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Highly sensitive alternate current �ac� impedance measurements with variable temperature have
been performed to investigate the optical and electrical failure mechanisms during the glass
transition phenomena in the archetypal ITO /TPD /Alq3 /Al organic light emitting diode �OLED�
structure. Since the device degradation is mainly related to the lower glass transition temperature
�Tg� of the N ,N�-Bis�3-methylphenyl�-N ,N�-diphenylbenzidine �TPD�, this study is focused on the
frequency response of thin TPD films approaching the glassy region. The related experimental data
are discussed in the framework of the universal dielectric response model. By ac measurements,
TPD glass transition temperature is located and temperature regions with different OLED behaviors
are evidenced. The relation between the behaviors of TPD frequency response and of the OLED
electro-optical response, while the temperature approaches the glass transition region, is discussed.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3151705�

I. INTRODUCTION

Operational stability of organic light emitting diodes
�OLEDs� is undoubtedly the most important issue to estab-
lish their potential commercial applications.1 Among other
reasons, thermal effects causing irreversible material degra-
dation can play a crucial role in defining the device operation
limits, when large current densities are produced and self-
heating phenomena have to be considered.2 In this regard,
many studies have been reported showing how an OLED
differently behaves during its lifetime at various working re-
gimes and at different substrate temperatures.3–6 Hence, sev-
eral strategies have been adopted in the attempt to reduce
thermal aging effects.4,5

So far, high temperature stability studies have been
mainly devoted to analyze thermally induced morphological
changes in the organic materials3,7 and to determine the criti-
cal temperatures above which the devices finally fail.4–6,8,9

More in detail, it has been demonstrated that one the major
thermal effects producing OLED degradation is basically re-
lated to the morphological instability of the hole transport
layer �HTL�, as temperature approaches its glass
transition.10–12 Despite the considerable interest for this sub-
ject, still today, quantitative correlations between the glass
transition occurrence and the device operating limits are not
well established.7,13,14 Recently, it has been shown that alter-
nate current �ac� electrical measurements performed at dif-
ferent temperatures represent a reliable and not destructive
tool to investigate the glass transition phenomenon in device
operational situations.11,15 These measurements are based on

the application of small alternate signals �amplitude �1 V�;
thus preventing direct self-heating effects and related self-
induced aging mechanisms. Furthermore, differently from
other electrical techniques, they do not require doping pro-
cedures to increase the basic conductivity of the investigated
material.11

In this paper, the glass transition phenomenon and its
effects on the electro-optical response of a basic OLED
structure are investigated by high sensitivity ac measure-
ments. For our purposes, a very simple and well referred
OLED configuration �ITO /TPD /Alq3 /Al� has been
considered,16–18 neglecting at moment the insertion of any
injection layers that could further complicate the analysis of
the device frequency response. TPD was selected for its low
and well known glass transition temperature, involving mor-
phological changes which affect the device overall behavior
without directly damaging the emitter material �Alq3�. The
frequency response of N ,N�-Bis�3-methylphenyl�-
N ,N�-diphenylbenzidine �TPD� thin films has been analyzed
as a function of temperature and, consequently, modeled ac-
cording to the main parameters of the so-called universal
dielectric response model �UDR�. Characteristic temperature
values are experimentally extracted and correlated with the
different electro-optical operation regions of the OLED. The
main target of this study is to clarify the underlying physical
mechanisms related to the operation failure of OLEDs ap-
proaching the glassy region.

II. EXPERIMENTAL

Three basic device configurations �see Fig. 1� have been
fabricated on Corning 1737 glass substrates deposited with
commercial 200 nm thick indium tin oxide �ITO� layer �sheet
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resistance Rs�10 � /��. Single organic layer devices �A
and B� have been realized by depositing separately a 100 nm
thick film of TPD and Alq3, respectively. For the last device
�C�, a basic double layer OLED configuration has been
adopted, with a 40 nm thick TPD film as HTL and a 60 nm
thick Alq3 film as electron transport layer �ETL� and as emis-
sive layer. In any case, an aluminum �Al� cathode has been
evaporated to complete the device structure. The active area
of each device is 12.56 mm2.

