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a b s t r a c t

Novel organic thiophene derivatives, (E)-Bis-1,2-(5,500-Dimethyl-(2,20:30 ,200-terthiophene)vinylene (BSTV)
and (E)-Bis-1,2-(5,500-Dimethyl-(2,20:30 ,200:30,2000-tetrathiophene)vinylene (BOTV), with different numbers
of thiophene units, have been synthesized. They are introduced into organic photovoltaic cells as electron
donor. The both organic photovoltaic cell configurations are probed: classical, i.e. with the ITO used as
anode, and inverted, i.e. with ITO used as cathode. Whatever the cell configuration, the best results are
obtained when a double cathode buffer layer Alq3/Ca is used. Actually, such double cathode buffer layer
allows cumulating the advantages of its both constituents. The Alq3 blocks the excitons and protects the
organic electron acceptor from cathode diffusion during its deposition, while the low work function of Ca
induces a good band matching at the interface electron acceptor/cathode. On the other hand, it is shown
that the organic layer surface morphology is decisive whatever the cell efficiency. While the BSTV layers
are homogeneous those of BOTV are not. It follows that, in the case of classical organic photovoltaic cells,
leakage currents limits the performances of the cells using BOTV, and better performances are obtained
with BSTV. This difficulty is overcome in the case of inverted organic photovoltaic cells. This configu-
ration allows limiting the effect of the inhomogeneities of the donor layer and better efficiencies are
obtained with BOTV, which was expected due to its smaller band gap value.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the field of renewable energy, the theme concerning organic
photovoltaic cells (OPVCs) is one of the most investigated all over
the world. Impressive progresses were done during these last ten
years [1e4]. However the power conversion efficiency (h) of the
OPVCs stays significantly below that of inorganic cells and effort
dedicated to the improvement of the OPVCs must be pursued. If
organic semiconductor materials exhibit high absorption coeffi-
cient, the domain in which they absorb the light is quite narrow,
what limits the reachable maximum value by current density (Jsc).
es.fr (J.C. Bern�ede).
Moreover after light absorption and exciton creation it is necessary,
not only to separate the carriers of the excitons, but also to collect
these carriers through the electrodes. Therefore, among the
possible ways to improve the OPVCs efficiency we can try to widen
the domain of absorption of the light and we can use new buffer
layers at the interfaces electrode/organic material in order to
improve the carrier collection. It was shown that it is possible to
improve the performance of OPVCs by using small band gap organic
materials [3,4]. Moreover, as said above, the insertion of buffer
layers at the interface organic materials/electrodes allows
improving significantly the device efficiency [5,6]. Power conver-
sion efficiencies over 5% can be achieved with multilayer planar
heterojunctions when a cathode buffer layer is present at the
interface electron acceptor/cathode [7]. This layer has been called
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exciton blocking layer (EBL) because its band gap is substantially
larger than those of the organic donor and acceptor, which blocks
excitons in the organic layer far from the cathode avoiding any
quenching effect at the interface cathode/organic. Moreover, it is
well known that improving the band matching at the contact
electrode/organic material induces significant improvement of the
OPVCs performances [8]. In the case of the cathode it is necessary to
use a metal with a small work function. Ca has a very small work
function but it is quite unstable and usually Ag or Al is used as
cathode, while ITO (indium tin oxide) is used as the anode.

On the other hand, inverted OPVCs (IOPCs) with modified ITO as
the transparent cathode and a high WF metal as the anode were
proposed [9e12]. In this architecture the anode is the top electrode.
This inverted structure allows improvement of the lifetime of the
OPVCs, due to the fact that the C60 layer is covered by several layers,
which decreases the C60 exposure to water vapour and oxygen,
moreover, an air stable top electrode can be used [13].

In the present work, we investigate the two possible configu-
rations, classical (OPVC) and inverted (IOPVC) organic photovoltaic
cells and we investigate the two possible ways evocated, the
broadening of the absorption domain through the use of oligomers
of the same family but with different number of units, i.e. with
different band gaps and the use of double cathode buffer layer, to
improve the charge collection.

