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hemical vapor deposition: new
perspectives for thin film growth

Bhupendra Singh, a Thomas Fischer a and Sanjay Mathur *ab

Chemical vapor deposition (CVD) is a versatile technique for producing thin films and coatings of functional

materials with diverse mechanical, electrochemical, electrical, tribological, and optical properties. The CVD

process is governed by various experimental parameters including precursor chemistry, feed rate, growth

temperature, pressure, and carrier or reactive gases. The growth kinetics depends on precursor

decomposition that can be influenced by plasma-chemical or photo-dissociation processes to

supplement thermal energy. More recently, the application of electric or magnetic fields during the CVD

process has impacted the film growth beyond the conventional parametric space. This review highlights

the influence of external field effects (plasma, photo-radiation, electric field, and magnetic field) on key

steps of thin film processing, such as nucleation, grain growth, texture, density, phase formation,

anisotropy, and kinetic stabilization. The emphasis is on recent technical, material, and

phenomenological innovations in the CVD technique, with applied fields as extrinsic processing

parameters offering new insights into future directions in the research and development of high-fidelity

functional films and coatings.
1 Introduction

Chemical vapor deposition (CVD) and its variants represent
a platform technology to deposit a diverse range of materials as
thin lms and coatings that nd large-scale applications from
the food industry (e.g., antibacterial coatings) to precision-
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engineered semiconductor devices (e.g., light emitting
diodes).1–6 By denition, CVD involves the deposition of a solid
material by vapor phase decomposition of chemical species
(precursors) on a substrate maintained at a specic tempera-
ture. When compared with physical vapor deposition tech-
niques, such as evaporative deposition, sputtering, and pulsed
laser deposition involving the generation of a plume of atomic
or molecular species from a source material followed by their
deposition (condensation) on a substrate, the CVD process
relies upon chemical reactions of gaseous or aerosol precursors,
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occurring in the gas phase and/or on the substrate surface
(Fig. 1(a)).2,7

The fundamental parameters controlling the CVD process
are the temperature of the substrate, pressure in the CVD
reactor, precursor feed rate (ux), and the chemical nature of
used precursors, as well as carrier gas that can be reactive or
non-reactive. The lm growth rates are governed by chemical
kinetics and energy input, which inuence the characteristics of
the material, such as adhesion, morphology, microstructure,
and crystallinity.8–13

The CVD technique encompasses numerous phenomeno-
logically related processes (Fig. 1(a))2,14 that differ in energy
input provided to activate the chemical precursors thermally,
optically, or photochemically, resulting in different categories
of CVD processes (Fig. 1(b)). In conventional CVD reactors, thin
lm deposition proceeds by thermal energy provided by resis-
tive heating of the entire reaction zone (hot-wall CVD) or
through a susceptor that selectively heats the substrate (cold-
wall CVD). Alternatively, utilization of photons or plasma to
decompose precursor species has led to the development of
photo-assisted CVD (PACVD) and plasma-enhanced CVD
(PECVD). The modication of CVD reactors and processes is
largely driven by the necessity of achieving conformal coverage
and chemically homogeneous deposition, which relies on the
vapor pressure and chemical reactivity of the used precursor
gases and chemicals. In addition, the necessity of applying
functional coatings on temperature-sensitive substrates (e.g.,
aluminum, glass, polymers) has triggered the use of non-
thermal plasmas (so-called cold plasma) in the CVD
Fig. 1 (a) Schematic of the general elementary steps of a typical CVD
process consisting of precursor flow (1), decomposition (2), adsorption
(3), intermolecular reactions (4), cluster formation (5), and diffusion (6).
(b) Classification of various CVD processes, categorized according to
precursor activation, pressure, precursor delivery and reactor type;
PECVD, RPECVD – remote plasma enhanced CVD, APCVD – atmo-
spheric pressure CVD, LPCVD – low pressure CVD, UHVCVD –
ultrahigh vacuum CVD, AACVD – aerosol-assisted CVD, DLICVD –
direct liquid injection CVD, MOCVD – metalorganic chemical vapor
deposition. (c) and (d) Schematic representation of intrinsic CVD
process parameters and extrinsic field effects enabling auxiliary control
over the CVD process.
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processes. The benets of plasma-enhanced processes are two-
fold: they can activate the substrate surface before deposition,
remove any adsorbate layer that is inevitably present, and
facilitate the growth kinetics. The attempts to diversify the
range of precursors and to have greater control over the
precursor chemistry, overcoming the barriers of non-volatility
of precursors, have led to the development of aerosol-assisted
CVD (AACVD) and metalorganic CVD (MOCVD). Similarly, the
requirements for substrate cleaning in the semiconductor
industry and the non-thermal initiation step in the
J. Mater. Chem. A, 2025, 13, 20104–20142 | 20105
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polymerization of thermally sensitive materials have led to the
development of low energy and/or pulsed plasma CVD.15–17

In thermal CVD, the role of temperature has been to fulll
the energy requirements for precursor decomposition, although
it has further inuenced the nucleation and growth kinetics.18–20

Temperature and other precursor-specic intrinsic parameters
(composition, ow rate, precursor chemistry, etc.) are
thermodynamics-dependent and oen needmacro-level control
to execute micro-level variations in the properties of the
resulting deposition. On the other hand, the characteristics of
precursor-independent extrinsic parameters (photons, plasma,
electric eld, magnetic eld) are controlled, independent of
thermodynamics (Fig. 1(c) and (d)). Therefore, while using
photon or plasma as an agent fullling the energy require-
ments, manipulations in their characteristics have provided
additional means to manipulate and control the CVD process at
the microscopic level. For example, besides providing energy for
precursor decomposition, plasma also provides energetic
species – electrons, photons, ions, excited atoms, andmolecules
– to the substrate/growth surface, causing surface reconstruc-
tion, stoichiometric change, and alteration in reaction rate and
growth kinetics. Moreover, the interaction of the precursor with
plasma species initiates an alternative decomposition pathway,
enabling deposition without temperature assistance or at
a signicantly lowered temperature.15 Similarly, the use of laser
radiation for precursor dissociation localizes the thermal
energy and generates free carriers that further inuence the
thermodynamics and kinetics of the CVD steps.21 Additionally,
photolysis and photosensitization reduce the energy of activa-
tion (Ea) of gaseous or surface-adsorbed species, accelerating
the reaction kinetics.22

The energy associated with an electric eld (EF) or magnetic
eld (MF) generated in a normal laboratory environment may
not be sufficient to overcome the Ea for precursor decomposi-
tion in CVD. However, when applied in a CVD environment, the
eld associated with them interacts with various components
(precursor, decomposition products, substrate, plasma, etc.),
inuencing the growth rate or modifying the lm properties.23

For example, an external EF-assisted bias-enhanced nucleation
has been key in the ‘‘seed-free’’ deposition of diamond on
smooth surfaces.24,25 Similarly, the application of MF in the
course of precursor ow or around the substrate, inside the
reactor, has provided directional control over the movement of
polar/charged species, altering the deposition and growth
parameters.26 Moreover, coupling of an external MF with other
CVD modulators, such as EF,27,28 plasma,29,30 or both,26,31 has
generated a synergistic effect, imparting a unique microstruc-
ture and morphology to the deposited lms.

The development of novel functional materials for targeted
applications drives the need for new strategies to modulate the
CVD process beyond conventional control parameters. In this
context, the use of plasma and photo-irradiation, as well as the
integration of external electric (EF) and magnetic elds (MF)
into CVD setups, has shown signicant potential to control
intrinsic materials characteristics. These external elds can
inuence reaction kinetics and overcome the constraints of
conventional CVD methods, enabling low-temperature
20106 | J. Mater. Chem. A, 2025, 13, 20104–20142
deposition, alternative nucleation and growth mechanisms,
selected area deposition, directional grain growth, molecular-
scale engineering, and substrate versatility. This review is
motivated by recent advances in CVDmethodology that leverage
such eld effects – both contact-based (plasma and photo-
irradiation) and non-contact (electric and magnetic elds)—to
exert additional control at the microscale. These approaches
help transcend the restrictions imposed by macroscopic
parameters on growth rate, composition, phase, morphology,
and microstructure.

This account highlights the key achievements made in eld-
assisted CVD, emphasizing how these techniques enable the
fabrication of thin lms with enhancedmaterial properties. The
review is organized into focused subsections; each begins with
an introduction to the eld-matter interaction during CVD,
followed by a discussion of eld as an external parameter to
control the CVD process, either independently or in combina-
tion with conventional parameters. Each section is concluded
by outlining the inuence of elds on precursor decomposition,
nucleation, lm growth, and resulting characteristics.
2 Plasma-assisted/enhanced
chemical vapor deposition
2.1 Plasma-matter interaction during chemical vapor
deposition

The PECVD process primarily utilizes the high energy electrons
present in the non-equilibrium plasma of partially ionized
gases (reactive and/or carrier), having electron temperature Te#
10 eV (1 eV = 11 600 K) and gas temperatures ranging from
room temperature to 104 K, to excite atomic and molecular
precursor species to higher electronic and vibrational states.32

This initiates or/and promotes the dissociation of chemical
bonds, consequently facilitating thin lm deposition at signif-
icantly lower temperatures compared to conventional thermal
CVD processes. Plasma electrons, owing to their low mass and
high mobility, lead in receiving energy from the ionization
source (electric eld, heat, light, magnetic eld, etc.) and
transmit it to other species via inelastic collisions, leading to
numerous gas-phase plasma-chemical processes, such as
ionization/recombination, excitation/relaxation, dissociation/
association, and charge-transfer reactions.33 The electron
energy distribution function (EEDF; f(3)), denotes the proba-
bility density for an electron to possess energy 3 and is described
by eqn (1)

f ð3Þ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3=pðkTeÞ3

q
expð �3=kTeÞ (1)

where k is Boltzmann's constant and Te is the electron
temperature, which becomes key in determining the rate of
these processes. The EEDF indicates how electrons acquire
energy from an electric eld and lose it in collisions with the
background gas. In low-density plasma, electrons have a Druy-
vesteyn energy distribution, whereas in high-density plasma
they have a Maxwellian energy distribution.34 The f(3) depends
on the gas composition and electric eld frequency used to
generate plasma. Nevertheless, the ions, radicals, excited
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 A brief overview of different plasma systems used in PECVD.46,47
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atoms/molecules, and photons present in the complex mixture
resulting from plasma-material interactions also play an
important role in the efficiency of a PECVD process.35,36

During the PECVD process, the quasi-neutrality of plasma
bulk breaks due to the buildup of charge near the substrate
surface, and an electrically non-neutral region known as the
plasma sheath is formed. The sheath thickness, which is of the
orders of Debye length, depends on electron energy and elec-
tron density. As the potential attained by the substrate (oating
potential) is less than plasma potential (VP), positive ions
diffuse through the plasma sheath, acquiring some additional
energy en route to the substrate surface, which can be regulated
by substrate biasing (VB) leading to the maximum kinetic energy
given by eqn (2)

Ei,max = ejVP − VBj + (DE/2) (2)

where the term (DE/2) corresponds to the periodic modulation
(excitation frequency) of sheath voltage. The optimization of
plasma-assisted modulation of CVD encompasses the identi-
cation of discharge characteristics suitable for the generation of
high densities of free radicals and ions diffusing toward the
surface and leading to deposition. To this end, external
parameters (pressure, gas composition and ow, discharge
excitation frequency, and power) are administered to modulate
the resulting plasma characteristics (plasma density, electron
temperature, EEDF, electrical potentials, uxes of species). In
practice, ion energy (Ei) and ion ux (Fi), key parameters
affecting the lm characteristics, are governed by the prevailing
excitation frequency (radio frequency, RF or microwave, MW),
pulsed direct current (DC), or RF-induced negative substrate
bias.35,37 Accordingly, based upon the power frequencies for
plasma generation, the PECVD is oen sub-classied as
microwave PECVD (0.5–10 GHz), radio frequency PECVD (1–500
MHz), and direct current PECVD.38 Additionally, depending
upon the mode of plasma connement using electrical,
magnetic, or both, affecting the plasma density, the PECVD is
further sub-classied as capacitively/inductively coupled
PECVD,39,40 helicon wave PECVD,41,42 electron cyclotron reso-
nance PECVD,43,44 and so on.45

