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Emerging laser-assisted vacuum processes for
ultra-precision, high-yield manufacturing

Eunseung Hwang, a,b Joonmyung Choi *a,b and Sukjoon Hong *a,b

Laser technology is a cutting-edge process with a unique photothermal response, precise site selectivity,

and remote controllability. Laser technology has recently emerged as a novel tool in the semiconductor,

display, and thin film industries by providing additional capabilities to existing high-vacuum equipment.

The in situ and in operando laser assistance enables using multiple process environments with a level of

complexity unachievable with conventional vacuum equipment. This broadens the usable range of

process parameters and directly improves material properties, product precision, and device performance.

This review paper examines the recent research trends in laser-assisted vacuum processes (LAVPs) as a

vital tool for innovation in next-generation manufacturing processing equipment and addresses the

unique characteristics and mechanisms of lasers exclusively used in each study. All the findings suggest

that the LAVP can lead to methodological breakthroughs in dry etching, 2D material synthesis, and chemi-

cal vapor deposition for optoelectronic devices.

Introduction

Ultra-precise engineering of selected materials under a con-
tamination-free environment has been crucial for creating
modern electronics. To date, high-vacuum technology has
responded well to industrial needs by developing appropriate
equipment, often assisted by extreme processing conditions
and specific chemicals introduced into the chamber.1–10 The
raw material for the vacuum process, which is in the gaseous
phase in general, is directly deposited on the substrate or uti-
lized to etch the target bulk material, while the recent vacuum
process enables atomic-scale processing and ensures wafer-
scale productivity.11–19 As a result, the vacuum process has
emerged as a core technology for the future advancement of
electronic devices, covering additive and subtractive patterning
capabilities with extremely high precision.

However, the state-of-the-art vacuum process faces several
challenges regarding surface quality and process yield. The
primary reason behind these challenges is that the process
parameters (e.g., pressure, temperature, and impinging chemi-
cal species) cannot be optimized over space and time. For
example, although selective etching or mechanical reinforce-
ment is achieved with specific chemical recipes and plasma

assistance, the vacuum process lacks site-selective operation in
general usage since conventional vacuum technology is within
a chamber under the same atmosphere.20–22 As a consequence,
highly sophisticated equipment or the complex use of multiple
chemicals in several steps has been inevitable to ensure spatial
and temporal selectivity of the vacuum process. The introduc-
tion of additional experimental schemes and materials increases
the overall process complexity and potentially interferes with the
original system, adversely affecting the entire process.

The versatile advantages of a laser process are rediscovered
to resolve these issues from the perspective of a supplementary
process to the conventional vacuum process. The laser induces
an entirely sterile and rapid photothermal reaction in desig-
nated areas, while the laser process can be readily integrated
into the original system, showing that the laser-induced reac-
tions occur remotely.23–25 Although the laser process itself
cannot substitute the vacuum process, the laser-assisted strat-
egies can improve conventional vacuum equipment rather sig-
nificantly. It has been confirmed that the in situ and in oper-
ando assistance of a laser may bring versatile effects, such as
selectively terminating competitive reactions, providing
optimal processing conditions to the target substrate inde-
pendent of the surroundings, or replacing the harmful
chemicals.26,27 The latest results suggest that the laser is a tool
compatible with the existing vacuum technology and a highly
competitive supplementary process to substantially boost the
performance of the advanced vacuum equipment independent
from the existing approaches. To conclude, a laser can endow
extra selectivity and compatibility to the vacuum equipment
regardless of the addition of other strategies.
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This minireview aims to report the latest advances in laser-
assisted vacuum process (LAVP) for enhanced product quality
and process yield as well as practical applications in the manu-
facturing industry. So far, there have been comprehensive
review articles regarding the high-vacuum process, but LAVP
was only introduced as a subset of conventional processes.28–31

Since the latest laser-assisted vacuum equipment is showing
significant improvements from the conventional equipment,
ensuring the high potential of LAVP for the next-generation
manufacturing industry, we believe that it is timely to summar-
ize the recent achievements of LAVP systematically and discuss
the future development direction for further innovations in
the vacuum process-based fabrication methods. We concen-
trate only on the LAVP reported in the past four years for a
more focused review, while special attention has been paid to
laser-assisted dry etching, synthesis, and chemical vapor depo-
sition (CVD).

