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Abstract. Charge carrier trapping in thin films of lyotropic chromonic liquid crystals (LCLCs) based
on ionic perylene diimide derivative and in chemically-similar neutral N,N′-dipentyl-3,4,9,10-perylene-
dicarboximide (PTCDI-C5) films is investigated by thermally-stimulated luminescence (TSL) technique.
The LCLC films comprise elongated molecular aggregates featuring a long-range orientational order.
The obtained results provide direct evidence for the improved energetic ordering (smaller effective
energetic disorder) in aggregated LCLC films as compared to conventional PTCDI-C5 films. The width
of the density-of-state distribution of 0.09 eV and 0.13 eV was estimated for the LCLC and PTCDI-C5
films, respectively. Relatively small effective energetic disorder in LCLC films is ascribed to formation of
macroscopically larger LCLC aggregates.

1 Introduction

Organic semiconductor films offer a huge potential for
the emerging flexible large-area electronics because they
allow for a low-cost and low-temperature device fabri-
cation compatible with flexible plastic substrates [1,2].
Organic electronic devices such as organic field-effect tran-
sistors (OFETs), light emitting diodes and solar cells or
electrophotographic photoreceptors employed in today’s
photocopiers, are generally based upon non-crystalline
systems such as vapor deposited molecular glasses con-
sisting of small organic molecules or semiconducting poly-
mers deposited from solutions. The charge-carrier mobility
is one of the most important properties of organic semi-
conductors for their application in optoelectronics as it
has a profound effect on ultimate device performance.
The charge mobility in organic materials still remains by
far lower than that of conventional inorganic semiconduc-
tors and, along with stability issue, makes a current bot-
tleneck for the large scale industrial application of organic
electronic devices.

It has been well established that disorder is a strong
impact on that aspect of the device performance which is
related to charge carrier mobility. This is caused by pres-
ence of significant energy disorder in the amorphous or
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polycrystalline semiconductor films which are commonly
used nowadays in organic electronic devices [3–6]. There-
fore the charge-carrier transport in such disordered mate-
rials occurs by thermally activated hopping [3–7] through
a manifold of localized states with a density-of-state
(DOS) distribution having an assumed Gaussian shape.
This disorder, however, is not an inherent property of
the organic semiconductors, but rather comes from the
nature of the thin organic films conventionally prepared
by deposition in vacuum or from solutions. Indeed, single-
crystal organic semiconductors are known to possess much
better characteristics and the high-performance electronic
devices have been demonstrated for them [8–11]. Nowa-
days it became clear that charge transport properties of
organic semiconductors are to large extent determined by
molecular packing and macroscopic orientational ordering
in thin films.

There are several approaches employed to-date to
obtain highly-crystalline organic films. First, there were
attempts to control growth of single crystallites locally
by control of surface energy by self-assembled monolay-
ers (SAM) using evaporation of organic semiconductors
in vacuum [10] and also from solution [11]. Creation of
oriented single-crystal arrays has been recently demon-
strated by inkjet printing on SAM-controlled surfaces by
Minemawari et al. [11]. Second, there are currently quite
many studies of epitaxial growth of crystalline thin-films
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of organic semiconductors on suitable template substrates.
This approach started with epitaxial growth of mole-
cular crystallites on selected templates such as mica
[12–15]. Later on, organic-organic hetero-epitaxy was
demonstrated and it was found that organic crystals can
be oriented on another crystal even without perfect cor-
respondence of lattice structure for the crystalline sub-
strate and the growing hetero-crystal [16]. Although the
organic “epitaxial” crystallites show ordering, they are
most often of polycrystalline structure and not single
crystals.

