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modified version of flash sintering on thin films and explore 

the potential of flash sintering in altering the film morphol-

ogy and physical properties.

2 |  EXPERIMENTAL PROCEDURE

For the thin film deposition, the target of 10 mol% Gd-doped 

CeO2 (GDC) was prepared by a solid-state sintering method. 

The thin films were deposited on single-crystal (001)-ori-

ented SrTiO3 (STO) substrates by pulsed laser deposition 

(PLD) using a KrF excimer laser (λ = 248 nm). All deposi-

tions were performed under 200 mTorr oxygen and at a depo-

sition temperature of 300°C. After the deposition, the thin 

films were annealed under 500 Torr oxygen for 30 minutes 

and then cooled down to room temperature.

The thin film specimens were analyzed by X-ray diffrac-

tion (XRD, PANalytical Empyrean). Transmission electron 

microscope (TEM, FEI TALOS F200X) operated at 200 kV 

was used for microstructure characterization. For TEM obser-

vation, the thin film specimens were sectioned, mechanically 

ground and dimpled, followed by ion polishing in a precision 

ion milling system (PIPS II, Gatan). For the flash-heated thin 

film, the TEM sample was prepared near the anode electrode. 

The surface morphology of the thin film from the anode to 

cathode end was imaged by scanning electron microscope 

(SEM, FEI Quanta 650). The electrical conductivity of the 

thin films was measured by impedance analyzer (Gamry se-

ries G300 Potentiostat) in the frequency range of 100 mHz to 

30 kHz with the temperature ranging from 300°C to 1000°C. 

The dielectric permittivity of the thin films was measured 

using a spectroscopic ellipsometer (JA Woollam RC2). The 

ellipsometer parameters ψ and ∆ were fitted using a mix of 

Lorentz and Tauc-Lorentz oscillators to enforce the Kramers-

Kronig consistency.

Figure 1A shows the experimental setup used to perform 

field-assisted heating of thin films. Similar to bulk flash 

sintering, the two ends of the thin film were connected to a 

power supply to apply an electrical field. Platinum contacts 

were deposited at the ends of a rectangular alumina substrate 

to create an electrode holder. Platinum wires were inserted in 

a small slit of the electrode holder and connected to a power 

supply. Platinum paste was used on the thin film in contact 

with the electrode holder to ensure good electrical contacts. 

The furnace was heated to 900°C at a heating rate of 10°C/

min while a voltage of 150 V (electric field is ~150 V/cm for 

a 1 cm substrate) was applied. As the specimen became con-

ductive, the current increased rapidly up to a steady state and 

was held for 90 seconds before turning the power supply off.

Figure 1B shows the electrical voltage and current data 

collected during the field-assisted heating process. Around 

79 minutes, where the furnace temperature reached 875°C, 

the current abruptly increased to a maximum of 36 mA and 

stayed constant at 32 mA. The power supply did not require 

switching to a current control as the current stayed constant 

and did not increase indefinitely, unlike typical flash sinter-

ing of bulk samples. During the flash sintering of bulk ce-

ramics, the current increase is typically correlated with the 

densification of the sample.3 Figure 1C shows a snapshot of 

the sample glowing when the current began to flow through 

the thin film. In previous flash sintering studies, this event 

has been commonly observed and the photoemission has 

been explained as a result of thermal radiation22 and/or elec-

troluminescent phenomena.23 The video of the sample right 

before and during field-assisted heating event is available in 

the supplementary material.

F I G U R E  1  A, Schematic of the experimental setup for thin film flash sintering. B, Electrical data collected from the power supply during 

the flash sintering of GDC thin film. C, Photograph of the thin film sample glowing during flash sintering when the current began to flow around 

79 min (Tfurnace ~ 875°C) [Color figure can be viewed at wileyonlinelibrary.com]
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3 |  RESULTS AND DISCUSSION

Figure 2A-C shows the XRD θ-2θ of the as-grown, no-field, 

and flash-heated GDC thin films, respectively. The “no-field” 

sample was heated in the furnace with the same conditions as 

the flash-sintered thin film, but without any field applied. This 

enables the separation of the heating effect and any additional 

effect(s) introduced by field-assisted heating. Comparing the 

GDC (111) peak, the width of the peak starts to diminish for the 

no-field thin film and even more for the flash-sintered thin film. 

