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o-MoOs lamellar crystals are implanted with 170 keV oxygen ions at room temperature and with flu-
ences between 1 x 10'2cm™2 and 1 x 10”7 cm~2, in order to modify the electrical and structural prop-
erties of the crystals. A controllable and significant increase of the electrical conductivity, over several
orders of magnitude, is observed after implantation at high fluences. Based on high resolution X-ray
diffraction (HRXRD) and micro-Raman spectroscopy measurements, this effect is attributed to the for-
mation of donor-type defect complexes and new phases more conductive than the «-MoOs3 orthorhombic
phase. A significant expansion of the b lattice parameter, increasing with fluence, is observed as a
response to the defects created by implantation. Strain build-up occurs in several steps and in distinct
depth regions within the implanted layer. Contrary to the typical values reported for other implanted
oxide materials, an unusually high maximum perpendicular deformation of ~3% is verified.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Electrical properties

1. Introduction

Molybdenum oxide (MoO3) is a n-type semiconductor with a
band gap between 2.8 and 3.2 eV, which has demonstrated a high
potential for several applications [1] such as biosensors [2], gas
sensors [3], solar cells [4] and lithium ion batteries [5]. MoO3; may
exhibit different crystal phases, such as orthorhombic a-MoOs,
monoclinic B-MoOs; and hexagonal h-MoOs. However, only the a-
MoOs3 phase is thermodynamically stable at room temperature [6].
The 2-MoOj3 phase is constituted by an orthorhombic unit cell with
the lattice parameters a =3.9624 A, b= 13.860 A and c=3.6971 A
[7], having a lamellar structure in the [010] direction. Each layer
consists of double layers of distorted MoOg octahedra, with various
distances between molybdenum and oxygen atoms ranging from
1.67 to 2.33 A [8], as shown in Fig. 1.
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The nature of the bonds between the octahedra of the same or
adjacent layers is also different, i.e., in the direction [010] the bonds
are of the Van der Waals type and in the directions [100] and [001]
the bonds are of the covalent type [8]. The resulting Van der Waals
gap of this 2-dimensional structure (see Fig. 1) is an important
feature for many of the applications named above, since it allows
the easy intercalation of atoms or accommodation of defects. The
concentration of defects, namely the presence of oxygen vacancies,
plays a dominant role in determining the electrical properties of
MoQOs3, due to the increase of the free electron concentration,
associated with a decrease of the band gap [9,10]. Thus, by con-
trolling the concentration of these defects, it is possible to modify
the insulating behavior of stoichiometric MoO3 and to achieve a
semiconductor or even semi-metallic behavior. This is, indeed,
observed in the MoOsx (2 <x < 3) and MoO, phases, respectively
[8,11]. Alteration of the stoichiometry of MoO3 can be performed
during the growth process, adjusting the growth conditions, or by
annealing processes in atmospheres with low oxygen partial
pressure [11,12]. The intercalation of foreign elements in the MoOs3
lamellar structure, as well as the creation of oxygen vacancies can
also give rise to intermediate states within the band gap. For
example, intercalated H' ions may interact with the oxygen atoms
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Fig. 1. Optical microscopy image of an as-grown lamellar MoO3 sample (right); the crystalline structure of orthorhombic «-MoO3 (middle); the distances between oxygen and

molybdenum atoms that constitute a MoOg octahedra (left).

forming hydrogen bronze structures (HyMoOs3), which can disso-
ciate in MoO3.x and water [13,14]. On the other hand, doping can
also be used to control the physical properties of the material and
increase its potential for various applications. As reported by H.-Y.
Chen et al. [4], it is possible to increase the hole concentration and
electrical conductivity of amorphous nanowires and films of MoO3
by indium doping. Contrary to what happens in the intrinsic MoOs,
that has a high mobility of holes but high electrical resistivity, in-
dium doped MoOs exhibits high optical transparency and low
electrical resistivity, which demonstrates the potential of this ma-
terial as a p-type transparent conductive oxide to be used in
transparent electronic applications. Doping by ion implantation
was used to incorporate optically active rare earth elements [15]. Kr
implantation was shown to significantly increase the electrical
conductivity of MoO3 samples [16]. For the high fluences studied in
this publication, the changes in electrical properties were attrib-
uted to amorphization and subsequent recrystallization in the
MoO; phase [16]. In addition, it has also been shown recently that
the conductivity of MoOs can be increased over several orders of
magnitude by electron irradiation [17]. Furthermore, the controlled
induced lattice strain along a single axis can allow tuning of the
electrical, optical and magnetic properties of oxides, as observed in
films of WO3 [18] and Lag7Sro3MnOs [19] when implanted with
low-energy helium ions.

In this work we report the modification of the electrical and
structural properties of a-MoOs lamellar crystals by ion implanta-
tion, which were evaluated by high resolution X-ray diffraction
(HRXRD) micro-Raman spectroscopy and I-V curves. These mea-
surements show that, at high fluences, the conductivity can be
increased by several orders of magnitude using ion implantation,
which is a technique routinely applied in semiconductor industry.
This conductivity gain is stable over time in comparison to what is
observed when oxygen vacancies are created by annealing. Con-
cerning structural properties, an increase of the b lattice parameter
in several steps with increasing fluence is verified reaching an
unusually high maximum deformation of ~3%.

2. Experimental details

MoOs; lamellar crystals were grown by an evaporation-

solidification method described in detail in Refs. [15,20]. A disc of
compacted Mo powder with 7mm diameter and 2 mm thickness
was placed at the center of a horizontal tube furnace, at a tem-
perature of 750°C during 10h in an air flow of 21/min using
compressed air. The heating of the disc promotes the oxidation of
the Mo by direct contact with air. MoO3 will then deposit at the
cooler ends of the tube where the temperature is about
400—450 °C. This method allows to obtain MoOs3 lamellar crystals
(an image of a typical sample is shown in Fig. 1) with typical
thicknesses between 100 nm and 10 pum and lateral dimensions of
about 2 x 5mm?® However, approximately 70% of them have
thicknesses in the (2—4) pm range [15]. XRD measurements show a
preferred crystallographic orientation with the surface normal
along the [010] direction. This orientation is a consequence of the
layered structure present in the orthorhombic a-MoOs3 phase, as a
result of the lower growth rate in this direction, which is in
agreement with previous studies of single crystals and nanoflakes
of MoOs [21,22].

