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The electronic density of states (DOS) plays a central role in controlling the charge-carrier trans-
port in amorphous organic semiconductors, while its accurate determination is still a challenging task.
We apply the low-temperature fractional thermally stimulated luminescence (TSL) technique to deter-
mine the DOS of pristine amorphous films of organic light-emitting diode (OLED) host materials.
The DOS width is determined for two series of hosts, namely, (i) carbazole-biphenyl derivatives, 4,4′-
bis(N -carbazolyl)-1,1′-biphenyl (CBP), 3,3′-di(9H -carbazol-9-yl)-1,1′-biphenyl (mCBP), and 3′,5-di(9H -
carbazol-9-yl)-[1,1′-biphenyl]-3-carbonitrile (mCBP-CN), and (ii) carbazole-phenyl (CP) derivatives,
1,3-bis(N -carbazolyl)benzene (mCP) and 9-[3-(9H -carbazol-9-yl)phenyl]-9H -carbazole-3-carbonitrile
(mCP-CN). TSL originates from radiative recombination of charge carriers thermally released from the
lower-energy part of the intrinsic DOS that causes charge trapping at very low temperatures. We find that
the intrinsic DOS can be approximated by a Gaussian distribution, with a deep exponential tail accom-
panying this distribution in CBP and mCBP films. The DOS profile broadens with increasing molecular
dipole moments, varying from 0 to 6 D, in a similar manner within each series, in line with the dipolar dis-
order model. The same molecular dipole moment, however, leads to a broader DOS of CP compared with
CBP derivatives. Using computer simulations, we attribute the difference between the series to a smaller
polarizability of cations in CP derivatives, leading to weaker screening of the electrostatic disorder by
induction. These results demonstrate that the low-temperature TSL technique can be used as an efficient
experimental tool for probing the DOS in small-molecule OLED materials.

DOI: 10.1103/PhysRevApplied.15.044050

I. INTRODUCTION

Determination of the electronic density of states (DOS)
in disordered organic solids is of fundamental importance
for the accurate physical understanding and modeling of
charge-carrier transport in organic functional semiconduc-
tors and electronic devices. A Gaussian shape, g(ε) ∝
exp[−1/2(ε/σ )2], where σ is the width of the DOS,
is a common approximation used for neat disordered
organic solids [1–3], such as low-molecular-weight glasses
and semiconducting polymers. Nondispersive photocur-
rent transients observed in amorphous organic materials
[3] unambiguously support the notion of a Gaussian shape,
rather than an exponential DOS [4,5]. The point is that,
in the case of an exponential DOS, the time-of-flight
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(TOF) transients should always be dispersive because they
would never equilibrate during the transit time at small
carrier concentrations and should follow a dispersive trans-
port model. The Gaussian DOS is also predicted by the
central limit theorem, since the interaction energy of a
charged molecule embedded in a random polarizable envi-
ronment depends on a large number of neighboring neutral
molecules [1,2].

Despite the success of the Gaussian disorder formal-
ism, particularly for neat organic semiconductor films, the
exact shape of the DOS can deviate from a Gaussian shape,
for instance, in the far tail region of the DOS [6] or in
doped organic films where the DOS is distorted by ionized
dopants [7]. Consequently, charge-transport characteristics
in sandwich-type diodes are often modeled by assuming
that the DOS is a superposition of Gaussian and expo-
nentially distributed trap states [8]. Recently, May et al.
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[9] showed that deep exponential tails could develop for
molecules with large changes in molecular polarizability
upon charging. Several direct experimental measurements
of the DOS shape also demonstrate that the center of the
DOS distribution is indeed Gaussian, but the tails can have
a more complex structure [10,11].

The experimental determination of the DOS profile,
however, is far from trivial. In contrast to inorganic semi-
conductors, the DOS of organic systems is not amenable
to optical probing, because the direct optical transitions
between the valence and conduction states are weak and
masked by strong exciton transitions [12,13]. A number
of experimental techniques are used to probe the DOS
of organic films, such as temperature-dependent space-
charge-limited-current spectroscopy [14], ultraviolet pho-
toelectron spectroscopy (UPS) [15], inverse photoemission
spectroscopy (IPS) [16], Kelvin probe force microscopy
(KPFM) [10,11], the electrochemically gated transistor
approach [17], as well as thermally stimulated lumines-
cence (TSL) [18]. A clear advantage of TSL is that it is
a purely optical and electrode-free technique. This helps to
eliminate interface or contact effects, and it allows DOS
measurements in materials with low charge-carrier mobil-
ities and in systems with large energy disorder where
charge transport is very dispersive.

TSL is the phenomenon of luminescent emission after
removal of excitation (UV light in our case) under con-
ditions of increasing temperature. First, photogenerated
charge carriers populate trap states, usually at very low
temperatures. Once the sample is heated, typically with
a linear temperature ramp, trapped charge carriers are
released and then recombine, producing luminescence
emission. Technically, TSL is a relatively simple tech-
nique with straightforward data analysis. However, it
should be noted that the mechanism of TSL in amorphous
organic semiconductors with a broad energy distribution of
strongly localized states differs from the mechanism com-
monly accepted for crystalline materials with band-type
transport, where a discrete trapping-level model is applica-
ble. A specific feature of amorphous solids is that localized
states within the lower energy part of the intrinsic DOS
distribution can give rise to shallow charge trapping at
very low temperatures, and, as a consequence, TSL can
be observed even in materials where the “trap-free limit”
is postulated. Since TSL measurements are normally per-
formed after a long dwell time after photoexcitation, the
initial energy distribution of localized carriers is formed
after low-temperature energy relaxation of photogener-
ated carriers within a Gaussian distribution of DOS and,
therefore, the first thermally assisted jumps of relaxed car-
riers are considered as the rate-limiting steps determining
TSL. This is in contrast to thermally stimulated conduc-
tivity, which is believed to be governed by the interplay
between trapping and detrapping processes [4]. The theo-
retical background for the application of TSL for probing

the DOS distribution in disordered organic systems has
been developed [18,19] using a variable-range hopping
formalism and the concept of thermally stimulated carrier
random walk within a positionally and energetically ran-
dom system of hopping sites. The theory proves that the
high-temperature wing of the TSL curve in such amor-
phous materials should be an exact replica of the deeper
portion of the DOS distribution [18,19] and yields the
effective DOS width.