Laser-assisted dry etching

The high-resolution nanopatterning methods, such as focused
electron-beam-induced etching (FEBIE) and focused ion-beam-
induced etching (FIBIE), introduce a material removal process
for the on-demand surface structure.32–34 A direct way to
increase the etch rate in FEBIE is to maximize the source
current for stimulating electron transport and reaction with
precursors. However, the increased source current for a vigor-
ous operation inevitably brings critical side effects. Due to the
excessive reactions, the electrons of the by-products are redis-
sociated into nonvolatile etch products (e.g., TiF4 + e− → TiF3 +
F). The redissociation inhibits subsequent etching by forming
a thin passivation layer.35 The FIBIE faces similar challenges
as it also deals with high levels of source current. The high
dose of ions in FIBIE intensifies knock-on collisions and ion
implantations, causing undesired subsurface damages during
the etching process.36–38

The in situ assistance of pulsed laser is one of the promis-
ing approaches for high-speed etching with minimal subsur-
face damages. The intermittent laser pulses instantaneously
raise the surface temperature and facilitate the chemical reac-
tion by elevating the desorption rates of precursors and by-pro-
ducts.39 Noh et al. resolved the etch retardation of titanium
(Ti) by laser-assisted focused electron-beam-induced etching
(LAFEBIE) with XeF2 precursor.

40 The photothermal heat expe-
dites the insertion and desorption of volatile TiF4 and delivers
the precursor to the target region via localized surface
diffusion. Similarly, Stanford et al. revealed the effect of laser
chemical assistance with the aid of XeF2 gas during the
helium ion (He+) milling of Ti thin film.41 The laser-assisted
focused ion-beam-induced etching (LAFIBIE) method, synchro-
nizing laser pulse with standard He+ sputtering, improved the
relative etch yield nine times and effectively mitigated the sub-
surface damages simultaneously. The experimental schematics
and physical mechanics are explained in the previous
literatures.40,41

Zhang et al. reported a laser-assisted He+ nanomachining
of monolayer graphene without carbonaceous contamination
to further improve the purity and surface quality after proces-
sing.42 The He+ beam exposure breaks the adsorbed hydro-
carbon species around the beam interaction region (Fig. 1a).
Therefore, in the absence of an in situ laser assist, the depo-
sition of carbon films suppresses the graphene etching. A
study of different laser powers under constant He+ beam
exposure conditions suggests a competitive relationship
between etching and deposition (Fig. 1b). The results verified
that the photothermal desorption effectively suppresses the
deposition of carbon placed under the steady-state condition
and enables precise graphene milling.

Going one step further, anisotropic etching with a laser is
also being attempted to completely alternate the energetic ion
bombardment required when forming deep trench profiles.
Peck et al. performed a 532 nm laser-assisted plasma etching
(LAPE) on a Si wafer to demonstrate the polarization selectivity
of lasers with wavelengths much larger than the feature size.43

Simulation results of a 532 nm plane wave, exposed to the
22 nm half-pitch trench lines with an aspect ratio of 80, indi-
cate that the Si trench structure behaves as a polarization-
selective waveguide (Fig. 2a and b). The incident light polar-
ized perpendicular to the trench profile propagates into the
trench with a wavelength of about 370 nm, which lies between
the vacuum wavelength (λ0 = 532 nm) and the wavelength in Si
(nSi,532 nm = 4.14, λSi,532 nm = 129 nm), while the parallel light is
mainly blocked at the surface.44 The anisotropic etching pro-
perties predicted from wave optic simulations were also veri-
fied from experiments (Fig. 2c).

