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ABSTRACT

In,05 thin films (100 nm thick) have been deposited by reactive evaporation of indium, in an oxygen
partial atmosphere. Conductive (o =3.5 x 103 S/cm) and transparent films are obtained using the follow-
ing experimental conditions: oxygen partial pressure=1 x 10! Pa, substrate temperature=300°C and
deposition rate =0.02 nm/s. Layers of this In,O3 thick of 5nm have been introduced in AZO/In,03 and
FTO/In,0; multilayer anode structures. The performances of organic photovoltaic cells, based on the
couple CuPc/Cgp, are studied using the anode as parameter. In addition to these bilayers, other structures
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have been used as anode: AZO, FTO, AZO/In,03/Mo00s, FTO/In;03/Mo0O3; and FTO/MoOs. It is shown that
the use of the In,05 film in the bilayer structures improves significantly the cell performances. However

In,03 the open circuit voltage is quite small while better efficiencies are achieved when MoOjs is present. These

Surface roughness
Surface work function

results are discussed in the light of surface roughness and surface work function of the different anodes.

1. Introduction

Organic solar cells are attracting considerable interest for solar
energy conversion. Organic photovoltaic cells (OPV) are based on
a couple electron donor (ED)/electron acceptor (EA). Two OPV
families have been developed depending on the ED/EA interface
geometry, the planar heterojunction (PHJ) and the bulk heterojunc-
tion (BH]). PH] are based on the superposition of thin films of donor
and acceptor materials, while in BH] the active layer constitutes of
interpenetrated networks of the two organic materials (ED and EA).
Whatever the cell family type is, the organic layers are sandwiched
between two electrodes, one of them, at least, must be transparent
[1].

Until now, most OPV incorporated tin doped indium oxide (ITO)
as transparent electrode. ITO is highly conductive (o >103S/cm)
with a good transparency (T>90%) in the visible range. Moreover
its work function, @1, is higher than that of others transparent
conductive oxide (TCO). @o is around 4.6 +0.2 eV after clean-
ing of commercial ITO [2-4]. This latter can be increased by some
treatment such as UV-ozone plasma [5]. Also, the @rp can be
higher than the classical value if the ITO layer is used immediately
after deposition. For instance, when deposited by RF magnetron
sputtering, 1o can be as high as 5.5eV [6]. However, indium is

* Corresponding author.
E-mail address: jean-christian.bernede@univ-nantes.fr (J.C. Bernéde).

doi:10.1016/j.apsusc.2011.10.146

scarce and the price of ITO is increasing due to a high demand in
a large variety of applications. Therefore it would be very attrac-
tive to use other transparent electrode [7]. If others TCO, such as
aluminium doped zinc oxide (AZO) or fluorine doped tin oxide
(FTO) can show electrical and optical properties close to that of
ITO, their work functions are substantially smaller [8,9]. To address
the question of whether it can be possible to keep the surface prop-
erties of ITO through smaller indium consumption, we have probed
AZ0/In,03 and FTO/In, 03 bilayer structures, in the thickness ratio
tin,05 /tTco = 1/20, as an alternative to ITO anode in classical OPV.
After characterization of the different TCO thin films, the properties
of the bilayer structures have been probed and then used as anode
in OPV. For comparison, different anode configurations have also
been probed: TCO/MoQOj3, TCO/In,03/MoOs.

2. Experimental

2.1. Deposition process and characterization techniques of the
TCO thin films

FTO films have been provided by SOLEMS, while the AZO and
In,03 films have been deposited in the laboratory. The FTO films
have been obtained by chemical vapour deposition, while the AZO
films have been deposited by rf magnetron sputtering. The deposi-
tion process of the zinc oxide films has been described in a previous
paper [10]. Shortly, they were deposited by ac magnetron sputter-
ing on glass substrates at room temperature. The cylindrical ZnO



target contains 2 wt% of Al,03. Ar was used as sputtering gas for
deposition of the AZO films. The sputtering pressure was main-
tained at 0.13 Pa. The pressure of the sputtering system before the
deposition of the sample films was under 2 x 10~3 Pa.

