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ABSTRACT

Flash roasting, an adaptation of reactive flash sintering, enables rapid synthesis of dense ZnO from ZnS through simultaneous

roasting and densification in a single step. Phase-pure ZnO was obtained at a minimum current density of 40 mA/mm? within 60 s
at a furnace temperature of 650 °C, albeit with less densification. A relative density of ~95% was achieved at 100 mA/mm? with an
average grain size of ~0.4 pm. Detailed microstructural analyses revealed the formation of shell-like structures during flash roast-
ing, attributed to power bursts during traditional flash roasting that resulted in inhomogeneities in densification and microstruc-
ture. These issues were minimized using current-controlled flash roasting, resulting in controlled grain growth and a narrow grain

size distribution. Spectrochemical analysis confirmed the presence of oxygen vacancies, indicating their potential use in resistive

switching applications. The introduction of these vacancies reduced the optical band gap of ZnO from 3.370 to 3.225eV. A ZnO

device using Pt electrodes was fabricated, and its memristive response was investigated under dark and illuminated conditions.
The flash-roasted ZnO-based lateral memristive device exhibits pronounced hysteresis in its current-voltage response, demon-
strating remarkable resistive switching behavior triggered by light (photon) interaction.

1 | Introduction

Reactive flash sintering (RFS) is a modification to the existing flash
sintering technique, during which the stoichiometric mixture of
precursor powders is directly converted into a single-phase and
dense compound [1]. This technique has emerged as an energy-
efficient one-step solution for material synthesis and densification.
The applied electric field dramatically accelerates the reaction and
sintering kinetics in this process. Taibi et al. [2] reported that the
energy consumption during RFS of BiFeO;-BaTiO; is 83% less
than that of conventional methods. Gonzalez et al. [3] synthesized
phase-pure BiFeO; from a powder mixture of Bi,O; and Fe,0O; at a
furnace temperature of 625 °C in a few seconds. Several ceramics,
such as MgAl,O,4, LLZO (Lithium Lanthanum Zirconate Oxide),

LLTO (Lithium Lanthanum Titanate), a-Al,TiOs, Gd,Zr,0,
high-alumina spinel, high-entropy ceramics, high-entropy oxides,
and perovskites, have been synthesized by RFS [4].

ZnO-based devices have gained significant attention for their
potential in neuromorphic computing due to their bipolar resistive
switching, synaptic plasticity emulation, and optical responsive-
ness [5]. Further, ZnO-based devices, often structured with
Indium Tin Oxide (ITO) as ITO/ZnO/ITO stacks or doped variants
such as Mg-doped ZnO thin films, exhibit high on/off ratios, stable
retention, and multilevel conductance states suitable for memory
and logic applications [5, 6]. ZnO is potentially used in solar cells
[7], sensors [8], luminescence devices [9], optoelectronic devices
[10], and resistive switching devices [11], including photocatalysts
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[12-15]. Defects such as oxygen vacancies and zinc interstitials
enhance resistive switching in ZnO-based memristors by enabling
conductive filament formation [6]. A resistive switching device
shows a reversible change in resistance under applied voltage
due to defect migration, enabling nonvolatile memory [16].
When the resistance varies gradually and depends on previous
electrical stimuli, it is called a memristor. If light is additionally
used to modulate conductivity through photo-generated carriers
or defect modification, it functions as a photonic synapse
[17, 18]. Recent studies highlight their ability to mimic short-term
memory and paired-pulse facilitation under light stimulation,
achieving very high accuracy through reservoir computing [6].
This has established them as promising candidates for energy-
efficient visual neuromorphic systems.

Conventional ZnO synthesis methods, such as solvothermal,
hydrothermal, and controlled precipitation, require multiple proc-
essing steps at elevated temperatures and take several hours to sev-
eral days to produce fine ZnO powders [19]. Similarly, conventional
metallurgical roasting requires temperatures of 600-1100 °C and
several hours to convert ZnS into ZnO, followed by an additional
high-energy sintering step to produce dense pellets. Recently, flash
roasting, an adaptation of the RFS, has been an efficient method for
the rapid production of ZnO from ZnS powder [20]. Similar to RFS,
flash roasting involves simultaneously subjecting the green ZnS
compact to an external electric field and an elevated furnace tem-
perature. Due to the application of the electric field, the synthesis of
ZnO occurs via a roasting reaction (conversion of ZnS to ZnO), as
well as the densification of the roasted product, i.e., ZnO, in a few
seconds only. As a result, roasting and densification occur together
in a single step [20]. During electrification, ZnO synthesis through
ZnS roasting and densification of the formed ZnO occur simulta-
neously in a single step. In another set of experiments, the flash-
sintered ZnO showed relative densities between 93.6% and 97.1%,
and conductivities between 205 and 590 S/cm [21]. This is attrib-
uted to the high concentrations of donor-type defects, such as oxy-
gen vacancies and zinc interstitials. These point defects are
introduced due to field-enhanced ionization during the process
and eventually drive electrothermal runaway and accelerated den-
sification far beyond equilibrium processing limits [21, 22]. The
given conductivity range is higher than that of undoped ZnO
ceramics prepared by different methods. Furthermore, different
electrification strategies have been reported in the literature to
enhance conduction in ZnO [23, 24].

