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Thin-Film Calorimetry (TFC) as presented in this work is a novel analytical tool to determine phase transformation temperatures
and enthalpies of thin films and thin-film sequences. The key component is a high-temperature stable piezoelectric langasite
(LazGasSiOj4) resonator serving as a highly sensitive planar temperature sensor. Deviations in its frequency are related to temperature
fluctuations caused by phase transformations and used to calculate the related enthalpies. Temperature ramps from room temperature
up to 1000°C are applied to perform calorimetric thin-film investigations. Thereby, the atmosphere can be controlled. To the best
of our knowledge, the presented TFC is the only existing technique combining the aspects “thin films” and “high-temperature
calorimetry.” The first part of this article describes the newly developed TFC system. The second part presents TFC investigations
on lithium manganese oxide (LMO) thin films. Measurements are carried out in ambient air and in 0.5 %H;/Ar. In air three phase
transformations appear (at 330, 410 and 600°C) while in 0.5 %H,/Ar four phase transformations are observed (at 389, 471, 730
and 758°C). Their progression and related enthalpies are discussed. To determine the associated crystallographic phases, X-ray
diffraction and Raman spectroscopy are performed.
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Motivation 2) Materials properties reported for thin films often differ from
bulk properties.!! The statement concerns e.g. the melting point
reduction,'? higher resistivity!* or a change in the mechanical

properties, such as residual stresses and elastic constants.'*

In the last decades, the research interest in thin-film batteries arises
mainly because of two reasons:

1) Model systems based on thin-film battery layers and layer

sequences— Lab-scaled systems and layer sequences are used to
investigate interface and degradation phenomena during charging
and discharging.

2) Thin-film electrodes and all-solid-state electrochemical cells—
Thin films are used in miniaturized battery cells'? in combination
with liquid or solid electrolytes. The latter so called all-solid-
state electrochemical cells are of interest for e.g. medical and
bio technologies where toxic and liquid electrolytes should be
avoided.® Another application example are batteries for harsh
environments such as elevated temperatures.

Even for electrochemical cells operating at low temperatures it is
necessary to evaluate the thermodynamic materials data in a wider
range, preferentially up to the synthesis temperature which can often
be close to 1000°C.*> For example, the optimum synthesis tempera-
ture for LiFePO, is found to be between 700 and 800°C.% Preparation
routes for Li,MnO; and LiNipsMngsO, include synthesis tempera-
tures of 8007 and 1000°C,? respectively. The anode material molyb-
denum disulfide shows a strong dependence of its morphology on
calcination steps after synthesis.>' In all-solid-state batteries some-
times more than one layer has to be annealed at several hundred
degrees Celsius to achieve the desired crystallographic phases.

One key issue for the development of thin films and all-solid-state
thin-film electrochemical cells is the precise knowledge of the phases
and their thermodynamic properties. Thereby, one has to consider
that:

1) Thin films behave, in general, differently compared to bulk ma-
terials. The latter are, for example, less affected by surface reac-
tions.

*Electrochemical Society Active Member.
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Accessing these thermodynamic data is a major challenge. Stan-
dard and well-known calorimetric techniques (e.g. Differential Scan-
ning Calorimetry, DSC) are predominantly suited for bulk samples.
The mass of thin-film samples is comparably low and often insuffi-
cient to detect phase transformations. Consequently, there is a general
demand for calorimetric techniques to investigate thin films. Currently
available systems show some restrictions. Each of it has its special
operation range, although none of it covers very high temperatures.

State of the Art

The development of calorimeters for the investigation of thin films
and the adaption of classic calorimetric methods for this type of mea-
surement is the topic of numerous publications.!>!

Current calorimetric systems suited for thin films.— Currently
used methods in the field of calorimetry on thin films are mainly
based on three methods: "’

(1) Si- and Si-N-membrane based concepts— The so called Chip
or Integrated Circuit Calorimeters (IC calorimeter) exhibit a
very high sensitivity, which is only achievable by the use of
extremely thin monocrystalline silicon membranes or of dielec-
tric Si-N membranes.?>?! These membranes are highly fragile
and do not tolerate mechanical stress at elevated temperatures
which limits, in general, the maximum operation temperature to
about 500°C.2° Complex models are necessary to consider the
measured effects in the correct manner. Often, the measurement
accuracy is determined by these models.””> The chip devices
are mostly single-use objects since a mechanical or chemical
detachment of the active layer(s) destroys commonly the mem-
brane. Therefore, the main application area of these systems is
the investigation of liquids and gaseous samples.?>?*
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(2) Adaptions of conventional DSC systems— In order to investi-
gate optically and thermally induced solid-state reactions pho-
tocalorimetry can be applied.?> Here, the energy supply is real-
ized by light (UV or VIS). The optical penetration depth of the
used radiation defines the maximum sample volume explored
and limits this method to effects occurring in the vicinity of
the surface. The Tian-Calvet microcalorimetry is particularly
applied for adsorption and immersion calorimetry. The appli-
cation temperature ranges up to about 300°C.2° Another direct
calorimetric approach is the use of freestanding thin films.”’
The method requires the detachment of the film from the sub-
strate where the films are originally deposited. This process is
quite complex and cannot be used for many materials. Alterna-
tively, sequential multilayer stacks deposited on thin substrates
are applied. They increase the mass ratio g, :Mgpsirare While still
behaving like single thin-film layers.?® However, both methods
suffer from the low sample masses which might result in in-
sufficient measurement signals. Temperature-modulated DSC
systems (TM-DSC) lead to increased instantaneous heat output
and, thereby, higher sensitivities for polymers.?

