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Abstract. Organic photovoltaic cells (OPVCs) are based on a heterojunction electron donor (ED)/electron
acceptor (EA). In the present work, the electron donor which is also the absorber of light is pentathio-
phene. The typical cells were ITO/HTL/pentathiophene/fullerene/Alqs/Al with HTL (hole transport
layer) = MoOs, Cul, MoOgs/Cul. After optimisation of the pentathiophene thickness, 70 nm, the high-
est efficiency, 0.81%, is obtained with the bilayer MoOgs/Cul as HTL. In order to understand these re-
sults the pentathiophene films deposited onto the different HTLs were characterized by scanning electron
microscopy, atomic force microscopy, X-rays diffraction, optical absorption and electrical characterization.
It is shown that Cul improves the conductivity of the pentathiophene layer through the modification of the
film structure, while MoOgs decreases the leakage current. Using the bilayer MoOgs/Cul allows cumulating

the advantages of each layer.

1 Introduction

Given the problems due to greenhouse gas emission in
the use of fossil fuels, renewable energies have received
a great attention during these last years. Photovoltaic
energy is one of the most promising. In that field, organic
photovoltaic cells are, nowadays, extensively studied
because of their specific properties such as lightness, flex-
ibility, large area processing low cost. The hearth of these
cells is based on a heterojunction electron donor/electron
acceptor (ED/EA). Two organic photovoltaic cell (OPVC)
families are encountered, that based on a polymer as
electron donor and that using small molecules. The poly-
meric systems, allow achieving the better power conver-
sion efficiency (n) through the optimization of materials

® e-mail: linda.cattin-guenadez@univ-nantes.fr

* Contribution to the topical issue “Materials for Energy
Harvesting, Conversion and Storage (ICOME 2015) — Elected
submissions”, edited by Jean-Michel Nunzi, Rachid Bennacer
and Mohammed El Ganaoui

used in bulk heterojunction (BHJ) configuration [1].
However, the complicated purification procedure needed
induces low performance reproducibility. On the other
hand, small molecules OPVCs are classically based on an
organic bilayer sandwiched between two electrodes [2].
One of these electrodes must be transparent and the other
must be highly reflexive. The bilayer is a heterojunction,
between ED and EA. About the electrodes, while alu-
minum is often used as reflexive cathode, the transparent
conductive anode is usually the indium tin oxide (ITO).
Small molecules offer several advantages such as more
facile synthesis and purification, inherent monodispersity
and high tenability [3]. Moreover, recently, an efficiency
of 8.5% was achieved using planar heterojunction (PHIJ)
with an active hearth which consists of three small mole-
cules organic layers [4]. In that work a thiophene oligomer
is used as ED, while the EA layer consists in two phthalo-
cyanine chromophores derivatives.

If the properties of the absorbing layer, which is often
the ED layer, are decisive, another important layer is the
hole transport layer (HTL), which must allow achieving
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a high hole collection efficiency [5]. It has been already
shown that MoOs is a very efficient HTL [6,7]. MoOg al-
lows adjusting of the band matching to reduce the barrier
at the interface anode/electron donor [8], but it does not
modifies the molecular orientation and the organic film
structure compared to ITO. However, organic semicon-
ductors, comprising m-conjugated molecules usually pos-
sess highly anisotropic properties, such as light absorption
and carrier transport, which strongly depend on the mole-
cular orientation of the films [9]. For instance, it was shown
that, when the ED is copper phthalocyanine (CuPc), the
CuPc molecules orientation changes from perpendicular
to the substrate when deposited on MoO3 (or ITO) to
parallel to the substrate when deposited onto Cul [10].
So, in the present work different combinations of these
layers are used as HTL.

Otherwise, it is important to keep in mind that the
efficiency is only one of the criteria for the commercial-
ization of OPVCs. Other important criteria are the ease
to synthesize molecules used and their stability. Syntheses
of thiophene derivatives are well known and these materi-
als are usually stable. Here, the absorber of light chosen is
the pentathiophene (5T). It is known that oligothiophenes
and derivatives are among the most promising organic
semiconducting materials because of their good transport
properties, as well as their tuneable optical properties [11].
Moreover the properties of 5T are stable. All these advan-
tages justify our choice.

We show that the combination MoQO3/Cul is a very
efficient HTL. After a complementary study of the
effect of the different HTL (MoOg, Cul, MoO3/Cul) on
the pentathiophene layers properties, we conclude that
Cul improves the conductivity of the pentathiophene lay-
ers through the modification of the film structure, while
MoOs3 decreases the leakage current. Using the bilayer
MoQO3/Cul allows cumulating the advantages of each
layer.

