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Abstract: Molybdenum oxide is an attractive material for application in several technology fields
such as sensors, displays, and batteries, among many others. In this work, we present a reliable laser
direct writing (LDW) method for synthesizing multi-phase molybdenum oxide (MoOy) on a single
processing step. We use femtosecond laser pulses to produce up to five distinct crystalline phases
of molybdenum oxide at once. We demonstrate how the laser irradiation conditions determine the
MoOy stoichiometry, phase, and morphology. We show that by conveniently adjusting either the
per-pulse laser fluence or the exposure time, MoOy can be obtained in nano or micro-structured form.
We found that this ultrashort pulse laser processing method allows for the formation of unusual
MoOx phases such as 0-Mo1gOsp, which is rarely reported in the literature. In addition, it is possible
to synthesize other sub-stoichiometric molybdenum oxide phases such as 0-Mo040O;; and m-MogO»3
all at atmospheric air conditions, with no need for demanding oxygen pressure precautions.

Keywords: metallic oxides; molybdenum; laser processing; femtosecond laser pulses

1. Introduction

For decades, the laser has been a convenient tool for modifying the properties of many solid
materials [1,2]. For instance, the laser irradiation of a solid in an oxidant atmosphere with a cw-laser
produces heating within the irradiated region, raising its temperature and therefore triggering the
oxidation of the material. A wide selection of both metals and semiconductors (Ti, Cr, V, Zr, Nb, W, Fe,
Co, Ni, Cu, Zn, Cd, Al, Si, Ge, Sn, Te) has been demonstrated to oxidize under cw laser irradiation [3].
Bismuth, a semi-metal that is abundant in earth and a technologically attractive material, has also been
studied in this context by several groups [4-7].

Materials processing by using pulsed lasers provides another way to confer new or
improved properties to a great variety of materials including metals, semiconductors, ceramics,
and polymers [8-33]. Pulsed lasers offer additional versatility on the processing, as compared
to cw-laser irradiation. In the pulsed case, the laser processing parameters can be conveniently
adjusted to achieve the desired material modification; pulse duration, for instance, determines the
ablation threshold, while the repetition rate drives the heating rate. Pulsed laser irradiation has been
used extensively to create a variety of effects on solid surfaces such as induced oxidation, LIPSS
(laser-induced periodic surface structures), waveguide writing, and micromachining, among others.
We have summarized in Table 1 a few illustrative examples of published work on pulsed laser-induced
oxidation in metals. As seen in this summary table, pulsed laser-induced oxidation in titanium has
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been studied under different experimental conditions by various groups [8-12,15]. Further studies
of pulsed laser-induced oxidation have also been reported for other materials as copper, chromium,
bismuth, molybdenum, and zinc [13,14,16-25].

Table 1. Pulsed laser-induced oxidation of metals published in the literature.

Starting Material Pulse Duration Obtained Material Research Group Year
Titanium ns TiO Ogale et al. 1[988]6
1,7y
- a 'T1203 ) . 2002
Titanium ns Ti, O3 Pérez del Pino et al. [9,10]
1 R-TiO, !

- . 1 e . 2008
Titanium thin films ns R-TiO, Camacho-Lopez et al. [11]
Titani 1 . ) 2009
itanium ns A-TiO,, R-TiO, Shupyk et al. [12]
Molybdenum thin films fs Mo0O,, Mo40O1 Cano Lara et al. 2[?;]1
Chromium thin films fs CrO,, Cr,03 Baranov et al. 2[(1)1]1
Titanium plates fs 1 a-TiO, Landis et al. 2[?é]2
- . 2012

Molybdenum thin films ns, ps MoO, Camacho-Lopez et al. [16]
) . 2015

Molybdenum films fs MoO, Kotsedi et al. [17]

. e . 2016
Bismuth thin films ns 3-Bi O3 Venegas-Castro et al. [18]
g 2016

Copper thin films fs Cu,O, CuO He et al. [19]

. . 2017

Molybdenum films fs MoO, Kotsedi et al. [20]

. e 2018

Zinc thin films fs ZnO Esqueda-Barron et al. [21]
Molybdenum thin films fs MoO,, MoO3, MogOy3 Cuando-Espitia et al. 2[32]8
Molybdenum thin films fs Mo0O,, Mo4O1; Camacho-Lépez et al. 2[(2);?
Chromium films fs CrO,, Cr,O3 Dostovalov et al. 2[8}1]8
CrN layer fs CrO,, Cr,03 Florian et al. Z[SE?

L'a, A, and R stands for amorphous, anatase, and rutile, respectively.