Both electron donors (ED) pertain to the same oligomer family:
the (E)-Bis-1,2-(5,500-Dimethyl-(2,20:30,200-terthiophene)vinylene
(BSTV) and the (E)-Bis-1,2-(5,500-Dimethyl-(2,20:30,200:30,2000-tetra-
thiophene)vinylene (BOTV) (Fig. 1) the absorption domain of the
former begin at around 540 nm, while that of the latter starts at
660 nm, which corresponds to a smaller band gap. As said above,
these two ED were probed in classical and inverted OPVCs. On the
other hand, in order to improve the electron collection efficiency,
we use a double cathode buffer layer Alq3/Ca, the cathode being an
Al film.We show that, while Alq3 protect the electron acceptor from
Al diffusion, Ca improves the band matching at the interface, which
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Fig. 1. Scheme of the molecules (a) BSTV, (b) BOTV.
results in a significant improvement of the OPVCs efficiency. About
the effect of the decrease of the band gap value on the efficiency of
the devices, we show that a significant improvement is obtained
only if the organic filmsmorphology is sufficiently homogeneous to
prevent high leakage currents.

2. Experimental

2.1. Electron donor synthesis

Wehave already presented the synthesis and characterization of
(E)-Bis-1,2-(5,500-Dimethyl-(2,20:30,200-terthiophene)vinylene
(BSTV) [13]. We follow a similar process in the case of the (E)-Bis-
1,2-(5,500-Dimethyl-(2,20:30,200:30,2000-tetrathiophene)vinylene
(BOTV) (Fig. 1), but here the “tetrathiophene” is substituted to the
terthiophene in such a way that the final product obtained is the
(E)-Bis-1,2-(5,500-Dimethyl-(2,20:30,200:30,2000-tetrathiophene)vinyl-
ene (BOTV).

To a solution of 5,500-dimethyl-2,20:30,200-terthiophene-50-car-
baldehyde (2 mmol) in anhydrous THF (16 mL) is added titanium
tetrachloride (0.7 mL) at �18 �C under Argon atmosphere. The
mixture is stirred for one hour at�18 �C. To this solutionwas added
Zinc powder (0.79 g, 12 mmol) in small portions for 10e15min. The
mixture was stirred for 40 min at �18 �C and was then gradually
warmed to room temperature and then heated at reflux overnight
under argon atmosphere. Then, the mixture was cooled in an ice-
water bath and aqueous sodium carbonate solution (50 mL) was
added. The organic layer was extracted with chloroform
(3 � 50 mL). The combined organic layer were filtered and washed
with water until neutral pH. The organic layer was dried over
anhydrous MgSO4. The product was purified by column chroma-
tography on silica gel using hexane as the eluent, yielding a red
solid (0.55 g; 74% yield), UVeVis lmax ¼ 460 nm in CHCl3

1H NMR (CDCl3, 300 MHz) d (ppm) 7,26 (s, 2H), 7.19e7.00 (m,
3H), 7.01e6.81 (m, 7H), 6.67 (dd, J ¼ 3.4, 1.8 Hz, 4H), 2.55e2.39 (m,
12H).

13C NMR (CDCl3, 75 MHz) d (ppm) 141.60, 141.57, 140.34, 135.56,
135.07, 134.69, 132.35, 130.76, 127.74, 127.43, 126.80, 126.28, 125.52,
125.37, 124.42, 121.35, 100.01, 15.47, 15.43.

MS (ESI-TOF; CHCl3/MeOH 10:15);m/z 739.9706 [MþH]þ (calcd.
for C38H28S8 739.9986).

2.2. Characterization technique

The morphology and structure cross section were observed
through scanning electron microscopy (SEM) with a JEOL 7600F at
the “Centre de microcaract�eristion de l’Universit�e de Nantes”. The
SEM operating voltage was 5 kV. Images were done using sec-
ondary electron detector and backscattered electron detector. Op-
tical transmission spectra were recorded by a Carry
spectrophotometer. The optical transmission was measured at
wavelengths of 1e0.25 mm.

