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Recent Advances on Pulsed Laser Deposition of Large-Scale
Thin Films

Jing Yu, Wei Han, Abdulsalam Aji Suleiman,* Siyu Han, Naihua Miao,*
and Francis Chi-Chung Ling*

2D thin films, possessing atomically thin thickness, are emerging as
promising candidates for next-generation electronic devices, due to their
novel properties and high performance. In the early years, a wide variety of 2D
materials are prepared using several methods (mechanical/liquid exfoliation,
chemical vapor deposition, etc.). However, the limited size of 2D flakes
hinders their fundamental research and device applications, and hence the
effective large-scale preparation of 2D films is still challenging. Recently,
pulsed laser deposition (PLD) has appeared to be an impactful method for
wafer-scale growth of 2D films, owing to target-maintained stoichiometry,
high growth rate, and efficiency. In this review, the recent advances on the
PLD preparation of 2D films are summarized, including the growth
mechanisms, strategies, and materials classification. First, efficacious
strategies of PLD growth are highlighted. Then, the growth, characterization,
and device applications of various 2D films are presented, such as graphene,
h-BN, MoS2, BP, oxide, perovskite, semi-metal, etc. Finally, the potential
challenges and further research directions of PLD technique is envisioned.

1. Introduction

The atomic thickness, absence of dangling bonds, flexibility,
and quantum confinement effects of 2D materials, including
graphene, boron nitride (BN), and transition-metal dichalco-
genides (TMDs), have established them as highly viable op-
tions for future electronic applications.[1–8] 2D materials are com-
monly produced through either bottom-up techniques such as

J. Yu, F. C.-C. Ling
Department of Physics
The University of Hong Kong
Hong Kong 999077, P. R. China
E-mail: ccling@hku.hk
J. Yu
Department of Physics and Astronomy
University of Manchester
Manchester M13 9PL, UK

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smtd.202301282

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/smtd.202301282

chemical vapor deposition (CVD),[2,6,9,10]

atomic layer deposition (ALD),[11] and
molecular beam epitaxy (MBE),[12]

pulsed laser deposition (PLD),[13–17] etc.)
or top-down methods such as physical
exfoliation,[18–20] solution exfoliation,[21]

etc. The dimensions of samples gener-
ated through physical exfoliation and
solution exfoliation are constrained, and
their thickness is indeterminate.[22–25]

The prerequisite for meeting the de-
mands of forthcoming industrial appli-
cations is the utilization of dependable
preparation techniques for the synthesis
of extensive, superior-quality 2D crys-
tal films.[26–28] CVD, ALD, MBE, and
PLD have widely utilized techniques
for the synthesis of comprehensive 2D
films.[29–33] Nevertheless, the level of
controllability and repeatability exhib-
ited by CVD is relatively low.[34–36] The
preparation of non-layered oxides by

ALD necessitated the utilization of costly organic gas sources,
rendering it an infrequently employed technique for the produc-
tion of 2D film.[11] The cost of MBE is prohibitively high, and
its feasibility for large-scale production of 2D films in the future
is questionable.[12] As for PLD method, we could make large-
scale thin film cheaply and at high speed.[15,23] The PLD method
has the capability of producing large-scale thin films at a rapid
pace and low cost. In contrast to alternative other bottom-up film
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Figure 1. Schematic diagram of PLD method and various grown wafer-scale 2D films.

deposition techniques, PLD offers precise control over film com-
position and thickness, ensuring conformity with the stoichio-
metric ratio of the target composition.[17,23] This makes it a vi-
able option for the growth of epitaxial films containing complex
oxides.[16,23] The utilization of PLD technology is highly suitable
for the production of intricate and manageable oxides. Moreover,
PLD exhibits cost-effectiveness and demonstrates rapid growth
in terms of speed.[23] Although PLD is an effective mean of
preparing wafer-scale 2D materials, however, a complete and crit-
ical review including new methods and strategies is missing in
the last 5 years. A comprehensive summary of recent applications
and development of PLD techniques need to be introduced.

Herein, we have provided a comprehensive overview of the lat-
est developments in the preparation of 2D films using PLD. The
fundamental focus of this review is centered on elucidating the
methodology for producing superior 2D thin films via PLD. This
includes a discussion of the growth mechanisms, various strate-
gies employed, and the classification of materials used. First, effi-
cacious strategies for PLD growth are highlighted. Subsequently,
an exposition is provided on the growth, characterization, and
utilization of diverse 2D films, including graphene, h-BN, MoS2,
BP, oxides, perovskite, semi-metals, and others, in device appli-
cations. Finally, the challenges that must be addressed and the

areas of further research emphasis on the PLD technique are pre-
sented.

2. Overview of PLD for 2D Films

The ultilization of PLD technology is prevalent in preparing vari-
ous types of 2D materials, as illustrated in Figure 1. This section
provides a comprehensive overview of the procedures involved in
the preparation of epitaxial films using PLD systems. Specifically,
the discourse delves into the equipment calibration, epitaxial film
growth mechanism, identification of optimal growth conditions,
and characterization techniques for these films.

2.1. Equipment Calibration

The process of PLD involves using a pulsed laser directed toward
a target material, as depicted in Figure 2. When the laser energy
density reaches a certain threshold, the material is vaporized or
ablated by each laser pulse, resulting in the formation of a plasma
plume (t = 0.1 μs). The material that has undergone ablation is
expelled from the target in a plume that exhibits a significant de-
gree of forward directionality (t = 2 μs). The expulsion of material
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Figure 2. Process of PLD growth within a single pulse cycle.

from a surface, commonly known as the ablation plume, serves
as the source of material flux that facilitates the growth of thin
films (t = 2 μs).

The PLD technique has demonstrated remarkable efficacy in
producing epitaxial films for multicomponent inorganic materi-
als. The ablation parameters are selected to ensure the ablation
plume is predominantly composed of low-mass species, such as
atomic and diatomic particles. The customary approach involves
the selection of a wavelength for an UV laser and a nanosecond
pulse width that is highly absorbed by a limited portion of the
material being targeted. The generation of plasma is attributed to
the absorption of laser energy by the expelled material. Optimal
conditions can be selected for the deposition of macromolecular
organic materials, in which absorption occurs over a greater vol-
ume while minimizing laser absorption in the plume. This allows
for a significant portion of the molecular substance to be ablated
without fragmentation. The transfer of complete polymer chains
has been exhibited in polymeric materials. The use of laser ab-
sorption in materials that are considered to be “softer” and could
potentially cause damage to molecular functionality has been ex-
plored. To address this issue, composite ablation targets have
been developed, which involve embedding the soft component
in an optically absorbing matrix.

PLD exhibits three primary characteristics. At first, the synthe-
sis process is executed in a pulsed mode, which enables the rapid
growth of a minuscule quantity of a substance within a matter
of microseconds. Furthermore, the expeditious and intense heat-
ing of the substrate in PLD facilitates the attainment of stoichio-
metric growth. The employment of the PLD method results in
the generation of laser-ablated species that possess substantial
kinetic energy, reaching up to a few keV. This feature enables
the deposition of thin films that exhibit strong adhesion prop-
erties while being subjected to relatively low temperatures com-
pared to alternative techniques. In the ultrahigh vacuum (UHV)
chamber, targets composed of elementary, or alloy elements are
subjected to a high-energy, focused pulsed laser beam at a 45°

angle.

2.2. Epitaxial Film Growth Mechanism

After the particles at the end of the feather reach the substrate,
they diffuse and migrate on the substrate, forming nuclei,
growing, and re-evaporation. This process involves a series of
thermodynamic and kinetic processes: the gas phase condenses
into a solid phase, the free energy decreases, and the crystal
nucleus exposes new surfaces and interfaces and raises the free
energy, which together determines the growth process of the
shape nucleus of the film. In general, under the premise that the
particles reach the substrate with a certain amount of energy, the
lattice constant and temperature of the substrate play a decisive
role in the growth of the film’s nucleus. If the lattice constant of
the substrate differs significantly from the lattice constant of the
target film, the interfacial energy of the crystal nucleus is large,
and growth is more difficult. The right temperature can ensure
that the particles have a sufficient diffusion distance, and the
crystal nuclei are more likely to spread out in a wet state, which
is conducive to its growth. Different growth conditions lead
to three different film growth patterns, as shown in Figure 3,
and the growth pattern of the film can be roughly determined
by characterizing the surface morphology by atomic force
microscopy.[37]

1) 3D island growth mode: The film grown in this form is
rough, and the atomic force microscope morphology is like a for-
est. 2) 3D island growth and 2D layered growth mode (2D + 3D
growth mode): The films that have grown in this mode mostly
manifest as many bumps on the plane. 3) 2D layered growth (2D
growth mode): Only this mode can grow out of the epitaxial film;
the entire film is a single crystal, and the surface roughness is
very small.

In general, to prepare an epitaxial film, it is necessary to con-
trol these three stages and thus the appropriate amount of ma-
terial can be evaporated after a suitable distance, so that the sub-
stance with the appropriate energy and size reaches the substrate,
and migrates in the proper substrate temperature, shapes the nu-
cleus, and grows.

Small Methods 2024, 8, 2301282 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2301282 (3 of 33)
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Figure 3. Film growth model of PLD process.

2.3. Identification of Optimal Growth Conditions

The procedures involved in the preparation of PLD films were
comprehensively examined. The presence of a typical plume and
the appropriate deposition temperature are prerequisites for the
production of high-quality films, while the growth window has a
constrained range. This section provides a comprehensive dis-
cussion on the growth of epitaxial films using PLD systems.
Given the narrow growth window and the need for stringent
control of each step. The production of high-quality films dur-
ing the PLD process is dependent on several factors, including
the manipulation of deposition time, temperature, gas pressure,
gas composition, substrate, the distance between target and sub-
strate, laser intensity, and the elemental composition of the target
by the researchers. The duration of the deposition process may
have an impact on the thickness of thin films. The quality of thin
film crystals may be impacted by the duration of deposition. The
utilization of O2 gas during the production of thin film oxides is
recommended as it enhances the quality of the film and reduces
the occurrence of oxygen defects. Various substrates can be uti-
lized for diverse applications or distinct material characteristics.
Mica possesses a layered structure that presents the potential to
obtain a monolayer film. Electric devices can be directly prepared
by depositing thin films on SiO2/Si or Si substrates. The utiliza-
tion of sapphire substrate, owing to its c-orientation, has the po-
tential to facilitate the attainment of high-quality films. Sapphire
and glasses possess transparency, thereby enabling the evalua-
tion of the optical characteristics of thin films.

2.4. Characterization Techniques

After obtaining the PLD grown film, how to characterize the ma-
terial is also a very critical step. We use various modern technolo-
gies to characterize the PLD thin film materials. The nature and
uniform surface of the film could be confirmed by various tech-

niques, including XRD, TEM, Raman spectroscopy, AFM and so
on. The film’s appearance can be observed through photographs
and optical micrographs. Material identification methods such as
XRD, XPS, and Raman can help researchers to identify material
composition. PL could help to obtain the optical band gap of the
thin film material. AFM, SEM, and EDS mapping were used to
obtain the surface morphology. At the same time, EDS mapping
could help to get the information of elements composition. TEM
can help to obtain the atomic arrangement of materials.

3. Graphene Grown Using PLD

The production of graphene film can be achieved through var-
ious methods, such as physical exfoliation, CVD, liquid phase
methods, or epitaxial growth on silicon carbide (SiC). However,
PLD stands out due to its distinctive benefits in comparison to the
aforementioned techniques. The presence or absence of a metal-
lic catalyst is a crucial factor in the advancement of PLD graphene
growth. About a decade ago, PLD graphene growth without a cat-
alytic nickel layer has been reported by Qian et al. and Kumar
et al.[38,39] On the contrary, numerous recent scholarly studies
have documented the production of graphene through the em-
ployment of the PLD technique with Ni catalysts, owing to the
carbon segregation that occurs at elevated temperatures. Due to
the elevated solubility of carbon in Ni, the carbon atoms diffuse
through the Ni catalyst before precipitating on the catalyst’s sur-
face during the cooling process. A potential method for using Ni
catalyst entails the initial deposition of Ni catalyst onto the in-
tended substrate, then the subsequent deposition of a thin film
of C. In 2019, Bleu et al. published a comparative research of
graphene films grown on Si (100) or fused Silica (SiO2) by PLD
and rapid thermal annealing with Ni catalyst (Figure 4a).[40] Mul-
tilayered graphene grown on Si (100), and different nickel silicide
phases formed under it. Mainly bilayered and trilayered graphene
films grown on SiO2, with no traces of nickel silicide. The results
help to understand how different combinations of substrate and

Small Methods 2024, 8, 2301282 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2301282 (4 of 33)
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Figure 4. a) Growth route of graphene films obtained by PLD. b) Photos of the as-synthesized graphene samples on Ni-coated glass and glass. c) Raman
spectra of HOPG and graphene grown on glass substrates with and without Ni catalytic layer. d) Schematic of PLD setup for growth of a 4-inch rGO
film in a beam scanning mode. e) Photo of an ultrasmooth large-area rGO-like film on a 4-inch fused silica wafer. f) STEM image of PLD-grown rGO-like
film consisting of a regular hexagonal carbon ring along with distorted hexagons due to functionalization and reduction. Inset: An enlarged STEM image
showing predominantly hexagonal graphitic rings. g) Schematic illustration of large-scale N-doped graphene grown by PLD. h) Schematic diagram of
graphene film growth by PLD. i) FFT and IFFT patterns of monolayer graphene sample. a) Reproduced with permission from ref. [40]. Copyright 2019,
WILEY. All rights reserved. b,c) Reproduced with permission from ref. [45]. Copyright 2019, Elsevier. All rights reserved. d–f) Reproduced with permission
from ref. [48]. Copyright 2020, American Chemical Society. All rights reserved. g) Reproduced with permission from ref. [49]. Copyright 2020, Elsevier. All
rights reserved. h,i) Reproduced with permission from ref. [51]. Copyright 2019, Elsevier. All rights reserved.

thermal processing parameters impact the synthesis of graphene
from solid carbon source with nickel catalyst. This would help to
control defects and thickness of graphene layers and so on, which
would also have a significant possibility for the development of
graphene-based products.