Molybdenum oxides are very versatile materials that attract lots of attention due to their multiple
chemical compositions, crystalline phases, and crystallite morphologies, which give rise to a wide
variety of applications as functional materials [34,35]. Molybdenum oxides (MoOy) can be obtained
as MoOy, MoQ;, or as a set of sub-stochiometric molybdenum oxides (MoOx, 2 < x < 3) such as
Mo4011, M017047, M05014, M0gOy3, and Mo1gOs; [36—42]. The commonly known crystalline phases
for stochiometric molybdenum oxides are m-MoO;, a-MoOs, f-MoOs, MoOs/, and h-MoOj3 [36,43-45].
This rich selection of molybdenum oxides has shown potential industrial applications such as sensors,
cathodes for lithium ion batteries, photocatalyst, and supercapacitors, among others [45-48]. It is
worth mentioning that both the MoO, and MoQOj3 crystalline phases have been extensively studied and
well characterized by Raman spectroscopy. In contrast, limited information of Raman signature for
sub-stoichiometric molybdenum oxides (MoOy, 2 < x < 3) has been published.

We must note that molybdenum oxides have been largely synthesized by a collection of methods
including chemical routes such as hydrothermal, sol-gel, precipitation, and physical techniques
including laser ablation, sputtering, thermal evaporation, and solid-state reaction, among others.
These well-established routes allow for obtaining molybdenum oxides with different properties [35].
On the laser processing side, structural phase transformations can be triggered on already formed
molybdenum oxides by using cw-laser irradiation, as reported in [42,49,50].
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In our research group, we have focused our work during the last decade on the pulsed laser-induced
oxidation of metals such as titanium, molybdenum, bismuth, and zinc in their thin film form by using
short and ultrashort laser pulses [11,13,16,18,21-23].

In the present paper, we report on the experimental findings for the synthesis of MoOx by laser
direct writing (LDW). We used femtosecond laser pulses for the fast growth of multi-phase molybdenum
oxide, in atmospheric air, on single-step processing. These molybdenum oxides are grown on initially
sputtered molybdenum thin films. We studied the MoOy formation as a function of both the per pulse
laser fluence and exposure time. The laser-irradiated regions were characterized by optical microscopy
(OM), micro-Raman spectroscopy (1RS), and scanning electron microscopy (SEM). Results demonstrate
a clear influence of the LDW conditions on the optical, phase/chemical, and morphological features of
the obtained MoOx. Up to five spatially resolved—closely packed—MoOy phases are obtained at once
with distinct characteristics such as oxide coloring, varying stoichiometry, and micro/nanostructuring.

2. Materials and Methods

We used crystalline molybdenum (c-Mo) thin films deposited on glass substrates by the magnetron
sputtering technique. The molybdenum films are 500 nm thick and grow preferentially in the (110)
direction with a body-centered cubic (bbc) crystalline structure [13]. The whole laser processing work
presented here was carried out well below the ablation threshold of molybdenum. For pulsed laser
irradiation with ultrashort pulses, the ablation threshold strongly depends on the pulse duration [51,52];
therefore, it is very important to know the ablation threshold of molybdenum in its thin film form
for femtosecond laser pulses. Hermann et al. [53] reported on the experimental determination of the
femtosecond laser ablation threshold fluence of molybdenum films, 500 nm thick, deposited on a glass
substrate. They reported a per-pulse laser ablation threshold fluence of 110 m]J/cm? for laser pulses of
100 fs duration at 800 nm (Ti:Sapphire laser source).

In the present work, we used a Ti:Sapphire laser producing pulses of 60 fs duration at an 800 nm
center wavelength, and the laser beam intensity profile is Gaussian. The laser irradiation was performed
on the molybdenum films at fixed spot positions, using a 35 mm focal length positive lens. Since the
incoming laser beam is slightly elliptical, the laser beam waist is also elliptical with the following
dimensions: 10.36 pm (short axis) and 12.85 um (long axis) measured at FW1/e’M. Laser pulses of
energies 1.45, 2, 2.61, 3.2, 3.77, and 4.35 n] were delivered to the molybdenum sample at a 70 MHz
repetition rate. The per-pulse laser fluences for molybdenum irradiation were in the 1.4-4.2 m]/cm?
range, i.e., they were less than the 4% ablation threshold fluence. This serves the purpose of avoiding
molybdenum erosion at the surface and instead promoting a gentle material transformation as a result
of the laser interaction with the molybdenum under ambient air conditions. The exposure time of the
sample to the 70 MHz repetition rate laser pulses was set to 2, 10, 20, 30, 60, 180, 360, 600, and 1200 s.
Figure 1 depicts the experimental set up we used in all the experiments. The output laser pulses
are transported down to the sample through a series of mirrors and the lens, to finally land onto the
sample. This is set on a computer-controlled x-y-z translation stage, which allows precisely (0.5 pm
step resolution) repositioning the laser beam waist onto a new position after the laser irradiation has
been completed on the current spot. We used an image relay optical system to help finely positioning
the laser beam waist right on the sample surface. This image relay system is called the equivalent target
plane (ETP), and it is composed by the processing lens (f = 35 mm), a 90/10 beam splitter, a second lens
(f = 500 mm), and the CCD (charge-coupled device) camera.

