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Abstract

In the present study, solution combustion technique has been explored to synthesize Sodium -
alumina (SBA; NaAl;;017) powder and thin films. Three fuels namely urea, glycine and citric
acid have been used to seek the feasibility of synthesizing crystalline SBA powder at low
temperature. Also, the effect of nature of fuels used as well as calcination treatment on phase
evolution and morphology of the as-combusted powder was investigated. Thermal analysis and
X-ray diffraction studies suggest the formation of crystalline SBA powder at temperature as low
as 259 °C, using urea in the combustion reaction whereas other fuels resulted in amorphous SBA
phase and this variation in phase was found due to difference in exothermicity of the fuel used.
Thermodynamic and spectroscopic analyses showed that the exothermicity of fuel depends on
various factors like (i) standard heat of formation of fuel and (ii) the complexation offered by
fuel to metal cations. Furthermore, sodium B-alumina thin film capacitor (metal-insulator-metal)
was also fabricated using urea via spray combustion synthesis. The sodium B-alumina thin film

showed a high dielectric value (g;) of ~21.
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1. Introduction:

Stoichiometric Sodium-B-Alumina (SBA; NaAl;;047) is a layered structure compound consisting
of ‘conduction planes’, where mobile sodium ions (Na*) sandwiched between alternating spinel
structured alumina (Al,O3) blocks [1]. The Na” ions are free to move in conduction planes [2],
but their movement across (perpendicular to conduction plane) the spinel Al,O3 blocks are
restricted by inherent insulating nature of Al,O3; blocks. Applying electric field to SBA film
allows high degree of charge separation imparting high dielectric constant of SBA (~170 at 1
kHz) [3]. High dielectric constant along with high band gap (9 eV) [4] necessary to prevent gate
leakage current when used as gate dielectric layer in thin film transistors (TFTs) makes SBA an

eligible dielectric material to TFTs.

Various methods have been adopted to synthesize SBA powders like conventional solid state
reaction [5], chemical co-precipitation [6], solution spray drying [7], solution spray freezing [8],
vapor phase synthesis [9] etc. Due to overwhelming progress in thin film technologies, SBA
films are also gaining huge interest because of its versatility as a thin film electrolyte in thin film
batteries [10] as well as dielectric layer in thin film transistors [3, 11]. Some mostly used
techniques for SBA thin film fabrication are electrophoretic deposition [10], laser chemical
vapor deposition [12], tape casting [13], magnetron sputtering [14], sol-gel method [3] etc. Most
of these synthesis techniques (both powder and thin film) are not cost effective; as they require
high cost equipments as well as high temperature processing. Since SBA is a high temperature
stable phase [15], high temperature processing is inevitable which limits its usage in various

applications which needs low temperature processing.

Hence in quest of low temperature synthesis of SBA, solution combustion is a viable technique
which compensate externally supplied heat by generating sufficient heat energy in situ [16]. Heat

2



energy generated due to combustion is utilized to synthesize desired materials, with much lower
external heat input. Moderation of the heat generation during combustion is a key factor to
control the evolution of desired phase. Solution combustion technique was extensively used to
synthesize only powders, until Kim et al. in 2011 demonstrated that the same combustible
precursors can be used to fabricate thin films [17]. Since then, these combustible precursors have
been widely used by various thin film fabrication techniques like spin coating [18] and spray
combustion synthesis (SCS) [19] to fabricate thin film devices. Unlike spin coating, SCS is
advantageous to fabricate macroscopically continuous and dense film with desired thickness in a
single step with improved property of devices with an added advantage of enabling large area

device fabrication.

Several attempts have been made to synthesize SBA powders using solution combustion route.
For instance, Mali et al. have synthesized SBA by calcining the combusted powder at 1400 °C,
where citric acid was used as fuel [20]. However, most of the investigations have not been very
efficient to synthesize single phase SBA powders at low temperature and does not provide
detailed study of how different types fuels affects the phase evolution in SBA. Also, there are no
reports on low temperature solution combustion derived crystalline SBA thin films as far as

author is aware of.

Hence, in the present study, solution combustion technique has been adopted to synthesize SBA
powders as well as its thin film at low temperature. Three different fuels i.e. Urea, Glycine and
Citric acid were used to investigate how these fuels alter the combustion reaction and to seek the
feasibility of synthesizing SBA powder at low temperature. Subsequently, SCS was adopted to

fabricate SBA thin films and its dielectric property was evaluated.



2. Experimental Section:

2.1 Powder synthesis:

Aluminum nitrate nonahydrate (Al(NO3)39H,0; Molychem India (98% purity)) and Sodium
nitrate (NaNOs; Nice chemicals, India (98% purity)) were the sources of Aluminum (Al) and
Sodium (Na) respectively to synthesize SBA (Na:Al =1:11). Urea (CH4N,O; SRL Pvt. Ltd India
(99% purity)), Glycine (C;HsNO2; RFCL Limited India (99% purity)) and Citric acid (CgHgOy;
Nice chemicals India (99.5% purity)) were selected as fuel. Stoichiometric amount of all

precursors were taken as per the balanced chemical equations (Equation. 1-3).