The substrates have been cleaned with de-ionized water,
detergent and ultrasounds. Then, they have been dried in
oven at 115 °C for 2 h. The ITO anodes have been patterned
through photolithography and HCl-based solution etching.
The organic layers have been thermally evaporated sequen-
tially without patterning and, when it has been necessary,
there was no vacuum breaking between their depositions.
The base vacuum was always between 10−6 and 10−7 mbar
and the growth rates for the organic layers have been be-
tween 1 and 2 Å /s. The Al cathode has been evaporated
through shadow mask, with growth rate of about 2 and
3 Å /s.

All measurements have been performed in vacuum �P
�10−4 mbar�, mounting the sample in a cryostat with opti-
cal windows. Variable temperature experiments were carried
out with a rate of about 0.5 K/min. ac measurements �ampli-
tude ac voltage of 1 V� have been performed by using an
Agilent LCR meter. The investigated frequency and tempera-
ture ranges are �100–100 KHz� and �300–360� K, respec-
tively. ac experimental setup has guaranteed a resolution for
the equivalent capacitance and conductance measurements of
about 0.1 pF and 1�10−10 S, respectively.10,15 Direct cur-
rent �dc� current-voltage �I-V� measurements have been per-
formed by a Keithley 2400 power supply source meter in
voltage mode, with constant increment steps and delay time
of 1 s before each measurement point. An integrating sphere
and a photodiode �Newport 810UV� connected to a Keithley
6517A electrometer have been employed for the electrolumi-
nescence �EL� analysis.

III. RESULTS

A. OLED dc characterization

To investigate the operational limits of our basic OLED
structure, current-voltage �I-V� and EL-voltage �EL-V� mea-
surements have been performed at increasing driving volt-
ages, until the device electrical and optical breakdown. Fig-
ure 2 clearly shows that, as a function of the applied voltage,

both current and EL get a maximum value before rapidly
decreasing. In any case, the experimental findings reveal that
the “optical failure” occurs at lower voltages �about 20 V� in
comparison with the “electrical failure” �about 22 V�.

A complementary picture of this situation is given in the
inset of Fig. 2, where the EL is plotted versus the device
current and the different failure events are more directly evi-
denced. Infrared �IR� imaging analyses, carried out in the
same operating conditions, highlight the occurrence of very
complex thermal scenarios inside the device, involving a
very large temperature gradient �about 40 K� and maximum
temperature values up to 360 K.8,9 Consequently, a clear and
quantitative correlation between the device behavior and the
glass transition effects has been shown to be not possible by
IR measurements alone.

To gain more insights on this feature, an alternative pro-
cedure has been followed, driving the OLED at a fixed volt-
age �15 V� and forcing externally the device temperature by
a resistive heater. This driving voltage has been chosen to be
higher than the optical onset voltage but considerably lower
than breakdown values, in order to limit the self-heating ef-
fects. In this way, the behaviors of device current and of EL
both versus temperature have been accurately monitored up
to 360 K �Fig. 3�. As expected, both the current and the
luminescence display temperature dependences, with pecu-
liar features concentrated above 330 K.

FIG. 1. �Color online� The devices considered in this work: on the left,
ITO/TPD/Al device �a�; in the middle, ITO /Alq3 /Al device �b�; and on the
right, ITO /TPD /Alq3 /Al device �c�.

FIG. 2. Typical I-V and EL-V characteristics for an ITO /TPD /Alq3 /Al
device. �Inset� Plot of EL vs device current, displaying both optical and
electrical failures.

FIG. 3. Electroluminescence and device current as function of temperature
for the TPD /Alq3 OLED device at V=15 V. �Inset� Device spectra �arbi-
trary unit� vs temperature.
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In these curves, three main regions can be identified. In
the first one, from room temperature to about 328 K, device
current increases according to a conventional thermal activa-
tion law. On the other hand, the corresponding EL slight
reduction has to be attributed to the inevitable underlying
device degradation in time, mainly affecting the emission
properties.19,20

The starting value �about 328–329 K� of the second zone
is marked by a clear change in the slope of both EL and I
curves. In detail, EL starts to decrease more rapidly, and in a
complementary way a faster increase in the device current
takes place. This can be interpreted in terms of a significant
increase in hole traps concentration near the HTL/ETL inter-
face, which can easily act as recombination centers with a
dominant nonradiative behavior.2 Furthermore, a contempo-
raneous spectral analysis, performed by a spectrum-
radiometer and reported in the inset in Fig. 3, allows con-
firming that EL variation is related only to the intensity of
emitted light and not to spectrum modification. It is impor-
tant to outline that TPD Tg value usually reported in litera-
ture is located between 333 and 338 K, meaning that the
device response in the second region should be the most
significantly affected by glass transition occurrence.14,21,22

