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Nanostructure and phase engineering of manganese oxide thin films grown by pulsed laser
deposition: A Raman and XRD study
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Manganese, showing stable oxidation states spanning from +2 to +7, gives rise to a variety of oxides (MnO,)
whose exploitation in several technological fields, such as energy conversion and storage, catalysis, sensing, and
environmental and biomedical engineering, is highly promising. Nevertheless, the chemical complexity and the
structural richness of MnO,—involving mixed-valence and metastable species—make the correct identification
by Raman spectroscopy challenging, further complicated by the laser sensitivity, poor Raman activity, and
conflicting literature scenario. Moreover, a careful optimization of the material in terms of phase, structure,
and morphology is highly desirable in view of the final application, where precise control over the materials
properties is essential. In this paper, we discuss the capability of room-temperature pulsed laser deposition (PLD)
followed by postdeposition thermal treatments to successfully grow engineered and pure MnO, thin films, whose
phase and morphology at the nanoscale can be totally decoupled and independently optimized. The detailed
Raman characterization of these films enabled a clear identification of specific MnO, phases and poses the basis
for the rationale of the MnO, Raman spectra. Starting from the same MnO PLD target, we obtained five different
MnO, phases (i.e., MnO, Mn;0,4, Mn,0;, amorphous MnO,, and o-MnO,) with tailored and tunable degree
of porosity and crystallinity, by modulating process parameters like the O, deposition partial pressure (vacuum
to 100 Pa), the type of substrate, and the annealing temperature (300—900 °C) and atmosphere (air/vacuum).
The Raman spectroscopy reliability of the MnO, phase assignment was assessed by thoroughly investigating the
impact of the exciting laser power, and it was further validated by energy-dispersive x-ray spectroscopy, X-ray
photoemission spectroscopy, and x-ray diffraction, providing additional insight into the compositional properties

and the crystalline structure.
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I. INTRODUCTION

Manganese oxides (MnO,) are a class of inorganic com-
pounds which can be applied in different technological fields,
including electrochemical energy storage, catalysis, and sens-
ing [1-4]. As Mn exists with several stable oxidation states
in the range 42 to +7 (with 42, +3, and +4 states being
the most common ones), several Mn oxides occur natu-
rally and can be synthesized in a laboratory. For example,
manganosite MnO exhibits a rock-salt structure, with close-
packed Mn** cations and O?~ anions [5,6]. Mn sesquioxide
Mn,05 contains Mn>* cations and crystallizes in either a
body-centered cubic («-Mn;,0O3, bixbyite) or a metastable
tetragonal (y-Mn;Q03) phase [5]. Hausmannite Mn3O, is a
mixed-valence oxide with normal spinel structure, where
Mn2* cations reside in the tetrahedral sites, while Mn>*
occupy the octahedral ones. Because of the presence of
octahedrally coordinated Mn3t cations, Mn;0y is a tetrag-
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onal spinel oxide due to the cooperative Jahn-Teller (JT)
distortion of the [Mn®TOg] octahedra in the crystal [5,6].
Finally, Mn dioxide MnO, contains Mn** cations arranged in
[Mn**Og] octahedra. Depending on the relative arrangement
of [Mn**Og] octahedra in the crystal structure, several MnO,
polymorphs exist, exhibiting a tunneled (¢, B, R, y, T), lay-
ered (§), or spinel (1) structure [5,7]. In addition, metastable
oxides containing Mn cations with different oxidation states
in variable amounts, such as MnsOg [8], and oxyhydrox-
ide phases (w- and y-MnOOH) [5] exist. The structural,
catalytic, electrical, electrochemical, optical, and magnetic
properties, as well as the chemical stability, differ significantly
among the various MnO,, phases/polymorphs and are strongly
affected by their specific micro/nanostructure. Therefore, pre-
cise control over their phase, structure, and morphology
is highly desirable in view of exploitation on advanced
technology applications. In this context, the possibility of dis-
tinguishing among different phases is fundamental, especially
when chemical or electrochemical reactions occur, leading
to structural transformation and chemical conversion. X-
ray diffraction (XRD) and x-ray photoelectron spectroscopy
(XPS) are common techniques conventionally used to
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discriminate different Mn compounds [7]. In addition, Raman
spectroscopy has been extensively employed; however, the
spectral assignment is rather complex compared with other
oxide families [5,6,9]. First, the Raman activity of several Mn
oxides is weak. Secondly, most Mn oxides are low-band-gap
materials and are sensitive to laser irradiation during Raman
measurements, as photoinduced damage may lead to local-
ized amorphization, oxidation, and/or formation of metastable
secondary phases, especially at high laser intensity and for
long acquisition times. Thirdly, Mn oxides can be synthesized
following a wide variety of chemical and physical routes,
which affect in a nonnegligible way the average Mn oxidation
state, the number of defects, the oxygen stoichiometry, and the
type of stabilizing cations/molecules trapped in the Mn oxide
crystal structure. This effect is even more relevant for natural
Mn oxides. As a result, reported Raman spectra for different
Mn oxides—even recently—are conflicting and do not allow
for an unambiguous assignment to MnO, phases [5-7,9-12].
Pure phase MnO, thin films, with controlled stoichiometry
and structure, can act as useful systems for the analysis of the
Raman behavior of different phases.

Several physical and chemical synthesis techniques have
been employed to produce MnO, films, including magnetron
sputtering [13—15], atomic layer deposition (ALD) [16-19],
thermal evaporation [20,21], pulsed laser deposition (PLD)
[22-27], spray pyrolysis [28], plasma-enhanced chemical
vapor deposition [29], molecular beam epitaxy [30], sol-
gel processes [31,32], successive ionic layer adsorption and
reaction [33], hydrothermal reaction, and electrodeposition
[32,34,35]. PLD is an effective physical technique exploiting
ablation of a target by intense laser pulses to grow thin films
on a proper substrate. The control of deposition parameters
like the background pressure during deposition and the sub-
strate temperature allows varying the Mn oxidation state and
hence the MnO, phase. Since PLD leads to a nonequilibrium
film growth, metastable MnQO, phases can also be produced
[22,26]. For example, Neubeck et al. [22] produced epitaxial
MnO thin films from a Mn;,Oj3 target on sapphire (001) and
MgO (111) using a Nd:YAG laser (A = 532 nm), depositing
in vacuum (1 x 1072 Pa), and with the substrate at 700 °C.
Isber et al. [25] investigated the effect of oxygen pressure
(1.3, 6.5, and 13 Pa) and substrate temperature (550—800 °C)
on films grown by the ablation of a MnO target, highlighting
a phase transition from Mn;03 to Mn3;O4 at 700 °C. Yang
[23] employed PLD to produce amorphous MnO,, Mn,0s3,
and Mn3 Oy thin films for supercapacitor applications, starting
from either a Mn3;O4 or a metallic Mn target, and varying both
substrate temperature (20—750 °C) and oxygen pressure (0—
67 Pa). Similarly, Xia ef al. [24] prepared MnO, Mn30,4, and
Mn, O3 thin films for lithium microbatteries by PLD at 600 °C
and in vacuum, 26.7 Pa, and 93.3 Pa of oxygen, respectively,
from a metallic Mn target. Notably, none of the previous au-
thors reported the synthesis of crystalline MnO, polymorphs
by PLD [22-25]. Indeed, Garten et al. [26] made use of
a high-throughput experimental combinatorial research and
showed how the MnO, phase could not be obtained by PLD
for any combination of total and oxygen pressure (1.3 x 1073
to 13.3 Pa), substrate temperature (250—550 °C), and type of
target (MnO, Mn,03, or MnQ5). As indicated also by Yang
[23], amorphous MnO, phases obtained at low substrate tem-

perature (< 300 °C) could be identified as amorphous MnQO;.
The synthesis of crystalline MnO, by PLD was reported by
Tabbal et al. [36] to occur only in a narrow experimental
range (500 °C, 33.3-66.6 Pa of oxygen) during the ablation
of a MnO target. A strategy to promote the formation of
B-MnO; and y-MnO, phases with good crystalline quality
at low substrate temperature was suggested by Abi-Akl et al.
[37] and consisted of growing thin films by PLD in a highly
reactive atmosphere of remote oxygen plasma. Isber et al.
[25], Xia et al. [24], Yang [23], Garten et al. [26], Tabbal et al.
[36], and Abi-AKkl et al. [37] all made use of a KrF excimer
laser (A = 248 nm).

