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ARTICLE INFO ABSTRACT

Keywords: Here, we demonstrated that polycrystalline (Mn,Ni,C0)30, films with a high negative temperature coefficient of
Liquid flow deposition resistance (NTCR) behavior can be achieved at low annealing temperatures (<400 °C) via a liquid flow de-
Cr}_’StalhzaU"n position method. The processing conditions applied to obtain the high-quality films were investigated with focus
Spmelr on the flow rate of the oxidizing agent (H»O,) and annealing temperature (T,). The introduction of an appro-
Anne? 08 priate amount of H,0, solution into the deposition system led to the partial oxidation of Me>* ions (Me = Mn,
Solution process . 34 . X . . . .

Mn-0, Ni and Co) to Me” ™ which subsequently adsorbed to the films, with only little effect on the film surface quality.

304

The pre-existing Mn®* ions enabled the possibility of reducing the final annealing temperature to 300 °C for the
film crystallization with a pure cubic spinel phase. We also studied the dependence of the electrical properties on
the T, in the range of 285-400 °C. It was found that the films were highly conductive and showed a typical NTCR
characteristic at annealing temperatures of 300 °C and above. Notably, at T, = 350 °C, the films exhibited an
absolute temperature coefficient of resistance (TCR) exceeding 2.43% K~ ! together with a moderate resistivity
(p) of < 3kQ cm, indicating their excellent potential for application in infrared detectors. In addition, the films
showed good electrical stability with time, as their aging coefficient (AR/R,) varied in a range of 5.9-6.4% after
500 h of aging in air at 150 °C. To the best of our knowledge, there have been no reports on cubic spinel Mnz04-
based thin films at temperatures below 400 °C.

1. Introduction resistivity and temperature coefficient of resistance (TCR) to be tailored

[9]. It has been found that the partial replacement of Mn ions by other

Spinel oxides with the general AB,O,4 formula are a group of tran-
sition metal oxides which have interesting electronic and magnetic
properties and thus are suitable for various technological applications
[1-6]. Among them, manganite (Mn30,4)-based oxides that exhibit the
negative temperature coefficient of resistance (NTCR) characteristic
have been of technological interest owing to their unusual electrical
properties that permit the uses in temperature sensors and infrared (IR)
detectors [7]. The basic Mn3;0,4 oxide (hausmannite) is known to pos-
sess a tetragonal spinel structure with Mn>* and Mn>* ions occupying
the A (tetrahedral) and B (octahedral) sites, respectively, and it com-
monly shows intrinsic insulating properties [8]. However, the in-
corporation of appropriate transition metal ions into the spinel Mn;04
matrix causes a change in the crystal structure, leading to a remarkable
improvement in its electrical properties. In particular, cubic closed
packed oxygen spinel structure has been found in the Mn304-based
modified with nickel, cobalt and/or copper, allowing both the
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transition metal ions (e.g., Ni, Co and Cu) at both tetrahedral and oc-
tahedral sites alters the spinel structure from its normal state to mixed
state, enhancing the possibility for Mn to adopt multiple oxidation
states [10,11]. The conduction mechanism of such a material is nor-
mally explained in terms of the electron hopping between Mn®* and
Mn** states at the octahedral sites [12,13]. Apart from the redis-
tribution of cations, the valence state of the constituent metal ions (Mn
and other dopants) in the as-prepared materials is of great importance,
as it plays a crucial role in the formation of the crystal structure, and
thus, in the tailoring of the electrical properties. In reality, this factor
strongly depends on the processing aspects, i.e., raw materials, com-
position, synthetic conditions and annealing temperature, which are
completely determined by the preparation method [14-16].
Nowadays, there has been renewed interest in the thin film forms of
Mn30,4-based oxides due to their advantages of stability, reproduci-
bility, and fast output responses, as compared to the bulk and thick film
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counterparts [17,18]. There are various techniques for the preparation
of thin films [19-24], of which the low processing temperature ap-
proaches have attracted immense attention because of their cost-ef-
fectiveness, simplicity, and capability to facilitate large area coverage.
Nevertheless, a film prepared at a low temperature usually requires a
post annealing process as a second step for the crystallization of the
material, so as to improve its electrical conductivity and stability. Ob-
viously, an easy integration of thin films into an ultimate device such as
microbolometer requires the annealing temperature to be as low as
possible to avoid any practical difficulties. Therefore, the exploration of
low processing temperature methodologies that enable the preparation
of crystallized Mn3O4-based thin films has been worth attempting.

Regarding the spinel phase of the Mn3;O4-based compositions,
Wickham et al. built a phase diagram at temperatures above 600 °C for
the nickel manganite ceramic bulk system [25] The authors reported
that a cubic spinel phase could form in materials with suitable com-
positions at a minimum sintering temperature of 705 °C. Later, Tang
and co-workers constructed an expanded phase diagram at lower tem-
peratures to investigate the possible cubic spinel region of oxalate-de-
rived manganite powders [26]. It was revealed that the metastable
spinel phase could form below 400 °C but was then oxidized and de-
composed into NiMnO3; and Mn,0s, at the elevated temperature of
400-750 °C. In practice, typical spinel ceramics were produced through
a sintering process at typical temperatures of 850-1250 °C [27], while
most existing works demonstrated the crystallization at the tempera-
tures above 500 °C for the thin films [28]. Several attempts have been
made to lower the critical temperature for crystallization of thin films,
however the electrical performance of the obtained final products have
been poor [29].

