deposition from irregular stacking of fac Alq3 molecules may start
to play a significant role. Since fac isomer has a higher dipole moment than mer isomer, and a stronger dipole-dipole
interaction acts as a stabilizing factor in the aggregate phase [19]. As comparing to the amorphous layers deposited at
T = 90°C which are dominated by mer Alq3 molecules, the amorphous layers deposited at Ty, = 120°C possess a
flatter surface with smaller R,,s. In addition, the fac isomer is reported to act as a trapping state in the electron
transport [19]. Thus, the layers deposited at Ty, = 120°C and 150°C possess much smaller values of 6(300K) as
shown in Fig. 5. Furthermore, the fac isomers in amorphous layers may not be stable below room temperatures. This
is deduced from the theoretical calculation [19] and experimental facts [20,21]. Thus, during the first cooling down
process, the fac isomers are not stable in their “as-deposited” amorphous states, and hence an abrupt discontinuity as
observed in o(7) due to the conformation instability is resulted as shown in Fig. 6. For the second cooling down
process (not shown in Fig. 6), the variation in ¢(7) measurement is much less. For Ty, = 180°C above the glass
transition temperature, the as-deposited Alq3 films may become more order. One would expect some crystalline
characters to be observed in XRD pattern, but as shown in Fig. 3 an amorphous character is still presented. However,
the experimental data from Figs. 1-2 indicate that some larger grains are formed. The values of ¢ for layers with larger
grains (formed at high 7, and hence with closer separation and stronger interaction between Alq3 molecules) reach
maximum values again and are very stable against temperature changes as depicted in Figs. 5-6.

In contrast to inorganic covalent compounds, the effects of Ty, on the physical properties of these as-deposited
organic amorphous layers from small molecules exhibit much complex and interesting behaviors. The intrinsic
properties of isomeric transformation and complex interactions between ligands of these small organic molecules as
well as the molecular dynamics from both bulk diffusion and interface diffusion can play significant roles for organic
thin films fabricated by vacuum deposition. Thus, a detailed study on the effects from deposition conditions to the
physical properties of these as-deposited organic layers should be very important to the design, development, and
fabrication of the future OLEDs and OTFTs.

4. SUMMARY

In this report, various organic Alq3 amorphous layers are prepared by vacuum deposition at different 7y, from 30
~ 180°C. Then, effects of Ty, on the surface morphology, structural information, electrical and optical properties of
the as-deposited Alq3 amorphous layers are investigated. An anomalous 7,-dependence of physical properties is
observed for those Alq3 amorphous layers deposited at Ty, = 90°C and at Ty, 2 120°C, respectively. A model
based on that, when Alq3 sublimed in high vacuum, a thermal interconversion between the mer and fac isomers
occurs in between 90 ~ 120°C is proposed to explain these anomalous experimental results. This research also
indicates that the intrinsic properties of isomeric transformation and complex interactions between ligands of these
small organic molecules as well as the molecular dynamics from both bulk diffusion and interface diffusion can play
significant roles for organic thin films fabricated from small organic molecules by vacuum deposition.
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(b) 60°C

Fig. 1 AFM pictures for Alq3 layers with respect to different 7y,,. Note the adjustment on vertical scales.
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