Herein, we present room-temperature PLD, combined with
postdeposition thermal annealing either in air or in vacuum, as
an effective technique to synthesize pure MnO, phases, start-
ing from the same MnO target and adjusting the deposition
and annealing parameters. This approach allowed us to de-
couple the film phase from its nanostructure, thus enabling the
fine tuning of the film properties and the achievement of a ra-
tionally designed MnO, material. As-deposited and annealed
MnO, films were then characterized by Raman spectroscopy,
XPS, and XRD, and the results were employed to assess the
open issue of the unique assignment of Raman spectra to each
specific Mn oxide phase.

II. MATERIALS AND METHODS
A. Synthesis of MnO, thin films

MnO, thin films were grown on silicon (100) substrates
(Siegert Wafer) by PLD, using an experimental apparatus
already described elsewhere [38,39]. Briefly, a MnO vacuum
hot-pressed target (99.9% purity, Testbourne B.V.) was ab-
lated by nanosecond laser pulses from a Nd: YAG laser source
(second harmonic, A = 532 nm, repetition rate 10 Hz, pulse
duration 5-7 ns). Concomitant target rotation and translation
ensured a uniform ablation. Laser pulses were focused by
a plano-convex lens and reached the target surface with an
incidence angle of 45°, corresponding to an elliptical spot
size of ~ 6mm? and a resultant laser fluence of ~ 2Jcm™2
(pulse energy ~ 120 mJ pulse!). Depositions were carried
out at room temperature in a stainless-steel vacuum chamber,
equipped with a primary scroll pump connected in series
to a turbomolecular pump. After reaching the base pressure
(1—4 x 1072 Pa), deposition was performed either in vacuum
or in O, gas atmosphere (Sapio, 99.999% purity), whose
pressure was regulated by mass flow controllers at 1, 10, 50,
and 100 Pa. Silicon substrates were mounted on a rotating
holder at a constant substrate-to-target distance of 5 cm, and
the deposition time was set to 20 min. Thermal treatments
in air were performed in the temperature range 300—900 °C
using a Lenton Muffle furnace (4 °Cmin~! heating ramp).
Annealing in vacuum was carried out at 500 °C in a home-
made furnace, equipped with a high-vacuum chamber (base
pressure ~ 4.5 x 107> Pa, 10 °Cmin~" heating ramp). The
dwell time at the nominal annealing temperature was set to 2
h for 500 and 900 °C in air, 4 h for 300 °C in air, and 1 h for
500 °C in vacuum. For comparison, additional MnO, films
were grown by PLD in equal conditions also on soda-lime
glass slides (Marienfeld) and F-doped SnO, (FTO)-coated
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glass slides (Sigma Aldrich), adjusting the deposition time
to achieve a nominal film thickness of ~ 500 nm. Thermal
annealing in the presence of Na™ cations—as will be clarified
in Sec. IV E—was performed in air at 500 °C for 2-5 h using
20 uL droplets of Na;SO4 0.2 M aqueous solution, prepared
from deionized water and anhydrous sodium sulphate (Sigma
Aldrich, >99.0% purity). In view of XPS measurements, se-
lected films were grown on Pt-coated Si substrates or Ti foil
(Sigma Aldrich), with a nominal thickness of ~ 150 nm.

B. Characterization

Top-view and cross-sectional morphological images of
MnO, thin films were acquired using a field emission
scanning electron microscope (FE-SEM, Zeiss SUPRA 40),
equipped with a Peltier-cooled silicon drift detector (Ox-
ford Instruments) for energy-dispersive x-ray spectroscopy
(EDXS) measurements. EDXS was employed to evaluate the
film composition through the AZtec EDS software, with an
accelerating voltage of 10 kV. Raman analysis was performed
using a Renishaw InVia micro-Raman spectrometer, equipped
with a diode-pumped solid-state laser (A = 532 nm) and with
an 1800 grooves mm~! grating. The laser was focused on
the sample using a 50x objective, and the incident power
on the sample was varied in the range 0.70-8.75 mW to
appraise the threshold for laser-induced degradation. Unless
otherwise specified, each spectrum was acquired using 200
accumulations, 1 s each. Systematic fitting analysis of all Ra-
man spectra was performed by means of Lorentzian functions.
XPS measurements were performed in an ultrahigh vacuum
system (base pressure in the high 10~ Pa range) described
in detail in Ref. [40]. Photoelectrons were excited by Al
Ko radiation (hv = 1486.6 eV) and detected by means of a
150 mm hemispherical analyzer operated at a pass energy
of 20 eV, yielding an overall full width at half-maximum
(FWHM) resolution of ~ 0.9 eV. Source satellites have been
subtracted from the raw data. The binding energy (BE) scale
has been corrected by setting the photoemission feature from
C 1s adventitious carbon at the surface to 284.6 eV, as in
Ref. [41]. The information depth of XPS is of the order of
magnitude of the inelastic mean free path of the photoelec-
trons, which is ~ 3 nm for Mn oxides [42]. The crystalline
structure of MnOj films was probed by XRD in grazing inci-
dence configuration (GIXRD), with an incidence angle of v =
2°. GIXRD measurements were performed with a HRD3000
diffractometer (Ital Structures, Riva del Garda, Italy) operat-
ing with monochromated Cu Ko« radiation (A = 0.1541 nm)
and equipped with a curved position-sensitive multichannel
gas-filled detector (20 range 0—120°, resolution 0.029°, Inel
CPS-120). Rietveld refinement of selected GIXRD patterns
was performed using MAUD software [43]. UV-Vis opti-
cal transmittance of selected MnO, films was probed by
a Shimadzu UV-1800 spectrophotometer in the wavelength
range 190-1100 nm.

III. OVERVIEW OF CRYSTAL STRUCTURES AND RAMAN
SPECTRA OF Mn OXIDES

Despite the concerns outlined in the Introduction about the
characterization and unique phase identification of Mn oxides

by Raman spectroscopy, we provide here a general overview
about the Raman spectra of selected MnO, phases reported
in previous studies, especially for those of interest in this
paper. Additional details about Mn oxide and oxyhydroxide
phases, including the mineralogic name, the crystal symmetry,
and the space group, can be found in Table I, which also
summarizes the main Raman peaks of each MnO, phase ac-
cording to literature. For an extensive comparison about the
Raman assignment of MnQO, phases, we refer to Table SI in
the Supplemental Material [44].

A. Manganosite MnO

Manganosite MnO possesses a cubic close-packed NaCl
structure (space group Fm3m); therefore, no Raman active
modes are expected by factor group analysis. However, de-
fects and local distortions in the crystal structure can induce
Raman activity [6]. It is worth mentioning that MnO tends to
be highly sensitive to the Raman excitation laser beam since
it may cause the localized oxidation and transformation of the
material into a spinellike phase [5,6], depending on its power
and wavelength. Based on the spectra reported in preceding
works [5,6,45-47], the main defect-induced Raman features
of MnO correspond to two broad and asymmetric bands
centered at 523-535 and 1050 cm™!: the former has been pre-
viously assigned to Mn—O stretching mode of Mn?* cations
in cubic arrangement [5], 2TO, or LO phonons [46], while the
latter originates from the envelop of the TO + LO band with
the 2LO modes [45,46]. On the contrary, the peak sometimes
reported at 650—660 cm ! is likely associated with the laser-
induced formation of Mn3Oy4 or other metastable spinellike
phases [6,47]. For comparison, the Raman spectrum of our
pristine, not-ablated PLD MnO target is reported in the Sup-
plemental Material (Fig. S1) [44], showing the characteristic
MnO bands (535 and 1042 cm™") in addition to the peak at
653 cm~! related to the localized formation of hausmannite
(see Sec. III B) under the Raman laser beam.