On the other hand, supramolecular assembly of the
molecules in the solid state can be conveniently accom-
plished from nematic or smectic liquid crystal (LC) phases
with or without the use of an additional orientation lay-
er [8,9]. McCulloch et al. [17] demonstrated that liquid-
crystalline materials with cross-linkable chemical bonds
can be used as semiconductors in OFET devices. The idea
behind this approach is an orientation of non-crosslinked
compounds in the LC state followed by a final structural
fixing of the ordered state by photochemical cross-linking.
However, as pointed in [18], there are two serious limita-
tions to these approaches: (i) alignment of monodomains
with required orientation and size is challenging, and
(ii) the structural and electronic properties in thermo-
tropic LCs strongly depend on temperature because of
the changing dynamics of molecules and because of the
multiple phase transitions. The recent experiments with
lyotropic chromonic liquid crystals (LCLC) [19] demon-
strate some progress as the LCLC with their long-range
orientational order, dense molecular packing and high flex-
ibility of the structure in which the local defects do not
dominate the local order and hence the global order
introduced by deposition retains [20], offer an excellent
potential alternative to the rigid crystals. In these
materials the aromatic cores of the molecules are dec-
orated with polar groups rather than aliphatic chains.
These polar groups make the LCLC compound soluble in
water. The strong π − π interaction of the aromatic cores
makes them stack on top of each other forming columnar
aggregates [21]. The aggregate structure of LCLC prevents
them from being tilted at the bounding substrate, thus
the proper alignment is achieved without special align-
ing layers needed in the case of thermotropic LCs [20].
Subsequent drying “freezes” the highly aligned structure
resulting in a solid film [22] with close packing of molecules
along the aggregates with the same spacing of 0.34 nm as
in the LC phase [23,24], but without imposing a long-
range crystalline structure in the directions perpendicular
to the aggregates.

Although the field-effect charge-carrier mobility mea-
sured for LCLC films was found to be relatively high
(0.03 cm2/V s) [19], there is no information about the
energetic structure, the energy disorder and possible
charge-carrier traps in solid LCLC films, which is very
important for understanding of the electrical transport
in molecular aggregates as well as for further device
performance improvements. Trap detection techniques
based on thermally-stimulated luminescence (TSL) and
thermally-stimulated current (TSC) were demonstrated to

be especially suitable for studying the charge-carrier traps
(their energies and distribution) in disordered organic
media [7,25–34] and allow the estimation of the width of
the DOS distribution, σ (referred to as energetic disorder
parameter). The TSL technique is of particular relevance
due to it is a purely optical tool, which allows for sep-
aration of interface/contact effects and does not require
good charge transport in the material. The TSL has been
extensively applied by our group to study intrinsic
energetic disorder in different organic semiconducting thin
films including π− and σ−conjugated polymers, molecu-
larly doped polymers as well as small molecular weight
oligomers [7,28–34]. In tandem with these studies, a firm
theoretical background for application of TSL in disor-
dered organic systems with hopping charge transport was
also developed [28,31] using the concept of a thermally-
stimulated carrier random walk within a positionally and
energetically random system of hopping sites. In the
present paper we apply the TSL method to study the
charge-carrier trapping in self-organized perylene-based
LCLC solid films and the results are compared with that
obtained in films based on conventional perylene deriva-
tive PTCDI-C5 (see details below) having the same core
structure.

2 Experimental methods

2.1 Materials

Molecular structures of the compounds used in this study
are illustrated in Figures 1a and 1b. As a representa-
tive LCLC material we have studied a compound labeled
hereafter as Per-2582SL (shown in Fig. 1a) which is an
ionic perylene diimide derivative having the same core
structure as a well-known n-channel OFET semiconductor
N,N′-dipentyl-3,4,9,10-perylene-dicarboximide (PTCDI-
C5) (Fig. 1b), but possesses different periphery groups
containing ions. The LCLC material and PTCDI-C5 were
synthesized at the Institute of Organic Chemistry (Kyiv)
and used as received. The end ionic groups of the
Per-2582SL dissociate in aqueous solution, while the pla-
nar cores of the molecules attract each other and stack
on top of each other thanks to the intermolecular π − π
orbital interactions. The resulting aggregates are of colum-
nar type as the planes of the molecules form stacks (rather
than closed micelles common in amphiphilic systems).
An aqueous solution of Per-2582SL (concentration of
about 8 wt.%) was prepared in order to obtain a nematic
phase [35]. The solution was deposited on a substrate and
shear-aligned using the so-called “vertical” spin-coating
technique (1500 rpm) [19,36]. The aligned films were dried
at room temperature in air for several hours [35]. Thick-
ness of the films prepared by our deposition technique was
around 850 nm. The shear-aligned textures of solid films
demonstrated uniform alignment characterized by a high
dichroism and birefringence as shown in Figures 1c and 1d.
UV-vis absorption spectra of the LCLC films have been
presented before [37] along with detailed optical charac-
terization of these films.
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Fig. 1. Molecular structures of (a) Per-2582SL and (b) PTCDI-C5. Polarizing microscope textures of Per-2582SL films formed
by vertical spin-coating: (c) and (d) differ in orientation of director (n) with respect to the polarizer (P) and analyzer (A).

