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This work reports an advanced plasma-material process comprising the process design, plasma characterization,
and surface engineering of LiMn2O4 ﬁlms deposited by dual RF magnetron sputtering (MS). Several plasma
diagnostic techniques integrated with the MS system were carefully utilized for the in-situ process monitoring to
control the plasma parameters. Glancing angle deposition is used to create uniform plasma, which assists excellent ﬁlm uniformity in the central region. Various standard techniques such as XRD, Raman, TEM, and AFM
were used to study the characteristic properties of the deposited ﬁlms. High plasma density that assists high ion
energy ﬂux (IF) and high energy tails in the EEPF, deposition of total energy-in-ﬂux (EF) on the substrate, and
high optical emission intensities characterized by the excited species of Mn, O, Li, and Ar, respectively, measured
by the radio frequency compensated Langmuir probe (LP), energy ﬂux probe, and optical emission spectroscopy
(OES) methods at pressures of 0.93 Pa and 1.33 Pa produced LiMn2O4 ﬁlms with superior crystallinity and
smooth microstructure. This work also reports the collective eﬀect of plasma parameters and thermal energy on
the growth and properties of LiMn2O4 ﬁlm intended for Li-ion battery application.

1. Introduction
Lithium-ion batteries (LIBs) have shown themselves as candidates to
provide numerous applications since they oﬀer a long lifetime, high
energy density, and lightweight soon after their commercialization in
the year 1991 by Sony [1–3]. Studies on solid thin ﬁlm negative
(anode) and positive (cathode) electrodes are driven by the increasing
demand for thinner and lighter batteries with the capability of higher
speciﬁc charge [4]. Several investigations have revealed that nanostructured electrode materials could provide improved battery performance via enhanced areas of the electrode-electrolyte interface, which
would assist better relaxation of strains formed by the structural
changes and phase transformations [4–8]. LiMn2O4 ﬁlms are the promising materials for positive electrodes in LIBs, and these materials are
cheaper and safer [5,9,10] compared to the LiCoO2. LiMn2O4 is found
to stable at room temperature, and it has the cubic-spinel structure. The
Li and Mn ions take the positions in the 8a tetrahedral sites and 16d
octahedral sites, respectively [8,11]. The structure of the material
LixMn2O4 remains cubic for the x value 0.35 < x < 1 when Li-ion is
electrochemically removed. During the insertion or inclusion of atoms
to form the layered microstructure (known as intercalation process), the
Li-ions can take the position of an octahedral site 16c that results in a

cubic phase with a high Li concentration to form Li2Mn2O4 [11]. There
have been reports on the development of LiMn2O4 nanotubes [12] and
nanowires [13] to improve the structural stability of the electrode
material. It is also revealed that the electrochemical properties of
LiMn2O4 cathodes strongly depend on the morphology and the crystallinity of the phase [5,12,13]. Ding et al. [12] have shown that, in the
LiMn2O4 single-crystal nanotubes, about 70% of the capacity is retained even after 1500 cycles at a rate of 5 cycles (5C) in the organic
media. Also, numerous studies [14–16] have reported discharge capacities of ~38–45 μAh μm−1 cm−2 of LiMn2O4 ﬁlms.
Diﬀerent deposition techniques such as spray-drying [9,17], hydrothermal method [18], chemical solution method [6,8,19], sol-gel
method [20], pulsed laser deposition [21,22] and magnetron sputtering
(MS) [7,12,13,16,23] have been used to fabricate LiMn2O4 ﬁlms. The
quality of the LiMn2O4 ﬁlms depends on their fabrication techniques
that aﬀect the electrochemical performance [17–25]. However, most of
these studies [6–9,12,13,16,23,26] have either used a very high deposition temperature (> 500 °C) or a post-annealing at a very high
temperature ~ 500–1000 °C to achieve the crystalline microstructure.
Particularly, Shin et al. have reported [26] about the room temperature
deposition of Sn-doped LiMn2O4 ﬁlm along with post-annealing at a
low-temperature of 500 °C for 2 h. Also, there is the report of the
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deposition of LiMn2O4 crystalline ﬁlms using the radio frequency (RF)
MS on gold-coated on polyimide ﬂexible substrate at a low substrate
temperature (Ts) of 300 °C [27]. Nevertheless, the high deposition
temperature process still sets a challenge for the fabrication of the
electrode materials for ﬂexible devices [28,29]. Thus, there is still the
requirement of advanced processes for the development of electrode
materials for the LIB.
Among these fabrication methods, the RF MS is the most adaptable
technique to develop high-quality LiMn2O4 ﬁlms. In plasma-assisted
deposition processes, there are several external factors like applied
power, working pressure, and working gas, which can induce a drastic
change in the plasma parameters and the energy in-ﬂux (EF) on the
substrate [30–33]. Notably, several plasma parameters like electron
temperature (in energy unit) Te, plasma density n0 (also called electron
or ion density), plasma potential Vp, electron energy probability function (EEPF), ion ﬂux, and EF can crucially aﬀect the characteristic
properties of the deposited ﬁlm [32,33]. Thus, a study involving the
synergy between the plasma parameters and their eﬀect on LiMn2O4
ﬁlm properties would also be useful for the industry since it would
provide information about new process design and control. Thus, the
control of plasma characteristics via plasma parameters in the plasma
process along with the addition of thermal energy, could be useful for
achieving high growth rate deposition with improved LiMn2O4 ﬁlm
properties. In this paper, we present the study of structural, morphological, and electrochemical properties of LiMn2O4 cathode ﬁlms deposited by RF MS at diﬀerent working pressures with substrate heating.
Overall, this work oﬀers insight into the eﬀect of plasma parameters on
the microstructure and morphological properties of LiMn2O4 thin ﬁlms
with technological relevance.