(3) Quartz resonators— The investigation of gas-surface interac-
tions using the combination of an IC calorimeter and a quartz
microbalance is presented in Ref. 30. Other quartz resonator
based approaches are described in Refs. 31 and 32. In contrast
to the work presented here, these measurements are carried out at
constant temperatures, however always remaining below 100°C.
One of the first approaches using the temperature dependent res-
onance frequency is presented in Ref. 33. There, the combustion
heat of flammable gases is measured in order to determine their
concentration. A comparable approach is applied in Ref. 34.
Here, two quartz resonators are used for the detection of H,.

In summary, most of these methods suffer from a limited maximum
operating temperature and are not suitable for the needs described in
this work. The only approach capable to work above 500°C, is the
use of detached layers which cannot be applied for many materials
of interest. DSC based methods are problematic as they exhibit, in
general, a quite unfavorable mass relation of film and substrate.

The most promising approach for calorimetry on thin films seems
to be the use of high-temperature stable piezoelectric crystals as calori-
metric sensor. In general, quartz single crystals are only applicable up
to 573°C (solid-solid phase transformation from a- to 3-quartz). More-
over, the range of application is already limited to about 350°C since
damping strongly increases above this temperature which limits the
accuracy in determination of the resonance frequency.’ Therefore,
any use of this approach for temperature ranges above 350°C requires
high-temperature stable piezoelectric resonator materials.

Langasite as a high-temperature stable sensor material.— The
limits of quartz are already described in the previous section. Other
piezoelectric materials such as congruent LiNbO; suffer from strong
degradation starting already at about 300°C.* Stoichiometric LiNbO;
is predicted to be more stable. The same is valid for e.g. GaPOy
(maximum temperature 970°C).3> However, crystal growth of these
latter two materials is very challenging. Therefore, their abundance is
limited. Figure 1 shows the resonance frequency dependence on tem-
perature and the ultimate application limits of different piezoelectric
single crystals.

In order to enable operation temperatures of at least 1000°C lang-
asite single crystals (La;Gas;SiOy4, LGS) are chosen. LGS resonators
can be excited piezoelectrically to bulk acoustic shear waves up to
their melting point at 1470°C. Even at about 1100°C the damping of
5 MHz resonators used for this work is sufficiently low to determine
the resonance frequency with sufficient accuracy.® Another beneficial
characteristic of LGS is its stability even at low oxygen partial pres-
sures (po,). At 600°C LGS is stable down to pg, = 1072 bar.¥>37-38
Therefore, a LGS resonator based TFC can be applied in reducing
atmospheres without degradation of the sensor element.
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Figure 1. Temperature dependent resonance frequency f of piezoelectric crys-
tals and related operation temperature limits. fzr is the resonance frequency at
room temperature.*>

Thin-Film Calorimetry based on Planar Temperature Sensors

Working principle of the newly developed approach.— Langasite
resonators serve as highly sensitive temperature sensors taking ad-
vantage of their temperature dependent resonance frequency. De-
pending on their orientation, they exhibit a temperature dependent
frequency of several hundred Hertz per Kelvin (e.g. —100 Hz/K at
200°C). The (absolute) value increases with temperature. Most im-
portant, the temperature dependent frequency of a pristine resonator
is strongly monotonous in the measurement range from room temper-
ature (RT) up to its melting point, not indicating any irregularities.*
Further, highly conductive thin-film electrodes which do not show
phase transformations are required. Consequently, platinum coated
LGS resonators can be used as a sensor platform to detect tempera-
ture fluctuations caused by additional thin films, i.e. battery materials
in our study. They form the key component of the TFC system.>*

The resonators are coated with the film of interest. As long as
there are no reactions or phase transformations, the temperature of
the resonator follows closely that of the furnace and a continuously
decreasing frequency is observed (see Figure 1). Disturbances due
to e.g. phase transformations of the films influence the temperature
and, thereby, the resonance frequency. Two cases, i.e. endothermic
and exothermic processes (see Figure 2), can be distinguished: En-
dothermic reactions go along with a reduced temperature increase in
the film and resonator and, consequently, with reduced frequency de-
crease. During exothermic phase transformations, heat is generated
and the resonance frequency decreases more rapidly.*

These frequency fluctuations are determined using a network
analyzer*! and are converted to enthalpies as described below.

Data evaluation.— An undisturbed LGS resonator exhibits ap-
proximately a parabolic temperature dependence of its resonance fre-
quency. Deviations due to phase transformations are regarded as a dis-
turbance of the overall system. Figure 3 shows an idealized frequency
progression for an exothermic phase transformation. The measure-
ment signal is fitted in a range of about 50 K directly prior to the
phase transformation by a second order polynomial function. This
parabolic fit is extrapolated beyond the phase transformation (dashed
line in Figure 3) and regarded as the reference frequency of the undis-
turbed system. The temperature 7 pr, at which the phase transformation
starts, is given by a starting deviation of the measurement data from
the extrapolated fit curve. To determine the frequency shift Afpr, the
relaxation of the system resonator and film after accomplishing the
phase transformation is investigated. In this range a simple linear fit
(solid line in Figure 3) can be applied as the fit covers a range of
a few Kelvin, only. Multiplication of the frequency shift Afpr with
the temperature coefficient of the resonance frequency cy gives the
characteristic change in temperature ATpr that is associated with the
observed phase transformation:

ATpr = cr A fer = crl fiinear(Tpr) — fparavotic(Tpr)] [1]
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Figure 2. Continuous heating of the furnace (top), impact of a phase trans-
formation on the sample temperature (middle) and the resonance frequency
(bottom). The deviations caused by an exothermic or endothermic phase trans-
formation are indicated by dotted and dashed lines, respectively.
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Figure 3. Idealized frequency progression related to an exothermic phase
transformation. The extrapolated parabolic and linear fits are shown by dashed
and solid lines, respectively.