Santhosh et al.46 presented an interesting overview of
different modes of generation and connement in plasma
systems used in PECVD (Fig. 2). The PECVD process relies on
a complex interplay of plasma characteristics, precursor
chemistry, and reactor design.48,49 Notwithstanding, high
precursor decomposition efficiency, even at room temperature,
is ensured by energy transfers in the form of kinetic and
potential energies through plasma electrons and charged
particles to the precursors, leading to the formation of free
radicals and charged ions that are critical in inuencing the
deposition and growth.50,51 Additionally, the plasma-surface
interaction under appropriate plasma conditions, apart from
initiating/promoting precursor decomposition, also promotes
adsorption, desorption, nucleation, adatom migration,
implantation, sputtering and displacement of atoms, thus
tuning the composition, phase, microstructure, and
morphology of the deposited material.37,52,53
This journal is © The Royal Society of Chemistry 2025
2.2 Overview of plasma-enhanced chemical vapor deposition

The plasma-assisted modulations in CVD induce gas-phase
chemistry mediated by energetic plasma species, enabling the
decomposition of precursors, even of low reactivity, leading to
deposition on temperature-sensitive and morphologically
intricate substrates.54,55 A recent review by Snyders et al.48

provides an impressive historical background of the stages of
development and conceptual foundations of PECVD, tracing the
origin of PECVD to 1911. Several other reviews discussing the
basic chemical and physical phenomena associated with the
PECVD process have been reported.17,46–48,50,56–60

The PECVD process has been successfully used for depos-
itingmetals and ceramics,50,61–66 carbon-basedmaterials,58,59,67–71

and organic polymers.17,48,72 In recent years, plasma-assisted
modulations have focused on enhancing deposition and
growth rates,73 achieving directional growth and crystallo-
graphic orientation of nanostructures,59,74–76 surface
modication,77–80 doping and vacancy generation,81–85 and
manipulating phase composition and crystallinity.86–89 Table 1
presents selected recent reports on PECVD, displaying its utility
in thin lm fabrication for a range of materials.

In PECVD, the excitation frequency of the plasma source
provides a key tool to modulate the deposition process.100,117–122

Generally, an RF plasma source uses industrial 13.56 MHz
frequency for plasma excitation, and for increasing the plasma
density to accelerate the precursor decomposition and subse-
quent lm growth rate, the plasma power is increased. However,
an increase in power also causes increased ion bombardment,
which oen proves detrimental to the lm quality. To overcome
this, very high frequency (VHF; 30–300 MHz)123–125 or dual
frequency126–129 plasma congurations are employed. With VHF
plasma, increased frequency imparts higher energy to electrons
via so-called stochastic heating but reduces the sheath thick-
ness and lowers the electrical eld intensity, thereby reducing
the ion-bombardment energy.120 A dual frequency conguration
involves two different frequencies on the same electrode or on
separate electrodes, where high frequency imparts a stable
discharge generating the reactive species and the low frequency
controls the ion bombardment.119 The dual frequency
J. Mater. Chem. A, 2025, 13, 20104–20142 | 20107
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conguration has proven its utility in improving the deposition
quality in terms of lm stress, step coverage, and stability.129

In catalyst-mediated PECVD processes, plasma-catalyst
interactions play a key role during the pretreatment step and
deposition. Such plasma-assisted restructuring or activation
has proven to be important for controlling the mechanism,
growth rate, composition, morphology, and
microstructure.130–135 Restructuring of metal catalysts used for
the growth of carbon nanostructures,130–134 silicon
nanowires135–139 and other metal/metal oxide nanowires140,141 by
plasma pre-treatment or/and during plasma-assisted catalytic
vapor–liquid–solid142,143 and solid–liquid–solid141,144 growth
mechanisms is well documented. For example, Zheng et al.141

demonstrated that during GeSn nanowire growth using Sn
nanoparticle catalysts H2 plasma-assisted annealing inhibited
the wetting of Sn during and at the end of nanowire growth,
preventing the pinning of Sn NPs around the nanowires. Simi-
larly, during in situ fabrication of graphitic nanosheet sup-
ported N-doped carbon-coated LiFePO4 (LFP@NC/GNS), plasma
assisted the reduction of Fe2+ ions to Fe0, which catalyzed in situ
formation of graphitic nanosheets on LFP@NC, and simulta-
neously removed Fe�

Li antisites, a commonly observed detri-
mental defect in LFP for its performance in Li-ion batteries.134

Over the years, there has been a growing trend to integrate
PECVD with other deposition techniques for the deposition of
a diverse range of materials. In PECVD of rare-earth element-
doped Si-based materials, metal-organic precursors are used
for in situ metal doping. However, the use of metal-organics
causes signicant hydrogen contamination. To overcome this
limitation, a hybrid deposition technique was developed by in
situ coupling PECVD with a magnetron sputtering source
having the rare-earth target.145–150 Kulczyk-Malecka et al.150

proposed a high-power impulse magnetron sputtering-PECVD
system where the magnetron-generated plasma also acted as
an electron source to drive the precursor decomposition in the
PECVD process, thus requiring only a single power supply.
Moreover, the application of a variable magnetic eld strength
magnetron resulted in precise control over dopant content
without adjusting the power supply. Lee et al.151 used a similar
PECVD-sputtering hybrid system to fabricate Ti-doped
diamond-like carbon (DLC) coatings, where metal doping hel-
ped overcome the residual stress in the deposits. Moreover,
a multi-step PECVD or its integration with other deposition
techniques resulted in a specic nanostructured assembly.152–156

For example, Huang et al.153 reported an anode-assisted reactive
magnetron sputtering coupled with a DC PECVD system to
fabricate amorphous hydrogenated DLC coatings with CrC
interlayers, ameliorating the adhesion properties of DLC coat-
ings by reducing the residual stress. Dias et al.157 reported large-
volume deposition (∼19 mg min−1) of metal oxide/sulde
anchored N-graphene for supercapacitor applications by
spraying a controlled metal-oxide(sulde) microparticle jet into
the plasma aerglow region, leading to plasma-induced size
reduction and subsequent binding to the N-graphene sheets.
Furthermore, Su et al.158 reported an integrated process
encompassing plasma-assisted roll-to-roll deposition of vertical
graphene (VG, which is graphene-containing carbon
20110 | J. Mater. Chem. A, 2025, 13, 20104–20142
nanosheets grown vertically onto the substrate) and simulta-
neous syngas production from greenhouse gas mixtures. Such
hybrid approaches have effectively expanded the application
spectrum of PECVD, overcoming the technological barriers of
limited precursor availability.

Over the years, manipulation of plasma characteristics and
plasma delivery has enhanced the CVD process for tailoring lm
properties for desired applications. In this regard, PECVD using
pulsed plasma ow with dynamic pulse parameters such as
pulse frequency, duty ratio, and peak power has displayed
remarkable effects on the deposition qualities.51,159–164 Pulse
modulation, in combination with other plasma parameters, has
been successful in signicantly decreasing deposition temper-
ature while maintaining or even enhancing characteristics like
growth rate and composition.159,165,166 Interestingly, signicant
lm growth also occurred during the ‘‘off’’ plasma duration167

and the pulsed mode resulted in additional morphological
variations.168,169 For example, during PECVD growth of 2D
copper sulphide superstructures, Taplick et al.169 observed that
site-dependent charging–discharging dynamics during plasma
pulsing played a crucial role in the directed assembly of nano-
platelets in the gas phase. The plasma pulsing promoted side-
by-side growth, whereas continuous plasma additionally
caused pronounced spike-like growth perpendicular to the
basal plane. Similarly, pulsed PECVD displayed great usefulness
in PECVD of insulating thin lms, where substrates need to be
under an alternating signal.170 In this regard, it is worthwhile to
mention the hybrid plasma-immersion ion implantation and
deposition systems for DLC coatings from hydrocarbon
precursors, where ion-implantation renders improved tribo-
logical and mechanical properties.171–173 Recently, Tran et al.160

used a similar hybrid system to fabricate high surface area
activated carbon coatings for biomedical applications, where
the growing coatings were subjected to implantation of ion-
aggregates formed in the plasma in a high voltage dielectric
barrier discharge PECVD.

Moreover, efforts have been made to further modulate
pulsed PECVD by coupling it with externally-controlled MF for
plasma connement.162,163,174 To fabricate pinhole-free amor-
phous silicon carbo-nitride, SiCN, at a high deposition rate, e.g.,
Matsutani and coworkers162 designed an MF coupled pulsed
PECVD system, where a permanent magnet kept below the
plasma electrode (which also holds the substrate) in a parallel
electrode setup led to an increase in plasma current and
deposition rate, as compared to that without MF. In a subse-
quent study, they generated pulsed plasma alternatively on both
electrodes, while keeping the permanent magnet below the
substrate electrode, to overcome the etching-induced lm
thinning due to the charging effect.163 The MF connement of
plasma during the plasma-immersion ion implantation and
deposition of DLC coating resulted in improved diamond-like
character with defect-free morphology and reduced roughness
in as-grown lms.174

Plasma-assisted processes have been demonstrated for large-
scale fabrication of various carbon nanostructures for elec-
tronics, optoelectronics, energy and environmental
applications.59,67,175–179 In addition, PECVD processing has
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta01081k


Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/3
0/

20
26

 6
:2

3:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
enabled a controllable preparation strategy for the growth of
desirable carbon nanoarchitectures at signicantly lower
temperatures112 and even without the need of catalysts,180

ensuring high purity by eliminating metal contamination. In
the catalyst-free growth of VG,181 high-energy ion bombardment
activated the surface for nucleation by inducing defects and
facilitated growth mainly from the surface of the substrate.176,180

PECVD has enabled substrate-independent growth of graphene,
facilitating its growth at 700 °C on Si and 3C–SiC/Si surfaces,
important in electronic/optoelectronic heterojunction devices,
which could not be achieved by thermal CVD due to the
extremely low diffusion of carbon over these surfaces, as indi-
cated by the theoretical studies.182 For deposition of amorphous
Fig. 3 Schematic diagram of plasma-assisted vertical growth of carbon
electron microscopy (SEM) images of GaN nanowires (b) before and (c)
SiO2/Si substrate surface, nearly complete growth inhibition of VG grow
when EF is partly blocked (e), normal VG growth without screening (f); sch
(left) perpendicular to the substrate and (right) alongside the normal direc
modewith increasing flow rates of C2H2 and growth times (h)–(k), reused
of VG deposited at 600 °C with different plasma powers, 100 (l), 200 (m),
of VG under different plasma densities (o), reused with permission from

This journal is © The Royal Society of Chemistry 2025
carbon/DLC lms, the control over plasma-ion energy by
adjusting the bias power and bias voltage has conferred control
over the H-content and ID/IG and sp2/sp3 ratios, regulating their
amorphous or DLC characteristics and resulting in mechanical,
electrical, optical, or tribological properties. For example, high
ion density plasma, such as microwave plasma and magneti-
cally enhanced plasma, promoted low H-content whereas low-
density RF plasma promoted high H-content growth.68,69 A
high ion density helped in the removal of H atoms from C–H
bonds and raised the sp2/sp3 ratio in the deposited lms.69

An important aspect of catalyst-aided or catalyst-free PECVD
of various carbon nanomaterials is its ability to aid in vertically
aligned growth, as the electric eld associated with the plasma
nanostructures (a), adopted with permission from MDPI;46 acanning
after the VG growth in remote PECVD; SEM images of growth on the
th when EF is completely screened (d), growth along the mesh holes
ematic illustration of possible growth modes of VG on nanoparticles –
tions of the nanoparticles (g); SEM images confirming the latter growth
with permission from American Chemical Society (ACS).186 SEM images
and 300 (n); and schematic showing the difference in growth behavior
ACS.95

J. Mater. Chem. A, 2025, 13, 20104–20142 | 20111
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sheath helps the nanobers grow vertically from the
substrate.59,95,183–185 Various studies demonstrate, however, that
the mechanistic implications of the role of plasma and other
process parameters on the vertical growth mechanism are not
well understood.95,186,187 Theoretical studies suggest that during
VG growth, the coulombic repulsion due to the accumulated
electrons on the akes eventually push the growth to change
from 2D to 3D mode.186 Sun et al.186 studied the role of plasma
sheath EF in the mechanism for the growth of vertically grown
graphene nanostructures. Using GaN nanowires grown onto
a silicon substrate (GaN/Si) (Fig. 3(a)), much denser and longer
growth of VG akes was observed at the nanowire tips than on
the nanowire bodies (Fig. 3(b)), indicating a local eld-
enhancement effect due to the higher eld strengths and
charge accumulation at the wire tips (Fig. 3(c)). Furthermore,
when EF is selectively screened by employing metal meshes of
different sizes, growth occurred only along the holes
(Fig. 3(d)–(f)), due to partial blocking of the electric eld formed
in the plasma sheath. Moreover, using SiO2 nanoparticles as
substrate, out of two possible modes of growth (Fig. 3(g)), the
VG exclusively grew perpendicular to the particles' surface
(Fig. 3(h)–(k)).186 These ndings set the foundations for further
mechanistic studies on the vertical growth of 2D materials.