For the implantation, MoO3 lamellar crystals were mounted on
Si or on glass substrates. lon implantation was performed at room
temperature and along the direction normal to the surface, using
oxygen ions with an energy of 170 keV and fluences in the range
from 1 x 102 cm™2 to 1 x 10”7 cm~2. Note that ion channeling ef-
fects are minimized due to the lamellar structure of the crystal and
relative tilt of the crystallites. The maximum ion flux used was
about 1.6 x 103 ions. cm~2. s~ for the fluence of 1 x 10" cm~2. As-
implanted samples were characterized at the structural level by
XRD in a Bruker D8 Discover high resolution diffractometer using a
Gobel mirror, a 0.2 mm collimation slit and a 2-bounce Ge (220)
monochromator to select the Cu K, radiation in the primary beam.
In the secondary beam, a 0.1 mm slit was placed in front of a
scintillation detector. It is worth to mention that, despite the
inhomogeneous nature of the crystal (see Fig. 1), where different
crystallites are tilted relative to each other, in the 26-6 configuration
the alignment is done for crystallites with the same orientation.
Although irregularities in the lamellar structure may affect the
quality of XRD patterns (peak widths and fringe patterns), typical
full width of half maximum (FWHM) values of ~0.04° of the
measured (060) 26—0 scans revealed a good crystalline quality of
the starting material.
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The diffractograms were fitted using the RaDMaX (Radiation
Damage in Materials analyzed with X-ray diffraction) software [23],
which allowed us to obtain the strain and static Debye-Waller (DW)
factor profiles and, consequently, to discuss the mechanisms of
defect formation with depth resolution. The static DW factor is used
to take into account the lattice damage and has values that range
from 1 (for a perfect crystal) to O (for a fully damaged crystal) [24].
For these fits, the software uses the classical Levenberg-Marquardt
least-squares algorithm. Following SRIM 2013 (Stopping and
Ranges of lons in Matter) Monte Carlo simulations [25], a fixed
implanted layer thickness of 500 nm was considered.

Micro-Raman measurements were carried out at room tem-
perature in a Horiba Jobin-Yvon LabRAM HR800 system with an UV
excitation source (325nm He-Cd laser), on an Olympus BX 41
confocal microscope with a 40x objective. A charge coupled device
(CCD) detector was used to collect the scattered light dispersed by a
1200 lines mm~! grating. The spectral resolution of this system is
1.5cm ™! and the diameter of the laser spot on the samples is ~2 ym.
Using the Beer-Lambert law, the UV laser beam penetration depth
was estimated to be in a range of 37—60 nm, which is well below
the implanted layer thickness obtained by the SRIM simulations
(~500 nm). Thus, the observed changes in the Raman spectra after
the ion implantation are due to the implanted layer only and do not
have any contribution from the non-implanted material.

Finally, electrical characterization was performed on selected
samples using an Agilent B1500A Semiconductor Device Analyzer
to perform I-V curves. In this equipment, the maximum measurable
resistance is in the order of hundreds of megaohms. Two co-planar
indium contacts were deposited, by placing two stripes of In on top
of the sample with a distance of about 2 mm between them and
then heating the sample to ~150 °C. Once the In stripes have mel-
ted, the sample was cooled to ambient temperature and the con-
tacts solidified. For the realization of the electrical measurements
when using Si substrates, Kapton tape was used as insulating layer
between the MoOs flake and the substrate. For glass substrates the
crystals were directly attached by the In-contacts. By comparing the
results obtained in these different devices, no differences were
observed proving the similarity of the configurations.

3. Experimental results
3.1. High resolution X-ray diffraction measurements

Fig. 2 shows HRXRD 26-6 scans around the 060 reflection for as-
grown and as-implanted samples. The main Bragg peak (at
26 =38.95° marked by the vertical dashed line) is observed in all
diffractograms and corresponds to the deep, unimplanted region of
MoOs. For samples implanted with the lowest fluence of
1 x 102 cm~2 (not shown), no change was observed after implan-
tation. For higher fluences, an additional peak or a shoulder at 26
values lower than that of the main Bragg peak is observed, which
reveals an expansion of the b lattice parameter in the implanted
region. This satellite peak is observed at 26=38.90° for
5 x 102 cm~2 and then shifts towards lower angles with increasing
fluence to 20 = 38.52° for 7.5 x 10'> cm~2. The high definition of this
peak for these low fluences suggests that the perpendicular strain
induced by implantation defects is quasi-homogeneous along the
implanted layer. At 1 x 10 cm™2, the satellite peak becomes less
well-defined, suffering broadening and splitting in multiple peaks,
indicating that there was a loss of homogeneity. Nevertheless, the
maximum strain value continues to increase with increasing fluence.
When the fluence increases to 5 x 10 cm~2 and 1 x 10! cm™2, the
maximum strain does not appear to change significantly with
respect to the fluence of 1 x 10'* cm™2. However, the diffraction in-
tensity drops, which reveals a worse crystalline quality. Surprisingly,

with a further increase of the fluence to values above 1 x 10> cm 2,

the maximum strain appears to increase again. The low scattered
intensity seen for the fluences 5 x 10 cm™2 and 1 x 10 cm 2
suggests that the layer suffering direct impact by the implanted ions
is strongly damaged. Consequently, the higher scattered intensity at
low 26 angles and the existence of multiple peaks for fluences of
5x 10 cm 2 and 1 x 10'® cm~2, suggest that the changes observed
in the experimental diffraction patterns originate predominantly
from different depths compared to previous fluences. For fluences of
5x10"cm™2 and 1x107cm™? no further evolution of the
diffraction patterns is observed. The low scattered intensity from the
damaged regions of these samples, suggests that most of the region
affected by the implantation was highly damaged, or possibly
amorphized.

The perpendicular deformation values corresponding to each 26
value are included in Fig. 2, obtained by the expression e; = (bjyp —
bg)/bg, where by denotes the b lattice parameter of the as-grown
sample and b;y,, is the b lattice parameter value that corresponds
to each 20 value of the obtained diffractogram.