B. Hausmannite Mn3; Oy,

Hausmannite Mn30,4 (or MnMn;QOy,) is a normal tetragonal
spinel containing Mn cations in both +2 and +3 oxidation
state, in which the Mn>* cations in octahedral coordination
are responsible for the cooperative JT effect leading to the
distortion of the spinel crystal from cubic (Fd3m) to tetrago-
nal (4, /amd) [50]. Mn?* cations instead reside in tetrahedral
sites. Factor group analysis predicts 10 Raman-active modes
for Ml’l304 (F = 2A1g + 3Blg + Bzg + 4Eg) [50,65,66], how-
ever, the Raman spectrum is dominated by a sharp A;, peak
centered at ~ 660 cm ™', which is typical of all spinel oxides
[51] and could be assigned to the Mn?t—0 stretching vibra-
tions in [Mn>*Oy] tetrahedra [5,7,51]. It is worth mentioning
that this assignment is not unique and—e.g., see Malavasi
et al. [50]—the main A;, Raman peak is ascribed to the
motion of oxygen atoms in [Mn>*0g] octahedra. Less intense
Raman peaks are located at ~ 320cm~! (Mn-O bending
mode in [Mn3*Og4] octahedra, Ay, symmetry [7,66]) and ~
370 cm~! (Mn—O-Mn asymmetric stretching mode, Bog sym-
metry [66]). Very weak bands can also be detected at ~ 290,
388, and 480cm™!, assigned to By, and/or E; modes [6,66].
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TABLE 1. Details about Mn oxides and oxyhydroxides, including the main Raman peaks according to the literature (because of the wide
discrepancy across different references for the same MnO, phase, we have selected the values appearing more coherent; in addition, when
slightly different values were found in separate works, they are reported as ranges).

Mineral Crystal Space Mn Additional Main Raman peaks
Formula name system group valence information from literature (cm~")
MnO Manganosite Cubic Fm3m +2 NaCl-type structure [5,6] 523-535, 1050  [5,6,45-47]
o-Mn,03 Bixbyite Cubic Ia3 +3 Body-centered [5,7] 195-200, [7,9,48]
cubic structure 310-320,
(C-type) 640-650,
700-703
y-Mn, 05 - Tetragonal 14, /amd +3 Distorted spinel [5,49] 628 [5]
metastable phase
Mn;0,4 Hausmannite Tetragonal  14,/amd +2/43 (+2.7) Normal tetragonal [5,6] 320, 370, [5,7,50,51]
spinel due to JT 654-660
effect
a-MnO, Hollandite Tetragonal I4/m +4 Body-centered [5,52] 180-185, [52-55]
tetragonal structure 573-583,
(2 x 2) tunnels 632-649
B-MnO, Pyrolusite Tetragonal P4, /mnm +4 Rutile-type [5,52] 532-538, [5-7,9,52]
structure (1 x 1) 661-667
tunnels
R-MnO, Ramsdellite  Orthorhombic  Pbnm +4 (1 x 2) tunnels [5,9] 518-520, [5]
575-580, 630
y-MnO, Nsutite Hexagonal - +4 Random [7,56] 572-582, [7,56]
intergrowth of 8- 654-658
and R-MnO,
(1 x2)4+@2 x2)
tunnels
6-MnO, Birnessite Monoclinic C2/m +4 Layered structure [7,57] 500-510, [7,57]
565-585,
625-650
£-MnO, Akhtenskite Hexagonal  P63;/mmc +4 Dense stack [1,58] NA -
A-MnO, - Cubic Fd3m +4 3D network of [5,59] 596 [5,59]
interconnected
(1 x 1) tunnels
cubic-close-packed
spinel structure
T-MnO, Todorokite Monoclinic P2/m +4 (3 x 3) tunnels [1,60] 641 [5]
Mn;Og - Monoclinic C2/m +2/+4 (+3.2) Layered structure [8,61] 262-264, [8,61]
metastable phase 647-648
o -MnOOH Groutite Orthorhombic ~ Pbnm +3 Isostructural to 9] 142, 352, 384, [5]
R-MnO, 528, 552, 615
y-MnOOH Manganite Monoclinic P2,/c +3 Isostructural to [7,9] 147, 358, 388, [6,7,9,12]
B-MnO, 531-533,
557-558,
621-623
Mn(OH), Pyrochroite Rhombohedral ~ P3m1 +2 Layered structure [62,63] 470 [64]
Mn3O, is highly stable under the laser beam [5], and no symmetry [67,68]. The cubic structure of o-Mn,0j is stable

photoinduced damage is typically detected.

C. Bixbyite «-Mn,0;3
Bixbyite «-Mn,O; is the stable polymorph of Mn

sesquioxide and has a body-centered cubic structure with
two nonequivalent sites for Mn?* cations [5,7]. Mn atoms
are arranged in a close-packed lattice, with O®~ ions occu-
pying % of the tetrahedral interstitial sites, leading to /a3

> 302 K (i.e., ~ 29 °C), whereas at lower temperature, a
transition to an orthorhombic structure (space group Pbca)
occurs, even if the distortion of the cubic symmetry is small
(~ 0.8%) [68]. Factor group analysis predicts 22 Raman-
active modes for a-Mn,03; (I' =44, + 4E, + 14T,) [69].
Some discrepancies—even in the most recent literature—are
observed across the Raman spectra of «-Mn;Oj3. Julien et al.
[5] (Aex = 514.5 nm) and Bernardini et al. [6,70] identified a
strong peak at ~ 580—592 cm~! as the main Raman feature of
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bixbyite, corresponding to the Mn>* —O stretching vibration.
The same peak at 581cm™' is also present in the Raman
spectrum provided by Bernard et al. [12] (Aex = 514.5 nm),
although the overall spectral shape is different from Ref. [5].
On the other hand, no strong peaks at ~ 580cm™' can be
detected in the Raman spectra of o -Mn, O3 reported by White
and Keramidas [69] (Lex = 488 and 514.5 nm), Kapteijn et al.
[48] (Aex = 514.5 nm), Buciuman et al. [11] (who also high-
lighted the effect on the Raman spectra of three different
excitation wavelengths, i.e., Aex = 647.1, 514.5, and 457.9
nm), Gao et al. [52] (Aex = 632.8 nm), Post ef al. [9] (Aex =
632.8 nm), and Xin et al. [7] (Aex = 532 nm). In addition
to obvious discrepancies regarding the exact peak position
and relative intensity ratios, the Raman spectra of o-Mn,03
reported in Refs. [7,9,11,48,52,69] are closely similar and,
interestingly, also match the spectrum presented in Ref. [5]
if the peak at 592cm™! is excluded. The differences in the
Raman spectra of bixbyite can be explained as follows: (i)
the Raman signal of «-Mn;0j3 is very weak, and the material
tends to decompose quickly if the laser power is increased
[11,69]; (ii) other metastable polymorphs of Mn,Os exist
(e.g., y-Mn, 03 [5]), whose presence in traces may complicate
the overall spectrum; (iii) impurities, especially in natural
samples, may exist; indeed, according to Post et al. [9], a
strong feature at ~ 575—585cm™! could be ascribed to rams-
dellite (R-MnO,) or other MnO, polymorph intergrowths. All
things considered, taking the spectra reported in Refs. [7,9] as
areference, the Raman spectrum of o - Mn, O3 is characterized
by strong peaks at ~ 700—703, ~ 640—650, ~ 310—320, and
~ 195—200cm™"!, in addition to weak bands at ~ 126, 480,
and 540—545cm™!,

D. MnO, polymorphs

Mn dioxide can exist in several polymorphic forms (at
least eight), depending on the relative organization and space
orientation of [Mn**Og] octahedra. In addition to the issues
highlighted above (i.e., instability under the laser beam and
presence of impurities), the Raman characterization of MnO,
species is complicated by both the presence of stabilizing
cations in the tunneled/layered structure and the coexistence
of multiple polymorphs, which affects in a nonnegligible way
the final spectrum. Herein, for the sake of simplicity, we
discuss the state-of-the-art Raman spectra of four main MnO,
polymorphs, i.e., @, B, y, and §.

