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MORPHOLOGY-DEPENDENT DEFECT
STATES IN RUBRENE CRYSTALLINE FILMS
GROWN BY HOT-WALL EPITAXY

Rubrene nanostructures grown on mica substrates by Hot- Wall Epitary were investigated using
photoluminescence (PL) and thermally stimulated luminescence (TSL) spectroscopy. Different
film morphologies, characterized by optical and electron microscopy, were obtained by varying
the deposition conditions. Temperature-dependent PL spectra are found to depend substantially
on the morphology of the rubrene layers. Films grown with short deposition times exhibit PL
spectra dominated by intrinsic exciton emission, with only weak quenching with increasing tem-
perature. In contrast, films grown at longer deposition times and higher substrate temperatures
display additional emissive species, and their PL intensity shows a strong temperature quench-
ing. The main results of this study are as follows: (i) A specific structure-related defect state
is created in rubrene films grown at extended deposition times and elevated substrate temper-
atures, acting as a distinct hole trap with the depth Ey = 0.23 eV, as measured by TSL. This
defect gives rise to a broad, low-energy emission band that dominates the room-temperature PL
spectra; (ii) deliberate oxidation of rubrene crystals demonstrates that the hole trap observed in
TSL is not ozygen-related but originates from an intrinsic crystalline defect; (iii) TSL reveals
a continuous distribution of shallow localized states, reminiscent of band-tail states, arising
from intrinsic energetic disorder in the material. These shallow states are responsible for the
very low temperature TSL features near 30 K and for the red shift of the PL spectra with
increasing delay time observed in time-resolved PL measurements.

Keywords: rubrene, hot-wall epitaxy, nanostructures, defect state, film morphology, ener-
getic disorder, thermally stimulated luminescence.

1. Introduction

Organic semiconducting materials are of increas-
ing technological and fundamental interest due to
remarkable technological breakthroughs made by
molecular electronics in the last decade. Rubrene is
a very attractive organic semiconductor possessing
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many promising properties which make it a material
of choice for the fabrication of single crystal organic
field effect transistors (OFETS). It shows the high-
est reported charge carrier mobility in single-crystal
OFET (~20 cm?/Vs) [1-3]. On the other hand, the
fabrication of rubrene thin films has turned out to be
a difficult task. In spite of considerable efforts made
to fabricate OFETs based on rubrene thin films [4-6],
the largest mobility obtained so far in these devices
is 2.5 cm?/Vs [6], which is still much less than that in
single-crystalline bulk material. The main difference
between bulk and thin film material is the degree of
crystallinity. Consequently, the main effort has been
directed toward improving the crystallographic order
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in rubrene layers. Since there is no lattice matched
substrate available, the only chance to approach the
goal of highly ordered structures is to use an opti-
mized growth regime. Due to the weak Van der Waals
type coupling between molecules, a deposition process
as close as possible to thermodynamic equilibrium
may be appropriate. The local dynamic equilibrium
at the growing surface allows a multiple impingement
and re-evaporation of the molecules. Supported by an
enhanced surface mobility, the rubrene molecules can
find the optimum position on the substrate to form a
highly ordered structure, which can lead to a layer of
enhanced crystallinity. The method of choice to pro-
vide such growth conditions is the Hot Wall Epitaxy
(HWE) [7-9].

It is generally accepted that charge-carrier traps
in organic semiconducting materials are critical to
device performance. The presence of relatively deep
localized charge-carrier states can severely degrade
the device performance since trap states reduce the
carrier mobility, disturb the field distribution and af-
fect the driving voltage in certain types of organic
optoelectronic devices. Direct information about the
nature and the identity of trap states is therefore
crucial for the fabrication of advanced organic op-
toelectronic devices. In organic materials the film
morphology plays a fundamental role in charge car-
rier transport. Currently there exists evidence that
charge carrier trapping is a key issue in this con-
text, but the exact relations remain unclear. The-
refore, it is important to elucidate the possible ori-
gin of the defect states in thin HWE-grown rubrene
films as well. In this paper, we present a temperature-
dependent steady-state- and time-resolved photolu-
minescence (PL) investigation of rubrene films grown
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by HWE, as well as a study of charge-carrier trapping
in these films by thermally-stimulated luminescence
(TSL).

2. Experimental

The rubrene (see Scheme 1) source material was pur-
chased from Aldrich (purity > 98%) and purified
by threefold sublimation under dynamic vacuum at
10~5 mbar. The rubrene layers were evaporated in
a standard HWE reactor [9] on freshly cleaved 2M;
muscovite mica using a source temperature (Ty) of
235 °C for the evaporation of rubrene. The surface
mobility of the rubrene molecules was influenced by
the substrate temperature (Tg,p) in the range from
90 °C to 120 °C. The surface morphology of the
rubrene layers was investigated by optical and scan-
ning electron microscopy (SEM).

