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Abstract—It has been found that films of polymer composites based on polyvinyl alcohehdoped,with a xan-
thene dye possess photovoltaic properties, and the photovoltaic response varies little at thedye coneentration
greater than 10 wt % with respect to the weight of the polymer. The photovoltai¢ effect is‘due t6" photogener-
ation of charge carriers in the dye aggregates and transport of nonequilibrium charge carrics$ among them. It
is concluded that, in order to reduce the production cost of photoactive mediafor phetoyoltaic cells, it is pos-
sible to use cheap polymers with a low concentration of organic dyes.
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At present, it seems promising to create photovol-
taic solar energy converters based on film structures
made of organic materials [1—4]. As photogeneration
and photoconductive layers, layers of dyes or their
aggregates in a polymer binder can be used. The poly~
mer binder may have photoconductive properties, for
example, poly- N-vinylcarbazole (hole photoconduc=
tor), and introduction of acceptor additives (for exam-
ple, carbon nanotubes) into it increases electfon transs
fer from photoexcited molecules or aggregatesyof dyes
[5]. Aggregates of dyes (for example, polymethines)
can be formed in the polymer binder, whieh provide
light absorption and efficient photegeneration of
charge carriers in layers of a photoyoltaic converter
[6, 7]. In this case, of interest is to study the photoelec-
tric and photovoltaic propertiesof the’discussed struc-
tures based on a nonphotoconductive polymer binder.
Therefore, the aim ofthisworkéwas to study the pho-
tovoltaic and photeelectric properties of film polymer
composites (FPCs)ibased“on a nonphotoconductive
polymer and @n ionicidye, with or without deposited
contacts.

EXPERIMENTAL

To prepare FPCs, polyvinyl alcohol (PVA) was
used as a polymer matrix. It possesses good film-form-
ing and optical properties and has no intrinsic absorp-
tion in the visible light region. To obtain the internal
photoelectric effect in the visible region, the xanthene
dye Rhodamine C (RC) was used. Its color results
from the intense long-wavelength m-7* electronic
transition at 550 nm (Fig. 1) [8]. This permits selective
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excitation ofidye RC [9] without affecting the absorp-
tion bandief PVA.

The,samples were prepared in the form of struc-
tures,with a free surface FPC—glass substrate—ITO—
FPC and sandwich structures glass substrate—ITO—
FRC—Ag, where ITO is the transparent conducting
layeés, SnO, : In,0;. FPCs were prepared by casting
solutions of PVA or PVA doped with RC onto glass
substrates with an ITO layer and subsequent centrifu-
gation. Purified and deionized water was used as the
solvent. Filtration was performed on an Aquamax
device containing carbon, membrane, and ionic fil-
ters. The samples were then dried in an oven at 80°C
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Fig. 1. (I—4) Absorption and (/'—4") fluorescence spectra
of FPCsbased on PVA containing (1, I') 1, (2, 2") 5, (3, 3") 10,
and (4, 4") 20 wt % of dye RC.
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Fig. 2. Energy diagram of the FPC samples.

for 72 hours. The concentration of dye RC was varied
from 1 to 20 wt % with respect to the weight of PVA.
Thickness of the FPC layers was measured by an
MII-4 interference microscope. It was about 1.5 pm.
To prepare an Ag electrode, silver paste (ELECTROL-
UBE) was applied to the surface of FPC, which does
not require heat treatment and enables the production,
of electrical contacts on the surface of FPC like those
deposited in the vacuum chamber. This was eafliet
checked by us by comparing the electrophysicalchar-
acteristics of samples of sandwich structures with elec-
trical contacts prepared by different methgds.