Defect-engineered ZnO can be prepared by either flash sintering of
ZnO or flash roasting of ZnS. In flash sintering, defects are mainly
formed through electrothermal effects, which result from the com-
bined action of an applied electric field and Joule heating. In con-
trast, RFS generates defects not only due to the electric field but
also because of strong lattice disturbances caused by a phase trans-
formation during the chemical reaction. Along with the a-thermal
effects caused by the electric field, the breaking and reforming of
atomic bonds to create a new crystal structure introduce additional
structural defects [4, 25]. Therefore, flash roasting of ZnS could be
a simple and effective method to produce a high concentration of
point defects as compared to the flash sintering of ZnO.

In this study, we report the isothermal (IST) flash roasting of ZnS to
produce ZnO pellets under voltage-controlled (traditional flash) and
current-controlled (CC) modes. Spectrochemical characterization

and band gap analysis were performed to investigate the oxygen
vacancies introduced during processing and their influence on
functional properties for memristor applications. Further, a ZnO
device with platinum electrodes was fabricated, and its memristive
response was evaluated to assess its potential for photonic synapse
applications. Further, the light-sensitive oxygen vacancies gener-
ated during flash roasting strongly affect the memristive behavior
of the material, which has also been reported.

2 | Experimental Procedure

Commercial ZnS powders (Aldrich Chemistry, 10 pm, 99.99%
trace-metal basis) were milled in deionized water with 5wt.%
binder (Duramax B-1000) and dried in an oven at 80 °C. The
dried powders were cold-pressed into dog-bone-shaped pellets
having a gauge length of 15 mm, width of 3.5 mm, and thickness
of ~1.5 mm. Binder burnout was not performed, as it may initiate
the roasting of the ZnS samples before flash experiments.
Platinum paste was applied in the vicinity of the holes in the
ear section of the dog-bone samples for better electrical contact.

The sample was suspended in the center of the horizontal tubular
furnace (Ants Innovation Pvt. Ltd., 3.5 kW) with a pair of platinum
wires. An electric field was applied through a 600 W Sorensen DC
power source (Sorensen DLM 300-2). A digital multimeter (Keithley
2000) was connected in series to monitor the current flow. A DC
servo motor-driven linear slider with a lead screw mechanism ena-
bles precise, software-controlled sample positioning, ensuring
optimal placement at the furnace center. The schematic of the setup
that was used for flash roasting is shown in Figure 1. An Indian
patent with patent application number 202641055272 has been filed
for this custom-built setup of flash sintering/processing.

IST flash roasting experiments were done in both voltage control
(VC) mode and current control (CC) mode at a furnace temperature
of 650 °C under an applied electric field of 200 V/cm at various cur-
rent densities (CD). The samples were held in stage III of the flash
for different hold times before the power supply was turned off.
Further, additional flash roasting was also performed at higher cur-
rent density and longer holding time to understand their role in
microstructural evolution. Higher CD flash roasting experiments
were performed at CD of 120 and 240 mA/mm?, keeping other
parameters identical. To see the effect of longer holding time, flash
roasting experiments were carried out at a CD of 100 mA/mm? with
a holding time of 60 min, while keeping other parameters identical.
A current-controlled (CC) flash roasting experiment was also

Automated
moving platform

FIGURE1 | Experimental setup used for flash roasting experimentation.
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performed to prevent power bursts and inhomogeneity in
densification with controlled grain growth. An electric field of
200 V/cm was applied to the ZnS green compact at a furnace tem-
perature of 650 °C, and the current was increased at a constant rate
of 300 mA/min, with the target current density set at 100 mA/mm?.
The video of the experiment is attached in the Video S1. The total
time taken to reach the target current density was 106 s.

VC mode was used for temperature measurement of the samples.
The third stage of VC mode is considered the equilibrium stage
where the current flowing through the sample becomes nearly con-
stant, the voltage assumes stable values, and the power dissipation
approaches a relatively stable value. Therefore, the temperature can
be measured more reliably and interpreted more accurately [26, 27].

