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Abstract: MoO; is well known as efficient anode buffer layer in optoelectronic devices. Actually, MoO; can be easily deposited under
vacuum, by sublimation for instance, and also by wet process. So it is known from a long time that the films deposited by sublimation are
amorphous and slightly oxygen deficient, which induces a light blue coloration due to oxygen vacancies. These oxygen vacancies imply
the presence of Mo*" and Mo™" in the films. The presence of oxygen vacancies increases the conductivity from 107 to 10 (Qcm)™!, while
stoichiometric films are insulating and MoO, has a metallic like behaviour with 6 =2 10? (Qcm)™". About the efficiency of MoOs as buffer
layer, recent studies questioned the MoO3 band structure generally admitted. Under ultra high vacuum, the measured ionisation energy,
IE, and electron affinity are found to be 9.7 eV and 6.7 eV respectively, while the films are strongly n-type. Its means that the very large
IE energy of the MoOj; excludes any hole transport via the valence band, while the energy alignment between the band conduction
minimum, CB, of MoOj; and the Highest Occupied Molecular Orbital (HOMO) of the organic material is favourable for electron transfer
between the two materials. In the case of organic photovoltaic cells, the photogenerated hole recombines with an electron at the interface
between MoO; and the organic layer. Indeed, the work function, WF, of the molybdenum oxide films depends strongly of its
composition, WF decreases when the oxygen deficiency increases, and on the exposition, or not, of its surface to air contamination. This
makes that WF varies from 6.9 eV for a layer studied under ultra high vacuum to 5.2 eV for a layer exposed to the air a few hours.
However, since the initial value of WF is very high, MoO; remains effective if the Highest Occupied Molecular Orbital of the organic
material is lower than 6 eV. The band structure of MoOs and the large possible variations of WF make that, for specific conditions of
preparation and conditioning, MoO; can also be used as CBL.

Keywords: transition metal oxide, organic optoelectronic device, buffer layer, molybdenum trioxide, organic photovoltaic cells.

1. INTRODUCTION

Nowadays, due to its exceptional efficiency as buffer layer
in optoelectronic devices, the molybdenum oxide, MoO3, is
the subject of a very big interest as shown by the numerous
publications which are dedicated to it these last years. It
turns out that within the framework of its application as
buffer layer, a controversy took birth concerning the band
structure of MoO3 and this one is presented in a recent
article of synthesis above transition metal oxides for organic
electronic [1]. As a matter of fact, the studies devoted to
MoO3 did not begin these last years and numerous works
were dedicated to it during the second half of the last
century. MoO3 belongs to the transparent metal oxides

(TMO), which exhibit original properties due to the
transition metal. Actually, transition metals have their d
orbitals partially filled, which in solids, induces the
formation of narrow d bands. The 2p orbitals of TMO,
which originate from the oxygen anion, are completely
filled. They form the valence band, while the 3d bands,
which originate from the metallic cation, are completely
empty at 0 K and form the conduction band. In the case of
molybdenum oxides, if stoichiometric MoO3 is insulating,
MoO2 has a metallic conductivity, while sub-stiochiometric
MoOx have semi-conducting properties. Usually, MoO3
crystallizes in the a-MoO3 orthorhombic structure, but
others structures are possible.
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In the present work, we focus our interest on MoO3 thin
films, being interested by its application to organic
optoelectronic devices. In the section 2, we recall that very
interesting works were dedicated to MoO3 thin films well
before that people are interested in its application in organic
optoelectronic devices. In section 3, its use as anode buffer
layer is described. The section 4 is dedicated to UPS-IEPS
experimental studies, studies which question the MoO3
bands structure generally accepted before. Then in section 5,
according to the debate opened by these measures giving
new values for the MoO3 band structure, we discuss the
different models proposed to justify the efficiency of MoO3
as anode buffer layer. A new controversy is now opened
about its effect on device performances, when MoO3 is used
as cathode buffer layer, it is discussed in the last part of
section 5. Our discussion leans on a study led in the
laboratory. Some perspectives are given as conclusion.

2. MoO; THIN FILMS GENERALITIES

It is remarkable that many old publications present very
interesting studies which often describe results which are
nowadays presented as new. The article of Deb and
Chopoorian, which dates of about half a century, presents a
very complete optical study of MoO3 thin films deposited
by sublimation [2]. The films, thick of 100-245 nm, are
deposited at very high speed (17+1.5 nm/s). The
composition of the films is identical to that of the starting
material. After sublimation, the films are amorphous, with
an optical band gap, Eg, of 3.1 eV and a refractive index n =
2.38. The formation of colour centres is also studied, it will
be discussed below. MoO3 films were also deposited by rf-
sputtering [3]. Here, a MoO3 compressed powder is
sputtered by an Ar-O2 gas mixture onto a substrate heated at
200°C. The properties of the films depend on the oxygen
relative concentration. For instance, the electrical resistivity
of the films increases with increasing oxygen concentration
from 2.5x1010 to 1x1012 Qcm. The refractive index n =
2.01 to 2.26, while the band gap varies from 2.67 to 2.76
eV. Reactive sputtering was also used as deposition
technique of MoO3 [4, 5]. Starting from Mo targets,
depending on the oxygen partial pressure during sputtering,
the films crystallize in either the thermodynamically stable
orthorhombic a-MoO3 or a new metastable monoclinic -
MoO3 phase, while the films deposited on cooled substrates
are amorphous [4]. Here again n and Eg were measured, n =
2.3, while Eg = 3.1. It is possible, by varying the power
supplied to the magnetron source, to deposit films with
composition continuously ranging from MoO3 to Mo20.
This observation of many non-stoichiometric compounds
suggests interstitial occupancies within a host lattice
framework [5].