The post-irradiated sample was characterized to assess the optical, phase/chemical,
and morphological laser-induced changes. We used an optical microscope (Olympus BX-41, Olympus,
Takakura, Tokyo, Japan) to take optical micrographs of the laser-irradiated spots. The phase/chemical
changes were characterized by using an approximately 2 um spatial resolution micro-Raman system
(Jobin-Yvon-Horiba LABRAM HR-800, Horiba, Minami, Kyoto, Japan) whose laser source is an He-Ne
laser (632.8 nm). The morphological features were studied by scanning electron microscopy (SEM,
JEOL 5300, JEOL, Akishima, Tokyo, Japan).
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Figure 1. Experimental set up. The Ti:Sapphire linearly polarized laser beam is focused down on to
the Mo sample by a 35 mm focal length processing lens. The laser pulse energy is adjusted by using
an attenuator made of a half-wave plate and a linear polarizer. The ETP 500 mm focal length lens
together with the CCD camera, and the 35 mm processing lens, make an image relay optical system for
visualizing the target (Mo sample) plane.

3. Results

As a result of the laser irradiation of the Mo thin films in ambient air, the Mo surface is rapidly
modified in three different aspects. An optical transformation occurs such that the silvery-dark Mo
surface turns into a rich pattern of color as the laser irradiation progresses; this color patterning is
accompanied by a morphological change in the surface, micro, and even nanostructures developed
during laser irradiation, and this structure correlates to a distinctive color in the pattern. As it could be
expected, the above-mentioned coloring and morphological change correspond to a particular phase
change of the material, and several Mo oxide phases are synthesized at once during laser irradiation.
In the sections below, the results of optical, morphological, and phase laser-induced changes are
presented and discussed through an optical, SEM, and micro-Raman analysis of the irradiated Mo
thin films.

3.1. Optical Modification of the Mo Thin Film Surface

The optical modification on the surface of the Mo thin film consists of the rapid formation of a
concentric ring pattern, where each ring acquires a distinct color. The growth and evolution of the
pattern is directly related to both the per-pulse laser fluence and the exposure time to the pulsed fs
laser irradiation. Figure 2 shows a matrix of optical micrographs (labeled S;; withi=1, ..., 6 and
j=1,...,9) where columns (i) correspond to per-pulse laser fluence, while rows (j) correspond to
exposure time. The background color (dark red, blue, green, light red, and black) identifies five oxides
phases that were formed right in the center of the irradiated spot, as it is shown in Section 3.2.

We can see how the laser irradiation rapidly modifies the surface of the Mo film in the following
way: at low per-pulse laser fluences and short exposure times (1.4 mJ/cm? and up to 1 min; 1.9 mJ/cm?
and 2 sec), the initial silvery dark surface turns into a yellowish one, right on the irradiation spot.
As the exposure time progresses and the per-pulse laser fluence increases, a concentric colored ring
pattern develops. The number of concentric rings rises up to five around the quasi-elliptical central
zone. Notice that the long axis of this quasi-elliptical central zone is approximately 2-3 times the size
(12.85 um FW1/e*M) of the laser spot, meaning that most of the surface modification, i.e., the concentric
rings, are the result of heat diffusion effects originating at the laser heat source generated at the
irradiation spot location. Of course, the central zone where the heat source is generated by strong
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optical absorption is under direct light illumination, which makes the conditions for oxide synthesis
different between the central zone and the concentric rings, since at the illuminated spot, the synthesis
occurs under the influence of a strong electric field in addition to the generated heat. The overall effect
of the increasing laser fluence and longer exposure times makes the modified surface area grow steadily
by developing an increasing number of rigs of different colors. As it is discussed in the following
sections, distinct oxide phases and morphology characterize the central zone as well as each one of the
concentric rings.