Multiplication of ATpr with the heat capacity of the resonator g, re-
sults in the amount of heat Qpr that is generated (exothermic process)
or consumed (endothermic process) by the film:

QPT = ATPTqr('x [2]

Here, g, is calculated as the product of specific heat capacities c,;
and masses m;, summed up over the components of the calorimetric
sensor (i = LGS resonator, Pt electrodes, film of interest):

Gres = XiMiCp; = MLGS Cp,LGS + Mpi Cp pr + M film Cp, film [3]

Two points have to be considered: First, the specific heat capacity
of newly synthesized materials is, in general, unknown. In this case,
the last term cannot be calculated. It could be estimated, if sufficient
information on comparable materials is known. However, this uncer-
tainty in calculation is only a minor drawback. Due to previous tests
with well-known reference samples of tin and aluminum, the error at
omitting the last term is only about 1% of the total accuracy.* This
deviation is still in the range of the accuracy of established calorimet-
ric techniques.*?> Second, the mass of the LGS resonator is reduced to
the piezoelectrically excited volume. The approach is justified if the
heat fluxes inside the resonator are taken into account.*

Finally, the division of Qpy by the film mass my,, results in the
enthalpy AH:

AH = — Qpr/Myitm [4]

A more detailed description of the measurement system and of the
data evaluation is given in Refs. 39 and 40.

Experimental setup.— Piezoelectric langasite resonators (Y-cut,
diameter: 10 mm, thickness: ~260 pwm, resonance frequency at RT:
~5.2 MHz, thickness shear mode) are coated with keyhole shaped
platinum or platinum/rhodium electrodes (thickness: 200-300 nm,
diameter: 5 mm) and the film of interest as shown in Figure 4. In order
to get very smooth electrode surfaces, they are applied via pulsed laser
deposition (PLD). The typical roughness is in the range of 5 to 15 nm.
Thin titanium layers (~10 nm) are applied on the LGS substrates prior
to platinum deposition to enhance the adhesion.

Figure 5 shows a photograph of the TFC setup as well as a scheme
of the cross-section. The resonator and connecting platinum wires are
clamped inside the sample holder (fused silica glass) only at four small
support points to reduce mechanical damping and thermal coupling
of the system resonator/film and the sample holder.

The approximate temperature of the system is measured by a ther-
mocouple type S in close vicinity to the resonator (1-2 mm). The
thermocouple and the resonator electrodes are connected to a digi-
tal voltmeter (Keithley DVM 2000, USA) and a high-speed network
analyzer (Agilent E5100A, USA), respectively.

The resonator support is installed in a single-end closed quartz
glass tube. The sample chamber can be evacuated or filled with a gas
of choice. A constant gas flow is used during heating/cooling of the
TFC system which is mounted vertically inside a tube furnace (up to
1100°C, Linn High Therm FRH-42/100/1100, Germany).

The TFC module is transferable into a glove box. There, it can be
loaded with resonators already coated with the film of interest. The
approach enables measurements on atmospheric sensitive materials.

LGS resonator

X7

keyhole shaped Pt electrode

Figure 4. Scheme of a coated LGS resonator.
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Figure 5. Thin-Film Calorimeter (TFC) based on planar temperature sensors.
Scheme (left) and TFC setup with vertically moveable tube furnace (right).

Measurement procedure.— Resonance spectra of the LGS devices
are continuously acquired in the vicinity of the resonance frequency
and converted to conductance spectra. The maximum of their real
part is determined by fitting a Lorentzian function and regarded as
resonance frequency.*’ During the measurement an automatic fre-
quency tracking is realized by a self-written software. After a coarse
frequency sweep a second run is performed in the close vicinity of
the resonance frequency. Thereby, high accuracy in frequency deter-
mination is achieved.® The resonance spectra consist commonly of
400 data points measured with a bandwidth of 1 ms which allows a
sample rate of 0.18 Hz. For each spectrum, the resonance frequency
is correlated with the temperature.

Resolution.— The damping of the uncoated LGS resonators is
considerable low, so that their frequency at 600°C or 1000°C can be
detected with an accuracy of 2.5 Hz or &4 Hz, respectively.*®

In Ref. 39 the characterization of reference materials (tin and alu-
minum) demonstrates the successful operation of the TFC system. If
a typical heating rate of 1 K/min is applied, the measurement setup
shows an uncertainty in frequency determination of Af < 6 Hz for
coated resonators. At 200°C the LGS resonator exhibits a tempera-
ture dependence of AffAT ~ —100 Hz/K. Consequently, the limit
for the accuracy in temperature determination is AT7,,;,, = 60 mK.
AT, has to be taken into account twice as it influences both fre-
quency determinations, ﬁineur(TPT) and f;‘)ambolic(TPT)- COHSidering an
effective mass of 12.4 mg for the LGS resonator and a specific heat
capacity of ¢, ;65 = 0.48 J/(g K) (taken from Ref. 44), a resonator
heat capacity of g,., = 5.9 J/K is calculated. Finally, a resolution of
AQPT,min =2 ATmiﬂ Gres ~ 0.7 mJ results.

