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Abstract. Thermally deposited molybdenum oxide films are investigated with X-ray
photo-emission spectroscopy, ultra-violet photoemission spectroscopy and inverse photoemis-
sion spectroscopy. The Interface between MoO, and copper pthalocynine (CuPc) is studied and
the previously reported device performance improvement is explained, with the help of interface
energy level alignment. The effect of oxygen and air exposure on MoO, films and growth of gap
states with exposures are studied. The surface chemical compositions of MoO, films, of varying
thicknesses from 1 nm to 50 nm, have also been investigated. For all the investigated film
thicknesses, the thermally evaporated films are found to be oxygen deficient. It is believed,
that the oxygen vacancies can be subdued to a great extent by annealing at elevated temperatures.
We annealed the MoO, thin films in air, at 300 °C for 20 h, and investigated the changes induced
by the air annealing. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOL: 10.1117/
1.JPE.2.021213]
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1 Introduction

Organic photovoltaic cells (OPV) have attracted enormous attention due to growing energy
requirements of the world and declining fossil resources.'® Recently, a lot of progress has
been made in OPV with the highest power conversion efficiency now being 10.6% for tandem
OPV.”"!° Organic light emitting diode (OLED) has also observed a phenomenal advancement.''~'
Other prominent applications of organic semiconductors include organic thin film transistor
(OTFT), and efficient spin-injection in organic materials.!”?° Many attempts have been
made to improve the charge transport and collection at electrodes. Tokito et al. were the
first to introduce a thin layer of high work function (WF) transition metal oxides between
the conducting indium tin oxide (ITO) and organic semiconductor for efficient OLED devices.”!
The importance of the transition metal oxide insertion layer in OPV was successfully demon-
strated by a number of research groups.””~>* The beneficial nature of MoO, has been established,
however, fundamental questions exist in order for comprehensive understanding and controlled
utilization of MoO, insertion layer with reproducible device performance.

One of the fundamental issues is the growth of gap states observed with increasing air
and oxygen exposures on MoO, films.” The correlation of growth of gap states with the
exposures may provide a better understanding of the role played by MoO, inter-layers in improving
the device performance. Another fundamental issue is oxygen vacancies in thermally evaporated
films from MoO; powder. The evaporated MoO, films are observed to be strongly n-type due to
the oxygen vacancies (x < 3).°28 The effect of oxygen vacancies, in the stoichiometric MoOs film,
is similar to electron doping. The difference of stoichiometric MoOj; versus oxygen deficient
MoO, inter-layers in devices has been recently reported.”” Additionally, it is believed that
the oxygen deficiencies can be suppressed, to a great extent, by annealing MoO, at elevated
temperatures.
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In this paper, we report our investigation on effects of exposure and air annealing on the
MoO, thin films. Copper pthalocynine (CuPc)/indium tin oxide (ITO) and CuPc/MoO, inter-
faces were investigated with ultraviolet photoemission spectroscopy (UPS). We observed the
vacuum level shifts along with changes in the highest occupied molecular orbital (HOMO)
region, with increasing thickness of CuPc film on ITO and MoO, /ITO substrates. The mechan-
ism of device improvement is explained with the help of interface energy level alignment. We
also studied the effect of oxygen and air exposures on growth of the gap states with the UPS.
Evolutions of the gap states, with both the exposures, are observed and discussed. The effects of
oxygen and moisture on the MoO, films are observed to progress in two separate stages.

In addition, thermally evaporated MoO, films, of thicknesses 1, 2, 5, 10, 30 and 50 nm, are
investigated with X-ray photoemission spectroscopy (XPS). We measured the oxygen to molyb-
denum ratio and found that the thermally evaporated films are oxygen deficient. In an attempt to
subdue oxygen deficiencies in the MoO, films, we annealed the films, at 300 °C for 20 h, and
measured oxygen to molybdenum values. Our study demonstrates, that contrary to the prevalent
belief, the air annealing is not an efficient process of overcoming the oxygen deficiencies in the
MoO, films.