1.4 mJ/cm? 1.9 mJ/em? 2.5 mJ/cm? 3.1 mJ/cm? 3.6 mJ/cm? 4.2 mJ/cm?

10s

20s

30s

1 min

3 min

6 min

10 min

20 min

50 um

Figure 2. Optical transformation of the initial molybdenum film under increasing per-pulse laser
fluence and increasing exposure time. Laser irradiation with fs laser pulses (60 fs) delivered ata 70 MHz
repetition rate. The background color coding is related to the oxide phase that is obtained at the center
for each irradiated spot (see Section 3.2).
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3.2. Laser-Induced Mo Oxide Phases

Micro-Raman spectroscopy was performed at the center in each one of the irradiated spots
presented in Figure 2. By doing so, we identified five molybdenum oxide phases whose Raman spectra
are presented in Figure 3. There are several combinations of per-pulse laser fluence and exposure
times, which produce a specific oxide phase at the center of the irradiated spot. For the purpose of this
work, we chose to show a representative spectrum for each one of the five background colored frame
blocks (dark red, blue, green, light red, black) in Figure 2.

a) | a-MoO,

| m-MoO,

Raman Intensity (a.u.)

1 m-MogO,3
| | | | )
T T ] 1 T — 1
L & i
d)
o 10 a-MoO
SY & 5 g 8 i 3
(o K | 2

595
762
1005

1014
I

e) | 0-MoyOs,

1 1 1 1 1 1
200 300 100 500 600 700 800 900 1000 1100

Raman Shift (cm'l)

Figure 3. Representative Raman spectra for the center at each irradiated spot within the five background
colored frame blocks (dark-red, blue, green, light-red, black) in Figure 2. (a) 2-MoOy (amorphous
molybdenum oxide); (b) m-MoO;; (c) m-MogOs3; (d) a-MoOs; (e) 0-Mo1gOs;.

Amorphous molybdenum oxide (Figure 3a) is formed at the lowest (1.4 m]/cm?) per-pulse fluence
and up to 30 s exposure time (dark-red background frames in Figure 2); m-MoQO, (Figure 3b) [39,42] is
obtained after 1 min and up to 20 min exposure time for a fluence of 1.4 mJ/cm?, although it grows
faster (2-30 s) if the fluence increases up to 2.5 mJ/cm? (blue background frames in Figure 2); m-MogOa3
(Figure 3c) [54] forms fast at fluences between 2.5 and 4.2 mJ/cm? with exposure times up to 30 s,
while it needs up to 3 min to form if the fluence lowers down to 1.9 mJ/cm? (green background frames
in Figure 2); there are noticeable a-MoQOj (Figure 3d) [36,42] forms for a very narrow selection of
fluence (3.1-4.2 mJ/cm?) and a single exposure time of 1 min (light-red background frames in Figure 2);
the 0-Mo13Os; (Figure 3e) [39] phase requires long exposure times (3-20 min) to form under per-pulse
fluence from 1.9 up to 4.2 mJ/cm? (black background frames in Figure 2).

Micro-Raman spectroscopy was also performed at selected irradiated spots by probing in the
radial direction, in order to characterize the oxide phases synthesized at each concentric ring. Figure 4
shows the optical micrograph and the spatially resolved Raman spectra for the irradiated spot Si¢
(1.4 mJ/cm?, 3 min). As it can be clearly seen, this spot is constituted by a dark central zone surrounded
by a single light-brown ring. Raman measurements were carried out at the I, II, and III positions, i.e.,
at a position far beyond the laser-modified zone (our reference of the starting material) and within the
modified region. The unmodified film shows no Raman activity (Syeyr), since the starting material is
constituted by pure metallic molybdenum. Si¢; shows well-defined peaks at 208, 232, 350, 366, 463,
469, 500, 571, 588, and 747 cm™!, indicating the formation of the monoclinic molybdenum dioxide
m-MoO, phase [39,42]. S1¢;1 shows the same spectrum with a slightly broadening on the peaks, which
is possibly due to a lower degree of crystallization at the outer edge of the laser-modified region.
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Figure 4. Optical micrograph (a) with I, II, III the positions where Raman measurements were taken,
and spatially resolved Raman spectra (b) for the irradiated spot S14 at per-pulse laser fluence 1.4 mJ/cm?
and 3 min exposure time.