To estimate the sample temperature using the pyrometer, a new
set of IST flash roasting experiments was conducted at a furnace
temperature of 650 °C and three CD of 40, 80, and 120 mA/mm?>
in VC mode. The emissivity value was set to 0.9. The sample sur-
face temperature in stage III was recorded through a laser infra-
red pyrometer with laser spot marking (Micro-epsilon CT Laser,
CTLM-3H3SF300-C3). Three measurements were performed for
each current density, and the average values were considered,
with the laser spot initially positioned at the center of the
15 mm gauge section of the sample. Since shrinkage occurs dur-
ing flash sintering, the laser spot position was continuously
adjusted to maintain proper focus on the sample.

The ear sections of the roasted pellets were removed, and the
gauge section was crushed into powder using an agate mortar
and pestle. Phase analysis was carried out through X-ray
diffraction (XRD) in a Panalytical diffractometer (PXRD,
Empyrean, Malvern Panalytical, UK) using the Cu-Ka radiation
(4=0.1541 nm) with a step size of 0.02° and a scan rate of 2°/min
in a two-theta range of 20°-75°. Raman spectroscopy was
performed using the Indiram Ctr Series, Technos Instruments,
attached with a charge-coupled device (CCD) detector. A laser
light (1 =532nm) was used as the excitation source, while the
spectra were collected in the range of 100-800 cm™ with an accu-
mulation time of 30s. To carry out the microstructural analyses,
the samples were broken in the middle of the gauge section, and
the fractured surface was observed in an FEG-SEM equipped
with an energy-dispersive spectroscopy (EDS) detector (Elite
Plus, EDAX). Before imaging, the samples were sputter-coated
with a thin film of gold to prevent charging. Average grain size
was measured through the linear intercept method. The initial
ZnS powder was characterized using SEM. The results are shown
in Figure S1. The ZnS powder shows a general flaky morphology.

Room-temperature electron paramagnetic resonance (EPR) spec-
troscopy and X-ray photoelectron spectroscopy (XPS) were per-
formed for defect characterization. JEOL (JES 200) was used for
EPR with a sensitivity of 7 x 10? spins/0.1 mT, while the operating
frequency of X-band was ~9.4 GHz. The photoelectron spectra for
Zn, and O, were collected using the Thermo Scientific
K-Alpha. The Al-K, line was used as a probe X-ray source,
and peak fitting and data analysis of XPS were performed using
XPSPEAK 41 software. To study the optical properties of the
powder sample, the diffuse reflectance spectrum (DRS) of the
sample was measured using a UV-vis spectrophotometer
(SHIMADZU, UV-2600) with an integrating sphere attachment.
To determine the optical band gap (Eg) of flash-roasted ZnO, the
Kubelka-Munk approach has been adopted. A plot of (F(R)hv)*
versus hv is shown in Figure S2. The value of the optical bandgap
was determined by extrapolating the linear portion of the plot to
((F(R)hv)*=0) [28]. The same Kubelka-Munk approach was
adopted to determine the band gap of the as-received ZnS sample
for reference purposes.

We further investigated the memristive potential of the flash-
roasted ZnO sample. The schematic of the fabricated lateral mem-
ristive device with the electrical response measurement setup is
presented in Figure 2. Platinum (Pt) metal pads of 1 X 1 mm were
deposited using the e-beam evaporation technique (HHV AUTO
500) with a 100 pm gap on the flash-roasted ZnO and as-received
ZnS (for comparison) to make lateral resistive switching devices or
memristors. To examine the effect of light (365 nm) on the flash-
roasted ZnO and as-received ZnS material-based lateral memristive
device, voltage was applied in a range of —1.5 to 1.5 volts on one
metal pad by keeping the other metal pad grounded, and its
current-voltage response was observed using a Keithley 2450 source
meter. To study the resistive switching or memristive behavior of
the fabricated lateral memristive devices using as-received ZnS
and ZnO samples as resistive switching material, a voltage sweep
was applied in the sequence 0V—>1.5V—->0V—>-15V—->0V
with a step size of 0.1 V/s by keeping the compliance current
1mA at room temperature, while grounding one metal electrode.

3 | Results
3.1 | Voltage-Controlled (VC) Flash Roasting

At a current density of 20 mA/mm?, the current followed a pre-
ferred conduction path, resulting in localized roasting and den-
sification only along that path. The remaining regions of the
sample were largely unaffected. As a result, the sample showed

@

FIGURE 2 | Schematic of the fabricated lateral memristive device and electrical measurement setup.