2 Experiment

The UPS measurements, for the interface formation and the exposure studies, were performed
using an ultrahigh vacuum (UHV) VG ESCA Lab system equipped with a He discharge lamp.
The UHV system consists of a spectrometer chamber interconnected with an evaporation cham-
ber. The base pressure of the spectrometer chamber is typically 8 x 10~!! torr. The base pressure
of the evaporation chamber is typically 1 x 107 torr. A precision leak valve is also attached with
the evaporation chamber to leak desired gases in the chamber for exposure studies. The UPS
spectra were recorded by using unfiltered He I (21.22 eV) as the excitation source with the
sample biased at —5.00 V, to observe the low-energy secondary cutoff. The UV light spot
size on the sample is about 1 mm in diameter. The typical instrumental resolution for the
UPS measurements ranges from 0.03 to 0.1 eV, with the photon energy dispersion of less
than 20 meV. Substrates for both studies were cut from a borosilicate glass sheet, from Corning,
Inc. NY, coated with a 250 nm thick conducting ITO film with resistivity of 1562 per square. The
thicknesses of thermally evaporated films were monitored by quartz crystal microbalance. All
the measurements for the interface studies were performed at room temperature.

XPS spectra were measured with a Surface Science Laboratories’ SSX-100 system, equipped
with a monochromatic Al anode x-ray gun (Ka 1486.6 eV) having resolution limit of 0.5 eV. The
base pressure of the system is 9 X 10 torr. The spot size of the x-ray was selected to be
600 micron in diameter. A substrate, of dimension 11 X 22 mm, for the annealing study was
cut from a gold coated silicon wafer. 10 nm gold was deposited on the substrate with the deposi-
tion rate of ~1 nm in every 90 s. MoOs; powder was thermally evaporated on the substrate.
A metallic mask with a sharp edge attached to a moveable micrometer, was placed about
~2 mm below the substrate to evaporate desired thicknesses of MoO, in a step-wise fashion
on the same substrate. The stepped film eliminates variations associated with the deposition
conditions for films on different substrate. The sample was then transferred in to the UHV cham-
ber for XPS analysis. After the XPS analysis of the thermally evaporated MoO, films of stepped
thicknesses, the sample was taken out and annealed in air at 300 °C for 20 h on a hot plate from
Corning Inc. The temperature was measured with the help of a thermocouple gauge from Fluke.
The sample was then transferred back into the SSX-100 chamber for further XPS analysis.

3 Results and Discussions
3.1 The Effect of MoO, Inter-layer Between CuPc and ITO

3.1.1 CuPc/ITO interface

In Fig. 1, the UPS spectra of CuPc films on ITO are presented as a function of the thickness of the
CuPc films. All the spectra have been normalized to the same height for visual clarity. In Fig. 1(a)
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Fig. 1 The UPS spectra of CuPc on ITO as a function of CuPc thickness. The cut-off and the
HOMO regions are presented in Fig. 1(a), and 1(b), respectively.

and 1(b), the cut-off and the HOMO regions are presented, respectively. The cut-off binding
energy (BE) of the ITO substrate was measured to be 16.57 eV, which corresponds to a surface
work function of 4.65 eV, obtained by subtracting the cut-off BE from the photon energy of the
excitation source (21.22 eV). With increasing thickness of the CuPc film, we observed cut-off
shift towards the lower WF (or higher cut-off BE) values. The shift saturated around 32 A CuPc
thickness. From Fig. 1(b), the HOMO onset for 8 A CuPc film was measured at 0.31 eV. With
further increase in the CuPc thickness, the occupied level peaks remained more or less
unchanged on the HOMO peaks, as illustrated by the dashed line in the figure.

3.1.2 CuPc/MoO, interface

In Fig. 2, the UPS data for the cut-off and the HOMO regions are plotted in Fig. 2(a) and 2(b),
respectively. The ITO WF was measured to be 4.59 eV and, with the deposition of a 100 A MoO,
film, the WF was measured to be 6.82 eV. With the deposition of CuPc on MoO, /ITO, the WF
first decreased rapidly, then the shift in WF became more gradual. In Fig. 2(b), the valence band
peak of MoO, was observed at ~3.8 eV. The MoO, peak shows a gradual shift towards the
higher BE with increasing thickness of CuPc. This shift was measured to be ~0.2 eV up to
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Fig. 2 The UPS spectra of CuPc on MoO, /ITO as a function of CuPc thickness. The cut-off and
the HOMO regions are presented in Fig. 1(a) and 1(b), respectively.
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8 A of CuPc deposition. With further CuPc deposition, all the occupied level peaks
were observed to be continuously shifting towards the higher BE. The HOMO onset
BE for 8 A, 64 A, and 200 A thick CuPc films were measured to be 0.21, 0.36, and
0.53 eV, respectively.

