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In this letter, we report on the effect of oxygen partial pressure and sputtering power on amorphous

DC-sputtered MoOx films. We observe abrupt changes in the optoelectronic properties of the

reported films by increasing the oxygen partial pressure from 1.00 � 10�3 mbar to 1.37 � 10�3

mbar during the sputtering process. A strong impact on the electrical conductivity, varying from

1.6 � 10�5 S/cm to 3.22 S/cm, and on the absorption coefficient in the range of 0.6–3.0 eV is

observed for the nearly stoichiometric MoO3.00 and for the sub-stoichiometric MoO2.57 films,

respectively, without modifying significantly the microstructure of the studied films. The presence

of states within the band gap due to the lack of oxygen is the most probable mechanism for generat-

ing a change in electrical conductivity as well as optical absorption in DC-sputtered MoOx. The

large tuning range of the optoelectronic properties in these films holds strong promise for their

implementation in optoelectronic devices. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4921367]

Molybdenum oxide films have shown a variety of techno-

logical applications in the past years due to their promise to

become integrated in, e.g., organic electronic devices. Their

use in organic electronics encompasses amongst others p-type

doping of organic materials via HOMO level electron trans-

fer,1 hole extraction from both polymer2 and small molecule3

electron donors in organic solar cells, and enhanced hole

injection in small molecule electron donor compounds.1,4

Meanwhile, other applications such as gas and chemical sen-

sors were also reported using MoOx films.5 An extensive list

of deposition techniques including thermal evaporation,6 DC-

sputtering,7 RF-sputtering,8 pulsed laser deposition,9 atomic

layer deposition,10 electron beam evaporation,11 and solution

processing12 have been reported in the last years.

The use of MoOx in organic electronics or of metal-

oxides, in general, emerges from its favorable energy align-

ment with many electron donor molecules, which essentially

requires that the work function of the metal-oxide exceeds

the adsorbed molecule’s ionization energy.13 Additionally,

tuning of the optoelectronic properties of MoOx arises as an

essential demand and can be achieved by inducing defects or

changing the oxidation state of the metals to enable efficient

charge transfer at the inorganic/organic interface.13 Reactive

sputtering is an excellent technique that allows for modifica-

tion of a wide range of electrical and optical properties of

thin metal-oxide films. In the case of MoOx, it has been dem-

onstrated that the film conductivity, the optical transmit-

tance, as well as the microstructure and surface roughness of

the films can be tuned by controlling the plasma density, the

oxygen partial pressure, and the deposition pressure during

the sputtering process. In these studies, the deposition tem-

perature also plays a fundamental role in the growth dynam-

ics, demonstrated by the use of either in situ annealing14–16

or post-annealing under inert atmospheres7 for the investi-

gated films. Two main principal oxide phases are found to be

MoO2 and MoO3;7 however, non-stoichiometric and more

complex structures are also predicted by the Mo-O phase

diagram.17 Until now, only few investigations have been

reported on the as-deposited (at room temperature) amor-

phous MoOx films with low surface roughness, which could

be very beneficial for applications when, e.g., low process

temperature and/or uniform charge transport at the inor-

ganic/organic interface is needed.

Here, we report on dramatic changes in the optoelec-

tronic properties of as-deposited (at room temperature)

DC-sputtered MoOx films by tuning of the oxygen partial

pressure (pO2) during the growth process. The properties of

the films are assessed through compositional and microstruc-

ture analysis. It is suggested that changes in the occupancy

of d-d orbitals by oxygen excess/deficient environments play

the fundamental role in defining the optoelectronic properties

of amorphous MoOx.