Zhang and coworkers188–191 demonstrated the use of auxiliary
vapors (chloroform, uorobenzene, water, etc.) along with the
chemical precursor to generate a special collection of plasma
and reactive species to enhance the growth rate of VG in an
electric eld-assisted PECVD. For example, the introduction of
uorobenzene and water in the deposition chamber promoted
the decomposition of the carbon source and etching of amor-
phous carbon, respectively, to enable higher growth rates
(∼14.4 mm h−1).189 Zhang et al.95 observed that milder plasma
and temperature conditions are helpful for vertical growth, as
the higher growth temperatures, precursor and carrier ow
rates, and applied plasma power also promoted branching
(Fig. 3(p)), apart from increasing the growth rate (Fig. 3(i)–(n)).

In vacuum or atmospheric PECVD, plasma-assisted effects
have demonstrated synergistic regulation of nanostructures
and defect engineering in carbon nanostructures.46,93,192–197 For
example, Ma et al.93 demonstrated a continuous variation of
morphology, from “porous” to “tree-like” and then to “wall-like”
structure, by adjusting the growth positions during PECVD of
VG. Similarly, Dias et al.198 reported a PECVD approach capable
of varying the density and energy of basic building blocks within
the high energy-density plasma environment in the assembly
zone, allowing precise control over the energy and material
uxes directed towards the evolving nanostructures for sus-
tained gram-scale (30 mg min−1) production of graphene and
allied derivatives from a low-cost feedstock of ethanol and
acetonitrile. Moreover, plasma-assisted vertically-aligned
growth is not limited to carbon-based nanostructures and it
has been successfully used in the growth of vertically aligned
metal oxides, nitrides, and chalcogenides168,199–206 as well as
polymeric and heterostructures.207,208

Plasma-assisted CVD of functional inorganic materials with
specic composition, phase, morphology and microstructure
has led to promising applications in integrated electronics,
20112 | J. Mater. Chem. A, 2025, 13, 20104–20142
energy storage and conversion, catalysis, and sensors.106,168,209–211

Among chalcogenides, transition metal dichalcogenides
(TMDs) present unique properties depending on their poly-
morphic phases, such as 1T (metallic), 1T0 (semimetal-like), and
2H (semiconductor).212 In recent years, the fabrication of phase-
pure and polymorphic heterostructures of these compounds
has been realized by temperature-controlled plasma-assisted
sulfurization/selenization of metal.84,89,110,200,210,213–218 Kim
et al.201,210 reported an optimized PECVD system with Ar + H2S
plasma for 1T-WS2 and 1T-MoS2 synthesis, which is otherwise
challenging due to their metastable nature. The pre-deposited
metal was sulfurized by accelerating the H2S

+, ionized
through the penning effect, in the plasma (positive) to the
substrate (relatively negative) by the electric eld in the sheath
region. The ion bombardment caused the metal layer to break
into nanocrystals and the H2S

+ simultaneously penetrated it for
efficient sulfurization. Unlike the microcrystalline nature of the
deposits obtained from other chemical methods, the nano-
crystalline structure of 1T-TMDs obtained from PECVD trans-
formed it from metastable to a highly stable 1T phase structure
with a lower surface energy than the 2H phase. However, in
plasma-assisted sulfurization/selenization at higher tempera-
tures, the 2H phase is predominantly formed.89,219

PECVD has been proven to be a convenient method for the
fabrication of few-layer TMD–TMD heterostructure interfaces
that exhibit interesting properties for diverse applications, due
to their uniform band edges and tunable band gap through
numerous layers.200,220 Kim et al.221 executed Ar plasma-induced
phase transformation of SnS2 to SnS for the fabrication of
a vertical SnS–SnS2 p–n junction heterostructure. The
bombardment of Ar+ radicals on the SnS2 surface preferentially
cleaved Sn–S bonds leading to selective etching of more volatile
sulfur, thereby inducing the formation of the SnS phase. Simi-
larly, Li et al.222 reported fabrication of a vertical SnSe/SnSe2 p–n
heterojunction by NH3 plasma-induced phase transformation.
Seok et al.200 reported wafer-scale MoS2–WS2 vertical hetero-
structures via a single-step plasma sulfurization of sequentially
deposited seed layers of W and Mo (1 nm each) onto the SiO2/Si
substrate. By optimizing the plasma and deposition tempera-
ture, Seok et al.220 reported wafer-scale growth of phase-selective
1T-MoS2/1T-WS2 or 2H-MoS2/2H-WS2 vertical heterostructures.
Likewise, Sino et al.213 demonstrated a similar top-down
approach for high-yield MoSSe asymmetric structures from
MoS2 akes where plasma-assisted selenization resulted in
a JanusMoSSe layered structure at low temperature (200 °C) and
a polymorphic alloy MoSSe at high temperatures (400–600 °C).
Moreover, plasma-assisted sulfurization/selenization has also
been extended for the fabrication of heterostructures of TMDs
with metal oxides and carbides.110,218,223,224

For the fabrication of photovoltaic devices, PECVD is exten-
sively employed in the deposition of antireection coatings,
passivation layers, dielectric layers, and so on.60,225–228 To ensure
high throughput, avoiding the standing wave effect in a large-
area uniform deposition process, it is essential to control the
spatial distribution of plasma parameters and the complex
interplay of plasma physics and chemistry with the deposition-
chamber dimensions. Accordingly, numerous theoretical and
This journal is © The Royal Society of Chemistry 2025
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experimental studies have been performed to address the
uniformity of plasma over a large area.122,229 Zhang et al.229

investigated the plasma density distribution under different
voltage and pressure conditions in a H2 capacitively coupled
plasma (CCP) discharge sustained by multiple consecutive
harmonics. Using a 2D uid model, Kim et al.230 analyzed the
nature of the substrate and reactor sidewall material on plasma
density distribution in a CCP reactor. They also investigated the
role of dilution gas in the spatial distribution of the plasma
parameters in a CCP reactor.231 Similarly, in deposition of
hydrogenated nanocrystalline silicon oxide (nc-SiOx:H), Yu
et al.100 designed an industrial-scale VHF PECVD system with
a minimized standing wave effect, by using a curved electrode
and a glass plate over it, thus reducing the degree of non-
uniformity for VHF1 (27 MHz) and VHF2 (40 MHz) to ±4.6%
and ±10%, respectively, as against to ±27% and ±70%, for the
same frequencies using a at electrode conguration and
without a glass plate. As a result, the thickness uniformity was
improved in nc-SiOx:H layers. When employed in a metric 6 mm
screw thread (M6)-size bifacial silicon heterojunction solar cells
with silver electrodes, high power conversion efficiency with
a narrower distribution range (25.7–25.9%) under VHF1 was
observed as compared to the VHF2 (25.3–25.9%). On replacing
the Ag with Cu electrodes, the device displayed a power
conversion efficiency of 26.41%. Besides enhancing the growth
rate, dual-frequency PECVD operations have effectively
improved lm stress, chemical composition, step coverage, and
stability.37,126,232,233

As plasma characteristics are highly dependent upon plasma
sources or/and coupling mechanisms, some desirable effects
for specic applications may be attained only by a particular
plasma source.32 For example, during the growth of carbon
nanostructures using an RF plasma source, the ICP led to
vertical graphene, whereas the CCP led to carbon nanotubes
(CNT) due to the coupling mechanism affecting the plasma
density.234 From the standpoint of innovation in plasma pro-
cessing and connement for PECVD, magnetized plasma
sources such as helicon wave plasma (HWP) and electron
cyclotron resonance plasma, in which the excited electrons are
launched as spiral beams along theMF lines as a function of the
MF and excitation frequency, enable a resonant-like increase of
plasma density useful in various applications.235–239 The HWP
source, with its electrodeless and magnetized plasma features,
has provided an important means to regulate the energetic ion-
bombardment ux on the stress level, structure, and resulting
properties of the deposited lms. Along with the ow rate,
parameters – RF power and MF strength – can be used to
regulate the high-density HWP.240 Accordingly, HWP-CVD is
employed for the deposition of carbonaceous,42,239,241–243 metal
carbide,244,245 andmetal oxide246 coatings. During PECVD of DLC
coatings, high plasma density of HWP enabled a high growth
rate.247,248 Qian et al.249 reported room temperature PECVD of
DLC in HWP with different magnetic eld (B0 = 1200–2400 G).
The optical emission spectroscopy analyses indicated that the
precursor decomposition followed the pathway (CH4 + e− /

CH3 + CH2 + CH + C + H), along with the formation of C2 species
by the recombination of CH4 and other C-containing radicals.
This journal is © The Royal Society of Chemistry 2025
An increased MF provided high plasma density for achieving
a higher growth rate. The C2 and CH emission intensities
increased to a maximum value at B0 = 2100 G, leading to an
enhanced deposition rate (800 nm min−1) and sp3/sp2 ratio, as
numerous energized H atoms generated by HWP helped in
graphitic carbon removal and hydrogen incorporation.

An electron cyclotron resonance plasma source is another
example where MF-assisted electron connement plays a key
role in plasma density enhancement, inuencing the PECVD
growth rate.236,238,250,251 For example, during epitaxial growth of
silicon thin lm, the MF variation shied the ECR plasma zone
close to the SiH4 outlet, causing increased concentration of free
radicals responsible for deposition and resulting in an
increased growth rate.236 Nevertheless, the MF-assisted plasma
connement for enhanced growth and/or microstructural
evolution has not been limited to a magnetized plasma sources
alone, as demonstrated by Miller et al.237 with an RF-powered
hollow cathode PECVD system for DLC lms. The MF applied
via an electromagnetic coil around the hollow cathode tube
inuenced the magnitude of cathode DC self-bias, with an MF
of ∼95 G inducing maximum DC self-bias, indicating an
optimal gas ionization that was independent of the applied RF
power. Similarly, in a CCP system, the application of an MF
(typically order of ∼102 G) parallel to the electrodes normally
enhanced the performance of CCP, although stronger MF may
cause plasma non-uniformity.252 Moreover, combined plasma,
magnetic and electric eld (substrate bias voltage) modulation
to control the number of electrons and their movement path,
inuencing the ability of electrons to collide and ionize the gas
for the deposition of DLC lms is reported.91 Nevertheless,
recently, some efforts focusing on plasma diagnostics and
measurement of ux and energy of plasma and reactive species
in magnetically conned plasma have been reported,252–256

which could be valuable for a better understanding of plasma
chemistry to design suitable deposition conditions for lm
growth and microstructure.