Advanced Engineering Materials, 2026

3 of 12

85UB01 7 SUOLUWIOD BA11e81D) 3|qeot[dde ay) Aq pausenob ae Sapiie O ‘8sn JO S9INJ 10} Aeiq1T 8UIUO /8|1 UO (SUOTHPUOD-PUR-SLLIBI IO A8 | ARe.q Ul [Uo//STIY) SUORIPUOD pUe Swie | 8y} 88S *[9202/0T/TT] Uo Ariqiauluo /8|1 ‘UelkelqiTay L Akiqi eaued Aq 962T. Wepe/z00T OT/I0P/W0d A8 im Afe.d 1jBul JUO'pedUeADe//:Saiy Wiy pepeojumoq ‘0 ‘8v9z/2ST



no significant shrinkage. This behavior can be seen in Video S2.
Similar preferential current flow behavior has already been
reported in the literature [29]. Figure 3a—c show the electric field,
current density, and power density profiles of 40, 60, 80, and
100 mA/mm?, in different experiments, respectively. The samples
flashed immediately at the set furnace temperature of 650 °C.
The current profiles remained smooth throughout the experi-
ment without any noticeable fluctuations.

The results of the XRD analysis are shown in Figure 4a. The ini-
tial ZnS powder mainly exhibited a cubic zinc blende crystal
structure. After flash roasting at 40 mA/mm?, the X-ray diffracto-
gram showed the peaks of ZnO (JCPDS 00-036-1451), indicating
successful phase transformation. The diffractograms of the flash-
roasted sample at higher CD of 60, 80, and 100 mA/mm? have
been shown in Figure S3. Localized structural analysis using
Raman spectroscopy (Figure 4b) also confirmed the formation

of the ZnO phase at a current density of 40 mA/mm? These
results demonstrate that complete roasting (oxidation) of ZnS
was achieved at this current density and within 60 s at a furnace
temperature of 650 °C. It was further confirmed by the EDS
results, as no sulfur signal was detected from the flash-roasted
sample, i.e., Figure S4.

The flash roasting was carried out for 60 s, as the main aim was to
obtain dense ZnO samples. It has been reported in previous work
that within 10, the conversion of ZnS to ZnO happens [20]. So,
in our case also, the complete conversion of ZnS to ZnO hap-
pened in 10s, whereas densification continued during the
remaining 50 s of the experiment. Therefore, during flash roast-
ing at 40 mA/mm? and a furnace temperature of 650 °C, a hold-
ing time of 60s was sufficient to obtain phase-pure ZnO.
However, the densification was limited, and the relative density
achieved was only about 78% (Table 1). As the current density

(@100 -
—8—40 mA/mm- —_
—_ —e— 60 mA/mm? rlEE]()()-
B 801 1 —i—80 mA/mm?| £
Z —v— 100 mA/mm’ é 75 4
E ~— p
S z
2 2504 %
= (5]
3 2
o § 251
=]
@]
T T T T T T T 1 0- 3 u-
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (sec) Time (sec)
(c) 600 -
~— —=—40 mA/mm-
ESOO‘ —e—60 mA/mm’
§ —+—80 mA/mm’
=} 4004 —v— 100 mA/mm?’
2300
Z
5200
b5}
£ 1004
~
04 = “S—

FIGURE 3 |

0 l'() 2I() 3l0 4'0 5'0 6'0 70

Time (sec)

Characteristic plot of flash roasting experiment performed at 650 °C under an applied electric field of 200 V/cm for: (a) electric field

versus time, (b) current density versus time, and (c) power density versus time.

(a)
A:Zn0 (00-036-1451)
a After flash roasting
A
o~ -
(3: l A “ -
= A i i
g ¥ *:ZnS(00-005-0566)
2 ®: ZnS Cubic
= . Before flash roasting|
*
JU A .
Bl
20 30 40 50 60 70
20 (%)

FIGURE4 |
of 650 °C and a current density of 40 mA/mm?

After flash roasting
437 cm'™!

Before flash roasting

Intensity (a.u.)

348 cm’!

300 400 500 600 700 800
Raman shift (cm™)

100 200

(a) XRD and (b) Raman spectra of samples before (as-received ZnS powder) and after flash roasting performed at a furnace temperature

4 of 12

Advanced Engineering Materials, 2026

85UB01 7 SUOLUWIOD BA11e81D) 3|qeot[dde ay) Aq pausenob ae Sapiie O ‘8sn JO S9INJ 10} Aeiq1T 8UIUO /8|1 UO (SUOTHPUOD-PUR-SLLIBI IO A8 | ARe.q Ul [Uo//STIY) SUORIPUOD pUe Swie | 8y} 88S *[9202/0T/TT] Uo Ariqiauluo /8|1 ‘UelkelqiTay L Akiqi eaued Aq 962T. Wepe/z00T OT/I0P/W0d A8 im Afe.d 1jBul JUO'pedUeADe//:Saiy Wiy pepeojumoq ‘0 ‘8v9z/2ST



