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Today, semiconductor thin films have a very important place in electronic and optoelectron-
ic device technology. Semiconductor thin films, with their broad range of applications, can
achieve high performance by adjusting parameters. This performance is directly related to
deposition methods. Deposition methods enable semiconductor thin films to exhibit unique
properties, such as enhanced electrical conductivity, improved optical transparency, and tai-
lored surface morphology which are not achievable in bulk materials. For instance, thin films
produced by chemical vapor deposition can achieve higher purity and better uniformity com-
pared to their bulk counterparts. New alternative methods for the deposition of semiconduc-
tor thin films have emerged with the development of technology. In this study, deposition
methods of semiconductor thin films are reviewed under three main headings: vapor, liquid
and solid phase deposition. Under each main heading, the most commonly used deposition
methods in the literature are described. Application areas of semiconductor thin films in tech-
nology are summarized.
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INTRODUCTION material. Materials can be used more effectively by mak-

The part of the material that comes into contact with
the external environment is defined as the surface. They
interact with the environment through their surfaces [1].
External appearance and color, mechanical properties
(friction, wear, corrosion, etc.), optical properties (light
transmission, absorption, reflection, etc.), electrical proper-
ties [2] and thermal properties [3] of materials are some
of the properties affected by the surface. In general, these
properties are determined by the surface behavior of the
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ing only partial changes on the surface without changing
them completely. Preventing corrosion by painting met-
als and improving the surface of the materials instead of
completely renewing it, such as gold-plated products, will
provide significant raw material and resource efficiency
[4, 5]. In addition, in some cases, the properties expected
from the mass of the mate- rials and those expected from
the surface may be different or opposite. Sometimes, as an
alternative approach for high-cost and rare materials that
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require advanced technologies for their production, thin
film coating is applied to their surfaces. This is preferred
to improve the properties of the materials or to make it
suitable for special requirements. Thin films are basically
structures consisting of a substrate and a thin layer formed
by coating the substrate with various methods [6, 7]. The
size (thickness) of thin films is on the nanometer (nm) —
micrometer (W) level (10 nm - 1 p) [8]. The thickness of
thin films used in applications such as microelectronics
(diode, transistor, etc.) [9-15] sensors [16-23]and photo-
voltaic systems (solar cells, etc.) [24-27] is at the nanometer
level. Micrometer-level thin films are generally produced to
increase the mechanical properties or surface quality of the
material system [28]. Having a small thickness alone is not
sufficient to be considered a thin film [29, 30]. For exam-
ple, a copper film that has been thinned and transformed
into a foil by drawing cannot be deemed a thin film. A thin
film is produced on a surface using any thin film coating
technique until copper reaches the desired thickness, start-
ing from scratch. While foil copper forms from top to bot-
tom in a bulk manner, thin film copper forms from bottom
to top in a gradual manner. In this case, the properties of
foil copper will differ from those of thin film copper. The
ability to deposition on different surfaces under desired
conditions with controllable parameters is one of the most
significant advantages of thin film production [31]. Thin
films exhibit unique properties compared to bulk mate-
rials due to their reduced dimensionality and increased
surface-to-volume ratio. These films often demonstrate
enhanced electrical conductivity, improved optical trans-
parency, and better mechanical flexibility, which are critical
for applications in microelectronics, sensors, and photo-
voltaic systems. For instance, ZnO thin films deposited via

Radio Frequency

sol-gel methods show higher transparency and conductiv-
ity compared to bulk ZnO, making them ideal for transpar-
ent conductive electrodes in solar cells. Additionally, thin
films can be engineered to have tailored bandgaps, which
is not easily achievable in bulk materials, enabling their use
in optoelectronic devices. Another advantage is that sys-
tems made of thin films can be produced from nanome-
ters to micrometers, which means they take up less space,
and their deposited surface can be measured and examined
[32, 33]. Semiconductors also have a very important place
in thin film technology [34]. In order for semiconductors
to become conductors and for their electrical properties to
change, they must be stimulated at least as much as the band
gap value. In addition, conductivity can be increased by
interfering with the movement of electrons in the internal
structure of the material with the help of external energies
such as optical and thermal processes. Semiconductors; It
is used as final and auxiliary material in many applications
such as electronic circuit elements, various chip produc-
tions, detection and warning mechanisms [35-37] of differ-
ent sensors, optoelectronic products [38, 39] and detectors
[40]. In this way, it contributes to technological develop-
ment. Semiconductor thin film deposition is an important
method in the pro- duction of various materials used in
applications. With different thin film deposition methods,
semiconductor thin films are produced by depositing atoms
or molecules of the target coating material in layers on a
determined substrate surface. Thin film deposition meth-
ods are basically examined under three main headings:
vapor, liquid and solid deposition, depending on the phase
in which the target coating material is located. These meth-
ods have been developed and diversified. Semiconductor
thin film deposition methods are shown in Figure 1.
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Figure 1. Thin film deposition methods [drawn by author].
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The wide range of application areas of semiconductor
thin films, the ability to develop new application areas by
producing films with different properties and the ability to
obtain materials with the desired properties have encour-
aged researchers to carry out many studies in this field. In
Table 1, the numbers of semiconductor thin film articles
published in the” Web of Science”,’ Scopus” and” TR Index”
databases in the last 10 years are given separately according
to their deposition methods.

Publications in Scopus and Web of Science databases
were searched for the title” Thin Film” in the title, abstract
and keywords used by the authors and studies conducted
in the last 10 years were compiled. It was determined that
the keyword thin film was used in 107890 publications in
the Scopus database and in 125188 publications in the Web
of Science database. It was determined that 4553 differ-
ent keywords were used in studies on thin films and 152
of these words were repeated in 5 separate publications.
Considering this distribution of the keywords used in the
publications, the bibliometric network map was created in
the VOSviewer program in Figure 2.