In recent years, the requirements of fast processing with
minimal crystalline defects in many device fabrication
processes with enhanced plasma density at controlled ion-
bombardment have prompted the testing of a variety of
plasma excitation and delivery methods, such as gas-jet electron
beam plasma,257–260 hallow-anode plasma,45,261,262 and radical
injection plasma.45,263–266 There have been reports on the usage
of highly ionized plasma, designed using continuous or pulsed
high power schemes and oen coupled with substrate bias to
impart a high degree of energetic bombardment, inuencing
the deposition conditions and resultant phase, microstructure
and quality.267–270 High-power plasma conditions involving
excited ions with high power densities and ion energy have been
important in the 3D growth of carbon nanostructures (thick-
ness, branching, alignment height, etc.).271 For example, the
nucleation of carbon nanowalls in the initial growth period
occurred only under optimal balance between ion and radical
uxes, with ion bombardment modifying the surface adsorp-
tion mechanism from physical to chemical.266,272 It is important
to mention here, however, that although it is generally accepted
that high ion energies (∼200–250 eV) and ion uxes (∼3.3–3.8
J. Mater. Chem. A, 2025, 13, 20104–20142 | 20113
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mA cm−2) are necessary to induce nanowall deposition, there are
many reports of PECVD growth of nanowalls in low-energy ions,
following a different growth mechanism.59,273,274

Plasma-enhanced chemical vapor deposition is also
extended to the deposition of organic polymer lms as an
initiated-PECVD (i-PECVD) process where usually a plasma of
low power density is used for quasi-selective breaking of the
weak peroxide bond (O–O) in the initiator molecules, facili-
tating subsequent polymerization of monomers.275–280 Alterna-
tively, i-PECVD is also performed directly with monomers only,
without using any initiator.281,282 However, limiting the purview
of this review, the reader is referred to the existing litera-
ture283,284 for detailed information. Similarly, as an alternative to
plasma-assisted precursor decomposition, localized substrate-
heating by a high-energy (oen in the keV range) focused ion
or electron beam is used, enabling nanoscale-level control over
the material fabrication in CVD. For detailed information about
such focused ion/electron beam-assisted CVD, relevant ref.
285–290 can be referred to. Here, the recent reports of plasma
electron-assisted CVD of metallic lms105,291–293 are notable,
which rely upon electron-induced redox chemistry, unlike the
thermal effects in focused ion/electron beam-assisted CVD.
2.3 Perspective on plasma-enhanced chemical vapor
deposition

Modulations based on nonconventional energy vectors (plasma
and photons) and elds (electric eld and magnetic eld) have
signicantly enriched the landscape of CVD, enabling the facile
deposition of unique nanoarchitectures with desired properties
at signicantly low temperatures and faster rates compared to
the conventional thermal CVD. The use of auxiliary gases along
with the key precursor to generate a special collection of plasma
and reactive species in the reactor has constantly been popular,
enabling lowered deposition temperature and/or increased
deposition rate.74,189,190,294 Future opportunities lie in designing
novel congurations of plasma power, precursor and reactor
design, controlling the plasma parameters (energy density and
the composition and density of species such as photons, ions,
excited fragments, etc.) for better control over the kinetics and
imparting added functionalities (vacancies, dopants, etc.) in the
deposited materials. With a judicious selection of plasma
chemistry and substrate attributes, for example, PECVD can
perform area selective deposition.98,293,295–298 PECVD has been
more focused in utilizing the energy of plasma electrons, oen
ignoring the role of ionic species, which can be partially due to
the emergence of related technology of plasma-immersion ion
implantation and deposition. Increased attention towards
tuning the plasma ionic species can provide an additional
degree of freedom for inuencing the properties of the thin
lms grown by PECVD.37,299,300

Given the fact that the plasma-assisted processes are quite
complex and involve numerous physical and chemical
processes, the study of the deposition and growth mechanism
has always been challenging. Additionally, most of the reported
data on PECVD are largely based on the in-house plasma source
and reactor, making the comparison of data somewhat
20114 | J. Mater. Chem. A, 2025, 13, 20104–20142
challenging. Therefore, generalized relations between lm
characteristics and growth parameters such as temperature,
dosage of precursors and carrier gases, and plasma power are
still less established to date, hindering its utility in large-scale
production of advanced materials and devices for specic
applications. To overcome this, greater attention on establish-
ing a generalized and direct correspondence between the
plasma state, thermodynamic conditions and characteristics of
deposited structures is required.
3 Photo-assisted chemical vapor
deposition
3.1 Photoirradiation-matter interaction during chemical
vapor deposition

Photoirradiation-based processing serves various applications,
including deposition, doping, chemical etching and
ablation.301–303 Photo-assisted or photo-initiated CVD utilizes
photons generated from sources such as gas discharge lamps,
inert gas-ion lasers, solid-state lasers, or excimer lasers to drive
precursor decomposition. Typically, photons in the visible or
ultraviolet (UV) spectrum (wavelength ∼100–700 nm) are used,
though infrared (IR) lasers are occasionally employed for
precursor decomposition.304,305 Precursor decomposition may
occur through thermal effects (pyrolytic decomposition), non-
thermal effects (photolytic/photochemical decomposition), or
by a combination of both photophysical processes.306,307 In
addition to temperature, factors such as pressure, nature of the
reactant, and thermal conductivities of the substrate, gas, and
resulting deposit also inuence the deposition rate during the
pyrolytic process.308

In the pyrolytic process, a suitable laser is typically used to
heat the substrate locally, creating a Gaussian distribution of
irradiance on the focused region. This ensures that only the
central part of the focused spot reaches the desired temperature
for precursor decomposition and deposition. Conversely, in the
photolytic process, directed radiation activates precursor
molecules (e.g., AB) on the substrate or in the gas phase (eqn
(3)), leading to dissociation (eqn (4)) or reactive dissociation
(eqn (5)), resulting in decomposition and deposition.

Absorption: AB + hn / AB* (3)

Dissociation: AB* / A + B (4)

Reactive decomposition: AB* + D / E + F (5)

Additionally, if the energy supplied by the UV lamp or laser is
high enough, ionization (eqn (6)–(8)) and radical formation
(eqn (9)) are concomitant reactions, leading to the formation of
reactive species.309,310

Ionisation: AB + hn / [AB]+ + e− (6)

AB + hn / A+ + B + e− (7)

AB + hn / A+ + B− (8)
This journal is © The Royal Society of Chemistry 2025
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Radical formation: AB + hn / Ac + Bc (9)

In the photolytic process, precursor decomposition can
occur at temperatures signicantly lower than the pyrolysis
temperature. This is achieved through energy transfer from the
excited electronic states to the vibrational states of the
precursor molecules.311 The fraction of excited molecules
undergoing bond dissociation and the corresponding reaction
rate (Ra) can be represented using a modied Beer's relation-
ship, eqn (10)

Ra = (I0/hn)F exp(−slpl/kT) (10)

where I0 is the incident UV intensity, hn is the photon energy, F
is the photochemical quantum efficiency, k is Boltzmann's
constant, sl is the absorption cross-section for incident wave-
length l, p is partial pressure, l is the optical path length, and T
is the absolute vapor temperature.312 In the pyrolytic process,
decomposition occurs at the substrate surface, and the depo-
sition rate is kinetically controlled, with a high activation energy
(Ea) of ∼100 kJ mol−1. In contrast, photolytic decomposition
occurs in the gas phase where the deposition rate is diffusion-
controlled, with a signicantly lower Ea of ∼10 kJ mol−1.313

Additionally, the absorption of incident radiation by the
substrate, such as a semiconductor, alters its surface charge
state, which can induce catalytic activity, promoting reactions
between the organic ligands of metalorganic precursors to form
stable by-products or leaving groups. Their desorption facili-
tates enhanced lm growth at temperatures much lower than
those required for conventional thermal CVD.314

Photolytic PACVD typically employs vacuum ultraviolet (VUV,
wavelength <200 nm) lamps or lasers, emitting high-energy (5–
15 eV) photons capable of cleaving most chemical bonds, as the
initiation source. However, the limited light transmission at
these wavelengths necessitates specialized reactor windows,
such as MgF2 and LiF, or advanced reactor designs. To over-
come these limitations, short-wave UV light (200–280 nm) is
oen used, which can be transmitted through cost-effective
quartz windows. This approach requires careful selection of
precursors with reactive chemical bonds that can be activated at
these wavelengths. To broaden the range of applicable precur-
sors, especially for the deposition of polymers, photosensitizers
and/or photo-initiators are used along with the monomers.315

3.2 Overview of photo-assisted chemical vapor deposition

The PACVD technique was initially developed to meet the
demands of the semiconductor and microelectronics fabrica-
tion industry. Early reports of pyrolytic laser-assisted CVD
(LACVD) include the deposition of silicon using a 50 W infrared
CO2 laser316 and the deposition of carbon using a visible Ar+-ion
laser.317 Important studies by Liu et al.,318,319 Ruzin and Nemir-
ovsky,320 Irvine et al.,321 and Santos et al.322 explored the theo-
retical and mechanistic aspects of LACVD. Comprehensive
discussions of the key principles underlying PACVD can be
found in earlier reference works.312,323,324 Similarly, reviews by
Sankur,325 Zhao et al.,22 and Hwang et al.326 provide valuable
insights into the advancements and applications of PACVD.
This journal is © The Royal Society of Chemistry 2025
Table 2 presents selected reports on PACVD, displaying its
importance in thin lm fabrication for a range of materials.

Photo-assisted CVD has been widely used for the deposition
of metals,351 oxides,352 carbides,334 nitrides,311,347 carboni-
trides,334 and organic polymers,353 targeting applications such
as coatings and functional materials. PACVD has demonstrated
signicant versatility in tailoring the characteristics of depos-
ited materials by independently or synergistically modulating
the characteristics of photo-radiation such as intensity or
source type, or integrating it with substrate heating or PECVD
processes. Akazawa et al.354,355 reported increased reactivity of
the GeH4 precursor in PACVD of germanium on an SiO2

substrate using a VUV beam as the heat source, due to its gas
phase photolytic decomposition. Lari et al.356 reported
a continuous aerosol photopolymerization technique for
coating nanoparticles, where photosensitive nanoparticles
initiated surface photopolymerization of monomers onto their
surfaces. Kasparek et al.357 studied the inuence of different
VUV sources on thiol-terminated lms deposited from C2H2 +
H2S gas mixtures, indicating that the absorption coefficients of
gases signicantly affected the photolytic reaction kinetics and
resulting lm composition.