In order to get more information about the profile and evolution
of the strain along the implanted depth, the XRD diffractograms
obtained were fitted using the RaDMaX software [23]. The fits are
included in Fig. 2 (black lines) and show very good agreement with
the experimental curves for all samples. The extracted strain and
damage profiles — the latter described by the static DW factor — are
presented in Fig. 3(a) and Fig. 3(b), respectively. Fig. 3(c) shows the
concentration profiles of implanted ions and oxygen vacancies
obtained by SRIM simulations [25], for an implantation of oxygen
ions with an energy of 170keV and considering the fluence of
5 x 10'> cm~2 (displacement energies of 25 eV and 28 eV were used
for Mo and O, respectively, which correspond to the values sug-
gested by SRIM).

For fluences below 1 x 10 cm™2, excellent fits are achieved
assuming strain and defect profiles, which agree well with the ex-
pected defect distribution calculated by SRIM. A gradual increase of
the maximum strain and damage, accompanied by a slight widening
of the strain/damage profiles is observed with increasing fluences.
The perpendicular strain is almost constant in a wide region of the
implanted layer, which leads to the well-defined peaks observed in
the diffractograms shown in Fig. 2. Starting at 1 x 10 cm™2, the
profiles indicate that the perpendicular strain distribution becomes
more inhomogeneous, which may result from the migration of de-
fects as well as from the formation of point defect clusters and
extended defects. In fact, comparing the strain profile for this flu-
ence with the SRIM simulations (Fig. 3(c)), it is possible to conclude
that the maximum strain still occurs in a region where the con-
centration of the formed oxygen vacancies is maximum (region I in
Fig. 3), i.e,, in a region with a high concentration of primary defects
due to nuclear interaction. On the other hand, the strain profile now
extends to deeper regions of the sample close to the end of range of
the implanted oxygen ions (region Il in Fig. 3). Although no chemical
effects are expected for oxygen implantation (such as the formation
of new chemical compounds), the change in stoichiometry may alter
the defect dynamics or favor the formation of O,. The increasingly
inhomogeneous profiles are in accordance with the diffractograms
presented in Fig. 2, where the well-defined satellite peaks typical for
low fluences are no longer observed for fluences above
7.5 x 10'3 cm~2. For the fluences of 5 x 10 cm~2and 1 x 10 cm™2,
no significant change of the strain profiles is observed. Furthermore,
the static DW factor is very low for depths smaller than 250 nm,
which means that this implanted region is highly damaged, not
having a significant contribution to the obtained diffractograms.
Thus, the XRD signal is dominated, essentially, by region Il where
the static DW factor is much larger. Results for these intermediate
fluences indicate a radical change in structural and elastic properties
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Fig. 2. HRXRD 26-0 scans around the 060 reflection performed in an as-grown sample and as-implanted samples of MoO; implanted with fluences ranging from 5 x 10'? cm~2 to
1 x 10" cm~2 (colored symbols) and respective simulated curves (black lines) using the RaDMaX software. The perpendicular deformation, -¢, , is also shown at the top of the graph.
In some diffractograms, the presence of a peak at angles higher than the main Bragg peak is due to the K,, line of the Cu resulting from an incomplete filtration by the mono-

chromator. The main Bragg peak is marked by the dashed line.

leading to a strain saturation for these fluences. This behavior
probably results from an alteration of defect morphology (e.g. the
formation of dislocation loops and stacking faults), which can lead to
arelaxation of the strain as well as to a loss of elasticity of the lattice.
Similar effects have been observed in other compound semi-
conductors such as in GaN and AlyGa;xN as well as oxides (for
example Zn0), and were attributed to the re-arrangement of initial
defect clusters into extended defects such as dislocation loops or
stacking faults [26—30].

When the fluence increases to values above 1 x 10" cm™2, a
strong increase of strain with fluence is observed at a depth be-
tween 330 and 425 nm (region IIl in Fig. 3). According to the SRIM
simulations (Fig. 3(c)), this new peak appears in a region where the
nuclear interactions and thus primary defect formation are very
low. This increase of strain in region IIl may result from a migration
of point defects from the region of higher nuclear interaction to
deeper regions in the sample. On the other hand, it is important to
note that, for fluences above 1 x 10'®> cm~2, in several depth regions
the DW factor drops to very low values leading to ill-defined strain
values. Therefore, when the DW factor drops below 0.06, the strain
values are shown as dashed lines in Fig. 3(a) indicating that the
crystals are so damaged that the diffracted intensity coming from
these regions is negligible and, consequently, the perpendicular
deformation values cannot be estimated.

Selecting the maximum value in the entire strain profile for all
fluences — Fig. 3(a) — the evolution of the maximum strain as a
function of the fluence is shown in Fig. 4. Thus, for fluences below
5 x 10'® cm™2, the maximum strain increases slowly with the flu-
ence, followed by a significant increase at fluences between
5 x 10 cm™2 and 5 x 10" cm~2 and, subsequent saturation up to
1x10%cm2. Above 1x10®cm=2 a new increase of the
maximum strain occurs, leading to a second plateau starting at

5 x 10'® cm~2. The strain values in this plateau correspond to the
maximum trustable strain value achieved. An increase of damage,
in several steps, as a function of the implantation fluence is very
common in materials where point defects are mobile during im-
plantation, since this mobility allows the recombination and
interaction of defects. Thus, similar damage build-up curves were
for example reported for Rutherford backscattering spectrometry/
channeling (RBS/C) measurements in GaN and ZnO [29], IlI-V ar-
senides and phosphides [31] and also for less direct techniques
such as optical reflectance in Si [32], where damage accumulation
proceeds in different steps until eventually amorphization is
induced. Concerning strain build-up, the present behavior is rather
unusual since, typically, strain builds up with increasing fluence
until reaching a critical value. In this threshold value, the crystal
order breaks down either by amorphization or by severe alterations
of the microstructure leading to saturation or even relaxation of the
strain. Such behavior was observed in a wide range of materials
including various oxides [27,30,33—35]. Interestingly, in most of
these reports, the maximum perpendicular strain supported by the
crystal structure is below the values found in MoOs (up to 3% —
Fig. 3(a)).