Semiconductor thin films are one of the most frequently
studied topics in the literature today. When this keyword
network map is examined as a summary of the studies car-
ried out in the literature on thin film production methods
in the last 10 years; It was observed that physical vapor

deposition, chemical vapor deposition, sol gel, SILAR, elec-
trochemical deposition methods and methods developed
by these methods were widely used. In addition, it was
determined that the structural, optical, electrical proper-
ties and surface morphologies of the produced thin films
were generally characterized. Studies show that they can
be used in many different areas such as composite mate-
rials, wearable technologies, biological materials and solar
cells. Sonmezoglu and his colleagues conducted a similar
study titled” Thin film production techniques” in 2012 and
presented thin film deposition methods under this title
[32]. In their study titled” An Overview of Basic Thin Film
Production Techniques” in 2023, Karakus and Kog basi-
cally examined thin film production techniques and dis-
cussed the advantages and disadvantages of the techniques
[41]. Cosgun and colleagues have outlined the chemical
vapor deposition method and its variations in their study
titled” Chemical Vapor Deposition Methods in Thin Film
Production” identifying the advantageous and disadvanta-
geous parameters of these methods [42]. In a study titled
“Overview of thin film deposition techniques” in 2019,
Abegunde and colleagues conducted a review of the exist-
ing literature on different deposition techniques used for
surface modification and coating [43]. Within the scope
of this study, semiconductor thin film methods were com-
piled from current sources in the literature under one title.

Table 1. Thin film deposition method studies conducted in the last decade

Deposition method Web of Science Scopus TR Index

Vapor deposition Physical vapor deposition
Thermal evaporation 324 2085 66
Electron beam evaporation 372 1683 59
Arc evaporation 151 438 11
Molecular beam epitaxy 202 1431 7
Laser evaporation 37 95 8
Sputtering
Radio frequency (RF) sputtering 377 649 12
Magnetron sputtering 306 1916 49
Direct current (DC) sputtering 358 180 9
Chemical vapor deposition
Atmospheric pressure 148 781 11
Low pressure 278 226 2
Plasma enhanced 219 507 15
Laser enhanced 97 37 3

Liquid deposition Sol-gel dip coating 1219 848 30
Spin coating 2055 2481 95
Spray pyrolysis 3057 3748 60
Chemical deposition 602 1588 59
Electrochemical deposition 1481 1907 133
SILAR 627 310 39
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Figure 2. Bibliometric network map by keyword [drawn by author].

Schematic representations of the determined methods were
originally designed and explained in 3D. Application areas
are summarized.

DEPOSITION METHODS OF SEMICONDUCTOR
THIN FILMS

Vapor Deposition

These are methods of obtaining high quality thin films
without any limitation in the coating material and substrate
material made in the vapor phase. Vapor-phase deposition
(e.g., PVD, CVD) offers high-quality, uniform films with
excellent adhesion and purity but it is often expensive and
requires high vacuum conditions [1]. In general, vapor
deposition can be divided into two categories: physical
vapor deposition (PVD) and chemical vapor deposition
(CVD).

Physical Vapor Deposition

Generally, different metals and alloys are evaporated
and transferred from the target source onto a substrate.
This method has been developed since the mid-19th cen-
tury and continues to be applied today [44-46]. The target
coating material, which is heated and evaporated, is depos-
ited as a thin layer on the surface of the substrate material.
Solid coating material consisting of ionized and reactive
gases, ionized by focusing high energy into a plasma, is
deposited on the substrate surface in a controlled manner
[47,48]. In other words, the evaporation of atoms separated
from the surface of the target material by the bombardment
of high-energy gas ions accelerated by a determined system
and their deposition on the substrate surface can be defined
as physical vapor deposition. The physical vapor deposition
method, which has been developed and changed over many
years of studies, is divided into two subgroups: evaporation
and sputtering [49].
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Evaporation

Substances have unique physical properties such as dis-
tinctive melting, boiling and evaporation temperatures. In
the evaporation method, first the target coating material is
evaporated by heating. The target material, which is evap-
orated, condenses and deposits on the substrate surface.
Various heating systems can achieve evaporation of the tar-
get material. It is the heating and evaporation of the target
material, which is usually placed in a vacuum or inert gas
environment, and is transported to the low-temperature
substrate surface, forming a film layer.

Thermal Evaporation Method

Thermal evaporation is a method of thin film depo-
sition by evaporating metal mate- rials, usually as target
materials, in a high vacuum chamber below 10 mbar [50,
51]. The thermal evaporation method is shown in Figure 3.

In this method, the target material is placed in a cru-
cible made of metal that is resistant to high temperatures.
The target material in the crucible is heated and evaporated
with the thermal heater. The coating material spread into
the evaporating environment accumulates on the surface
of the substrate placed in the vacuum chamber. Thus, thin
film deposition at the desired thickness can be performed.
Semi- conductors can be deposited on different surfaces
such as thin films, various metals and conductive bonding
coatings by thermal evaporation. Thermal evaporation is
simple and cost-effective but limited to low-melting-point
materials [52-54].

Figure 3. Thermal evaporation method [drawn by author].

Heater

E-BEAM EVAPORATION METHOD

Among the evaporation methods, electron beam
(E-beam) metal deposition is another widely used vacuum
method. The obvious difference of this method, which is
basically similar to the thermal evaporation method, is the
direct heating of the target material. Figure 4 shows the
electron beam evaporation method. Here, the tar- get mate-
rial to be evaporated is placed in a crucible made of metal
resistant to high temperatures.

