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Abstract
The intense pulsed light (IPL) post-treatment process has attracted great attention in the device
fabrication due to its versatility and rapidity particularly for solution process functional structures
in devices, flexible/printed electronics, and continuous manufacturing process. The metal oxide
materials inherently have multi-functionality and have been widely used in form of thin films or
nanostructures in device application such as thin film transistors, light emitting diodes, solar
cells, supercapacitors, etc. The IPL treatment enhances the physical and/or chemical properties
of the functional metal oxide through photothermal effects. However, most metal oxides are
transparent to most range of visible light and require more energy for post-treatment. In this
review, we have summarized the IPL post-treatment processes for metal oxide thin films and
nanostructures in device applications. The sintering and annealing of metal oxides using IPL
improved the device performances by employing additional light absorbing layer or back-
reflector. The IPL process becomes an innovative versatile post-treatment process in conjunction
with multi-functional metal oxides in near-future device applications.

Keywords: intense pulsed light (IPL), metal oxide, post-treatment, thin films, nanostructures,
annealing, sintering

(Some figures may appear in colour only in the online journal)

1. Introduction

Intense pulsed light (IPL) is the high-power light emitted
from a xenon flash lamp. Its duration is on range of milli-
seconds and wavelength is on range of 200–1000 nm
including the visible light [1]. For this reason, the IPL process
is also called the flash lamp process [2–8]. The IPL system
consists of a xenon flash lamp, a reflector, a capacitor, and
pulse controller as shown in figure 1(a) [9]. The IPL process
is performed with pulse time (t), off time (d), energy intensity,
and number of pulses as process variables as shown in

figure 1(b) [10]. This makes it possible to manipulate the
waveforms so that a variety of process conditions can be
applied to different types of functional materials for device
application. The temperature change in the functional material
according to the waveform in figure 1(b) is shown in
figure 1(c) [10]. The temperature increases rapidly during
pulse time and decreases rapidly during off time. It can
maintain low temperature by repeating increase and decrease
according to the repeated pulse. This characteristic of IPL has
attracted great attention in device fabrication for a variety of
applications.
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The IPL post-treatment process has a variety of advan-
tages. First, it can be applied to various types of functional
materials such as metals [11–18], semiconductors [19–24],
and dielectrics [25–28] due to wide wavelength character-
istics. Each material has its own light absorption, followed by
heat emission, characteristics depending on the wavelength.
Contrary to ultraviolet (UV) [29–31] or laser [32–34], which
has limited wavelength in its spectrum, IPL irradiates the light
with broadband wavelength. Therefore, there is no need to
tune the equipment for different types of functional materials
to obtain substantial effect. Second, it can be instantaneously
processed in an ambient environment. The functional material
exposed to IPL absorbs most of the light energy at the top of
the absorbable layer. Then, the temperature rises rapidly due
to strong pulse energy. Since the other part of the material is
maintained almost at room temperature, the heat generated at
the top is quickly conducted to the entire device by heat
conduction. Even with continuous irradiation of IPL, the
device can maintain a temperature close to room temperature.

This allows the IPL process to be processed at room temp-
erature without significant restrictions on the ambient
environment. Therefore, the IPL process is compatible with
flexible/printed electronics and continuous manufacturing
processing. The substrates used in flexible/printed electronics
are mainly polymeric materials that are vulnerable to heat.
Heat generated by the IPL irradiation is rapidly released
through the entire substrate by heat conduction, thereby
minimizing damage to the substrate. In addition, the func-
tional materials should be post-processed rapidly online while
the substrate is transported to enhance the productivity in
continuous manufacturing process. IPL not only enables
instantaneous post-processing even on the material being
transported, but is also more effective in heat dissipation not
to damage the continuously moving substrates.

In conjunction with metal nanostructure applied in prin-
ted electronics, IPL process has been reviewed in previous
publication [35]. The thermal method had been con-
ventionally used to sinter or anneal the metal nanostructures
[36–40]. However, it requires high-temperature facility and
long process time to obtain desired effects. Infrared [41, 42],
laser [43, 44], electrical [45, 46], plasma [47, 48] and
microwave [49, 50] post-treatment methods have been stu-
died to address these issues. Among them, the IPL post-
treatment method has been proposed as the most suitable
mean in device fabrication. The silver and copper nanos-
tructures in the form of nanoparticle [11–18] and nanowire
[51–56] were mainly used as conductive materials in IPL
post-treatment. The IPL process has been utilized to modify
characteristics of the functional materials adequately. First,
post-treatment such as sintering and annealing are possible
due to the photothermal effect. The photothermal effect is a
physical phenomenon in which the light energy is absorbed
when light energy is irradiated to a material. The strong
energy of IPL induces the release of a lot of thermal energy
instantaneously in the material. The released thermal energy
can replace the thermal post-treatment process in vicinity of
high temperature region. The sintering or annealing of the
functional materials is possible depending on the amount of
heat energy. The sintering is the process of compacting and
forming a solid mass of material by heat or pressure without
melting entire material to the point of liquefaction. The sin-
tering was mainly used for nanostructured metal and metal
oxide materials in electronics field to improve electrical
conductivity by interconnecting them. The annealing is the
process of recrystallizing a material to make it softer. The
annealing was mainly used for functional thin film and pat-
terned structure to increase the crystallinity of a material in
electronics field, resulting in the change of electrical
properties.

Despite the desired effects, metal oxide materials have
two limitations to apply IPL process. First, contrary to metal
composed of metallic bonds, metal oxide are compounds
composed of ionic bonds between metal cations and oxygen
anions. The strong ionic bonding force requires higher energy
in the heat treatment process than metal bond. That is, heat
treatment of metal oxides is difficult to attain in thermal
processing equipment for metals. Second, metal oxide has

Figure 1. IPL post-treatment system: (a) schematic of IPL sintering
system and xenon flash lamp setup. (b) Conditions of IPL, (c)
numerical and experimental results demonstrating the maximum
temperature rise occurring at the perovskite film. Reprinted with
permission from [10]. Copyright (2020) American Chemical
Society.
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higher band gap than metal (3 eV or greater). Due to the
larger band gap than visible light photon energy, visible light
cannot be absorbed and passed through, making metal oxide
thin films and nanostructures appear transparent. The free
electrons in metals have high absorbance for visible light
whose energy is 1–3 eV. Metals with high absorbance are
effectively heat treated even at low energy of IPL. However,
metal oxides are less efficient because they can only absorb
part of the UV region of the IPL’s spectrum.

In this review, we summarize and review research on the
IPL post-treatment process of metal oxide and its device
applications in form of thin films and nanostructures. Due to
the high heat treatment temperature and low absorbance of
metal oxide materials, various methods have been studied to
increase the efficiency of the IPL process. In addition, the IPL
process could be applied to various processes related to
thermal processes as well as heat treatment. IPL process based
on metal oxide materials were reviewed for both solution
process and vacuum deposition.