1. Hollandite o.-MnQO,

Here, -MnQO; is a tunneled MnO, polymorph exhibiting
a body-centered tetragonal structure (space group I4/m) and
comprising (2 x 2) and (1 x 1) tunnels, where the (n x n)
notation defines the number of octahedral units involved in
each side of the tunnel. Typically, the large (2 x 2) tunnels,
with a size of (4.6 x 4.6 A), host metallic cations that help
stabilizing the structure, especially in chemically synthesized
o-MnQO,;, while the (1 x 1) tunnels are empty [52]. The term
hollandite may refer either to all MnO, polymorphs exhibiting
a (2 x 2) tunnel structure or to a specific Ba*>"-intercalated
o-MnO, material. Other cation-intercalated materials with
a hollandite-type structure are cryptomelane (K*), corona-
dite (Pb*>"), and manjiroite (Na*) [5,9]. Structural deviations

from the ideal tetragonal structure may lead to monoclinic
symmetry (C2/m) [6]. The Raman spectrum of «-MnQO; is
sensitive to the chemical species in the tunnels; however, some
fingerprint features can be identified. Based on the spectra
reported in Refs. [52-55], the Raman spectrum of o -MnQO; is
characterized by a strong and sharp peak at ~ 180—185cm™!
(A, symmetry), by a couple of bands at ~ 573583 and ~
632—649 cm™! (A, symmetry), and by weaker peaks at ~ 330
(A, symmetry), 385 (B, symmetry), and 510cm™!. Here, Ag
symmetry modes originate from the breathing vibrations of
[Mn**Og] octahedra in the tetragonal framework [52].

2. Pyrolusite f-MnO,

Here, B-MnO, with a tetragonal rutile-type structure
(space group P4,/mnm) is the thermodynamically stable
MnO; polymorph [5]. It is constituted by (1 x 1) tunnels
which, considering the small 2.3 x 2.3 A size, are normally
empty [52]. Pyrolusite is highly sensitive to heating and
laser irradiation [6]; therefore, attention should be paid in the
correct interpretation of its Raman spectrum. According to
Ref. [52], four Raman-active modes are allowed for 5-MnQO,,
which has low Raman activity and normally displays weak
and broad bands at ~ 162cm ™! (B, symmetry), ~ 538 cm™!
(E, symmetry), ~ 667 cm~' (A, symmetry), and ~ 750 cm ™!
(B2, symmetry). Here, Aj, and B, modes are assigned to
mixed Mn-O stretching and Mn-O in-plane deformation,
while the Bj, mode corresponds to out-of-plane bending vi-
brations [5]. References [5,53-55] report slightly different
Raman spectra, which may be affected by sample degradation
and spurious peaks. Nevertheless, the most intense A, band
located at ~ 640—670 cm™~! is always present and can be used
as a clear signature of 5-MnO, [5-7].

3. Nsutite y-MnO,

Here, y-MnO, consists of a random intergrowth of -
MnO, blocks within a matrix of orthorhombic ramsdellite
R-MnO; and exhibits a complex hexagonal tunneled structure
with both (1 x 1) and (1 x 2) tunnels [7,56]. The Raman
spectrum of y-MnO; is a combination of the spectra of B-
MnO; and R-MnO; (not discussed here), and it depends
on the fraction of pyrolusite within the ramsdellite matrix.
Typically, it features a couple of peaks at ~ 572—582 and
~ 654—658 cm™! [7,53-55]. A detailed investigation into the
Raman spectrum of y-MnO, can be found in Ref. [56].

4. Birnessite §-MnQO,

Here, 6-MnQO; is a layered MnO, polymorph consisting
of stacked layers of edge-sharing [Mn**+Og4] octahedra [57].
When the predominant Mn oxidation state is +4, birnessite
exhibits trigonal symmetry (space group R3m) [10]; however,
especially in chemically synthesized and naturally occurring
8-MnO,, the presence of cations (Na*, K*, Ca’*", Mg?*,
etc.) and/or water molecules in the interlayer spacing and
the resulting decrease in the valence state of neighboring Mn
cations reduce the overall crystal symmetry, leading to mono-
clinic (space group C2/m) [7,10,57] or triclinic (space group
P1) [6,10] §-MnO,. In addition, in Ref. [10], it is claimed that,
in recent years, the term 6-MnO, has been used to identify a
variety of natural and synthetic phases—this may explain the
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FIG. 1. (a) Scanning electron microscopy (SEM) cross-sectional images of the MnO, thin films deposited at 1, 10, 50, and 100 Pa of O,
at constant laser fluence of ~ 2 J cm~2 and 20 min deposition time. (b) Corresponding SEM top-view images and high magnifications of the

films deposited at 10, 50, and 100 Pa of O,.

discrepancies across the Raman spectra of §-MnO, from dif-
ferent references. In general, the Raman spectrum of §-MnO,
comprises three broad bands at ~ 504—509, ~ 565—577, and
635—646 cm™! [5,7,55,57], which could be assigned to Mn—-O
stretching vibrations in the [Mn**Og] octahedra and in the
basal plane of [Mn**Og] sheets [57].

IV. RESULTS AND DISCUSSION
A. Morphology and structure of as-deposited MnO, films

Cross-sectional and top-view SEM images of as-deposited
MnOQ, thin films are reported in Figs. 1(a) and 1(b), respec-
tively. The presence of a background gas during the deposition
strongly affects the film growth, and different film morpholo-
gies can be obtained by varying the O, pressure. Indeed,
when the ablation plume produced after the laser-target in-
teraction expands in vacuum or in a low-pressure atmosphere,
the ablated species do not undergo collisions and reach the
substrate with high kinetic energy, thus leading to a compact
and smooth film. On the other hand, during ablation in high
gas pressure, the plasma plume is confined by the gas, ablated

species lose kinetic energy due to multiple collisions, clusters
start nucleating already in the gas phase, and the resulting
film is porous and cluster assembled [71]. The MnO, film
deposited at 1 Pa of O, is compact and smooth, while a colum-
nar structure appears at 10 Pa and becomes more porous and
less vertically aligned at 50 Pa. In the film deposited at 100
Pa, columns are replaced by treelike hierarchical assemblies,
which are typical of metal oxides and nitrides produced by
PLD in medium-high gas pressures [39,72—75]. Comparable
morphology evolution is reported also in Ref. [27] for MnO,
films grown by PLD in O, atmosphere from a metallic Mn
target. As expected with PLD [39], the film thickness, with a
fixed deposition time of 20 min, increases with increasing O,
deposition pressure [Fig. 1(a)]. The corresponding deposition
rates are estimated to be 25, 28, 53, and 98 nm min—! at 1, 10,
50, and 100 Pa of O,, respectively. In the top-view images of
Fig. 1(b), the evolution of the surface morphology and poros-
ity can be appreciated as well. The films grown at 10 and 50
Pa are characterized by cauliflowerlike features, correspond-
ing to the apical parts of the columnar structures observed
in the cross-sections of Fig. 1(a), whose size increases with
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FIG. 2. (a) Raman spectra of as-deposited MnO, films acquired using the 532 nm laser, 0.70 mW on the sample (* indicates the 520.7 cm™

O, pressure (Pa)

1

Raman peak of the Si substrate). All spectra are reported after normalization. (b) Mn : O atomic ratio as estimated from energy-dispersive x-ray
spectroscopy (EDXS) analysis of as-deposited MnO, samples as a function of the O, deposition pressure. All ratios are normalized to the value
of 1.05 measured on stoichiometric MnO target. Red dashed lines indicate the nominal Mn : O ratio for four stoichiometric Mn oxide phases.

increasing O, pressure. In addition, some branched cracks can
be observed in the film deposited at 50 Pa. Finally, in the film
grown at 100 Pa, the cauliflowerlike structures transform into
highly porous clustered assemblies, and the overall morphol-
ogy is more open.

