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A B S T R A C T

MoO3 lamellar single crystals were processed into planar metal-semiconductor-metal devices and subjected to
irradiation cycles with ultraviolet light and 2MeV protons in vacuum. In-situ electrical characterization de-
monstrates that these sensor devices respond well to the radiation with a gain of ~30% upon proton irradiation.
However, response times are slow and strong persistent photoconductivity and ion beam induced conductivity
are observed when the excitation source is switched off. The current decay is strongly increased when the
irradiation chamber is vented with air suggesting that surface processes are at the origin of persistent conduc-
tivity. The observed conductivity changes are explained based on a model considering the creation of electron-
-hole pairs as well as adsorption and desorption processes of oxygen molecules at the surface of the samples.

1. Introduction

Molybdenum trioxide, MoO3, is a wide band gap semiconductor
with an orthorhombic crystal structure in its most stable phase at room
temperature. This phase has an anisotropic layered structure parallel to
the (010) planes, that has been attracting increasing attention for
multiple applications such as solar cells [1], gas sensors [2] and lithium
ion batteries [3]. The concentration of oxygen vacancies and impurities
in samples of MoO3 has proved to be an important factor determining
the electrical and optical properties of the material, since these defects
create intermediate states within the band gap, which may affect the
electrical conductivity and electron-hole recombination processes. In
particular, oxygen vacancies can be introduced in two distinct ways:
during the growth process by controlling parameters such as the growth
temperature and partial pressure of oxygen and, after growth, e.g. by
annealing treatments under low partial pressures of oxygen or in re-
ducing atmosphere [4]. A correlation between the increase in con-
ductivity and the creation of oxygen vacancies was observed in MoO3

nanobelts annealed in a reducing hydrogen atmosphere. It is found that
oxygen vacancies act as donors that can provide electrons to the con-
duction band at room temperature [5]. In addition, the growth condi-
tions also influence the morphology of the samples and their phase
purity [6, 7]. The influence of stoichiometry on the electrical

conductivity of MoOx is demonstrated by the semiconducting behaviour
of the MoOx phases (2 < x≤ 3) and the metallic behaviour of the
MoO2 phase [7].

Wide band gap oxide semiconductors such as TiO2 and ZnO, are
promising materials for ultraviolet (UV) sensors [8–12]. Also ions can
be readily detected by simple metal-semiconductor-metal devices [13].
D. Xiang et al. [5], showed that MoO3 nanobelts, annealed in a hy-
drogen-reducing atmosphere, exhibited not only high electrical con-
ductivity but also a high response as a radiation sensor in the visible
spectral region. In-situ ultraviolet photoelectron spectroscopy (UPS)
and X-ray photoelectron spectroscopy (XPS) revealed that these
changes are due to the creation of intermediate states within the band
gap resulting from the different oxidation states of the Mo present in
MoO3 [5]. MoO3 nanosheets were furthermore shown to be promising
material for flexible UV detectors [14].

In this work, MoO3 planar metal-semiconductor-metal devices were
processed and tested as sensors for UV and proton radiation.

2. Experimental details

The samples of molybdenum oxide lamellar crystals used in this
work were grown by an evaporation-solidification method. Mo powder
(~700mg) was compacted under a compressive load of two tons to
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form a disc with 7mm diameter and 2mm thickness. The particle size
of the Mo powder varies between 1 and 5 μm. The disc was then placed
in a horizontal, cylindrical, tube furnace with 20 cm length and 8 cm
radius using a quartz tube of 28 cm length and 2.2 cm diameter. The
precursor disc is placed at the centre of the furnace, where the tem-
perature is maximum, and heated to a temperature of 750 °C during
10 h in an air flow of 2 l/min using compressed air. No prior vacuum
was established in the quartz tube; hence, some water vapour may be
present in the growth ambient. The temperature does not significantly
differ from the set-value in a length interval of about 4 cm around the
centre of the furnace, but progressively decreases towards the ends of
the furnace. The lamellar crystals were deposited at the cooler zones of
the tube where the temperature is about 400–450 °C. After the growth
run finishes, the Mo disc is no longer observed; hence, the metal pre-
cursor reacts completely.