The conventional steady-state PL (continuous wave
(cw-PL)) was measured at temperatures ranging from
4.2 K to 300 K using an optical helium cryostat. All
PL spectra were corrected for background radiation
and instrumental spectral response. Time-resolved
PL measurements were performed with a monochro-
mator (linear dispersion 0.8 nm/mm) and a 0.1 ns
gating registration system containing a photomulti-
plier tube and a stroboscopic oscilloscope. A nitro-
gen laser with a pulse duration of 8 ns and a repe-
tition rate of 100 Hz was used for optical excitation
at 337.1 nm. PL emission was detected during the
laser excitation pulse either at the leading edge of
the laser excitation pulse (starting from ~0.8 ns after
the pulse onset), or at the tailing edge of the laser
pulse after a variable delay times (tqe ) With respect
to the onset of the laser pulse. For the experimental
details, see, for instance, Ref. [10]. The rubrene films
did not exhibit any notable photo-degradation during
the measurements.

Thermally stimulated luminescence (TSL) is the
phenomenon of luminescent emission after removal
of excitation under conditions of increasing tem-
perature. Generally, in the TSL method the trap-
ping states are first populated by photogeneration of
charge carriers, usually at low temperatures in order
to prevent a fast escape. The trapped charge carri-
ers are released by heating up the sample with a lin-
ear temperature ramp, while the luminescence due
to radiative recombination is recorded as a function
of temperature. If an energy distribution of the trap
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states exists, TSL spectra represent a complicated
convolution of contributions from different traps at
different energies and the fractional heating technique
has to be applied. This technique is based on cycling
the sample with a large number of small temperature
oscillations superimposed on a constant heating run
[11, 12]. Thus, TSL is a useful tool for determining
the trap depths even when traps are not well sepa-
rated in energy, or are continuously distributed, and it
also allows an analysis of the trap spectra even when
they are complex. Unfortunately, the interpretation
of TSL phenomena in amorphous organic materials
with hopping charge transport is not so straightfor-
ward as in inorganic crystalline materials due to the
presence of strongly localized energetically disordered
states forming a Gaussian density-of-states (DOS)
distribution and the lack of the band edge. Therefore,
it is not obvious which sites play a role as traps, and
which are regular transport states. Therefore, a hop-
ping model of TSL in disordered organic materials
has been suggested in Refs. [13, 14], which describes
most of the basic features of the TSL in disordered
organic materials and permits the calculation of the
DOS distribution from the TSL data.

TSL measurements were carried out using a home-
built setup operable from 4.2 to 350 K using a
temperature-controlled helium cryostat. After cool-
ing down to 4.2 K, the samples were photo-excited,
usually for 1 min, by a high-pressure 500 W mercury
lamp with an appropriate set of optical filters for light
selection. After the photoexcitation, the TSL was de-
tected in a photon-counting mode with a cooled pho-
tomultiplier, positioned next to the cryostat win-
dow. The TSL measurements were performed either
at a constant heating rate of 5 = 0.15 K/s or in the
fractional heating regime. The details of the used T'SL
method were described previously in Refs. [11-13].

3. Results
3.1. Rubrene film morphologies

Two different growth regimes were used to fabricate
the rubrene layers by HWE. In the first set, a low
growth temperature of 90 °C and a short deposition
time of 15 min was used, whereas in the other case
a higher growth temperature of 120 °C and a longer
deposition time of 3 hours was used. Typical micro-
graphs and SEM pictures of the obtained morpholo-
gies are shown in Fig. 1. The top row shows the op-
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Fig. 1. Optical (top row) and SEM pictures (lower row) of
rubrene thin films grown by HWE on mica (001) substrates.
The samples were grown at 90 °C for 15 min (left column) and
at 120 °C for 3 hours (right column)

tical micrographs, while the bottom row shows the
SEM micrographs for the two growth regimes.

At low growth temperatures and short deposition
time the whole substrate surface was covered with
spherulite structures intersecting each other. The
zoom in by SEM showed small crystallites with a
diameter of 0.5—-1 pum with a preferential alignment
along the radial direction of the spherulites. A first
onset of an inner structure could be observed in the
center of the spherulites (dark spots in the optical
micrographs, Fig. 1); however the main part of the
rubrene layers was dominated by the crystalline is-
lands (grains). This type of samples is hereafter called
“islands” structures.

