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Design results have been presented for a three-component composition for solar energy
conversion into the sensitivity range of Si and GaAs photocells based on polystyrene and
polycyclic aromatic organic luminescent compounds. Two possible approaches to selection
of concentrations of the components oriented to provide the maximum collection efficiency
of the visible range solar radiation and the optimum conditions of the Foerster non-radia -
tive energy transfer between the intermediate and final components of the cascade compo -
sition have been shown to give comparable results and thus do not form an alternative to
one another.

ITpencraBieHsl pesynabTaThl AM3aiHA TPEeXKOMIIOHEHTHON KOMIIOSUIIMU AJSA IpeobdpasoBa-
HUSs 9HEPIUU COJHEUHOTO W3JIYYEeHUs B MHTepBaJ yyBcrBuTenbHocTu Si u GaAs dorossemen-
TOB HA OCHOBE IOJHCTUPOJA ¥ aPOMATUYECKUX IMMOJUIUKINYECKUX OPraHOJTIOMUHO(DOPOB.
IToxasaHO, UTO ZBa BO3MOXKHBIX IIOAXOJa K IMOAOOPY KOHIIEHTPAIUY KOMIIOHEHTOB, OPUEHTH-
poBaHHBIE Ha obeclieueHre MaKCUMaJbHO 9(h(PeKTuBHOro c0opa M3JIyUYeHUs B BHUAUMOM [gHa-
a3oHe U OIUTHUMAJBHBIX ycJoBUU DPepcTepoBCKOro 6e3hI3IydaTebHOTO IIepeHOCa SHEPTUH
MeKIy MPOMEXKYTOUHBIMA ¥ KOHEUHBIMM KOMIIOHEHTAMM KACKAJHOM KOMIIOSUIIUM, [AiOT
CpPaBHUMEIE Pe3yJbTaThl W, TAKUM 00pas3oM, He SABJIAITCA aJbTEePHATUBON APYT APYTY.

The ever-increasing need for new energy
sources capable to substitute for the ex-
hausting hydrocarbon resources concen-
trates the attention of both applied and fun -
damental researchers on the solar power en -
gineering development problems. Among
the actual goals in this science field, there
is the development of new light-resistant
luminescent materials to convert the solar
radiation into the near IR range (NIR) an-
swering to the maximum photosensitivity of
Si and GaAs semiconductors, that is, into
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850 to 1000 nm range [1-3]. The use of
organic luminescent materials (OLM) to de-
sign such devices is promising due to that
OLM possess some unique parameters that
are not provided by alternative inorganic
materials. Among those parameters, the
most important ones include: visible light
absorption within a wide range (400 to
600 nm); minimum reabsorption; high
quantum yield of fluorescence; high light
and heat resistance; a sufficient compatibil -
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ity with polymer materials used as matrices
in solar light converters.

It is to note that most OLM do not show
all the above-mentioned properties simulta -
neously; moreover, some of those are incom -
patible. The development of efficient IR
OLM is a much more complex task as com -
pared to UV and visible range luminophors,
see, e.g., the review [4]. So, for example,
materials either including a sufficiently
long conjugation chains or showing a strong
donor-acceptor interaction (right up to ionic
type structures) are to be developed to pro-
vide an intense emission in the IR range.
On the other hand, such materials are
poorly soluble in organic polymers and show
often a lowered light and heat resistance.
The well-known cyanine structure OLM can
be taken as an example that emit in the
800-1600 nm range but exhibiting a low
light and heat resistance and poorly com -
patible with organic polymers.

Moreover, a specific feature of long-
wavelength OLM is a low Stokes shift (typi-
cally 800 to 1200 cm™l) that decreases as
the emission wavelength is shifted towards
IR region. As a result, the reabsorption in-
creases, thus causing an efficiency of the
devices including those materials. Besides,
the narrow absorption bands of ionic dyes
cannot cover the whole visible range, thus,
the efficiency of solar radiation collection is
deteriorated. That is why the most long-
wavelength OLM cannot be used individu-
ally in the solar energy concentrators.