Scanning electron microscopy and atomic force microscopy images
show that the thickness of the as-grown samples varies between 100 nm
and 10 μm, but most of them (approximately 70%) have thicknesses in
the (2–4) μm range and lateral dimensions of about 2× 5mm2 [15].
Samples are very brittle and cleave easily parallel to the surface leading
to inhomogeneous sample thickness. X-ray diffraction measurements
confirmed the single crystalline growth of the orthorhombic α-MoO3

phase with (010) surface orientation of the crystals. Since as-grown
samples showed a very high electrical resistivity, leading to very noisy
I-V curves that were not modified by UV or proton irradiation, the
samples were annealed in vacuum (approximately 1× 10−4 mbar) at
300 °C for 30min. Annealing was performed in an ANNEALSYS halogen
lamp furnace where the samples were placed between two pieces of
silicon. Upon annealing a significant increase in the electrical con-
ductivity was achieved, with currents increasing from the nano-Ampère
to the micro-Ampère range, attributed to the creation of oxygen va-
cancies. The preferential loss of O during annealing in oxygen poor
environment accompanied by an increase of conductivity has been re-
ported before [16]; however, the reduction of MoO3 due to intercalated
hydrogen, ultimately also leading to the formation of oxygen vacancies,
may also play a role in the observed conductivity increase [17]. Pre-
liminary UV Raman measurements on vacuum annealed samples (not
shown) only show bands characteristic of α-MoO3. Furthermore, they
reveal a broadening of the Raman bands centered at 819 and 996 cm−1

and the intensity ratio of the Raman bands at 283 and 291 cm−1 (I283/
I291) decreases after annealing which are typical signs for the formation
of oxygen vacancies [7]. No colour change has been observed at the
temperature used in the present study.

The metal-semiconductor-metal (MSM) devices were fabricated
using a glass substrate, an as-annealed sample and two co-planar in-
dium contacts. The indium contacts were applied by placing two stripes
of In on top of the sample with a distance of about 2mm between them
and then heating the sample to ~150 °C. After the In melted, the
structure was cooled down and the contacts solidified. The lateral MSM
geometry was chosen because of the easy device processing and the
possibility to use the same device for UV light and particle detection
e.g. without using transparent contacts. In III-nitride photodetectors,
high quantum efficiency was demonstrated for devices with MSM
configuration [18]. This configuration also allows the proton irradia-
tion of MoO3 in between the contacts, avoiding any change of the In/
semiconductor interface due to the irradiation.

Electrical measurements were performed using an Agilent B1500A
Semiconductor Device Analyser. I-V curves were taken at ambient
pressure before and after the irradiation with UV light and protons.
Transient I-t measurements during irradiations were carried out in va-
cuum applying a 10 V bias to the device. The same device was first
exposed to UV radiation and several days later to 2MeV protons. Both
photoconductivity and ion beam induced conductivity measurements
were performed inside vacuum chambers with a pressure of about
5× 10−5 mbar. Keeping the sample at this pressure during several days
does not lead to significant changes of the conductivity, in contrast to

samples kept in air which suffer a strong decrease of the conductivity on
a timescale of days, indicating that the effect of residual gases in the
chamber are negligible for the observations during irradiation pre-
sented here.

A scheme of the device and measurement geometry for photo-
conductivity and ion beam induced conductivity measurements is
shown in Fig. 1. For the photoconductivity measurements, the device
was excited with the entire spectrum of a deuterium lamp (Hamamatsu
High Power UV–Vis Fiber Light Source L10290) that emits in the range
of 200 nm to 400 nm. Proton irradiation was performed at the IST/
LATR microprobe [19] using a 2MeV proton beam with a current of
500 pA. Approximately 75% of the area of the device between the
contacts (the contacts themselves were not hit by the proton beam) was
irradiated with a proton flux of ~2×1011 particles·cm−2·s−1. The
projected range of 2MeV protons in MoO3 (approx. 30 μm according to
SRIM simulations [20]) is larger than the typical sample thickness
(< 10 μm) so that most protons will exit the sample at the back side and
energy deposition occurs mainly via electronic interactions (creation of
electron-hole pairs) while defect formation via nuclear collisions re-
mains low. Such a device structure may be interesting for dosimetry
purposes (measuring the intensity of the irradiation but not the energy
of the particles) or as a trigger to detect particles before they are im-
planted in a material below the device e.g. for single ion implantation.
In the present case, these irradiation conditions allow a more direct
comparison between the device behaviour upon UV and proton irra-
diation since atomic displacements upon particle irradiation are sup-
pressed.