speed of 40 rpm during the deposition. Before the deposition, we have
investigated the plasma parameters and active species in the deposition
environment using plasma diagnostics. The study of plasma characteristics at diﬀerent operating pressure enabled us to select the operating
pressure condition favorable for the deposition of thin ﬁlms. We have
prepared two sets of samples, such as with and without substrate
heating. Here, without heating, corresponds to the room temperature
(RT) deposition of the LiMn2O4 ﬁlms. The condition with heating corresponds to the substrate temperature of 400 °C. The operation conditions for the samples were changed by varying the working pressures,
which were monitored by a micro-ﬂow controller. In this study, the
LiMn2O4 ﬁlms were deposited on standard Si (100) and Saﬁre substrates at various operating pressures. Substrates were ultrasonically
cleaned before the deposition. The ﬁlm thickness was ~200 nm for
systematic comparison.
2.2. Study of the ﬁlm growth environment
Fig. 1 shows the various plasma diagnostic methods utilized at the
substrate location to study the plasma characteristics in the growth
environment. In the RF plasma environment, the plasma potential
ﬂuctuates with time [35]. This ﬂuctuation distorts the current-voltage
(I-V) characteristic Langmuir probe (LP) [35], which gives erroneous
information about the plasma parameters. We have earlier developed
an RF compensated LP [36] to acquire the I-V characteristics to determine the plasma parameters in an intensive RF environment. The RF
compensated LP, which had a 2.0 mm length probe tip, and a radius of
0.5 mm was assembled in a side port parallel to the substrate's surface
to measure the various plasma parameters like plasma density (ne),
electron temperature (Te), plasma potential (Vp), and EEPF. The details
of the I-V data acquisition, analysis of the LP data, and measurement
procedure were reported elsewhere [37].
Additionally, the energetic conditions on the substrate [30–33] in
terms of energy impinging on it can be aﬀected by various plasma
species such as excited neutrals, radicals, ions, and electrons. These
activated species set up and undergo diﬀerent elementary reactions like
chemical reactions, excitation, radiation, dissociation, recombination,
ionization, etc. Thus, in MS, the eﬀect of energy deposition per incoming species to the substrate, and their ﬂux is crucial. Therefore,
their product constitutes the net deposition energy in terms of energyin-ﬂux (EF) on the substrate. The best example to design the probe and
measure the EF was reported by Kersten and his co-workers [30]. In the
present study, we have utilized the Calorimetric probe (CP) through the
side port, which is aligned parallel to the substrate's surface (Fig. 1) to
measure the EF at the substrate location. The details of the probe design
and construction were reported in an earlier study [32]. The detailed
analysis of various EFs can be found in the literature [30,33].
The optical emission spectroscopy (OES) was used to study the
emissions from excited species in plasmas at the substrate location. The
OES spectra at diﬀerent operating conditions were acquired via an
Optical ﬁber (Fig. 1) utilizing a spectrometer (Acton Spectra Pro 500i)
equipped with a resolution of 0.05 nm. This instrument consists of a
10 μm broad entry slit and a diﬀraction grating with a rating of 1200
grooves/mm. The spectrometer in combination with a PIMAX CCD
camera was interfaced with the computer for the data acquisition using
the software WinSpec32TM. The emission intensities of various excited
species in MS plasmas were investigated in a broad wavelength range
from 300 to 900 nm.

