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Abstract. Oxide/metal/oxide structures have been shown to be promising alternatives to ITO. In such
structures, in order to decrease the high light reﬂection of the metal ﬁlm it is embedded between two metal
oxides dielectric. MoO3−x is often used as oxide due to its capacity to be a performing anode buﬀer layer
in organic solar cells, while silver is the metal the most often used [1]. Some attempts to use cheaper metal
such as copper have been done. However it was shown that Cu diﬀuses strongly into MoO3−x [2]. Here
we used this property to grow simple new transparent conductive oxide (TCE), i.e., Cu: MoO3−x blend.
After the deposition of a thin Cu layer, a ﬁlm of MoO3−x is deposited by sublimation. An XPS study
shows more than 50% of Cu is present at the surface of the structure. In order to limit the Cu diﬀusion
an ultra-thin Al layer is deposited onto MoO3−x . Then, in order to obtain a good hole collecting contact
with the electron donor of the organic solar cells, a second MoO3−x layer is deposited. After optimization
of the thickness of the diﬀerent layers, the optimum structure is as follow:
Cu (12 nm) : MoO3−x (20 nm)/Al (0.5 nm)/MoO3−x (10 nm).
The sheet resistance of this structure is Rsq = 5.2 Ω/sq. and its transmittance is T max = 65%. The factor
of merit ΦM = T10 /Rsq. = 2.41 × 10−3 Ω −1 , which made this new TCE promising as anode in organic
solar cells.

1 Introduction
Recently the interest in organic optoelectronic devices
raised steadily owing to their interesting properties, such
as low cost, mechanical ﬂexibility, small weight. Indium
tin oxide (ITO) is widely used as transparent anode in
these devices [1].
ITO is the most often used as TCE because it presents
many advantages such as excellent optical properties
(large transmittance in the visible region and large
bandgap), good conductivity, and high work function.
However, it has also some disadvantages such as indium
scarcity, aggressive techniques of deposits for organic
materials and brittleness.
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To date, there is an increasing demand for ﬂexible
optoelectronic devices, achieved on plastic and the brittleness of ITO makes it incompatible with ﬂexible plastic substrates. Therefore, there is a rising demand for
alternative TCEs. Numerous alternative TCEs have been
explored in order to avoid the use of ITO.
The idea that comes ﬁrst to mind to realize electrodes
without indium is to replace the ITO by another TCO.
Zinc oxide (ZnO) and tin oxides (SnO2 ) are well known.
For these materials several reviews were already published [2,3]. If standard deposition procedures for these
ﬁlms allow TCE electrical and optical requirements to be
achieved routinely, the techniques used for their deposition, sputtering, pulsed laser deposition, are as aggressive
as those used for ITO, while their ﬂexibility is as limited
as that of ITO.
Beside other TCO, conducting polymers [4,5], metal
grid embedded in polymer [6,7], carbon nanotubes [8–10],
grapheme [11,12], metal nanowires [13–16], semitransparent metal electrodes [17–20] and multilayers structures
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have been proposed [1,21,22]. If, up to now, these alternatives do not have all the potential of ITO, some of
them have already the potential to answer the prerequisites for speciﬁc applications. In the ﬁeld of vacuum
deposition, in order to avoid sputtering, TCE can be
obtained using evaporation or sublimation of metals and
diﬀerent oxides/dielectrics.
Therefore, an alternative solution is the use of semitransparent thin metal ﬁlms. These layers have received
renewed interest because of their higher ﬂexibility than
that of the TCOs, what makes them potential candidates
for deposition on plastic substrates. Moreover, the new
concept of bilayer thin metal ﬁlms is also being investigated due to their higher performances than those of
equivalent single layer structures [17–20].
The idea of multilayer structures is carried at its peak
by the realization and the study of the structures
oxide/metal/oxide (O/M/O).
The deposition of semitransparent thin metal ﬁlms is
easier than the realization of the O/M/O, which requires
the sequential deposition of layers whose thickness is well
controlled. However, it is diﬃcult to reach a good compromise that allow for transparent and conductive layers. In fact when the layers are conductive, i.e., continue,
they strongly reﬂect light. Therefore, the introduction of
dielectric layers of high refractive index n is required so
as to reduce the reﬂexivity of the electrodes while maintaining their conductivity. In the present work we show
that a good compromise can be obtained between these
two techniques by using adapted materials.
In the O/M/O multilayers structures MoO3−x is often
used as oxide due to its capacity to be a performing
anode buﬀer layer in organic solar cells, while silver is the
metal the most often used [1,22]. Some attempts to use
cheaper metal such as copper have been done. However
it was shown that Cu diﬀuses strongly into MoO3−x [23].
Here we used this property to grow simple TCE, i.e., Cu:
MoO3−x blend. The study of the electrical and optical
properties of this blend shows that it exhibits promising
properties for its use as alternative TCE.