3. Results and discussion

Fig. 2 summarizes the results of the I-V and transient I-t electrical
characterization. The I-V curves taken in air before and after irradiation
with UV light and protons (Fig. 2.a and c, respectively) present nearly
linear characteristics suggesting contacts with quasi ohmic character.
Furthermore, no significant changes are observed in the I-V curves after
UV or proton irradiation suggesting that irreversible structural changes,
induced during the irradiation, are negligible.

The slight decrease of the conductivity seen when comparing
Fig. 2.a (showing I-V curves in the dark before and after the photo-
conductivity measurements) and Fig. 2.c (showing I-V curves in the
dark taken several days later just before and after the ion beam induced
conductivity measurements) is attributed to the adsorption of oxygen
molecules at the surface occurring during storage of the sample in the
vacuum chamber for several days. Note that the conductivity of an-
nealed MoO3 samples decreases strongly with time, on a timescale of
days, if samples are left in air ambient. This is attributed to oxygen

Fig. 1. Schematic illustration of a MoO3 lamellar crystal device for photoconductivity and
ion beam induced conductivity measurements.
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adsorption at the surface; this effect will be discussed in detail below.
Fig. 2.b shows the response of the device when exposed to UV ra-

diation in vacuum. An increase of the conductivity is clearly seen when
irradiation is switched on. The current value increases first more
sharply in the first few minutes, followed by a slower increase over the
remaining measurement time. During the first irradiation cycle of
280min, the current value increases by approximately 18% but never
reaches steady state saturation. When the UV light source is switched
off, the current decreases very slowly and stabilizes only 1% below the
value before the light was switched off. In the second irradiation cycle
the current increases again first rapidly and then slowly to values well
above the values reached in the first cycle and again without reaching
saturation. The decrease of current after switching off the UV lamp is
negligible revealing extreme persistent conductivity. At time
t=~2380min, the chamber was vented with air leading to an abrupt
decrease of the current in the first minutes, followed by a more gradual
decrease to a value close to the initial one (see Fig. 2.a).

The ion beam induced conductivity measurement is shown in
Fig. 2.d. Similar to the photoconductivity results, when the device is
exposed to the proton beam, the current value increases first rapidly
and then more slowly. In contrast to the photoconductivity measure-
ments, the current saturates after approximately 75min of proton ir-
radiation reaching a gain of 31%. When the proton beam is switched
off, the current first drops rapidly and then more slowly saturating at a
value approximately 5% below the value before the beam was switched
off. If a second irradiation cycle is performed, the device exhibits si-
milar behaviour, i.e. the current increases/decreases initially more ra-
pidly followed by a period in which the increase/decrease occurs at a
lower rate, when the source is turned on/off. The current stabilizes at
the same level as during the first irradiation, in contrast to the photo-
conductivity experiment. Again the current level decreases rapidly
when the chamber is placed at atmospheric pressure and it reaches the
same level as before the proton irradiation (see Fig. 2.c).

The main difference between photo- and ion beam induced

conductivity is the fact that both current increase and decrease take
place at a faster rate for the case of proton irradiation. Although the
difference in the current vs. time ascents for UV and proton excitation
may be influenced by the different excitation densities, the significant
discrepancy in the decay times suggests that the behaviour is dominated
by different processes. In particular, the fast decrease of the current
when the excitation source is switched off is more accentuated for
proton irradiation. Such differences may be related to the depth of
penetration of the protons in comparison to the UV radiation, i.e., as the
protons have a range of approximately 30 μm, the processes of creating
electron-hole pairs occur in the entire cross section of the sample, while
with UV radiation most of the light is absorbed close to the surface.
Such behaviour suggests that the persistent conductivity seen in both
experiments is probably due to processes occurring at the surface,
whereas the processes occurring in the bulk (preferentially induced by
the more penetrating protons) contribute mainly to the abrupt variation
of the current. As will be discussed below, surface effects, such as ad-
sorption and desorption of molecules, are much slower than simple
electron-hole formation and recombination. This reasoning is also
supported by the strong decrease in the conductivity after venting any
of the experimental irradiation chambers used.