2 Experimental
2.1 Solar cells fabrication

For the OPVCs, as heterojunction we employed, as said
above, 5T as ED and fullerene (Cgp) as EA. The exciton
blocking layer (EBL) was the aluminum tris(8-hydroxy-
quinoline) (Algsz). Algs was chosen because it has been
shown that it allows fabricating solar cells with increased
lifetimes. Moreover, it has been proven to be a very effi-
cient EBL [12,13].

The standard substrate dimensions were 25 mm X
25 mm. Since ITO covered the whole glass substrates,
some I'TO must be removed to obtain the under electrode.
A 25 mm x 17 mm section of each substrate was masked,
ITO was then etched using Zn + HCI [14].

After scrubbing with soap, the substrates were rinsed
in running deionized water, dried under an argon flow
and then loaded into a vacuum chamber (10~* Pa). Then
the HTL was deposited under vacuum. Three different
HTL configurations were probed, MoOs, Cul, MoOg/Cul.

Al |_| |_| Cathod
_> athode
Alg; | ] EBL
C(,u El\

Cul *
MoO, — | | HTL
ITO Anode
Glass

Fig. 1. Schematic representation of an OPVC.

After deposition of the planar heterojunction 5T /Cgg, the
Alqs layer and finally the aluminum cathode were de-
posited. All the films were deposited under a vacuum. The
thin film deposition rates and thickness were estimated in
situ with a quartz monitor. The deposition rate and the
thickness of the MoOs layer were 0.02 nm/s and 3 nm
respectively [7]. The deposition rate of Cul has a great
influence on the properties of the cells [15]. Actually, it is
necessary to deposit this film very slowly to prevent cur-
rent leakage effects. Therefore the Cul film was deposited
at a rate of 0.005 nm/s and its thickness was limited at
1.5 nm [16]. The deposition rate for pentathiophene, Cgg
was 0.05 nm/s. The thickness of Cgp was 40 nm. The thick-
ness of 5T was used as parameter. The deposition rates
and thickness of Alqz were 0.1 and 9 nm respectively.
The fixed thicknesses were chosen after preceding opti-
mizations [14]. After organic thin film deposition, the alu-
minum top electrodes were thermally evaporated, without
breaking the vacuum, through a mask with 2 mm x 8 mm
active areas. In the present work, the effect of the thickness
of the 5T film was optimized, then the effect of different
HTLs on the OPVCs performance was checked.

The device structures used were: glass/ITO (100 nm)/
HTL/5T (x nm)/Cgp (40 nm)/Alqs (9 nm)/Al(120 nm),
with HTL = MoO3 (3 nm), Cul (1.5 nm) or MoO3 (3 nm)
Cul (1.5 nm) (Fig. 1).

Chemicals were provided either by Aldrich or by Codex
(France). They were used without any purification. In-
deed, it has been shown that, using the same charge in
the evaporation crucible, there is an “auto purification”
of the product during vacuum thin film depositions [17].

2.2 Characterization technique

Electrical characterizations of the OPVCs were performed
with an automated I-V tester, in the dark and under global
sun AM 1.5 simulated solar illumination. Performances of
photovoltaic cells were measured using a calibrated solar
simulator (Oriel 300 W) at 100 mW /cm? light intensity
adjusted with a PV reference cell (0.5 cm? CIGS solar cell,
calibrated at NREL, USA). Measurements were performed
under an ambient atmosphere. All devices were illumi-
nated through transparent conductive electrode (TCO)
electrodes. The classical equivalent electrical scheme of
OPYV cells was used to calculate, the shunt resistance, Rgp,

24603-p2
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Table 1. Photovoltaic performance data of OPVCs using 5T/Cso PHJ, with different HTL, under AM1.5 conditions.

HTL 5T thickness (nm)  Vic (V)

Jee (mA/cm?)

FF (%) 71 (%) Rs(Q) Ra (2)

MoO3/Cul 60
MoOs3 70
Cul 70
MoO3/Cul 70
MoOQO3/Cul 80
MoO3/Cul 85

0.39
0.40
0.30
0.40
0.40
0.41

2.54 52
2.36 59
3.34 34
3.64 56
2.43 47
2.36 44

0.52
0.54
0.35 4.5
0.81 4.6
0.45 7
0.43 12

2.6
4.4

850
1500
150
1100
1100
1150

defined by the slope of the J-V curve at J = Jy. and the
series resistance, Ry, defined by the slope of the J-V curve
at J =0.

The morphology and layer cross sections were observed
through scanning electron microscopy (SEM) with a
JEOL 6400F at the “Centre de microcaractérisation de
I’Université de Nantes”.

AFM images of the films were taken ex-situ at
atmospheric pressure and room temperature. All measure-
ments have been performed in intermittent contact mode
(Nanosurf Easyscan 2 AFM). The rms roughness given in
the following has been calculated by averaging the rough-
ness obtained from each images for a given sample.