Figure 5 shows the optical micrograph and the Raman spectra corresponding to the center and
the concentric rings of the irradiated spot Ss4 (3.6 mJ/cm?, 30 s). In this case, the modified region in
the film develops into a rich colored pattern, where we probed with micro-Raman spectroscopy at
seven spatially resolved positions—I, I, III, IV, V, VI, VIl—as it is indicated in the optical micrograph.
At the center of the irradiated spot, the Raman spectrum Ssy; shows incipient peaks at the following
positions: 233, 354, 920, and 951 cm™~L. These can be assigned to the sub-stoichiometric monoclinic
the m-MogO»3 phase [39,54]. The Raman spectra Ss41—Ss4vy at the light-gray, dark-gray, blue, purple,
and the outer light-brown ring in the rings pattern show peaks at 208, 229, 346, 366, 461, 470, 496,
571, 589, and 745 cm~!, which belong to the molybdenum dioxide m-MoO; phase [39,42]. At the
very edge of the pattern, the Raman spectrum Ss4y; shows incipient bands at 208, 229, 480, 850, 956,
and 1007 cm~!, which seems to be composed by a mixture form of amorphous a-MoOx oxide phases.
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Figure 5. Optical micrograph (a) with I-VII the positions where Raman measurements were taken, and
spatially resolved Raman spectra (b) for the irradiated spot Ss4 at per-pulse laser fluence 3.6 mJ/cm?
and 30 s exposure time.

Figure 6 shows the optical micrograph and the Raman spectra corresponding to the center and
the concentric rings of the irradiated spot Sy7 (1.9 mJ/cm?, 6 min). The micro-Raman spectroscopy
measurements were carried out at the I, II, III, IV, and V spatially resolved positions indicated in the
optical micrograph. Notice that in this case, the rings” dominant colors are dark gray for Sy7yy, green for
So7im—Sa71v, and light brown for Syyy. At the center of the irradiated spot, the Raman spectrum Sy7;
shows incipient peaks at 233, 246, 357, 398, 419, 455, 769, 890, 991, and 1013 cm~ 1, indicating the
formation of the 0-Mo1gOs; oxide phase [39]. The Raman spectrum Sy7y; taken at the dark-gray ring
shows more defined peaks at 233, 370, 463, 500, 575, and 750 cm~!, which correspond to m-MoO, [39,42].
Additional peaks are located at 848 and 855 cm~! which are close to the reported peaks for the 0-Mo,O1;
phase [38,39]; there are also tiny peaks at the positions 766 and 919 cm™! that belong to the 0-Mo1gOs)
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phase [39], meaning that there is phase mixture; i.e., the three m-MoO;, 0-M04011, and 0-Mo13O0s;
coexist. For the edges of the green ring, the Raman spectra Sy7y;; and Sy71v are constituted by peaks at
around 232, 370, 415, 466, 501, 573, and 749 cm™!, which indicate the formation of both m-MoO, and
0-Mo4011 oxide phases [38,39,42]. There are also additional peaks at 627, 913, 917, 967, and 1015 cm™!
showing the coexistence of the 0-Mo13Os; oxide phase [39]. At the outer light-brown ring, the Raman
spectrum Syyy presents peaks at 229, 295, 330, 341, 377, 417, 473, 507, 808, 867, and 926 cm™!, where the
coexistence of the 0-Mo40O11 and m-MogO»3 phases is identified [38,39].
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Figure 6. Optical micrograph (a) with I-V the positions where Raman measurements were taken,
and spatially resolved Raman spectra (b) for the irradiated spot Sy7 at per-pulse laser fluence 1.9 mJ/cm?
and 6 min exposure time.
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Figure 7 shows the optical micrograph and the Raman spectra corresponding to the center and
the concentric rings of the irradiated spot Sgs (4.2 mJ/cm?, 1 min). Spatially resolved micro-Raman
measurements were performed at the positions I, II, I1I, IV, V, VI, and VI], as indicated in the optical
micrograph. At the center of the laser-irradiated spot, it shows the formation of large crystals.
The surrounding six concentric rings display colors as follows: dark gray for Sesy, light gray for Sespy,
dark gray for Sgspy, green for Sgsy, blue for Sgsyy, and light brown for Sgsyy. The Raman spectrum
Ses1 shows peaks at 245, 284, 489, 817, and 994 cm™, indicating the formation of the alpha phase of
molybdenum trioxide a-MoOj [36,42]. The first inner ring has a Raman spectrum Sgs;; with peaks at
230, 365, 495, and 738 cm™1, showing an incipient formation of the monoclinic phase of molybdenum
dioxide m-MoQO;. The Raman spectra Sgs1-Sesvyr are all very similar with well-defined peaks at around
207, 229, 350, 365, 459, 470, 497, 568, 587, and 744 cm™!, indicating a much better formation of the
m-MoQO; oxide phase. The outer light-brown ring shows a Raman spectrum Sgzyyp with peaks at 207,
230, 289, 318, 366, 412, 473, 504, 736, 807, 840, and 920 cm™~!, where we have the coexistence of the
0-Mo4011 and m-MogO»3 phases [39,54] similarly as in the case of Sy7y in Figure 6.