The Raman spectra of as-deposited MnO, films are re-
ported in Fig. 2(a). Interestingly, the Raman spectrum of the
film produced at 1 Pa of O, is different from all the others
and displays a sharp and intense peak at 665cm~! and two
weak peaks at 324 and 379 cm™~!, which are close to the
Raman bands reported for tetragonal hausmannite Mn3;O4
(see Sec. IIIB) [5-7,9]. The presence of narrow peaks and
the good signal-to-noise ratio suggest a crystalline nature of
this sample. On the other hand, the Raman spectra of MnO,
films deposited at 10, 50, and 100 Pa of O, are similar,
and all show a broad and structured band between 450 and
800cm™!, which can be deconvoluted into three main fea-
tures at ~ 502, 573, and 636cm~'. These bands are well
matched with those reported by Xin et al. [7] and Julien
et al. [57] for monoclinic §-MnO,; however, the assignment
to a specific MnO, polymorph is not straightforward due to
the presence of large bands (see also Sec. I[IID4), and we
regard the as-deposited MnO, films at 10, 50, and 100 Pa
of O, as amorphous/semicrystalline MnO, (A-MnO,). Fur-
ther details about the structural properties of the as-deposited
films will be provided in Sec. IVD, where XRD data are
discussed. Since MnO,-based materials are reported to suf-
fer from degradation under the Raman laser beam [5,6], the
reliability of Raman results was carefully assessed for any
MnO, phase and morphology in our acquisition conditions.
The incident power on the sample of the 532 nm laser beam
was gradually increased from 0.70 to > 8 mW, until either
clear spectral modifications or sample darkening in the optical
image were detected. Especially on amorphous and porous
films (see Fig. S2(b) in the Supplemental Material [44]),

significant spectral variations were observed at high incident
powers, revealing the formation of a new phase with a strong
peak at ~ 630—640 cm~'. Such modifications were reported
also by Bernardini et al. [6,76] and Post et al. [9] for -MnO,,
R-MnO,, and MnO and were ascribed to the laser-induced
formation of a metastable spinellike phase [9]. Photoinduced
damage, however, was observed on some samples well before
any spectral change was detected (see, e.g., the sequence of
optical images of Fig. S3 in the Supplemental Material [44],
where a dark stain appears in the probed region already at 3.50
mW); therefore, MnO, thin films on silicon can be effectively
and safely characterized by Raman spectroscopy with the 532
nm excitation radiation—and with the acquisition parameters
described in Sec. IIB in terms of setup and measurement
time—if the incident laser power is kept <3 mW. In this
paper, unless otherwise specified, all Raman spectra were
acquired using 0.70 mW incident power.

EDXS was employed to evaluate the elemental content of
as-deposited MnO, films and to further validate the phase
assignment. Although EDXS suffers from low accuracy in
the quantification of light elements, resulting in uncertainties
in the absolute values, especially in the absence of calibra-
tion samples, it can still be a valuable technique to provide
general trends about the dependency of the average atomic
ratios on the O, deposition pressure. Furthermore, measure-
ment reliability was enhanced by assessing the Mn: O ratio
of the pristine, not-ablated MnO target, which should be sto-
ichiometric (i.e., Mn : O ratio equal to 1). Since the measured
Mn: O ratio for the target is 1.05, all values reported in the
following for MnO, samples have been normalized to 1.05. In
Fig. 2(b), the Mn : O atomic ratio of the films is plotted as a
function of the O, deposition pressure, along with the nominal
ratios for stoichiometric MnO, Mn304, Mn,03, and MnO,.
The average atomic ratio for the MnO, sample deposited at
1 Pa of O, is 0.77, which is higher than the other samples
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FIG. 3. Scanning electron microscopy (SEM) cross-sectional images of MnO, thin films produced by pulsed laser deposition (PLD) at 1,
10, 50, and 100 Pa of O,, after thermal annealing in different conditions. Based on the results of Raman spectroscopy, all samples annealed in
air at both 500 and 900 °C correspond to the o-Mn, O3 phase, while the samples annealed in vacuum at 500 °C consist of Mn;0j,.

and closer to the nominal ratio for Mn3O,4. Conversely, the
average atomic ratios for MnO, films grown at 10, 50, and
100 Pa of O, are 0.50, 0.51, and 0.52, respectively, which
agree with MnO,. EDXS analysis confirms the phase diver-
sity for the sample deposited at 1 Pa of O,. As a result,
room-temperature deposition in low O, pressure from a MnO
target leads to a less oxidized film containing low-valence
Mn species, i.e., Mn**/Mn** (Mn30,), rather than Mn**
(MnO,). Finally, the average Mn : O atomic ratio for a sample
deposited in vacuum (4 x 1073 Pa, ~ 1.7 Jcm™2, 10 min
deposition time; see Fig. S4 in the Supplemental Material for
morphology [44]) is also reported in Fig. 2(b), being equal
to 0.99. This value is ~ 1, i.e., close to the Mn: O ratio for
stoichiometric MnO, indicating that ablation in the absence of
O, gas results in a poorly oxidized film whose composition
matches the one of the target (therefore containing mostly
Mn?* species). To sum up, room-temperature PLD of a MnO
target in the oxygen pressure range between vacuum and 100
Pa leads to MnO, phases spanning Mn>*, Mn**, and Mn**
oxidation states, corresponding to MnO, Mn30,, and MnO,
stoichiometries.

B. Morphology and structure tuning by postdeposition
annealing

To explore different regions of the Mn—O solid-state phase
diagram [77] and to promote the film crystallization or transi-
tion to different oxide phases, as-deposited MnO, films were
subjected to thermal annealing at 500 and 900 °C in air and
500 °C in vacuum. SEM cross-sectional images of annealed
MnO, films in different annealing conditions are reported in

Fig. 3. The postdeposition thermal treatment induces morpho-
logical changes and sintering effects in all films. For MnO,
films grown at 1 Pa of O,, the compact structure of the
as-deposited material is maintained; however, oblique colum-
nar grains are visible after annealing in air at both 500 and
900 °C. A more disordered structure comprising irregular-
shaped grains and some voids is obtained after annealing in
vacuum at 500 °C. In the case of the MnO;, films deposited
at 10 and 50 Pa of O,, air annealing at 500 °C results in a
variation of the nanoscale porosity and an enlargement of the
grains constituting the vertical features of the film, even if
the overall columnar morphology is preserved, especially for
the film produced at 50 Pa of O,. A similar effect is noticed
also after annealing in vacuum: in the film deposited at 10
Pa of O,, columns are replaced by vertically aligned jagged
grains and more voids are visible, while in the film deposited
at 50 Pa of O,, the porous columns are well distinguishable
but more far apart. On the contrary, severe coalescence within
the columns occurs at 900 °C, leading to a film constituted
by an arrangement of substantially larger, dense, and inter-
connected structures separated by cavities. Finally, for MnO,
films deposited at 100 Pa of O,, the thermal treatment does
not significantly alter the porous structure of the treelike as-
semblies both in air and in vacuum at 500 °C. Instead, an
obvious modification is observed after air annealing at 900 °C,
which causes a strong coalescence, the complete loss of the
porous assemblies, and the formation of a network of dense
and tangled filaments, comparable with those obtained in the
film deposited at 50 Pa of O,.

The SEM top-view images of Fig. 4 confirm the morpho-
logical and structural changes occurred in MnO, films after
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FIG. 4. Scanning electron microscopy (SEM) top-view images of MnO, thin films produced by pulsed laser deposition (PLD) at 1, 10, 50,

and 100 Pa of O,, after thermal annealing in different conditions.

different annealing treatments. Annealing in air at 500 °C
does not significantly alter the general film morphology [see
Fig. 1(b) for comparison with as-deposited top-view images],
while a massive coalescence resulting in large and regular
crystalline grains occurs at 900 °C. Moreover, in the central
column of Fig. 4, it can be noticed how the degree of voids
increases with increasing O, deposition pressure: indeed, iso-
lated holes start forming across grains at 10 Pa, and then an
interconnected network of voids appears at 50 Pa and expands
at 100 Pa. The surface morphology of films annealed in vac-
uum at 500 °C is like the one observed at the same annealing
temperature in air; however, a more significant surface crack-
ing is noticed at any O, pressure.

Like as-deposited MnO, films, annealed films were char-
acterized by Raman spectroscopy to disclose any phase
transition and crystallization process. The Raman spectra of
the MnO, film grown at 1 Pa of O, after thermal annealing
are reported in Fig. 5(a), along with the spectrum of the
as-deposited film. Vacuum annealing at 500 °C maintains the
Mn3;04 phase; however, all the main peaks—here labeled
Peak H1, H2, and H3—are more defined and redshifted com-
pared to the as-deposited film: indeed, Peak H1 shifts from
324 to ~ 321 cm™!, Peak H2 from 379 to ~ 374cm™"!, and
Peak H3 from 665 to 660 cm™! [see Figs. 6(a) and 6(b) and
Table II(a)]. The peak positions of the vacuum-annealed film
perfectly match with those of bulk crystalline hausmannite
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FIG. 5. Raman spectra of MnO, films deposited at (a) 1 Pa and
(b) 10 Pa of O,, before and after thermal annealing in different
conditions (* indicates the 520.7 cm~' Raman peak of the Si sub-
strate). For both values of O, pressure, also the Raman spectrum
of the as-deposited film is reported. All spectra are reported after
normalization.