DC-sputtered MoOx films were deposited from a Mo tar-

get (99.95% from Kurt Lesker) on BK7 glass substrates for

transmittance analysis, on commercial ITO (Praezisions Glas

& Optik GmbH) for conductivity measurements, and on Si

substrates for composition and microstructure analysis investi-

gations, respectively. The surface roughness was analysed by

AFM in tapping mode (Veeco Dimension 3100) and the total

(specular plus diffuse) optical transmittance and reflectance

spectra were obtained using a UV-VIS-NIR Lambda 900

Perkin Elmer spectrophotometer. J-V curves have been takena)Electronic mail: cauduro@mci.sdu.dk

0003-6951/2015/106(20)/202101/5/$30.00 VC 2015 AIP Publishing LLC106, 202101-1
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using a Keithley 2400 series source meter. The active area of

the fabricated devices ranged between 2 mm2 and 4 mm2.

Conventional and high-resolution Transmission Electron

Microscopy (HRTEM) observations on cross-section samples

prepared by ion milling were performed on a JEM-2010

microscope,18 and Rutherford Backscattering Spectroscopy

(RBS) was performed on a High Voltage Enginnering Europa

(HVEE) 3 MV Tandetron accelerator19 using a Heþþ beam at

1.4 MeV. The samples for conductivity measurements were

capped with silver (50 nm)/gold (30 nm) as top cathodes and

the ones for RBS measurements were capped with a gold

layer (50 nm). Both layers were deposited immediately after

the DC-reactive sputtering process by thermal evaporation

(E-beam) without breaking the high vacuum in between the

depositions. The transmittance and reflectance spectra were

taken shortly after breaking the vacuum in order to minimize

surface oxidation. The thickness of the samples was about

300 nm 6 20 nm for all investigations. The DC-sputtering

process was carried out on mainly three different oxygen

partial pressures (1.00 � 10�3 mbar, 1.98 � 10�3 mbar, and

2.70 � 10�3 mbar) and also at four different sputtering

powers (100 W, 150 W, 200 W, and 250 W).20

The deposition rate of the films decreased with increas-

ing oxygen partial pressure for all investigations regardless

of the sputtering power. Since the argon pressure was kept

constant at 2.44 � 10�3 mbar during all depositions, it is

likely that the oxygen causes target poisoning and therefore

reduces the deposition rate.7 In this regime though, MoOx

molecules are sputtered off instead of metallic Mo. The film-

growth rate increases directly with the applied power in the

DC sputtering process, which is in agreement with observa-

tions reported in the literature.21

In order to analyze the microstructure and the surface

morphology of the as-deposited MoOx films, TEM, HRTEM,

and AFM were carried out on the films formed at different

growth conditions. Fig. 1(a) shows a low magnification TEM

cross-section image of the as-deposited film (at 293 K) grown

under rich oxygen content at 100 W on the Si substrate. Figs.

1(b) and 1(c) show the HRTEM and the SAD (Selected Area

Diffraction) pattern of the sample shown in Fig. 1(a). The

thick diffraction rings shown in the SAD pattern are typical

of the short-range-order from a non-crystalline or quasi-

amorphous structure. The TEM observations were also

extended to samples made at different deposition conditions,

e.g., at high sputtering power and low oxygen content during

growth, and they all show similar results in terms of the pres-

ent structure: the as-deposited (at 293 K) MoOx films are

amorphous, independent of the sputtering power and the

applied oxygen partial pressure.20 An AFM topography pro-

file of the samples as-deposited on commercial ITO is shown

in Fig. 1(d). The surface roughness (Rrms) was calculated for

the films grown at different oxygen partial pressures, and the

values are very similar: The Rrms decreases from 2.20 nm

(bare ITO) to roughly 1 nm for all cases. This AFM analysis

was also extended to different substrates such as BK7 glass

and thermally grown SiO2 (not shown), where similar results

are obtained: A low surface roughness (1.0–1.5 nm) is pres-

ent, which also supports the presence of an amorphous film

structure as seen by HRTEM.

