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Manganese oxides have enabled a wide range of technologies including oxygen evolution catalysts,
lithium ion batteries, and thermochemical water splitting. However, the variable oxidation state and rich
polymorphism of manganese oxides make it difficult to find the processing conditions to target a
particular phase of manganese oxide. Targeted synthesis requires a more complete understanding of the
phase space and the impact of multiple processing variables on phase formation. Here, we demonstrate
the impact of substrate temperature, total deposition pressure, partial pressure of oxygen, and target
composition on the phase formation of manganese oxides grown using combinatorial pulsed laser
deposition (PLD). Thin films were deposited from a MnO, Mn,Oz or MnO, target onto amorphous glass
substrates with a continuously varied temperature provided by a combinatorial heater. A combination of
X-ray diffraction, Rutherford backscattering spectroscopy, and Raman and Fourier transform infrared
(FTIR) spectroscopies were used to determine the phases present in the samples. The oxygen partial
pressure was found to be the critical factor determining phase formation, while the total pressure, target
composition, and substrate temperature have smaller and more complex effects on phase formation.
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Comparing the results of this work to the published temperature—pressure phase diagrams shows that
the PLD thin films vary significantly from the expected equilibrium phases of either the bulk materials

DOI: 10.1039/d0ma00417k or nanoparticles. These results suggest that PLD provides a route to capture phases of manganese
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oxides at lower temperatures or higher oxygen pressures than those required for bulk synthesis or

rsc.li/materials-advances solution processing.

Introduction

Manganese oxides have enabled the development of lithium ion
batteries,"” aqueous flow batteries,® oxygen evolution electro-
catalysts,” thermochemical water splitting,” and other energy-
related technologies. The same features that make manganese
oxides critical for these applications — a variable oxidation state
and rich polymorphism®” - also make it difficult to predict the
phase that will form for a given set of processing conditions.
Recent advances in density functional theory (DFT) have
enabled the calculation of the thermodynamic ground state
structures, and even some non-equilibrium crystallization path-
ways for a few manganese oxides over a range of proton (pH)
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and alkali concentrations.>® In turn, this ab initio framework
has allowed the prediction of how particle size and solution
composition would influence the polymorph stability in MnO,
grown from an alkali containing solution.’ But, it is not yet clear
how these results will translate to other synthetic techniques,
specifically vacuum based methods, where the absence of hydration
or alkali could drive the phase formation through other pathways.

Pulsed Laser Deposition (PLD) is a vacuum based deposition
method that has the benefits of creating high quality films that
typically retain the target composition. PLD is also known to be a
non-equilibrium growth method.’®'* For manganese oxides pro-
cessed using PLD, there is the added benefit of avoiding any binders
or alkali, which clearly play a role in other processing methods.
Thus, PLD growth provides phase information that is more inde-
pendent of the synthetic environment and could capture a broader
range of phases. Since the size scales and hydration levels of PLD-
synthesized materials can be very different from those of either bulk
synthesis or solution processing, it is worth developing an under-
standing of what manganese oxide phases can be attained as a
function of PLD processing conditions.

There have been a few studies on the PLD growth of manganese
oxides, each covering a narrow portion of the phase space.
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Thin films grown from a MnO target at a partial pressure of oxygen
below 0.01-0.1 torr formed the Mn,O; phase at temperatures from
550 to 700 °C and the Mn;O, phase from 700 to 850 °C.'* These
results are qualitatively similar but quantitatively different from
those of the bulk phase diagram. The films deposited from a Mn
target at 600 °C in an oxygen environment formed the Mn,0O; phase
at 0.7 torr, MnzO, at 0.1 torr and the MnO phase under vacuum
(107" torr); the Mn,0, was used as an anode for microbatteries."®
Films deposited from a MnO, target at 0.1 torr of oxygen showed
various MnO, phases at temperatures from 300 to 450 °C (which
were used for Na-ion batteries) and also some Mn,O; at tempera-
tures from 550 to 650 °C."* Several combinations of temperatures
(200-700 °C) and pressures (3 x 10~7 - 0.5 torr) were also used to
ablate Mn and Mn;0, targets, resulting in the formation of Mn,03;
and/or Mn3;O, phases, which were used for supercapacitor
applications.'® Sputtering (another form of physical vapour
deposition) has also been used to grow manganese oxide thin
films, where the temperature, partial pressure of oxygen, and
thin film morphology have been found to be critical in determining
the oxidation state and preformance.>'%"”