In the case of higher substrate temperatures and
longer deposition time the surface mobility of the
rubrene molecules was enhanced, resulting in an in-
complete coverage of the mica substrates as clearly
seen in the optical microscope. The spherulites con-
sisted of a dominating inner part surrounded by an
outer ring, which showed essentially the same struc-
ture as the low temperature samples. However, the in-
ner part was dominated by the formation of whisker-
like structures as clearly revealed in the SEM pic-
tures. On top of the islands formed in the early stage
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Fig. 2. cw-PL spectra of the selected HWE-grown rubrene

films: “islands” structures (a) and “whiskers” structures (b)
measured at different temperatures. Inset: cw-PL spectra of
rubrene dispersed in a polystyrene host film

of growth additional columnar structures were formed
following the main radial direction of the spherulites
and clearly protruding from the layer, therefore this
type of samples is called “whiskers” structures in the
following description.

3.2. Photoluminescence study

We found that the PL properties of rubrene films
grown by HWE on a mica substrate depend sub-
stantially on the layer’s morphology governed by the
film deposition temperature and growth time. Tem-
perature-dependent cw-PL spectra of two represen-
tative examples of rubrene films featuring “islands”
and “whiskers” structures (cf. Fig. 1) are depicted in
Fig. 2, a and 2, b, respectively. PL spectra were mea-
sured at different temperatures in the range from 5 K
to 290 K. The low-temperature (T = 5 K) PL spec-
tra of both samples are virtually similar to those ob-
served before in bulk rubrene single crystals [15] and
exhibit a characteristic fine structure consisting of the
shortest-wavelength PL peak at 568 nm (2.18 eV),

362

which has been conventionally assigned in literature
to the 0-0 singlet excitonic transition, followed by a
vibronic progression of about 0.16 €V [16]. The latter
has been interpreted [15,16] as a signature of exciton
origin of the emission and indicates a coupling of the
inter-ring carbon-carbon stretch vibrational mode at
1290 cm ™! to the electronic transition.

A remarkable observation of this study is that
the temperature dependent PL spectra of the above-
described “islands” and “whiskers” structures differ
drastically at higher temperatures, and their PL
emission intensities exhibit very different tempera-
ture quenching behaviors. Let us first consider the
rubrene “islands” samples. Firstly, the PL spectrum
profile of the “islands” remains almost unchanged
upon increasing temperature (Fig. 2, a), yet it demon-
strates a notable blue shift with increasing tempera-
ture, which is more pronounced for the 0-1 transi-
tion at 614 nm (2.02 €V) as compared to the 0-0,
most probably owing to the lack of self-absorption
at longer wavelengths. A similar blue shift is quite
typical for temperature-dependent PL spectra of dis-
ordered organic solids like vapor-deposited molecular
glasses or semiconducting polymer films [17-19]. Se-
condly, the total PL intensity of the “islands” films
shows an unusually small decrease (<15%) with in-
creasing temperature from 5 K to room temper-
ature (Fig. 2, a) as compared to rubrene solids,
which implies a weak temperature quenching effect
in these films. Such a behavior is in sharp contrast
to temperature-dependent PL of rubrene single crys-
tals, where a strong decrease of the total PL inten-
sity by at least three orders of magnitude is typically
observed as the temperature increases to room tem-
perature [15]. Note that no additional PL bands are
observed in the temperature-dependent PL spectra of
this sample (Fig. 2, a).

The temperature-dependent PL spectra from
matrix-isolated rubrene molecules dispersed in a neu-
tral polystyrene host were also measured for compari-
son. The results are shown in the inset in Fig. 2, a. Si-
milar spectra have been reported before for rubrene
in a dilute solution [20, 21] which features an al-
most 100% fluorescence quantum yield. The inset in
Fig. 2, a demonstrates that the temperature quench-
ing of PL is not an inherent molecular property of this
compound as the PL intensity of the matrix-isolated
molecules manifests even a slight enhancement with
increasing temperature from 5 to 160 K.
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Fig. 2, b presents temperature-dependent PL spec-
tra of the rubrene “whiskers” structures, which exhibit
a very different and more complex behavior. First,
the total PL emission from this sample manifests a
strong decrease by more than 2 orders of magnitude
(Fig. 2, b) with increasing temperature from 5 to 290
K (PL spectra at 200 and 290 K in Fig. 2, b are mul-
tiplied by a factor of 15). This behavior is quite in
contrast to the PL of the “islands” sample and also
to the molecular PL emission of rubrene dispersed
in a polystyrene host film (cf. inset in Fig. 2, a). This
implies a very efficient exciton quenching occurring in
the “whiskers” structures, which is basically similar to
that conventionally observed before in rubrene bulk
single crystals. Second, the spectra profile of this sam-
ple changes considerably with temperature and an ad-
ditional low-energy emission band emerges in the PL
spectra at higher temperatures (Fig. 2, b). The PL
spectrum becomes notably broader at 7" > 200 K and
a new broad band peaking at 585 nm (2.11 €V) clearly
dominates the room temperature emission spectrum.