In,03 thin films were deposited by reactive evaporation of
indium, in an oxygen partial atmosphere, onto glass substrate. The
films were elaborated in a vacuum chamber from an Indium source
with resistively heated tungsten crucible source. During deposi-
tion the substrates were heated at 300 °C. They were heated by an
infrared source. The temperature of the substrate was determined
by a thermocouple (type K) on the deposition face. Before deposi-
tion the vacuum in the deposition chamber was 5 x 10~4 Pa, during
deposition, the flow rate of oxygen was controlled by using a flow
meter. The deposition pressure was maintained at 1 x 10~! Pa. An
HF quartz oscillator was used to control the evaporation rate. To be
sure to achieve complete indium oxidation at 300 °C, the deposi-
tion rate was 0.02 nm/s. Before probing the In, 03 in anode bilayers
in OPV, we have deposited 100 nm thick film to check the optical
and electrical properties of our In,O3 thin films.

The crystalline structure of the films was analyzed by X-ray
diffraction (XRD) by a Siemens D 5000 diffractometer using Ko
radiation from Cu (A =0.15406 nm). The morphology was observed
through scanning electron microscopy (SEM) with a JEOL 6400F.
The films thickness was measured from the cross section visual-
ization using simple software. The composition of the films was
checked by electron microprobe analysis (EMPA) using a JEOL 5800
microscope.

XPS analyses were performed with a Leybold LHS-12 appara-
tus. The data were obtained with a magnesium source of radiation
(1253.6eV) operating at 10kV and 10 mA. The energy resolution
was 1eV at pass energy of 50eV. High-resolution scans were
obtained in the In3d, O1s and also C1s regions of the spectrum. The
quantitative XPS studies were based on the determination of the
In3ds), and O1s peak areas with 3.8 and 0.61 as sensitivity factors,
(the sensitivity factors are given by the manufacturer, Leybold).

The optical measurements were carried out at room tempera-
ture on a Carry spectrometer, from 2 to 0.20 wm wavelengths.The
four-points probe technique has been used to measure the elec-
trical conductivity. Hall effect measurements were performed
utilizing the Van der Paw arrangement.

AFM images on different sites of the films were taken at atmo-
spheric pressure and room temperature. All measurements were
performed in tapping mode (Nanoscope Illa, (Veeco, Inc.). Classi-
cal silicon cantilevers were used (NCH, nanosensors). The average
force constant and resonance were 40 N/m and 300 kHz, respec-
tively. The cantilever was excited at its resonance frequency. Such
apparatus can also be managed as electrostatic force microscope,
which allows using it as surface Kelvin probe microscope.

AKruss G40 Contact Angle Measuring System G40 is used to esti-
mate the surface energy of TCO surfaces through the sessile drop
method. A drop of liquid with known surface tension (water, for-
mamide, ethylene glycol and glycerol) is put on the TCO surface
and according to the Owens, Wendt, Rabel and Kaelble method,
the surface tension, split up into a polar and a disperse fraction, can
be deduced.

2.2. Organic solar cells realization and characterization

This work deals with the influence of the anode configuration
on organic solar cells performance. Therefore, an already known
multilayers heterojunction structure based on a CuPc/Cgg junction
with bathocuproine (BCP) as electron blocking layer was chosen.

CuPcdonor and Cgg acceptor organic materials are commercially
available and were purified by vacuum sublimation [11]. All the
results presented in figures or tables have been attained with cells
issued from the same baths of products.

Fig. 1. X-ray diffraction diagram of a In, O3 thin film achieved by reactive evapora-
tion.

CuPc, Cgp and BCP were deposited under 10~ Pa vacuum. The
thin film deposition rate and thickness were estimated in situ by
the quartz monitor. The deposition rate and final thickness were
respectively 0.05 nm/s and 35 nm for CuPcand 0.05 nm/s and 40 nm
for Cgo, while they were 0.1 nm/s and 9 nm for BCP.

After organic thin film deposition, without breaking the vacuum,
an aluminium upper electrode, through a mask with 2 mm x 5 mm
active area, and then an encapsulating layer of amorphous selenium
(Se-a), thick of about 100 nm, were thermally evaporated.

