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Molybdenum oxides have gained attention in the last few years due to their vast
variety of polymorphs. These materials relate to technological applications in
several devices to exploit their chromic and electrical features, among others.
Molybdenum oxide (MoO, and Mo,O,) tracks are obtained in molybdenum thin
films, deposited on glass substrates, by a previously reported (by our research
group) optical technique based on femtosecond pulses from a Ti:sapphire laser
oscillator. The present work reports on both the electrical resistance and
resistivity of MoO, tracks as a function of the per pulse laser fluence (F,) used
for the oxide synthesis. It is found that the electrical resistance, as well as the
resistivity, of the MoO, tracks drops as the delivered laser fluence is increased.
The resistivity was determined to drop from 1.7 x 10 >Qcm to 5 x 10 *Qcm.
This result agrees well with resistivity measurements reported in the literature for
MoO, nanosheets and films, respectively. This is explained by the fact that at low
laser fluence the MoO, forms a very thin surface layer, while for high laser
fluences the MoO, will get thick.

1. Introduction

content and the crystalline structure. A
wide range of molybdenum oxides exists:
m-MoO, (rutile type structure), MosOq;
(orthorhombic, monoclinic), Mo17047,
MosOq4, Mo0gO,3, Mo09Ojy6, and MoOs
(orthorhombic, monoclinic, high pressure,
hexagonal phases).'™? In particular, these
oxides have found applications in areas as:
catalysis, gas sensors, lithium micro-bat-
teries, supercapacitors, smart windows
among other devices.'*"”! Up to now a-
MoOj; has been the most studied material
of the whole selection of molybdenum
oxides. However, it is still necessary to
characterize the electrical properties of
most of the MoO, (2<x<3) to enlarge
and find new applications of these molyb-
denum oxides.

The well-known a-MoQOs; is a semicon-
ductor material with a layered orthorhom-
bic structure, while m-MoO, is a semimetal
material with a rutile-type structure.""* a-

Molybdenum oxides (MoO,, 2<x<3) present physical and
chemical properties, which basically depend on both the oxygen

MoO; has found applications as a sensor material. In fact, a-
MoOs thin films have been proven to be very sensitive to various
gases such as NO, NO,, CO, H,, and NHj; in the temperature
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range from 300 to 600 °C."! Another family of materials based
on a-MoOs with interesting properties in terms of applications
are 2D MoO; nanoflakes, 2D MoQO;_, nanosheets and H,MoO3;
nanodisks. 2D MoO; nanoflakes films have been tried for
protein biosensing, in particular using bovine serum albumin.
While, 2D MoOj;_, nanosheets have been shown to possess
properties for electrocatalytic hydrogen evolution reaction.
Recently, H,MoO; nanodisks with plasmonic properties have
been studied aiming to implement a glucose biosensor.'*2
MoO; is an interesting material for various applications due to
its electrical properties. This oxide is of great interest to be used
as anode in lithium ion batteries.?"l It can be obtained as single
crystal, powder, thin films, and various nanostructures as:
ultrathin nanosheets, etc.* 2% Nowadays, several methods have
been employed to obtain MoO,. For instance, molybdenum
dioxide powder has been obtained by chemical reduction of
MoOj; or through the hydrothermal method. While MoO, thin
films are usually fabricated by deposition methods like pulsed
laser deposition (PLD), pulsed injection-metal organic chemical
vapor deposition, electrodeposition, sputtering and chemical
reduction.”?*"**! More demanding forms of MoO; like ultrathin
nanosheets have been prepared by thermal evaporation in a
controlled atmosphere.*”!

In a previous work we report, side-by-side M0,01;—-M0O,—
Mo,O;, rapid track formation by irradiation of molybdenum
thin films with high repetition rate femtosecond (fs) laser
pulses.”®3% This is a unique technique to form on demand
oxide patterns (linear segments, rings, etc.) on molybdenum, or
any other metallic thin film, by means of the local oxidation
induced by the femtosecond laser pulses. The oxygen content
and the crystalline phase of synthesized MoO, are strongly
dependent on the laser irradiation and ambient conditions.