Another MoO3 deposition technique used since a long time
is the chemical vapour deposition (CVD) [6-8]. CVD allows
achieving MoO3 thin films when molybdenum
hexacarbonyl Mo(CO)6 is used as precursor. More

precisely, after deposition of black molybdenum, MoO3 is
achieved by annealing in air these black molybdenum films.
At 500°C to 600°C, these films become transparent, they
crystallize in the orthorhombic modification of MoOx.
Depending on the annealing conditions the band gap varies
from 2.70 to 3.1 eV and n from 2.15 to 3.2.

MoO3 films can be achieved using MoS2 as precursor,
either starting from suspension of monomolecular layers of
MoS2 in water [9] or by substitution of the chalcogen of
pre-textured chalcogenide film [10]. Such technique allows
achieving textured films. In both cases MoO3 thin films
crystallized in the orthorhombic structure are obtained with
their crystallites oriented along the (0k0O) direction. The
resistivity of these films is p=2x106 ohm.cm.

Table.1. Raman peaks of MoO3 and MoO2 [11].

Material Raman peaks (ecm™)

MoO; 997 821 668 379 338 293 285 244

MoO, 744 589 571 495 461 363 228 203

In a more than 20 years old manuscript [11] an
exhaustive and actual study by X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy of the
progressive thermal reduction of MoO3 film is proposed.
The MoO3 films are grown directly onto Mo substrate by
heating in air at 250°C for 4h. Then, they are progressively
reduced in hydrogen or nitrogen gases at a temperature
range 350-730°C. The binding energies measured for the
different Mo oxidation states (Mo° to Mo6+) are given in
table 1. The measured values are in good agreement with far
more recent studies. The Raman spectroscopy study shows
that it is a powerful technique to discriminate between the
two phases of molybdenum oxides: MoO; and MoO, (Table
2).

Table.2. Binding energy of Mo3ds,, for the different oxidation states of
Mo [11].

Oxidat
ion Mo°  MoO; Mo0, Mo* Mo™ Mo®’
state

Bindin
g
energy
(eV)

227.7 2327 229.2 230.1 231.2 232.6

As evocated above, just like WO3;, MoOj; is known for its
electrochomic and photochromic properties [2, 12, 13]. On
irradiating MoOj; thin films with light of wavelength shorter
than 330 nm, three absorption bands due to color-centers are
formed. The same type of color-centers is formed by heating
in inert atmosphere. These color-centers cannot be bleached
optically. However they can be bleached thermally in
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oxygen atmosphere at 300°C. The formation of the color-
centers is associated with increased dark conductivity of the
MoO3. The study is completed by ESR experiments. It is
shown that the ESR signal, g = 1.924, which is due to the
presence of Mo5+, disappears after heating, ie after
bleaching of the color-centers. It is concluded that the color
centers are formed as a result of free electrons being trapped
in oxygen ion vacancies [2]:

1 .
MoO; - 5 x0,= [M01-2x6A M02x3+] Oz x Dy

Electrochomism and  photochromism  were also
encountered in films deposited by electron beam
evaporation [12]. In the presence of steam there is
possibility of film colouring, not under vacuum. It
corresponds to a Red-Ox reaction:

H+ reduction:
MoO; + xH ++xe ——> Mo, (OH)_

In the same way, amorphous films of MoOs, deposited by
thermal evaporation, can be coloured using NH,SO, as

Vacuum level

X €
LUMO
ﬁ—
o Al HOMO
ED EA

Figure 1: Scheme of the band structure at the contact electron
donor/electron acceptor.

electrolyte [13]. A strong absorption band appears, at
around 900 nm, in the optical spectrum of coloured films.
Another example is given by the MoOs; films deposited by
rf sputtering [3]. These films exhibit the required
properties for their use in electrochromic display, in
presence of LiClO4, under a dc polarization of 0.5 V,
MoQ;j is coloured by the Li+ ions.

Some general information can be extracted from these
previous studies:

-MoOj; thin films can be easily deposited by simple Joule
effect sublimation,

-These films are amorphous and slightly oxygen deficient,
which induces a light blue coloration due to oxygen
vacancies.

-These oxygen vacancies imply the presence of Mo"" and
Mo’ in the films.

-These films are electrochromic.

-Stoichiometric films are insulating,

-The presence of oxygen vacancies increases the
conductivity from 107 to 10° (Qcm)”,

-MoO, has a metallic like behaviour with ¢ = 2 107
(Qem)™ [8].

We must keep in mind these informations while we are
going to be interested in the current applications of
MOO3.