Urea as fuel (F1)

33 Al(NO3)s + 3 NaNOs + 85 CH,N,0 = 3NaAl,,0,, + 85€0, + 136 N, + 170 H,0 )

Glycine as fuel (F

99 AI(NO3)3 + 9 NaNOs + 170 C,HsNO, = 9NaAl,, 0, + 340 CO, + 238 N, + 425 H,0 @)

Citric acid as fuel (Fs)

99 AI(NO3); + 9 NaNOs + 85 C4Hg0, = 9NaAl,; 0, + 510 CO, + 153 N, + 340 H,0 ©)

Solution of aluminum nitrate and sodium nitrate is prepared by dissolving stoichiometric amount
of these two salts in 10 ml of Deionized (DI) water. Using water is advantageous over organic
solvents namely 2-methoxy ethanol (2-ME), as aqueous solvent offers less combustion
temperature compared to organic solvents [21]. Precursor solution of each fuel is prepared by
dissolving the respective fuel in 10 ml of DI water solution. The combustible precursor solution
using urea, glycine and citric acid will be referred as Fi, F, and F; respectively hereafter. After
stirring for 30 minutes, homogenized precursor solutions were heated at 90 °C on hot plate
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allowing evaporation of solvent and forming viscous gel. Afterwards the hot plate temperature
was raised to 300 °C to auto ignite the gel and resulted in the combustion with evolution of huge
amount of gases and formation of voluminous, fluffy powder. Subsequently, the powders were
crushed using mortar and pestle to obtain fine structure and calcined at different temperatures

ranging from 600 °C to 900 °C at an interval of 100 °C for 2h of soaking time.
2.2 Capacitor fabrication:

The precursor employed for powder synthesis is further adopted for spray combustion to
fabricate thin film. Prior to spray coating, the solvent cleaned indium tin oxide (ITO,
Luminescence technology corps, 50 x 50 x 1.1 mm; 15 Q) coated glass is preheated at a
temperature of 300 °C. A nitrogen gas assisted sprayer (AB-15, nozzle diameter 0.3 mm) is
loaded with precursor and held at a distance of 15 — 20 cm from the ITO substrate and sprayed
the solution for 20 s repeatedly four times. The film fabricated at 300 °C was further annealed in
furnace at 600 °C for 2 h. Here, ITO is acting as a bottom electrode; in order to complete the
fabrication of thin film capacitor, 0.3 x 0.3 cm? pad of gold was then thermally evaporated on to

SBA film, which serves as top contact electrode.
2.3 Characterization tools:

To understand the thermal behavior of the dried gels (obtained by subjecting the solutions in hot
air oven at 80 °C for 24h), they were subjected to Thermogravimetric analysis (TGA;
PerkinElmer, Thermo-gravimetric Analyzer TGA 4000) and Differential scanning calorimetry
(DSC; NETZSCH DSC 404 F1) at heating rate of 10 °C/min in N, atmosphere (30 ml/min). To
measure the AI** ions concentration in each solutions, Inductively coupled plasma-Optical

emission spectroscopy (ICP-OES; Thermo Fisher Scientific iCAP 7200) was carried out. Phase



analysis and crystallite size calculation were performed using X-ray diffraction (XRD; RIGAKU
Miniflex 600) pattern recorded using Cu-K radiation at scanning rate of 2 °/min. Instrumental
broadening was removed using standard silicon powder. Scanning electron micrographs were
recorded to study the powder morphology from Scanning Electron Microscope (SEM; JEOL
model JSM 6380 system) with an energy-dispersive X-ray spectroscopy (EDS) attachment at an
accelerating voltage of 20 kV. Morphology of the particles were observed using Transmission
Electron microscopy (TEM; JEOL JEM-2010, Japan) operated at 100 kV. Phase analysis of thin
film SBA was carried out using Glazing Incidence angle X-ray diffractometer (GIXRD; Philips
PW 3040/60) at an incidence angle of 0.1 degrees using Cu-K radiation at scanning rate of 2
°/min. X-ray photoelectron spectroscopy (XPS; PHI5000VersaProbell) was performed on SBA
thin film to determine the composition and chemical state of elements present in SBA film using
Al Ka radiation (~1486.6 eV). Deconvolution of Oxygen 1s spectra was done using Gaussian-
Lorentzian peak function after Shirley background subtraction. The thickness of the film was
measured by using profilometer (Ambios XP-2 Profilometer, SN 167). Capacitance measurement

was performed using CVU module of a Keithley 4200-SCS and Novocontrol in ambient.
3. Results and Discussion:
3.1 TGA/ DSC analysis:

Thermal analysis is one of the appropriate way to understand the combustion pathways in the
system, especially combustion parameters like combustion temperature (T.; temperature at which
auto ignition starts) and the amount of heat evolved during combustion reaction. Combustion
reaction is marked by sudden weight loss and accompanied by evolution of heat energy at same

temperature. The TGA thermograms and its 1% derivatives of the dried gel of each fuel is shown



in Fig. 1(a-c). As it can observed from the TGA thermograms, mass loss in F; happens in single
step where as in F, and F3 mass loss occurs in multi-step. There is continuous weight loss in all
the systems up to 100 °C which is due to solvent evaporation, followed by sudden weight loss of
approx. 75% at 257 °C, 60 % at 190 °C and 43 % at 167 °C in Fy, F, and F3 respectively. The
sudden weight loss is accounted by escape of huge amount of by product gases evolved due to
combustion (Table 1). Further, there is no weight loss observed in F; beyond 257 °C, suggesting
the combustion reaction is completed with complete burning of the fuel, which could be further

ascertained by the white color of the as-combusted powder (inset in Fig. 1(a)).