For both irradiation types, when the external stimuli is switched off
the conductivity stabilizes at much higher level than the initial value of
the current (before the excitation source was switched on for the first
time). This persistent current is particularly strong for the case of
photoconductivity. Furthermore, in both experiments the conductivity
recovers its initial low value when the device is placed at atmospheric
conditions. This reveals the importance of the atmosphere in the re-
sponse of the device and thus the role of surface effects.

Similar responses and persistent conductivity have been reported
for ZnO nanowires exposed to UV radiation in different atmospheres, in
particular, showing a faster current decay for oxygen containing en-
vironments [21, 22]. The strong influence of the atmosphere on the
photoconductivity was attributed to adsorption and desorption

Fig. 2. (a): I-V curves of the device before and after photoconductivity measurements. (b): Response of the device during exposure to UV radiation cycles with an applied voltage of 10 V.
(c): I-V curves of the device before and after ion beam induced conductivity measurements. (d): Response of the device during exposure to proton irradiation cycles with applied voltage of
10 V.
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processes of oxygen molecules at the surface, which allowed not only to
explain the variations along a cycle but also the differences observed in
the responses obtained in vacuum and air [22]. It is assumed that the
adsorption of O2 is the dominant process leading to the decay of con-
ductivity observed here since adsorbed O2 will accept electrons from
the n-type oxide semiconductor forming O2

−. Adsorption of water
molecules on the other hand leads to an increase of conductivity in
MoO3 [23].

Based on the similar results for ZnO and MoO3, in the following, we
adapt the model of persistent photoconductivity developed for ZnO to
MoO3. First, we need to note that unlike ZnO, which is usually highly n-
type doped, our as-grown MoO3 crystals are insulating.

In fact, unannealed and freshly exfoliated samples have very high
resistivity making I-V curve measurements impossible. Annealing in
vacuum leads to the creation of oxygen vacancies, which increase the
concentration of free carriers (electrons). This assumption is in agree-
ment with the strong conductivity increase measured in our samples
after annealing and with results found in the literature [5, 7, 24] and it
is supported by our preliminary Raman measurements described in the
previous section.

According to the model explaining persistent current in oxide
semiconductors, electrons in the conduction band can migrate easily to
the surface, where they can be trapped by oxygen molecules that are
close to the surface of the sample, which favours the oxygen adsorption
processes. Due to the trapping of free carriers from the conduction
band, the conductivity is reduced and oxygen adsorption will determine
the initial conductivity of the device (which will be lower than expected
taking into account the donor (oxygen vacancy) concentration). At the
same time, electron trapping at the surface increases the concentration
of negative charges in this region, resulting in an increased band
bending when the concentration of adsorbed molecules increases – see
Fig. 3.a.

This band bending can cause an increase of the lifetime of irradia-
tion induced electrons in the conduction band, due to fast separation of
the generated electron-hole pairs. This rise in the lifetime of the elec-
trons increases the photoconductivity and ion beam induced con-
ductivity gains, while preventing the quick recovery of the initial cur-
rent value after the excitation source is switched off.

When the devices are exposed to UV radiation or to protons, a rapid
increase in the current value is initially verified, which may be related
to the rapid creation of electron-hole pairs. Due to band bending, the
generated holes will migrate to the surface of the sample where they
can recombine with electrons captured by adsorbed oxygen molecules,
causing desorption of the molecules – see Fig. 3.b. This will decrease the
band bending and promote the recombination of carriers. Since the
process of desorption of oxygen molecules from the surface is a slower
process than the generation and separation of electron-hole pairs, the
increase of the current value will also become slower. As the mea-
surements were done in vacuum, this slow increase can continue until
reaching a level corresponding to that expected for a crystal with the
same concentration of donors but without capture of the electrons at
the surface (i.e. all oxygen molecules are desorbed) [22].

In the case of ZnO, some authors have also attributed an increase in
current to higher than expected values, even for a crystal without
oxygen molecules adsorbed on the surface, to the desorption of ele-
mental oxygen from the crystal lattice, which occurs at a slower rate
than desorption of the oxygen molecules [21].