Figures 3, a and 3b show normalized time-resolved
PL spectra of the “islands” and “whiskers” structures,
respectively, measured at a T = 5 K with different
delay times tge = 1, 10, and 20 ns after the exci-
tation. The prompt fluorescence spectrum was mea-
sured at the leading edge of the laser pulse exci-
tation, so the delay time tqe; = 1 ns implies that
the prompt fluorescence component was measured
during the laser excitation pulse. The PL spectra
of the “whiskers” structures manifested a clear red
shift by about 10 nm upon increasing the delay time
(Fig. 3, b); the same red shift was observed for the 0-1
peak at ~615 nm. This observation implies an exciton
transfer to low-lying states below the 0-0 transition in
the course of exciton migration, and thus suggesting
the presence of shallow bandgap states due to ener-
getic disorder. The estimated lifetime of the emission
component in the range 565-610 nm is about 8 ns at
5 K, which agrees with the value published for rubrene
single crystals [22]. The red shift of the PL spectra
with increasing delay time was found to be much less
pronounced in the “islands” sample (Fig. 3, a), sug-
gesting a less efficient exciton transfer to the low-lying
states.

For comparison purposes, we have also measured
PL spectra of the pristine rubrene powder that was
used as source material for HWE growth of the
rubrene films. Fig. 4, a shows temperature-dependent
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Fig. 3. Normalized time-resolved PL spectra of the rubrene
films at T = 5 K: “islands” (a) and “whiskers” (b) structures
measured at different delay time tg4e; = 1, 10, and 20 ns after
the excitation (see text for details)

PL spectra of the rubrene powder at several selected
temperatures, namely 5, 75, 100, 150, and 290 K. As
one can see from Fig. 4, a, PL spectra of the powder
change considerably from a well-resolved structure at
5 K to a broad unstructured band, peaking at 605 nm
(2.05 V) with increasing temperature and the PL
intensity drops by about 2 orders of magnitude at
T = 290 K. A similar effect was reported for rubrene
single crystals [15] for which the room-temperature
PL spectrum was also dominated by the broad band
at 605 nm. Note that this is at variance with the data
presented in Fig. 2, b; namely, the room-temperature
PL spectra of the “whiskers” sample show a broad
band peaking at 585 nm suggesting a different emit-
ting species in these rubrene structures.

To clarify the role of oxidation and oxygen-related
states, the same rubrene powder sample was oxidized
by annealing in air at 100 °C for 14 h prior to the
measurements that, is similar to the procedure de-
scribed for thermal oxidation of rubrene single crys-
tals [15]. Fig. 4, b depicts PL spectra of oxidized
rubrene powder monitored under the same temper-
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Fig. 4. cw-PL spectra of pristine rubrene powder (a), and
thermally oxidized powder (b) measured at different tempera-
tures

atures as in Fig. 4, a. Comparison of Fig. 4, a and
Fig. 4, b evidences that the 605 nm band relatively en-
hances in the oxidized sample (note that PL spectrum
at 290 K in Fig. 4, a was multiplied by 10). No new
PL band appears after such an oxidation, which gives
us a reason to believe that the 605 nm band most
probably originates from an oxygen-related emitting
species.

3.3. Thermally stimulated luminescence

To gain a deeper insight into the nature of defect
states in the HWE-grown rubrene films we performed
TSL studies to find out what dominates the charge-
carrier trapping in these films. Fig. 5, a presents TSL
glow curves after excitation with 366 nm light at
4.2 K of the same “islands” and “whiskers” structures
(curves 1 and 2, respectively) discussed above with
respect to their PL properties. The different TSL in-
tensity in these samples is most probably due to their
different film thicknesses, as commonly observed be-
fore for other films of organic semiconductors. As ev-
ident from Fig. 5, a, all studied samples show a TSL
signal at very low temperatures where at least two
peaks at ~20 and ~40 K followed by a long tail last-
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Fig. 5. TSL glow curves of rubrene “islands” and “whiskers”
layers at excitation with 365 nm light at 4.2 K (curve I and
2, respectively) (a). TSL glow curve of the pristine rubrene
powder (curve 1), the same powder sample after preirradiation
with a Hg lamp at room temperature for 7 h in air to induce
photooxidation of rubrene (curve 2), and a bulk rubrene single
crystal (curve 3) (b). TSL was excited with 365 nm light at
42 K