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of (E)-Bis-1,2-(5,500-
Dimethyl-(2,20:30,200-terthiophene)vinylene (BSTV) and (E)-Bis-1,2-
(5,500-Dimethyl-(2,20:30,200:30,2000-tetrathiophene)vinylene (BOTV)
were evaluated using cyclic voltammetry. A three electrode cell
configurationwith Pt as the counter electrode is used for this work.
Three-electrode configuration allows one electrode to be studied in
isolation without complications from the electrochemistry of the
other electrodes. The working electrode (here ITO substrate coated
with the sample), dipped in an electrolyte solution (Acetonitrile
containing 0.1 M tetrabutylammonium tetrafluoroborate-TBABF4),
is biased with respect to the reference electrode (Ag/AgCl (3 M
NaCl)), which has a known potential. When the bias reaches the
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difference between the reference electrode and oxidation potential
of the sample, the electrode is oxidized and the current is recorded
at the counter electrode. Similarly when the bias overcomes the
reduction potential, relative to the reference the electrode is
reduced. Here a linear ramping potential starting from zero volt up
to a pre-defined limiting value with a scan rate of 50 mV/s and
recorded the current. At the optimised limiting potential, the di-
rection of the potential scan is reversed and the current is again
recorded. The HOMO and LUMO energy levels are calculated from
the following equations:

HOMO ¼ Ionization Potential ¼ �(Eox þ 4.4) eV

LUMO ¼ Electron Affinity ¼ �(Ered þ 4.4) eV

where Eox and Ered are onset potentials of oxidation and reduction
respectively.

Atomic Force Microscopy (AFM) experiments were performed
using the Nano-Observer microscope from C S Instrument. The
topographic images were obtained in tapping mode. In addition,
this AFM allows resistance and current mapping via the ResiScope
mode (from CSInstruments.eu) which is working in contact mode
for this experiment. Images were processed using Mountains Map
(from Digital Surf).

2.3. Organic photovoltaic cells deposition process and
characterization

The ITO coated glass substrates were provided by SOLEMS. After
scrubbing with soap, these substrates were rinsed in running
deionised water. Then the substrates were dried with an argon flow
and loaded into a vacuum chamber (10�4 Pa).

In the case of the classical OPVC configuration, the anode buffer
layer (ABL) inserted between the ITO anode and the electron donor
was the double layer MoO3/CuI. Actually, we have already shown
that this double ABL allows achieving optimized efficiencies [14].
The electron donor used was, as discussed above, a layer of a new
thiophene derivative, the BSTV or the BOTV (Fig. 1). The electron
acceptor was the fullerene (C60). The cathode was an aluminium
film. The CBL was a double-CBL: Alq3/Ca. Tris-(8-hydroxyquinoline)
Aluminium (Alq3) was chosen because it was shown that it allows
growing solar cells with higher lifetime, moreover it has been
proven to be a very efficient exciton buffer layer [15]. On the other
hand, Ca is known as an efficient electron injecting layer. These
chemical products have been provided by CODEX-International
(France).

In the case of IOPVCs, about the ABL, it was shown that the use of
a 6 nm thick MoO3 layer allows efficient hole collection to be ob-
tained whatever is the metal of the anode [16]. One of the goals of
the present study being to improve the interface cathode/EA, we
have used this classical MoO3/anode hole collecting structure, with
an Al metal electrode. In the IOPVCs, ITO when used as the cathode
has to be modified using an efficient cathode buffer layer. Since we
have shown in a previous publication that the double layer Ca/Alq3
is efficient as CBL in classical OPVC [17], we have introduced this
CBL in the IOPVC used in the present work.
Table 1
Photovoltaic performance data of devices, using BSTV as ED, with different Alq3/Ca thick