In the accelerator crucible emitted from the filament
placed on the platform under the crucible, the accelerated
electron beam is directed by the magnetic field created
by magnetic cylinders, focuses on the target material and
evaporates the material by heating it by bombardment [55].
Effective energy transfer occurs compared to thermal heat-
ers. In addition, since the crucible is not heated directly and
can be cooled with water, evaporation of the metal crucible
and impurities of the coating are prevented. As the target
material is heated directly, it can be utilized as an appropri-
ate method for materials that evaporate at high tempera-
tures [56]. Evaporated material atoms accumulate in layers
on the substrate surface. This method is particularly advan-
tageous for refractory metals and ceramics due to its highly
localized and precise energy transfer. Moreover, reactive
E-beam evaporation where reactive gases such as oxygen
or nitro- gen are introduced into the chamber enables the
deposition of compound films like oxides and nitrides
with controlled stoichiometry. Evaporated material atoms

Substrate

Vacuum Chamber

Target Material

Crucible

Vacuum Pump
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Figure 4. E-beam evaporation method [drawn by author].

accumulate in layers on the substrate surface. However one
limitation of E-beam evaporation is its directional deposi-
tion characteristic which may result in uneven coverage on
substrates with complex geometries. E-beam evaporation
allows for higher melting-point materials and better film
purity but is more complex and expensive [55].

ARC EVAPORATION METHOD

The target coating material is vaporized and ionized
using the arc. This method is divided into cathodic and

Substrate

Vacuum Pump

anodic arc. In an anodic arc, the target material to be vapor-
ized in the vacuum chamber is placed as the anode and an
electron gun to bombard electrons is placed as the cathode.
Electrons accelerated from the electron gun bombard the
anode. With this bombardment, energy is transferred to
the material in the anode and the anode material heats up
first. As the voltage is regularly increased, the material in
the anode continues to heat up, melts and vaporizes. When
the voltage applied between the electrodes is increased and
maintained, the anode material forms a bright plasma. This
plasma spreads towards the walls of the vacuum chamber

Target Material

Vacuum Chamber

Figure 5. Arc evaporation method.

Vacuum Pump
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in which it is located. Therefore, the substrate placed in this
chamber is coated with the target material as a thin film. In
cathodic arc, the target material to be vaporized is placed in
a vacuum chamber as the cathode and the substrate mate-
rial as the anode. An arc is formed on the cathode with
low voltage and high current. The target material, which
reaches very high temperatures with the resulting arc, melts
and evaporates. Thus, the cathode material is vaporized and
coated on the substrate. The energy transfer in arc evap-
oration is highly efficient due to the direct conversion of
electrical energy into thermal energy, leading to high depo-
sition rates and strong film adhesion. Additionally, the
highly ionized plasma produced in this method ensures
that the deposited films are dense and exhibit minimal con-
tamination. However the formation of microdroplets or
macro particles that can affect film smoothness and uni-
formity is a negative aspect of the study. Recent advance-
ments in filtered arc evaporation have addressed this issue
by incorporating magnetic filters to remove macroparticles,
thereby improving surface quality [57]. The arc evaporation
method is shown in Figure 5.

In the arc evaporation method, it is possible to create
a high vacuum or even extremely high vacuum chamber
with a vacuum pump. Working in a vacuum chamber
improves the quality of the thin film coating by reduct-
ing oxidation and impurities that may occur by removing
different gases in the medium. A high vacuum, typically
below 10—-6 mbar, is particularly important for achieving
high-purity metal oxides and superconducting films, as it
effectively minimizes oxidation and contamination. There
is no need for additional heat treatment such as annealing

Sample (Substrate)
Entry

Film

Sample

Preparation Unit VacuumTransfer

Substrate

Sample
Transfer Unit

Vacuum Pump

Unit

for crystallization in thin films deposited in the arc evapo-
ration method, which can be operated at high temperatures.
In other words, better quality metal oxide semiconductor
thin films and superconducting films can be deposited and
can be used with developing technological applications
[58-60]. Arc evaporation is suitable for high-purity films
and can operate at high temperatures without additional
annealing [58].

MOLECULAR BEAM EPITAXY METHOD

Molecular beam epitaxy (MBE) is an advanced thin
film deposition method where the film thickness is effec-
tively controlled in a high vacuum chamber below 10 mbar.
Epitaxy can be defined as the deposition of nano-thick
films in a single crystal layer by directing the arrangement
of atoms and molecules on a substrate compatible with a
thin-layer crystal structure. Each of the target coating mate-
rials such as Al [61], In, As, Si, Ga [62] are placed separately
in the cylinder part of the effusion cells. The material atoms
in the heated and vaporized effusion cells can deposit films
of the desired content on the substrate surface. The covers
placed in front of the effusion cell cylinders can be closed
and opened in milliseconds. The covers of the target effu-
sion cell determined according to the desired content are
opened for the set time, focusing on the substrate surface
and film deposition begins. The substrates are heated in a
low-pressure and high-vacuum working environment, usu-
ally at temperatures between 450 °C and 650 °C [63]. In this
way, the desired composition can be obtained in the depos-
ited films and the film can be grown epitaxially. In addition,

Deposition Subsirate Heater

Eleciron Gun
Shutter

Effusion
Cells

Fluorescent
Screen

Characterization

Figure 6. Molecular beam epitaxy method [drawn by author].
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the rod on which the substrates are placed is rotated at the
desired speed to ensure the homogeneity of the deposited
film. Figure 6 shows the molecular beam epitaxy method
schematically.

In general, the various advantages of the MBE method
over other methods are; These can be listed as being able
to deposit sensitive films at the molecular level, obtaining a
controlled film [64] during deposition at the desired thick-
ness, and growing the film by doping in different parts of
the substrate [65]. Despite these, negative aspects can be
listed as providing a vacuum environment, constantly oper-
ating the high vacuum pump and system actively for sus-
tainability, high investment and installation costs, and not
being suitable for mass production in parallel with the low
film deposition speed. MBE offers atomic-level control and
high-quality epitaxial growth but is costly and slow, making
it less suitable for mass production [64, 65].

