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THE PECULIARITIES OF SINGLET
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TRANSFER PROCESSES IN Alg; FILMS'!

1. Introduction

The absorption and luminescence of new boron-containing dyes in two-component films of
Algs (matriz)-dye(impurity) (obtained by the method of thermal vacuum deposition) are stud-
ied. The comparison of the spectra of absorption, fluorescence, and fluorescence excitation
of a dyes in one-component solutions and double-component films shows the existence of the
effective electronic excitation energy transfer (EEET) from the matriz to dye molecules. Time-
resolved spectra of two-component films also manifest strong EEET in these systems. For the
estimation of the average exciton spreading length in Algs films, the diffusion model of the
motion of singlet excitons is used. The diffusion coefficient is evaluated using time-resolved
spectroscopy. The optimum concentrations of dyes in a light-emitting layer of OLED are eval-
uated based on experimental data and the used model of EEET.

Keywords: boron-containing cyanine dyes, vacuum deposition, Alqs-thin films, fluorescence,
EEET, singlet excitons, OLED.

solid-state lighting sources for new color displays and

Thin organic films have gained enormous interest be-
cause of their application in semiconductors devices
such as organic light-emitting devices (OLEDs), solar
cells and field effect transistors [1]. The new class of
power-saving OLEDs requires the search of new mate-
rials efficiently transforming the electric energy to the
visible light, presenting a good possibility to tune the
color of emitted radiation, and being easy and cheap
to synthesize. These materials can also be used in
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as a backlight in LCD monitors [2|. The outstand-
ing OLED energy conversion performance (fraction
of the electric energy transformed to the visible light)
is ensured by a well-chosen combination of many lay-
ers among which is a light-emitting layer. This layer
is a thin organic film that often consists of double-
components: matrix and impurity. Doping a small
amount of a dye with high quantum yield into an
organic light-emitting layer can lead to significant

I The paper was presented at XXIVth Galyna Puchkovska In-
ternational School-Seminar “Spectroscopy of Molecules and
Crystalls” (August 25-30, 2019, Odesa, Ukraine).

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3



Singlet Electronic Excitation Energy Transfer

changes in the color of luminescence and to a total
improvement of the general device properties (e.g.,
quantum efficiency, lifetime, etc.). The efficiency of
the energy transfer from the matrix to dye molecules
in the light-emitting layer of OLED, as well as the
quantum yield of the luminescence of dyes, belongs to
the main factors that determine the total OLED effi-
ciency [3]. This paper presents the study of the spec-
tral properties of tris-(8-hydroxyquinoline)aluminum
(Algs) and several dyes and the singlet EEET pro-
cesses in “matrix-impurity” composite films.

2. Materials and Methods

The structure formulas of impurity dyes I, II, ITI, IV
and the Alqs matrix are presented on Fig. 1. These
dyes were synthesized at the Department of Color and
Structure of Organic Compounds of the Institute of
Organic Chemistry of the NAS of Ukraine. Alqs com-
pound was purchased in Sigma Aldrich. The spec-
tral properties of these dyes were studied also in
[4, 5]. Thin films were grown by the thermal evap-
oration deposition method on a glass microscope
slides and quartz substrates at a pressure of the or-
der 1 x 107* Pa. Com posite films were fabricated
through the co-evaporation of a dye (dopant) together
with Algs (matrix). Each composite thin film con-
sists of the matrix substance (Alqs) and contains one
dye (I, II, III, IV) as an impurity. Substrates were
chemically cleaned in dimethylformamide and mo-
noethanolamine. The thickness of the films has been
controlled using a quartz thickness monitor and sub-
sequently measured by atom force microscopy and
were in the interval 500-600 nm. Fluorescence spectra
were registered on a spectrofluorometer Carry Eclipse
(Varian), and the absorption spectra were registered
on a Specord UV Vis. Fluorescence anisotropy spec-
tra were recorded by the single-beam method [6, 7]
using two Glan prisms as a polarizer and an ana-
lyzer (first Glan prism was placed in front of the
sample; second prism was placed in front of a photo-
multiplier). The fluorescence anisotropy r is defined
according to the following formula:

Iyy — ¥ Iy )
r=——H"1
Iyy + 2 Iyy

where Iyy — intensity of vertically polarized light at
the vertical polarization of the excited beam; Iyy —
intensity of horizontally polarized light at the hori-
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Fig. 1. Chemical formulas of emitting centers of dyes (I, II,
III, IV) and Algs matrix

zontal polarization of the excited beam; Iy — inten-
sity of horizontally polarized light at the vertical po-
larization of the excited beam, and Iyyg — on the con-
trary to Igy. All absorption and fluorescence spectra
were recorded at room temperature 7' = 293 K.