High-throughput experimental (HTE) combinatorial research
methods are well suited to mapping the complex processing—
composition-structure relationships of materials in thin film
form."®'® In particular, combinatorial PLD can rapidly identify
the key variables directing phase formation in ternary and more
complex materials using metal composition arrays.>**" How-
ever, combinatorial PLD studies are more rare for simple binary
compounds with no gradients in composition of metallic
elements.?*>* It has been shown that a substrate temperature
gradient can be used for the combinatorial PLD screening of the
binary oxide processing window and for targeting a specific
metal oxide phase.**?*

In this work, the influences of substrate temperature, target
composition, total deposition pressure, and the partial pressure of
oxygen on manganese oxide phase formation are investigated using
combinatorial PLD deposition from MnO, Mn,0O; and MnO, targets.
The phase formation is determined using X-ray diffraction (XRD),
and Raman and Fourier transform infrared (FTIR) spectroscopies: a
combination of all methods is needed to identify the phases that
formed. The oxygen partial pressure during deposition is the critical
factor that determines which phase would form, while the total
chamber pressure, substrate temperature, and target composition
have a smaller and more complicated effect on phase formation.
The results from each of these experiments are compiled into an
effective phase diagrams for PLD processing of manganese oxides
and compared to the equilibrium phase diagram for bulk synthesis
and nanoparticle processing. It is shown that PLD is able to achieve
manganese oxide phases at reduced temperatures or higher oxygen
pressures compared to the bulk- or nanoparticle phase diagram,
which may be beneficial for practical applications.

Methods

Thin film libraries were deposited using combinatorial pulsed laser
deposition (PLD) onto Eagle XG glass substrates (Corning Inc.) from
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MnO, Mn,0; and MnO, targets (Materion, 99.995%). Prior to
deposition, the substrates were ultrasonicated in deionized (DI)
water, acetone, and isopropyl alcohol for five minutes each and
then cleaned by oxygen plasma ashing for 5 minutes. The PLD
instrument employed a 248 nm KrF laser (Coherent). The
libraries were deposited at an energy density of approximately
2.2 ] em™? at the target; the laser pulse frequency was 10 Hz and
the target substrate distance was 6 cm. The base pressure of the
chamber was 108 torr or lower at ambient temperature and
10~ ° torr at the processing temperatures (this higher value was
used for plotting). The total pressure and partial pressure of
oxygen were held constant for the deposition of each library but
were varied between libraries from 10" to 10~ torr. Argon (Ar)
was used to balance the difference between the partial pressure
of oxygen (po,) and the total desired chamber pressure (po)-
A constant temperature difference was applied to the substrate
during growth by mounting the glass substrate along one edge
such that the rest of the substrate was freely suspended. The
reason for using this fixture was that the temperature could be
varied continuously over the same library from approximately
550 °C to 250 °C. The fixture used to apply a temperature
difference across a library has been described previously.**

The crystal structure of the films was characterized using a
Bruker Discover D8 X-ray diffractometer with a Cu Ko source and a
two-dimensional detector. Raman spectroscopic studies were car-
ried out using a Renishaw InVia instrument with an excitation
wavelength of 532 nm. Fourier transform infrared (FTIR) spectro-
scopy was performed using a Thermo-Nicolet Nexus 870 FTIR
Spectrometer with an Image Max Microscope. The average Mn: O
ratio was measured using Rutherford backscattering spectroscopy
(RBS) with a 2 MeV He" beam in a 110° scattering angle geometry.
The scattering angle was chosen to optimize the separation of Mn
and O in the film with the substrate O signal. The data analysis for
these samples was conducted using Comblgor, a data analysis
package for combinatorial experimentation.”® These data and a
range of combinatorial data for many other materials can be
assessed at the High Throughput Experimental Materials Database
(HTEM DB).”

Results

Manganese oxide combinatorial libraries were deposited over a
range of substrate temperature, total pressure, partial pressure of
oxygen, and target composition to track the impact of these
variables on the thin film phase formation. Table S1 (ESIt)
provides further information on the target composition, partial
pressure of oxygen (po,), and total pressure (p) for each of the
libraries in this study. The major results of Raman spectroscopy
and X-ray diffraction are summarized for each library and the
figure in which this information is shown is given in the last
column of the table. Results from previous work using a MnO
target are included as well for comparison.”® Below, we present
phase identification using XRD patterns and Raman spectra for
sample libraries deposited from the Mn,0O; target at two different
oxygen partial pressures (Fig. 1 and 2), and then summarize the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Phase identification for a manganese oxide combinatorial library deposited from a Mn,Os target at a partial pressure of oxygen of 10~ torr and a
total chamber pressure of 1072 torr, at substrate temperatures from 550 °C to 250 °C: (a) Raman spectroscopy results. All scans show peaks consistent
with the MnsO4 phase, but complementary FTIR (Fig. S2, ESIT) results indicate the presence of MnO; (b) the substrate temperature profile as a function of
position in the library, used for the XRD color intensity plot; (c) the X-ray diffraction, with diffraction intensity shown by the color scale. A combination of
MnO and MnzO4 phases is present; (d) the reference XRD diffraction patterns for MNO and MnzQOg; (e) the change in normalized diffraction intensity for
the three highest intensity peaks: (111) MnO, (200) MnO, and (103) MnsQOy,, as a function of temperature.