In our opinion, the development of a
composition consisting of several OLM
would be one of ways to solution of the
above problem. Such an approach provides
wide opportunities in the system designing
and control of its optical characteristics. In
this work, a possibility to provide such a
cascade composition in polystyrene matrix
is demonstrated taking as an example three
dyes with intermolecular non-radiative
transfer of the electron excitation energy,

Table 1. Spectral characteristics of I-III dyes

where the dyes absorb the visible range
light (400 to 650 nm) and re-emit it sequen -
tially into the 714—-850 nm region. To pro-
vide the light absorption it such a wide
range and its re-emission into the IR re-
gion, functions of two light converting cas-
cades are combined in the composition. The
first cascade is a ternary one (dyes I + II +
IIT) where the I compound absorbs the light
within the about 400-500 nm region with
its subsequent re-emission into IR region by
the scheme I - II - III. The second cascade
is a binary one (dyes II + III) where the II
compound absorbs the light within the
about 500-600 nm region with its sub-
sequent re-emission into IR region by the
scheme II - III. The about 600 to 650 nm
region is covered by the absorption spec-
trum of III that acts as a proper IR dye in
the composition. In what follows, the prin-
ciple of the composition design is described
and its properties are presented.

The experimental samples in the form of
thin (0.1 mm thick) polystyrene films con-
taining the cascade compositions were pre-
pared by evaporating 20 per cent toluene
solutions of OLM in the required ratios on
glass surfaces. The film thickness was set
using a calibrated spacer. The films were
dried in a special box at room temperature.
To examine the optical characteristics, the
films were taken off of the substrates.

The spectral characteristics of the initial
OLM toluene solutions and the colored poly -
styrene films were determined using a HI-
TACHI U2310 spectrophotometer and a HI-
TACHIO F4010 spectrofluorimeter. The
fluorescence quantum yields were evaluated
versus the reference solution of quinine
sulfate in 0.5 M aqueous sulfuric acid
(b = 0.55 [5]). The spectral kinetics parame-
ters were measured using a nanosecond
pulse fluorometer operated in the photon
counting mode. The instrument has been
described in [6].

Compound v, A, €, As Dvgr (0] T
1 21380 468 56400 18740 534 2640 0.62 1.37
I 17320 577 31200 16260 615 1060 0.44 4.45
II1 15740 635 33300 14340 697 1400 0.26 4.96
Here, v, Vv, are the absorption and fluorescence maxima positions, respectively, in the wave

numbers scale (cm™1); )\a, )\f, the same in the wavelength scale (nm); Avg,, the Stokes shift

(cm™b); g,
the fluorescence lifetime (ns).
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the molar extinction coefficient (Lhol 1@m™1); ¢, the fluorescence quantum yield; T,
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Fig. 1. Fluorescence spectra of dyes I-III nor-
malized to the area under spectral curve ac-
cording to their quantum yields.

The spectral and photophysical charac-
teristics of fluorophors included in the pro-
posed cascade composition are presented in
Table 1 (as determined for liquid toluene
solutions). The solvent used provides a
maximum close approximation to physico-
chemical properties of the solid solution
based on polystyrene. Nevertheless, a small
long-wavelength shift is possible when pass -
ing from toluene to polystyrene due to in-
fluence of the rigid polymer medium and
changes in the fluorescent dye interaction
with its nearest environment.

The longer-wavelength dyes II and III are
seen to not exhibit very strong absorption
in the middle part of the visible range,
therefore, it is just the dye I that will con-
tribute mainly to the light collection in this
region. Fig. 1 shows the fluorescence spec -
tra of three OLM proposed, the intensity
ratio corresponding to that of their quan-
tum yields.

A certain decrease of quantum vyield is
seen to occur as the absorption and emission
bands are shifted towards long-wavelength
region. This may be due to increase of the
S1—S( internal conversion efficiency result-
ing from energy convergence of the ground
and excited state in the molecule. As a
whole, the dyes proposed are rather effi-
cient luminophors with spectral charac-
teristics well matching to each other.

In Fig. 2, shown are the absorption and
fluorescence spectra for pairs of dyes pro-
posed by us for the cascade composition,
between which the electron excitation en-
ergy transfer is possible. The spectra dem -
onstrate a great overlap extent of the ac-
ceptor component absorption and the donor
component emission in each pair. The great
spectral overlap extent in the I-II and II-
IIT pairs must provide a high energy trans-
fer efficiency between the “"neighboring”
cascade components. Moreover, the spectral
overlap between the "outermost” dyes I and
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Fig. 2. Absorption and emission spectra over-

lap for pairs of dyes in the proposed cascade

composition.