3.3. Morphological Features of the Laser-Modified Surface

The femtosecond laser irradiation of the initial molybdenum film promotes the growth of both
micro and nano-sized structures along with the chemical/phase changes. The morphological features
that accompany the spatially resolved oxide phases already discussed in the previous section are
depicted below.

Figure 8 shows the SEM micrograph for the Si4 laser-irradiated spot. At the lowest per-pulse
fluence and 3 min exposure time, the film surface just starts to show a light texture modification.
The size of the modified area is approximately 40 um (the red ellipse represents the laser beam waist
on the film). At this spot, the synthesis of m-MoO, was obtained across the whole spot.

A much more complex morphology is obtained for the laser-irradiated spot Ss4, as shown in
Figure 9. The center zone develops an elliptical shallow crater that mimics the shape of the laser
beam waist (red ellipse); this crater reaches 20 um in its short axis and 31 pm in its long axis (Ss45).
It can be seen that the crater is seeded with a large number of islands; a magnified image (Ssap) allows
seeing that these islands are composed by a sort of nano bar. Notice that Navas et al. reported
molybdenum oxide nano bars in [54]. The structure that surrounds the crater (Ss4.) is a polyhedral one
with submicron particles. The crater islands are made of m-MogO,3 according to the Raman results in
Figure 5, while the polyhedral structure is constituted by m-MoO;.

The laser-irradiated spot Sy has a modified zone that is approximately 85 um across, as seen in
Figure 10. At the center of the spot, a quasi-elliptical shallow crater forms (the red ellipse represents
the laser beam waist); this crater is surrounded by three concentric rings with distinct textures (Syy,).
The quasi-elliptical crater reaches 15 um in its short axis and 22 pum in its long axis (S,7p); notice that
in this case, the crater is filled with a stratified lamellar structure. A magnified image of the crater
allows clearly seeing several nanostructured islands nucleating at specific sites within the lamellar
structure (Syy.); according to the Raman results, this lamellar structure corresponds to 0-Mo1gOs;.
The nanostructures at the nucleating sites are agglomerated nano bars at a size in the order of 50-60 nm
(width) by 300-400 nm (length). The ring next to the crater shows polyhedral submicron particles
(S274), which correspond to the coexisting m-MoO,, 0-Mo40O11, and 0-Mo;3Os; oxide phases, as shown
by the spatially resolved Raman measurements. The outer ring next to it (S,7.) has also a stratified
0-Mo01g0Os5; lamellar structure similar to the one formed in the crater.

Figure 11 shows the morphological features for the laser-irradiated spot Sg5, where similarly to
the already analyzed cases, there is a quasi-elliptical crater formed at the center of the spot (the red
ellipse represents the laser beam waist). The crater dimensions are 23 um in its short axis and 32 pm
in its long axis (Sgs,). A stratified layered structure is observed right at the center of the crater; the
corresponding Raman measurements at that location show that this layered structure is composed
by a-MoOs. Close to the layered structure, there are a large number of islands (S¢s). A magnified
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image of the islands shows that these are conglomerates of nano bars of dimensions of approximately
50 nm (width) by 100-250 nm (length) randomly orientated (Sgs.). Distinct morphological features
can be seen as we analyze the irradiated spot toward the outer radial direction. Next to the crater
(Se54), a polyhedral growth produces particles less than 500 nm in size. Further out, more faceted
particles grow with sizes from 100 nm up to 1 um (Sgze). At the edge of the laser-irradiated spot,
a uniformly granular structure is formed with a grain size in the order of 60 nm (Sgs¢). From the
Raman measurements, we identify the polyhedral structures as m-MoO,, while the granular structure
is composed by the 0-Mo40O1; and m-MogO,3 oxide phases.
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Figure 7. Optical micrograph (a) with I-VII the positions where Raman measurements were taken,
and spatially resolved Raman spectra (b) for the irradiated spot S¢5 at per-pulse laser fluence 4.2 mJ/cm?
and 1 min exposure time.
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Figure 8. SEM micrograph for the irradiated spot Sy4 at per-pulse laser fluence 1.4 mJ/cm? and 3 min
exposure time.

