Semiconductor Physics, Quantum Electronics & Optoelectronics. 2002. V. 5, N 3. P. 303-306.

PACS: 73.61.],78.66.J

Electric and photophysical properties of holographic and
electroluminescent media based on amorphous molecular

semiconductors

A.J. Al-Kadhimi?, N.A. Davidenko, N.A. Derevyanko?,

A.A. Ishchenko?, N.G. Kuvshinsky, V.A. Pavlov

Kiev Taras Shevchenko National University, 64 Volodymyrska vul., 01033 Kyiv, Ukraine
Dlnstitute of Organic Chemistry, NAS of Ukraine, 5 Murmanska vul., 02094 Kyiv, Ukraine
2 National Technical University “KPI”, 37 Peremogy prosp., 03056 Kyiv, Ukraine

Abstract. Results of investigations of electric and photophysical properties inherent to films
of amorphous molecular semiconductors doped with different sensitizers of photoconductiv-
ity for visible light are discussed. Such films are used in electrography, holography and
electroluminescent devices. The general regularities of charge carriers transport, electron-hole
pair formation, charge carriers recombination are ascertained. Examples of the holographic
recording media as well as media for electroluminescent devices are presented.
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1. Introduction

Amorphous molecular semiconductors (AMS) are widely
used as optical media in electrography and holography
[1,2], in photoelectric converters of solar energy [3], in
electroluminescent devices [4]. AMS are also used as
media with photorefractive properties. Perspectives of
practical applications stimulate experimental and theo-
retical investigations of the features of transport,
photogeneration and recombination of charge carriers
in these materials. The main results were obtained for the
films of poly-N-vnylcarbazole (PVC) and poly-N-epoxy-
propylcarbazole (PEPC) doped with different sensitizers
for visible light [1,2,5]. The PVC and PEPC films possess
true absorption and photoconductivity for the light wave-
length A < 400 nm. In the case of sensitization of these
polymers, for example by 2,4, 7-trinitro-9-fluorene (TNF),
the optical absorption and photoconductivity appear
within the visible part of spectrum due to formation of
CT-complexes between carbazole and TNF. CT-com-
plexes are the centers of light absorption, photogeneration
and recombination of holes (p*) and electrons (¢”). The
mechanism of photogeneration consists of two stages.
During the first one, after absorption of light quantum in
the CT-complexes geminal electron-hole pair (EHP) ap-
pears. In the EHP, positive charges p* and e~ are local-
ized at the carbazole group and TNF molecule, respec-
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tively. Quantum yield of EHP formation in these doped
polymers is close to unity. Photoluminescence and re-
combination luminescence at the room temperature are
absent. In the external electric field geminal recombina-
tion of p* and ¢~ in EHP is decreased due to their recom-
bination. At the dissociation of EHP, the charges become
separated — the transport of p* and ¢~ happens through
their transitions between carbazole groups and TNF
molecules, respectively. This fact means that the carba-
zole groups and acceptor molecules form the respective
transport bands for p* and e. The Onsager model is usu-
ally used for description of the process of EHP dissocia-
tion in dependency on the strength of external electric
field (E) and temperature (7) [5]. Analytical expression
for this model at the large E coincides with the analytical
expression for the probability of charges separation within
the scope of the Poole-Frenkel model [2,5]. The prob-
ability (n) of the EHP dissociation into free current carri-

ers is described by the following dependency:

n-~ RaneXp(_Rn/an - Rp/ap)'exp(_ (WOPH - BEl/z)x
x(1/T - 1/Ty)lkg) (D)

where R, and R,, are the mean distances between accep-
tor molecules and carbazole groups, respectively, a,, and
a,, are the radii of localization of electron at the acceptor
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and hole at the carbazole, respectively, Wypy is the acti-
vation energy of the photogeneration which is equal to
the energy of Coulomb interaction between the electron
and hole in EHP, B and kg are Poole-Frenkel and
Boltzmann constants, 7y, is the characteristic tempera-
ture (490 + 15) K for PEPC.

Determined general regularities of electric and
photophysical properties of AMS are utilized for devel-
opment of the recording and electroluminescent media.
It turned out that not all sensitizers satisfy the condition
of effective photogeneration and radiative recombina-
tion of charge carriers. Our viewpoint concerning the
problem of sensitizer choice providing the notified re-
quirements is described at the present work.

