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RADIATION SENSITIZATION OF THE IDLE VOLTAGE SPECTRUM IN
THE PHOTOACTIVE LAYERS OF THE C¢o MOLECULES
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A.M. Gaponov, O.L. Pavlenko, O.P. Dmytrenko, T.M. Pinchuk-Rugal, T.0O. Busko,
I.P. Pundyk, A.P. Onanko, M.A. Alieksandrov, M.P. Kulish
Kyiv National Taras Shevchenko University,
Kyiv, Ukraine
E-mail: Pinchuk_Tatiana@ukr.net

Quantum-chemical calculations of geometry, charge transfer, energy states, localization of molecular orbitals,
optical transitions for complexes of fullerene Cq molecules and DBSQ squaraine dyes were obtained. Optical
absorption spectra of Cg-DBSQ two-layer films are investigated. It is shown that the films form J-aggregates of dye
and complexes with charge transfer C¢-DBSQ on the interface. The presence of these complexes leads to the
complex structure of the idle voltage spectra. The emergence as a result of high-energy electron irradiation (E, =
1.8 MeV) with an absorption dose of 2.0 MRad [2+2]-the cyclic connection between fullerenes and dye significantly
affects the formation of complexes with charge transfer. The indicated effect results in radiation sensitization of the
idle voltage spectra, which manifests itself in the hypsochromic shift of its bands and the modification of the

photosensitivity of the photovoltaic cells.

INTRODUCTION

The perspective direction of the development of
organic solar energy is the use in the photovoltaic cells
of the fullerenes Cgq, C; or their functionalized
derivatives, which belong to the semiconductors n-type.
The creation of their nanocomposites with polythene
polymers belonging to the p-type semiconductors
already allows for an effective conversion of light
energy in solar cells by about 10%.

The indicated efficiency essentially depends on the
configuration of the structure of the organic
photovoltaic cells, which exists in two types. The first
type corresponds to a layer morphological structure in
which the active photovoltaic components of n- and p-
types are applied in separate layers on each other. In
such cells there is a surface heterojunction with two
photoactive layers formed on the interface. The second
type of architecture of organic photovoltaic cells include
a volumetric heterojunction. This heterojunction is
formed by one photoactive layer, representing a mixture
of donor and acceptor components.

Among polydrenous donors in photovoltaic cells
often used dyes [1-6]. A special place is occupied by
studies of photogenic properties in photovoltaic cells of
squaraine dyes. The squaraine dyes include electrons
rich in squaraine acid molecules. They are characterized
by narrow and intense absorption bands and
fluorescence in the near infrared region [7-9].

At the same time, they undergo photovoltaic
processes due to singlet and triplet excitations with
subsequent dissociation of charges, which significantly
affect the characteristics of these dyes as donor
components of organic solar cells [10].

Squaraine dyes in films tend to polymerize, in which
a narrow band gap is formed. In photovoltaic cells with
functionalized fullerenes Cg, with bulk heterojunction,
the photosensitivity of the active layer of the mixture of
polymer, dye and Cg increased significantly in the wide
range from 300 to 850 nm [11].
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When considering the photovoltaic properties of
films of solar cells, the aggregation of H- and J-types of
dyes, including squaraine, which affects their structure
and, as a consequence, electronic configuration of
energy states, as well as the implementation of
heterojunctions on the interface in two-layer cells [12—
22].

It can be expected that the supramolecular
reorganization of the structure of dyes in the films will
affect complex formation with fullerenes Cg, and hence
the electronic configuration of the molecular orbits of
the donor and acceptor components on the interface.
This, in turn, affects the photovoltaic characteristics of
the interface heterojunction, including one of the
important properties of the volt-ampere dependence in a
two-layer system of dye — Cqo — idle voltage. The nature
of the supramolecular structure of the dye film is
predominantly formed by the conditions for its
synthesis.

On the other hand, it can be transformed as a result
of external influences, including through radiation
modification by bombing particles. Such an effect can
lead to radiation sensitization of the idle voltage
spectrum and, as a consequence, to optimize the
efficiency of the photovoltaic layer of photovoltaic cells
of organic solar cells.

In this work, mechanisms of radiation sensitization
of the idle voltage of an organic photovoltaic cell made
from a two-layer film squaraine dye-fullerene Cg, as a
result of high-energy electron irradiation (E.=
1.8 MeV) will be established.