TSL is particularly suitable for probing the DOS and
extrinsic traps in luminescent organic materials, such
as π - and σ -conjugated polymers [18,20–26], molecu-
larly doped polymers [27,28], oligomers [29], and hybrid
organic-inorganic perovskite films [30]. Here, we use TSL
to characterize the DOS in spin-coated films of two series
of organic semiconducting materials of different polar-
ity, based on small-molecule carbazole-biphenyl (CBP)
derivatives, CBP, mCBP, and mCBP-CN (series 1), and
carbazole-phenyl (CP) derivatives, mCP and mCP-CN
(series 2), the chemical structures of which are shown in
Fig. 1. These materials are widely used as hosts for blue
triplet emitters or for emitters based on thermally activated
delayed fluorescence (TADF) in organic light-emitting
diodes (OLEDs), due to their wide band gaps and high
triplet energies. They are also used as charge-transporting
layers in both OLED and hybrid perovskite-based light-
emitting devices. A suitable polarity of these materials is
important for optimizing the performance of TADF-based
OLED devices.

In our study, the TSL data are analyzed using the Gaus-
sian disorder formalism, based on a thermal release of
charge carriers from the lower-energy part of the intrinsic
DOS distribution. We find that, for materials with similar
core chemical structures, the DOS broadens with increas-
ing dipole moment, in essentially the same manner for both
series of CBP and CP derivatives, in agreement with the
dipolar disorder model. Systematic differences in the DOS
widths are observed between these two different series of
derivatives. This is attributed to different nonpolar contri-
butions to the DOS of these materials, which are analyzed
using a theoretical approach based on the distributed elec-
trostatic model. Large DOS widths are found in strongly
polar hosts, and good agreement between experimental and
computational results proves the intrinsic character of the
large energy disorder in these materials. TSL measure-
ments also show that the Gaussian-shaped DOS of CBP
and mCBP are both accompanied by a deep exponential
tail.

II. EXPERIMENT

A. Materials

CBP, mCBP, mCBP-CN, mCP, and mCP-CN are pur-
chased from Lumtec Corp. and used as received. Thin
films of the above compounds are spin-coated from
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FIG. 1. Molecular structures of compounds used in this study. CBP derivatives, 4,4′-bis(N -carbazolyl)-1,1′-biphenyl (CBP); 3,3′-
di(9H -carbazol-9-yl)-1,1′-biphenyl (mCBP); and 3′,5-di(9H -carbazol-9-yl)-[1,1′-biphenyl]-3-carbonitrile (mCBP-CN). CP deriva-
tives, 1,3-bis(N -carbazolyl)benzene (mCP) and 9-[3-(9H -carbazol-9-yl)phenyl]-9H -carbazole-3-carbonitrile (mCP-CN).

20 mg/ml chloroform solutions onto cleaned quartz sub-
strates (1000 rpm, 30 s) that result in typically 150-nm-
thick layers. Subsequently, the deposited films are dried in
an oven at 40 °C for 10 m and then under vacuum for 2 h
to remove residual solvent.

B. TSL technique

TSL measurements are carried out over a temperature
range from 4.2 to 300 K with an accuracy better than 0.1 K
using an optical temperature-regulating liquid-helium bath
cryostat designed and fabricated by the Cryogenic Tech-
nologies Laboratory [77] at the Institute of Physics of
National Academy of Sciences of Ukraine. In this type
of cryostat, the sample is attached to the end of a sample
manipulator and is suspended in a helium heat-transfer gas
environment inside the inner sample chamber. The sample
temperature is controlled by the temperature controller unit
in a twofold manner: (i) via two separate heating elements
(one is integrated into the sample holder, directly heating
the sample, and the second one is mounted in the sample
chamber, heating the heat-transfer gas), and (ii) by regu-
lating the helium flow between the helium bath and the
sample chamber via control of the He gas pressure in the
sample chamber.

In TSL experiment, samples are cooled to 4.2 K and
irradiated for 30 s with λexc = 313 nm light (cw excita-
tion, light power density is about 5 mW/cm2) selected
by appropriate set of cutoff filters from a high-pressure
250 W Hg lamp. No sample heating occurs during UV-
light illumination and the sample is immersed in liquid

helium. The studied organic films do not exhibit any
notable photodegradation during the measurements. TSL
measurements are done as follows: first, after terminating
photoexcitation, the samples are kept in the dark at a con-
stant temperature, T = 4.2 K, during a certain dwell time
(typically for 10 min) to allow all isothermal emission pro-
cesses, like phosphoresce and isothermal recombination of
short-range geminate charge-carrier pairs, to decay to a
negligible level. Then TSL is detected upon heating the
sample, and TSL emission is detected in photon-counting
mode with a cooled photomultiplier positioned next to the
cryostat window.

TSL measurements are performed in two different
regimes: uniform heating at a constant heating rate β of
0.15 K/s and under the fractional heating regime. Details of
the TSL measurements are described elsewhere [21,22,27].
The method of fractional TSL avoids the disadvantages
of common glow curve methods based on the constant
heating rate – it is characterized by greater accuracy and
a high resolving power, and it does not require knowl-
edge of the frequency factors and retrapping probabilities
[31,32]. The low-temperature fractional TSL is extensively
applied by our group to investigate charge-carrier trap-
ping in a great variety of organic semiconductor materials.
The fractional heating TSL technique (also called the frac-
tional glow technique), originally proposed by Gobrecht
and Hofmann [32] is an extension of the initial rise method
and is based on cycling the sample with a large num-
ber of small temperature oscillations superimposed on a
uniform heating ramp. The main reason for applying this
method is that the usual quantitative evaluation of the
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TSL glow curves is very inaccurate, or even impossible,
if the traps are continuously distributed in energy or if
there are several types of traps with discrete but very close
lying activation energies. In this case, the glow peaks fuse
together, and individual glow maxima may not be dis-
cernible. The mean activation energy, E, is determined
during each temperature cycle with a temperature change,
�T, as

E(T) = −d[ln I(T)]
d(1/kT)