III. Thus, an additional transfer direction
will take place in the proposed composition,
thus favoring the improved efficiency of
the whole cascade.

Two approaches that are not in general
alternative ones can be used to formulate
the cascade compositions. The component
concentrations can be selected in order to
provide the most complete and homogenous
absorption in the visible range. In this case,
the solar light will be collected at the maxi -
mum possible efficiency. The dye concentra -
tions will be high enough and the energy
transfer between the dyes will occur at a
high probability. Another approach consists
in selection of the dye concentrations pro-
viding a high efficiency of the electron ex-
citation energy transfer between the indi-
vidual components in the composition.
Since, according to the Foerster theory, the
energy transfer occurs over distances of 30
to 100 E [7], this approach results inevita-
bly in the use of high dye concentrations
and thus in high optical density of the cas-
cade in the absorption region covered there -
with. Besides of the Foerster non-radiative

Functional materials, 11, 2, 2004



A.I.Bedrik et al. /| Cascade three-component ...

labs,a.u.
4.40r =

3.50

270

1.77

0.88

0.00 1
25 23 21 19
400 435 476 526

1 1

17 v410% cm™
588 469 A, nm
Fig. 3. Selection of the component concentra-
tion ratios basing on requirement of complete
and homogeneous absorption within the vis-

ible region (concentrations: I, 0.1 %; II,
0.5 %; III, 0.4 %).

energy transfer, a partial realization of the
radiative energy transfer mechanism is pos -
sible, where the light emitted by the short-
wavelength components will be absorbed by
the long-wavelength ones. The radiative en-
ergy transfer will occur at the distances
between the donor and acceptor molecules
exceeding those answering to the Foerster
theory.

We attempted to design the cascade com -
positions in the frames of both approaches.
Fig. 3 presents the absorption spectrum of
the cascade proposed at the component con -
centration ratios providing the complete
and as homogeneous as possible absorption
within the visible region (400 to 650 nm) in
toluene solution at the absorbing layer
thickness of 1 mm (the optical density D = 2
answers to absorption of 99 % of radiation
incident on the sample surface).

Basing on the ratio determined, we have
prepared the polymer film samples and de-
termined optical characteristics thereof
under monochromatic and polychromatic ex -
citation. In the last case, the solar radiation
was modeled by the diffuse emission spec-
trum of a high pressure xenon lamp with
UV and IR ranges cut off using a SZS-21
glass light filter. The emission of a polymer
film sample with optimized content of dyes
I-IIT is exemplified in Fig. 4.

The high energy transfer efficiency be-
tween the cascade components is evidenced
by the low residual emission intensity of
the shortest-wavelength dye and the inter-
mediate one (I and II). In fact, the composi -
tion emission is presented mainly by the
fluorescence of the most long-wavelength
component thereof. Moreover, the relatively
high content of the dye III in the composi-
tion provides an appreciable reabsorption of
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Fig. 4. Emission spectrum of the (I, 0.1 %;
II, 0.5 %; III, 0.4 %) composition under
polychromatic excitation.

its intrinsic emission. As a result, the emis-
sion maximum of the cascade composition is
observed at a longer wavelength (723 nm)
than the intrinsic emission of the NIR emit -
ting luminophor in polystyrene (712 nm).

To reduce the reabsorption effect, we
have used the second of the above-men-
tioned approaches to the cascade composi-
tion formulation. This approach consists in
optimization of the concentration ratio to
provide the maximum efficiency of the elec-
tron excitation energy transfer between the
components. In this connection, the spectral
overlap integrals for the proposed compo-
nents were calculated in the frame of Foer -
ster theory and then, basing on those inte -
grals, the critical Foerster‘s transfer dis-
tances R; (where the transfer efficiency is
comparable to the energy donor emission ef -
ficiency (2).

o (1)
J = [Fqv) Ce,(v) v Cv.
0

Here, Fy(v) is the fluorescence spectrum
in the wave number scale normalized to the
unit area under spectral curve; ¢g,(v), the
absorption spectrum (the intensity is ex-
pressed in extinction coefficient units); v,
the wave number (cm~1). The integration is
done with respect to wave number.

6 - 9000 [({In10) (%2 Cp, (2)
0 128 O ON [t

Here, ¢, is the quantum yield of the
energy donor fluorescence; N, Avogadro
number; n, the medium refraction index;
k2, the orientation factor taken as 2/3 for
chaotic spatial orientation of the donor and
acceptor.