3.1.3 Energy level alignment

The energy level alignment diagrams for the CuPc/ITO and the CuPc/MoO, interfaces are pre-
sented in Fig. 3(a) and 3(b), respectively. The band gap of 3.2 eV for MoO, and 1.7 eV for CuPc
hasbeen reported in our earlier works.”*" In Fig. 3(a), the ITO WF was measured to be 4.65 eV.
At the CuPc/ITO interface, we observed an interface dipole of 0.33 eV, due to transfer of holes
from ITO to the CuPc side. After the formation of the interface dipole, a near flat band situation
was observed. The initial hole injection barrier was measured to be 0.31 eV, with the ionization
potential (IP) of 4.65 eV. In Fig. 3(b), the ITO WF was measured to be 4.59 eV, which became
6.82 eV with the deposition of 100 A MoO,. With the deposition of CuPc on MoO, /1TO, the
energy levels of MoO, shift towards the higher BE and a large dipole moment at the interface is
observed, due to the rapid transfer of holes from MoO, side to the organic side. The conservative
estimate of the shift is 0.2 eV in the MoO, energy levels towards the higher BE. The estimate is
made from the shift of MoO, valence band peak towards the higher BE with the deposition of
CuPc, as depicted in Fig. 2(b). The large interface dipole of 2.97 eV is observed at the interface.
The initial hole injection barrier is observed to be 0.21 eV. With further depsition of CuPc, the
energy levels gradually relax back to their normal values, thus, creating a band bending like
region in the organic side. At the thickness of 200 A CuPc, the HOMO onset value was measured
to be 0.53 eV.

Kim et al. have reported 30 percent improvement in the fill factor (FF) and 37 percent
improvement in the overall power conversion efficiency, with a 100 A MoO, inter-layer between
ITO anode and a CuPc layer.* We assign the improvement to the lower hole injection barrier at
the CuPc/MoO, interface and the presence of a drift electric field. There are two possible
improvement mechanisms in the presence of the drift electric field. The first is that the drift
field is a steering field which is helpful for easier extraction of holes at the anode.>* The second
is that the field facilitates the absorption of photons incident on the material through transparent
anode side, which is supported by the reported improved absorption with MoO, inter-layer.’!

3.2 Oxygen and Air Exposure to Molybdenum Oxide Thin Films

3.2.1 Evolution of gap states with oxygen exposure

In our earlier report, we have demonstrated the effect of oxygen exposure on valence band region
and WF of MoO, thin films.*® High WF (~6.8 eV), of thermally evaporated MoO, films,
decreases sharply with oxygen exposure before reaching a saturation (>5.8 eV). In Fig. 4,
the evolution of gap states in the valence band region is presented with increasing oxygen
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Fig. 3 The energy level alignment diagrams for, (a) CuPc on ITO, and (b) CuPc on MoO, /ITO
interfaces.
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exposure on a 50 A MoO, film. The spectra of gap states are obtained by subtracting valence
region spectrum of evaporated MoO, film from the background of the valence band region of
individual exposed spectrum. Before background subtraction, the dominant oxygen 2p peak
intensities were normalized and peak position of the evaporated spectrum was shifted to
match the peak positions of each of the exposed spectrum. In the figure, we observe the growth
of a gap state at <1.0 eV which is marked as ‘A’. The gap state is dominant throughout the
measurements. Initially, the intensity of the gap state ‘A’ increases rapidly with the exposures,
then it saturates around 10'° Langmuir (L) exposure. One Langmuir is equal to the 10~ Torr-sec
exposure. In other words, an exposure (in L) can be calculated by multiplying the pressure (in
torr) and the duration of the exposure (in seconds) with 10°. Beyond 10'" L exposures, the
intensity starts to decrease. A low intensity gap state, around 2.3 eV, is also observed at an
early stage of exposure. The intensity of gap state ‘B’ is observed to be maximum at 10° L
exposure, and thereafter it starts to diminish. The third gap state, marked as ‘C’, develops at
a mature exposure stage around ~2.8 eV. At 5% 10'* L exposure, the intensity of the gap
state ‘C’ is comparable to the gap state ‘A’. In the next section, we will discuss the effect of
air exposure on MoO, film.