1. METHODS OF FILM’S PREPARATION
AND EXPERIMENTAL

1.1. BIS [4-(N,N-DIBENZYLAMINO)-2,6-
DIHYDROHYPHENYL)] FILM PREPARATION

For the preparation of a donor layer, a symmetrical
squaraine dye DBSQ was used, in which, in addition to
the m-conjugated organic chromophore with a four-
dimensional acceptor ring on both sides, two identical



donor parts are located. Such a structure contributes to
the special nonlinear properties of the dye and the
intensive absorption and fluorescence in the near IR
region of the spectrum. Functional capabilities of
DBSQ as donors are higher than in polyhedicated
polymers, since photoactivity is well suited to the
spectrum of solar radiation. They have high thermal
resistance, aggregation ability, with the formation of
crystalline and semi-crystalline regions that contribute
to exciton diffusion and transport of charges. Unlike
asymmetric dyes, the DBSQ scaler is smaller than the
band gap width, larger quantum vyield and lifetime
excited state. DBSQ refers to the dibutyl squaraine dyes.
In this molecule an effective intra-molecular charge
transfer is realized between the donor and acceptor
fragments [23].

Fig. 1 shows a schematic image of the photovoltaic
cell structure with an interface heterojunction.
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Fig. 1. The schematic image of the photovoltaic cell
structure with an interface heterojunction

Layers of DBSQ and Cg, molecules were applied by
vacuum deposition, the rate of deposition was for
DBSQ — 1 nm/s, for Cgo — 0.05 nm/s, respectively. As
shown, under these conditions, J-aggregates are formed
in dye films, the appearance of which leads to a shift of
the optical absorption band towards longer wavelengths.
The thickness of the DBSQ and Cg, films was ~ 30 hm
and 80 nm, respectively.

1.2. STUDY METHODS AND APPARATURE

For these films, the optical absorption and the idle
voltage spectra were studied before and after irradiation
with electrons with an absorption dose of 2.0 MRad.
The irradiation was carried out at room temperature.
Optical absorption spectra for films were measured
using a  Perkin-Elmer  Lambda Bio 35
spectrophotometer. The idle voltage spectra were
determined using a Picotest voltmeter.

Electron irradiation was performed using linear
accelerator 1LU-6.

Quantum-chemical calculations are maded using the
software package Gaussian 03.

2. RESULTS AND DISCUSSION

2.1. QUANTUM-CHEMICAL CALCULATIONS
OF THE OPTICAL ABSORPTION SPECTRA
FOR MOLECULES Cg-DBSQ COMPLEXES

The geometry of the complex of Cg-DBSQ
molecules was optimized by ab-initio in the chemical
model B3LIP / 6-31G (d, p) and tested for stability by
analyzing the frequencies of normal oscillating modes.
In Fig. 2 is represented by the geometry of the Cgo-
DBSQ complex. It is seen that the formation of a

complex is accompanied by a change in the
conformation of the DBSQ molecule. The dye molecule
partially covers the Cgo molecule with donor fragments,
which results in the bending of the chromophore group.
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Fig. 2. The structure of the DBSQ (a) molecule and the

Ceo-DBSQ (b) complex. (Large balls of gray, red, blue,

correspond to carbon atoms, oxygen and nitrogen, and
small gray balls correspond to hydrogen atoms)

If the dipole moments D for both initial molecules
are 0 Debai, then with the formation of the complex
there is a redistribution of charges for both components
and there are dipole moments. Fig. 3 shows the
redistribution of charges in the Cg-DBSQ complex.
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Fig. 3. Redistribution of charges on atoms of C¢-DBSQ
molecules. (Red and green colors correspond to
negative and positive charges)

The values of charges on the atoms of the
chromophore fragment of the DBSQ molecule reach
significant values. Thus, for a squaraine group, the
charge on carbon atoms is — 0.079 a.o., 0.379 a.o., and
at oxygen atoms — 0, 566 a.0. At the same time, the
dipole moment is small and equals D =1.33 Debai.
Thus, the charge changes in the complex is
insignificant. Similar changes of charges are observed
on the molecule of fullerenes, which leads to a small
dipole-dipole interaction between the components of the
complex.



The calculation of the energy of the main and
excited states was carried out using the model B3LIP/6-
31G (d, p).

