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A B S T R A C T   

Sputtered films of reduced molybdenum oxide (MoOx) with a molybdenum trioxide target in different pressures 
and atmospheres were deposited in varying temperatures. Compositional, optic, and electric characteristics of 
the samples were studied. X-ray photoelectron spectroscopy revealed reduced states when working in the 
hydrogen + argon atmosphere implying that stoichiometry could be controlled by adding some hydrogen in the 
sputtering chamber. The effect of slightly increasing the substrate temperature during deposition was also 
studied and lead to the presence of metastable Mo4+ states at 3 mTorr. Optical properties match the ones already 
in the literature, and transmittances of 90% were achieved. The results support sputtering as a viable method of 
depositing MoOx films apart from thermal evaporation for many applications.   

1. Introduction 

During the last decades, transition metal oxides (TMOs) have been a 
matter of interest for their many applications [1,2]. In this paper, the 
focus is specifically on molybdenum oxide due to its use as a hole col
lector and anti-reflective coating in solar cells [3–7], hole injection or 
buffer layer in OLEDs [8,9], micro batteries [10] and gas sensors 
[11–13], as well as many others. Molybdenum oxide exhibits advanta
geous structural, chemical and optical properties [14–16]. 

This study aims to find a suitable replacement for the doped amor
phous silicon layer that acts as a hole transport layer (HTL) in the solar 
cells as proposed in [3,4], by adopting a more industrial method of 
sputtering for molybdenum trioxide (MoO3). This deposition method 
may have an interest in the industry sector, as not only it is easier to 
implement than evaporation, but also a simpler fabrication process than 
the ones being used nowadays. 

There are several studies of molybdenum oxide deposited by sput
tering in reactive atmospheres for different applications, many of them 
involving a metallic target with an O2 reactive atmosphere [13,17–25] 
or involving other materials [26–28] but none of them includes purely 
molybdenum oxide incorporating H2 in the atmosphere. In this study 
different thin film samples of molybdenum oxide have been deposited in 

different atmospheres (Ar, Ar:O2, and Ar:H2) by sputtering from a 
ceramic MoO3 target, and the results on their compositional, optical and 
electric analysis are to be reported. The Ar:H2 atmosphere should let us 
control the final composition because the hydrogen is expected to 
intercalate into the oxide, forming hydrogen molybdenum bronzes [29]. 
Those will cause small crystallographic rearrangements. Association of 
hydrogen with oxygen to form water molecules that will eventually 
leave the film should occur, and the molybdenum oxide should reduce, 
acquiring a bluish color [30,31]. 

In the case of samples prepared in the Ar:H2 atmosphere, deposition 
temperature has been increased to create more oxygen vacancies, 
similarly to what occurs when depositing indium tin oxide (ITO) 
[32,33]. The same effects were thought to be present in the molybdenum 
oxide deposition, to be able to control the stoichiometry as well as the 
conductivity of the deposited films. 

Control over the properties and film stoichiometry was achieved 
either by using the Ar:H2 atmosphere or by varying the deposition time 
and temperature. Thus, it was possible tailoring the reduced molybde
num oxide (MoOx, 2 < x ≤ 3) thin film properties to an ideal design for 
any specific application. For instance, more transparent near- 
stoichiometric films can be useful in optoelectronic devices. Alterna
tively, reduced films or mixed molybdenum oxide phases can be 
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preferred for application that demand better electrical transport. The 
conditions and sputtering atmosphere that may better adapt to each 
possible application are investigated in this work. 

2. Experimental 

2.1. Preparation of MoO3 thin films 

Two series of reduced molybdenum oxide samples (SERIES 1 and 
SERIES 2) were deposited by RF magnetron sputtering. The RF magne
tron sputtering device was an AJA ATC Orion Series 8 HV confocal 
sputtering with three guns tilted 3◦ from the normal in a confocal ge
ometry and a rotating substrate holder. The frequency signal used for 
turning on the plasma was 13.56 MHz. The sputtering device disposed of 
3 mass flow controllers with 20 sccm of full scale. One was used to 
distribute Ar, the second one distributed O2 and the third one supplied a 
forming gas mixture of 3.5% H2 and 96.5% of Ar. A target of ceramic 
molybdenum oxide (MoO3) with a purity of 99.995% and 3-inch 
diameter (~7.62 cm) × 6 mm thickness was used. A base pressure of 
2.5 × 10-6 Torr or lesser was achieved before every deposition. 