It was determined that defect densities at 900 and 1000 °C are
comparable to those generated by CVD, however defect densities
at 800 °C are too low for graphene production because they result
in a greater defect density.[41,42] In 2019, Bleu et al. successfully
achieved the synthesis of bilayer graphene on SiO2 through the
employment of PLD technique, with the aid of Ni catalytic mate-
rial. Initially, they conducted the synthesis of a-C: N films through
PLD. Subsequently, they deposited Ni catalytic films onto the a-
C: N film. Finally, they grew N-doped graphene through thermal
heating, utilizing CNx feedstock that was elaborated by PLD.[43]

The study showcases the production of N-doped graphene with a
doping concentration of ≈4%. Furthermore, a model was imple-
mented to demonstrate the diffusion and segregation of carbon

within the nickel film, thereby enabling a quantitative descrip-
tion of the growth of graphene. The study revealed that the ex-
pansion of graphene domains occurred at relatively low temper-
atures ranging from 200 to 300 °C. The accelerated transport of
carbon was facilitated by the high density of defects and fine mi-
crostructure present in the nickel catalyst film, surpassing the
rate of conventional bulk diffusion. At 500 °C, the carbon un-
derwent bulk diffusion, which can be attributed to the recovery
of the nickel grain microstructure. In contrast to the growth of
graphene on a metal-catalyst-free substrate, using a nickel cata-
lyst film with a refined microstructure and a high concentration
of defects expedited carbon transportation, surpassing that of
typical bulk diffusion. Utilizing the diffusion/segregation model
presents a promising approach for enhancing the regulation of
high-quality graphene growth. A previous study conducted by
Hemani et al. documented the utilization of Ni catalysis in the
growth of graphene through PLD.[44] They were able to produce
interfacial bilayer graphene by employing a solid carbon source

Small Methods 2024, 8, 2301282 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2301282 (5 of 33)
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in their PLD approach. Bilayer graphene was observed not only
on the surface of nickel but also at the interface of nickel and
SiO2.[44]

The efficacy of Ni as a top layer on glass for forming graphene
domains is recently demonstrated by Kumar et al.[45] The growth
of few-layer graphene on a glass substrate was successfully
achieved through the utilization of Ni film, as shown in Figure 4b.
They also examined the impact of a Ni catalytic surface on the
growth and structural integrity of graphene films that were syn-
thesized on glass substrates through PLD. The utilization of this
particular growth technique yields a noteworthy enhancement in
the caliber of graphene films cultivated on glass substrates. This
is substantiated by a decrease in defects and an augmentation in
the crystalline nature of graphene films that incorporate Ni. The
Raman spectra, as depicted in Figure 4c, provide conclusive ev-
idence that Ni augmented the growth of graphene, and that the
crystallinity of the graphene film was improved. Moreover, a de-
crease in the FWHM of the G-band and a rise in the intensity
of the 2D-band are unequivocal markers of heightened graphitic
clusters. Compared to the Wang et al. study, which showed the
PLD of 2-, 3-, and few-layer graphene on catalytic nickel thin
film at 650 °C.[46] Where they demonstrated that the formation
of graphene layers’ thickness is contingent upon the film thick-
ness ratios of C to Ni, which can be accurately manipulated by
altering the duration of laser ablation. Compared to CVD, PLD is
a transfer-free graphene synthesis. Bleu et al. achieved transfer-
free graphene synthesis through nickel catalyst dewetting using
rapid thermal annealing.[47] The graphene layers are formed on
the top of the nickel film as well as at the contact between the film
with the SiO2 substrate due to the rapid diffusion of C across into
the Ni film. The nickel dewetting process allows to expose the in-
terfacial graphene and some graphene layers form agglomerates
with nickel particle. Through the removal of nickel particles by
an acid treatment, interfacial graphene was directly formed on
the SiO2 layer avoiding a time consuming and relatively complex
transfer procedure. This research provides a possibility of layer
controllable and transfer free graphene synthesis. The transfer of
the graphene layer from the copper foil onto a substrate is neces-
sary for CVD, which is typically conducted on thin copper foils. In
such a transfer process, associated mechanical handling can re-
sult in corrugation and defects throughout the entire graphene
layer as well as the potential for chemical residues, which ad-
versely affect the graphene’s intrinsic properties.

Not only graphene, but also graphene oxide (GO) and reduced
graphene oxide (rGO), could be grown by PLD method. rGO has
sparked much interest in applications that range from flexible
optoelectronics, energy storage, sensing and as membranes to
purify water. Large scale rGO films with high optical and elec-
tronic quality are required urgently by reproducible and scalable
method. In 2020, as Figure 4d–f shows, Juvaid et al. have pre-
sented a one-step, scalable process to grow wafer-scale uniform
thin films that resemble rGO using PLD of sp2 carbon within
an oxidizing atmosphere with ultrasmooth surfaces (roughness
<1nm).[48] Compared to other methods grown rGO films, these
films show better transparent and conductivity. Compared to
chemical methods, this method does not use catalysts and are
under low temperatures, which allows the integration of these
thin films with other materials through direct growth. Bleu et al.
made an initial endeavor to utilize solid precursors of carbon and

boron, which were ablated by pulsed laser in a regulated manner
(Figure 4g), to investigate the composition and nanostructure of
films of B-doped graphene (BG).[49] The methodology is founded
upon the co-deposition of PLD of carbon and boron, which has
been previously explored for the purpose of acquiring uncontam-
inated graphene sheets.[50] They have already shown that PLD
can be used to create carbon films that resemble diamonds and
are doped with boron (a-C:B), which lays the groundwork for ex-
panding the method for creating BG films proposed in this work.
Contrary to what is typically seen with CVD synthesis, the PLD
method revealed a similar boron content in the boron-doped car-
bon precursor and the finished boron-doped graphene, which is
a significant benefit for the process reliability of doped graphene
synthesis. Their study showed the ability of PLD to produce BG
films and established a correlation between the synthesis pro-
cess and the nanostructure and composition of the resulted films.
For the purpose of achieving the desired composition and nanos-
tructure of BG films in various electrical and electrochemical ap-
plications, the approach offers a new opportunity for B-doped
graphene development using PLD in a controlled and repeatable
manner.

From a solid-state carbon source, Wang et al. reported an effec-
tive method to prepare monolayer and bilayer graphene.[51] The
growth of graphene can be modulated through the manipulation
of laser energy density. The schematic diagram of the process for
growing a graphene film is depicted in Figure 4h. A laser oper-
ating at KrF with a wavelength of 248 nm, corresponding to a
photon energy of 5 eV, was employed to perform ablation on a
target composed of highly oriented pyrolytic graphite (HOPG).
The HOPG target has C─C bonds with an energy of 3.7 eV, and at
5 eV, the laser excitation causes the C─C bonds to shatter. Upon
impact of the laser pulse with the target surface, a substantial
quantity of carbon atoms was produced and propelled toward the
substrate. A TEM characterization of the monolayer film is dis-
played in Figure 4i. The visual representation illustrates that the
film is devoid of any visible impurities and possesses a smooth,
even surface. The monolayer graphene has good crystallinity, as
evidenced by the HRTEM image, which clearly demonstrates
a regular arrangement. The SAED patterns are comparable to
those from samples grown using CVD. With a laser energy den-
sity of 5.66 J cm2, PLD can therefore be used to grow mono-
layer graphene films. Additionally, PLD is done in a liquid en-
vironment, which has its own benefits. Juvaid et al. published a
study in 2020 about a novel single-stage synthesis method for bi-
layer graphene that uses excimer laser ablation of a commercially
available graphite target in the DI water medium, making this
method more affordable and practical for device applications.[52]

This method allowed for the successful one-step laser ablation
synthesis of high-quality bilayer graphene in DI water. Table 1
underscore the numerous benefits of utilizing PLD technology
in contrast to alternative methods. Table 2 displays a summary
of the experimental specifics of PLD graphene growth. These ad-
vantages include rapid growth rates, cost-effectiveness, the abil-
ity to control thickness and morphology primarily through the
substrate, low growth temperatures, and the capacity to deposit
composite thin films with intricate compositions by employing
multiple targets to execute co-ablation in a managed and replica-
ble manner. Additionally, when comparing graphene PLD growth
to CVD, PLD requires a solid carbon target while CVD does not,
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limiting the carbon source during segregation to that supplied
during target ablation. Due to the fact that PLD grows graphene
on a solid substrate, it can be handled more mechanically and of-
fers an alternative method for controlling thickness at 0.1 A/pulse
to CVD, where control is achieved by controlling gas pressure
rather than laser power.

Applications of graphene produced by PLD are photo-diode,
electrodes, p-type rGO electronics, and no transfer process com-
pared to CVD. The ability to detect infrared rays for the purpose of
sensing is crucial to modern world. One of the main challenges
in the detection of infrared light is the difficulty in implement-
ing Schottky contacts to narrow band gap semiconductors be-
cause of their surface and interface characteristics. In 2019, Api-
cella et al. got an extended Schottky multilayer-graphene/silicon
junction as a lateral infrared photo-diode (Figure 5a).[53] A multi-
layer graphene layer was grown on an intrinsic silicon substrate.
The film exhibits graphene near the interface and would trans-
form into amorphous carbon when thickens. Here amorphous
carbon behaves similarly to metal, forming a functional metal-
lic/2D/Si heterostructure and exhibiting a rectifying behavior for
I–V test. This study illustrates that PLD graphene is a good choice
to broaden the spectrum of silicon applications. PLD graphene
not only could be used as diode, but also as contact electrode in
electronics. Goswami et al. got PLD NiO thin film and that was
trapped in two conducting PLD graphene films (Figure 5c).[54]

The graphene films here acted as contact electrodes for varia-
tion of electrical resistance under different temperature, shown
that this system would be used as resistive random-access mem-
ory (RRAM), electric-switch and magnetic-switch. In addition,
rGO by PLD method also shows promising electronic applica-
tion. In 2020, Juvaid et al. got large scale rGO thin films via
PLD method, tailored its hybrid sp2-sp3 electronic structure un-
der situ control of the PLD growth environment (Figure 5d).[48]

This allows control of its optoelectronic properties intrinsically
and helps achieve some of the smallest extinction coefficients
as well as refractive indexes (0.358 and 1.715 respectively, at
2.236 eV) when compared to rGO fabricated chemically. Gupta
et al. shows the influence on free-electron carrier density in PLD
rGO through changing the laser energy densities during laser an-
nealing (Figure 5f).[55] They also reported on modulation of elec-
tron mobility within the liquid phase grown GO.

4. 2D Hexagonal Boron Nitrides (h-BN) Layers
Produced Using PLD

The unique properties of hexagonal boron nitride (h-BN) include
a large bandgap, a high thermal conductivity, a low dielectric
constant, a significant band-edge absorption coefficient, and a
high degree of chemical and thermal stability.[56–59] The PLD
technique for creating h-BN layers is explored in this subsec-
tion. We will present a deeper understanding of how the ben-
efits of PLD may be used to fabricate high-quality h-BN lay-
ers that preserve the unique features of this 2D material as we
delve into the specifics of this technique. For 2D-based devices,
h-BN is excellent as a gate dielectric, substrate, encapsulating
layer, and tunneling barrier because of its layered structure and
atomically smooth surface, which is free of dangling bonds and
charge traps.[60–64] CVD method has been widely used to synthe-
size large-area h-BN films on a variety of substrates, including
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Table 2. Summary of some of recent PLD grown graphene on various substrates.