2. IPL post-treatment of metal oxide thin films

The metal oxide is a material composed of an ionic marriage
between a metal and an oxygen atom. Since indium oxide
(In2O3) and tin dioxide (SnO2) were introduced into thin film
transistors (TFT), they have attracted much attention as
semiconductor materials [57]. Recently, interest in metal
oxide thin films has been amplified by realizing high-per-
formance amorphous oxide TFTs based on amorphous
indium gallium zinc oxide (a-IGZO). The technology devel-
oped rapidly as the research revealed the characteristics of
oxide TFTs, including high field-effect mobility in the
amorphous phase, high uniformity over a large area, and high
optical transparency [58]. With the development of metal
oxide thin films, metal oxide TFTs have been commercialized
as a basic driving device for liquid crystal displays, con-
tributing greatly to the display industry. The indium tin oxide
(ITO) thin film, in which electricity flows through oxygen
vacancies by mixing In2O3 and SnO2, enabled the electric

products that require transparent electrodes such as touch
panel [59], light emitting diodes (LED) [60], and dye-sensi-
tive solar cells (DSSC) [61]. In general, metal oxide thin films
are mainly manufactured by a solution process or vacuum
deposition process as shown in figure 2. The vacuum
deposition process is already commercialized to attain
deposition of metal oxide thin films. These days, a solution
process is of great interest in the field of flexible/printed
electronics, where a precursor is coated on a substrate fol-
lowed by post-treatment to endow adequate properties. In this
section, metal oxide thin films formed by solution process and
vacuum deposition followed by IPL post-treatment to
improve device performance were reviewed.

2.1. Solution processed thin films

Metal oxide thin films coated by solution process techniques
are discussed for IPL annealing. Solution process uses
organic or inorganic materials in solution phase. It has the
advantage of being able to control the atomic composition of
the formed material and not requiring special and complex
equipment unlike conventional vacuum deposition techni-
ques. In addition, the solution phase precursor can be applied
to various techniques such as ink-jet [62], screen printing
[63], gravure printing [38], slot-die coating [64], spray coat-
ing [65], and spin coating [66], etc. Although the advantages
of solution processing are clear, a low performance of solu-
tion-processed devices, processing time, and high-temper-
ature processing are still obstacles for scale-up production.
The IPL process can be an alternative to these problems.

The efficient photo-annealing effect of active layers in
indium gallium zinc oxide (IGZO) metal oxide TFT on silicon
dioxide (SiO2)/silicon (Si) wafer through IPL irradiation was
demonstrated [19]. Although IGZO is transparent to visible
light, it can be annealed by heat absorption on SiO2/Si wafer.
Systematic characterization of semiconductor thin films con-
firmed that IPL irradiation immediately generated sufficient
thermal energy to facilitate the complete conversion from sol-
gel to solid thin films. The performance of the TFT was
changed according to the irradiation energy of the IPL. This

Figure 2. Comparison of solution and vacuum processes for depositing thin film: (a) solution processed thin film, (b) vacuum deposited
thin film.
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could be due to the residual presence of organic ligands in
molecular precursors that were not completely removed under
conditions of low energy irradiation. However, as the irra-
diation energy of the IPL increases, the device begins to
exhibit a gate bias response. The optimized IPL pulse con-
dition was found to be 10 pulses with a pulse time of 10 ms
and a off time span of 10 ms. The voltage applied to the
xenon lamp was 430 V, and the total irradiation energy was
about 100 J cm−2. The performance of the IPL annealed
IGZO TFT was compared with the previously reported ther-
mal annealing for 1 h at 500 °C. The mobility increased by
9.9 times, the on/off current ratio increased by 103 times, the
threshold voltage decreased from 10 to −12 V, and the
subthreshold swing decreased by 0.36 times. As a result, IPL
annealed IGZO TFT exhibited excellent performance com-
parable to thermally annealed IGZO TFT.

Metal oxide TFT manufactured on transparent glass
rather than SiO2/Si wafers require a additional light absorp-
tion layer to anneal the metal oxide thin film. Alternatively, a
metal gate pattern was used as the light absorbing layer in
IGZO TFT on glass substrates [20]. They used a thermo-
couple thermometer to monitor the temperature of the sub-
strate floor while the IPL was irradiated. Compared to light
transmitting glass, Cr gate patterned glass exhibits ∼250 °C
higher temperature. Therefore, IPL light annealing requires
one of the following conditions: (i) the layer to be sintered
must be capable of absorbing visible light, (ii) there must be
additional neighboring layer capable of absorbing light, (iii)
ultra high energy IPL irradiation should be possible in the
absence of a layer capable of absorbing light. They confirmed
that IPL irradiation immediately generated sufficient thermal
energy to promote the complete conversion of the precursor
into an IGZO metal oxide thin film. The optimal condition of
IPL annealing was set to applied voltage of 2000 V, pulse
time of 15 ms, frequency of 1 Hz and 40 pulses. IGZO TFT
with thermal and deep UV (DUV) annealing exhibit field-
effect mobilities of 1.8 and 2.2 cm2 V−1·s−1, respectively.

Despite a very short annealing time (40 s), IPL annealed
IGZO TFTs exhibited field-effect mobility as high as 10.89
cm2 V−1·s−1, virtually no hysteresis, low gate leakage cur-
rent, and high on/off current ratio of >108. IPL annealed
IGZO TFT exhibited superior electrical properties than con-
ventional thermal and DUV annealed IGZO TFT. SiO2/Si
wafer and the Mo gate pattern on glass substrate were com-
pared to investigate the IPL irradiation according to the
substrate (figure 3(a)) [21]. The SiO2/Si wafer showed con-
ductive transfer characteristics under the conditions of 638 mJ
cm−2 (3 kV, 2 ms), 15 pulse, but the Mo gate pattern on glass
substrate showed conductive transfer characteristics at 323 mJ
cm−2 (3 kV, 1 ms), 15 pulse, and 638 mJ cm−2 (3 kV, 2 ms),
10 pulse. They report on the effects of an IPL rapid annealing
process and back-channel passivation in solution-treated
IGZO TFT (figures 3(b)–(c)). Generally, metal oxide TFT can
be degraded by the adsorption of oxygen or water molecules
on the back-channel surface of metal oxide. The back-channel
surface of the IGZO channel layer was protected with photo-
sensitive polyimide. Passivated IGZO TFT increased field-
effect mobility by 1.41 times and subthreshold swing
decreased by 0.32 times compared to that without passivation.
Compared with the IGZO TFT fabricated on a Si wafer, the
mobility increased 54 times. As a result, it was confirmed that
the electrical properties, stability, and uniformity of IGZO
TFT arrays can be dramatically improved by using an
appropriate back-channel passivation layer (figures 3(d)–(e)).
Also, temperature in top surface and bottom surface of the
In2O3 TFT structure was analyzed through simulation during
light pulses [22]. The Al gate pattern of In2O3 TFT is used as
the light absorption layer. The simulation results show that
the temperature of top surface of the stack increases by
∼1000 °C and decreases below ∼200 °C within 6 ms
according to a single light pulse with 5 J cm−2 and 500 μs.
On the other hand, the bottom surface keeps the temperature
of the substrate close to room temperature. Applying 20
pulses to this device further increases the temperature of the

Figure 3. IPL treated IGZO-based thin-film transistors on Si wafer: (a) inverted-staggered TFT structure and IPL annealing system, (b) drain
current versus gate voltage plots (logarithmic scale), (c) the square root of drain current versus gate bias transfer curves in comparison with
thermal annealing, transfer curves before and after passivation with IPL treatment at (d) 3 kV, pulse time of 1 ms, 15 pulses, and (e) 3 kV,
pulse time of 2 ms, 10 pulses. Reproduced from [21]. CC BY 4.0.
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top surface to ∼1200 °C. However, the bottom surface
increases to ∼300 °C. The temperature increase at the bottom
surface can in principle be reduced to significantly lower
values by using substrate materials with low thermal con-
ductivity (e.g. plastic or paper). As a result, the mobility of
IPL annealed In2O3 was 6 cm2 V−1·s−1, and that of IPL
annealed In2O3/zinc oxide (ZnO) was 36 cm2 V−1·s−1. The
performance level represents a similar level of performance to
that of processing for 1 h at 250 °C.