Depositions were made onto an n-type c-Si ([100]) wafer and 
Corning 1737F glass. The thin oxide layer on the wafer had been 
removed by 60 s immersion in a 1% hydrofluoric (HF) acid solution. The 
glass substrates were cleaned with soap and 2-propanol, before being 
dried by blowing N2 on top. 

SERIES 1 consisted of three sets of 5 samples each. Each set was 
deposited in a different reactive atmosphere and varying chamber 
pressure (from 3 mTorr to 11 mTorr), as listed in Table 1. 

No intentional heating of the substrates was applied, the power 
density at 3.3 W/cm2 (150 W, 3′′ target), 3 min of pre-sputtering before 
12 min of deposition, gas flow fixed at full-scale for all atmospheres, 
oxygen and hydrogen partial flow being 3.5% (e.g. in a total of 20 sccm 
of gas flow there would be 19.3 sccm of Ar and 0.7 sccm of O2 or H2). 
Also, rotation of the sample holder was fixed at 10 rpm on its axis to 
ensure homogeneity in the film deposition, and target to substrate dis
tance was set to 15 cm. These conditions remained constant for all the 
samples listed in Table 1. 

SERIES 2 consisted in two sets of samples deposited in an Ar:H2 at
mosphere at 3 mTorr with varying deposition times (from 1.5 to 12 min) 
in order to grow thinner films (see Table 2). The first set was deposited at 
room temperature (RT) (i.e. without intentional heating) while the 
second one was deposited at temperature set point of 100 ◦C. All other 
deposition conditions, such as gas flow or target to substrate distance, 
were the same as in SERIES 1, as well as for the cleaning procedures 
employed. Note that all the samples at 100 ◦C were thinner than their 
equivalent at RT. 

2.2. Thickness determination: Ellipsometry 

Sample thickness was studied by ellipsometry with a Plasmos 
SD2300 Ellipsometer at a wavelength of 632.8 nm with an incident 
angle of 60◦. These measurements were done on the samples deposited 
on polished Si wafers. 

2.3. Composition: XPS 

X-ray photoelectron spectroscopy (XPS) analysis was carried out to 
get the composition of the samples. The device used was a PHI 5500 
Multitechnique System (Physical Electronics®) with an Aluminum K- 
alpha X-ray source (1486.6 eV) which was calibrated with the 3d5/2 line 
of Ag, perpendicular to the analyzer axis. Stoichiometry was computed 
from the analysis of the O 1 s peaks and the Mo 3d peaks. 

For the analysis of the peaks, a Shirley background type and 
Gaussian-Lorentzian overlapping curves were used. Molybdenum has a 
doublet peak due to the spin–orbit splitting with separation of ~3.2 eV 
between peaks [34], which was the only constraint we used when 
deconvoluting the curves. That is why different peak characteristics 
were obtained for each sample, but always keeping the required distance 
between doublet peaks. 

2.4. Optical properties 

Optical transmittance (Tmeas) and reflectance (Rmeas) spectra were 
measured with a PerkinElmer LAMBDA 950 spectrophotometer with a 
150 mm integrating sphere, wavelengths varying from 300 nm (UV) to 
1200 nm (near IR), which is the range that covers most of the Sun’s 
AM1.5 spectrum. These measurements were done for the films deposited 
on the glass substrates. 

The Tmeas and Rmeas spectra were used to find the absorption coef
ficient (α). Optical bandgap was computed by fitting the well-known 
“Tauc-plot”, (αhν)n = A (hν-Eg). From the relation between α and the 
energy of the incident photon, the bandgap energy Eg of each sample 
could be found [35]. As indirect allowed transitions (n = 1/2) are often 
considered for nanocrystalline or amorphous films, this was also 
considered for the films studied here. The MoO3 is reported to have an 
indirect band gap value between 2.7 and 3.5 eV [14,36–39]. 

