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The potentiality of our newly synthesized push-pull type merocyanine dye, labeled BMBII, for using as electron
donating component in solution processed bulk heterojunction (BHJ) organic solar cells has been studied. For the
purpose, soluble n-type fullerene, (6,6)-phenyl Cg; butyric acid methyl ester (PCBM), which is without alternative in the
near future, is chosen as acceptor. The optical constants (n and k) of thin films obtained by spin coating from solutions
in chlorbenzene of BMBII as well as of BMBII/PCBM blend are determined by spectrophotometric measurements.
Further, an optical simulation of a standard BHJ cell with active layer from BMBIIdye/PCMB blend has been
performed using transfer-matrix formalism. Thus, the optimum thickness of the active layer is calculated to be about 80
nm, which provides an overlapping of the total absorption with solar spectrum in a broad range between 400 and 800
nm. Finally, the maximum current density J, of 13 mA.cm™ is determined, assuming the internal quantum efficiency,
IQE, equals one. By comparing the calculated J, with data for some advanced small molecular BHJ devices the

perspectives for practical applications of the new merocyanine dye are discussed.
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INTRODUCTION

During the past years the organic photovoltaics
(PV) are subject of continuously growing interest as
promising alternative for high cost crystalline
silicon cells (c-Si), which still dominate the market.
In the most successful devices, a soluble n-type
fullerene, (6,6)-phenyl Cq; butyric acid methyl ester
(PCBM) as acceptor, is blended with the donor
from conjugated p-type polymers to form bulk-
heterojunction (BHJ) cells [1]. An attraction of
these devices, which are processed from solution, is
the ability to deposit active layer precursors over
large areas in a single step, using techniques
ranging from inkjet printing to spin-coating. Small
molecule donors offer the same facile processing
however are easier to synthesize in many variants
and purify, are intrinsically monodisperse, and are
often photo- and chemically more stable [2]. The
disadvantage of lower solubility of this class of
organic semiconductors can be overcome by
functionalizing of their molecular structure. This
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approach has been successfully applied to different
dyes and very encouraging results about the
performance of devices developed on this base have
been achieved [3]. However, the power conversion
efficiency remains considerably lower than that of
the polymeric solar cells [4]. This explains the
increased scientific efforts recently for developing
new small molecular electron donors for solution
processed BHJ solar cells. In this respect the so-
called “push-pull” chromophores look very
promising [5]. The molecular structure of this
unique class of dyes comprises electron-donating,
n-conjugated bridging and electron withdrawing
moieties. In the exited state a strong intramolecular
charge transfer occurs which provides an
enlargement of the absorption area of the donor,
increasing of the charge mobility and therefore
rising of the conversion efficiency [6].

The present work represents a first step in
characterization of our newly synthesized push-pull
type merocyanine dye (E)-3-((1-benzylquinolin-
4(1H)-ylidene)methyl)-7H-benzo[de]benzo[4,5]
imidazo-[2,1-a]isoquinolin-7-one, which we
labelled as BMBII. The structure and electronic
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properties of the dye were studied by means of
density functional theory (DFT) calculations. We
determined also the optical constants (refractive
index n and extinctions coefficient k) of spin coated
thin BMBII dye and BMBII/PCMB films using
previously  developed methods, based on
spectrophotometric measurements. Based on that,
optical simulation was carried out in order to
predict and understand photovoltaic performance of
a bulk heterojunction cell with active layer from a
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solid-state blend of BMBII and the fullerene Cg;
derivative PCBM.

EXPERIMENTAL

The new push-pull dye BMBII was synthesized
via  the reaction  between 3-nitro-7H-
benzo[de]benzo[4,5]imidazo[2,1-a]isoquinolin-7-
one (1) and 1-benzyl-4-methyl-quinolinium

bromide (2) in metoxyethanol, in the presence of
(DIPEA)

diizopropyl-ethylamine
(Scheme 1).

and pyridine

Scheme 1. Synthesis of new type merocyanine dye (E)-3-((1-benzylquinolin-4(1H)-ylidene) methyl)-7H-
benzo[de]benzo[4,5]imidazo-[2,1-a]isoquinolin-7-one (BMBII).