For comparison purposes, the studies have also been
performed for a neutral perylene diimide derivative
PTCDI-C5 (Fig. 1b) which is a well-known organic
semiconductor material used for fabrication of different
organic electronic devices [38–40]. PTCDI-C5 has a
similar core molecular structure as Per-2582SL, however,
features no liquid crystalline properties. Deposited
PTCDI-C5 form typically polycrystalline films with two
nearly coplanar (stacked) molecules within the unit
cell. The intermolecular distance along a-direction of
PTCDI-C5 crystallite is relatively short, resulting in a
large overlap of molecular π−orbitals, therefore this
material is usually considered as a strongly coupled sys-
tem. The OFET charge-carrier mobility in PTCDI-C5
films prepared by thermal evaporation was reported to be
fairly large of about μe ≈ 10−1 cm2/V s [38] at room tem-
perature and characterized by thermally-activated behav-
ior with activation energies dependent on the gate
voltage [38], that implies the presence of substantial ener-
getic disorder in such films.

2.2 Experimental techniques

Thermally stimulated luminescence (TSL) is the phenom-
enon of luminescent emission after removal of excitation
under conditions of increasing temperature. Generally,
in the TSL method the trapping states are first popu-
lated by photogeneration of charge carriers, usually at low

temperatures in order to prevent a fast escape. The trap-
ped charge carriers are released by heating up the sample
with a linear temperature ramp, while the luminescence
due to radiative recombination is recorded as a function of
temperature. TSL measurements were carried out with an
automatic setup for optical thermally activational spec-
troscopy over a wide temperature range from 4.2 K to
350 K with an accuracy better than 0.1 K. The investi-
gated samples were mounted in a holder of the optical
helium cryostat and, after cooling, they were irradiated
with UV light. For excitation, the light from a high-
pressure 500 W mercury lamp was used. After terminating
the excitation the luminescence signal was detected with a
cooled photomultiplier operated in photon-counting mode.
TSL measurements were performed in two different
regimes; under the uniform heating with the rate β =
0.15 K/s and in the fractional heating regime [32,33].

The fractional TSL technique (also called the frac-
tional glow technique), being a modulation version of ther-
mally activational spectroscopy, is based on cycling the
sample with a large number of small temperature oscil-
lations superimposed on a constant heating ramp. This
allows the determination of trap depth with high accu-
racy when different groups of traps are not well sepa-
rated in energy or are continuously distributed, which is
of special relevance for disordered organic solids. The low-
temperature fractional TSL was applied to investigate the
charge-carrier trapping in a great variety of important
polymer and oligomer organic semiconductor materials
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(see [7,25–34]). The mean activation energy 〈E〉 is deter-
mined during each temperature cycle as:

〈E〉(T ) = −d[ln I(T )]
d(1/kT )

, (1)

where I(T ) is the intensity of the thermoluminescence,
T is the temperature and k is the Boltzmann constant.
Since a temperature oscillation, ΔT , is usually much less
than mean value of T , the 〈E〉 could be assumed as equal
to E(T ), the activation energy of traps emptied at the
temperature T . A trap distribution function, H(T ), can
be determined in arbitrary units as:

H(T ) ∝ I

d 〈E〉/dT
, (2)

where I is TSL after converting the temperature scale to
the energy scale by means of empirically accessible depen-
dence equation (1).

The conventional steady-state photoluminescence
(PL) (continuous wave, cw-PL) was measured at tem-
peratures ranging from 4.2 K to 300 K using an opti-
cal helium cryostat. All PL spectra were corrected for
background radiation and instrumental spectral response.
The studied organic films did not exhibit any notable
photo-degradation during the measurements.