phases identified in the films deposited from all targets and all
total pressures (Fig. 3). The XRD patterns and Raman spectra for
all the other targets and conditions, as well as supporting RBS
and FTIR data for selected samples, are provided in the ESLt

Fig. 1a shows the Raman spectra for a combinatorial library
deposited from a Mn,Oj; target, spanning a temperature range
of approximately 550 °C to 250 °C, at a constant partial pressure
of oxygen of 10> torr and a total chamber pressure of 10~ torr.
The peaks at 323, 376, 486 and 650 cm ™' are consistent with the
Raman spectra for Mn;0,.>' No significant change in the
position of the Raman peaks is observed for films grown over
this temperature range. The changes in intensity stem from the
difference in thickness from the center to edges of the library.
A similar Raman response was observed for all samples
processed at or below 10 * torr of oxygen, down to the base
pressure, and for samples deposited under similar conditions
from a MnO, target. Over this pressure range, Mn;O, formed
regardless of the total pressure or the target used for deposi-
tion. Further details on these results for both Mn,O; and MnO,,
targets as a function of pressure are shown in the ESL{

While the Raman spectra show only the MnO phase, Fourier
transform infrared (FTIR) spectroscopy and Rutherford back-
scattering spectroscopy (RBS) results suggest that the combinatorial
library contains MnO and Mn;O, phases across the entire
temperature range, as presented and discussed in the ESI}
(Fig. S2 and S3). To reconcile these observations, X-ray diffraction
measurements were performed to obtain a more complete picture
of the phase formation. Fig. 1b and c show the temperature
gradient and the X-ray diffraction data obtained for the same
library as that characterized in Fig. 1a. Multiple phases can be
clearly observed to coexist and change with temperature. At the

© 2021 The Author(s). Published by the Royal Society of Chemistry

highest temperatures, 550-500 °C, the XRD pattern fits best with
MnO (Fm3m),”* transitioning to a mixture of MnO and MnzO,
(14,/amd)*® below 500 °C. The total XRD intensity of the Mn;O,
phase is low and the peak width is large, indicating either
small phase regions and/or small crystallite sizes. The phase
identification results for the sample libraries deposited from other
targets and at other total pressures are qualitatively similar, with
some differences in film crystallinity (Fig. S4, ESIt), and are
presented in the ESL}

Increasing the partial pressure of oxygen during growth
beyond 10 torr leads to the formation of different phases.
Fig. 2a—e show the Raman and XRD results for films processed
under these conditions. Fig. 2b shows the temperature gradient
across the samples, and Fig. 2c shows the XRD pattern of a thin
film library deposited from a Mn,O; target with an oxygen
partial pressure of 102 torr and a total pressure of 10”2 torr.
The films are (222)-oriented Mn,Oj; (the PDF standard is shown
in Fig. 2d). Fig. 2e shows the phase percentage obtained from
XRD compared to that of the Raman results. According to XRD,
only Mn,O; is present; no other secondary phases are observed.
The ground state of Mn,O; at room temperature has an
orthorhombic distorted bixbyite structure, but the XRD data
here fit to cubic Mn,0O; (la3, ICDD 00-041-1442)** for all
temperatures. A similar XRD pattern is observed for all films
grown at a po, of 10~ torr. This observation is consistent with
previous reports showing the formation of cubic Mn,0; by PLD
for temperatures lower than 600 °C.'> When the pressure is
increased to 10" torr, the films become amorphous at the
highest and lowest temperatures in the library. This is different
to the results of previous studies where MnO, has been observed
for films grown at and above 500 °C at 10" torr of oxygen,'*