The target merocyanine compound (E)-3-((1-
benzylquinolin-4(1H)-ylidene)methyl)-7H-
benzo[de]benzo[4,5] imidazo-[2,1-a]isoquino-lin-7-
one (BMBII) was obtained with excellent yield.
Detailed description of the reaction procedure and
full characterization data of dye BMBII will be
published in a separate paper [7].

The molecular ground-state geometry of BMBII
compound was optimized - using Perdew-Burke-
Ernzerhof (PBEO) hybrid functional [8] with triple-
{ polarized basis set, 6-311G(d,p). Local minima
were verified by establishing that all vibrational
frequencies are real. All calculations were
performed using Gaussian 09 [9]. Thus, the values
of HOMO (the highest occupied molecular orbital),
LUMO (the lowest unoccupied molecular orbital)
and their energy difference HLG (HOMO-LUMO
gap), which are very important for photovoltaic
application of the dye, were calculated.

Further, thin dye films were prepared from
solution of the compound BMBII in chlorobenzene
by spin coating. In the preliminary experiments the
concentration of the solution, the spin rate and
duration were varied in order to obtain films with
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thickness, suitable for optical measurements. Thus,
25 nm films were deposited from solution
containing 4mg/ml BMBII, coated at 1500 rpm for
120 s. Blended films were prepared also by spin
coating from chlorobenzene solutions of 1:1 (by
weight) mixture of BMBII and PCBM (PCBM was
commercially available). In both cases preliminary
carefully cleaned BK7 optical glass plates and Si
wafers were used as substrates.

Optical constants of the BMBII dye and blended
BMBII/PCMB layers were determined on the basis
of three spectrophotometric measurements at
normal incidence of light - transmittance T and
reflectances R and R, of the both kinds of films,
deposited on transparent (BK7) and opaque (Si
wafers)  substrates,  respectively. Spectro-
photometric measurements were performed with a
spectrophotometer Cary SE in the spectral region
350 — 800 nm. A value of the dye film thickness
derived from the (TR{R,,) method [10] was used for
determining n and k by (TR,,) or (TR¢) methods,
using Newton Raphson iterative techniques [11].
The combination of the two methods makes
possible the determination of the optical constants
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of the dye and blended films with a high accuracy
[11].

Optical simulation of a BHJ device stack was
carried out using the transfer matrix formalism,
based on the Fresnel formulas for the several
interfaces occurring in the cell. This approach has
been explained in great detail in the literature [12,
13]. In our work a Matlab script developed by
Burkhard and Hoke, which treats the case of normal
incidence of light, was applied [14]. The absorption
distribution for each wavelength over the film
thickness has been calculated in the wavelength
range 350 — 800 nm. Multiplying with the light of
the AM 1.5 sun spectrum and integration over the
film thickness results in the total number of
photons, absorbed for each wavelength. Lastly, a
summation over all wavelength results in the total
number of absorbed photons. The possible
maximum current density J, was calculated
assuming that each absorbed photons results in a
collected electron i.e. the internal quantum
efficiency, IQE, equals one [14].

For optical simulation we have chosen a
common BHJ device structure consisting of
ITO(120nm)/MoO3(5nm)/blendBMBII/PCBM  (x
nm)/LiF(10nm)/Al(100nm). 5 nm thick MoO; and
10 nm LiF films were inserted between active layer
and the ITO surface and Al surface respectively, to
form the ohmic contacts for hole and electron
collection. The thickness of the blended layer was
changed for numerical simulation in the range 40-
320 nm.

The optical constants of ITO, Al and LiF used in
simulation were taken from the literature [15]. The
optical constants of MoO; films were determined
by us using the same procedure as for BMBII dye
and blended films. For the purpose 50 nm thick
MoO; films were thermally evaporated in vacuum
(10 Pa).