Photo-assisted MOCVD has resulted in the deposition of
oxide lms (TiO2, NiO, ZnO, and NiZnO) with improved crys-
tallinity.339,343,358,359 It also provided a convenient method for
depositing metals at a reasonable growth rate on thermally
delicate structures, such as self-assembled monolayers.337

McElwee-White and coworkers extensively investigated the
photochemistry of suitable precursors,337,351,360–362 indicating
that the secondary photo-processes oen strongly inuenced
the overall efficacy of precursor decomposition.337

In laser-assisted CVD, depending upon the laser uence and
mode of its application (direct or parallel to substrate, scan
speed, etc.), the laser-matter interaction can be expressed via
laser pyrolysis,332,363,364 laser photolysis328,365–367 or laser reso-
nance sensitization.368–370 LACVD displayed its utility in the
fabrication of thin lms of metals,371–373 oxides,338,344

nitrides,152,308,311,347,374 carbides,375 sulphides,376–378 carbon-based
materials,329,331,379 and composites.334,380,381 Several general or
material-specic reviews highlight the versatility of
LACVD.307,370,379,382–388

Odusanya et al.331 investigated the role of deposition
parameters (gas ow rate, temperature, laser power, time,
substrate) in a pulsed laser-assisted CVD of carbon nano-
materials. Um et al.379 reported laser-assisted direct writing of
>10 nm thick highly-ordered graphite lm on a Ni substrate. Wu
et al.329,389 utilized femtosecond laser texturing of metal
substrates to improve the adhesion of diamond coatings in
laser-assisted combustion ame CVD. Moreover, laser-assisted
photolysis of hydrocarbon precursors has been shown to
effectively suppress nondiamond carbon formation and
promote preferential crystallographic orientation in CVD
diamond.327,328,390

Tu et al.342 reported LACVD of HfO2 lms via a single growth
process using an InGaAlAs diode laser that created a lateral
temperature gradient (100 K mm−1) over the Si(100) substrate
and resulted in four regions with different deposition
J. Mater. Chem. A, 2025, 13, 20104–20142 | 20115
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temperatures (Fig. 4). The four regions followed different
deposition kinetics, resulting in differential phase, micro-
structure, and morphological developments in these regions.
The maximum deposition rate was 102 to 104 times higher than
that in previously reported deposition methods. On the other
hand, Zhang et al.380 achieved a vertical temperature gradient
between the top and bottom of the coating during the growth of
graphene/SiC composites over Si nanowires. The light-trapping
structure of nanowires enabled full utilization of the photo-
thermal effect of the laser at the top of nanowires, resulting in
a larger surface area in the deposited lm.

Zhang and coworkers380,391–393 utilized LACVD to fabricate
graphene/cubic silicon carbide (3C–SiC) composite lms using
hexamethyldisilane as a single precursor. In these composites,
the formation of graphene relied on the multi-step decompo-
sition of hexamethyldisilane, depending on the deposition
temperature and pressure:391

At lower deposition temperature and high pressure (i.e. at
lower phonon energy per hexamethyldisilane molecule), hex-
amethyldisilane decomposition mostly proceeded to step (2),
resulting in a graphene-rich graphene/3C–SiC composite.
However, at high deposition temperature and low pressure (i.e.
at sufficient phonon energy per hexamethyldisilane molecule),
complete decomposition of hexamethyldisilane ensured
Fig. 4 SEM images of the cross-sections and surfaces of HfO2 films in the
(e), (i), (m) region I at T = 1300 K, (b), (f), (j), (n) region II at T = 1400 K, (c),
respectively. T represents deposition temperature, reused with permissio

20118 | J. Mater. Chem. A, 2025, 13, 20104–20142
sufficient supply of [(CH3)n–Si] clusters, resulting in pure
epitaxial SiC lms. A high distribution of graphene at the
bottom of the lm in transmission electron microscopy (TEM)
analysis further supports this mechanism, as the formation of
graphene predominantly occurred in the early stages of the
heating ramp.

Laser-assisted CVD has emerged as a preferred method for
the maskless fabrication of microdevices.307,364,379,394 Laser-
assisted vapor phase epitaxy, a variation of LACVD, resulted in
selected area epitaxial growth of high structural and optical
quality layers of III–V compound semiconductors, without
masking or surface structuring.395 LACVD has achieved a growth
rate of ∼84 mm h−1 compared to ∼2–3 mm h−1 in normal CVD
for the deposition of gallium nitride (GaN) transistors and
diodes.347,396 In CVD of GaN using ammonia as a nitrogen
source, poor decomposition efficiency of ammonia leads to
abundant carbon impurities. Conventional approaches to
overcoming carbon impurities, such as increased carrier gas
ow and high NH3-to-Ga precursor ratio, have negatively
affected the growth rate. LACVD has helped solve this issue
without compositing with the growth rate. For example, by
using a high-power CO2 laser in LACVD of GaN lm from a tri-
methylgallium precursor, Zhao and coworkers311,397 achieved
>60% reduction in carbon content with a high growth rate (4.5
four regions, obtained using the high-throughput growth process. (a),
(g), (k), (o) region III at T = 1500 K, (d), (h), (l), (p) region IV at T = 1600 K,
n from Royal Society of Chemistry.342

This journal is © The Royal Society of Chemistry 2025
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mm h−1). A strong interaction of the CO2 laser with NH3 mole-
cules at a wavelength (9.219 mm) matching with the rotational–
vibrational transition of N–H wagging mode (1084.63 cm−1) of
NH3 facilitated the NH3 decomposition.311

Laser-assisted PECVD (LAPECVD) processes are developed
for electronic and optoelectronic applications to avoid key
drawbacks of PECVD, such as ion bombardment-induced
substrate damage, nonstoichiometric composition, and
residual stress.152,335 For example, Kim et al.152 used an ArF laser
along with the NH3/SiH4 plasma (Fig. 5(a)) for the dissociation
of reactive gases during the deposition of silicon nitride lms.
The LAPECVD-grown lm displayed increased deposition rate
(Fig. 5(b) and (c)) and lower residual stress compared to the
normal PECVD-grown lm (Fig. 5(d)), due to the shi in
composition towards the stoichiometric Si3N4. The LAPECVD-
grown lm displayed higher etching resistance due to the
high lm density resulting from its higher nitridation. More-
over, the organic light-emitting device employing the LAPECVD-
grown passivation layer displayed improved performance
without any electrical damage.

The initiated chemical vapor deposition (iCVD) is widely
used for organic and hybrid polymer lms, where thermal
activation of a volatile initiator is employed to commence the
polymerization of monomers.353 In iCVD, thermal activation
generally needs an active cooling strategy to keep the substrate
temperature conducive for adsorption, which can be arduous
for complex or poorly thermal-conducting substrates. To
address this, initiation-polymerization can be achieved by gas
phase or surface photoactivation of initiator/monomer(s) in
Fig. 5 (a) Schematic of the LAPECVD system; deposition rates for PECV
plasma power (c); and (d) residual stress of silicon nitride films with plas

This journal is © The Royal Society of Chemistry 2025
photo-initiated CVD (piCVD), thus eliminating the requirement
of high-temperature sources.279,315 Typically, piCVD needs
a judicious selection of a primary monomer reaction mixture,
oen without any initiator and sensitizer, based on its capacity
to undergo photo-induced polymerization in the gas phase or
onto the substrate. In recent years, piCVD has been widely used
for the deposition of polymeric lms and the surface func-
tionalization of nanomaterials.22,348,349,353,398 The utilization of
photon energy to initiate and propagate the polymerization
process in functional lms for biochemical/biological applica-
tions has eliminated the requirement of potentially toxic initi-
ators and crosslinkers.348,399,400 The piCVD has been preferred
for surface modication.22,315,348,349,398,401 In this regard, to over-
come the constraints of a limited range of photochemically
active precursors, initiators and sensitizers, a syngas piCVD is
proposed, where syngas (H2 + CO) is photoexcited by short-wave
UV radiation to produce radicals and reactive species.315,398,402,403

Tavares and coworkers studied the kinetics of syngas
piCVD,315,402,404 and employed it for the deposition of thin lms
and surface treatment of polymers and nanoparticles.398,405–407

The piCVD achieved large-scale (5 g) encapsulation of magnetic
iron oxide nanoparticles in a jet-assisted uidized bed cong-
uration.406 The piCVD is used to regulate the surface wetting
behavior.349,407,408

Photo-assisted manipulations employing the ablation and
annealing effects of laser are extensively used complementary to
the main CVD process, inuencing the composition, crystallo-
graphic orientation, and morphology of the substrate and
D and LAPECVD, measured as functions of NH3 : SiH4 ratio (b) and RF
ma RF power, reused with permission from Elsevier.152
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‘preparing’ it for the deposition of a desired material in the
subsequent CVD step.326,375,409,410
3.3 Perspective on photo-assisted chemical vapor deposition

Photo-assisted manipulations in CVD enable the deposition of
lms and arrays with impressive substrate adhesion, high
quality, and high deposition rate. Using PACVD, low-
temperature deposition of selected area (using laser) and rela-
tively large area (using UV lamps) lm on thermally labile
substrates is easily achieved. Unlike the PECVD where
bombardment of aggressive plasma species may cause some
damage to the lm, PACVD-grown lms are free from such
artifacts. However, for using a VUV source, window composition
has been one of themajor factors in reactor design. The range of
photolytic PACVD has been limited by the availability of
photosensitive reactants. Photosensitizers and photoinitiators
are employed to extend this range; however, their high cost is
still a major constraint. The paucity of a universal and readily
activated photoinitiator, such as the thermally activated perox-
ides in iCVD, is still a concern.

Syngas piCVD has been a convenient and economical
method for organic lm deposition and surface functionaliza-
tion. However, it is limited to carbonaceous materials and
requires further understanding of the role of syngas composi-
tion and iron species on deposition chemistry and kinetics.
Moreover, organic substrates and deposited lms can oen be
susceptible to photo-induced degradation, limiting the quality
of the lms.

PACVD and its variants provide a convenient method for the
deposition over thermally delicate structures, such as self-
assembled monolayers. However, to achieve this, the devel-
opment of new precursors with a greater understanding of
their photochemistry is desired. PACVD is not suitable for
deposition on transparent substrates. Similarly, the impor-
tance of LACVD rests in ensuring selective area deposition;
however, the area of deposition is limited by the laser spot size.
The Gaussian distribution of irradiance around the focused
spot even renders it less suitable for nanoscale direct writing
over a large area. In this regard, plasmon-assisted CVD, sug-
gested by Boyd et al.,411 where localized heating induced by the
surface plasmon of nanostructured metals is used for nano-
scale heating and subsequent deposition, can be an alternative
in some cases, especially where contamination by nano-
structured metal layer is not an issue. However, a potential use
of this Gaussian distribution of laser irradiance can be in
creating a nanoscale temperature gradient during the molten
metal-catalyzed growth of nanostructures. This, under some
conditions, can manifest in interesting physicochemical
effects on deposition and growth kinetics, e.g., the Marangoni
effect in SiO2 during eld-assisted CVD growth of CNTs412 and
in differential phase, microstructure, and morphological
developments in HfO2.342 Moreover, the idea of using a laser
for selective alteration of specic chemical bonds or excitation
of vibration modes in reacting species and thus imparting
chemical selectivity413 is less explored in CVD and needs
greater attention.
20120 | J. Mater. Chem. A, 2025, 13, 20104–20142
4 Electric field-assisted chemical
vapor deposition
4.1 Electric eld-matter interaction during chemical vapor
deposition

The interaction of the external electric elds with matter (atoms
or molecules) has a range of effects, with the Stark effect dis-
playing the splitting of energy levels being the most prominent
manifestation. Theoretical calculations suggest that an EF of 1–
10 V nm−1 can alter the Ea of gas phase reactions by
several kJ mol−1. The application of such an intense EF on
reaction volume is challenging due to the dielectric breakdown
of the medium.414 However, an externally controlled moderate
EF provides efficient ways to alter the reaction chemistry via its
direct interaction with the participating species (atoms, mole-
cules, or other complex matter), inuencing the electron
transfer/charge migration, geometry and/or bond strength, and
interfacial behavior.415–417 When an external EF is coupled with
the CVD process, the precursor molecules having a permanent
or induced dipole interact with the eld and gain kinetic energy,
increasing their probability of reaching the substrate surface.418

The gaseous precursor may assume a preferred orientation
towards the substrate and, if EF is sufficiently strong, some of
the bonds in precursors get activated along the direction of the
dipole, reducing the energy of nucleation and executing
a preferred growth orientation.23

During the CVD process, externally controlled electrical
biasing of the substrate-containing electrode plays an impor-
tant role in bias-enhanced nucleation (BEN)90,419,420 and bias-
enhanced growth.421 In processes involving the gas phase
formation of charged nanoclusters, the application of electrical
bias directs these clusters toward the substrate, where they act
as nucleation centers for deposition.419 For example, during the
deposition of diamond and carbon nanotubes, the gas-phase
ux contains, respectively, the positively and negatively
charged carbon fragments. Therefore, the substrates, which are
negatively-biased (in diamond deposition) and positively-biased
(in carbon nanotube deposition), promote nucleation and
growth (Fig. 6(a)).424–428 Additionally, the nature of external
electrical bias (i.e., DC/AC) has been an additional control
parameter, with voltage and AC bias frequency signicantly
affecting the microstructure evolution and growth
rate.23,422,423,429