; at β = const, �T � T, n � ntot

(1)

where I(T) is the intensity of the TSL, T is the temperature,
and k is the Boltzmann constant. Here, n is the number of
charge carriers released during each temperature cycle, and
ntot is the total number of carriers trapped by the same sort
of traps. These conditions determine the so-called “initial
rise method,” which is actually the basis for Eq. (1). Since
a temperature oscillation, �T, is usually much less than
the mean value of T, E can be assumed to equal E(T), the
activation energy of traps emptied at temperature T. A trap
distribution function, H(E), can be determined in arbitrary
units as [31–33]

H(E) ∝ I(E)

dE/dT
, (2)

where I(E ) is TSL after converting the temperature scale
to the energy scale by means of empirically accessible
E(T) dependence obtained by Eq. (1). As one can see from
Eq. (2), in the case when E(T) is a linear function, the TSL
intensity dependence, I(T), is an exact replica of the pop-
ulated trap distribution function [19]. The frequency factor
at the maximum of TSL peak, S, is given by

S = Emβ/kT2
mexp(Em/kTm) (3)

where Tm and Em are the temperature and activation energy
of the maximum of the TSL peak, respectively. All mea-
surements are done under a helium atmosphere.

C. Computer simulations

For morphology simulations, we adapt the all-atom opti-
mized potentials for liquid simulations (OPLS-AA) force
field [34–36]. All Lennard-Jones parameters are taken
from this force field and we use the OPLS combina-
tion rules and the fudge factor of 0.5 for 1–4 interac-
tions. Atomic partial charges are computed via the charges
from electrostatic potentials using a Grid-based method
(CHELPG) scheme [37]. We partition the molecules into
rigid fragments: carbazoles and bridge groups in between.
These rigid fragments are orientated with respect to one
another, such that conformers exhibit different energies,

as a result of different electrostatic interactions. The dihe-
dral interaction potentials that connect these fragments
are parameterized as described elsewhere [38]: for each
fixed value of the dihedral angle, the geometry is opti-
mized at the m06-2x/6-311g(d,p) level. The potential dif-
ference is then fitted to the Ryckaert-Belleman polynomial,
VRB(θ) = ∑5

n=0 (cos θ )n.
The long-range electrostatic interactions are treated by

using the smooth-particle-mesh Ewald technique. A cut-
off of 1.3 nm is used for the nonbonded interactions.
The equations of motion are integrated with a time step
of 0.002 ps. All molecular dynamics (MD) simulations
are performed in the NPT ensemble using the canoni-
cal velocity-rescaling thermostat [39] and the Berendsen
barostat [40], as implemented in the GROMACS simulation
package [41,42].

To obtain the amorphous morphology, 3000 molecules
are prearranged on a lattice and compressed (anisotropic
NPT barostat) at T = 800 K for 1 ns. The system is then
cooled to 300 K during a 1 ns run. Fast cooling freezes
the isotropic orientation of the high-temperature liquid,
leading to amorphous molecular ordering.

Using the molecular dynamics trajectories, we evalu-
ate the anion, cation, and neutral-state energies for each
molecule in a morphology using a perturbative approach
[43–45]. In this approach, the total energy is a sum of
the gas-phase, electrostatic, and induction contributions,
Ee,h,n = Egas

e,h,n + Estat
e,h,n + Eind

e,h,n. To evaluate the electrostatic
contribution, we use distributed atomic multipoles up to
the fourth order. The induction contributions to site ener-
gies are calculated self-consistently using the Thole mode
[46,47] on the basis of the atomic polarizabilities and
distributed multipoles obtained by using the GDMA pro-
gram [48] for a cation, anion, and a neutral molecule.
All calculations are performed using the aperiodic Ewald
summation scheme [45], as implemented in the in-house-
developed VOTCA package [49].

III. RESULTS

A. DOS probing by TSL measurements

Surprisingly, strong thermoluminescence signals induced
by UV radiation at liquid-helium temperature are observed
in neat thin films made of both CBP and CP deriva-
tives studied in the present work. First, we consider TSL
measurements in thin films of CBP derivatives. A typi-
cal TSL glow curve of a mCBP-CN film measured after
photoexcitation with 313 nm at 4.2 K is presented in
Fig. 2(a) and it reveals a broad slightly asymmetric band,
with the maximum at Tm ∼= 93 K. The asymmetric shape
of the TSL band might be due to overlapping of the
main high-temperature peak at 93 K, with a weaker low-
temperature peak at around 40 K, as depicted by curves
1′ and 1′′ in Fig. 2(a). The TSL signal is observed imme-
diately upon heating the sample and extends to about
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(a) (b)

(c) (d)

FIG. 2. (a) Spectrally integrated TSL glow curve measured after excitation with 313 nm light for 3 min at 4.2 K for mCBP-CN
film. Curves 1′ and 1′′ represent deconvolution of the TSL band (curve 1) into two Gaussians. Inset shows schematic DOS distri-
bution together with the distribution of trapped charge carriers at liquid-helium temperature after energy relaxation. (b) Temperature
dependence of the mean activation energy 〈Ea〉 as obtained by fractional TSL (symbols) and extrapolation by an empirical expression,
Eq. (4) (solid line). Inset shows schematic picture to illustrate principle of fractional TSL regime, when temperature oscillations are
superimposed on uniform heating. (c) Gaussian analysis of the high-energy part of the TSL curve. (d) Same data as in (c) but plotted
in exponential representation.

220 K, as expected for a disordered material devoid of
deep charge-carrier traps. It is qualitatively similar to TSL
phenomena observed in other organic disordered systems
studied before [18–23] and can be ascribed to detrapping
of charge carriers from the localized states that occupy
the lower-energy part of the intrinsic DOS distribution,
as schematically shown in the inset of Fig. 2(a). The
fact that TSL in mCBP-CN films extends to moderately
high temperatures is evidence of relatively strong energy
disorder in this material, compared, for instance, with
conventional semiconducting polymers, such as a methyl-
substituted ladder-type poly(para-phenylene) [18] and a
polyfluorene derivative [20] with reduced energy disorder.
Yet, it is closer to the TSL peak observed before in TSL of
vacuum-deposited films of AlQ3 [50].