But in F,, there was a continuous weight loss of approximately 9 % upto 600 °C, which reveals
that the combustion reaction is not sufficient to remove carbonaceous residue and some higher
temperature is required to remove all the residue. The presence of carbonaceous residue could
also be confirmed from black color of as-combusted powder, which later changes into white

color when calcined at 600 °C for 2h (inset in Fig. 1(b)).

The multistep weight loss in Fs, suggests the formation of some intermediate compound after
combustion reaction. This intermediate product is namely aconitic acid or citraconic acid which
is formed as a pyrolytic product of citric acid, inferred from brown color appearance of as-
combusted powder (inset in Fig. 1(c)) [22]. The aconitic acid or citraconic acid decomposes with
a weight loss of approximately18 % upto 400 °C as depicted from the TGA curve (Fig. 1(c)).
This was further confirmed from change in color of as-combusted powder from brown to black
when as-combusted powder was heated at 400 °C for 2h (inset in Fig. 1(c)). Further, weight loss
of 15 % was recorded upto 600 °C, which was mainly due to burning of carbonaceous residue to

CO; and going off the system. The TGA analysis of all the gel suggests that, in case of F; the as-



combusted powder is free from carbon residues (white powder) and no further calcination is

required to obtain pure SBA powder.

To aid the further interpretation of the combustion processes of Fi, F, and F3 systems, TGA was
supplemented by DSC analysis. The DSC thermograms of F;, F, and F3 are shown in Fig. 2(a-c).
Broad endothermic peaks around 92 °C, 110 °C and 110 °C in Fig. 2(a-c), is attributed to solvent
evaporation. Additionally, two endothermic peaks are also observed around 147 °C and 470 °C
in Fig. 2(c) which is due to the removal of bound water and carbonaceous residue respectively.
Sharp exothermic peaks at 259 °C, 189 °C and 169 °C as observed in Fig. 2(a-c), are due to the
redox reaction between fuel metal complex and nitrate releasing huge amount of heat energy
[16]. These exothermic peaks in DSC and the sudden weight loss in TGA are concurrent at same
temperature suggesting the combustion temperature (T¢) to be 259 °C, 189 °C and 169 °C in Fy,
F, and F3 respectively. The enthalpy of combustion reaction (AH) or in other words the amount
of heat energy released during combustion reaction calculated using DSC is tabulated in Table 1.

The difference in exothermicity as observed in F;, F, and Fscould be explained by considering
the factors like(i) standard heat of formation of each fuel (AHfO) and(ii) complex formation

capability of fuels with metal ions.

The amount of heat released during combustion reaction or the heat of the reaction can be

calculated theoretically from the equation mentioned below [23].
Q= AH = AH;(products) - AH; (reactants) 4)

Where Q or AH is the heat of the reaction (enthalpy of the combustion reaction), AH; is the

standard heat of formation of each component.



AH; (products) = AH;(NaAly;0,,) + AH(H,0) + AH:(CO,) + AH;(N,) (5)
AHg(reactants) = AH;(Al(NO3)3) + AH;(NaN03) + AH; (fuel) (6)

From the above equations, it is evident that, the heat evolved during combustion reaction (AH)
could be maximized by maximizing the difference in AH; of products and reactants. Since the
products obtained in all the three cases of combustion reactions are theoretically same (Equation
1-3), it is easily understood that (AH) of combustion reaction is significantly affected by AH; of
reactants and more precisely by AH;(fuel) (Equation 6). Thus, (AH) of combustion reaction can
be altered by selecting different types of fuels. Since, all the fuels used in the present study have
negative AH; (see Table 1); increase in its negative value will certainly decrease the AH value,
evident from Equation (4). Since urea have the least negative AH}(-333.5 kJ/mole) and citric acid
has the most negative AH;(-1543.8 kJ/mole) value, theoretically, the heat evolved during

combustion will be least in F3 and highest in F;. The same was also observed experimentally.
The amount of heat evolved during combustion reaction (obtained from DSC) in F; reached

highest value (1452.4 J/g) while it was least in F3 (161.9 J/g).

However, there is significant difference in AH of F; (1452.4 J/g) and F, (415.7 J/g), although
there is not much difference in AH; of urea (-333.5 kJ/mole) and glycine (-528.5 kJ/mole). This

could be accounted by yet another important factor; complexation of metal cations with different
fuels. The heat energy evolved during combustion reaction is due to a redox reaction between the
oxidizer (nitrate) and reducer (fuel). During the redox reaction, there is transfer of electrons
between the two species and stored chemical energy is converted into heat energy. This suggest

that intensity of redox reaction depends on number of electrons taking part in the redox reaction.