Year Structure Growth
Tempera-

ture

Base
Pressure

Laser Energy Background
Gases

Morphology Optical/Electrical
Properties

Reference

2010 Graphene/Ni/n-Si 750 °C 5 ×
10−6 Torr

50 mJ – – Less defects Appl. Phys.
Lett., 2010,
97, 114102

2011 Graphene/Si RT 10−5 Torr 5.0 J cm−2 argon gas to
1 Torr

Ultrathin
morphology

Few-layer graphene Appl. Phys.
Lett., 2011,
98, 173108

2011 Graphene/Ni/SiO2/Si 650 °C 2 ×
10−6 Torr

5.43 J cm−2 – Bi-, tri-, and few-layer
graphene

– AIP
Advances,
2011, 1,
022141

2013 SiO2/Si, SiNx/Si, and
p-Si substrates

900 °C less than
10−8 mbar

3, 5, and
6 J cm−2

high purity (5 N)
argon gas

– Electrical resistivity
decrease

Appl. Phys.
Lett., 2013,

102,
012110

2013 Graphene/Ni/SiO2/Si 1010 °C 5-6 ×
10−7 Torr

– 4 mTorr argon
gas

Transfer-free
monolayer and

bilayer graphene
on SiO2

– Appl. Phys.
Lett., 2013,

103,
134102

2014 Graphene/fused silica from RT to
700 °C

10−6 mbar 5
J cm−2

0.1 mbar of
oxygen

The formation of less
than five layers of

graphene

– Appl. Surf.
Sci., 2014,

317,
1004–1009

2014 Quartz, sapphire, and
n-silicon substrates

750 °C 10−5 mbar 4 J cm−2 10 Pa high
purity (5 N)
argon gas

Scalable graphene
and controllable

thickness

The optical
transmittance

and conductivity
are comparable

with exfoliated or
metal-catalyzed

graphene

Laser Phys.
Lett. 2014,
11, 096001

2017 Graphene/Cu 500 °C 10−5 Torr 50 mJ pulse−1 – Different multi-layers High quality J. Appl. Phys.,
2017, 121,

025303

2017 RGO/SiO2/Si 700 °C 1 ×
10−5 Torr

2 J cm−2 oxygen pressure Large area reduced
graphene oxide

(RGO) thin films
grown

A very large carrier
mobility of

372 cm−2 V−1 s−1

J Material Sci.
Eng. 2017,

6, 4

2018 Reduced graphene
oxide

700 °C 10−4 mbar 3 J cm−2 enough O2,
H2O, and
hydrogen
molecules

RGO thin films
fabricated

Maximum mobility
was

1596 cm−2 vs−1

IEEE Trans.
Semicond.

Manuf.
2018,31, 4,

535–544

2018 RGO/SiO2/Si 700 °C 1 ×
10−5 mbar

2 J cm−2 O2 gas The greater
inhomogeneity in

the

PLD grown
wafer-scale RGO

thin films

The temperature-
dependent
(5–400 K)
electrical

characterization
of the thin films

shows two
distinct transport

regimes

IEEE Trans.
Magn.

2018, 54,
12, 1–9

2018 Graphene/SiO2

substrate
780 °C 10−4 Pa 5 J cm−2 N2 gas at

pressures of
0.5, 1 and 10

Pa during
laser

irradiation

2-3% nitrogen-doped
‘few-layer’
graphene

– Sci. Rep.
2018, 8,

3247

(Continued)
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Table 2. (Continued)

Year Structure Growth
Tempera-

ture

Base
Pressure

Laser Energy Background
Gases

Morphology Optical/Electrical
Properties

Reference

2019 Graphene/Ni/SiO2/Si 1010 °C 5-6 ×
10−7 Torr

75 mJ – Uniform deposition
of carbon

High quality bilayer
graphene

Phys. Chem.
Chem.
Phys.,

2019, 238,
121905

2019 Graphene/Ni/Glass 750 °C 10−5 Torr 3.18 J cm−2 30 sccm Ar flow
rate

Formation of
graphene domain

Increased
crystallinity of
graphene film

Results Phys.,
2019, 14,
102350

2019 Ni/a-C:N/SiO2 500 °C 10−5 Torr 5 J cm−2 N2 gas Epitaxial

monolayer to bilayer
and rotated
graphene

A high defective

graphene-like
structure

Carbon,
2019, 155,
410–420

2019 Graphene/SiO2/Si 700 °C 10−3 Pa 1.5 J cm−2 – One to few-layered
nano-sized
graphene

Low resistance (𝜌 =
(0.1–1.5) ×
10−3 Ω m)

Appl. Surf.
Sci. 2019,

480,
323–329

2019 Graphene/Ni/SiO2 1100 °C 10−4 Pa 2.7 J cm−2 – The production of
1–4 layers boron
doped graphene

films

Increases the
concentration of

defects in the
films

Appl. Surf.
Sci. 2020,

513,
145843

2019 Monolayer and bilayer
graphene/single
crystal Cu (111)

substrates

1000 °C 2.0 ×
10−6 Pa

5.66 J cm−2

8.49 J cm−2

– The controllable
growth of

high-quality
monolayer and

bilayer graphene

– Appl. Surf.
Sci. 2019,

494,
651–658

2019 Graphene/Si or
SiO2/Si

from 600 to
1000 °C

10−4 Pa 4.5 J cm−2 – Mainly bilayer and
trilayer graphene

on SiO2

– J Raman
Spectrosc.
2019, 50,

1630–1641

2019 Graphene/Si 550 °C 10−2 Torr 300 mJ – A multilayer-
graphene/silicon
infrared Schottky

photodiode

Graphene increases
the spectrum of
absorbance of

silicon

Adv. Electron.
Mater.

2019, 5,
1900594

2020 rGO/Si 680 °C 0.5 mTorr 2.9 J cm−2 oxygen Wafer-scale uniform
rGO-like thin films
with ultrasmooth

surfaces
(roughness
<1 nm)

Transparency and
conductivity
metrics are

superior

ACS Nano
2020, 14,

3290−3298

2020 rGO/SiO2/Si 300 K 10−6 Torr 3.5–
4.0 J cm−2

– The electron mobility
modulation in the

liquid phase
grown GO

26 cm−2/Vs room-
temperature

electron mobility
and -4.7 ×

1021/cc charge
carrier

concentration

Carbon 2020,
170,

327–337

2020 Graphene/SiO2/Si – – between 2.5
to

3.75 J cm−2

– DI water
environment

Producing good
quality bilayer

graphene

Mater. Res.
Bull. 2020,
126, 11840

2021 a-C/Ni/SiO2 RT 10−7 mbar 5 J cm−2 – Transfer-free
graphene
synthesis

– Appl. Surf.
Sci. 2021,

555,
149492

2022 Graphene/NiO/
Graphene

650 °C 10−6 Torr 450 mJ Ar gas Graphene as
conducting
electrode

–

Small Methods 2024, 8, 2301282 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2301282 (9 of 33)
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Figure 5. a) Sketch of the multilayer-graphene/silicon infrared Schottky photo-diode device. b) Current–voltage characteristics measured in dark, light
and infrared. c) Schematic representation of the graphene-NiO-graphene film. d) Resistivity vs temperature plot for rGO-like films grown at different
oxygen partial pressures. Inset: Optical image of patterned Hall bar device used for electrical transport measurements. The scale-bar is 100 μm. The red
dots in the inset represent the room-temperature resistivity of the films grown at various OPPs, and the orange line is a guide to the eye. e) The slope of
Hall resistance vs. magnetic field confirming p-type conduction in the films. f) The impact on free-electron carrier density in rGO on changing the energy
densities during laser annealing. a,b) Reproduced with permission from ref. [53]. Copyright 2019, IPO Publishing. All rights reserved. c) Reproduced with
permission from ref. [45]. Copyright 2022, IPO Publishing. All rights reserved. d,e) Reproduced with permission from ref. [48]. Copyright 2020, American
Chemical Society. All rights reserved. f) Reproduced with permission from ref. [55]. Copyright 2020, Elsevier. All rights reserved.

Cu, Ni, and Fe, employing reactive precursors such as ammonia
borane (H3NBH3) and borazine (B3N3H6), which are poisonous,
unstable, and flammable.[65–68] Also, degradation of h-BN occurs
due to the introduction of contaminants and mechanical damage
during the transfer process from metal substrates to a more ap-
propriate surface (typically a dielectric substrate) for device fabri-
cation. PLD is an alternative technique that can be utilized to syn-
thesize high-quality h-BN with controllable thickness and large
surface areas (Figure 6a).[69] Wang et al. in 2021 utilized PLD
on non-catalytic sapphire substrates to directly synthesize high-
quality h-BN films and thoroughly investigated the effects of the
deposition parameters.[70] The photodetectors based on h-BN ex-
hibit remarkable UV detection capability, as evidenced by their
on/off ratio of >104 and photoresponsivity of up to 1.69 mA W−1,
as shown in Figure 6b and c, respectively. The temperature of
the substrate had the most significant impact on the crystalline
nature of the h-BN films of all the growth parameters they in-
vestigated, as shown by the gradual rise in photocurrent of over
400%, while the substrate temperature rises during the PLD pro-
cess from 800 to 1250 °C. In 2023, Biswas et al. utilized PLD
to directly deposit large-area h-BN thin films on c-cut sapphire
substrates.[71] In contrary to previous reports,[68,72–74] h-BN films
demonstrate unidirectional domain growth morphology without

the need for a catalytic support. The UV–vis absorption spectrum
of the h-BN film at room temperature revealed a prominent peak
at 214 nm (Figure 6d).[71] Using the Tauc-plot, the bandgap was
calculated to be ≈5.95 eV, in agreement with the previously re-
ported value.[75] The valence band spectrum (VBS) of the XPS
revealed the band structure of the h-BN film to contain two dis-
tinct features with binding energies of 12 and 20 eV, respectively.
In addition, magnetic hysteresis (M-H) measurements at room
temperature reveal a flawless diamagnetic response, indicating
that the synthesized h-BN films are nearly devoid of flaws or im-
purities (Figure 6f).[71] They utilized no metal catalytic support
and directly deposited 2D-vdW h-BN thin films by PLD on low-
miscut, atomically smooth sapphire substrates to demonstrate
unidirectional domain growth. The passivation of the nucleation
sites along the preferred step-edge orientation of the substrate,
which is responsible for the unidirectional domain growth, is
revealed by their density functional theory (DFT) calculations.
The mechanism involves a strong interaction between the film-
substrate interfacial symmetry and energy. Various techniques
for characterization have been employed to verify the develop-
ment of h-BN films with superior intrinsic properties. Their dis-
covery has the potential to facilitate the growth of high-quality
thin films with unidirectional domains over a large area directly

Small Methods 2024, 8, 2301282 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2301282 (10 of 33)
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Figure 6. a) Up panel: Sketch of PLD growth of h-BN film. Down panel: Photo and SEM image of h-BN film on sapphire. b) A diagram of an h-BN UV
photodetector. c) I–V curves of photodetectors constructed from h-BN films at various substrate temperatures. d) Spectra of UV-vis absorption and the
fitting Tuac plot of the h-BN film. e) XPS spectrum of the h-BN film. f) Magnetization measurement of h-BN film. a) Reproduced with permission from
ref. [69]. Copyright 2016, Wiley. All rights reserved. b,c) Reproduced with permission from ref. [70]. Copyright 2021, National Natural Science Foundation
of China (NSFC). All rights reserved. d–f) Reproduced with permission from ref. [71]. Copyright 2023, Elsevier. All rights reserved.

on insulating substrates. This development could prove to be
instrumental in advancing 2D electronics with superior perfor-
mance. Furthermore, Ajayan et al. (2023) demonstrated a state-
of-the-art approach in synthesizing h-BN nanosheets at ambient
temperature using a highly energetic PLD growth technique, ex-
hibiting outstanding functional features and usefulness for sev-
eral applications.[76] Table 3 provides a summary of several recent
PLD-produced h-BN on different substrates.

5. 2D Black Phosphorus (BP) Layers Grown Using
PLD

The unique properties of black phosphorus (BP) make it a highly
desired 2D material due to its direct bandgap, which can be ad-
justed across a wide range of wavelengths from visible to in-
frared by increasing the number of layers, as well as its excep-
tional charge carrier mobility.[77,78] The controlled growth of few-
layer BP films has been a significant challenge since the dis-
covery of BP, impeding further exploration and practical appli-
cations. To date, the assembly of preferable BP thin films has
primarily relied on bottom-up mechanical or chemical exfolia-
tion techniques from bulk crystals.[79–81] This has resulted in the
assembly of relatively diminutive thin layers, typically measur-
ing 5–50 μm2. In recent times, bottom-up methodologies, such
as CVD techniques, have been utilized for the synthesis of few-
layer BP.[82,83] However, the lateral dimensions of the obtained

flakes were limited to only a few dozen micrometers. Recently,
PLD has been a promising method to prepare high quality ul-
trathin BP films. There has been a successful achievement in
the growth of 2D BP film on an ultra-flat mica substrate using
the PLD technique, which has exhibited exceptional film quality.
In 2015, Yang et al. obtained an amorphous BP thin film with
a thickness of 2–10 nm with graphene/copper or SiO2/Si sub-
strates by PLD method (Figure 7a).[16] Compared with other film
preparation techniques, the growth conditions are easier to re-
alize and it is easier to obtain high quality thin films, which is
in contrast to extreme conditions of high pressure or high tem-
perature for growing BP phase in the previously reported publica-
tions. The number of laser pulses could roughly control the thick-
ness of the films, and the quality of the amorphous BP thin films
could be controlled by the substrate temperature. As Figure 7b
shows, the fabricated 2 nm p-type a-BP thin film FET shows a
moderate on/off current ratio (which is up to 102), and high field-
effect mobility (which is up to 14 cm2 V −1 s −1).[16] In 2018, Qiu
et al. proposed an innovative laser writing process-confined ul-
trafast pulsed laser deposition (CUPLD) (Figure 7c).[84] In this
research work, they realized the large scale growth of directly syn-
thesizing continuous BP thin films from high quality large bulk
BP crystal with the capability of patterning arbitrary shapes by
employing ultrafast laser writing with confinement. During the
growth process, the ultrafast picosecond laser pulse could gen-
erate local high-temperature and high-pressure conditions for

Small Methods 2024, 8, 2301282 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2301282 (11 of 33)
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Table 3. Summary of some of recent PLD grown h-BN on various substrates.

