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Abstract. Organic semiconductors for opto-electronic devices show several defects which
can be enhanced while increasing the operating temperature. Their thermal management
and especially the reduction of their temperature are of great interest. For the heat transfer
study, one has to measure the thermal conductivity of thin film organic materials. However
the major difficulty for this measurement is the very low thickness of the films which needs
the use of very specific techniques. In our work, the 3-omega and photothermal radiometric
methods were used to measure the thermal conductivity of thin film organic semiconducting
material (Alg3). The measurements were performed as function of the thin film thickness
from 45 to 785 nm and also of its temperature from 80 to 350 K. With the 3 omega method, a
thermal conductivity value of 0.066 W.m~'K~! was obtained for Alg3 thin film of 200 nm at
room temperature, in close agreement with the photothermal value. Both techniques appear
to be complementary: the 3 omega method is easier to implement for large temperature
range and small thicknesses down to a few tens of nanometers whereas the photothermal
method is more suitable for thicknesses over 200nm since it provides additional information
such as the thin film volumetric heat capacity.

1. Introduction

In the global context of energy saving and protection of the eco-system, the interest is growing
internationally focused on the development of organic semiconductors for the production of opto-
electronic devices at low cost and high performance. Indeed, electrically conductive organic materials
are an alternative to inorganic conductors or semi conductors. They are currently used in organic
photovoltaic panels [1], organic light emitting diodes (OLEDs) [2] and organic field effect transistors [3].
However, one of their drawbacks is their short lifetime, which is due to premature degradation and
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their weak stability when working at increasing temperature [4]. An example can be found for lighting
applications. Compared to other light sources, OLEDs have several advantages such as lightweight,
flexibility, large area, wide variety of colors, and are perfectly adapted for building or automotive
applications. One of the major drawbacks of organic components is their instabilities during operation,
which limits their integration into systems. This instability is due to electrical defects which are
enhanced upon increasing temperature. These defects have not been so far well located, identified
and analyzed. In light-emitting devices, the power dissipation, which is generally low, may damage
the material when the defects are highly localized, particularly at the interfaces of the thin films. It is
therefore necessary to understand how energy is dissipated into the devices to increase their stability.
It is also important to find ways to decrease the operating temperature to increase their performance
in term of brightness and lifetime. Zhou et al. [5] have studied the temperature variation during the
polarization of TPD/Alq3 based diodes using infrared thermography and have observed a thermal
breakdown, which was responsible for the device failure. The conclusion of this study was the necessity
to improve the thermal management of the organic devices. One of the first steps for this task is
to know the thermal properties of each material and especially those of the active one. As organic
materials are used as thin films (less than 100 nm), only very specific thermal conductivity measurement
techniques can be used. For small temperature increase (less than 5°C) during the measurement,
the two available techniques are the photothermal radiometry (PTR) [6, 7] and the 3omega method
(3 w) [8]. In this work, we have used the two previously cited methods to measure the thermal
conductivity of 8 tris (hydroxyquinoline) aluminum (Alg3) thin film. This organic semi conducting
material is used principally for its lighting properties in OLEDs [2] but is also of great interest for
memory application [9]. The thermal conductivity measurements were performed for Alq3 samples of
thicknesses from 45 to 785 nm at room temperature for the PTR method and as function of temperature
(from 80 to 350K) for the 3w method.

2. Experimental details

Alqg3 thin films were thermally evaporated on SiO; or suprasil quartz substrates of thicknesses from 45
to 785 nm using an evaporation rate between 0.1 and 0.5 A.s~!. The thickness of the layer was checked
and controlled during the deposition process using a quartz balance and measured with a Dektak Veeco
8 profilometer.

For PTR measurement, a 100 nm thick gold layer was deposited all over the Alg3 film to increase
the optical absorption. A 532 nm laser was used to heat the sample and the beam was modulated with
an acousto-optical modulator (Fig. 1). The sample was heated on its surface and infrared thermal waves
were collected with two parabolic gold mirrors and focused on HgCdTe IR detector.

Signal is then preamplified and the amplitude and phase of the emitted thermal wave are measured
with a Stanford Research lock-in amplifier which is synchronized with the acousto-optical modulator.
More information and details of the PTR measurement technique can be found in [7, 10-14].

For 3w measurement, a gold strip with two connecting pads is deposited on Alg3 layer by the
sputtering technique (Fig. 2). Typically, the gold strip resistance is about 50—100 € and has a length of
1.4 mm, a thickness of 30 nm and a width about 30—40 um (2b).