Similar to previously studied photoconducting poly-
mers [18–22,27], the mCBP-CN film is characterized by
a quasicontinuous trap distribution, with a mean activa-
tion energy, Ea, that is linearly increasing with temperature
[Fig. 2(b)], as revealed by fractional TSL measurements

(see the Experiment Section II B for details). The temper-
ature dependence of Ea (in eV) can be described by the
following empirical relation:

Ea(T) = 0.0032T − 0.091. (4)

The empirical expression given by Eq. (4) supports the
basic formula of Simmons-Taylor theory [51] for a ther-
mally stimulated current (TSC), which predicts a qual-
itatively similar linear temperature dependence of the
apparent activation energy. It is worth noting that such
kinds of linear relationship for Ea(T) are also justified
by analytically variable range-hopping calculations for
disordered organic semiconductors [18,19]. The mean
activation energy and frequency-to-escape factor at the
maxima of the TSL peak, Tm ∼ 93 K, are Ea ∼= 0.2 eV
and 〈S〉 = 2.7 × 109 s−1, respectively. The meaning of the
frequency-to-escape factor in disordered solids will be
discussed in more detail in Sec. IV B.
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TABLE I. Dipole moment (p), polarizability of a neutral molecule (αneutr.), polarizability of a cation (αcation.), and width of the
Gaussian DOS (σ ) evaluated by TSL and computer simulations; dipolar disorder component (σdip) estimated from TSL data; and
width of superimposed exponential low-energy tail (T0) evaluated from TSL data.

Material
Dipole

moment, p (D) αneutr.(Bohr3) αcation(Bohr3)

DOS width
(TSL) σ (eV) σdip(eV) T0, (K)

DOS width
(simulations) σ

(eV)

CBP 0.04a 670b 3200b 0.125 0 716 0.10
mCBP 2.15a 600b 3000b 0.131 0.039 673 0.12
mCBP-CN 4.6a 600b 3000b 0.151 0.085 – 0.20
mCP 1.35a 450b 1500b 0.140 0.024 – 0.16
mCP-CN 6a 540b 1500b 0.177 0.111 – 0.24

aCalculated by using the M062X functional in density-functional theory.
bCalculated using a perturbative approach, as implemented in the Gaussian 09 package (opt = polar) keyword [78].

Using an empirical calibration of Eq. (4) to convert the
temperature scale to a trap-energy scale, and then plotting
the high-temperature part of the TSL signal intensity log-
arithmically either against Ea

2 or Ea, allows for a “Gaus-
sian” or an “Exponential analysis,” respectively, as shown
in Figs. 2(c) and 2(d). It proves that the high-temperature
part of a TSL curve becomes a straight line when plotting
ln(ITSL) versus Ea

2 [Fig. 2(c)]. It is remarkable to see an
almost perfect Gaussian fit of the high-temperature part of
the measured curve observed over three decades of TSL
intensity variation [Fig. 2(c)], whereas the same data plot-
ted in the log(ITSL) versus Ea representation show a clear
deviation from an exponential dependence [Fig. 2(d)]. This
observation provides strong support for a Gaussian shape
of the DOS profile in this material. The slope of the straight
line in Fig. 2(c) is a measure of the DOS width. The
energy disorder parameter σ = 0.151 eV is obtained for
the mCBP-CN film, which is very close to the disorder
parameter σ = 0.15 eV estimated for AlQ3 films [52] by

charge-transport measurements. Such a relatively strong
energy disorder is expected for polar materials – the dipole
moments for AlQ3 [52] and mCBP-CN are 4.9 and 4.6 D,
respectively (Table I). It is worth noting that the above
Gaussian analysis used here is conceptually similar to that
earlier employed by Bässler [53] and Eiermann et al. [54]
using the TSC technique for studying the width of the DOS
distribution in disordered tetracene layers, by analyzing the
shape of the high-energy part of a TSC peak.

Figure 3(a) compares normalized TSL curves mea-
sured for CBP, mCBP, and mCBP-CN films under the
same conditions. All of these host materials reveal a
characteristic TSL peak, which features a clear shift and
progressive broadening towards higher temperatures with
increasing molecular dipole moment [Fig. 3(a)]. The TSL
peak maximum [depicted by arrows in Fig. 3(a)] also
shifts from Tm ∼= 72 K for CBP to Tm ∼= 78 and 93 K for
mCBP and mCBP-CN films, respectively (Table I). The
latter effect is a clear sign of increasing energy disorder

(a) (b)

s = 151 meVs = 131 meV

s = 125 m
eV

FIG. 3. (a) Normalized TSL glow curves measured after excitation with 313 nm light for 3 min at 4.2 K for CBP, mCBP, and mCBP-
CN films (curves 1, 2, and 3, respectively); (b) Gaussian analysis of high-temperature parts of TSL curves shown in (a). Curves are
vertically shifted with respect to each other for clarity.
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in this sequence of host materials from the same series
of CBP derivatives. The shift is a consequence of the
fact that the mean activation energy, which carriers reach
in the course of their downward hopping relaxation at
very low temperature within a Gaussian DOS, is directly
proportional to energy-disorder parameter σ [55].

A Gaussian analysis of the high-temperature parts of
TSL curves for CBP, mCBP, and mCBP-CN films, using
Eq. (4), as described above, is shown in Fig. 3(b). The
plot reveals a Gaussian dependence in all samples—its
slope yields the width of the DOS, which increases with
increasing dipole moment from 0.125 eV for virtually non-
polar CBP (p ∼= 0 D) to 0.131 and 0.151 eV for mCBP
(p = 2.15 D) and mCBP-CN (p = 4.6 D), respectively (cf.
Table I). This points to an important role of the dipolar-
disorder effects on the increase of the energy disorder
in this series of CBP derivatives, with increasing dipole
moments of constituent molecules. The disorder parame-
ter σ = 0.112 eV [56] is inferred for evaporated CBP films
from charge-transport measurements, which is compara-
ble to the value of σ = 0.125 eV we obtain here for the
spin-coated CBP film.

A remarkable observation of this study is that CBP and
mCBP films also reveal slower-decaying deep exponential
tails at the lowest portion of the DOS, following the Gaus-
sian distribution. Fitting the deep tail with exponential
distribution g(ε) ∝ exp(ε/kT0), where T0 is the charac-
teristic width of the exponential distribution (for energies
ε < 0), yields 716 and 673 K, for CBP and mCBP films,
respectively (Table I).