Depending on the electronic configuration of the
main and excited states, the localization of molecular
orbitals is very varied (Fig. 4).
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Fig. 4. The localization of molecular orbitals in the
complex Cg-DBSQ

It is seen that for frontal molecular orbitals (MO) they
are mainly concentrated on the Cg, molecule. For other
MO, the localization is concentrated on the
chromophore group. At the same time, within this group
of DBSQ molecules the localization varies considerably
depending on the energy state of the MO. Thus, for
HOMO-2, the electron density is almost homogeneously
distributed over the atoms of the chromophore group. In
the case of HOMO-3, the localization is shifted to one,
and for HOMO-5 to another phenolic ring. Such a
complex redistribution of =-localization of MO can
greatly affect the wvalues of matrix elements of
transitions.

To calculate the characteristics of spectral transitions
in the Cg-DBSQ complex the ZINDO method was
used. These characteristics for the considered molecular
orbitals are given in Table.

Characteristics of spectral transitions in the
Ceo-DBSQ complexes

Basic Basic Type E,
tr_an5|- configuration of ) eV f A, nm
tions transi-

tion
Se—Sy iol_'\lﬂ,(\),l'g T 1.9608 |1.31| 632.3
o8, | FOVO s non | 2239 | o | 5535
s, | HOVOS non | 22417 | 0 | 5531

It can be seen that the Cg-DBSQ complex
possesses one optical absorption band with a maximum
near the wavelength A = 632.5 nm. By the way, the
optical transition with the highest force of the oscillator
(f = 1.527) typical of a pure DBSQ corresponds to a
band maximum of A = 628.5 nm, that is, the formation
of a complex with Cg leads to a shift in the maximum
optical shift band of almost 5 nm.

2.2. RADIATION SENSITIZATION OF THE IDLE
VOLTAGE IN THE TWO-LAYER Cg-DBSQ
FILM

The idle voltage V,. is one of the most important
characteristics of heterojunctions in photovoltaic cells,
which is crucial for determining its efficiency of solar
energy conversion. As a rule, it is determined from the
volt-ampere dependence, characteristic for the photo of
the active layer of organic solar cells. Among other
factors that determine the value of V., the importance
of rebuilding the electronic structure in the photovoltaic
cell plays an important role, which significantly
influences the interface or volume heterojunctions. The
main factor influencing the change in the energy states
of the MO and their localization is the degree of
complexation between the donor and acceptor
component of the photoactive layer, including the
formation of dye aggregates in it [24].

The presence of the electronic structure
rearrangement that results in displacements of the
optical absorption band in the formation of the Cgo-
DBSQ complexes is confirmed by quantum-chemical
calculations.

Fig. 5 shows the normalized optical absorption
spectra for Cgy, DBSQ films and two-layer Cgq-DBSQ




film. If the absorption spectra of the separated film of
the Cgo molecules and of the two layers are almost
unchanged, then the spectrum of absorption of the dye
in a two-layer film differs significantly from the
analogous spectrum of the separated DBSQ film.
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Fig. 5. Normalized optical absorption spectra for
Cso (1), DBSQ (2) films and Cg,-DBSQ (3)
two-layer film

It can be seen that for the DBSQ film, the absorption
spectrum is substantially expanded and shifted toward
larger wavelengths, indicating the formation of J-
aggregates in them. In a two-layer film, the extension of
the band, inherent to DBSQ, becomes even larger, and
hence the formation of aggregates of molecules
increases. The behavior of the absorption band in the
two-layer film belonging to the Cg molecules near
450 nm is also unusual. In this range, the absorption of
Ceo molecules increases, which suggests the emergence
of an additional band in the long-wave region. This
band is due to the appearance on the interface of
complexes with the charge transfer between the
molecules of fullerene and dye. The indicated transfer
of charges is also noted in the gquantum-chemical
calculations of the formation of complexes Cg-DBSQ.
Obviously, the emergence of a charge transfer band
promotes the efficiency of the photogeneration of
charge carriers and should manifest itself in the spectral
dependence of the idle voltage.

Fig. 6 shows the normalized idle voltage spectra for
a two-layer Cg-DBSQ film before and after electronic
irradiation with an absorption dose of 2.0 MRad.