The crystalline structure of the films was analyzed by
X-ray diffraction (XRD) by a Siemens D8 diffractometer
using Ko radiation from Cu (A = 0.15406 nm).

Optical absorption spectra were recorded by a Carry
spectrophotometer. The optical absorption was measured
at wavelengths of 2-0.25 um.

The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of penta-
thiophene were evaluated using cyclic voltammetry. This
technique employs a time varying voltage sweep applied
to the electrochemical cell containing the material under
study, and measurement of resultant current. A three elec-
trodes cell configuration with Pt as the counter electrode
is used for this work. The working electrode (here ITO
substrate coated with the penthiophene), dipped in an
electrolyte solution (acetonitrile containing 0.1 M tetra-
butylammonium tetrafluoroborate- TBABF,), is biased
with respect to the reference electrode (Ag/AgCl (3 M
NaCl)), which has a known potential. A linear ramping
potential starting from 0 V up to a pre-defined limiting
value with a scan rate of 50 mV/s is applied and resulting
current values are recorded. At the optimised limiting po-
tential, the direction of the potential scan is reversed and
the current is again recorded. The HOMO and LUMO en-
ergy levels are calculated from the following equations [18].

HOMO = Tonization Potential = —(FEox + 4.4) eV
LUMO = Electron Affinity = —(FEyeq + 4.4) €V,

where F,, and E,.q are onset potentials of oxidation and
reduction respectively.

3 Experimental results

Since we showed earlier [10,15] that, usually, the HTL
bilayer MoOg (3 nm)/Cul (1.5 nm) allows achieving the

10 T T T

J (mA/cm?)

-5 4

200 400

V (mV)

-200 0

Fig. 2. J-V characteristics of OPVCs using 5T as electron
donor, and Cgo as acceptor, with different anode buffer lay-
ers: Cul (m), MoOs/Cul (A) and MoO3 (e) in the dark (full
symbols) and under AM1.5 irradiation (open symbols).

highest OPVCs’ efficiencies, we used it for the optimiza-
tion of the pentathiophene thickness. Then, we checked
that MoQOjs/Cul is effectively more efficient than MoOs or
Cul alone.

It can be seen in Table 1 that the optimum thickness
of 5T is 70 nm. This optimum thickness is thicker than
that usually encountered [19]. A rough estimation of the
hole carrier mobility pp in the 5T thin films deposited
onto MoO3/Cul using hole only structures (ITO/MoOj3/
Cul/5T /MoO3z/Al) gives pp, ~ 1.7 x 107* em/V s [20].

Typical J-V curves obtained, using the 5T optimal
thickness, with different HTL are visualized in Figure 2
and summarized in Table 1. It can be seen that, as ex-
pected, the best result is obtained with the double HTL.

The thickness of the 5T film, which was measured with
a quartz crystal sensor, was checked by the visualization
of the cross section of a 5T film. In Figure 3 we can see the
cross section of a 5T film thick of 100 nm, according to the
quartz, deposited onto an ITO film thick of 100 nm. It can
be concluded that there is a good correlation between the
thickness measured by the quartz and that deduced from
the cross section visualization. The cross section allows
seeing that protrusions are visible at the surface of the 5T
layer.

Before a deeper discussion, we proceeded to some more
characterizations of the 5T layers.

The LUMO and HOMO values calculated as explained
above are 3.37 eV and 5.35 eV respectively. These values

24603-p3
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Fig. 3. Visualization of the cross section of 5T film (100 nm)
deposited onto ITO/MoQO3/Cul.

confirm that 5T can be a good ED. The potential
difference £, = LUMO-HOMO can be used to estimate
the energy gap of the material, it is 1.98 eV.

The optical absorption spectra of 5T film (100 nm
thick) are similar whatever the HTL is.

The X-ray diffraction study shows that the structure
of the films depends on the HTL. The Figure 4 shows
that when the 5T films are deposited onto MoOgs they
are amorphous while diffraction peaks are visible when
they are deposited onto Cul. More precisely when the 5T
film is deposited onto Cul, the films are at least partly,
crystallized, which improves the hole mobility and allows
working efficiently with thicker ED layers. As a matter of
fact, it has been shown that, if an increase of the carrier
mobility improves Jy., it decreases V.. These two opposite
effects balance with one another, resulting in an optimal
mobility about 1072 ¢m?/V s [21]. In the present work,
un is below this optimal value and any puy increase will
improve the OPVC performances.

The surface visualization by SEM and the AFM images
of 5T layers deposited onto different HTL are reported in
Figure 5.