To accurately determine the bandgap, linear regressions were eval
uated at every point of the Tauc Plot, and the optical bandgap value was 
taken from the fitting where the linear regression coefficient (ρ2) 
maximized, as further described in [40]. 

2.5. Electrical properties 

Transfer length measurements (TLM) were realized with a Keithley 
2601B source meter unit. The electrical contacts consisted of a stack of 
Au and Ag layers deposited by thermal evaporation on top of the MoOx 
samples both on Si wafers and glass substrates. Shadow masks defined 
the shape of the deposited contacts. Five different contact distances were 
used for the TLM measurement: d = 1, 0.7, 0.5, 0.4 and 0.3-mm. The 

Table 1 
Listing of the samples deposited in SERIES 1 with the corresponding measured 
thickness in nanometers (nm) for every sample.  

Sample name Reactive Atmosphere Pressure (mTorr) Thickness (nm) 

A3 Argon 3 33.3 
A5 5 35.9 
A7 7 33.4 
A9 9 30.1 
A11 11 25.2  

AO3 Argon + Oxygen 3 33.7 
AO5 5 24.3 
AO7 7 18.7 
AO9 9 14.1 
AO11 11 12.9  

AH3 Argon + Hydrogen 3 28.9 
AH5 5 32.9 
AH7 7 28.1 
AH9 9 26.3 
AH11 11 23.5  

Table 2 
Listing of the samples deposited in SERIES 2 alongside the measured thickness of 
each sample in nanometers.  

Sample name Deposition temperature (◦C) Time (min) Thickness (nm) 

S2-1 RT 1.5 7.3 
S2-3 3 9.4 
S2-6 6 16.5 
S2-12 12 26.3  

S2T-1 100 1.5 6.6 
S2T-3 3 8.8 
S2T-6 6 14.4 
S2T-12 12 23.5  
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contact width (Z) was 1.5 cm. Conductivity of the samples was after
wards computed by averaging the conductivity at each contact distance. 

3. Results and discussion 

3.1. Thickness and deposition rate 

To understand the characteristics of the deposited samples, thickness 
-or its equivalent, deposition rate- is one of the foremost parameters to 
consider. Fig. 1 shows the evolution of the deposition rate versus pres
sure. While in the Ar and Ar:H2 atmospheres the behavior was similar 
and the deposition rate did not differ much, the Ar:O2 showed a different 
pattern, the higher deposition pressure the lower deposition rate. The 
“screening” of activated oxygen particles might be the cause of the 
decrease, this is, O2 dissociates into O0 particles (O2 + e- → 2O0) which 
are more chemically reactive and easily absorbed on surfaces, 
“poisoning” them. Those O0 particles are to be absorbed into the target’s 
surface and reduce the net surface of MoO3 being bombarded by the 
plasma, thus screening the sputtering process. 

In the Ar:H2 atmosphere, the hydrogen was expected to associate 
with the sputtered particles to form bronzes once deposited 
(HxMox

5+Mo1-x
6+O3). However, the bronzes are thermodynamically un

stable and eventual removal of oxygen and hydrogen to form water 
should occur, leaving behind a more reduced state of molybdenum 
(MoO2). Like this, an oxygen-deficient film grows with co-existing 
phases in it [30]. 

For the second set of series, it was aimed to improve the trans
mittance of the prior films by reducing their thickness while being able 
to maintain the other properties. It was also aimed to be able to control 
the sample stoichiometry even more by making depositions on a slightly 
hotter substrate (100 ◦C). For those purposes, deposition time was var
ied from 1.5 to 12 min and for each deposition time two samples were 
compared, one at RT and one at 100 ◦C. 

The deposition rate was not constant; it evolved in a non-linear way. 
Thinner samples had a higher deposition rate than thicker ones, mean
ing that the growth rate of the film decreased after the initial layers of 
the film had been deposited. For this reason, the sample thickness was 
hard to predict. In the case of the series with temperature, the deposition 
rate of the films was generally slower than at RT. As the sample surface 
was at higher temperature, particles were less bounded and more pro
pense to leave the surface, especially the lighter ones (i.e. oxygen). 
Accordingly, samples prepared at 100 ◦C manifested more metallic than 
the ones at RT, as will be shown after the XPS measurements shown 
below. 