3. MoO3 as anode buffer layers in organic
optoelectronic devices

As evocated previously, organic optoelectronic devices
such as organic photovoltaic cells (OPVs) and organic
light emitting diodes (OLEDs) are nowadays the subject
of a very large numbers of studies because of their
lightness, flexibility, easiness to achieve... Roughly, such
devices are constituted by an active organic film
sandwiched between two electrodes, one of them being
transparent and the other one being highly reflexive. More
precisely, the active organic film corresponds to two
constituents, one of them is called the electron donor
(ED) and the other is called the electron acceptor (EA).
The electric field present at the contact ED/EA permits
the charge separation of the carriers bounded in the
exciton formed after light absorption by one of the
organic material, usually the ED. As a matter of fact, the
ED and EA must have their relative electron affinity,
(Lowest Unoccupied Molecular Orbital-LUMO) and
ionisation energy, (Highest Occupied Molecular Orbital-
HOMO) well adapted. The electron affinity of the donor
is smaller than that of the acceptor, while the ionisation
energy (IE) of the acceptor should be significantly greater
than that of the donor. The electric field results from this
band structure configuration (Figure 1). Based on these
foundations, two OPV families are under investigation.
The first one is based on a blend of the ED and EA, the
ED being usually a polymer and the EA a fullerene
derivative (Figure 2). The second is based on planar
heterojunction (Figure 3). Each of them has their
advantages and disadvantages.

For effective light absorption, the organic semiconductor
film thickness should be at least 100 nm, since the typical
diffusion length of the exciton is 10-20 nm and since the
exciton dissociation is effective at donor/acceptor
interface, one possibility is to use a blend of the donor
and the acceptor, as said above, this concept is called
“bulk heterojunction (BHJ) [14]. The BHIJ allows
improving power efficiency by increasing the area of
interface between the electron donor and the electron
acceptor, through spontaneous phase segregation of both
phases. The first difficulty encountered in such dispersed
heterojunction is that of solid state miscibility and
stability. Usually organic conjugated systems are not
miscible. Therefore the blend should be fabricated out of
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equilibrium. Spin coating, ink jet printing and also co-
evaporation can be used. However the morphology of
these BHJ is difficult to control. The spontaneous phase
separation results in a disordered morphology, with cul-
de-sac regions that impede transport of charge to the
electrodes (Figure 2) [15].

OTC

Figure 2: Schematized bulk heterojunction.

Recent improvement of the performance of small
molecules OPV cells induces a new growing interest for
the planar heterojunctions [16]. These OPV cell are based
on an organic bilayer, sandwiched between two
electrodes. The bilayer is an heterojunction, between an
ED and an EA. The advantages of these structures are:
easy control of the structure (thickness, morphology,
number of films...) high flexibility in the cells growth,
purity, reproducibility.

Aluminium Cathodes

Exciton blocking layer

Electron Acceitor ‘
node buflier layer '

Figure 3: Schematized planar heterojunction.
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Figure 4: Schematic representation of the band scheme of OPV without
(a) and with (b) buffer layer.

About the electrodes, while aluminium, or silver, is often
used as reflexive cathode, it is well known that the
transparent conductive anode which gives the best
optoelectronic devices is the indium tin oxide (ITO). It is
admitted, in order to achieve high efficiency, that the use
of performing organic materials is necessary but not
sufficient because after the absorption of the light and the
charge separation it is necessary to collect the carriers,
which means that nearly ohmic contact with the
electrodes are necessary. For instance, often, the hole
exchange at the interface ED/anode is a limiting factor of
the device performance.

4 T T T T

Y

J (mA/em?)
N
—
1
%

LS

200 400 600 800
V mV)

Figure 5: J-V characteristics of OPV cells using Au ABL(open
symbols) and MoO3 ABL (full symbols) for EDs with different
HOMO values.

To circumvent this difficulty buffer layers are
often introduced between the electrodes and the organic
materials (see for instance Figure 3). The buffer layer
between the anode and the ED is the anode buffer layer
(ABL) and that between the cathode and the EA is the
cathode buffer layer (CBL) which is, as we will see
below, often called exciton blocking layer (EBL), at least
in the case of planar heterojunctions. In the classical
configuration, the cathode is the top electrode and it must
be highly reflexive for improving light absorption, mainly
in the case of planar heterojunctions. Also its work
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function must be as low as possible. Therefore the metal
used is either Al or Ag.

The transparent electrode, which allows the photons to
interact with the organic absorbing layer, is usually an
ITO film deposited onto the glass substrate.

Schematized band scheme representations of planar OPV
without and with buffer layer are presented in figure 4, it
can be seen that without buffer layers, potential barriers
are present at the interfaces electrode/organic material.

As said above, efficient charge collections are usually
achieved through electrode buffer layers. As a matter of
fact, for efficient charge collection, work functions of
cathode and anode must be matched to the lowest
unoccupied molecular orbital (LUMO) of acceptor and
the highest occupied molecular orbital (HOMO) of donor,
respectively. Buffer layers (BF) are necessary in view of
the difficulties in organic optoelectronic devices of the
charge carrier transport between the organic materials and
the electrodes. More specifically, in the case of CBL, in
planar heterojunction, the CBL avoid the quenching of the
exciton by the metal. Such CBL was called exciton
blocking layer (EBL) [17]. It has been proposed also that
it can prevent damage to the electron acceptor film during
cathode deposition, and behaves as optical spacer. If the
EBL block the excitons, it should not block all charge
carriers. However the offset energy of the HOMO of the
electron donor (often the fullerene) and the EBL (such as
the bathocuproine) is large. Moreover, the optimum EBL
thickness is 8-9 nm, which is too tick to allow high
tunnelling current. So it has been suggested that the
charge transport in the EBL is due to aluminium diffusion
during deposition of the cathode [17].