LASER EVAPORATION METHOD

In the laser vaporization method, firstly, the laser beams
coming from the laser source are focused with a lens. The
laser beam is reflected by a mirror in a vacuum onto the
target material placed in the crucible. Finally, a thin film is
deposited by vaporizing the material and directing it to the
substrate surface. The properties of the film are determined
by the wavelength of the laser beam produced by the laser
source used and the radiation absorption characteristics
of the target material to be evaporated. Figure 7 shows the
laser evaporation method. Metals that have high melting
temperatures and can absorb laser light can be evaporated
with this method and used for film deposition.

Mirror

SPUTTERING

In general, sputtering process can be defined as the dis-
assembly or detachment of atoms from the solid material
surface by bombardment of ions. That is, the target mate-
rial is bombarded with accelerated positively charged ions.
Then the atoms are detached from the surface and the atoms
scattered on the substrate surface to be coated form a film
layer. The sputtering process begins by filling an inert gas
between the electrodes. Gas plasma is formed by applying
voltage between the electrodes. The positively charged ions
in the plasma focus on the cathode, accelerate, collide and
break off neutral atoms. The detached neutral atoms are
directed to the substrate surface at the anode and deposite.
Thus, the thin film is deposited on the substrate surface.
Generally, the sputtering method is classified according to
the power source used. It can be classified with 3 different
power sources: Radio Frequency (RF), Radio Frequency
Magnetron and Direct Current (DC) sputtering method.

RF Sputtering Method

Since Radio Frequency (RF) power source is used for
the sputtering process, it is called RF Scattering Method. It
is the method of film deposition in a low-pressure chamber
where high vacuum is provided by a vacuum pump. Thanks
to the vacuum, other gases in the atmosphere of the coating
chamber are minimized. The electromagnetic waves gen-
erated by the RF used as a power source cause the target
material atoms on the cathode to ionize with the vibration
frequency. The high-energy ionized target material, which
is accelerated and scattered is transported to the substrate
on the anode and film formation occurs. This technique is
particularly advantageous for depositing dielectric films

Substrate

Focusing Lens

Target Material

Crucible

[
W

Laser Source

Mirror

Figure 7. Laser evaporation method [drawn by author].

Rotating Shafi
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Figure 8. RF sputtering method [drawn by author].

such as SiO2 and Al203, as the RF field helps to sustain
plasma stability. Different from the DC spraying method,
the RF spraying method is suitable for conductive and insu-
lating materials. However, it generally exhibits lower depo-
sition rates and requires impedance matching networks to
optimize power transfer, making the process more com-
plex. The RF scattering method is shown in Figure 8.

. Plaasma
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Target Material
Gas Inlet

RF Magnetron Sputtering Method

The difference of the method from RF sputtering is that
in addition to radio frequency, a magnetic field is formed
with a power supply. The electrons of the target material
on the cathode are moved in the direction of the spiral
orbit formed by the magnetic field [48]. The lengthening
of the paths of electrons entering the spiral orbit and their
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Figure 9. Magnetron sputtering method [drawn by author].
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collision with neutral noble gas atoms increase the ion con-
centration on the target material surface, causing increased
sputtering and the formation of high-density plasma. In this
way, target material ions deposite more effectively as a film
on the substrate surface on the anode. The combination of
RF power and a magnetic field confines the plasma near the
target surface, significantly enhancing ionization efficiency
and increasing the deposition rate. This method is particu-
larly advantageous for the deposition of high-quality films
with good homogeneity and adhesion properties. The RF
magnetron sputtering method is widely used for complex
materials with high entropy alloys and transparent con-
ductive oxides. This technique is also suitable for coating
heat-sensitive substrates, as the high plasma density enables
film deposition at lower temperatures. The RF magnetron
sputtering method is given in Figure 9.

RF and RF magnetron sputtering methods can also be
used for thin film coating on metal [66, 67] and insulating
substrates [68].

DC Sputtering Method

It is the method in which the voltage applied to the elec-
trodes is applied with a direct current DC power source. It
can be defined as the sputtering method by applying DC
voltage to two plane electrodes where the target material
is placed on the cathode surface and the substrate is placed
on the anode surface. DC sputtering is considered the most
straightforward and cost-effective sputtering method, mak-
ing it a widely used technique for thin film deposition. It
is highly efficient for conductive materials such as metals
and alloys, ensuring high deposition rates. However it is

i

Power Supply

”

not suitable for insulating materials due to charge build up
on the target surface. Recent advancements in pulsed DC
sputtering have addressed this limitation by periodically
reversing the polarity, preventing charge accumulation
and enabling the deposition of insulating materials [69].
While metal materials are commonly preferred [70] as tar-
get materials, there is no sputtering in insulating materials.
The target material ions in the resulting low-density plasma
deposited on the substrate surface and form thin film lay-
ers. DC sputtering method is shown in Figure 10.

Direct current (DC) magnetron scattering method can
also be obtained by adding magnets to the DC scattering
method. This method is applied similarly to the DC sput-
tering method [71]. It can be preferred depending on the
thin film structure and properties that are intended to be
deposited [72, 73].

Chemical Vapor Deposition

Another of the effectively used vapor deposition meth-
ods is this method in which evaporation is done chemically.
It is the formation of a solid film on the substrate surface
from the reaction of a carrier gas and the heated target
material in a closed chamber with adjusted pressure. Figure
11 shows the chemical vapor deposition method. Chemical
decomposition energy; It is provided by thermal, optical
and electrical methods. The chamber temperature is gen-
erally around 850-1100 C [74-76]. The processing time is
between 2-4 hours and the coating thickness is around 10
nanometers [77, 78].