3.2. XPS analysis 

The Mo3d core level spectra studied by XPS for some samples of 
SERIES 1 are represented in Fig. 2, which shows the evolution of the 
different oxidation states over the increase of pressure. Along with the 
oxygen core-level spectra, the stoichiometry of the samples was 
computed. The deconvoluted blue curves in Fig. 2 show the Mo6+ states 
while the green curves show the Mo5+ states. For the Mo6+ oxidation 
state, the obtained binding energy values of the lowest energy peak (the 
right one) were 232.7 ± 0.1 eV for all deconvolutions and the Mo5+

oxidation state were 231.6 ± 0.5 eV. It should be noted that similar 
compositional results were obtained for the Ar atmosphere at 3 mTorr 
and the Ar:H2 atmosphere at 11 mTorr. The ratio oxygen to molybde
num (O/Mo) was computed by dividing the total area of oxygen in the 
deconvolution by the total deconvoluted area of molybdenum, which 
leads to values between 2.74 and 2.98 as shown in Fig. 3. The samples 
prepared in the oxygen atmosphere were nearly stoichiometric, having 
higher O/Mo ratios than samples prepared in different atmospheres. In 
the case of Ar:H2 atmosphere, the samples were less stoichiometric than 
in Ar and presented lower O/Mo ratios. The declining could be deduced 
looking at the XPS results in Fig. 2. The Ar:H2 samples exhibit the Mo5+

oxidation state independently of the deposition pressure, whereas the 
ones in the Ar atmosphere did not (Mo5+ states disappear in samples 
above 7 mTorr). This is in agreement with the computed stoichiometry 
values (Fig. 3), which match the raw observations from the studied 
Mo3d core level spectra. The reduced oxidation states can be related to 
oxygen vacancies in the deposited films, indicating that the amount of 
oxygen missing in the film can be controlled either by the deposition 
pressure or the applied atmosphere. 

The procedure of the XPS peak fitting used for the second series 
shown in Fig. 4 was the same as for SERIES 1, the primary condition we 
applied was a peak distance of ~3.2 eV between the doublet peaks. In 
this case, the binding energies associated with the lower energy peak 
were 232.9 ± 0.1, 232.0 ± 0.3 and 230.6 ± 0.4 eV for the Mo6+, Mo5+

and Mo4+ respectively. The O/Mo ratio for these samples varied be
tween 2.58 and 2.87, as presented in Fig. 5, where differences can be 
appreciated between 1.5 min samples and 12 min samples. The longer 
deposition time, the less stoichiometric grew the films. Samples pre
pared at 100 ◦C had oxygen deficiency either due to the presence of 
Mo5+ states or the presence of Mo4+ states, which would not contribute 
to generating oxygen vacancies. Note that by increasing the temperature 
of the substrate and the deposition chamber, it would be possible to 
control film stoichiometry in an Ar:H2 atmosphere. 

3.3. Optical properties 

Regarding the optical properties of the films, the Tmeas and Rmeas 
were studied in the visible and near-infrared part of the spectrum to 
determine the average transmittance of the deposited film (weighted 
with the Sun’s AM1.5 spectra irradiance using equation (1)) and the 
bandgap of the samples. 

〈T〉 =
∫ 1200nm

300nm
T(λ)EAM1.5

e,λnormalized(λ)dλ (1) 

Fig. 6 shows the evolution of the average transmittance of the sam
ples over the deposition pressure for each atmosphere in the inset. 
Thinner films were expected to be more transparent than the thicker 
ones, which was confirmed as the transmittance rises with the pressure 
in the same atmosphere. This result is further demonstrated by the 
samples prepared in SERIES 2 (see Fig. 7), even though, it was not the 
only factor that affected the layer transmittance. The composition, in a 
less effective way, also affected the optical behavior of the films, the Ar: 
H2 series were the less transparent while the Ar:O2 ones were the more 
transparent (this could be fairly compared using samples of similar 
thickness which would be the Ar:O2 at 5 mTorr and the Ar and Ar:H2 at 