It is known that poly-crystalline MoOx films are formed at

higher substrate temperatures during growth, or through post-

annealing processes. This has, for example, been shown by

Nirupama et al.,15 who reported on the influence of the oxygen

partial pressure (ranging from 8.00 � 10�5 mbar up to 8.00 �
10�4 mbar) on as-deposited (at 473 K) DC sputtered MoOx

films. In their work, polycrystalline films were observed inde-

pendently of the oxygen partial pressure, and in addition, an

increase in surface roughness with the oxygen partial pressure

was also reported. In the case of as-deposited films formed at

room temperature, Oh et al.7 also found amorphous films at

similar sputtering pressures as presented here, and they, in

addition, reported on poly-crystalline films formed at ultra low

sputtering pressures. In this work, non-crystalline films are

observed independently of the oxygen partial pressures in the

range of 1.00 � 10�3 to 3.00 � 10�3 mbar.

The as-deposited films were thoroughly analyzed by

RBS in order to understand the influence of the oxygen

FIG. 1. (a) Bright field cross-section TEM image showing the substrate and

an overall image of the MoOx. (b) High resolution bright field image from a

thinner region (under focus) showing the amorphous structure of the film

and (c) SAD pattern demonstrating the amorphous structure of the MoOx

film grown under 2.70 � 10�3 mbar of oxygen. The Si (011) pattern appears

in the lower part of the micrograph. (d) AFM relative height profiles of the

as-deposited MoOx films on commercial ITO under different oxygen partial

pressures (red line at 1.00 � 10�3 mbar, green line at 1.98 � 10�3 mbar, and

blue line at 2.70 � 10�3 mbar). The relative height profile of the bare ITO

surface is shown as a reference (solid black line).

202101-2 Fernandes Cauduro et al. Appl. Phys. Lett. 106, 202101 (2015)
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partial pressure and sputtering power on the composition of

the films. Table I summarizes the oxygen to molybdenum ra-

tio ([O]/[Mo]) for all samples measured by RBS. It clearly

indicates that the most significant dependence of [O]/[Mo]

on the oxygen partial pressure is found at 250 W and, there-

fore, we have chosen to investigate the optical and electrical

properties of the films grown under these conditions.

RBS spectra of MoOx grown in pO2 of 1.00 � 10�3

mbar, 1.37 � 10�3 mbar, and 1.98 � 10�3 mbar at 250 W on

silicon substrates followed by a gold capping layer are

shown in more detail in Fig. S5.20 The edge of the gold peak

is at channel 467 and the Au peak was used to normalize all

measurements. A pure Mo sample followed also by an Au

capping layer was prepared and it was used as a reference

sample for RBS analysis keeping the same experimental con-

ditions (not included in Fig. S5). After normalizing all sam-

ples with respect to the gold peak (100% MoþAu), the

simulation program SIMNRA22 was used to evaluate the

composition of each sample. The Mo atomic concentration

was evaluated directly from the fitting parameters, while the

O atomic concentration was extracted indirectly. The cap-

ping layer method was applied since several studies have

reported on the high surface sensitivity of MoOx to the exter-

nal environment.23,24

The uncertainty of about 1% in at. % was only possible

to achieve by using the gold capping layer as normalization

for the RBS investigations. All fitting parameters considered

in SIMNRA, such as the number of incident particles times

the solid angle of the detector, were kept constant, and the

only free parameter was the concentration of Mo. This strat-

egy was adopted since the scattering cross-section of light

elements such as oxygen is relatively low at high energies;

moreover, oxygen is lighter than silicon and it always over-

laps with the bulk signal, adding several uncertainties (e.g.,

channeling effects) that limits the evaluation of the O/Mo

content. The RBS analysis of the samples as-deposited at

250 W (Ref. 20) indicates a change on molybdenum concen-

tration of about 4% between the sample grown with an oxy-

gen partial pressure of 1.00 � 10�3 mbar (28% of Mo) and

the one grown with an oxygen partial pressure of 1.98 �
10�3 mbar (24% of Mo). Moreover, stoichiometric MoO3 is

observed at an oxygen partial pressure of 1.37 � 10�3 mbar.