As mentioned above, the damage build-up in multiples steps is a
typical behavior of many semiconductors and has been successfully
described by the model introduced by N. Hecking et al. [32] where
the formation of point defects, point defect clusters and the crea-
tion of the amorphous regions are considered. Recently, an adap-
tation of this model was presented by G.Velisa et al. [36]
considering the formation of defect clusters by direct impact and by
stimulated growth, separately. Thus, the total damage is composed
of the sum of the fractions of point defects (f,4), defect clusters
(f¢/c,) and amorphous regions (fy/,), which are described by the
differential Equations (1)—(5):
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The formation of point defects is predominant for low fluences,
and the concentration of these defects is influenced by their for-
mation (o,4) and recombination (or) cross-sections. Defect clusters
can be formed within a single ion impact (o, ) or by stimulated
growth of the clusters already existing from previous ions (o¢/cs, )-
A similar behavior is assumed for the formation of an amorphous
region, where the contributions from direct ion impacts (a4, ) and
stimulated growth (o5, ) are considered. With increasing fluence,
the concentration of point defects and defect clusters will reach a
saturation value, that is described by f;.

In this work, we apply the above described model, which was
developed to analyze the damage build-up derived by RBS/C, to the
XRD measurements. If we analyze Fig. 4, where the evolution of the
maximum strain as a function of the fluence is shown, the pre-
sented model achieves a good fit of the experimental data. Since the
XRD technique is not directly sensitive to amorphization, the sec-
ond saturation level cannot be attributed to amorphous regions.
Nevertheless, the results suggest that another type of defects is
responsible for the increase of strain for the last three fluences.
Thus, the creation of two different types of cluster, designated by
clusters of type I (c7) and clusters of type Il (¢2), are considered and
described by equations (2) and (3), respectively. Notice that the
term cluster can range from aggregates of point defects, to dislo-
cation loops and stacking faults [36]. Furthermore, it is possible that
certain phases, such as amorphous regions or randomly distributed
nanocrystals, that do not strongly contribute to the diffraction

pattern, influence the strain state of adjacent crystalline material.
Fig. 4 also shows the contributions of f,4, f/c, and fyc,, represented
by dash, dash-dot and dot lines, respectively. In addition, one
should note that the two saturation levels, observed in Fig. 4,
occurred in different depths (see Fig. 3(a)).

In order to analyze the damage build-up in a fixed region, the
same model was used to fit the experimental curves of the average
strain (Fig. 5), for the three regions indicated in Fig. 3: region I
(200—250 nm) corresponding to the depth of maximum nuclear
energy deposition, region II (250—330 nm) with both high nuclear
energy deposition and high concentration of implanted ions, and
region Il (330—425 nm) corresponding to the deeper region of the
implanted layer with relatively low nuclear energy deposition. The
fits obtained are shown in Fig. 5 and the fitting parameters are
summarized in Table 1. The evolution of the average static DW
factor within each region is also shown. The number of displace-
ments per atom (DPA) determined by SRIM simulation and corre-
sponding to the maximum of the damage profile for each fluence
are shown at the top of Fig. 5. The uncertainties associated with
each average strain value were estimated by uniformly changing
the entire strain profile until the respective simulated diffractogram
would no longer lead to any acceptable fit. This procedure allows to
obtain two extreme values for the average strain in each region as
represented by the error bars in Fig. 5. The same method was
applied to obtain the error bars relative to the average static DW
factor values. A similar procedure but changing strain and DW
factors solely in each region of interest (regions I, Il and III in Fig. 3)
led to similar uncertainties.

Furthermore, one must keep in mind two considerations. Firstly,
for regions with static DW factors below ~0.06, the strain values do
not have a significant influence on the simulated diffractogram and
uncertainties are very high. Moreover, for regions with a strain
value below 0.1% (corresponding to a normalized strain of about
0.037) any change in the static DW factor does not produce a visible
effect in the simulation, since this effect is masked by the signal
coming from deeper undamaged regions. In these two situations,
the average values of the strain and the static DW factor become
meaningless. Thus, in Fig. 5, these points are crossed out.
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Table 1

Summary of the parameters obtained by fitting the experimental data in Fig. 5, using
the model described for Equations (1)—(5): apg, 0/, and a4/, , the cross sections for
the formation of point defects, defect clusters of type I and type II, respectively; o,
the cross section for point defect recombination; a¢s/cs, and ags/cs, , the cross sections
for stimulated growth of defect clusters of type I and type II, respectively; and f;, the
defect cluster saturation concentration.
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Fig. 5. Evolution of the average strain and static DW factor in (a) region I, (b) region II
and (c) region III. The fits of experimental data using the model described by Equations
(1)—(5) are represented by solid lines. The contributions of f,4, fe/c, and fo/c, are shown
by the dash, dash-dot and dot lines, respectively. The DPA values are also shown at the
top of the graph. Symbols which are crossed out correspond to values with too high
experimental uncertainties (see text).

Region | Region II Region III

opa (107 cm?) 16 5 0.01
(107 cm?) 6 150 0.22
0c/c,(10716cm?) 1.9 0.1 0.1
Ocs/es, (107 14em?) 8.5 11 0.12

R 0.95 0.46 0.76
0q)c,(1076cm?) - - 0.01
as/cs, (107 6cm?) - - 2

All the fits presented in Fig. 5 demonstrate a very close agree-
ment with the experimental data. It is clear that the evolution of
strain depends on the region considered. In region I (Fig. 5(a)), a
gradual increase of the strain is accompanied by a gradual decrease
of average static DW factor for fluences below 7.5 x 103 cm™2,
which is predominantly attributed to the formation of point de-
fects. When the fluence increases further, the fraction of clusters of
type I becomes higher than the fraction of point defects, giving rise
to a significant increase of strain and damage (decrease in the
average static DW factor) in this region. A similar behavior is
observed in Fig. 5(b), corresponding to region II, however, the
saturation level following the strong increase in strain due to
clusters of type I is different in the two regions. The negligible
changes in the diffractograms for the fluences of 5 x 104 cm~2 and
1 x 10" cm™2, are consistent with the strain saturation in regions I
and II, while strain in region III is still insignificant (Fig. 5(c)). The
drastic change of the response of the material to further defect
formation in this regime, together with the significant increase of
the damage (with static DW factors below 0.2 in region I) corrob-
orate the assumption made above that, once the strain induced by
point defects and defect clusters reaches a threshold value sup-
ported by the material, a morphological alteration of these defects
to extended defects can occur, to minimize the strain inside the
crystal. Thus, stacking faults and dislocation loops may be formed,
and consequently a saturation of the strain is observed — Fig. 5(a)
and 5(b). Amorphization in MoOs, on the other hand, was only
reported for much higher fluences at DPA values above 3 [16].