Alq3 thickness (nm) Ca thickness (nm) Voc (V) Jsc (m

9 0 0.84 3.60
7 2 0.83 3.70
6 3 0.84 5.66
5 4 0.82 4.16
The different layers, MoO3, CuI, BSTV or BOTV, C60, Alq3, Ca and
Al were deposited in a vacuum of 10�4 Pa. The thin film deposition
rates and thicknesses were measured in situ with a quartz monitor.
The deposition rate and the thickness of the MoO3 layer were
0.02 nm/s and 3 nm respectively [6]. In the case of CuI the depo-
sition rate has a strong influence on the properties of the cells [18].
Actually, it is necessary to deposit this film very slowly to avoid
current leakage effect. Therefore the CuI filmwas deposited at a rate
of 0.005 nm/s and its thickness was limited to 1.5 nm. The depo-
sition rate and final thickness were 0.05 nm/s and 40 nm for C60.
These thicknesses were chosen after optimization [19]. In the case
of OPVCs, we have already shown that the optimum BSTV thickness
is 22 nm [17]. The effect of the thickness of the BOTV film on the
solar cell performances was studied during the present work. After
organic thin film deposition, the aluminium top electrodes were
thermally evaporated, without breaking the vacuum, through a
mask 2 mm � 12 mm, which gives an effective active area of
0.16 cm2.

Finally, the structures used were as follow:

-OPVC: glass/ITO(100 nm)/MoO3(3 nm)/CuI(1.5 nm)/BSTV or
BOTV (x nm)/C60(40 nm)/Alq3(z nm)/Ca (w nm)/Al(120 nm) and
-IOPVC: glass/ITO(100 nm)/Ca (w nm)/Alq3(z nm)/BSTV or BOTV
(x nm)/C60(40 nm)/MoO3(6 nm)/Al(120 nm).

Electrical characterizations were performed with an automated
I-V tester, in the dark and under sun global AM 1.5 simulated solar
illumination. Performances of photovoltaic cells were measured
using a calibrated solar simulator (Oriel 300W) at 100 mW/cm2

light intensity adjusted with a PV reference cell (0.5 cm2 CIGS solar
cell, calibrated at NREL, USA). Measurements were performed at an
ambient atmosphere. All devices were illuminated through TCO
electrodes.

3. Experimental results

Using the OPVC glass/ITO/MoO3/CuI/BSTV/C60/Alq3/Ca/Al OPVC
we have already shown that the optimum total thickness of the
double CBL Alq3/Ca was 9 nm, while that of BSTV was 22 nm [17].
So, firstly we tried to improve the OPVC performance through
the optimisation of the thickness ratio Ca/Alq3. Then we tested
BOTV instead of BSTV and finally the both new ED were probed in
IOPVCs.

3.1. Optimization of the double CBL by varying the Ca/Alq3 thickness
ratio

Firstly, we worked on OPVCs using a BSTV layer as ED. The usual
thickness of the CBL in planar heterojunction based OPVCs being
9 nm [17], we fix the total thickness of our cathode buffer bi-layer to
9 nm. One can see in Table 1 that the better couple Alq3/Ca corre-
sponds to 6 nm/3 nm. If we compare the parameters of the OPVCs
without Ca in the CBL to those with 3 nm of Ca, it can be seen that if
the open circuit voltage Voc is stable, Voc¼ 0.84 V, the short circuit
current Jsc increases significantly, from 3.60 to 5.18 mA/cm2, while
the fill factor decreases slightly, from 50% to 46%. All that results in a
nesses, under AM1.5 conditions.

A/cm2) FF (%) h (%) Rs (U) Rsh (U)

50 1.47 20 500
50 1.57 20 580
48 2.28 16 650
50 1.71 18 590
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Table 3
HOMO, LUMO and band gaps values of the electron donors.

Sample Eox
(V)

HOMO
(eV)

Ered
(V)

LUMO
(eV)

Eg
(eV)

HEXAMER 1.25 �5.65 �1.22 �3.18 2.47
OCTAMER 1.19 �5.59 �0.85 �3.55 2.04
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significant efficiency improvement from 1.47% to 2.28% in presence
of Ca.

After optimisation of the double CBL, we use it in OPVC probing
a new ED, the BOTV.
3.2. OPVCs with BOTV as electron donor

Before testing the BOTV as electron donor in photovoltaic cells,
we proceeded to study its absorbance in thin film form. In Fig. 2 we
Table 2
Photovoltaic performance data of classical OPVCs under AM1.5 conditions with different

Alq3 thickness (nm) Ca thickness (nm) Octamer thickness (nm) V

6 3 18 0
6 3 22 0
6 3 24 0

9 0 22 0
7.5 1.5 22 0
4.5 4.5 22 0
can compare the absorbance range of a BOTV thin film to that of a
BSTV thin film. It can be seen that there is a red shift and a
broadening of the absorbance spectrum in the case of BOTV. The
optical band gaps estimated from these measurements are 2.01 eV
for BOTV and 2.28 eV for BSTV.