It can be seen that the V. spectrum of a two-layer
film includes the presence of two lanes. The maximum
intensity band is near 700 nm. This peak is shifted
towards long waves in comparison with the position of
absorption strips of the separated DBSQ film (650 nm)
and DBSQ molecules in a two layer film (632, 660 nm).
The second less intense peak has a maximum of about
530 nm, indicating a bias relative to the absorption band
of the Cgo film (440 nm). We can assume that each of
the idle voltage bands corresponds to different
mechanisms of the photo of the generation of charge
carriers.

Thus, the band with a maximum of about 700 nm is
due to the excitation of electrons in the J-aggregates
DBSQ, and the less intense band is due to complexes
carrying the charge of the Cg-DBSQ, which are formed
on the interface. The appearance of a charge transfer

band indicates the significant role of each of the
selected donor and acceptor components and the
possibility of impact on the interface heterojunction due
to the formation of complexes on the interface. This
formation depends on the state of aggregation of dyes
and the possibilities of creating between the two types
of chemical interaction molecules, for example, by
[2+2] — the cyclic connection.
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Fig. 6. Normalized idle voltage spectra before (1) and
after electron irradiation (E. = 1.8 MeV) with an
absorption dose of 2.0 MRad (2) of a two-layer film
Ce-DBSQ

One of the important mechanisms of influence on
the aggregation of dyes and the formation of [2+2] — the
cyclic connection complexes between the Cg and
DBSQ molecules is their radiation modification when
bombarded by high-energy particles, including
electrons.

As can be seen from Fig. 6 as a result of electron
irradiation at the low absorption dose there is a
sensitization of electronic transitions, which s
accompanied by the adjustment of the idle voltage
spectrum. For this spectrum, there occurs a
hyphenschromic shift of the main band to 632 nm, and
an additional band up to 493 nm. In this case, the V.
value for the charge transfer band is noticeably
increased.

Thus, due to the effect on the complex formation
between the molecules Cgy and DBSQ on the interface
of a two-layer film from the indicated acceptor and
donor component of the heterojunction, which is
realized as the emergence of charge-transfer complexes
under the action of high-energy electron irradiation,
radiation sensitization of the idle voltage spectrum
occurs. One of the important manifestations of such an
effect is the radiation modified [2+2] — the cyclic
connection between molecules, which in turn
determines the degree of formation of complexes with
charge transfer.

CONCLUSIONS

Quantum-chemical calculations show that with the
formation of complexes between fullerene molecules
Ceo and DBSQ, there is a charge transfer, a change in
the energy states of molecular orbitals and their
localization. The indicated changes are accompanied by



displacement of optical absorption spectra in the
direction of long waves.

Optical absorption spectra for Cg-DBSQ two-layer
films indicate their significant differences from
solutions of these components. These differences
indicate the formation of J-aggregates in the DBSQ
film, as well as complexes with charge transfer on the
interface.

An idle voltage spectrum, which is characterized by
the presence of several bands, including the charge
transfer bands there is the confirmation of the creation
of charge transfer complexes.

The irradiation by high-energy  electrons
(E.= 1.8 MeV) with an absorption dose of 2.0 MRad is
accompanied by the appearance of [2+2] — the cyclic
connection between the molecules on the interface,
which in turn affects the formation of complexes with
charge transfer. Changes in the creation of these
complexes result in radiation sensitization of the idle
voltage in photovoltaic layers of photovoltaic cells.
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PATUAIIMOHHASI CEHCUBWIN3ALNA CIIEKTPA HATIPSKEHUSA XOJIOCTOI'O XOZIA
B ®OTOAKTUBHbBIX CJIOAX MOJIEKYJI Cso U CKBAPAMHOBUX KPACUTEJIEU DBSQ

A.H. I'anonos, EJI Ilagnenxo, O.11. /Imumpenko, T.H. ITunuyk-Pyzans, T.0. Bycxo, H.I1. Ilynouk,
Al Ounanxo, M.A. Anexcandpos, H.I1l. Kynuw