It is known that the Mn®*/Mn?™ ratio is one of the critical factors
for the crystallization of spinel manganite films derived from haus-
mannite Mn3;O, with the general formula AB,O,, consisting of Mn?2™*
and Mn3" cations [30]. Since most synthesis techniques at low tem-
peratures (solution-based routes) such as chemical solution deposition
[19], chemical bath deposition [20], ferrite plating [21], dip coating
[22], and etc, utilize the solutions with Mn?™" cations as the starting
precursor, the as-grown films consist only of Mn®* ions after deposi-
tion. Consequently, it is crucial to oxidize Mn?* to Mn>®* for the for-
mation of spinel phase which must be performed in the solid state
through a series of reactions between Mn®* and oxygen during an-
nealing process. The heat energy provided during annealing must suf-
fice for facilitating (i) the oxidation of Mn®* to Mn®* and (ii) re-ar-
rangement of cations in the lattices in order to form a crystal. It is
considered that, if the Mn®* ions are available in the as-prepared state
of the films, the thermal energy required for crystallization would be
lower, because no more (or less) Mn?* — Mn>" oxidation reactions are
required and thus the annealing temperature can be reduced. To con-
firm this hypothesis, Mn304-based thin films have been prepared by the
liquid flow deposition (LFD) route developed by us and reported else-
where [31]. The results showed that Co-Ni-Mn-O oxides with the cubic
spinel-type structure are formed at 400 °C, yielding highly conductive
films [32]. The facile formation of Mn®* (and also Ni®* and Co®*) ions
via chemical reactions of Mn** (also Ni** and Co?*) with an oxidizing
agent (H,0,) in the liquid solution was highlighted as the key aspect of
the successful fabrication of those polycrystalline films. The advantage
comes from the fact that the oxidation of Mn®* to Mn®* is much easier
to accomplish in the liquid state, rather than in the solid state as in
common cases. Actually, the film structure and morphology are
strongly dependent on the amount of trivalent manganese ions present
in the solution, which is directly affected by the supplied oxidizing
source. This is the reason why the LFD technique was chosen, in which
the flow rate, concentration, and pH of both the reactant and oxidizing
solutions, as well as the substrate temperature can be reasonably con-
trolled, so that Mn?>* — Mn>* oxidation occurs without precipitation
(which is detrimental to the film surface quality) in the deposition
chamber. Those factors eventually allows the formation of smooth films
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with co-existing Mn?>* and Mn®* ions via a heterogeneous nucleation
mechanism. In addition, LFD is known to be a solution-based process
with many advantages, such as not requiring vacuum, low-energy
consumption, and environmental friendliness, that ensures cost effec-
tiveness and allows the use of various substrate types [33].

The fact that the preparation of thin films at low processing tem-
peratures and the specific properties of such films have been rarely
reported so far, led us to investigate the possibility of preparing the
spinel Mn3O,4-based films at temperatures below 400 °C. Accordingly,
thin films of spinel Mn3;0,4 doped with Ni and Co were deposited from a
(Mn_77Nig 20C00.030)Cl» solution via LFD with an optimal concentration
of the oxidizing agent. The morphology, structure, and electrical
properties of the best films were investigated with emphasis on the
influence of the annealing temperature. In addition, the aging behavior
was examined to investigate the stability feature of the prepared films.

2. Experimental procedure

A solution with the composition of (Mn, 77Nig 20C0¢.030)Cl> used for
the preparation of thin films was prepared as follows: 29.239 g of
MnCl,, 2.535 g of NiCl,, and 0.380 g of CoCl, (Sigma-Aldrich) were
dissolved in 3200 mL deionized water with stirring at room tempera-
ture (RT). After the preparation of this solution, 17.117 g of NH,ClL
(Kanto Chemical) was added and mixed for 2 h. The thus-obtained
homogeneous aqueous solution was used as the precursor solution for
thin film deposition. The pH of the solution was adjusted with ammonia
(NH3.H50) to 6.75-6.90 during deposition.

The films were deposited on commercial Si wafer (2.5 X 2.5 cm?)
substrates via the LFD technique as illustrated in Fig. 1. This method
was described in great detail in our previous publication [31]. The
piranha cleaning method was applied to remove all organic matter and
to hydroxylate the Si substrate surfaces, making them extremely hy-
drophilic [34]. The reaction solution was flown into the deposition
chamber at a speed of 400 mL/h, simultaneously with an oxidizing
solution. In this work, we varied the flowing speed (a) of the oxidizing
solution as 25, 50, 75, 100, 125, and 150 (mL/h). During the deposi-
tion, the precursor solution was continuously stirred and the substrate
temperature was maintained at 60 °C. The deposition duration was set
as 8 h for all samples. After their deposition, the films were washed with
deionized water, and then dried at 100 °C for 2 h in an oven. Finally, the
selected specimens were annealed at 285, 300, 350, 375, and 400 °C for
5 h in air (at 5 °C/min heating rate).

An X-ray diffractometer (XRD; Rigaku, Japan) was used to de-
termine the crystal structure of the films. An atomic force microscope
(AFM; Neos, Bruker, Germany) and a field-emission scanning electron
microscope (FE-SEM; JEOL, Japan) were used to examine the surface
morphology of films. The oxidation states of manganese were char-
acterized with an X-ray photoelectron spectrometer (XPS; VG ESCA
3000, Microtech, UK). A Hall effect measurement system (HMS-3000)
was used to investigate the carrier concentration and mobility. The
sheet resistance of the films was measured using a four-point probe
system (VP75, DSF system, Doosung, Korea) composed of a probe sta-
tion, a custom-built automated data acquisition system, and a com-
puter-controlled source meter. A heated stage was also applied to ob-
tain data at different temperatures over the range of 22-115 °C. For the
stability test, the films were aged in an oven at 150 °C (in air) and the
room-temperature sheet resistance was measured at various points
during aging, up to a duration of 500 h. The aging coefficient was de-
fined as AR/R, = (R-R,)/R,, (%), in which R, and R are the resistance at
RT before and after aging, respectively.
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Fig. 1. Flow diagram for thin films prepared from chloride solution using the liquid flow deposition method.