Time-resolved PL spectra, kinetics of PL, and time-
resolved emission spectra (TRES) were studied using
a LifeSpec II spectrofluorometer. To excite a time-
resolved PL in the visible range, we used an EPL-
405 picosecond pulsed diode laser (Edinburgh Instru-
ments Ltd) with A, = (405 + 10) nm, a power of
5 mW, and a pulse duration of 54 ps.

3. Results and Discussion

3.1. Absorption and fluorescence
of host (Algs) and guest (dyes) molecules
in the solutions and films

The spectra of absorption, fluorescence, and fluores-
cence excitation of Alqs in the solution and in one-
component solid films are shown in Fig. 2. The pre-
sented data are in close agreement with the previ-
ous paper [4]. The spectra of absorption, fluorescence,
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Fig. 2. Spectra of absorption, fluorescence, and fluorescence excitation of Algs in the solution (panel a)

and in solid films (panel b)
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Fig. 3. Spectra of absorption, fluorescence, and fluorescence excitation of dyes I, II, III, IV. Solutions in

tetrahydrafuran

and fluorescence excitation of dyes in solutions are
shown in Fig. 3. The data presented correspond to [8].

3.2. Spectra of absorption and fluorescence
of the Algs+ dyes systems (films). Main
proofs of singlet EEET in Alqs films

The spectra of absorption, fluorescence, and fluores-
cence excitation are presented in Fig. 4. The compos-
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ite thin films contain two components: Alqs matrix
and dyes (impurities).

For all absorption spectra of composite thin films,
the small shift and broadening of absorption maxima
are observed in comparison with absorption maxima
in solutions. But in general, the dye absorption spec-
tra possess the similar shape and structure in liquid
tetrahydrofuran and solid solutions. The fluorescence
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Fig. 4. Spectra of absorption, fluorescence, and fluorescence excitation of Alqs composite films
with dyes I, II, III, IV. Excitation wavelength is equal to 395 nm. The concentration of impurity

dye molecules equals 2-4%

spectra of composite thin films (system matrix + dye
impurity) and the corresponding fluorescence spectra
of dyes in a tetragydrofuran solution are very simi-
lar, so dye molecules emit light as separate centers. It
can be clearly seen that the fluorescence excitation
spectra of composite thin films for each sample man-
ifest the shape close to that of the matrix absorption
spectra in a short-wavelength spectral range. The in-
tensity of fluorescence excitation spectra in the ma-
trix absorption spectral range is much higher than
the intensity of fluorescence excitation spectra, but in
the dye absorption spectral range. It should be noted
that the Algs extinction coefficient near 395 nm is
significantly higher than the extinction coefficients of
dyes (see Fig. 5). This is the first proof of the ex-
istence of EEET from host to guest molecules (the
evidence that most part of photons are absorbed by
matrix molecules, but the most part of electronic ex-
citations are released by the fluorescence emission of
dye molecules).
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Fig. 5. Absorption spectra of dyes I, II, III, IV and matrix
compound Algs. Solutions in tetrahydrafuran

The second evidence in favor of the existence of
EEET is the depolarization of the impurity fluores-
cence under the excitation in a spectral range, where
the matrix absorbs. It is well established that the flu-
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Fig. 6. Fluorescence anisotropy spectra of two-component films Alqs+ dye

orescence of impurity molecules should be depolarized
during the electron excitation energy transfer from
matrix molecules to impurities. The dependences of
the fluorescence anisotropy r for two-component films
Alqs + dyes are shown in Fig. 6. It is seen that the flu-
orescence polarization is closed to zero (full depolar-
ization of emitted radiation) under the excitation in
the matrix absorption range that corresponds to the
matrix first electron transition. Under the excitation
into the matrix absorption band connected with the
second electron transition, the fluorescence polariza-
tion is slightly higher (see Fig. 6, II+ Alqs). This can
be explained by the fact that the dye molecules in this
spectral range are partially excited that causes the
emitted radiation to be partially depolarized. At the
same time, the fluorescence polarization is non-zero
under the excitation into the dye absorption band,
where the matrix does not absorb at all.

The third proof of the existence of EEET from
host to guest molecules is given by the time resolved
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spectra of doped Alqs films. As follows from these
spectra (see Fig. 7), the emission of guest molecules
appeared after some time after the emission of host
molecules. This time delay is connected with the time
of excitation transfer from Alqs to dye molecules. In
addition, in some time after the excitation impulse,
the emission of the impurity dominates in the total
emission spectra.