Nontransparent electrode was used as a light absorbing
layer in TFT to accommodate most energy of IPL. However,
in some cases such as LED or solar cells, there is metal oxide
layer on the transparent electrode. The metal oxide was used
as an electron injection layer (EIL) or an electron transport
layer (ETL) rather than an active layer. In this case, IPL
annealing can control the valence-conduction band level of
EIL or ETL [67, 68]. Quantum dot LED (QLED) was man-
ufactured using ZnO as an EIL and the performance of ZnO
by IPL annealing was compared (figure 4(a)) [67]. ZnO film
was coated on transparent ITO glass and then IPL-annealed.
The conduction band level was changed according to the
energy of the IPL, which was changed to 3.5, 3.55 and 3.6 eV
under the conditions of 22.6 J cm−2 (450 V, 1.5 ms, 5 pulse),
37.8 J cm−2 (650 V, 1.5 ms, 3 pulse) and 23.6 J cm−2 (850 V,
1.5 ms, 2 pulse), respectively. ZnO device annealed by IPL at
the condition of 23.6 J cm−2 with drying at 60 °C had the
same turn-on voltage of 2.2 V as that of ZnO deivce thermally
annealed at 120 °C for 30 min at vacuum. Moreover, the
current efficiency and power efficiency increased with the
irradiation energy of the IPL and were significantly higher
than the devices annealed at 120 °C at all luminance levels
tested. They showed that the IPL annealed ZnO devices
exhibit significantly higher efficiencies and longer lifetimes
than the same devices fabricated from thermally annealed
ZnO (figure 4(b)). Also, solar cells were fabricated using
SnO2 as ETL, and presented a fast, low temperature solution-
based method through IPL annealing [68]. SnO2 was coated

on transparent fluorine doped tin oxide (FTO) coated glass
and IPL annealed. Investigation of precursor solutions and
photon annealing conditions have shown to form high-quality
nanocrystalline SnO2 films under condition of 46 J cm−2 and
20 ms with a SnCl4 concentration of 0.1 M. This enables
perovskite solar cells with low hysteresis and high-power
conversion efficiencies exceeding 15%.

Eom et al analyzed nitrogen-related chemical bonds
considering the predominant use of nitrate precursors in
solution process [69]. Through the curve of the N 1s peak
obtained by x-ray photoelectron spectroscopy (XPS) and the
5 sub-peaks, it was confirmed that the hydroxides and nitrates
were transformed into a network of oxides and nitrides
between 14 s and 16 s. If the irradiation time is further
extended, nitrogen is released from the sol-gel reaction and
diffuses into the oxygen-deficient site or high concentrations
of nitrogen-occupying vacancies (NO), creating double
nitrogen-occupying defects ((N2)O) as shown in figure 5(a).
This results in a sharp increase in carrier concentration and off
current. They believe that XPS analysis of the N 1s peaks
reveals the presence of oxygen vacancies-related nitrogen
defects and their evolution with annealing time, which may be
responsible for increased carrier concentration (figures 5(b)–
(g)). As a result, IGZO TFT with the best performance under
the condition of irradiation for 16 s was realized.

Since the metal has a low heat treatment temperature and
a high absorbance, an effective IPL process is possible for
metals [54, 70–72]. However, since metal oxide requires a
high-temperature process, a relatively long process time of
∼10 s is required even by IPL. The efficient annealing of
metal oxides has been studied. IPL annealing was split into
multiple steps and compared to one step [73]. It was con-
firmed that In2O3 was completely converted into an oxidized
film within 30 s. The temperature at the back side of the
substrate according to the irradiation time was confirmed
through experiments and simulations. The temperature of the
back side increased sharply up to 20 s and then gradually

Figure 4. IPL annealing of ZnO electron injection layer in CdSe/ZnS Q-dot LED: (a) energy level diagram, (b) luminance decaying curves in
QLED employing ZnO (60 °C), ZnO (120 °C), ZnO (60 °C) + IPL (450 V), ZnO (60 °C) + IPL (650 V) and ZnO (60 °C)+IPL (850 V).
Reproduced from [67]. CC BY 4.0.
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increased from 20 to 40 s under condition of 207 J/pulse and
15 Hz. Then, it was kept constant at about 350 °C from 40 s.
In2O3 TFT implemented in one step process showed the best
performance of the device processed in 120 s. However, the
substrate exhibits high temperatures. They divided the time
into 10 s increments to avoid temperature rise of the substrate.
As a result, it showed the best performance under the con-
ditions of 10 s and 3 times. Compared to the result of 120 s,
the mobility decreased about 4 times, but the on/off ratio
increased about 500 times. It was also able to prevent the
temperature rise of the substrate. In addition, the heat treat-
ment effect could be improved by changing the near-infrared
(NIR) drying-IPL annealing process to a NIR and DUV
drying-IPL annealing process as shown in figure 6(a) [74].
The DUV drying process can have the effect that the bonding
of Ga and oxygen formed thereby prevents excessive carrier

generation in the IGZO due to oxygen separation during IPL
annealing (figure 6(b)). During the drying phase, DUV can
control the separation of oxygen and keep the carriers at an
appropriate level. After that, high mobility and high on/off
ratio can be achieved through IPL annealing (figures 6(c)–(f)).
This IPL method is effective for annealing semiconductor
materials based on indium and gallium. It has been demon-
strated that the use of DUV in the drying phase promotes the
bonding of metals to oxygen, particularly gallium to oxygen
by XPS analysis. Metal oxide bonding distribution analysis
allowed us to control the bonding state of metal and oxygen in
IGZO with or without DUV, and this process affected the
TFT performance improvement.

2.2. Vacuum deposited thin films

Metal oxide thin films deposited by vapor deposition tech-
niques are discussed for IPL annealing in this section. The
metal oxide thin films is formed by various deposition tech-
niques such as direct current (DC) sputtering [75], DC reac-
tive sputtering [76], radio-frequency (RF) sputtering [77],
reactive thermal evaporation [78], electron beam evaporation
[79], pulsed laser deposition [80], and atomic layer deposition
(ALD) [81]. Such thin films usually have residual stress due
to the lattice mismatch and the difference in thermal expan-
sion coefficient between thin film and the substrate. There-
fore, annealing process is required to relieve the residual
stress and/or improve the crystallinity of the thin film [82].
However, the thermal annealing process, where thin films are
subjected to annealing chamber, has the disadvantage of
damaging the interface between thin film and the substrate
[83]. Rapid annealing such as IPL annealing was proposed to
address this issue.