Absorption coefficient (a) spectra of the samples grown

at 250 W are presented in Fig. 2 and were calculated using the

approach described elsewhere.25 As the oxygen partial pres-

sure increases, a decreases in the range from 0.6 to 3.0 eV.

The substoichiometric MoO2.57 grown at 1.00 � 10�3 mbar

of oxygen (black line) holds the stronger and the broader a,

and the absorption extends from NIR to the UV. As the pO2

increases to 1.37 � 10�3 mbar, a dramatically decreases in

the spectral range from 0.6 to 3.0 eV, which it is attributed to

a change in the defect band of the MoOx. At that pressure,

stoichiometric amorphous MoO3 is formed according to the

RBS analysis, for which similar defect band centered at

1.5 eV for amorphous and polycrystalline MoO3 was reported

by Sian and Reddy.26 As the pO2 increases even further, e.g.,

higher than 1.37 � 10�3 mbar, the absorption coefficient up

to 3.0 eV decreases further, and it is almost vanished at 2.70

� 10�3 mbar. We attribute this phenomenon to a modification

of the d-band occupancy,13 i.e., electrons initially at the defect

states are released to the valence band as the oxygen content

increases and empty out the defect band. The more oxygen

within the film, the less light absorption in the NIR-VIS range

occurs. The inset in Fig. 2 shows in more detail the changes

on a for 1.98, 2.28, and 2.70 � 10�3 mbar (the curves were

multiplied by a factor of 10 for a clear view). Due to the

changes on absorption, the transmittance of the films has been

modified from very low to semi-transparent films for photon

energies between 0.6 eV and 3.0 eV.20 We thus demonstrate

that small changes in the oxygen partial pressure (an increase

of about 3.70 � 10�4 mbar) present remarkable changes on

the optical properties of the as-deposited MoOx films, i.e.,

without altering the crystallization of the films through post-

annealing methods. As seen in Table I, the substoichiometric

MoOx as-deposited at an oxygen partial pressure of 1.00 �
10�3 mbar shows an O/Mo ratio of about 2.57 and yet a simi-

lar amorphous structure as seen in the films formed under

higher pO2, as indicated in Fig. 1(d) and also by HRTEM.20

The optical band gap was calculated for all as-deposited sam-

ples using Tauc plot for non-crystalline semiconductors (not

shown).27 The optical band gap increases about 230 meV

from the substoichiometric MoO2.57 phase (3.06 eV) to the

TABLE I. Summary of the [O]/[Mo] ratio measured by RBS of the MoOx

films formed at different oxygen partial pressures and at different sputtering

powers.

[O]/[Mo] ratio

Power (W)

1.00 � 10�3

mbar pO2

1.98 � 10�3

mbar pO2

2.70 � 10�3

mbar pO2

100 3.16 3.16 3.16

150 3.16 3.16 3.16

200 3.00 3.16 3.16

250 2.57 3.16 3.16

FIG. 2. Absorption coefficient (a) of 310 nm MoOx as-deposited films on

BK7 substrate as a function of different oxygen partial pressures (1.00 �
10�3 mbar, 1.37 � 10�3, 1.98 � 10�3 mbar, 2.28 � 10�3 mbar, and 2.70 �
10�3 mbar) at 250 W. The inset shows in more detail the absorption coeffi-

cient from 0.6 eV to 2.5 eV, and here, the 1.98, 2.28, and 2.70 �10�3 mbar

samples were multiplied by a factor of 10. The discontinuity at 1.40 eV is an

artifact of the measurement.

202101-3 Fernandes Cauduro et al. Appl. Phys. Lett. 106, 202101 (2015)
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nearly stoichiometric one MoO3.00 (3.29 eV). The optical

band gap remains constant at 3.29 eV for the samples grown

with oxygen partial pressure higher than 1.37� 10�3 mbar.