In the case of the anode/electron donor contact, a
common solution is to introduce a thin ABL, which
adjusts the electronic behaviour of the adjacent materials.
For instance, when CuPc is the ED, we have shown that
an ultra-thin (0.5 nm) Au film introduced between the
anode and the organic material can be used to improve the
devices performances [18, 19].

As a matter of fact, if the work function, WF, of ITO is
only 4.8 eV, the HOMO of CuPc is 5.2 eV and WF of Au
is 5.1 eV. Therefore, the Au improves significantly the
band matching between CuPc and the anode. The
importance of the band matching on the OPV cells
performance is consolidated by the study which we led on
the effect of the HOMO value of the ED on the
performances of the OPV cells. If Au is a very efficient
ABL when the HOMO is around 5 €V, when it is around
5.5 eV, which is the case when the ED is
tetraphenyldibenzoperiflanthene (WFpgp 54 eV),
thienylenevinylenetriphenylamine functionalized with
per  heral dicyanovinylene groups (WFrpcv.rpa = 5.8
eV), it does not work anymore (Figure 5).

On the contrary, MoO; is efficient whatever the HOMO
value is (Figure 5) [20, 21]. As a matter of fact, it was
shown before that MoOj; is an efficient hole injecting
layer in OLEDs [22, 23] and, in the same way, a
promising ABL in OPV cells [24, 25]. Usually, in the first
works describing the interest in using MoO; buffer layers,
it is supposed that it is a p-type semiconductor with the
summit of its valence band (VB) situated at 5.3 eV below
the vacuum level, which could induce a better band
matching at the interface anode/ED and justifies the
positive effect of MoO;. However, contrarily to Au,
MoOQO; is efficient with ED exhibiting an HOMO value
significantly higher than 5.3 eV. Moreover we showed
that whatever the depositing process of MoOs,
sublimation [26] or electrochemical process [27], it works
as ABL, even if the surface properties of both kinds of
films must be quite different. More precisely it could be
noted that, in the case of electrochemistry, the MoO;
films are efficient only when Mo’  are present in the
films. All this made that if the effect of Au on the OPV
cells performances appears easy to understand (Figure 6)
that of MoQj3, which is more universal, is not so simply
understandable.

4. Ultra-violet photoemission spectroscopy and inverse
photoemission spectroscopy of MoQj; thin films.

For the investigation of the chemistry and electronic
properties of interfaces, X-ray photoelectron spectroscopy
(XPS) and ultraviolet photoelectron spectroscopy (UPS)
and inverse photoemission spectroscopy (IPES) are
valuable tools. Before presenting the MoOs study by these
techniques, we shortly recall the bases of these techniques
and some generalities on the behaviour of metal/organic
semiconductors interfaces [28]. Usually, the direct and
inverse spectroscopies (UPS and IPES) are realized in situ
under ultra high vacuum. UPS was done with helium
discharge lamps using two specific radiation lines, Hel
(hv =21.22 eV) and Hell (hv = 40.8 eV). IPES was done
using a low energy electron gun and a detector of
photons.

LUMO
WFITO
4.5eV
\EP Au (52 eV) CuPc
5.1eV
HOMO
ITO Au ED

Figure 6: Schematized band scheme of the contact ITO/ABL/ED
with ED with different HOMO values.
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Figure 7: Schematized presentation of combined UPS and IPES
spectra.

The electron of weak energy penetrates into the solid
above the vacuum level and decay in an empty state. The
energy so released gives a photon, which is captured by
the detector. The number of photons collected according
to the energy of the electron gives the density of
unoccupied states in the studied solid (Figure 7). The UPS
spectrum gives the HOMO with regard to the Fermi level
Ef, while the IPES spectrum gives the LUMO. The
difference between them is the band gap of the material
Et, not to confuse with the optical band gap Eg, which
gives the energy necessary for the formation of an
exciton. Then Et-Eg corresponds to the binding energy of
the exciton. At the left part of the UPS spectrum the
secondary electron cut-off provides a direct measure of
the vacuum level of the sample. Actually, the source of
energy hv can extract electrons, i.e. carry them to the
vacuum level, only after having overcome their binding
energy in the atom and the energy to carry them from the
surface of the atom to the vacuum level. Thus the cut-off
allows measuring WF:

WEF = (hV = CUt-Off)Ef:o

In figure 8, we present the electronic structure of typical
metal/organic semiconductor interface. The density of
interface gap states, D, is schematically represented at the
interface between the HOMO and LUMO, while the shift
between the vacuum level of the two materials is called .
As a matter of fact, after deposition of an organic
monolayer, possible shifts of the cut-off and thus of the
vacuum level suggest the formation of an interfacial
dipole layer A [29, 30] (Figure 8). In this case the small
binding energy onset corresponds to the emission from
the highest occupied molecular orbital (HOMO) and the
high binding energy (low Kkinetic energy) cut-off
corresponds to the vacuum level at the surface of the
organic layer. Therefore as said above we can visualise

10

the relative position of the energy levels at the interface,
and examine the difference of the vacuum level between
the metal and organic layer which corresponds to A
(Figure 8).