operating voltage was 5 kV. In order to improve the visualization of the cross section, images in secondary (SEM)
and backscattering (BEI) mode were done.
XPS measurements were carried out at room temperature. An Axis Nova instrument from Kratos Analytical
spectrometer with Al Kα line (1486.6 eV) as excitation
source has been used. The core level spectra were
acquired with an energy step of 0.1 eV and using a constant pass energy mode of 20 eV (energy resolution of
0.48 eV). Concerning the calibration, binding energy of
the C 1s hydrocarbon peak was set at 284.8 eV. The
pressure in the analysis chamber was maintained lower
than 10−7 Pa. The background spectra are considered as
Shirley type.
The quantitative study of the ﬁlms was based on the
determination of the Mo 3d5/2 and Cu 2p3/2 , peak areas
with 1.726 and 3.547 as relative sensitivity factors (RSF)
respectively.

3 Experimental results and discussion
Following a preliminary review of the literature [1,22] we
have initially ﬁxed the Cu thickness to 11 nm and we
studied the inﬂuence of the thickness of the MoO3−x layer
on the optical properties of the structures (structures Cu
(11 nm)/MoO3−x (x nm). The optimal thickness of the
MoO3−x bottom layer in O/M/O structure being 20 nm
[24], we limit the maximum MoO3−x layer thickness to
this value. Then we ﬁxed the MoO3−x thickness to the
optimum thickness experimentally determined and we
used the Cu layer thickness (tCu ) as parameter (9.5 nm <
tCu < 14.5 nm) (structures Cu (x nm)/MoO3−x (20 nm)).
Knowing that Cu diﬀuse strongly into MoO3−x and
that a very thin Al layer allows limiting this diﬀusion [23],
we also realized structures Cu (x nm)/MoO3−x (20 nm)/
Al (1 nm)/MoO3−x (10 nm). This last conﬁguration made
these structures directly usable as an anode in organic
optoelectronic devices.
3.1 Optical and electrical characterization

2 Experimental
After cleaning the glass substrate were loaded in the vacuum chamber (10−5 Pa). The Cu and MoO3−x were
deposited by simple sequential joule eﬀect sublimation
(MoO3 ) or evaporation (Cu). The diﬀerent layers were
deposited onto substrates at room temperature. The
deposition rate and thickness were measured in-situ with
a quartz monitor, with the help of a rotating mask.
The optical measurements were carried out at room
temperature using a Perkin spectrophotometer. The optical transmission was measured in the 0.3–1.2 μm spectral
range. The four-probe technique was used to measure the
electrical conductivity.
The surface topography and the cross section of the
structures were observed with a ﬁeld emission scanning
electron microscope (SEM, JEOL F-7600). The SEM