3 Results and discussion

3.1 Photoluminescence spectroscopy studies

Figure 2 shows steady-state PL spectra of the ionic pery-
lene derivative Per-2582SL and the neutral derivative
PTCDI-C5. PL spectra of Per-2582SL (Fig. 2a) were mea-
sured in aqueous solution (c = 10−5) at room tempera-
ture (curves 1) as well as in a solid film at 5 K (curves 2)
and at room temperature (curves 3). For comparison
purposes, Figure 2b shows PL spectra of PTCDI-C5 mea-
sured in tetrahydrofuran (THF) solution at room temper-
ature (curve 1), and in a film at 5 K and 300 K (curves 2
and 3, respectively). The PL intensity in Per-2582SL was
considerably weaker as compared to that of PTCDI-C5
when measured under the same experimental conditions,
that implies much smaller PL yield in this material.
The PL spectrum of PTCDI-C5 in diluted THF solu-
tion features a 0-0 transition at 537 nm (Fig. 2b) that is
almost in resonance with the lowest energy absorption
band at 527 nm (not shown here), and therefore it could
be attributed to emission from isolated molecules diluted
in the solvent. The 0-0 PL transition of Per-2582SL in
solution is observed in almost the same spectrum range
at around 547 nm, which implies that energy levels of
the lowest excited state of these compounds are not much
altered by different periphery groups and by the presence
of ions.

Note that PL spectrum in PTCDI-C5 film is greatly
shifted (by ∼0.45 eV) to a longer wavelength (∼665 nm)
with respect to the spectrum for diluted solution (Fig. 2b)

(a)

(b)

Fig. 2. PL spectra of the perylene derivatives: (a) Per-2582SL
and (b) PTCDI-C5 measured in solution (c = 10−5) (curves 1)
at room temperature, and in solid films at 5 K (curves 2) and
room temperature (curves 3).

that is an evidence for enhanced intermolecular coupling
in the films. The strong bathochromic shift of PL spec-
tra (by ∼0.33 eV) from diluted solution to solid film is
also observed in ionic Per-2582SL (Fig. 2a), which imply
similarly strong intermolecular interaction in aggregates
of LCLC solid films. The latter behavior is expected to be
favorable for the charge-carrier transport in such materials
due to enhanced wavefunction overlap between neighbor-
ing molecules, that makes them promising for application
in electronic devices.

Temperature dependent PL spectra measured in Per-
2582SL and PTCDI-C5 solid films are shown in Figure 3.
PL intensity for both compounds strongly decreases with
increasing temperature from 5 K to room temperature,
and the shape of PL spectra changes considerably.
The PL spectrum of PTCDI-C5 film at 5 K features three
peaks at ∼665 nm, ∼710 nm and ∼785 nm, while a very
broad emission band peaking at 715 nm dominates the
PL spectra at room temperature (Fig. 3b). Basically sim-
ilar PL properties have been reported for films of other
perylene diimide derivatives [41,42] where the latter broad
peak was ascribed either to emission from excimer-type
species or to emission from self-trapped excitons. The pro-
nounced PL band at around 715 nm in PTCDI-C5 films is
related to a low-energy state in this material which might
be responsible for not only the exciton trapping but also
for a moderately deep charge-carrier trapping, as it will be
shown in successive section. PL spectra of Per-2582SL also
decrease in intensity with elevating temperature (Fig. 3a),
however, their shapes do not change so considerably as the
temperature-dependent spectra of PTCDI-C5 (Fig. 3b).
The fact that such low-energy PL band (especially at room
temperature) is much less pronounced in Per-2582SL films
might imply a smaller concentration of gap states in this
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Fig. 3. PL spectra of solid films of (a) Per-2582Sl and
(b) PTCDI-C5 measured at different temperatures under
excitation with λexc = 365 nm.

material. This might be a consequence of liquid-crystalline
morphology of Per-2582SL films.