The corresponding numerical results are
shown in Table 2. In the last column, the
critical transfer concentrations are pre-
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Table 2. Characteristics of non-radiative energy transfer between the cascade components as
estimated using the Foerster theory for toluene solutions

Dye pairs J, mol 1[dm? Ry, E Ay, mol/L
Overlap integral of the donor | Critical Foerster radius Critical acceptor
and acceptor spectra concentration (75 % transfer)
I-11I 1.7000°18 48.1 4.0201073
I - III 1.64d0713 47.8 4.090073
II - III 3.56010713 51.4 3.2901073
laps,@.u.
sented answering to the acceptor concentra -
tion providing the energy transfer effi- 1.28
ciency equal to 75 % of the donor emission 096
efficiency (3). '
_ 3000 (3) 0.64
0" 2 On2 OV CRY’ 0.32
According to the results obtained, the 0.00 -
concentrations of the composition compo - leLau. b)
nents can be selected by solving the system 480
of equations (4) where the dye ratios are
selected to provide that the total concentra - 360
tion of each donor-acceptor pair is equal to 240k
the corresponding critical concentration A,.
C, + Cy; = 3.41 01073 (4) 1or
+ = 3. 9,
I II 0 ' T |)|/|\_|\|/T/| I B B |

CI + CIII =3.47 D10_3,
Cyy + Cppp = 2.88 01073,

The testing results of composition for-
mulated in this fashion (0.15 % I + 0.16 %
II + 0.12 % III) have shown that when the
initially claimed result is attained, i.e. the
reabsorption is reduced and the maximum
emission wavelength of the sample is ap-
proached that of the NIR-emitting lumino -
phor in diluted solution, the total composi-
tion efficiency must be somewhat reduced,
since the residual emission of short-wave -
length components is increased as compared
to the composition tested before (see Fig. 4).

Therefore, the composition has been sub -
jected to a further modification consisting
in that the II and III concentrations were
increased up to levels of corresponding
critical transfer concentrations A, (Fig. 5),
the short-wavelength component I concen -
tration remaining unchanged.

Thus, we managed to bring the spectral
parameters of this composition near to
those of the cascade composition obtained
under the first approach, while the content
of the last emitting component was lowered,
thus reducing its reabsorption.

314

25 23 21 19 17
400 435 476 526 588

15 v-10% cm™
667 469 A, nm

Fig. 5. Absorption and fluorescence spectra
for a thin sample of modified composition
0.15 % I+0.3 % II+ 0.2 % III) under
polychromatic excitation.
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KackagHa TphOXKOMIIOHEHTHA KOMIO3MILifd
Ha MOJIICTUPOJBbHIA OCHOBiI 3 MOTJIMHAHHAM Yy BUIUMOMY
Ta BHUIPOMiHIOBAHHAM y OaumskHboMy IU miamasomax

O.1.Bedpuk, A.O.Jopowenko, IO.A.I'ypranenko,
B.M.lllepwyxoé, O.B.Cyaruma

IIpencraBieno pe3yabTaTu AU3alHY TPHOXKOMIIOHEHTHOI KOMIIO3UILil AJA KOHBEPTYBaHHS
eHeprii COHAYHOrO BUIPOMIHIOBAHHA B iHTepBas uyramsocTi Si Ta GaAs (oToeremMeHTiB Ha
OCHOBi MOJIICTUPOJIY Ta apOMaTUUYHUX HOJIIMUKJIIUHUX opraHiuHmx JiomMiHogopis. ITokazano,
[0 ABa MOigAXoAu OO0 [O000PY KOHIIEHTpAaIlifi KOMIIOHEHTiB, OpieHTOBaHiI Ha 3abesleyeHHS
MaKcUMaJIbHO eheKTUBHOTO 30MPAHHA BUMPOMiHIOBAHHSA Yy BUAUMOMY Aiamas3oHi i onmTuMasin-
HUX yMOB ®PepcTepiBChbKOro 0e3BUIPOMiHIOBAJILHOTO IIEPEHOCY €Heprili MisK IPOMiKHUMHU Ta
KiHIeBUMU KOMIIOHEHTaM! KacKagHol KOMIIO3UIlii, maioTh MOPiBHAHI pesyabTaTH i, OT:Ke, He
€ aJbTePHATUBOIO OJWH OJHOMY.
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