2. Experimental
2.1. Experimental system and parameters
Fig. 1 presents the schematic of the LIB experimental system with
crucial components used for the present study. The system consists of a
cylindrical plasma chamber, a vacuum system, circular and planar (two
inches) magnetrons, a gas ﬂow arrangement, a rotating substrate holder
with the provision of heating, and plasma diagnostic methods. A
combination of a turbo molecular pump and a rotary pump evacuates
the chamber to a base vacuum of ~1 × 10−6 Torr. There is the option
of a load lock chamber to load and unload the samples without breaking
the vacuum condition before and after the deposition, respectively.
Additionally, a glove box is connected with the load lock chamber for
handling, vacuum sealing, and preserving the samples in an inert environment of Ar gas.
There are four water-cooled magnetrons equipped with diﬀerent
targets like LiMn2O4, Li3PO4, Ti, and Cu. In Fig. 1, two magnetrons are
shown in the ﬁeld of view. We arrange the north-south (N-S) polarities
of the magnets of the magnetron to induce a conﬁned ﬁeld conﬁguration with the neighboring magnetrons. This conﬁguration is expected to
provide a broader plasma column to assist the excellent uniformity of
ﬁlm over a larger area. In the present work, we have used two LiMn2O4
targets as the dual magnetron mode for the deposition of the cathode
material. We have used Ar as the experimental gas at a constant applied
RF (frequency 13.56 MHz) power of 80 W for the plasma generation
and the ﬁlm deposition. We have done pre-sputtering of the targets for
5 min with closing the shutter prior to every deposition. We have used
the glancing angle deposition, where the target was positioned with an
oblique angle θ = 4° (Fig. 1) with reference to the substrate. Such
geometries were also used by Borhani-Haghighi et al. [23] and Robbie
et al. [34] for their work for the deposition of crystalline and amorphous ﬁlms, respectively. In the inclined position (θ = 4°), the distance
(along the normal) z = 6.5 cm between the center of the target to the
center of the substrate table. A motorized controller adjusted the substrate position, and the substrate table was rotated with a constant

2.3. Characterization of thin ﬁlms
The thickness of LiMn2O4 ﬁlms was measured by a step Proﬁlometer
(Alpha-step D-500 Stylus). The microstructure properties of the samples
deposited on Si substrates were studied by the XRD analysis using the
equipment Bruker Discover D8. The Cu Kα (λ = 1.5418 Å) was used as
the source for the XRD analyses. Also, we studied the microstructure
2
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Fig. 1. Schematics of the LIB system integrated with diﬀerent plasma analysis methods used for this study.

approximately similar to that of 0.53 Pa. Except at a distance ≤4 cm,
the overall variation of electron temperature (Te) shown in Fig. 2(b) has
shown a similar variation to that of n0 (Fig. 2(a)). The increase in
pressure from 0.53 Pa to 0.93 Pa incorporates a higher neutral density
to the plasma. Thus, the higher electron-neutral collision frequency
would assist rapid thermalization that would cause a lower value of Te
at 0.93 Pa than that at 0.53 Pa. Also, note that at 0.53 Pa, the electronneutral collision mean free path (λ) [37] can be estimated as ~30 cm
for Te ~ 3 eV (Fig. 2(b)). At 0.93 Pa, the value of λ is estimated to be
~15 cm. Thus, the higher neutral density of Ar (which enables a greater
excitation and ionization reactions) and lower λ at 0.93 Pa than 0.53 Pa
assists higher electron-impact collisions at the former cases. Thus, the
measured plasma density (Fig. 2(a)) at 0.93 Pa was higher than that of
0.53 Pa.
Note that plasma potential provides electrostatic conﬁnement to
electrons in plasmas [33]. The overall variation of the plasma potential
shown in Fig. 2(c) displays a similar trend in variation to that of n0
(Fig. 2(a)). It should be noted that Te (Fig. 2(b)) represents the value of
electron energy at thermal equilibrium [37]. Thus, in the process
plasmas, electrons having energies greater than Te are present. It is also
apparent from Fig. 2(a) and (c) that Te < < eVp (equivalent energy of
charged species). This feature suggests that Vp potentially trap the
electrons.
The LP measurements (Fig. 2(a)–(c)) showed an approximately
uniform regime of plasma parameters represented by a dashed region.
Thus, one would expect a trend of ﬁlm uniformity similar to the ﬁlm
growth due to the sputtered atoms caused by the energetic ions of the
plasmas and the elementary processes of excitation, ionization, and
energy
deposition.
We
deposited
LiMn2O4
ﬁlms
on
a ~ 6.5 cm × 6.5 cm square substrate at a pressure of 0.93 Pa to check
the uniformity and ﬁnd out the exact sample position for the deposition.