Complexation involves ligand and electrons in the chelation with metals which will reduce the
effective number of electrons to take part in the redox reaction [24]. Consequently, the intensity
of redox reaction (and thus the heat energy evolved due to redox reaction) between metal fuel
complex and nitrates will drop down significantly, as there will be fewer number of electrons to
take part in redox reaction due to complexation. Hence, more complexation may lead to

reduction in the intensity of the combustion reaction.

Complexation of metal cations with fuel primarily depends upon the type of ligand groups
present in the fuel. For instance, urea has only amine group at both ends, while glycine has amine
group as well as carboxylic group at two ends to form complex with metal cations (Fig. S1). This
will certainly create difference in the complexation capability of both the fuels. To study the

extent of complexation of each fuel with AI**

ions, ICP-OES was performed and results are
shown in Fig. 2(d). As observed, the concentration of free AI** ions is least in Fawhile compared
to F; and F3, which indicates that glycine forms good complex with metal ions as compared to
urea (F1) and citric acid (F3). This is due to presence of carboxylic group at one end and amino
group at other end (Zwiterionic character) which equip glycine with a unique ability to form
complex with metal ions of varying ionic sizes [25]. Since glycine forms good complex with

metal cations compared to urea, it is obvious that F, will have lesser evolution of heat energy

during combustion as compared to F;.

Furthermore, combustion temperature (T;) of the solution is also contingent upon the
decomposition temperature (Tg4) of the fuel used in the reaction as demonstrated by Manukyan et

al. [27]. This holds true in the present study too. The T4 of each fuel and T of the reaction is
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tabulated in Table 1, and from a close inspection, we can infer that the T, is certainly affected by
the T4 of fuel. For instance, urea starts to decompose at 250 °C and the combustion in Fy is
observed at 259 °C (Table 1), which are close by temperatures. Similarly, from the experimental
studies it is observed that T. of F, and F; is at 189 °C and 169 °C respectively, while the
decomposition temperature of glycine and citric acid starts at 180 °C and 165 °C respectively
(Tablel), which also represent that combustion temperature (T.) of the solution and
decomposition temperature (T4) of the fuel does not have much variation. Since the two
temperatures are nearby, it reveals that indeed Ty is an influential factor for determining T.. So
while selecting a fuel, its decomposition temperature should also be taken care of, in order to

synthesize any material at low temperature by combustion route.

Hence, from the above thermal analysis it can be summarized that, fuel plays an important role in
combustion synthesis, as selection of fuel helps in tuning the exothermicity as well the

combustion temperature of the reaction.
3.2 XRD analysis of SBA powder:

The XRD spectra of powders produced from F; (urea based solution) is shown in Fig. 3(a). The
XRD pattern of as-combusted powder as well as of powders calcined at different temperature
suggest the formation of SBA phase and peaks are in well agreement with JCPDS card number
32-1033. Since SBA crystallizes in hexagonal crystal structure [29], lattice parameter is

calculated using Equation (7) and values are tabulated in Table S1 (supplementary information).

w1 (E)+ () g
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Where d is the distance between adjacent planes, (hkl) is the Miller indices, a and c are lattice
parameters. The single peak around 20 = 29° of Bragg angle, in the as-combusted powder,
correspond to unreacted Na (JCPDS card number 003-0598). The presence of Na may be due to
very short time span of combustion reaction which may not be sufficient for all the Na atoms to
diffuse into the SBA crystal structure. However, the Na peak disappears when the powder is
calcined at 600 °C for 2h, suggesting diffusion of Na into the SBA crystal structure. This is quite
possible, as sufficient time is available for Na diffusion into the SBA crystal structure (2h of
calcination at 600 °C against very short time span of combustion reaction). This could primarily
be confirmed by the lattice parameter change along c- axis in SBA crystal structure. As noted in
the earlier studies, the deficiency of Na* in the conduction plane of SBA crystal structure will
cause lattice parameter reduction along c-axis due to the collapse of the Al-O-Al interconnecting
bridge and layers move closer to each other along c- axis [30]. The lattice parameter along c-
axis of as-combusted SBA powder is 22.0541 A, whereas of SBA powder calcined at 600 °C is
about 22.5202 A (see Table S1). The slight increase in the lattice parameter in the powder
calcined at 600 °C clearly suggests that Na has diffused into the SBA structure. The formation of
SBA phase in as-combusted powder produced from F; at extremely low temperature is attributed
to the highly exothermic reaction observed in F;i. The crystalline SBA phase is retained and no

further phase changes were observed upto 900 °C.

