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Abstract: In this paper, we demonstrate the practicality and feasibility of the flash light-sintering
method to fabricate the ceramic material perovskite structure for lanthanum nickel oxide (LaNiOs3;
LNO) thin films using flash light irradiation equipment. LNO thin films are deposited on an Si wafer
and Al,O3 substrate via the chemical solution deposition (CSD) method and sintered by a thermal
and flash light-irradiation process with a bottom heater. The properties of flash light-sintered LNO
thin films are compared with those of thermally sintered films. The surface morphology, crystal
development, and electric conductivity of the LNO thin films are measured by field-emission scanning
electron microscope (FE-SEM), X-ray diffraction (XRD), and a four-point probe, respectively. Flash
light sintering was accomplished in milliseconds. Through the comparison of thermal sintering and
flash light-sintering results, it was confirmed that perovskite LNO thin films deposited by the CSD
method can be fabricated by flash light sintering. We show that the flash light sintering method can
solve several inherent issues of the conventional thermal sintering method.

Keywords: perovskite material; chemical solution deposition; functional thin films; flash
light irradiation

1. Introduction

The ABOj; perovskite structured ceramic materials have been studied as functional materials in
various energy conversion and storage devices, including solid oxide fuel cells, ferroelectric capacitors,
and piezoelectric power generators. These oxide materials have been studied over the past few decades
in various disciplines with respect to the suitability of properties for energy device applications such
as high catalytic activity for oxygen reduction, electric conductivity, and microstructural stability [1-9].
Since various ions can be structurally located in the perovskite structure, this material exhibits special
characteristics, as mentioned above, which depend on the variety of cations located at the A and B
sites, e.g., Laj_,Sr,CoO5_g4, La;_,Sr,yMnOs_g;, LaNiO3, and La;_,SryCo 5F¢ 5. In the perovskite structure,
larger cations occupy the A site on the corners, and smaller B site cations are located at the center
of the body. The oxygen ions are located at the centers of the faces. Since perovskite structures can
accept various materials at the A and B sites as dopants, this diversity can provide improved specific
properties for application such as electronic and ionic conductivity and material stability [10-15].
Rare earth ABO; perovskite oxide materials (R = La, Pr, Nd, Sm) have superior material properties,
and lanthanum nickel oxide (LaNiO3, LNO) is an especially promising functional oxide material. Since
LNO contains the rare earth element lanthanum and three-dimensional (3D) transition metals Ni**
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at the A and B sites, respectively, it has high electronic conductivity at room temperature and shows
superior catalytic properties [16]. Also, while other lanthanum perovskite oxides contain strontium
and cobalt, which can generate a secondary phase with some materials and decrease the performance
at elevated temperature, LNO has better chemical stability. In addition, the catalytic activity for
oxygen reduction is as high as that of a platinum catalyst [17]. Therefore, LNO perovskites have been
investigated as a functional oxide layer in various applications for superior chemical and electrical
properties [18-24].

Perovskite oxide thin films can be synthesized by various thin film deposition methods and
categorized into vacuum and non-vacuum processes. Vacuum deposition processes can be divided into
physical vapor deposition (PVD) processes such as pulsed laser deposition (PLD) and sputtering and
chemical vapor deposition (CVD) processes including atomic layer deposition (ALD) [24,25]. Despite
their precise thickness and composition control capability, there are several issues for vacuum processes,
such as relatively low productivity and high process cost. On the other hand, the non-vacuum processes
are comparably simple, inexpensive, and highly productive, since they do not require a complex vacuum
environment. Chemical solution deposition (CSD) has many advantages such as its large-area production
of high-quality crystalline films, easy stoichiometric control, and relatively low fabrication cost [26,27].

Regardless of the deposition technique, high-temperature thermal treatment is essential to obtain
the desired material properties. Chemical solution-deposited films were sintered at a relatively low
temperature due to the use of metal organic precursors, shorter chain organic species, and lower
boiling point solvents. However, the deposited amorphous films should traditionally be exposed at
high temperature (~700 °C) to develop crystallinity by the nucleation and growth process to obtain
the desired material properties such as electrical conductivity and electrochemical activity. These
conventional sintering methods require a long process time to increase the temperature and cooling
without breakage of the sintered films. The long process time is directly related to the process cost,
and can be an obstacle for the commercialization of the devices. To resolve these issues, various
research efforts have utilized alternative methods such as laser, microwave, and light sintering
processes. The flash light sintering method has been studied since it can dramatically decrease the
total process time to a few seconds when it sinters metals such as Cu and Ag under standard pressure
and temperature conditions [28-31]. However, studies on the flash light sintering of ceramic materials
is relatively insufficient. The flash light irradiation technique uses white flash light in the visible
wavelength range from 380 to 980 nm via a xenon lamp. The precise dose of total energy density (J/cm?)
transferred to the target can be controlled by a set on time and off time for light irradiation. Since
the energy transfer is performed instantaneously through light irradiation, this novel light sintering
process significantly decreases the total process time and can be considered an economical process
compared to the conventional thermal sintering method.