RESULTS

Fig. 1 shows molecular structure of dye BMBII
(a) and calculated energy levels for dye and
experimental energy values [16] for PCBM (b). The
data analysis showed that HOMO is mainly located
on the electron-donating moiety whereas the
LUMO is more spread over the electron-accepting
region. The frontier orbital energy difference for
BMBII is calculated to be 2.78 eV. The estimated
HOMO level of the dye is reasonably low (-5.17
eV) and very close to the desired range (between -
5.2 and -5.8 ¢V). Besides, the difference between
the LUMO energy level of PCBM and the dye’s

HOMO energy level is 0.87 eV, which is much
higher than the required minimum of 0.2-0.3 eV.
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Fig. 1. PBE0/6-311G(d,p) optimized geometry of
BMBII (a) and experimental energy levels for PCBM
[16] and PBE0/6-311G(d,p) calculated energy levels for
dye BMBIL

As known, this difference determines the value of
open circuit voltage V,. that is one of the basic
characteristics of the cell’s performance. From this
result, we can roughly guess that the V. of devices
fabricated using BMBII/PCBM BHJ active layer
may be about 0.7 V [17], which is comparable with
data for some promising new push-pull
chromophores, based on squarine dyes [6].
Therefore, it can be concluded that the newly
sensitized merocyanine dye has also potential for
application as electron donating component in BHJ
organic solar cells. This statement is additionally
confirmed by the spectral dependence of absorption
coefficient o determined for 25 nm thick dye film
and presented in Fig. 2. As it is seen, there are two
absorption peaks of 7.3 x10* cm™ and 5.5 x10* cm™
at A =598 and 402 nm, correspondingly. Besides,
although the absorption of the film is moderate the
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Fig. 2. Absorption coefficient profile (a=4nk/A) of 25
nm thick BMBII dye film.

absorption area is broad and covers the 400 - 750
nm spectral region, where the solar photon flux is
maximum. This as well as the low intrinsic
fluorescence of the new push-pull merocyanine dye
[7] are an important prerequisite for its photovoltaic
application. Simultaneously, it is worth to pointing
out the good coincidence between the values of
optical energy gap E,, determined according to the
so-called Tauc’s law [18] as 2.73 eV (see the inset
in Fig. 2), and calculated HLG energy of 2.8 eV.
This fact can be regarded as an experimental
confirmation of the results obtained from the
theoretical analysis performed in the study.

For modeling of light propagation within a solar
cell device, the optical constants of all involved
layers needed to be known. The refractive index (n)
and the extinction coefficient (k) of each layer used
in optical simulation are plotted as a function of
wavelength in Fig. 3. Optical constants of the
blended film were determined for an about 45 nm
thick film. As it was mentioned, the optical
simulation was performed for a standard BHJ cell
structure, where the light enters through the glass
substrate, sequentially passing the layers of ITO,
MoO;, BMBII/PCBM blend layer and LiF. Then
the light is reflected back from the Al electrode and
finally leaves the solar cell partly at the front again.

Figure 4 presents the spectral dependence of
total absorption within the BMBII/PCBM active
layer for a set of different layer thicknesses. For
comparison, the photon flux of a standard AM1.5
solar spectrum is shown as a gray solid line. It is
clear that the blue light is mainly absorbed by
PCBM and red and near infrared by BMBII dye.
Besides, it is seen that the absorption of blended
film overlaps the solar spectrum from 400 to 800
nm as required for high efficiency solar energy
conversion.
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Fig. 3. Optical constants of layers used in simulation:
refractive indices n (a) and extinction coefficients k (b).
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Fig. 4. Fraction of incident light absorbed within the
dye-PCBM layer of the solar cell for several layer
thickness. For comparison, the photon flux of a standard
AM 1.5G solar spectrum is shown as a gray solid line
(right axis).

Assuming an IQE=1, the maximum short circuit
current density J, under AM 1.5 illumination for
different BMBII/PCBM layer thickness is depicted
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in Figure 5. Due to the interference effects in the
device structure J. does not follow a straight line,
but shows a local maximum at about 80 and 230
nm. In general, the photocurrent is higher for a
larger active layer thickness, but due to the limited
exciton diffusion length in the organic layer the real
photocurrent decreases with increasing active layer
thicknesses. Therefore, we may expect an
optimized overlap between the 80 nm active layer
absorption and the solar spectrum. Thus, J,. of
about 13 mA.cm? for this thickness is obtained,
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Fig. 5. Calculated short-circuit current density JSC
under 100 mW.cm—2 AM 1.5 spectral illumination
versus active layer thickness (IQE =1).

which is comparable to the maximum current
calculated for example in MDMO-PPV (poly(2-
methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene
vinylene) and PCBM bulk heterojunction solar cells
[19].