Thin film deposition stages in the method; The order
follows: mixing of gases sent to the system, contact of the
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Atom of
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Figure 10. DC sputtering method [drawn by author].
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Figure 11. Arc chemical vapor deposition [drawn by author].

gas mixture with the material to be coated at high tempera-
ture, chemical reactions occurring on the surface, forma-
tion of waste gases, and removal of gases from the system.
Thin films are produced with chemical vapor deposition
methods applied at atmospheric pressure (APCVD) [79,
80], low pressure (LPMOCVD) [81, 82], plasma assisted
(PECVD) [83-85], and laser assisted (LECVD) [86, 87]. The
PECVD technique uses plasma to enhance chemical reac-
tions, allowing for the deposition of high-quality films at
lower temperatures. PECVD is widely used in the aerospace
industry to deposit thermal barrier coatings and wear-re-
sistant layers on turbine blades and other high-temperature
components. The ability to deposit films at lower tempera-
tures also makes PECVD suitable for coating temperature-
sensitive materials such as polymers and composites. The
LACVD method uses laser energy to locally heat the sub-
strate, allowing films to be deposited with precise spatial
control. LACVD is particularly useful for producing nano-
structured films and patterned coatings required for nano-
machines and micro-electromechanical systems (MEMS).
Recent studies have demonstrated the use of LACVD to
deposit graphene- based films and carbon nanotubes that
exhibit exceptional mechanical and electrical properties.
Chemical vapor deposition technology is actively used in
durable materials [88] used in machine production, vari-
ous final and auxiliary materials used in the electronics
industry [89], high-temperature resistant ceramic coatings
[90, 91]. CVD is used successfully not only in obtaining
coatings but also in the production of nickel and titanium
metal. Moreover, it is widely preferred in optical fibers and
telecommunications, nano machines, composites, fibers
and powder production, semiconductor technologies (cir-
cuit elements) [92, 93], and developing military and aero-
space indutries [94, 95]. CVD is particularly advantageous
for applications requiring excellent conformal coverage,
allowing uniform coatings on complex geometries and
high-quality, dense films. Advances in the fields of PECVD
and LECVD have expanded the capabilities of these meth-
ods, enabling the deposition of high-performance films at
lower temperatures [86]. CVD processes require toxic or
flammable precursors and are energy-intensive due to the

Vacuum Pump

Gas outlet

high temperatures involved. PVD methods, particularly
sputtering, involve the physical ejection of target atoms in
a vacuum environment and their deposition onto a sub-
strate. Whilst sputtering provides precise control over film
composition and adhesion, it typically exhibits lower depo-
sition rates and may not offer the same level of conformal
coating as CVD [48]. PVD techniques are highly effective
for depositing a wide range of materials, including metals,
alloys and ceramics. This makes them a preferred option
for applications requiring precise composition control and
strong film adhesion.

Liquid Deposition

Liquid-phase deposition methods, such as sol-gel and
SILAR, offer advantages such as low cost, the ability to eas-
ily incorporate various additives, and the capability to create
multi-layer structures. These methods are typically carried
out at room temperature and do not require complex vac-
uum systems, making them suitable for a wide range of
applications. However, liquid-phase deposition may result
in lower film density compared to vapor-phase meth-
ods, and post-deposition annealing is often necessary to
improve the film’s crystallinity and mechanical properties.

Sol Gel Method

Sol gel is the gelation that occurs when solid nano-
sized powders dissolved in a liquid grow by bonding to
each other, forming continuous three-dimensional net-
work structures. Sol is the structure consisting of a solid
phase dispersed in a liquid phase. It can be defined as the
absence of precipitation of nanosolid particles dispersed in
the liquid. The solid phase in the sol structure can be mixed
in different ways and dis- tributed homogeneously. Gel is
the solid-like wet structure that can show solid and liquid
properties by forming a 3-dimensional network struc-
ture of solid particles. In other words, the sol turns into a
gel when the nanosolid particles inside come together to
form network structures. The viscosity of the sol structure
increases and becomes unable to flow at the gelation point.
Chemistry of sol gel solution affected by parameters such
as pH, solvent, temperature, time, catalyst and mixing [96].
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Sol gel method; It is widely used with its advantages such
as being able to cover large surfaces sim- ply, not requiring
vacuum, performing the deposition process at room tem-
perature and being able to deposit homogeneous multilayer
films. It can be used to deposit almost all types of single and
multi-component oxide films [97]. In the sol gel method; It
is possible to produce thin films with the desired physical
properties and thickness by doping with different materials
by changing the parameters such as concentration of the
prepared solution, coating time, number of layers, anneal-
ing temperature and time. Spin coating, dip coating and
spray coating are commonly used methods for sol gel thin
film deposition [98, 99].

Sol Gel Spin Coating Method

This method; It is done by dropping a drop of the pre-
pared sol gel solution into the center of the substrate rotated
at high speeds and rotating it for various periods of time. As
the rotation speed increases, the dropped solution disperses
on the substrate surface and spreads in the form of a film,
and the excess is removed. The spin coating method occurs
in five basic stages as shown in Figure 12. These five basic
stages are respectively; 1- Dropping the coating sol-gel
solution onto the center of the substrate surface, 2- Rotating

o

- E"'

Spinning of the Subsiraie
(Mechanical Magnetic)

Sol-Gel Coating Solution
Preparation

Diropping
Salution

Frocess Hg)dllll‘m

the substrate at different speeds and times, 3- Evaporation
of the solvent, 4- Repeating the process to obtain multilayer
thin films, 5- Annealing of the deposited thin film.