Taking into account the difference in scale, we can see
that the AFM images of the surfaces are in good agree-
ment with those visualized by SEM. These figures show

1250 o ; ;
] T ——ITO/MoOy/5T ITO
— ITO/Cul/5T d =3.829 A
1000 + / p T i
B
500 |- ' I
250 T T T T
10 15 20 25

26 (%)

Fig. 4. X-ray diagrams of 5T layers deposited onto MoO3s and
Cul.

significantly different morphologies between the different
under-layers.

In Figure 5a, the SEM microphotography of the 5T
films deposited onto ITO/Cul exhibits some branches ran-
domly distributed. If the AFM image (Fig. 5d) shows that
the 5T film consists in small rod shaped grains, some of
these grains are interconnected which gives rise to aggre-
gates in the form of branches such as visualized by the
SEM (Figs. ba and 5d).

In the case of 5T films deposited onto ITO/MoO3/Cul,
the branches are bigger with “crystal shapes” in SEM and
AFM images. They are out of the plane of the substrate
(Figs. 5b and 5e).

These grains are clearly visible in the cross-section of
Figure 3. Conversely, in the case of 5T films deposited
onto ITO/MoOj3 they are not branched and the grains,
rod shaped and more or less large, are all along the surface
of the substrate (Figs. 5c¢ and 5f).

This shows that Cul influence significantly the struc-
ture of the 5T films. This fact is corroborated by the
X-rays diffraction study.

The characterizations above will now be used to justify
the values of the parameters Js., Vo and FF measured in
OPVCs. In the case of 5T/Cgg planar heterojunctions the
optimal values achieved are Jy. = 3.64 mA/cm?, V. =
0.40 V, FF = 56%, which corresponds to n = 0.81%.

The rms value of 5T films deposited onto MoOj is
13.0 £ 0.2 nm, it is 30 £ 2 nm when deposited onto
MoQOg/Cul. These values, mainly in the case of MoOg/Cul
are quite high. At first glance, a high roughness of the
donor layer allows improving the interface area ED/EA,
which has a positive effect on the charge separation
and therefore on Js.. In the case of MoOz/Cul HTL,
the heterojunction may be assimilated to a pseudo-bulk-
heterojunction, which justifies the better results obtained
with this HTL. However such high rms it is not without
drawbacks, especially if it rises from the level of the lower
electrode. Changes in the morphology of organic films can
affect V.. This might be caused by changes in the local
internal field when morphology of material is changed.
Indeed, it was shown that too high roughness of the anode
has a negative effect on the V. value due to an increase
of the leakage currents [16]. As a matter of fact, the Vi
values obtained in this work are quite small. The diagram
showing the energy levels of different constituents of the
OPVCs is schematized in Figure 6. The maximum theo-
retical value of V., i.e., the energy difference between the
LUMO of the acceptor and the HOMO of the donor is
0.85 eV in the case of 5T/Cgp. The experimental values
obtained, 0.4 V, is far smaller. Actually, it can be seen in
Table 1 and Figure 2 that V. depends on the HTL. One
can see that, with Cul alone as HTL, the dark current is
far higher than that of the OPVCs using MoO3 as HTL
(Fig. 2). Thus, the V.. is consequently enhanced in the
OPVCs with MoOs3.

We have already shown that Cul HTL tends to increase
the leakage current due to some surface inhomogeneity of
the Cul HTL [15,16]. Therefore the best result is achieved
with the double HTL MoQO3z/Cul. We assume that the
reason for this may be the dual function of MoOj3 and
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Fig. 5. SEM (a) and AFM (d) images of 5T layer deposited onto ITO/Cul. SEM (b) and AFM (e) images of 5T layer deposited
onto ITO/MoO3/Cul. SEM (c) and AFM (f) images of 5T layer deposited onto ITO/MoOs.

3.37 eV

4.5eV

——
535eV '0.85 eV

6.3 eV
5T/Cq

Fig. 6. Schematic band structure of the PHJ 5T /Cgo.

Cul. Cul improves the crystallinity of the 5T films and
increase of the area of the interface ED/EA. For its part,
MoOg prevents the OPV cells from leakage path formation
and allows achieving an optimum band matching between
the anode and the HTL.

Another source of decrease of the OPVC performances
is the quality of the interface ED/EA [3]. In fact, the Vo,
value is influenced not only by the energy level difference
between the LUMO of the EA and the HOMO of the ED
but also by the molecular packing and the charge carrier
recombination at the interface [22,23].

4 Conclusion

Even if the absorption of 5T does not match very well
the solar spectrum, its crystallinity allows using thick ED
films, which permits obtaining significant OPVC efficiency
which is improved by the use of double MoOgs/Cul
HTL.

This work was financially supported by the Academy Hassan
IT - PPR/2015/9 (Morocco).
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