First, IPL annealing of semiconducting materials applied
to TFT was investigated. Zinc oxynitride (ZnON) was
deposited on SiO2/Si wafer using a DC reactive sputtering
and investigated the electrical characteristics of TFT accord-
ing to IPL irradiation energy from 30 to 50 J cm−2

(figure 7(a)) [23]. As the IPL irradiation energy increased, the
carrier concentration in the thin film decreased and the elec-
trical characteristics of the device such as mobility, sub-
threshold swing, hysteresis, and bias stability decreased
(figure 7(b)–(c)). The cause of the decrease in electrical
characteristics according to the increase of IPL irradiation
energy is considered to be (i) change in anion atom con-
centration, (ii) change in oxygen-related bond state, and (iii)
change in nitrogen-related bond. The composition of the
ZnON thin film, metal-oxygen bonding, and oxygen depletion
did not change significantly after IPL irradiation. However,
the ratio of ZnxNy and N–N bonds increased in the XPS N 1s
spectrum. It can be concluded that the nitrogen-related
bonding state in the ZnON TFT has a great influence on the
properties of the TFT device. Also, Nitrogenated a-IGZO (a-
IGZO:N) thin film was deposited on SiO2/Si wafer using DC
sputtering followed by an IPL annealing [24]. A preheating
step using a plate-heater was conducted to improve the effi-
ciency of the IPL annealing process. The simulations invol-
ving thermal conduction and radiation were performed to

Figure 5. The effect of nitrogen in IPL treated IGZO TFTs: (a)
evolution of chemical structure change with IPL irradiation, N 1s
peak obtained from XPL analysis with IPL annealing for different
time: (b) 14, (c) 16, (d) 18, and (e) 20 s, and (f) the 350 °C thermal
annealing. (g) The areal percentage variation of the M–N, NO, (N2)O,
and NO3 peaks with IPL annealing time. Reproduced from [69]. ©
IOP Publishing Ltd. All rights reserved.
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predict the temperature of the substrate. It was confirmed that
the thin film instantaneously experienced over 700 °C by the
IPL irradiation energy. The effects of IPL annealing were
compared with the results from thermal annealing at 100 to
700 °C for 1 h. IPL-annealed a-IGZO:N TFT under condition
of 4.8 kV and 1.2 ms on plate-heater of 300 °C had mobility
of 4.27 cm2 V−1·s−1, threshold voltage of 4.2 V, and on/off
current ratio of 8.45×107. This was similar to the results of
thermal annealing at 500 °C for 1 h.

IPL post-treatment was also applied in transparent con-
ducting materials used in optoelectronic devices such as
organic LED or photovoltaics. A transparent electrode such as
ITO mainly uses a transparent substrate for optical transpar-
ency. Since normal IPL irradiation has little effect on
annealing, an additional process such as inserting a polyimide
(PI) layer or using a back-reflector was adopted. ITO thin film

deposited by the RF magnetron sputtering on PI thin film of
16 μm in thickness was annealed using the IPL process [84].
ITO was deposited on glass coated with PI thin film of 16 μm
in thickness (figure 8(a)). To improve the electrical and
optical properties of the ITO thin film, IPL was applied under
various conditions and compared with thermal annealing for 1
h. The x-ray diffraction (XRD) pattern showed that the
microstructure of the ITO thin film was converted from an
amorphous to a crystalline phase by the IPL process. In
addition, the surface roughness was greatly increased and
became comparable to that observed in thermal annealing
process. The resistivity of the ITO thin film was reduced by
about 50% and 75% through IPL and thermal annealing
processes, respectively (figures 8(b)–(c)), compared to as-
deposited ITO film. On the other hand, the light transmittance
increased slightly in the visible light region (figure 8(d)). As

Figure 6. IPL annealing of IGZO TFTs with precedent DUV treatment: (a) schematics, (b) illustration of metal−oxide bond consolidation by
gallium−oxide bond activation by DUV irradiation, (c) electrical transfer properties and (d) on/off ratio and mobility of IPL annealed IGZO-
based TFTs, (e) transfer properties and (f) on/off ratio and mobility of IGZO-based TFTs annealed using IPL with DUV. Reprinted with
permission from [74]. Copyright (2019) American Chemical Society.

Figure 7. ZnON TFTs by IPL annealing process: (a) schematic of the IPL process, (b) transfer curves with different irradiation energies, (c)
output characteristics with irradiation energy of 40 J cm−2. Reprinted with permission from [23]. Copyright (2019) American Chemical
Society.
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the pulse time of the IPL process is increased, the temperature
of the substrate exceeds the crystallization point of the ITO
material to obtain high crystallinity of ITO. However, at pulse
times longer than 0.9 ms, where the lowest resistivity was
found, the severely damaged microstructure was observed. It
was due to the difference in thermal expansion of ITO and PI
leading to fracture of ITO film. The introduction of a back-
reflector for transparent ITO glass can improve the annealing
effect [85]. ITO was deposited directly on the glass substrate

without any intervening layer by RF magnetron sputtering. A
back-reflector was utilized below the substrate during IPL
annealing as shown in figure 8(e). This reflects the IPL that
has passed through the ITO glass and causes it to act on the
ITO glass again. (figure 8(f)). The total amount of IPL applied
to the ITO glass is increased by the reflected IPL. According
to ray-tracing calculations, the absorbed energy is 2.8 times
higher when the back-reflector is used. In the visible light
region, the transmittance was still high without any change,

Figure 8. IPL annealing employing absorption layer and back-reflector for vacuum deposited ITO on glass substrate: (a) schematic of IPL
annealing system using additionally coated PI, electrical resistivity, carrier concentration, and carrier mobility of ITO thin films (b) IPL
annealed and (c) thermally annealed for 1 h, (d) comparison of spectral transmittances of ITO thin films. Reprinted from [84], copyright
(2017), with permission from Elsevier. Schematic of (e) IPL annealing system using back-reflector and (f) ray-tracing emitted from the lamp,
comparison of (g) spectral transmittances and (h) resistivity of the ITO thin films. Reprinted from [85], Copyright (2015), with permission
from Elsevier.
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but the resistivity was decreased by 30% (figures 8(g) and (h))
due presumably to increase in carrier mobility. The same
effect was obtained at thermal annealing at 250 °C for 1 h.

IPL annealing of dielectric materials was improved by
using preheat processes or irradiating IPL during deposition.
The effect of IPL annealing of hafnium-zirconium-oxide
(HfxZr1−xO2, HZO) deposited on a Si wafer using plasma
enhanced atomic layer deposition was compared with rapid
thermal annealing (RTA) process for ferroelectric application
[25]. Unlike thermal annealing, which generally raises and
lowers the temperature slowly and gradually, the RTA pro-
cess is a process in which the temperature change is rapid
[86–88]. IPL annealing was conducted with 70 J cm−2 for 20
ms preceded by a preheat at 375 °C for 120 s, and the fer-
roelectric properties of IPL annealed HZO was similar to
those of HZO annealed by RTA at 650 °C for 300 s. It was
also demonstrated that ferroelectric behavior appears at
x = 0.57 (Hf0.57Zr0.43O2) in IPL annealing. A study of per-
forming IPL annealing during deposition in the ALD cycle
based on Al2O3 was also reported [26]. Al2O3 thin films
formed by low temperature ALD have low density. IPL
annealing has been proposed to increase the density of Al2O3

thin films with short-term heat treatment. ALD was deposited
in a total of 200 cycles at 75 °C. IPL annealing was performed
after the last ALD cycle, every tenth ALD cycle and every
ALD cycle as shown in figure 9(a). Among them, the Al2O3

thin film annealed after every ALD cycle had highest density,
10% increased value (figure 9(b)). As the density increases
during the densification process, the thickness generally
decreases. However, both density and thickness of ALD-

grown Al2O3 increased, which is not considered densification
but promotion of film growth. The IPL irradiation energy
directly affects the surface chemistry, such as reduction of the
surface density of −OH− groups, desorption of physically
adsorbed H2O from the surface, or removal of residual carbon
contamination. As a result, the mass gain per cycle is
increased by 25%, similar to Al2O3 films processed by ALD
at 250 °C without IPL treatment. IPL irradiation energy
promotes the growth of Al2O3 at the expense of the aluminum
hydroxide component. The IPL treatment every ALD cycle
yielded increased refractive index, increased dielectric con-
stant, and decreased leakage current (figure 9(c)). Moreover,
it did not affect the structure of the thin film, and the film
remained amorphous and smooth.