Year Structure Growth
Temperature

Base
Pressure

Laser
Energy

Background
Gases

Morphology Optical/Electrical
Properties

Reference

2016 BN/SiO2/Si Less than
200 °C

50 mTorr 22.5 J cm−2 N2 gas Ultrathin amorphous
boron nitride of

thicknesses from 2
to 17 nm

A device-scale
dielectric constant

of 5.9 ± 0.65 at
1 kHz, breakdown

voltage of 9.8 ±
1.0 MV cm−1, and
bandgap of 4.5 eV

Adv. Funct. Mater.
2016, 26,

2640–2647

2020 BN/Si 600 °C 1 ×
10−3 Torr

2.4 mJ – PLD process to grow
thick and adherent

BN films

– Mater. Res.
Express, 2020,

7, 096401

2021 BN/Sapphire 800–1250 °C 3 × 10
−7 Torr

300–
700 mJ

N2 gas High-quality h-BN
films with a
controllable
thickness on

sapphire

Superior
deep-ultraviolet

detection
performance with a
large on/off ratio of

> 104, high
photoresponsivity,
and a sharp cut-off

wavelength of
220 nm

Fundam. res.
2021, 1,
677–683

2023 BN/Sapphire 800 °C 100 mTorr 2.2 J cm−2 N2 gas Large area direct
growth of

electronic-quality
h-BN thin films on

insulating
substrates

Dielectric layer and
valence band

maxima (VBM) at
≈1.9 eV

Appl. Mater.
Today, 2023, 30,

101734

a few picoseconds through adopting a confined ultrafast laser
setup, which is necessary for the metaphase transformation from
ablated phosphorus to reconstructed BP thin films. Under this
optimized laser intensity, a crystalline BP thin film appears on
the substrate through a metaphase transformation. Compared
to traditional PLD method, CUPLD could get specific graphics
(Figure 7d). In addition, the researchers induced molecular dy-
namics (MD) simulation to explain the physical mechanism of
confined laser metaphase transformation. Finally, BP field-effect
transistors show excellent electrical properties. This novel laser
direct writing method could provide a fast route to prepare large-
scale BP ultrathin films, meanwhile this one-step pattering pro-
cess could provide a potential possibility that can be applied to
other 2D materials. One of the most attractive features of this
method is a one-step process, which integrates ablation, deposi-
tion and patterning continuously. The CUPLD is an intriguing
and fast route for massive nanomanufacturing. In 2019, Bellus
et al. introduced an amorphous semiconductor to the material
library for constructing van der Waals heterostructures and fab-
ricated heterostructures composed of a 2 nm amorphous PLD
BP layer and a monolayer of WS2 (Figure 7e).[85] Their findings
indicate that the transfer of holes from WS2 to amorphous BP
occurs rapidly, as demonstrated by both time-integrated PL and
time-resolved transient absorption measurements.

In 2021, Wu et al. demonstrated the controlled PLD method
for achieving high-quality, large-scale growth of a few-layer 2D
BP. The authors describe a methodical approach utilizing PLD to
produce superior quality BP ranging from monolayer to few-layer

thicknesses on a scale of centimeters, as depicted in Figure 7h.
The laser ablation-induced plasma-activated region offers favor-
able circumstances for forming and transporting BP clusters,
thereby promoting growth (as depicted in Figure 7f).[15] During
the PLD process, bulk monocrystal BP work as the source and
mica work as substrate under an ultrahigh vacuum chamber.
The as-grown BP films exhibit a distinct reflective color in con-
trast to the bare mica. This uniform sheen is observed to extend
over the entire 1 cm2 surface of the mica wafer, as depicted in
Figure 7g.[15] The utilization of pulsed laser in lieu of conven-
tional heat-assisted evaporation has been demonstrated to pro-
mote the formation of significant BP clusters within the trans-
ported physical vapor, thereby reducing the formation energy of
the BP phase and enabling the large-scale growth of few-layer
BP, as evidenced by the results obtained from MD simulations.
The authors have successfully demonstrated the homogeneity
of the obtained BP over a large area, as depicted in Figure 7i.
Furthermore, they have made significant progress by creating
centimeter-scale FET arrays based on BP film, which exhibit im-
pressive electrical performances that are comparable to those of
previously reported micrometer-scale BP. The uniformity of the
electrical performances across the entire film is crucial for the de-
velopment of BP-based semiconductor integrated circuits in the
information industry. The hole mobility of the BP-based semi-
conductor integrated circuits is up to 213 and 617 cm2 V−1 s−1 at
295 and 250 K, respectively, as illustrated in Figure 7j,k.

By employing the PLD technique, it was possible to culti-
vate large-scale, few-layer BP films with lateral dimensions that

Small Methods 2024, 8, 2301282 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2301282 (12 of 33)

 23669608, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202301282, W
iley O

nline L
ibrary on [04/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

Figure 7. a) Up panel: Photographs of BP films deposited under different conditions (from left to right: film/graphene/copper deposited at 150 °C;
film/SiO2/Si deposited at 150 °C; film/SiO2/Si deposited at 250 °C; film/SiO2/Si deposited at 300 °C). Down panel: Schematic of top-view atomic
models of BP crystal and 𝛼-BP. b) Schematic illustration of FET device based on PLD grown a-BP ultrathin film. c) Large-scale patterned BP thin films
by ultrafast laser direct writing. d) An optical image of a BP thin film patterned into the shape of P. The scale bar is 10 μm. e) Optical images of the
WS2/PLD-𝛼BP heterojunction. f) Schematic of the PLD process for growth of centimeter-scale few-layer BP films. g) Photographs of bare mica i) and
as-deposited centimeter-scale BP films of different thickness ii–v). h) AFM image of monolayer BP flakes. The monolayer thickness is indicated by the
inserted height profile. i) Schematic of arrayed top-gated FETs based on centimeter-scale few-layer BP grown on mica substrate. j) Drain current–drain
voltage (Id–Vds) curves for a FET based on a 5-nm BP ultrathin film under different gate voltages (Vg) at 250 K. k) Transfer characteristics of FETs based
on 2-, 5- and 10-nm BP ultrathin films in linear scale at 250 K. The inset shows the same results in a logarithmic scale. a,b) Reproduced with permission
from ref. [16]. Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA. All rights reserved. c,d) Reproduced with permission from ref. [84]. Copyright 2018,
WILEY-VCH Verlag GmbH & Co. KGaA. All rights reserved. e) Reproduced with permission from ref. [85]. Copyright 2019, Royal Society of Chemistry
(RSC). All rights reserved. f–k) Reproduced with permission from ref. [15]. Copyright 2021, Nature Publishing Group (NPG). All rights reserved.

surpass those reported in prior studies. These dimensions
ranged from several micrometers to the centimeter scale. The
technology used for preparing PLD films exhibits various advan-
tageous characteristics for the purpose of device fabrication. The
advantages encompassed in this context include meticulous reg-
ulation of film thickness, stringent stoichiometric growth, expe-
ditious growth rate, exceptional compatibility with multilayered
heterostructures, and cost-efficiency. The utilization of PLD tech-
nology, in contrast to other methods such as CVD, mechanical ex-
foliation, and liquid phase method, could lead to the development
of wafer-scale BP electronic and optoelectronic devices, includ-
ing scalable integrated device arrays and information systems.
These devices would be larger in size compared to BP nanosheets
produced through other techniques. PLD technology is a viable
option for creating wafer-scale BP electrical and optoelectronic
devices, which encompasses the possibility of creating expand-

able arrays of integrated devices and information systems. Table 4
provides an overview of recent PLD-produced BP on varied sub-
strates.

6. 2D Transition-Metal Dichalcogenides (TMD)
Films Grown Using PLD

In the emerging fields of spintronics and valleytronics, which
encompass various microelectronic devices, TMDs have recently
demonstrated their potential for usage in intriguing ways.[86–91]

Although CVD and exfoliation methods are frequently used to
produce high-quality monolayers and multilayers sheets of 2D
TMDs, nevertheless, the unpredictable nucleation during CVD
synthesis and microscopic flake shape hinder their practical de-
vice applications. Also, mechanical exfoliation approach lacks ex-
act control over the exfoliated surface, morphology, thickness,

Small Methods 2024, 8, 2301282 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2301282 (13 of 33)
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Table 4. Summary of some of recent PLD grown BP on various substrates.

Year Structure Growth
Tempera-

ture

Base Pressure Laser
Energy

Background
Gases

Morphology Optical/Electrical
Properties

Reference

2015 Graphene/copper
or SiO2/Si
substrates

150 °C 1.5 × 10−7 Torr – – 2 nm wafer
scale

p-type transistor
behavior, a

moderate on/off
current ratio up to

102, and high
field-effect mobility
up to 14 cm−2 V s

Adv. Mater.
2015, 27,

3748–3754

2018 Sapphire, quartz,
PET, etc.

750 °C 0.01 mTorr – – Mass produce
large-scale

patterned BP
films with a

one-step
manufactur-

ing
process

p-MOSFET behavior
with on/off ratio on

the order of 10

Adv. Mater.
2018, 30,
1704405

2019 Si/SiO2 150 °C 1.5×10−7 Torr – – 2 nm
amorphous

BP
synthesized

Introduce an
amorphous

semiconductor to
the material library

for constructing
van der Waals

heterostructures

Nanoscale
Horiz., 2019,
4, 236–242

2021 Mica 300 °C 1.6 × 10−9 Torr 1.2 J cm−2 N2 gas The growth of
ultrathin

single crystal
BP on the
centimeter

scale

Few-layer BP FETs
exhibits appealing

electrical
characteristics in
terms of carrier

mobility and
current switching

ratio

Nat. Mater.
2021, 20,

1203-1209

and layer uniformity. PLD has been shown to be an efficient
technique for producing high-quality, homogenous, and stoichio-
metric thin films that are excellent for device fabrication. Serna
et al. reported the PLD synthesis of a few layers of MoS2 films
with high crystallinity over broad areas on sapphire, HfO2, and
SiO2 substrates with no prior pre-surface treatment.[92] Besides
the tiny wafer edges that were hung on the substrate holder dur-
ing deposition, the whole sapphire wafer was uniformly covered
with MoS2 film (Figure 8a). Raman spectra were obtained from
the top, bottom, left side, right side, and middle of the same
substrate. The presence of the E1

2g and A1g vibration modes evi-
denced the presence of the MoS2 thin layer all over the sapphire
substrate. In addition, to learn more about the electrical trans-
port mechanism, they measured resistivity and found that it was
≈1.54 × 104 Ω cm−1 for the 1:2 Mo:S stoichiometric ratio, as
shown in Figure 8b. Kumar et al. fabricated an array (Figure 8c)
of highly sensitive and efficient MoS2-based UV photodetectors
grown using the PLD technique. At a low applied bias voltage, the
photodetectors displayed remarkable device performance.[93] The
obtained results are stimulating in terms of attaining low power
consumption and highly efficient MoS2-based UV photodetec-
tors. Many studies show that WS2 is comparable to MoS2 and
has better thermal stability and optical properties.[94,95] Because

of the heavy tungsten atom in WS2, significant spin-orbit cou-
pling and extensive band-edge spin splitting may occur, making it
a possible candidate for spintronic and valleytronics devices.[96,97]

Recent research has shown that the CVD method is best for syn-
thesizing 2D WS2 films with a large surface area. However, due
to high deposition temperatures (>800 °C), complex gas flow
setup, and health hazards, this technique is unsuitable for large-
scale production.[98] Kun et al. utilized PLD to grow WS2 mono-
layer films on large areas of sapphire substrate with a high de-
gree of uniformity.[99] Figure 8d depicts AFM imaging and the
height profile between the substrate and the as-grown WS2 film.
According to the AFM profile, the height of the film is roughly
0.7 nm, which is in line with the monolayer thickness of WS2.
According to the root-mean-square estimations, the roughness
is found to be 0.4 nm. Furthermore, Godel and coworkers uti-
lized the PLD technique to fabricate a large-scale 2D sheet of WS2
on both ferromagnetic spin source substrates (Ni) and dielectric
substrates (SrTiO3), which were required for spintronic systems
and in-plane semiconductor circuit frameworks, respectively.[100]

Figure 8e shows the typical current I(V) and its first deriva-
tive dI/dV for vertical tunneling transport measurements that
were measured at 4 K. The tunneling effect was observable in
both the I(V) and dI/dV curves. Zheng and coworkers exploit
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Figure 8. a) Left: photos of PLD-deposited bilayer MoS2 thin film. and Raman spectra at various points on a 2-in diameter Al2O3 wafer. b) Resistivity
of MoS2 thin films with various Mo/S atomic ratios. c) Illustration of a mass-produced MoS2-based photodetector. d) AFM image and thickness profile
of monolayer PLD-grown WS2 film. e) dI/dV characterizations of the Ni/WS2/Co heterostructures. f) Schematic of flexible WSe2 photodetectors and
curvature radius definition. g) TEM images of MoS2/CFO heterostructures with 2L and 1L MoS2 layers. h) MoS2/CFO heterostructure with van der Pauw
geometry schematics. (i) MR behaviors of 1L MoS2 at 300, 150, and 100 K. a,b) Reproduced with permission from ref. [92]. Copyright 2016, American
Chemical Society. All rights reserved. c) Reproduced with permission from ref. [93]. Copyright 2020, Elsevier. All rights reserved. d) Reproduced with
permission from ref. [99]. Copyright 2018, Elsevier. All rights reserved. e) Reproduced with permission from ref. [100]. Copyright 2020, American Chemical
Society. All rights reserved. f) Reproduced with permission from ref. [101]. Copyright 2016, IOP Publishing Ltd. All rights reserved. g–i) Reproduced with
permission from ref. [102]. Copyright 2017, American Chemical Society. All rights reserved.

the versatility of PLD techniques to grow large-area, highly crys-
talline 2D nanosheets of WSe2 films in order to make an as-
sembly (Figure 8f) of flexible, transparent, highly stable, ultra-
broadband (370 to 1064 nm), photodetectors with high respon-
siveness and sensitivity.[101] Jie et al. investigated the effects of
spin-orbit coupling that led to magnetoresistance (MR) in het-
erostructures of insulating ferromagnetic CoFe2O4 (CFO) thin
films and PLD-grown MoS2 layer at ambient temperature.[102]

Figure 8g shows cross-sectional HRTEM images demonstrating
the layered nature of PLD-grown MoS2 and the CFO-MoS2 inter-
face. Figure 8h shows how to measure the longitudinal resistance
of 1L MoS2 with expected anisotropic MR. The anisotropic MR
reduces gradually as temperature falls from 300 to 100 K, as de-

picted in Figure 8i. Based on wafer-scale MoS2/CFO heterostruc-
tures, their findings could aid in developing 2D ultrathin data
storage devices at ambient temperature.