In summary, the laser local heating method is promising as
a pioneering technology that can selectively terminate the
competitive reaction between chemical substances in the gra-
phene etching process. The optical polarization selectivity of

Fig. 1 (a) A schematic representation of He+ beam exposure on a single
layer graphene sample. The carbon contamination is restrained with the
assistance of an in situ pulsed laser, and thus the He+ milling is achieved.
(b) A parametric study on the laser power with constant dosage (2 × 105

ions nm−1) of He+ beam scanning for 400 nm. The transition between
the carbon deposition and He+ milling of monolayer graphene is
observed from the laser power over 33.5 kW cm−2. This figure has been
reproduced from ref. 42 with permission from MDPI, copyright 2019.
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the laser is another essential feature that enables anisotropic
etching without manipulating the source current. Therefore,
the development of the laser-assisted etching processes has
significantly contributed to the enhanced quality and yield of
the product while successfully satisfying the demands for
high-power operation.

Laser-assisted synthesis of 2D
materials

2D materials are another promising candidate for innovative
improvements through laser-assisted synthesis (LAS).
Typically, 2D transition metal dichalcogenides (TMDCs)
consist of three-atom thick materials with an MX2 structure,
where M is a transition metal (e.g., Mo, W, Re, and Nb.), and X
is a chalcogen atom (e.g., S, Se, and Te).45,46 Strategies for
synthesizing TMDCs are broadly classified into the following
two categories: (i) the top-down method and (ii) the bottom-up
method. The former is based on mechanical exfoliation, which
has the advantage of being a low-cost and simple process but
shows limited levels of thickness controllability, areal scalabil-
ity, product quality, and process yield.47–49 Conversely, the
latter is a method of growing gas-phase Mn+ and nX2− on the
substrate surface using CVD, metal–organic chemical vapor
deposition (MOCVD), molecular beam epitaxy (MBE), pulsed
laser deposition (PLD), etc.50–55 Particularly, the bottom-up
scheme enables the creation of high-quality 2D single crystals
and thin films because the mass flux can be managed low

enough to control the grains stacking over one another.49,56–58

One serious drawback is that rapid synthesis of the materials
is difficult. The major obstacles are ambiguities in the selec-
tion, transport, and mixing of appropriate precursors, the
need for an ultra-precise environment to control the complex-
ity of chemical reaction pathways and growth kinetics, and the
possibility of contamination by by-products.59,60 Among the
conventional methods, direct laser vaporization of the TMDC
surface through PLD provides a plausible solution to the con-
tradiction arising from the difference between the evaporation
and growth temperatures of 2D materials.53–55 However, con-
sidering the scale-up capability, the method is inappropriate
for attaining large grains since the resultant thin films contain
numerous grain boundaries.59,61

Recently, a novel LAS technique has become a new
approach to overcome the hurdles of current gas-phase growth
systems. Monolayer 2D materials can be directly synthesized
from bulk stoichiometric 2D powders using a strategy that
decouples the evaporation from the growth process. Azam
et al. demonstrated the potential of the LAS system by applying
a continuous-wave (CW) CO2 laser (10.6 μm wavelength) to the
tube furnace through a zinc selenide (ZnSe) window
(Fig. 3a).62 The laser heat is uniformly transferred to the
TMDC powder through the graphite boat, producing a stoi-
chiometric precursor vapor without disturbing the nucleation
and growth environment (Fig. 3b).63 Due to the high infrared
absorbance of the graphite, the graphite boat heats up rapidly
to each evaporation temperature of the four representative
primary TMDCs 2D materials that are about 300 °C higher
than the Si/SiO2 substrate for growth (Fig. 3c). The quality of
the grown crystals is assessed by atomic force microscopy
(AFM), optical microscopic imaging, photoluminescence (PL)
mapping, Raman spectroscopy, and transmission electron
microscopy (TEM). The equivalent monolayer thickness is vali-
dated by the AFM height profile across the crystal boundary
(Fig. 4a).64,65 Moreover, the strong PL emission mapping
results along the shape of the crystals show the presence of a
uniformly grown monolayer (Fig. 4b).45,48,66–68 The apparent
peak of vibration mode (e.g., 242 cm−1 for MoSe2) for out-of-
plane motion and the absence of Raman peak associated with
interlayer interactions (e.g., 353 cm−1 for MoSe2) confirm the
synthesized pristine single layer microstructure (Fig. 4c).68–70

The crystal structure of MoSe2, MoS2, WSe2, and WS2 mono-
layers are further characterized in atomic resolution by
annular dark-field scanning transmission electron microscopy
(ADF-STEM) imaging via the image intensity contrast. The
single-crystallinity and the hexagonal symmetry without any
perceptible vacancies of defects are also recognized by the
STEM and the fast Fourier transform (FFT) images (Fig. 4d).