3.3. Analytical description of EEET
in a host-guest system based on Algs.
The model of diffusion of singlet excitons

Preliminary results suggest that the transfer process
of electronic excitations between the matrix and dye
molecules should exist. For analytical description of
EEET in a host-guest system based on Alqs, we took
the model of exciton diffusion (that was first proposed
by O. M. Faidysh [9]). Let us consider an organic film
on which a photon flux with intensity ®¢ falls. Pho-
tons generate excitons. Let the absorption coefficient

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3
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of the medium equal k. The exciton concentration (f)
gradient takes place along the direction of the ab-
sorbed photon flux (see Fig. 8).

This is the reason for the exciton diffusion from
the upper layers of the organic film into the lower
ones. In view of the possibility of the capture of exci-
tons at impurity centers with probability P, the fol-
lowing equation can be written:

of(z,t) _ 0*f .
The following boundary conditions are used:
f(0) = f(d) =0. (3)

The background of such boundary conditions was
done in papers [9, 10].

Knowing f(z), one can calculate the quantum yield
of luminescence and the quantum yields of other pro-
cesses (e.g., photogeneration of charge carriers, pho-
tochemical reaction, etc.). Then the quantum yields
of fluorescence of the host compound (Ipatrix) and
the impurity (I4y.) are given, respectively, by the ex-
pressions

k
Imatrix = T w2 X
b x kd
1 11+e” Ad
X |:Hmatrix Qmatrix <k‘ - Xw tanh 2):| +
S [(1+ekd M1
— [ A——=tanh — + — 4
Y ( 1 e—hd T *k) (4)
and [9]
HogyeVCdye Kk 1 114ekd A
Tiye = Y Y - - tanh ——
dy 1+ vcaye 1’;2[14 A1 —e—kd
(5)
where
Y= 47TReffl(2) (6)

is the probability of exciton capture by an impurity
molecule, R.g is the effective radius at which the ex-
citon capture probability is equal to 1; Iy — spreading
diffusion length of an exciton; v — coefficient of ex-
citon capture by impurities; cqye — numerical impu-
rity concentration (molecules in 1 cm?; amatrix and
aigye — fluorescence quantum yields of the matrix and
the impurity, respectively); A = X: X at Caye = 0

lo

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3

a~

o

S

S
1

w

o

o

o
1

2000

1000

Fluorescence intensity, r.u.

0o/ : : : :
450 500 550 600 650 700

Wavelength, nm

Fig. 7. Time-resolved fluorescence spectra of the dye II-Alqs
system in the interval 0-1.5 ns (black spectrum corresponds
to the starting point of time — 0; purple spectrum corresponds
to the 1.5-ns time). Excitation wavelength is 400 nm. Pulse
duration is 50 ps. Film thickness equals 340 nm

Fig. 8. Illustration to Eq. (2)

equals to A\o; Hmatrix, H — constants, which mainly
account for the re-absorption influence in the ground
state. At low concentrations of traps (impurities), the
dependence Ilmit’t‘y is linear [11]:

impur

Imatrix o

(7)

Iimpurity

3.4. Comparison of theory

with experiment. Dependence

of the fluorescence intensity of guest
molecules on their concentration

in Algs films. The average spreading
range of singlet excitons in Algs films

Comparing the theory [Egs. (6) and (7)] with exper-
iment, the ratio

Ima rix
P () (5)
dye

gives possibility to obtain the exciton diffusion
spreading length ly. It should be noted that [y is con-
nected with the probability of exciton capture by an
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Fig. 10. Relative dependences of the fluorescence intensities
of impurity compounds (I, II, III, IV) in the Algs matrix de-
pending on the impurity concentration. Excitation wavelength
395 nm

impurity. This can be derived from the previously de-
fined relation for the exciton capture probability

where R.g is the effective radius at which the exciton
capture probability is equal to 1, and is evaluated to
be 3.3x10~* cm?/s. Here, the distance of the elemen-
tary jump Reg was taken to be 3 A, which is based on
the results of transmission electron microscopy, quan-
tum chemical modeling, and the results obtained in
[11-14].

The series of composite thin films were fabricated
with different dye concentrations in samples. The
photoluminescence (PL) spectra of all composite
thin films were recorded using excitation wavelengths
which correspond to the maxima of the absorption ex-
tinction coefficient of the matrix in the spectral range
of the first electron transition (see Figs. 5 and 9).

The ratio of the PL quantum efficiencies
(Iaye/Imatrix) as a function of the dye concentration
loading level is shown in Fig. 10.