Microelectronic device performance, however, is sensitive to
band alignment and band offset values at the interface between
materials.[103] 2D heterojunctions are of interest for optoelectron-
ics and quantum-well systems due to the band alignment at the
heterointerface. In order to reduce the amount of leakage current
in electro-optical systems, larger band offset values are generally
preferred. Therefore, the values of band alignment and band
offset at the 2D heterojunction are critical to the functionality
of micro-devices. Sinha et al. carried out a thorough investiga-
tion of band alignment in PLD-grown large-area MoS2/SiO2
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Table 5. Summary of deposition conditions and properties of TMDs nanosheets by PLD.

Year Structure Growth
Temperature

(0C)

Base
Pressure

(Torr)

Laser
Energy

(J/cm−2)

Background
Gases

Morphology Optical/Electrical
Properties

Reference

2015 WS2/SiO2/Si 500 1 × 10−4 – Ar Continuous WS2

film with
lateral size of

one cm

Optical
absorbance of
40%–85% and

high carrier
mobility of

31 cm−2 V s

Nanoscale,
2015, 7,

14974–14981

2017 MoS2/CFO 650 3.6 ×
10−7

250 mJ
and the
pulse
fre-

quency
of 1 Hz

– Large area 1L
and ML MoS2

RT magnetoresis-
tance of -12%
of 1L MoS2

ACS Nano,
2017, 11, 7,
6950–6958

2019 MoS2/Au(111) 500 7.5 ×
10−12

1.5 None Large-area single
layer MoS2

Au suppressed
excitonic

emission of 1L
MoS2

Nanoscale Adv.,
2019, 1,
643–655

2019 ReS2/MoS2

(001)/Al2O3(0001)
400-900 1.33 ×

10−3

– N2 Large area
epitaxial
(10× 10

mm2) growth of
ReS2

Truncated ReS2

thin films
possess optical
emission peaks
corresponding

to both
monolayer and

multilayer

Thin Solid
Films, 2019,
685, 81–87

2020 WS2/Ni (111)
WS2/SrTiO3

450, 600 1 × 10−3 80 mJ
2.5 Hz

Ar Wafer-scale
homogeneous

monolayer
layer of WS2

WS2/Ni electrode
exhibited

resistant to
oxidation and

good tunneling
features

ACS Appl. Nano
Mater., 2020,

3, 8,
7908–7916

2021 MoS2/SiO2 600–800 1 × 10−6 1.2 N2 Centimeter scale
monolayer

MoS2 with a
uniform
surface

High ION/IOFF

ratio of 105,
relatively high

mobility of
44.6 cm−2 V s

Mater. Sci. Eng.
B 2021, 266,

115047

2021 MoS2/SiO2 800 1 × 10−6 – N2 Large-area single
layer MoS2

Direct bandgap of
monolayer

MoS2 found Eg

= 1.85 eV
(direct)

J Appl. Phys,
2021, 129,

115303

2021 MoS2/SiO2 700 1 × 10−6 2 None Polycrystalline 1L
and 2L of

MoS2

The bilayers MoS2

exhibit AB and
AA′ stacking
orientations

ACS Nano
2021, 15, 2,
2858–2868

heterostructures and, consequently, band offset values (CBO
and VBO) at the heterojunction as a function of the number of
MoS2 layers changes dramatically.[104] As the number of layers in-
creases, they notice that the valence- and conduction-band offsets
(VBO and CBO) at the MoS2/SiO2 heterojunction are getting big-
ger. Their results can be explained by the fact that denser MoS2
films experience a shift in the Mo-4d orbital due to interlayer cou-
pling, causing a decrease in its bandgap and thus expanding VBO
and CBO values. Furthermore, ZnIn2S4 (ZIS) is a layered ternary
compound with a direct and modifiable bandgap, high light har-

vesting efficiency, excellent chemical stability, and low environ-
mental impact.[105–107] The beneficial features of ZIS make it an
attractive candidate for use as a photocatalysis and photo sensing
material.[108] Despite its many advantages, a high-quality, large-
area 2D form of ZIS rarely exists in the literature until Ye et al. re-
port in 2022.[109] Their work reveals that the PLD technique could
be utilized to synthesize centimeter-scale, homogeneous, high-
quality ultrathin ZIS crystals. ZIS-based photodetectors exhibit
excellent photosensitivity with an on/off switching ratio exceed-
ing 103 under 405 nm illumination. The device photo response
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Figure 9. a) Schematic diagram of the typical PLD technique. b) Left panel: Schematic cross-section of a SnS2-based FET device on a GCZO dielectric.
Right panel: Optical image of the corresponding device. c) In log scale, transfer characteristics with varying bias voltage. d) Cross-sectional low and
HR-TEM image of the Bi2O2Se film and corresponding EDX mapping of Bi, O, Se elemental composition. e,f) Statistics and comparison of Hall mobility
and carrier concentration as a function of the Bi2O2Se film thickness at 300 K e) and 2 K f). g) Schematic diagram of the vdW-assisted PLD methods. h)
A p-NiO/i-MgO/n-ZnO photodetector response spectrum. The design of the photodetectors is depicted in the inset. i) The I–V curves in the dark and
under UV 365 nm light irradiation. a–c) Reproduced with permission from ref. [23]. Copyright 2022, Wiley-VCH. All rights reserved. d–f) Reproduced
with permission from ref. [118]. Copyright 2020, IOP Publishing Ltd. All rights reserved. g–i) Reproduced with permission from ref. [117]. Copyright 2019,
Wiley-VCH. All rights reserved.

improves with channel thickness, reaching photoresponsivity of
1.4 A W−1, external quantum efficiency of 430%, and detectivity
of 9.8 × 109 Jones. These results demonstrate the efficacy of PLD
as a means of mass-producing high-quality 2D ternary com-
pounds. For the first time, Seo et al. used the PLD approach to
create multi-heterojunction thin films composed of metal oxides
and TMDs. Raman and TEM analyses were used to confirm the
structural properties of the heterojunction thin films. They uti-
lized thin films to construct a metal sandwich framework in order
to explore the electrical properties of the multi-heterojunction
TMD thin films.[110] Table 5 summarizes the deposition con-
ditions and characteristics of TMDs nanosheets utilizing
PLD.

7. 2D Oxides Films Grown Using PLD

Recently, Jin et al. reported PLD-grown (Ga, Cu) co-doped ZnO
thin films with an ultrahigh dielectric constant (𝜅 > 50), high
crystallinity, and good uniformity.[23] The 𝜅 value could also sig-
nificantly tuned from 9 to 207 by carefully adjusting the con-
centrations of (Ga and Cu) co-dopants. Conventionally, high-
performance ultrathin electronic devices require a dielectric layer
with a high 𝜅, a small amount of leakage current, and a thinner
layer.[111–113] Figure 9a depicts how they use a typical PLD tech-
nique to produce vast-area (Ga, Cu) co-doped ZnO films with a
thickness of ≈117 nm. Furthermore, using SnS2 as a channel
material, they demonstrate that the synthesized gate dielectric
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Table 6. Summary of deposition conditions and properties of metal oxides nanosheets by PLD.

Year Structure Growth
Temperature

(0C)

Base
Pressure

(Torr)

Laser
Energy

(J/cm−2)

Background
Gases

Morphology Optical/Electrical
Properties

Reference

2019 ZnO/mica 600 8 × 10−6 200 mJ
5 Hz

O2 High-quality 2D ZnO
plates in

millimeter scale

Unique,
self-powered UV
photodetectors

and UV LEDs were
created

Adv. Mater.
Interfaces, 2019, 6,

20, 1901156

2019 ZnO/MoS2 650 1 × 10−3 1 O2 Centimeter scale
thin film

type-II band
alignment with a
VBO of 2.52 eV
and a CBO of

0.35 eV

Mater. Lett., 2019,
253, 187–190

2020
Bi2O2Se/SrTiO3

550 8 × 10−8 1.5 – Wafer scale thin film
of Bi2O2Se

(22 nm)

The maximum
electron mobility

reaches
700 cm−2 V−1 s−1@

2K

Nanotechnology,
2020, 31, 16,

165704

2021
SnO2/Al2O3(0001)

600 1 × 10−3 3 O2 Large-area thin film
of SnO2

Eg = 3.95 eV Appl. Phys. Lett.,
2021, 118, 131602

2021
TiO2/Al2O3(0001)

600 1 × 10−3 3 O2 Large-area thin film
of TiO2

Eg = 3.30 eV Appl. Phys. Lett.,
2021, 118, 131602

2022
WOx/Al2O3(0001)
WOx/SiO2/Si

500–800 3.7 × 10−7 1.5 Ar Large-area ultrathin
flakes of WO3−x

Facile conversion of
PLD-grown WO3−x

to WS2 films

Nanoscale, 2022, 14,
26, 9485–9497

2022 (Ga, Cu)
ZnO/Al2O3

600 3.7 × 10−6 300 mJ
2 Hz

– Uniform large-area
GaCuZnO films

up to 5 cm.

GaCuZnO films
demonstrated

ultra-high 𝜅 values
ranging from 9 to

207

Adv. Electron. Mater.,
2022, 8, 12,

2022580

2022 HfZrO2/mica 300 – – – Amorphous 5 nm
film of HfZrO2

Ferroelectric gating IEEE Trans. Electron.
Devices, 2022, 69,

6, 3477–3482

is appropriate for 2D electronic devices (Figure 9b). The mea-
sured SnS2-based FET device revealed a record low gate cur-
rent leakage of a few hundred pA (Figure 9c), which is com-
petitive with known dielectric materials, in addition to good re-
peatable and reproducible performance. The potential of 2D lay-
ered Bi2O2Se in state-of-the-art electronics has recently piqued
the interest of the scientific community. It has been reported
that the electron mobility in the new 2D layered semiconductor
Bi2O2Se is exceptionally high (104 cm2 V−1 s−1) at 1.9 K.[114] It was
recently demonstrated that CVD could be used to create high-
quality 2D Bi2O2Se films on a variety of substrates.[115–117] On
the other hand, PLD provides a practical alternative to CVD for
creating highly controlled and high-quality layered 2D materials.
Song et al. successfully synthesized epitaxial growth of Bi2O2Se
films on a c-SrTiO3 substrate using the PLD technique.[118] STEM
and EDX mapping were used to study the nanostructure. At
higher magnification (Figure 9d), an atomically precise Bi2O2Se-
SrTiO3 contact with a cross-sectional thickness of ≈23 nm can
be seen. In Bi2O2Se, an interlayer spacing of 0.6 nm was esti-
mated, which is compatible with its theoretical out-of-plane di-
mension (0.61 nm). Atomic-resolution EDX mapping makes it
possible to study how Bi, O, and Se are distributed in the out-
of-plane direction. The optimum electron mobility in a 70 nm

thick film could reach up to 160 cm2 V−1 s−1 at room tempera-
ture (Figure 9e). Upon cooling to 2 K, the mobility changes con-
siderably from 160 to 700 cm2 V−1 s−1 as depicted in Figure 9f. Li
et al. presented a unique large-area growth approach (Figure 9g)
that combines conventional van der Waals epitaxy (vdWE) with
low-pressure PLD to overcome the vdWE bottleneck for nonlay-
ered materials.[119] As a result, high-quality, large-area, quasi-2D
ZnO single crystal flakes on various substrates were obtained us-
ing the proposed technique. This approach has also yielded ZnO
film (5 nm thin) with single crystals as large as 400 μm, which
is quite large among 2D ZnO single-crystal film found in the
literature. Several optoelectronic devices, such as those shown
in the inset of Figure 9h, have been constructed to demonstrate
the use of vdWE ZnO. As demonstrated, a zero-bias responsiv-
ity spectrum typically peaks at roughly 375 nm. The response
spectrum demonstrates that the detector can excellently sense
UV (375 nm) and visible light (550 nm). Figure 9i depicts an I–V
curve that exhibits diode-like behavior with an excellent photo-
voltaic effect and a UV-selective response, as well as an optoelec-
trical response at zero bias. They also constructed a self-powered
UV photodetector and a UV LED with superior properties. Their
findings demonstrate the applicability of the low-pressure PLD
with vdWE method for growing quasi-2D ZnO single crystals
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Figure 10. a) Schematic illustration of the crystal structure of the BZS/SLAO heterostructure. b) Images of the BZS/SLAO interface captured by the
HAADF at atomic resolution. c) TRPL decay outline of the emission peak. d) AFM topography image of a PZT film grown on an STO substrate buffered
with SRO. The epitaxial film’s surface error is 0.39 nm, suggesting an excellent film. e) PFM phase picture of the film after sweeping −5 and +5 V in
the areas. f) PFM amplitude and phase hysteresis curves of the PZT film. a–c) Reproduced with permission from ref. [132]. Copyright 2021, American
Chemistry Society. All rights reserved. d–f) Reproduced with permission from ref. [135]. Copyright 2022, American Chemistry Society. All rights reserved.

on all layered substrates. PLD-assisted vdWE could pave the
path for 2D optoelectronic device adoption in the semiconductor
market.