Fig. 1. Dependence of the deposition rate of samples in SERIES 1 with the 
deposition pressure in mTorr for each atmosphere. (Squares for Ar atmosphere, 
circles for Ar:O2 and diamonds for Ar:H2). 
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11 mTorr, see Table 1). The oxidation states present in the film slightly 
influenced the optical transmittance as it could be appreciated in the 
case of the Ar and Ar:H2 series. Despite the Ar samples being more 
transparent than the Ar:H2 ones, they are thicker, and this is due to the 
latter ones presenting more oxygen vacancies. These oxygen vacancies 
are evidenced by a sub-bandgap absorption peak centred at ~850 nm 
[36] which is only present in the Ar and Ar:H2 samples, not in the Ar:O2 
ones that are more stoichiometric (near to MoO3), as it can be appre
ciated in Fig. 6 by a rise of the absorption coefficient around these 
wavelengths. 

Optical bandgap calculations were done as explained in 2.4, using 
Tmeas and Rmeas spectra to compute α (an example of this evaluation is 
depicted in Fig. 8). Evaluation of the band gap energy was made as 
proposed in [28] , which resulted in values between 2.83 and 3.5 eV 
with a relative error of less than 5% with no visible trend or relation 
amongst them. These values are in good agreement with the ones re
ported in the literature [14,36–39]. 

Referring to the desired transmittance improvement in SERIES 2, 
samples which deposition time was 1 min 30 s (the thinner ones) had 
around 90% average transmittance when weighted with the Sun’s 
AM1.5 spectra. Samples prepared at 100 ◦C were moderately less 
transmitting despite the reduced states. In Fig. 7 it can be appreciated 
that there was almost no difference between samples prepared at RT and 
100 ◦C, but that transmittance rapidly decreased with the thickness, a 

Fig. 2. XPS analyzed molybdenum core level 
spectra peaks of SERIES 1 for 3, 7, 11 mTorr samples 
in each atmosphere in the first, second and third 
row respectively. Blue lines are the deconvolution of 
the Mo6+ peaks and green lines are for the Mo5+

peaks. The intensity is displayed in counts per sec
ond (cps). The 3d peaks were centered in 232.7 eV 
and 232.6 eV for Mo6+ and Mo5+ respectively. (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the web 
version of this article.)   

Fig. 3. Ox/Mo ratio for SERIES 1 computed from the XPS analysis for each 
deposition pressure. A clear distinction might be observed between each at
mosphere, with increasing ratio values for increasing pressures. 
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difference of less than 20 nm made a decrease on the transmittance of 
~45%. Understanding on the influence of the film thickness and the 
composition to the transmittance of the film could be better achieved 
with this samples, thickness predominates over the composition, even 
though the latter has a slight influence on it, as it can be observed in 
Fig. 6 and Fig. 7. 

On the evaluation of the optical bandgap energy, the same method as 
in SERIES 1 was used. The computed values varied from 2.92 to 3.46 eV, 
which stayed within a similar range as the samples in SERIES 1 and 
values reported in the literature. In Fig. 8 it can be observed a trend in 
the bandgap energy that gets narrower as the sample thickness 

increases. This phenomenon agrees with the XPS results, samples that 
get their stoichiometry reduced have more defects (e.g. oxygen va
cancies, among other defects for the fact of the film being amorphous). 
They need less energy for the indirect allowed transitions to take place 
(additional band tail energy states are available between the valence and 
the conduction bands due to defects). The presence of those defects was 
also denoted by the Urbach energy [41], which increased from 200 meV 
for the thinner films to values higher than 1 eV for the thickest ones 
(1.25 eV the highest), a signal of a larger absorption front created by the 
defects as mentioned earlier. 

Fig. 4. XPS molybdenum peaks analyzed for the 1 min 30 s and 6 min samples in SERIES 2 (RT and 100 ◦C included). Blue lines correspond to Mo6+ peaks, green 
lines to Mo5+ deconvolved peaks and orange lines correspond to Mo4+ deconvolutions. The positions of the 3d peaks were 232.9, 232.0 and 230.6 eV for the Mo6+, 
Mo5+ and Mo4+ respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Stoichiometry of the samples in SERIES 2 for every deposition time for 
the 100 ◦C samples and RT samples. There is an appreciable tendency of 
diminishing the O-Mo ratio, the more time invested in depositing in the Ar:H2 
atmosphere at RT and 100 ◦C. 

