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Localised States in Organic Semiconductors and their Detection

1. | ntroduction

In recent years tremendous progress has been made in the field of organic light emitting devices and
organic dectronics. The commercialisation of displays based on organic compounds is a reality and the
progress in organic technology is setting a revolution in the every day el ectronic devices.

Despite of the technological progress open questions about the underlying physics remain. In
particular a deeper knowledge of charge transport properties of polymers and low molecular compounds is
anecessity in order to make further devel opments.

The study of localised levels in technologically relevant materials like oxadiazoles and quinoxaines
in this context is of fundamental importance. Several scientific tools enable to study localised levels in
solids and among others the thermally stimulated techniques give the most direct evidence of their
presence.

Though the subject is rather general, the present work is focused on theoretical and experimental
study of localised levels in organic materials suitable for light-emitting devices and organic e ectronics by
means of thermal techniques.

1.1 Importance

The high potentid of the new field of plastic éectronics in the future consumer market makes the sudy of
fundamentd characteristic of conjugated materials to better understand their properties and to optimise the
design of future electronic and optoel ectronic components a highly urgent task. Recently, pilot plants for
studying the production issue related to the fabrication of such devices were developed. But despite of the
technological progresses there are still open fundamental questions. One is the problem related to the
presence of localised levels and their role both in charge transport and optical properties.

It is widely known for inorganic' and organic® semiconductors that localised states strongly
influence transport properties. The low temperature mobility is governed by shalow traps and impurity
scattering. Optical properties and in particular luminescence, are affected by localised levels that can act
both as non-radiative centres, reducing the light emission efficiency® or even as emission sites’.

It was demonstrated, for organic photoconductors, that the low mobility has to be ascribed to the
presence of traps and that hopping transport between trap centres, localised on pendent photoconductive
groups, is dominant”.

More recently, applying the band theory model to organic crystals, the presence of traps has been
recognised and studied to better understand the behaviour of interface energetic alignment and the
occurrence of band bending®®.

In that frame the combined spectroscopy and eectrical investigations, like ultraviolet photoel ectron
spectroscopy (UPS) combined with thermally stimulated techniques (TSTs), didlectric spectroscopy (DES)
and current voltage (I/V) measurements, gives a more complete sketch of the band-band and intra-band
features™® opening the way for further development of the devices technology and enlightening the

complex e ectronics properties of organic materials.
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1.2. Localised states

The transport mechanism in organic molecular crystals and polymers is not fully understood until now.
Many studies on transport properties of heterocyclic polymers and low molecular compounds have been
carried out, but without a clear knowledge about trapping states and of the degp impact that localised states
have on the conduction properties it is difficult to clarify which are the complex mechanisms governing
their transport properties and, consequently, which theoretical frame could better describe them. It was
proven' by current-voltage measurements on monopolar devices, that electron transport in poly(p-
phenylene vinylene) (PPV) is limited by the presence of an exponentia distribution of traps with a density
about 10" cm™. Moreover, on the same material it was proposed that the transport mechanism is dominated
by presence of a Gaussian distribution of states’. Albeit the presence of bands, the band transport
mechanism and also the presence of traps was strongly under question. However, recent results make us
confident that under certain conditions the band theory is a good approach in understanding the electronic
properties of organic materials for opto-eectronic applications®.

The discussion about the presence of localised states and their density naturally |eads to the question
about the kind of traps we are dealing with. In afirst approach we should distinguish between intrinsgc and
extrinsic defects. In the first type we should inscribe polymer end groups, grain boundaries, structural
defects, conformationa disorder up to molecular groups with large permanent dipole moment that could
increase the level of energetic disorder®. For the second type we should mention the chemical impurities,
somehow unavoidable in the synthesis of organic molecules. We can further distinguish the kind of trapsin
function of their location, interfacial or bulk, or in term of energy, deep traps or shalow traps. Also
polarons could be seen, in a simplistic way, like defects caused by an eectron plus an induced lattice
polarisation followed by a lattice distortion.

Traps are into the samples in a great variety and in different proportion, often despite the “same”
preparation procedure. For that reason sometimes their nature is difficult to investigate and the data must be
handled with care.

In the studies of trapped states because of the above underlined variety of defects in solids the most
successful approach is to start introducing a single type of defect in a well known system in a controlled
way. Although that should be the most effective method, very few studies were devoted to introduce
localised states deliberately in an organic crystal or in a well ordered thin film™.

Clearly the knowledge of occurrence of distributed traps and their type and density is the only way
to solve the puzzling nature of conduction in organic materials and a current limit in progress results from
the lack of direct measurement of trapped states in organic semiconductor devices.

The above described scenario justifies the experimental efforts in studying traps in materials for
organic optoelectronic devices by using the instruments and the methodologies already successful
developed during the past years for studying the localised states in inorganic semiconductors like silicon,
germanium, GaAs and many other technological important inorganic materials™® so successfully employed

in the development of electronic devices of every day life.
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1.3. OLEDs

A weél-known phenomenon shown by several inorganic as wel as organic maerids is
electroluminescence. The effect occurs when a film of a suitable materia is subjected to a voltage across
two el ectrodes adjacent the film that drives a current trough the solid. The electrical excitation produced by
means of the current is subsequently followed by a de-excitation under light emission.

The earlier reports about electroluminescence in organic crystals appear in the 60s of the last
century. In a paper of 1963 Pope'’ states the observation of eectroluminescence in an anthracene single
crystal. Thisearlier report did not give effect on further practical applications because of the small amount
of emitted light and the quite high voltage necessary to apply in order to obtain it. In effect the
luminescence was observed for applied voltages above 400 V and with current densities of about 1 pA.

Top eectrode
Activelayer

Transparent
;ctrode
Substrate

=2 B

Light

+\/

.

a

Fig. 1.1 Single layer OLED arrangement.

Only in the late 1980s the interest for organic eectroluminescence grew suddenly with the
astonishing report of C. W. Tangand S. A. VanSlyke™*® about high brightness at low driving voltage of an
organic light emitting device (OLED) having a thin layer, about 60 nm, of 8-hydroxyquinoline (Algz) like
active materid.

The successful idea behind the breakthrough was to build-up not a single layer OLED, but to couple
the emitting material with a second layer of about 75 nm of an aromatic diamine, capable of only
monopolar (hole, in such case) transport. The resulting device emits light at about 2.5 V and it clearly
demonstrates that organic compounds are areal alternative for optoe ectronic applications.

A further step, few years after, was the J. H. Burroughes and co-workers report® about the first
OLED prepared with the conjugated polymer poly(p-phenylene vinylene) PPV, manufactured in a very
easy way from a solution processabl e precursor. The novelty of a such PPV OLED with respect to an Algs
one consists in the different preparation process. While the Algs device must be produced with vacuum
deposition techniques, the PPV device can be easily manufactured by spin-coating and subsequent thermal
conversion in vacuum.

The reports of Tang and of Burroughes initiated two different philosophies in devices preparation.

The vacuum sublimation procedure requires expensive facilities, but enables to realise exceptionaly

3
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performing devices. Solution processed devices are easy to produce on small and medium sized surfaces by
means of several different techniques like spin coating, doctor blading and cagting. Furthermore, it is
possible to use ink jet printing and other techniques developed for paper printing in order to pattern large
surfaces with real economical advantages.

Tablel.1
Metal Work function (eV)
Ca 2.6+2.9
Ag 4.3+4.7
Al 4.1+44
Mg/Ag (10:1) 3.5+37

Figure 1.1 shows the typical arrangement of a singlelayered OLED. The basic structure consists of a
thin (10+100 nm) organic film sandwiched between two electrodes. The active materia is typically
deposited on glass or a transparent flexible plastic substrate carrying a transparent anode. The anode
consists usualy of a layer of indium tin oxide (ITO) that is both highly transparent, in the visible, and a
fairly good conductor. It also possesses optimal substrate adhesion characteristic.

The heterojunction formed between ITO and the organic layer is determined by the reative work
functions of the two adjacent materials that usually tend to create a barrier at the interface. The ITO

possesses a relatively high work function ranging from 4.1 up to 5.5 eV, depending on the preparation

conditions and on the surface pre-treatment. Plasma®? >

or asmple acid treatment™ could, in principle, fine

tune the work function of the ITO causing better conditions for hole injection into the overlying organic
layer.

|78 .
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Fig. 1.2 A simple energy diagram of an OLED.
a) cathode, b) anode, ¢) recombination



Localised States in Organic Semiconductors and their Detection

An dternative to the ITO anode is to use a fluorine tin oxide (FTO) layer®’. FTO has a work
function of 4.4 eV, it isless sensible to the surface cleaning treatment and does not contain indium that has
the tendency to diffuse into the emissive layer®®. Furthermore FTO is more stable to oxidation. Different
tuning techniques involve the usage of athin layer of AlF; or adifferent suitable wide band gap materialsin
order to modify the injection conditions a the ITO interface.

The cathode consists generally of an evaporated metal layer with alow work function, like calcium
or an alloy, that makes the injection of eectrons easy. Two important points to take into account in the
device preparation are the reactivity of the metal with oxygen and moisture and the metal diffusion into the
near surface region of the organic layer®.

Table 1.1 shows few commonly used cathode materials with their work function taken from
literature’”?. Calcium, that is widely used because of its low work function, is highly reactive making
necessary to encapsulate it with aless reactive meta layer.

A good matching of the work function at the interface metal/organic is a major requirement in order
to assure a low barrier and definitely better OLED performances’?°. Also at the cathode side injection
conditions can be improved by inserting a thin interlayer of a wide gap material like LiF or MgF,. The
mechanism of improvement is still under discussion. It is possible that a dissociation of a small fraction of
LiF coupled with subsequent doping of the organic interlayer is the mechanism responsible.

The active layer congtitutes the core of the e ectroluminescent device. The fundamenta processes in
an OLED, summarised in a schematic way, are shown in figure 1.2. Thisincludes:

1) injection, of eectrons and holes from the cathode and anode, respectively,

2) transport of the two types of carriers,

3) formation of the exciton at the interface between the two organic layers,

4) subsequent recombination, i.e. the relaxation process to the ground state accompanied by the

emission of light.

The wavelength of the emitted light depends on the eectronic structure of the emitting organic

VL

\ //®A
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Fig. 1.3  Electronic gtructure of a polyatomic molecule; VL
is the vacuum level, A isthe eectron affinity and |
the lonisation potential.
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material and can be changed by chemical modification.

The performance of an OLED depends on the injection conditions for holes and el ectrons. Usually,
in asingle layer structure, eectrons and holes are unbalanced, unless the situation occurs where the anode
and cathode are very well matched to the molecular levels of the organic compound. In the unbalanced case
a dominant carrier can cross the whole structure without finding a carrier of opposite sign to recombine,
raising an energy waste and leading to low efficiency in the conversion of electrical into optical power.

To achieve a better balance two (or more) organic layers must be added. One matching the anode,
optimised for transport of holes, and a second one, matching the cathode, optimised for eectron transport.
In that way the charge injection can be balanced. Since a barrier occur at the organic/organic interface,
carriers tend to accumulate there, improving the probability in finding an available partner for
recombination. In such way the recombination process is moved away® from the metal/organic interface
where exciton quenching usually occurs.

1.3.1. Molecular orbitals

In order to eucidate the design of a real OLED, it is necessary before to briefly describe the
electronic structure of an organic solid. Of course several excellent books**! and many papers (see for
example Seki** and references therein) discuss the matter and here we would like to give only the basic
concepts in order to have a key to understand the theoretical background.

We can start considering a polyatomic molecule. The ions are arranged in a way that exhibits a
gpatial periodicity and the solution of the hamiltonian gives rise to alowed energy bands separated by
regions that are forbidden®. The atomic orbitals are deeply localised in the potential well. However, the
shared upper part constitutes the delocalised molecular orbitals. Figure 1.3 gives a pictorial representation

\ [

\ /
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Fig. 1.4  Electronic structure of an organic solid. VL isthe vacuum level and Er is
the Fermi level.
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of molecular orbitals. There | is the ionization potential defined by the energetic difference between the
highest occupied molecular orbital (HOMO) and the vacuum level (VL). The quantity A is the eectron
affinity, i.e. the energetic separation from the lowest unoccupied molecular orbital (LUMO) and the VL.

If we further consider weak interactions between the molecules, like in a van der Waals solid, the
picture that describe the solid is the one shown in figure 1.4. Themost peculiar feature of that description is
the localisation of the valence band and of the conduction band in each molecule with narrow band width,
estimated™ to be in the order of 0.05+0.2 eV, depending on the organic crystal type. Thisisa point of great
importance: the main transport properties of organic solids arise from the localisation of the HOMO and
LUMO and from the energetic width of the intermolecular band. With this approach the validity of the band
theory ill holds, but with the major limitation of the width of the band. Of course the situation varies
between materials, depending on the strength of the interaction between the molecules of the solid and their
arrangement in the crystal. However, in well ordered films the presence of bands can not be neglected, as
can be concluded from ultraviolet photoelectron spectroscopy experiments which allow to explore the
compl ete momentum (k)-resol ved band structure®.

An energy level scheme for a heterolayer OLED is given in figure 1.5. The active layer and hole
transporting materid in this example is PPV. In order to obtain a better matching between the cathode and
the active material a further layer of an eectron transporting®*
(1,3,5-trig[ (3-phenyl-6-trifluoromethyl)quinoxaline-2-ylJbenzene) (TPQ), is inserted. In this figure the

material, namely trisphenylquinoxaline

o -
LUMO
| LUMO
3 @9 | (6
w (37)
5 (4.2)
(5.2) (6.9)
HOMO
I HOMO
ITO PPV TPQ Al
10—

Fig. 1.5 A simplified energy diagram of a PPV/TPQ OLED.
In brackets the HOMO LUMO levd values and the
work function of the metdls.

HOMO and LUMO energy levels of PPV and TPQ are given. The hole blocking properties of TPQ results
from the high barrier between the two HOMO levels of the organic layers.

The proposed schema of figure 1.5 is an oversimplified picture of a real device. In area case it
should be take into account the interface effects, like the vacuum level shift®** and the possible formation
of an interface dipole as well as the band bending effect for films thicker than few monolayers™.

Using the basic structure governing interfaces, transport and optical properties above described, it is
possible to design and then to produce OLEDs with extraordinary features, combining favourable optical

7
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and dectrica characteristics with outstanding mechanical advantages. The state of the art of OLED
technology enables full colour, full motion, light and flexible flat panel displays simply not possible with
other technologies. This kind of display starts to be available on the market® now. Furthermore, new kind
of products can be designed starting from organic molecular compounds and Teconjugated polymers. They
range from revolutionary application for illumination, new organic field effect transistors® up to
unbelievable challenging mono molecular electronic devices that will be the next future exciting top
research field*.

Very recent experimental and theoretical works*”, show that the commonly believed theoretical
upper limit for theinternal quantum yield of 25% can be overcome. This estimation of the 25% limit arises
from spin gtatistic argumentsthat neglect the intersystem crossing from the triplet to singlet states. Excitons
generated at the organic/organic interface may be either in along lived triplet state, that decays with a very
low quantum yield for light generation, or in a singlet sate that spontaneously generates fluorescence. The
ground state into which the excitons has to decay in order to generate a photon is a singlet sate. It seems
that the intersystem crossing singlet-triplet states cannot be neglected in Teconjugated polymers and
oligomers. In such case revolutionary devices for illumination competing with the traditional light sources,
having a very high internal quantum yield, can be designed.

The plastic eectronic applications really have the strength to change the current concepts of storing
data and the low cost every day life electronics®. Thanks to organic materials, memory tags and new
interactive packaging for any kind of commercial product can be designed and devel oped in the next future.
The study and development of organic field effect transistors represents the new frontier in the organic

research technol ogy.

1.4. Materials

One key issue to improve the OLED characteristic is to achieve an efficient exciton formation®. This is
possible, like underlined above, by balanced injection and transport of electrons and holes and by keeping
the recombination process away from the anode and cathode where quenching effects can occur. There are
several possibilities to achieve balanced injection. One way could make use of tuning the eectronic
structure of the organic materia by chemical means, obtaining a better match to the work function of the
electrodes. An opposite way consists in choosing accurately e ectrode materials matching the organic layer

0 Q..
Oy 5O

Fig. 1.6 Poly-[2,2’-(1,4-phenylene)-6,6’-bis(3-
phenylquinoxaline)] (PPQ 1A)
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dectron affinity. A different and preferable way to achieve this objective is to use layers optimised for
injection of electrons and holes, respectively. The obtained structure has then an enhanced efficiency and
also shows a reduced threshold fidd™.

In that frame it is possible to optimise each single layer studying their ionisation potential, for
example by ultraviolet photoel ectron spectroscopy and their transport characterigtic.

In our work we focused on low molecular compounds as well as on polymers, especially of two
classes of materials. oxadiazoles and quinoxalines. Both organic compounds are well know as eectron

transport materialsin OLEDs.

1.4.1. Quinoxalines

Quinoxalines are characterised by heterocyclic rings enhancing their ionisation potential and their electron
affinity and making them very interesting as electron transport or hole blocking materials. In organic
chemistry they are well-known as temperature stable and chemically resistant organic materials.

O SC0,

Fig. 1.7 Poly[2,2’ -(4,4-oxybi phenylene)-6,6 -oxybi s(3-
phenylquinoxdine)] (PPQ I1B)

The polyphenyl-quinoxaines (PPQs) were first devel oped® in the late 60s early 70s for aerospace
applications especially because of their excellent mechanical®, thermal and film forming properties. In that
frame many studies were devoted to their thermo-mechanica characteristics, but their electrical properties
were not exploited. We studied two kinds of PPQs as well as several low molecular phenylquinoxaines
(PQs), and a very promising star shaped trisphenylquinoxaine (TPQ).

Poly[2,2'-(1,4-phenylene)-6,6' -bis(3-phenyl quinoxaline)] shortly called PPQ IA (figure 1.6) and
poly[2,2'-(4,4-0oxy biphenylene)-6,6" -oxybis(3-phenylquinoxaline)] shortly called PPQ 1IB, shown in figure
1.7 belong to the first class. PPQs in general show very high solubility® in a variety of common organic
solvents, and according to literature they exhibit a glass transition at quite high temperature (250-350 °C).
Furthermore they have the polymer decomposition temperatures between 515-540 °C, depending on their
chemical structure®. These features make them a good candidate for spin coating, casting and other
solution based preparation techniques.

Low molecular model compounds with a chemical structure related to PPQ 1A and PPQ 1IB were
studied by means of UPS in order to get information about their electronic structure®’. Figure 1.8 shows the
structure  of &)  1,4-bis[2-(3-phenyl-quinoxalyl)]benzene  (BPQ), b)  1,4-bis[2-(3-phenyl-
benzo[g]quinoxalyl)]benzene (BPBQ) and c) 2,2',3,3'-tetraphenyl-6,6'-diquinoxaline (TPDQ). Their

ionisation potential measured by means of UPS is quite high*® (> 6 eV).
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Figure 1.9 shows the starburst CF5-TPQ. Synthesised® in the group of P. Strohriegl, at the
University of Bayreuth, this molecule was especially designed for electron transport purposes®. CF;-TPQ
shows excellent stable glass formation properties and a high electron mobility in the range of 10°+10™

cm?V, depending on sample preparation conditions. Thin films prepared by vacuum depositions and

O O NN
ok o,

o000y

Fig. 1.8 &) 1,4-big[2-(3-phenyl-quinoxalyl)]benzene (BPQ)
b) 1,4-bis[2-(3-phenyl-benzo[g] quinoxalyl)]benzene (BPBQ)
) 2,2',3,3 -tetraphenyl-6,6’ -diquinoxdine (TPDQ)

Fig. 1.9 1,3,5-Trig[(3-phenyl-6-
trifluoromethyl)-quinoxdine-
2-yl]benzene (CF3-TPQ)
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studied by means of photoelectron spectroscopy show an ionisation potentials of 6.0 eV and a work
function, measured with the sample negatively biased, of 4.2 ev'®¥* Moreover, OLEDs with the
configuration I TO/PPV(150nm)/TPQ(30nm)/Ag show good devices performance™. The devices so
configured have an onset voltage of about 5.7 V, brightness of 236 Cd/m? at 25 V and show an external
quantum efficiency of 0.11%.

1.4.2. Oxadizoles

A second class of very promising materials for optoel ectronic applications are oxadiazoles. Oxadiazoles are
well known for their excellent mechanica properties and high therma stability. Applications range from
fibres to membranes and coatings™. Substituted oxadiazoles have excellent solubility in common solvents.
In particular it was successfully possible to prepare well ordered and stable Langmuir-Blodgett (LB)

multilayers with a very smooth and uniform surface structure® of the amphiphilic substituted 2-(p-

N—N
O,N 4@—4o>—©7 N H_CO_(CHZ)lo_CHg

Fig. 1.10  2-(p-nitrophenyl)-5-(p-undecylamidophenyl)-1,3,4-
oxadiazole (NADPQ)

nitrophenyl)-5-(p-undecylamidophenyl)-1,3,4-oxadiazole (NADPQ) shown in figure 1.10. The vacuum
deposition of NADPO is also possible, resulting in well ordered films> depending on the deposition
conditions, evaporation rate and substrate temperature.

Many differently substituted 2,5-diphenyl-1,3,4-oxadiazoles have been synthesised. Because of their
electron acceptor properties several of them are especially suitable for the needs of electron transport / hole
blocking layers as well as for the emissive layer™ in OLEDs. Some oxadiazoles show a brilliant green,
yellow and even blue light emission®®.

The ionisation potential of several amorphous films of aromatic oxadiazoles were measured> > and
because of their ordered nature it was also possible to determine the complete k-resolved band structure of
a well ordered LB film of NADPO samples by means of UPS measurements®. This oxadiazole, particularly
interesting because of its film forming properties, shows an ionisation potential of 7.9 eV and a value for
the electron affinity of 4.8 eV.