3.2 Thermally stimulated luminescence study

A typical TSL glow curve of a Per-2582SL film (deposited
from aqueous solution) measured after excitation with
365 nm-light for a few min at 4.2 K is shown in Figure 4
(curve 1). The TSL of a PTCDI-C5 film measured
under the same conditions is given for comparison (Fig. 4,
curve 2). Up to our knowledge, TSL was never reported
before for perylene diimide derivative materials. The TSL
of Per-2582SL film reveals a broad slightly asymmetric
peak with the maximum at around Tm ≈ 50 K and the
TSL signal is detected only at relatively low-temperatures
(T < 200 K) as expected for a disordered material devoid
of deep charge-carrier trapping. The observed low-
temperature TSL peak can be ascribed to detrapping of
charge carriers from shallow localized states.

As evident from Figure 4, there is a remarkable differ-
ence between the TSL curves of Per-2582SL and PTCDI-
C5 films. The TSL curve of PTCDI-C5 has a different
shape, namely, apart of the low-temperature peak at
about 30 K it shows also a distinct additional TSL band
peaking at ∼110 K. Dotted lines in Figure 4 show a decon-
volution of the experimental curve into two Gaussian-
shaped peaks. The TSL peak at 110 K seems to be an

Fig. 4. TSL glow curves of Per-2582SL and PTCDI-C5 film
(curves 1 and 2, respectively) after excitation with 365 nm
light at 4.2 K. The TSL curves are normalized to the maxi-
mum intensity. Doted lines show a deconvolution of the exper-
imental curve for PTCDI-C5 film into two Gaussian-shaped
peaks and the black solid curve is used to fit the experimental
data with bimodal Gaussian distribution.

inherent feature of PTCDI-C5 films and it implies the
presence of moderately deep extrinsic charge-carrier trap
responsible for this peak. These trap states are seemingly
inherent for this material since our attempts to prepare
a film devoid of the additional 110 K peak failed. Simi-
lar TSL phenomena have been observed in other organic
semiconductors we studied before [28–33]. The observed
trap states form an additional DOS distribution shifted to
deeper energies with respect to the main Gaussian DOS of
charge transport states. Thus, overlapping of both distrib-
utions yields a bimodal cumulative DOS distribution [28]
characteristic for the PTCDI-C5 films.

3.3 TSL data analysis

The observed characteristic features of TSL presented
above can be explained in terms of the hopping model
for thermally assisted relaxation in disordered organic ma-
terials [28,31], which permits the evaluation of the DOS
distribution from the TSL data. According to the model,
TSL arises from radiative recombination of sufficiently
long geminate pairs of charge-carriers created during pho-
toexcitation of the sample at a low (helium) temperature.
The long-range off-chain geminate charge pairs could be
stable enough against isothermal recombination at cryo-
genic temperatures (note that TSL is not changed after
the sample was stored at 4.2 K for many hours) provided
that the constituting charge-carriers are trapped by suffi-
ciently deep localized states. The latter could be intrinsic
hopping states localized within the tail of the DOS or
extrinsic trap states of different origin. It was shown
that the deepest portion of an energetically disordered
manifold of localized states could be responsible for shal-
low charge trapping at very low temperatures [28] in trap-
free systems, while extrinsic traps can cause moderate
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or deep charge trapping in trap-containing materials.
It worth mentioning that recent combining TSL and ther-
mally stimulated current (TSC) studies in the same
materials [43] have demonstrated that the Coulomb bind-
ing energy in the photogenerated charge pairs does not
really affect the TSL data, however, it can change con-
siderably TSC curve and the apparent activation energy
of TSC due to the Coulomb interaction impedes dissoci-
ation of charge pairs into free charge carriers contribut-
ing to conductivity [44]. Concomitantly, the analysis of a
TSL curve directly yields information about the DOS dis-
tribution [43,44]; and the energy distribution of trapped
carriers obtained from TSL data is an exact replica of the
deeper portion of the DOS distribution [28,31].

In our previous studies of the TSL phenomena in trap-
free disordered solids [28,31] we have proved that the high-
temperature tail of a TSL curve becomes a straight line
when plotted on a log(ITSL) vs. T 2 scale or log(ITSL) vs.
〈Ea〉2 after converting the temperature scale to a trap
energy scale by using a calibration equation related the
mean activation energy 〈Ea〉 to temperature, that is mea-
sured by Fractional TSL technique. The slope of this line
is a measure of the DOS width and yields the energy
disorder parameter σ in the disordered organic material
under study since it was demonstrated [28] that the high-
temperature wing of the TSL curve is an exact replica of
the deeper portion of the DOS distribution. This approach
is conceptually similar to that employed earlier [45,46]
using the thermally stimulated current (TSC) technique.
Analysis of the shape of the high-energy wing of the TSC
was used to determine the width of the DOS distribution
in disordered layers of tetracene and pentacene.