In region II (Fig. 5(b)), a decrease of the average strain occurs at
fluence 5 x 10> cm~2, accompanied by a decrease of the static DW
factor. In fact, the formation of extended defects such as stacking
faults and dislocation loops can be considered as a mechanism of
the lattice minimizing the strain induced by point defects and
defect clusters, as it was also observed in studies of Si [37] and SiGe
alloys [38,39]. Furthermore, a recent work combining XRD and
computational modelling revealed a general strain accumulation
and relaxation mechanism common in several distinct oxide crys-
tals, where strain accumulation induced by interstitial point defects
and dislocation loops is followed by a strain relaxation when
dislocation loops interact to form a network of dislocation lines
[33]. The DPA values at which relaxation occurs depend on the
material and radiation conditions, but some representative values
found in the literature are around 6—7 DPA for UO, implanted at
room temperature and cubic ZrO, implanted at 80K, and around
0.1-0.2 DPA for MgO implanted at 573 K [33]. For comparison, in
the present case a strain relaxation occurs in region II for DPA be-
tween 0.2 and 1.

Above 1 x 10'® cm~2 (DPA>3.8), the static DW factor in the
implanted layer is very close to 0 which indicates that these regions
are highly damaged. Indeed, this behavior is in agreement with
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previous studies in MoOs implanted with Kr, where a gradual
amorphization of the implanted layer was verified for DPA values
between ~3.3 and ~33, using electron diffraction measurements
[16].

In region III (Fig. 5(c)), only a slight increase of strain due to the
existence of point defects is observed for fluences below
1 x 10" cm~2. This is expected since the nuclear energy deposition,
i.e. the local fluence, in this region is very low. Above 1 x 10" cm 2,
the fraction of defect clusters becomes dominant and causes a rapid
increase of the strain in the lattice. On the other hand, according to
the SRIM simulation (Fig. 3(c)), the concentration of primary de-
fects is very low in region IIl. Thus, it is safe to assume that the
increase of strain in this region results from defect migration from
the region of maximum nuclear interaction to deeper regions of the
sample where they seem to accumulate.

In contrast to the behavior in regions I and II, in region III after
the saturation of clusters of type I at a fluence around
1 x 10" cm~2, the strain appears to increase again. However, it
should be kept in mind that at these high fluences the static DW
factors approach zero in almost the entire implanted volume,
meaning that the sensitivity of XRD to strain is strongly reduced.
Although the average strain cannot be evaluated for fluence values
above 5 x 10'® cm~2 due to low DW factors in part of region III,
analyzing Fig. 3(a) and 3(b), the behavior becomes clearer. Indeed, a
new increase of strain followed by a second saturation is observed
at depths greater than 400 nm, where the static DW factor values
remain sufficiently high. This additional step of strain increase is
attributed to the formation of a different kind of defect clusters
(type II in the fitting model) and may be related to the on-set of
amorphization in region I. Gradual amorphization is expected to
occur between ~3.3 and ~33 DPA [16] and may alter the defect
migration mechanisms. Moreover, the clusters formed in region III
are possibly different from those created in regions I and II, since
there is a lack of direct nuclear energy deposition in region Il when
compared to regions I and II. In fact, the migration of point defects
to deeper regions and the formation of large defect clusters beyond
the implanted layer were also observed in GaN [27]. In this semi-
conductor, based on transmission electron microscopy (TEM) im-
ages, it was observed that in regions without direct displacements
of the lattice atoms due to the collision cascade, there was no for-
mation of stacking faults, which favors the formation of large defect
clusters and prevents the minimization of the strain [27]. At this
stage it is not possible to infer on the exact nature of the distinct
extended defects formed in MoOs. Unfortunately, TEM analysis in
MoOs is very challenging due to the brittle nature of the crystals
and the sensitivity of the material to the electron beam.

Comparing the parameters presented in Table 1, some further
conclusions can be made. The cross section for recombination of
point defects is always higher than the cross section for point defect
formation. Furthermore, the stimulated growth of clusters of type I/
Il is always more favorable than the creation of clusters by direction
impact. Such behaviors demonstrate that the defects created by
implantation are highly mobile which favors their recombination as
well as the interaction between defects in agreement with the
various defect transformations described above. If we analyze the
region where the interaction with the incident ion beam is the
highest (region 1), it is also verified that the cross section for the
formation of point defects (Table 1) is about two orders of magni-
tude higher than that obtained by SRIM calculations
(ospiv =4 x 10718 cm?).! This fact suggests that the damage

! ggrv Was obtained by Ngispi /N, where Ng;sp; is the number of displacements per
incident ion and unit depth in the maximum of displacement profile and N is the
atomic density of MoOs.

observed by the XRD measurements does not come solely from the
nuclear interaction between the implanted oxygen ions and the
atoms of the lattice, but that there are some other processes
involved. Indeed, the electronic interaction processes can introduce
damage in the lattice by creating vacancies in MoOs3 via radiolysis,
as previously reported [17]. Thus, a similar process may occur in the
present samples, contributing to the increase of strain in particular
in regions close to the surface where electronic interaction is
higher.

3.2. Micro-Raman spectroscopy

Although no additional peaks were observed for implanted
samples in 20-6 XRD scans between 10 and 90° (not shown), we
cannot exclude the formation of some inclusions of different pha-
ses, with reduced volume and crystalline quality, and therefore, not
visible in the XRD measurements. To detect such minority phases
micro-Raman measurements were carried out in smooth areas of
the oxygen-implanted samples, as shown in Fig. 6. A Raman spec-
trum of an as-grown (not implanted) crystal, recorded in the same
experimental conditions, is included for comparison.