information of the samples deposited on Si by a transmission electron
microscope (TEM) FEI-TF30. The samples deposited on Sapphire were
used for the Raman analysis. We used the equipment Renishaw inVia
Micro-Raman spectrophotometer with 514 nm Ar+ laser source operated at a power density ~ 2 mW cm−2 in backscattering geometry.
Also, the surface morphology of ﬁlms prepared on the Sapphire was
studied by the AFM analysis using AFMNX-10. The chemical composition of the deposited ﬁlm on Si (100) wafer was studied by the method
of Rutherford backscattering spectrometry (RBS). Electrochemical C-V
measurements were carried out with a cell structure Li//LiMn2O4 to
examine the electrochemical properties of the deposited ﬁlm.
3. Results and discussion
3.1. Plasma and ﬁlm uniformity
As mentioned earlier, the ﬁlm's growth and the properties sensitively depend on the plasma parameters and the EF on the substrate. We
measure the plasma and ﬁlm uniformity at operating pressures of
0.53 Pa and 0.93 Pa, as shown in Fig. 2 to start our investigation.
Fig. 2(a)–(c) presents the information of various plasma parameters.
Fig. 2(d) displays the overall variation of ﬁlm thickness with respect to
the substrate holder of diameter 9 cm. The LP, placed at a position 1 cm
below the substrate holder, was used to scan the plasma parameters
over a distance of 5 cm. In the ﬁgures, the LP scans from = 0 to 5 cm
corresponds to the LP position from the center-to-edge of the substrate
holder. One can see from Fig. 2(a) that, at 0.53 Pa, the plasma density
n0 does not change much in the central regime represented by the
shaded region. It acquires a value of ~1.8 × 1010 cm−3 in the central
regime, and it slightly increases to ~2.5 × 1010 cm−3 at a distance
≥3 cm. The trend in the variation of n0 at a pressure of 0.93 Pa is
3
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working pressure. This feature suggests that the ﬁlm growth depends
sensitively on the total EF. The ion ﬂux, in Fig. 3(c), slowly increased
from ~2.2 mW/cm2 to ~5.2 mW/cm2 as pressure varied from 0.27 Pa
to 0.93 Pa; at high pressures > 0.93 Pa, the ion ﬂux decreased. The
overall variation of ion EF (Fig. 3(c)) has a similar trend to that n0
(Fig. 3(d)) as the former is proportional to the latter [33]. The variation
of Te, in Fig. 3(e) shows approximately opposite behavior to that of n0
(Fig. 3(e)(d)) to maintain the local plasma equilibrium that depends on
the product n0Te [37]. Except at 1.73 Pa, the plasma potential (Vp)
shown in Fig. 3(f) increased with increasing pressure. The plasma
density and ion EF acquired the highest values at 0.93 Pa. One would
expect a lower EF (Fig. 3(b)) at a pressure of 1.33 Pa looking into the
trend of variation of plasma parameters (Fig. 3(c)–(f)). The higher value
of total EF (Fig. 3(b)) is expected to be contributed from the higher
values of ion EF (proportional to n0 (Fig. 3(d)) and Vp (Fig. 3(f))) and
the contribution from the radiation EF on the substrate [32,33].
Note that there are electron impact excitation and ionization reactions that contribute to the radiation and ionization in plasmas during
the plasma process [37,38]. Fig. 3(g) presents the measured EEPF at
diﬀerent working pressures. One can see the trend of variation of EEPF
(Fig. 3(g)) and Te (Fig. 3(e)). The electron temperature gradually decreased with increasing pressure. The increase in pressure from 0.27 Pa
to 1.73 Pa incorporates a higher neutral density to the plasma. Thus, the
higher electron-neutral collision frequency would assist rapid thermalization that would cause a lower value of Te at 1.73 Pa. One would
expect a low Te value at a pressure of 1.73 Pa according to the change in
the EEPF. One may realize here the eﬀect of collision of electrons with
the high-density of neutrals. The electron-neutral collision mean-freepath (λ) [37] can be estimated as ~11 cm (comparable to the target to
substrate distance of 6.5 cm) at a pressure of 1.73 Pa. Thus, the higher
neutral density of Ar and signiﬁcant electron neutral collisions rapidly
thermalize the high energy electrons of the EEPF. The rapid thermalization that leads to saturation among the plasma species would not
allow the Te to abruptly fall as expected at 1.73 Pa. Thus, the tail of the
EEPF decreased substantially at 1.73 Pa due to the thermalization eﬀect
at high pressure (or high neutral density), which caused a low Te
(Fig. 3(e)) and low value of n0 (Fig. 3(d)).
Fig. 3(h) shows that optical emission spectra of diﬀerent electronicexcited species of atomic Ar (Ar I), Mn (Mn I), and Li along with O ions
(O II) [39]. It is evident that a higher value of electron density (n0) can
cause higher emission intensities by electron impact excitation. This
feature is manifested by the OES measurements, as shown for the operating conditions at 0.93 Pa and 1.33 Pa. We wish to note that the OES
spectrum does not show prominent Ar I lines as expected around
700–820 nm and in the blue part of the spectra near 420 nm, as reported by Hippler et al. [40] in an Ar/O2 gas mixture with a cobalt
target. The present experiment of dual RF MS is based on LiMn2O4
targets with Ar gas (without O2 ﬂow). The OES measurements show
emissions from active species of Mn I, Li I, O II, and Ar I. Also, the
plasma conditions and the plasma parameters in the present experiments can be diﬀerent from the work of Hippler et al. [40].
We consider three operating conditions of 0.53 Pa, 0.93 Pa, and
1.33 Pa, which show a low, high, and a moderate ion EF (Fig. 3(c)),
respectively, for the deposition of LiMn2O4 ﬁlms. It can be seen that the
total EF does not alter much for these conditions. However, the other
parameters (DR, n0, Te, Vp, EEPF, and emission intensities of excited
species) are quite diﬀerent for these conditions. We prepared two sets of
ﬁlms without substrate heating and with heating at Ts = 400 °C to
study the combined eﬀect of plasma characteristics and the thermal
energy on ﬁlm properties.
The microstructure information was studied by the XRD analyses, as
shown in Fig. 4(a)–(f). Fig. 4(a), (c), and (e) presents the XRD spectra of
the ﬁlms prepared respectively, at pressures 0.53 Pa, 0.93 Pa, and
1.33 Pa and without heating. Fig. 4(b), (d), and (f) show the corresponding XRD spectra of the samples deposited with heating. It can be
seen that no XRD peaks (except the Si peak that appears from the