1.5. Experimental Techniques

The determination of the parameters describing a set of localised states in an organic and inorganic
semiconductor can be done using different experimental techniques. We can, in a coarse way, roughly
divide the techniques into isothermal and non isothermal ones. To the first group belong techniques like
deep level transient spectroscopy, time of flight (TOF) and current voltage characteristics (1/V), especially

measurements of the space charge limited current (SCLC). Non isothermal techniques include thermally

11
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stimulated depolarisation currents (TSDC), thermally stimulated currents (TSC) and thermally stimulated
luminescence (TSL).

The study of the I/V characteristics provides important information about the eectronic bulk
properties of amaterial and, reaching the space charge limited current region, it is possible to study the trap
density, the activation energy as well as to get information about the type of trap distribution**®. The main

request in order to successfully apply the
technique is the ability to prepare ohmic
107"~ contacts on the surface of the samples.

According to Sze' we define an ohmic
contact as a metal/semiconductor contact that
10-° - has a negligible resistance relative to the bulk
resstance of the semiconductor. A
107" = satisfactory ohmic contact should not affect

the device performance and it should supply

1 (A)

T the required current with a voltage drop
10" | negligible with respect to the one across the
device. In that case, and only if an actua
10 ohmic contact that injects only monopolar
chargesinto the bulk isrealised, it is possible
to apply the SCLC theory to describe the I/V
10 - m‘z :éa = characteristics and to discuss the presence of

U localised states.
The theory was developed in the late

Fig.1.11  current voltage characteristic of a . o . .
naphthalene single crystal . (After [59]). 60s and is widely applied in device studies.

The interaction of the injected current with
localised states determines the shape of the
I/V characteristics and its magnitude that results reduced in function of the presence®® of traps.

Figure 1.11 shows the strong influences of the presence of traps on the I/V characteritic of a
naphthaene single crystal™. In the figure it is possible to distinguish four well defined regions. At low
applied voltage there is the typical ohmic region where the current has a direct proportionality to the
applied voltage, V. Then, increasing the applied voltage the shallow trap region follows. Here, the
current is proportional to the square of the voltage lcV2 The injection of charges provokes the
displacement of the quasi-Fermi level trough the band gap as the traps get filled. The step likeregion in the
figure indicates exactly the cross of the quasi-Fermi level of a single level of traps. Such crossing means
that all the traps, that are till below the quasi-Fermi level, are filled. This occurrence is marked by a
dramatic increases of the current over the sample. Theinjected charge carriers can not get any more trapped
and are free to move through the conduction band increasing the total amount of current. The above region,
at high voltage, is now the trap free insulator region where the characteristic can be described in the frame
of SCLC theory by the famous Child’s law®®, equation (1.1).

12
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J= —E— (L1

Here J is the current density, ¢ is the gatic permittivity, 1 the free eectron mobility and L is the
sample thickness. Only reaching that trap free region it is possible to easily obtain data about the free
carrier mobility.

The displacement between the two sgquare law regions indicates the energetic location of the trapsin
the band gap, while the voltage at which the current rises nearly vertically yields directly the concentration
of the trapped states™. A characteristic feature of the SCLC region, according to equation (1.1), is the cubic
dependence on thickness. Thisis a useful test for an experiment, whether the SCLC region hasreally been
reached. Only in the trap free region it is possible to extract the fundamental information about the intrinsic
mobility of the charge carriers in the materid, and cubic dependence on thickness should always be
carefully checked in order to test the reliability of the results. Often the current is just limited by the contact
quality. In such case of contact limited currents the SCLC theory cannot be applied. “If space-charge
conduction is balanced partly by double injection, or if the current is injection-limited by contact barriers,
extraction of reliable mobility data is a rather hopeless enterprise”®.

Polymers and organic crystals often possess wide trap distributions having a Gaussian character and
very rarely single levels of traps are encountered. Furthermore, large distributed concentrations of defects
inhibit the current injection at practical voltages. In such a case the SCLC region cannot be reached and the
simple Child's law cannot be applied. The I/V characteristic in case of a Gaussian trap distribution was
studied by E. A. Silinsh and S. Nespurek and several approximate equations have been proposed to fit the
trap filling region in order to get information about the distribution parameters®*©-,

A second experimental technique widely used in order to study the transport properties of a material
is time of flight technique. TOF allows to observe the time resolved current generated in an illuminated thin
layer of the material, drifting across the film under the influence of an external applied bias voltage. The
“flight” of the charge carriers is likely influenced by the impurities that form electron and hole traps. From
the measurement of the photocurrent produced, mathematical models allow to evaluate the possible
presence of a trap distribution®® and to extract the related parameters.

In a trap free perfect crystal a TOF experiment shows a rectangular pulse indicating the transit time
of the carriers from the illuminated electrode to the collecting one. In the real case the shape of the pulse is
distorted by the finite flight pulse duration, the finite light penetration depth and, especially, by the
presence of charge carrier traps. In case of shallow traps the sequential trapping and thermal release of the
charge carriers causes a current decrease, and an increase of the transit time, resulting in a distortion of the
ideal TOF pulse. Moreover, deep localised levels induce a rapid decay of the current pulses before carriers
can reach the exit electrode.

It is widely known that only in case of small density of traps it is possible to observe the transport of
free charges over macroscopic distances without very large losses. In such case it is possible to measure the
transit time t; and, hence, the charge carriers drift mobility. The TOF method, illustrated by means of
equation (1.2), connects the effective drift mobility i with the square of the sample thickness L and the
applied voltage V.
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L2
VI,

U= (12
Thetrap parameters, in amore generalised case, can be measured using the temperature dependence
of the effective drift mobility®* applying equation (1.3).
-1
M3 N D
M= (T)A+—ek [
B N f§
Here 1o is the mobility of the pure ideal crystal, N, is the density of the eectronic states at the

conductivity level, k is the Boltzman constant and T the absolute temperature. The plot of log[(x° / )-1]

versus the inverse of the absolute temperature /T allows to determine the values of the density of traps N;

(1.3)

and their energetic depth E;.

Non isothermal techniques, applied to the study of localised levels in organic and inorganic
semiconductors, are essentially thermally stimulated current (TSC) and thermally stimulated luminescence
(TSL). A further technique is the thermally stimulated depolarisation technique (TSDC) which especially
allows to study relaxation processes in polymers. The thermal techniques are particularly designed in order
to give direct evidence of existence of localised levelsin asample.

In typical thermally stimulated process experiments a sample is heated in a controlled way and the
current, in case of TSC and TSDC, or the light emission, in case of TSL, or both smultaneously are
monitored. The effect appears only when an optical or electrica excitation takes place prior to the heating.
TSC, in contrast to TSL, requires the presence of good ohmic contacts. These are not always easy to
prepare, especially in organic samples. Furthermore, the manufacture of the metallic contacts by itself
determines the presence of shallow traps and defect states at the interfaces.

A further non-isothermal technique is the TSDC. The technique is both sensitive to release of
trapped carriers and to dipole relaxation processes. In a typical TSDC experiment a voltage is applied
across the sample at high temperature and then the sample is cooled down. At low temperature the
electrical field is removed and then the sample is short circuited. While the temperature is raised in a
controlled way a current, driven by the interna field is recorded. The method was successfully applied for
the first time to study crystals containing dipolar ionic defects>®. It provides a very sensitive tool for
determining the dipolar kinetics especially combined with dielectric spectroscopy (DES) measurements.
Since the current can arise both from the re-orientation of dipoles, and from eectronic charges present in
the samples, the interpretation of the peaks is much less straightforward compared to TSL and TSC
techniques.

In this work we especially focus on the study of localised states by means of the thermally
stimul ated techniques.
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2. Thermally stimulated techniques

The thermally stimulated techniques TSL, TSC and TSDC are powerful instruments in order to study de-
trapping and relaxation processes in organic materias. TSL is a contactless technique that allows to
distinguish between deep and shalow trapping states. The proposed mathematical model for the TSL
enables to study trap levels and recombination centres inside the band gap. The analytical solution of the
rate equations allows two different de-trapping regimes, including or excluding subsequent re-trapping
effects. The first order solution kinetic indicates that no re-trapping phenomena are permitted. The el ectron
released from a localised level recombines with a hole in a recombination centre and its re-trapping
probability, before to recombine, is negligible. The second order equation deals with the opposite extreme
case. The phonon assisted release of an electron is followed by multiple re-trapping. In this second order
kinetic regime the probahility of areleased electron to get re-trapped is very high.

The main factors governing both solutions are the energy depth of the traps calculated with respect
to the conduction band edge and the frequency factor. This second important factor in general indicates the
attempt-to-escape frequency of el ectronsfrom the localised levels.

The mathematical model takes also into account the occurrence of distributions of localised levels.
In case of a Gaussian distribution of localised states a meaningful parameter isthe width of the distribution.
Numerical smulations, calculated with the proposed model, show that while a first order peak is
characterised by an asymmetric peak shape with a steep decreasing side, the second order kinetic peaks are
characterised by a more symmetric shape. The signal is smeared along the whole peak temperature range
due to the re-trapping effect.

The same theoretical description holds for both techniques, TSL and TSC. However, TSC theory
requires the presence of an extended conduction band. During a TSC experiment a driving voltage is
applied to the sample and the de-trapped charges are extracted at the device contacts. However, the
equations describing a TSC peak are similar to equations describing TSL. Additionally, it is possible to
determine the density of the trapping states eval uating the area under a TSC peak.

Simultaneous TSL and TSC measurements give useful information about the localised states
combining the best possihilities of both thermal techniques. Unambiguous information about trap depth,
density of states, kinetics order and frequency factor can be extract making use of the full possibilities of
the combined measurements.

On the other hand the further thermal technique, TSDC, investigates the depolarisation effects on a
polymeric material. TSDC peaks are related both to charge release and (if present) to dipole reorientation,
where thelatter one is caused by motion of polar groups (end groups, side groups, impurities) aswell as, at
higher temperature, of the polymer backbone of the materia under investigation. The depolarisation
phenomena are described by a Debye model that |eads to equations similar to the first order TSL-TSC de-
trapping equation.

In the case of Arrhenius relaxation type a correspondence between the TSDC depolarisation peak
and a dielectric spectroscopy peak is established. While dielectric spectroscopy can be carried out both as

an isothermal and as a non isothermal technique, TSDC is non-isothermal only. For that reason the two
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methods combined can be regarded as complementary. Both study the same phenomena in two distinct
domains, the frequency domain the DES and the temperature domain the TSDC.

A DES experiment is conducted applying a sinusoidal signal to a sample kept at constant
temperature. The phase shift between the incoming voltage signal and the resulting displacement current
signal isthen recorded.

The combination of the three temperature domain techniques together with the dielectric
spectroscopy investigations in frequency domain gives a more complete description of the depolarisation

and de-trapping phenomenain organic materials.

2.1 TSL

Probably the best way to introduce the thermally stimulated luminescence is to give a smple
phenomenological definition: TSL is the type of light emission that occurs when an insulator or a
semiconductor, previoudly irradiated by aradiation of appropriated wavel ength, is heated.

From the definition it follows that the thermoluminescence is different from fluorescence and can be
understood as a sort of long lived phosphorescence. The intensity of the emitted light, generally, is very low
and in order to explain it, how we will seein detail in the following, it is necessary to introduce the concept
of forbidden gap and to postul ate the presence of localised levels inside the gap.

Roughly, we can distinguish between fluorescence and phosphorescence looking at the characteristic
time, T, of the emission after irradiation. In case of fluorescence such time is very short 7, < 10® s, whilea
longer characteristic time, 7. > 10° s characterises the phosphorescence phenomena. In
thermoluminescence the characteristic time can be quite large, in the order of minutes, hours and more. The
charges, stored at low temperature, stay on ther traps and are released only by thermalization due to
phonon assisted jumps.

The difference between the two processes can be easily explained in the frame of the band theory.

Fig. 2.1 Energy trangtions involved in fluorescence & and
thermoluminescence b). Letter m indicates a metastable level,
E trap depth, CB conduction band, VB valence band.

16



Localised States in Organic Semiconductors and their Detection

While fluorescence involves an energy transition between a singlet excited state and the ground state, the
phosporescence involves a further step; atransition to atriplet state, involving alocalised level which has a
forbidden transition to the ground state. In the localised states the charge carrier can be stored and it delays
its backward jump to the ground level.

Figure 2.1 illustrates schematically fluorescence and phosphorescence processes. In fluorescence
energy is transferred from an incident radiation to the eectron, that is excited from the ground state to an
upper one trough the gap. Then the e ectron returns to the ground state emitting a photon in a time shorter
than 10° s Like a signature, the process do not show any temperature dependence. Instead
phosphorescence involves a metastable level in the band gap. The incident radiation /v raises an eectron to
the excited level and subsequently the charge relaxes into a metastable level within the band gap with a
forbidden transition to the ground state transition. Here it will stay until it acquires enough energy in order
to raise again to the excited level and then to recombine.

Though the trapping and de-trapping mechanism above illustrated is basically the same, the traps
can appear in an organic crystal in many different shapes. Shalow traps, that have mostly a structural
origin, are characterised by depth E < 0.03 eV and by a mean capture time about 10™ s. The capturetime in
this case is larger than the average lattice relaxation time, making a lattice polarisation effect possible
followed by a lattice deformation that corresponds to the formation of a molecular polaron.

The formation mechanism of a molecular polaron can be illustrated as follows. A free electron (or
symmetrically a hole) can be created ionising a neutral molecule by means of incident radiation of
appropriate wavelength. The so created charge polarises the eectronic subsystem of the surrounding
molecules of the salid. In such a way the energy of the eectronic polaron corresponds definitively to the
energy of the effective eectronic polarisation. The main contribution to the effective polarisation is given
by the charge induced dipole and the charge-permanent quadrupole interactions®. Then the localised
charge carriers produce a vibronic polarisation in the molecule skeleton where the charge is located that
propagates also to the nearest neighbours. The result is the formation of relaxed el ectronic polaronic states
that are the so called molecular polarons.

Besides the shdlow traps, structura defects can produce also charge carriers localised levels having
higher energetic depth. Furthermore, local eectronic polarisation variations give riseto local charge carrier
trapping states™ in both cases of shallow or deeper traps that can have quasi continuous energy spectra. The
charge carrier trapping states are located in regions of structural irregularities of the organic crystal.
Irregularities can have very different origin: unoccupied sites, i.e. vacancies, misaignment of molecules,
interstitial molecules, didocation lines and grain boundaries are all causes of localised states.

The energetic spectra of localised states in organic crystals follow, for statistical reasons, a Gaussian
distribution®. The quasi-continuous local trapping states can be approximated by a density of states N(E)
centred around the distribution maximum at an energetic depth E,,. A Gaussian distribution of states is
characterised by the distribution width o that we will further define in the following of the chapter. For
values of ¢ — 0 the distribution reduces to a single level of traps having an energetic depth E,, which can
be expressed as a § digribution function. Also impurity molecules, inserted into the molecular crystal, give
riseto localised states. Usually this kind of trapsis called chemical traps, whilethe traps arising from lattice
distortions are usually called physical traps.
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In avery rough way the presence of an electronic localised state derives from the difference in the
electron affinity between the hosting molecular crystal and the introduced chemica impurities.
Symmetrically, a hole localised state is determinate by the ionisation energy differences between the host
crystal and the impurity. Dopants, that are electron acceptors, typically create trapping states for electrons,
while donors can create localised levels only for holes. Furthermore, the presence of a chemical impurity
creates adisplacement in the original crystal structure, giving rise to further localised states having, indeed,
a structural origin. This meansthat the presence of chemical traps can create also physical traps.

The situation can be complicated because of the simultaneous presence of several kinds of traps
having different origin and with different energy distribution spectra. The rea trapping and de-trapping
dynamics in such case is quite complex. Electrons released from a level of traps have high probability to
get re-trapped by a following level before to recombine. The presence of multiple localised levels of
different origin definitely increases the probability of multiple re-trapping of a single electron or hole,
resulting in rich TSL spectra, sometimes impossible to analyse completely. In this extreme complex case
the resulting sum of severa levels forms a single very broad peak of TSL, where the underlying single
components cannot be distinguished.

Furthermore, an organic solid can contain both el ectron traps and hole traps. It is not possible with a
single experiment to discriminate between the two kinds of traps as well as to discriminate between
chemical and physical traps. Almost in al cases it is necessary to compare different samples doped in a
controlled way. The TSL thermograms are, in such controlled way, modified and it is possible to connect
the developing of a certain peak with the new introduced local level. The comparison and the observation
of the induced modifications in the thermograms is a fruitful approach in order to study the origin of a
certain level of traps.

Moreover TSL cannot distinguish between hole and eectron traps. For that reason in the further
discussion we will refer only to one kind of traps, the electron traps, silently assuming that the discussion
can be made symmetrically also for localised hole states.

The general description of phosphorescence phenomena was established in the 1935 by Jablonski®”
and the mathematical formalism was subsequently developed by Randall and Wilkins® and successfully
applied to explain thermoluminescence of many materials.

The mean time t spent by a charge carrier in atrap at temperature T is given by equation (2.1) where
p isdefined asthe probability per unit time of the rel ease of an el ectron from the trap.

-E

p=rt=sle" (2.1)

Here sisa constant that represents the attempt-to-escape frequency of an electron in atrap, E isthe
difference in energy between the trap level and the band states, called trap depth (see figure 2.1) or
activation energy and k is Boltzmann’s constant. First consequence of that picture is the exponential
temperature dependence of the time spent by an electron in a localised level.

The description of the thermoluminescence processes assumes that there are localised states inside
the band gap. The proposed model was primarily developed for crystalline semiconductors and insulators

of inorganic materials. In the case of organic compounds it is necessary to distinguish between organic
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crystals and amorphous polymers. In case of organic crystals the general description cannot be very
different with regard to the inorganic cases. According to theoretical calculations® and experimental
results® the presence of the gap between the valence and conduction band is determined by the crystal
periodicity and by the nature of the forces between the interacting organic molecules. In case of
polycrystalline samples, the dimensions of the crystallites does not ater the theoretical treatment. The
polycrystalline structure just introduces further localised states at the grain boundaries. TSL does not
require an applied fidd to be performed. The recombination process is strongly restricted to a few
molecules depending on the density of available recombination centres. In case of a trap densty of the
order of about 1x10% cm, typical for several technologically interesting material s, it means the presence
of one defect per about a single molecule.

In case of well oriented polymer chains and in particular for 7w conjugated materials, the situation,
with respect to a molecular crystal, is not really different. The periodicity of the film structure and the van
der Waals forces acting between the chains theoretically and experimentally assures again the presence of
bands.

A TSL experiment does not require any applied voltage and, in general, thereisno carrier drift over
macroscopic distances before the recombination process takes place. In case of amorphous polymers there
is alack in long range order. It is not possible to speak about extended valence and conduction bands.
However, the recombination process, in case of geminate couples, can be well localised over a few repeat
units. The existence of HOMO and LUMO levels that extend over several repetitive units can provide a
solid base in order to interpret the thermoluminescence phenomenain the same theoretical background than
for crystalline materials.

Very recently”® anew model was proposed to interpret TSL glow curves for organic polymers in the
frame of the hopping theory devel oped in the 80s and 90s of the last century by Bassler and coworkers™. In
the proposed model the optical excitation, generated during the illumination of the sample, can dissociate
into both on-chain and off-chain geminate pairs. The on-chain geminate pairs are quite unstable and
recombine in a short time. They do not play any active role in thermoluminescence, where the photoexcited
sample usually is kept for a certain time, in the order of few minutes, at low temperature before the heating
cycle starts.

The of-chain pairs, more stable, are responsible for the delayed photoluminescence. The carriers get
trapped in deep localised states during the low temperature energy relaxation time. Then, the carrier
random walk is accelerated within the random network of trapping sites insides the coulomb potential well
of the geminate pairs when temperature increases. In order to fit the glow curves the authors use a double
peaked Gaussian density of states (DOS). The shallow group of hopping sites serves as an effective
transport band, while direct jumps between deeper states are essentially considered impossible. In this
hopping model the intra-chain carrier motion can be explained only by introducing that narrow band of
hopping sites whose density is sufficient to provide a quasi band transport mechanism. According to the
model it is possible to measure the width of the Gaussian distribution analysing the shape of the glow
curves.

Despite the elegance of the model, the proposed recombination mechanism is not completely clear,

e. g. it is not explained how geminate pairs can still be bound after several jumps, and in addition it is
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necessary to introduce a second density of localised states, behaving like a quas de-localised band
structure, in order to get areasonable fit to the experimenta curves.

A different approach to the problem of distributed localised states involves the introduction of
disorder in a crystalline lattice. With this approach it is possible to describe the rather complex
experimenta features and to cope also with the broad peaks that are sometimes obtained from TSL
measurements.

2.1.1. TS model

In the following a TSL experiment is described in more detail and the rate equations derived. The sample,
in an equilibrium state at room temperature where all the shallow traps are empty, is cooled down to a low
temperature. Then, it is illuminated with electromagnetic radiation of a certain energy. The incident
radiation excites the e ectrons from the valence band to the conduction band trough the gap.

In the case of prompt fluorescence the generated e ectrons recombine promptly. Otherwise they can
form an electron hole pair followed by geminate recombination or by dissociation with subsequent
trapping. Charge carriers can get trapped in localised levels that, considering the random fluctuation of the
potential in disordered materials, are distributed in energy. From statistical consideration, the distribution
type should be generaly Gaussian. However, different kinds of distributions, in principle, cannot be
excluded. The thermal emission from traps at low temperature is negligibly small. Therefore, the perturbed
equilibrium created by the incident radiation resists for a long time and the electrons are just stored in the
localised levels.

Temperature isthen raised in a controlled way, electrons acquire energy and finally escape from the

traps by means of a phonon assisted jump and recombine with holes trough a recombination centre where
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Fig. 2.2 Energy diagram describing the elementary process of the
simple model for TSL

recombination occurs with subsequent photon emission. By means of spectrally resolved TSL experiments
it is possible to get information about recombination centres studying the wavelength of the emitted light as
function of temperature and intensity.

The above described processes are illustrated in figure 2.2. Recombination processes can be both

radiative or non-radiative and of course only in the first case we can detect a signal with a photomultiplier.
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Non-radiative recombination processes are difficult to identify according to the fact that in such case the
energy is dissipated by phonons.