Up to a fluence of about 5 x 10> cm ™2, Raman spectra of the
implanted samples are rather similar - in terms of peak positions,
bandwidths and phase purity - to that corresponding to the a-MoOs3
as-grown material. For these samples, Raman peaks appear
centered at about 1018, 997, 820, 667, 472, 364, 337, 283, 217,197,
157 cm™ !, which are characteristic of the orthorhombic «-MoOs;
structure [11,40—42]. In fact, the simulations of strain accumulation
— Fig. 5 — suggest that point defect recombination is high (o > 0,,4),
which may give rise to a low concentration of oxygen vacancies.
Nevertheless, careful comparison of the spectrum for fluence
1x 10 cm™2 with that of the as-grown sample reveals small
changes in the oxygen stoichiometry. Namely, oxygen deficiency in
0-MoOs3 broadens the bands at 820 and 996 cm™' [11]. Moreover,
anion deficiency induces additional Raman bands in the
(1005—1020) cm™! range related to the stretching vibrations of a
newly formed terminal Mo=0 bond in the b-direction of the MoOg4
tetrahedral structural units [11]. Such changes are clearly notice-
able for implantation fluences above 5 x 10> cm~2. For fluences
equal to or higher than 5 x 10'* cm~2, Raman spectra reveal the
formation of molybdenum oxide minority phases different from o-
MoOs, as revealed by the appearance of new Raman bands in the
range of (850—1000) cm™~". In several cases, Raman bands are too
broad or weak to clearly ascertain their origin. The peak positions of
all the Raman bands observed in Fig. 6 are summarized in Table 2,
together with their corresponding assignments [11,12,40—48].
Rather than to MoO, or other MoOs3 phases, such as h-MoOs or -
MoOs3, the Raman bands found for intermediate and high fluences
mainly correspond to the so-called Magnéli phases, defined by the
general formula Mo,03,.1 (M04011, M05014, M0gO>23). These com-
pounds result from accommodation of oxygen deficiency through
the formation of different types of crystallographic shear planes
[49,50] and their physical properties are unknown to a great extent.
In fact, the removal of oxygen from MoOs; may lead to ordered
crystallographic shear structures via extended shear, thus
destroying the translational symmetry [49—51]. On the other hand,
it is important to mention that the formation mechanisms of shear
structures often involves extended defects such as dislocation loops
and stacking faults and, in some models, vacancy loops limited by
partial dislocations [52]. The increased bandwidth of the Raman
peaks and the broad background observed in the spectra of crystals
implanted with higher fluences probably arise from a combination
of a multitude of acoustic and acoustic plus optical modes due to a
relaxation of the k-selection rules, indicative of a change in the
crystallinity of the implanted samples.
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Fig. 6. Normalized Raman spectra of the oxygen implanted MoO3 samples. The frequency range has been divided in two intervals for better visualization (a,c) from 120 to 550 cm™
and (b,d) from 550 to 1200 cm ™. (a) and (b) show spectra for fluences 5 x 10'2 — 1 x 10" cm~2. (c) and (d) show spectra for fluences 5 x 10'* — 1 x 10" cm~2 A Raman spectrum of
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Table 2
Raman peak positions observed in Fig. 6 and their corresponding phase assignments.

Fluence [cm 2] Raman peak positions [cm ] Phase

As-grown 995, 819, 666, 363, 336, 282, 216, 196, 156 o, - MoOs [11,40—43]

5x 10'? 1018, 997, 820, 667,472, 364, 337, 283, 217, 197, 157 o - MoOs [11,40—43]

1x10" 1018, 997, 820, 667,470, 364, 337, 283, 217, 197, 157 o, - MoOs [11,40—43]

5x10'3 1017, 996, 820, 667,471, 364, 337, 283, 216, 197, 157 0. - MoOs [11,40—43]

1x 10" 1016, 995, 819, 666, 465, 336, 282, 216, 195, 155 o, - MoOs [11,40-43]

5x 10" 1017, 997, 820, 337 o - MoOs [11,40—43]
~939 MogOys3 [48,53,54]
~448 Mo4041 [12,45,54]

1x 10" 995, 821, 337 o - MoOs [11,40—43]
954, ~725 MogOy3 [48,53,54]
857 B-MoO3 [41]

1x10'¢ 984, 895 Mo401; [12,45,54]
959, 937 MogOy3 [48,53,54]
821, 337, 282 o, - MoOs [11,40—43]
742 MoO, [11,44,46,47]

5x10'6 978, 930 MogO,3 [48,53,54]
820, 337 o, - MoOs [11,40—43]

1x 107 927 MogOys3 [48,53,54]
821, 340 o - MoOs [11,40—43]

1
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3.3. Electrical characterization

To evaluate the influence of the structural changes induced by
implantation on the electrical properties of the MoO3 lamellar
crystals, I-V curves were measured and a few selected curves are
shown in Fig. 7(a) and 7(b). For as-grown samples and fluences
below 1 x 10" cm~2 the devices present high resistivity, in fact too
high to be measured in our equipment. For fluences above
1x10®cm™2, an increase in conductivity is observed with
increasing fluence, leading to an increase of the measured current
values from microamperes to milliamperes.

Assuming that the contact resistance and width of the
conductive channel caused by the implantation do not change with
the fluence, the decrease of the total electrical resistance (increase
of the total electrical conductance) can be directly assigned to the
increase of conductivity of the ion implanted layer. Thus, as a
measure for the electrically detected lattice damage, we define the
relative change of the conductance (s):

s = G _ Rmax
Gmax R

With G the conductance for each fluence, Gngx the maximum
measured conductance, R the resistance for each fluence and Rpax
the maximum measured resistance.