In the spin coating method, the spinning process can
be carried out in two different ways as mechanical and
magnetic [100]. The films to be produced can be varied by
changing different parameters such as spin speed, spin time,
number of coating layers, volume of dropped solution and
annealing temperature [101]. The low cost and rapid pro-
duction of this method make it widely used. Additionally,
spin coating is widely employed in the semiconductor
industry for depositing dielectric layers and photoresists
but its application is generally limited to flat substrates,
making it less suitable for large-area coatings [102].

Sol Gel Dip Coating Method

In this method, the substrate material is dipped in the
prepared sol gel solution. After waiting for a certain period
of time, it is withdrawn from the solution at a constant rate
under atmospheric conditions and controlled temperature.
After deposition, annealing is applied at high temperatures
to crystallize the thin films. Figure 13 shows the stages of
the dip coating method.

' S Annealing

s

Evaporation Thin Film

Figure 12. Sol gel spin coating method steps [drawn by author].

4

Initial Solution %ol Gel
Preparation

Thin Film

Deposition

Figure 13. Sol gel dip coating method steps [drawn by author].
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The thickness of thin films can be varied depending on
the dipping and withdrawal speed of the substrate materi-
als, the surface tension of the sol-gel solution, and the solu-
tion’s concentration and viscosity [103, 104]. Dip coating is
a simple and scalable technique, making it suitable for coat-
ing large or irregularly shaped substrates. There are possi-
bilities for changes in film thickness due to fluctuations in

withdrawal speed and solution viscosity [105].

Pressure
Regulator

Solution -oe—

Spray
Head

— Substrate

Heater

Figure 14. Sol gel spray coating method [drawn by author].
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SOL GEL SPRAY COATING METHOD

The sol gel spray method was first introduced for the
preparation of transparent conductive oxide films. This
method is based on spraying the prepared sol gel solution
onto the substrate from a certain distance. Properties of
thin films obtained with this method: depends on spray
distance, sol gel solution concentration, substrate tempera-
ture and solution pH. The sol gel spray coating method
is shown in Figure 14. Spray coating is a highly versatile
technique that enables film deposition on complex geom-
etries. Nevertheless precise control of spray parameters,
such as nozzle distance and solution flow rate, is essential
to achieve uniform films [106].

Chemical Bath Deposition Method

This method can be defined as the deposition of thin
films on the surfaces of substrates at the desired tem-
perature using baths prepared with specified amounts of
chemicals. First of all, the substrate material is dipped in
the coating solution in the prepared bath. The pH of the
bath solution is very important. The temperature and pH
of the coating solution must be kept constant while the film
is deposited. Therefore, it is necessary to use a temperature
and pH controlled system [107]. Additionally, mixing the
coating solution at specified speeds affects thin film forma-
tion. In particular, selenite [108, 109], sulphide [110, 111]
and oxide thin films are successfully deposited using the
chemical bath deposition method [112]. The chemical bath
deposition method is shown in Figure 15. It has the features
of not needing the use of complex devices and being simple,

Temperature
_Control System

Solution
‘Water Bath Stirrer
Heater
Magnetic Stirrer

with Heater

Figure 15. Chemical bath deposition method [drawn by author].
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useful and portable. In addition, it has advantages such as
no waste material, being repeatable and allowing the coat-
ing of substrates of different shapes. With these features,
the chemical bath deposition method can be preferred over
other methods. Studies, especially in recent years, aim to
improve parameters such as pH, temperature, and precur-
sor concentration to increase film quality and reproduc-
ibility. This method is particularly effective for depositing
metal chalcogenides and oxides, making it highly suitable
for photovoltaic and sensor applications [113-115].

Electrochemical Deposition Method

It is a method of depositing a thin film on a solid
substrate with the help of reactions taking place in a pre-
pared solution. It has a cheap and easy-to-prepare mech-
anism. This mechanism is formed by dipping the counter

Power Sapply

ol

L DC

Reference Electrods

Counter Electrods Warking Electrade

Figure 16. Electrochemical deposition method [drawn by
author].

Process Repetition

electrode, reference electrode and working electrode con-
nected to the power source into the electrolyte solution.
On the basis of electrochemical deposition, it is the pro-
cess of depositing metal ions from an electrolytic solution
by reducing them on the cathode. Recent advancements
in pulsed electrochemical deposition have enhanced film
quality by enabling better control over nucleation and
growth processes. This technique is particularly beneficial
for producing nanostructured films with high surface area,
making it ideal for applications in electrochemical sensors
and energy storage devices [116, 117]. Figure 16 shows the
electrochemical storage method.

SILAR Method

The SILAR method stands for successive ionic layer
adsorption and reaction. Following the adsorption and
reaction processes of the ions in the prepared solution, rins-
ing is carried out by immersion in deionized water in order
to prevent homogeneous precipitation that may occur in
the solution. It is also defined as the process of deposit-
ing another substance on top of a substance deposited on
the surfaces of substrate materials. Thin film deposition is
carried out by consecutively dipping the substrate material
into more than one prepared solution. Figure 17 shows the
SILAR method.

The SILAR method is a cost-effective, simple and safe
thin film deposition method that can be applied at low
temperatures [118, 119]. In this method, doping can be car-
ried out by adding organic or inorganic substances to the
cationic and anionic solution. As another advantage, tri-
ple, quadruple or more compounds can be easily obtained.
One of the most important advantages is that there is no
choice of substrate mate- rial and the substrate size can
be changed. Thin film growth can be produced by the
SILAR method at room temperature. This method allows
for precise control over film composition and stoichiom-
etry, making it particularly useful for depositing ternary
and quaternary compounds, such as Cu2ZnSnS4 (CZTS)
for solar cell applications. Furthermore its scalability and

3.Coating Solution

2.Coating Solution

1.Coating Solution

Figure 17. SILAR method [drawn by author].

=

Deionized Water
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ability to deposit a wide range of materials, including metal
oxides, sulfides, and selenides, enhance its potential for
industrial applications [120, 121].