Transparent, highly conductive metal oxides have many prac-
tical applications.[120–123] While these materials have many po-
tential applications, more research is needed to fully understand
their underlying optoelectronic features. For instance, the char-
acterization and specification of material parameters like opti-
cal transmittance and electrical interfacial properties are crucial
for improving the design and performance of these metal oxide-
based devices. Thanks to the versatility of the PLD technique,
Nguyen et al. studied the optical spectra of single-phase PLD-
grown of ultrathin film ZnO, SnO2, and TiO2 transparent con-
ducting metal oxides.[124] The 2D XRD mapping of the oxide
films measured from 30° to 60° revealed prominent peaks at 2𝜃
= 39.5°, 38.6°, and 34.4°, which could be strongly attributed to
the diffraction from rutile TiO2 (200), rutile SnO2, and hexago-
nal wurtzite ZnO (0002). No secondary crystal phases were de-
tected in the oxide film, confirming their high crystallinity. Us-
ing internal photoemission (IPE) measurements they were able
to determine the zero-field barrier heights, Φ0, as 4.31 eV for
SnO2/Al2O3, 4.57 eV for ZnO/Al2O3, and 4.61 eV for TiO2/Al2O3.
Work functions for these deposited metal oxides were estimated
to be 6.1, 6.4, and 6.4 eV for SnO2, ZnO, and TiO2 with respect to
the Al2O3 electron affinity of 1.8 eV. Table 6 summarizes the depo-
sition conditions and crucial features of metal oxide nanosheets
formed using PLD.

8. Perovskite Thin Films Produced Using PLD

Perovskites, in particular those based on chalcogenides like
layered Ba3Zr2S7 and BaZrS3, have drawn a lot of attention
because of their distinctive characteristics like high absorption
coefficients, prolonged recombination lifetimes, and exceptional
thermal stability.[125–130] The aforementioned characteristics
render them auspicious substances for employment in optoelec-
tronics and the conversion of solar energy. Over the years, the
synthesis of polycrystalline powders and single crystals, as well as
theoretical methods, have significantly aided in the identification
of desirable properties of chalcogenide perovskites.[129] The need
to develop thin-film technology, specifically epitaxial thin films,
is crucial in advancing the understanding of the physical proper-
ties of chalcogenide perovskites. Diverse groups have developed
novel techniques to achieve thin films of BaZrS3 through indirect
methodologies. Nonetheless, the process of achieving the growth
of crystalline and/or epitaxial films in a sequential layer-by-layer
fashion continues to present a significant challenge. This signif-
icant procedure holds immense importance in improving our
understanding of the physical characteristics of different materi-
als, exploring the occurrence of phenomena in heterostructures,
strained thin films, superlattices, and ultimately supporting
various technological advancements that rely on thin-film
technology, such as photovoltaics.[131] In 2021, Surendran
et al. demonstrated a direct and single-step epitaxial growth of
chalcogenide perovskite thin films on oxide substrates via PLD
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technique.[132] The growth process was carried out at a relatively
low temperature of 700 °C, and the resulting films exhibited
a distinct epitaxial relationship with the substrate. Moreover,
the films exhibited a band gap that is well-suited for tandem
photovoltaic applications. The discovery of high-performing
photodetectors is a significant breakthrough that opens up
avenues for further exploration of chalcogenide perovskite het-
erostructures. This development also holds immense potential
for advancing optoelectronic applications in the next generation.
The schematic depicted in Figure 10a is representative of BZS
films that have been grown on the SrLaAlO4 (SLAO) substrate.
STEM studies were conducted to examine the atomic-level quality
and structure of the epitaxial BZS film that was grown on SLAO
substrates. The interface between BZS and SLAO was imaged
using high-angle annular dark-field (HAADF) microscopy, and
the resulting atomic resolution image is presented in Figure 10b.
The image confirms the epitaxial relationship between the film
and substrate in this region, which is identified as (101) [001]
BZS//(001) [100] SLAO. The optical properties of BZS thin films
were analyzed using PL and UV-vis transmission-reflection spec-
troscopy. Their results indicated a band gap value of ≈1.95 eV,
which was slightly higher, and a high absorption coefficient (>
105 cm−1).[133] These characteristics make the films suitable for
utilization in chalcogenide perovskite-based thin-film tandem
solar cells. The findings presented in Figure 10c of this study
demonstrate that the recombination times of the chalcogenide
perovskites under investigation are shorter than those reported
in previous studies of similar materials.[134] Further research
may be required to elucidate the role of intrinsic properties
and defects in influencing the recombination times of these
perovskites.

Fan et al. published a report in 2022 indicating significant im-
provements in the ferroelectric and piezoelectric characteristics
of capacitors composed of graphene/Pb(Zr0.52Ti0.48)O3/SrRuO3
(GR/PZT/SRO).[135] The fabricated capacitors demonstrate
superior characteristics in terms of polarization switching,
switchable polarization, leakage current, and coercive volt-
age when compared to traditional metal-electrode ferroelec-
tric capacitors.[136–138] The topography image of the pristine
PZT/SRO film is depicted in Figure 10d, revealing a compara-
tively uniform surface with an average roughness of ≈0.39 nm.
Subsequently, the PZT film’s ferroelectric and piezoelectric char-
acteristics are examined at the nanoscale using piezoresponse
force microscopy (PFM). The PFM phase image depicted in
Figure 10e was acquired subsequent to the electrical inscrip-
tion of two rectangular regions with sample biases of ±5 V.
In comparison to the unmarked region, the region marked
with a voltage of +5 V exhibits a phase difference of 180°. The
alternate region that is inscribed with a voltage of negative five
volts exhibits minimal phase variation, indicating a polarizability
that can be toggled to a downward orientation in its initial
state of growth. The PZT film demonstrates typical ferroelectric
behavior, as evidenced by a square phase loop indicating a nearly
180° switching angle and a butterfly-shaped amplitude loop
observed through off-field switching spectroscopy PFM testing
(Figure 10f). Overall, the study illustrated that the utilization of
graphene as an electrode in PLD-synthesized PZT films leads
to a considerable enhancement in ferroelectric and piezoelectric
characteristics. This finding highlights the potential of graphene

as a viable substitute for the development of flexible ferroelectric
capacitors with superior performance. Table 7 summarizes
recent perovskite and other materials produced through PLD on
various substrates (Table 8).

9. Other Thin Films Fabricated Using PLD

In addition to graphene, BP, h-BN, TMDCs, oxides, and per-
ovskites, PLD is also a common technology for growing other ma-
terials. Nowadays, Bi,[139] Ge,[140] yttrium iron garnet (YIG),[141]

2D Borocarbonitrides (BN)1−x(C)x,
[142] 10B,[143] SiC,[144] man-

ganese porphyrin-silica hybrid films,[145] Ni3Al-CO3 layered dou-
ble hydroxide (NiAl-LDH) film,[146] hydroxyapatite layers[147] and
so on are prepared by PLD method, applied not only in elec-
tronics but also biomedical field. Among them, semimetal and
YIG promising in future. With the recent development of phos-
phorene, interest in the elemental 2D materials of group VA
(P, As, Sb, and Bi) has grown significantly. Bulk Bi is catego-
rized as semimetal due to its small indirect band overlap of 30–
40 meV. The material displays unique electronic properties when
exposed to high-intensity magnetic fields. Both single-crystalline
bulk and thin-film configurations of Bi demonstrate remarkably
high carrier mobility at ambient temperature. These results in-
dicate that Bi has promising prospects for utilization in logic
transistors. The significant magnetoresistance effect exhibited
by the Bi crystal can be explained by its notable characteristics
of having a diminutive effective carrier mass and an extensive
mean free path. 2D Bi films were produced using both top-down
and bottom-up processes, such as liquid-based exfoliation, MBE,
and acid-intercalated exfoliation. Achieving controlled synthesis
of wafer-scale and high-quality atomically thin films is a prereq-
uisite challenge for the successful integration of 2D Bi into po-
tential applications. In a study conducted by Hao et al. in 2019,
a high-quality and highly crystalline thin Bi film with atomic iso-
lation, centimeter-scale layering, and homogeneity was success-
fully synthesized through the use of the PLD technique. This
can be seen in Figure 11a,b.[139] The thin film FET device ex-
hibits a notable carrier mobility of 220 cm2 V−1 s−1, as depicted
in Figure 11c,d.[139] Ge is another promising semimetal material.
Next, Wang et al. transferred PLD Ge/graphene heterojunction to
the PI flexible substrate from copper substrate to fabricate flexible
near-infrared (NIR) photodetector.[140] The Ge/Gr heterojunction
exhibits dramatically improved VIS-NIR range absorption, recti-
fication ratios of up to 13.5 at 3 V, and steady photoresponse to
NIR light at zero voltage bias. Single crystal YIG thin film has
been extensively researched because of the potential applications
in magnonics, spintronics and related applications using magne-
tization dynamics owing to extremely narrow FMR linewidth as
well as the low Gilbert damping coefficient, strong high magnetic
properties. In 2022, Leontsev et al. researched functional proper-
ties of PLD YIG films in graphene coated Gadolinium Gallium
Garnet (GGG) substrates and compared with traditional YIG
on GGG.[141] YIG on graphene/GGG shows obviously higher
microwave losses than YIG/GGG. This was due to the higher
concentration of Fe2+ Cations in YIG/Graphene/GGG. Next, Jin
et al. 2023 developed magneto-optical thin films of polycrys-
talline bilayer YIG and Ce:YIG via the PLD technique.[148] Fur-
thermore, the MgO layer showcased in this study provides a novel
solution to address heterogeneous interfaces in advanced thin

Small Methods 2024, 8, 2301282 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2301282 (20 of 33)

 23669608, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202301282, W
iley O

nline L
ibrary on [04/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

Table 7. Summary of some of recent PLD grown perovskite and other materials on various substrates.

Year Structure Growth
Temperature

(0C)

Base
Pressure

Laser
Energy

Background
Gases

Morphology Optical/Electrical
Properties

Reference

2017 SrRuO3/PbZrxTi1-xO3/SrRuO3/
La0.7Sr0.3MnO3/SrTiO3

– – – – Epitaxially grown,
single crystalline,

perovskite
ferroelectric thin

films

Effectively integrated
onto a flexible

platform

Adv. Mater.
2017, 29,
1605699

2017 SrTiO3 720 5 ×
10−6 Torr

0.6 J cm−2 O2 The SrTiO3

membrane lattice
collapses below a
critical thickness

(5 unit cells)

General relevance of
interface chemical

energy for the
stability of
quasi-2D

crystalline order

Sci. Adv. 2017,
3, 5173

2017 PbZr0.2Ti0.8O3/mica 630 100 mTorr 250 mJ oxygen Reliability and thermal
stability

Robust operation in
bent states

(bending radii
down to 2.5 mm)
and cycling tests

(1000 times)

Sci. Adv. 2017,
3, e1700121

2018 Bi3.25La0.75Ti3O12 ferroelectric
films/mica or Pt

700 13 Pa 110 mJ per
laser
pulse

oxygen
pressure

Flexible

Pt/SrRuO3/Bi3.25La0.75

Ti3O12/Pt
memories

Undergo 109 write
erase cycles

and/or 10000
times bending
with 1.4 mm in

radius without any
fatigue or damage

ACS Appl.
Mater.

Interfaces,
2018, 10,

21428−21433

2019 CeCu3Mn4O12/YAlO3(110) 740−790 40 Pa 1.1 J cm−2 O2+ 5−10%
O3

CeCu3Mn4O12

epitaxial thin film
grown on

YAlO3(110)

A Neel temperature
exceeding 400 K

and metallic
transport

properties at room
temperature,

uniaxial magnetic
anisotropy

ACS Appl.
Electron.

Mater. 2019,
1, 2514−2521

2019 CsPbBr3 320 10−3 Pa 100 mJ – CsPbBr3 thin film
displays good
stability in a

high-humidity
environment

Achieve the highest
power conversion
efficiency of 6.3%

ACS Appl.
Energy Mater.

2019, 2,
2305−2312

2019 Ba0.67Sr0.33TiO3 680 15 Pa 90 mJ O2 Excellent dielectricity.
mechanical

flexibility and
durability

Excellent Dielectric
Properties over a
Wide Range of

Frequencies
(dielectric

constant more
than 1200)

ACS Appl.
Mater.