From a non-classical nucleation point of view, the charged
nanoclusters originating at the initial stages of precursor
decomposition in CVD act as building blocks for 1D nano-
structures such as nanowires and nanorods. For CVD growth of
such nanostructures, the applied external electrical bias, apart
from inuencing their velocity and population at the substrate
via a repelling or attracting inuence, also provides directional
control over the growing nanostructures.430 For example, during
EF-assisted growth of 1D materials such as CNTs, the dipole-
induced torque directed the growing 1D nanostructure to
align along the EF, enabling a sustained oriented 1D growth
(Fig. 6(b)).188,431 Similarly, external EF-induced in situ manipu-
lation helped the formation of doped nanostructures, e.g., by
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Schematics of the bias effect on the evolution process for the granular structure of diamond films with (w-E) and without (w/o-E) EF.
The bias condition displayed an increased and instantaneous nucleation (i), moderate grain-growth (ii), and coexistence of some graphitic phase
(iii), reusedwith permission fromACS;421 (b) schematic showing a single-walled carbon nanotube in an EF (i) and its vibration in an EF (ii);422 (c) SEM
images showing the effect of EF on the growth of vertical graphene arrays and graphene nanowalls, reused with permission fromWiley;188 and (d)
effect of electrical bias on plasma appearance in PECVD of diamond films.423
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inducing electromigration of dopant species,432 and homo-
junctions, e.g., by sequential growth of the Sb-doped p-type ZnO
microwires (with EF) along the undoped n-type ZnO microwires
(without EF).433

In PECVD, external EF has been used to inuence the
distribution of plasma around the substrate. The negatively
charged plasma wall, due to the higher mobility of electrons
compared to the ions, is attracted or repelled toward the
substrate, depending upon the substrate bias (Fig. 6(d)). The
external EF also led to the decoupling of ion ux and ion
energy251,263,434 and exerted control over the electric eld
concomitant with the plasma.183,435,436 Such external bias-
controlled ion energy and plasma ow characteristics have
inuenced various phenomena such as ad-atom migration,
desorption, etching, and displacement of lattice atoms in the
growing lm, affecting its characteristics-growth rate, crystal-
linity, density, and stoichiometry.437,438
4.2 Overview of electric eld-assisted chemical vapor
deposition

The use of externally applied electrical bias in CVD can be
traced back to the work of Sawabe and Inuzuka24 on the hot
lament CVD (HFCVD) of diamond lm, displaying an
increased deposition rate due to a 150 V bias-induced enhanced
electron bombardment on the substrate surface. Yugo et al.25,419

used an external EF-induced pre-deposition process to generate
diamond nuclei under a minimum bias voltage of −70 V during
the PECVD of diamond. Yoshimura et al.439 reported the fabri-
cation of molecular-aligned polymer lm by employing a strong
(0.78 MV cm−1) external EF. The external EF-assisted CVD
process gained momentum in the 1990s,418,439–441 and was well-
received during the 2010s.23,433,442–454 It has been employed in
This journal is © The Royal Society of Chemistry 2025
CVD of metal455 and 1D/2D materials (hexagonal boron
nitride,456 carbon microcoils and nanotubes,28,457 and gra-
phene183), AACVD of metal oxides,449,453,454,458–461 and PECVD of
microcrystalline silicon.462 The EF assistance in CVD has been
focused on manipulation of deposition and growth,463 growth
direction and crystallographic orientation in nano-
structures,183,433,454,464 defects,435 and selective growth (phase
composition and crystallinity).431,433,465 Table 3 presents selected
examples of EFCVD used for the deposition of functional
coatings.

External EF assistance has shown a remarkable impact in
aerosol-assisted CVD (AACVD) of metal oxides.449,453,454,458–461

Beyond the magnitude and polarity of the applied bias, factors
such as the type of current (AC vs. DC), frequency,458 aerosol
delivery setup and substrate orientation461 signicantly inu-
ence particle size and shapes, agglomeration, and phase
composition and preferential crystal orientations.453,454 The
trajectory and ight time of aerosol droplets, charged either due
to polarized molecules or static surface charges are inuenced
by the EF parameters. For example, in the deposition of WO3

using the [W(OPh)6] aerosol in toluene, applying AC voltage
rather than DC voltage resulted in aligned and evenly distrib-
uted brous growth. This is attributed to the higher impedance
of AC elds, which prevents the rapid dissipation of induced
dipoles in the growing material, thus maintaining the align-
ment of the bers with the eld.458 In the CVD of b-Ga2O3 on
a patterned sapphire substrate, external EF (0–80 V) was found
to signicantly affect the growth rate, morphology, and crys-
tallinity.450,465 The growth rate increased with increasing EF,
forming uniform and regularly arranged microstructures. X-ray
diffraction (XRD) analysis indicated increased preferential
growth along the (−201) plane of the monoclinic crystalline
phase of b-Ga2O3 with increasing external voltage.465
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The EF-assisted CVD processes have played an important
role in understanding the non-classical charged nanocluster-
based nucleation and growth. Hwang and
coworkers429,466–468,473–475 have studied the formation of charged
nanoclusters and their deposition behavior under different bias
conditions (substrate bias, lament bias in HFCVD, AC vs. DC
bias) in CVD. In HFCVD of SiC, a negative bias of hot lament
led to the formation of smaller charged nanoclusters compared
to that in positive or zero bias, which displayed liquid-like
properties and promoted epitaxial growth through epitaxial
recrystallization.468 In CVD of diamonds, the electrical bias
accelerated the charged nanoclusters formed in the gas phase
towards the substrate to act as nucleation centers and execute
a bias-enhanced growth.476,477 In the CVD process, diamond
deposition is also accompanied by an undesirable graphitic
phase and EF-assisted +ve substrate biasing suppresses this
graphitic phase.476 Wang et al.427 studied the evolution of
nucleation and growth of a heteroepitaxial single-crystal dia-
mond lm with substrate bias on an Ir substrate, displaying
a close relation between bias voltage and bias time. The bias-
enhanced nucleation experienced incubation and domain-
nucleation periods where domains can enlarge and diminish
with bias time, resulting in the nucleation pathways changing
from “isolated-crystal nucleation” to “typical domain nucle-
ation” and again back to “isolated-crystal nucleation”.
Fig. 7 (a) An illustration of an EFCVD reactor with an RF electrode inserted
(b) A magnified schematic shows the occurrence in the interelectrode gap
ultralong CNT is under the influence of a field-induced aligning torque, (i
numerical results of field distribution inside the reactor tube portraying
density of the equipotential lines indicates the local field intensity. The m
two electrodes within the interelectrode gap (50 mmwide). (d–f) Z-pinch
for the z-pinch stiffening effect. Axial current (orange) is confined to the
The cross-section free-body diagram of the continuumCNTmodel for th
red. Pressure acting on CNT wall (e) and equivalent restoring force (f) ar

This journal is © The Royal Society of Chemistry 2025
In HFCVD of anisotropic carbon-based nanomaterials, the
external electrical bias inuences the deposition rate, compo-
sition, and orientation of growing nanostructures.478,479 For
example, during catalytic deposition, the axis polarizability of
1D-carbon nanostructures in EF has caused them to be lied
upward from the horizontal direction, enabling them to grow
more readily from the catalyst surface.443,470,480 Zhang and Pan481

demonstrated a bias-dependent diameter variation of carbon
nanobers using Ni nanocatalysts. An external bias of 0, 25 and
50 kV m−1, respectively, inuenced the size of nanocatalysts,
which become liquid at the deposition temperature, resulting in
nanobers with 19.2 ± 8.6, 13.8 ± 4.7, and 8.0 ± 2.4 nm
diameter. Similarly, Peng et al.443 exploited the greater polariz-
ability of metallic-CNTs compared to the semiconducting-CNTs
to raise the percentage of metallic-CNTs to 80% with EF-bias of
200 V cm−1 compared to that of 47% with zero eld bias. Luo
et al.470 observed that the CNTs grown under EF displayed
a smaller and uniform diameter, improved crystallinity and
graphitic nature, and fewer graphite layers parallel to the tube
axis. Issman et al.464 used external EF for continuous alignment
of CNT bundles (Fig. 7). The theoretical model simulating the
alignment process indicated that a CNT stiffening effect
(introduced by a z-pinch mechanism induced by the Lorentz
force of the AC eld, rather than DC elds) enabled a means to
control CNT bundle diameters. The EF-assisted samples
at its front, while the forming CNT aerogel acts as a counter electrode.
: (i) AC field induced “Lorentz pinch” stiffens the ultralong CNT, (ii) Stiff,
ii) CNT is aligned according to the field lines. (c) Finite element method
equipotential lines (blue) and orthogonal field lines (red). The packing
odel shows the presence of alignment-inducing field lines bridging the
mechanism, (d) illustration of electromagnetic fields in a CNT relevant
CNT walls and induces a circumferential magnetic field (blue). (e and f)
e z-pinch. Internal forces on both faces along the contour are shown in
e shown in blue, adopted with permission from ACS.464
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displayed a 75–90% increase in specic electrical conductivity
and 260–320% increase in specic tensile stress to failure,
compared to the zero-eld sample.

Linnik et al.482 reported the RF (13.56 MHz) bias-enhanced
nucleation of diamond on dielectric substrates where the
nucleation densities obtained on sapphire and Si substrates
were 1010 and 1011 cm−2, respectively. In PECVD of carbon-
based nanomaterials, internal EF associated with the plasma
plays an important role in oriented growth.183,186,483 However,
additional electrical biasing has also been enforced, ensuring
vertical growth and/or enhancing desired materials attri-
butes.188 For large-area deposition of high electrical conducting
graphite-like carbon lm in PECVD, high and uniform plasma
density and effective ion bombardment (i.e., high plasma
energy) are needed to increase graphitic character. To this, Bae
et al.434 used a high negative substrate bias (up to 2 kV) to
decouple the ion ux with ion energy, enhancing the ion
bombardment energy ($1.3 keV) of the Ar/C6H6 surface-wave
plasma (plasma density $1017 m−3) for the deposition of sp2

carbon-rich lms. With increasing bias, the deposition rate
decreased, but the graphitic character increased, resulting in
a highly conducting large area (16 cm) lm. In PECVD, diffused/
remote plasma congurations overcome the issues of defect
creation and etching, which are observed in the direct plasma
conguration. However, in vertical growth of carbon nano-
materials, diffused/remote plasma congurations may also lead
to horizontal growth.484–487 The application of an additional
external substrate bias with respect to the electrically grounded
chamber wall minimized the horizontal growth.59,184,186 Butcher
et al.488 used a biased grid placed between the plasma and the
substrate, shielding the substrate from the strong EFs gener-
ated by the RF plasma during PECVD of GaN. PECVD with
a grounded grid resulted in highly smooth lms, whereas +ve
grid biasing led to columnar growth. Interestingly, −ve grid
biasing signicantly reduced the carbon and hydrocarbon
content of GaN lms. Similarly, by placing metal-covered Si
half-rings around an Ir/YSZ/Si(001) substrate, Yoshikawa et al.489

demonstrated wafer-scale bias-enhanced nucleation and het-
eroepitaxial growth of single-crystalline diamond by PECVD,
with the half-rings and their thickness inuencing the bias-
enhanced nucleation density and the plasma density distribu-
tion. Some studies have reported innovative ways to execute the
EF-matter interaction in CVD. For example, Reiprich et al.490

reported an EF-guided localized and programmable CVD
method to deposit 3D materials. The electrically charged
precursor molecules were guided by the arrays of electrody-
namic funnels to nanosized ($250 nm) deposition locations,
where nearest neighbor coupling led to the deposition of 3D
nanostructures. Shi et al.491 reported double bias induced post-
deposition nanostructuring of a boron-doped diamond lm via
a reactive ion etching process, introduced by negative substrate
bias (250–300 V) and positive bias (0–60 V) of a strategically
placed grid in the HFCVD system. The double biasing greatly
improved the etching efficiency, forming nanocone structures
with enhanced electrochemically active surface area.