Solid Deposition

Solid deposition is a technique for forming thin films
or coatings without transitioning through a liquid or vapor
phase. It involves the direct transfer of a solid precur-
sor onto a substrate using mechanical, thermal or chem-
ical processes. This method provides advantages such as
uniform film formation, minimal waste production, and
compatibility with temper. Solid-phase deposition (e.g.,
mechanical abrasion) is less common but useful for pro-
ducing nanocrystalline materials, though it lacks the preci-
sion of vapor and liquid methods. Solid deposition, which
is basically divided into two different methods: devitrifi-
cation and mechanical abrasion, is less preferred than lig-
uid and vapor deposition methods. Mechanical etching is
defined as obtaining nanocrystalline materials as a result
of the abrasion of coarse-grained structures on material
surfaces. Powders of homogeneous (usually stoichiometric)
composition, such as pure metals, inter-metallic or prelu-
bricated powders are ground in a high-energy ball mill.
Micro- and nano-structured materials can be produced
by recombining the broken, high-energy particles in the
ground material. By adjusting the grain sizes depending
on the etching time and amount, extremely fine structures
can be obtained. High purity, intermetallic and immiscible
alloys in micro and nano dimensions can be obtained [122].
Devitrification is the obtaining of micro- and nano-struc-
tured coatings by con- trolled crystallization of amorphous
materials within a certain temperature and time. In gen-
eral, it can be defined as a method of rapid solidification.
The crystal phase first nucleates on the free surface and
amorphous crystalline structures form. Then, the amor-
phous phase obtained by rapid solidification crystallizes
by lowering the temperature. Surface roughness causes the
nucleation phase to be prolonged. When the nucleation rate
increases, the film growth rate decreases. Films with differ-
ent grain sizes can be produced by controlling crystalliza-
tion parameters. Changes such as improving the magnetic
properties of material surfaces and increasing the pores can
be made with this method [123-125].

Application Areas of Semiconductor Thin Films in
Technology

Thanks to their different electrical conductivity, ferro-
magnetic, ferroelectric and super- conductivity properties,
thin films; It is widely used in solar cell structures, various
parts of batteries, detectors, cosmetics industry, paint
improvements [126], dye removal [127], pharmaceutical
industry, plastic injection industry, optoelectronic devices
[128], sensor applications [129-131] and semiconductor
industry. Ge and Si elemental semi- conductors used in
semiconductor device technology are inadequate in appli-
cations requiring performance due to their low mobility

and low conductivity. Another reason for this is that it has
an indirect band structure. Semiconductor materials with
direct band structure are needed for optoelectronic applica-
tions. Group II-VI and group III-V compounds, which
have a direct band structure, are very suitable semiconduc-
tors for optoelectronic applications. Group II-VI com-
pounds are binary compounds formed between one of the
group II elements of the periodic table, Zn, Hg, and Cd and
one of the group VI elements O, S, Te, and Se. These com-
pounds have a band gap ranging from 1.7 to 4 eV.
Compounds II-VI, which have a wide band gap energy are
used in optoelectronic applications in the short wavelength
region of light. Group III-V compounds are binary com-
pounds formed between group III elements and group V
elements of the periodic table. The operating range of group
II-V compounds is limited to wavelengths of 500 nm and
above in optoelectronic applications. For this reason, II-VI
group compounds are generally used in the production of
semiconductor devices with wavelengths below 500 nm
and operating in the blue and UV regions [132]. In techno-
logical studies, other uses of semiconductor thin films are
metal oxides. Semiconductor metal oxide thin films attract
a lot of attention in the production of electronic and opto-
electronic devices, thanks to their properties such as the
ability to form homo and hetero structures, their wide band
gaps and their ability to be deposited on hard and flexible
surfaces [133-135]. These materials, which have been pre-
ferred for many years as reflective or anti-reflective surface
coatings thanks to their high refractive index are used with
or without additives to increase the efficiency of solar cells
as transparent conductive contacts. The fact that it can be
used actively in the development and dissemination of
energy-saving lighting applications attracts the attention of
researchers and is the subject of many studies. In addition,
semiconductor metal oxide thin films are ideal candidates
for producing ultraviolet photodetectors, as they have a
band gap higher than 3 eV. Furthermore, specific Group
II-VI compounds such as ZnS, CdSe, and ZnO are widely
utilized in UV photodetectors and blue-region optoelec-
tronic devices due to their high electron mobility and direct
bandgap, which enable high sensitivity and fast response
times. Similarly, Group III-V compounds like GaAs, InP,
and GaN are essential for high-efficiency solar cells, LEDs,
and laser diodes. Their capability to function under high
temperatures and electric fields also makes them ideal for
power electronics and high-frequency applications [136,
137]. A number of new trends and alternative techniques
have emerged in the field of thin-film semiconductor depo-
sition. Vapour deposition is an effective method for coating
nanostructured materials. This technique is carried out by
allowing a molten material to penetrate a porous substrate.
It is based on the principle of solidification to form a thin
film. Molten infiltration enables the production of coatings
on complex structures by operating at high temperatures
[138]. The reactive molten infiltration technique, mean-
while, is widely used in the production of composite
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materials. In this method, the molten metal reacts with a
porous substrate to form a thin film layer. It plays a signifi-
cant role in the production of high-performance composite
materials [139]. The Atomic Layer Deposition (ALD)
method offers high homogeneity and quality in nanoscale
coatings. It enables the precise deposition of thin film layers
at the atomic level. ALD-based infiltration is widely used in
applications such as energy storage, catalysts and sensors
[140]. These new techniques hold significant potential in
the field of semiconductor thin film deposition. These tech-
niques are expected to be widely adopted in future applica-
tions. Depending on future research directions, it is of great
importance to decide which thin-film coating methods will
be used. The selection of the optimal coating method for
semiconductor thin films depends largely on the type of
substrate material, film properties, and available resources.
Thanks to Chemical Vapour Deposition (CVD) and
Physical Vapour Deposition (PVD) methods, it is possible
to create high-purity, homogeneous and dense films. CVD
is used to produce high-quality films with a high degree of
coating compatibility. As a result, it is widely used in the
semiconductor industry. PVD, performed using a sputter-
ing method, is employed to apply microelectronic and
wear-resistant coatings. It is the preferred choice for appli-
cations requiring precise control over film composition and
strong adhesion, and enables the production of films with
controllable electrical and optical properties. They can be
used in high-performance applications such as transistors,
diodes and sensors. On the other hand, liquid deposition
methods such as sol-gel, SILAR and electrochemical depo-
sition are cost-effective and easy to apply; consequently,
they are effectively used for coating large surface areas and
in applications where high-vacuum conditions are not fea-
sible. For example, sol-gel methods are widely used for the
production of transparent conductive oxides (TCOs) in
solar cells and optoelectronic devices due to their ability to
deposit homogeneous multilayer films at room tempera-
ture. Spray pyrolysis and electrochemical deposition meth-
ods, on the other hand, are widely used in industrial
applications such as solar cells and flexible electronics.
These methods are favoured because they can be easily
applied to flexible substrates and carried out at low tem-
peratures. They are suitable for use in wearable technolo-
gies and high-volume production. Solid-state deposition
methods, such as mechanical abrasion and devitrification,
are less common compared to other methods. These meth-
ods are useful for producing nanocrystalline materials and
coatings with specific mechanical properties, but they lack
the precision and homogeneity seen in vapour and lig-
uid-phase methods. They are used primarily in specific
applications where mechanical properties are of primary
importance, and for this reason, their use is limited. As vac-
uum systems and vapour deposition methods requiring
high energy inputs are costly, liquid deposition methods are
generally preferred. Spray pyrolysis and electrochemical
deposition methods can be readily applied to industrial