Since the full width half maximum (FWHM) is inversely pro-

portional to the crystallite size,24 the grain size for the no-field 

sample is larger than the as-grown GDC, and the grain size of 

the flash-sintered is even larger than that of the no-field.

Figure 2D-F shows the TEM cross-sectional images and 

the corresponding selected area diffraction (SAD) pattern 

of the as-grown, no-field, and flash-heated GDC thin films, 

respectively. Since the as-grown GDC was deposited at low 

temperatures, the film thickness is approximately 185  nm 

and the overall structure is porous with average grain size 

of ~2 nm. The no-field GDC had significant coarsening and 

the grain size grew to about ~25 nm without any change to 

the film thickness. The flash-heated GDC demonstrated the 

largest average grain size up to ~35 nm and a slight decrease 

in film thickness. The change in film thickness could be a 

result of additional Joule heating which increased the sample 

temperature and led to some densification of particles. The 

SAD patterns correspond well with the difference in grain 

size, where the larger grain size has less distinguished dif-

fraction dots. The structure is rather unique as it has a sin-

gle layer of well-connected grains right at the surface of the 

substrate while the grains above the layer are in columnar 

grain fashion and elongated in the out-of-plane direction, 

which is perpendicular to the direction of the applied field. 

Such a unique vertically aligned porous structure presents po-

tential to be used as a porous cathode in solid oxide fuel cells 

(SOFC), as it could improve the rates of gas transport through 

the cathodes.25

Figure 3A shows the scanning transmission electron 

microscopy (STEM) images of the overall cross-sectional 

morphology for the flash-heated GDC. Two distinct charac-

teristics were identified; the  majority of the thin film con-

tained (a1) porous regions and (a2) cluster regions appearing 

every few microns. The porous regions have very limited 

connectivity in-plane with other grains while these cluster 

regions are very dense but still elongated in the same direc-

tion. The formation of these clusters has not been reported in 

flash-sintered bulk ceramics.

To analyze the distribution of clusters within the flash-

heated GDC thin film, the surface morphology was also in-

vestigated by scanning electron microscopy (SEM) imaging. 

Figure 3B shows measured cluster size and cluster density 

captured from surface images of the thin film from the anode 

to the cathode end. The largest cluster size was found in the 

middle of the sample but the highest cluster density was ob-

served near the anode end. It is likely that the middle section 

had larger cluster size since that section experienced less heat 

loss to the surroundings compared to the electrode ends, re-

sulting in increased coarsening. On the contrary, the asym-

metric distribution is likely related to the electric field, as it 

has  shown to affect the grain growth behavior between the 

anode and cathode electrodes.6,12,14‒16,26

F I G U R E  2  XRD θ-2θ of the thin film 

samples (A) as-grown, (B) no-field applied 

(only heating), and (C) flash-heated. TEM 

of the cross-sectional area is shown for the 

GDC thin film (D) as-grown, (E) no-field 

applied, and (F) flash-heated on STO 

substrate. The corresponding SAD is shown 

on the right. The direction of the electric 

field is labeled with “E.” [Color figure can 

be viewed at wileyonlinelibrary.com]
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Figure 4A shows the temperature dependence of the 

conductivity of the three thin film specimens based on 

in-plane measurements. The activation energies were es-

timated based on the linear fitting of the Arrhenius plots. 

Between 500°C and 600°C, there is a sudden change in the 

slope in all the fitted lines where the activation energy be-

comes higher and less temperature-dependent. This may 

suggest a change in conductivity behavior, where the con-

ducting species are likely electrons or holes27,28 rather than 

O2−/Gd3+ ions.29 In the lower temperature regime (300°C 

to 500°C), there is an obvious difference in the conductivi-

ties of the thin films. The activation energy of the as-grown 

GDC in the low-temperature regime matches with the bulk 

migration energy of V ⋅⋅

O
 (~0.6 eV),28 revealing the grain-to-

grain conduction pathways. This can help explain the dif-

ferences in the low-temperature regime conductivity, which 

is related to the grain morphology, as large porosities and 

minimal grain connectivity in the in-plane direction caused 

the conductivity for the flash-heated GDC to decrease at 

lower temperatures. However, in the high-temperature re-

gime (600°C to 1000°C), the conductivity characteristics 

are quite similar for all three samples, which suggests that 

high-temperature conductivity is primarily attributed to 

bulk ionic conductivity of GDC. Overall, the flash heating 

process significantly impacts the low-temperature regime, 

that is, the electronic conductivity regime, but not the bulk 

ionic conductivity.