Theillustrated scheme for thermoluminescence is simple, but despite of its simplicity it can describe
all fundamental features of a thermoluminescence process. Nevertheless, the mathematical treatment can be
difficult and the related differentia equations tiff. Only with some simplifications it is possible to get
analytical equations suitable to provide an approximate solution which serves to fit successfully the
experimental glow curves.

Following Chen'®, the eectron exchange between the HOMO and LUMO levels, during the trap
emptying, can be described by the following three differential equations.

dn,
—2 =-n_[h 2.2
dn
E:nC(N—n)DA—nEp (233
dn
dtc =nlp-n,(N-n)[A-n_ h, CA (2.49)

Here n;, is the concentration of holes in the recombination centres, n. is the concentration of
éectrons in the conduction band, A, is the recombination coefficient for eectrons in the conduction band
with holes in the recombination centres, n is the concentration of electrons in traps, N is the function
describing the concentration of electron traps at depth E below the edge of the conduction band, A is the
transition coefficient for electrons in the conduction band becoming trapped and p is the same probability
of thermal release of eectrons from traps defined in equation (2.1), which represents in fact their release
rate.

Equation (2.2) describes the change of hole dendty n, in recombination centres versus time. The
recombi nation rate depends both from the concentration of free electrons (n.) and from the concentration of
holes dready present in the recombination centres trough a probability coefficient (A,) that depends on the
cross section and the thermal velocity™ of eectrons. An increase in these parameters results in an increase
of the recombination probability.

Equation (2.3) describes the exchange of eectrons between conduction band and traps. The first
term in the right hand side includes the probability A for an electron to be trapped. That probability A, like
A, aso depend on the thermal velocity of electrons and on the cross section of traps. The second term on
the right hand side isthe de-trapping term. It is proportional to the concentration of trapped electrons and to
the Boltzmann’s function, i.e. equation (2.1). The proportionality factor s, often called frequency factor or
pre-exponential factor, should be, when interpreted in terms of attempt to escape of an electron from the
potential well, in the order of magnitude of 10%° + 10 s™. Actually, in literature, values of several orders of
magnitude lower can be found. Such low frequency factors values are generally interpreted in a speculative
way taking into account competitive effects simultaneously acting. A saturation effect for carrier release

from traps, caused by a limited number of available states in the conduction band, is neglected in this
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model. In each moment the number of available states in conduction band is much higher than the rel eased
amount of e ectronsfrom the localised states.

Equation (2.4) describes the variation of electron density in the conduction band and essentially it
takes into account the charge neutrality of the whole system. The variation rate of eectrons in the
conduction band depends on electrons being released (first term on the right hand side), eectrons being
trapped (second term), and electrons that recombine (third term). Electrons and holes in that model are
generated a the same time (geminate couples), but they are not necessarily still bound. Saturation effects
dueto filled deeper traps or recombination centres that have already an hole on them are not considered.

Of course, the proposed mode is simplified, but this relatively simple picture has the great
advantage to allow an analytical solution having a minimum number of parameters. More sophisticated
models, probably also not describing in a complete way the complex phenomena happening during the
thermal cycle, exist and can be found in literature. Nevertheless, complex models have the disadvantage to
introduce an increased number of parameters. Actually, several combinations of too many parameters can
generate the same shape of areal glow curve, making impossible to find amost probable fit. For that reason
it is preferable to deal with areasonable ssmple model that involves few reliable parameters. Actually, the
proposed simple model can successfully describe the experimental glow curves, but it is necessary to take
also the energetic distribution of localised states into account in order to describe the complex behaviour of
disordered systems, like amorphous polymers or organic polycrystalline thin films. In such case the tota
number of traps is represented by the following equation (2.5). The traps do not have a single activation
energy, but they are continuously energetically distributed.

E

N = EfN(E)olE 2.5)

N(E) can be in principle any kind of distribution, but considering the statistical disorder in organic
materials it should have a Gaussian shape. In principle also the frequency factor should have the same
energetic distribution. In such case there are not further mathematical complications. However, the
introduction of a frequency factor distribution increases again the number of parameters; different
combination of distribution parameters for N(E) and S(E) can lead to the same shape for the same
experimental glow curve. That approach, in general, is not fruitful and considering that S(E) varies dowly™
respect N(E) it is preferable to consider only an energetic distribution of traps having a single average
frequency factor s.

In order to solve the system of differentia equations (2.2)-(2.4), equation (2.6), regarding the time
dependence of temperature, should be add.

T=T,+80 (2.6)

In equation (2.6) S isthe experimenta constant heating rate. It should be note that aslong as T isa
well know function of the time the only rea variable is the time. For that reason it is very important,
experimentally, to have a perfect contral of the temperature linearity.
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The system of differential equations (2.2)-(2.4) can be also easily solved numericaly. In this case
the number of parametersis still too large. Different combinations™ of the 7 factors E, s, A, A, N, 3, n,, and
initial conditions np = n (t = 0) and n; (t = 0) = 0 involved, allow several possible fits for the same

experimental glow curve shape, but with different shift behaviour concerning e. g. the heating rate.

2.1.2. First order equation

An analytical solution of the equations system is then preferable. However, in order to obtain the
solutionsit is necessary to introduce two new hypothesis. The first assumption, illustrated in equation (2.7),
states that the net rate of density variation for eectrons in conduction band is much smaller than the
variation rate of concentration of trapped eectrons. This is the quasi adiabatic approximation, the free
carrier life timeis very short due to fast recombination, this means that de-trapping connected phenomena

are fast eventsin the time scal e of the conduction band.

dn,
dt

dn

<< |—
dt

@2.7)

The second assumption, equation (2.8), states that in each moment during the heating process the
concentration of eectrons in the conduction band is much smaler than the concentration of trapped

electrons, i.e. electrons do not accumulate in the conduction band, but recombine rapidly.
n, <<n (2.8)

The two statements, in general, enunciate that we are considering fast recombination events and the
substantia impossibility of cumulating charges in conduction band. The two assumptions will be further
discussed later.

Using the conditions (2.7) and (2.8) it is possible to reduce the system of differential equations (2.2),
(2.3) and (2.4) to the single equation (2.9).

_dn, _ nCbCA Oh,
d A h +AN-n)

(2.9)

The luminescence intendty is directly proportional to the hole density variation in the recombination
centre. As temperature rises, eectrons are released and the recombination process takes up reducing the
concentrations of trapped holes and increasing the thermoluminescence intensity. The electron traps are
progressively emptied, the rate of recombination decreases and thus the thermoluminescence intensity,
accordingly, decreases producing the TSL peak. According to the above described scenario it is possible to
write the following equation (2.10) that states the connection between the intensity of the emitted light and

the density of holes in recombination centres.

1(t) O —% (2.10)
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Equations (2.9) and (2.10) describe a characteristic TSL peak.
If we assume, after the release of eectrons, a negligible re-trapping and a quick recombination

process we can write:
A h, >> AN -n) (2.11)

Inequality (2.11) states that the number of available “free places” in the recombination centres for an
electron is much larger than the number of “available traps”. The probability for an electron to get again re-
trapped is, in such way, negligible.

Using statements (2.7) and (2.11) to simplify equation (2.9) and substituting equation (2.1) we
obtain the first order differential equation (2.12).

dn -E
1(M)=-Th - e w 212)
dt
Equation (2.12) can be solved with the ordinary integration mathematical methods. Starting from t =
to and assuming the linear heating rate expressed in equation (2.6), we finally obtain the so called first order

Kinetic equation for a TSL peak:

T -
_S (e gt

I(T)=n, & 7« & "% 2.13)

At time t, all traps are filled and the electrons n are distributed in energy following the same
distribution of the traps N between the two energy levels E; and E, of equation (2.5). Substituting the
distribution of localised states (2.5) in the kinetic equation for a TSL peak, we can write the following
equation (2.14).

E, _S e Shrgr
1(T) = E[n(E) et dE (2.14)
1
While Equation (2.13) describes a TSL peak with a single energetic level of traps, equation (2.14)
takes into account that the traps are energetically distributed. At low temperature the integral included in
the second exponential is very small. The first exponential prevails, the TSL peak increases and reach its
maximum. Increasing the temperature T the importance of the integral in the exponential part increases.
Then, this competitive negative exponential prevails against the first increasing exponential and it gives a

net decrease to zero. The peak dies away.
(E_Em)2

n - 2
n_[g 2 (2.15)

n(E) ) o+ 2T

Equation (2.15) describes the normalised Gaussian distribution of traps used in the numerical

simulations of equation (2.14). In this equation n,, represents the maximum concentration of electrons at
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Fig. 2.3 Gaussian distribution with parameters: no = 1x10° cm®, E,,= 0.5 eV, 0=0.02
eVv.

energy E,, and o isthe constant describing the width of the distribution. Bigger o wider the distribution, o
can be see like ameasure of the broadening of the localised state distribution.

Of course n(E) can be, in principle, any kind of distribution. Because of the previoudy discussed
stochastic nature of trap levelsin organics, we turned our attention especially on Gaussian distributions.

Figure 2.3 shows the Gaussian distribution of states, relative to equation (2.15), employed for the
simulations. The simulation parameters, n = 1x10"° em™®, E,, = 0.5 eV and a small o= 0.02 eV, produce a
Gaussian curve characterised by a very narrow peak. However, the same parameters producing such a
narrow peak are adequate in order to produce important changes in the shape of the first and, how we well
see, in the second order glow curves.

The following figure 2.4 compares a simulated glow curve, having a single energy level of traps
described by equation (2.13), with a simulated curve that includes the Gaussian distribution of localised
states of equation (2.14). Clearly, the presence of the distribution broads™ the peak and dlightly changes its
shape. Even though both simulations shown in figure 2.4 have the same parameters, we observe a dightly
shift of the maximum. While the peak temperature maximum T, in case of a first order equation with a
singleleve isat T, = 183 K, the maximum, in case of afirst order having Gaussian distributed states, is at
Tm=181K.

Like expected, also for a quite small distribution having o = 0.02 eV, the Gaussian distributed
simulated peak results broader respect to the peak having only a single level of traps, but it should be note
that such peak keeps the characteristic asymmetric shape. The complete ligt of parameters used for generate
the two curvesisthe following: no= 1x10" cm™, E=05eV, T, = 140 K, T =210, B=0.1K/s, s= 1 x 10"
s* and for the Gaussian distribution: o= 0.02 eV, n,, = 1x10°, E,, = 0.5 eV with integration limits E; = 0.4
eV andE,=0.6€eV.
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Fig. 24 Comparison between the first order equation (2.13) (black line) and the
Gaussan didtributed first order eguation (2.14) (scatter blue line).
Simulation parameters: Ny = 1x10"® cm® E = 05¢eV, T, = 140K, T =
210K, B=0.1K/s, 0=0.02eV, s= 10¥ s, n,, = 1x10*® cm®, E, = 0.4
eV,E;=06eVadE,=05¢eV.

2.1.3. Second order equation

A different and, somehow, opposite way that we can go trough in order to obtain an analytical
solution of equation (2.9) is to assume a strong re-trapping effect. The condition, stated with inequality
(2.16), means that el ectrons before to recombine can be re-trapped several times.

A h, << A{N -n) (2.16)

n<< N (2.17)

Using together inequalities (2.16) and (2.17), that establishes the concentration of trapped electrons
is much less than the concentration of traps, i.e. free traps are always available, we can write down the

second order differentia equation (2.18).

2
_dn, _n"CPLA (2.18)
dt AN

Using equation (2.1) and stating the condition (2.19) that defines the pseudo frequency factor s’

A g (2.19)
AIN(E)

we can write the so called second order kinetic differential equation (2.20).
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Fig. 25 Comparison between the pesks calculated by the Gaussian digtributed
first order equation (2.14) (black line) and the Gaussian distributed
second order equation (2.22) (dashed blue line). Smulation parameters
likein figures 2.4 and 2.6.

1(T) = —% —n?E e W (2.20)

The solution of equation (2.20) is the second order kinetic expression (2.21) describing a TSL peak
with asingle level of traps subject to strong re-trapping effect.

-E
n’s [ T

LEB'T T g
%+ 3 {e dTH

| (T) = (2.21)

Like in the case of the first order equation, it is necessary to introduce the satistical digtribution of
traps. The localised levels follow a certain energy distribution n(E) that replaces the initial concentration of
trapped electrons. We obtain the total number of trapped states integrating the distribution over the two
levels of energy E; and E,. The second order equation for disordered materials is, then, the following
equation (2.22).

ER e

I(T) = !'
% g J/TdTg

0

dE (2.22)

With respect to the first order kinetic, the photon emission during the TSL peak in this case is
somehow delayed; alonger tail on the high temperature side of the peak is expected to appear.
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Fig. 2.6 Comparison between the pesks calculated with the second order

equation (2.21) (black line) and the Gaussian distributed second order
equation (2.22) (scatter blueline).
Simulation parameters: Ny = 1x10"® cm® E=05¢eV, T, = 130K, T =
230K, B=0.1K/s, 0=0.02 eV, s’ = 1x10* cm® s?, n,, = 1x10% cm?,
E,=04¢eV, E, =06¢eV and E,, = 0.5 eV. The arrows indicate the
width at half maximum height.

Figure 2.5 shows a comparison between the TSL peaks produced by equation (2.14) and (2.22) with
the same Gaussian distribution of traps given in equation (2.15). A large temperature shift appears between
the two peaks. While the first order peak has the maximum at T,, = 181 K, the second order has its
maximum at T,, = 168 K. This situation is quite different with respect to the first and second order
simulated curves without a digtribution (equations (2.13) and (2.21)). Both peaks, smulated with this
equations, have the peak maximum at T,, = 183 K. This fact indicates that the presence of a distribution of
traps strongly influences the dimensions as well as the position of a second order peak. Furthermore, the
second order peak is more symmetric with respect to the first order one and, aways with respect to the first
order, its shape results even larger.

The TSL emission in the second order equation is distributed al long the temperature range of the
peak, otherwise the first order, where more light is concentrated in the increasing part, followed by a
suddenly intensity decrease. The second order curve shows on the high temperature side a longer tail. The
light intensity is better distributed along the peak because of the effect of the electron re-trapping.

Figure 2.6 shows a comparison between the peaks cal culated with the second order equations (2.21),
that hasa singleleved of energetic traps, and (2.22) that includes a Gaussian distribution of localised levels.
The presence of the trap distribution changes the shape and the position of the peak considerably, giving to
it atypical signature’. The shift in the maximum of the glove curve is much more pronounced with respect
to the first order case. The second order equation (2.20) has the peak maximum at T, = 183 K, while the
second order having Gaussian distributed states has its maximum at T, = 168 K, a much lower temperature
with adifference of 15 K.
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The arrows in figure 2.6 indicate the width of the two curves at half maximum height. The second
order Gaussian peak has a width at half maximum height of 21.6 K, while the second order with a single
level of traps has a smdler width of 19.5 K, with 2.1 K of difference. Again, like in thefirs order case, the
digtribution affects the width of the glow curve, expanding it of about 2 K, under the same parameters
conditions.

Using only equations (2.21) and (2.22) it is not possible to determine directly the frequency factor s.
According to equation (2.19) it is possible only to infer an approximated quantity depending on the ratio
A/A, generaly unknown. Anyhow, it is possible to deduce the order of magnitude of s supposing that the
recombination coefficient-trapping coefficient ratio is equal to 1. In that case the pre-exponential factor can
be estimated knowing the total density of traps N. In the simulations of figures 2.5 and 2.6 we set the ratio
A/JA =1 and thetota density of traps equa to theinitial density of electrons in the traps, i.e. we suppose a
completdy filled initial state. This last condition usualy keeps under real experimental conditions, when
we take careto fill completely the traps, shining the sample for an adequate time.

The derivation of equations (2.14) and (2.22) is possible only with the help of two important
approximations. In their general form the rate differentia equations, how we already underlined, are not
integrable. The first approximation, related to equations (2.7) and (2.8), can be see like a quasi-equilibrium
approximation. It ignores electrons in conduction band relatively to the number of trapped electrons. This
approximation involves, of course, alack in universa validity”.

The second approximation is the so called kinetic order approximation and it isrelated to equations
(2.11), (2.16) and (2.17). Both approximations are questionable, leading to an error on the analysis of areal
TSL glow curve. However, like already mentioned without such approximationsit is not possible to obtain
any analytical solution of therate differential equation system. Furthermore, the number of parameters that
must to be take into account during the direct numerical analysis of the differential equationsisto high in
order to give an unambiguous solution. It is proof”’ that the quasi-equilibrium assumption makes the
analytical solutionsvalid only in case of values of N > 10 cm™.

In principleit is possible also to overtake the kinetic order and the quasi equilibrium approximation
introducing at their place two new functions’®. This approach leads to a parameterised new general first
order equation that could be used for computer based fitting procedures. This more genera equation
contain six parameters, too many for any unambiguous fit. In order to reduce the number of parametersitis
necessary anyway to introduce new approximations and we are back again at the starting point! However,
the study on parameterised equations demonsgtrates, in case of first order, that the quas equilibrium
approach is very good and it leads always to excellent results™ with negligible errors on the energy depth
estimation.

Moreover, we should remark here that it is anywise necessary to make some assumptions on the
system under examination before to perform any kind of analysis about the physical phenomenathat we are
considering. Each approximation introduces an error that affects the exact knowledge of the physical
guantities we are looking for. In such a way we have only an estimation and not the true value of a physical
guantity, intending for “true’ a value not affected by errors. Such “true’ value of a physical quantity,
sometimes, does not exist at al. Without any hypothesis on the system under investigation it is smply not

possible to reach any univocal conclusion.
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The ability to extract information regarding the trapping parameters when al the observable
properties depend on severa variables is really challenging. However, there is a remarkable exception, the
traps depth E can be obtained, under certain strict experimental condition, that we will see in the next
chapters, by means of the “initial rise” method independently of the other parameters.

Part of the chapter 3 will be devoted to further analysis of equations (2.14) and (2.22), with different
kinds of digtributions. There the differences with respect to the Gaussian distribution will be further

discussed by means of numerical simulations performed with the help of a personal computer.

2.2. TSC and simultaneous measurements

A thermally stimulated current peak can be explained by means of the same mechanism governing TSL.
We define TSC the increase of conduction dues to charges thermally released from localised levels when
the sample is heated under an appropriate applied voltage. Like for TSL, the effect can be observed only
when the sample is properly excited at low temperature by means of a light of appropriated wavelength or
by an dectric field.

The electron rel ease mechanism from the traps is like the one illustrated in figure 2.2. Instead of the
light, generated by the recombination with the holes in the recombination centre, we collect the de-trapped
free eectrons running in the conduction band and driven by an applied externa dectric field. The
conductivity is expressed by the following equation (2.23).

o =eluln, (2.23)

Here e isthe dementary charge, i isthe eectron mobility and n. is again the concentration of free
electrons in conduction band. In order to write equation (2.23) it is necessary to make three major
assumptions:

a) Homogeneity, we postulate that the sasmple is perfectly homogeneous.

b) Absence of space charges.

c) Absence of minority carriers; the devices under investigation is monopolar.

The discussion can be symmetrically made for both holes or electrons. Assuming the eectron
mobility has a small dependency with respect to the temperature T, i.e. ¢ does not change significantly
during the glow peak development, the TSC peak is described by the temperature dependence of the
density of free electronsin conduction band n; (T). Using equation (2.2), (2.3) and (2.4), making the same
approximations and taking into account that the life time of the carriers in the conduction band is constant,
i. e. the concentration of holes in the recombination centre is constant, it is possible to obtain a first order
equation equivalent to the one obtained for a TSL peak.

However, with respect to a TSL experiment, because of the presence of the contacts, we are not
measuring only the sample, but the whole system conductance, which includes the contact effects.
Furthermore, the preparation of a metallic contact on the top of an organic film introduces at the interface
metal/organic new localised states.
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TSC measurements are widely used in order to determine the density and energy distribution of
traps. While by means of TSL experiments is not possible to measure the density of traps, a TSC peak
provides this information, integrating the current density J over time. In that way it is possible to estimate
the density of released charge and knowing the volume of the sampleit is possible to estimate the average
trap density related to each peak.

I Jdt <elN (2.24)

total

Equation (2.24) gives the lower limit of the trap dendty. If a TSL experiment is simultaneously
performed with the TSC, it is possible to proof the condition of validity of the quas equilibrium
approximation related to equations (2.7) and (2.8).

In a TSC experiment the detected current strongly depends on the transport properties of the
material under investigation. The conventional TSC model was devel oped in the frame of the band theory.
It exist an alternative model™® that assumes a hopping model for charge carriers. The electron (hole) moves
by thermaly assisted tunneling from one localised state to ancther one. The model allows to derive
information on the thermally activated mohility of the electrons. The peak position depends on the applied
field and sampl e thickness. However, measurements on samples of PPV show an unexpected independence
of the TSC peak position from the sample thickness. For that reason these measurements were interpreted
in the frame of the band theory®.

Simultaneous TSC and TSL measurements give more reliable information on the de-trapping and
recombination kinetics of carriers. Lewandowski and co-workers™ found an analytical solution of the
differential equation system (2.2), (2.3), (2.4) improving the understanding of the quasi equilibrium
approximation by the introduction of a quas equilibrium function. The anaytical solution in case of
simultaneous TSL and TSC experiments contains one term whose effect explicitly depends on these
approximation validity. Moreover an expression that enable to extract the energy trap depth in the case of
first order kinetics without making usage of the quasi equilibrium approximation is obtained.

The following equation (2.25) implicitly defines a quantity E’ that depends on the position of the
TSC peak.

EEL 1 i dinte M )
KT? Toa g T '

The TSC peak maximum temperature is Ty, While It is the maximum peak intensity. The
equation can be numerically solved with the help of a persona computer. The trap depth E is equivalent to
thevalue of E’ of the TSC peak maximum E = E” (T ).

The system, developed by Lewandowski, uses only few experimental points and considers the
frequency factor dependence from temperature. This dependency normally is not contemplated with other
anaysis methods.