Fig. 7(c) shows the evolution of the relative conductance with
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increasing fluence. A total increase of conductance of about four
orders of magnitude is observed. The presented values correspond
to averages measuring several devices implanted to the same flu-
ence. The relatively large error bars reflect some challenges in de-
vice processing. Indeed, we do not have a strict control of the lateral
dimensions and thicknesses of the crystals as well as the homo-
geneity of the contacts on the brittle surface. Nevertheless,
regardless of these issues, a clear tendency of increase in conduc-
tance (decrease in resistance) with increasing fluence is verified
which enables tuning of the electrical properties of the material.
It is important to mention, that the gain in conductivity is more
stable than what was observed for annealing treatment in vacuum
of the same material [20]. For example, after 7 days of exposure to
air, the conductance of an annealed sample decreases to only 1.3%
of its initial value, thus approaching the limits of the equipment. On
the contrary, the conductance of the implanted samples only
decreased to 65% of its initial value, after 9 days of exposure to air.
Comparing the evolution of the relative conductance with the
strain build-up in the different regions of the samples — Fig. 5 — the
increase in conductance observed for fluences above 1 x 1015 cm™
seems to be related with the evolution of strain in region III, and
may therefore be correlated with the formation of defect clusters in
this region and/or the amorphization of the crystal in region I. As
mentioned before, Naguib et al. [16] observed a gradual increase of
sheet conductivity of MoOs; implanted with Kr for DPA values
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Fig. 7. Evolution of the IV-curves with increasing fluence: (a) fluence range from 1 x 10 cm 2 to 1 x 10' cm~2; (b) fluence range from 1 x 10'®cm~2 to 1 x 10'7 cm~2. Note the
different current and voltage scales in Fig. 7(a) and (b). A current limit of 1 mA was chosen to protect the devices. (c) Evolution of the relative conductance with increasing fluence.
(d) Schematic illustration of the geometry of a MoO3 lamellar crystal device used for electrical characterization.
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between ~3.3 and ~33 (corresponding to oxygen fluences from
8.5 x 10" cm™2 t0 8.5 x 10'® cm~2 for our implantation conditions),
which was attributed to a gradual amorphization of the implanted
layer. Indeed, applying Equation (5), which is often used to model
amorphization of crystals upon ion implantation [55], a good fit
was obtained as shown by the red line in Fig. 7(c). As mentioned
above, it is likely that the on-set of amorphization in region I leads
to the enhanced defect migration to deeper layers and the increase
of defect clusters in region IIL

Comparing the fit parameters for the electrical measurements —
given in Fig. 7(c) — with those for the XRD measurements (Table 1)
it is possible to conclude that the obtained cross section for stim-
ulated growth of defect clusters of type IlJamorphized material
(2.5 x 10~16 cm?) is very similar to that obtained from the simu-
lation of the average strain profile in region III (2 x 10-16 cm?).
Furthermore, the cross section of stimulated growth (2.5 x 1016
cm?) is substantially higher than the cross section for formation of
clusters of type IlJamorphization by direct impact (0.001 x 10-16
cm?), again in agreement with the XRD results. These similarities
between the evolution of conductivity and the damage build-up in
region Il suggests again that the increase of conductance is related
to highly damaged regions containing extended defects and/or
amorphous zones.

4. Discussion

The strong increase (over several orders of magnitude) of con-
ductivity of MoOs upon ion implantation is remarkable. In fact, in
most semiconductors, defects produced by ion implantation create
deep levels in the band gap which reduce the conductivity [56]. In
contrast, an increase of electrical conductivity upon ion implanta-
tion was reported in In,03 and attributed to the formation of large
defect complexes that behave like donor defects [57].

There is a clear experimental evidence that oxygen vacancies
increase the electrical conductivity of «-MoQOj3 [17,56], due to the
formation of shallow donor levels [11,58,59]. Furthermore, high
electron mobilities were reported for partially reduced MoOs [60].
Such conductivity increase is for example observed in our samples
upon annealing in vacuum [20]. Similar to our results, Hanson et al.
[17] observed an exponential decay in resistance, of about four
orders of magnitude, as a function of the dose in MoO3 nanosheets
with different thicknesses when irradiated with an electron beam.
Based on electron energy loss spectroscopy and Raman spectros-
copy, this behavior was attributed to the increase of free carrier
concentration resulting from the formation of oxygen vacancies by
reduction of the MoOs3 via radiolysis [17]. Moreover, H. M. Naguib
et al. [16] also reported an exponential increase in the sheet con-
ductivity of MoOs implanted with Kr ions, as a function of fluence.
This behavior was explained by the amorphization of the implanted
layer, followed by recrystallization in the more conductive MoO,
phase, as demonstrated by reflection high energy electron diffrac-
tion measurements [16]. This phase change was accompanied by a
color change of the MoO3 material. In contrast, in the present study
no MoO; phase and no color change was observed.

Ion implantation will induce a large quantity of oxygen vacancies,
as seen in Fig. 3(c). For example, for a fluence of 5 x 10 cm™2, an
appreciable concentration of 10*? O vacancies.cm > in the peak of
the defect profile is expected. Indeed, for a fluence of 1 x 10™ cm—2
the signature of oxygen vacancies is clearly observed in the Raman
spectra (Fig. 6). Nevertheless, the samples remain highly resistive for
fluences below 1 x 10" cm~2. Actually, this is not surprising since
oxygen vacancies and interstitials are always created in pairs and O
interstitials should act as acceptors compensating the Vg donors. A
similar reasoning applies for Mo vacancies and interstitials. Unpaired
oxygen vacancies would only be formed if oxygen is expelled from

the surface, as proposed by Hanson et al. [17] for electron irradiation
of few layer MoOs, or if it is intercalated, possibly as O, in the Van der
Waals gap. The high mobility of the defects formed can also favor
their mutual interaction and subsequent recombination processes,
leading to a decrease in the concentration of oxygen vacancies.

On the other hand, the stepwise increase of strain in the
implanted region - Fig. 3 - reveals the formation of stable defects
(besides point defects probably small clusters or dislocation loops
are formed as observed for many materials [26—29,33]). The first
significant increase of conductivity occurs for a fluence of
1 x 10" cm~2, which corresponds to the range of fluences where a
saturation of perpendicular strain is verified by HRXRD measure-
ments. According to the used model, this behavior suggests that the
decrease of resistivity may result from highly damaged regions,
probably associated with the creation of extended defects, in
accordance with the model proposed for In,O3 [57]. The creation of
amorphous regions may also contribute to the decrease of re-
sistivity for high fluences, as observed in Kr-irradiated MoOs3 sheets
for DPA>3 which corresponds to an O-fluence of 1 x 10'®cm™2
under the present implantation conditions [16]. At the same time,
the appearance of new minority phases with O/Mo ratio between
two and three (2 < O/Mo < 3), revealed by micro-Raman spectros-
copy for fluences of 5 x 10" cm~2 and above, might also induce an
increased electrical conductivity in the implanted samples. In fact,
Bando et al. [61] reported on the conductivity of MoyO3n-1
(n=4,8,9) crystals. Except triclinic MogOs which showed a
semiconductor behavior, the other intermediate oxides were found
to exhibit metallic conductivity attending to both the value and the
temperature dependence of resistivity. In addition to the formation
of oxygen vacancies and minority phases, the effect of uniaxial
strain on the band diagram of MoOj3 should be studied in the future,
similar to ion beam strain engineering of the band gap reported for
WOs [18].