3.2.2 Evolution of gap states with air exposure

We have reported the effect of air exposures of MoO, film on the valence region and core levels
in our earlier reports.”>**** We have demonstrated that the effect of air exposure on WF is sub-
stantial, on the valence band region it is significant, and on the core levels it is almost negligible.
The WF decreases sharply with the air exposure before reaching a saturation (>5.4eV). In Fig. 5,
the growth of gap states in the valence band region is presented with increasing air exposure on a
50 A MoO, film. The presented spectra are obtained by subtracting valence region spectrum of
thermally evaporated MoO, film from a background, as described in Sec. 3.2.1. We observed
the growth of a gap state around 1.0 eV, marked as ‘D’ in the figure, which is similar to the gap
state ‘A’ in Sec. 3.2.1. Initially, the intensity of the state ‘D’ increases sharply with air
exposures, then it saturates around 10% L exposure. The gap state ‘D’ is dominant until
1012 L exposure. Another gap state ‘E’, at ~2.3 eV, is also observed which is similar to the
state ‘B’ of the previous section. Initially, the intensity of the state ‘E’ is low. The gap state,
marked as ‘F’, develops at a mature exposure stage around ~2.9 eV. At the final air exposure,
the intensity of the ‘F’ state is dominant in the spectrum. In the next section, we will compare the
evolutions of gap states with the exposures.
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Fig. 4 The evolution of gap states with oxygen exposure.
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Fig. 5 The evolution of gap states with air exposure.

3.2.3 Compatrison of growths of gap states

In Fig. 6, relative intensities of the gap states are presented as a function of the exposures. The
intensities of the gap states with the oxygen exposures are presented in Fig. 6(a), and with the air
exposures are presented in Fig. 6(b). Comparing the evolution of states ‘A’ and ‘D’, both the gap
states can be assigned to the effect of oxygen on the MoO, films. While comparing the evolution
of states ‘C’ and ‘F’, the origin of these states can be attributed to the effect of moisture on the
MoO, films. Earlier, we have reported that the WF reduction in exposed MoO, films is a two
stage process. The first stage of reduction is caused by adsorption of oxygen on the MoO,
films.> This stage reduces the WF from 6.8 to ~5.8 eV. The second stage of WF drop is caused
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Fig. 6 The comparison of gap states with air and oxygen exposures.
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by the adsorption of moisture on the MoO, films. It is interesting to note, that a gap state similar
to the ‘A’ and the ‘D’ states, also around 1 eV, has been reported earlier by Nakayama et al. on the
initial deposition of MoO, on poly(dioctylfluorine-alt-benzothiadiazole) (F8BT).?® Therefore, it
can be concluded that the first stage WF drop, caused by oxygen exposure, must be related to the
charge transfer between adsorbed oxygen and the surface of MoO, film.

3.2.4 Correlation of gap states with device performance and work function

In one of our earlier reports, we have demonstrated a substantial degradation in the device per-
formance with 15 min (~7 x 10'! L) of air exposure of the MoO, film.>> The exposures over
10" L also mark the appearance of the gap state ‘F’ in Fig. 6. Since the growth of the gap state
‘F’ is caused by moisture, as discussed earlier, we attribute the major degradation in the device to
the gap state ‘F’. In another report, a similar degradation was observed in the OPV performance
by 30 min (~1.4 x 10'> L) of air exposure.* It should be noted, that both Nakayama et al.”® and
Maria et al have attributed the improvement of device performance to the presence of the gap
state similar to the D state around 1 eV.? In our understanding, the WF reduction, from high
6.8 eV to moderate (~5.8 eV), is coupled with the growth of gap state ‘D’ (or ‘A’ for O, expo-
sure) and may not be significantly deleterious to devices since the reduced WF is still higher than
the ionization potential of most of the organic semiconductors. The appearance of the gap state
‘F’, which further reduces the WF from ~5.8 to 5.4 eV, is probably the most harmful to devices.
Meyer et. al., have also reported no significant effect on the device performance with an air
exposure of 3 min (10'' L), probably just before the appearance of the gap state F.** However,
at present, an exact correlation of gap states is not well established and further investigations are
required for this to be accomplished.