The transmission curves of the structures Cu (11 nm)/
MoO3−x (x nm), with x = 10, 15, 20 nm are presented
in Figure 1a. Not only has the transmittance maximum
increased with the MoO3−x thickness but also the width
of the transmission spectrum. As said above, and in order
to preserve the conductivity of the structures, we limited
the MoO3−x thickness to 20 nm. Then we studied the
inﬂuence of the Cu thickness.
The transmission curves of the structures Cu (x nm)/
MoO3−x (20 nm) are presented in Figure 1b. It can be
seen that, by comparison with Cu alone, the MoO3−x layer
allows improving signiﬁcantly the transmission of the
structures. The transmission increases with the Cu thickness from 9.5 nm to 12 nm and then it decreases. If the
maximum value of the transmission is only 73%, the width
of the transmission spectrum is very broad, broader than
that usually encountered using O/M/O structures [1].
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(a)

After studying the optical transmission of the structures we proceed to the electrical characterization of the
most promising structures.
It is interesting to note that, for a Cu thickness given,
the structure which exhibits the best transmission curve
gives the better sheet resistance. For instance, when a
Cu layer thick of 11 nm is used, the best sheet resistance, 90 Ω/sq., is obtained for the structure Cu (11 nm)/
MoO3−x (20 nm). If this value is promising it remains
lower than those obtained with the O/M/O structures.
Therefore, as discussed above, in order to limit the
Cu diﬀusion and to improve the electrical properties of
the structures, we introduced an Al ultra thin layer.
If, as shown in Figure 1c, the transmittance is slightly
decreased, the conductivity of the structures is notably
augmented. For instance, in the case of a structure Cu
(12 nm)/MoO3−x (20 nm)/Al (0.5 nm)/MoO3−x (10 nm)
the sheet resistance is 5.2 Ω/sq., which is a very small
and promising value. That of MoO3 alone is around
106 Ω/sq.
Therefore in order to measure the real potentialities of
this structure we use the classiﬁcation technique proposed
by Haacke [25].
The factor of merit ΦM proposed by Haacke is ΦM =
T 10 /Rsq , with T transmission and Rsq the sheet
resistance of the structure. The factor of merit ΦM calculated for the best structure, i.e., Cu (12 nm)/MoO3−x
(20 nm)/Al (0.5 nm)/MoO3−x (10 nm) is ΦM = 2.41 ×
10−3 Ω−1 . This value is higher than that achieved with
MoO3 /Al/Cu/Al/MoO3 (0.43 × 10−3 Ω−1 [23]) and of
the same order of magnitude than that achieved by MoO3 /
Ag/MoO3 (1.3 × 10−3 Ω−1 ).
In order to better understand the diﬀerent behaviors
of the structures we proceeded to some physico-chemical
characterization.

(b)

(c)

3.2 Physico-chemical characterization of the diﬀerent
structures

Fig. 1. Transmittance spectra of the glass/Cu/MoO3−x with
diﬀerent layer thickness.

Starting with these optimum structures we proceeded to the realization of structures Cu (12 nm)/
MoO3−x (20 nm)/Al (x nm)/MoO3−x (10 nm). The transmission curves obtained with xAl = 0, 0.5 and 1 nm are
shown in Figure 1c. It can be seen that, even for 0.5 nm,
the Al layer induces a slight decrease of the transmission,
decay increasing with the Al thickness.

The Figure 2 shows the images of the surface of typical
Cu (12 nm)/MoO3−x (20 nm) (Fig. 2a) and Cu (12 nm)/
MoO3−x (20 nm)/Al (0.5 nm)/MoO3−x (10 nm) (Fig. 2b)
structures. There is no signiﬁcant diﬀerence visible. The
surface layer is very homogeneous and granular, with an
averaged grain size around 100 nm.
Since Cu diﬀuses in MoO3−x it is important to check
if this diﬀusion is homogeneous. So we used the backscattering mode to perform some images. In that mode, the
heavier atoms appear brighter on the photos. Cu being
heavier than MoO3−x , if amounts of Cu are present they
should be clearer than the matrix of the layer. In fact, no
white grains are visible in Figure 3, which testiﬁes that
the Cu diﬀusion into MoO3−x is homogeneous.
On the eﬀectiveness of the ultra-thin Al layer as Cu
blocking layer, we proceeded to the visualization of the
cross section of structure with and without Al intermediate layer. It can be seen in Figure 4 that the proﬁles
depend on the structure.
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Fig. 2. Scanning electron microphotography showing the surface morphology of (a) Cu (12 nm)/MoO3−x (20 nm) and
(b) Cu (12 nm)/MoO3−x (20 nm)/Al (0.5 nm)/MoO3−x
(10 nm).