31



Localised States in Organic Semiconductors and their Detection

2
E = KT,y |n§‘;(;g?( 4 kT“;ax E (2.26)

Tests made on theoretical TSC and TSL curves™ show that such analysis method is very reliable,
providing excellent results with errors on the estimated energy values of about 1%. The magjor limitation is
its validity only in case of a first order kinetic curve. Moreover, to perform simultaneous TSL and TSC
measurements is required. However, the simultaneous measurements approach provides an useful test in
order to obtain full information about not only the traps depth, the trap energetic profile, but also about the
density of states with a degree of reliability not possible using the two thermal techniques, TSL and TSC,

separately.

2.3. TSDC and DES

Besides the de-trapping phenomena that can be studied by means of experiments, TSL and TSC, polymers
have also various types of molecular relaxation. At low temperature local movements of molecular groups,
for example rotations, are possible, while at higher temperatures whole segments become mobile. Then,
increasing the temperature, the main chain becomes flexible and the polymer becomes rubbery reaching its
glass temperature. TSDC can check the activation energy of dipolar rotations (molecular mobilising), of
main chain mobilisation and the glass transition temperature.

In atypical TSDC experiment a sample is polarised at high temperature by means of an dectrical
field in the order of 10° VV/em. Then, it is cooled down at liquid nitrogen temperature. During the cooling,
by effect of the applied field, the dipoles of the polymer are oriented. At low temperature the field is
switched off, the sampleis short circuited over a sendtive picoammeter and after a certain time of storage
at low temperature, in the order of several minutes, when al the dectrica transents are gone, the sampleis
heated in a controlled way and the short circuit current recorded in function of temperature.

The aim of a TSDC experiment is to deduce from the obtained thermograms those kinetic
parameters which determinate a specific charge release. The theoretical treatment of the discharge current
arising from a polarised sample assumes that there is not current coming from the release of trapped
electrons or holes. The dipolar polarisation in such case is considered space independent. Unfortunately,
space charge and dipolar polarisation coexist in real samples and with a single experiment of TSDC it is
impossible to distinguish between peaks rising from de-trapping of charge carriers and peaks having a
depolarisation origin. However, it can append that the energetic distribution of localised charges is broad
and almost homogeneous along the sample. In such case the dipolar peaks are well recognisable when an
experiment is performed, standing out over the steady current increase due to the de-trapping effect.

After removing of the external field two competitive effects are responsible for the appearance of a
TSDC peaks. On one side the dipoles are oriented because of the internal dielectric field due to the fixed
space charges, on the other hand the therma motion acts randomising the dipoles. Following the work of J.
Vanderschueren and J. Gasiot” and the excellent work of J. van Turnhout® it is possible to describe the

polarisation and the depol arisation phenomena as follow.
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Assuming a Debye mode the polarisation building P can be described by the exponentia function
of time (2.27).

P(t)=C EE— e_TI H (2.27)

In equation (2.27) an ideal rotational friction model is assumed, C is the equilibrium polarisation
constant and t is the dipolar relaxation time. During a TSDC experiment the dipoles are disoriented with a
rate that can be described again by means of the Debye modd. Then, considering an identica polarisation
and depolarisation relaxation time, equation (2.28) describes the depolarisation decay.

-t

P(t)=Cle™ (2.28)
The density of the current generated during the decay is described by equation (2.29).

i = _GPM _ PO (2.29)

dt T
The current dengity J(t) in equation (2.29) is function of time. However, when a TSDC experiment
is performed thereisawell known dependency between time and temperature. Assuming the linear heating
rate, like for a TSL experiment, of equation (2.6), with the heating constant parameter 4, it is possible to
write the Debye rate equation (2.30).

_pt
P(t)=C[e {r (2.30)

Finally, integrating equation (2.30) we obtain expression (2.31) describing a TSDC current peak.

-1 ¢ S
. C(T E —ﬂ e /KidT
j(T)= ) (b ‘ (2.31)
TO
In equation (2.31) the variation of r as a function of temperature is given by the Arrhenius type law
(2.32) equivalent to equation (2.1) describing the probability of an el ectron to be released from atrap.

E

r(T) =71, @ (2.32)

In equations (2.31) and (2.32) 1y is the relaxation time at infinite temperature, it corresponds to the
inverse of the natural relaxation frequency a. The activation energy for the dipolar disorientation is given
by E.

Equation (2.31), describing a simple relaxation current peak, is totally similar to equation (2.14) for
a first order kinetic thermoluminescence peak. Like the similar TSL equation (2.14), it gives a typical
asymmetric curve. The firg integral dominates the initial part of the peak. At higher temperature the

exponential part dominates and the signal drops.
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The experimental data can be fitted assuming a minimum number of Arrhenius like peaks, having
each a single activation energy and a single natural frequency, or introducing a distribution function of
relaxation times and activation energy. The existence of relaxation time digtributions can be explained, in
polymers, by means of several mechanism like dipole-dipole interactions or internal anisotropy.
Furthermore, polymers have several possihilities of twisting, bending and entangling of the side chains as
well as, at higher temperature, of the main chain. Nevertheless, the simpler approach, i.e. the combination
of single peaks, gives excellent resultsfitting areal TSDC thermogram.

The simple equation (2.31) describes a TSDC peak far from the glass region. In this special case
different phenomena, related to changes in the free volume, take place. An approach to the problem is
described by Schrader®. In his analysis a non exponential decay in the time dependent kinetic is proposed.
The time dependence is aresult of the combination of cooling down in the glass region, as the polarisation
is frozen-in and the subsequent heating when the variation of the current density is recorded. Schrader’s
approach allows a qualitative description of the evolution of the TSDC spectra also in the high temperature
region of the thermograms.

Compared with dielectric spectroscopy it is well known that TSDC has a higher resolution and
sensitivity. In a conventional DES experiment the dielectric constant &* is measured as a function of the
frequency at various temperatures. The frequency varies for several orders of magnitude between 1x10* Hz
to 1x10° Hz. The equivalent frequency of a TSDC experiment is lower, ranging typically between 1x107
Hz and 1x102 Hz. As a result of the lower TSDC working frequency the relaxation peaks are located at
lower temperature, while the equivalent DES peaks often are located in inaccessible temperature ranges.

A suitable way in order to facilitate the interpretation of the results coming from the thermal
technique is to establish a theoretical correlation between DES and TSDC measurements. The two
techniques are different in a fundamental point, while TSDC is a non-isothermal technique in which time
and temperature vary according to a well known law, DES is an isothermal technique. The measurements
are done at constant temperature and the frequency is the varying parameter. For that reason the two
techniques can be regarded as complementary.

In a DES experiment a sinusoidal signal is applied to the sample. The dipoles attempt to follow the
frequency, but because they cannot respond to the voltage changes instantaneously a phase shift between
the applied voltage and the system response is recorded. The signal coming from a dielectric material can

be described by the complex dielectric constant e shown in equation (2.33).
e=¢g'-ig" (2.33)

The real part and the imaginary part of the above expression depend upon temperature and applied
frequencies trough the Debye equations (2.34) and (2.35)

' Ae
E=€,t ﬁ (2.34)
+w'T
" 24
E = Aglﬁ (2.35)
+w'T
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The quantity Ae describes the relaxation strengths trough the following equation (2.36).
Ae=¢g,-€, (2.36)

In the above equations &, indicates the dielectric constant at low frequencies (static limit), while g, is
the didectric congtant at high frequencies, the so called optical limit, and o is the applied angular

frequency.
We can impose the equivalence (2.37) between the relaxation peak maximum and the TSDC current

peak maximum.
Ena I ] e (2.37)

The maximum condition for the imaginary part of the dielectric complex constant can be found

differentiating equation (2.35) with respect to the applied frequency.

" 2.2\ _ 2 N
2 _ ppfra'T) —ar@er) 2%
ow ] A+ wT?) N
T+wr®-2w?r®* =0 (2.39)

The condition for the equivalent maximum isthen equation (2.40).

W = (2.40)

max

N

Based on equation (2.40) it is possible to write the maximum for the dipolar relaxation time 7. by

means of equation (2.41)

T =T, == (2.41)

Solving equation (2.41) we find the temperature maximum in case of a dielectric peak (2.45)

E

Int, @™ = Inl (2.42)
W

£=In1—lnr0 =Ini (2.43)

KT, w wr,

Using condition (2.40) and (2.41) we can write

i = n& (244)

kT w

m

Then, the expected temperature maximum in case of a dielectric peak is expressed by means of the
following equation (2.45)
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T = Ew (2.45)
kln—
w

In equation (2.45) @ indicates the applied angular frequency while ay is the frequency factor of the
dielectric peak under investigation.

Equation (2.45) allows to determine the temperature range around the T,,, value to be analysed in
order to verify whether the n-peak in TSDC spectra has a dipolar nature. The value w indicates the expected
frequency maximum for the DES pesk and can be fixed at 1x10* Hz, in the middle of the instrumental
range. The quantity wg indicates the natural frequency factor of both the TSDC and the ¢’ peak. This value
can be easily calculated from the numerical analysis of the TSDC curve.

The thermally stimulated technique has a higher resolution with respect to the dielectric
spectroscopy. For such reason the absence of a DES peak in the calculated equivalent temperature does not
mean that the TSDC peak does not have a dipolar origin. Further analyses are necessary in order to verify
such hypothesis. A further problem arises from the fact that DES peaks are expected at higher temperature.
Wl resolved TSDC peaks often have their DES equivalent at too high temperature which is beyond a
temperature where the sample could be destroyed. For such reason they are inaccessible with DES
measurements and then it isimpossible in that way to verify the hypothesis of a dipolar peak.

On the other hand the maximum condition for a TSDC peak can be derived as follow. Considering
equation (2.29) and its derivative (2.46) we can write

dj d?P d P

9-0= > = ——B— (2.46)
dt dt dt Or O

From equation (2.46) according to van Turnhout® it is possible to verify that the current maximum

occurs at

dr

—=-1 2.47
o (2.47)
or equivalently:

dr 1

== (2.48)
dT B

Based on equations (2.47) and (2.48) it is possible to demonstrate that the maximum condition for a
TSDC Debye peak can be expressed by means of the following equation (2.48)%.

T = E (2.49)

E
kHn——-2C
Brok
Here C isan approximately constant value in the range of interest for temperature and energy of the
TSDC peaks. ItsvalueisC ~ 3.5
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Comparing equations (2.48) and (2.45) we can find the dependence of the frequency maximum , in
case of a dielectric peak, with respect to the activation energy, and the heating rate, equation (2.49).

w 010° %,B (2.50)

This equation assigns an “equivalence frequency” to the TSDC experiment which depends on the

heating rate and also on the material parameters like the mean activation energy of the relaxation process.
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3. Glow curve analysis

Studying real thermograms the main problem is to obtain the highest number of reliable and useful
information from the shape of an experimental peak. In the past, many experimentalists coped with such
problem and several methods have been developed in order to analyse the experimental TSL, TSC and
TSDC glow curves. All the developed methods can be roughly divided in two major families; the methods
based on the curve shape and the methods based on some special points of the thermograms.

One of the most reliable and popular method, theinitial rise method, belongs to the second category.
Using the experimental points of a TSL, TSC or TSDC peak in the initial rise region, it provides
fundamenta information about the energy depth of a localised level of traps, independent of the other
parameters, likethe kinetic order or the frequency factor, governing the thermal curves.

On the other hand curve fitting belongs to the category of methods based on the whole curve shape.
The numerical solution of TSL equations of first and second order permits to fit the experimental glow
curves. In this case al the experimentd points of a peak are equaly important and all parameters are
simultaneoudly involved in the fitting procedure, including the parameters governing the distribution of
localised states, like the distribution width or the distribution type.

Because of the fact that multiple parameters are varying simultaneoudly, it is advisable to analyse
the experimental peaks by means of different methods in order to compare the results and in such way to
obtain more reliable numbers.

The dependence of the peak shape from the sensitive parameters of the rate equations is studied in
more detail in the following, through numerical simulations of first and second-order kinetic equations
derived in the previous chapter. Different kinds of trap distributions are take into account and their
differences are al so discussed.

A Gaussian distribution can be regarded as an universal digribution. Adjusting its parameters o, that
represent the distribution width, E,, the digtribution central value and the integration limits E; and E, it is
possible to obtain glow curves having an exponentia like distribution or even a quasi continuos distribution
shape.

Simulations show how it is possible to get fundamenta information about energy depth, frequency
factor and the trap distribution parameters from different experimental shapes of the peaks.

3.1. Techniques for glow curve analysis

The main goal in the analysis of thermally stimulated curves is to extract the parameters concerning the
localised states. The trap depth E, the frequency factor s, the kinetic order and, in case of presence of atrap
digtribution, the digtribution shape and the related parameters are very important factors in order to
understand the nature of localised states.

One of the most popular and reliabl e technique used to extract information about the trap depth only
is theinitial rise method, proposed first time by Garlick and Gibson in 1948%. Looking to equations (2.14)
and (2.21), immediately it is possible to recognise that the value of the integral part of the equations
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depending on temperature T, isavery small number when the sample starts to be heated. If we suppose that
the density of trapped carriers n is approximately constant, it is possible to write the following approximate
equation (3.1).

I(T)=cle & (31)

Here ¢ is a constant comprehensive of all other parameters dowly changing with temperature.
Equation (3.1) is dways valid it is not important whether the traps are energeticdly distributed, and it is
also independent of the recombination kinetic order.

According to equation (3.1) the plot of the logarithm of the intensity versus the inverse of the
temperature gives a straight line with slope —E/K. From that slope the activation energy E is immediately
calculated. The important assumption is that the trapped carriers concentration n is still approximately
constant up to a certain critical temperature T, i. e. few carriers have been de-trapped. Beyond T, the
approximation is not anymore valid and the error on the calculated E increases. The major drawback of the
technique is that all useful points, where the assumption n = constant is valid, lie on the worst part of the
glow curve; at the beginning of the peak. Often it coincides with the starting point of the thermogram.
There, small oscillations of the heating rate that can affect the peak shape are often observed.

In other cases the complex structure of a glow curve is composed of several peaks not well resolved.
In such cases it is not possible to apply directly the method because of the different trap level energies
influencing the initial rise. A useful approach generally used to overcome the problem is to “clean” the
peaks. The so called partial cleaning procedure consists of several cycles of sample heating and cooling.
The sample is heated up until the previous neighbouring peak is completely erased. In such way its trap
levels are emptied while temperature reaches a certain level beyond the peak maximum. The sample is then
rapidly cooled and a new heating cycle starts. The secondary peak, that was partially hidden from the
previous one, appears entirely.

After the partial cleaning procedure it is possible to apply the initial rising method to each resulting
cleaned peak. Nevertheless, the procedure, also if it seems to be straightforward, requires attention in the
practical application. It is quite difficult to determine the end of a peak and the beginning of the next one.
The arbitrary choice of the inversion point strongly affects the calculated initial rise energy value. In effect,
because of the overlapping of two peaks, a certain amount of electrons coming from the first peak, when it
is not completely cleaned, can effect the second peak on the sensitive region of the initial rise, charging the
calculated energy with an error difficult to estimate.

An improved version of the partial cleaning procedure is the maximum temperature recording
technique. The sample is excited, like in the usual procedure, at low temperature. Then a small
thermoluminescence cycle starts up to an intermediate temperature called Tgop. The sample is rapidly
cooled and reheated, and at this time the whole glow curve is developed. The position of the first maximum
Tmis then recorded. The heating rate is for each cycle exactly the same.

The procedure is repeated several times slightly increasing the stop temperature, obtaining a set of
values T, versus Tgq. By means of such procedure the trap population changes, the number of trapped

electrons diminishes during each cycle. As a matter of fact the position of the peak maximum, in case of a
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Fig. 3.1 TSL calculated first order glow curves for different initia filling densities.

Simulation parameters: ny = 1x10' cm™, E= 0.4 eV, = 0.1 K/sand s = 1x
102 s,
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Fig. 3.2 TSL calculated second order glow curves for different initid filling densities.

Simulation parameters: ny = 110" cm®, E = 0.4 eV, 8= 0.1 K/s, N = 1x10™®
em?® s=1x 10“ st and A/A= 1.

single trap level, does not change or changes very dowly for the first order kinetic and the second order
Kinetic, respectivey, as shown in figures 3.1 and 3.2.

Figure 3.1 shows afirst order kinetic glow curve with asingle level of localised states in function of
different trap filling that simulates the gradual trap emptying obtained by mean of the above explained
therma cycles. The position of the peak maximum does not change, though, the relative intensity of the
peaks changes dramatically.
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Fig. 3.3 Expected curves Ty, - Tsrop shape method for first order and second
order kinetic, in the case of asingle, multiple pesk or a distribution
of traps. (Adapted from McKeever [85]).

Figure 3.2 shows how the peak evolves in function of trap filling in case of the second order
equation (2.14). The position of the peak maximum changes dightly and it is necessary to take into account
this small effect applying the technique.

Tm-Tsop Method is simple and reliable. It gives useful information about composition of the peak,
order of kinetic and eventual presence of a continuos distribution of traps.

According to McKeever® figure 3.3 shows the expected shape of the T, versus Tsop graphs.
Different possible cases are illustrated. The presence of severa peaks, in afirst order curve, is highlighted
by a staircase shaped graph. The same graph has a smoother staircase shape in case of a second order
Kinetic equation. A graight line appears when a single peak of first order is present, while for a second
order single peak an up-going line suddenly emerges. For both first and second order kinetic, we expect, in
case of a continuous distribution of traps, a straight line with a pronounced slope.

The illustrated method, developed by McKeever, is time consuming but very easy to apply.
However, it requires some experimental caution. It is particularly important to illuminate the sample
exactly a the same temperature for each T, - Tgop Cyclein order to avoid spurious changesin the position of
the peak maximum. In such case there is no control over the position of the temperature maximum of the
peaks and the method is then inapplicable.

A different way, that can be followed in order to get information about the sensible parameters of a
glow curve, is the peak shape method. This method involves only a few experimental points of the glow
curves, but the most reiable ones; the peak maximum and the two points at increasing and a decreasing
sides at half maximum®®, respectively.

The peak shape method is based on Lushchik’s formula®. Figure 3.4 defines the quantities involved
in the definition. Lushchik compares the area under the peak with the triangle that has the same width at
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half height and the same height (compare figure 3.4). This comparison can be mathematically expressed by
means of the following equation (3.2).

50, =B, (32)

Here |, isthe maximum thermoluminescence intensity, Sis the heating rate and n,, the concentration

of electrons at maximum intensity expressed by equation (3.3) and ¢ isthe quantity defined in figure 3.4.
nm=JMT (33

From equation (2.12) for the first order kinetic we can write the following equation (3.4),

1. sk (3.4)

n
that at the maximum is.

_E
To - sle s, (3.5)
n

m

The maximum condition for the first order equation (2.14) is then the following equation (3.6).

_E
|l<8 E[rEZ =sle s, (3.6)

From equations (3.5) and (3.6) using the assumption (3.2) it is possible to write:
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KTZ n o 3.7

From the above equation follows Lushchik’s formula for the first order kinetic, equation (3.8).

_kO,
5

E 3.8)

Following the same route it is possible to extract an analogue formula for the second order kinetic,
equation (3.9).

_2k[T?
o

E

(3.9)

Both formulas are depending from the “triangle assumption™ (3.2) that gives an error of about 2%
for the first order and about 10% in the case of the second order kinetic.

In order to understand which formula of (3.8) and (3.9) should be applied, it is necessary to know
previously the order of the kinetics. According to Halperin and Braner® we can determine the order using
the symmetry factor u defined by the following equation (3.10) in agreement with the quantities already

defined in figure 3.4.

=< (3.10)

The so defined symmetry factor varies continuously as function of the re-trapping probability, from
0.42 in the case of pure first order, via negligible re-trapping, up to 0.52 for the pure second order, high re-
trapping probability. The analysis of the possible intermediate numbers as well as the discussion of lower
and higher symmetry factor values goes beyond this work and can be found in the valuable book of Chen®®.

The shape method has severe limits. First of all a lack of precision connected with the triangle
assumption. Further, it is not possible to apply it to peaks not completely isolated. This peak analysis
technique often gives controversial results with respect to the initial rise method, which gives always more
reliable® values. However, the symmetry factor method can give a hint about the kinetic order®® in order

to perform further investigations and to use a more refined analysis.

3.2 Numerical ssimulations

In contrast to the initial rise and the peak shape method, the curve fitting procedure does not use only a few
points or a simplified formula, but is based on all the available experimental points. The computing power
for numerical simulations is not anymore a problem like in the recent past. In principle, thanks to the
computing power of the modern personal computers it is possible to solve numerically the system of
differential equations (2.2), (2.3) and (2.4). Unfortunately, the parameters involved in such set of
differential equations are too many. Several different combinations” of the variables can fit the same peak

shape, making impossible to decide what are their real values. Moreover, the presence of localised levels
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Fig. 35 TSL simulated first order glow curvesin function of different values of
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Fig. 3.6 TSL simulated first order glow curves in function of different values
of frequency factor s. Simulation parameters: n, = 1x10*° cm™®, 8=
0.1K/sandE=0.4¢V.

having a certain type of distribution further complicates the problem, increasing the number of
parameters fregly floating. For this reason it is fruitful to use a smplified approach that implies the
anaytical solutions of the differential rate equations (2.14) and (2.22).

Equations (2.14) and (2.22), for the first and the second order Kinetic, respectively, are numerically solved
by means of a personal computer and the computing program Wolfram Mathematica®™. Both equations
contain theintegral of the energy that takes the trapping states density distribution into account.
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The fitting procedure usualy follows a scheme which consistsin the sequentid variation of the main
parameters involved in the equations, energy depth, frequency factor and the variables of the density of
states distribution, in order to obtain the best curve shape, matching an experimenta peak.

The figures indgde this section show how the different parameters involved in equations (2.13)-
(2.21) interplay and which isthe effect of different types of trap distributions on the curve shape. The main
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Fig. 3.7 TSL simulated second order glow curves in function of different energy values.