The wire characteristics were determined by an optical microscope calibrated with sub micrometer
standard and by a Dektak Veeco 8 profilometer. Measurements were performed using a Tektronix AGF
3022B function generator as an ac voltage source of the Wheatstone bridge. Current and voltage at the
resistance were measured for each frequency using a Keithley 199 and a Keithley 2000 multimeters.
The 3w detection was performed using a 7265 Ametek lock-in amplifier. The measurement principle
is standard for this type of measurements and more information can be found in [8]. To study the
effect of temperature on thermal conductivity of Alq3, the samples were placed inside an Ice Oxford
cryostat working under a pressure of ~107> mbar and temperature was controlled in the range 80-360 K
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Figure 1. Experimental setup for the photothermal radiometry technique (PTR) [7].
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Figure 2. Experimental setup for the 3omega method (3w).

with a Cry-con 32B temperature controller. A systematic protocol was repeated for each temperature to
measure the Wheatstone bridge unbalanced voltage. Thus when the set point temperature was reached,
the Wheatstone bridge was equilibrated and all its resistances were measured. Then a frequency scan
with 150 values was performed from a high frequency of about 10 kHz down to 1 Hz while the lock-
in integration time was adjusted in the range from 1 to 5 s depending on the frequency value. All the
experimental procedure was automated using Labview software.

3. Results and discussion

Photothermal radiometric measurements are reported in Fig. 3 showing a typical Bode diagram of a) the
amplitude-square root of the frequency product versus frequency and b) the phase versus frequency for
different thicknesses of the Alq3 layer. Amplitude and phase are normalized using those obtained with
the gold layer only on same substrate to estimate the transfer function. The obtained quantities as shown
in Fig. 3 depend strongly on the Alq3 thin film thickness. Indeed, for increasing Alq3 thickness, a shift
towards lower frequency is observed on the amplitude and phase diagrams. This indicates that the time
to cross the layer increases with the layer thickness. It is now necessary to see if these variations are due
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Figure 3. Photothermal measurements for different thicknesses of Alg3 thin films: a) normalized product of the
amplitude and of the square root of the frequency versus frequency and b) phase versus frequency.
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Figure 4. Superposition of PTR measurements and of the theoretical curves for a 600 nm thick Alq3 layer:
a) normalized product of the amplitude and of the square root of the frequency versus frequency and b) phase
versus frequency.

only to the thicknesses or also to variations of thermal properties of the film. To obtain the Alq3 thermal
conductivity, a theoretical thermal model is necessary. A 1D heat transfer model, using three layers, was
established by neglecting all the interfacial thermal resistances and with a front detection configuration.
This has been described by several previous works [7, 10, 13, 15, 16].

In this model, a thermal conductivity of 1.2W.m~!.K~!, a specific heat of 800J.kg~!.K~! and a
density of 2490 kg.m~> were considered for the 1 mm thick glass substrate. Concerning the 100 nm
thick gold layer, a thermal conductivity of 317 W.m~'.K~!, a specific heat of 189J.kg~'.K~! and a
density of 19300 kg.m~* were considered.

Figure 4 shows the experimental and theoretical results obtained for a 600 nm thick Alq3 layer. It
can be seen that the signal amplitude and phase are well described by the model used. The thermal
conductivity of Alg3 layer is about 0.05-0.08 W.m~'.K~! for thicknesses in the range 185 to 785 nm.
The results indicate noticeable thickness dependence and the model used cannot totally explain the phase
curve for the 185 nm thick Alq3 layer, which indicates that the Alq3 properties are probably different for
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Figure 5. Measurement of the temperature coefficient of the gold strip electrical resistance.
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Figure 6. Thermal oscillations at 300 K using 3« method: superposition of real (in phase) and imaginary part (out
of phase) of the measured thermal oscillations and Cahill’s model.

layers of small thicknesses. However, agreement between the Tf!/? theoretical model and experimental
results is sufficient to suggest that the thermal conductivity determinations are correct also for this range
of thicknesses. With this method, the pCp product for Alq3 was also estimated and was found to be
2-3.510° Jm~ 'K~

Besides, 3w measurements on the same material were also performed. For this method, we have
used a typical two pads technique connected to a gold strip. The first step in this method consists of
determining the temperature coefficient of the electrical resistance of the gold strip.

For this purpose, we have measured its electrical resistance from 298 to 340 K with a temperature
step of 2 K. The temperature coefficient for the electrical resistance of the gold strip determined from
figure 5 is 1.66 mK~'. Accurate determination of this coefficient is essential to measure the thermal
conductivity. Indeed, during the conversion of the Wheatstone bridge unbalance voltage into temperature
oscillations, it is necessary to use this parameter.