The selenium coating layer has been proved to be efficient
to protect the under layers from oxygen and water vapour con-
tamination [12], at least during the first hours of room air
exposure [13]. The used structures were as follows: glass/anode
structure/CuPc/Cgo/BCP/Al/Se-a.

The different anode structures will be described in Section 3.

Electrical characterization was performed on an automated -V
tester, in the dark and under 1 sun global AM 1.5 calibrated solar
simulator (Oriel 300 W) at 100mW/cm? light intensity adjusted
with a photovolatic reference cell (0.5 cm? Cu(InGa)Se; solar cell,
calibrated at NREL, USA. Measurements were performed at nor-
mal room atmosphere. All devices were illuminated through FTO
electrodes.

3. Experimental results and discussion
3.1. In,03 thin film characterization

The thicknesses of the films used were 100 nm for In, O3 thin film
characterization and 100 nm for the TCO (AZO or FTO) and 5 nm for
the In, 05 in the case of anode bilayer TCO/In,03.

As shown by XRD in Fig. 1, the films are polycrystalline. They
are crystallised in the expected bixbyite structure. The crystallites
are preferentially oriented along the [22 2] and [4 0 0] directions. A
typical micrograph of the films obtained is presented in Fig. 2a. The
films are granular, which is in good agreement to the XRD study.
They are homogeneous and compact. For comparison, in Fig. 2b and
carevisualized FTO and FTO/In, Os films. It can be seen in Fig. 2, that,
all the structures are polycrystalline with similar averaged grain
diameter of around 65 nm. The microprobe analysis shows that the
films are stoichiometric. The level of accuracy of the method does
not allow putting directly in evidence the oxygen vacancy density.

For XPS study, the samples had to stay in air from the deposit-
ing chamber to the analysis apparatus, therefore they have been
gently etched before analysis. If some surface contamination is
still present, the quantitative analysis shows that the surface
of the films is nearly stoichiometric (around 60 at.% of oxygen),
while it can be seen in Fig. 3a that the main O1s contribution is
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Fig. 2. Microphotographs of an ITO (a), a SnO; (b) and a Sn0,/ITO (3) structure.

situated at 530.3 eV, which corresponds to oxygen bounded to
indium. The second contribution, only 15%, is situated at 532.6eV.
It can be attributed to surface contamination. The In3d doublet
(Fig. 3b), with In3ds;, =444.5 eV and In3d3, =452 eV, corresponds
to indium bounded to oxygen [14]. The spectrum in Fig. 4 shows
that transmission of a film in the visible and near infrared is higher
than 80% up to 95% for A ~ 1100 nm. At room temperature, the con-
ductivity of the films is 3.5 x 103 S/cm with a carrier mobility of
10.5cm?V-1s1 and a carrier density of 1.4 x 1021 cm~3.

All these studies show that the In, 03 films obtained by reactive
evaporation exhibit the properties requested for a TCO. Therefore
they can be introduced in an anode bilayer such as AZO/In,03 or
FTO/IH203.
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Fig. 3. In,03 XPS spectra of an In,05 thin film, O1s (a) and In3d (b).

3.2. Organic photovoltaic cells using AZO/In,03 and FTO/In,03
anodes

As said above the OPV cells studied were typically: glass/anode
structure/CuPc/Cgo/BCP/Al/Se-a.

The anode structures probed were: AZO, AZO/In,0s,
AZO/III203/M003 and FTO, I‘TO/IH203, I-TO/In203/MoO3. MoOs3
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Fig. 4. Variation of the transmittance of an ITO film (100 nm).



Table 1
Photovoltaic performance data under AM1.5 conditions of OPV cells using different
anodes.

Anode Jsc (mA/cm?) Voe (V) FF (%) n (%)
AZO 2.85 0.22 15 0.10
AZO/In, 03 5.50 0.28 51 0.77
AZO/In,03/MoO3 8.70 043 53 1.95
FTO 3.50 030 15 0.15
FTO/In;0; 6.50 0.25 25 0.40
FTO/In;03/Mo0Os3 6.60 043 50 1.42
FTO/Mo0; 6.50 0.45 50 145

has been used as buffer layer between the anode and the organic
electron donor since it has been shown that it is very efficient in
improving the hole collection and OPV cells performances [15].