Simulation parameters: ny = 1x10™ cm®, £=0.1 K/s, N = 1x10™ cm™, s = 1x
10°stand A/A=1.
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Fig. 3.8 TSL intensity map of the simulated second order glow curves in function of
different frequency factor values. Smulation parameters: ny = 1x10" cm?, 8=
0.1K/s,N=1x10" cm?® s=1x 10°s'and A/A= 1.
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Fig. 39  TSL 3-D numerical smulation of second order glow curves. Simulation parameters: ny = 1x10* cm?®, 8=
0.1K/sandE=04¢eV.

goal is to be able to obtain, from first order kinetic and from second order kinetic rate equations, curve
shapes suitable to fit the real TSL curves and then to study their behaviour under systematic parameter
variation.

We start with the simple first order equation (2.13) illustrated by means of the numerical simulation
of figure 3.5. Keeping the frequency factor at a fixed value, s = 1x10™ s*, the simulation shows how the
peak evolves in function of different values of the energy, ranging fromE =0.2 eV to E=0.5¢eV. A smdl
variation in energy changes significantly the curve. Analysing the peaks we can observe that while the
curve at low energy is quite symmetrical, at higher energy the peak tends to be more asymmetric with a
considerable reduction of maximum intensity. However, the area under the peaksis aways the same, being
the number of released electrons from thelocalised levels constant for each peak.

The variation of the frequency factor s alows to obtain a new set of curves looking exactly like the
peaks of figure 3.5. The energy, in the smulations of figure 3.6, has a fixed value, E = 0.4 eV, only the
frequency factor changes. The TSL peak evolves from a symmetric shape, at low temperature, to a
completely asymmetric one at higher temperature, but, with respect to figure 3.5, it is less shifted on the
temperature scale. The frequency factor has a smaller influence on the curve shape with respect to the
energy depth of the localised levels E. It is necessary to vary s by several orders of magnitude, from 1x10°°
s to 1x10™ s?, in order to obtain a sensible variation of the glow curves, which is possible to observe in
case of the present numerical simulations.

Hence, the dependence of the thermostimulated glow curves on s is significantly smaller than the
dependence on E. This effect is disadvantageous performing the fitting procedure of real glow curves.
Several values of the frequency factor can fit area peak quite well making sometimes impossible to extract
an exact value of it. Just to extract areasonable order of magnitude for sis,sometimes, already a very good
result. Both simulations of figures 3.5 and 3.6 have the same concentration of trapped electrons at the

starting timeto of ng = 1x10% cm™.
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The 3 dimensional (3-D) graph of figure 3.7 represents the numerical simulation of the second order
equation (2.21) in function of temperature and activation energy. On the contrary of the first order kinetic,
the peaks are more symmetric. Furthermore, increasing the energy the peaks shift from amaximum at T, =
105 K to Ty, = 245 K. At high temperature the shape of the peak is still symmetric, but the relative intensity,
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Fig. 3.10 TSL numerical smulation of Gaussian distributed first order glow curves.
Simulation parameters: ny, = 1x10% cm®, 8= 0.1 K/s, s= 1x10? s, = 0.02
eV,E;=04eVadE,=06¢V.
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Fig. 3.11 TSL numerical smulation of Gaussian distributed first order glow curves.
Simulation parameters: ny, = 1x10% cm®, f= 0.1 K/s, E,= 0.5V, o = 0.02
eV,E;=04eVadE,=06¢V.
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according to figure 3.8 decreases from 5.5x10° a. u. to 3.5x10° a u.

Figure 3.8 shows simply the intensity map of the peaks of figure 3.7. This kind of graphica
presentation allows to appreciate the evol ution of the position of the peak maximum and its broadening as a
function of temperature.

The two graphs of figure 3.9 show the simulation of the second order kinetic equation 2.21 as a
function of the variation of the pseudo-frequency factor s’ from 102 s* to 10* s*. Considering the A/A
ratio equal to 1 and keeping constant all other parameters, this corresponds to a variation of s of two orders
of magnitude from 10* s* up to 10" s*. Again, like in case of first order kinetics it is possible to observe a
shift of the peak maximum from low to high temperature in function of decreasing values of s. And again,
similarly to the first order case, the impact of the pseudo-frequency factor on the peak position is much
smaller than the influence of the energetic depth of thetraps.

Like in the first-order case aso in case of second order kinetic equations, the peak shape changes
dowly with varying s. This fact makes it very difficult to fine-tune the pre-exponential factor values during
thefitting procedure of an experimental glow curve.

The equations of first and second order kinetics for a single trap level are numericaly easy to be
solved. In fact both are depending only on the two parameters E and s, where the second one changes the
peak only weakly with respect to the firs one. The other parameters, like the density of traps, do not play
any role on the position of the peak, in case of first order, or have a small impact on it in case of second
order. Considering that, it is possible, in most cases, to get fundamental information about the energetic
depth by means of the initial rise method and of the cleaning techniques. In such easy cases, substantially,
the only parameter |€ft isthe frequency factor.

Assuming a level of density of trapping states higher than 10™ cm®, the application of the fitting
procedure with theinitial rise method gives very reliable results.

3.2.1. Gaussian distribution

With respect to the simple first and second order kinetic equation having only a single level of traps the
introduction of a Gaussian digtribution of localised states, equations (2.14) and (2.22) has a degp impact on
the TSL peak shape. The Gaussian distribution was already described in chapter 2, by means of equation
(2.15) and the rlated figure 2.3. The main parameter governing such distribution is the distribution width,
o (see equation (2.15)) that determines how broad is the distribution of localised states.

Introducing the Gaussian function inside equations (2.13) and (2.21) we must deal with a further
difficulty connected with the limits of the energy integral. The two limits, E; and E,, how we will seein the
following discussion, play a major role in the determination of the shape of a TSL peak. In general we can
regard them like a single parameter, in effect they are strictly related though, in principle, they can vary
independently.

The 3-D graph of figure 3.10 shows the position of the peak maximum as function of various energy
values in case of the first order kinetic with a Gaussian distribution of states, equation (2.14), while 3-D
figure 3.11 shows the impact of the frequency factor variation on the sasme first order equation.
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Fig. 3.12 TSL numerical smulation of Gaussian distributed second order peaks.
Simulation parameters: ny, = 1x10*® cm® 8= 0.1K/s, 0=0.1eV, E; =
0.2eV,E=04¢eV,N=1x10%cm? s= 1x 10“ st and A/A= 1.

Energy maximum E,, and frequency factor s have a weaker influence on the shape and also on the
relative intendty of the curves with respect to the peaks calculated for the pure first and second order
Kinetics. The variation of the energy maximum peak from E,, = 0.3 €V to E,, = 0.4 eV imposes, how it is
possible to observe in figure 3.10, avariation in the temperature maximum of the peak from T, = 110 K up
to Ty, = 140 K. Furthermore, the density map graph, displayed under both figures, shows that the width of
the curvesisnegligibly influenced and it is gill almost unchanged in the full range under investigation.

Like in the pure firgt order, the frequency factor has a smaller impact than the maximum energy E,
on the general shape and on temperature maximum position of the peaks. In the 3-D simulation of figure
3.11 s varies by two orders of magnitude, from s = 1x10" s* up to s = 1x10™ s*, while the temperature
maximum position diminishes dowly from T,, = 170 K to T,, = 160 K. Moreover, the intensity and the
symmetry of the peak remain almost unchanged.

The same effect can be observed in case of the second order equation with a Gaussian distribution of
localised levels, equation (2.22). Like in the pure second order the curves are more symmetric with respect
to the first order case, and also the temperature maximum of the peak changes dowly in function of the
pseudo frequency factor s’.

Figure 3.12 shows the 3-D numerically calculated glow curve for the second order kinetic equation
with a Gaussian distribution of states (2.22). In that 3-D graphical representation the varying parameter is
the maximum energy E.,, while the other sensitive values, listed in the figure caption, are still the same. The
integration limitsfor the energy are E; = 0.2 €V, E, = 0.4 €V, while the value of the maximum distribution
E., varies continuoudly in the interval from E;,, = 0.1 €V to E,, = 0.5 eV. Shape and position of the
maximum of the peak change dramatically depending on where the point of the maximum of the
digribution lies, whether inside or outside of the integration interval. In this case the maximum peak
temperature varies from T, = 70 K to T,, = 125 K. At the low temperature side the peak rises steeply for
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low activation energies, while it decreases with along tail on the high-temperature side. On the high energy
side of the plot the peak symmetry is different. It grows sower at the low-temperature side and then it
decreases dightly faster on the high temperature sde compared to the curves with low activation energy.
This behaviour of the peak can be better figured out by means of the 3-D graph of figure 3.13. This
numerical simulation hasthe same set of parameters as used for figure 3.12, but it shows the peaks from an

opposite point of view.
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Fig. 3.13 TSL numerical smulation of Gaussian distributed second order glow curves.
Simulation parameters: n, = 1x10** cm® = 0.1K/s, 0 =0.1eV, E; = 0.2
eV, E;=04eV,N=1x10% cm® s=1x 10" s* and A/A=11
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Fig. 314  TSL numerical smulation of Gaussian distributed second order glow pesks.
Simulation parameters: n, = 1x10'® cm®, f= 0.1 K/s, E,= 0.3 €V, E; =0.2 eV,
E,=0.4eV,N=1x10" cm?® s=1x 10" s* and A/A= 1.
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Before to discuss the physical meaning of the position of the maximum distribution energy peak E,
outside values of the integration limits, we further consider the incidence of the variation of the width of the
digtribution, g; and the influence of the integration limits on the peak shape.

Figure 3.14 shows the 3-D numerical simulation of the second order glow curve varying o by two
orders of magnitude, from o = 0.03 eV to g = 0.3 eV. We can observe that the lower values of o do not
have any impact on the peak shape. The value o = 0.03 eV is very small and the peak is almost not
influenced by the presence of the trap distribution. It keeps the same shape and symmetry like a single trap
level peak of the second order equation 2.13. Increasing the distribution width the peak shape changes
completdy, though the position of the temperature maximum remains untouched. For high values of ¢,
exceeding 0.05 eV, the peak looses itstypical shape and startsto flatten. In this case the charges are broadly
distributed in energy and such distribution can be considered asa quasi continuous one.

Changing the integration limits, E; and E,, the position of the temperature maximum of a TSL peak
does not change in both first and second order kinetic cases. Figure 3.15 shows, in particular, the position
and the shape of a second order kinetic TSL peak in function of the variation of the upper limit E, of the
integral. Increasing this value, exclusively the dimension and shape of the high temperature tail of the peak
changes. At higher values of E, the tail assumes a broad shape and after a certain value, E; = 0.8 eV in the
current example, the shape does not change significantly. For that reason it is an easy task to find the best
integration interval during the fitting procedure. In the particular case of the smulation parameters used in
order to obtain the peak of figure 3.15, thereis no influence at all on the tail shape due to the occurrence of
values of E;, higher than 0.8 eV.

In general the integration limits of both equations (2.14) and (2.22) should be chosen in away which
takes into account the influence that they have on the curve tails. One should also consider the minimum
integral interval necessary in order to optimise the computing time. The opportunity to change the shape of
the low and high temperature tail of the curve without influencing the peak temperature maximum position,
isagood feature of the modd, that allows to fine-tune the fit of the peak tails of an experimental TSL glow
curve.

The same features are observed for the lower integral limit E;. In this case, a decreasing value of E;
means to enlarge the integration range on the low energy side. The maximum peak position does not
change, but the shape of the low temperature tail is broadened. Like in case of E; there exists a minimum
value of E; below which a further lowering of this value does not influence the shape of the low
temperature side of the calculated TSL peak.

The value of the maximum energy E;, is a further important parameter for curves having a Gaussian
digtribution of localised states. In principle the value of E;, should lies inside the integration interval E;-E.
Effectively, only in such case we are considering the full distribution of states with its characteristic
Gaussian shape. Otherwise, the shape of the distribution is not Gaussian anymore, and the distribution
assumes an exponential like form related to only one side of the whole former distribution.

Figure 3.16 shows the numerical simulation of the second order equation (2.22) with a Gaussian
digtribution of localised states. In this case we change the position of the energy maximum from E;,, = 0.2

eV to E,, = 0.02 eV. Theintegration limitsare E; = 0.2 eV and E, = 0.4 eV. In thisway we are moving the
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digtribution maximum from the coincidence with the lower extreme of the integration limits to a value
completely outside of them. This procedure is equivalent, in areal experiment, to apply the partial cleaning
technique. Furthermore, it is also equivalent to a not completely filled up distribution of localised states. In
both cases the resulting TSL peak only apparently has an exponential distribution of traps. Effectivey, this
isnot true, the resulting exponentia distribution, that often isinvoked in order to explain theresults, isjust
an artefact of the experimental conditions.

The above numerical simulations proof that it is not possible to apply the fitting procedure to
thermal cleaned peaks or to levels of traps only partialy filled in order to obtain the shape of the localised
state distribution without to take into account the effect on the distribution shape related to particular
experimental conditions.

When the value of E,, is lower than the value of E; like in the case of figures 3.16 and 3.18, the
digtribution of state is not anymore Gaussian. We are considering only a branch of the former Gaussian
digtribution. However, though the maximum of the distribution resides outside, it is still an important
parameter, determining the shape of the exponentid. This point is further illustrated by means of figure
3.17. The graph shows a Gaussian distribution of states between 0 eV, the edge of the conduction band in
our model, and 1 eV inside the energy gap. If during the numerical simulation we integrate equations (2.14)

and (2.22) considering the integral limits only between E; = 0.2 eV and E, = 0.4 eV the resulting general
shape of the distribution isnot Gaussian but it has the shape of a certain portion of the Gaussian sidei.e. the
shapeisrelated to an exponential.
This situation is illustrated by means of the red line superimposed onto the lower Gaussian
digtribution branch in figure 3.17. The inclination and the position of this pseudo-exponential distribution
are ill fully determined by the parameters of the former Gaussian, but the resulting distribution of states,
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Fig. 3.15 TSL numerical smulation of the gaussian distributed second order glow
curve for different values of one integration limits E,. 8 E;=0.2 E,=0.4, b)
E.=0.2 E,=0.5, ¢) E;=0.2 E,=0.8. Simulation parameters: n,=1x10% cm?, £
=0.1K/s, E;=0.3 eV, N=1x10" cm®, s=1x 10" s and A/A=1.
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Fig. 3.16 TSL numerical smulation of Gaussian distributed second order peaksin case
of different values of maximum energy E,. Simulaion parameters. n,, =
1x10" cm®, £ = 0.1 K/s, Ey, = 0.3 eV, N = 1x10% cm?®, s = 1x 10" s* and
AJA=1.

with an appropriate choice of the integral boundaries, is clearly exponentia. This fact will be particularly
important interpreting the results emerging during the fitting procedure of partially cleaned peaks. In such
case, because of the thermal cycling, the distribution isjust a branch of the Gaussian original one and gives
an apparent exponential distribution, however the Gaussian parameters are ill under the apparent

exponentia shape and in principle they can be easily extracted through the fitting procedure.
A further remark, concerning the figures 3.16 and 3.15 showing TSL peaks humerically calculated
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Fig. 317  Gaussan distribution of states. n, = 1x10*® cm®, o =0.1eV, E,=05¢eV.
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Fig. 3.18 TSL numerical smulation of Gaussian distributed second order peaks. Simulation
parameters: Ny, = 1x10% cm®, 8= 0.1K/s, 0 =0.1eV E; =0.2¢eV, E, =0.4eV, N =
1x10*® cm® s=1x 10 s*and A/JA= 1.

under assumption of a Gaussian distribution of energy. Here different integration limits have been used for
the energy range. All peaks are normalised to 1. Figure 3.18 contains a 3-D graph showing TSL peaks for
different values of the mean energy E, which lies outside of the integration limits as mentioned above.
Here the peak area is normalised. This implies an obvious change of TSL peak intensity due to the
pronounced changes of the peak shape. In such away it is possible to visualise the influence of the position
of E,, on the intensity of the peak. Like expected, the intensity of the peaks diminishes and the curve is
flattened due to the smaller amount of electrons available to recombine. This effect appears clearly also in
the experimental curves and can be taken as a further sign indicating the occurrence of a pseudo-
exponentia distribution of localised states arising from aincompletely filled distribution of traps.

3.2.2. Uniform and exponential distributions

Although from the atistical point of view one always expects a Gaussian distribution of traps, in literature
especially on inorganic materials, the broad TSL peaks are often explained by means of an exponentia
digtributions of localised levels. In the discussion above we have shown already that a Gaussian distribution
can appear exponential like because of the thermal cycling. Neverthe ess, we further consider some features
of the exponential and uniform distributions though the physical basis of such kind of distributions is not
well understood and on can assume that they are often just an experimental artefact.

The exponential and the quasi continuous distribution inserted in the first and second order TSL
equations (2.14) and (2.22) are described by the following equations (3.9) and (3.10), respectively.

(BB
n(E)=ne *- (3.9)
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200

Fig. 3.19 TSL numerical simulation of exponential distributed first order peaks. Simulation
parameters: n, = 1x10™ cm®, f=0.1K/s, s= 1x10" s, T, = 1000 K, E; = 0.2 eV and E;
=04eV.

n(E) =n, 0 (3.10)

Here n. and n. are the constant density of localised states of the exponential and continuous
digtribution respectively, while E; and E, indicate the edges of the energy distributions. In case of an
exponentia distribution we assume the gtarting point, E,, equal to zero. T, is the characterigtic temperature
of the exponential distribution and this parameter affects especially the curvature radius of the function.
Using these distributionsit is possible to solve equations (2.14) and (2.22) numerically.

The 3-D graph of figure 3.19 shows the numerical simulation of the exponential first order kinetic
equation (2.14). The value of E, ranges from E, = 0.25 eV to E, = 0.35 eV. The characteristic temperature
chosen for this smulation is 1000 K. This value alows a distribution shape, in interplay with the other
parameters, compatible with the numerical simulations of the Gaussian distribution shown in the previous
part of this chapter. The integration limits used in the equation in order to obtain the graph are E; = 0.2 and
E, = 0.4 eV, while the value of the congtant is n. = 1x10™ cm™, s = 1x10™ and the heating rate is fixed like
usual to 5=0.1K/s.

Examining figure 3.19 at low temperature, around 80 K, it is possible to observe the typical step
occurring always with this kind of distribution. Then the curve increases smoothly and after the peak it
decreases more stegply on the high temperature side. With respect to the anal ogous Gaussian type the curve
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Fig. 3.20 Solid line: numerica simulation of the quas continuous linear distributed
first order pesk. Dotted line Gaussian distributed first order glow curve.
Simulation parameters: 8= 0.1 K/s, s = 1x10° s, E; = 0.36 eV, E, = 0.44
eV, ne = 1x10"° cm® E, = 0 eV, E, = 2 eV, N, = 1x10"° om®, 0= 0.12 eV
and E,,=0.43¢eV.

is more asymmetric. Nevertheless, it is possible to adjust the parameters in order to obtain two glow curve
shapes perfectly matching to both distributions.

The next figure 3.20 shows a single first order glow curve having the quas continuous trap
digtribution of equation 3.10 compared with a similar Gaussian first order equation. Both the Gaussian and
the quas linear digtribution have the same integral boundaries, E; = 0.36 eV, E, = 0.44 eV, the pre-
exponential factor iss= 1x10" s* and heating rate is till fixed at 8= 0.1 K/s. The densities of traps are n,
= 1x10% cm™ and n,, = 1x10™ cm™, respectively. While the characteristic parameters of the Gaussian are o
=0.12 eV and E;,, = 0.43 eV, the parameters for the quasi-continuous distribution are E; =0 eV and E, = 2
eV. The two simulated glow curves are indistinguishable. A large flat region on the top of the curves
indicates the broad trap digtribution that in case of the quasi-continuous distribution cover an extension of 2
eV while in case of the Gaussian the width parameter isonly o= 1.2 eV. A Gaussian distribution with an
appropriate choice of parameters can perfectly simulate the quasi continuous one, representing a sort of
degeneration of the Gaussian case. There are several other examples like the one presented in figure 3.20
where the same curve can be described by completely different distribution functions.

This fact indicates that the Gaussian distribution can be considered to be a flexible universa
digtribution function. This suggests that the only real distribution of localised states occurring in a material
is a Gaussian one. This kind of distribution can degenerate into different forms depending on the traps
filling conditions or, like in the quasi continuous case on the total amount of traps. Using the correct
parameters, a Gaussian type of distribution can give very sharp asymmetric peaks, like an exponential
distribution as well as symmetric and very broad peaks.
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Moreover the physical meaning of such kind of distribution can be understood as consequence of the
statistical disorder typical for organic materias. However, the number of parameters involved during the
fitting procedure of an experimental peak can rise always to a certain degree of uncertainty. Especially for
very symmetric peaks, sometimes, different combination of parameters can describe the same shape of the
peak. In genera, the analysis of the experimental glow curves is not an easy task and the results have
always to be cross checked with different techniques.

57



Localised States in Organic Semiconductors and their Detection

4. Experimental

Depolarisation processes and localised states in polymers and low molecular compounds are detected by
means of thermally stimulated depolarisation current (TSDC), dielectric spectroscopy (DES) and thermally
stimulated luminescence (TSL), respectively. The measurements are performed with a custom set-up and
the data are automatically collected with a computer program specially designed and developed for this
purpose.

The TSDC measurements are performed on two kinds of polyphenyl-quinoxalines: poly[2,2’-(1,4-
phenylene)-6,6’-bis(3-phenyl quinoxaline)] shortly called PPQ IA, shown in figure 1.6 and poly[2,2°~(4,4-
oxy biphenylene)-6,6’-oxybis(3-phenylquinoxaline)], PPQ IIB, of figure 1.7. TSDC curves of both
polymers show several peaks and especially PPQ IA has a particularly rich thermogram.