In Fig. 6, we have reported the Bode diagram of the real and imaginary parts of the thermal
oscillations. In this figure, the corresponding plots from Cahill’s model [8, 17-21] are also shown. We
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Figure 7. Measured thermal properties obtained with Cahill’s 3o model as function of the temperature: a) thermal
conductivity of Alg3 thin film, b) thermal conductivity of the substrate (suprasil quartz) and c) specific heat of the
substrate (suprasil quartz).

note a fair agreement between the experimental and theoretical curves, except for the high frequencies
where a deviation of both real and imaginary parts from the calculated plots are observed. This may
originate from the capacitive effect of the connecting wires [22]. This will affect the specific heat value
(planar regime) [23] but does not change the linear part used to determined the thermal conductivity. We
have performed integral calculations using Simpson quadrature combined with simplex or non linear
parameter estimation methods to find thermal properties of Alq3 thin film and substrate. We did not
use the differential method to determine the thermal conductivity of the thin film because of a problem
of parallelism between in phase diagrams obtained with and without the film. This issue is probably
linked to the nature of interface, which is not the same in both cases. However, using Cahill’s model,
we obtained a good agreement between measured and theoretical in-phase and out-of-phase diagrams
(Fig. 6). In addition, the thermal characteristics determined by us are in agreement with those reported
in the literature. Indeed, Figs. 7a and 7c show results obtained on quartz suprasil substrate and we have
found that its thermal conductivity is about 1.38 and 144 W.m~'.K~! at respectively 280 and 300 K
with the following specific heat of 785 and 868 J.kg~!.K~'. It is very close to the values previously
determined for this material at comparable temperature range [24]. Consequently, the experimental
procedure and calibration of our experiments are suitable for measuring the substrate thermal properties.
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Figure 8. Variations of the Alq3 thermal conductivity versus sample thicknesses as measured by the PTR and 3w
methods.

We have determined the thermal conductivity of Alq3 thin films of 45 and 194 nm thick and we show
on the Fig. 7b data obtained for the 194 nm thin film. We can see that the measured Alg3 thermal
conductivity at 300K is about 0.067 W.m~! . K~! with a standard error of about 0.01 W.m~'.K~!. Indeed,
for frequencies less than 5 Hz, we can observe a deviation due to the thermal wave reaching the back side
of the substrate and penetrating into the cryostat metallic sample holder. Another source of disturbance
is the electrical network, which affects the frequency scan, especially around 50 and 100 Hz and causes
strong artefacts.

The values found for the Alq3 thermal conductivity are smaller than those obtained in literature.
Indeed, Shin et al. [25] has obtained a thermal conductivity of 0.107 W.m~'.K~! on Alq3 pellet. In
comparison, our values are of the same order of magnitude.

The discrepancy may be due to the fact that the measurements were performed on different Alq3
samples, the structure of which may vary and depends on the deposition conditions. In another study,
Kim et al. [26] have found a thermal conductivity of 0.5 W.m~'.K~! for thin film of thickness from 0.2
to 1 um using 3w methods with a similar experimental protocol. However, the principal difference is
on their fabrication process. Indeed, they have sublimated their powder before the deposition of Alqg3
thin films. Consequently, their films are purified by comparison to ours, and this can explain the higher
thermal conductivity value. Therefore, the organization of the layer is probably totally different and it
shows that it is possible to tune the thermal properties by changing the deposition or purification process.

Figure 8 shows the superposition of the various thermal conductivities that we have measured by
the PTR and 3w methods at room temperature. First, we can see a close agreement between the two
methods. Indeed, a thermal conductivity about 0.067 W.m~!.K~! was found by the PTR method for
a Alg3 thin film of 185 nm and a thermal conductivity of 0.066 W.m~!.K~! was obtained with the
3w method for an Alg3 thin film of 194 nm. On the other hand, the data obtained by PTR and those
obtained by 3w appears to complete each other in term of range of thin film thicknesses. Moreover, we
have determined a thermal conductivity of 0.025 W.m~!.K~! for an Alqg3 thin film of 45 nm. It should
be noted that such a small thickness has never been used in thermal conductivity measurements. This
result indicates a thickness dependence of the Alq3 thermal conductivity, which decreases when the film
thickness decreases.

Currently, we are studying the degradation process of Alg3 thin films and we have observed the
onset of a novel component for thicknesses less than 400 nm. This new component is visible only before
degradation of the 185 nm film. Consequently, there might be formation of a new species in the film
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with different thermal properties during Alq3 thin film aging. Further studies are necessary to better
investigate the thermal contribution in thin film aging of OLED active layer which contributes to their
degradation process.

4. Conclusions

Two different methods (PTR and 3w) were used to measure the thermal conductivity of Alg3 thin films.
A close agreement between the results obtained by both techniques was found. For a temperature of
300K, a thermal conductivity about 0.067 W.m~'.K~! was obtained for 200 nm thick Alg3 thin films.
This study has shown the importance to use several characterization techniques to determine thermal
properties of organic layers in OLEDs since the thermal measurements are difficult with samples of
thickness less than 1 um. In addition, we have shown that the thermal conductivity is dependent on the
thickness of the layer, which is about 45 nm in OLED application. Indeed, the thermal conductivity of
Alq3 tends to decrease for thicknesses below 200 nm probably due to a different organization of the
layer at this scale. In the future, these thermal conductivity values will be used in thermal management
models to try to reduce the operating temperature of OLED using a passive or active cooling device.
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