In this work, we report on the study of the per pulselaser fluence
dependence, of the electrical resistance and the resistivity, of MoO,
tracks induced by high repetition rate femtosecond laser pulses.
The type of synthesized molybdenum oxide was determined by
microRaman spectroscopy, and the electrical characterization was
carried out by the four lead method. We contrast our results to
those reported in the literature for some known forms of MoO,
finding good agreement.

2. Experimental Section

2.1. Growth of Mo Thin Films

Molybdenum thin films were grown on fused silica substrates at
room temperature by the magnetron DC-sputtering technique.
The cubic crystal structure of the as deposited Mo films was
determined by a XRD Siemens D-5000 diffractometer, and the
morphology was studied by scanning electron microscopy. The
500nm film thickness was measured by profilometry.*®!

2.2. Femtosecond-Laser Processing of the Mo Thin Films
The Mo films were irradiated by using a Ti:sapphire laser

oscillator with pulses of 60 fs time duration, up to 7 nJ per pulse,
at 70 MHz repetition rate, and wavelength centered at 800 nm.

Phys. Status Solidi A 2018, 215, 1800226

1800226 (2 of 6)

physica
status
solidi
Q

Www.pss-a.com

An attenuator to adjust the delivered per pulse energy was
composed by a half-wave retarder plate and a cube polarizer. The
on target delivered energy per pulse was varied from 2.3 nJ up to
3.5n]. The film irradiation was conducted, in ambient air, at
normal incidence, and focusing down the slightly elliptical
incident laser beam with an aspheric lens of 35 mm focal length.
This yields an elliptically shaped beam waist with a FWHM (full
width half maximum), minor and major axes, of 7.7 and 12 um,
respectively. The films were conveniently mounted on a
computer controlled XYZ linear stage. Figure 1 shows a
schematic diagram of the experimental set up. We laser exposed
the films in the form of a series of straight line tracks, about
2.5mm long, by keeping a constant scan speed at 530 ums '
during the laser exposure. We used an on target per pulse energy
as quoted above and, therefore, per pulse delivered fluence
within the range from 3.2mJ cm ™% up to 4.8 mJ cm ™2 Since the
scan speed was constant, the on target integrated laser fluence
was only function of the number of scans performed along the
same path, four for the present study, and the delivered per pulse
fluence. Groups of tracks about 2.5mm long, and tens of
microns wide, as the ones shown in Figure 2, were irradiated on
the Mo films. These SEM (scanning electron microscopy)
images, of the synthesized MoO,, reveal that each track is
constituted by a smooth surface with submicron grain size. For
each group the delivered per pulse laser fluence was varied.
Figure 3 shows optical micrographs of the as laser-processed
MoO, tracks (Figure 3a), and the post processed MoOj tracks
(Figure 3b); the last were exposed to aqua regia (a mixture of
nitric acid and hydrochloric acid) to dissolve the surrounding
metallic film in order to prepare isolated MoOj tracks for the
purpose of electrical measurements. In Figure 3c—f, we can see
how the MoO, optical appearance changes when the per pulse
laser fluence increases. At low laser fluence (Figure 3c) a MoO,
yellow track is generated, then at higher laser fluences
(Figure 3d and e) the track changes its stoichiometry and it
acquires a purple coloration; to end up at the highest used laser
fluence (Figure 3f) with a track composed by two very well
defined distinct zones. These two zones correspond to MoO,
(center of the track) and Mo,4O1; (sides of the track), according to
our current and previous Raman studies.”® We must notice in
Figure 3b that the characteristic yellow MoO, central zone in the
tracks gets narrower as the per-pulse laser fluence increases
(right to left in Figure 3b), i.e., the formation of Mo0,O;; on the
sides of the track limits the MoO, width. However, as a whole the
tracks get wider with increasing per-pulse laser fluence
(Figure 3c—f) as it is expected because of heat diffusion.