2. Model considerations

Fundamental model conceptions about the photo-
generation and transport of charge carriers were achieved
at the investigations of photophysical properties of the
films of PVC and PEPC with TNF and verified at the
investigations of AMS with another sensitizers [6,7]. Simi-
larity of the regularities allows to propose the adequate
model of the photogeneration. The respective scheme is
presented in Fig.1. Here P is the efficiency of photo-
excitation of molecules from the ground singlet state (Sg)
into the excited (not relaxed) singlet state (S;") of the
photogeneration center; Ny and N3 are the concentra-
tions of the molecules of photogeneration center in ground
relaxed singlet (S;°) and triplet (T,%) excited states re-
spectively; n; and n3 are the EHP concentrations in
singlet (S) and triplet states (T, T_, T+) respectively [8,9];
k 1s the constant of internal conversion S;"—Sy; kg;;and
kg are the velocity constants of non-radiating and radiative
transitions S;° — Sy, respectively; k1 is the velocity con-
stant of the transition T — Sy; k» and k_, are the velocity
constants of intramolecular interconversion S; —T and
T{—S;; ky and k_; are the velocity constants of formation
and recombination of singlet EHP; k3 and k_3 are the
velocity constants of formation and recombination of tri-
plet EHP; kg7 is the velocity constant of spin conversion
of EHP; kj, is the velocity constant of EHP dissociation
into free ¢~ and p*. In a number of cases this scheme is
enough for the description of experimentally observed
dependencies of  on E, T, A and on the structure and
concentration of molecules of photogeneration centers
as well as molecules forming the respective transport
bands

3. Results

Since usually k_; > k_3, from the scheme presented in
Fig.1 follows that n increases when the ratio n3/n; in-
creases under conditions:

ko> k o k> kg k3> kg kp>k_1.k3 (2)
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Fig. 1. The scheme of electronic processes during the photo-
generation and recombination of charges.

It could be observed for example: i) under growth of the
structural rigidity of the molecules [10], when surplus of
the vibration energy in the process of internal conversion
Si"—S involves the strengthening of the interconversion;
i) in physical dimers and aggregates of dyes [11,12],
when sufficiently large overlapping of S- and T-states
exists; 111) when using magnetically active ions of ionic
dyes [13], when undyed gegenion inflies on the S-T-con-
version of EHP. It should be pointed out that in large
external electric field a possibility of thermo-field ioni-
zation of the photogeneration centers from the excited
states with short lifetime is non-excluded. k| and / in-
crease under these conditions. Influence of the structural
rigidity of the polymer and dopants on the dissociation
and recombination of charge carriers was taken into ac-
count in the proposed scheme. Velocity constant kgde-
pends on energy dissipation of electron and hole. There-
fore, velocity of transfer of the thermal energy from the
photogeneration center and kg7 decrease with growing
structural rigidity of the molecules where charge carriers
in EHP are localized [10]. Thus, electric and photophysi-
cal properties of AMS can be controlled not only by
change of their p-electronic system, but also by variation
of structural rigidity of polymer and dopants.

The photogeneration of triplet EHP with higher life-
times as compared to those of singlet EHP should be con-
sidered as an essential factor. The conclusion about the
influence of velocities of the spin conversion on the effi-
ciency of photogeneration, recombination and dissocia-
tion of EHP is based on observed effect of magnetic field
on photoconductivity and photoluminescence [8,9] in
AMS with organic acceptors, with compounds charac-
terized by an intramolecular charge transfer and with
dyes. For express-analysis of the ratio between n; and n3
as well as for analysis of the efficiency of the photogene-
ration of p* and -, the method to estimate photoconduc-
tivity changes during interaction of EHP with triplet
excitons [9,13] could be employed. In this case, kg7 in-
creases at interaction of EHP with molecular excitons.
Growth of kg7 can be revealed also under decrease of
light wavelength exciting the photogeneration centers.
When cationic dyes are used as the photogene-
ration centers the strengthening of the respective quan-
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tum yield of their photoluminescence is observed within
the short-wave part of the absorption spectrum dye due to
contribution of recombination luminescence [14]. Thus,
organic dyes serve as centers of photogeneration and
radiative recombination of non-equilibrium charge car-
riers [15] in AMS. This is an important aspect for devel-
opment of new photoconducting and electroluminescent
materials.

4. Media for electrography, holography and
electroluminescent devices

Results of investigations of electric and photophysical
properties of AMS were used for our developments of new
holographic media for devices of holographic interfer-
ometry, where the thermoplastic method of holographic
recording is used [2]. High results demonstrate the
memory medium for thermoplastic recording based on
films PEPC+1mass.%HISD, where squarilic dye HISD
is used [16]:

Maximum of optical absorption of the films
PEPC+1mass.%HISD is close to light wavelength A =
= 655 nm. For the laser with A = 633 nm the values of
diffraction efficiency are 23-25%, and holographic sen-
sitivity 20-30 m?/J were achieved for the ratio between
intensities of reference and object beams 1:1. The band
of optimal spatial frequencies of transmissive character-
isticis 201500 mm !, the optimal spatial frequency range
is 350-1000 mm™'. The basic information characteristics
did not become worse after many cycles of recording and
erasing the holograms (more than 600 cycles). The sig-
nal-to-noise ratio at holographic readout was not lower
that 100. Such results are provided by high efficiency of
photogeneration of charge carriers from the molecules of
intraionic dyes HISD. The latter factor is caused by domi-
nant formation of triplet EHP during photogeneration
[12], going out of the holes as well as electrons from HISD
is possible. The latter circumstance, in accordance to (1),
involves considerable growth of the probability of EHP
dissociation due to reduction of the probability of charges
recombination.