Next, we compare the TSL properties of the above CBP
derivatives with another series of host materials, based
on CP derivatives. TSL glow curves measured under the
same conditions for mCP and mCP-CN films are shown
in Fig. 4(a) (curves 1 and 2, respectively). Although these

films exhibit a TSL signal within a similar temperature
range, from 4.2 to about 200 K, to that of the CBP deriva-
tives [cf. Fig. 3(a)], the shapes of their TSL curves are
significantly different. The TSL curve of mCP clearly con-
sists of two overlapping peaks with Tm at 25 and 65 K,
respectively, as shown by deconvolution of the measured
TSL curve into two Gaussian peaks (curves 1′ and 1′′
in Fig. 4). It is noteworthy that the low-temperature fea-
ture with Tm = 25 K dominates in intensity. A similarly
shaped TSL is found in the strongly polar mCP-CN film
(p = 6 D) [Fig. 4(a), curve 2], which also consists of two
overlapping peaks, but are shifted towards higher temper-
atures with Tm at 33 and 78 K. We should, however, note
that a low-temperature feature is also noticeable in TSL
curves of mCBP and mCBP-CN films, but it is signifi-
cantly weaker and seen as just a weak shoulder [cf. curve 1′
in Fig. 2(a)]. Our complementary studies demonstrate that
the low-temperature TSL feature in these materials arises
due to frustrated energy relaxation [57] of charge carriers
photogenerated at 5 K, and therefore, some of them get
stuck in the upper portion of the DOS; this effect will be
explored in greater detail in future works of the authors.
Since only the deeper portion of the DOS profile controls
charge transport in amorphous organic semiconductors, the
high-temperature TSL feature, peaking at 65 and 78 K in
mCP and mCP-CN, respectively, is expected to be of prac-
tical relevance (we refer to it as the “main TSL peak”), and
thus, is analyzed below.

The mean activation energy Ea is measured in mCP and
mCP-CN films as a function of temperature by fractional
TSL and in both materials it exhibits a similar tempera-
ture dependence to that given by Eq. (4). Gaussian analysis
of the high-temperature parts of TSL curves for mCP and
mCP-CN films is done as described above for other host
materials and is presented in Fig. 4(b) as curves 1 and 2,

(a) (b)

s = 177 meV
s = 140 meV

FIG. 4. (a) Normalized TSL glow curve measured after excitation with 313 nm light for 3 min at 4.2 K for mCB and mCP-CN films
(curves 1 and 2, respectively). Curves 1′ and 1′′ represent deconvolution of the TSL curve of mCP (curve 1) into two Gaussian peaks;
(b) Gaussian analysis of high-temperature part of the corresponding TSL curves shown in (a).
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respectively. The energy-disorder parameter, σ , in these
materials is inferred from the slope of the high-temperature
part of TSL curves plotted in a Gaussian representation:
ln(ITSL) versus Ea

2. Both materials show a nice Gaus-
sian fitting of the high-temperature parts of the measured
curves over several decades of TSL intensity variation.
Since the TSL signal in the mCP-CN film is significantly
stronger than that in mCP, we are able to extend its Gaus-
sian analysis towards deeper energies [Fig. 4(b), curve 2].
The results in Fig. 4(b) demonstrate a clear impact of the
magnitude of the dipole moments on the width of the DOS,
which increases from σ = 0.140 eV for moderately polar
mCB (p = 1.35 D) to 0.177 eV in strongly polar mCP-
CN (p = 6 D). This suggests a rather significant energy
disorder that is inherent in CB derivatives.

B. Computation of the DOS distribution

To provide deeper insights into the DOS structure and
independent verification of the DOS parameters probed
by the TSL technique in the above OLED host materi-
als, we carry out computer simulations. To evaluate the
DOS distribution of the amorphous systems, we initially
employ atomistic MD simulations to generate the amor-
phous morphologies, as described in Sec. II C. We then use
quantum chemical calculations and polarizable force fields
to compute site energies. Using the simulated amorphous
morphologies, site energies of all molecules are evaluated
by using the parameterized (see the Sec. II C) polarizable
force fields. The corresponding DOS, shown in Fig. 5, have
Gaussian shapes with variances σ .

The DOS widths σ inferred from the simulation results
are listed in Table I. Despite the similarity in chemical
structures of CBP derivatives, the energy disorder varies
over a broad range in these materials from 0.10 eV to 0.12
and 0.20 eV for CBP, mCBP, and mCBP-CN, respectively.

FIG. 5. DOS distributions calculated for CBP, mCBP, mCBP-
CN, and mCP (curves 1, 2, 3, and 4, respectively) employing
molecular dynamics simulations. Solid lines depict Gaussian fits
to data.

As expected, the smallest energy disorder is found in CBP
films and this can be readily explained by the symmet-
ric molecular structure: its ground-state dipole moment is
virtually zero. As a result, the first nonvanishing electro-
static contribution is due to the interaction of the charge
carrier and the quadrupole moments of the surrounding
molecules. Since this contribution is much smaller than the
charge-dipole interaction, the energetic disorder of these
compounds is relatively small, in the order of 0.1 eV. The
shift of the ionization potential in a solid state is mostly
due to induction stabilization, and the shape of the den-
sity of states is Gaussian. The dipole moment increases
sequentially in mCBP and mCBP-CN molecules, which
gives rise to the increase of charge-dipole integration and
hence to a larger electrostatic contribution to the ener-
getic disorder in these materials. This verifies that dipolar
disorder is responsible for the significant increase in the
energy disorder within the series of CBP derivatives. Such
a conclusion is, however, valid for compounds of the same
family, in our case, with similar molecular polarizabilities.
Indeed, the DOS simulations confirm that the CBP, mCBP,
and mCBP-CN family has similar polarizability of cations
and neutral molecules (see Table I), and hence, their DOS
width increases with the molecular dipole moment. mCP
has a significantly smaller polarizability of the cation com-
pared with mCBP (∼1500 vs ∼3000 Bohr3, see Table I).
Therefore, screening of the electrostatic disorder by the
induction interactions is smaller than that for mCBP, giv-
ing rise to a DOS width of 0.16 eV for mCP.