2.3. Electrical Characterization of MoO, Tracks

The electrical resistance of the MoOj tracks was determined by
the well-established four-lead method. Two picoprobe 7-175
(GGB Industries Inc.) tungsten probes (point radius <5 pm)
were plugged in to a 2602A Keithley constant-current power
supply with built-in voltmeter. The two probes were both located
along the laser-scanned track. The separation distance between
the probes was 250 + 10 pm as shown in Figure 4, and a varying
current was applied between the two tips to register the
corresponding voltage. As pointed out above, prior to these
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Figure 1. Experimental set up for MoO, synthesis through fs laser irradiation.

measurements, removing the surrounding metallic film (by
aqua regia etching) conveniently isolated the MoOj tracks.

3. Results and Discussion

A visual inspection of the tracks in Figure 3a, b, and f and
Figure 4b reveals the formation of two distinct zones, which are
identified with MoO, in the central zone of the track, and
Mo40;; sideways.”®! Some of the tracks show crack defects
caused during laser exposure (see Figure 4b). To avoid these
defects when measuring the electrical features of the MoOy

100pm JEOL
M

1.00kV SEI WD 9. 6mm

—
X 1,000 1.00kV SEI

tracks, we selected small sections 250 pm long within the track.
The Mo404; green-bluish side zone in the track forms as a result
of heat diffusion and it occurs at high enough per pulse laser
fluence.*®3% Figure 5 shows the Raman spectrum of the central
zone, which proves the formation of MoO,.

Voltage drop characterization measurements, carried out in
the chosen locations on several tracks, showed that for a given
current a narrower track produces a larger voltage drop than a
wider track. Such fact suggests that the relevant quantity to be
determined is not the resistance per length unit R, but the
resistivity p of the MoOy tracks. The resistivity is given by the
well-kown expression: p = rA/l, where r is the resistance, A is the

lopm JEOL
GB_HIGH WD 7.6mm 5:2

Figure 2. SEM images of the MoO, tracks obtained on the Mo films. a) Group of tracks obtained at different per pulse laser fluences; b) view of three
tracks irradiated at the same per pulse laser fluence; c) zoom in for a single track, notice how the surface of the track is quite smooth with a very fine
submicron grain size. The scale bars are 100 um both in (a) and (b), and 10 um in (c).
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Figure 3. Optical micrographs of the laser created track on the Mo film. a) The as synthesized MoO, tracks; b) the MoO, tracks after removing the
surrounding metallic Mo through an acid bath; c—f) a sequence showing how the MoO, evolves as the delivered per pulse laser fluence increases.

cross section of the conductor, and I is the conduction length.
Notice that R=r/l is the resistance per length unit.
Measurements of the resistance conducted in the center and
the diffusion zones show minimum differences. Figure 6 shows
the current—voltage (I-V) average data for the center (MoO,) and
the diffusion (M0401;) zones for a group of tracks synthesized by
using 4.8 mJ cm ™% per pulse laser fluence. Both zones show an
Ohmic behavior, this is not surprising since the two materials are
known to possess either semimetal or metallic nature.*'! A
linear fit of the data yields a resistance of 6.6 and 7.8 Q for the
center and the diffusion zones, respectively. For low per pulse

laser fluence the diffusion zone is negligible and the resistance
corresponds only to the one due to MoO,. The resistance per
length unit for the central zone, i. e. the MoO, stripe, for all the
processed tracks, as a function of increasing per pulse laser
fluence monotonically drops. This same behavior for the
resistance per length unit has also been reported for TiO,
films, although the order of magnitude between the resistance of
MoO, and TiO, significantly differs.3?