3.3 Effect of Annealing on Molybdenum Oxide Thin Films

In the Sec. 3.1, we reported the beneficial nature of an insertion layer of MoO, film which is in
agreement with many earlier reports.”!* In the Sec. 3.2, we established that the performance can
be substantially affected by high exposures of MoO, films. In this section, we will explore
another fundamental issue related with the stoichiometry of MoO, films. The deposition of
MoO, insertion layer is mostly achieved with thermal evaporation of MoO; powder. Thermally
deposited MoO, films are known to be oxygen deficient (x < 3).>>*° The oxygen deficiencies are
also reported to cause gap states, at ~1.1 eV and 2.3 eV, which can affect the device perfor-
mance.”’ Some reports suggest that annealing can replenish oxygen deficiencies.>”*® In this sec-
tion, we will investigate the stoichimetry of thermally evaporated MoO, films and explore the
effect of air annealing on the stoichiometry.

3.3.1 Thermally evaporated MoO, film

In Fig. 7, the XPS data of Mo 3d5/2 and O 1s core levels, for 1, 2, 5, 10, 30, and 50 nm thick-
nesses, are plotted. All the spectra have been normalized to the same height for visual clarity. In
Fig. 7(a), the 3d core level of molybdenum consists of two spin orbit interaction split peak, 3ds/,
and 3ds, with the peak separation of 3.15 eV and the intensity ratio of 3:2. The 3ds, peak, for
1 nm thickness, was observed at the binding energy (BE) of 231.97 eV. With the increasing
thickness of MoO, film, the 3d peaks kept gradually shifting towards the lower BE before reach-
ing a saturation at around 30 nm. The overall peak shift, measured in the range of investigation,
was 0.23 eV. The full width at half the maximum height (FWHM) of 3d peaks were measured to
be ~1.35 eV. In Fig. 7(b), the oxygen 1s core levels, with a dominant peak at the BE of
529.81 eV and a very low intensity peak around ~530.90 eV, are observed for 1 nm thickness.
With increasing thickness of the MoO, film, the dominant oxygen peak kept gradually shifting
towards the lower BE with the saturation setting in around 30 nm. The overall peak shift mea-
sured from 1 to 50 nm MoO, film thickness was 0.26 eV. The FWHM for the dominant peak was
~1.4 eV up to 5 nm, which increased to ~1.55 eV for thicker films. A shift of ~0.2 eV in the
MoO, work function (WF) and the valence band peak towards the lower BE has been reported
with increasing film thickness from 2 to 30 nm on indium tin oxide (ITO) substrate (19). The
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Fig. 7 XPS spectra of (a) Mo 3d, and (b) O 1s core levels as a function of increasing MoO, film
thicknesses.

shift of core levels, observed in the present case, are consistent with the WF shift which further
suggests that the shift extend to deep core levels rather than just shallow lying valence band and
vacuum level. We also observed Au 4f peaks, originating from substrate, for thin MoO, deposi-
tions up to 5 nmwhich will be discussed later in this work.

3.3.2 Annealing of MoO, films

In Fig. 8, the XPS data of Mo 3d and O 1s core levels are plotted for 1, 2, 5, 10, 30, 50 nm
thicknesses, after annealing in air at 300 °C for 20 h. All the spectra have been normalized to the
same height for visual clarity. In Fig. 8(a), the 3ds,, peak for 1 nm thickness was observed at the
BE of 231.13 eV. With increasing thickness of MoO, film, a complex peak shift pattern was
observed. We also observed diffusion of gold from substrate towards the top surface through
MoO, film due to annealing for long time at high temperature. The complex peak shift pattern is
originated due to diffusion of gold which will be discussed in the next section. The FWHM of 3d
peaks was measured to be ~1.35 eV. In Fig. 8(b), the oxygen 1s core level, with a dominant peak

Mo 3d: 20 Hrs. at 300°C O 1s: 20 Hrs. at 300°C

Intensity (Arbitrary Units)

" 1 " A " i A '} (] 1
238 236 234 232 230 228 534 532 530

528 526
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Fig. 8 XPS spectra of (a) Mo 3d, and (b) O 1s core levels after the annealing, as a function of
increasing MoO, film thicknesses.
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at the BE of 530.08 eV and a low intensity peak around ~531.44 eV, was observed for 1 nm
thickness. The complex peak shift, after annealing, was also present in O s core levels with
increasing thickness of the MoO, film.