It is pertinent to note that dipole moments can vary
considerably with molecular conformations. Different
conformers lead to variations in the molecular dipole

FIG. 6. Estimated disorder parameter versus dipole moment
for two series of OLED host materials: CBP and CP derivatives
(solid circles and triangles, respectively). Solid lines are results
of fitting of experimental data with Eqs. (5) and (6) using c = 1
and ε = 3.13 [71].
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moment in the amorphous morphologies. The distribu-
tion of dipole moments in the morphology inferred from
MD simulations normally features a fairly broad peak [75]
around a certain value that can, to a certain extent, be used
as the “average” dipole moment. We are not claiming that
this trend is universal for all organic semiconductors, espe-
cially taking into account that the distributions of dihedral
angles are sensitive to the deposition protocols. However,
in our host materials, the average dipole moments inferred
from MD simulations [75] are found to correlate well
with those shown in Table I and are used for the analysis
depicted in Fig. 6.

IV. DISCUSSION

The DOS widths determined by the TSL techniques are
in reasonable agreement with the computation results (cf.
Table I), predicting a significant variation in energy dis-
order among the considered host materials. Although the
obtained experimental values somewhat deviate from the
simulated σ values, mostly in systems with strong energy
disorder, they do demonstrate a remarkably similar trend
in the variation of energetic disorder among these materi-
als. The reason for the discrepancy between the widths of
the DOS probed by TSL and that obtained by computer
simulations should be a subject of further research.

A comparison of the DOS parameters determined by
TSL and by computer simulations (Fig. 5) has two impor-
tant implications: (i) It confirms that the large energetic
disorder observed experimentally (ranging from σ = 0.125
to 0.177 eV) characterizes the intrinsic DOS, i.e., the DOS
of a chemically pure disordered material, rather than that
affected by impurity-related traps. Therefore, charge trans-
port in such OLED hosts is expected to be inherently very
dispersive. (ii) It reveals the utmost importance of the
polarizability of the cation for the DOS width, which is
a key finding in the present study. As attested by computer
simulations, the physical reason for the enlarged energetic
disorder in CP derivatives compared with CBP ones can
be attributed to much smaller polarizability of their cation
states, owing to the more rigid chemical structure of these
molecules, and thus, smaller screening effect.

The calculated DOS distributions in Fig. 5 yield not
only the variances, σ , of their Gaussian shapes, but also
the energy positions of the HOMO levels. On the other
hand, methods based on thermally activated spectroscopy,
like TSL or TSC, use thermal energy generated by heat to
probe localized states occupied by charge carriers within
intrinsic (or extrinsic) DOS. Since such an energy is much
less than that of the energy corresponding to the HOMO-
LUMO gap, it can only characterize the DOS parameters.
Nonetheless, in host-guest compositions, TSL can poten-
tially yield the energy difference between corresponding
HOMO or LUMO levels of host and guest materials, if

guest molecules create a hole or an electron trap, respec-
tively, in the host material.

A. Effect of dipole moments

Next, we discuss the effect of the dipole moments, of
the materials studied here, on the width of the DOS evalu-
ated by the TSL technique. As it has long been suggested,
the total width σ in a polar amorphous organic solid can
be decomposed into a dipolar component, σdip, and a so-
called van der Waals component, σvdW [3,58]. If different
energy-disorder contributions are independent and follow
Gaussian statistics, then the total width is

σ 2 = σ 2
vdW + σ 2

dip. (5)

The term σvdW in Eq. (5) is used here to describe the
whole nondipolar disorder component, despite its physical
origin being solely attributed to the variation of the interac-
tion of a charged molecule with induced dipole moments
in the molecular environment [59,60]. Borsenberger and
Weiss [3] proposed that fluctuations of relative orientations
and intermolecular distances between the hopping site and
surrounding molecules created fluctuations of the induced
dipolar cloud in nearby molecules, which made the major
contribution to σvdW. Subsequently, it is recognized that
quadrupole moments can be sufficiently high in nonpolar
materials with zero dipole moment, and hence, variation of
charge-quadrupole interactions can also contribute to the
energy disorder [9,61]. Therefore, to adhere to established
terminology, we imply here that σvdW encompasses contri-
butions from all sources of energy disorder, excluding the
dipolar contribution. In other words, it describes the total
energy disorder in a nonpolar system.

The dipolar disorder, σdip, contributes strongly to the
overall energy disorder in polar organic solids, and it leads
to a stronger DOS broadening compared with the charge-
quadrupole interaction [61]. σdip arises due to randomly
oriented permanent molecular dipoles that generate fluc-
tuation in the electrostatic potential due to charge-dipole
interactions, in addition to the disorder that is already
present in nonpolar systems, which leads to DOS broad-
ening [3]. Dieckmann et al. [58] originally obtained an
expression for the dipolar component using Monte-Carlo
numerical calculations. Subsequent analytical calculation
by Young [62] has confirmed the Gaussian form of the
DOS in polar systems and the relation for σdip is derived as

σdip = 7.04
a2ε

c1/2p (in eV) (6)

where a is the intersite distance (lattice constant) in
Angstrom, ε is the dielectric constant, c is the fraction
of the lattice occupied by dipoles (in our case c = 1), and
p is the dipole moment in debye. Although, as recently
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recognized [63], accounting for the individual molecu-
lar polarizabilities and nearest-neighbor interactions might
lead to deviation from the suggested 1/ε dependence in
Eq. (6), the dipolar disorder σdip is predicted to scale lin-
early with dipole moment. An analysis based on Eq. (6),
in conjunction with Eq. (1), is widely used to evalu-
ate the dipolar-disorder contribution to the overall energy
disorder from charge-transport measurements in small-
molecule organic glasses [3,64–66] and molecularly doped
polymers, [3,60,67–69] with different dipole moments and
dipole concentration, which justifies the applicability of
Eq. (6).