3. Results and discussion

3.1. Optimization of the flow rate of the oxidizing agent for thin film
synthesis

It has been found that the microstructure of as-grown films de-
posited using a MnCl,-based precursor depends on many factors such as
the type of oxidizing agent and its quantity, composition and con-
centration of the reaction solution, solution pH, and deposition tem-
perature. Here, Ni and Co (at small fractions) were selected to tailor the
electrical properties of spinel Mn3;0,4, and we focused on studying the
roles of the oxidizing agent and its amount on the film formation.
Theoretically, the activation energy barrier for heterogeneous nuclea-
tion (AGye) is generally lower than that for homogeneous nucleation
(AGpom) [35]. As the deposition of the film onto a substrate surface
involves heterogeneous nucleation, if the change in the Gibbs free en-
ergy of the solution for liquid — solid phase transformation is
AG = Gyjquid — Gsolid> the AG of film formation should follow the order
of (AGper) < (AG) < (AGpom). In practice, upon the introduction of an
oxidizing reagent into the system, the color of the solution changes
from dark pink to brown red, which is believed to be mainly caused by
the formation of Mn>* cations. The Mn?* — Mn®* oxidation reaction
has been performed not only in film but also in solution, leading to
changes in the Gibbs free energy of the system, which consequently
enables homogeneous nucleation of the oxide in solution. The bulk
precipitates formed in solution as the products of the growth of the
formed homogeneous nuclei cause a change in the color of the solution.
Consequently, for the deposition of films (heterogeneous nucleation),
the oxidation of Mn?* into Mn>* cations is necessary, but precipitation
should be prevented. During the course of our investigation, we found
that the time at which precipitation occurs varies depending on the
amount of the oxidizing reagent used, and thus, it is acceptable if the
precipitates form after leaving the deposition chamber (Fig. 1). In such
a case, the introduction of a reasonable amount of the oxidizing re-
agent, which corresponds to the minimum amount required to start the

of films without contamination. Therefore, we qualitatively optimized
the amount of oxidizing reagent during the film deposition by per-
forming a series of experiments using (Mn, 77Nig 20C00 030)Cl» solution.
In these experiments, the solution color in the deposition chamber was
individually observed through a transparent glass cover, while the flow
rate of the oxidizing solution was changed in steps from 25 to 50, 75,
100, 125, and 150 (mL/h) under constant temperature, solution pH,
solution concentration, solution flow rate, and oxidant concentration,
as shown in Table 1. The following two points should be noted: (i) al-
though sodium nitrite (NaNO,) has been reported as the most suitable
oxidizing reagent for the deposition of ferrite films [36], the solution
color did not change with this oxidant in the present study; however,
the solution color changed with the use of hydrogen peroxide (H,0,).
This confirms the results of a previous article [37], in which the order of
the standard oxidation potential of the materials is NaNO,
(0.9V) < Mn?*/Mn®* (1.51 V) < H,0, (1.8 V), and thus only H,0,
can oxidize Mn?" to Mn®". Next, (ii) with the use of H,O, (5 mM) as
the oxidizing agent, there is no change in the solution color when its
flow rate, ais < 100 mL/h. In contrast, the change in the solution color
to brown-red was observed at @ > 100 mL/h. The thin films obtained
with these various a values were also compared in terms of their mi-
crostructure observed by the FE-SEM (Fig. 2). It is seen that there are
no significant differences in the morphology among films deposited
with ¢ = 25, 50, 75, and 100 mL/h. Nevertheless, the film surface
seems to become slightly rougher with increasing H,O, solution flow
rate, with some foreign bulk materials being found in films formed at

Table 1
Thin film synthesis conditions.

Substrate temperature (°C) 60

Solution composition (Mny,77Nio.20Ct10.030)Cl2

Solution pH 6.65-6.85
Reactant solution rate (mL/h) 400
Oxidizing solution concentration (mM) 5 mM

solution color change (in the deposition chamber) will allow the growth
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Fig. 2. Top view FE-SEM micrographs of thin films prepared at different oxidizing solution flow rate (a).

higher a. At higher H,O, solution rates, the formation of discrete ag-
glomerates rather than a uniform film was observed (¢ = 125 mL/h),
and the substrate surface was mostly covered by a large amount of
precipitate (¢ = 150 mL/h). The particle agglomeration and pre-
cipitation degrade the film quality, which confirms our hypothesis that
the films should be deposited just before the solution color changes in
the deposition chamber. As the smooth microstructure of films is known
to be a primary requirement to ensure the reliability of practical de-
vices, the film deposited with a = 100 (mL/h) was selected for further
investigation in this work.

3.2. Analysis of the microstructure

The microstructural characteristics of the as-prepared and annealed
films were analyzed by the AFM and FE-SEM, as shown in Fig. 3. It is
seen that the as-prepared film shows a sub-nanograin structure with
40-80 nm grains (Fig. 3a) and has a thickness of approximately 450 nm
(Fig. 3i). Larger grains are revealed in Fig. 3b—-d, which were formed
after thermal treatment at different temperatures. Fig. 3j shows an AFM
three-dimensional (3D) topographical image of a film annealed at
375 °C. The image indicates a grain size of approximately 130-300 nm,
which further confirms and supports the grain growth through an-
nealing, as presented in Fig. 3b-d. Fig. 3e-h shows the corresponding
grain size histograms for estimating the average grain size in the films
in Fig. 3a—d. The average grain sizes are 52.4, 107.8, 166.5, and
216.4 nm for the as-prepared film and the films annealed at 285, 350,

and 400 °C, respectively. These results indicate that the average grain
size increases with increasing T,, which is attributed to the higher
thermal energy at higher T,, which enables the diffusion of ions, leading
to grain enlargement and microstructure coarsening [38]. Further, the
average roughness (R,) of film surfaces was calculated and the results
are summarized in Table 2. It is found that R, tends to increase from
32.6 for as-prepared sample to 86.3 nm for sample annealed at 400 °C,
confirming the fact that grain enlargement leads to a rougher surface of
the thin films.

3.3. Structural analysis

Fig. 4a shows the XRD patterns of as-deposited and annealed thin
films. Only broad humps are observed in the XRD pattern of the as-
deposited specimen, indicating their amorphous nature, despite the
presence of both Me?* and Me®* cations (Me = Mn, Ni, and Co), as
confirmed by the XPS data in Fig. 5. For the film annealed at 285 °C, the
XRD humps are reduced, possibly due to the complete evaporation of
the chloride compounds, but no distinct peaks are observed. In contrast,
peaks appear in films fired at 300 °C and above, indicating the poly-
crystalline nature of the films on the Si substrates. The XRD result is in
accordance with the standard card data of cubic spinel NiMn,O,4
(JCPDS card No. 84-0542). No other secondary phase could be de-
tected, which implies that only a single phase of cubic spinel structure
was formed from the amorphous film through heat treatment. Apart
from the (311) peak with the highest intensity due to the preferential
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Fig. 3. AFM image of the films (a) as-deposited, (b-d) annealed at different temperatures: 285 °C, 350 °C and 400 °C. (e-h) The grain size histograms showing its
distribution and average grain size of the corresponding samples in Figs. (a—d). (i) FE-SEM cross sectional image of as-deposited sample and (j) three-dimensional

(3D) AFM topographical image of film annealed at 375 °C.