In this study, we fabricated lanthanum nickel oxide (LNO) perovskite thin films by the CSD
method and adopted the novel flash light irradiation method for the post-heat treatment process.
Compared to the conventional annealing process, which easily requires tens of hours including cooling
time, the process time was reduced to several seconds with this novel method. After the fabrication of
the film, material properties such as microstructure and crystallinity were investigated. In addition,
the electrical properties of the films were observed by measuring and comparing the resistivity of the
films with those fabricated by the conventional thermal sintering method. We believe that these results
provide implications to lower the fabrication time and cost as well as facilitate the commercialization
of devices that require thin perovskite ceramic films.

2. Experiment

The precursor solution was synthesized using the metal organic precursors La(NO3)3-6H,O and
Ni(CH3COQ),-4H,O0 as starting materials, 2-methoxy ethanol (MOE) as a solvent, and acetylacetone
(Acac) as the chelating agent. La(NOg3)3-6H,O and Ni(CH3COO),-4H,0O were dissolved in 2-methoxy
ethanol and stirred at 115 °C for 15 min. The two solutions were cooled to 80 °C and reheated to 115 °C
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after mixing. The detailed solution manufacturing method is depicted in Figure 1. The lanthanum and
nickel metal molar ratio was La:Ni = 1:1. Acetylacetone was added to the mixture and stirred at 115 °C
for 30 min. The mixed solution was stirred at 60 °C for 2.5 h, cooled at room temperature, and stirred
for 2.5 h before deposition [32]. The final molar ratio of solution was La:Ni:MOE:Acac = 1:1:50:2 [23].
The metal precursor solution concentration was 0.4 M.

La-nitrate Ni-acetate
precursor precursor

dissolve 115°C for 15min dissolve 115°C for 15min

‘ MOE solvent |——| MOE solvent \

mix two solution at 80°C
add
Acac
)
| La/Ni mixture | Stirring at 115°C for 30min

Stirring at 60°C for 2.5h

}

LaNiO, Stirring at 25°C for 2.5h
solution

Figure 1. Flow chart of fabricating LaNiO3 precursor solution.

The solution was spin-coated on a 5i (100) and Al,O3 substrate at 2500 rpm for 30 s. The deposited
LNO was dried at 350 °C for 5 min. The films were heat-treated by both conventional thermal furnace
and flash light irradiation. Thermal sintering was conducted at temperatures in the range from 700 to
1100 °C for 2 h under the air atmosphere, and it was carried out in two steps. The temperature was
increased relatively quickly at a ramp rate of 5 °C/min to 500 °C and maintained for 1 h to decompose
the organics in the solution. Then, the temperature was increased at a slower ramp rate of 1 °C/min to
the final heat treatment temperature, and the deposited films were sintered for 2 h to obtain the desired
perovskite phases [33]. The light sintering process was carried out with a bottom heater to supply
heat energy to the LNO films. The temperatures of the bottom heater and substrate were maintained
at 500 °C during flash light irradiation. The flash light sintering conditions were controlled by the
on-time (irradiation time per pulse), off-time (interval time between pulses), number of pulses (#),
and total energy density per pulse (J/cm?), as depicted in Figure 2. Therefore, we measured the total
energy density using a power meter (Nova II, People Laser Tech Inc., Anyang, South Korea). In the
main sintering step, the total energy density was varied from 60 to 130 J/cm? for six pulses, with an
on-time of 30 ms and an off-time of 80 ms. The total flash light irradiation time was 580 ms, and the
irradiation distance between the xenon lamp and sample was 6 mm.

tiowa - 580ms
% On time Off time
o)) 30ms 80ms
C_‘g P >
(o}
>
Time (s)

Figure 2. Schematic of the flash light irradiation time with on and off time.
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The material properties of surface and cross-sectional morphology and crystal development and
the electrical property of sheet resistance of the LNO films sintered by thermal and light irradiation
were analyzed. We used field emission scanning electron microscopy (FE-SEM; JSM-6701F, JEOL Ltd.,
Akishima, Japan) and X-ray diffraction (XRD; D8-Advance, Bruker, Billerica, MA, USA) for material
characterization. The DC 4-probe method used a Keithley 2400 source meter (Keithley Instruments
Inc., Cleveland, OH, USA) for electrical property analysis at room temperature.