The resolution of the enthalpy determination depends on the actual
sample mass. For example, a film of 700 pg exhibits a resolution of
A(AH) =~ 1]/g.

Other calorimetric techniques show higher resolution compared to
the TFC. Examples are DSC or IC calorimeters which are faced with
one extreme physical situation, i. e. high temperatures or low sample
masses. IC calorimeters exhibit a very high resolution of a few J.** In
Ref. 46 a 0.2 nJ high-sensitivity IC calorimeter is presented. However,
a use above 300°C is not reported. DSC systems show sensitivities
in the order of several ten WV mW™!, resulting in a resolution of
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1-10 wWW.*” Adapted systems for thin-films can reach a minimum
detectable heat of ~50 pW.%6

Experimental

Thin-film deposition.— The resonator blanks used here, are Y-
cut langasite crystals purchased from Shanghai Institute of Ceramics
(Chinese Academy of Sciences, P.R. China). The electrodes are de-
posited on both sides of the resonators by PLD using a KrF excimer
laser (Lambda Physics COMPex 205, Germany). Typical deposition
parameters are a pulse length of 25 ns, pulse energies of 200 mJ (tita-
nium adhesion layer) and 350 mJ (platinum/rhodium electrodes) and
a repetition rate of 10 Hz and 40 Hz, respectively. Platinum/rhodium
is chosen for the electrodes instead of pure platinum as this enhances
their stability. The base pressure in the deposition chamber is about
1x107° mbar.

On top of the electroded resonators, the battery material lithium
manganese oxide (LMO) is deposited. The films are deposited on
both sides of the resonators to minimize mechanical stress during
phase transformations in the thin films. A one-sided deposition could
result in bending stress and, thereby, unwanted shift of the resonance
frequency.

The deposition of LMO is done via r.f. magnetron sputtering (Ley-
bold Heraeus Z550, Germany) using a commercial LiMn,O, target
(purity: 99.9 %, CERAC Inc., USA). The atmosphere and the target
power density are pure argon at a pressure of 4 Pa and 2.2 W/cm?,
respectively. The deposited films are investigated by ICP-OES in com-
bination with Carrier-Gas Heat Extraction and show a stoichiometry
of Lij 0saMn| 79204.144.* The diameter of those LMO films is 5 mm.
Their thickness is 1 pm on each side. The masses of the LMO thin
films are 116 ng for the TFC characterization in ambient air and
126 ng for 0.5 %H,/Ar.

Several stainless steel substrates (diameter: 12 mm; thickness:
0.5 mm; Hasberg-Schneider GmbH, Germany) are coated in the
same series of sputter runs. They serve as reference samples for
the investigation of the crystallographic phases. The material 1.4301
(X5CrNil8-10) is chosen as preliminary tests show no signs of oxida-
tion during annealing. Ref. 49 presents XRD spectra of a pristine steel
substrate and of one annealed at 800°C in ambient air. The annealed
sample shows more pronounced reflections than the pristine sample
indicating a crystallite growth. However, no additional reflections (e.g.
of metal oxides) appear, proving that no material degradation occurs.

Thin-film calorimetry.— The LMO samples are characterized in
two different atmospheres, i.e. ambient air and low po, inert gas at-
mosphere. For the first, the TFC is not sealed to maintain a constant
pressure. For the latter, the TFC is filled with argon (purity: 99.996%)
inside a glove box. During measurement a constant gas flow of
5 sccm/min of 0.5 %H,/Ar (purity: 99.996%) is maintained. The
reducing gas mixture is chosen to suppress oxidation of the LMO.
The TFC measurements are carried out at constant pressure and tem-
peratures up to 774°C (ambient air) and 768°C (0.5 %H,/Ar). In both
cases a constant heating rate of 1.2 K/min is applied.

Further characterizations: Profilometry, microbalance, XRD and
Raman spectroscopy.— The film thickness of the electrodes is mea-
sured using a profilometer (Ambios XP-2, USA). As the density is
known, the electrode masses can be calculated. In this work, the air-
sensitive LMO film mass is determined inside the TFC system in
protecting argon atmosphere, using another benefit of the piezoelec-
tric resonator: The film mass is determined directly by the sensor
system with very high precision. Here, the resonator is operated in
the microbalance mode by comparing the resonance frequencies prior
and after deposition of the film. The mass uptake is calculated via a
shift in resonance frequency according to the Sauerbrey equation:*>>

mfilm = (_A/S)AfR = (_A/S) (fR.loaded - fR,unloaded) [5]

Here, A is the electrode area and S the mass sensitivity of the resonator.
The values for the latter are taken from Ref. 35.
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Structural investigation of the LMO thin films on stainless steel
substrates and on the LGS resonators after the TFC measurement are
performed by X-ray diffraction (XRD) and Raman spectroscopy. For
the investigation at low py,, the reference samples are annealed at
450, 550 and 745°C. To ensure identical process conditions as for
the TFC sample, annealing is carried out in the TFC setup using the
same parameters. After each annealing step, the reference samples are
cooled down with 10 K/min. As no external cooling is accessible, the
cooling rate decreases after passing a temperature of about 200°C.
The reference samples, used for characterization in ambient air, are
annealed at 400, 500 and 700°C. After each annealing step, they are
quenched to nearly room temperature within 5 minutes.