Interfaces,
2019, 11,

27088−27097

2021 Cs2AgBiBr6 200 1.5 ×
10−1 mbar

0.45 J cm−2 Ar gas Obtain high-quality
Cs2AgBiBr6 films
with grain sizes >

200 nm

Direct band gap of
2.24 eV, PL
centered at

1.90 eV

Chem. Mater.
2021, 33,

7417−7422

2021 CsCu2I3 100 1 × 10−4 Pa – – The thin film quality
and optoelectronic

properties
improved

The peak
responsivity and

specific detectivity
of the detector are

49.22 mA W−1

and 2.49 ×
1012 cm Hz1/2

W−1

Adv. Optical
Mater. 2021,
9, 2100889

(Continued)
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Table 7. (Continued)

Year Structure Growth
Temperature

(0C)

Base
Pressure

Laser
Energy

Background
Gases

Morphology Optical/Electrical
Properties

Reference

2021 PbZr0.2Ti0.8O3 600 13 Pa 1.3 to
7.6 J cm−2

oxygen
pressure

Achieve highly
strained phases

with large
tetragonal

distortions in
Pb-based

ferroelectric films

Large Poisson’s ratio
and negative

thermal expansion

Adv. Sci. 2021,
8, 2003582

2022 CsPbBr3 – – 1.93 μm – Patterned

perovskite films with
high quality,
submicron

precision, and
well-defined edges

LEDs exhibit good
emission

characteristics

ACS Appl.
Mater.

Interfaces,
2022, 14,

46958−46963

2022 (La, Lu, Y, Gd, Ce)Al2O3 775 4.5 × 10−7

Torr
2.00 J cm−2 oxygen

pressure
of 1.1
Torr

The synthesis of a
highly epitaxial thin

film of
configurationally

disordered
rare-earth
aluminum

perovskite oxide

The potential for
high-energy
conversion

Adv. Sci. 2022,
9, 2202671

2022 Ba2BiMO6 (M = Bi, Nb, Ta) 550 1 Pa 1.0 J cm−2 oxygen
partial

pressure

High-quality
Ba2BiMO6 epitaxial

thin films

The fabrication of
Ba2BiTaO6 – Nb

doped SrTiO3

P–N junction
diodes

Adv. Sci. 2022,
9, 2104141

2022 BaTiO3 (BTO) 650 2 ×
10−6 mbar

1 J cm−2 annealed at
550°C in

an oxygen
pressure

of
300 mbar

for 1 h

The strong
piezoelectric

performance of the
free-standing
complex oxide
BaTiO3 (BTO)

Create ultrathin
piezoelectric
resonators

demonstrated that
the device can be

brought into
mechanical

resonance by
piezoelectric

actuation

Adv. Mater.
2022, 34,
2204630

2022 SrRuO3 (SRO) 670 20 Pa 1.1 J cm−2 oxygen SRO buffer layer
acting as the

bottom electrode

The GR/PZT/SRO
capacitors exhibit

more abrupt
polarization

switching, larger
switchable

polarization, lower
leakage current,

and smaller
coercive voltage

ACS Appl.
Mater.

Interfaces
2022, 14,
17987 −
17994

2023 CaRuO3 and SrTiO3 670 40 Pa 1.2 J
cm−2

oxygen
pressure

Constructing
superlattices using
PLD CaRuO3 and

SrTiO3

A symmetry-
mismatch-driven
interfacial phase
transition from

paramagnetic to
ferromagnetic

state

Adv. Funct.
Mater. 2023,

2300338

(Continued)
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Table 7. (Continued)

Year Structure Growth
Temperature

(0C)

Base
Pressure

Laser
Energy

Background
Gases

Morphology Optical/Electrical
Properties

Reference

2023 SrTiO3 (STO) 700 1 ×
10−7 mbar

2 J
cm−2

– Grow a high-quality
STO pseudo

substrate

For further
overgrowth of

functional oxides,
such as

PbZr1−xTixO3

(PZT)

ACS Appl.
Mater.

Interfaces
2023, 15,

6058−6068

2019 Bi/SiO2 (300 nm)/Si or
sapphire substrates

100 °C and
RT

3 × 10−5 Pa 300 mJ – Centimeter scale-Bi
thin films

p-type transistor, the
extracted carrier

mobility is
≈220 cm−2 V−1 s−1

InfoMat. 2019,
1, 98–107

2023 Ce:YIG 650 10 mTorr 2.5 J cm−2 oxygen
partial

pressure

The nucleation and
growth of a

nanocrystalline
garnet structure in
YIG/Ce:YIG with
promoted phase

purity, density, and
crystallinity

Give rise to
improved

magnetic, optical
and

magneto-optical
properties in YIG/

Ce:YIG

ACS Materials
Lett. 2023, 5,

803−810

film devices by serving as both a diffusion barrier and a struc-
ture template. The PLD technique fabricates an MgO interfa-
cial layer on the Si (100) substrate. Subsequently, the YIG and
Ce:YIG layers are deposited atop, with YIG serving as the initial
layer for Ce:YIG as the seed layer. As Figure 11e,f shows, their
study aimed to attain a superior level of phase purity and en-
hanced crystallization, aiming to produce a structure consisting
of Si/ZnO/YIG/Ce:YIG. The alterations made to the chemistry
and microstructure of YIG/Ce:YIG has led to enhancements in
its magneto-optical characteristics. Specifically, there has been
a 38% rise in Faraday rotation, a 15% increase in saturation
magnetization, and a 20% increase in IR transmission. Except
semimetal and YIG thin films, 2D Borocarbonitrides (BN)1−x(C)x,
10B, SiC, manganese porphyrin-silica hybrid films, Ni3Al-CO3
layered double hydroxide (NiAl-LDH) film, hydroxyapatite layers
and so on are prepared by PLD method. And these materials are
applied in more fields, which expand the usage of PLD technol-
ogy.

10. Heterojunction Thin Films Fabricated Using
PLD

PLD is a powerful technique for fabricating large-scale 2D het-
erojunction thin films, renowned for its high stoichiometric fi-
delity and simple process control. This technology drives inno-
vative developments in designing and fabricating various het-
erostructures, including topological insulators, layered semicon-
ductors, graphene, and van der Waals materials.[30,149,150] These
heterojunctions exhibit diverse properties suitable for applica-
tions in nanoelectronics, photovoltaics, thermoelectrics, and pho-
tonics, offering unmatched opportunities in material science
and device engineering.[151-153] The unique band engineering of
these heterostructures improves device performance by control-
ling carrier mobility, modulating bandgaps, enhancing light ab-
sorption, and managing thermal transport properties.[154,155] The

versatility of PLD allows for the combination of different mate-
rials in a single heterostructure, paving the way for devices with
novel properties and functionalities that would be impossible to
achieve using conventional semiconductor technologies. In 2021,
Seo et al. demonstrated the successful fabrication of centimeter-
scale thin films of multiheterojunction TMDCs on a silicon-
based substrate using a sequential PLD technique.[110] Also, in
order to test the electrical characteristics of their heterostruc-
ture thin films for potential use in electronic devices, they con-
structed a metal sandwich structure based on PLD-grown het-
erostructure, which suggested decent capabilities. Zakto et al.
(2023) presented an approach to derive functional van der Waals
stacks of 2D semiconductors using PLD technique. Switching
targets allows a WS2/WSe2/WS2 heterostructure to be fabricated
in situ.[154] The PLD concept for heterostructure synthesis is
shown in Figure 12a. Raman spectroscopy probes the crystal-
lization of WS2 and WSe2, and structural and chemical analy-
ses demonstrate a well-defined heterostructure. The major WSe2
(top layer) Raman peak disappears after many months (8) of am-
bient exposure. However, as a comparison, they show the same
time-dependent study of the van der Waals heterostructure with
a buried WSe2 layer. This observation suggests that the WSe2
layer remained shielded during the in situ formation of the het-
erostructure, thereby preventing any potentially detrimental re-
actions with the ambient atmosphere (Figure 12b). Subsequently
they also demonstrated that PLD growth of van der Waals het-
erostructures has the potential for direct integration into func-
tional devices. The devices are then measured at 4 K in an AC +
DC cryogenic configuration, revealing a high resistivity and con-
ductance maxima at ≈300 mV (Figure 12c). This verifies the well-
type energy band-gap obtained by arranging various 2D semi-
conductors, which enables the customization of charge transport
properties.

In 2023, D’Agosta et al. used PLD in an ultra-high vacuum to
fabricate WS2/MoS2 and the reverse heterostructure MoS2/WS2
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Table 8. Summary of some of recent PLD grown heterostructures on various substrates.

Year Structure Growth
Temperature

Base
Pressure

Laser Energy Background
Gases

Morphology Optical/Electrical
Properties

Reference

2021 BiFeO3/La2/
3Sr1/3MnO3

800/950 °C 100/200
mTorr

60/70 mJ O2 The complex
magnetic

interactions at the
interface

A sizable exchange
bias (HEB≈30 Oe

at 10 K) in the
magnetic hysteresis

Phys. Rev., B
Condens.

Matter, 2022,
639, 15, 414023

2021 WS2/WSe2/WS2 400 °C 10−8 mbar 80 mJ 0.1 mbar of Ar Large scale, the
structural

preservation of
encapsulation

a vertical tunneling
device

ACS Nano 2021,
15, 4,

7279–7289

2022 Sr3Al2O6/MgO 750/700 °C 2× 10−8 torr 0.7/1.7 J cm−2 2× 10−6 torr
O2 pressure

a lift-off and transfer
method

3D racetracks from
freestanding

magnetic
heterostructures

grown on a
water-soluble

sacrificial release
layer

Nat. Nanotechnol.
2022, 17,

1065–1071

2022 FeSe/Sb2Te3/
FeSe

700/900 °C – – – high-quality
freestanding
multiferroic

heterostructures

a strong strain gating
effect with bending
and a sharp FMR

shift

Nanoscale, 2022,
14,

10889–10902

2022 ZrTe2/SrTiO3 550/170 °C 5×10−5 Pa – – enhanced
thermoelectric
performance
induced by

interfacial effect

large thermoelectric
power factor, large
Seebeck coefficient
and high electrical

conductivity

J. Materiomics
2022, 8, 3,
570–576

2022 pentacene/MoS2 428 K – 2 J cm−2 – the formation of
atomically thin

pentacene/MoS2

lateral
heterostructures

The density of states
changes sharply

across the
pentacene/MoS2

interface

J. Phys. Chem. C
2022, 126,
1132−1139

2022 25%-Fe-doped
Cu2ZnSnS4

(CZFTS)/Bi2S3

750 °C 18 MPa – Ar combining partial
cation substitution

and in situ PLD
technique

at least one order
of-magnitude

improvement in
photoelectric

response speed
within visible light
(Vis) region, and

responding time is
decreased to a few

milliseconds

J. Alloys Compd.
2022, 906,

164359

2022 SrTiO3/SrRuO3 680/700 °C 2.66/13.33 Pa – Oxygen the restriction of
oxygen vacancy

migration through
the SRO-rich
interface layer
formed on the

SrRuO3 surface

improves the
retention time of

the device

Sci. China Mater.
2023, 66, 3,
1140–1147

2023 MoS2–WS2 – 10−10 mbar 2 J cm−2 – high coverage and
thickness
sensitivity

the interlayer coupling
is not substrate-

dependent

Nanoscale, 2023,
15, 7493–7501

2023 Pr0.6Sr0.4MnO3/
Pr0.5Ca0.5MnO3

– – – – phase-segregated
nature

the kinetic arrest and
training effect

Sci. Rep. 2023, 13,
2315
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Figure 11. a) (Left) Optical photographs of thin Bi film samples grown on different substrates (left: SiO2 (300 nm)/Si, right: Al2O3) by PLD. (Right) The
schematic of crystal structure of bulk bismuth. b) Cross-sectional TEM image of the 5.4-nm-thick Bi film. The inset image shows the enlarged cross-
sectional TEM image, demonstrating well-defined layered structure (scale bar = 1 nm). c) The schematic of FETs based on Bi film. d) Photograph of Bi
FETs with patterned Au electrode (scale bar = 1 cm). The inset shows the optical picture of the electrode pattern of the device (scale bar = 100 μm). e)
Schematic diagram of the garnet bilayer of YIG/Ce:YIG integrated onto silicon with an MgO interfacial layer. f) EDS elemental mapping for Si, Mg, Fe, Y,
and Ce. a–d) Reproduced with permission from ref. [139]. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA. All rights reserved. e,f) Reproduced
with permission from ref. [148]. Copyright 2023, American Chemistry Society. All rights reserved.

on Au (111).[156] As depicted in Figure 12d, this experimental
method allowed them to investigate the heterostructure growth
in situ and analyze its morphology and nanoscale structure
using scanning tunneling microscopy (STM). After the second
and third cycles, the WS2 islands that had developed at random
on the MoS2/Au surface had grown in size. In the first two
cycles, the density of the islands rose, and the WS2 area grew
linearly with the number of laser pulses, as seen in Figure 12e.
As shown summarized in Figure 12f, the area of WS2 exhibits
a linear growth pattern in response to laser pulses, wherein the
density of islands initially increases during the first two cycles
but subsequently decreases due to coalescence. The emergence
of second-layer WS2 islands becomes evident once the coverage
reaches 0.9 ML, suggesting that the growth of heterobilayers ad-
heres to a layer-by-layer mechanism. The process of addressing
voids resulting from the merging of nanoislands necessitates
the application of a significant proportion of second-layer WS2
deposition. PLD-grown heterobilayers on silica support were
successfully transferred, elucidating their relationship with the
vibrational characteristics of the Au substrate. To better under-
stand the vibrational effects associated with the interface with
the growth substrate and coupling between TMD layers, this
investigation delves into the PLD technique’s capacity to man-
ufacture TMD heterobilayers with good coverage and thickness
control.