A=0 b A%0
a
Vﬁcuum level — Vacuum level
WF L E T ——rLumo
WF
— | LUMO 1
Eov
™~ —— HOMO
'
. A4
E E; KN
" HOMO
Metal Metal \— -
Semiconductor
Figure 8: Interfacial dipole A after contact: a: 4 =0, b:A4+0.

In figure 8 Ecnp is the charge neutrality level of the
interface states. If Ef is below (above) Ecny. the net charge
in the interface states is positive (negative) and a positive
(negative) dipole develops across the interface. The
occurrence of a dipole is due to the presence of interface
states. The main contribution is the induced interface
states, which are due to the overlap between continuum of
metal states and organic semiconductor molecular levels,
which broaden the latter and induces a density of interface
states in the gap of the organic semiconductor [31].

The total charge of the density of interface states is null if
the Fermi level, Ef, aligns with Ecyp and it is negative or
positive if it is above or below it. Therefore the metal
work function of the electrode is very important in
determining the barrier height at the interface. However,
the range of work function of metal and transparent
conductive oxides which can be used as electrode is
relatively limited. So, electrode surface modification is
necessary and, as said above, MoOjs is one of the most
successful anode buffer layer, which justify its
characterisation by UPS and IPES spectroscopies.

Recent studies, using UPS and IPES measures,
questioned the MoO; band structure usually accepted,
namely the p-type and the value of WF. Actually, UPS
and IPES are highly performing techniques which allow
measuring with precision the band structure. In a
reference work Kroger et al show that the values of IE, %
and WF are very superior to those admitted before [32].
In this study, MoQO; is deposited onto ITO in ultra high
vacuum (around 107 Pa). The UPS study shows that WF
=6.86 ¢V and WF-VB = 2.82 eV, which means that IE =
9.68 eV. The IPES study gives x= 6.7 eV, i.e. 0.16 eV
above WF, which means that MoOj; is deeply n-type. The
n-type is related to the existence of oxygen vacancies,
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Figure 9: Old (a) and new (b) scheme of the MoO3 band

structure.

which increase the film conductivity, even if only Mo®
are detected by XPS. The new measured values are
presented in figure 9 where they can be compared with
the old usually accepted values.

It is interesting to note that, while the p-type of MoO; was
admitted by the scientific community, in a pioneer work,
Sian and Reddy showed that sublimated MoOj; thin films
were n-type, with Mo*" and Mo5+ present in the films due
to oxygen deficiency in as-deposited films [figure 9 ref.
33].

In the same spirit than in ref 32, Greiner et al [34]
proceeded to a systematic study of the different oxidation
states of Mo. They start from the molybdenum metal,
which Mo3ds, is 228 eV. Then they oxidize the Mo to
achieve MoOs, here the oxidation state of Mo is Mo®" and
Mo3ds, = 232.4 eV. Then they reduce the oxide to Mo0, 5
by annealing under vacuum. The reduced oxide contains
Mo*" and Mo’* with a metallic band structure similar to
MoO,, here the binding energy of Mo3ds/, is 229.3 and
231.2 eV for Mo*" et Mo " respectively. The UPS study
allows measuring the work function of Mo in its different
oxidation states: 6.8, 5.9, 4.7 eV for MoOs, MoO, and Mo
respectively. Here also the oxide films are n type. In the
case of fully oxidized Mo, the WF value is nearly equal to
that measured by Kroger et al (figure 9). Moreover, it can
be concluded that the value of WF varies with the
oxidation state of the oxide. Irfan et al [35] show that air
exposition of MoQOj; thin films induces a significant
decrease of its WF. The WF surface value gradually
changes from 6.8 to 5.3 eV for air exposed films, while
for oxygen exposed films, WF saturated at 5.7 eV. It
corresponds to two distinct stages of exposure, one
dominated by oxygen absorption and the other by
moisture absorption. This surface WF evolution is
corroborated by a study of the Kroger group which shows
that, while after deposition under ultra high vacuum, WF
= 6.8 eV, after 1-3 min of room air exposure, WF
decreases of 1 eV and CB = 5.5 eV while VB = 8.6 ¢V,
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CB being the bottom of the conduction band. They also
show that the value of the dipole created at the interface
MoOs/organic material depends on the history of the
MoO; layer and on the HOMO value of the organic
material. In the case of N,N’-bis(1-naphthyl)-N,N'-
diphenyl-1,1'-biphenyl-4,4’-diamine  (a-NPD),  which
HOMO is 5.4 eV, the decrease of WF after air exposure is
compensated by the decrease of the dipole value, at the
interface after contact, which means that, finally, the band
matching at this interface does not depends of the air
exposure. Actually, while WF decreases from 6.7 to 5.5
eV when submitted to air, simultaneously decreases from
2.1eVto0.9eV [36].