Finally, the third region starts at about 341 K, where the
current begins displaying an unstable behavior with signifi-
cant negative differential resistance zones. Here, TPD has
completely changed its phase and the overall device behavior
should be slightly masked by the presence of Alq3 layer,
until the definitive failure at about T�360 K.8,9

B. OLED and TPD device frequency response

In order to investigate the basic physical phenomena un-
derlying the OLED temperature features evidenced in the
previous section, ac impedance measurements have been per-
formed for all the device configurations shown in Fig. 1. Our
analysis has been limited to the temperature range between
room temperature and 343 K, being mainly focused on the
TPD glass transition effects. For TPD devices, ac measure-
ments at higher temperatures �up to 360 K� have shown the
occurrence of electrical instabilities �sample dependent�,
with large and irreversible low frequency conductivity
switching. A detailed discussion of these effects, generally
attributed to extrinsic phenomena related to the device
mechanical/structural fail, is out of the scope of this work.

Figure 4 reports a comparison of the real part �ReZ� of
the measured impedances for three typical devices A, B, and
C for a temperature variation from 297 to 343 K. For device
A �single TPD layer�, two orders of magnitude change can be
appreciated for ReZ by increasing the temperature, while, in
comparison, a very small evolution can be noted for the Alq3

device �B� in the same range. Obviously, this different tem-
perature sensitivity is due to the TPD glass transition occur-
rence, being Alq3 Tg located at much higher temperatures.21

In similar way, the presence of Alq3 in device C seems to
mask the TPD temperature behavior, reducing the corre-
sponding ReZ increase.

Provided those results, in the following, our attention is
focused on the analysis of the device A �ITO/TPD/Al� fre-

quency response and on its temperature dependence. To this
regard, the corresponding variable temperature real and
imaginary parts of the impedance are reported in Fig. 5. This
figure makes clear that variation of ReZ along temperature
becomes actually significant above 330 K, while no appre-
ciable change can be detected from the imaginary part �−X�
data, showing an almost constant slope as a function of fre-
quency. By this last occurrence, it is possible to conclude that
a simple circuit with a single RC parallel loop and a series
resistance Rs �30–40 ��, modeling the ReZ high frequency
�f �20 kHz� plateau, is suitable to describe the device A
frequency response in all the investigated temperature
range.23 Furthermore, the Rs slight lowering at increasing
temperatures reveals that it can be mainly due to the ITO
anode contact. In order to focus the attention only on the
temperature dependence of TPD intrinsic electrical proper-
ties, the Rs contribution has been subtracted from frequency
data and a conductance/capacitance parallel mode represen-
tation has been adopted, directly accounting for TPD con-
ductivity and dielectric permittivity �Fig. 6�. Anyway, here-
after, the data analysis will be referred to the frequency range
between 100 Hz and 10 kHz, where any residual contact
resistance contribution can be excluded.

As shown, conductance �G� and capacitance �C� follow
a complementary behavior: the former increases with tem-
perature while the latter decreases. Moreover, the conduc-
tance variation rate gets more pronounced approaching the

FIG. 4. �Color online� Real part of the impedance �ReZ� for device C and
�inset� for devices A and B, measured at 297 and 343 K.

FIG. 5. �Color online� Real part of impedance �ReZ� measured at different
temperatures for device A. In the inset, the corresponding imaginary part
�−X�.
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upper temperature limit �343 K�, while the capacitance be-
havior seems much more complex and depending on fre-
quency. It should also be noted that low frequency experi-
mental data appear noticeably scattered close to 343 K for
both capacitance and conductance. Anyway, no irreversible
effect is detected below this value.

The frequency dependence of conductance in the log-log
plot suggests that experimental data can be well described by
the UDR model,24,25 which for G predicts the expression:

G��� = G0 + AG � �s. �1�

Here, AG is the constant phase element that shows dispersion
of conductivity and dielectric properties of the filling
material,26 while G0 is basically related to the conductivity in
the limit �→0. Usually, the exponent s allows classifying
empirically the electrical nature of the investigated disor-
dered materials: s was experimentally demonstrated to be
close to 0.8 �Ref. 27� or 1 �Ref. 28� for amorphous semicon-
ductors and insulators, respectively.