It can be seen in Table 1 and Fig. 5 that, whatever the TCO used,
AZO0 or FTO, the OPV cells performances are significantly improved
when the TCO is covered with a thin In, O3 layer, thick of 5 nm. This
improvement corresponds to an increase of the fill factor and short
circuit current. It should also be noted that, in the case of bare TCO
(FTO or AZO), a current-limiting effect, a “rollover”, is clearly visible.
This rollover visible on the I-V curves of bare TCO has disappeared
after In, O3 deposition above the TCO. However it can be seen that
the open circuit voltage V. stays quite small. Therefore, in order to
improve the V,c we have introduced a 3 nm thick MoOs buffer layer
at the interface In, O3 /organic material. Fig. 5 and Table 1 show that
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Fig. 5. (a) Typical J-V characteristics of Anode/CuPc/Cso/BCP/Al structure, with
Anode=ZnO (M), ZnO/In,03; (®) and ZnO/In;O03/Mo0O3; (a), under illumina-
tion of AM1.5 solar simulation (100 mW/cm?). (b) Typical J-V characteristics
of anode/CuPc/Cgo/BCP/Al structure, with anode=SnO, (H), SnO;/In,03; (@),
Sn0,/Mo03 (a) and SnO;/In;03/Mo0Os (v), under illumination of AM1.5 solar sim-
ulation (100 mW/cm?).

Table 2

Properties of the surface of the anode. The total surface tension and corresponding
components, pol for polar component and disp for dispersion component are given
with the polarity xp.

Sample Disp (mN/m) Pol (mN/m) Total surface Xp
tension (mN/m)

AZO 8.8 45 53.8 83.6

AZO[In,03 7.8 52.5 60.3 87.1

FTO 13.8 35.5 49.3 72

FTO/In,03 6.2 58.1 64.3 90.4

the MoOs film improves significantly V,¢, and therefore the effi-
ciency n of the OPV cells. We have also probed FTO/MoO3 anodes.
The best results achieved are reported in Fig. 5, while in Table 1
the results correspond to averaged measurements issued from dif-
ferent batches of OPV cells. If the best efficiency is obtained with
the trilayers anode FTO/In,03/Mo00s, it can be seen that, in the case
of the averaged results of Table 1, roughly similar performances
are achieved whatever the anode structure: FTO/In,O3/MoQO3 or
FTO/MoOs. This result shows that MoOs is necessary for achieving
good anode/electron donor interface, even in the presence of a fresh
In, 03 thin film.

The small values of V¢, when the TCO anode is covered by a thin
In, 03 layer, can arise from small shunt resistance, Ry}, value and
through traps and poor band matching at the anode interface. Small
Ry, value, issued from the presence of pin-holes and/or peak effects
(roughness), which short circuit the OPV cells, induces strong dark
current and small V. under illumination. About the band structure,
indeed, it has been shown that the presence of the rollover effect
in the I-V curves could be attributed to the presence of an opposite
diode at the interface anode/organic material, which decreases the
Voc value [16].

In order to understand the different behaviours with the orig-
inal anode structures, we have conducted complementary studies
on the anodes, using scanning electron microscopy, atomic force
microscopy and contact angle measurements.

First of all, it should be noted that the presence of a rollover
effect in the I-V curves, when bare AZO or FTO are used, should
be attributed to the presence of an opposite diode at the interface
anode/organic material. This barrier can be suppressed by better
band adjustment. Therefore, the disappearance of the rollover in
the I-V curves can be attributed to a better band matching induced
by the presence of the thin In,O3 layer, since the work function
measured in room air by a Kelvin probe is, at least, 0.2 eV larger
than that of SnO,.