So, using the already optimized cathode buffer bi-layers, we
determined experimentally the optimum thickness of BOTV as
electron donor in the OPVCs. It can be seen in Fig. 3 and Table 2 that,
as in the case of BSTV, the thickness which allows obtaining the
highest efficiency is 22 nm. Also, it can be noted that the effect of Ca
is similar with BOTV. As in the case of BSTV, Voc is stable, Jsc in-
creases significantly, while FF decreases slightly. However the
maximum efficiencies, 1.36% with Ca in the CBL and 0.9% without
Ca, are significantly smaller than those achieved with BSTV. If, here
also, Voc is the same with or without Ca, its value is 0.18 V smaller
than that obtained with the BSTV. Also FF and Jsc are significantly
smaller. All this results in a decrease of the efficiency of the order of
0.5%, whatever the cathode buffer layer is. After the determination
of the optimum BOTV thickness, we proceeded to some new de-
positions to check if the optimum ratio Alq3/Ca is the same with
BOTV as with BSTV. It can be seen in Table 2 that, in the case of CBL
bilayer, the efficiency depends only slightly of the Alq3/Ca ratio. It is
probably due to the fact that, as discussed in the paragraph 4, the
performance of these cells is mainly limited by the morphology of
the BOTV film.

This result is unexpected since, as shown in Fig. 2, the molecule
extension BSTV to BOTV induces a red shift and a broadening of the
absorption spectrum of the electron donor. This discrepancy will be
discussed below after further characterization of the new electron
donor layers.
3.3. Additional characterizations

We saw that the use of BOTV instead of BSTV resulting in a
significant decrease in OPVC performance. In order to understand
the origin of this decrease, we proceeded to study specific prop-
erties of the films containing each of the electron donor that can
influence the values of the OPVC parameters Voc, Jsc and FF. So we
conducted a study by cyclic voltammetry to measure the HOMO
and LUMO values of the electron donors and, on the other hand, we
studied the morphology of these thin films.

The LUMO and HOMO values calculated form the onset oxida-
tion (reduction) potential are given in Table 3. The potential dif-
ference Eg ¼ LUMO-HOMO can be used to estimate the energy gap
BOTV thicknesses and with different CBLs.

oc (V) Jsc (mA/cm2) FF (%) h (%) Rs (U) Rsh (U)

.55 3.5 42 0.80 12 350

.67 4.63 44 1.365 12 430

.76 2.84 39 0.845 65 550

.66 2.9 47 0.9 32 430

.66 4.37 46 1.34 15 450

.64 4.79 43 1.32 12 300



Fig. 4. Surface morphology of a BSTV thin film visualized by SEM.
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of the material. It can be seen in Table 3 that the HOMOs values are,
in absolute value, 5.65 eV and 5.59 for BSTV and BOTV respectively.

Therefore, the main information deduced from the cyclic vol-
tammetry measurements is that there is a difference of 0.06 eV
Fig. 5. Surface morphology of a BOTV thin film visualized by SEM (a) in classical and
(b) inverted cell configuration. Insert image 5: image of an inhomogeneity in the
secondary mode (a1) and backscattering mode (a2).

Fig. 6. AFM image of the topography of BSTV (a) and BOTV (b) thin films.
between the HOMO of BSTV and that of BOTV. As shown in the
discussion below, this can be a contribution to the smaller Voc
value in the case of BOTV.

The band gap estimated from these CV measurements can be
compared to those estimated from optical measurements. The
slight differences, highest band gap values when measured by
electrochemistry, are due to the fact that the optical band gaps
correspond to the energy needed to form an exciton, while the
values deduced from electrochemical measurements correspond to
the energies required for an electron to move from the HOMO to
the LUMO. This last is the energy required for the formation of an
exciton more the energy of the exciton [20].

Another possibility to explain the decrease of the performance
of the OPVCs is the morphology of the films [21]. The organic film
thickness being very small, any defects in its growth may induce
some performance limitation through an increase of the leakage
current, so we proceed to a systematic study of the morphology of
BSTV and BOTV thin films through SEM and AFM studies.