3. Results and Discussion

The microstructure and thickness of the thermally sintered LNO films were analyzed by FE-SEM.
Surface and cross-sectional images of the thermal sintered LNO thin film layers are shown in Figure 3.
The CSD method has the advantages of a uniform thin film quality with a constant deposition thickness
and relatively low sintering temperature. We obtained about 250-nm thick LNO films by repeating
the spin coating process, as shown in Figure 3f, where the uniform and flat layers seem to have good
connectivity between laminated layers. To investigate the effect of sintering temperature on surface
morphology, the LNO thin films were sintered at 700-1100 °C. A nanoporous structure may arise
from the decomposition of organic residues. When thermal energy was applied at the beginning of
the process, the pores and grains appeared. As the sintering temperature increases, the grains can
be identified and grow in FE-SEM images. The LNO thin films become porous at 700-900 °C and
gradually show grain growth, resulting in a dense film, as described in Figure 3. As the sintering
temperature increases, grain growth in the LNO thin films is observed. The surface morphology of
the sintered film at 700 °C (Figure 3a) has tens of nanometer-sized pores and nanoscale grains as the
necking of particles. It seems that the film surface sintered at 800 °C (Figure 3b) showed grain growth
and increased pore size compared to that sintered at 700 °C. Figure 3c of the film surface sintered
at 900 °C confirms that grain growth due to the increase in sintering temperature was prominent,
and that the area of overall pores decreased from 700 to 900 °C. Furthermore, when the LNO thin films
were sintered at 1000 and 1100 °C, the pores disappeared due to grain growth (Figure 3d,e). Surface
morphology analysis viewed via FE-SEM showed that, as the sintering temperature increased, we
confirmed that the porosity and the grain growth on the surfaces decreased. In addition, necking
between particles increased, and grains were observed due to growth.

Figure 3. FE-SEM top view images of lanthanum nickel oxide (LNO) thin films sintered by a thermal
technique at (a) 700 °C, (b) 800 °C, (¢) 900 °C, (d) 1000 °C, (e) 1100 °C and (f) cross-sectional view image
of the LNO thin film sintered at 700 °C.
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Lanthanum nickel oxide (LNO) has a perovskite and Ruddlesden-Popper (RP) structure. As the
sintering temperature increases in the perovskite crystal structure above 900 °C, it is transformed to the
RP structure of La;+1Ni;Os,41 (1 = 3, 2, and 1). Ruddlesden—Popper structures consist of perovskite
(LaNiO3) and LaO layers. The structures emerge from the LayNizO1q (n = 1) materials from the reaction
of LaNiO3; with NiO and gradually transfer the phase in the direction of decreasing number n (n = 3,
2, and 1) [34]. Figure 4 shows XRD patterns of the perovskite and RP crystallinity development of
LNO thin films after thermal sintering in the 700 to 1100 °C temperature range. In Figure 4a, the XRD
pattern indicates perovskite crystallinity development at a sintering temperature of around 700-900 °C.
The difference in the intensity of the perovskite crystal development peaks showed little difference
among sintering temperatures. As the sintering temperature increased from 700 to 900 °C, the intensity
of the perovskite crystal development slightly increased. However, when the sintering temperature
increased, nickel oxide (NiO) peaks were expressed in addition to the perovskite crystalline peaks.
The observed peak for NiO in the XRD pattern confirmed the phase transition from the perovskite to
the RP structure. Figure 4b confirms that the sintered material was transformed into LayNi3O19 when
sintered at 1000 and 1100 °C.

WV : NiO (b) W : LagNiz0,0
V¥ : NiO

r @)

S
=

* :8YSZ

Intensitiy(A.U.)
Intensity(A.U.)

e T

| 1 1 1 h h 1 ! 1 ! L L 1 L

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
20 (degree) 26 (degree)

Figure 4. X-ray diffraction of patterns of perovskite LaNiOj3 thin films sintered at (a) 700, 800, and
900 °C, and (b) Ruddlesden-Popper (RP) structure sintered at 1000 and 1100 °C.