Some studies simulated the physical processes on the scale
of the apparatus in EF-assisted PECVD to present mathematical
20124 | J. Mater. Chem. A, 2025, 13, 20104–20142
models relating the electrical bias with the deposition rate.492,493

For example, to explain the diamond growth from the CH4/H2

gas mixture in EFCVD, Lifang et al.494,495 performed Monte Carlo
simulation correlating the energy carried by electron and
precursor fragments as a function of experimental parameters.
For metal-catalyzed CVD of CNTs, Saeidi and coworkers496,497

presented a theoretical model relating the external EF with the
phonon oscillations of metal catalysts. They demonstrated that
a catalyst-specic optimum electric eld was required,
depending upon the metal–carbon van der Waals interactions,
atomic mass, and free charge carrier density of metal atoms.497

Wang et al.438 proposed a two-dimensional axisymmetric model
to understand the inuence of positive bias and deposition
pressure on the plasma ow properties in the deposition
chamber during the bias-enhanced PECVD process, predicting
a bias voltage threshold phenomenon with a narrow range of
suitable voltage.
4.3 Perspective on electric eld-assisted chemical vapor
deposition

The imposition of external EF around the assembly of precur-
sors, carrier gas, and substrate has provided a non-
contaminating way to manipulate the CVD process. However,
except for bias-enhanced nucleation in diamond growth and
aligned growth of nanostructures, the potentials of EF-assisted
modulations seem to be underutilized in CVD. Previous studies
have focused mainly on the realization of EF-assistance on
isolated, lab-scale deposition processes, which should be tested
at the industrial scale, given the importance of CVD in modern
manufacturing. In this regard, recent reports of employing EF-
assisted modulations in tuning the ion energies in plasma-
assisted atomic layer deposition,498,499 an offshoot technique
of PECVD, warrant renewed attention in EFCVD.

Electric eld-driven, potentially non-thermal mechanisms
have proven their signicance in materials synthesis and pro-
cessing,500 manifesting far-from-equilibrium effects at a range
of length scales – from the atomic level tomicrostructural level –
and therefore should not remain ignored in CVD. The reports of
using an external electric eld to inuence defect creation and
defect migration during materials processing432,433,435,501,502

should be extended to the EFCVD of diverse functional
materials.

Most reports on EFCVD remain conned to lab-scale
demonstrations, primarily due to economic constraints and
challenges of process integration. In addition, limited under-
standing of EF-matter interaction in CVD parametric space also
poses a signicant barrier to broader the adoption of EFCVD. As
nucleation and lm growth are mediated by charged nano-
clusters generated in the gas phase during CVD,466,473,503–505 there
is a growing need for studies investigating the inuence of
external EF effects on electrostatic energy and drag force acting
on these nanoparticles, particularly in relation to oating,
grounded, or biased substrates. Such investigations accompa-
nied by appropriate modeling efforts, specically focusing on
the inuence of external EF on the reactivity, mass and heat
transfer, and reaction kinetics would provide valuable insights
This journal is © The Royal Society of Chemistry 2025
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to optimize EFCVD processes and scale them for practical
applications.
5 Magnetic field-assisted chemical
vapor process
5.1 Magnetic eld-matter interaction in chemical vapor
deposition

Depending upon the time-space properties of the eld, an MF-
matter interaction has manifested into any or a combination of
phenomena – Zeeman effect, magneto-thermodynamic effect,
magnetic torque, Lorentz force, Faraday force, eddy current,
and energy injection.506 Quantitatively, an external magnetic
eld of 1 T induces a ∼0.05 J mol−1 change in Gibbs free energy
of a chemical reaction at room temperature, inuencing the
rate constant by a seemingly insignicant factor of ∼10−5.507

However, these low-energy magnetic interactions have dis-
played a noticeable inuence on chemical kinetics and the
outcome of the chemical reactions.508 For example, when
a magnetic eld is applied in the course of precursor ow in
CVD, polar molecules and charged particles move in a cyclical
way under the inuence of the MF-induced Lorenz force,
making their movement trajectories overlap more frequently.
This increased the probability of collision between reacting
species and carrier gas molecules.26 An external MF inuenced
the nucleation process and, depending upon the difference in
magnetization between the vapor phase and the substrate,
provided an extra driving force in the form of Zeeman energy,
thus lowering the energy barrier for nucleation on the substrate
surface.509 A sufficiently strong and favorably oriented MF
inuenced the mobility and diffusion of precursor molecules
onto the substrate surface, altering the crystallization temper-
ature, phase separation, and morphology in the resulting
lm.510 The coupling of MF with other eld effects-electric
eld,27,28,31 plasma,29,30,511 or both26,27,31,512,513 has resulted in
a synergistic effect, leading to the deposition of lms with
unique nanostructures.
5.2 Overview of magnetic eld-assisted chemical vapor
deposition

The initial reports on externally controlled MF assistance in the
CVD process can be traced back to the 1980s when it was used to
inuence the plasma properties during PECVD, displaying
variable effects of MF on the plasma and resulting deposition,
depending upon theMF strength, precursor characteristics, and
plasma and thermodynamic parameters.514–516 For example, MF
was used to conne the plasma density over the substrate,
enhancing the deposition rate and lm quality of DLC
lms.517–519 The connement of a low RF power plasma by anMF
parallel to the substrate surface effectively enhanced the plasma
density without increasing the ion energy, resulting in a high
deposition rate at low DC self-bias (sheath voltage). In the
absence of MF, only a high RF power input could ensure a high
growth rate. However, a high RF power resulted in a high sheath
voltage and ion energy, causing a potential deterioration in lm
quality. The external MF inuenced the plasma sheath
This journal is © The Royal Society of Chemistry 2025
parameters by affecting the ion ux and ion energy.516 A
streamlined magnetic eld has been used to stabilize the RF
plasma over long-range propagation, enabling high plasma
density with a decay-free, uniformly distributed ion energy over
an extended space, thus offering an energy-efficient means for
scalable fabrication of lms of 1D/2D materials.511,520–522 Table 4
presents selected examples of MF assistance employed in CVD
of functional coatings.

Researchers also employed an external MF to inuence the
normal CVD processes for the deposition of numerous func-
tional materials. For example, metal catalysts used for the
growth of CNTs are inuenced by the application of magnetic
eld, thus altering the growth mechanism. During MFCVD of
Fe-encapsulated CNTs, Wei et al.527 observed that an MF (0.2 T
with a gradient of ∼50 mT cm−1) transverse to the growth
direction resulted in the growth of branched CNTs having Fe
particles at their base, whereas an MF parallel to the growth
direction led to less-branched Fe-encapsulated CNTs. Similarly,
the CVD of carbon nanobers over a Ni catalyst led to random
nanobers with entangled orientation, but an external MF
assistance led to an aligned growth perpendicular to the
substrate.528 Interestingly, with increasing eld strength (up to
0.5 T) the morphology changed from disordered solid-cored
nanobers to bamboo-like CNTs. A growth mechanism based
on the particle size of the catalyst, which decreased with
increasing magnetic eld and the diamagnetic nature of carbon
atoms, was proposed to explain the morphological variations in
CNFs with the eld strength. A similar growth mechanism,
induced by an ordered arrangement of magnetic FeMgAl
layered double hydroxide catalyst akes in an MF-assisted
uidized bed CVD, resulted in a higher yield of bundles of
longer, narrower, and highly graphitic CNTs.521

Magnetic eld assistance has played a key role in enabling
the growth of diamond at relatively low temperatures and low
pressures in catalytic HFCVD.537–539 Based on the atomic scale
dynamics and electronic spin effects for carbon rehybridization
and xation, Little and Goddard537 demonstrated the inuence
of a static MF on the nucleation and growth mechanism of
diamond. A strong MF (∼19.3 T) was capable of initiating the
nucleation, thus eliminating the requirement of chemical or
abraded nucleation centers.537 The constriction effect induced
by Lorentz force of the static MF increased the effective
concentration of electrons and polarized hydrocarbon species
in the reactive gas mixture by minimizing their collisions with
the reactor walls.539 In a periodic MF (with magnetic eld
strength B = B0 sin uft, where B0 is maximum eld strength and
uf is angular frequency, Fig. 8(a)), the concentration of active
carbon particles increased with increasing uf, resulting in
enhanced nucleation density and diminished crystal size. Due
to the rotation of magnetic lines in a periodic eld, the electrons
and polarized hydrocarbon species prolong their moving path,
leading to a higher probability of collision with reaction gas
molecules to produce more carbon precursors.539 However,
based on the intricate relationship between B0 and vibrational
frequency of spiral movement, it is proposed that the positive
effect of increasing uf on prolonging the moving path of parti-
cles becomes negative beyond a uf value (Fig. 8(b)).525,539
J. Mater. Chem. A, 2025, 13, 20104–20142 | 20125
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As diamond lms are known for their orientation-dependent
functional properties, Wang et al.525 demonstrated that
depending upon lower or higher uf values the MF-assisted
HFCVD grown diamond lm preferred a (110) or (100) orien-
tation, respectively. Using a methane and hydrogen (1/99 vol%)
gas mixture, the molar ratio of C2H2 and CH3 fragments (C[C2H2]/
C[CH3]) in a reactive gas mixture inuenced the orientation of the
diamond lm. The C–H bond dissociation energy in CH3

(462 kJ mol−1) is lower than that in C2H2 (556 kJ mol−1), indi-
cating an easier dehydrogenation of CH3 than C2H2. The rising
collision possibility with increasing uf raised the C[C2H2] more
rapidly compared to the C[CH3], resulting in a higher C[C2H2]/
C[CH3] ratio that favored the (100) orientation over (110) orien-
tation. Also, higher uf values resulted in continuous nano-
diamond lms with ne grains, displaying an improved eld
emission performance.539

In a related study, Wang et al.31 investigated the effect of the
coupled magnetic and electric eld on the growth of a diamond
lm, presenting a qualitative simulation of the moving paths of
particles in the coupled elds with different electric eld
intensities, direction of initial velocity, and charge-to-mass ratio
(Fig. 8(c)). The experimental results indicated that the coupled
elds enhanced the graphitization and renement of diamond
crystals. The simulation study pointed out that MF suppressed
the (100) orientation by changing the precursor distribution,
inuencing the ratio of two precursor fragments −C2H2 and
CH3, a key factor deciding the preferred orientation of the as-
prepared lm.