Nevertheless, in another study [35], it is shown that, after
air exposure, following the decrease of its WF, the
efficiency of MoOj as buffer layer is limited to ED which
WF < 5.9. For higher HOMO value, some limitation of
the current of the device is possible [1, 37]. This last
result is corroborated by another study dedicated to the
effect of air exposure on the efficiency of MoOs; as ABL
[38]. Here WF decreases from 6.8 eV before air exposure
to 5.16 eV after air exposure of one hour. However the
study shows that when the HOMO of the organic material
is smaller than 6 eV, the hole injection barrier remains
unchanged after air exposure, while for organic material
with HOMO value higher than 6 eV there is s significant
increase of the hole injection barrier. As known, the films
deposited by sublimation under vacuum are deficient in
oxygen and Mo>" and Mo*" are detected by XPS.
Surprisingly, after air exposition, the reduced species are
not oxidized as expected. Instead the authors measure by
XPS a significant increase of these reduced species,
which suggest that the air exposure induces reduction and
not oxidation of the MoO; films. They propose that
during air exposure, some gas species such as water
molecules can undergo oxidative adsorption on MoO;
films, involving electron transfer from the adsorbates to
the underlying MoQOj; films, thereby reducing the MoO;
and decreasing its surface work function [38].

Using the semidirect XPS method we have estimated the
band discontinuities at the interface ITO/MoO; (AEv =
0.50 eV, AEc = 0.90 e¢V) and with a Kelvin probe we
have measured the ITO work function (4.7 eV). From
these measures we can estimate to 8.4 and 5.8 eV the IE
and yvalues of MoO;. These measures are in compliance
with the values measured by the other groups after air
contamination [36-38].

Therefore, it can be concluded from the UPS-IPES study
that if the MoO; thin films are systematically and strongly
n-type, which is due to oxygen vacancies, while its WF
depends strongly of its composition, WF decreases when
the oxygen deficiency increases, and on the exposition, or
not, of its surface to air contamination.
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Figure 10: Band scheme of the interface ITO/MoO3/CuPc (a)
old band scheme, (b) new band scheme.

5. How does it work?

If we suppose that, as still a lot of searchers [39-
41], that the band scheme of figure 9a is the good one, i.e.
that IE = 5.3 eV, x =2.3 eV, while WF is around 5.1 eV,
it can be think that MoOs allows achieving a good band
matching between the anode and the organic material
(Figure 10 a). With such band scheme the collection
(injection) of hole from (toward) the organic material
toward (from) the ITO electrode is facilitated.

LUMO
e-
CB
""" HOMO
ED
MoO;
VB

Figure 11: Interface ITO/MoO3/ED, about the collection
(injection) of holes.

However, even if there are still many searcher using these
values, the UPS-IPES measures proceeded by different
groups suggest that the true band scheme is more
probably that of figure 10 b [1, 32, 35, 42-46]. With IE =

12

9.7 eV, the hole transport through valence band is very
unlikely, more probably, the MoO; being strongly n-type,
the electron transport via the conduction band is more
probable, while, MoO; being a p-dopant of the organic
material it can reduce the barrier height at the interface.
Kroger et al propose that [1, 32] (figure 11), the very
large IE energy of the MoOs prohibits any hole transport
via the valence band, while the energy alignment between
the band conduction minimum, CB, of MoO; and the
HOMO of the organic material is favourable for electron
transfer between the two materials. In the case of OPV
cells, the photogenerated hole recombines with an
electron at the interface between MoO; and the organic
layer, which means that MoO; works as a charge
recombination layer. For OLEDs, under a positive bias
applied to the anode, hole injection into the organic film
proceeds via an electron transfer from the HOMO of the
organic to the band conduction of the MoO; (figure 11).
From this discussion, MoOs cannot be an electron blocker
because its CB edge is too low.

In addition to charge transport via the CB of the oxide,
charge transport via gap states in MoO; can be active. As
a matter of fact, gap states due to oxygen deficiency were
put in evidence in MoO,. However, the density of gap
states, which are clearly due to oxygen deficiency,
depends drastically on the formation conditions of the
interface. For instance, the stoichiometry of the MoO;
films depends on the deposition conditions. The MoOs
tends towards stoechiometry when the deposition rate
increases [47]. Therefore even if the interface behaviour
can be explained by the process described above [1], a
contribution of transport via gap states cannot be
excluded. Different authors use these gap states to justify
the behaviour of MoOj; as ABL.

LUMO
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Imo | A\ HOMO
2 ED
MoQO,
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Figure 12: Hole injection from ITO to organic, after surface
defect creation, there are two possible routes:(1) injection of
electrons into the ED via MoO3 conduction band.(2) injection of
electrons from the filled defect states of MoO3.
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As a matter of fact, following their study, defects of
MoO; play a crucial role because in perfectly
stoichiometric MoO; is insulating. After MoO; film
deposition and oxidation, defects are generated by surface
sputtering and high vacuum annealing. The XPS study
shows that Mo*" and Mo™" are present with the Mo®" after
defect creation. The defect creation allows an
improvement of the short circuit current and of the power
conversion efficiency of 50%. The enhancement of the
current densities results from an improved hole injection
property (from ITO to organic). After surface defect
creation, there are two possible routes as shown in figure
12. The first (1) is the injection of electrons into the ED
via MoO; conduction band. The second pathway (2) of
charge transfer is the injection of electrons from the filled
defect states of MoQ;. For as-prepared MoOs, the second
route is greatly reduced since the concentration of defects
is low. After defect generation the second pathways
become significant and the current increases [48].