The synergy between TSDC and DES allows to distinguish between depolarisation and de-trapping
peaks. PPQ IA shows a so called a peak at 550 K, a transport peak at 7,, = 420 K and several depolarisation
peaks at lower temperature. Furthermore, a particularly complex structure, around T, = 240 K, results from
the overlapping of three single peaks having activation energies at £ = 0.95 eV, E = 0.67 eV, and £ = 0.60
eV respectively. Although PPQ IIB it has a molecular structure very similar to PPQ IA (see figures 1.6 and
1.7), it shows a less complex thermogram where it is possible to distinguish only a transport peak and an a-
peak. A further low temperature peak is also detected. There is no evidence that this peak can be found by
means of DES measurements.

The TSL thermograms of the two polymers demonstrate the presence of a broad distribution of
localised levels having low activation energy, lying between £ = 60 and £ = 80 meV for both polymers.
Such distribution is characterised by a second order kinetic, i.e. the electrons can be easily get re-trapped
before recombination.

The TSL thermograms of the low molecular compounds 1,3,5-Tris[(3-phenyl-6-trifluoromethyl)-
quinoxaline-2-yl]benzene (CF5-TPQ) and  amphiphilic substituted  2-(p-nitrophenyl)-5-(p-
undecylamidophenyl)-1,3,4-oxadiazole (NADPO) drawn in figures 1.9 and 1.10 respectively, show
unambiguously the presence of localised states. The peaks, analysed with the help of both first and second
order kinetic equations introduced in chapter 2, give evidence of the presence of distributions of shallow
traps in both materials having activation energies in the range of £ = 0.07 and E = 0.004 eV respectively,
and of the presence of further distributed localised states at higher energy.

Well ordered Langmuir Blodgett (LB) NADPO films show particularly rich glow curves with three
well-recognizable peaks at 7,, = 197.7 K, T,, = 221.5 K and 7,, = 254.2 K, respectively. It is possible to
analyse them successfully by means of first order kinetic equations characterised by a Gaussian distribution
of localised states. The three peaks have activation energies of £ = 0.55 eV, £=0.63 eV and £ = 0.66 eV,
respectively. The three peaks have different origins; while the lowest energy one clearly originates from the
induced disorder, the peak characterised by the highest energy level has, probably, its origin in the presence
of chemical contaminants.

The importance and the origin of the shallow traps in such polymers and low molecular compounds

are discussed in more detail in the following chapter.
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4.1. Experimental set-up

The perfect control of the heating rate parameter [ in equations (2.14), (2.22) and (2.31) is of fundamental
importance performing TSL, TSC and TSDC experiments in order to minimise the errors studying the
activation energies and the frequency factors of the experimental curves. Therefore, the thermally
stimulated techniques require a cryostat having an excellent temperature control systems. All measurements
of the present work are carried out with the custom set up illustrated in figure 4.1.

The cryostat has a temperature range varying from liquid nitrogen temperature up to 550 K with an
excellent linearity of the rate parameter in the range = 10+0.01 K/s. Measurements are performed under
high vacuum conditions with minimum base pressure of 5x10°® Torr. The thermal contact between the
cryostat cold finger and the sample is assured by a silver paint coating layer. Furthermore, the electrical
insulation, in case of electro-optical measurements, is achieved by means of a thin ceramic high ohmic foil
interposed between the cold finger and the sample.

Two calibrated thermocouples measure the temperature. The first one lies directly on the cold finger
plate and is connected with the temperature controller. The second one lies near, or on the sample,

b) el J)

U

Fig. 4.1 Scheme of the experimental set-up. a) Xenon lamp, b) mirror, c)
photomultiplier, d) voltammeter, picoammeter and multimeter, e) computer,
f) temperature controller, g) dewar, h) pumping system, i) cryostat. Inside
the cryostat: sample (red), cold finger (black), the two thermocouples red
lines) and the electrical contacts on the sample (violet line).

= & =
—

depending on the particular measurement involved, and it registers directly the surface sample temperature.
The cryostat is also equipped with a quartz window and two electrical feedthroughs.

The excitation source is a 1000 W Xenon lamp equipped with a mirror particularly designed to
dissipate the infrared radiation and to fully reflect the visible and near ultraviolet range with enhanced
reflectivity in the range 600+200 nm.

In order to perform TSDC and TSC measurements, the current is measured with a pico-ammeter
having resolution of 0.1 fA, directly connected to the sample terminal in the shortest possible way through
a rigid connector. The thermoluminescence signal is detected with a sensitive photomultiplier tube
Hamamatsu. All measured signals are recorded as a function of time and temperature with a personal

computer. The exact knowledge of this two parameters allows especially to check carefully “on line” the

59



Localised States in Organic Semiconductors and their Detection

time-temperature dependence by means of a computer program especially written for this purpose with the
graphical programming language HP VEE that is illustrated in appendix A.

The picture in figure 4.1 shows, in a schematic way, the full apparatus. The three fundamental
instruments, the programmable electrometer Keithley 617 directly connected with the sample, the
multimeter HP 34401A, connected with the thermocouple and the sensitive voltmeter, Keithley 195A
coupled with the photomultiplier, are labelled with letter d). The temperature controller, a West instrument
model 5010, labelled with f) is connected with a double power supply and an automatic valve. The first line
of the power supply rules the cryostat heating, while the second power line, once the valve is closed,
permits to cool the system, allowing the circulation of liquid nitrogen inside the cold finger. The 10 litres
liquid nitrogen dewar, letter g) in the figure, allows more than 10 hours of measurements at low
temperature. The pumping system, letter h) consisting of a pre-vacuum rotary pump and a diffusion pump,
allows a rapid chamber evacuation. Very remarkable are the dimension of the cold finger, 2.5 cm
diameters. Because of the built-in capillary system that permits the nitrogen circulation, the top of the cold
finger has a very high temperature homogeneity. Furthermore, generous dimensions of the sample housing
area are a major advantage in TSL measurement, allowing a well detectable signal coming from large
samples.

The DES measurements are performed with a precision LCR meter Hewlett Packard model 4284A.
The samples are shortly connected with the instrument and the measurements are made in the frequency

range from 20 Hz up to 1 MHz keeping the temperature constant.

4.2. TSDC, DES and TSL measurements on polymers

A promising candidate for electron transport hole blocking layers in OLED devices is the class of
polymeric phenylquinoxalines PPQ”’. Quinoxalines are already discussed, from the chemical point of view,

in the first chapter § 1.4. Figures 1.6 and 1.7 show the chemical structure of the two polymers under
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Fig. 4.2 TSDC spectra of a PPQ IA sample
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investigation. We studied the electrical properties and the electronic structure of two polymers and of the
related low molecular compounds shown in figure 1.8. Furthermore, we studied their electrical behaviour in

single and multilayer devices"’.

4.2.1. TSDC on poly-phenylquinoxalines

In order to perform thermal measurements, samples of PPQ IA and PPQ IIB are cast from a
chloroform solution onto an aluminium fresh coated copper plate of 1.5 mm thickness. A drying procedure
is carried out after preparation, heating first the specimens to about 350 K in air for 8 hours and then, in
order to remove any residual solvent, to 7= 550 K for 1 hour under high vacuum conditions (base pressure
~1x10® Torr). The obtained films of about 30 um thickness are then ready for TSL investigations. After the
drying procedure some of the samples are coated on top with an aluminium electrode by vacuum deposition

under high-vacuum conditions (pressure = 1x10° Torr) in order to perform TSDC, DES and further
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Fig. 4.3 TSDC method. Polarisation process: circuit a). Depolarisation process

(TSDC signal): circuit b).

electrical investigations.

Figure 4.2 shows the measured TSDC spectra of a PPQ IA sample. During the TSDC measurements
according to scheme of figure 4.3, the sample is polarised at high temperature, 7 = 600 K, cooled down
with the applied field (see figure 4.3 circuit a), then shorted at low temperature (see figure 4.3 circuit b) and
subsequently heated up keeping a constant heating rate, f = 0.1 K/s.

During the charging process either dipoles are oriented and charges are trapped in carrier traps of
different energetic depth. The subsequent heating process depolarises polymer chains and side groups and
both dipole reorientation and charge release from traps produces the TSDC peaks which are analysed in
order to get detailed information on the microscopic processes taking place in the sample.

The dipole moment of PPQ IA was estimated”*’ by theoretical simulations using the semi-empirical

quantum chemical calculation methods AM1 and PM3. This organic compound shows a weak dipole
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moment perpendicular to the main chain of 0.2 D per repeat unit. The phenylene sides groups, attached to
the quinoxaline unit (see figure 1.6), are twisted with respect to the quinoxaline unit. The quinoxaline
moieties are also bent and twisted in their relative positions along the main chain. That results in a complex
conformation of the polymer that is bent and twisted at once. Hence, both charge transport and dipolar
relaxation processes are expected to occur in the polymer.

The complex spectra of PPQ IA, shown in figure 4.2 together with the zero line graph, reveals a
steady increase toward higher temperature and several peaks. The thermograms are measured for different
applied polarisation fields ranging from 1.5x10* V/em to 2.9x10* V/cm. The observed steady increase of
the current can be ascribed to a thermo-electromotoric force caused by the unavoidable slight asymmetry in

the electrochemical potential of the electrodes. The peaks at lower temperature, labelled with the roman

25
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Fig. 4.4 Peak analysis of the low temperature relaxation process of the PPQ

IA sample. In the inset: fit of peaks I and II

numbers from I to V, could have a dipolar origin, while the higher temperature peaks, above 7= 300 K
labelled with VI and VII, are connected with charge transport processes.

Actually, dipole peaks do not change their position at different poling field, while the charge
transport peaks shift. This fact is clearly observed for peak VI and VII in figure 4.2. Moreover, peaks I to V
have their area proportional to the polarisation field like one should expect for dipole peaks, while it is not
the case for peaks VI and VII, showing certainly their charge transport origin. In particular, peak VII
develops in a region near to the caloric glass transition for PPQ IA that reaches values between 590 K and
620 K depending on the molar mass. In that region there is a strong increase of the free volume resulting,
from the electrical point of view, in a segmental relaxation, id est a motion of a large part of the polymer
chain. The segmental relaxation in case of polar chains, like in our case, gives rise to a broad relaxation
peak, the so called a-peak. For the above cited reasons it is straightforward to assume that peak VII is an -

peak.
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Transport properties at high temperature are affected by the molecular motion of the polymer and by
the energetic distribution of the hopping sites. The molecular motion influence very much, indeed, the
mean hopping distance and the polarisation energy. Since there is evidence in DES spectra for peak VII but
not for peak VI we assume the latter one to be connected to charge transport. Usually ionic transport occurs
at temperatures above the O-process so that peak VI has a quite unusual peak temperature below the -
process. Since the transport of ions needs free volume only obtainable above glass transition we believe
that peak VI is of electronic origin. A more detailed analysis is very difficult, because this peak is deeply
hidden in the proximity of the a-region and only a modest part of it is visible.

The complex structure centred around 7 = 240 K shows clearly to be composed at least of two
peaks. The first one at 7,, = 233 K labelled with the roman number III and the main one at 7,, = 243 K
labelled with number IV. A satellite minor peak, that brings some interpretation troubles, appears at 7 =
288 K and is labelled with the number V. A detailed peak analysis of this rich structure is presented in
figure 4.4.

A complex thermogram, in principle, can be analysed assuming a continuos distribution of
relaxation times, or a superposition of a discrete number of single TSDC Debye peaks, each being
characterised by a single relaxation time having a specific temperature dependence. The analysis of the
complex structure of figure 4.4 can be carried out in a consistent manner if one assumes a number of
discrete Debye peaks, including peak III at 7,, = 233 K. The result of this analysis, as given in the graph of
figure 4.4, is certainly very good.

The calculated curve, shown in figure 4.4 by means of a dotted line, follows very well the
experimental one (full line). The other Debye peaks are labelled with roman numbers IV, IV’ and V,
respectively, where the latter has its maximum at higher temperature, 7,, = 288 K.

According to equations (2.31) and (2.45) the quantities £ and @, determine the temperature position

Table 4.1
PPQ IA peak Peak temperature Peak energy Natural frequency

I 145K 0.39 eV 1x10"* Hz

1 164K 0.45 eV 1x10"* Hz

111 233K 0.95eV 1x10"* Hz

v 243K 0.67 eV 1x10" Hz
v’ 253K 0.6 eV 1x10" Hz

\Y% 288 K 0.47 eV 1x10° Hz

of a Debye peak. For local relaxation processes we expect activation energies reaching values between 0.1
and 1 eV, while the natural frequency factor @, should range typically between 10° up to 10" Hz,

depending on the involved processes.
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Peak III centred at 7,, = 233 K has an activation energy and natural frequency of £ = 0.95 eV and a,
= 1x10'* Hz respectively, peak IV has its temperature maximum at 7, = 243 K, E = 0.67 ¢V and a, =
1x10' Hz. Peak IV, almost completely hidden under the two other peaks, is necessary in order to fit well
the decreasing side of the resulting structure and is characterised by a maximum temperature of 7,, = 253 K,
a peak activation energy of E = 0.6 ¢V and a natural frequency, a,= 1x10'° Hz.

The described three peaks have decreasing frequency factor and activation energy. Peak number IV
is the most intense one, while peaks III and IV’ have less than half of that the intensity, giving a smaller

contribution to the whole structure.
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Fig. 4.5 TSDC spectra of a PPQ IIB sample.

Peak number V, though successfully fitted with a small pre-exponential factor, a, = 1x10° Hz, still
gives some interpretation problems. Besides the quite small natural frequency, a thermogram change in the
zero line, obtained performing the measurement without a previous applied polarisation of the sample, is
also observed how it results in figure 4.2, line labelled “without applied field”. This peculiar feature could
be connected with geometric changes or internal transitions of the sample, appearing in the same region of
the peak and probably connected with it. For the above reasons the nature of this peak cannot be completely

figured out.

The inset of figure 4.4 shows the results of numerical simulations of the peaks labelled with the
roman numbers I and II. This two peaks are very near, the best fit has the same natural frequency value, @,
= 1x10"* Hz, for both and a similar activation energy of £ = 0.39 ¢V and E = 0.45 eV is found, respectively.
However, the numerical analysis, in this case, in spite of a relatively good agreement with the experimental
curve, is questionable, because both peaks are very small and in a relatively noisy part of the thermogram.

Table 4.1 summarises the activation energy E, the natural frequency a,, and the temperature

maximum 7,, used to fit the peaks of figure 4.2 and the structure shown in figure 4.4. The natural
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frequencies have reasonable values and the calculated activation energies clearly indicate the occurrence of
local relaxation processes.

Figure 4.5 shows the TSDC spectra of a PPQ IIB sample. The thermogram with respect to
thermogram of polymer PPQ IA is less complex. It is possible to observe only three peaks. The first one,
labelled with roman number I, at 7,, = 145 K could have a dipolar origin and is very similar in shape and
position to analogous peak I and II of PPQ IA. Peak number II around 7 = 400 K clearly changes its

position in function of the applied field and should be, therefore, a charge transport peak as analogous peak
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Fig. 4.6 DES spectra of a PPQ IA sample related to peak I (a) and peak II (b)
of the TSDC thermogram.

number VI of PPQ IA. The last peak, peak number III, around 7 = 465 K, is correlated with the glass
transition which occurs in PPQ IIB between 7= 480 K and 7' = 530 K depending on the molar mass (see §
1.4.1.). Furthermore, at 7 = 230 K we observe a current reversal that could arises from the coexistence of
homo-charges and hetero-charges” or internal transitions.

While the polarisation processes lead to hetero-charges frozen-in at low temperature, the homo-
charges are connected with trapping phenomena. Deep traps can induce, especially in high resistivity
materials, polarised states characterised by long lifetime. If the homo-charges decay by external
conduction, the homo- and hetero-currents will have the same direction, but if the decay proceeds by

internal conduction, like in the case of a TSDC experiment, the direction of the corresponding external
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current will be opposite to the normal hetero-current, resulting in possible current reversals when the
relaxation times of two types of charges differ widely. Afterwards the reverse peak at 230 K could be
explained in terms of competitive homo, hetero-charges processes.

The pronounced difference in the dipole and transport peaks between PPQ IIB and PPQ IA can be
found in the slightly different chemical structure of the two polymers. While PPQ IIB has an oxygen bridge
in the main chain (see figure 1.7) acting as a flexibiliser and conjugation breaker, the structure of PPQ 1A
bears no oxygen at all (figure 1.6). This results in a lower glass transition temperature and in a lower
conductivity of PPQ IIB. It should be also noticed that PPQ IIB is a better insulator than the formally
conjugated polymer PPQ IA.

According to AM1 quantum chemical calculations PPQ IIB has the main chain bent by an angle of

114° and posses a dipole moment of 2.3 D per repeat unit perpendicular to it*’.

4.2.2. DES on poly-phenylquinoxalines

A way to proof the dipolar nature of the observed TSDC peaks is to carry out DES measurements.
Assuming a single elementary relaxation process for each single peak and an Arrhenius law for the
relaxation frequency it is possible to determine, through equation (2.45), the temperature range, around the

maximum temperature value, to be analysed in order to verify whether the peaks in TSDC spectra have a
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Fig. 4.7 DES spectra of a PPQ IIB sample related to peak I (b) and peak III (c). of the TSDC
thermogram
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dipolar origin.

The numerical analysis of a TSDC peak determines the values of its frequency factor a, and
activation energy E. Substituting this two experimentally found values in equation (2.45), we are able to get
the expected temperature at which the dielectric relaxation maximum, equivalent at a certain TSDC peak,
occurs enabling a cross check of the previous results. In effect, the two experimental methods are strictly
correlated, but while DES can be carried out as an isothermal technique, i. e. the measurements are
performed at different fixed temperatures, TSDC is by definition non-isothermal, i. e. the temperature
changes at fixed rate during the measurement. Although the values of the TSDC numerical analysis are
subject to a certain degree of uncertainty, according to the fit quality, it is possible to extract a temperature
range inside which the DES peak maximum should appear.

Figure 4.6 a) shows the dielectric spectra related to peak I of PPQ IA TSDC thermogram shown in
figure 4.2. According to numerical analysis data of table 4.1, and using equation (2.45), the dielectric
relaxation process is calculated to occur in the temperature range between 7 = 245 K and 7 = 285 K. A
dielectric peak, appearing at temperatures above 200 K in figure 4.6 a), reduces slowly in intensity when
the temperature reaches higher values. Below 7' = 200 K no dielectric peaks are observed because the
maxima are outside the frequency window. This confirms that peak number I of PPQ IA has a dipolar
origin. The same kind of analysis, always based on the TSDC data summarised in table 4.1, is performed
for peak number II of PPQ TA. The dielectric relaxation peak should appear in the temperature range
between 7= 283 K and 7= 320 K. However, in that case, as can be seen in figure 4.6 b), no sign of dipolar
relaxation is observed. Hence, the TSDC peak II could originate from a de-trapping process. However, it is

not possible to exclude completely that such finding can be connected to a lack in accuracy of the fitting
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Fig. 4.8 Example of a TSL glow curve of PPQ IA.
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procedure of the TSDC thermogram. This fact could lead to inaccurate parameters, and consequently
preventing a correct estimation of the DES maximum temperature range. Furthermore, the absence of the
peak could be also related to the inadequate resolution of the dielectric spectroscopy experiment, as
discussed in chapter 3. In principle TSDC has a better resolution and much higher sensitivity in comparison
to dielectric spectroscopy.

The same analysis on peak number I of PPQ IIB is shown in figure 4.7 a). This peak does not show
any sign of dipolar relaxation. We can reasonably conclude that peak II of PPQ IA and peak I of PPQ IIB
have the same origin in structural or chemical defects of the polymer, leading to a level of localised states
and do not have a dipolar origin. Figure 4.7 b) shows a further example of a dielectric spectroscopy peak. In
this case temperature range is calculated on the basis of TSDC parameters corresponding to peak number
1T of PPQ 1IB.

The TSDC peak III, shown in figure 4.5, is almost completely hidden in the ionic current and only a
wide range of parameters is possible to extract from its uncertain numerical fitting. The extracted values for
the natural frequency and activation energy allows to predict a wide temperature range between 7 = 400 K
and 7= 600 K.

The DES peak appears, clearly, to have a maximum at 7,, = 570 K at the expected frequency a =
2x10* Hz. This finding proofs the dipolar origin of the related TSDC peak. Peak number II of PPQ IIB,
although completely hidden under the ionic current, is extremely difficult to analyse by DES. In fact the
typical peak temperature derived from the numerical analysis lies outside of the available temperature
range. The group of peaks around 7= 250 K for PPQ IA shows according to the numerical simulation data,

also dielectric peaks in inaccessible temperature ranges.

4.2.3. TSL on poly-phenylquinoxalines

In order to clear-up the presence of trapping states in the thermograms a further analysis is
necessary. TSL is probably the most powerful technique in order to unambiguously observe the presence of
localised states in a material. For such reason samples of PPQ IA and PPQ IIB, without the upper
aluminium contact, prepared in the same way as described for the TSDC and DES investigations, are
analysed by TSL.