(@) (b) (©)

Figure 9. SEM micrograph for the irradiated spot Ss4 at per-pulse laser fluence 3.6 mJ/cm? and 30 s
exposure time. (a) Ss4, is a close up of the crater; (b) Ss4, shows a zoom in within the crater; (c) Ssy is a
magnified image of the edge zone next to the crater.

Figure 10. SEM micrograph for the irradiated spot Sy7 at per-pulse laser fluence 1.9 mJ/cm? and 6 min
exposure time. (a) Syy, is a wide view of the laser-modified zone; (b) Sy, is a close-up of the crater,
and (c) Syy. is a zoom-in within the crater showing details of the lamellar structure and the nucleating
islands; (d) Sy74 is a magnified image of the edge zone next to the crater; (e) Sy7, is a magnified image
at the zone besides Sy74 toward the edge of the laser-modified region.
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Figure 11. SEM micrograph for the irradiated spot Sgs at a per-pulse laser fluence of 4.2 mJ/cm? and

1 min exposure time. (a—c) Sgsp, and Sgs. are images that zoom in at the center and the periphery within
the crater Sgs,; (d) Sgsq is a magnified image of the edge zone next to the crater; (e) Sgs. is a magnified
image at the zone besides Sg54 toward the edge of the laser-modified region; (f) Sgs¢ corresponds to the
very outer edge of the laser-modified zone.

4. Discussion

The above-presented results demonstrate the feasibility of rapid formation of multi-phase
molybdenum oxides under a high repetition rate of femtosecond laser irradiation. As shown in
Figure 2, there exists a right combination of per-pulse laser fluence and exposure time, which leads
to the consistent formation of specific molybdenum oxide at the very center of the irradiated spot.
This means that the oxide growth is the result of what we may call an integrated fluence. In other
words, incubation and/or thermal accumulative effects drive the oxide formation. This is confirmed
by the increasing dimensions of the modified region as either the per-pulse fluence or exposure time
increases. The varying stoichiometry, phase type, and morphology from the center to the edge (radial
direction) of the modified region reveal a temperature gradient established by heat diffusion, from the
center of the heat source, i.e., from the laser-illuminated spot outwards. It is interesting what happens
during laser exposure, since at the very beginning, for a certain number of delivered laser pulses,
the optical absorption coefficient is very high (in the order of 10* cm™) for the initially metallic
molybdenum; however, this radically changes within the first few seconds of laser irradiation once
the film surface starts to oxidize. In fact, for a sufficient exposure time, MoO3 is formed right at the
center of the irradiation spot. Molybdenum trioxide is a transparent material, which means that its
optical absorption coefficient is negligible. Therefore, at the beginning, a large amount of heat is
generated by the laser, followed by rapidly rising the temperature, but as time goes by, the optical
absorption coefficient seen by the incoming laser pulses drops fast due to oxidation, up to the point
where it approaches zero. This makes the thermal scenario quite complex, since the temperature profile
across the laser-modified region does not stay Gaussian, as it could be expected, and as it surely is
at the beginning of the exposure. Instead, as time progresses, the center of the irradiated spot sees
less and less heat generated because of the dropping of the optical absorption coefficient. At some
point during the irradiation, the initially Gaussian temperature profile will get a deep hole right at the
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center; i.e., the center is colder than its surroundings in the modified zone. Under these circumstances,
the synthesis of the presented molybdenum oxide is not an easy task to explain, mainly because several
physical and optical parameters (thermal diffusion coefficient, specific heat capacity, density, optical
absorption and reflectance, etc.) are dynamically changing with the delivering of pulse after pulse at a
very high repetition rate.

To the best of our knowledge, there are no reports in the literature about the conventional thermal
treatment of molybdenum in air to produce the sort of molybdenum oxides that we obtain in this work.
If that was already in the literature, it could be possible to infer the temperatures that are achieved
during the fs laser irradiation of the molybdenum thin films in the present work. The closest report
in this direction is the one by Dieterle et al. in [40], where they study different molybdenum oxides
MoOj3_y obtained in the 670-923 K temperature range. However, they use different molybdenum
precursors and different atmospheres including air, oxygen, and nitrogen to synthesize the MoO3_.
Currently, in our research group, there is work underway to obtain molybdenum oxides by the simple
thermal treatment in air of the same molybdenum thin films used in the present work. Then, this will
allow us to contrast (temperature-wise) conventional thermally obtained molybdenum oxides against
fs laser-induced molybdenum oxides. We have to notice though that these two methods are not
equivalent, since in the conventional thermal treatment, there is no electric field involved in the
molybdenum oxide synthesis, while in the fs laser-induced molybdenum oxide synthesis, there is a
very strong electric field present.