Park et al. (2023) additionally explored the PLD-mediated
growth of centimeter-scale 2D WSe2/Bi2O2Se thin films.[152] Ini-
tially, they deposited Bi2O2Se and WSe2 multilayers on a c-cut
sapphire substrate using directly in situ PLD. As depicted in

Figure 12g, they investigate the structural, electrical, and opti-
cal properties of the WSe2/Bi2O2Se heterostructure. The photore-
sponse characteristics of the WSe2/Bi2O2Se heterostructure were
evaluated using normalized time-dependent photoresponse un-
der simulated chopped irradiation with a 20 s on/off interval with
multiple cycle replay. As a result, ≈110% of the on/off photore-
sponse ratio was observed. Figure 12h demonstrates that multi-
layer Bi2O2Se thin films have a lower photoresponse than het-
erostructures. The enhanced photoresponse features of the het-
erostructure are attributable to its type-II band alignment, which
facilitated the charge transfer of photogenerated carriers from the
heterostructure.

Sha et al. (2022) conducted the synthesis of thin films of
Cu2Zn0.75Fe0.25SnS4 (CZFTS) with a 25% iron doping by par-
tially substituting zinc.[157] Additionally, they incorporated the
electron acceptor Bi2S3 into CZFTS, resulting in the forma-
tion of a CZFTS/Bi2S3 heterostructure. The combination of
partial cation substitution and in-situ PLD techniques shows
promise in the development of visible-active CZTS-based
thin-film photodetectors (Figure 12i). This approach offers
an effective and efficient method for producing economically
viable thin-film photoelectric devices based on plenary chalco-
genide compounds. Tumino et al. (2022) examined a hybrid
heterostructure involving pentacene molecules and 2D MoS2
crystals.[158] The heterostructure was fabricated on Au(111)
substrate using a combination of PLD and organic molecular
beam epitaxy techniques. The structures were examined in situ
using STM, which effectively demonstrated the development of
atomically thin pentacene/MoS2 lateral heterostructures. The
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Figure 12. a) 2D heterostructure PLD growth technique entails ablating stoichiometric targets of TMDC 2D semiconductors with a Nd:YAG laser in a
10−1 mbar high-purity Ar atmosphere. This approach facilitates the direct integration of 2D materials into van der Waals heterostructures by facilitating
layering via in situ target modification. b) WSe2 heterostructure evolution after ambiance exposure, with Raman spectra recorded on WSe2 and WS2/
WSe2/ WS2 samples. WSe2 deteriorates (after 8 months) without protection, while embedded in WS2 layers maintains unaffected Raman spectra.
c) Transport measurements in vdW 2D semiconductor heterostructures reveal symmetric resonances at ±300 mV, emanating from the engineered
quantum well energetic topography. d) Schematic illustration of the PLD setup, in which targets are affixed on a rotating carousel that enables selection
of the deposition material. e) Wide-range STM images of WS2 on MoS2/Au(111). f) Area of WS2 and island density as a function of laser pulse count.
g) Schematic of WSe2/Bi2O2Se device fabrication, deposition, stacking, wiring, and photoresponse measurement using a monochromator. h) Time-
dependent photoresponses of Bi2O2Se (red) and WSe2/Bi2O2Se (blue) heterostructures the bias of 0.1 V and the illumination of 450 nm. i) A diagram
depicting a typical photoelectric response testing system. The alignment of the energy bands in a state of thermodynamic equilibrium is shown inset. a–
c) Reproduced with permission from ref. [154]. Copyright 2021, American Chemistry Society. All rights reserved. d–f) Reproduced with permission from
ref. [156]. Copyright 2023, Royal Society of Chemistry. All rights reserved. g,h) Reproduced with permission from ref. [152]. Copyright 2023, American
Chemistry Society. All rights reserved. i) Reproduced with permission from ref. [157]. Copyright 2018, Elsevier. All rights reserved.

density of states exhibits a pronounced variation at the interface
between pentacene and MoS2, suggesting a limited interfa-
cial coupling that does not significantly affect the electronic
characteristics of MoS2 edge states. Their research reveals the
self-organization phenomenon in abrupt mixed-dimensional lat-
eral heterostructures. This discovery has significant implications
for developing hybrid devices that rely on organic/inorganic 1D
junctions.

11. Theoretical Analysis During PLD Process

For the theoretical analysis during PLD process, it mainly fo-
cuses on investigating the influence of growth conditions on ma-
terial quality through MD simulation and DFT calculation, which
could help us to get the high-quality thin films or heterojunc-
tions, and to develop a better understanding on material growth
process.
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Figure 13. a) Impact of laser energy on BP thin films. b) Radial distribution function (RDF) plots illustrating three stages of metaphase transforma-
tion at 20 GW cm−2. c) Schematic representation of domain formation and sheet merging during lateral growth of BP. Pink and purple balls represent
upper/lower-group atoms in mono/bilayer BP respectively. d) MD simulation on laser fluence effect during PLD process. RDF curves from MD simu-
lation with different laser fluence. Four characteristic peaks (I-IV) identify BP allotrope fingerprints, distinguishing between phosphorus allotropes. e)
Schematics of zigzag h-BN/c-Al2O3 interface. Top view illustration of the interface between O-terminated sapphire step-edge (along (10–10) direction)
and B-terminated ZZ h-BN edge. The inset shows the side view of the step-edge configuration in the substrate, with a dashed triangle denoting the seed
of the triangular domain observed in experiments. f) Relaxed structure of the dashed rectangle in(a). The defect involves the displacement of oxygen
atoms from the plane toward the second Al2O3 layer, while maintaining a bond with the adjacent boron atom. Only the topmost layer’s Al/O atoms are
displayed here for clarity. g) Top and side perspectives of the DFT structures representing pentacene adsorption at the border between MoS2−S100 and
Au (parallel orientation). h) STM image of pentacene/MoS2 on Au(111) showing the interfacial regions of the lateral heterostructure (0.8 V, 0.15 nA) i)
Ball-and-stick representation of two lattice-matched interfaces used to estimate natural band offsets in the functional van der Waals device. j) Energy
profiles across the device schematized. Computed band offsets at different interfaces of the contacted van der Waals heterostructure. k) The computed
band offsets are represented by vertical bars. a,b) Reproduced with permission from ref. [84]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA. All
rights reserved. c,d) Reproduced with permission from ref. [15]. Copyright 2021, Nature Portfolio. All rights reserved. e,f) Reproduced with permission
from ref. [71]. Copyright 2022, Elsevier BV. All rights reserved. g,h) Reproduced with permission from ref. [158]. Copyright 2023, American Chemical
Society. All rights reserved. i–k) Reproduced with permission from ref. [154]. Copyright 2021, American Chemical Society. All rights reserved.

In 2018, Qiu et al. conducted MD simulations to investi-
gate the physical mechanism behind confined laser-induced
metaphase transformation (Figure 13a).[84] The ultrafast laser ab-
lation of the BP layer under confinement generates transient
non-equilibrium conditions characterized by high temperature
and pressure, lasting for a few picoseconds. By optimizing the
laser intensity, this process initiates a metaphase transforma-
tion, resulting in the formation of a crystalline BP thin film on
the substrate. The MD simulations have provided further evi-
dence of the metaphase transformation process. The recrystal-
lization process of amorphous phosphorus to black phosphorus
can be derived from the three radial distribution function curves
as shown in Figure 13b. Wu et al. directly synthesized few-layered
BP on a centimeter scale with high crystallinity and homogene-
ity by PLD and developed a theoretical insight on the atomic

structural evolution under laser heating from MD simulations
(Figure 13c,d).[15] The utilization of pulsed laser with appropriate
energy-induced ablation leads to the activation of plasma region,
which promotes the formation of large-scale BP clusters in phys-
ical vapor, thereby reducing the formation energy of BP phase
and enabling the growth of few-layer BP. Figure 13c vividly illus-
trates the layer growth and sheet merging process of monolayer
BP, which includes the formation of domains and the merging of
sheets. This process is facilitated by the advantageous zigzag edge
and the connection of phosphorus clusters. The resulting BP
sheets exhibit isosceles triangles or trapezoidal domain shapes,
which eventually merge into a large-area film on the substrate.
Pulsed laser has also been reported to be utilized for the growth
of layered graphene, by adjusting the laser energy density to en-
dow the incident carbon atoms with sufficient kinetic energy,
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Figure 14. An original figure outlining the future research direction of PLD
technique.

enabling them to overcome the energy barrier and undergo sus-
tained diffusion within the layers, leading to the formation of 2D
islands.[51]

Using DFT calculations, Biswas et al. investigated the under-
lying mechanism of unidirectional domain growth induced by
PLD. A significantly wide bandgap h-BN thin film with pro-
nounced unidirectional triangular domain morphology was di-
rectly grown on an insulating planar sapphire substrate using
PLD (Figure 13e).[71] This unidirectional domain growth is at-
tributed to the step-edge guided nucleation caused by reducing
the symmetry and energy of the film-substrate interface, thereby
breaking the degeneracy of nucleation sites for random domain
formation. It is observed through simulation that there is a sig-
nificant energy preference for the specific formation of unidirec-
tional domains of h-BN on Al2O3. This energy preference ensures
the dominance of a single interface configuration, ultimately re-
sulting in the growth of h-BN in a unidirectional manner. Ad-
ditionally, the lower lattice mismatch leads to the spontaneous
formation of subgrain boundary dislocations (Figure 13f).

Tumino et al. simulated the formation mechanism of
pentacene/MoS2 lateral heterostructures grown via PLD and or-
ganic molecular beam epitaxy using DFT.[158] By analyzing the
adsorption energies, geometric orientations, and interfacial in-
teractions, it was found that pentacene and MoS2 are most favor-
able for forming lateral heterostructures. The theoretical models
and STM images of the pentacene/MoS2 lateral heterostructure
on Au(111) are depicted in Figure 13g,h, respectively. The nat-
ural band offsets at the lattice-matched interface between WS2
and WSe2 (Figure 13i) were calculated, revealing the staggered
gap at the WS2/WSe2 interface, which results in the formation
of a quantum well in the functional device.[154] Additionally, the
relative positions of the Ni and Co electrodes with respect to the
WS2 valence band maximum (VBM) were determined, confirm-
ing the observed symmetric transport behavior in the experiment

(Figure 13j). The resonance mechanism responsible for the trans-
port characteristics is illustrated in Figure 13k. These findings
provide evidence for the existence of a quantum well achieved
through resonant transport.

12. Summary and Prospective

In order to achieve the extensive utilization of highly integrated
2D devices, it is imperative to have large-sized thin films that
can ensure optimal material quality and uniformity of properties.
Currently, the task of scaling up the growth of all 2D thin films
to the wafer level remains a significant challenge. This review
provides a comprehensive overview of the latest developments in
the preparation of 2D films using PLD. The discussion encom-
passes growth mechanisms, strategies, and materials classifica-
tion. At first, we highlight the efficient approaches to develop-
ing PLD techniques. Subsequently, the growth, characterization,
and device applications of diverse 2D films are expounded upon,
including but not limited to graphene, h-BN, MoS2, BP, oxides,
perovskite, and semi-metal. Ultimately, the challenges in these
fields are presented, and additional research underscores the sig-
nificance of the PLD methodology.

PLD exhibits several characteristics that render it highly ap-
pealing for the growth of films of intricate materials. The afore-
mentioned factors encompass the stoichiometric transference of
matter from the target, production of high-energy species, the hy-
perthermal interaction between the ablated cations and ambient
gas in the ablation plasma, and adaptability to background pres-
sures that span from ultrahigh vacuum to 1 Torr. The deposition
of multination films can be accomplished through the utilization
of either singular, stoichiometric targets of the material of inter-
est or through the use of multiple targets for each element when
employing PLD. The thickness distribution resulting from a sta-
tionary plume in PLD exhibits significant non-uniformity owing
to the highly forward-directed nature of the ablation plume. Nev-
ertheless, certain obstacles have been encountered by PLD tech-
niques. Initially, it is noteworthy that the caliber of films pro-
duced through the PLD method is comparatively inferior to those
generated through ALD and MBE techniques. Consequently, re-
searchers must address certain deficiencies of the PLD approach,
including but not limited to thickness inhomogeneity, restricted
scale, and inadequate continuity. Furthermore, the range of PLD-
grown materials that have been investigated is considerably re-
stricted in comparison to the extensive array of materials within
this particular family. In addition, the researchers may consider
exploring alternative doping techniques for material synthesis in-
volving varying elements and concentrations. Doping engineer-
ing has the potential to alter the structures and properties of
materials in comparison to their pure counterparts. Ultimately,
a comprehensive investigation was conducted into the essential
mechanisms underlying 2D and thin film production via PLD.
Currently, thin films have exhibited significant potential for fun-
damental research and fabrication of a diverse array of electronic
and optoelectronic devices. Historically, it has been demonstrated
that PLD is capable of facilitating the growth of single-layer
thin film and heterostructures by manipulating various targets
without compromising the vacuum. As Figure 14 shows, re-
garding the future development direction of PLD technology,
ultra-thin large-area high-quality films or arrays are produced on
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different substrates, with new structures or new material types.
The notion that PLD will assume a significant function in the
fabrication of materials and devices is widely held.
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