Table 2
Thin film properties, examined as a function of annealing temperature (T,).

Sample No  Annealing temperature, Crystallite size, Roughness (R,
°C nm nm)

1 As-prepared 32,6

2 285

3 300 6.18 59.5

4 350 9.04 67.8

5 400 14.43 86.3

The average grain size was evaluated from the histogram measured by AFM.
The roughness was calculated using an AFM scanning probe image processor
(SPIP-4.8.2) software included in the AFM instrument.

The average crystallite size (D) was evaluated by using Scherrer's formula [40]:
D= 0%

(B cosé) .
where A is the wavelength of X-ray (1.5406 A), 8 is the full width at half

maximum in radians and 6 is the angle of diffraction.

film orientation along the (311) crystal plane, other peaks corre-
sponding to (111), (220), (222), (400), (422), (511), and (440) planes
are also observed, but with low relative intensities. The temperature of
300 °C that enables the observation of spinel peaks in the XRD pattern
of films deposited in this work is far below the typical sintering tem-
perature (850-1250 °C) of conventional ceramics [27] and the an-
nealing temperature (500-750 °C) of the common thin films
[17,28,29,38]. In our case, the samples annealed at 450 and 500 °C also
exhibit the same XRD characteristics (not shown here) as those of
samples annealed at 300-400 °C, shown in Fig. 4a, except that the XRD
peak intensities are higher. This result implies that decomposition by
oxygen did not occur when the films were heated at 400-500 °C, and
thus, the obtained films are believed to have a stoichiometric spinel
phase. With the elevation of T,, the intensity of the (311) peak in-
creases, implying improved crystallinity of the film, probably because
the high thermal energy provided by high annealing temperature in-
duces the crystallites to orient in appropriate equilibrium sites, conse-
quently promoting the crystallinity and orientation levels of the film
[39]. In addition, the full width at half maximum (FWHM) of the (311)

25540



D.T. Le, et al.

Ceramics International 46 (2020) 25536-25545

N
o
e

311)

—_
=)
N
o
~

(b)

400 °C
375°C
350°C
300°C

Intensity (arb. units)

285°C
As-prepared

1S

20 30 40 50
260 (deg.)

60

w
=
w
9]
w
(=)
w
~
w
=]

20(deg.)

Fig. 4. a) X-ray diffraction analysis of the films, examined as a function of annealing temperature (T,) and b) shift in the (311) peak with T,.

peak tends to decrease with increasing annealing temperature, which is
attributed to the coalescence of crystallites at higher temperatures. This
is also confirmed by the observation that the average crystallite size
(D), calculated using Scherrer's formula [40], increases from 6.18 to
14.43 nm when the annealing temperature is increased from 300 to
400 °C, as shown in Table 1. On the other hand, the (311) peak shifts
towards higher angles with increasing T,, as indicated by the black
dashed line in Fig. 4b, indicating a decrease in the lattice parameter
[41]. As the atomic radius of manganese (1.37 A) is larger than those of
nickel (1.35 f\) and cobalt (1.25 fk) [42], it is reasonable to understand
that the lattice parameter decreases due to the diffusion of more nickel
and cobalt ions into the lattice of Mn3O, at high firing temperatures.
Otherwise, since the samples were annealed in air, the decrease in
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lattice parameter of the spinel may relate to the formation of oxygen
deficiencies [43-45] and/or the oxygen vacancies [46,47].

3.4. XPS analysis

The oxidation states of the elements in the studied samples were
analyzed by the XPS. Fig. 5a shows the XPS survey scan of the as-pre-
pared film; all the peaks can be assigned to Mn, Ni, Co, O, and C. In our
case, the peak of C originates from foreign hydrocarbons of the XPS
instrument itself. In order to identify the oxidation states of Mn, Ni, and
Co, the high-resolution XPS 2p3 , profiles were examined and fitted as
displayed in Fig. 5b—d. The results indicate two peaks for each metal
element, which could be assigned to three oxidation state pairs: Mn**

(b)
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Binding energy (eV)
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Fig. 5. XPS characterization of as-prepared (Co,Ni,Mn);04 film: (a) XPS survey spectrum and high resolution XPS spectra of (b) Mn2p3,», (c) Co2p3,, and (d) Ni2p3 .
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function of annealing temperature (T,).

and Mn>* [48] (Fig. 5b), Co*>* and Co®* [49] (Fig. 5¢), and Ni** and
Ni 3+ [50] (Fig. 5d). Therefore, it is reasonable to conclude that all the
metal elements, Mn, Ni, and Co have 2+ and 3+ valence states in the
as-prepared sample. The presence of mixed cations suggests that Mn?*
Ni?*, and Co®* were partially oxidized to Mn®*, Ni**, and Co>*, re-
spectively, during the deposition of films. In addition, although man-
ganese has various oxidation states (2* to 7*), the results obtained
here (Fig. 5b) clearly confirm that the oxidation of Mn?* with H,0,
results in only Mn>* under the present experimental conditions. We
believe that these pre-existing Mn>* ions induce the formation of the
spinel structure under the provision of heat energy, as demonstrated by
the XRD data of the annealed samples in Fig. 4. On the other hand,
Mn** cations are detected in the samples annealed at 285 °C, as shown
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Fig. 7. Resistance-temperature (R-T) curves of films annealed at (a) 285 °C and (b) 300 °C.