Figs. 4 and 5 show that the morphology of the films is
very different. Whereas BSTV layers are homogeneous those of



Fig. 7. Extracted profile from BOTV AFM image (15 mm � 15 mm).
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BOTV are not, they exhibit a lot of features randomly distributed all
over on the surface of the film. In order to check if the in-
homogeneities consist of the same atoms as the rest of the
layer we performed SEM images for the same area in the secondary
and in the backscattering modes. It is known that, in the back-
scattering mode, the images issued from light atoms are darker,
whereas that issued from heavier atoms are brighter. It can be seen
in the inset of Fig. 5 that the image corresponding to the back-
scattering mode (Fig. 5a2) reproduces that of Fig. 5a1, without any
colour contrast, the darker zone visible in both images being due to
thicker zones, which means that the composition of the film is
homogeneous.

The AFM studies (Fig. 6) confirm the surface morphology of the
organic films observed by SEM. The roughness parameters allow
the quality of the films to be highlighted, thus explaining the ob-
tained performances of the OPVC: while the surface of the BSTV
films is rather smoothwith a root mean square RMS¼ 1.54 nm, that
of the BOTV films is inhomogeneous with a high value of the RMS,
20.2 nm, within a scan size of 10 mm � 10 mm. Various profiles
extracted from the AFM images (Fig. 7) enable to estimate the size
of the inhomogeneities observed in the BOTV films. One can notice
large clusters with elongate shape whose size exceeds several tens
nm. In order to check the possible influence of these in-
homogeneities on the current existing in the diode, we proceeded
to conductance measurements using the Resiscope mode (from
CSInstruments.eu). From this mapping given in Fig. 8, we can notice
that the inhomogeneities observed in the topographic image of
BOTV (Fig. 8a) correspond to areas of high leakage currents
(Fig. 8b). In order to try to minimize this difficulty, we have probed
the reverse configuration by growing IOPVC.
3.4. IOPVCs with BSTV and BOTV as electron donor

Using the already optimized Alq3/Ca cathode buffer bi-layers
and MoO3 ABL, in the IOPVCs, glass/ITO(100 nm)/Ca (3 nm)/
Alq3(6 nm)/BSTV or BOTV (x nm)/C60(40 nm)/MoO3(3 nm)/
Al(120 nm), we have determined experimentally the optimum
thickness of BSTV and BOTV. It can be seen in Table 4 and in Fig. 11
that, in the case of BSTV, the highest efficiency is obtained for
22 nmwith, Open circuit voltage Voc¼ 0.65 V, Short circuit current
Jsc ¼ 5.27 mA:cm2, Fill Factor FF ¼ 58% and efficiency h ¼ 1.99%,
while in the case of BOTV it is obtained for 26 nmwith Voc¼ 0.57 V,
Jsc ¼ 6.88 mA:cm2, FF ¼ 54% and h ¼ 2.12%. It must be noted that
the performances of the IOPVCs are not too different to that ob-
tained with classical OPVC. More important, it can be seen that, as
expected, here, the power conversion efficiency of IOPVC using
BOTV as ED is higher than that using BSTV.

Fig. 10 shows that, in the case of BOTV the dark current of the
IOPVC is far smaller than that measured in the case of OPVC, even if
it stays higher than that measured with BSTV, whatever the cell
configuration is. Therefore it can be said that the inverted cell
configuration allows to decrease the leakage current, which jus-
tifies the better efficiency obtained with BOTV in this configuration.
The AFM study has shown that the elongated structures visible in
the SEM image of Fig. 5a, correspond to areas of high leakage cur-
rents (Fig. 8) and we can see in Fig. 5b, that, even if the BOTV film is
still not very homogeneous, these elongate structures have dis-
appeared, which justifies the decrease of the leakage current.
However, as shown in Fig. 5b, the BOTV film deposited onto C60 is
still quite inhomogeneous whence the maintenance of some
leakage current.

http://CSInstruments.eu


Fig. 8. AFM image of the topography and the conductance of an BOTV thin film.
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4. Discussion