The resistivity of thermally sintered LNO thin films was measured by the DC four-point
probe method at room temperature, which measures the sheet resistance (()/square) of thin films.
The resistivity values of the thin films were calculated using the correction factor, sample size,
and thickness of the layer. The change in the resistivity of the LNO thin films with changes in
sintering temperature from 500 to 1100 °C is depicted in Figure 5. When sintering was carried out at
500 °C, the LNO thin films had high resistivity, because the organics and residues were not completely
decomposed, and perovskite crystallization was underdeveloped for the desired electrical property of
the film. The lowest resistivity value of the LNO thin films was 6.26 x 107#-6.8 X 107 ()-cm in the
sintering temperature range of 600 to 700 °C. This temperature range is optimal for producing the
lowest resistivity of LNO thin films. When the sintering temperature increased further, the resistivity
tended to increase. As depicted in Figure 4b, the LNO perovskite structure phase transformed to the
RP structure, indicating that the RP LNO thin films had lower electric conductivity than the perovskite
structure. Therefore, the resistivity of LNO thin films gradually increased with the increasing thermal
sintering temperature.
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Figure 5. Resistivity of the thermally sintered LaNiOj thin film with regard to sintering temperature.

Toinvestigate the effects of flash light irradiation on LNO thin films, we analyzed the microstructure,
crystal development, and resistivity of flash light-sintered LNO thin films compared to the results of
the thermally sintered thin film. In the flash light-sintered LNO thin films, flash light sintering was
controlled with the on and off times (ms), pulse number (#) of light irradiation, and total energy density
(J/Jem?) conditions of the charged voltage. The flash light-sintering conditions were set as an on time of
30 ms for light irradiation and an off time of 80 ms of six pulsed irradiations. The total energy density
of flash light sintering was in the 60 to 130 J/cm? range according to the on—off times, pulse conditions,
and charged voltage. Similarly, FE-SEM and XRD analyses and electrical conductivity measurements
were performed to characterize the flash light-sintered LNO thin films.

FE-SEM images of the flash light-sintered LNO films are shown in Figure 6. As depicted in
Figure 6f, the deposition process was carried out for an LNO thin film thickness of 248.1 nm. The surface
morphology of the flash light-sintered LNO thin films showed smaller nanopores and grain sizes at
60-80 J/cm?, as shown in Figure 6a,b. Also, as the energy density increased to 130 J/cm?, grain growth
was observed and filled the nanopores. However, the grain size of the flash light-sintered LNO thin
films was a little smaller than that of the thermally sintered films. In comparison with the thermally
sintered microstructure, there are few differences in the microstructure of the grain growth. The XRD
analysis was conducted to compare the perovskite crystal development of the flash light-sintered films
with those thermally sintered. Figure 7 presents the XRD pattern of flash light-irradiated perovskite
LNO thin films at energy densities of 60, 80, and 100 J/cm?, respectively. The XRD patterns show that
the flash light-sintered LNO thin films have equal perovskite crystallinity, regardless of the energy
condition. The XRD pattern of light-sintered LNO thin films did not produce a secondary phase at 60
to 100 J/cm?. The XRD analysis showed that flash light sintering can produce perovskite crystallinity
and show similar peak intensity to that of thermal sintering.
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Figure 6. FE-SEM top view images of LNO thin films sintered by flash light irradiation at (a) 60 J/cm?,
(b) 80 J/cm?, (c) 100 J/em?2, (d) 120 J/cm?2, and (e) 130 J/cm? and (f) cross-sectional view image of the
LNO thin film sintered at 60 J/cm?.
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Figure 7. X-ray diffraction patterns of perovskite LaNiO3 thin films sintered at 60, 80 and 100 J/cm?.

For more accurate comparative analysis of the thermal annealing and the flash light processes,
the resistivity of the flash light-sintered LNO thin films was measured by the DC four-point probe
at room temperature, which is the same measurement condition as the thermally sintered samples.
The change in the resistivity of the LNO thin films with the change in energy density is depicted in
Figure 8a. Flash light sintering was carried out by changing the total energy density (J/cm?) as the
difference of charge voltage with a fixed on time, off time, and number of pulses. Compared with
thermally sintered thin film resistivity, that of flash light-sintered film has a similar tendency. However,
when irradiated as energy density increased from 50 to 60 J/cm?, the resistivity value sharply decreased
from 201.31 x 10~* to 10.73 x 107* Q-cm. Although the energy density increased, the resistivity
remained constant. When the irradiation energy was raised to 100 J/cm?, the resistivity increased.
These results indicate that resistivity should consider the effects of surface microstructure, crystallinity,
and thin film thickness.