production. Methods such as Molecular Beam Epitaxy
(MBE) and laser evaporation are suitable for research and
small-scale production due to their high costs and low
deposition rates. Sol-gel and electrochemical deposition
methods are more environmentally friendly compared to
CVD and PVD methods, which involve toxic precursors
and high energy consumption. Using CVD and PVD meth-
ods, the thickness and composition of thin films can be pre-
cisely controlled, allowing for the production of high-quality,
flawless films. Consequently, these methods are used in
high-performance microelectronics. Sol-gel and spray
pyrolysis methods are preferred for large-area coatings in
solar cells. They are widely used due to their suitability for
industrial production and cost advantages. For wear-resis-
tant coatings, spray methods and PVD methods are pre-
ferred due to their high adhesion and mechanical properties.
In flexible electronics, liquid coating methods such as spin
coating and dip coating are used due to their compatibility
with flexible substrates and their ability to be processed at
low temperatures. The selection of the best thin-film coat-
ing method depends on careful evaluation of application
requirements, desired film properties, and economic con-
straints. While vapor deposition methods offer film quality
and precision, liquid deposition methods provide a cost-ef-
fective and scalable alternative for many applications.

CONCLUSION

In this study, deposition methods of semiconductor
thin films are reviewed in detail. Deposition methods are
basically divided into three as vapor phase, liquid phase
and solid phase deposition. Among these, vapor phase
and liquid phase deposition methods are the most studied
methods in the literature. Vapor phase deposition is exam-
ined under two main headings: evaporation and sputter-
ing. Evaporation is divided into physical vapor deposition
(PVD) and chemical vapor deposition (CVD). There are
three types of sputtering: RF sputtering, RF magnetron
sputtering and DC sputtering. It is possible to produce
homogeneous and high-quality thin films of low thick-
ness with vapor phase deposition methods. Vapor phase
deposition techniques are best suited for thin films used
in electronics and optoelectronic device manufacturing
and industrial applications such as solar cells and sensors.
These techniques involve high technology and are very
costly. Liquid phase deposition basically includes sol gel,
chemical bath deposition, electrochemical deposition and
SILAR methods. These methods have a wide range of uses
thanks to their advantages such as easy coating of substrates
of all shapes, low installation and operating costs, no need
for vacuum, deposition at room temperature and homo-
geneous deposition of multilayer thin films. Liquid phase
deposition techniques which are often preferred in R&D
studies carried out in laboratories where the fundamentals
of thin film production techniques are investigated. They
are the most suitable for laboratories, especially considering
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their simplicity of installation and ease of operation. For
these reasons, among the thin film deposition methods,
the most commonly used methods in the literature are
liquid phase deposition methods. The numbers of studies
conducted are given in a table according to the methods.
Solid phase deposition is of two types: mechanical etch-
ing and devitrification. Compared to vapor phase and liq-
uid phase deposition methods, it is a much less preferred
method in the literature for thin film deposition. Solid
phase deposition techniques are not generally preferred in
industry and R&D studies. When we look at the number of
thin film studies deposited with all these methods, it can
be seen how important thin film technology is and how
up-to-date it remains. It has been observed that there are
fewer comprehensive studies in the literature on the long-
term stability and environmental impact of thin film depo-
sition methods, especially for emerging technologies such
as nanomachines and flexible electronics. In addition, it is
anticipated that more research is needed on the integration
of different deposition techniques to improve film proper-
ties for specific applications. In addition, the development
of hybrid deposition techniques that combine the advan-
tages of vapor and liquid phase methods and the applica-
tion of environmentally friendly precursors and methods in
thin film deposition processes are proposed as suggestions
within the scope of this study. Future research in this direc-
tion may contribute to the creation of more sustainable and
efficient thin film production processes.
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