ing to 150 K can be distinguished and they are repre-
sentative of very shallow charge trapping. The results
obtained from rubrene “whiskers” structures clearly
show an additional TSL band at ~110 K, which is
absent in “islands” films (Fig. 5, a), and it is signifi-
cant for moderately deep charge-carrier traps created
in “whiskers” films. An estimation of the activation
energy at the T'SL peak maximum at 110 K by means
of fractional TSL yields a mean activation energy of
0.23 eV.

Fig. 5, b shows TSL spectra of rubrene powder. As
one can see from curve 1 in Fig. 5, b, pristine pow-
der features TSL peaks just at low temperatures
(an intensive maximum at ~20 K and a weaker one
at 32 K) followed by a long broad tail lasting to
~130 K. No apparent additional trap at 110 K is
found in rubrene powder. Fig. 5, b shows also a TSL
curve of a rubrene single crystal (curve 3) which was
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measured under the same conditions and remarkably
only a low-temperature TSL peak with maximum
at 10 K was found, while no TSL signal was de-
tected at higher temperatures. Such low-temperature
TSL is a very rare phenomenon for molecular crys-
tals. In order to check whether a moderately deep
trap as found in “whiskers” structures can be cre-
ated upon photooxidation of rubrene in air, we pre-
irradiated the same powder sample for 7 h in ambient
atmosphere at room temperature and after that mea-
sured the TSL. This photooxidation procedure was
exactly the same as that described in the relevant
study of oxygen-related defects in rubrene single crys-
tals performed using the space-charge-limited-current
(SCLC) technique [23]. The TSL result is depicted by
curve 2 in Fig. 5, b and shows virtually no apprecia-
ble generation of a TSL band at 110 K and the ob-
tained curves are within the reproducibility limit for
the rubrene powder. Moreover, we have verified that
a similar photooxidation of the “whiskers” structures
did not result in any relative enhancement of the TSL
peak at 110 K.

4. Discussion

The results presented above show that PL and TSL
spectra of rubrene films grown by HWE are quite sen-
sitive to the film morphology. Let us consider first
the difference in temperature-dependent PL spectra
of the “islands” and “whiskers” structures. As one
can see from Fig. 2, these samples show a drastic
difference with respect to the temperature quench-
ing effect of the total PL intensity. The comparison
with temperature-dependent PL of matrix-isolated
rubrene molecules dispersed in an optically neutral
polystyrene film clearly proves that the strong tem-
perature quenching of the PL results from extrinsic
quenching centers which can be reached by excitons
in the course of their diffusion. As soon as the exciton
diffusion is precluded in matrix-isolated molecules,
no PL quenching was observed for rubrene diluted
in a polystyrene film (inset in Fig. 2, a). The ob-
served very weak temperature quenching in “islands”
rubrene structures implies that exciton diffusion is
limited in such samples most probably due to a rather
disordered nature of such films. It is well known that
diffusion processes could be strongly restricted in
random lattices [24], therefore the exciton diffusion
length greatly decreases with increasing disorder. On
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the other hand, “whiskers” structures showed a strong
temperature PL quenching (orders of magnitude) ba-
sically similar to that observed for bulk rubrene sin-
gle crystals [15]. This could imply a very different de-
gree of crystalline order in “islands” and “whiskers”
structures, which indeed has been confirmed by x-
ray diffraction studies of such samples [25] — intensive
Bragg peaks are found only in the latter type of films
while no significant diffraction peaks is observed in
the former ones. Thus, the probability for an exciton
to reach some quenching center becomes small enough
in disordered “islands’ structures. The situation is op-
posite in the rubrene “whiskers” samples for which
crystallographic properties have been demonstrated
by x-ray diffraction [25], so the exciton diffusion is fa-
cilitated in them. Thus, we conclude that different ex-
citon diffusion in “islands” and “whiskers” structures
is primary responsible for the different temperature
quenching effect in these samples. A somewhat simi-
lar phenomenon is well known for triplet exciton emis-
sion in organic films, namely temperature-quenching
of phosphorescence drastically reduces upon going
from bulk material to diluted solid solutions.
Nevertheless, excitons are still mobile inside “is-
lands” structures even at low temperature as evi-
denced by the observed blue shift in the PL transition
energies with increasing temperature (Fig. 2, a). As
already mentioned, disordered organic solids nor-
mally show a blue shift of their PL spectra with in-
creasing temperature. Such a phenomenon has been
thoroughly studied both experimentally and theoret-
ically [17, 18] in different disordered organic materi-
als and explained in terms of temperature-dependent
dynamics of energetic relaxation of excitons within
a Gaussian shaped density-of-states (DOS) distribu-
tion. It is considered that photogenerated excitons
migrate to lower energy states via cascading down-
ward hopping. This process is well documented by the
observation of the so-called “spectral diffusion” effect
in transient PL studies of disordered organic solids
and it can also be seen for rubrene films in Fig. 3. The
larger spectral diffusion observed in “whiskers” struc-
tures (Fig. 3, b) as compared to “islands” (Fig. 3, a)
agrees with the notion of stronger exciton diffusion
in the “whiskers”. The energetic relaxation of excitons
towards tail states of the DOS can be effectively com-
pensated by thermal activation, allowing excitons to
reach dynamic equilibrium with the lattice. Increa-
sing temperature results in raising the dynamic equi-
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librium energy of the exciton population, thus ex-
plaining the blue shift of the PL spectra, since the
excitons tend to settle at energetically higher local-
ized states. In other words, the observed blue shift of
the PL peaks in “islands” structures reflects the ther-
mally activated population of higher energy localized
states and testifies to the presence of some amount
of energetic disorder in these materials. On the other
hand, the presence of energetic disorder in this film is
proved by the observation of a low-temperature band
in TSL spectra (Fig. 5, a, curve 1) which is typically
originates from a shallow charge-carrier trapping on
the tail states of the intrinsic DOS distribution (for
detailed explanations see Refs. [11-14]).