TABLE1 | |Listof flash roasting (FR) parameters (electric field and current density), mean grain size, and relative density of flash-roasted samples.
Current density, Electric field, Holding Mean grain Relative
mA/mm? V/cm time, min size, nm density, % Remarks
40 200 01 250 =95 78 Traditional (IST) FR
60 200 01 270 +£100 85
80 200 01 280 =90 92
100 200 01 406 =100 95
100 200 60 1198 + 201 98
100 — — 776 £152 96 Current-controlled FR

(300 mA/min)

increased from 40 to 100 mA/mm?, an increase in grain size and
relative density was observed. The results are compiled in
Table 1. This behavior is mainly attributed to the higher sample
temperature generated at higher CD due to increased Joule heat-
ing. The enhanced thermal energy promotes faster mass trans-
port and grain growth, leading to improved densification. In
addition, higher current density accelerates the oxidation and
sintering processes, resulting in a more compact microstructure
with reduced porosity [25].

The relative density of ~95 % was observed for the flash-roasted
sample at the current density of 100 mA/mm? However, the
observed microstructure revealed unusual, clustered features
in the flash-roasted sample regions (marked by arrows) of
Figure 5a-c. Dense shell-like clusters with internal pore struc-
tures were observed at several locations in the microstructure,
in the marked regions. In these regions, multiple grains were sin-
tered together to form hollow shell-like structures. Similar shell-
like features were still observed at higher CD of 120 and
240 mA/mm?, as can be seen from Figure S5. These structures
may form due to the simultaneous roasting and densification
process, where the SO, gas produced during oxidation becomes
temporarily trapped inside the densifying shell. This can create

internal pores and hollow regions within the clusters. However,
it is to be noted that, after holding the sample in the flash state
for 60 min at a CD of 100 mA/mm?, the shell-like structures dis-
appeared, as shown in Figure 5d,e. The longer holding time also
resulted in significant grain growth, with the average grain size
increasing to about 1200 nm.

3.2 | Current-Controlled (CC) Flash Roasting

The images of the sample before and after flash roasting are
shown in Figure 6a,b, respectively.

The electrical characteristics and microstructural results of the
current-controlled flash roasting are shown in Figure 7(a-b)
and 7(c-d), respectively. The microstructure under CC shows no
shell structure, with a uniform grain size and a narrow grain size
distribution with minimal grain growth. The gradual current injec-
tion during current-controlled flash roasting resulted in uniformly
distributed grains, in contrast to the agglomerated structure that
was observed during VC flash roasting (i.e., Figure 5a—c). Since the
current-controlled flash roasting process produced a uniform
microstructure and achieved a relative density of 96% (Table 1),

FIGURE 5 | High-resolution SEM micrographs of a flash-roasted ZnO sample processed at a furnace temperature of 650 °C and at 100 mA/mm?.
Here, (a—c) correspond to a hold time of 60 s, while (d,e) correspond to a hold time of 60 min.
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FIGURE 6 | Images of the sample before and after flash roasting.
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FIGURE 7 | Plot of (a) electric field and current density with respect to time; (b) power density with respect to time; and (c,d) correspond to high-

resolution SEM micrographs for the current-controlled flash roasting at 650 °C with a current ramp rate of 300 mA/min and a target current density of

100 mA/mm?>

this sample was selected as the optimized specimen for evaluating
its properties and its potential memristive performance.

The bandgap of the flash-roasted ZnO sample was found to be
3.225eV (Figure 8a), which is slightly lower than the
literature-reported value of 3.370eV for bulk ZnO [28, 30].
The bandgap of the as-received ZnS powder was found to be
3.606 €V, as can be seen from Figure S2. Figure 8b shows the
EPR spectra of flash-roasted ZnO. Zn*" is EPR silent as it has
no paramagnetic center due to the absence of an unpaired elec-
tron. The g ~ 2.007 corresponds to an electron trapped by oxygen
vacancies (Vg), which further suggests that the flash-roasted ZnO
is deficient in oxygen. The g~2.010 indicates the presence of
adsorbed oxygen in the materials. In the literature, the reported
values of “g” for oxygen vacancy and adsorbed oxygen are 2.003

and 2.068 [31]. The change in “g” value in this case can be attrib-
uted to increased concentration of localized density of electrons
on neighboring atoms [32-34].

The XPS spectra of the flash-roasted sample are shown in
Figure 8c,d. The XPS plot was calibrated with respect to Cl,
and is shown in Figure S6. The high-resolution O,s and Zn,,
were fitted using the linear background and Gaussian function
to obtain reduced chi-square (%), which is attached in the
Table S1. XPS spectra of O were fitted into two Gaussian peaks.
The peaks at binding energies of 529.8 and 531.7 eV are assigned
to lattice oxygen and oxygen vacancy, respectively. The binding
energies of 1021.9 and 1045eV correspond to Zn2ps, and
Zn2p,,,, respectively. Similar binding energies for O,s and
Zn,, have been well reported in the literature [35, 36].
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FIGURE 8 | Plot of (a) optical band gap; (b) first harmonic EPR spectra; (c) XPS spectra of Oy; and (d) XPS spectra of Zn,, for the ZnO sample

derived from flash roasting of ZnS.