A single TSL peak observed in Per-2582SL films sug-
gests that a single-modal Gaussian DOS distribution is
an appropriate approximation for this system and the
above mentioned analysis is applicable. Owing to the rel-
atively weak TSL signals in this material it was practi-
cally impossible to apply the fractional TSL techniques.
However, as we found in our previous studies, the above
empirical calibration equation varies not significantly for
various disordered organic materials [31–33] unless the
charger transporting sites are diluted as in molecularly
doped polymers at low concentration of charge transport
molecules [32], therefore the best we could do is to use
the calibration equation obtained in our previous works:
〈Ea〉 (T ) = 0.0018 × T − 0.016 (in eV) [28]. This empiri-
cal expression for 〈Ea〉 (T ) in fact supports the basic for-
mula of Simmons-Taylor theory [47] developed long ago
for TSC, which predicts a qualitatively similar linear tem-
perature dependence of the apparent activation energy.
It worth noting that such kind of equation has been
recently justified by the relevant analytical variable-
range-hopping calculations for organic materials [31].

The results of Gaussian analysis of the high-
temperature wing of the TSL peak of Per-2582SL and
PTCDI-C5 film are presented in Figure 5 (curves 1 and
2, respectively). The high-temperature tails of TSL glow
curves can be reasonably well approximated by straight
lines and the width of the DOS distribution as estimated
from its slope is 0.09 eV and 0.13 eV for Per-2582SL and

Fig. 5. Gaussian analysis of the high-energy wing of the TSL
peak of a Per-2582SL (curve 1) and PTCDI-C5 (curve 2) films
assuming that the deep tail states’ distribution can be approx-
imated by a Gaussian function H(E) ∝ exp [−E2/2σ2]. Curve
2′ presents analysis of the first TSL peak at 30 K of PTCDI-C5
separated by subtracting the second TSL peak at 110 K from
the experimental TSL curve assuming on that the second (trap
related) peak has a Gaussian profile shown by dotted curve in
Figure 4. Estimated effective DOS widths are presented in the
figure.

PTCDI-C5, respectively. Such values are quite typical for
organic semiconducting films. It should be mentioned that
in the above analysis it was assumed that the effective
transport energy level coincides with the center of the
DOS distribution [28]. The validity of such approximation
for ordered and polycrystalline organic films have been
presented before [34].

It should be mentioned that due to the TSL curve
of PTCDI-C5 film consists of two distinct overlapping
peaks, the estimated disorder parameter σ = 0.13 eV
is largely determined by the second trap-related peak at
110 K, that seems to be quite natural for a trap containing
material. Because of the lack of direct experimental
access to the high-temperature wing of the first peak
at 30 K, the above analysis method cannot be readily
applied to this peak. However, to circumvent this issue
one might separate the first peak by subtracting the sec-
ond peak from the experimental TSL curve assuming that
the second peak has a Gaussian profile as shown by dot-
ted curve in Figure 4. This allows at least rough evaluation
of the width of the DOS distribution related to the first
peak. Curve 2′ in Figure 5 presents the Gaussian analy-
sis of the first TSL peak separated in such way and its
slope yields σ ≈ 0.055 eV. This value is very similar to
that determined before for a trap-free methyl-substituted
ladder-type poly(paraphenylene) (MeLPPP) film [28] and
could be considered as a rough estimate for the width of
the intrinsic (trap-free) DOS distribution in PTCDI-C5
film.
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The results of the above comparative TSL investiga-
tions of Per-2582SL and PTCDI-C5 can be understood in
the following way.

– Firstly, the low-temperature TSL band observed in
thin films of Per-2582SL implies mostly a shallow
charge trapping due to the tail states of the intrinsic
DOS distribution (which might certainly be affected
by some shallow traps) and the deep intrinsic traps
are negligible. As a result, the moderately low ener-
getic disorder (σ = 0.09 eV) in this material along with
the strong intermolecular coupling can explain the rel-
atively high charge mobility we observed recently in
this material.