annealed at 300 °C.
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in Fig. 6a, which illustrates that Mn®* is further oxidized to Mn** at a
temperature as low as 285 °C. Furthermore, the Mn** concentration
increases with increasing T, as presented in Fig. 6b, that is in good
agreement with the XRD results. The increase in the Mn** concentra-
tion can be attributed to two possible reasons: (i) when T, increases,
nickel and cobalt are more likely to diffuse into the lattices of the spinel
which enables the migration of the Ni®** cations from the octahedral
sites to the tetrahedral sites, and thus the Mn*" cations are generated
for charge compensation [12,17,19,26,27,38]. (ii) the increase in T,
provides the higher thermal energy which leads some Mn®* to be
oxidized to Mn** cations via the reactions with oxygen. Fig. 6b also
depicts the carrier concentration (N) and carrier mobility (u), de-
termined by using a Hall-effect measurement system. The measured
data shows negative charge values for the film series, demonstrating an
unambiguous the n-type nature and the electrons are therefore assigned
to the major carriers. This is consistent with the result reported by
Jiang. et al. [51], even though the Mn-Co-Ni-O ceramic system has
been considered as a p-type semiconductor [52]. As shown in Fig. 6b,
the elevation of T, from 300 to 400 °C results in an increase of N from
7.57 x 10'% to 123.35 x 10'%cm 3. The improvement of N is most
likely attributed to the increase in the Mn** portion (from 6.39 to
61.43%). This is because more Mn*"* cations produce a larger number
of sites for electron hopping between Mn®* and Mn** [9,26,27]. We
also suggest that the electrons may additionally transport (hopping) via
the Ni2*/Ni®* and Co®*/Co®* pairs along with the Mn®*/Mn** pairs
in the octahedral sites. On the other hand, p increases from 3.9 to
9.18 cm?/V's when T, is rises from 285 to 300 °C. The rapid change in u
demonstrates a significant difference in carrier transport ability be-
tween non-crystallized and crystallized states. Meanwhile, it has been
reported that the lager grain size commonly induces the carrier mobi-
lity, due to the grain boundary effect [53-55]. However, only little
changes in u can be observed in the range of T, = 300-400 °C, re-
gardless of their enlarged grains as shown in Fig. 3. Therefore, it should
be noted that the carrier mobility is mainly determined by the crystal
structure, rather than the grain size of the studied films.

3.5. Electrical properties

The as-deposited films dried at a temperature of 100 °C are amor-
phous and non-conductive. However, the films become conductive after
their crystallization through annealing. In case of the film annealed at
285 °C, the Mn** cations are generated (Fig. 6a) and the film is con-
ductive although its XRD pattern does not show any crystalline peaks
(Fig. 4). This implies that crystalline nuclei were formed and embedded
in the amorphous matrix, but could not be detected by the XRD. For the
films annealed at = 300 °C, the crystallized structure was clearly de-
tected by the XRD, and the conductivity of the film increased rapidly
with the annealing temperature.
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The insert in Fig. 7b shows the plot of In(R/T) versus (1000/T) for the film
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Fig. 8. Dependence on the annealing temperature (T,) of the RT resistivity (p)
and absolute temperature coefficient of resistance (TCR) examined on the stu-
died films.

Fig. 7a shows the dependence of the sheet resistance (R) on the
testing temperature (T) in the range of T = 295-368 K (22-115 °C)
measured by the four-point probe technique for the film annealed at
285 °C. Its R-T curve shows a peculiar behavior: the resistance first
increases with the testing temperature, and then decreases; that is, it
acts like a mixed positive and negative temperature coefficient mate-
rial. This phenomenon demonstrates that the film is an unstable semi-
conductor and is attributed to the incomplete and/or low crystal-
lization. In contrast, the R-T result of the film annealed at 300 °C in
Fig. 7b clearly reveals that the sheet resistance decreases with in-
creasing testing temperature, demonstrating a typical NTCR behavior.
We therefore emphasize that the critical temperature for obtaining
NTCR thin films should be 300 °C. On the other hand, a nearly linear
relationship between InR/T and the reciprocal of the absolute testing
temperature (1000/T) is observed for this film (inset in Fig. 7b). The
linear relationship between InR/T and 1000/T can be attributed to the
hopping transport mechanism, as described by the Arrhenius model
[12,13,18]. A similar result as that shown in Fig. 7b was confirmed for
the other films annealed at temperatures of 350, 375, and 400 °C.

Fig. 8 presents the change in p and absolute TCR at RT, which was
examined as a function of the annealing temperature. The p and TCR
results were derived from the measured sheet resistance (R-T) data
[31]. The p of the film annealed at T, = 285 °C cannot be determined
due to its unstable sheet resistance. However, the result shows
p~8980 Q cm at T, = 300 °C demonstrates a high conductivity beha-
vior. With the increase in T, up to 400 °C, the p decreases continuously
to a minimum value of 541 Q cm. The tendency of p to decrease in
Fig. 8 can be attributed to the increase in the carrier concentration
rather than the carrier mobility, as shown in Fig. 6b. The resistivity has
also been reported to decrease significantly with increasing annealing
temperature (300-500 °C) for thin oxide Co304 films obtained by spray
pyrolysis in a previous publication [56]. Notably, with T, = 350 °C, a
resistivity of 2790 Q2 cm can be achieved, which could be interesting for
the microbolometer application. Until now, various values of TCR have
been reported for bulks, thick films, and thin films of spinel nickel
manganite ceramics, and there has been no report of p of < 3 kQ cm at
synthesis temperatures below 400 °C. On the other hand, the TCR also
decreases with T,, but is maintained between 2.43 and 3.59% K1,
implying a relatively high temperature-sensitive characteristic of the
studied specimens. The TCR values attained in this work are compar-
able to those of the Mn—-Cu-Ni-O films prepared by spin spray [28,29]
and metal-organic decomposition [57] methods annealed at tempera-
tures higher than 400 °C.

It has been reported that the aging coefficient (AR/R) of nickel
manganite films is in the range of 2-20% over a period of ~500 h at
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150 °C in air [58]. In this work, the RT resistance was examined under
the same conditions to show the benchmark performance of LFD films
annealed at 350 and 400 °C. Both films showed a rapid increase in their
sheet resistance in the first 72 h. After that, the resistance increase
became less rapid and the system reached a saturation state after 180
and 160 h of aging in the case of films annealed at 350 and 400 °C,
respectively. From our aging experiments, it is found that the higher
annealing temperature results in a better aging performance. In parti-
cular, after 500 h of aging, the AR/R is 6.4% for the film annealed at
350 °C and 5.9% for the one annealed at 400 °C. These aging coeffi-
cients are little better compared to those of the undoped nickel man-
ganite films prepared by spin-spraying, annealed at 400 °C in Ar [29].