For FPC samples with a free surface) the following
parameters were measured: absorbatce \(4)iand fluo-
rescence intensity (/) spectra; dependence of / on time
(?) after irradiation, that is, kingtics efprompt fluores-
cence; the value of the electrical potential (V) of the
free surface of FPC beforé irradiation with light from
the side of the transparemt conductive layer ITO, its
changes within the irfadiationgime (¢) and after turn-
ing off light. For the samples of the sandwich struc-
ture, tangent of dieleetric 1oss (tan 8) and capacitance
(C) [10] forfsinusoidab alternating voltage with an
effectivegvalue 61 6]V and frequency of 1 kHz were
measured) frompwhich the values Atand = (tandpy —
tane®)/tand and 6C = (Cpy — C)/C were calculated,
where)andpy;, Cpyy and tand, C are the values of tan-
gent of dielectric loss and capacitance after turning on
and before turning on light, respectively. Real (Z') and
imaginary (Z") parts of the electrical resistance of
FPCs were also measured on a Z500PRO impedance
meter in the potentiostatic mode at a given zero con-
stant potential.

The kinetics of prompt fluorescence of FPCs was
measured using a pulsed spectrofluorimeter (Becker &
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Hickl) with picosecond resolution and recording in
the time-correlated photon counting mode. Fluores-
cence excitation of samples was performed using a
pulsed semiconductor laser with a generation wave-
length of 488 nm and a pulse width at half-maximum
of 40 ps.

To determine the photovoltaic characteristics of
FPC samples with a free surface, the technique of
measurement of the surface potential using a dymamic
probe (the Kelvin method [11, 12]) was used!\The
choice of this technique was based on thé*faet that in
this case there is no influence of the cefitact potential
difference that appears in samples of@sandwich struc-
ture with the electrodes made of different materials on
photoprocesses in FPCs. An Ag plate 4 mm in diame-
ter was used as a probe. The vibration ftequency of the
probe was 4 kHz. Kinetics of changes in V, in FPC
samples with a free surfacesand inysamples with the
sandwich structure was recorded, using a Tektronix
TDS1001B storage oscilloscape. For irradiation of the
samples, a light €@mitting diode"was used with maxi-
mum emission at ajwavelefigth of 532 nm, which is
close to thg wavelengthief maximum absorption of the
dye. The lighttintensity of about 40 W m~2 incident on
the sample tolthe,active area of the probe from the side
of the glass,substrate was provided by radiation of a
light emittingydiode with a light intensity of 30 Can-
dela. The“real and imaginary parts of the resistance
were“measured by the impedance method [13]. All
measurements were carried out at room temperature
(20°Q), at which the use of photovoltaic cells based on
ERE@ is assumed.

RESULTS AND DISCUSSION

Figure 1 shows the absorption and fluorescence
spectra of FPCs with different concentrations of dye
RC. The changes in the shape of the curves and the
position of their maximums with increasing the con-
centration indicate the formation of aggregates of RC
molecules in FPCs [8]. This is confirmed by a decrease
in the lifetime of prompt fluorescence of RC in the
FPCs studied: with increasing the RC concentration
from 1to 5, 10, and 20 wt %, the lifetime of the prompt
fluorescence decreases from 2.42 to 1.85, 1.15, and
0.95 ns, respectively. This is due to a decrease in the
difference of the energies of the allowed states between
which the radiative transition occurs in relaxation of
the excited states of light absorption centers.

Figure 2 shows locations of the highest occupied
molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) of the polymer PVA,
dye RC, as well as of the working electrodes. The val-
ues of the energy levels of the components of the sam-
ples are given in the works [14—16]. Since LUMO of
the polymer PVA is located significantly higher than
LUMO of dye RC, then, upon optical excitation of the
dye, we can exclude the process of electron transfer
from LUMO of the dye to LUMO of the polymer.
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Fig. 3. Normalized plots of the dependence V,(#) for the
FPC samples based on PVA containing (/) 1 and FZ) 10wt %
of dye RC. The moment of turning off light is marked with
an arrow.