By using Eq. �1�, temperature dependence of the s pa-
rameter has been extracted from conductance data in Fig. 6
and it is reported in Fig. 7. As shown, s results to be close to
0.8 and displays weak temperature dependence, with a more
pronounced reduction only near 340 K and a final drop in the
343 K proximity. In general, s decreasing behavior at in-
creasing temperature is expected in organic compounds,
where basic hopping mechanisms rule the conduction
processes.29 Here, we want also to stress that Rs subtraction
from impedance data is essential for the correct evaluation of
s which, otherwise, could be estimated even greater than 1.

In order to relate more directly the ac measurements on
TPD-only devices with the OLED temperature behavior, ca-
pacitance and conductance data have been plotted as a func-
tion of temperature for frequencies in the range between 100
Hz and 1 kHz �Fig. 8�. This representation helps to clearly
identify characteristic temperature regions, resembling those
evidenced in the OLED response analysis.

At each frequency, approaching 343 K, conductance in-
creases with temperature, according to a law given by the
superimposition of more than exponential behaviors. On the
contrary, capacitance linearly decreases from room tempera-
ture up to about 320 K, independently on frequency. In this
temperature range, in a first approximation, the capacitance
reduction can be completely ascribed to the TPD thermal
expansion that allows an estimation of the related coefficient
by the expressions:

�C = �0�r
A

�d
and

�d

d0
= 	��T , �2�

where d0 is the starting TPD thickness. By this simple ap-
proach, 	 has been estimated to be about 2.57�10−4 K−1

which is similar to the value evaluated by x-ray reflectivity
measurements.21

Above 320 K, capacitance behavior becomes much more
frequency dependent and is no longer monotonically de-
creasing. In particular, at the lowest frequencies �100 and
200 Hz�, C reveals the occurrence of a minimum between
335 and 338 K, where Tg is located. Furthermore, it is pos-
sible to observe that at higher frequencies the capacitance
minimum tends to shift to higher temperatures, in agreement
with Tg frequency dependence.11 Hence, by these observa-
tions, it seems that the incoming molecular rearrangement
toward to the new quasiglassy state and the related variation
in the material viscosity find a direct manifestation in the
temperature-dependent dielectric relaxation. A more concise
representation of C and G data is proposed in Fig. 9, where
the ratio between C and G is reported as a function of tem-
perature at different frequencies.

The resultant RC dispersive behavior, with its significant
frequency dependence, is another direct consequence of the
UDR model. By these data, temperatures around 328–329 K
still appear as a separation point between two different work-
ing regimes. Anyway, in both the two ranges, RC data dis-
play linear temperature dependences with two differentFIG. 7. UDR s parameter as a function of temperature.

FIG. 6. �Color online� Conductance �left� and capacitance �right� as a function of frequency, measured at different temperatures.

123511-4 Nenna et al. J. Appl. Phys. 105, 123511 �2009�

Downloaded 27 Jul 2011 to 192.133.28.4. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



slopes. These experimental findings relate definitively the
OLED electro-optical response in the temperature range be-
tween 328 and 340 K to the TPD behavior and to the occur-
rence of the glass transition. In more detail, we infer that the
slope changes in the OLED EL and current occurring at 328–
329 K can be related to glass transition effects mainly in-
volving the interface regions between HTL and ETL, and
HTL and the anode. Although our measurements account for
a glass transition occurrence in the bulk material located be-
tween 335 and 338 K, Tg interface localized effects at lower
temperatures cannot be excluded,30 pointing out for more
care in the definition of device operational limits. Further
experiments considering OLED with different HTL layer
thickness are envisaged. In any case, OLED behavior above
340 K is strongly affected by the TPD glassy state which
introduces remarkable current perturbation and makes more
critical the role of ETL layer.

IV. CONCLUSIONS

In this work, the ac electrical response of thin TPD films
approaching the glass transition region has been investigated.
The results analysis shows that the glass transition occur-
rence has a strong impact on the electro-optical behavior of
an OLED based on TPD HTL, defining different working
regimes. In particular, glass transition kinetics seems to in-
volve a temperature range of about 10 K below the nominal
glass transition temperature. Interface effects have to be con-
sidered to this concern. ac impedance spectroscopy coupled
with thermal stress has confirmed to be a useful technique to

study the processes governing the dynamics of glass transi-
tion and a tool to evidence the device operational limitations.
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