3.3 | Measurement of Sample Temperature

The pyrometer readings at a furnace temperature of 650 °C with
CD of 40, 80, and 120 mA/mm? were 680, 730, and 780 °C, respec-
tively (Figure 9), with a standard deviation of 15 °C. It should also
be noted that sample temperature measurement using a laser
pyrometer is based on the radiation emitted by the specimen
and also on the emissivity of the material. During electrically
assisted flash roasting, power can be consumed not only in radia-
tion but also in defect generation, considering the nonequilibrium
nature of the process [37]. Furthermore, the luminescence coming
from the sample interferes with the laser of the pyrometer.

7804 Temperature
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FIGURE 9 | Plot of sample temperature measured using a laser

pyrometer at current densities of 40, 80, and 120 mA/mm?®.

On a technical note, the roasting temperature of zinc sulfide to
zinc oxide can be reduced in the presence of lattice defects and/or
vacancies. Defect sites such as zinc or sulfur vacancies created
during the flash process can act as potential sites for initiation
of oxidation reactions. Also, one may expect reduced activation
energy required to start the oxidation reaction due to an exother-
mic reaction on a defective surface, resulting in the formation of
metal-oxygen bonds at relatively lower temperatures. Therefore,
we believe the specimen temperature during flash roasting of
ZnS to ZnO will be much lower than the conventional roasting
temperature.

The current-voltage response, as shown in Figure 10a,b, signi-
fies that the flash-roasted ZnO sample is photon-sensitive. The
current-voltage response of the initial ZnS sample was also
included to avoid confusion regarding the pre-existing defect
density, which is shown in Figure 10c. It indicates that the
ZnS-based lateral memristive device exhibits negligible hyster-
esis in its current-voltage response under both dark and light
conditions, indicating a very small amount of resistive switch-
ing or memristive behavior. In contrast, Figure 10d shows that
the flash-roasted ZnO-based lateral memristive device exhibits
pronounced hysteresis in its current-voltage response under
dark and light exposure, demonstrating remarkable resistive
switching behavior triggered by light (photon) interaction.
These findings suggest ZnO sample derived from flash-roasting
of ZnS can possibly be an alternative material for photonic syn-
apse applications.
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FIGURE 10 | I-V characteristics of the ZnO sample derived from flash roasting of ZnS under (a) dark and (b) light, and memristive I-V of (c) ZnS

and (d) flash-roasted ZnO devices in dark and light.

4 | Discussion
4.1 | Efficient ZnO Pellet Synthesis

The chemical reaction for the conversion of sulfides into oxides is
shown below in Equation (1).

2ZnS + 30, - 2Zn0 + 250, (1)

The flash roasting method enables complete roasting and densifi-
cation in a single step within 60s at a furnace temperature of
650 °C, producing dense, phase-pure ZnO. The use of an electric
field, along with thermal treatment, has enhanced this reaction by
several orders of magnitude at a much lower temperature [20]. In
contrast, during conventional roasting, the reaction typically
occurs in a temperature range of 600-1100°C and is sluggish,
as the process depends on several parameters such as gas flow rate,
concentrate mass, processing time, and temperature, and requires
complex machinery [38]. Moreover, it produces ZnO powder, and
densification is performed as a separate step at 900-1200 °C for
60-120 min [39]. However, flash roasting enables very rapid proc-
essing at much lower furnace temperatures (around 650 °C), typi-
cally 500-600 °C lower than those used in conventional sintering
(1100-1200 °C) [20, 38]. High densities above 95% can be achieved
within a few seconds (Table 1).

4.2 | Microstructural Evolution

SO, gas is released as a byproduct of the flash roasting of ZnS, as
shown in Equation (1) . Cannon et al. [40] have explained in their
studies about the gas-solid reaction during the oxidation of ZnS.
The initial ZnS powder particles have an agglomerated flaky