The XRD pattern of powder produced from F, (glycine based solution) is shown in Fig. 3(b). As-
combusted powder shows a broad peak at around 26 = 22°of Bragg angle, which corresponds to
formation of a secondary NasAlO, phase (JCPDS card number 037-0208). The primary reason
for this phase to form is low exothermicity of the combustion reaction in F,, which may not be

sufficient to form the desired SBA phase. Further, it can be seen that crystallization of a new
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phase in the powder begins at 700 °C with simultaneous reduction in intensity of NasAlO, peak.
This new phase could be matched with mullite like alumina (m-Al,O3) phase (JCPDS card
number 12-0539). This phase is reported to be stable from 700 °C to 1000 °C [31] and is
regularly observed as an intermediate phase while synthesizing SBA, where processing
technique involves molecular level mixing of precursors- solution combustion also falls in the
same category [32]. Furthermore, a small quantity of SBA phase could have also formed at

temperature above 800 °C, as some SBA peaks (low intensity) were also observed in Fig. 3(b).

The XRD pattern of powder produced from F; (citric acid based solution) is shown Fig. 3(c). The
as-combusted powder seems to be amorphous in nature possibly due to low exothermicity of the
combustion reaction. Further, when the same powder was calcined at higher temperature,
transformation from amorphous to crystalline m-Al,Oz phase was observed. As seen in Fig. 3(b)
and 3(c), the XRD peaks became sharper with increase in the calcination temperature, indicating

enhancement in the crystallinity of the powders.

Mullite like alumina (m-Al,O3) phase is reported to crystallize in two different crystal structures;
tetragonal and orthorhombic. The presence of the respective phases can be distinguished from
XRD spectra: a doublet in the XRD peak at 206 = 26° is a representative of an orthorhombic
phase formation whereas a singlet at the same position accounts for tetragonal phase [33]. As
seen from the inset of Fig. 3(b) and 3(c), the peak around 26 = 26° has single reflection,
suggesting tetragonal phase formation of m-Al,O3.Thus, lattice parameter of m-Al,Osis
calculated using Equation (8), as given below (used for tetragonal crystal structure) and the

calculated lattice parameter values are tabulated in Table S1 (supplementary information).

- )+ () ©
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Where d is the distance between adjacent planes, (hkl) is the Miller indices, a and c are lattice
parameters. The lattice parameter values calculated are around: a = 7.7592 A and ¢ = 2.92667 A

and are in well agreement with previous literature [34].

Moreover, an interesting phenomenon can be observed in XRD patterns of powders produced
from F, and F3 (Fig. 3(b) and 3(c)). The m-Al,O3 phase crystallization starts predominantly at
700 °C, in the powders produced from F,, whereas the same is observed in F3 at 800 °C. This
difference in crystallization temperature of m-Al,O3 phase may be attributed to different types of
fuels used and their difference in complex formation ability with metal cations. Various
researchers found that the crystallization temperature of SBA and their intermediate phases like
m-Al,O3 increases, as Al,O3 content of the powder increases [35, 36]. Complexation of fuels
with metal cations results in presence of cations in final product which in turn may vary the
formation of Al,O3; phase and its total quantity in the final product [37]. From the ICP-OES

I3

analysis (Fig. 2(d)) it can be observed that concentration of free Al°" ion is less in F,than F3. So

I** jons may affect the in-situ formation of Al,O3;

here, it can be said that concentration of free A
lesser concentration of free AI** ion results in lesser amount of in situ Al,O5 formation, which in

turn curtails the crystallization temperature of m-Al,O3 phase in powder produced from F».

The crystallite size of the various powders (as-combusted and calcined at different temperatures)

is calculated using Debye Scherer formula (Equation 9-10).

t= (sors) ©)

B = \/:Bszample - iznstument (10)
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Where t is the crystallite size, A is the wavelength of the radiation (1.54056 A for CuK,
radiation), 0 is the peak position, 3 is the corrected FWHM obtained by subtracting the
instrumental broadening (Binstrument) from the as obtained FWHM from the powder (Bsample) as
shown in Equation (10). The crystallite size of powders obtained from F;, F, and Fsas a function
of temperature is shown in Fig. 3(d).Comparing the crystallite size of powders calcined at 800 °C
(as all powders are well crystallized at this temperature), it is observed that powders obtained
from F; has the highest crystallite size (56 nm), possibly due to highest exothermicity of
Fisolution, while compared to F, and Fs.Moreover, it is also observed that, as calcination
temperature increases, the crystallite size also increases, which is quite natural phenomena
observed in calcination of powders. Hence from the phase analysis it is evident that fuel has an

important role to play in obtaining crystalline SBA phase.

3.3 SEM analysis of SBA powder:

To study the morphology of the produced powders, they were subjected to SEM analysis as
shown in Fig. (4-6). The SEM micrograph of powder (as-combusted) produced fromF; is shown
in Fig. 4(a) where layered structure could be observed which resembles with layered structure of
SBA. Further, elemental analysis of this layered structure is done with energy dispersive
spectroscopy (EDS) analysis (Fig. 4(c)), which shows that the atomic percent of Na:Al is
approximately 1:11; similar to stoichiometric ratio of Na and Al in SBA (NaAl;;017). In the
same powder (as-combusted), growth of some rod like particles are also observed as shown in
Fig. 4(b). The rod like morphology could be attributed to instantaneous high temperature reached

during combustion reaction.
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Plate like hexagonal particles could be observed in the powder (produced from F;), while
calcined at 900 °C as shown in Fig. 4(d). Similar plate like hexagonal particle morphology was
observed by Mali et al. in their work, while they calcined the as-combusted SBA powder at 1400
°C for 1 hour [20]. Presence of plate like hexagonal particles could be a confirmation of

formation of SBA phase, as SBA has hexagonal crystal structure.