In the analysis of XRD results, it was observed that changes in peak intensity or other phases did
not occur at 60, 80, or 100 J/cm?. Therefore, the slight difference of the resistivity value of the thermally
sintered and flash-sintered thin films appears to be due to the differences in the microstructure and
thickness of the films. The sheet resistance of the thin films tends to gradually decrease as the thickness
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of the thin film increases and converges to a minimum resistance at about 230-250 nm. The spin-coated
layers are very thin after one deposition cycle. The change in the thickness of the thin film with the
number of spin-coating cycles and the change in resistivity in accordance with thickness are shown in
Figure 8b. FE-SEM cross-sectional images show a gradual increase of film thickness as the number of
spin-coating processes increases in Figure 9. It was necessary to laminate the deposited films several
times to achieve a thickness of 230 nm. However, in certain cases, the thickness is slightly increased,
rather than increasing linearly, or a slightly thinner layer may be deposited. For this reason, a change
in resistivity may be observed.

(a) On-time : 30ms (b) Energy density : 80J/cm?
200 8 Off-time : 80ms 1400 |- On-time : 30ms
Pulse # : 6 Off-time : 80ms
1200 Pulse # : 6
:E: 150 g 1000
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= 2 800 |-
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@ a 600
wv w
& &
400
50 - §\
200 - §\10.27x10-4 Q-cm
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0 ] ?f? 1 Ul R | : ! i I .\I..
60 80 100 120 14 0 50 100 150 200 250
Energy density (J/cm?) Thickness (nm)

Figure 8. Resistivity of the flash light-sintered LaNiOj3 thin film with regard to (a) energy density and
(b) thickness.

20.26nm - 1cycle 54.57nm - 2cycles 91.78nm - 3cycles

143.9nm - 4cycles 174.5nm - 5cycles 224.1nm - 6c¢ycles

Figure 9. Thickness of the flash light-sintered LNO films according to spin coating cycle.

The X-ray diffraction analysis results are shown in Figure 10. These show that the perovskite
crystalline structure of the LNO thin films are equally developed when the thermal (700-900 °C) and
flash light (60-100 J/cm?) sintering proceeds. All of the results have the same perovskite crystallinity,
except that NiO peaks were developed at a thermal sintering temperature of 900 °C. Although there
are slight differences in the peak intensity at (110), they have approximately similar peak intensity
when comparing thermal sintering with flash light sintering.
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Figure 10. The X-ray diffraction analysis comparing thermal and flash light sintering of the LNO

thin films.

The resistivity of thermally sintered and flash light-sintered LNO thin films is depicted in Figure 11.
The resistivity of thermal and flash light sintering was measured at three points, in which each used
the four-point probe. The minimum resistivity was 6.26 x 10~* and 9.923 x 10~* Q-cm for thermal and
flash light sintering, respectively. Although the resistivity of thermal sintering was smaller than that of
flash light sintering, the values are similar.
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Figure 11. Resistivity of the sintered LNO films with regard to sintering temperature and irradiation

energy density.

These results demonstrated that flash light sintering effects could be achieved in a short time
and with a simple process. In this study, we confirmed the feasibility and practicality of the flash
light-sintering method through perovskite crystal development based on XRD patterns and electric
conductivity measurements. Furthermore, it is anticipated that an energy device will be manufactured
using flash light sintering after optimization studies are conducted for the light sintering conditions.
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4. Conclusions

In this study, we demonstrated a novel flash light sintering method for chemical solution-deposited
LNO thin films compared with thermally sintered LNO thin films characterized by FE-SEM, XRD, and
four-point probe. The fabricated LNO thin films should have electrical conductivity and be able to
function as an electron-conducting composite for various applications, including energy devices with
a uniform film quality. The resistivity values of the thermally and flash light-sintered LNO thin films
under each of the sintering conditions are shown in Figure 11. The resistivity of the LNO thin films
after sintering have similar values at each of the three points. The lowest resistivity of the thermally
and light-sintered LNO thin films is 6.26 x 107* and 9.923 x 10™* Q-cm, respectively. Although
the thermally-sintered LNO thin films have lower resistivity than light-sintered films, they have
approximately the same resistivity values. Therefore, the results of this study indicate that the flash
light-sintering method significantly reduces the sintering time from tens of hours to milliseconds for
the fabrication of perovskite LNO thin films.
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