Assuming the σvdW component is a constant for materi-
als within the same series of derivatives, Eqs. (2) and (3)
provide a means for analyzing the effect of the dipole
moments of different compounds on the total width, by
plotting σ 2 versus p2. Figure 6 (curve 1) clearly shows
the predicted linear relationship for the CPB derivatives,
CBP, mCBP, and mCBP-CN (solid circles), indicating
the justification for the analysis. The nonpolar component
σvdW for this series of derivatives is equal to the DOS
width, σ = 0.125 eV, obtained for a nonpolar CBP film.
Using σvdW = 0.125 eV, Eq. (5) yields the dipolar com-
ponent σdip = 0.039 and 0.085 meV, for polar mCBP and
mCBP-CN, respectively (Table I). The intersite distance,
a = 11 Å, may be estimated from the slope of solid line
1 in Fig. 6 using Eq. (6). It agrees well with the effective
lattice constant a = 12 Å estimated recently for CBP films
from charge-transport measurements [70].

A qualitatively similar trend with increasing dipole
moment is found for a series of CP derivatives (Fig. 6,
curve 2), although only two host materials (mCP and
mCP-CN) of this series are available to us. The energy-
disorder parameter demonstrates a strong increase with
increasing dipole moment from 1.35 to 6 D for mCP
and mCP-CN, respectively (Fig. 6, solid triangles). It is
remarkable that this dependence in the σ 2 versus p2 rep-
resentation features almost the same slope (curves 2 in
Fig. 6) as that of the linear dependence obtained for
the above CBP derivatives (curve 1), but is offset with
respect to the latter. These observations suggest that the
dipolar-disorder component increases in a similar manner
with increasing dipole moments for both series of mate-
rials, while the nonpolar σvdW disorder component differs
significantly for them. The value of σvdW = 0.138 eV is
determined for mCP and mCP-CN from the p2 = 0 inter-
cept of curve 2 (Fig. 6), which turns out to be significantly
larger than the value of σvdW = 0.125 eV determined for
the above series of CBP derivatives. Using the above
σvdW value, Eq. (5) yields σdip = 0.024 and 0.111 meV,
for mCB and mCB-CN films, respectively (Table I). The
above findings suggest that the enlarged energy disorder
in CP, compared with CBP, derivatives, mostly relates to
the intrinsically larger nondipolar component of energy
disorder.

The correlation of the observed dipole effect on DOS
width, as determined by the TSL technique, with the
prediction of the dipolar disorder model [62], is strik-
ing. It implies that the OLED host materials considered
here behave similarly to conventional amorphous organic
photoconductors, as previously studied by the TOF tech-
nique in the form of neat molecular glasses [3,64–66]
or as charge-transporting molecules in molecularly doped
polymers [3,60,67–69]. It should be noted that the dipolar-
disorder model given by Eq. (6) does not consider varia-
tions in the molecular dipole moment caused by different
conformers in the amorphous morphologies. However,
despite the simplification, we believe that this model can
provide a good first-order approximation for a descrip-
tion of the dipolar-induced DOS broadening in our OLED
hosts. Notably, the dependence presented in Fig. 6 and con-
comitant analysis is generally not a surprising result for
the class of organic semiconducting materials. There are
numerous similar findings in the literature for the width of
the DOS inferred from charge-mobility measurements in
different polar systems. The key result of the present work
is that the same effects are observed using a purely optical
experimental approach.

Finally, it worth mentioning that Hoffmann et al. [76]
have recently demonstrated that, in contrast to small-
molecule organic materials, the inhomogeneous broaden-
ing of the DOS for holes and neutral excitons can be
remarkably similar in the case of conjugated polymers.
This is suggested to be a characteristic feature of conju-
gated polymers, in which disorder results predominantly
from the statistical variation of the lengths of the conju-
gated segments, rather than from van der Waals coupling
among the chains and can be used for the prediction of
the DOS for holes from simple optical spectroscopy. This
effect is observed for a series of conjugated alternating
phenanthrene indenofluorene copolymers [76] and proba-
bly more research is needed to confirm such a correlation
by involving more copolymer materials.

B. DOS shapes

Another interesting finding of this study is (i) direct
observation, using an optical method (TSL), of a pro-
nounced deep exponential tail that follows a Gaussian
distribution; and (ii) that this effect turns out to be mate-
rial dependent—it is seen in CBP and mCBP films,
while mCBP-CN, mCP, and mCP-CN host materials fea-
ture solely a Gaussian profile with a negligible, if any,
exponential tail [cf. Figs. 3(b) and 4(b)]. The origin of
such qualitatively different DOS distributions in organic
solids deserves more thorough investigation, involving
more amorphous organic semiconducting materials, going
beyond the scope of the present study. However, a deep
exponential tail in disordered organic semiconductors is
not a surprising result, but has previously been reported
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using different methods. In a series of publications by Van
Mensfoort et al. [8,72,73], they claimed that their drift-
diffusion device model provided a much better description
of the experimental temperature-dependent IV characteris-
tics measured in some amorphous organic semiconductor
(AOS) materials, if one assumes a combination of a Gaus-
sian density of transport states plus superimposed expo-
nential density of trap states. They assume that the charge
traps can be responsible for the exponential tail and sug-
gest the following cumulative DOS in realistic organic
semiconducting materials [8,72,73]:

g(ε) = Nt√
2πσ 2

exp
(

− ε2

2σ 2

)

+ Ntrap

kT0
exp

(
ε

kT0

)

, (7)

where σ and Nt are the Gaussian DOS width and the den-
sity of transport sites, respectively. T0 and Ntrap are the
characteristic width of the exponential distribution (for
energies ε < 0) and the density of trap sites, respectively.
This idea was supported by Hulea et al. [17], who scanned
the DOS distribution of a poly(p-phenylene vinylene) film
over a wide energy range using an electrochemically gated
transistor and found an almost exponential trap distribution
at the deep tail superimposed onto an intrinsic Gaus-
sian DOS distribution. Moreover, several KPFM studies
[10,11] provide direct evidence that AOS materials exhibit
both a central Gaussian DOS and an exponential tail.

Several theoretical explanations are suggested for the
complex DOS distribution observed in AOS. May et al.
[9] demonstrate that, in a material with molecular dipole
moments, exponential tails can develop if negatively or
positively charged sites are strongly polarizable. This
results in large induced dipoles on these charged sites and
thereby increases their interaction with the polar environ-
ment. Such nonlinear effects of dipolar fields give rise to
strong potential fluctuation and thereby lead to the appear-
ance of an exponential tail. Additionally, the same group
has recently found that a HOMO level position below 6 eV
and LUMO above 3.6 eV, in organic semiconductors, can
facilitate hole and electron trapping, respectively [74].