3.3.3 Comparison of oxygen to molybdenum ratio

XPS spectra of Au 4f peaks for as deposited and after air annealing are presented in Fig. 9 in
order to understand the changes brought in by the annealing. In Fig. 9(a), the 4f core levels of
gold consist of two spin orbit interaction split peaks 417, and 45, with the peak separation of
4.3 eV and the intensity ratio of 4: 3. The intensity of 4f peaks kept continuously decreasing and,
at 5 nm thickness of MoO, layer, the intensity of this peak is insignificant. After annealing, the
intensity of Au 4f peaks became more than 10 times higher for 1 nm MoO, thickness, which
strongly indicates the diffusion of Au from substrate towards the top surface. With increasing
MoO, thickness, the intensity of Au 4f peaks kept continuously decreasing. The intensity of Au
4f peaks at 10 nm MoO, thickness, after annealing, is about four times higher that of 1 nm MoO,
for as deposited film. At the 30 nm film thickness, the intensity of Au 4f peaks are low, indicating
that the gold diffusion does not significantly affect the surface for such thicknesses. As men-
tioned earlier in the annealing section, the complex peak shift in the Mo 3d and the O 1s peaks
observed after the annealing is most likely originated due to the diffusion of gold.

In Fig. 10, the intensity ratio of oxygen to molybdenum are plotted for 1, 2, 5, 10, 30, and
50 nm thicknesses of MoO, films before and after the annealing. As obvious from figure, we
measured the oxygen to molybdenum ratio about 2.45, with small variation, for deposited film.
After annealing, the ratio was initially higher than the stoichiometric value of 3.0 which quickly
drops and saturates around ~2.35. Higher value of oxygen to molybdenum ratio, up to 10 nm, is
due to higher oxygen content at these thicknesses. As discussed in the previous figure, the
annealing of MoO, thin film with gold substrate causes diffusion of gold atoms towards the
surface and substantially enhances the contribution of gold in the surface chemical composition.
The contribution becomes insignificant for the 30 nm thick film. Chemisorption of oxygen mole-
cules on gold at high temperature has been reported earlier.** Therefore, the enhancement of
oxygen intensity for the air annealed MoO, film at the early stage is due to the chemisorption
of oxygen on the diffused gold atoms. Since we do not have significant diffusion of gold on
surface (or sub surface) for thicknesses >30 nm, the contribution from the chemisorbed oxygen
on gold is insignificant. The measured oxygen to molybdenum ratio, in the saturated thickness
region, is slightly less (~2.35) for the annealed MoO, film than the as deposit film (~2.45).
Thus, the current investigation establishes that the air annealing does not significantly suppress
oxygen vacancies present in the thermally evaporated MoO, films.
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Fig. 9 XPS spectra of Au 4f for (a) a deposit, and (b) after annealing. After annealing intensity of
Au 4f peaks increased, indicating diffusion of gold from substrate towards the top surface.
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Fig. 10 Oxygen to molybdenum ratio for as deposited and air annealed film with increasing thick-
ness of MoO, film. High ratio after the annealing for thin MoO, film is due to the absorption of
oxygen and moisture on diffused gold atoms.

4 Conclusions

In conclusion, we have investigated the effect of MoO, inter-layer between ITO anode and CuPc.
In the presence of MoO,, energy levels of organic side are strongly pulled upwards due to high
workfunction of MoO, films, therefore, reducing the hole injection barrier at the interface. The
energy levels of organic side gradually relax, therefore, creating a band bending like situatio,
which creates a drift electric field. The reduced hole injection barrier and the drift electric field is
beneficial for the performance of OLED and OPV devices. Additionally, we have investigated
thermally evaporated 1, 2, 5, 10, 30, and 50 nm thick MoO, films and measured oxygen to
molybdenum ratio for these thicknesses. All the films were found to be oxygen deficient
(x < 3). We performed air annealing of MoO, films, in air at 300 °C for 20 h, and established
that the annealing does not assist in reducing the oxygen vacancies.
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