3. IPL post-treatment of metal oxide nanostructures

Metal oxide nanostructures are currently of tremendous
interest to scientists and engineers because of their potential
for new applications ranging from catalysts, sensors, and
microelectronics to energy conversion devices including solar
and fuel cells. Zero-dimensional (0D) metal oxide nanos-
tructures such as nanoparticles [89–91] are common materials
and have been mainly studied in nanotechnology. 0D metal
oxide nanomaterials are currently widely used in many fields
such as catalysts [92], sensors [93], transparent conductive
films [94], electro-optical [95] and electro-chromic [96]
devices. Not only 0D, but also various nanostructures of 1D,
2D and 3D such as nanowires [97], nanorods [98], nanobelts

Figure 9. IPL annealing of Al2O3 films grown using atomic layer deposition (ALD): (a) illustration of process configuration, (b) refractive
index of Al2O3 films grown at 75 °C and treated with in situ IPL annealing in different process configurations, (c) comparison of effective
dielectric constant and leakage current density at an electric field of 1 MV cm−1. Reprinted from [26], copyright (2017), with permission
from Elsevier.
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[99], nanosheets [100], nanoflowers [101] have been studied.
Metal oxide nanostructures are characterized by their intrinsic
properties and large surface area-to-volume ratio, which
enhance their usefulness in new applications [102]. In addi-
tion, nanostructures have the advantage of lower heat treat-
ment temperature compared to bulk materials [103, 104]. In
this section, IPL sintering and IPL annealing of metal oxide
nanostructures are reviewed. In particular, copper oxide
(CuO) nanostructures showed both sintering and annealing
characteristics by IPL and were separately reviewed.

3.1. Sintering of metal oxide nanostructures

Metal oxide nanostructures with a scale of less than 100 nm
can be fabricated by various synthetic methods such as
hydrothermal [105], solvothermal [106], and sol-gel [107]
method. Because of the interesting properties of nanos-
tructures (mechanical, optical and electrical), the material has
been studied extensively. These properties are related to the
high density of grain boundaries due to the nanoscale struc-
ture. Many researchers have improved the properties of
nanostructures by using a sintering process to control grain
boundaries. By sintering, the nanostructures grow grains. The
growth of grains can improve mechanical, optical, and elec-
trical properties, and solve the problem of metastable phase in
ultrafine nanostructures. However, excessive grain growth
may cause the inherent properties of nanoscale to disappear.
In this section, IPL sintering of solution process-based
nanostructures was reviewed.

Ruthenium oxide (RuO2·xH2O) nanoparticles with size
of 100 nm were sintered using IPL, compared with thermal
sintering, and exploited for application in supercapacitors
[108, 109]. The specific capacitance of the supercapacitors
was optimized by IPL irradiation on RuO2·xH2O at 2.04 J
cm−2 (1.5 ms of pulse time, 10 ms of off time and 2 pulse).
The specific capacitance increased by 1.19 times at 10 mV
s−1 compared to thermally sintered RuO2 at 150 °C. Com-
pared to the sol-gel derived thin film introduced in 2.1, the
nanostructures were sintered even at very low irradiation
energies. RuO2 nanosheets were fabricated and incorporated
them into a colorless polyimide film with embedded silver
nanowires for application to wearable chemical sensors as
shown in figure 10(a). The IPL process reduced the electrical
conductivity of RuO2 nanosheets by 2.65 times (figure 10(b)).
The in situ current measurement showed that the electrical
resistance of RuO2 nanosheets increased within a time of 20
ms (figure 10(c)) upon a pulse of IPL with 1.15 J cm−2, which
is relatively very low energy. The increase in resistance is due
to the pores of 5 nm or less generated by the IPL process
(figure 10(d)). The formed pores increase the sensing area of
the nanosheet, which can detect more gas molecules on the
surface.

The IPL process can be combined with other processes to
increase its effectiveness. The following is a study that
increased the effect of the IPL process through UV pretreat-
ment. DUV irradiation with IPL irradiation process increased
the IPL sintering effect of ZnO nanosheets (figure 11(a))
[110]. They applied IPL/DUV-treated ZnO nanosheets as

Figure 10. IPL treatment of RuO2 nanosheet gas sensors: (a) schematic illustration of IPL sintering, (b) current–voltage characteristic before
and after IPL sintering, (c) in situ current transition during the IPL sintering, (d) TEM analysis of the porous RuO2 nanosheets [109]. John
Wiley & Sons. © 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
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photoanode in DSSC (figure 11(b)). Figures 11(c)–(e) shows
SEM images of untreated, DUV-treated, and IPL/DUV-
treated the surface of the ZnO nanosheet thin film. The IPL/
DUV-treated ZnO nanosheets were grown with larger oxide
particles, reducing the grain boundaries as shown in
figure 11(e). The increase in particle size decreases the light
harvesting efficiency in solar cell because the semiconductor
surface is reduced, and the dye adsorption is lowered. How-
ever, the reduction of grain boundaries reduces the dangling
bonds acting as charge trapping centers, which improves the
charge collection efficiency of the photoanode. The cross-
section of the ZnO nanosheet thin film was shown in
figures 11(f)–(h). After sintering, the thickness of the thin film
decreases, which is due to the conversion to a highly crys-
talline structure. The power conversion efficiency of DUV/
IPL-treated ZnO nanosheet (IPL: 20 J cm−2, 20 ms, DUV:
wavelength of 180–280 nm, power of 30 mW cm−2)
increased to 1.45 times that of thermal sintered ZnO at 150 °C
for 30 min, and increased to 1.16 times that of IPL sintered
ZnO (figure 11(i)).

On the other hand, a perovskite nanoparticle requires
more energy for sintering [111–113]. The general IPL pro-
cesses do not apply sufficient energy for sintering of per-
ovskite nanoparticle. This could be improved by adding a
pretreatment process or a heater. IPL sintered perovskite-
structured lanthanum nickel oxide (LaNiO3; LNO) thin films
was demonstrated [114]. To prove electrical properties of
LNO IPL sintering, the authors performed the IPL process on
plate-heater of 500 °C. The XRD pattern on thermal sintering

shows that perovskite crystal grow as the temperature
increases from 700 °C to 900 °C. However, when the sin-
tering temperature increased, a nickel oxide (NiO) peak
appeared in addition to the perovskite crystalline peak. As
shown in figure 12(a), the observed NiO peak in the XRD
pattern confirmed the phase transition from the perovskite to
the Ruddlesden–Popper structure. Figure 12(b) confirms that
the sintered material was transformed into La4Ni3O10 when
sintered at 1000 °C and 1100 °C. On the other hand,
figure 12(c) shows that IPL IPL sintered LNO thin films have
the same perovskite crystallinity irrespective of the energy
conditions. It was confirmed that the IPL sintered LNO thin
film did not show secondary phase formation and that per-
ovskite crystallinity could be generated through IPL. Its
crystallinity was similar compared to thermal sintering.
Thermally sintered LNO films at 700 °C for 2 h have a
slightly lower resistivity than IPL sintered LNO films at 80 J
cm−2 (30 ms of pulse time, 80 ms of off time and 6 pulse) as
shown in figure 12(d). This result shows that the electrical
performance of the LNO film is not low when compared with
other literatures. A two-step of IPL irradiation process for
lanthanum strontium cobaltite (LSCO) was performed [115].
At the first step, low energy was irradiated to remove residual
organic matter, and at the second step, high energy was
irradiated for further sintering (figure 12(e)). Due to sus-
ceptibility and damage of substrate at the second step, the
heating plate was also used to reduce irradiation energy of
IPL. The heating plate played a role in compensating the
reduced irradiation energy. IPL sintered LSCO at room

Figure 11. Concurrent DUV and IPL sintering of ZnO nanosheet as photoanode for DSSCs: (a) schematic, (b) structure of DSSCs with FTO/
ZnO nanosheets/N 719 dye/electrolyte (iodide/triiodide)/Pt, scanning electron microscope images of (c) ZnO, (d) ZnO with IPL sintering
(20 J cm−2) and (e) ZnO with concurrent IPL and DUV (30 mW cm−2), the cross-sectional images (f)–(h) corresponding to (c)–(e), (i)
comparison of J–V curves. Reprinted with permission from [110]. Copyright 2017 Royal Society of Chemistry.
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temperature without plate-heater required an energy of 80 J
cm−2, but IPL sintered LSCO at 300 °C decreased to an
energy of 50 J cm−2 to reduce the sheet resistance
(figure 12(f)).