Fig. 6. The absorption coefficient of the 5mTorr samples in SERIES 1 for the 
visible spectra and near-infrared (300 nm to 1200 nm). Straight-line corre
sponds to the Ar atmosphere, dashed to Ar:O2 and dotted to Ar:H2. The inset 
shows the variation of the average transmittance of SERIES 1 for every pressure 
and atmosphere. 

N. Lopez-Pinto et al.                                                                                                                                                                                                                           



Applied Surface Science 563 (2021) 150285

6

3.4. Electric characterization 

The electric characterization of the films was performed through 
TLM, which consisted in measuring the resistance through the I-V curve 
for each contact distance. The following equation afterwards deduced 
the conductivity of the samples: 

σ =
1
ρ =

d
RZt

(2)  

being t the sample thickness, R the measured resistance at a given dis
tance, Z the width of the contacts and d the distance between them. 

As a general observation for each atmosphere, the samples grown at 
lower pressure presented a higher conductivity (see Fig. 9). This dif
ference in the conductivity of the samples could be attributed to their 
composition. That is, samples deposited at lower pressure were more 
conductive as they had a more reduced stoichiometry (see Fig. 3). On the 
other hand, more stoichiometric samples had considerably lower con
ductivity. There are orders of magnitude difference between samples 

prepared at 3 mTorr compared to the ones at 9 and 11 mTorr, both for Ar 
and Ar:H2 atmospheres. 

The optical and electric behavior of the films grown in the Ar:H2 
atmosphere can be explained mostly by their stoichiometry. They pre
sent a higher amount of Mo5+ states (that denote a presence of oxygen 
vacancies) and, for instance, they are more metallic. This composition 
reduces the transmittance of the films as there is more absorption inside 
the film. Consequently, they present a lower transmittance as expected 
for a less stoichiometric metal oxide. The absence of oxygen is higher in 
the samples of SERIES 2 and therefore their conductivity is higher. The 
transmittance is also higher in some of them, denoting the relevance of 
the thickness (which governs over the composition as already stated) in 
this characteristic of the film. 

The conductivity of samples in SERIES 2 was measured the same way 
as for SERIES 1. A notable difference was appreciated (about 1 order of 
magnitude or more, see Fig. 10) for samples deposited at 100 ◦C 

Fig. 7. Transmittance of the 1.5 min samples in SERIES 2 for the visible spectra 
and near-infrared (300–1200 nm). Straight-line corresponded to the RT samples 
and dashed to 100 ◦C samples. The inset shows the variation of the average 
transmittance of SERIES 2 for every deposition time and temperature. 

Fig. 8. Example of the Tauc plot used to determine the indirect optical bandgap 
value for all samples with the corresponding “best” regression computed with 
the method explained in 2.4. Additionally, an inset of the bandgap values versus 
the sample thickness for SERIES 2. The estimated error for the gap values is 
~ 5%. 

Fig. 9. Conductivity of the samples of SERIES 1 in a logarithmic scale with their 
corresponding error bar. A diminishing of the conductivity can be observed as 
the pressure increases due to the reduction in the thickness and the films being 
more stoichiometric. For each pressure the conductivity of the Ar, Ar:O2 and Ar: 
H2 atmospheres are shown from left to right respectively. 

Fig. 10. Conductivity of the samples of SERIES 2 in a logarithmic scale with 
their corresponding error bar. For each deposition time the conductivity for 
samples prepared at RT is displayed in the left and the ones at high temperature 
in the right. A clear increase was observed when increasing the thickness. An 
anomalous result can be observed for 3mTorr at high temperature with un
known origin. 
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compared to those at RT, in agreement with the reduced oxidation states 
present in the higher temperature samples. Again, thicker samples were 
the most conductive due to their composition being reduced. An 
anomaly was observed for the sample at 3 min with unknown cause. 