Fig. 2. The radial proﬁle of (a) plasma density, (b) electron temperature, and
(c) plasma potential showing the regime of plasma uniformity in the substrate
plane; (d) Contour plot of the deposition rate of the LiMn2O4 ﬁlms in the
substrate plane. The coordinate (X = 0, Y = 0) at the center in (d) corresponds
to the ‘0’ position in (a)-(c). The grown ﬁlm shows excellent uniformity in the
central region due to the nearly uniform trend in the variation of plasma
parameters.

Fig. 2(d) presents the contour plot of the ﬁlm thickness. In the ﬁgure,
the circle in purple color represents the edge of the substrate holder.
The deposited ﬁlm shows excellent uniformity ~195 ± 10 nm over the
whole area of the substrate. We consider the LP measurements, which
also showed good plasma uniformity in the central regime. Thus, we
selected three locations (shown by dotted lines in Fig. 2(d)) in the
central region of the substrate holder to deposit LiMn2O4 ﬁlms that
provide the best ﬁlm uniformity (~195 ± 2 nm).
3.2. Film growth, plasma parameters, and ﬁlm properties
We got the information on the exact location of the substrate, as
shown in Fig. 2(d). We deposited ﬁlms to determine the deposition rate
to study the ﬁlm growth and ﬁlm properties with respect to the plasma
parameters by changing the working pressure. The variation of the
deposition rates (DRs) of LiMn2O4 ﬁlms with working pressure is shown
in Fig. 3(a). The DR gradually decreased from ~4.5 nm/min to
~2.0 nm/min with increasing pressure. We measured the total energy
in-ﬂux (EF) using the CP [33]. Note that the total EF is the sum of
contributions from ions, electrons, recombination, neutrals, and radiations (see Eq. (12) in reference [33]). We evaluated ion energy in-ﬂux
(IF) (see Eq. (13) in reference [33]) using the Bohm ﬂux with the
measured ion or plasma density and plasma potential by LP. In the
present study, the substrate was grounded (bias voltage = 0). Except at
1.33 Pa, the total EF, in Fig. 3(b), decreased similar to the DR with
4
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Fig. 3. (a) Deposition rate of the ﬁlms, (b)–(f) detailed information of diﬀerent plasma parameters measured at the substrate position, (g) EFPFs with characteristic
high energy electron tails, and (h) OES spectra showing the intensities of various excited species, measured as a function of pressure at the substrate position.