3.6. Growth mechanism and crystallization

For a better understanding, we propose a possible mechanism of
film formation and its crystallization. In the first stage, the possible
chemical reaction in the solution associated with the formation of the
present films may be similar to the case of hausmannite Mn30, films
deposited by the Chemical bath deposition method [20], which can be
represented as

NH,Cl — NH*" + Cl™
NH** + OH™ <> NHzH,0

Me?* cations (Me = Mn, Ni, and Co) combine with NH;(ag.) to
form metal amine complexes, Me(NH3),2", via the following reaction:

Me?* + nNH; <> Me(NH5),2* (n = 1-4)

In this case, the substrates were chemically pretreated by Piranha
cleaning, which creates —OH groups on their surface. Therefore, these
metal amine complexes are adsorbed onto the substrate with these OH
groups, forming a film layer [59]:

Me(NH3),,2* + OH™ — [Me(NH;),]1(OH), (n = 1-4)

When an oxidizing reagent (H,0,) is introduced into the system,
some of the Me?" ions (Mn2", Ni?*, and Co2™) are oxidized to Me®™"
ions, and thus, both Me®>* and Me>* ions are simultaneously included
in the as-synthesized films, which can be represented as,

3[Me(NH3),1(OH), + H,0, — [Me2* Me®"150, + 4H,0 + 3nNH,4

Finally, the crystallization (formation of the spinel phase) of films
through annealing is possible due to the diffusion and re-arrangement
of the Me?>* and Me>* cations in the lattice sites:

> 300°C
—

T,
[Me2*, Me3*][Me2*, Me3*1,0, ° [(Me2+)(Me3+),] O,

4. Conclusion

In this study, spinel oxide thin films were successfully produced on
Si/SiN, wafer substrates via an LFD route using aqueous solution. The
obtained results indicate that the morphological characteristics of the
films depend strongly on the flow speed (a) of the oxidizing solution
(H»0,) during the synthesis. The films with spherical grains were
formed when a was <100 mL/h, whereas particle agglomeration and
precipitation occurred at high H,O, flowing rates (¢ = 125 mL/h),
degrading the film surface quality. The crystallization of the film was
observed to occur at an annealing temperature (T,) as low as 300 °C,
which was attributed to the pre-existence of Mn®* ions in the as-de-
posited film. Furthermore, the increase in crystallinity with T, yielded
the films highly conductive with a typical NTCR characteristic. Notably,
at T, = 350 °C, the films possessed an absolute TCR exceeding 2.43%
K~! and a resistivity of < 3 kQ cm combined with high stability with
only 5.9-6.4% drift in electrical resistance after 500 h of aging. The
presented results suggested that the LFD method benefitted the
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synthesis of high-quality spinel oxide thin films for microbolometers.

Declaration of competing interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This work was supported by the Gachon University research fund of

2018 (GCU-2018-0674) and also supported by the National Research
Foundation of Korea (NRF) grant funded by the Korean government
(MSIT) (No. 2020R1F1A1050885).

References

[1

—

[2]

[3]

[4]

[5

o)

[6

[}

[7

—

(8]
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Epitaxial Growth of Complex Metal Oxides, Woodhead Publishing Series in
Electronic and Optical Materials, 2015, pp. 479-486.

S. Jagtap, S. Rane, S. Gosavi, D. Amalnerkar, Low temperature synthesis and
characterization of NTC powder and its ‘lead free’ thick film thermistors,
Microelectron. Eng. 87 (2010) 104-107.

M.A. Almessiere, A.V. Trukhanov, F.A. Khan, Y. Slimani, N. Tashkandi,

V.A. Turchenko, T.I. Zubar, D.I. Tishkevich, S.V. Trukhanov, L.V. Panina, A. Baykal,
Correlation between microstructure parameters and anti-cancer activity of the
[Mng 5Zno 5] (Eu,Nd,Fe; »,)O4 nanoferrites produced by modified sol-gel and ul-
trasonic methods, Ceram. Int. 46 (2020) 7346-7354.

M.A. Almessiere, Y. Slimani, H. Giingiines, V.G. Kostishyn, S.V. Trukhanov,

A.V. Trukhanovd, A. Baykal, Impact of Eu®>* ion substitution on structural, mag-
netic and microwave traits of Ni-Cu-Zn spinel ferrites, Ceram. Int. 46 (2020)
11124-11131.

K. Dukenbayev, 1.V. Korolkov, D.I. Tishkevich, A.L. Kozlovskiy, S.V. Trukhanov,
Y.G. Gorin, E.E. Shumskaya, E.Y. Kaniukov, D.A. Vinnik, M.V. Zdorovets,

M. Anisovich, A.V. Trukhanov, D. Tosi, C. Molardi, Fe;04 nanoparticles for complex
targeted delivery and boron neutron capture therapy, Nanomaterials-Basel 9 (2019)
494-513.

D.I. Tishkevich, I.V. Korolkov, A.L. Kozlovskiy, M. Anisovich, D.A. Vinnik,

A.E. Ermekova, A.L. Vorobjova, E.E. Shumskaya, T.I. Zubar, S.V. Trukhanov,

M.V. Zdorovets, A.V. Trukhanov, Immobilization of boron-rich compound on Fe;0,4
nanoparticles: stability and cytotoxicity, J. Alloys Compd. 797 (2019) 573-581.
B. Gillot, M. Kharroubi, R. Metz, A. Rousset, Mater. Chem. Phys. 26 (1990) 395 M.L.
Martfnez-Sarrin and M. Morales Sanchez, J. Mater. Chem. 3 (1993) 273.

W. Wei, X. Cui, W. Chen, D.G. Ivey, Manganese oxide-based materials as electro-
chemical supercapacitor electrodes, Chem. Soc. Rev. 40 (2011) 1697.

G. Ashcroft, I. Terry, R. Gover, Study of the preparation conditions for NiMn,O,
grown from hydroxide precursors, J. Eur. Ceram. Soc. 26 (2006) 901-908.