Liu et al.540 investigated the effect of a dynamic MF (where
the induced EF points alternately in the ±z directions, orthog-
onal to the substrate surface523) with different angular
frequencies on the growth rate, diamond quality, growth
orientation, and deposition uniformity. At higher angular
frequencies, the electrons move with a higher velocity and
a larger radius, leading to an increased range of electron
motion. With this, the electron-molecule collisional excitations
are intensied, enabling more activated molecules to partici-
pate in growth and enhance the growth rate.540 Additionally,
similar to the EF-assisted bias-enhanced nucleation,90,419,420

a dynamic MF drives electrons and ions to enhance the dia-
mond nucleation. However, it does not cause a persistent
bombardment of charged particles to the diamond growth
front, which otherwise causes graphitization. Thus, a dynamic
MF suppressed the sp2 carbon generation and improved the
diamond quality.540 Presenting a detailed investigation of the
effect of dynamic MF on diamond growth, Liu et al.523 demon-
strated that the dynamic MF-induced EF alternately pointed in
the±z directions, driving the electrons to continuously oscillate
during motion and leading to non-persistent bombarding at the
substrate surface.523 As a result, the dynamic MF-induced dia-
mond nucleation has an entirely different surface chemistry
compared to the EF bias-assisted nucleation. As the thermal
energy of the hot lament was well below the energy required to
generate atomic H and CH3 components via gas phase electron–
molecule collisions, the gas phase electron–molecule collision
excitation could not support the enhancement of diamond
nucleation in CVD. The nucleation density (calculated from
J. Mater. Chem. A, 2025, 13, 20104–20142 | 20127
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Fig. 8 (a) Schematic diagram of a periodic MF-assisted HFCVD system and (b) the measured relationship between B0 and angular frequencies,
reused with permission from Elsevier.525 (c) A schematic displaying the distribution of MF strength in magnetic and electric field coupled HFCVD.
The numerical values in figures are taken from the work of Wang et al.31 and represent the Gaussian value of the MF strength.
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SEM images) displayed a dependence on u (Fig. 9(a)) and the
Fourier-transformed infrared spectroscopy (FTIR) of the MF-
assisted HFCVD lm displayed strong peaks at 1750 and
2240–2400 cm−1 (Fig. 9(b)), indicating a highly activated lm
surface. Therefore, the authors proposed that dynamic MF
mainly inuenced the surface chemistry rather than the gas
chemistry. The enhancement was attributed to a dynamic MF-
induced EF, leading to the electron-stimulated desorption of
hydrogen and formation of carbon dangling bonds on the
growth front, which subsequently morphed into mono-radical
and bi-radical sites for enhanced diamond nucleation
(Fig. 9(c)).

Magnetic eld-assisted CVD has been also employed for the
deposition of numerous non-carbonaceous materials, such as
metalloids and metal oxides. For example, in PECVD of hydro-
genated microcrystalline silicon (mc-Si:H) thin lms, Kim
et al.541 observed that an MF assist using a geometrically aligned
magnetic mirror resulted in a 7-fold increase in deposition rate
and enhanced crystallinity. This was attributed to the increased
formation of Si and SiH radicals from the SiH4 precursor under
MF-induced enhanced plasma connement, as observed in the
analysis of plasma properties using optical emission
spectroscopy.

For magnetically active materials, the application of MF
during CVD inuences not only the deposition and growth
process but also the orientation of grains and other eld
effects.542 Mathur and coworkers have extensively used MF-
assisted manipulation in the CVD of magnetically active
20128 | J. Mater. Chem. A, 2025, 13, 20104–20142
materials.530–536,543 For example, PECVD of hematite lm using
an iron pentacarbonyl precursor displayed excellent MF-
assisted control on phase and surface properties in static MF
generated by different arrangements (parallel/perpendicular;
par/perp) of rod-type or disk-type magnets (RTMs or DTMs)
along the substrate (Fig. 10(a)–(f)).532 In crystallographic anal-
ysis, the zero eld and RTM-perp samples experienced preferred
growth along the (110) crystallographic plane, whereas the
RTM-par sample, along with the DTM-par and DTM-perp
samples, experienced preferred growth along the (104) plane
(Fig. 10(g) and (h)). Compared to zero eld deposition, eld-
assisted depositions resulted in a more homogeneous particle
shape and size, forming a denser microstructure (Fig. 10(i)–(n)).
The lms deposited under the DTM-perp arrangement creating
an overall attractive eld interaction exhibited larger aggregates
with fewer grain boundaries (Fig. 10(j)). The lms deposited
under the DTM-par arrangement creating an overall repulsive
interaction exhibited more aggregates of densied crystallites
(Fig. 10(k)). However, the lms deposited under DTM-perp and
DTM-par arrangements displayed no difference in crystallite
sizes. More importantly, the hematite lm prepared under MF-
assistance displayed signicant enhancement in photo-
electrochemical properties in water splitting, which was attrib-
uted to the presence of smooth particle surfaces and fewer grain
boundaries in eld-assisted growth, favoring charge trans-
portation and reduced charge recombination.

The MFCVD of hematite on F-doped SnO2 and Si(100)
substrates displayed substrate-independent anisotropic growth
This journal is © The Royal Society of Chemistry 2025
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Fig. 9 (a) Dynamic MF intensity and diamond nucleation density as
a function of angular frequencies; (b) square root of diamond nucle-
ation density fitted (red curve) as a function of the induced electric
field; and (c) schematic diagram of the diamond growth front and
hydrogen desorption, adopted with permission from Elsevier.523

Fig. 10 Photographs of plasma under (a) parallel and (b) perpendicular fi
and (e) for RTMs; photographs of plasma (c) and corresponding qualitative
hematite films deposited under different MFs. Asterisks (*) represent SnO
using RTM under (i) zero field, (j) parallel field, and (k) perpendicular field;
parallel field, and (n) perpendicular field, adopted with permission from

This journal is © The Royal Society of Chemistry 2025
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of a-Fe2O3 columns, as against an isotropic grain growth in zero
eld deposition.533 Moreover, a parallel eld resulted in larger
crystallites with cuboidal morphology, whereas a 45° inclina-
tion led to a tilted orientation of anisotropic grains. The TEM
analysis displayed a gradual increase in average crystallite size
with increasing eld strength, supporting the observation that
even under low MF strength, the interactions between the
crystalline nuclei and MF can greatly inuence the nucleation
and grain growth on the substrate.31,530,536

Mathur and coworkers further broadened the horizon of
MFCVD by using a paramagnetic metalorganic Ti(III) precursor
[TiCl2(O

iPr)(pyridine)3] for the deposition of TiO2 lms,
demonstrating a remarkable shape anisotropy in deposited
lms.534 The MF-assisted (B = 0.5 T) deposition resulted in the
growth of well-dened anatase-type TiO6 subunits, whereas
zero-eld deposition led to distorted rutile-type TiO6 subunits.
The zero-eld deposition displayed preferential growth along
the (200) plane, whereas the MFCVD resulted in preferential
growth along the (101) and (200) planes in perpendicular-eld
eld geometry and corresponding qualitative magnetic field profiles (d)
magnetic field profile (f) for arrangement of DTMs; XRD patterns of the

2 from FTO substrates (g) and (h); surface morphologies of deposition
surface morphologies of deposition using DTM under (l) zero field, (m)
Wiley.532

J. Mater. Chem. A, 2025, 13, 20104–20142 | 20129
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and parallel-eld orientations, respectively. Elaborating on the
MF-matter interaction, similar experiments performed using
a diamagnetic precursor Ti(OiPr)4 indicated no such eld-
dependent microstructural variations, highlighting the impor-
tance of the d1 electronic conguration in triggering the MF-
matter interaction. However, noticeably, irrespective of the
eld strength and orientation, the MFCVD with paramagnetic
precursors resulted in diamagnetic TiO2 lms.534

MFCVD displayed similar variations in shape, morphology,
and crystallographic orientation during <1.0 T MF-assisted CVD
of rhenium nitride,536 UO2,531 and MgFe2O4.535 Interestingly,
although MF-assist has invariably increased the nucleation and
growth and has a homogenization effect on shape, particle size
distribution, and composition, it has exerted a varying inuence
on particle size evolution, depending upon the MF orientations
and magnetic behavior of participating and resulting species.
More precisely, except for UO2 (ref. 531) and YBa2Cu3O7 lms,509

the MF assistance led to increased particle size in CVD of
magnetite,530 hematite,532 TiO2,534 rhenium nitride,536 and
MgFe2O4.535 This was explained based on the induced internal
magnetic eld inside the growing diamagnetic UO2 and YBa2-
Cu3O7 being antiparallel to the applied external MF, creating an
energetically unfavorable situation for grain growth.509

Notwithstanding, in case of YBa2Cu3O7 a low MF (#2.0 T)
caused a decrease in grain size compared to the zero eld, but at
higher MF ($4.0 T) the grain size increased, due to the change
in growth mode—from being 2D at low MF to 3D at higher
MF,509 and most likely due to, in our opinion, a high MF eld
overcoming the internal diamagnetic eld effect.
5.3 Perspective on magnetic eld-assisted CVD

Over the years, numerous results have strengthened the utility
of external MF in inducing a profound inuence on the nucle-
ation, grain growth, phase composition, and crystallographic
orientation during CVD, thus altering the morphology, chem-
ical topography, and functional properties of the resulting
lms. Therefore, it is expected to increasingly become
a preferred pathway, compared to conventional experimental
controls-temperature and pressure or precursor chemistry, for
in situ manipulation of the material properties of the CVD-
grown lms. Magnetic elds with spatial and temporal varia-
tions such as periodic, dynamic, or rotating congurations have
shown signicant potential in inuencing nucleation and
growth mechanisms during CVD. However, such approaches
have mostly been limited to the deposition of diamond mate-
rials and their application to other material systems remains
underexplored. Most reports onmagnetic eld-assisted CVD are
limited to lab-scale set-ups with small-area deposition. A key
challenge lies in generating strong and uniformmagnetic elds
over larger deposition areas. This limitation is reected in the
fact that most MFCVD studies have employed magnetic eld
strengths of #1 T. New CVD setup designs capable of accom-
modating even stronger magnetic elds ($5 T) carry the
potential to broaden the scope of MFCVD enabling eld-
assisted control over growth kinetics and materials properties.
Nevertheless, the integration of strong magnets brings added
20130 | J. Mater. Chem. A, 2025, 13, 20104–20142
instrumentation complexity, cost, and technical expertise
requirements, which must be carefully considered for practical
scalability.

Most MF-matter interaction studies in CVD so far have
focused mainly on the precursor-MF interactions, and the
interaction of MF with a carrier gas and substrate533,544,545 is less
explored. Moreover, the interaction of MF with temperature, an
important process control parameter, has been less precisely
monitored and understood, especially in the case of a magnet-
ically active precursor and deposited materials. The inuence of
external MF in those CVD processes where paramagnetic oxygen
is used as a reactant/carrier gas546 is less exploited. Most
importantly, the eld of MFCVD lacks sufficient mathematical
models and simulation studies relating the effects of external
magnetic elds with the CVD growth parameters.

6 Concluding remarks

Field-assisted chemical vapor deposition (CVD) represents
a promising future direction for controlling thin-lm growth,
with precise control over lm properties and microstructure.
This technique involves applying external elds, such as
magnetic or electric elds, during the CVD process to inuence
the deposition dynamics, leading to novel material character-
istics and improved process efficiency. The various eld-
assisted modulations in CVD have emerged as a powerful
additional control method, oen operating independently of
precursor chemistry inuence and thermodynamic parameters.
These modulations have enabled signicant advancements in
growth control, microstructure tuning, and material properties
for targeted applications.

This review underscores the importance of non-conventional
process parameters in CVD and highlights their impact on
material synthesis. Additionally, it addresses key limitations,
particularly the lack of theoretical studies that could provide
deeper insights into the role of these modulators in CVD
nucleation and growth. Understanding their effects on micro-
structure, composition, and functional properties remains
a crucial challenge. In particular, the emerging eld of
magnetic-eld-assisted CVD would benet from further
research, enabling reliable control over the process and mate-
rial characteristics.

According to current estimates, the global CVD market has
reached approximately 24 billion USD and is projected to grow
to nearly 48 billion USD by 2032.547 Field-assisted manipula-
tions are expected to play a key role in capitalizing on this trend;
however, the existing challenges, as schematically highlighted
in Fig. 11, need to be effectively addressed to unfold the
potential of eld-enhanced CVD techniques. Key advancements
will likely involve optimizing eld modulations in terms of
intensity and conguration and innovations in reactor design to
accommodate such modulations in high-throughput systems.
Additionally, advancing our understanding of eld-matter
interactions, coupled with extensive computational analysis
using 3D reactor-scale models, will be crucial for overcoming
current limitations. Finally, the integration of operando and in
situ techniques into conventional CVD systems and processes to
This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Schematic of existing challenges in field-assisted CVD and the future directions to overcome them.
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develop a robust framework for depositing materials with
enhanced functional properties can bring a paradigm shi in
thin lm engineering.
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Y. Xie, O. Çakıroğlu, T. Pucher, S. Puebla, A. Castellanos-
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