Since nanostructures have a large surface-to-volume
ratio, they require less energy to be sintered or annealed
compared to thin film structure. Even in nanostructure
incorporated onto transparent substrate, ordinary condition of
IPL can treat effectively for device applications such as
LEDs. The effect of IPL sintering on ZnO ETL was reported
for QLEDs. The authors did the IPL post-treatment not on a
single layer of ZnO nanoparticles, but on a multi-layer coated
with various materials as shown in figure 13(a) [116]. The
XPS spectrum demonstrated that the oxygen vacancy in the
ZnO lattice was filled with oxygen by IPL (figure 13(b)). In
addition, the Zn2+ ions in the lattice were not damaged even
after IPL sintering. Figure 13(c) shows the improvement of
hole-electron injection balance in quantum dot (QD) emission
layer (EML) by IPL sintering. If untreated by IPL, the amount
of injected electrons at the interface between the QD EML
and the ZnO nanoparticle ETL is greater than the amount of
holes injected at the interface between the hole transport layer
and the QD EML. This imbalance is resolved by ZnO
nanoparticle ETL with reduced electrons due to reduced
oxygen vacancy after IPL sintering, as shown in figure 13(d).
Besides, after IPL sintering, the properties of QLEDs
decreased sharply from the initial state due to the positive
aging effect of ZnO nanoparticles ETL. The current density
curve was kept constant during the measurement period of 8 d

because the oxygen deficiency acting as a trap for ZnO was
sufficiently filled with atmospheric oxygen due to the IPL
sintering (figure 13(e)–(f)). QLEDs aged sufficiently by IPL
retain their luminance and efficiency characteristics. ZnMgO
nanoparticles as ETL for QLED were also reported as shown
in figure 13(g) [117]. The IPL sintering onto ITO glass
(bottom) and Al (top) for sintering of ZnMgO and local
annealing of the Al/ZnMgO interface was performed using
the transparent substrate characteristics (figure 13(h)). Since
the Al pattern is opaque a bit, the Al/ZnMgO interface cannot
be directly irradiated by IPL onto the Al side. However, when
sintering onto the ITO side, light can pass through the
transparent ITO layer to reach the Al/ZnMgO interface. For
both methods, the current efficiency increased. Among them,
IPL sintering on the Al side showed higher efficiency. The
reason is that the heat generated in Al by IPL can be trans-
ferred to the interface of Al/ZnMgO, and the Al electrode
was more annealed by direct irradiated IPL. The maximum
current efficiency of the device irradiated with IPL on the Al
side was higher in the optimal condition (figures 13(i)–(j)).
After IPL sintering, the maximum current efficiency increased
by 1.15 times. EQE improved by 2.7 times and 1.9 times at
100 cd m−2 and 1000 cd m−2, respectively (figures 13(k)–(l)).
The reduction of electron injection by the formation of AlOx

at the interface of Al/ZnMgO improves the efficiency of the
QLED by carrier injection/transport more balanced.

The effect of IPL sintering on vanadium dioxide (VO2)
nanoparticles was studied for thermochromic layers [118].
IPL sintering causes the organic vehicle to evaporate rapidly,

Figure 12. IPL sintering of perovskite nanoparticle film for conductive layers: (a) x-ray diffraction patterns of perovskite LNO thin films
thermally sintered at (a) 700, 800, and 900 °C, and (b) Ruddlesden–Popper (RP) structure thermally sintered at 1000 and 1100 °C, and (c)
perovskite LNO thin films sintered using IPL at 60, 80 and 100 J cm−2, (d) comparison of resistivity of the sintered LNO films. Reproduced
from [114]. CC BY 4.0. Sheet resistance of LSCO film sintered by (e) IPL only and (f) IPL with heater. Reprinted from [115], Copyright
(2020), with permission from Elsevier.
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resulting in the formation of larger pure VO2 clusters. Com-
pared with thermal sintering, the crystallinity increased and
thermochromic performance of VO2 nanoparticle-based films
were greatly improved. As the number of IPL pulses

increased, thinner and denser VO2 nanoparticle films could be
obtained after IPL sintering (figures 14(a)–(d)). Figures 14(e)
–(f) shows photographs of VO2 films thermally sintered on a
quartz substrate and sintered by IPL, respectively. The IPL

Figure 13. IPL sintering of ZnO and ZnMgO nanoparticles for ETL in QLED application: (a) illustration of band diagram and fabrication
process for QLEDs, (b) oxygen vacancy in the ZnO filled with oxygen after IPL sintering, schematics of interfaces structure between TFB,
QD, and ZnO NPs (c) without and (d) with IPL sintering, lifetime measurement (e) without and (f) with IPL sintering. Reproduced from
[116]. CC BY 4.0. Schematic of (g) structure and band diagram for QLEDs, (h) IPL sintering on the top and bottom side, the maximum
current efficiency corresponding to (i) the top and (j) the bottom side, (k) current and power efficiency and (l) EQE with before and after IPL
sintering. Reprinted from [117], Copyright (2018), with permission from Elsevier.
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sintered VO2 film was more transparent and visible with a tan
color compared to the thermally sintered film. Particularly, the
VO2 film sintered at 400 pulses increased by 2.27, 2.16 and
1.84 times in transmittance at 550 nm, infrared modulation at
2000 nm, and solar modulation efficiencies that of the film
thermally annealed at 600 °C for 1 h, respectively
(figures 14(g)–(h)). They also studied effect of amount of IPL
energy and proposed the sintering mechanism as shown in
figure 14(i) [119]. In the film treated at low IPL energy, the
VO2 nanoparticles on the top surface are still covered with
organic compounds and solvents. Increasing the IPL causes
the formation of pores due to evaporation of the solvent and
organic vehicle and exposes the VO2 clusters on the top
surface of the film. At the optimal irradiation energy, the
surface roughness is enhanced due to neck growth between
VO2 clusters and mainly transverse strengthening.

3.2. Annealing of metal oxide nanostructures

Annealing of metal oxide nanostructures is a process related
to the internal structure of crystals, unlike sintering that
control grain boundary. Because the annealing and sintering
processes mainly use heat, the effects on nanostructures
appear at the same time. Therefore, the process in which the
effect is greater among the two processes can be said to be the
main process. Annealing causes chemical reactions that
change the structure of metal oxide nanostructures to syn-
thesize new materials or induce redox reactions that control
oxygen vacancy of materials, and physical reactions that
change phases.