Finally, it is worth to note that the conductivity induced by ion
implantation is stable during days, in comparison to as-annealed
samples. Indeed, samples annealed in vacuum reveal an unstable
gain in conductivity which decreases significantly when storing the
sample in air during few days [20].

Concerning the change of the structural properties of the MoO3
crystals upon ion implantation, the complex strain build-up and
relaxation processes described above deserve some further dis-
cussion. Based on the strain and damage profiles obtained by XRD,
an increase of the maximum perpendicular strain in several steps is
observed. In particular, two fluence regions of strain saturation are
observed with different saturation levels and attributed to different
depths of the implanted layer. The first saturation occurs in a region
of high nuclear interaction, probably resulting from a morpholog-
ical alteration of the defect structure. A recent study combining
XRD with molecular dynamics and rate equation cluster dynamics
simulations attributes strain build-up and subsequent relaxation in
several distinct crystals (namely UO,, ZrO,, MgO and ZrC) to a
common mechanism [33]. These authors attribute the initial strain
increase to the clustering of interstitial defects into dislocation
loops, while the strain relaxation at higher fluences is explained by
the joining of individual dislocation loops into a network of dislo-
cation lines. A similar rearrangement of defects is clearly observed
in MoOs for intermediate fluences. However, in contrast to these
studies, when the fluence is further increased, the maximum strain
in the deep region Il increases to even higher values than the first
saturation level, followed by a second saturation. These results
suggest that a migration of the defects occurs from region I/II to-
wards deeper regions. Interestingly, the strain values supported by
the lattice (up to 3%) are higher compared to other materials, where
similar transformations are reported for strain levels below 2%
[27,30,33,34]. In the absence of further microstructural information
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on the nature of defects that are formed, we attribute the pro-
nounced differences observed for MoOs to the layered crystal
structure. In many layered 2D crystals high expansions of the Van
der Waals gap have been reported when impurity atoms or mole-
cules are intercalated between the 2D crystal layers, which are only
weakly bound by Van der Waals forces [62]. Although in the pre-
sent study no impurities are introduced, it is safe to assume that a
large number of the produced interstitials will arrange within this
region in MoOs. This rearrangement, leads to the observed large
expansion along the b-direction without strongly affecting the
remaining crystal structure. On the other hand, it was shown that
high concentrations of isolated oxygen vacancies are not stable in
MoOs and that the formation of intermediate phases with a ratio of
O/Mo < 3 is energetically favorable [63]. Indeed, our data suggest
that O/Mo <3 Magnéli phases are formed in the fluence region
where the first strain saturation occurs. In particular, Raman
spectra show peaks attributed to the MogO23 and Mo401; phases,
which possess non-layered crystal structures with 3D bonding
scheme, as well as peaks of the Mo130s;, phase which has a layered
structure like MoOs. These “suboxide” phases also occur during
partial reduction of MoOs [63]. Regarding our results, these sub-
oxide phases are first observed in the fluence range corresponding
to the first strain relaxation and probably contribute to this strain
saturation. In fact, phase changes upon ion implantation have been
observed in other oxides such as Gd;03 and Gay03 [64,65]. When
region I and II become saturated with extended defects including
suboxide phases, defects start to migrate towards deeper regions. It
is reasonable to assume that interstitials are more mobile than
vacancies, as typically observed in oxides [57]. They will intercalate
in the Van der Waals gap in the deeper less damaged region of the
implanted crystal. Since primary defect formation is low in this
region, vacancy concentration will be low, and the phase transitions
and relaxation set in at slightly higher strain levels than observed
for region II. Transmission electron microscopy (TEM) analysis of
implanted samples would be highly desirable to corroborate this
model. However, sample preparation is challenging due to the
brittle nature of the used lamellar crystals. On the other hand, the
MoOs3 is quite sensitive to electron beam irradiation in the TEM,
which may originate damage and structural changes within the
first few minutes. In fact, the MoOs reduction by radiolysis and
heating [17,50] and the crystallization of amorphous regions [66]
have been reported as consequences of MoOs; exposure to the
electron beam in a TEM. Unfortunately, due to the high relative tilt
of the 2D lamellas, ion channeling measurements, which would
provide a direct measurement of displaced atoms, were not
possible to perform.

5. Conclusions

In this work, -MoO3 lamellar crystals were implanted with
oxygen ions in a wide fluence range. A remarkable increase of the
conductivity over several orders of magnitude was induced by high
fluence ion implantation and attributed mainly to the formation of
extended defects and partial amorphization as well as the forma-
tion of new suboxide minority phases with O/Mo ratios between
two and three. On the other hand, simple point defects created by
the implantation, such as Frenkel pairs, do not seem to contribute
significantly to the conductivity increase. The possibility to tune the
electrical properties of MoO3 by ion implantation holds a consid-
erable potential for novel device designs enabling, for example, the
definition of buried conductive paths. However, further studies are
necessary to assess the stability of the conductivity upon annealing
at typical device processing temperatures. Additionally, the
comprehensive XRD study revealed further exceptional properties
of MoOs. In particular, the strain induced by ion implantation with a

maximum deformation of approximately 3% along the b-direction
of the crystal is higher than that typically measured in ion
implanted oxide crystals and may be the driving force for the strong
migration of defects found to occur during ion implantation.
Possibly, this is due to the typical layered structure of MoOs, which
allows the accommodation of defects in the so-called Van der
Waals gap without leading to a break-down of crystalline order. In
fact, Raman peaks of the a-phase are dominant up to the highest
fluence.
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