Conductivity measurements were performed in order to

study the transport mechanisms at room temperature of the

as-deposited films on glass/ITO (100 nm) followed by Ag

(50 nm) and Au (30 nm) using the MoOx deposition series at

250 W. The results from the devices investigated under direct

bias (þITO and �Au) are shown in Fig. 3, which displays

the J-V curves of the devices fabricated at 1.37 � 10�3 mbar

(red open square), 1.98 � 10�3 mbar (green solid line), 2.28

� 10�3 mbar (black dashed line), and 2.70 � 10�3 mbar

(dark blue solid line) of oxygen partial pressure, respec-

tively. A schematic of the devices is shown as an inset in

Fig. 3.

The J-V curve for the film with the lowest oxygen par-

tial pressure of about 1.00 � 10�3 mbar is not shown, since

the resistance of the ITO layer dominates the resistance of

the MoOx layer in this case. The film has been measured

from 4-point probe immediately after venting the chamber,

leading to a conductivity of about 3.22 S/cm.

The stoichiometric MoO3 (represented by red squares)

exhibits an Ohmic current and the overall conductivity was

estimated to be about 1.6� 10�5 S/cm from the J�V1 (and

confirmed also by 4-point probe method), which is in agree-

ment with the previous studies.4,6 In order to compare the re-

sistivity of the whole set of samples, we have chosen to

extract the conductivity under low bias (up to 200 mV). The

conductivity of the sample grown under 1.98–2.28 � 10�3

mbar of oxygen is about 1.50 � 10�9 S/cm, while the one

grown at 2.70 � 10�3 mbar of oxygen is 3.80 � 10�10 S/cm,

indicating that both films are insulators. Conductivities in the

range from 104 S/cm7 down to 10�12 S/cm (Ref. 28) have al-

ready been reported in the past years by reactive sputtering.

As explained by Sian and Reddy26 and Vasilopoulou et al.,29

the electronic structure of sub-stoichiometric amorphous

MoOx presents a defect band that arises due to the growth in

an oxygen deficient environment, and electrons are trapped,

occupying partly the d-d band located deep in the band gap.

Thus, an upshift of the Fermi level occurs, leading to an

increase in conductivity as the oxygen partial pressure is

decreased during the growth. On the other hand, as the pO2

increases, the conductivity decreases as one modifies the oc-

cupancy of the defect states within the energy gap. Here, the

results from both optical and electrical studies point out that

the d-band occupancy changes systematically from a high

density of defects (MoO2.57—high conductivity and absorp-

tion), an intermediate defect density state (MoO3.00), and

reaching a little defect state (MoO3.16—low absorption, low

conductivity, and insulator character). We are here reporting

on systematic changes of the optoelectronic properties of

MoOx films by slightly tuning the oxygen partial pressures.

For the films grown under 2.28 � 10�3 mbar, hysteresis

loops that are so far unseen for MoOx films appear, which

will be the scope for a future study.

In summary, we have investigated the optoelectronic

properties of amorphous MoOx as-deposited by dc-sputtering

at room temperature. The sub-stoichiometric sample with

excess of Mo (28 at. %) results in a very high conductivity of

about 3.22 S/cm and shows a low transmittance in the range

between 1.00 and 3.00 eV. Very small changes in the oxygen

partial pressure from 1.00 � 10�3 mbar to 1.37 � 10�3 mbar

are enough to reach a nearly stoichiometric amorphous MoO3

and abrupt changes on both absorption and film conductivity

(decreases from 3.22 S/cm down to 1.6 � 10�5 S/cm) are

observed. Further increase on the pO2 leads to films with

very low conductivity and a very low absorption coefficients.

The work here thus demonstrates a viable method for tuning

the optoelectronic properties of MoOx thin-films, which, for

example, can be exploited in the development of future high-

performance organic optoelectronic devices.
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