The main advantage of LAS is that it can increase the purity
and quality of the synthesized 2D materials while significantly
reducing the complexity of the process. The LAS process does
not require any hazardous gases except argon (Ar) for tuning
the vapor flux in the chamber. Therefore, the kinetics involved
in the existing bottom-up synthesis method can be simplified,
and the growth rate of high-quality 2D materials can be accel-

Fig. 2 Frequency domain simulations for 532 nm beam polarization
under conditions (a) perpendicular and (b) parallel to the trench line. (c)
Cross-sectional SEM images of the sample before etching and after
LAPE was treated with perpendicular and parallel polarization. This
figure has been reproduced from ref. 43 with permission from AIP
Publishing, copyright 2018.
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erated. Table 1 summarizes the literature results showing the
difference in size and quality of the synthesized 2D TMDCs
materials depending on whether the LAS process is intro-
duced. As explained in this section, the LAS process often
shows superior performance compared to other methods in
terms of material quality and process efficiency. When the
CVD-based processes use molecular precursors together with
additional chemical gases for an extended time to obtain
microscale grains of moderate quality, the MBE utilizes
elemental precursors without additional chemicals for high-
purity synthesis. However, to enable rapid synthesis of high-
purity 2D TMDCs materials, laser techniques, such as PLD
and LAS, are introduced for direct stoichiometric transfer with
minimal use of inert gas to set the chamber atmosphere.
Moreover, the LAS holds a high potential for process scalability
due to the uniform characteristics of sufficiently large grain sizes.

Laser-assisted chemical vapor
deposition

Laser-assisted chemical vapor deposition (LACVD) has been
extensively studied as an essential method in additive
manufacturing.84,85 A representative and practical application
technique of LACVD is the direct writing of graphene

materials. By adapting the hydrocarbons as a precursor, the
programming of graphene patterning and the directional
growth of carbon nanotubes are possible.86–88 This process is
conducted in an environment where selective and rapid
heating is achieved using lasers. Um et al. conducted direct
writing of highly-ordered graphite thin films on a nickel foil by
LACVD and transferred them to glass, demonstrating its poten-
tial for electronic applications.89 Furthermore, Toh et al.
reported the novel properties of centimeter-scale free-standing
stable monolayer amorphous carbon (MAC) using LACVD.90

Unlike conventional CVD-grown MAC at high temperature
(>900 °C), a uniform MAC over several square centimeters was
synthesized in less than 1 min at substrate temperatures as
low as 200 °C.91 The distinguished mechanical properties of
LACVD-grown MAC were verified by remaining stable for over a
year under an ambient environment.

The laser irradiation process is expanding beyond being
used as a simple heat source to the research that applies the
optical and quantum mechanical properties of waves. One
interesting optical property is the difference in energy density
with wavelength. Fan et al. described the laser-induced
vibrational excitations on a diamond deposition by using a
wavelength-tunable CW CO2 laser.

92 As a result of irradiating a
laser through the combustion CVD with tunable wavelength, it
was found that the resonant mode of the ethylene (C2H4) mole-

Fig. 3 (a) A scheme of LAS setup for 2D material synthesis. (b) A graphite boat containing the stoichiometric powders is laser heated to produce
vaporization and subsequent growth of 2D flakes on a Si/SiO2 substrate. (c) The temperature change profiles of the boat and the substrate during
the LAS process for the growth of various 2D materials. At each operating condition, a significant temperature difference can be obtained between
the graphite boat and the Si/SiO2 substrate. This figure has been reproduced from ref. 62 with permission from IOP Publishing, copyright 2020.
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cule was 10.532 μm. This on-resonance excitation elevated the
flame temperature, enhancing the deposition rate and
diamond quality compared to the off-resonance excitations.