As one can see, a linear dependence takes place
in the region of small concentrations. The obtained
values of singlet exciton spreading lengths are shown

’7 = 47rR€H 1(2)7
202

in Table.
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Exciton spreading lengths in the Alqsz matrix

. Exciton spreading
Impurity length, i
1 150
11 200
111 120
v 130

The obtained data are close to the value in antra-
cen crystals, where the spreading length is equal to
150 A (Reg = 3 A) [15]. In [3], the exciton spread-
ing length for Algs was found to be approximately
equal to 200 A which is close to our results. The ex-
citon diffusion coefficient is defined according to the
formula
l2
D=2

-
and is equal to 3.3 x 107% cm?/s.

It should be noted that the obtained exciton
spreading lengths in Alqs matrix for different impu-
rities differ significantly from one another (see Ta-
ble). We think that this fact can be explained by the
impurity influence on the closest matrix environment,
which induces a change of the energy transfer effec-
tiveness in an impurity proximity and a change of
the impurity intercept probability of the migrating
excitation. The probability of the final energy trans-
fer between the matrix and an impurity depends on
the wave function overlap between m-electron systems
(in matrix and impurity molecules) and on the an-
gles between the transition dipole moments of matrix
and impurity molecules. During the vacuum deposi-
tion, the film formation kinetics may be such that the
similar co-locations of impurity molecules and ma-
trix molecules will be possible only for certain impu-
rities. For example, the spatial structure of dye III
has a branched methyl group structure, and the exci-
ton spreading length in Alqs + III is less significantly
than the exciton spreading length in the same ma-
trix + planar molecule II [16].

4. Conclusions

We would like to emphasize that the obtained re-
sults give the possibility to solve some applied prob-
lems in the design of OLEDs. One of them is the
evaluation of the optimal concentration of a light-
emitting impurity. This value can be determined us-
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ing the spreading length of excitons. The efficiency
of EEET from a matrix molecule to guest molecules
has to reach the maximum, if the average exciton
spreading length equals the average distance between
impurities molecules. In this case, all excitons gen-
erated in the matrix have to be captured by impu-
rity molecules. Namely, this distance between neigh-
bor guest molecules corresponds to their optimal con-
centration. The dye doping into a light-emitting layer
of OLED leads to a number of advantages over films
without dye doping. The doping with cyanine dyes (I,
IT, IIT and IV) gives significantly narrower PL spec-
tra than non-doped Alqs films. This is a significant
benefit in full-color display applications, which re-
quire saturated red, green, and blue outputs for the
color mixing. Using the several impurities in the ma-
trix leads to an extension of the radiation range and
can be used in the fabrication of white OLEDs. High
efficiency can be achieved by the doping with dye
molecules which have high quantum yield and opti-
mal concentration, when the efficient energy transfer
from the matrix to dye molecules takes place.

1. W. Brutting. Physics of Organic Semiconductors (Wiley-
VCH, 2005) [ISBN: 3-527-40550-X].

2. T. Takatoshi. OLED Display Fundamentals and Applica-
tions (Wiley, 2017) [ISBN: 9781119187493].

3. A. Shoustikov, Y. You, M. Thompson. Electroluminescence
color tuning by dye doping in organic light-emitting diodes.
IEEE J. Select. Topics Quant. Electr. 4, 3 (1998).

4. O.D. Kachkovsky, V.M. Yashchuk, O.M. Navozenko,
A.P. Naumenko, Yu.L. Slominskii. On the nature of the
lowest electron transitions in the borine dye derivatives
benz|c,d|indole. J. Mol. Struct. 1074, 589 (2014).

5. V.M. Yashchuk, O.M. Navozenko, Yu.L. Slominskii,
J.V. Grazulevicius, O.D. Kachkovsky, A.P. Naumenko.
Peculiarities of electronic processes in high-fluorescence
boron-containing composite films. Ukr. J. Phys. 59, 238
(2014).

6. J.R. Lakowicz. Principles of Fluorescence Spectroscopy
(Springer, 2008) [ISBN: 978-0387-31278-1].

7. B. Valeur. Molecular Fluorescence: Principles and Appli-
cations (Wiley-VCH, 2001) [ISBN: 3-527-60024-8|.

8. O.M. Navozenko, V.M. Yashchuk, Yu.L. Slominskii,
0O.D. Kachkovsky, A.P. Naumenko, Y.O. Myagchenko.
Photophysical properties of novel luminescent dyes: di-
fluoroborate complexes of benz|c,d]indole derivates. Funct.
Mater. 19, 504 (2012).

9. I.Ya Kucherov, O.M. Faidysh. Transfer of electron excita-
tion energy in solid organic solutions. Rep. Acad. of Sci.
of the Ukrainian SSR 1, 57 (1956).