C.L. Yuan, X.Y. Liu, M. Liang, C. Zhou, H. Wang, Electrical properties of Sr-Bi-Mn-
Fe-O thick film NTC thermistors prepared by screen printing, Sens. Actuators, A 167
(2011) 291-296.

A. Basu, A.W. Brinkmana, R. Schmidt, Z. Klusek, P. Kowalczyk, P.K. Datta, A study
of the electronic states of Ni,Mn3_,O4 s thin films using scanning tunneling mi-
croscopy and current imaging tunneling spectroscopy, J. Eur. Ceram. Soc. 24 (2004)
1149-1152.

W. Zhou, L. Zhang, C. Ouyang, J. Wu, Z. Huang, X.F. Xu, Micro structural, electrical
and optical properties of highly (220) oriented spinel Mn-Co-Ni-O film grown by
radio frequency magnetron sputtering, Appl. Surf. Sci. 311 (2014) 443-447.

R. Schmidt, A. Basu, A.W. Brinkman, Z. Klusek, P.K. Datta, Electron-hopping modes
in NiMn,O4 5 materials, Appl. Phys. Lett. 86 (2005) 073501-073504.

A. Sagua, G.M. Lescano, J.A. Alonso, R.M. Coronado, M.T. Fernandez-Diazc,

E. Moran, Neutron structural characterization, inversion degree and transport
properties of NiMn,O, spinel prepared by the hydroxide route, Mater. Res. Bull. 47
(2012) 1335-1338.

M.A. Almessiere, A.V. Trukhanov, Y. Slimani, K.Y. You, S.V. Trukhanov,

E.L. Trukhanova, F. Esa, A. Sadaqat, K. Chaudhary, M. Zdorovets, A. Baykal,
Correlation between composition and electrodynamics properties in nanocompo-
sites based on hard/soft ferrimagnetics with strong exchange coupling,
Nanomaterials-Basel 9 (2019) 202.

M.V. Zdorovets, A.L. Kozlovskiy, Study of the effect of La®>* doping on the prop-
erties of ceramics based on BaTiO,, Vacuum 168 (2019) 108838.

Y. Hou, Z. Huang, Y. Gao, Y. Ge, J. Wu, J. Chu, Characterization of

Mn; 56C00.96Nig 4804 films for infrared detection, Appl. Phys. Lett. 92 (2008)
202115.

A. Feteira, Negative temperature coefficient resistance (NTCR) ceramic thermistors:
an industrial perspective, J. Am. Ceram. Soc. 92 (2009) 967-983.

L. He, Z. Ling, Studies of temperature dependent ac impedance of a negative tem-
perature coefficient Mn-Co-Ni-O thin film thermistor, Appl. Phys. Lett. 98 (2011)
242112,

H.Y. Xu, S.L. Xu, X.D. Li, H. Wang, H. Yan, Chemical bath deposition of haus-
mannite Mn30, thin films, Appl. Surf. Sci. 252 (2006) 4091.

M. Abe, A soft solution processing technique for preparing ferrite films and their

25544

[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]
[30]

[31]

[32]

[33]
[34]
[35]
[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Ceramics International 46 (2020) 25536-25545

applications, MRS Bull. 25 (2000) 51-55.

L.E. Scriven, Physics and applications of dip coating and spin coating, Better
ceramics through chemistry, MRS Proc. III (1988) 717-729.

T.I. Zubar, V.M. Fedosyuk, A.V. Trukhanov, N.N. Kovaleva, K.A. Astapovich,

D.A. Vinnik, E.L. Trukhanova, A.L. Kozlovskiy, M.V. Zdorovets, A.A. Solobai,

D.IL Tishkevich, S.V. Trukhanov, Control of growth mechanism of electrodeposited
nanocrystalline NiFe films, J. Electrochem. Soc. 166 (2019) D173-D180.

T. Zubar, A.V. Trukhanov, D. Vinnik, K. Astapovich, D.I. Tishkevich, E. Kaniukov,
A. Kozlovskiy, M. Zdorovets, S.V. Trukhanov, The Features of the growth processes
and magnetic domain structure of NiFe nano-objects, J. Phys. Chem. C 123 (2019)
26957-26964.

D.G. Wickham, Solid-phase equilibria in the system NiO-Mn,03-O,, J. Inorg. Nucl.
Chem. 26 (1964) 1369-1377.

X. Tang, A. Manthiram, J. Goodenough, NiMn,O, revisited, J. LessCommon Met.
156 (1989) 357-368.

J.L.M. Vidales, P. Garcia-Chain, R.M. Rojas, E. Vila, O. Garcia Martinez,
Preparation and characterization of spinel type Mn-Ni-Co-O negative temperature
coefficient ceramic thermistors, J. Mater. Sci. 33 (1998) 1491-1496.

H. Schulze, J. Li, E.C. Dickey, S. Trolier-McKinstry, Synthesis, phase characteriza-
tion, and properties of chemical solution-deposited nickel manganite thermistor
thin films, J. Am. Ceram. Soc. 92 (2009) 738-744.

Low temperature crystallization of metastable nickel manganite spinel thin films, J.
Am. Ceram. Soc. 95 (2012) 2562-2567.

S. Fritsch, J. Sarrias, A. Rousset, G.U. Kulkarni, Low-temperature oxidation of
Mn30,4 hausmannite, Mater. Res. Bull. 33 (1998) 1185-1194.

D. T Le, C.J. Jeon, K.W. Lee, Y.H. Jeong, J.S. Yun, D.H. Yoon, J.H. Cho, Liquid flow
deposited spinel (Ni,Mn)30, thin films for microbolometer applications, Appl. Surf.
Sci. 330 (2015) 366-373.

D. T Le, C.J. Jeon, K.W. Lee, Y.H. Jeong, J.S. Yun, D.H. Yoon, J.H. Cho,
Characterization of ternary (Ni,Co,Mn)3;0, thin films for microbolometer applica-
tions, J. Alloys Compd. 650 (2015) 415-420.

T.P. Niesen, M.R. De Guire, Review: deposition of ceramic thin films at low tem-
peratures from aqueous solutions, Solid State Ionics 151 (2002) 61-68.

Piranha Solution Safety Guidelines, https://www.concordia.ca/content/dam/
concordia/services/safety/docs/EHSDO19_PiranhaSolutionGuidelines.pdf.