We have seen that, using an improved CBL works very well
whatever the electron donor is (Tables 1 and 2). These results can
be discussed on the basis of the dual function of Alq3 and Ca. While
Alq3 behaves as an EBL, Ca reduces the electron injection barrier,
due to its small work function (2.9 eV). Usually, in the case of
classical EBL, the enhancement of the performance of the OPVCs is
Table 4
Photovoltaic performance data of inverted devices under AM1.5 conditions with differen

Octamer thickness (nm) Voc (V) Jsc (mA/cm2)

BSTV 20 0.61 4.17
22 0.65 5.27
24 0.65 5.17

BOTV 20 0.54 2.96
22 0.57 3.25
24 0.56 5.31
26 0.57 6.88
28 0.57 4.81
attributed to several effects such as blocking of the exciton, pre-
vention of metal atom diffusion into the organic electron acceptor
during the deposition of the cathode and it can also behave as
optical spacer [21,22]. Due to small work function of Ca it is ex-
pected to improve the band matching at the interface electron
acceptor/cathode.

The interest of the double cathode buffer layer is that it allows
cumulating the advantages of each constituent. The Alq3 EBL blocks
the excitons and protects the organic electron acceptor from
cathode diffusion during its deposition. A thickness of 6 nm appears
sufficient. On the other hand, we have seen that, in small molecule
OPVCs, due to the small thickness of the active layer it is necessary
to use a reflecting cathode to improve the light absorption. So, if Ca
allows a good band matching with a decrease of the series resis-
tance, the low reflectivity of thick Ca films results in lower short
circuit current density when its thickness exceeds a certain
threshold (Table 1) [23]. Therefore the presence of the EBL allows
the use of a very thin Ca film, which prevents these disagreements.
Actually, the thin layer of Alq3 permits all the improvement ex-
pected from a classical organic EBL, while the low work function of
the ultrathin Ca layer induces high electron collection efficiency,
without diminishing the cathode reflectivity.

In the case of OPVC, it must be noted that the BOTV as ED gives
an efficiency smaller than that obtainedwith the BSTV.We saw that
the origin of this discrepancy is mainly due to the difference in Voc.

Such behaviour can be due to different origins. Firstly it is now
well admitted that the Voc value is such as [22]:

Voc ¼ (1/e) (LUMOEA � HOMOED) � a, (1)

e being the elementary charge.
Where LUMOEA is the lowest unoccupied molecular orbital of

the electron acceptor while HOMOED is the highest occupied mo-
lecular orbital of the electron donor and “a” is an empirical factor,
its value depends on the J-V curve of the OPVC. Most OPVCs never
reach the maximum theoretical value due to energy loss attributed
to charge carrier recombination at the interface [24]. Nevertheless,
a difference in the HOMO value of the electron donors may justify a
different value in Vocwhen these electron donors are usedwith the
same electron acceptor.

The relative position of the HOMO-LUMO levels deduced from
the cyclic voltammetry measurements is represented in Fig. 9, the
HOMO value difference of the two electron donors, which is only
0.06 eV, can partly justify the difference between themeasured Voc
values (0.17 eV).

Another source of decrease of the OPVC performances is the
morphology of the films [3]. The organic film thickness being very
small, any defects in its growth may induce some leakage current.
As shown in Figs. 4 and 5a the BSTV layers are homogeneous, while
that of BOTV are not (Fig. 5b). These results conform to those ob-
tained by AFM.

We estimated the values of the shunt resistance (Rsh) and the
t ED (BSEV and BOTV) thicknesses.

FF (%) h (%) Rs (U) Rsh (U)

57 1.45 10 900
58 1.99 10 850
53 1.78 18 1200
55 0.88 16 700
54 1.00 16 775
54 1.60 15 775
54 2.12 15 800
50 1.48 18 900



Fig. 9. Energy diagram of materials HOMO and LUMO values of the organic donors and
acceptor.
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series resistance (Rs), in order to assess the effect of the difference
in the film morphology on the values of Rsh and Rs. The slopes at
the short circuit point and at the open circuit voltage are the inverse
values of Rsh and Rs of the equivalent circuit scheme of a solar cell
respectively. The obtained values are reported in Tables 1, 2 and 4.
In the case of BOTV, it can be seen that, for the best OPVCs, if Rs is of
the same order of magnitude whatever the structure of the cell
(OPVC or IOPVC), the values of Rsh are significantly different, the
smallest Rsh value being obtained with the classical OPVC config-
uration, i.e. with the films which are the least homogeneous.