No matter the complex and challenging opto-thermal scenario during synthesis, we can point
out a few observations. There are clear spatially resolved phase transitions when looking into the
radial direction. Consistently, there is always a distinct oxide phase forming right at the center of the
irradiated spot; these specific phases are either m-MoQO,, m-MogOy3, 0-Mo0130Os5;, or a-MoOj3. Then,
going outwards in the modified region, there is a large zone where the dominant phase is m1-MoO,
with a crystallinity degree that decays as a function of the distance to the center of the spot. We can see
in Figures 4, 5 and 7 how the Raman spectra for m-MoO, loses its sharpness and the peaks broaden the
farther from the center the measurement is taken. This is not surprising if we assume a temperature
profile that decays from the center to the edge of the laser-modified zone. In the case presented in
Figure 5, the far end of the modified zone sees another transition to amorphous molybdenum oxide;
while in the case of Figures 6 and 7, we see a mixture of the 0-Mo40O1; and m-MogO,3 oxide phases
forming at that far end. We must note that there are some unknown features accompanying this
mixture of phases, which are provided by some Raman peaks that are not identified in the literature as
belonging to these oxide phases. Interestingly, while in the cases of Figure 5; Figure 7, the dominant
phase in between the center and the edge of the laser-modified zone is m-MoO,; in the case of Figure 6,
there is a mixture of the m-MoO;, 0-Mo04011, and 0-Mo13Os; oxide phases forming at that same zone.
In Figures 6 and 7, the transition at the edge of the laser-modified zone is to the mixture of the 0-Mo,O1;
and m-MogOy3 oxide phases, and we can note how the case in Figure 6 obtains a better crystallization
than that in Figure 7. This may be explained by the fact that in Figure 6, we have the case of a longer
exposure time that would allow for improved crystalline formation.

Morphology wise, we found that at the center of the irradiated spot where the laser beam directly
lands, there is always an island or a lamellar formation. The islands are composed by nano bar
agglomerates, and in some cases, these islands nucleate either around the lamellar structure or within
the lamellar pieces. The zone in between the center crater and the edge of the laser-modified region
is consistently occupied by polyhedral crystals with submicron sizes composed mainly by m-MoO,,
and in some areas, we can also see lamellar structure associated to the 0-Mo13Os; oxide phase. At the
far end of the modified zone a nanosized granular morphology dominates presumably as a result of
competing oxide phases, 0-Mo40O1; and m-MogO»ps.

According to the Raman characterization, either a uniform single phase or a uniform phase
mixture covers several concentric rings with different colors (see Figures 5-7). This means that those
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colors are not necessarily heralded from the phase/chemical properties, but it could be that the ring
colors are due to the surface morphology; i.e., those are what have been named structured colors.

In case a determined uniform single crystalline phase is required over a large area, it could be
achieved by implementing the following protocol, which includes using a top hat beam intensity
profile that is accompanied by a raster scan. This would help the purpose of homogenizing the laser
heating across the laser-scanned area, creating the appropriate thermal conditions, which will promote
the formation of a single crystalline oxide phase. Kotsedi et al. [17] showed the formation of only
MoO; under fs laser irradiation in air by scanning across the molybdenum film sample.

5. Conclusions

We have demonstrated a successful optical method for simple, rapid, clean, and versatile synthesis
of transition metal oxides. Femtosecond lasers have become more accessible with time, and several
industrial models are available from brands all around the world. This enables the fast and low-cost
production of transition metal oxides that can be highly density packaged thanks to the ability of
laser beams to be focused down to small spot sizes. As shown and discussed in this work, spatially
resolved multi-phase oxide synthesis is possible in tiny areas under conveniently adjusted irradiation
conditions. This might lead to tackle interesting challenges in industry and technology in the field of
micro and nano sensors, energy storage, smart optical materials, photonics, and plasmonics.

As pointed out in the previous section, a full explanation of the laser-induced synthesis requires a
careful analysis of the opto-thermal scenario during irradiation. Therefore, there is an open window
for developing a suitable model that considers physical and optical dynamically changing variables in
order to reconstruct the opto-thermal evolution around the synthesis. Another interesting situation
is the fact that the oxide that forms directly at the laser beam waist position synthesizes under the
influence of both the very strong electric field of the femtosecond pulses and the generated heat,
while the oxides that synthesize in the surroundings form under the influence of heat alone.

6. Patents

Camacho-Lopez, S.; Camacho-Lopez, M. A. Process for obtaining metal oxides by low energy
laser pulses irradiation of metal films. US 2014/0227457 A2.
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