Figure 4B shows the dielectric permittivity for as-grown, 

no-field, and flash-heated GDC thin films obtained by fit-

ting the angular-dependent ellipsometer data. All sam-

ples exhibited dispersion characteristic  of a dielectric. The 

no-field GDC demonstrated a very similar permittivity to 

the as-grown GDC, while the flash-heated GDC showed a 

much lower permittivity compared to both of the as-grown 

and no-field GDC thin films. This implies that by utilizing 

field-assisted heating, the dielectric permittivity of the GDC 

F I G U R E  3  A, STEM images from 

the anode side showing the (A1) porous 

and (A2) cluster regions of the flash-heated 

thin film. B, Plot showing the measured 

cluster size and cluster density from anode 

to cathode ends based on secondary electron 

micrographs [Color figure can be viewed at 

wileyonlinelibrary.com]
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F I G U R E  4  A, Arrhenius plot of conductivity and temperature of the thin film specimens. The activation energy is calculated based on the 

linear fitting of the points. B, Dielectric permittivity of the thin film specimens by angular-dependent ellipsometry [Color figure can be viewed at 

wileyonlinelibrary.com]



   | 2313PHUAH ET AL.

thin film can be effectively tuned. The decrease in dielectric 

permittivity for the flash-heated GDC could be attributed to 

the improved conductivity of the thin film after flash heating.

Another important discussion to include in this study is on 

the current pathway. In this experimental setup, the electrical 

contacts are placed on top of the thin film. The current will 

flow through the most conductive pathway. The STO sub-

strate has a much lower conductivity compared to the Gd-

doped CeO2 thin film, which suggests that the current prefers 

to flow through the thin film. This is evident by the major 

microstructural changes in the thin film which are not ob-

served in the no-field sample. It is also possible and likely for 

the current to preferentially flow through the film-substrate 

interface region in the thin film. As evident in the cross-sec-

tional TEM images, there is a single layer of well-connected 

grains right above the substrate. Additionally, the elongated 

grains in the out-of-plane direction have poor connectivity 

and would also suggest the current pathway to be in the in-

terface region.

This preliminary study introduces a new application of 

flash sintering and will bring many exciting opportunities 

for morphology tuning in thin films. There are still several 

challenges remaining and questions to be addressed. With the 

current experimental setup, achieving high reproducibility 

is challenging since the current increases to a certain max-

imum value in the milliamp range. Any slight deviation in 

experimental conditions could easily impact the resulting 

flash behavior, such as minor changes in electrical contacts 

and homogeneity of the as-grown thin film. Additionally, the 

maximum current value reached by the thin film during the 

flash onset is much smaller than that of typical bulk samples 

and this may require a feedback loop with much smaller step 

size and a much lower current limit for proper control.

4 |  CONCLUSIONS

This work demonstrates the feasibility of post-deposition film 

morphology and property tuning via the field-assisted heat-

ing approach. Field-assisted heating present a very unique 

way to change the morphology of thin films which could not 

be achieved by typical thermal treatments or deposition con-

ditions. The nanocrystalline grains in the as-grown thin film 

were transformed into elongated grains perpendicular to the 

direction of the electric field, and formed a matrix of porous 

and clustering structures. Similar to flash sintering of bulk 

ceramics, there is an asymmetric microstructure characteris-

tic across the thin film, where the cluster size and area den-

sity varied from the anode to cathode electrode. There could 

be even more potential to tune the morphology if the flash-

sintering parameters varied. Furthermore, there are many dif-

ferent material systems to explore, including various unique 

multilayer structures and nanocomposites. Implementing 

field-assisted heating could be a simple and useful technique 

to transform thin films after deposition.
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