The SEM micrograph of powder (as-combusted) produced from F,is shown in Fig. 5 (a) where
pores in the powder could be observed. During combustion reaction different types of gases like
N2, CO,, H,0 evolves, leaving behind pores in the powder (moles of gases evolved per mole of
product formed is shown in Table 1). In addition to that, these gases also assist in dissipating the
heat energy generated during combustion which prevents particle growth. The calculated mean
pore size in the powder is around 0.45+0.26 um. Moreover, the powder calcined at 900 °C shows
two different morphologies viz. (i) hexagonal particles and (ii) needle like particles, as shown in
Fig. 5(b) and (c). Presence of hexagonal shaped particles could be attributed to presence of small
trace of SBA (Fig. 5(b)) and needle like particle morphology could be attributed to the presence
of m-Al,O3 phase, which is in good agreement with the XRD analysis. It has been reported that
m-Al,Oj3 prefers to crystallize in needle like morphology or plate like morphology [20, 38, 39].
However, needle like morphology is reported to show improved mechanical properties and

thermal shock resistance over plate like morphology [40].

Similarly, powder (as-combusted) produced from F3 also contains pores as seen in Fig. 6(a). The
calculated mean pore size is around 1.37 £ 0.84 um, which is slightly higher than pore size in
powder obtained from F, (see Table 1). This difference in pore size may be due to difference in
heat energy generated during combustion reaction in each fuel. Higher heat energy evolved

causes coalescence of the particles, which in turn may lead to pore size reduction. However, the
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powder calcined at 900 °C resulted in two different morphologies viz. (i) needle like tubes along
with (ii) tape like structures. Similar needle like tubes have been observed by Soares et al., when
they attempted to synthesize m-Al,O3 phase by decomposing topaz [41]. The phase evolution in
XRD at different temperature and their corresponding morphology are in good agreement with
each other. Hence, it can be summarized that the morphology of the produced powder by
solution combustion route, depends on the type of fuels used (as different fuel offers different

properties in terms of complexation, exothermicity, and gases evolved during combustion etc.).
3.4 TEM analysis of SBA powder:

The TEM micrographs of powder produced from F; is shown in Fig. 7(a-c). As-combusted
powder shows agglomerated particles with irregular morphology (Fig. 7(a)). Moreover, some rod
like particles are also observed in the as-combusted powder, as shown in Fig. 7(b). One particle
with uniform diameter of around 52 nm is seen, whereas in case of the other two rod like
particles, it is observed that, the diameter of the rods have increased slightly than the nose of the
rods, and hence these particles look distorted rod like structure. This might be due to the high
exothermic heat generated In Fi, caused sintering of the rod like particle with some other
particles. The selected area electron diffraction (SAED) pattern (inset in Fig. 7(b)) confirms the
presence of polycrystalline SBA. The interplanar spacing is measured from the high resolution

lattice image, which is found to be 3.92 A as shown in Fig. 7(c).
3.5 XRD analysis of SBA thin films:

As inferred from the powder studies, among the three fuels used (i.e. urea, glycine, citric acid)
crystalline SBA was obtained only from F; in the as-combusted powder and thus F; was used to

prepare the thin films of SBA via spray combustion synthesis. The XRD of the fabricated thin
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film using F; at two different temperatures is shown in Fig. 8. As observed from Fig. 8, the film
fabricated at 300 °C shows amorphous state of SBA with an intense peak of Na. The formation
of amorphous SBA phase could be understood from the fact that, the higher exposed surface of
film as compared to powders causes’ significant heat dissipation (which was generated during
combustion reaction), leading to inefficient utilization of generated heat in the film for crystalline
SBA phase formation. This result is quite different from XRD of the powder (as-combusted)
using the same solution where we obtained crystalline SBA phase. Moreover, the presence of Na
peak in the film, could be due to short span of time (as combustion happens very fast), which is
not sufficient for diffusion of Na in to the B-Al,Oj3 lattice. However, when the film was heated at
600 °C for 2h, it started to crystallize and forms crystalline SBA phase along with disappearance
of Na peak, which could be due to diffusion of Na atoms into the SBA lattice structure. Similar
phenomena were also observed in the as-combusted powder obtained from F; (Fig. 3 ().
Obtaining a crystalline SBA film at such a low temperature could be due to the high amount of
heat energy generated initially in the F; system. Generally SBA film exhibits amorphous nature
until heated at elevated temperature; for instance Zhang et al. reported solution processed
crystalline SBA film at 1000 °C treated for 15h [42]. But, with the aid of heat generated during

combustion reaction one can successfully obtain crystalline SBA film at 600 °C for 2h.