substrate) appear for the samples deposited without heating at 0.53 Pa
and 0.93 Pa. Also, no XRD peak is seen for the sample deposited with
heating at 0.53 Pa. Notably, the sample prepared at 1.33 Pa with a high
EF (Fig. 3(b)) and high ion EF (Fig. 3(c)) shows crystalline peaks in the
XRD spectrum in Fig. 3(e). However, the sample at 0.93 Pa with a relatively smaller EF (Fig. 3(b)) than that at 1.33 Pa and a higher ion EF
(Fig. 3(c)) resulted in an amorphous microstructure. In Fig. 4, the diffraction patterns show weak and strong XRD peak intensities at
2θ = 18.6°, 36.1°, 43.9°, and 48.1° for the LiMn2O4 ﬁlms deposited at
various conditions. These values, respectively, correspond to the (111),
(311), (400), and (331) planes of the standard JCPDS (JCPDS #
35–0782, 1984) data. The spectra showed well deﬁned XRD peaks that
conﬁrmed the crystalline cubic spinel microstructure [17,23] for the
LiMn2O4 ﬁlms prepared without heating at 1.33 Pa and with heating at
0.93 Pa and 1.33 Pa. A comparison of plasma parameters in Fig. 3 and
the XRD data (Fig. 4) reveals that suitable plasma characteristics with a
simultaneous impact of high EF (Fig. 3(b)) and ion EF (Fig. 3(c)) can be
crucial for the formation of crystalline LiMn2O4 ﬁlm in the absence/
presence of thermal energy. In this sense, one would expect better ﬁlm
properties by using high power impulse magnetron sputtering (HiPIMS), which could provide eﬀective ionization and ion EF [41].
Fig. 5 presents the corresponding Raman spectra relevant to Fig. 4
of the ﬁlms deposited without heating and with heating at 400 °C. In
Fig. 5(a)–(f), several satellite peaks of Raman bands appear close to the
relevant bands at 389, 426, 495, 600, and 636 cm−1of the spinel
LiMn2O4 [42–45]. In the ﬁgures, the high intensity and the broadband
near 636 cm−1 are attributed to the A1g Raman mode of the MnO6

groups with the symmetric MneO stretching vibration [42]. The presence of a shoulder peak near 600 cm−1 is recognized to be the F2g(1)
mode owing to the vibration of MnIV-O bonding [43,46]. The Raman
bands near ~495 and 426 cm−1 are assigned to the F2g(2) and the Eg
modes, respectively, which arise because of the LieO vibrations of the
LiO4 groups [43]. The weak band appeared near 389 cm−1 is attributed
to the F2g(3) mode of bending vibration of MnO6 groups [42]. It is also
apparent from Fig. 5 that the A1g mode (represented by the high intensity and the broadband peak) acquires a higher Raman shift (towards the right) in the heating sample than that of the ﬁlm without
heating. Note that the Raman shoulder peak of A1g mode shifts towards
lower or higher wavenumbers. Regarding this Raman shift, numerous
studies [44,45] have suggested that the intensity of the shoulder at
600 cm−1 is strongly related to the average oxidation state of manganese in the spinel phase. This feature arises since the intensity of the
Raman shoulder highly sensitive to the Li stoichiometry and hence, the
oxidation state of Mn; it might originate from the MnIV–O vibration
[43,46]. Thus, the Raman spectra of Fig. 5(d), (e), and (f) suggest the
formation of the spinel microstructures of the deposited LiMn2O4 ﬁlms.
We wish to correlate the plasma characteristics with the structural
property of LiMn2O4 ﬁlms. We wish to note that the sample prepared at
1.33 Pa was passed through an environment of high EF (Fig. 3(b)) and
high ion EF (Fig. 3(c)). It shows crystalline peaks in the XRD spectrum
in Fig. 4(e) and relevant Raman modes (Fig. 5(e)) in the absence of
heating. Additionally, the deposition environment with high EF
(Fig. 3(b)) and ion EF (Fig. 3(c)) and the support of thermal energy
(substrate heating) could be eﬀective in achieving crystalline
5
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and with heating, respectively. Fig. 6(a) and (c) present the TEM darkﬁeld images of the samples without and with heating, respectively. The
dark-ﬁeld images were captured using a (111) diﬀraction ring. The
corresponding bright-ﬁeld images are shown in Fig. 6(b) and (d). The
bright spots in the ﬁgures correspond to the diﬀraction domains. Denser
and larger diﬀraction domains are observed in the heating sample
(Fig. 6(d)). This feature demonstrates better crystallization in the ﬁlms
prepared with the addition of heating. Also, Fig. 6(b) shows that crystallinity can be achieved in the ﬁlm without heating using suitable
plasma characteristics, as discussed earlier.
Additionally, these bright-ﬁeld images show the overall morphologies of the samples without and with heating. Both of the samples show
~15–30 nm aggregates, and each of them composed of many small
grains/crystallites of ~5–10 nm. The bright lines in the ﬁgures
(Fig. 6(b) and (d)) correspond to the spacing between the aggregates.
The dark spots of Fig. 6(a) and (c) represent grains or the diﬀraction
domains with orientations close to the zone axis. The dark spots exhibit
a clear dissimilarity and can be visualized for the comparison of the
grain size. Note that the dark spots' sizes in the heating sample are
greater than those of the sample without heating, which is an indication
of the enhancement of certain crystal orientation and crystallization by
the additional thermal energy. Additionally, one can induce eﬀective
ionization and ion EF [41] using HiPIMS that can be expected to be
eﬀective in achieving excellent crystallinity.
Further, we study the surface morphology of the deposited LiMn2O4
ﬁlms. Fig. 7(a)–(b) and (c)–(d), respectively, present the information of
surface roughness of the samples deposited without heating and heating
at pressures of 0.93 Pa and 1.33 Pa. The RMS (Rq) and Peak to Valley
(Rpv) values of roughness are also indicated in the ﬁgures for clarity. It
can be seen from Fig. 7(a)–(b) and Fig. 7(c)–(d) that the Rq and Rpv
values are higher for the heating samples than those deposited without
heating. Also, the samples prepared at 0.93 Pa have lower Rq and Rpv
values than those of 1.33 Pa. One can visualize here that the overall
variation of the roughness is because of the change in plasma characteristics (see the variation of total EF and ion EF in Fig. 3).
We wish to note that the control of magnetic ﬁeld intensity and
conﬁguration of the magnetron source are key factors for control of
plasma discharge and thin ﬁlm structure closely associated with ﬁlm
nucleation and growth. The ﬁlm nucleation and growth is mainly
controlled by ﬂux density and energy of sputtered particles with process