TABLEII. Position and width (expressed as FWHM) of the main
Raman peaks of hausmannite Mn;O, in (a) the as-deposited and
vacuum-annealed film grown by PLD at 1 Pa of O,, and (b) the
vacuum-annealed film grown by PLD at 10 Pa of O,.

As-deposited 500 °C, vacuum

Position FWHM Position FWHM
Peak (cm™h) (cm™h) (cm™1) (cm™1)
(a) 1 Pa O,
H1 324 27.2 321 12.2
H2 379 48.2 374 18.5
H3 665 22.6 660 14.1
(b) 10 Pa O,
Hl1 321 16.2
H2 372 14.1
H3 660 14

[50] (see also Sec. IIIB), indicating a better crystallization
into the spinel phase with respect to the as-deposited film.
In addition, improved crystalline quality is highlighted by
a decrease of the width—expressed as FWHM of the fit-
ting Lorentzian functions—for the three peaks [Fig. 6(c) and
Table II(a)]. Further details will be added in Sec. IV D. Inter-
estingly, the enhanced intensity of the Si peak at 520.7 cm™!
suggests higher film transparency to the laser beam after vac-
uum annealing, in line with changes in the optical properties
of films deposited on a transparent substrate (see Fig. S5 in
the Supplemental Material [44]). Such variations could be the
result of a combined effect of morphology and absorption
properties of the film. Figure 6 also reports the Mn3;O4 peak
positions and widths for the 1 Pa film annealed in air at 300 °C
for 4 h: This annealing condition does not promote any phase
transition; however, it improves the crystalline quality of the
film, and the resulting spectrum is intermediate between the
as-deposited and the vacuum-annealed ones. Indeed, phase
transformation upon annealing in air occurs starting from
500 °C, as inferred from the Raman spectrum reported in
Fig. 5(a), and a similar result is achieved up to 900 °C. The
Raman spectra acquired after air annealing at both 500 and
900 °C feature four main peaks—here labeled B1, B2, B3,
and B4—which agree with those reported in Refs. [7,9] for
bixbyite «-Mn,0O3 despite slight differences in the relative
intensity ratios (see also Sec. III C). Details about the peak
parameters can be found in Table III(a), even if no clear trends
as a function of the O, deposition pressure or the annealing
temperature can be observed (see also Fig. S6 in the Supple-
mental Material [44]).

Figure 5(b) compares the Raman spectra of as-deposited
and annealed MnO, films grown at 10 Pa of O,. The start-
ing material was identified by Raman and EDXS analysis as
amorphous MnO; (see Sec. IV A); in the same way as in the
case of 1 Pa, phase transition to hausmannite Mn3;O,4 and to
bixbyite o-Mn,Oj3 can be recognized after annealing in vac-
uum at 500 °C and in air at both 500 and 900 °C, respectively.
Slight variations in the positions, widths, and relative intensity
ratios of the peaks can be appreciated, as reported in Fig. S6 in
the Supplemental Material [44] and in Tables II(b) and III(b).
As far as the samples deposited at 50 and 100 Pa of O, are
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FIG. 6. (a) Raman spectra of MnO, films deposited at 1 Pa of O, in the spectral region 550—800 cm ™! (centered around the main A, peak
of Mn;0y, herein labeled as Peak H3). Trends of (b) the position and (c) the width [expressed as full width at half-maximum (FWHM)] of
Peaks H1, H2, and H3 of as-deposited and annealed films grown at 1 Pa of O,.

concerned, the phase evolution upon air annealing is compa-
rable with that at 10 Pa (see Figs. S6 and S7 and Table SII in
the Supplemental Material [44]), with formation of &-Mn; O3
at both 500 and 900 °C. On the other hand, the Raman spectra
after vacuum annealing at 500 °C reveal not only the main
H3 peak of hausmannite at ~ 659 cm~! but also a broad band
extending down to ~ 500 cm ™' and the strong signature of the
silicon substrate at 520.7 cm~! (Fig. S8 in the Supplemental
Material [44]), while peaks H1 and H2 are hardly detectable in
both samples. The spectral shape, along with the broadening
of H3 compared with the 1 and 10 Pa cases (see Table SIII
in the Supplemental Material [44]), suggests an incomplete
crystallization of the films caused by their enhanced porosity,
resulting in Mn3Oy4 nanocrystals embedded in an amorphous

TABLE III. Position and width (expressed as FWHM) of the
main Raman peaks of bixbyite «-Mn, O3 in the films grown by PLD
at (a) 1 and (b) 10 Pa of O, and annealed in air at 500 and 900 °C.

500 °C, air 900 °C, air

Position FWHM Position FWHM
Peak (cm™") (em™") (cm™") (cm™")
(a) 1 PaO,
Bl 202 13.1 200 18.8
B2 317 39.9 318 35.6
B3 649 254 651 25.3
B4 704.5 29 702 26.5
(b) 10 Pa O,
Bl 201 19.1 201 15.5
B2 319 38.7 318.5 38.2
B3 652.5 26.1 653 15.2
B4 704 26.7 703 28.2

MnO, matrix [78]. To qualitatively identify a temperature
threshold for phase transformation both in vacuum and in
air, supplementary annealing treatments were carried out on
selected samples: Air annealing at 300, 400, and 450 °C does
not alter the amorphous nature of as-deposited samples [the
structured Raman band observed in Fig. 2(a) tends to be
replaced by a broader and less-defined band, probably indi-
cating further amorphization], while transition to «o-Mn,03
occurs in the range 500—900 °C. On the other hand, annealing
in vacuum leads to Mn3O4 phase already at 400 °C. It is
worth mentioning that the previous evaluations do not hold
for samples deposited in vacuum, i.e., for MnO films; in this
case, annealing in air at 400 °C leads to phase transition to
hausmannite Mn3Oj.

Compositional EDXS analysis was performed also on
annealed MnO, films, employing the same normalization pro-
cedure discussed in Sec. IV A. The Mn: O atomic ratios for
annealed films are plotted in Fig. 7, along with the nominal
ratios for stoichiometric Mn3;O4, Mn;03, and MnQO,. The
Mn: O ratio for the as-deposited films is reported as well
for comparison. It is worth noticing that the Mn: O atomic
ratios for annealed samples deposited at 100 Pa of O, are
not reported since the EDXS data were highly dispersed and
not consistent with the Raman phase assignment. This issue
probably arose because of the increased porous nature of the
samples and the significant hindrance of the signal coming
from the silicon substrate.

Focusing on the 1-50 Pa O, pressure range, the normal-
ized Mn: O atomic ratios fall between 0.75 and 0.78 for all
vacuum-annealed samples, in agreement with Mn3;O,4 phase,
whose nominal ratio is 0.75. Good agreement with the sto-
ichiometric value of 0.67 (Mn;0O3) is also achieved for the
samples annealed in air at 900 °C, whose Mn: O ratios are
in the range 0.66-0.70. Surprisingly, larger deviations are
observed when samples are annealed in air at 500 °C: Even
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FIG. 7. Mn: O atomic ratio as estimated from energy-dispersive
x-ray spectroscopy (EDXS) analysis of as-deposited and annealed
MnO, samples as a function of the O, deposition pressure in the
range 1-50 Pa. All ratios are normalized to the value of 1.05 mea-
sured on stoichiometric MnO target. Red dashed lines indicate the
nominal Mn : O ratio for three stoichiometric Mn oxide phases.

if the same Mn,O3 phase is expected according to Raman
spectroscopy (see Fig. 5), the Mn : O ratios are slightly higher
at ~ 0.70. Nonetheless, recalling the limitations of EDXS
quantitative analysis—especially in the presence of low-Z
elements like oxygen—the results of Fig. 7 are coherent with
the Raman phase assignment.

C. Chemical investigation by XPS of as-deposited
and annealed films

EDXS results about the film composition and stoichiom-
etry are complemented by XPS analysis, which can provide
details on the chemical state of Mn cations. Figures 8(a) and
8(b) show the photoemission signal in the Mn 2p and O 1s BE
regions acquired from three representative MnQ, films grown
by PLD in a background pressure of (i) 10 Pa of O,, either
as-deposited (black dots) or after air annealing at 500 °C (red
dots), and (ii) 1 Pa of O, (blue dots).