In Figure 4a, the cross section of a structure Cu/
MoO3−x /Al/MoO3−x is visualized using the backscattering mode. The backscattering mode allows discriminating
two zones with diﬀerent brightness.

Fig. 3. SEM visualization of the surface of glass/Cu/MoO3−x
in the backscattering mode.

Fig. 4. Cross section visualization of Cu/MoO3−x /Al/
MoO3−x (a) and Cu/MoO3−x (b).

The bottom layer is brighter than the upper layer.
It is due to the presence of higher density of quite heavy
Cu atoms into that layer, than in the upper layer.
Such layer diﬀerentiation is not present in the case of simple Cu/MoO3−x structures (Fig. 4b). That means that
Al has some eﬀectiveness in blocking Cu atoms. However
we note the presence of more bright spots near the glass
substrate, reﬂecting a residual inhomogeneous diﬀusion
of Cu, attesting that the Al layer is not continuous
because of its very small thickness. This relative eﬀectiveness was checked by XPS analysis. A quantitative analysis
of the surface of the structures shows that in the case of
Cu/MoO3−x , we have 40 at.% of Mo for 60 at.% of Cu.
In the case of Cu/MoO3−x /Al/MoO3−x , the thickness of
the Al ultra thin layer being 0.5 nm, there are only 40 at.%
of Cu.
The XPS spectra for a Cu/MoO3−x structures are presented in Figure 5. The Mo 3d signal corresponds to two
doublets (Fig. 5b). The main Mo 3d5/2 peak is situated

24604-p4

M. Hssein et al.: Copper:molybdenum sub-oxide blend as transparent conductive electrode (TCE) indium free

(a)

at 231.8 eV, the second one is situated at 232.7 eV.
Therefore, the main peak can be attributed to Mo5+ ,
while the second one corresponds to Mo6+ [26]. It is known
that MoO3−x deposited by sublimation under vacuum is
oxygen deﬁcient. In our case, the atomic composition of a
MoO3−x ﬁlm thick of 50 nm was checked by microprobe
analysis.
The atomic composition measured corresponds to
MoO2.6 , which explains the presence of Mo5+ and also
the easiness of Cu to diﬀuse into MoO3−x . The O 1s peak
(Fig. 5c) corresponds to two contributions. The main one
situated at 530.4 eV corresponds to oxygen bounded to a
metal such as Mo and Cu [27], the second one, at 531.85 eV
corresponds to some surface contamination. The shape of
the Cu 2p doublet in Figure 5a is typical of a partly oxidized copper layer. Actually, it is known that the oxidation not only induces a shift of the Cu 2p doublet, but
also modiﬁes strongly the shape of the curve [28]. A decomposition of the Cu 2p3/2 peak allows estimating that
around 30% of Cu is oxidized in the case of Cu/MoO3−x
(inset Fig. 3a) and 15% in the other case.

(b)

4 Conclusions
New transparent conductive electrode exempt of indium
with a factor of merit ΦM = 2.41 × 10−3 Ω−1 was achieved
using a very simple technique. Due to spontaneous Cu diffusion into MoO3−x , a simple sequential deposition Cu/
MoO3−x allows to obtain a conductive layer. After optimisation of the thickness of the diﬀerent layers we show that
it is possible to improve the performances of these structures by adding on their top a new sequential deposition
Al/MoO3−x . Actually the Al ultra thin layer (0.5 nm)
allows to limit the Cu diﬀusion and therefore to improve
the conductivity and the stability of the electrode.
This work was ﬁnancially supported by the CNRST (PP Ministère, Morocco). Authors are grateful to N. Stephant (IMN)
for his technical assistance in scanning electron microscopy.
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