Meanwhile, in the case of a laser wavelength in the ultra-
violet (UV) range, the high photon energy may lead to photo-
dissociation of precursor molecules even at the lower fluences.
Constantin et al. suggested the advantages of UV laser photo-
lysis in diamond deposition by comparing 193 and 248 nm
wavelengths.93 The diamond deposition rate and quality are
enhanced by photogenerated reactive species, such as OH, CH,
and C2 (Fig. 5a). Specifically, the three radicals act positively as
carbon etchants (for OH), growth supplements (for CH), and
crystal promoters (for C2), respectively.

94–98 What is important
here is that the values of the increment rate of species peak
intensity, growth rate, and quality factor at 193 nm outperform
those of 248 nm despite the peak laser fluence of 900
mJ cm−2, which is about 40 times lower (Fig. 5b). This is
because an event occurs only when the quantized energy is sat-

isfied rather than when a large amount of energy is
supplied.99–102 The photon energy of a 193 nm laser is higher
than the C–H bonding energy of C2H2 and C2H4, which allows
direct dissociation of hydrocarbon precursors, whereas a
248 nm laser has photon energy that only enables molecular
excitation (Fig. 5c). The direct dissociation of the precursor
has the effect of suppressing nondiamond carbon accumu-
lation with a fast nucleation time. Accordingly, the nucleation
time can be reduced as the fluence of the laser increases and
the wavelength of the laser becomes shorter (Fig. 5d). This
impedes the secondary nucleation from the pre-existing
nuclei, preventing the original particle from stopping growth
by multi-grain generation.103 In conclusion, voluminous
columnar diamond microcrystals can be obtained through UV
laser-assisted combustion CVD (Fig. 5e).

Beyond the deposition of carbonaceous materials, studies
of oxides or nitrides formation using LACVD have also pro-
vided interesting results.104–106 The diversification of depo-

Fig. 4 Systematic analysis of the monolayer crystals synthesized. (a) An AFM image and the measured height profile across the crystal boundary. (b)
A comparison between the optical images and the PL maps of each sample. (c) Raman spectra under 532 nm laser excitation source show the peak
location of each material. (d) STEM and FFT images indicate the transition metal and chalcogen atoms, respectively. This figure has been reproduced
from ref. 62 with permission from IOP Publishing, copyright 2020.

Table 1 Conventional 2D TMDCs synthesis methods

Methods Precursors Grain size Thickness Growth time Purity Ref.

CVD Metal oxides and chalcogenides Tens of microns Mono to few-layer crystals Minutes Moderate 71–75
MOCVD Metal–organic compounds Few microns Mono to few-layer crystals Minutes to hours Low 76–78
MBE Elemental Tens of nanometers Mono to few-layer crystals Hours High 78–82
PLD Stoichiometric target Few to tens of nanometers Mono to few-layer films Seconds to minutes High 53–55, 74

and 83
LAS Stoichiometric powder Tens of microns Mono to few-layer crystals Seconds to minutes High 62
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sition materials marks the beginning of the next-generation
manufacturing technology, as it can be directly utilized for
several practical applications, especially in optoelectronics. For
example, the rapid growth of high-quality gallium nitride
(GaN) epilayers through LACVD allows a facile fabrication of
GaN-based devices. The UV photodetectors, directly fabricated

by LACVD with a nine times faster growth rate, consist of
smooth GaN layers and exhibit a high responsivity of 0.108 A
W−1 and a fast response time of 125 ns.107 In other words,
laser-assisted GaN devices with excellent optical properties can
be fabricated using a simple and low-cost semiconductor
deposition method.