Let us further discuss a possible origin of addi-
tional PL bands observed in PL spectra of rubrene
“whiskers” structures, originated from a specific
charge carriers trap (centered at E; = 0.23 eV) cre-
ated in such films. In contrast to the “islands”, both
the rubrene “whiskers” structures and the rubrene
powder clearly show additional band gap centers in
PL emission, which becomes pronounced at higher
temperatures. This unambiguously implies the pres-
ence of defect states in these materials, which can cap-
ture excitons at sufficiently high temperature since
the exciton diffusion is a thermally activated process
and enhances with temperature. The defects also give
rise to the above mentioned PL quenching effect as
they normally are purely emitting species.

The defects in organic materials can be classified
[26, 27] as of chemical [28] (due to presence of in-
cidental impurities or oxidative defects) or of struc-
tural /morphological origin. Structural defects, which
are especially important in chemically perfect ma-
terials [27, 29], can result from specific molecular
configurations/arrangements where the intermolecu-
lar interaction is locally increased, thus traps for
both neutral excitons and charge carriers are created
[26, 27]. It was well documented that structure de-
fects in molecular crystals could be due to disloca-
tions, grain boundaries, etc. [26, 27]. They produce
band gap states observed in PL [27,30] and by charge
trapping spectroscopy for charge carriers [27].

The room temperature PL spectrum of the
“whiskers” is dominated by the broad structureless
band peaking at 585 nm (2.11 €V), which is shifted
by 0.07 eV below the observed 0-0 exciton transition
band at 568 nm (2.18 V) (Fig. 2, a). A band gap
transition dominates also the room-temperature PL
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spectrum of rubrene powder as well (Fig. 4, a); how-
ever, the corresponding additional PL band is some-
what different — it is located at 605 nm. It was al-
ready shown that the same 605 nm band dominates
the room temperature PL of the high-purity rubrene
single crystals [15]. This implies that different de-
fect states are dominant in the “whiskers” structures
and rubrene powder (single crystal). The fact that
the 605 nm band is relatively enhanced upon oxida-
tion of the rubrene powder (Fig. 4, b) allows to con-
clude, that this band is likely due to an oxygen-related
state. No enhancement of the 585 nm band was found
in oxidized samples, so we assign it to intrinsic de-
fects, most probably of structural origin which is spe-
cific for HWE-grown rubrene films of “whisker-like”
morphology.