– Secondly, in contrast to Per-2582SL, thin films of
PTCDI-C5 clearly show the presence of fairly deep
extrinsic traps with average depth around Echarge

trap =
0.3 eV, i.e., a clear bi-modal DOS distribution is
realized, (Fig. 4, curve 2). Interestingly, that the
observed extrinsic trap in TSL of PTCDI-C5 films cor-
relates with the observation of pronounced excimer-
type band in PL spectra of this material (Fig. 3).
It is known that excimer-forming site can act as a
charge-carrier trap as it was well documented e.g., in
poly-vinylcarbazole polymers [48]. “Sandwich”-like
excimers characterized by a coplanar arrangement of
two neighboring carbazole units which is energetically
favorable for charge trapping. Well-ordered LC mor-
phology of Per-2582SL films results in reduction of
both excimer-type PL emission and negligible deep
charge-carrier trapping. Thus, PTCDI-C5 material is
effectively more energetically disordered due to pres-
ence of moderately deep traps. The analysis of the
high-temperature wind of the TSL curve of PTCDI-
C5 (Fig. 5, curve 2) yields σ ≈ 0.13 eV. The larger
effective energy disorder in PTCDI-C5 films can easy
be noticed even from TSL curves presented in Figure 4
as the overall TSL curve of PTCDI-C5 is notably
extended to higher temperatures in comparison to that
of Per-2582SL implying the presence of deeper states
in the gap.

– Thirdly, the effect of the traps can be accounted for by
introduction of the so-called “effective disorder
parameter” σeff for a trap-containing disordered
material. We showed by analytical calculations using
an effective medium approximation (EMA) theory that
this parameter at arbitrary relative trap concentration
0 ≤ c ≤ 1, where c = Ntrap/N is the ratio of trap
sites Ntrap to the total number of localized sites N in
a material, can be obtained as [29].

(
σeff

σ0

)2

= 1 + 2
(

kBT

σ0

)2

× ln

⎧⎪⎪⎨
⎪⎪⎩

1 + c exp
[

Et

kBT + 1
2

(
σ0

kBT

)2
]

1 + c2 exp
[

Et

kBT + 2a
b

(
1 − 1

c1/3

)]
⎫⎪⎪⎬
⎪⎪⎭

,

(3)

where Et trap depth, σ0 is the width of the intrinsic DOS
(trap-free DOS), a/b is the ratio between average inter-
molecular distance and localization radius of the charge
carrier. Here it was assumed that the widths of intrinsic-
and trap- DOS distributions are the same. Depending on
the trap concentration, a different value of the σeff can be
obtained. The physical reason for the effective disorder is
that intrinsic DOS distribution overlaps with the trap dis-
tribution, so the cumulative DOS can be broader. This is
confirmed by our TSL measurements in PTCDI-C5 films,
which provide an estimate of the σ-parameter as 0.13 eV.

We should note that the effective disorder parameter
σ = 0.13 eV estimated from the TSL data for PTCDI-
C5 films is in perfect agreements with the data obtained
before for this material by the charge transport measure-
ments [38]. Indeed, the OFET mobility measurements in
PTCDI-C5 films have revealed that thermally activated
charge-carrier mobilities manifest the so-called Meyer-
Neldel behavior when measured at different gate volt-
ages, i.e., there is a well-defined isokinetic temperature
(TMN) at which Arrhenius plots at different gate voltages
intersect and the Meyer-Neldel energy EMN = kTMN =
0.054 eV was found for these films [38]. Recently it was
demonstrated that the Meyer-Neldel energy EMN in
organic semiconductors is directly related to the width of
the Gaussian DOS, σ, as EMN = 2

5 σ [49], providing thus a
method for evaluation of the amount of the energetic disor-
der in the material. The experimentally measured EMN =
0.054 eV [38] in PTCDI-C5 films yields σ = 0.135 eV, that
agrees nicely with the parameter σ = 0.13 eV determined
in the present study (Fig. 5) and justify the validity of
the TSL method for evaluation of the energy disorder in
perylene derivative based materials.