In FPC samples with a free surface, the photovol-
taic effect is observed upon excitation at the absorp-
tion region of the dye. When changing the dye concen-
tration from 1 to 10 wt %, the maximum value of
V, (Vomax)» Which was determined in the course of irra-
diation of the samples with light, varies from +(350 * 30)
to +(500 = 50) mV. At dye concentrations ranging
from 10 to 20 wt %, the value of V,,,, is practically
unchanged. Figure 3 shows the normalized plots of the
dependence V,(¢) in samples with different concentra-
tions of the dye in FPC. In the dependences }(7);
after turning on light, two components are observed:
first V, rather quickly increases with the timgf€onStant
of the process being about 10 + 2 s, but theft the rate of
this process is slowed down (Fig. 3). After turning off
light, first the value of V), decreases rapidly, and then
slowly relaxes, and this is more noticeable in’samples
with greater dye concentrations'in ' FPEs. Relaxation
of V, after turning off light occutrs€oritens of minutes
and is not described by a siffiple exponential function.
It can be assumed that{the fast component of the
kinetics V,(7) is associdtedWith the movement of non-
equilibrium chargefcarriers. The slow component of
the kinetics V() and its ‘mon-exponential character
may be associatedpwithhslow recombination of charge
carriers.

The photovolfaic effect in the samples studied can
be explained by photogeneration of charge carriers in
dye aggregates and transport of nonequilibrium charge
carriers among these aggregates even in nonphotocon-
ductive polymer (in our case, in PVA). This is con-
firmed by the results of the studies presented in Figs. 4, 5.
Figure 4 shows the spectra of the electrical impedance
of FPCs with different concentrations of dye RC. It
follows from these measurements that with increasing
concentration of dye molecules, the resistance of
FPCs decreases, and hence, their conductivity
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Fig. 4. Plots of electrical impedance spectra for the FPC
samples (/) based on RVA and (2=4) containing dye RC:
(2) 5, (3) 10, and (4) 20 wt % ofdye RE.

increases. Figure 5 shows plots of time dependences of
Atand (1) @nd AC (2)'fer the samples with the sand-
wich structuredl TO—FPC—Ag and the RC concentra-
tion of 19, wt\ % 3The moment of turning off light is
indicated bypan arrow. The kinetics of the increase in
tand andi€ after turning on light correlates with the
kinetics of ‘development of the photovoltaic response
(Fig. 3)in these samples. The latter corresponds to the
fact'that, upon irradiation with light, nonequilibrium
earriers of electric charge appear in the bulk of FPCs.
Intthe FPC samples with a free surface, containing dye
RC,"an internal electric field, whose force lines are
perpendicular to the film surface, should not be real-
ized. The appearance of free electric charges on the
free surface of FPCs upon their irradiation with light is
probably due to diffusion of photogenerated holes
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Fig. 5. Plots of time dependences of (/) Atand and (2) AC
for the FPC samples based on PVA containing 10 wt % of
dye RC. The moment of turning off light is marked with an
arrow.



258

from the irradiated ITO contact to the free surface.
The diffusion of carriers is caused by the emergence of
a concentration gradient of mobile charge carriers,
which is greater nearby the irradiated ITO electrode.
Such a diffusion mechanism of appearance of the pho-
tovoltaic effect (the Dember effect) is characteristic of
photosemiconductor materials, in which, upon irradi-
ation, opposite charge carriers (electrons and holes)
with different mobility are formed [17, 18].

CONCLUSIONS

The results obtained permit us to believe that, upon
increasing the concentration of a xanthene dye in films
based on nonphotoconductive polymer, aggregates of
dye molecules are formed, with the photovoltaic signal
increasing in the region of dye absorption. The photo-
voltaic effect is related to photogeneration of charge
carriers and transport of nonequilibrium carriers in the
bulk of the films among the aggregates. The value of
the photovoltaic signal changes little with increasing
dye concentration above 10 wt % with respect to the
weight of the polymer. This means that, when creating
photoactive layers in photovoltaic converters, to
reduce their production costs by reducing the amount
of expensive dyes, it is not necessary to use the tech-
nology of spraying dye or a high concentration of the
dye in polymer films.
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