The PL data correlate well with TSL results pre-
sented in Fig. 5, a, which clearly show a specific mod-
erately deep (F; = 0.23 eV) charge-carrier trap cre-
ated in “whiskers” structures. As mentioned in the
preceding section, TSL of studied samples shows two
different kinds of signals:

(i) A low-temperature signal featuring two closely
situated peaks at ~20 and ~40 K, followed by a
long tail to higher temperatures, which is observed
in all studied samples and is inherent to rubrene thin
films (Fig. 5). It shows all characteristic fingerprints
of the tail DOS states typically observed in disor-
dered organic semiconductor films and demonstrates
that the tail DOS states can act as shallow traps
at very low temperatures [10-13]. This conclusion
perfectly agrees with temperature-dependent space-
charge-limited-current (TD-SCLC) spectroscopy re-
sults [23] for rubrene single crystals, revealing the
existence of an exponentially varying shallow trap
density within ~0.1 eV from the band edge, remi-
niscent of band tails. Interestingly, for rubrene sin-
gle crystals we found a TSL peak at an even lower
temperature (~10 K), that is probably the lowest-
temperature TSL band ever observed for molecular
crystals and this phenomenon requires further inves-
tigation. It is worth mentioning that a pronounced
peak at ~10 K in a low-temperature thermal con-
ductivity scan has been reported for rubrene crystals
[31], which was taken as evidence for an extremely
low-level defect density in such crystals.

(ii) The TSL band at 110 K, which is only observed
in rubrene “whiskers” structures, is not observed in
rubrene powder, thus suggesting that it is not due to
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an accidental impurity in rubrene material, but rather
is structure-related. The 110 K TSL band cannot be
due to oxygen-related defects, as it is not generated
upon deliberate photooxidation of the rubrene pow-
der and crystals. It is worth noting that a distinct
hole bulk trap at 0.27 eV above the valence band
was reported for rubrene single crystals by TD-SCLC
study [23]. Considering the very similar trap depth
found in our TSL studies of rubrene “whiskers”, and
the fact that rubrene is a p-type organic semicon-
ductor, we assign the TSL peak at 110 K to a hole
trap. However, in contrast to Ref. [23], we did not
observe the generation of this hole trap in rubrene
films or crystals after a similar photooxidation proce-
dure as that done in Ref. [23]. This seems not to be
surprising because oxygen-related moieties typically
possess electron acceptor properties and are thus ex-
pected to trap electrons rather than holes. Besides, a
strong sensitivity of this trap at 110 K (Fig. 5) to the
structure of rubrene solids strongly suggests that the
hole trap is due to a structure-related defect.

Finally, we show that the additional PL band at
585 nm and the TSL peak at 110 K are most probably
a manifestation of the same structural defect. This is
supported by the following:

(i) This defect appears in PL and TSL spectra
of the same samples (“whiskers”), whereas both the
585 nm PL band and TSL peak at 110 K are ab-
sent in other rubrene films and rubrene powder/single
crystals. (ii) It is well known that such a defect is of
structural origin and should create a trap for both
excitons and charge carriers due to enhanced elec-
tronic polarization at such a defect state. Previous
theoretical calculations [26,27] showed that the trap
for charge carriers should be approximately 3 times
deeper than the exciton trap associated with the same
structural defect [26]. This indeed seems to be the
case for HWE-grown “whiskers” structures where the
charge trap is of 0.23 eV depth, and the exciton trap
is shifted by 0.07 eV shifted with respect to the 0-0
exciton transition.

5. Conclusion

We found that rubrene HWE-grown films of “whisker-
like” morphology show a distinct defect state of
structure-related origin, creating both a trap for sin-
glet excitons (PL band at 585 nm) and a moder-
ately deep trap (E; = 0.23 eV) for holes respon-
sible for the TSL peak at 110 K. This defect state

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 4

is pronounced specifically in HWE-grown “whiskers”
structures and is not observed in rubrene films of
“islands-like” morphology or pristine rubrene pow-
der/crystals. The latter rubrene samples feature just
low-temperature TSL peaks around 30 K, imply-
ing the existence of a distribution of shallow lo-
calized states, reminiscent of band tails, resulting
from intrinsic disorder in the samples. Besides, we
found an amazing very shallow charge carrier trap-
ping in rubrene single crystals giving rise to a TSL
peak at ~10 K. Temperature-dependent PL spectra
of rubrene films grown by HWE are found to depend
substantially on the morphology of the rubrene films.
The intrinsic exciton emission dominates the PL spec-
tra of the “islands” structures at all temperatures
used for measurements accompanied by only weak
temperature-induced PL quenching. PL spectra of
“whiskers” structures change considerably with tem-
perature, clearly reveling additional bandgap emis-
sion states at higher temperatures and their PL inten-
sity is quenched by several orders of magnitude with
increasing temperature. This effect was attributed to
very different exciton diffusivities in the two types of
samples, governed by their different crystalline order.
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I Bimmep, A. Kadawyx