Results of the complementary studies are shown in Figs. 2 and 6.
The example of FTO microphotographies with and without In,03
is shown in Fig. 2. If there is no strong modification of the mor-
phology of the anode after In,03 deposition, small bright spots are
visible, randomly distributed on the film surface. A similar result
has been achieved with AZO. These results are corroborated by the
AFM study (Fig. 6), as a matter of fact, there is some increase of
the rms after In,O3 deposition. For instance, there is an increase
of 35% of the rms in the case of ZnO (ZnO rms=1.67 to ZnO/In,03
rms=2.27 for ZnO).

As seen in Table 2, the deposition of a thin In;03 thin film onto
AZO or FTO electrode increases sensibly the surface energy of the
anode. It has already been reported that the increase of surface
energy would provide a better adhesion of organic film to the sub-
strate. Moreover higher surface energy of the anode is beneficial to
a smooth growth of the organic film [17].

From the above studies it can be deduced that the thin
In,03 layer improves the properties of the interface FTO or AZO
anode/CuPc through a better band matching and higher surface
energy, while there is some degradation of the anode surface mor-
phology. However there is no obvious reason for the small V. of
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Fig. 6. TM-AFM images (a) of ZnO thin films and of (b) ZnO/In,03.

the cells using TCO/In, 03 bilayers as anode. Therefore, it appears
that, more probably, there are different causes, which converge to
lower the performances of cells, causes which taken individually,
would not justify the limited performances obtained. Lowering of
Voc values can arise from TCO surface peaks, which short-circuit the
PV cell and decrease the Ry}, . Also, the maximum @) value possible
with reactive evaporation of In,O3 being inferior to 5 eV, the band
matching improvement is not optimum, since the HOMO of CuPc
is5.2eV.

Indeed, we have seen that, the roughness of the bilayer is
slightly, but significantly higher than that of the TCO alone. In order
to estimate the influence of the anode roughness modification on
the shunt resistance value of the cells we have calculated the series,
Rs, and shun, Ry, resistances of the OPV cells. The equivalent circuit
commonly used to interpret the characteristics of solar cell consists
of current photogenerator connected in parallel with a diode, which
represents the [-V characteristics under dark conditions, while par-
asitic series and shunt resistances are represented by Rs and Ry,
respectively [18]. The slopes at the short circuit point and at the
open circuit voltage of the electrical cells characteristics are the
inverse values of the shunt resistance (R}, ) and the series resistance
(Rs) of the equivalent circuit scheme of a solar cell respectively [19].

Table 3
Series (Rs) and shunt resistance (Rg,) of OPV cells using different anodes.

Anode Rgh (€2) R (2)
FTO 526 4960
FTO/In, 05 345 270
FrO/ln203/M003 4215 136
FTO/MoO5 3046 176

For instance, using the J-V characteristics of Fig. 5b, the estimated
values of Rs and Ry, are presented in Table 3. In the case of FTO, it
can be seen that the value of R; is very high, while the Ry}, value is
quite small. The introduction of a thin In,05 film induces a strong
decrease in Rs but also a small decrease in Ry, which explains the
limited improvement of the cells performances and the small Vi
value. The introduction of the MoOs buffer layer induces a strong
decrease in Rs and increase in Ry, which explains the improvement
of the cells performances. The MoOs3 film being no conductive it
allows the increase of R, while it permits a better band matching,
which decreases the series resistance.

Therefore, the necessity of an insulating buffer layer can be jus-
tified by the roughness increase induced by the thin ITO film, which
can partly short circuit the OPV cells, and the limited band matching
at the anode interface.

4. Conclusion

It is well known that ITO gives better results than AZO or FTO
when used as anode in organic optoelectronic devices. One of the
main reasons of this, is that the work function of ITO is higher than
that of AZO and FTO. We show that the deposition of a thin film
(5 nm) of In, 03 onto the TCO allows improving the OPV cells perfor-
mances. However the cells efficiency stays smaller than expected
due to small V,¢ values. It is shown that if this thin In,03 film
increases the anode surface energy and therefore improves the
interface band matching, the work function of the In,03 stays
smaller than the HOMO value of the CuPc and it increases the sur-
face roughness of the anode, both properties which can justify the
small V, value measured. The presence of a thin MoOs insulat-
ing film allows overcoming these difficulties by giving a real band
matching at the interface and increasing the shunt resistance of the
cells.
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