[IpoBeseHBI KBAaHTOBO-XMMHUYECKUE PACUYEThl T'C€OMECTPHH, IMEPEHOCA 3apsOB, SHEPIETUUCCKUX COCTOSHHUM,
JIOKAJTU3aIlMA MOJICKYJISIPHBIX OpOMTaNel, ONTHYCCKUX MEPEXOJ0B JJIs KOMIUIEKCOB MONeKyn (ymiepeHoB Cg U
ckBapanHOBBIX kpacuteneii DBSQ. MccnenoBaHbl CIEKTPBI ONTHYECKOTO MOTJIOMICHUS IBYXCIOMHBIX MICHOK Cgo—
DBSQ. [TokazaHo, 4To B IUIEHKaX (GOPMHUPYIOTCS J-arperaThl KpacuTelsl ¥ KOMIUICKCHI ¢ epeHocoM 3apsiioB Ceo—
DBSQ na nHTepdeiice. Hammune ykazaHHBIX KOMIUIEKCOB IMTPUBOIUT K CIIOKHOMY CTPOCHHIO CIIEKTPOB HAIPSKCHHUS
X0JIOCTOTO X0/1a. BO3HWKHOBEHHE B pe3yIbTaTe BEICOKOIHEPTETHIECKOTO MIEKTPOHHOTO 00mydenwus (£.=1,8 MaB) ¢
no3oi mornommennus 2,0 MPan [2+2]-nukimonpucoeIuHeHUS MEXIy (QylIepeHaMd W KpacUTeNeM CYIIeCTBEHHO
BIIHSIET Ha (pOpMUPOBaHHIE KOMIUIEKCOB C IEPEHOCOM 3apsIoB. YKa3aHHOE BO3/IEHCTBHE IPUBOIUT K PaJHAIIIOHHON
CEHCHOMIIM3AINH CIIEKTPa HAMIPSDKEHHS XO0JIOCTOTO X012, KOTOPast IPOSIBIISICTCS B THOCOXPOMHOM CABUTE €€ MOJIOC
MoubHuKaIHK (OTOUYBCTBUTEIEHOCTH (POTOBOIBTAMYCCKUX SUCCK.

PAIIAIIIMHA CEHCUBLIIBALISA CIIEKTPA HAITPYI' XOJIOCTOT'O XO4Y
Y ®OTOAKTUBHUX HIAPAX MOJIEKYJI Cg I CKBAPAIHOBUX BAPBHUKIB DBSQ

A.M. I'anonoes, O.J1. llagnenko, O.I1. Imumpenxo, T.M. Ilinuyk-Pyzans, T.0. Bycko,
LII Iynoux, A.1Il. Onanxo, M.A. Anexcanopoe, M.I1. Kyniw

[TpoBeneHO KBAaHTOBO-XIMIYHI PO3pPaxyHKH I'€OMETpii, MepeHoCy 3apsiiB, €HEPreTHYHUX CTaHIB, JIOKaizamil
MOJICKYJISIDHUX OpOiTaneil, ONTHYHMX IEepeXoMdiB Uil KOMIUIEKCIB Mosekyn ¢ynepeniB Cg Ta CKBapaiHOBHX
6apeHuKiB DBSQ. JocmimkeHo CIeKTpy ONTUYHOIO TOTJIHHAHHS ABoIIapoBuX miiBok Cg—DBSQ. [Toka3zano, 1o B
ITiBKax (opMyroThcs J-arperat OapBHHKa Ta KOMIUIEKCH 3 mepeHeceHHsM 3apsaniB Cgeo—DBSQ Ha inTepdetici.
HasiBHicTP BKa3aHMX KOMIUICKCIB HPHU3BOAUTH JO CKJIAZHOI OYIOBH CHEKTPIB HANPYTH XOJOCTOIO XOZY.
BUHUKHEHHS B pe3yNbTaTi BUCOKOCHEPTETHYHOTO eIEKTPOHHOTO onpoMineHHs (£.=1,8 MeB) 3 103010 nmornuHaHHs
2,0 MPag [2+2]-umkiomnia’ e qHaHHS MiX (yIepeHaMu i 0apBHUKOM iCTOTHO BIUTUBA€E Ha ()OpMYyBaHHS KOMITICKCIB 3
TIEPEHECCHHAM 3apsAiB. BkasaHWil BILTMB MPU3BOIUTH 0 padiallifHOT ceHCHOLi3alli CeKTpa HAlPYTH X0JIOCTOTO
XO#y, sIKa TIPOSBIISIETHCS B TIIICOXPOMHOMY 3CyBi 1 cMyr Ta moamdikamii (HOTOUIyTIHBOCTI (POTOBOIBTATIHUX
KOMIpOK.