structure, as can be seen from Figure S1. Conventionally, the roast-
ing reaction starts from the surface of particles or agglomerates.
During oxidation, the ZnS core was gradually covered by a layer
of ZnO that sticks to the surface. This oxide layer acts as a barrier
to the reaction. For the reaction to continue, oxygen must diffuse
inward through the ZnO layer, while SO, gas must diffuse outward.
According to this study [40], at temperatures below about 880 °C,
this gas movement is fast, so the reaction rate is mainly controlled
by the chemical reaction at the ZnS-ZnO interface. However, above
880 °C, diffusion through the oxide layer becomes slower and starts
to control the overall reaction rate. Above about 950 °C, the oxide
layer becomes dense and almost impermeable, strongly restricting
oxygen flow. This leads to a buildup of internal gas pressure from
ZnS decomposition, which can lift the oxide layer and form blisters
or eruptions. In addition, since the oxidation reaction is exothermic,
heat can become trapped beneath the oxide layer at temperatures
above 900 °C. This causes a local temperature increase, which
accelerates the reaction unevenly and results in non-uniform oxide
growth [40, 41]. This effect could be more pronounced when heat-
ing is fast, or densification occurs early, as in the case of flash roast-
ing, because these conditions prevent smooth gas escape and
promote pore formation instead of uniform densification. The
aforementioned reason is likely to contribute to the distinct
observed microstructure, as shown in Figure 5a-c during the flash
roasting of ZnS.

An argument may arise based on the data presented from IST
experiments conducted under similar conditions in previous
studies, suggesting that the roasting reaction is largely completed
before significant pore closure begins during densification [20]. It
has been reported that the roasting process is completed within
the first 10 s, whereas densification continues during the remain-
ing 50's [20]. This argument is further supported by the fact that
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sintering is generally controlled by slower-diffusing species,
while phase transformation is governed by relatively faster-
moving species; therefore, phase transformation typically pre-
cedes densification during the process [42]. In the present case,
the results also agree with the argument, as the relative density
data compiled in Table 1 show that these hollow shell structures
have not much effect on the densification. Since IST flash proc-
essing suffers from nonuniform densification and several hotspot
formations, the non-uniform roasting could be the reason for the
shell-like structure formation at several places. These structures
are formed due to the very high kinetics of the traditional flash
roasting process; however, the roasting reaction is largely com-
pleted at the start of the flash. Furthermore, VC flash processing
is accompanied by the sudden shrinkage (shown in Video S3),
suggesting that the majority of densification happens during
the start of the flash itself. The competition between the densifi-
cation and roasting processes after the start of the flash may also
result in the entrapment of the gases, and that could eventually
result in these shell-like structures.

Rapid roasting and densification during the process can lead to
the formation of mechanically unstable shell structures. These
shells cannot maintain their integrity during the gas-solid reac-
tion. As explained earlier, the shell forms because gases gener-
ated inside cannot escape easily, which leads to a buildup of
internal pressure. As a result, high thermal stresses may develop
within the shell. A short holding time (e.g., 60 s, Figure 5a-c) is
not sufficient to relieve these stresses. Increasing the holding
time allows the internal pressure and thermal stresses to relax,
which can cause the shell structures to collapse. This behavior is
shown in Figure 5d,e, where the structures disappear when the
holding time is increased up to 60 min. However, longer holding
times also lead to undesirable grain growth (Table 1).

The current-controlled (CC) flash roasting process overcomes the
problems mentioned above because it avoids power bursts and hot-
spot formation [43]. In contrast, traditional flash sintering often
experiences power surges during the second stage of flash, which
leads to a nonuniform microstructure [44]. Similarly, IST flash
roasting can also result in nonuniform densification. In the
current-controlled method, the gradual application of current pre-
vents sudden power spikes at the onset of the flash, thereby avoid-
ing overheating and possible damage [43, 45]. As a result, roasting
and densification occur more uniformly, producing a narrow grain
size distribution and controlled grain growth, as shown in Figure 5.
This approach also provides better control over power input and
temperature distribution, making it suitable for temperature-
sensitive materials [20]. Consequently, more uniform microstruc-
tures are obtained, as observed in the present case (Figure 7).

4.3 | Point Defect Generation

Reactive flash processing generates vacancies, much above the
equilibrium limits, in ceramics by applying strong electric fields
in combination with temperatures, which accelerates the reaction
and concurrent densification well beyond conventional limits
[1, 4]. These defects get ionized by the electric field through the
Frenkel defect mechanism, producing neutral defects and
electron-hole pairs. The neutral defects assist densification by mov-
ing vacancies toward grain boundaries and interstitials toward

pores, while recombination of electron-hole pairs causes lumines-
cence [22, 46]. The extreme Joule heating with very high heating
rates and cooling rates could suppress the annihilation and segre-
gation of defects that occur with gradual heating. This results in
supersaturated defect concentrations that endure because of the
rapid quench rates after the flash. XPS and EPR results show
the oxygen vacancy concentration beyond equilibrium limits.
Furthermore, retention of point defects is thought to contribute
to lowering the band gap of ZnO by splitting the energy levels
[47]. Soriano et al. [48] reported that the presence of point defects,
such as vacancies, can lower the band gap by changing the strength
and symmetry of the crystal field. This is evident from Figure 8a.