10. Y. Tamai, H. Ohkita, H. Benten, S. Ito. Exciton diffusion
in conjugated polymers: From fundamental understanding

203



O.M. Navozenko, V.M. Yashchuk, Yu.P. Piryatinski et al.

11.

12.

13.

14.

15.

16.

to improvement in photovoltaic conversion efficiency. Phys.
Chem. Lett. 6, 3417 (2015).

O.M. Faidysh, V.M. Yashchuk, V.Ya. Pochynok, L.M. Fe-
dorova. Influence of the migration of the electron excita-
tion energy on the luminescence of N-vinylcarbazole and
polyvinylcarbazole. Ukr. J. Phys. 21, 1528 (1976).

V.M. Yashchuk. Triplet excitons in 7-electron containing
polymers. Polimery, 7-8, 475 (1999).

Yu.N. Demikhov, O.M. Faidysh, V.M. Yashchuk. Lumines-
cence and the transfer of the singlet excitation energy in
a solid monomer of styrene. Optics and Spectroscopy 35,
646 (1973).

Yu.N. Demikhov, O.M. Faidysh, V.M. Yashchuk. The ef-
fect of energy transfer of electronic excitation on the lu-
minescence of styrene monomer with an admixture of
polystyrene. Optics and Spectroscopy 37, 686 (1974).
V.V. Agranovych, I.Ya Kucherov, O.M. Faidysh. Length of
the diffusion displacement of excitons in anthracene crys-
tals. Ukr. J. Phys. 2, 61 (1957).

O.M. Navozenko, V.M. Yashchuk, Yu.L. Slominskii. Pe-
culiarities of energy transfer in thin films of tris(8-
hydroxyquinolinato)aluminium complexes. Proceedings of
the 18th International Young Scientists Conference “Op-
tics and High-Technology Material Science” Devoted to the
95th Anniversary of Professor M. U. Bilyi (Kiev Univ.,

2017). .
Received 05.02.20

204

0.M. Hasozenxo, B.M. Swyx,
FO.II. ITipamuncorut, /1. lydetixa,
A.Il. Haymenko, FO.JI. Caomincorud

OCOBJIMBOCTI ITPOLECIB
MEPEHECEHH{ EHEPTII CUHTJIETHOT'O
EJIEKTPOHHOI'O 3BVY/I>KEHHSA B IIJIIBKAX Alqgs

Peszmowme

BuBdeno mnorsimHaHHsS Ta JIIOMIHECIIEHIIIO HOBUX OOPBMIiCHHUX
GapBHMKIB y JBOKOMIIOHEHTHHMX IuliBKax Alqs (Marpungs) —
GapBHEK (momimKka) (OTpuMaHI METOLOM TepMIMHOrO HaHeCe-
uHs y BakyyMi). ITopiBHsIHHS ClieKTpiB moryimHaHH:, (BIIOO-
pecueHIiil, 30ya:KeHHsI (DJIIOOPECIEHIN] B OJHOKOMIIOHEHTHUX
pO3YMHAX Ta JBOKOMIIOHEHTHHX IUJIIBKaX IIOKa3y€ HAsIBHICTH
eEKTUBHOIO IEPEHECEHHs €HEPTil eJIEKTPOHHOTO 30y I?KEHHS
(EEET) Bix MaTpuaHEX MOJIEKYJ 70 MOJIeKy/1 Gapsauka. Cre-
KTPU BUIIPOMIHIOBAHHS JIBOKOMIIOHEHTHUX ILJIIBOK, PO3/ijIeHi
3a 9acoOM, TaKOXK IPOSIBJISIOTH JOMIHYIOUY Iiepejady eHep-
rii esleKTPOHHOro 30y/2KEHHSI B LMX cucreMax. Jlias oumiHku
cepelHBOI JIOBXKHWHU TPOOIry eKcuToHy B IuliBkax Alqs Gyna
BUKODPHCTaHa MOJEb Audy3ifiHOrO0 pyXy CHUHIVIETHUX E€KCHUTO-
uiB. Koedinienr qudy3il cHHIVIETHUX €KCUTOHIB OyJI0 OI[iHEHO
3a JIOMOMOTOI0 9aCOBO-PO3iIEHO] crieKTpocKorii. OnruMalsib-
Hi KOHIleHTpaIlil GapBHUKIB y CBITJIOBUIIPOMIiHIOIOYOMY IIapi
OLED 6ysnu orpuMmaHi Ha OCHOBI €KCIIEDMMEHTAJbHUX JAHUX
Ta BuKopuctanol mozaesi EEET.
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