Based on the CoO nanostructure, a study has been
reported in which the structure of the material is changed by
IPL annealing [120–122]. The structure CoCl2 coated on a
Nickel-foam (Ni-foam) substrate changed by IPL annealing
was investigated [120]. As shown in figures 15(a), (b), under
the IPL irradiation 20 J cm−2 for 15 ms, the CoCl2 nanocube

is transformed into a nanoflake shape for a very short time.
IPL-irradiated films exhibit a hierarchical morphology with
interconnected nanoflakes with a size of 150–200 nm and a
thickness of approximately 10 nm (figure 15(c)). Connected
nanoflakes channel had the nano-sized pores (50 nm) that was
formed by the instantaneous evaporation of gas molecules
within the nanocubes during IPL irradiation. Nanoscale pore
channels have the advantage of facilitating the penetration of
electrolytes in supercapacitor applications, reducing contact
resistance at the electrode/electrolyte interface and facilitat-
ing mass/charge transfer. Co/CoOx core/shell nanoflakes
directly on graphite felt (GF) was easily grown using IPL
treatment (figure 15(d)) [121]. During the IPL irradiation,
Co(NO3)2 is converted to CoOx nanoflakes, and the core part
of the CoOx nanoflakes is located very close to the GF sub-
strate, so it is easily reduced to Co carbothermal reaction.
(figure 15(e)). However, the part of the shell away from the
GF substrate is exposed to the air and remains as CoOx. The
content of CoOx and Co can be controlled by adjusting the
IPL irradiation energy. Increasing the IPL irradiation energy
increases the temperature of the GF, causing further reduction
of Co3O4, CoO, finally to Co. Therefore, as the irradiation
energy increases, the relative content of Co compared to
CoOx increases. The core/shell nanoflakes then provide a
large reaction area to facilitate OH ion transport due to their
three-dimensionally interconnected network structure for
energy storage application. Co3O4 and Co nanostructures
using IPL treatment on carbon fiber paper (CFP)) were
reported as shown in figure 15(f) [122]. The Co(NO3)2 is
converted to Co3O4, CoO or Co depending on the energy. At
the irradiation energy of 10–18 J cm−2, it is converted into
Co3O4 nanoparticles, and as the irradiation energy increases,
Co3O4 is reduced, and CoO and Co coexist. At irradiation
energy of 26–30 J cm−2, it exists only in the Co state
(figure 15(g)). The surface shape according to the IPL energy

Figure 14. IPL sintering for VO2 nanoparticles films for thermochromic smart window application: SEM images of VO2 films after thermal
sintering at (a) 300 °C, (b) 600 °C, and after IPL sintering with (c) 100 pulses, (d) 400 pulses, photographs of VO2 films (e) thermally sintered
and (f) IPL sintered, (g), (h) their transmittance spectra. Reprinted from [118], copyright (2019), with permission from Elsevier. (i) schematic
illustration of IPL sintering mechanism. Reprinted from [119], copyright (2019), with permission from Elsevier.
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Figure 15. IPL annealing of cobalt oxide for energy storage system: ive CoO/NiCo2O4 nanoflakes fabricated by IPL annealing: SEM images
of (a) cobalt chloride nanocubes and (b) CoO nanoflakes after IPL irradiation, (c) TEM image of CoO nanoflake. Reprinted from [120],
copyright (2015), with permission from Elsevier. Analysis of cobalt/cobalt oxide nanoflakes grown on flexible graphite felt and carbon fiber
paper via IPL process: (d) schematic of fabrication of Co-CoOx/GF electrode using IPL annealing, (e) detailed view of core/shell structure.
Reprinted from [121], Copyright (2017), with permission from Elsevier. (f) Schematics of IPL radiation process for the synthesis of Co metal
nanoflakes and Co-oxide nanoparticles on CFP, (g) XRD spectra of the Co(NO3)2-coated CFP substrates after IPL irradiation with various
energy densities, (h) SEM images of Co(NO3)2-coated CFP substrates after IPL irradiation. Reprinted from [122], copyright (2017), with
permission from Elsevier.
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condition is shown in figure 15(h). IPL-treated Co3O4 nano-
particles/CFP and Co nanoflakes/CFP samples were utilized
as energy storage systems with reference to CFP only. It was
proven that IPL-treated electrodes are able to fabricate energy
storage devices with excellent current density.

The effects of IPL in terms of surface and interior using
ZnO nanowires was analyzed [123]. They fabricated ultra-
violet photodetectors (UV PDs) by IPL annealing of vertically
aligned ZnO nanowires on SiO2 (figures 16(a)–(b)) and
analyzed the effect of IPL annealing through XPS. Compared
with the thermal annealing, the XPS spectrum showed a
different trend in the peaks of O 1s. The oxygen deficiency
concentration on the surface and the binding force of Zn–O–
Zn in the lattice increased (figures 16(c)–(d)). The increase in
oxygen deficiency concentration on the surface is partly due
to photoreduction by IPL light energy applied directly to the
surface. The increase in the bonding force in the lattice is due
to the heat generated by the absorption of the IPL light
energy. IPL treatment is an effective process that can achieve
both optical and thermal effects at the same time. The IPL
annealed ZnO nanowires were applied as UV PDs, and the
mechanism is shown in figure 16(e). UV PDs operate by
modulating the surface state and depletion region. The IPL
annealed ZnO nanowire increases the conductivity due to the
increase in the bonding force of Zn–O–Zn in the lattice, and
the depletion region is widened by the reduced surface, which
increases the reactivity by UV. UV PDs with superior per-
formance can be fabricated through IPL annealing.

The titanium dioxide (TiO2) and SnO2 nanoparticles
were loaded onto multi-walled carbon nanotubes (MWCNTs)
using IPL to implement a volatile organic compound sensor
[124, 125]. MWCNTs were functionalized with nitric acid
(HNO3) to facilitate the loading of nanoparticles. On the
surface of MWCNTs, COOH, C–OH and C=O groups were
formed. However, this becomes a surface defect that impairs
the electrical and mechanical properties of MWCNTs. IPL
irradiation played a dual role in metal oxide nanoparticle
grafted onto MWCNTs: (1) to revert the defective sites of
carbon and (2) conversion of TiO2 from anatase to rutile.
Since anatase TiO2 is unstable, it is gradually converted to
rutile TiO2 in ambient environment. It is also related to the
performance of the sensor, so transformation to rutile TiO2 is
required [126–128]. In general, phase transformation of TiO2

is performed by heat treatment at high temperature, but an
effective phase change can be implemented using IPL.

3.3. Redox reaction from copper oxide to copper

Metal-based nanoparticles such as Au and Ag have been
studied extensively for printed conductors due to their high
conductivity, oxidation resistance and low melting point
[129–131]. However, the high cost of noble metal nano-
particle-based nanoinks limits the commercialization as well
as wide application [132]. For this reason, copper (Cu)
nanoparticles are attracting attention as an alternative due to
their low cost [133–135]. However, most Cu particles are
suffering from oxidization in ambient conditions leading to

Figure 16. IPL annealing of ZnO nanowires for photodetector application: (a), (b) SEM images of ZnO nanowires, XPS spectra of the
untreated, IPL annealed, and thermally annealed ZnO nanowires, O 1s spectrum of (c) IPL annealed ZnO nanowires and (d) thermally
annealed ZnO nanowire, (e) schematic illustration of UV sensing mechanism. Reprinted from [123], copyright (2021), with permission from
Elsevier.
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which oxide shell in nanostructure that hampers the sintering
of Cu particles for electric conductors [136]. A reduction
process using IPL was developed and widely used to obtain a
high-conductivity Cu thin film without oxidation of Cu
nanoparticles.