Mater. Adv., 2021, 2, 303-309 | 305
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Fig. 2 Phase identification for a manganese oxide combinatorial library deposited from a Mn,Ogx target with an oxygen partial pressure of 102 torr and a
total pressure of 1072 torr at a substrate temperature in the range of 550 °C to 250 °C: (a) Raman spectroscopy for the same manganese oxide
combinatorial library, with peaks color coded by phase (black for Mn,O3 and green for MnzQO,); (b) the temperature gradient as a function of position in
the library; (c) the XRD map of diffraction intensity as a function of position; (d) the reference XRD diffraction pattern for Mn,Ox; (e) the normalized
diffraction intensity for the highest intensity peak (222) of Mn,Os, overlaid with an estimate of the phase fraction from Raman spectroscopy.

likely because higher pressures lead to greater plume scattering
and a lower growth rate in PLD.

Fig. 2a shows the Raman spectra for the same sample library
whose XRD patterns are shown in Fig. 2c. In agreement with the
XRD data, the Raman response for films deposited under these
conditions is consistent with modes previously observed for
Mn,0;,% specifically the peaks at 200, 416 and 713 cm ™. The
peaks are shifted to higher wavenumbers, which has previously
been observed in Mn,0; under pressure,*® suggesting that the
higher partial pressure during deposition strained the films.
However, the appearance of a peak at 661 cm™ ", along with an
increase in the intensity of the peak at 322 cm ™", for the highest
temperature is consistent with the formation of Mn;0,, which
was not observed in the XRD patterns, indicating that this
secondary phase is likely at a phase fraction or size scale below
the detection limit of XRD. Films deposited from MnO, targets
under similar conditions show similar Raman spectroscopy
trends, as shown in Fig. S5 (ESI¥).

Fig. 3a summarizes the dominant manganese oxide phase(s)
as a function of total pressure and partial pressure of oxygen at
approximately 450-500 °C for thin film libraries deposited from
the Mn,O; target (similar results were obtained from a MnO,
target). Increasing the total and partial pressure of oxygen
above 1072 torr leads to the formation of Mn,Os, as shown in
Fig. 2. Decreasing the partial pressure of oxygen below 10 torr
for total pressures below 10" torr leads to a mixture of Mn;0,
and MnO (shown with overlapping symbols), as shown in Fig. 1.
Decreasing the partial pressure of oxygen further down to the
base pressure leads to MnO becoming the predominant phase.
From these data, it is clear that the critical factor in the phase

306 | Mater. Adv., 2021, 2, 303-309

formation of manganese oxide thin films is the partial pressure
of oxygen during deposition, and to a lesser extent total pressure.

Fig. 3b summarizes the dominant phase(s) of manganese
oxide thin film libraries deposited at approximately 450-500 °C
as a function of partial pressure of oxygen and the composition
of the target material. Three different values of total pressure,
Drot, Were assessed, 10" torr, 10~ torr, and 10 ° torr (the base
pressure, py,). Further details on the phase formation in films
deposited from a MnO, target can be found in the ESL{ In
agreement with the po, vs. pioc phase diagram, po, is still the
dominant factor that determines the phase formation. The
target composition also influences the resulting ratio of phases
in the mixed-phase Mnz;0, + MnO films grown at the same po,
with the lower oxidation state MnO target leading to a higher
fraction of MnO phase compared with the higher oxidation
state Mn,0; and MnO, targets.

Fig. 3c summarizes the dominant phase(s) of manganese
oxide thin film libraries as a function of partial pressure of
oxygen and substrate temperature, for films grown from a Mn,O;
target at two levels of fixed pi. The total pressures used for each
library are shown in Fig. S6 (ESI). As discussed above, po, is a
more important factor in determining the resulting phase than
the substrate temperature. This is counter to previous results on
sputtered manganese oxide thin films, which reported that
temperature was the most critical factor determining the oxidation
state."® However, in these PLD films, substrate temperature and
Pror also matter, with a higher substrate temperature leading to
more crystalline and more reduced films (e.g polycrystalline
Mn,0; instead of nanocrystalline MnO,), and with films deposited
at po, = 10~ torr showing a more oxidized Mn,O; phase at the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Summary of phase identification for various manganese oxide sample libraries as a function of oxygen and total pressure, target choice, and
substrate temperature: (a) manganese oxide phase formation as a function of partial pressure of oxygen and total pressure for films grown from a Mn,Os target
at a substrate temperature in the range of 400-500 °C; (b) manganese oxide phase formation as a function of partial pressure of oxygen and target
composition for films grown at a temperature in the range of 400-500 °C at three different total pressures; (c) phase formation as a function of partial pressure
of oxygen and substrate temperature, in comparison with the bulk and nanoparticle phase diagram from ref. 29 and 30. The symbol colors are consistent with
the label colors in the phase diagram, with the mixtures of MnsO,4 and MnO shown in overlapping green and blue symbols. Light blue represents nanocrystalline
MnO. Overall, these results indicate that oxygen pressure is the dominant factor in manganese oxide thin film phase formation by PLD.

higher p.,c = 10" torr and more reduced Mn;0,4 + MnO phase at
the lower pio; = po, = 1077 torr.