MOP®OJIOTTYHO-3AJIE?KHI CTAHU
JEDEKTIB ¥V KPUCTAJITYHUX ITJIIBKAX
PYBPEHY, BUPOILIEHNX METOJ/JI0OM
EIIITAKCII 3 TAPAYNMUN CTIHKAMU

HanocrpykTypu pybpeHy, BUPOIIEHI METOIOM emiTakcil 3 ra-
pAYNME CTIHKaAMU Ha MiIKJIAJUHKAX 31 CIIIoau, MOCIIPKEHO 3a
nonomororo dorosominecuentrol (PJI) crnekrpockomii Ta Me-
TOOM TepMocTUMyIboBaHOI ominecuennii (TCJT). Pisui mop-
doutoril mIiBoK, mo Oysin oXapaKTepu30BaHI METOIaMU OITH-
9HOI i €JIEKTPOHHOI MiKPOCKOIII, OTPUMYBaJIM ILJISXOM Bapi-
IOBaHHsI YMOB OCAJI2KEHHsI. BCTaHOBJIEHO, 1110 TeMIIepaTypPHO-
3asiexkai @JI cnekrpu icToTHO 3ajexkarh Bij MopdoJioril mia-
piB py6peny. I11iBKu, BUPOIIEH] TPOTArOM KOPOTKOIO Yacy OCa-
IpKeHHsI, 1eMOHCTPYIoTh PJI crieKTpu, B IKUX JOMIHYE BUIIPO-
MiHIOBaHHSI BJIACHUX €KCUTOHIB, 3i CJIaOKHM 3aracaHHsIM iHTeH-
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CHBHOCTI CHI'HAJIy B yMOBaX 3pOCTaHHs TeMmiieparypu. Haro-
MICTh IUIIBKM, BUPOIIEHI IIPOTATOM JIOBIINX YacCiB OCa I?KEHHS
i B yMOBax BUIIUX TEMIEPATYP IiIKJIAJUHKN, BUSBJISIOTH [0~
JaTKOBI BUIIPOMIHIOBaJIbHI cTaHM, a 1X iHTeHcuBHicTh PJI 3a-
3Ha€ CHJIBHOIO TeMieparypHoro raciuus. OCHOBHUME € Taki
pesyabraTu niel podoru: (i) y miiBkax pyOpeHy, BUPOLIECHUX
3a YMOB TPHBAJIOIO Yacy OCaJ KEHHs 1 HigBuIeHOl Temiepa-
TYypU MiAKIAIUHKHA, (POpMyeThCcs crerudidyHuil CTPYKTYDPHO-
3yMOBJIEHN eeKTHNIT CTaH, IKUil Jli€ K OKpeMa ITacTKa JJIs
nipok 3 raubuHowo 0,23 eB, mo Busnageno meromom TCJI; meit
nedeKT 3yMOBJIIOE MTOSIBY IIMPOKOI HUBbKOEHEPIE€THYIHOT CMYTH
BUIIPOMiHIOBaHHS, IO JgoMiHye B cnekrpax PJI 3a kimuarHOL
remneparypy; (ii) KOHTPOJIbOBaHE OKHUCHEHHsS KPHUCTAJIB DPY-
OpeHy JIEMOHCTDYE, IO IACTKa JJIs JiPOK, BUSBJIEHA METOJIOM
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TCJI, ne nos’sizana 3 KUCHEM, a MA€ MOXOKEHHS BiJl BJACHO-
ro xkpucrayignoro gedekry; (iii) meroz TCJI BusiBisic Heme-
PEepBHUI PO3IOAIT MITKUX JOKAJII30BAHUX CTAHIB, MOAIOHUN 10
XBOCTIB 30H, sIKi BUHUKAIOTh BHACJIIJIOK BJIACHOI'O EHEPIreTUIHO-
ro po3ynopsakyBaHHs B Marepiaui. Ili minki cranu Binmosiga-
10Th 3a Hu3bKoTeMmueparypHi cmyru TCJI nobiusy remunepary-
pu 30 K i 3a 3cyB cuekrpis @JI y oBroxBuiboBuii 6iK criekrpa
31 36i/IbIIEHHAM Yacy 3aTPUMKH, K€ CIOCTEPIra€ThbCsA B HaCO-
po3ainbHuX BuMipoBaHHax PJI.

Katwwoei caoea: pyOpeH, emiTakcist 3 rapaduMy CTIHKaMu,
HAHOCTPYKTYpH, HAedeKTHHil craH, MOpdOJIorisi IIiBKU, eHep-
reTUYHE PO3yHOPSAIKYBaHH, TEPMIYHO CTUMYJIbOBaHA JIIOMiHe-
CIIEHITisI.
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