3.6 XPS analysis of SBA thin films:

To have a better understanding of the elemental composition in the SBA film, GIAXRD was
supplemented by XPS analysis. Fig. S1 in the supplementary information shows the XPS survey
scan of the SBA films fabricated at 300 °C and 600 °C using F;. The XPS peaks centered around

73.6 eV, 1072 eV and 531 eV, as shown in Fig. S1, represents aluminum (Al2p), sodium (Nals)
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and oxygen (O1s) binding energies respectively which confirms the presence of Al, Na and O

atoms in both the SBA films.

Further, to investigate the different chemical states of oxygen atom in the films , O1s spectra was
deconvoluted into three principal peaks centered at 530.6 eV, 531.7 eV and 532.6 eV, as seen in
Fig. 9 (a) and (b).The peak area, FWHM and reduced y2 data can be found in Table S2 of the
supplementary information. The 1% peak centered at 530.6 eV corresponds to M-O-M lattice
species and reflects the metal oxide formation. The 2™ peak centered at 531.7 eV reflects the
formation of bulk or surface metal hydroxide (M-OH) species. The 3" peak centered at 532.6 eV
is attributed to weakly bound (M-OR) species like H,O and CO, [43]. The presence of M-O-M
lattice species is important to a dielectric material for improving dielectric constant and leakage
current properties. However, the presence of hydroxyl species (M-OH) is detrimental to
dielectric property, because it enhances the leakage current by providing a conduction path for
electron flow in the dielectric materials [44]. So, higher percentage of M-O-M lattice formation
is desired over the other species like M-OH and M-OR, though their (M-OH and M-OR)

presence is always observed in solution processed metal oxides (MOx).

The concentration of each oxygen binding states (M-O-M, M-OH and M-OR) in SBA film can
be calculated by taking ratio of each peak area to the total Ols peak area. As observed in Fig.
9(a), the SBA film fabricated at 300 °C shows higher percentage of M-O-M lattice species (about
47 %) than M-OH species (about 37%). Generally, at lower temperatures (<300 °C), it is
observed that concentration of M-O-M will be less as compared to M-OH concentration, due to
insufficient energy available for M-O-M lattice formation. But in present study, the
concentration of M-O-M species is quite high compared to M-OH species. In addition to high

heat energy generated during combustion reaction, lattice enthalpy of metal oxide (AH,) could
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also be crucial in M-O-M lattice formation [43]. Hennek et al. observed that metal cations whose
AH, is more, compared to other metal cations, favors more M-O-M lattice formation [43]. Since
Al**is also reported to have high AH, [43] we can assume that AH, factor is also playing a role in
enhancing the M-O-M concentration in SBA film fabricated at 300 °C. Moreover, the film
fabricated at 600 °C shows further increase in the M-O-M concentration (56 %) over other
species, as seen in Fig. 9(b). This increase is obvious because higher processing temperature

favors M-O-M formation.

Nals and Al2p representative spectra of SBA thin film are shown in Fig. 9(c) and (d)
respectively. As discerned from Fig. 9(c), the Nals peak at 600 °C is slightly shifted towards
higher binding energy state with respect to Nals peak at 300 °C. This shift may be accounted for
change in state of Na atoms in SBA film as observed in GIAXRD studies (Fig. 8). At 300 °C,
presence of unreacted Na was observed (reason explained earlier), whereas at 600°C the Na
atoms diffused into the SBA lattice (Fig. 8), which would have changed the ionic state of Na,
that led to peak shift of Na. However, no such shift in binding energy of aluminum (Al2p) was

observed in SBA films.
3.7 Capacitance measurement:

The schematic as well as the fabricated device is shown in Fig. 10. The capacitance response as a
function of frequency and voltage is shown in Fig. 11. From Fig. 11(a), one can infer that the
capacitance of the capacitor reduces as frequency increases, which is obvious as the polarization
response time is limited by the ion mobilities in the dielectric layer [3]. The dielectric constant of

SBA film is calculated from the equation given below.

EoErA
da

C= (11)
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Where C, &, &, A and d are the capacitance offered by the capacitor, permittivity of free space,
relative permittivity of the dielectric material, effective area of dielectric layer between the two
electrodes and the thickness of the dielectric layer respectively. The thickness of the film is
around 800 nm as obtained from profilometer. The dielectric constant of SBA film calculated
from the Equation (11) is around 21 at 1 kHz, which is 3 times higher than the solution processed
pure Alumina (Al,Os; & ~ 7.1) film [21]. High dielectric constant of SBA compared to pure
Al,O3 is certainly due to incorporation of Na ions into Al,Oj3 structure. However, the capacitance
per unit area value (~30 nF/cm? at 1 kHz) is lower than the value reported by Pal et al. (800
nF/cm?at 1 kHz; [3]). Moreover, the capacitance value of 2.1 nF at 1 kHz obtained in the present
study is quite higher than the capacitance value reported by Lang et al. (~22 pF at 1 kHz)[4]. The
difference in capacitance value in the present work compared to previous works, could be due to
the different types of processing techniques employed to fabricate SBA film. Pal et al. fabricated
SBA film using sol gel route while Lang et al. fabricated SBA film using reactive molecular
beam epitaxial growth. In the present work, spray combustion synthesis technique was employed
to fabricate SBA film. It is obvious that, films fabricated via different techniques will have
different types of film morphology and will have different interfacial properties when in contact
with other films. Liu et al. in their studies on SBA revealed that, the high capacitance value
obtained in SBA based capacitors may be attributed to electric double layer capacitance (EDLC)
formation, due to polarization of alkali ions at the SBA/ electrode interface [45]. Since interface
of SBA/ electrode controls the EDLC formation, a future study could be dedicated to understand
how the capacitance of SBA based capacitors changes when interface between SBA/electrode is