Fig. 5 (a) Integrated intensities of optical emission spectroscopy peaks assigned to each species (OH, CH, and C2) with increasing laser fluences. (b)
Comparative data of photogenerated species increment, diamond growth rate, and quality factor with 193 and 248 nm wavelengths. (c) A schematic
of the UV laser-assisted combustion chemical vapor deposition and possible dissociation pathways of each precursor (C2H2 and C2H4). (d) Changes
in nucleation time with laser fluence conditions at 193 and 248 nm wavelengths. (e) Optical microscopic images of deposited diamond films with or
without the assistance of a UV laser. This figure has been reproduced from ref. 93 with permission from ACS Publications, copyright 2018.
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Meanwhile, the stoichiometric deposition of silicon nitride
is an important issue directly related to the process for encap-
sulation of organic light-emitting diodes (OLEDs) in the
display industry.108–111 To date, plasma-enhanced chemical
vapor deposition (PECVD) has been widely used in industry
because of its high deposition rates at low processing tempera-
tures, as well as good film uniformity over large substrate
areas.112,113 However, the PECVD process does not entirely
avoid the drawbacks, such as electrical damage to the device,
mechanical deformation of the film, and nonstoichiometric
silicon nitride film formation, significantly reducing the
product yield.114–118 To overcome these limitations, An et al.
suggested two-sequential processes comprising LACVD and
laser-assisted plasma-enhanced chemical vapor deposition
(LAPECVD) (Fig. 6a).119 By applying the 193 nm argon fluoride
(ArF) pulsed laser, deficiencies, such as ion bombardment due
to direct plasma exposure, residual stress formation in the de-
posited film, and low gas dissociation rate, are significantly
resolved.120 Particularly, the laser-assisted encapsulation pro-
cesses present the most stable lifetime characteristics, which
do not fall behind the glass encapsulation method (Fig. 6b).
Kim et al. conducted a study directly comparing the character-

istics of silicon nitride deposited by LAPECVD and PECVD.121

The deposition rates of silicon nitride films by LAPECVD were
higher than those of PECVD for all process conditions with
varying plasma RF powers (Fig. 6c). As a result of optical emis-
sion spectroscopy (OES) analysis, it was confirmed that reactive
gas dissociation was significantly improved in LAPECVD com-
pared to PECVD.

There was also an advantage in terms of the physical and
chemical properties of the deposited silicon nitride thin film.
As the plasma RF power increases, the residual stress of the
film decreased to 147 MPa, which is 34% lower than the film
deposited with PECVD (Fig. 6d). The X-ray photoelectron spec-
troscopy (XPS) results suggest that the origin of the low
residual stress is due to the improved chemical composition;
narrow XPS scan data of Si 2p and N 1s close to stoichiometric
silicon nitride (Si3N4) are secured by LAPECVD (Fig. 6e). The
enhanced chemical robustness also affects the selectivity of
dry etching under a CF4/O2 plasma (Fig. 6f). Silicon nitride de-
posited by LAPECVD can form denser structures with higher
nitridation, which leads to lower etch rates.122

The integrity of the organic layer was evaluated by measur-
ing the electrical damage that occurred to the substrate during

Fig. 6 (a) Schematics of the fabrication process for silicon nitride encapsulation using LACVD and LAPECVD. (b) Electroluminescence lifetime
characteristics of OLEDs by different encapsulation layers (PE: PECVD only, LA-PE: PECVD after LACVD, LA-LAPE: LAPECVD after LACVD) under con-
stant luminance of 5000 cd m−2. (Inset: a luminescence image of the OLEDs under 7 V bias.) (c) Deposition rates of silicon nitride for PECVD and
LAPECVD with a fixed ArF laser power density of 75 mW mm−2 and the optical transmittance of silicon nitride thin films. (d) Residual stress of silicon
nitride films with the functions of plasma RF power. (e) XPS narrow scan data of Si 2p (102 eV) and N 1s (398 eV) with each atomic percentage. (f )
Dry etch characteristics using a gas mixture of CF4 and O2 (1 : 2) and working pressure of 5 mTorr. (g) Electrical damage evaluation of OLEDs after
the passivation process by silicon nitride deposition using LAPECVD and PECVD operated for 1 min. This figure has been reproduced from ref. 119
and 121 with permission from Elsevier, copyright 2021.
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the process. The current efficiency is derived from the
measurement, and it becomes a practical evaluation method
directly related to the overall performance of the OLED
device.122–126 As a result, the current efficiency of the
LAPECVD method maintained the pristine level of luminance,
while significant degradation was observed with the PECVD
method (Fig. 6g). Therefore, by applying the LACVD-LAPECVD
two-step process, silicon nitride can be deposited in the lower
region only with the ArF laser before encapsulation. The de-
posited layer acts as a buffer for post-processing to prevent
electrical damage from occurring in the plasma environment.