3.5. Final insights 

By depositing SERIES 1, a better understanding of the influence of the 
Ar:H2 atmosphere was accomplished. Even though samples prepared in 
the Ar:H2 atmosphere had lower transmittance due to the absence of 
some oxygen in the films, their behavior was almost the same as in the Ar 
atmosphere. Especially when the deposition pressure increased, thus 
supporting the idea that hydrogen in the atmosphere may react with the 
film and the sputtered particles to form bronzes [30]. The resulting film 
are reduced as it is observed in Fig. 3, leading to changes in the 
conductivity. 

Improvements in the modulation of the film characteristics, such as 
higher conductivity (at 3 mTorr) or stoichiometry control (significant 
difference at 3 and 5mTorr especially) through the Ar:H2 atmosphere 
arouse interest in a more-in-depth study of this deposition conditions. 
Therefore, a second series were deposited at 3 mTorr pressure with 
substantial differences in the resulting film characteristics. 

The deposition of SERIES 2 helped in the understanding of the 
reduction in the film. Bronzes that leave the film expected from the 
results of [30] seemed to have its effect enhanced by temperature, and 
for instance, Mo4+ states appeared. As the deposition rate was slightly 
slower when depositing at 100 ◦C, the oxygen-hydrogen association 
could be favored when the sputtered particles were reaching the sub
strate. Supporting this hypothesis was the fact that in the XPS analysis, 
Mo4+ states could be observed, which were related to the presence of 
MoO2 metastable configurations in the layer. At RT, this effect was 
negligible, and only oxygen vacancies were observed. 

This phenomenon did not influence the transmittance of the films as 
seen in Fig. 7 but affected the deposition rate and the conductivity of the 
samples. As they were more metallic due to the presence of the Mo4+

states, they, consequently, were more conducting. Transmittance was 
mostly affected by the film thickness, while the conductivity was pre
dominantly conditioned by the composition of the deposited film. A 
great drop in the average transmittance was observed through the 
samples from SERIES 2, but the conductivity increased in a rather 
smooth behavior. 

Variations in the film characteristics arise out of deposition tem
perature changes, which could let us deposit a reduced molybdenum 
film with the specific characteristic we desire once fully understood its 
behavior for each application the film is designed. For instance, if the 
desired device were a gas sensor, the deposition conditions would be 
sputtering in the Ar:H2 atmosphere with low pressure and temperature 
and for 20 min or even more to ensure good conductivity and a relatively 
high thickness. On the other hand, if the desired device were a solar cell, 
the deposition conditions would be sputtering in an Ar:H2 atmosphere 
with low pressure and room temperature (unless the vacancies in the 
film were not enough at RT) during 3–4 min in order to have a highly 
transparent film with oxygen vacancies to act as a selective HTL contact 
and relatively good conductivity. 

4. Conclusions 

Reduced molybdenum thin films were deposited in different atmo
spheres (SERIES 1) and at different temperatures (SERIES 2). Films 
prepared in the Ar:H2 atmosphere presented oxygen vacancies at every 
deposition pressure and temperature, resulting more conductive than in 
other atmospheres. Overall, some benefits could be appreciated in SE
RIES 1 by sputtering in the Ar:H2 atmosphere, such as a possibility to 
reduce the stoichiometry of the film and improvements in the conduc
tivity. Nevertheless, changes in the sputtering atmosphere alone were 
not enough to control every aspect of the deposited film (e.g. there was a 

small difference in transmittance when depositing in Ar atmosphere vs 
Ar:H2 atmosphere). The films prepared afterwards at higher tempera
tures exhibited Mo4+ states and therefore were more conductive. 
Transmittance, which was highly influenced by film thickness, reached 
values around 90% in the thinner films. 

As oxygen to molybdenum ratios varied between 2.74 and 2.98 for 
the first series and from 2.58 to 2.87 in the second series, control over 
the deposited film stoichiometry can be achieved in an Ar:H2 atmo
sphere by appropriately tuning either the deposition time or the cham
ber pressure. Furthermore, control over film parameters that depend on 
the stoichiometry may be also tuned by varying the temperature. Some 
devices that could only be developed in a laboratory environment could 
be brought to the industry plane by sputtering with the Ar:H2 atmo
sphere as one of their processes. 
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