Francesco Paglia et al demonstrated that chemical reac-
tions can be modulated and controlled simply by adjusting the
IPL irradiation energy [137]. They investigated the reduction
of CuO to metallic Cu via IPL sintering (figure 17(a)). By
analyzing the growth of the crystalline phase, it was observed
that the conversion of CuO to Cu2O was observed with
increasing IPL irradiation energy up to 1000 J/pulse. At the
energy of ∼1300 J/pulse, full conversion to metallic Cu can
be possible. The IPL process allows the fabrication of highly
conductive Cu electrodes with excellent mechanical proper-
ties and environmental stability by finely controlling the
reduction parameters. Similarly, the effect of CuO printed on
polyethylene terephthalate (PET) on IPL was reported [138].
The CuO layer was reduced to Cu with 30% conductivity of
bulk Cu within 6 ms. Figure 17(b) shows the sheet resistance
of Cu electrode according to the IPL sintering conditions. The
sheet resistance of Cu is inversely proportional to the IPL
irradiation energy. If the irradiation energy is less than 3.98 J

cm−2, sintering of the CuO layer is impossible. When the
irradiation energy is 5.48 J cm−2, the sheet resistance is
optimized to 0.355 ohm sq−1. The surface of the optimized
Cu electrode is shown in figure 17(c). Energy above 5.86 J
cm−2 causes partial delamination and damage to the electrode
(figures 17(d)–(e)).

The reduction and sintering of CuO using IPL proved to
be an effective process. Furthermore, Cu nanoparticles with
CuO shells were systematically investigated to enhance the
sintering effect, such as CuO shell thickness or the size of
nanoparticles. The effect of CuO shell thickness on IPL sin-
tering process was investigated as shown in figure 18(a)
[139]. They fabricated Cu nanoparticles with various CuO
shell thicknesses and measured the sheet resistance in situ
during the IPL irradiation process (figure 18(b)). When the
thickness of the shell is less than 3.6 nm, the sheet resistance
is effectively reduced. On the other hand, there was a slight
decrease at 7.1 nm and no change at 12.6 nm. The thick CuO
shell was not suitable for the IPL sintering process due to its
low reduction rate. They suggested the maximum allowable
thickness of the CuO shell that allowed IPL sintering and
provided the optimal amount of poly(N-vinylpyrrolidone)
(PVP) in Cu nanoparticles for a specific CuO shell. It was also

Figure 17. IPL reduction of CuO: (a) evolution of reduction of copper oxide to copper evaluated from the XRD diffraction data. Reprinted
with permission from [137]. Copyright (2015) American Chemical Society. (b) Sheet resistance of sintered Cu layer, (c) SEM images of IPL
sintered Cu layers (d) delaminated Cu layer in which the delamination follows the printing paths, (e) magnification of SEM images of the
marked area of b to show the roll-up of the printed layer after IPL sintering with high energy. Reprinted with permission from [138].
Copyright 2014 American Chemical Society.
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Figure 18. IPL reduction of Cu–CuO nanoparticles: (a) schematics controlling Cu oxide shell thickness, (b) in situ measurement of sheet
resistance of Cu films with copper oxide shell formed at various temperatures during IPL treatment (irradiation energy: 12.5 J cm−2, pulse
time: 10 ms, 1 pulse). Reprinted with permission from [139]. Copyright 2017 Royal Society of Chemistry. (c), (d) Schematics of IPL
sintering with multiple pulses in thin Cu2O and thick CuO, (e) comparison of resistivity sintered with multiple pulses. Reprinted from [141],
copyright (2021), with permission from Elsevier. (f) schematic fabrication process for conductive copper film by IPL reduction of Cu–CuO
nanoparticles, (g) sheet resistance versus total energy input during the IPL sintering. Reprinted with permission from [142]. Copyright 2013
American Chemical Society.
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demonstrated in detail that PVP functionalization effectively
enhances the reduction of the shell by Jongeun Ryu et al
[140]. IPL irradiation energy can overheat the surface of Cu
nanoparticles to instantly generate energetic copper ions. At
the same time, IPL converts the PVP chains to primary
alcohols, secondary alcohols, carboxylic acids or acetic acids
via photolysis events associated with OH radical attack.
Alcohol and acid reduction mechanisms have been known for
decades as the common pathways for metal oxide reduction.
Therefore, the intermediate alcohols and acids can reduce the
copper oxide shell of the superheated copper nanoparticles,
and the PVP is degraded by the superheated copper nano-
particles and all removed. The effect of CuO shell type and
thickness for fully sintering with multiple pulse IPL was
investigated [141]. Irradiating the energy higher than enough
may cause reoxidation of the Cu (figure 18(c)). To address
this issue, they attempted to completely sinter the Cu without
reoxidation by increasing the thickness of the CuO shell. The
CuO shell was intentionally formed in a heating chamber at
100 °C to 300 °C. The CuO shell formed at 300 °C was
completely reduced without reoxidation at a high IPL irra-
diation energy of 72 J cm−2 because it requires a lot of energy
for reduction to Cu. As a result, the Cu thin film was com-
pletely sintered (figures 18(d), (e)). Similarly, the size and
Cu/Cu2O ratio of nanoparticles were controlled by changing
the concentration of sodium borohydride (NaBH4) during the
synthesis of Cu/Cu2O nanoparticles, and the relationship
with the IPL energy required for fully sintering was investi-
gated (figure 18(f)) [142]. As the concentration of NaBH4

increased, the size of nanoparticles increased: nanoparticles of
10–15 nm and 100–120 nm from 0.05 to 0.6 M NaBH4,
respectively. The higher the concentration of NaBH4, the
higher the proportion of Cu nanoparticles produced:
Cu:Cu2O=34.12%:65.88% in 0.05 M, 91.56%:8.44% in 0.6
M, respectively. Figure 18(g) shows the change in sheet
resistance according to NaBH4 concentration and IPL irra-
diation energy. Cu/Cu2O nanoparticles with a high Cu2O
ratio are completely sintered at high IPL irradiation energy,
resulting in lower sheet resistance. On the other hand, in
nanoparticles having a high Cu ratio, the sheet resistance is
lowered at low IPL irradiation energy, and the sheet resistance
is increased again at high IPL irradiation energy. This is due
to the reoxidation taking place after complete sintering.

4. Conclusion

In this review, we summarize and review previous studies on
IPL annealing and sintering based on metal oxide thin films
and nanostructures. Unlike the metal, metal oxide material
requires more energy in the sintering or annealing post-
treatment process. Moreover, it has low absorbance for IPL
since it is transparent at the wavelength wider than metal. For
this reason, it requires higher energy in the IPL post-treatment
process. Various techniques have been studied for addressing
these issues. The IPL process has been improved by intro-
ducing auxiliary energy sources such as thermal heating and
UV irradiation, which could be applied precedingly or

concurrently with IPL process. Lower energy of IPL itself
was also used in order to facilitate the post-treatment process
prior to IPL treatment with higher energy. Furthermore, the
absorption was greatly enhanced by employing light absorp-
tion layer and back-reflector. The effect of IPL process on
structure and/or property change was highly dependent on
the properties of the target material and substrates as well as
conditions of IPL such as irradiation energy, pulse/off time,
and number of pulses. This review shows that the photo-
thermal and photoredox effect of IPL can improve the per-
formance of metal oxides in a very short process time. It is
certain that the IPL process will become a revolutionary post-
treatment process for many applications with a variety of
techniques in the near future.
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