Recent studies on LACVD are exploring how to apply laser
devices to enhance the practical quality and yield of products.
By adding the extremely high but site-selective energy supply
process through laser irradiation into the existing vacuum
equipment, the molecules participating in the reaction can be
efficiently decomposed, saving energy consumption effectively.
In addition, the above-mentioned method of encapsulating
OLEDs with silicon nitrides through LACVD-LAPECVD
improves coating stability and thus can directly contribute to
increasing product yield in the display industry. In summary,
the improvement effect of the vacuum equipment performance
by the laser-assisted process is evident and has high potential.
Theoretical studies to elucidate unexplored mechanisms and
engineering considerations to optimize processes are required
in the near future.

Summary and outlook

The present review has compiled the possibility of material
processing, synthesis, and deposition improvement through
laser assistance to the latest vacuum equipment technology. In
all the processes mentioned, the unique thermal and optical
properties of the laser were actively utilized, and it was con-
firmed that there were substantial improvements in processing
quality level and product yield. The contributions and achieve-
ments of laser equipment in each high vacuum process
covered so far are summarized below.

Dry etching

Local heating by in situ laser irradiation effectively prevents the
build-up of by-products over the process area. One of the sig-
nificant problems that can happen during the FEBIE and
FIBIE processes is etching retardation, as explained in the pre-
vious section, which is the phenomenon found in the volatile
etch products becoming nonvolatile due to electron redissocia-
tion. The laser-assisted method can avoid such etching retar-
dation that occurs primarily under excessive source current
conditions. The optical polarization selectivity of the laser
offers another potential scalability for laser-assisted dry
etching. The anisotropic dry etching requires much effort in
the careful design of the mask to protect the sidewalls of a
cavity during ion bombardment while maintaining the high
aspect ratio trenches. Therefore, laser assistance can be a com-
plete alternative to a high-power operation in dry etching.

Synthesis of (2D) nanomaterials

Obtaining high-quality single crystals with satisfactory yields
on the nanoscale is a challenging task in vacuum science and
technology. The controllability and productivity of nano-
material synthesis always conflict with each other under the
set process conditions of the equipment, which significantly
reduces the industrial value. The laser-assisted synthesis
method overcomes this paradox by applying different tempera-
tures through selective laser irradiation to the source and sub-
strate in one process environment. Therefore, optimized
growth conditions can be achieved to produce stoichiometric
and highly crystalline nanofilms. Both synthesis rate and
purity are improved without significantly increasing the
overall steps except for the laser irradiation process. The
absence of hazardous chemicals in the process is another
advantage.

Coating

The effectiveness of laser assistance in the deposition process
of various materials, including graphene, diamond, oxides,
and nitrides, has been validated several times. The rapid and
selective heating performance of lasers, discussed earlier, is
the main driving force behind the improvement of the depo-
sition process. In addition, the optical properties according to
the wavelength of the laser further broaden the basis for
exploring the optimal deposition process conditions for each
material. This enables the formation of coated films with high
levels of mechanical, chemical, and electrical properties that
have not been previously reported. Therefore, there is a possi-
bility of suggesting a new paradigm for the display industry
(e.g., OLED encapsulation processes), which has been con-
sidered close to technological saturation.

Our investigation of the relevant research in the last four
years tells us that laser processes hold high potential to push
the boundary of the existing concepts or to accept new
materials, e.g., 2D materials, for ground-breaking devices at a
minimized invasion of the existing high-vacuum technology.
Recent developments and advances in new laser sources, such
as organic solid-state lasers, will also be highly synergistic.127

By offering various aspects of spectral and chemical tunability,
such as low refractive indexes, mechanical flexibilities, and low
thresholds, it is expected that the diversification and complex-
ity of laser integration technology will become possible in a
broader range. As a concluding remark, we would like to
emphasize again that improvements in the vacuum process
are an urgent matter since the semiconductor shortage has
been continued for an extended period. However, it should
also be noted that adding laser irradiation processes to the
vacuum equipment is accompanied by temporary risks and,
therefore, may not be compatible with the leading-edge indus-
tries under active development and optimization. In these
regards, we expect that the laser-assisted vacuum process can
be relatively more valuable for trailing-edge semiconductor
industries, which still account for a large portion of the total
revenue but requires a significant upsurge in its throughput
without the compensation of the product quality.
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