Photoemission from Mn 2p orbital results in two spin-orbit
split peaks [the Mn 2p;,, and Mn 2p, , features shown in
Fig. 8(a)]. Each peak is characterized by a quite broad line
shape, commonly attributed to the multiplet splitting of the
main photoemission line [79,80]. The fine structure of the
photoemission peaks cannot be resolved in our data; however,
a clear shift toward lower BE is visible. The BE of the Mn
2ps 2 feature, for instance, moves from ~ 642.0 eV (black
spectrum, as-deposited film at 10 Pa of O;) to ~ 641.3 eV
(blue spectrum, as-deposited film at 1 Pa of O,), compatible
with a change in the oxidation state of the Mn cations from
+4, as in MnO,, to +3 or a mixture of +3/+2, as in Mn,03
or in the mixed-valence oxide Mn3Qy, respectively [41,79—
83]. The main O 1s peak [Fig. 8(b)], attributed to lattice O, is
located at about the same BE in all the samples, as expected
from the nominal —2 oxidation state of O anions. The shoul-
der at higher BE in Fig. 8(b) is attributed to the presence of
surface hydroxyls or adsorbed water [82,83]. Further insight

into the Mn oxidation state in the analyzed films is obtained
by looking at the characteristic multiplet splitting of the Mn 3s
line [Fig. 8(c)], resulting from the strong exchange interaction
between the unpaired valence electrons and the 3s core hole
left upon photoemission [84]. In agreement with the analysis
of the Mn 2p; , feature, the measured BE differences between
the two 3s peaks show a monotonic evolution from 4.9 eV
(as-deposited film at 10 Pa of O,) to 5.4 eV (air-annealed film)
and 5.5 eV (as-deposited film at 1 Pa of O,). A correlation
is established in the literature between the Mn 3s splitting
and the oxidation state of the Mn cations: A splitting in the
5.2-5.6 eV range is reported for photoemission from Mn +3
or a mixed +3/+42 ion population, while a value ranging from
4.5 to 4.7 eV is reported for Mn +4 cations [41,81,85].

The spectroscopic results from the air-annealed sample
grown at 10 Pa of O, and the as-deposited sample grown at
1 Pa of O, are compatible with photoemission from either a
Mn;03 or a Mn3O4 oxide, with the experimental data sug-
gesting a lower overall Mn oxidation state in the latter film.
However, given the absence of clear satellite structures and/or
a peculiar line shape characteristic of pure Mn +3 or Mn +2
phases (as also reported in the literature, see, e.g., Ref. [41]),
it is rather difficult, based on XPS alone, to assess the exact
stoichiometry of the two films. On the other hand, the spectra
related to the as-deposited film grown at 10 Pa of O, are
compatible with the MnO, stoichiometry retrieved from the
previous analyses. We point out, however, the presence of
broader line shapes with respect to the MnO, spectra reported
in the literature [41,82] and the spectra recorded from the
other two samples, especially in the Mn 3p region [Fig. 8(c)].
This difference, along with the slightly larger-than-expected
Mn 3s splitting, might be ascribed to a small contribution from
reduced Mn species, present in the oxide matrix at least within
the XPS information depth [86].

D. Structural investigation by XRD of as-deposited and
annealed films

XRD measurements carried out on selected MnO, films
mostly confirmed the results of Raman spectroscopy dis-
cussed in Secs. IV A and IV B. The x-ray powder diffraction
patterns of six MnO, phases are reported in Fig. SO in the
Supplemental Material [44] as a reference (derived either
from the MINCRYST database [87] or from the American
Mineralogist Crystal Structure Database [88]). The GIXRD
patterns of the as-deposited and annealed films grown at 1
Pa of O, are plotted in Fig. 9(a). The x-ray pattern of the
as-deposited film [Fig. 9(a), green curve] is characterized by
three main broad and asymmetric peaks at ~ 16.9°, ~ 27.6°,
and ~ 31.6°, which correspond to the (101), (112), and (103)
reflections of Mn3;Oy4 phase, as can be inferred by compar-
ing it with the powder reference pattern of tetragonal spinel
hausmannite [89]. The broadness of the peaks, their slight
angular shift, and the poor signal-to-noise ratio of the XRD
pattern suggest a distorted and nanocrystalline nature for this
sample [90], while the peak asymmetry could be ascribed
to poorly crystalline components along the same crystallo-
graphic directions. After vacuum-annealing at 500 °C for 1
h, the XRD peaks become sharper and closer to the powder
reference values [Fig. 9(a), red curve], and new reflections
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FIG. 8. X-ray photoelectron spectroscopy (XPS) (a) Mn 2p, (b) O 1s, and (c) Mn 3s and Mn 3p profiles from as-deposited (black dots) and
air-annealed (red dots) MnQ, thin films grown by pulsed laser deposition (PLD) at 10 Pa of O, and from an as-deposited (blue dots) MnO,
thin film grown by PLD at 1 Pa of O,. For clarity, the three set of spectra have been vertically offset and normalized to (a) and (b) the peak Mn

2p;, intensity and (c) the peak Mn 3s intensity.

are visible, i.e., (211), (105), and (224). The absence of
some reflections and the differences in the relative intensity
ratios compared with the reference pattern—see, e.g., the
(101) vs (211) peaks—may indicate a preferential crystal
orientation of the film along specific crystallographic direc-
tions. Quantitative analysis of the experimental GIXRD data
was performed via Rietveld refinement on the angular range
10—70°, based on the powder reference pattern of tetrago-

nal Mn3Oy4 (space group I4;/amd, ICSD #68174 [91,92])
as the initial input (Fig. S10 in the Supplemental Material
[44]). Single-crystalline phase was confirmed in both sam-
ples. Moreover, lattice parameters and average crystallite size
(expressed as coherent crystal domains) were determined, as
listed in Table IV. The as-deposited film is characterized not
only by smaller crystal grains but also by larger lattice pa-
rameters and by a wider unit cell volume with respect to the
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FIG. 9. Grazing incidence x-ray diffraction (GIXRD) patterns of
as-deposited and annealed MnO, thin films grown by pulsed laser
deposition (PLD) at (a) 1 Pa and (b) 10 Pa of O,. Experimental
data are compared with the powder reference patterns of tetragonal
hausmannite Mn3; O, (MINCRYST database card #1876 [89]) and cubic
bixbyite o -Mn, O3 (MINCRYST database card #5956 [94]).

bulk values [92], coherently with the observed peak shifts to
lower angles in the corresponding GIXRD pattern of Fig. 9(a).
After vacuum annealing at 500 °C, the unit cell shrinks, and
the lattice constant a gets closer to that of bulk Mn3Oy4. This
variation of lattice parameters is accompanied by an increase
in the average grain size of about one order of magnitude,
consistent with peak narrowing. These findings also justify
the blueshift of the main Raman peaks of Mn30, detected in
the spectrum of the as-deposited sample [Figs. 6(a) and 6(b)],
suggesting phonon confinement effects in the small grains
(~ 30 nm), in accordance with Ref. [93]. After annealing
in air at 500 °C [Fig. 9(a), blue curve], the GIXRD pattern

matches that of cubic bixbyite o-Mn,03 [94], as expected
from Raman analysis.

Considering samples deposited at 10 Pa of O, the GIXRD
patterns of as-deposited and annealed films are reported in
Fig. 9(b). No specific peaks are observed for the as-deposited
film [Fig. 9(b), green curve]—except for a broad feature at
~ 17.4° and a hump between 35° and 40°—which was as-
sumed to be amorphous by Raman spectroscopy. In addition,
the signal-to-noise ratio of the x-ray pattern is poor. After
air annealing at 500 °C [Fig. 9(b), blue curve], sharp and
narrow peaks appear at the angular positions of the powder
reference pattern of bixbyite [94], implying the film crystal-
lization to polycrystalline o-Mn,Os3. Interestingly, as in the
case of 1 Pa of O,, the relative intensity ratios match those of
the reference x-ray pattern, suggesting no preferential crystal
orientation in both cases. The GIXRD pattern of the vacuum-
annealed sample [Fig. 9(b), red curve] is characterized by a
noisy background and broad features at ~ 17.5°, ~ 32.3°,
~ 35.0°, and ~ 59.1°, which can be assigned to the (101),
(103), (211), and (224) reflections of Mn30y, respectively.
The additional peak at ~ 40.6° seems to correspond to none
of Mn30y reflections and could be related to minor traces
of less oxidized cubic MnO, whose main (200) reflection is
located at 40.55° [95] (see Fig. S9(a) in the Supplemental
Material [44]). Interestingly, the GIXRD results indicate a
poor long-range crystalline order for this sample in contrast to
the well-defined Raman peaks of Fig. 5(b) revealing superior
short-range atomic ordering. Finally, the GIXRD pattern of
the sample grown in vacuum, i.e., 4 x 10~ Pa (Fig. S11 in
the Supplemental Material [44]), has a poor signal-to-noise
ratio and shows peaks corresponding to the (111), (200), and
(113) reflections of cubic manganosite MnO [95].