As mentioned, desorption of oxygen molecules from the surface
causes a decrease in the band bending, which favours the migration of
electrons to the surface and consequently the re-adsorption of oxygen
molecules. After some time, an equilibrium between these two pro-
cesses can be reached (at a level depending on the oxygen concentra-
tion in the sample environment) leading to a current saturation – see
Fig. 3.b.

In the photoconductivity measurement – Fig. 2.b - the current value
does not reach a saturation level, which may mean that the equilibrium

between adsorption and desorption processes of oxygen molecules on
the surface has not been reached during the measurement. In the case of
the ion beam induced conductivity measurement – Fig. 2.d - a satura-
tion of the current value is verified, which may result from a higher

Fig. 3. Schematic of the processes involved in the persistent photoconductivity and ion
beam induced conductivity in as-annealed samples of MoO3: (a) before, (b) during and,
(c) after the irradiation process. Red and dotted circles symbolize electrons and holes
created by irradiation, respectively, while blue circles represent the free electrons re-
sulting from the annealing process. The numbers in (b) and (c) indicate the order in which
the processes occur. Adapted from [22]. VB: valence band; CB: conduction band. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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excitation density compared to the photoconductivity test leading to
faster oxygen desorption.

When the excitation source is switched off, a rapid recombination of
electron-hole pairs can lead to a fast decrease in the current value
followed by the re-adsorption of oxygen molecules at the surface which
reduces the current but at a slower pace – see Fig. 3.c. A continuous
pumping of oxygen molecules to the outside of the chamber does not
favour the re-adsorption processes, leading to a stabilization of the
current at a much higher level than the initial value, remaining there
for hours. Thus, the fast decrease in the current value in the first min-
utes after switching off the excitation is essentially due to the re-
combination of electrons in the conduction band with holes that exist in
the valence band, followed by a slow and almost non-existent decrease
of the current when there are no holes available in the valence band.

When the chamber is vented with air, there is a more pronounced
decrease in the current to values close to the initial one, which is at-
tributed to the presence of oxygen molecules inside the chamber. As the
concentration of oxygen molecules near the surface of the device in-
creases abruptly immediately after the chamber is opened, the capture
of electrons by oxygen molecules can occur quickly, which causes a
more abrupt decrease of the current value. However, such electron
capture will cause a bending of the bands at the surface, which makes it
more difficult for the electrons to migrate to the surface, thereby re-
ducing the rate of adsorption of oxygen molecules. This results in a
more gradual decrease of the current, as is observed in both measure-
ments.

It is also worth mentioning that in the first instants when venting
the chamber, there is a significant increase in the value of the measured
current. On the other hand, a sharp current decrease was observed in
the first pumping moments during the lowering of the pressure inside
the chamber. These observations suggest that this type of material has a
response to pressure variations, and that in the future it can be studied
for pressure variation sensors.

Finally, it is worth to emphasize that, as shown in Fig. 2.c, the
characteristic I-V curve of the device did not undergo any significant
changes during the proton irradiation to an overall fluence of ap-
proximately 1.8× 1015 particles·cm−2, revealing excellent radiation
resistance of MoO3.

4. Conclusions

In this work, we investigated the response of the same device con-
taining an annealed MoO3 crystal when exposed to UV radiation and to
a proton beam. Both photoconductivity and ion beam induced con-
ductivity measurements revealed that the device is sensitive to both
types of radiation albeit with long response and recovery times. The
strong influence of the atmosphere on the conductivity of the device
during the measurements but also during the storage of the samples
suggests that the surface plays an important role determining the
electrical properties of the samples. Both long response times and
strong persistent conductivity are well described by a model con-
sidering the adsorption and desorption of oxygen molecules at the
surface.

The conductivity under irradiation first increases quickly attributed
to the creation of electron-hole pairs followed by their separation due to
band bending. Then desorption of surface oxygen causes a slower in-
crease of the current value which stabilizes when an equilibrium be-
tween desorption and re-adsorption of oxygen is reached.

After switching the excitation source off, strong persistent

conductivity is observed. In vacuum the current stabilizes at a level
much higher than the initial value before the irradiation and remains
high for hours. When the device is placed at atmospheric pressure, the
current value approached the initial value more rapidly attributed to
the abrupt increase of oxygen molecules at the surface of the sample.

Proton irradiation did not lead to any irreversible changes in the I-V
curves revealing high radiation resistance of MoO3.
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