altered.
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Capacitance voltage measurement were also performed at 1 kHz operating frequency and is
shown in Fig. 11(b), where we can observe that there is not much variation in capacitance over
the entire voltage range from 3 V to -3 V. Good capacitance-voltage linearity is obtained here
and such characteristic of dielectric is highly desirable when used as a gate dielectric in metal
oxide semiconductor field effect transistors and passive component in analog and mixed signals

(AMS) integrated circuits [46].

Conclusion

Sodium B-alumina (SBA; NaA;0;7;) powder has been synthesized via versatile solution
combustion technique using urea, glycine and citric acid. Among the three fuels used, urea
showed highest combustion temperature (259 °C) and highest heat energy evolved (1452.4 J/g),
whereas, citric acid showed the lowest combustion temperature (169 °C) as well as least evolved
heat (161.9 J/g). Hence, crystalline SBA powder could be produced using urea in the as-
combusted state itself without further calcination. On the other hand, powders produced from
glycine and citric acid, were initially of amorphous nature, which might be due to lower
exothermicity of the fuels and started to form m-Al,O3 when calcined. From the thermodynamic
and spectroscopic analyses it was observed that the exothermicity of different fuels used in the
combustion reaction, mainly depends on the standard heat of formation of fuels and the
complexation offered by the fuels to the metal cations. From the morphological analyses a very
interesting fact was noticed, which showed that different morphologies of powders could be
produced using different fuels and calcination treatment. SBA film fabricated using urea yielded
crystalline SBA phase at 600 °C. Presence of Na, Al and O in the SBA film was confirmed using

XPS and the film fabricated at 600 °C showed a high dielectric value () of 21 at 1 kHz.
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List of Figures

Fig. 1. TGA traces of dried gel of (a) F1, (b) F2 and (c) Fs. Inset shows the color of powder after

each stage of mass loss.

Fig. 2. DSC traces of dried gel of (a) F1, (b) F2 ,(c) F3and (d) plot of AI** ion concentration
(measured from ICP-OES study) in different fuel (red) and standard heat of formation of each

fuel (blue). Inset in (d) shows the plot of enthalpy of combustion in each system.

Fig. 3. XRD peaks at different temperature of (a) F1, (b) Fz, (c) Fs and (d) crystallite size of
powders of F;, F, and F3 as a function of calcination temperature. Inset in (b) and (c) is the

enlarged peak centered around 26 = 26°.

Fig. 4. SEM micrographs of powders obtained from F;: (a, b) as combusted powder, (c) EDS

analysis of as combusted powder and (d) powder calcined at 900 °C.

Fig. 5. SEM micrographs of powders obtained from F,: (a) AC powder, (b) and (c) powder

calcined at 900 °C.

Fig. 6. SEM micrographs of powders obtained from F3: (a) as combusted powder and (b) powder

calcined at 900 °C.
Fig. 7. TEM micrographs of AC powders produced from F; at different magnification.
Fig. 8. GIAXRD pattern of SBA films using F1, fabricated at 300 °C and 600 °C.

Fig. 9. O1s spectra of SBA thin films fabricated at (a) 300 °C (b) 600 °C, (c) Nals spectra of
SBA films and (d) Al2p spectra of SBA films. Inset in (a) and (b) shows the concentration of

various chemical binding states in oxygen atom.
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Fig.10. (a) Fabricated Au/SBA/Au MIM structure capacitor and (b) schematic of Au/SBA/ITO

MIM structure capacitor.

Fig. 11. Plot of capacitance as a function of (a) frequency and (b) voltage of Au/SBA/ITO MIM

structure.
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Table 1. Description of type of fuel, decomposition temperature of fuel, standard heat of

formation of fuel, enthalpy of combustion, color of as combusted powder, combustion

temperature, nature of combustion, moles of gases evolved.

Sl Fuel Decomposition Standard ~ Combustion AH Color of Nature of Moles of
No. Temperature of heat of temperature  (J/g) of as- combustion gases
fuel formation (To) combus combusted evolved
of each tion powder per mole
fuel AH; (Calcul of SBA
(kJ/mole) ated (from
[23] from balanced
DSC) equation
1)-3))
1. Urea Starts at 250 °C -333.5 259 °C 1452.4 White Flaming 130.3
[26]
2. Glycine Startsat 180 °C -528.5 189 °C 415.7 Black Smoldering 111.4
[27]
3. Citric  Starts at 148 °C -1543.8 169 °C 161.9 Brown Smoldering 1114
acid but rapids at 165
°C [28]
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