The phase stability regions for MnO, thin films as a
function of O, deposition pressure and annealing tempera-
ture are tentatively reported in Fig. 10(a) (air annealing) and
Fig. 10(b) (vacuum annealing), cross-validated by multiple
characterization techniques including Raman, EDXS, XPS,
and XRD. The boundaries between the phases are qualita-
tive, and additional extensive measurements involving other
PLD and annealing conditions are necessary for a complete
picture.

E. The role of the substrate: The case of Na* ions

The morphological and phase characterization presented
in Secs. IVA-IVD was limited exclusively to MnO, thin
films deposited on Si substrates (except for films grown on
Pt-coated Si or Ti foil aimed at XPS analysis, for which
no Raman or SEM variations were detected with respect to
bare Si). The type of substrate is known to affect the film
growth in terms of crystal orientation and surface mobility

TABLE IV. Lattice parameters and crystallite domain size (expressed as coherent crystal domain) derived from Rietveld refinement of
GIXRD experimental data. The crystal data of bulk hausmannite Mn3;O, are also reported.

Sample a=b(A) c(A) cla Cell volume (nm?) Domain size (nm)
1 Pa O,, as-deposited 5.852+0.014 9.451 £0.014 1.62 0.3240 +£ 0.0020 30.01 £6.87

1 Pa O,, vacuum, 500 °C 5.701 + 0.002 9.415 + 0.003 1.65 0.3060 £ 0.0003 187.28 + 118.46
Mn;0, bulk [92] 5.765 9.442 1.64 0.3143 -
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FIG. 10. Qualitative stability regions for different MnO, phases
obtained on Si substrates by several combinations of O, deposition
pressure and annealing temperature in (a) air and (b) vacuum. The
blank regions have not been explored in this paper.

of ablated species [22,71]; however, it should not alter the
MnO, phase [23]. Depositions of MnO, films on soda-lime
and FTO-coated glass slides and postdeposition thermal an-
nealing in selected conditions were therefore carried out to
check the phase reproducibility on different substrates. No
significant differences were detected by Raman spectroscopy
for as-deposited and annealed MnO, films on FTO-coated
glass (Fig. S12(a) in the Supplemental Material [44]) and for
as-deposited MnO, films on soda-lime glass (Fig. S12(b) in
the Supplemental Material [44]). On the contrary, air anneal-
ing at 500 °C, 2 h, of MnO, films grown on soda-lime glass
did not lead to bixbyite o-Mn,0O3, as in the case of Si sub-
strates, but to hollandite o -MnQO,. Indeed, the corresponding
Raman spectrum of Fig. 11(a) is markedly different from that
of «-Mn, 03, and it is characterized by four intense and sharp
peaks at 184, 392, 580, and 644 cm~!, well-matched with
those previously published for «-MnO; [7,52]. The formation

(@)

On Si substrate
o—Mn,0;

Raman intensity (arb. units)

On glass substrate
o—-MnO,

I N 1 ' I ' I
200 400 600 800 1000

Wavenumber (cm™)

FIG. 11. (a) Raman spectra of MnO, films deposited at 10 Pa
of O, and annealed in air at 500 °C, 2 h, on a Si substrate (red
curve) and on a soda-lime glass substrate (gray curve). The spectra
are reported after normalization (* indicates the 520.7 cm~' Raman
peak of the Si substrate). (b) Scanning electron microscopy (SEM)
top-view image of Na-stabilized o -MnO, nanorods obtained during
air annealing at 500 °C, 2h, of a MnO, film grown at 10 Pa of O,
on a Si substrate, in the presence of Na,SO, aqueous solution. (c)
SEM top-view image of the boundary region between o -Mn, 03 and
Na-stabilized o -MnO, nanorods.

of «-MnO; is expected to result from the thermally activated
solid-state interdiffusion of Na™ and/or K* ions present in the
soda-lime glass, which contains 13.0% of Na,O and 0.3% of
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K50 [96]. As reported in Sec. IIID 1, the tunneled (2 x 2)
structure of hollandite «-MnQO,; is typically stabilized by
metallic cations, including Na* and K™ [52]. The film crys-
tallization to o-MnO, was confirmed also by GIXRD (Fig.
S13 in the Supplemental Material [44]), which highlighted
the coexistence of both bixbyite «-Mn;0O3; and hollandite
a-MnQ,, the latter being probably located in the film layers
close to the glass substrate. This process was suppressed in
the case of FTO-coated glass substrates since the FTO layer
(thickness ~ 550 nm) prevented the direct Na* diffusion into
the MnO, film. To definitively prove the role of Na™ cations in
the stabilization of hollandite-type MnO,, thermal annealing
in air at 500 °C was performed on a MnO, film grown at 10
Pa of O, on Si and in the presence of a 20 uL droplet of
Na;SO4 aqueous solution (only a circumscribed region of the
sample was covered by the liquid). After rinsing the sample
with deionized water to remove any trace of soluble sulphates,
Raman spectroscopy confirmed the formation of «-MnO;
in the region close to the droplet, while crystallization to
the expected bixbyite o-Mn,0Oj3 took place everywhere else
(Fig. S14 in the Supplemental Material [44]). Moreover, clear
morphology differences were revealed by SEM [Figs. 11(b)
and 11(c)]: The region corresponding to «-MnO, comprises
elongated rod-shaped crystals, while nanocrystalline grains
(like those depicted in Fig. 4) are observed in the external
a-Mn, 05 areas. EDXS analysis presented in Fig. S15 of the
Supplemental Material [44] emphasizes the spatial distribu-
tion of Na* cations and further proves that o -MnQ, areas are
enriched with Na. These findings are consistent with previous
works about the selectivity of alkali-stabilized MnO, phases
during the crystallization pathways of MnO, polymorphs in
the presence of specific metal cations [97,98] and agree with
the conclusions of Ref. [19], stating that single-crystal alkali-
metal halide substrates provide dopant elements during MnO,
growth by ALD.

V. CONCLUSIONS

In this paper, we described an efficient synthesis route—
based on PLD followed by a proper thermal treatment either
in oxidizing or reducing environment—to grow MnQO, thin
films with the desired phase (e.g., MnO, Mn30,4, o-Mn,03,
A-MnO,) and with tailored structural/morphological prop-
erties. The optimization of PLD and annealing parameters
(mostly the O, deposition pressure and the background atmo-
sphere during postdeposition heating) allowed us to explore

different regions of the Mn—O phase diagram and to de-
couple the film morphology from its phase. As a result,
several films exhibiting a wide range of porosity, thickness,
crystallinity, and micro- and nanostructure could be obtained
starting from the same MnO target, which could lead to a
material with additional functional properties in view of elec-
trochemical, catalytic, or sensing applications. Furthermore,
we provided an extensive structural and phase characterization
of as-deposited and annealed MnO, thin films by means of
Raman spectroscopy, emphasizing the phase transformations
and the influence of O, pressure, crystallinity, and nanostruc-
ture on the spectral features of the material. The reliability
of Raman results under the 532 nm laser beam was care-
fully assessed, and the optimal condition for safe acquisition
was identified. We corroborated the phase assignment from
Raman spectroscopy by EDXS, XPS, and XRD measure-
ments, providing additional details about the compositional
properties, the Mn chemical state, and the crystalline tex-
ture of the films. Finally, we presented a peculiar case about
the stabilization of «-MnO, phase exploiting the solid-state
interdiffusion of Na* cations during high-temperature air an-
nealing of amorphous MnO, films. Consequently, specifically
designed substrates capable of providing dopant elements
to the growing film may represent a successful strategy for
the controlled stabilization and functionalization of metal-
inserted MnO, phases of technological interest. We envisage
that further deposition and annealing conditions will con-
tribute to the rationalization of the structural-morphological
behavior of MnO, thin films.
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