Another example on the importance of the density of gap
states on the devices performances is given by Wang et al
[49]. They show that the injected current in organic light
emitting diodes is enhanced after a surface sputtering
treatment of 5 to 10 s of the MoO; layer used as hole
injection layer. As a matter of fact the injection current of
devices incorporating treated MoQO; is enhanced by one
order of magnitude as compared to that of devices without
sputter treatment. The luminance of the diodes is also
improved. It is due to the fact that with this slight sputter
treatment MoOj; layers represent lower oxidation states
and show metallic characteristics in energy band
structure, which remarkably elevates the carrier injection
efficiency from ITO to NPB. The work function of the
evaporated MoOs; is 6.2 eV. Since that of pure
stoechiometric MoOs; is 6.8 eV [1] and that of MoQO, is
5.7 to 5.9 eV, the measured value suggests a mixture of
MoO; and MoO, in the as deposited films, which is
reasonable since oxygen deficiency occurs during thermal
deposition of MoO; layers. After sputtering there is a
decrease of the work function indicating that the surface
of the MoO; layer was altered toward more MoQ, in
composition. Also the band structure is modified with the
growth of gap states at 1.1 and then 2.2 eV below the
Fermi level. These gap states originate from the partially
filled Mo4d bands due to the removal of oxygen atoms.
These gap states even connect the original valence band
edge of MoO; to the position of the Fermi level, giving
metallic characteristics. These gap states serve as carrier
ladders and provide accessible states for hole to transfer
from ITO to the organic layer.

The importance of the gap states on the efficiency of
optoelectronic devices is corroborated by studies
dedicated to MoO; deposited by wet techniques. For
instance, after depositing, by spin coating, MoO, from
different solutions Sun et al [50] show that the efficiency
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of their inverted OPV cells is increased after air plasma
treatment. As a matter of fact they show that after air
plasma treatment the Mo/O atomic ratio decreases from
3.03 to 2.71. This MoO; reduction allows achieving
efficiency of the same order of magnitude than that
obtained with MoOj; deposited by sublimation under
vacuum. They attribute this efficiency improvement to the
fact that the deficiency of oxygen in the MoO; layer
would lead to extra states in the forbidden gap of MoO;,
providing another path for hole transport, thus improving
the transport and therefore the OPV cell efficiency.

About the interest of this second path for carrier transport,
Vasilopoulou et al shown that it not only improve the
efficiency of MoOj as buffer layer but also that the bang
gap states allows using MoOj; as cathode buffer layer. As
a matter of fact, recently, Vasilopoulou et al, have shown
that MoO, films can be used as anode and cathode buffer
layer [51, 52]. They deposit their oxide by using a hot-
wire vapour assisted technique. When the films are
deposited under oxygen partial pressure, stoichiometric
MoO; films are obtained, while substoichiometric films
are obtained when they are deposited in partial hydrogen
pressure. Through an XPS study they show that, while
only Mo®" are present in the stoichiometric MoOs films,
Mo and Mo’" are present in substoichiometric films.
The corresponding work functions are 6.2 eV for the
MoO:; films and 5.9 eV for the MoOjy films.

Moreover, in contrast to stoichiometric MoOs, the valence
spectrum of reduced MoO, shows a large density of
occupied sub-bandgap states centred at 2.2 and 1.1 eV
below the Fermi level that are attributed to filled with
electrons O2p and Mo4d states respectively. In particular
the peak attributed to Mo4d orbital extends up to the
Fermi level at almost 0 eV, implying that it has nearly
zero band gap and thus it behaves as a degenerated oxide.
A study of hole only devices shows that those with MoOy
layer have current two order of magnitude higher than
those using MoOs using buffer layer. As a matter of fact
if MoOs; allows obtaining a good band matching, it is
insulating while MoOy is not. Interestingly, it is shown
that, while the thickness (5-10 nm) of the MoO, film does
not change the current value, that of MoOs changes it, due
to its poor conductivity [52]. The same group proposes a
very original utilisation of MoO, as cathode buffer layer
[51]. They show that the electron injection in an OLED
based on  Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-
(benzo[2,1,3] thiadiazol-4,8-diyl)] (F8BT)
significantly improved by inserting a thin layer (5 nm) of
partially reduced molybdenum oxide (MoO,;) between
the aluminium cathode and the organic emitting layer.

can be
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They attribute this improvement to the occupation with
electron of the gap states attributed to Mo4d orbitals.
Actually after measuring the valence band maximum
energy of MoOy by UPS to be equal to 7.1 eV, the band
gap of MoO; being 3 eV, they conclude that the
conduction band minimum is at around 4.1 eV, which is
in good agreement with the work function of Al (4.3 eV).
This energy alignment results in a relatively low electron
injection barrier height. In addition the states present in
the band gap of MoOx may increase the electron injection
from Al and increases the conductivity of the oxide layer.