In Figure 7 we plot the resistivity for the studied MoO, tracks
as function of the per pulse laser fluence. For this we computed
the track cross section given by the thickness of the oxide layer

I
100 [Jm

Figure 4. The two probes (dark triangular shapes) set on one of the MoO, tracks for I-V measurements. The distance between the tips of the probes is
250 um. a) Low laser fluence track where MoO; prevails; b) high laser fluence track where MoO, and Mo,O; coexist.
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Figure 5. Characteristic MoO, Raman spectrum obtained for the center
of the track shown in Figure 4b.

times the width of the track, which varies with the delivered laser
fluence. It can be seen how the resistivity also drops as it does the
resistance per length unit. For computing the resistivity of the
MoO, zone we take into account the following facts: the width of
the MoO, decreases as the per-pulse laser fluence decreases from
nearly 50 um down to approximately 15 pm; the thickness of the
formed MoO, layer grows from a few nanometers up to nearly
several hundreds of nanometers, for the lowest to the highest per
pulse laser fluences we used in the MoO, synthesis. At low laser
fluences the interaction is mainly confined to the optical
penetration depth (20nm in this case, since the absorption
coefficient of Mo is 50 x 10*cm™"), with limited oxygen
diffusion depth into the Mo film; while at high laser fluences
the heat diffusion favors oxygen diffusion along the full Mo film
thickness. In the case of measuring the resistance of the very thin
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Figure 6. |-V measurements for the center (MoO,) zone (red circles) and
the diffusion (Mo40+,) zone (black squares) of the laser processed tracks.
Linear fit of the experimental data produces a resistance of 6.6 Q and 7.8 Q
for the center and the diffusion zones, respectively.
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Figure 7. Resistivity for MoO; as a function of the per pulse laser fluence.

MoO, layer at the surface, the question arise of how the current
keeps within that layer without going to the underlying layer. A
possible explanation is that the underlying layer (MoO,)
possesses a density of point defects, which result from the limited
oxygen diffusion at low laser fluences. It has been proven for
femtosecond laser-induced ZnO that, low laser fluence exposure
during synthesis produces a material with high density of point
defects, this material with such point defects shows higher
resistance than the one measured in the same material synthesized
at higher fluences. ** Therefore, if the MoO, top layer has low
density point defects, or it is point defects free, and it is supported
on top of a MoO,_, layer with high density point defects, the MoO,
must exhibit lower resistance than the underlying MoO,_,. Our
measurements produce a resistivity which drops from
1.7x 107> Qcm down to 5 x 107*Qcm. The highest resistivity
corresponds to the lowest per pulse laser fluence, while the lowest
resistivity corresponds to the highest per pulselaser fluence. These
measurements agree well with recently reported highly conductive
MoO, nanosheets, with conductivity values in the range of
200-475Scm™! (resistivity in the order of 2-5 x 107> Q cm);*”!
and resistivity values for MoO, thin films in the order of
7 x 107*Q cm.?* We must point out that in our case at low per
pulse laser fluence a very thin MoO, layer, only a few nanometers
thick, must form; however, at higher per pulse laser fluences a
thicker, several hundreds of nanometers, layer of MoO, should
form. It is consistent then to obtain the resistivity we have
experimentally determined for the MoO, tracks reported in the
present study.

4, Conclusion

We have determined both the electrical resistance per length unit
and the resistivity of femtosecond laser-induced MoO, tracks.
We consistently found that the resistance per length unit
decreases as the per pulse laser fluence used during the
synthesis increases. The experimental results also showed that
the resistance in the so named diffusion zone, where Mo,O1;
forms, is slightly higher than in the center MoO, zone. The laser
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fluence dependent resistivity for MoO,, we report in the present
work, is in very good agreement with the one reported in recent
literature for MoO, nanosheets and MoO, films, which were
synthesized by two different methods. Our findings are
important in view of the multiple opto-electronic applications
of molybdenum oxides, which include a variety of sensors,
electrodes, and other devices.
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