Discussion

Comparing the phase formation observed for each thin film library
with the bulk and nanoparticle phase diagrams reveals that the
phases in the films are qualitatively similar but quantitatively
different from what is expected in the bulk or at the nanoscale.
Fig. 3c shows an overlay of the thin film results from this study
compared to the bulk phase diagram® and to that of anhydrous
10 nm nanoparticles of manganese oxides.*® Overall, the thin film
results seem to be similar to the two phase diagrams, ie., a lower
oxygen partial pressure and higher temperature lead to more
reduced phases, but with some significant differences. The phase
formation regions for the thin films are pushed to lower tempera-
tures or higher oxygen pressures compared to the published phase
diagrams. MnO is grown entirely outside of the bulk phase
formation region, whereas Mn;O, and Mn,O; also extend well
outside of that expected phase space, indicating that these phases
in thin film form are metastable. The difference in processing
environment, specifically the lack of hydration and alkali, and the
presence of oxygen-containing plasma in the PLD chamber, likely
also contribute to the differences between the thin film and bulk
or nanoparticle growth. Because some materials can become more
stable at decreased sizes as the surface energy becomes dominant,
it is also worthwhile comparing the phases seen here with those
seen during the early stages of growth.?® Just as the experimentally
measured phase formation trends reported in Fig. 3 do not fit the
bulk phase diagram,* the phase regions seen in these libraries
also do not fit the trends seen for anhydrous 10 nm nanoparticles
of manganese oxides.>* This suggests that the metastable phases
seen here in thin film form are not a captured remnant from a
time when they were the stable phase during bulk synthesis or
nanoparticle nucleation.®®

© 2021 The Author(s). Published by the Royal Society of Chemistry

It may be expected that the film growth should follow the
bulk phase diagram trends for growth at a high temperature due
to thermodynamic equilibration, and that the phase formation
would favor the target composition at a low temperature due to
kinetic limitations. While other oxide thin films have been shown
to favor the target composition at lower temperature,>*”” these
manganese oxide films neither favor the target compositions at
low temperature, nor does the film formation follow the expected
thermodynamic phase at high temperature. Rather, it was the
oxidation environment during deposition that determined the
phase formation, as influenced by the oxygen partial pressure
and to a lesser extent the total pressure during the deposition.
This could stem, in part, from reactive oxygen species that are
present in the plasma during laser ablation in PLD. Further-
more, the phase regions were comparatively insensitive to
temperature compared to the bulk- and nanoparticle phase
diagrams.>®?° Note that the “effective” temperature in PLD
may be very different from the plasma temperature or the
substrate temperature,*® which could also play a role in the
observed temperature differences with the bulk phase diagram.
There are many potential benefits of decreasing the temperature
needed for phase formation of manganese oxide thin films
compared to the bulk, such as expanding the range of substrates
that can be used for synthesis, as well as quenching in different
defect concentrations.

Conclusions

Mn,0;, Mn;0,, and MnO phases are stabilized using PLD far
from the equilibrium phase regions determined for bulk and
nanoparticle manganese oxides. The oxygen partial pressure is
the strongest factor determining the phase formation in PLD
thin films, so much so that multiple phases could be targeted
by varying the oxygen content alone while all other variables are
held constant. The substrate temperature, total pressure in the

Mater. Adv., 2021, 2, 303-309 | 307
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chamber and target composition (Mn,O;, MnO,, and MnO)
have a smaller and more complex effect on the phase formation,
suggesting that there is yet more to understand about how the
kinetics of deposition influence the phase formation. Visualiza-
tion of the complex phase relationships is made possible using
XRD and Raman/FTIR spectroscopy concurrently, to provide
complementary views on the material structure and assess the
full picture behind the phase formation in manganese oxide
thin films grown using PLD. Studying the non-equilibrium PLD
growth of manganese oxide thin films not only provides insights
into the phase formation in this material system, but also points
to routes for capturing phases of manganese oxides at lower
temperatures or higher pressures than those necessary for solid-
state or solution processing.
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