Fig. 4. (a)–(d) XRD spectra of the samples deposited without and with heating
at various pressures.

microstructures (Fig. 4(d) and (f) and Fig. 5(d) and (f)) for other operating conditions. Thus, the plasma diagnostics study reveals that a
suitable deposition environment is essential for tailoring the microstructure of LiMn2O4 ﬁlms. We performed TEM analyses of the selected
samples (relevant to Fig. 4(e)–(f) and Fig. 5(e)–(f)) to conﬁrm the XRD
and Raman observations. Fig. 6(a)–(b) and Fig. 6(c)–(d) present the
TEM images of the samples prepared at a pressure of 1.33 Pa without

Fig. 5. (a)-(f) Corresponding Raman spectra of the LiMn2O4 ﬁlms in Fig. 4.
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Fig. 6. TEM dark-ﬁeld (a) and bright-ﬁeld (b) images
of the sample deposited at 1.33 Pa without heating,
respectively; (c) and (d) corresponding TEM images
of the sample prepared with heating. Better microstructure with crystallized domains was seen in the
heating sample than that of the without heating. The
results show that plasma and energy control are vital
to achieving crystalline nanostructure in LiMn2O4
ﬁlms.

Fig. 7. (a)–(d) AFM images of the samples prepared at 0.93 Pa and 1.33 Pa without and with substrate heating.
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temperature, typically substrate temperature. In addition, the collision
of sputtered particles during deposition makes a change of ﬁlm density
and surface morphology. The trend of thin ﬁlm synthesis required in
digital electronics and the optoelectronic industry is the reduction of
ﬁlm thickness and damage with crystalline structure at a very low
temperature < 100 °C. However, it is well known that crystalline
structure synthesis of most oxides ﬁlms at low temperatures cannot be
achieved by conventional magnetron sputtering due to limited energy
ﬂux for crystallization. Authors intend to stress the present results
compared to the literature based on the MS process with annealing and
substrate heating for the deposition of LiMn2O4 ﬁlms. Shin et al. [26]
and Hari Prasad et al. [43] have used the post-annealing method for
their Sn doped LiMn2O4 and LiMn2O4 ﬁlms, respectively, at a temperature of 500 °C and 1000 °C for 2 h to achieve the crystalline microstructure. Babu et al. [27] have reported an expensive approach for
the deposition of crystalline LiMn2O4 crystalline ﬁlms on the goldcoated substrate at a substrate temperature of 300 °C. However, most of
these work involved a thick ﬁlm thickness of about 1 μm. In this contribution, we have prepared very thin (200 nm) LiMn2O4 ﬁlms with
improved microstructure and smooth morphology by plasma engineering. We adopt a straightforward (direct deposition on Si and
Saﬁre substrate), cost-eﬀective, and low-temperature deposition approach compared to these studies.
Additionally, we intend to examine the stoichiometry of the ﬁlm by
a reliable and advanced analysis like RBS since it helps us to plan for
our future work on the development of ﬁlm materials for LIB. Then we
recall our plasma diagnostic data of Fig. 3. The signature of Li, Mn, and
O emissions (OES data in Fig. 3(h)) suggest the presence of active
species required for the formation of the composite ﬁlm in MS. Thus,
these species in the deposition environment of the ﬁlm are expected to
take part in the ﬁlm's growth. One can realize this fact from the measured RBS data, as shown in Fig. 8(a). We selected the sample with
heating since it showed better crystallinity than that of the sample
prepared without heating condition. We selected two ﬁlms deposited on
Si (100) wafer with substrate heating. The ﬁgure shows the normalized
yield with respect to the channel and the incident energy. In the ﬁgure,
the yield in the spectra is represented as the product of energy width
(ΔE) and the signal height that determined the stoichiometric ratio with
cross-sections of the relevant elements. Both the ﬁlms showed a substoichiometric fraction of O with a somewhat deﬁciency of Li. The estimated composition of the ﬁlm read as Li0.83Mn2O3.62. As Li is lighter
than Mn and O, it is expected to be scattered more easily. The contamination by the C by substrate heating was not serious as it was not