Investigations of the features of charges recombina-
tion is important for development of new materials for
the electroluminescent devices. This process is competi-
tive respectively to appearance of free charge carriers.
Moreover, if ratiative channel of degradation of excita-
tion energy of the molecules is ruinous for the processes
of charge carriers photogeneration, then this channel is
the most effective for acceleration of the charge pair re-
combination. That is why, in accordance to the scheme
in Fig. 1 realization of the conditions opposite to (2) is
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desirable for the effective recombination. It should be
specially pointed out that, for the effective radiative re-
combination conditions, k_; > k_3 and kg7 > kj, are the
most important. The latter means that, during charge re-
combination in the contact EHP, ratio between singlet
and triplet states can increase and maximal probability
of the radiative recombination can reach essentially larger
value than 1/4.

We have used the results of investigations of the fea-
tures of charge carriers recombination for development
of electroluminescent media based on AMS films. It turned
out that employing of boron-fluoride complexes is the
most effective, for example BFI [16]:

Growth of BFI concentration (N) in the samples
SnO,:In,O3-PEPC+Nmass.%BFI-Al involves appear-
ance of the electroluminescence. Under N growth from 1
till 50 vibrating structure of the spectra of optical ab-
sorption becomes more smooth and spectra are widened.
The maximum of the absorption band for the films
PEPC+Nmass.%BFI shifts from A = 530 nm to A = 510
nm, the fluorescence maximum changes from A = 612 nm
to A = 638 nm. Such changes in the spectra is indicative
[16] of appearance of intermolecular interactions in the
system dye-dye. The limiting state of these interaction is
aggregation. The spectra of photoluminescence and
electroluminescence practically coincide. The most bright
electroluminescence is demonstrated by the samples with
N = 50. The brightness is close to that for electrolumines-
cence in similarly prepared samples SnO,:In,O3-PPV-Al,
where PPV is the poly(p-phenylenevinylenes) (commercial)
widely used in the electroluminescent devices [4].

The peculiarities of electroluminescence in the sam-
ples with films PEPC+Nmas.%BFTI could be explained
in the following manner. The holes and electrons appear
in the polymer film due to thermofield injection from the
electrodes and drift in the external electric field. If the
carrier concentration is large, then their meeting at the
distances comparable both with the Onsager radius [5]
and spin correlation radius [8] or less is very probable.
The initial non-correlated spin state of electron and hole
with probability 3/4 and 1/4 for triplet and singlet states,
respectively [17], can change. As the result of spin con-
version singlet pair of opposite charges can arise from
initially triplet EHP: anion-radical BFI-~ and cation-
radical PEPC*. At the aggregation of dye the difference
between its LUMO and HOMO as well as between
HOMO and the Fermi level of the cathode metal de-
creases. The latter fact contributes to lowering the ener-
getic barrier for thermofield injection of electrons from
cathode into the AMS volume. Besides, collectivization
of orbitals of dye molecules in the aggregated state fa-
cilitates transitions of injected electrons during their
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transport. The efficiency of spin conversion is caused by
the presence of the coordinated boron atom in the BFI
molecule. Spin density of unpaired electron and the larg-
est negative charge in the BFI~ anion-radical are local-
ized exactly close to this atom. Such anion-radical be-
longing to contact EHP contributes to growth of the prob-
ability of charge recombination due to some reasons. First
of all, point charge possesses larger energy of electro-
static interaction with the charge of opposite sign at small
distances as compared to the delocalized one [18]. That
is why charged boron atom in the anion-radical BFI-
involves capture and holding of the drifting hole. Sec-
ondly, the boron atom consists of enough magnetically
active nucleus B!! (magnetic momentum u = 2.6885).
Besides, boron atom belonging to the molecule BFT is
coordinated by two fluorine atoms consisting of also
magnetically active nucleus F!° (u = 2.6288). Therefore,
changes of the non-correlated spin state of the ion-radi-
cal pair happen due to hyperfine interaction with the
boron and fluorine nucleuses during the time interval
when the hole is held close to the charged and coordi-
nated boron atom. This is the basic reason of effective
spin conversion.

5. Conclusions

Thus, the choice of amorphous molecular semiconduc-
tors is determined by the technical problems of their us-
age. The type and concentration of photogeneration
centers of current carriers should by chosen in proper
way to reach the high quantum yield of EHP photo-
generation, small probability of EHP recombination and
capturing the carriers by traps, high velocity of electrons
and holes drift, low electroconductivity. Such choice al-
lows to achieve high photoconductivity of the electro-
graphic and holographic recording media. To reach high
brightness of radiation in electroluminescent media based
on polymer compositions the type and concentration of
dopants should provide the high efficiency of injection of
positive and negative charge carriers from electric con-
tacts into the volume of polymer film, high velocity of
electrons and holes drift till their meeting, high probabil-
ity of meeting of opposite charge carriers, high velocity
of spin conversion in contact EHP for their transition
from the state with non-correlated spins into the singlet
spin state from which one singlet excited state of recom-
bination center arises.
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