D.A. Porter, Phase Transformation in Metal and Alloy, second ed., Chapman & Hall,
London, UK, 1992.

M. Abe, A soft solution processing technique for preparing ferrite films and their
applications, Mater. Res. Soc. Bull. 9 (2000) 51.

S.W. Ko, J. Li, S.T. McKinstry, Morphology evolution in spinel manganite films
deposited from an aqueous solution, Thin Solid Films 522 (2012) 129-135.

L. He, Z.Y. Ling, Y.T. Huang, Y.S. Liu, Effects of annealing temperature on micro-
structure and electrical properties of Mn-Co-Ni-O thin films, Mater. Lett. 65 (2011)
1632-1635.

V. Patill, P. Joshi, M. Chougule, S. Sen, Sen, synthesis and characterization of
C030, thin film, J. Nanosci. Lett. 2 (2012) 1-7.

P.P. Khirade, S.D. Birajdar, A. Raut, K. Jadhav, Multiferroic iron doped BaTiO3
nanoceramics synthesized by sol-gel auto combustion: influence of iron on physical
properties, Ceram. Int. 42 (2016) 12441-12451.

H. Kong, X. Li, L. Xuan, T. Zhang, Z. Wang, S. Zhang, Y. Hou, Effects of substitu-
tional doping on structural, electrical, and optical properties of nickel manganite
NiMn,O, films, Appl. Phys. A 125 (2019) 93.

AF. Wells, Structural Inorganic Chemistry, fifth ed., Clarendon Press, Oxford, 1984.
M.A. Serry, S.M. Hammad, M.F.M. Zawrah, Phase composition and microstructure
of refractory MgAl,O, spinel grains, Br. Ceram. Trans. 97 (1998) 275-282.

S.V. Trukhanov, Peculiarities of the magnetic state in the system Lag 70Sro.30MnOs.,
(0 = y=< 0.25), J. Exp. Theor. Phys. Lett. 100 (2005) 95-105.

M.V. Zdorovets, A.L. Kozlovskiy, Study of the stability of the structural properties of
CeO, microparticles to helium irradiation, Surf. Coating. Technol. 383 (2020)
125286.

S.V. Trukhanov, 1.O. Troyanchuk, A.V. Trukhanov, .M. Fita, A.N. Vasil'ev,

A. Maignan, H. Szymczak, Magnetic properties of Lag 70Sr.30MnO- g5 anion-defi-
cient manganite under hydrostatic pressure, JETP Lett. (Engl. Transl.) 83 (2006)
33-36.

A. Kozlovskiy, I. Kenzhina, M. Zdorovets, Synthesis, phase composition and mag-
netic properties of double perovskites of A(FeM)O4. type (A=Ce; M=Ti), Ceram.
Int. 45 (2019) 8669-8676.

B.J. Tan, K.J. Klabunde, P.M. Sherwood, XPS studies of solvated metal atom dis-
persed (SMAD) catalysts. Evidence for layered cobalt-manganese particles on alu-
mina and silica. J. Am. Chem. Soc. 113 (19910 855-861.

M.A. Langell, M.D. Anderson, G.A. Carson, L. Peng, S. Smith, Valence-band elec-
tronic structure of Co304 epitaxy on CoO (100), Phys. Rev. B 59 (1999) 4791-4798.
N. Hao, Y. Wei, J. Wang, Z. Wang, Z. Zhu, S. Zhao, M. Han, X. Huang, In situ
hybridization of an MXene/TiO,/NiFeCo layered double hydroxide composite for
electrochemical and photoelectrochemical oxygen evolution, RSC Adv. 8 (2018)
20576.

W. Kong, H. Bu, B. Gao, L. Chen, F. Chen, P. Zhao, G. Ji, A. Chang, C. Jiang, Effects
of preferred orientation on electrical properties of Mn; 56C0¢.96Nip 4804+ 5 spinel
films, Mater. Lett. 137 (2014) 36-40.

T. Yokoyama, et al., Jpn. J. Preparation and electrical properties of sintered bodies
composed of monophase spinel Mn(,_y)C02,Ni;_O04 (0 < x< 1) derived from
rock-salt type oxides, Appl. Phys. 35 (1996) 5775-5780.

Y. Fu, Grain-boundary effects on the electrical resistivity and the ferromagnetic
transition temperature of Lag gCag -MnO3, Appl. Phys. Lett. 77 (2000) 118.

S.V. Trukhanov, A.V. Trukhanov, C.E. Botez, A.H. Adair, H. Szymczak, R. Szymczak,
Phase separation and size effects in Prg 7oBag 30MnOs3 . 5 perovskite manganites, J.



D.T. Le, et al.

[55]

[56]

[571

Phys. Condens. Matter 19 (2007) 266214-266218.

M.V. Zdorovets, A. Arbuz, A.L. Kozlovskiy, Synthesis of LiBaZrOy ceramics with a
core-shell structure, Ceram. Int. 46 (2020) 6217-6221.

A. Louardi, A. Rmili, T. Chtouki, B. Elidrissi, H. Erguig, A. El Bachiri, K. Ammous,
H. Mejbri, Effect of annealing treatment on Co30, thin films properties prepared by
spray pyrolysis, J Mater. Environ. Sci. 8 (2017) 485-493.

C.J. Jeon, Y.H. Jeong, J.S. Yun, W.I. Park, J.H. Paik, Y.W. Hong, E.S. Kim, J.H. Cho,
Electrical properties of copper—nickel manganite thin films prepared by

25545

[58]

[59]

Ceramics International 46 (2020) 25536-25545

metal-organic decomposition, Ceram. Int. 43 (2017) 9291-9295.

D.A. Kukuruznyak, J.G. Moyer, F.S. Ohuchi, Improved aging characteristics of NTC
thermistor thin films fabricated by a hybrid SolGel-MOD process, J. Am. Ceram.
Soc. 89 (2006) 189-192.

Z. Li, Y. Cui, J. Chen, L. Deng, J. Wu, Fabrication of (Co,Mn)30,4/rGO composite for
lithium ion battery anode by a one-step hydrothermal process with H,0, as ad-
ditive, PIOS ONE, 10.1371/journal.pone.0164657.