In the same order of idea, more recently, it was shown
that OPV cells efficiency can be improve through the use
of a  bathophenanthroline/  molybdenum  oxide
(Bphen/MoOy) as compound cathode buffer layer [53].
OPV cells based on planar CuPc/Cyy diodes were used in
this work. It is shown that the optimum performance is
achieved when the cathode buffer layer is Bphen/MoOy
with thicknesses 2nm/5nm respectively. They attribute
this improving effect to the fact that the presence of
Bphen prevents the formation of a diode at the contact
Mo0O;/Cyo, While the MoO; prevents Bphen damaging
during Al deposition. In order to justify the good band
matching between Al (WF = 4.3 eV), MoO; (WF = 5.1-
6.2 eV, depending on the experimental conditions) and
Ceo (LUMO 3.7 eV) they propose a dipole value of 3 eV
at the interface MoOx/Bphen, value issued from the
bibliography. About the protection of Bphen by MoO;,
from Al deposition it should be noted that usually, among
the justification of the EBL (bathocuproine, tris-(8-
hydroxyquinoline) aluminium (Alqs) or Bphen) it is often
proposed that it protects Cqy from Al deposition and that
the diffusion of Al into the EBL allows electron transfer
through this layer. Therefore it seems that the protection
of the EBL by the MoO; is not clear. Moreover, the WF
value of MoO; being strongly dependent of its history
(deposition and storage conditions), the values stemming
from the bibliography must be used with precaution.
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Figure 13: J-V characteristics of OPV cells using (a) Alg3 (9
nm), (b) Alg3 (6 nm)/ MoO3 (3 nm) and Alq3 (3 nm)/MoO3 (6
nm) as CBL; in the dark (full symbols) and under light AM1.5
(open symbols).

Indeed, we have probed nearly similar structures in our
laboratory and we have obtained very different results.
Our OPV cells were ITO/MoOs/CuPc/C60/Alq3/MoO5/Al
with different thickness for the constituents of the couple
Alg3;/MoO0;. It can be seen that the presence of MoQOjs in
the CBL induces systematically a degradation of the OPV
cells performances, degradation which gets worse with
the increase of the thickness of the MoO; layer (Figure
13). When MoOs is thick of 2 nm (Figure 13b), the J-V
characteristics are S-shaped which is typical of the
formation of a reverse diode at a contact electrode/organic
material [54, 55]. This effect increases dramatically when
the MoO; thickness is 4 nm (Figure 13c). This
discrepancy must be discussed by using all the results
reported above.

The basic ideas which we can deduct of these results are
the following ones:

-MoO;s is strongly n-type,
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-After deposition in ultra high vacuum of MoOs, IE = 9.7
eV, y==6.7eVand WF = 6.9 eV.

-When deposited by classical thermal sublimation the
films are systematically oxygen deficient, MoOx, they are
semiconductor.

-Strongly  reduced  films, tends toward metallic

conductivity.

-The WF value depends strongly on the composition and
on the contamination of the films, it decreases with the
reduction of the MoOjs layers.

However, whatever is this value, the MoO; layer being
strongly n-type, the IE and y values are systematically
high and the hole collection cannot be effective through
its valence band, but through the conduction band.
Moreover the presence of band gap states due to oxygen
deficiency, not only decreases the resistivity of the film
but also provides a second path for carrier exchange
between the electrode and the organic material. So it
cannot be a selective layer for electrons, which justifies
that, in some specific conditions it can also be efficient as
CBL. About its success as ABL, if it is due to the high
value of IE, y and WF, the decrease of these values due to
reduction of the films (deposition conditions,
contamination) is not harmful to the effect of the MoO;
layer, because this decrease is associated with an increase
of the density of states in the band gap what open a
second pathway for the carriers and so compensates for
the losses owed in change of the values of IE, x and WF.

About its effect as CBL, due to the high values of IE, y,
and WF it can be efficient only if very specific conditions
are filled. These conditions, presence of high dipole at the
interfaces, high concentration of gap states, to obtain
electron paths, seem to be filled when the films are
deposited by the hot wire technique. When evaporated,
our study shows that these conditions are not filled, while
they seem to be in the case of Jin et al [53]. It is known
that IE, x and WF and the density of gap states depends
strongly on the deposition conditions and contamination
of the MoOs films. Therefore, probably, the experimental
and storing conditions are different. Our OPV cells were
studied immediately after realisations without any ageing
effect, which must correspond to high IE, x and WF
values and the formation of a high barrier at the interface
fullerene/aluminium, while in the case of Jin et al, they
proceed to long-term lifetime study and probably the
values of IE, x and WF are sensibly smaller which can
justify a possible positive effect of MoO; CBL.
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6. CONCLUSIONS

A review of the literature on MoQO; buffer layer in organic
optoelectronic devices confirms that, to day, MoOs
appears as the best anode buffer layer. Indeed, in the case
of OPV cells, whatever the deposition conditions and
surface contamination are, it permits optimizing their
efficiency, at least when the HOMO of the donor is less
than 6 eV, which corresponds to the majority of the
organic donors. This MoO; efficiency as ABL is due to
the very high values of IE, y and WF, and to the
compensating effect of the gap states creation when the
oxygen concentration in the films decreases or when the
films are contaminated. Actually, this increase in the band
gap states density in the forbidden bandgap allows
opening a second pathway for the carriers and so
compensates for the losses owed in change of the values
of IE, x and WF. About the use of MoO; as cathode
buffer layer, it appears more unpredictable due to the fact
that it must exhibits very specific properties to be
efficient.
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