traced by RBS, probably due to high vacuum condition and low-pressure deposition.
We take into account the various ﬁlm properties, crystalline microstructure (Figs. 4–6), and the RBS data (Fig. 8(a)) to study the
electrochemical properties of the sample prepared in heating condition.
We utilized the thermal evaporation method to coat Li on LiMn2O ﬁlms
to prepare the cell structure Li//LiMn2O4 for this study. The chargingdischarging curves of Li//LiMn2O4 cells are shown in Fig. 8(b). The
electrochemical measurements were carried out at the rate of C/100 in
voltage range 2.5–4.3 V. One can expect that the voltage proﬁle would
show a close estimate of open-circuit voltage. Fig. 8(b) shows (i) an
initial potential of about 2.8 V versus Li/Li+ for LiMn2O4 cathode cell,
which is quite interesting for our ﬁrst analysis and future work. The
cell-voltage curves show the typical plateaus often seen for LixMn2O4
cathode ﬁlms. The voltage of every plateau can depend on the ﬁlm
microstructure, and thus, relies on the plasma condition and substrate
temperature. This result is consistent with reported literature
[17,23,28].
Additionally, we wish to point out that the novelty of this work is
intended to investigate and understand the plasma-based process,
which will be useful for the design and synthesis of advanced functional
materials with desired ﬁlm properties for making the LIB device. There
is also the scope of using higher power density, additional bias to the

Fig. 8. (a) RBS spectra and (b) charging-discharging curve of the LiMn2O4
samples deposited with the substrate heating.

substrate, and O2 addition for the MS deposition of LiMn2O4 ﬁlms. The
detailed investigation and thin ﬁlm characterization at diﬀerent operating conditions will be reported in future studies. Also, the scope of
fabricating, characterizing, and evaluating the LIB performance with
anode and electrolyte materials will be reported in our future work.
This study presents the importance of the control of plasma parameters
and EF on the ﬁlm during the LIB ﬁlm processes. It demonstrates how
the plasma characteristics can aﬀect the properties of the deposited
LiMn2O4 ﬁlms. Speciﬁcally, one can tailor the ion EF and the EF on the
substrate to achieve desired ﬁlm properties even without substrate
heating. In this sense, the presented integrated approach of this contribution could provide better insights towards the goal of developing
advanced plasma processes for fabricating electrode materials for LIBs
at room temperature. The investigation of the LIB device using the assembly of cathode, anode, and electrolyte materials will be reported in
our future work.
4. Conclusion
Among the various approaches, plasma-based deposition using
magnetron sputtering (MS) is being widely used as a straightforward
method to fabricate the LiMn2O4 thin ﬁlms as the cathode material for
the LIBs. However, MS deposition processes for the LiMn2O4 thin ﬁlms
suﬀer limitations due to the requirement of high thermal energy using
post-annealing or substrate heating. Here we demonstrate that the
control of plasma parameters near the deposition environment and
8
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energy deposition on thin ﬁlms during their growth is crucial for the
low-temperature deposition of LiMn2O4 thin ﬁlms with desired structural and morphological properties. We report an integrated study to
investigate the plasma characteristics. Then we utilized the plasma
characteristics to study the characteristics properties of the LiMn2O4
thin ﬁlms deposited by RF magnetron sputtering (MS) at various pressures with and without substrate heating. Simultaneous incorporation
of a high ion ﬂux induced by high-density plasma and a high EF environment (using plasma diagnostic) made it possible to fabricate wellcrystallized ﬁlms at room temperature with improved microstructure
and smooth morphology. It also demonstrates the inﬂuence of deposition parameters on the plasma characteristics, ﬁlm growth, and ﬁlm
properties. Also, the functional properties of the deposited ﬁlms were
studied for LIB applications.
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