The above TSL study allows one to make an impor-
tant conclusion - ionic LCLC films of Per-2582SL are
effectively less energetically disordered compared to
conventional PTCDI-C5 films deposed from solution (esti-
mated disorder parameters are 0.09 eV vs. 0.13 eV, respec-
tively), so the former should potentially be better charge
transporting material and, consequently, more attractive
for electronic device applications. We should, however,
make a reservation that PTCDI-C5-based devices are con-
ventionally fabricated by vacuum deposition method that
could result in very different film morphology than that
obtained by solution-based processing.

Let us discuss the reason why the effective disorder
in Per-2582SL films could be smaller than in PTCDI-
C5 ones. The effect is definitely related to different film
morphology which is evidently more preferential in the
LCLC films. The observed fairly deep charge-carrier trap
in PTCDI-C5 films (Fig. 4) has most probably a structure-
related origin that agrees with similar observations in
other small molecule solids studied before [28,30,34]. From
literature data it is known that PTCDI-C5 films deposited
from solution contains some crystallites/aggregated
regions that are surrounded by rather amorphous regions.
Molecules in the aggregates are much stronger coupled and
more ordered, so the LUMO and HOMO levels of aggre-
gates are shifted to lower and higher energies, respectively,
with respect to that of non-aggregate regions. The latter
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conclusion is clearly supported by our PL studies
presented in Figure 2b demonstrating that PL band
responsible for the aggregates in PTCDI-C5 is shifted by
0.13 eV with respect to non-aggregated PL. In other
words, aggregates act as traps for charge carriers as their
energetic is favorable for that and thermal excitation of
the charge-carriers back to amorphous region require over-
coming energetic barrier formed by the mismatch in the
corresponding HOMO/LUMO levels [50]. The latter is
just responsible for the structure-related trap with depth
of Echarge

trap = 0.3 eV observed in our TSL experiment. It is
well known that structure-related defects in organic
materials should create traps for both excitons and charge
carriers due to enhanced electronic polarization at such
defect state. Previous theoretical calculations [51,52]
showed that the trap for charge carriers should be
approximately 2–3 times deeper than the exciton trap
on the same structural defect [51]. This indeed seems to
occur in PTCDI-C5 films where the charge trap is of
0.3 eV depth while the exciton trap is by 0.13 eV
shifted with respect to the 0-0 PL exciton transition
(Fig. 2b).

Absence of such fairly deep trap in Per-2582SL films
does not imply the absence of aggregated regions in them,
but on the contrary it evidences that aggregated regions
become dominated in this material and their concentra-
tion is large enough to form quite extended regions (called
also as conductive channels). Possible amorphous regions
play no essential role anymore. Therefore, the energy dis-
order parameter obtained by TSL in Per-2582SL films
characterize just the dominated well ordered aggregated
regions since all charge carriers eventually sink into the
latter places. Indeed, as we showed recently the conduc-
tive channels of macroscopic length are formed due to
self-assembling of LCLC molecules in aggregates in
solution phase, which are then transported into the
solid films.

4 Conclusions

We obtained direct evidence by TSL technique for the
improved energetic ordering (smaller effective energetic
disorder parameter) in aggregated LCLC films as com-
pared to films of chemically-similar PTCDI-C5. Effective
disorder parameters σ = 0.09 eV and 0.13 eV were
estimated for Per-2582SL and PTCDI-C5, respectively.
For the latter material, the disorder parameter was found
to be in perfect agreement with that determined from
previous temperature-dependent charge transport mea-
surements. The formation of macroscopically large LCLC
aggregates is responsible for relatively smaller effective
energetic disorder in Per-2582SL and these aggregates pro-
vide percolative (conductive) passes for charge carriers in
such films. In contrast, the aggregates formed in PTCDI-
C5 films are of smaller size and in lower concentration
surrounded by amorphous regions, so they play a role
of fairly deep traps (Echarge

trap = 0.3 eV) as their concen-
tration is not always sufficient to form percolation pass.

The width of intrinsic (trap-free) DOS distribution for
PTCDI-C5 films was estimated as σ ≈ 0.055 eV.
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