The XRD patterns are acquired by a Seifert PAD II (USA) diffrac-
tometer. The device is operated in the step-scan mode using the Bragg-
Brentano geometry with Cu-K, radiation at Axzp = 0.154 nm. The
Raman spectra are recorded with a micro-Raman system (Renishaw
RM 1000, USA) in combination with an Ar-ion laser (wavelength
Araser = 514.5 nm, maximum power 23 mW, Soliton, Germany). The
laser spot size is 2 wm. To prevent phase transformations during mea-
surement due to heating by laser light exposure, the maximum output
power is reduced to 10% with a transmission filter. Several Raman
spectra at different sample positions are acquired.

Results and Discussion

Thin-film calorimetry on LMO.— TFC measurements in
0.5 %H,/Ar show four phase transformations while in ambient air only
three are observed. Independent of the atmosphere, the phase transfor-
mations are found during heating only. Upon cooling the frequency
shows very smooth and monotone slopes representing undisturbed
LGS resonators.

TFC measurements in a 0.5 %H,/Ar atmosphere.— LMO heated in a
0.5 %H,/Ar atmosphere exhibits phase transformations at (1) 389°C,
(2) 471°C, (3) 730°C, and (4) 758°C. Figure 6 shows the general
frequency progression of the resonator during continuous heating.
The positions of the four phase transformations are marked. For data
analysis enlarged sections, as shown in Figures 7-10, have to be
regarded.

Figure 7 shows phase transformation (1) around 389°C. It starts
with a slight frequency deviation from the predicted frequency pro-
gression of an undisturbed resonator which is indicated by the extrap-
olation of the parabolic fit (light gray dashed line; fit range 300 K
to 365 K). This onset region is an area of reduced heat consumption
which starts slowly about 10 K prior to the actual phase transforma-
tion at 389°C. At this point a deviation of Af = +300 Hz is detected.
It is interpreted as an endothermic process which consumes energy to
trigger the related crystallization. Subsequently, a frequency drop of
Af= —361 Hz below the extrapolated parabolic fit of the undisturbed
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Figure 6. Overview of the TFC diagram for LMO during heating in a
0.5 %H,/Ar atmosphere (RT up to 768°C). The positions of the four phase
transformations are indicated by squares. Details are shown in Figures 7-10.
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Table 1. Overview of the phase transformations of LMO. The phase transformation temperatures, the related enthalpies and the associated

crystallographic phases are shown.

Atmosphere Phase transformation Tpr [°C] AH [J/g]

ambient air amorphous to m-Li,MnO3 330 +67.2/-50.2
m-Li,MnO3 to Lij 33Mnj 704 410 +29.3/-29.3

Li1A33Mn1'67O4 to c—LianO4 600 +20.4/ —26.2
0.5 %H,/Ar amorphous to Lij 1sMn; §204 389 +99.7/ —120.0

Li; 1sMnj goO4 to Lij g4Mny Oy 471 +41.3
Lij 04Mn04 to (0-LiMnO; + m-LiMnO; + t-Mn304) 730 +22.2/-26.1
(0-LiMnO; + m-LiMnO; + t-Mn3Oy4) to c-LiMnOy4 758 +27.0/—-19.3

frequency at 389°C is found, indicating that heat energy is released
by the sample. Both enthalpies are given in Table 1. Their sum repre-
sents the maximum enthalpy change. After accomplishing the phase
transformation the measured frequency approaches the undisturbed
frequency.

Figure 8 shows the second phase transformation around 471°C.
In contrast to the previous one, it is a pure endothermic process. A
positive frequency shift of Af = 4155 Hz is found that is equal to an
enthalpy of AH = +41.3 J/g. Figures 9 and 10 present phase trans-
formations (3) and (4), respectively. Their frequency progressions
are quite similar to the first, showing again a two-step transforma-
tion. Both start with an endothermic process (frequency increase of
Af = +170 Hz (3) or Af = +210 Hz (4), respectively). Afterwards
an exothermic process is observed. The related frequency decreases
below the undisturbed frequency fits are Af = —200 Hz at 730°C (3)
and Af = —150 Hz at 758°C (4). The related enthalpies are given in
Table I, too.

During cooling no phase transformations are observed. There-
fore, phase transformation (4) is irreversible. Such a conclusion can-
not be done for phase transformations (1) to (3) since the temper-
ature increases continuously up to transformation (4) during this
measurement.

TFC in ambient air.— The results of the TFC in ambient air and the
corresponding structural analysis are already published in Ref. 39.
Here, they are briefly presented for comparison with new results ac-
quired at low po,.

LMO exhibits three phase transformations in ambient air at (1)
330°C, (2) 410°C and (3) 600°C. Figure 11 shows the frequency over
the entire temperature range during heating. Again, the positions of
the three phase transformations are marked, although not been visible
in this scale. Enlarged plots of these areas are published in Ref. 39.