In order to perform TSL experiments, the samples of the two polymers PPQ TA and PPQ IIB are
heated up at about 7 = 500 K and subsequently cooled down to liquid nitrogen temperature. Then the
samples are illuminated with a 1000 W Xenon lamp for 15 minutes and after switching off the light they
are heated up with a constant rate of f# = 0.1 K/s. The TSL signal is collected during the heating process
with the photomultiplier and the measured signal is recorded as function of time and temperature. The 15
minutes of illumination are long enough to fill-up completely the levels. Preliminary experiments show that
for an excitation time above 12 minutes no changes in intensity of the glow curves can be detected. It is

therefore possible to assume that all levels of traps are completely filled.
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Figures 4.8 and 4.9 show examples of glow curves of PPQ IA and IIB respectively. The spectra are
recorded several times and both materials do not show any sign of degradation. Both glow curves appear
quite broad and complex. For that reason the thermograms are analysed by means of different methods.
According to Halperin and Braner®’ the peak shape method, introduced in chapter 3, allows to estimate the
symmetry factor [/ appearing in equation (3.9). Such finding can reveal the kinetic order of the peaks. This
is a necessary information to understand the type of microscopic recombination processes involved. In case
of first-order kinetics the typical value for ( is 0.42. In first order kinetic the recombination process is
characterised by a negligible re-trapping. On the other hand f = 0.52 is the typical value in case of pure
second order kinetic, that means prevalent re-trapping. Values between these two describe an intermediate
case where electrons have a certain increased probability to get re-trapped before to recombine at increasing
values of (. Values above (/= 0.52 are often interpreted in terms of fast re-trapping processes’*. The PPQ
IA glow curve, shown in figure 4.8, is characterised by two peaks. The main one has the maximum
temperature at 7,, = 159.1 K and the second, of intensity roughly the half, at 7,, = 230.7 K. Both are broad
and the minor is almost completely hidden by the main peak. The peak at 7,, = 159.1 K has a symmetry
factor (= 0.54, very near to the typical value for the second order kinetic. This fact gives an hint that in
PPQ IA an electron, before to recombine, has high probability to get re-trapped several times. Activation
energy, E, of this first peak, calculated with the initial rise method based on equation (3.1), lies between E =
60 meV and £ = 80 meV. The initial rise method, despite the fact that it involves only a few experimental
points, that are in a critical temperature range (see chapter 3), is very suitable to get the value of the
activation energy without previous knowledge of the other sensitive parameters. However, the shape and

especially the large width of the glow curve, confirms that the traps are widely distributed in energy.
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Fig. 4.9 Example of TSL glow curve of PPQ IIB
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Because of its hidden position the analysis of the minor peak of PPQ IA appearing at 7,, = 230.7 K
is very difficult. From investigations performed by means of the partial cleaning technique, a value of the
activation energy around £ = 0.18 eV and a symmetry factor quite high, ¢ = 0.6, are found. The partial
cleaning technique gives reliable results only in case of the inversion point, i. e. the starting temperature of
a hidden peak, is clearly determinable. Only in such case it is possible to completely reveal the hidden peak
by a partial thermal cycle that “cleans” the major one emptying its localised levels. Unfortunately, in the
present case, to isolate the inversion point is not unambiguous. The calculated values give only an order of
magnitude of the quantities under investigation.

Figure 4.10 shows the numerical fitting of the main TSL peak of PPQ IA. The fit is performed by
means of the second order equation (2.22) characterised by a Gaussian distribution of traps. While the high
temperature side perfectly fits the glow curve, the low temperature side do not follow the curve shape. For
that reason the numerical simulation is not completely satisfactory. The distribution has a width o= 0.12
eV and the distribution maximum is at £,, = 0.37 eV. The energy maximum E,, lies exactly in the middle of
the integration limits £; = 0.25 eV and E, = 0.49 eV, having the distribution in such case a perfect Gaussian
shape. The natural frequency s of this peak can be estimated to be in the order of s = 1x10'’ s™', considering,
like usual, the recombination coefficient / trapping coefficient ratio equal to 1 and a density of traps of 10"
cm™.

The value of E,, derived by the numerical analysis, is far from the expected energy depth of trap

calculated with the initial rise method. However, this mismatching can be explained considering the
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Fig. 4.10 TSL glow curve of a PPQ IA sample (dot
line) compared with the second order
numerical simulation of the first peak
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particular complexity of the peak that could result from the sum of at least two distributed peaks. In effect
the initial rise procedure reveals the activation energy of a hidden peak at low temperature. This is a
relevant point to be clarified because of importance of presence of shallow traps in materials suitable for
plastic electronic applications. Shallow traps are, at room temperature, empty and they play a crucial role in
the electron transport property of organic materials.

While the TSDC thermograms of PPQ IA and PPQ IIB are completely dissimilar, being the prior
much more complex, the TSL glow curves are very similar. The glow curve of PPQ IIB shown in figure 4.9
is characterised by large structures like the thermogram of PPQ IA. The first complex structure lying
between 7'= 100 K and 7'= 200 K reach the maximum at 7,, = 160.4 K and the second structure, less bright
and almost completely hidden by the major ones, has its peak maximum at 7,, = 226.1 K. Both structures of
the PPQ IIB glow curves nevertheless look complex, having an unusual irregular shape and being
characterised by several satellite peaks. In such case the analysis is extremely difficult to perform. Data, in
principle, can be extracted through several cycles of peak cleaning and exciting the sample at several
different temperatures in order to reveal the localised states with a tedious and time consuming procedure.
The activation energy of the lowest temperature peak, calculated with the initial rise method, is in the range
between £ =10 meV and E = 80 meV, while the activation energy and the symmetry factor, estimated with
the peak shape method, by means of equations (3.8) and (3.9), are E ~ 30 meV and u lies between 0.52 and
0.56. The highest temperature peak has an estimated activation energy around £ = 0.11 eV while the
symmetry factor is not possible to estimate. Also in this case it is possible to argue that the first peak of
PPQ IIB, like for PPQ IA, is characterised by predominant electron re-trapping processes before
recombination takes place.

The combination of the three techniques TSDC, DES and TSL demonstrates the presence, in both
polymers PPQ IA and PPQ IIB, of both depolarisation phenomena and broad distributions of localised
levels. While it is possible to analyse and examine the single Debye depolarisation peaks, the traps, shown
by means of TSL technique, are characterised by very broad distributions having almost the shape expected
for an amorphous glass.

However, it is possible to observe, in both polymers, two main structures very similar that could be
due to breaks in polymer conjugation and presence of contaminants like oxygen. A direct correspondence
between the observed TSDC and the TSL peaks is not possible and also the analysis of the indubitable
presence of shallow level of traps should be subject to further analysis. Exciting the samples at liquid
helium temperature and analysing furthermore the spectra of the emitted light it is possible to extract more
reliable data on the shallow traps and to study the recombination centres. Only in this way it is possible to
understand the nature of the traps and recombination centres as well as to uncover distributions of localised

states fully.

4.3. TSL on low molecular compound

The special needs for electron transport materials for organic LEDs and for plastic electronic applications
stimulated the synthesis of many new polymers and low molecular compounds. This new materials of the

last generation are characterised by improved thermal stability, high ionisation potential, better film
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Fig. 4.11 TSL glow curve of cast TPQ samples at
different excitation temperatures.

forming properties, good solubility in common solvents, making them very promising materials for future
electronic applications. In particular we analysed the TSL spectra of the star starburst 1,3,5-Tris[(3-phenyl-
6-trifluoromethyl)-quinoxaline-2-yl]benzene (CF;-TPQ or simply TPQ in the following) shown in figure
1.9 and of the well ordered and stable Langmuir—Blodgett (LB) multilayers films with very smooth and
uniform surface structure of the amphiphilic substituted 2-(p-nitrophenyl)-5-(p-undecylamidophenyl)-1,3,4-
oxadiazole (NADPO) shown in figure 1.10.

4.3.1. TSL on trisphenylquinoxaline

A very interesting material matching the needs for electron transport layer in OLEDs is the star shaped
trisphenylquinoxaline shown in figure 1.9. TPQ has a high glass transition temperature and its electrons
overall mobility is quite high approaching 10* cm?/V at large field (U = 10° V/em)®. We studied TPQ
samples by means of the thermal techniques in order to highlight the presence of localised states that plays
a major role in the transport properties of the compound.

We prepared films of TPQ both by vacuum deposition and by solution casting. The vapour phase
deposition is done in a high vacuum chamber onto a flat silicon wafer covered with a freshly evaporated
aluminium surface. The preparation chamber is equipped with graphite crucibles and the evaporation
temperature control of the material is assured by a thermocouple inserted in a housing carved directly into
the crucible. This particular arrangement gives the actual temperature of the system organic-crucible. The

thickness is detected in situ by means of a quartz micro balance and ex situ with ellipsometric
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Fig. 4.12 TSL glow curve of a TPQ cast sample (dot line) compared with a) second order
numerical simulation, b) first order numerical simulation.

measurements. The substrate is kept at room temperature. The evaporated samples have typically a
thickness of about 100 nm.

Cast samples, typically about 10 pum thick, are prepared from a chloroform solution on a silicon
wafer covered with a freshly evaporated aluminium surface. The preparation of samples by casting requires
several days. In order to obtain smooth and uniform surfaces the quinoxaline is deposited by means of
several subsequent steps with different decreasing solution concentrations. The deposition is done in a
glove box in a nitrogen inert atmosphere. After preparation the cast films are heated up under high vacuum
conditions (P = 1x10° Torr) up to 7= 350 K for 8 hours and furthermore for 1 hour at 7' = 420 K (TPQ
glass temperature) in order to remove, with the thermal treatment, any residual solvent that could interfere
with the TSL measurements.

A TSL measurement requires, how already underlined, a perfect sample temperature control in a
wide temperature range. The silicon substrate, used in both cast or evaporated samples, glued on top of the
cryostat cold finger with the help of a layer of silver paste, assures the compulsory excellent thermal
contact between the cold finger and the overlying sample film.

Figure 4.11 shows some of the glow curves recorded in case of cast TPQ. For different excitation
temperatures a shift of the peak maximum and a broadening of the main peak, probably related to sample
degradation, are observed. The glow curves show clearly two peaks; the first one for an excitation

temperature of 7,,. =98 K at 7,, = 114.6 K is highly asymmetric and bright.
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Fig. 4.13 TSL glow curve of evaporated TPQ samples
at different excitation temperatures.

A second peak at the same excitation temperature appears at 7,, = 206.4 K. This second peak is
small and partially hidden in the long tail of the main peak. Besides, it tends to disappear, absorbed into the
main peak, with increasing number of thermal cycles.

The main parameters of TPQ glow curves are calculated using different methods: initial rise, peak
shape and curve fitting by numerical simulations. The activation energy of the main peak, calculated using
the Lushchik’s formula (3.8), gives values between £ = 0.1 eV and E = 60 meV while the initial rise
method gives, for the same parameter, different values, between £ = 10 meV and £ = 20 meV. The
resulting symmetry factor u = 0.70 is very high and gives puzzling information about the electron kinetic.

Nevertheless, numerical simulations, shown in figure 4.12 for the first and second order kinetics,
give an insight into the main features of the curves. The simulations are performed playing around the
activation energy values, given by Lushchik’s formula and the initial rise method. Both first and second
order kinetic equations (2.14) and (2.22) including a Gaussian distribution of localised states are used.
Because of the organic nature of the material and further considering the high purity of the starting TPQ,
we assume, for statistical reasons, that the distribution of localised states should be Gaussian. However,
how already discussed in chapter 3 the manipulation of the Gaussian parameters allows easily to get
different distribution shapes.

Figures 4.12 a) and b) show the experimental glow curve of a cast TPQ sample compared with the
simulations made using equations (2.14) and (2.22) for the first and second order kinetic respectively. The
results are quite satisfactory and clearly the experimental curve is better simulated assuming a second order
kinetic that means re-trapping probability for a released electron not negligible. The best fit is obtained
keeping the energy maximum of the Gaussian distribution at £, = 0.12 eV in agreement with Lushchik’s

formula. The integration limits £; and E, of equation (2.22) are respectively £; =0.29 eV and £, = 0.61 eV.
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Assuming a maximum density of traps N = 1x10'® cm™ and, like usual, the ratio 4,/4 = 1 it is possible to
estimate the frequency factor s = 1.5x10'? s, The width of the distribution o= 0.19 ¢V is quite broad and
considering also the above parameters the distribution maximum results outside of the integration limits.

According to figure 3.17 and taking into account the theoretical consideration mentioned in the same
chapter, we can argue that the effective distribution used in the present case is not a pure Gaussian but we
are only considering the upper energy side between the integration limits. Moreover, the low energy tail of
the distribution of states penetrate into the conduction band. This particular feature of the simulation is
reasonable and consistent with the model. According to such description, defects, leading to the trap levels,
are distributed energetically also inside the conduction band.

The fact that only the distribution’s higher energetic tail contributes to the TSL peak can be
explained by the fact that at liquid nitrogen temperature the traps distribution side, nearest to the conduction
band, gives a very small contribution to the overall collected light. The proposed model can be proofed,
however, by exciting the sample at very low temperature. Only in this case the very shallow traps are filled
for a time long enough to give a complete TSL glow curve and then a complete picture of the shallow traps
involved in the recombination processes.

The parameters used for the first-order numerical simulation of figure 4.12 b) are very similar to the
set of parameters used for the second-order fit: energy recombination maximum E,, = 0.12 eV, integration
limits £; = 0.3 ¢V and E, = 0.6 ¢V, maximum density of states n,, = 1x10" cm®, 0= 0.2 eV, and s =
1.5x10"* s, It is important to note here, that the attempt of a numerical fit with a simple exponential
distribution of traps, does not give enough satisfactory results. Only the Gaussian distribution so modified
gives a satisfactory fit. This finding further confirms that the observed distribution of traps is just a tail of a
more extended Gaussian distribution of localised states that is possible to be extracted by means of a
numerical simulation starting from a single branch of it.

It is difficult to explain why the initial rise method and Lushchik’s formula both give such a low
activation energy with respect to the numerical fit. The very shallow traps filled at 7= 98 K get empty very
fast at the beginning of the heating-up cycle of the sample. However, the symmetry factor indicates that the
electrons before definitely leaving the trapped states get re-trapped several times. The effect of repetitive
trapping and de-trapping could, in principle, explain the low activation energy registered. Furthermore, it
should be noted that the indication of the activation energy between the initial rise and the curve shape
method is quite contradictory. The initial rise method uses in order to calculate the activation energy only
the initial points of the glow curves, which are the more disturbed by the heating start fluctuations and the
electron traffic between traps and the conduction band.

The TSL spectra of TPQ samples prepared by vapour phase deposition show more complex features
with respect to samples prepared by solution casting. Figure 4.13 illustrates four different glow curves
obtained exciting the sample at different temperatures. The glow curves are more noisy probably because of
the reduced thickness (about 100 nm) with respect to the cast samples. However, the main peak preserves
its features, while the small one, clearly recognisable for the previous samples, appears to be hidden
between several other small peaks that characterise these spectra. The peak shape analysis confirms an

activation energy for the main peak between £ = 0.07 eV and E = 0.1 eV like for the cast one, and the
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Fig. 4.14 TSL glow curves after irradiation at 77.5 K. Curve (a) as irradiated sample.
Curves (b) to (d) at Tswp : (b) 108.6 K, (c) 112.8 K and (d) 123.7 K.

initial rise gives, in agreement with the values registered for the cast samples, values of E between E = 0.04
eV and £ = 0.01 eV depending on the excitation temperature. The symmetry factor can be estimated to be
about /= 0.70, in exact agreement with the cast sample.

From the above analysis results that the main peak of samples prepared with two completely
different preparation techniques, casting and vapour deposition, has exactly the same origin. It is only
possible to speculate about such origin, having a limited amount of data. Considering the high purity of
starting material and considering the equivalence of the results between the two preparation techniques we
can argue that the traps referred to the main peak of TPQ are physical shallow traps that can be connected
with reticular distortion, broken ends, morphological conformations and even molecular polarons. Such

kind of trap rules the transport properties of the material and are unavoidable in sample preparation.

4.3.2. TSL on diphenyloxadiazole

The amphiphilic derivative of 2,5-diphenyl-1,3,4-oxadiazole (NADPO) shown in figure 1.10 has the
property to form very smooth and well ordered films when prepared under the appropriate conditions by
vapour deposition as well as by Langmuir Blodgett (LB) technique. We investigate LB films by means of
ultraviolet photoelectron spectroscopy (UPS) and TSL in order to get information about the ionisation
potential, the electron affinity, to localise the energetic position of valence and conduction band®® and to
highlight the intra band gap features.

The LB film deposition is performed on a KSV 5000 trough (KSV Instruments, Helsinki, Finland)
equipped with a Wilhelmy plate surface pressure sensor. The spreading solutions is obtained by dissolving

0.4 mg/ml of substance in chloroform. The monolayer is formed by spreading 320 ul of the solution on the
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Fig. 4.15 Activation energy versus partial cleaning temperature evaluated by
using the initial rise method. The first point is evaluated taken into
account the glow curve without applying the partial cleaning
method, in this case the abscissa is the starting temperature.

water subphase provided by a Milli-Q system (Millipore). The subphase temperature is held constant at
20°C and the water pH was 5.6. The constant barrier speed compressing the film is 15 cm’/min. The films
composed of 10 monolayers are deposited on a cleaned silicon wafer previously hydrophobized by
treatment with hexamethyldisilazane (HMDS). The target pressure and the dipper speed up and down
applied are 30mN/m and 3 mm/min up, 10 mm/min (Y-type transfer) down, respectively.

TSL measurements are performed under high vacuum conditions with the pressure in the range of P
= 1x10® Torr. Preliminary results show that to illuminate the samples for 10 minutes at liquid nitrogen
temperature with the 1000 W Xenon lamp ensures a complete trap filling. After the excitation at 7,,. = 77.5
K the samples are heated up with a linear rate of f = 0.1 K/s. The TSL emission is detected with the
Hamamatsu photomultiplier tube.

The rich TSL glow curves are characterised by a complex structure in the temperature range
between 7= 120 K and 7= 160 K and two further peaks, one at 7,, = 224 K and the last one a T,, = 253 K.
The glow curves are unexpectedly complex and difficult to analyse. The different peaks clearly indicate the
presence of trap distributions localised in the band gap region. The localised state distributions can be due
to extrinsic as well as intrinsic defects. Structural defects, lattice distortions and chemical contaminations
due to the preparation procedure of the organic compound are likely the reason of such complex features. In
order to discriminate the several peaks and then to analyse the different traps levels, we apply the maximum
temperature recording technique, as described in chapter 3, and the usual numerical analysis of the peaks.

In the maximum temperature recording technique, shortly called Ty,-Tg, technique, we illuminate
the sample at minimum temperature, 7,,. = 77.5 K in the present case, and afterwards the whole glow curve
is recorded for a first thermal cycle heating up the sample in a controlled way, i.e. § = 0.1 K/s. During a

second cycle we illuminate the sample exactly at the same temperature of the previous one, in order to
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Fig. 4.16 TSL glow curve (dot line) compared with the numerical simulation (full
line).

avoid spurious position modifications of the peak maximum. Afterwards, the samples are heated up to an
intermediate temperature Tg,,. Then, the sample is cooled down again, reheated in the same controlled way
and the glow curve registered. A certain number of excitation, heating, cooling cycles, each with a different
incremental Tg,,, are necessary in order to “clean” the complex glow curve and then to reveal the hidden
internal structure.

A selected number of the Tp,-Tgop, curves are shown in figure 4.14. The small sample’s size, 12x10
mm, limits the overall amount of collected light. The curves appear to be noisy, but the peaks are enough
clear to be analysed without particular problems. An unexpected peak suddenly rises after several thermal
cycle at T,, = 202 K, as can be seen in the curves labelled with letters ¢ and d in figure 4.14. Such peak can
be easily connected to a level of traps probably arising from the ageing effect that lowers the degree of
order of the otherwise highly ordered LB film.

The initial rise method enables one to determine the activation energy independently from other
parameters, and applied to the low temperature complex structure, gives the value £ = 3.5 + 0.3 meV. This
value is the average determined from the values calculated for the different cleaned peaks shown in figure
4.15.

The numerical simulation shown in figure 4.16 gives a deeper description of the trap distribution. In
order to get the flat shape of the main structure the numerical analysis is performed keeping nearly fixed the
activation energy calculated by means of the initial rise method and consequently varying, around this
slowly changing value, the other parameters. The successful numerical fit, shown in the figure, emerges
using a value for £,, = 4 meV and using the integration limits £, = 0.12 eV and E, = 0.22 eV in the first
order equation (2.14) having a Gaussian distribution of localised states. The maximum of the distribution

lies outside the integration limits, this means again that the distribution we are considering is only the
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lowest lying energetic tail of a full Gaussian. The energetic distribution of localised states penetrate deeply
into the conduction band, i.e. the defects are distributed in a wide energetic range also inside the conduction
band. This finding suggests that we are dealing with a large distribution of shallow traps having physical
origin or with molecular polarons.

In order to get the particular shape of the complex structure under examination it is necessary to
consider a distribution of defects energetically widely distributed with o= 0.7 eV. In agreement with the
particular shape of the peak and considering the integration limits, the distribution could be considered
quasi-continuous, flat and wide.

A further sensitive parameter is the frequency factor s. For this particular peak it is quite low, s =
1x10* s™'. However, it should be noted here that such low s values are not very rare in organic materials.
Effectively a very low frequency factor of about 10° s was recently found for the peak at 67 K of a 8-
hydroxyquinoline aluminum (Algs) sample’’. A slow recombination mechanism could be invoked in order
to explain this values for the frequency factor. Such recombination mechanism, that should involve a slow
vibrational mode for a side molecular group combined with an electron jump from one molecule to a
second one in the same vibrational mode, could in principle, approximately, account for the low value of s.
Numerical simulations, performed imposing higher values of s, do not fit the curve so tightly like the one
shown in the figure. However, the low signal level and the noisy nature of the TSL signal, for this particular
samples, do not exclude that this especially low frequency factor can be just an artefact of the specific
experimental conditions. More investigations in the direction of such singular low s values should be done
comparing curves recorded after excitation at liquid helium temperature.

The comparison between the experimental data and the numerical simulation provides the result that
the complex structure is not only due to the main peak discussed above, but there is also a minor peak

contributing at lower temperature. The agreement between experimental and theoretical curve, is, in effect,
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very satisfactory in the higher glow curve temperature side. However, the low temperature side does not fit
in the same satisfactory way and one possibility to explain this discrepancy can be the assumption of the
presence of a minor distinct peak completely hidden under the main peak, and it only accidentally emerged
because of the specific excitation temperature used during the experiment. In order to disclose the eventual
presence of such hypothetical secondary peak, the maximum peak temperature T,, is plotted versus the
partial cleaning temperature. The result is shown in figure 4.17. According to figure 3.3 and the theory
introduced in chapter 3 a step like shape indicates the presence of a second peak in case of the first order
kinetic. The figure shows clearly the predicted shape and confirms, according to McKeever® and the
consideration in chapter 3, the assumption that the analysed complex structure belongs to an overlapping of
two first order peaks, very close in energy. From figure 4.15, showing the activation energy calculated with
the initial rise method versus the cleaning temperature, it is not possible to discriminate more than one
value and an average energy is given. Therefore, TSL measurements have clearly indicated the occurrence
of one or more broad distributions of shallow traps localised in the band gap. Because of their low
activation energy, these distributions play an active role in the transport properties of the material, being
also important in OLED operation.