Finally, it should be mentioned that
experimental studies of a real device are in progress
and will be forthcoming in a separate paper.

CONCLUSIONS

The results of the present study show that the
newly sensitized merocyanine dye (E)-3-((1-
benzylquinolin-4(1H)-ylidene)methyl)-7H-
benzo[de]benzo[4,5] imidazo-[2,1-a] isoquino-lin-
7-one (BMBII) is characterized by a low HOMO
energy level, which presupposes a higher energy
difference with the LUMO level of the PCBM
acceptor than the required minimum of 0.2 - 0.3
eV. On this basis a roughly estimated value of 0.7
V for V. of a BHJ cell with BMBII/PCBM blended
active layer could be expected. Besides, the total
absorption within the layer with thickness of 80 nm
overlaps the solar spectrum from 400 to 800 nm,
where the solar spectrum flux is maximum.

Therefore, it could be supposed that as an active
layer the blended film obtained will provide a good
sun light harvesting and thereafter high efficiency
of solar energy conversion. This is confirmed by
the established comparability between the estimated
value of the maximum density of short circuit
current J,. under AM 1.5 illumination for optimum
thickness of the blended BMBII/PCBM film and
literature data for some advanced solar devices.
Thus, the results obtained demonstrate that our new
merocyanine dye has a real potential for application
as electron donor in solution processed BHJ solar
cells.
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(Pesrome)

W3cnenBanu ca Bb3MOXHOCTHUTE 32 MPUIOKEHHE HA CHHTE3UPAHO OT HAC HOBO MEPOLMAaHUHOBO Oarpuio ot ,,push-
pull“ Tun, o3naueno ¢ BMBII, kaTo enekTpoHEH JOHOpP B OpPraHWYHM CIIBHUEBH KJIETKH C 00eMeH XeTeporpexoj. 3a
[[eJITa KaTo aKIenTop € u3dpaH pa3TBOPHM JaepuBar Ha dynepeHa ot n-tui (6,6)-phenyl C61 butyric acid methyl ester
(PCBM), wuymero mnpwioxkeHne e 0e3 anrepHatMBa B Omm3ko Obpeme. Ha OGasara Ha pesynrature OT
CHEKTPO(POTOMETPUYHN N3MEPBAHUS Ca ONPENEIICHH ONTUYHNUTE KOHCTaHTH (N W K) Ha THHKHM (QMIMH, TTOJIyYEHH 4Ype3
HaHacsiHe Ha 1leHTpodyra oT pa3rBop Ha BMBII, xakro u Ha cmec BMBII/PCBM B xuop6enson. [IpoBenena ontuuna
CHUMyJalisl Ha CTaHAapTHa KIEeTKa C OOeMeH Xerepompexon u akTtuBeH cioii or BMBII/PCBM, mpunaraiiku
(dopmammima Ha TpaHcdepHa MaTpulla. [1o To3n HaYMH € ompereNieHa ONTUMalHa JeOenrHa Ha aKTHBHHSA CIIoi oT 80
HM, KOSITO OCUTYpSIBa MPHUIIOKPUBAaHE Ha 00JIaCTTa HA a0COPOIHS ChC CIIFHUCBUS CHEKTHP B MIMPOK HHTEepBai - oT 400
mo 800 am. OmpeneneHa € Bb3MOXKHATA MaKCHMMallHa TUTBTHOCT HA TOKa Jsc OT okojio 13 mAcm-2, nmpuemaiiku 4ye
BBTPEIIHATa KBAaHTOBA e()eKTUBHOCT € paBHA Ha 1. Upe3 cpaBHsABaHE Ha Ta3W CTOMHOCT C JIUTEPATYPHH AaHHU 32 HAKOH
MEPCTIIEKTUBHNA AHAJOTWYHU YCTPONCTBAa ca JUCKYTHPAaHH IIEPCHEKTHBUTE 3a MPAKTHUECKO IPHJIOXKECHHE Ha
HOBOCHHTE3UPAHOTO MEPOLIMAaHUHOBO OArpuiIo.
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