The dark currents as a function of the applied voltage for the
optimum OPVCs are reported in Fig. 10. The leakage current in the
case of BSTV is negligible until the junction approaches the
breakdown conditions. In contrast, in the case of BOTV, the leakage
current is significant, which results in a decrease of Voc and FF
when the OPVC is submitted to illumination. This can contribute to
the better efficiency achieved with the BSTV. This hypothesis is
corroborated by the dependence with the ED, of the value of the
empirical factor “a” in equation (1). In the case of BSTV:
Voc ¼ 0.84 V and therefore, a ¼ 0.31 V. In the case of BOTV, for the
best cell, Voc ¼ 0.67 V and a ¼ 0.42 V and for the higher Voc value
measured Voc ¼ 0.76 V and a ¼ 0.33 V.

Usually, it is well accepted that a z0.3 V. It means that the ex-
pected value is obtained for BSTV, but for BOTV it is quite large,
mainly in the case of the best cell.

It can be noted Table 1 that Voc does not vary much for BSTV,
while it varies quite a lot in the case of BOTV (Table 2), which in-
duces the variation of “a”. For thick BOTV film, the leakage current
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Fig. 10. Dark J-V characteristics of OPVCs (open symbols) and IOPVCs (full symbols)
with BOTV (C) and BSTV (:) as electron donor.
is smaller, Voc is higher and the value of “a” nearly corresponds to
the expected value. However, the film is too thick for a good
photovoltaic effect and Jsc is small. For thinner BOTV film, “a” in-
creases, so if Jsc is better, Voc decreases. All that confirms the
importance of the homogeneity of the organic film on the OPVCs
performances.

This negative effect is limited in the case of IOPVCs. In the case of
IOPVC, a homogeneous layer of 40 nm thick C60, is deposited onto
the cathode before BOTV deposition. This continuous organic film
prevents the formation of leakage paths, even if, the BOTV being
less homogeneous than BSTV (Fig. 5b), the dark current for the
IOPVCs with BOTV is still higher than that obtained with BSTV
(Fig. 10). This protective effect of C60 in IOPVCs and the disappear-
ance of the elongated structures in the BOTV films allow achieving
the expected result, that is to say, a highest efficiency obtained with
the ED with the greater number of units, i.e. with smaller band gap
and wider absorption range.

5. Conclusion

Two electron donors were probed in planar OPVCs, Both elec-
tron donors pertain to the same oligomer family: the (E)-Bis-1,2-
(5,500-Dimethyl-(2,20:30,200-terthiophene)vinylene (BSTV) and the
(E)-Bis-1,2-(5,500-Dimethyl-(2,20:30,200:30,2000-tetrathiophene)vinyl-
ene (BOTV). After studying the optical properties of these new ED,
we show that the integration of the CBL bi-layer, Alq3/Ca into the
OPVCs increases Jsc, which results in a significant improvement of
the OPVCs efficiency, whatever the ED is. Unexpectedly, in the case
of classical OPVCs, the oligomer with the broader band gap, the
BSTV, allows the highest efficiency to be achieved. This fact is
attributed to the highest absolute value of the HOMO of BSTV and
to the quite poor homogeneity of the films of BOTV. We proceeded
to a systematic study of the surface of the new electron donors,
BSTV and BOTV, through SEM and AFM and we show that the
homogeneity of the surface of the BSTV layer is far higher than that
of BOTV. The consequence is that leakage currents are present in
BOTV based cells, while they are not in cells using BSTV, which
allows this last electron donor to exhibit higher Voc and therefore
better efficiencies. In order to prevent this disagreement, we probe
IOPVCs, because the presence of the C60 layer before the deposition
of the ED could prevent the presence of high leakage paths. Using
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this cell configuration, the best results are obtained with the olig-
omer with the smaller band gap value, i.e. BOTV.
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