Besides the broad structured peak at low temperature originating from shallow traps, two more
peaks are observable in all glow curves of figure 4.14. The two peaks at 7,, = 221.5 K and 7,, = 254.2 K,
respectively, are clearly visible in the first TSL run of figure 4.14, labelled with letter a, and then they tend
to lower and to disappear with the increase of the number of thermal runs. The origin of such behaviour is
not completely clear, it is probably connected with the appearance of the third peak at 7,, = 197.7 K. The

nature of this peak seems to be connected, how we will discuss later, with the increase of the film disorder.
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Fig. 4.18 TSL glow curve (open circles) compared with the numerical simulations
sum (full line) and the two minor peaks (dot line).
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Fig. 4.19 TSL glow curve (open circles) compared with the
numerical simulation (full line) of the single peak
arising with the number of thermal cycles.

Figure 4.18 shows the numerical simulation of the main peak and the two peaks at higher
temperature. Because of the reciprocal influence, the actual experimental temperature position of the
maximum of this last two peaks is not coincident with of the calculated one. The experimental peak at 7, =
221.5 K has the numerical maximum at 7,, = 220.5 K while the experimental 7,, = 254.2 K has the
numerical simulation maximum at a slightly higher temperature, 7,, = 257.7 K. The numerical simulation
fits in an excellent way the experimental curve and unmistakable reveals the presence of a third peak
around 7,, = 197 K also in this first TSL run. Both peaks are fitted with a first order equation with a
Gaussian distribution of localised states described by equation (2.14). The peak at T7,, = 220.5 K has the
distribution maximum at E,= 0.63 eV. The integration boundaries are E; = 0.53 eV and E, = 0.73 eV,
respectively. The distribution width, o= 0.045 eV, is small, while the frequency factor s = 2.4x10'> s has
a reasonable order of magnitude. The assumed density of traps for both numerical simulations is z, = 1x
10" cm ~ and the heating rate is like usual = 0.1 K/s.

The peak at 7, = 257.7 K has a more asymmetrical shape. The energy distribution maximum £,, =
0.66 eV is very near to the previous one, but in order to get a reasonable fit, it is necessary to set the
integration limits £; = 0.65 eV and £, = 0.75 eV in an asymmetric way. This means that the distribution is
not fully Gaussian, but drops suddenly at 0.65 eV, slightly after the maximum. This indicates that the actual
trap distribution for this second peak is an exponential one. While statistical fluctuations of the potential in
the trap levels due to intrinsic disorder of the organic materials are described using Gaussian distributions,

exponential distributions, quite frequently invoked in inorganic compounds, arise generally from atomic
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substitutions in the crystalline boundaries. In organic crystals, an exponential distribution could arise from
unintentional chemical doping. The different chemical nature of this second peak in principle could explain
why the peak is almost unaffected by increasing the internal disorder of the film with the number of the
thermal cycles, while the previous one get completely absorbed with the rise of the peak at 7,, = 197.7 K.
The peak at T,, = 254.2 K looses the shape and starts to get broader with the increase of the introduced
morphological disorder in the film, but does not disappear like the peak at 7,, = 221.5 K. The frequency

factor emerging from the simulation, s = 1.85x10"" s’

, is one order of magnitude lower than s of its
neighbour peak and confirms the different origin of this peak. The width of the distribution, o= 0.088 eV
determines the shape of the distribution that is not particularly wide.

Figure 4.19 shows the numerical simulation of the peak that starts to appear clearly after some TSL
cycles at 7,, = 197.7 K. How above underlined, this peak is already present in the first TSL run, but only at
very last cycles has its maximum extent. Figure 4.19 shows only the peak related to the curve labelled with
d) in figure 4.14 with its best fit. The numerical analysis, also in these case, is performed with the first order
equation (2.14) containing a Gaussian distribution of traps. Like the other simulations, the density of traps
is set at n,, = 1x 10'® cm ~ and the heating rate at 8= 0.1 K/s. The activation energy of the trap level is
centred at the maximum of the dispersion at £,, = 0.55 eV while the integration limits are £, = 0.45 eV and
E, =0.65 eV representing the lowest and the highest respectively. The distribution is perfectly symmetric
with a quite small width o= 0.028 V. The frequency factor in such simulation is s = 1.15 x 10'* s which
has the same order of magnitude for its neighbouring peak at 7,, = 221.5 K. This result confirms the same
origin of the two peaks. The simulation is very satisfactory; the calculated curve follows exactly the

experimental one.

4.4. Shallow traps

All the calculated values of the sensitive parameters of TSL curves for the polymer and for the low
molecular compound peaks are summarised in table 4.2. The occurrence of shallow traps is observed in all
studied materials in a range of energy from a few meV up to 80 meV. To study the presence of shallow
traps is of capital importance in order to understand how their presence can influence the transport
properties of an organic film.

At room temperature their occupation is in thermal equilibrium with transport states. Hence, this
kind of shallow distributed defects plays a major role determining the transport characteristic of an organic
material acting as hopping sites for electrons. Although the presence of shallow traps is incontrovertible,
having an experimental evidence, the origin of shallow traps is not clear; they can originate from both
structural defect or chemical impurities. Furthermore, this type of defects is present in both classes of
materials under examination: polymers and low molecular compounds. This finding could suggest that this
particular kind of traps originates from chemical contamination. On the other hand the significant presence
of shallow traps also in the highly purified TPQ sample, evaporated under high-vacuum conditions, tends to

exclude this possibility, then the detected shallow traps have, probably, a physical origin.
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The distribution of the detected shallow traps is Gaussian. Although we used a priori this kind of
distribution to perform the numerical analysis it should be noticed that other kinds of distributions do not
give the same excellent fit. By means of our experimental set-up it is possible to observe only the tail of the
Gaussian distribution, this means that the observed distributions are pseudo-exponential. Furthermore we
observe that using such description, having a Gaussian distribution of localised states, defects are supposed
to penetrate deeply into the conduction band.

The experimental conditions, in particular the excitation carried out in our case at liquid nitrogen
temperature, play a relevant role in determining the shape of the distribution. We are revealing only one
part of the real distribution because of the relatively high temperature and this deforms the obtained TSL
glow curves. Studies performed on glasses, where the expected distribution for statistical reasons must be
perfectly Gaussian, show that the TSL glow curve shape is strongly affected by the previous temperature
excitation and by the peak partial cleaning procedure’ followed. In such cases the calculated distributions,
originating from so distorted peaks, have an exponential shape.

The use of the thermally stimulated techniques together with the numerical analysis gives evidence
on the trapped states of the studied thin films and highlights the importance of shallow traps in the transport
properties. The described results are well confirmed in literature. Measurements on several materials
suitable for OLEDs show the presence of shallow traps. An energy depth of about £ = 0.06 eV determined
by means of TSL measurements’, and £ = 0.07 eV by means of TSC” has been stated for 8-
hydroxyquinoline, the well known Alqs. A naphtyl-substituted benzidine derivative (NPB) measured by
TSL®' shows shallow traps having a depth of around £ = 0.05 eV and E = 0.08 eV. For poly(p-
phenylenevinylene) (PPV) shallow traps depth values” of E = 0.03+0.06 eV have been determined by
means of TSC measurements. A similar value, £ = 0.06 eV, was found for an amorphous soluble methyl-

substituted ladder-type poly (para-phenylene) (m-LPPP) again by TSC®. All this values are coherent and

Table 4.2: Summary of the thermally stimulated luminescence parameters

Substance T peak (K) E, (eV) s (s o (eV) order
159.1 06=0. / /
PPOIA 0.06+0.08
230.7 0.18 / /
160.4 0.01+0.08 / / 2nd
PPQ IIB ’ R
226.1 0.11 / /
cast 114.6 0.12 1.5x10" 0.19
TPQ 2nd
evap. 103 0.07+0.1 / /
120+160 0.004 1x10* 0.7
197.7 0.55 1.15x10" 0.028
NADPO b Ist
224 0.63 2.4x10 0.045
253 0.66 1.85x10" 0.08
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indicate the constant presence of shallow traps in both low molecular compounds and polymers used for
light emitting devices. Unfortunately up to now, no systematic studies were undertaken to determine the
shape of the shallow trap distribution. In this contest more systematic investigation on a wide range of
materials suitable for organic electronics are necessary in order to establish a well founded correspondence
between the presence of shallow traps, the shape of their distribution on one side and the transport and
emitting properties on the other side.

Almost all numerical simulations in this sections are carried out using a density of traps of about
10'® cm™. How underlined in chapter 2 a lower density of localised states can be detrimental in that respect.
To use the quasi-adiabatic approximation, equation (2.7), is not justified for lower trap concentrations.
However, the maximum trap density employed for the numerical simulations is consistent with the
literature reports, giving for such kind of organic materials values from 10" em™ to 10" ¢cm™ also for very

purified substances. This fact makes us confident about the consistency of our numerical simulations.

4.5. Deep traps

The presence of deeper traps is also very important in OLED technology and organic electronic, in order to
understand the electron transport properties, recombination and electroluminescence quenching
mechanisms. All studied materials, both polymers and oligomers, show the presence of at least of one deep
trapping level in the energy range between £ =0.18 eV and £ = 0.66 eV.

The Gaussian or, in one case, true exponential trap distributions are influenced by the pre-history of
the sample and can vary slightly in position from sample to sample. Deep traps are strongly influenced by
the preparation conditions to which the sample was exposed and by the subsequent thermal cycles
necessary in order to perform the measurements. A quantitative analysis of these peaks, with the important
exception of the peaks appearing in the NADPO sample, is difficult to perform and is not very accurate
because of the superposition of several peaks and dynamical changes during the experiment.

The comparison between amorphous samples and well ordered samples show unexpectedly more
structured TSL structures for this second type. This can be explained by means of the higher level of order.
A well ordered structure does not show the wide TSL signal glowing from the broad distribution of defects.
This signal in general hides the fine structures arising from chemical defects. For that reasons samples
being more ordered or grown under high vacuum conditions show with respect to similar samples, grown
completely amorphous or in air, a more rich structure. A complete and systematic analysis of well-ordered
samples and pure materials grown under well controlled conditions, like measurements performed after

sample expositions to oxygen or moisture, are highly desirable.
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5. Conclusions

New polymers and low molecular compounds, suitable for organic light-emitting devices and organic
electronic applications, have been synthesised in these years in order to obtain electron transport
characteristics compatible with requirements for applications in real plastic devices. However, despite of
the technological importance and of the relevant progress in device manufacture, fundamental physical
properties of such class of materials are still not studied sufficiently. In particular the presence of
distributions of localised states has a strong impact on their electronic properties. The presence of shallow
traps as well as the influence of the sample preparation conditions on deep and shallow localised states
have not been systematically explored until now.

Thermal techniques are a powerful tool in order to study localised levels in inorganic and organic
materials. Thermally stimulated luminescence, thermally stimulated currents and thermally stimulated
depolarisation currents allow, when applied in synergy, to investigate in details shallow traps and deeper
levels. They also permit to study, in synergy with dielectric spectroscopy, polarisation and depolarisation
effects.

The analysis of the thermograms, emerging from the thermal techniques, can be performed starting
from the differential rate equations of the de-trapping phenomena. Such approach, allowed by the
computing power of the modern calculators, is not the most fruitful, while the number of free variables
involved in the numerical resolution of the rate differential equations is too high. Sometimes completely
different sets of parameters can fit the same thermally stimulated peak and ambiguous results are often
achieved.

For the above reasons in order to analyse the glow curves we decided to explore the possibilities
offered by a different approach. It is well known that the rate differential equations describing the thermally
stimulated processes can be solved, in the frame work of band theory, analytically using the adiabatic
approximation. The integration results in two equations valid in case of negligible re-trapping, first order
kinetic, i.e. a released electron recombines directly with a hole, or valid in the opposite case, the so called
second order kinetic equation, an electron has an high probability to get re-trapped and is then released and
trapped several times before recombination.

First and second order kinetic equations are generally applied in case of a single level of localised
states. However, the intrinsic disorder, intimately connected to the structure of polymeric compounds and
in general to organic crystals, must be taken into account and then added to both kinetic equations. We
obtain, in such way, a first and a second order equation that includes a distribution of localised states. The
resulting equations can be numerically solved. We studied the Gaussian, the exponential and the quasi-
continuous distributions. The shape of the theoretical peaks of a thermal experiment are investigated by
systematic variation of the two main parameters of the equations i. e. the energy trap depth £ and the
frequency factor s and of the parameters regulating the distribution, in particular, for a Gaussian

distribution, the distribution width ¢ and the integration limits.
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The effect of the presence of a distribution of localised states is reflected by the peak shape. In
comparison with a single level of traps, a glow curve containing a distribution is characterised by an
enhanced symmetry and enlarged dimensions. We demonstrate that the first and second order kinetic
equations containing a Gaussian distribution of localised states can be considered to be universal.
Manipulating the Gaussian parameters it is possible to obtain peak shapes analogous to the shapes of peaks
rising from the other two kinds of distributions. In particular tuning the energetic limits and the energy
depth maximum E,, of the Gaussian distribution inside the first and second order equations, it is possible to
account for experimental glow curves resulting from partial cleaning procedure or from not completely
filled levels of traps, that are usually fitted with unphysical exponential distributions.

The theoretical findings have been applied to two classes of materials suitable for electron transport
hole blocking layer in OLEDs: the two polymers Poly[2,2’-(1,4-phenylene)-6,6’-bis(3-phenyl
quinoxaline)], shortly called PPQ IA, and poly[2,2’-(4,4-0xy Dbiphenylene)-6,6’-oxybis(3-
phenylquinoxaline)] PPQ IIB, a low molecular quinoxaline, the star starburst 1,3,5-Tris[(3-phenyl-6-
trifluoromethyl)-quinoxaline-2-yl]benzene, TPQ, and the well ordered and stable Langmuir-Blodgett (LB)
multilayers films of the amphiphilic substituted 2-(p-nitrophenyl)-5-(p-undecylamidophenyl)-1,3,4-
oxadiazole (NADPO).

All studied samples show rich thermograms revealing several levels of localised states.

The polymers have been studied by means of TSL, TSDC and DES in order to discriminate between
depolarisation peaks and de-trapping features. Despite the fact that PPQ IA and PPQ IIB have almost the
same chemical structure, the TSDC thermograms look completely different. PPQ IA has a rich thermogram
characterised by the presence of two peaks at low temperature, having a dipolar origin with 7,, = 145 K and
a second one that could arise from de-trapping processes at 7,, = 164 K. Furthermore, a complex structure
around 7 = 240 K has been successfully analysed by means of overlapping of a minimum number of single
Debye relaxation processes. A transport peak around 7 = 420 K was also extracted as well as an a-peak
around the glass transition temperature at 7= 550 K.

The PPQ IIB TSDC thermogram is characterised by the presence of an a-peak around 7' = 465 K
and a transport peak around 7 = 398+408 K. A low temperature peak, 7,, = 145 K, has a probable de-
trapping origin like the second peak of PPQ IA.

The differences between the experimental findings on the two similar polymers can be found in the
presence in PPQ IIB of an oxygen bridge in the main chain that acts as flexibilizer and conjugation breaker,
while the structure of PPQ IA bears no oxygen at all. This results in a lower glass transition temperature
and in a lower conductivity of PPQ IIB.

The TSL glow curves of both polymers are characterised by the presence of two broad peaks. Both
peaks are connected with broad distributions of localised states, a characteristic feature of glasses and
disordered materials. Furthermore, in both polymers the peaks are characterised by second order kinetics
and a low activation energy.

A further material under investigation is TPQ, a very promising organic compound for electronic
applications because of its high electron mobility. The thermograms reveal the presence of a wide

distribution of shallow traps that can act as hopping levels and which are consequently influencing the
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transport properties. There are no substantial differences between cast and evaporated samples. The
Gaussian distributed levels of shallow traps characterised by second order kinetics, have an energy depth of
E =0.12 eV and an estimated frequency factor of about s = 1x10'* s™', can be attributed to physical traps.

The well ordered NADPO LB film was extensively studied by means of ultraviolet photoelectron
spectroscopy in order to determine experimentally its electronic band structure. Surprisingly, such materials
are characterised by a rich thermogram. A wide region of shallow traps localised at £,, = 4 meV has been
successfully fitted by means of a Gaussian distribution with a first order kinetic equation.

Two further peaks, having a different origin, characterise the thermograms. The peaks at 7, = 221.5
K and T,, = 254.2 K have activation energies of E,, = 0.63 ¢V and E,, = 0.66 ¢V, frequency factors of s =
2.4x10"% s and s = 1.85x10"" s™!, and distribution widths of o= 0.045 ¢V and o= 0.088 eV, respectively.

After an increasing number of thermal cycle, there suddenly appears a peak at 7,, = 197.7 K
probably connected with structural defect. The numerical analysis of such a peak is performed by means of
a first order equation containing a Gaussian distribution of traps. The activation energy of the trap level is
centred at £,, = 0.55 eV. The distribution is perfectly symmetric with a quite small width of o= 0.028 eV.
The frequency factor in such simulation is s = 1.15 x 10'* s™' resulting in the same order of magnitude as its
neighbour peak at 7, = 221.5 K, having both probably the same origin.

This work demonstrates that the shape of the glow curves is strongly influenced by the excitation
temperature and by the thermal cycles. In such a way a Gaussian distribution of localised states can be
transformed into an almost exponential distribution. The previous thermal history of the samples including
the peak cleaning can lead to certain trap occupation which resembles an exponential distribution.

The constant presence of shallow traps in all studied materials confirms their importance in transport
properties. The numerical simulations of the experimental curves are a reliable tool in order to analyse the
experimental glow curves and to get information about localised levels. However, further systematic
studies are necessary in order to find reliable connections between the presence of shallow traps and the
transport properties in organic materials.

The thermal techniques are powerful investigation tools when synergistically applied. However,
very low excitation temperatures are necessary in order to study the presence of shallow traps and to
determine completely the shape of the trap distribution. Furthermore, comparison of samples prepared
under different conditions and with trap levels introduced on purpose must be studied systematically in
order to find a correspondence between the thermogram peaks and the introduced levels and then surely

attribute each peak to a certain kind of introduced defect.
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Appendix

Graphical programming

A commercial graphical programming language is the chosen tool in order to achieve the instrument
operations control and the data collection during the experiments. We use Hewlett-Packard visual
engineering environment (HP-VEE) graphical programming language for this purpose. HP-VEE is
optimised for instrument control, it is easy to learn and to use, furthermore it allows to prepare user friendly
graphical interfaces in a easy way and in a short time.

Figure A shows the flow chart of the program performing simultaneous TSL and TSC
measurements. Analogous programs are developed for TSDC, current-voltage as well as
electroluminescence measurements. The shown graph consists of tools, the so called objects, logically
connected by lines defining the program progress. With respect to a program written in a textual language
basically there are no logical differences, although in such case the programmer should follow the strict
rules and syntax terms of programming language that generally are not intuitive and that require
considerable learning and training time. In case of a graphical program the function of each object (that is
equivalent to a string of commands or to a subroutine) is intuitive and the basic rules are easy to understand
and to be followed.

The result is a sort of flow diagram where each simple step, the object, connected with lines,
performs a specific function. Such graphical pattern is the analogous of the source program in a textual
programming language. The data inputs are on the left side of the objects and the data outputs are on the
right. The chronological progression, or in other terms, the sequence flow, can be determined when
necessary by the lines connecting the objects from top to bottom.

In graph A we can distinguish four important blocks. The instrument commands include the
instrument initialisations (see also figures B and C) at the beginning of the program, the reading and
averaging loop (read & mean box in the figure) that performs the operations of reading on the instruments
and makes, on request of the operator, a data averaging operation.

The output is constituted of two different blocks, the three graphs, thermoluminescence versus
temperature, current versus temperature and temperature versus time, show “on line” the measurement
progress and a block, including the file name selection at the program beginning and the “to-file” object,
that collects the data and stores them in a file during the program execution.

A last loop, enveloping the whole program, measures the time elapsed between the measurement
execution and the writing of the data on the file. It takes into account the real elapsed time. The collected
data are also registered about the elapsed time in the resulting file. A beep announces the end of each

measurement cycle.
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The simple user interface (not shown) contains the three graphs, current vs. temperature,
thermoluminescence vs. temperature and temperature vs. time, the number of data that the program should
average before to be written into the data file, the total execution time, the voltage to be applied to the
sample, and a starting and a stop button.

Figures B, C and D show details of the instrumental subroutines containing commands for

initialisation of the instruments and data reading. Such command strings are specific for each instrument.

Figure A Data flow diagram of the program performing TSL/ TSC simultaneous measurements.
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B Initialise

|

= K185A (NOT LIVE) G

YWRITE TEXT "REMOTE" EQL
WRITE TEXT "FO:" EOL
WRITE TEXT "ROX" EQL
WRITE TEXT "P1:" EOL

I

InputTerm [f— = KE1 T(NOT LIVE) =

YWRITE TEXT "REMOTE" EQOL
WRITE TEXT"F1X" EOL
WRITE TEXT "ROX" EQL
WRITE TEXT "C14" EQL
WRITE TEXT "Z1X" EOL
WRITE TEXT "Z0:" EOL
WRITE TEXT "COX" EQL

Figure B picoammeter and voltmeter initialisation sub routine.

- k2400 {N-CIT LIVE) | F |

WRITE TEXT ""RET" EQOL

WRITE TEAT " SENSFUNC.CONC ON" EOL
WRITE TEAT "SENS:CURRRANGALTO ON' EOL
WRITE TEXT " SEMS:CURRPROT 1e-3" EOL
WRITE TEXT " S0URCURR:RANGAUTO 1" EQL
WRITE TEXT " S0OURNMOLT.LEWVIMMAMPL "+a EOL

Figure C  Keithley source meter initialisation commands list.
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Figure D Measurements commands and averaging sub routine.
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