Interestingly, our observations seem to be consistent
with the above prediction for a trap-free energy window:
virtually no exponential tail is observed for mCP films [cf.
Fig. 4(b)], where the HOMO level is at 5.9 eV, i.e., within a
“trap-free energy window,” inside which organic semicon-
ductors normally do not experience charge trapping [74].
The above concept implies that materials with an ioniza-
tion energy lower than 6 eV will not exhibit trap-limited
hole transport, similarly, an electron affinity above 3.6 eV
will not cause electron trapping to limit electron transport
[74]. We also find a similar picture in 10-[4-(4,6-diphenyl-
1,3,5-triazin-2-yl)phenyl]-9,9-dimethylacridine films fea-
turing no deep exponential tail (not shown here) and where
the HOMO level is at 5.8 eV, which is consistent with
trap-free conditions. Therefore, we assume that the pure

Gaussian distribution observed over a wide energy range
might be related to the absence of a significant number of
extrinsic traps in this material. On the other hand, mCBP
has a HOMO at 6.1 eV, which should facilitate extrinsic
charge (hole) trapping, correlated with a very pronounced
exponential tail observed by TSL [curve 2 in Fig. 3(b)].
In the case of mCBP-CN and mCP-CN, extrinsic traps
are expected, as suggested by consideration of the posi-
tion of the HOMO-LUMO level. However, we hypothesize
that significantly stronger molecular dipole moments in
mCBP-CN and mCP-CN might dampen the field variations
due to induced dipoles, which give rise predominantly to
the Gaussian distribution observed in our experiments [cf.
curves 3 and 2 in Figs. 3(b) and 4(b), respectively]. These
issues definitely require thorough investigation, which
goes beyond the scope of the present study.

Finally, we discuss the implication of the “frequency-to-
escape” factor, 〈S〉 = 2.7 × 109 s−1, estimated at the maxi-
mum of the TSL peak (cf. Fig. 2). Since both the TSL and
the hopping charge-transport process in disordered organic
semiconductors are controlled by thermally assisted jumps
of relaxed carriers, the mechanisms of which are suc-
cessfully described in terms of the Miller-Abrahams jump
rates [1], it is highly likely that the “frequency-of-escape
frequency” has the same meaning in both cases. For dis-
ordered semiconductors, it presents the probability of a
charge-carrier hop, i.e., tunnels, when energetic resonance
occurs. This probability decreases exponentially with the
hopping distance, ρ, and is usually described in terms of a
homogenous lattice gas (also called the lattice gas model
[3]) as

ν = ν0 exp(−2ρ/ρ0), (8)

where ρ0 is a wave function decay parameter and ν0
is a frequency factor, which is typically assumed to be
equal to the vibrational frequency of about 1013 s−1. The
lattice gas model is based on the assumption that the
hopping distance can be described as ρ = (M/Acδ)1/3,
where M is the molecular weight, A is the Avogadro num-
ber, and δ is the sample density. The model ignores the
distribution of hopping distances and the distribution of
hopping-site energies. Eq. (8) is a key relationship that
describes the dependence of charge mobility on the con-
centration of charge-transporting molecules in molecularly
doped polymers [3]. Assuming that the hopping distance,
ρ, in mCBP-CN films is equal to the average lattice
constant, a = 11 Å, as estimated above for this material,
and that the estimated TSL frequency-to-escape factor,
〈S〉 = 2.7 × 109 s−1, can be described by the lattice gas
model, Eq. (8) yields the wave-function decay parame-
ter, ρ0 = 2.68 Å. This parameter coincides very well with
that reported in the literature [3] for conventional charge-
transporting molecules, which is typically within a range of
1–2 Å and less often approaches 3 Å. Thus, the relatively
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large wave-function decay parameter implies an enhanced
intermolecular electronic coupling, which should promote
good transport behavior in this material. This is in line with
recent simulation results [70] that predict a large average
coupling in CBP due to the specific shape of its electronic
orbitals, which are uniformly distributed over the periph-
ery of the molecule. This facilitates the overlap of states
participating in charge transport and, as a result, leads to a
fairly large mobility prefactor of μ0 = 0.8 cm2V−1s−1 in
this material.

V. CONCLUSIONS

We demonstrate that the DOS distribution in neat
OLED host materials can be well determined by the
low-temperature fractional TSL technique. This is proven
by comparison of the TSL results with DOS parameters
obtained by computer simulations, as carried out in the
present study, and from available charge-transport mea-
surements. We perform comparative TSL studies of two
series of OLED host materials possessing different polar-
ities: (i) CBP, mCBP, and mCBP-CN; and (ii) mCP and
mCP-CN. Their dipole moments vary from almost zero
for nonpolar CBP to 6 D in strongly polar mCP-CN.
We find that the DOS distribution broadens significantly
with increasing molecular dipole moments, which can be
well described by the dipolar-disorder model, but only
for materials belonging to the same series of derivatives
that possess similar polarizability of cations and neutral
molecules. We find that the DOS widths of these two
series of materials are offset by a constant amount, with
a broader DOS for CP derivatives, compared with CBP-
based compounds at equivalent polarity. This is confirmed
by simulations that demonstrate a similar trend in the vari-
ation of DOS. Larger energetic disorder in CP derivatives
is attributed to smaller polarizability of both their neutral
and cation states. Therefore, the electrostatic disorder of
CP derivatives is not screened by induction as much as
the disorder of CBP derivatives. Additionally, the signif-
icant nonpolar component of the disorder observed in CP
derivatives is consistent with the theoretical prediction.
The dipolar energy-disorder component of the DOS, as
extracted from the TSL experiment, demonstrates a sim-
ilar increase with the magnitude of the molecular dipole
moment for all materials considered in this work, implying
that the dipolar-disorder model is applicable to such OLED
host materials. Such behavior is expected if the intersite
distance is similar in these systems. Finally, we find that a
deep exponential tail accompanies a Gaussian distribution
in CBP and mCBP films. The origin of this effect will be
the subject of further investigation by the authors.
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