All of these phase transformations start with an area of reduced
heat consumption indicating an endothermic behavior. As in case of
the measurements carried out in 0.5 %H,/Ar, this is interpreted as
an endothermic process to trigger the related crystallization. Subse-
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Figure 11. Overview of the TFC diagram for heating LMO in ambient air (RT
up to 774°C). The positions of the three phase transformations are indicated
by squares. Details are given in Ref. 39.

quently, a frequency drop is found indicating heat energy release by
the sample. Both enthalpies are given in Table I.

Phase transformation (1) shows a frequency deviation which cor-
responds to an activation enthalpy (frequency increase by +280 Hz)
and a subsequent exothermic process (frequency decrease by
—210 Hz). Phase transformation (2) is associated with frequencies
of +105 Hz (activation) and —105 Hz (exothermic enthalpy), re-
spectively. The frequency deviations for phase transformation (3) are
bigger, however, resulting in a slightly smaller enthalpy. The apparent
discrepancy is caused by the increasing temperature dependence of
the resonance frequency with increasing temperature. An activation
energy (frequency increase by +150 Hz) followed by an exothermic
process (frequency decrease by —190 Hz) is found.®

Structural analysis: XRD analysis and Raman spectroscopy.— In
order to detect all phase transformations the TFC measurement should
be carried out by applying a constant temperature ramp. This avoids
falsifications by intermediate cooling steps. Consequently, the struc-
ture of films deposited on the LGS resonators can be investigated
after accomplishing the TFC measurements, only. Phases occurring
at intermediated temperatures are determined using LMO reference
films deposited on stainless steel substrates. After annealing above
about 700°C the phases can be determined on both substrates and
are found to be independent of the substrate as shown in Figure 15.
This observation confirms the comparability of the films deposited on
stainless steel and LGS resonators.

XRD analysis of LMO annealed in a 0.5 %H,/Ar atmosphere.— The
XRD analysis of the as-deposited sample shows reflections of the
stainless steel substrate, only (see Figure 12). Consequently, the as-
deposited LMO film is amorphous. After annealing, a significant
LMO reflection at 20 = 18.7° is found. Based on the accuracy of
the XRD analysis, it cannot be decided if the signal is caused by
the layered monocline rock salt Li;MnO3 (m-Li,MnO;, 18.70°") or

N

745 °C

w

450 °C

as-dep.

10 20 30 40 50 60 70 80 90
20[°]

XRD intensity [a. u.]

Figure 12. XRD diffraction patterns of LMO deposited on stainless steel
substrates before and after annealing in 0.5 %Hj/Ar. The substrate peaks are

[Tt}

indicated by “s.
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by the cubic spinel LiMn, O, (c-LiMn, 0y, 18.61°%%). The samples an-
nealed up to 450°C and 550°C show two additional weak reflections at
20 ~ 36.4°/36.1° and 20 ~ 65.0°/64.8° (450°C/550°C). These can
be attributed to m-Li,MnOs or to ¢-LiMn,0,4.>"> An unambiguous
phase assignment based on the XRD diffraction patterns is not possible
due to the weaknesses of the peaks.

The X-ray diffraction pattern acquired after annealing at 745°C
shows a large number of reflections (see Figure 12). In Ref. 49
calculated diffraction patterns of the most common lithium man-
ganese oxides, lithium oxides and manganese oxides are presented.
The modeling of the diffraction patterns bases on Cu-K, radiation and
the structural formulas of the Inorganic Crystal Structure Database
(ICSD). For this work, the ICSD cards for orthorhombic LiMnO,
(0-LiMnO,),>* monocline LiMnO, (m-LiMnO,)** and tetragonal
Mn;0, (t-Mn30,)> are primarily considered. On the one hand,
most of the measured diffraction peaks clearly match to t-MnzOy,
0-LiMnO; and the stainless steel substrate confirming the occurrence
of these phases. On the other hand, several of the peaks show very
good agreement with m-LiMnO,. Especially, three reflections (001),
(20-2) and (111) appear. This is remarkable, as these should be the
most prominent m-LiMnO, reflections according to the calculations
in Ref. 49. The measured peak positions and their assignment to re-
flections are given in Table II.

Table II. Position of the XRD diffraction peaks of LMO deposited
on stainless steel substrates after annealing at 745°C in 0.5 % H,/Ar
and assignment to the phases: orthorhombic LiMnO; (0-LiMnO,),
monocline LiMnO; (m-LiMnQ,), tetragonal Mn3O4 (t-Mn3Oy4)
and substrate (y: austenite; o’: martensite). The corresponding
calculated 2O positions are given.

XRD reflection
positions [°] Reflections
this Stainless
work Literature**®  0-LiMnO, m-LiMnO, t-Mn3O4 steel
15.5 15.39 (010)
18.01 (101)
18.3 {18.30 (001)
29.1 28.91 (112)
29.8 not yet defined
32.5 32.38 (103)
35.2 35.56 (011)
36.1 36.08 (121)
36.86 (120)
37.0 {36.88 (110)
38.1 38.09 (004)
39.21 (20-2)
393 {39.29 (200)
40. 8 40.80 (111)
43.8 43.73 y-(111)
! 44.41 (220)
447 44.67 o’-(110)
45.09 021)
452 {45.14 (111)
51.0 50.83 (105)
56.2 56.02 (033)
61.32 (221)
61.5 {61.55 (11-3)
62.5 62.90 (310)
64.61 (040)
65.0 64.97 (202)
o’-(200)
74.9 74.89 v-(220)
82.3 o'-(211)

! The (220) reflection of t-Mn3O4 cannot be observed as it is overlaid
of the double peak structure of stainless steel’s y-(111) and o’-(110)
reflections.
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Figure 13. Raman spectra of LMO deposited on different substrates before
and after annealing in 0.5 %H;/Ar.