Reactive flash processing induces exceptionally high diffusion
rates. Studies on oxide electrification report diffusion coefficients
of ~107"°m? s™', approximately six orders of magnitude higher
than conventional tracer diffusion values [22]. Likewise, the
hexagonal ZnS phase emerges during the electrification of ZnS
roasting at temperatures well below its equilibrium phase transfor-
mation temperature. Moreover, this high-temperature hexagonal
phase was retained even after cooling to room temperature [20].
In the present case, the maximum temperature of the sample
was found to be 780 °C at a current density of 120 mA/mm?, as
measured using a laser pyrometer (Figure 9). In contrast, this phase
conventionally appears above 1020 °C only in the Zn-S phase
diagram [49]. The stabilization of this phase at nonequilibrium
temperature is attributed to the defects generated during the flash
processing [20, 50]. Furthermore, flash sintering is well known to
generate point defects, mostly anionic vacancies in the oxide
ceramics [45, 51]. There are reports of the formation of metastable
phases in the state of flash [52]. However, most of the metastable
phases are transient and disappear when the electric field is turned
off. The formation of these phases is also attributed to the genera-
tion of point defects in the state of flash [50]. Furthermore, the
introduction of dopants can also promote vacancy formation in
ZnO by altering the lattice structure. Such defect generation
mechanisms in ZnO have been widely reported in the literature
[53, 54]. In the conventional route, the formation of defects takes
place sluggishly through thermal treatment; on the contrary, the
flash process generates defects rapidly due to the applied electric
field and rapid heating. Flash roasting, therefore, could be a
new pathway to produce defect-engineered ZnO in a very rapid
and efficient manner.

4.4 | Memristive Behavior

The underlying physics for resistive switching in ZnO-based
memristive devices is the migration of oxygen vacancies and/
or the change in their concentration [5, 22, 55]. These defects
can be controlled by doping, heat treatment, substrate tempera-
ture, and photon excitation. Under external stimuli such as light,
electric field, or UV exposure, some frozen defects can become
mobile. This changes the conductivity or resistance of the mate-
rial [35, 55]. ZnO-based lateral memristors show stronger
resistive switching under light conditions compared to dark con-
ditions. This behavior is due to light-sensitive oxygen vacancies.
When UV or visible-light is applied, electron-hole pairs are gen-
erated. The holes are trapped by neutral oxygen vacancies, which
become ionized [56]. This increases the free electron concentra-
tion and reduces the Schottky barrier width, resulting in higher
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conductance. From Figure 10d, the ZnO-based lateral memristor
clearly demonstrated enhanced resistive switching under light
with a wavelength of 365 nm.

The defect-engineered ZnO produced via the optimized flash-
roasting process provides a promising platform for tailoring
charge transport, thereby enabling the investigation of photonic
synapse behavior for neuromorphic computing applications.
Furthermore, systematic optimization of both lateral and
metal-insulator-metal (sandwich) device architectures will be
undertaken using the optimized flash-roasting parameters.

5 | Conclusions

This study systematically investigated the flash roasting behavior
of ZnS using both traditional isothermal flash roasting (IST) and
current-controlled (CC) modes. Both processing routes were car-
ried out at a relatively low furnace temperature of 650 °C, and the
functional potential of the processed materials for photonic syn-
apse applications was explored. Flash roasting of sulfides is a
rapid and efficient route for producing ZnO with a high concen-
tration of defects. In this process, ZnS is converted into defect-
engineered ZnO pellets through simultaneous roasting and
densification in a single step. The following conclusions can
be drawn from the present work:

1. Traditional flash processing performed at 650 °C, 200 V/cm,
and a current density of 100 mA/mm? produced dense pel-
lets within 60 s of holding time. However, shell-like clusters
were observed due to the inherent power bursts associated
with the process occurring over a very short duration.

2. Flash roasting performed in current-controlled mode at the
same furnace temperature resolved the microstructural
inconsistencies observed in traditional processing. Phase-
pure ZnO with a relative density of 98% was obtained in
less than 2 min. The processed samples exhibited fine grains
with a narrow grain size distribution.

3. The optical band gap of the ZnO sample derived from flash-
roasting of ZnS was found to be lower (3.225€V) than the
conventionally reported value of ZnO (3.37eV). This is
attributed to the generation of defects during the processing.

4. XPS and EPR confirm the presence of oxygen vacancies in
the ZnO sample derived from flash-roasting of ZnS.

5. The maximum temperature of the sample was found to be
780 °C, measured using a laser pyrometer at the current
density of 120 mA/mm?>.

6. Oxygen vacancies play an important role in memristor devi-
ces because they facilitate resistive switching by enabling
charge transport. The ZnO sample derived from flash-
roasted ZnS shows improved resistive switching under light
illumination, which is attributed to these defect states.
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