Raman spectroscopy of LMO annealed in a 0.5%H,/Ar atmosphere.—
Additionally, Raman spectroscopy is performed (see Figure 13). The
results support the discussion of the XRD diffraction patterns and
enable to evaluate the structures at 450°C and 550°C in more detail.
The as-deposited sample shows no significant Raman bands, prov-
ing disordered nearest-neighbor conditions. For the annealed samples
a vibrational band is observed at wave numbers of 626 cm™! and
624 cm™! at 450°C and 550°C, respectively. These are typical val-
ues for the Ay, vibration of a LMO spinel structure.””® All lithium
manganite structures, observed after different annealing steps, display
high-wavenumber bands attributed to the Mn—O stretching vibrations
which dominate the Raman spectra. The low-wavenumber region dif-
fers depending on the crystal composition.”® If compared to Refs. 58
and 59, the occurrence of stoichiometric compositions is most likely
confirmed. To support this statement, additional Raman signals are
taken into account. Annealing at 450°C results in a spectrum compa-
rable to a stoichiometry of a Li-rich spinel (Li; ;sMn; 5,0,4%) while the
spectrum for 550°C can be assigned to an oxygen-rich spinel (similar
to Lij 04Mn;04,%). The spectrum measured on the LMO film de-
posited on the resonator shows a predominant A, band at 626 cm™!,
too. Additional vibrations at 483 cm™! and 581 cm™! indicate the
occurrence of a stoichiometric cubic spinel LiMn,0,.%®

Raman spectroscopy of the LMO sample annealed to 745°C in a
0.5 %H,/Ar atmosphere.— More challenging is the interpretation of
the phases after annealing at 745°C. Here, an optical inspection of the
film surface shows regions of different brightness. Dark and bright
spots are observed which are embedded in a matrix of iridescent
brightness between bright and dark. As the Raman laser spot is much
smaller than the spot size of the XRD device, the Raman system
enables to focus on the different regions. These Raman spectra are
subsequently correlated with the X-ray diffraction pattern which re-
flects a mixed signal of all three surface regions. Figure 13 shows
Raman spectra of each region (bright, mixed bright/dark and dark)
which differ significantly.

The Raman spectrum of the bright region exhibits only one broad
peak in the range of 500 cm~! to 700 cm~!. The observation cor-
responds to a disordered structure. As no vibrational peaks can be
determined, statements on the bonding conditions and/or the nearest
neighbor behavior cannot be given.

The Raman signal of the dark region shows significant bands at
412 cm™!, 579 cm™!, 605 cm™! and 660 cm™! as well as slight sig-
nals at 375 cm™! and 482 cm~!. The dominating band at 660 cm™!
can be clearly assigned to tetragonal t-Mn;O,. The broad peaks at
375 cm™! and 482 cm™! support the latter interpretation as they
are in good agreement with the results on t-Mn;O, presented in
Refs. 58 and 60. The signal at 482 cm™' can be also assigned to
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m-LiMnO,, which points to a superimposed signal. The bands at
605 cm™!, 579 cm™' and 412 cm™! support this conclusion. It must
be noted that the latter vibration band is slightly shifted to lower
wavenumbers compared to data in Ref. 59. This band shows higher
agreement to 0-LiMnO, than to the monocline structure. The spectra
of these two structures are very similar since they are only slightly dif-
ferent phases with the same stoichiometry. Further, o-LiMnO, shows
vibrational bands at 411 cm™!, 428 cm™!, 557 cm™!, 613 cm™! and
655 cm™! as well as a less prominent at 482 cm™!.%! The latter cor-
responds to the measured signal at the same wavenumber while the
former corresponds very well to the measured vibration at 412 cm™".
The other four reflections, belonging to 0-LiMnO,, are not directly
visible in the measurement data. A more thorough inspection of the
measured vibrational bands at 412 cm™!, 579 cm~!, 605 cm~! and
660 cm~! shows that all of them exhibit asymmetric flanks or broad-
ened profiles. As stated before, these vibrations can be attributed to
t-Mn3;0, and to m-LiMnO,, on the one hand. On the other hand, the
asymmetries indicate additional signals hiding in the dominating vi-
brations. These assumed signal positions are in close accordance to
the vibrational bands of 0-LiMnO,.

The spectrum taken on the mixed bright/dark matrix region reflects
contributions of the homogeneous regions: Like in the bright case, the
broad peak is prominent. Additionally, some slight signals are visible
which can be assigned to LiMnO,. Here, the agreement with the
orthorhombic structure is very good for all bands except for that at
606 cm~! which fits to m-LiMnO,. Based on the three Raman spectra,
a structural composition of t-Mn3;0O, and LiMnO, is assumed. For
the latter, it cannot be concluded, if the crystallographic structure is
monocline or orthorhombic.

Summary of the structural investigations on LMO annealed in
0.5 %H,/Ar atmosphere.— Combining the Raman and X-ray results,
it can be concluded that the sample annealed at 745°C consists of
t-Mn3;O, and polymorphs of LiMnO,. The latter is a mixture of or-
thorhombic and monocline structures whereby o-LiMnO, seems to
dominate. The coexistence of both phases with a dominant contri-
bution of the orthorhombic phase is a known phenomenon which is
caused by stacking faults in 0-LiMnO,. The insertion of the fault cor-
responds to the occurrence of a monoclinic cell between two blocks
of orthorhombic symmetry.®?

This given explanation is in agreement with Ref. 63. Here, LMO
powder samples are annealed at different oxygen partial pressures
(po,)- At high po, a tendency of coexistence of the phases Li,MnO;
and LiMn, Oy is observed while at low py, 0-LiMnO, is the most
stable LMO phase. At low po,, considerable amounts of t-Mn3; O, are
formed. This observation can be explained by different valence states
of the Mn ions in the compounds. Li,MnOjs consists of Mn** ions and
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Figure 14. XRD diffraction patterns of LMO deposited on stainless steel
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LiMn, 0, exhibits a ratio of Mn**:Mn3** = 1. Consequently, at high
Do, tetravalent manganese is preferred. Low po, results in a tendency
to trivalent manganese as found in LiMnO, and preferred in Mn;Oy.

XRD analysis of LMO annealed in ambient air— The XRD analysis
of the as-deposited sample shows only the reflections of the sub-
strate (see Figure 14). After annealing, a significant LMO reflection at
20 ~ 18.7° is found. As in 0.5 %H,/Ar, it cannot be decided, if the
signal belongs to the layered monocline rock salt Li;MnOs (18.70°%")
or to the cubic spinel LiMn,0, (18.61°?). The pattern show addi-
tional reflections at higher angles, but they are too weak for a reliable
assignment. After annealing at 700°C, two of these peaks are more
pronounced and can be attributed to the cubic spinel LiMn,0,.%
Consequently, only after annealing at 700°C the occurrence of the
latter phase is confirmed. Further peaks belonging to LMO are
absent.

Raman spectroscopy of LMO annealed in ambient air— Figure 15
shows the Raman spectra of the LMO samples on stainless steel
substrates as well as of the LMO coated langasite resonator after the
TFC measurement. After annealing at 400°C, the Raman spectrum
reflects the layered monocline rock salt Li; MnQ;% while at 500°C and
700°C spinels are found. The A, vibration at 634 cm~! in the sample
annealed at 500°C belongs to the Li-rich spinel phase Li; 3;3Mn; ¢;04.
Moreover, this interpretation is consistent with the vibration positions
at about 490 cm™! and 590 cm™'.® At 700°C, the A;, vibration is
shifted to 625 cm™' which corresponds the stoichiometric cubic spinel
LiMn,O,4. Moreover, the Raman shift to lower wavenumbers with a
decreasing Li:Mn ratio is in accordance with Refs. 58 and 65. In
summary, the temperature increase goes along with a clearly visible
peak shift, especially for the Aj, vibration in the range from 620 cm™"
t0 640 cm™.

As described before, the temporary formation of the Li,MnOs is
common for annealing at high po,, e.g. ambient air, and, thereby, in
accordance with Ref. 63. A more thorough discussion on the structural
change of LMO annealed in ambient air is given in Ref. 39.

Conclusions and Outlook

The successful operation of the newly developed TFC system is
demonstrated. The technique is suited to detect and evaluate temper-
atures and enthalpies of phase transformations in battery materials.
The TFC system as presented in this work circumvents the disadvan-
tages of existing calorimetric techniques for thin films. In contrast
to common thin-film systems, the presented TFC is applicable up to
high-temperatures of at least 1000°C. A significant advantage is the
operation of a piezoelectric resonator as a precise temperature sensor.
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Figure 16. Phases of the LMO thin film. The structural changes and resonance
frequency are given as function of temperature. The measurements are carried
out in 0.5 %H,/Ar.

Further, a data evaluation approach is presented to determine tem-
peratures and enthalpies of phase transformations. Additional X-ray
diffraction and Raman spectroscopy enables to identify the related
crystallographic structures.

The TFC measurements on LMO uncover a significant change in
the thin-film behavior in dependence of the atmosphere. In ambient air
three phase transformations are observed while in 0.5 %H,/Ar even
four are detected. The onset of the crystallization of the amorphous
layers depends on the atmosphere and is found at lower temperatures
in ambient air. In other words, the amorphous phase is more stable at
low po, than in ambient air. In 0.5 %H,/Ar the LMO thin film crystal-
lizes initially in a spinel structure. Here, at first two off-stoichiometric
phases are formed (first a Li-rich spinel, subsequently an oxygen-rich
spinel). They are followed by a small temperature area consisting of
three interfering phases (polymorphs of LiMnO, and t-Mn30O,). Fi-
nally, the film crystallizes in the stoichiometric cubic spinel LiMn,Oy.

The intermediate region with three different phases is detected in
the Ar based atmosphere, only. In ambient air a direct phase trans-
formation from Li-rich spinel to the stoichiometric cubic spinel is
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Figure 17. Phases of the LMO thin film. The structural changes and resonance
frequency are given as function of temperature. The measurements are carried
out in ambient air.

observed. Moreover, it is remarkable that the crystallization process
in ambient air starts with a non-spinel phase, although the amorphous
phase exhibits a near-stoichiometric spinel composition of 1:2:4. The
first phase that appears at high po, is Li,MnOj3. The process is proba-
bly supported by the availability of oxygen in the measurement atmo-
sphere. Figures 16 and 17 show the structural changes and resonance
frequency over temperature. Further, the associated phase regions are
given.
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