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Chalcogenide thin films have been investigated and explored in the last several decades to widen their use in

optical, electronic, and optoelectronic device sectors. The phenomenon corresponding to different
induced stimuli effects, doping foreign elements is the most productive and efficient way to improve
their structural ability, optical characteristics, and electronic approaches. Based on that, metal doping has

an enormous impact on the aspects and understanding of the mechanism inside the matrix. This review

is mainly based on metal-doped chalcogenide thin films, their effect on various properties of the host
materials, and several applications based on that. Thin films doped primarily with bismuth (Bi), antimony
(Sb), silver (Aqg), tin (Sn), and copper (Cu) were analyzed and discussed. Progress in understanding their
structure, bonding, and properties within the matrix was also discussed. This paper also describes the
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1. Introduction

In recent decades, amorphous chalcogenide thin films have
received widespread interest from researchers worldwide
because of their practical applications in technology-based
devices. Chalcogenide materials, by definition, are the cate-
gory of materials containing one or more chalcogen elements
such as S, Se, and Te, with the addition of other electropositive
elements (As, Bi, and Ge). These thin films combined with
chalcogens (S, Se, and Te) usually have an exceptional capacity
of glass forming, a high refractive index (2-3.2), phononic
energy lower than the standards (300-350 cm™ '), high photo-
sensitivity, and excellent transmission over the infra-red
region.”® They also show large nonlinear properties with an
order of two to three times greater than that of the standard
glasses by making themselves a promising candidate in
nonlinear optics. These characteristics make them ideal for
manufacturing various civil, medical, and military applications,
such as infrared detectors, infrared lenses, planar optics,
photonics integrated circuits, lasers, and other nonlinear
optical devices requiring IR transmission ability in longer
wavelength than silica and fluoride glasses. These thin-film
materials have also enhanced many products that can operate
in infrared optics through communications, imaging, remote
sensing, and laser power distribution.”™
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in optoelectronic devices.

importance and developments of these metal-doped thin films, their physicochemical aspects, and their

Different potential applications of these metal-doped

chalcogenide thin films in manufacturing technology-based optoelectronic devices, namely sensors,
waveguides, switching devices, batteries, optical memories, etc., are also highlighted.

Further improvement in the characteristics for multifunc-
tional device materials and fulfilling the purpose for increasing
the efficiency, productivity, and decreasing energy consumption
during programming and solving, executing the application is
the fundamental problem nowadays. A widely applied way to
change the optoelectrical properties of these semiconducting
materials in a controlled way is the doping. Nowadays, the
leading search phenomenon is the adaptation, adjustment and
control of the composition of these chalcogenide systems
precisely to achieve the desired resonance properties. For
instance, a slight difference in the electronegativity between the
constituents causes these materials to bind covalently. In
addition, it transforms in a vast glass formation region over
a range of compositions with heteropolar and homopolar bond
formations. This flexibility in structure and nature of bonding
allows the ultimate ability for doping and alloying, which in
turn leads to the possibility of fine-tailoring their properties
over a wide range. Also, the appearance of localized states over
the bandgap region and the non-appearance of long-range
order makes chalcogenide materials show excellent tuning
properties when exposed to external stimuli effects like doping
effects and photo-induced effects, thermally annealed effects,
etc.>”

The doping effect of such amorphous materials is consid-
ered to be very different from other effects, which deal with the
conduction mechanism and the structure of the materials.
However, most of the chalcogenides showed insensitivity
towards doping due to the high density of intrinsic defects and
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declination of the Fermi level at its middle position of the
bandgap by the valence-alternation pairs. According to Mott,
the addition of certain heavy metals such as Bi, Pb whose charge
carriers affect the valence alternation pairs, and changes the
position of the Fermi-level.>” This mainly affects the carrier
concentration by triggering the carrier-type reversal (CTR)
process.>® Because of the high polarizability of bismuth, the
incorporation of trivalent donor Bi showed a more significant
impact on the nonlinear behavior of the chalcogenide mate-
rials, which makes them interesting for manufacturing
nonlinear optical devices.'* Bismuth incorporation reduces the
space between the optical bands, improves photocatalytic
activity, and widens the glass-forming area within the matrix.
These modifications pave the way for possible applications in
photovoltaic appliances, display devices, semiconducting and
optoelectronic devices."* Moreover, the doping of metal impu-
rity atoms in the system may provide a localized non-purity level
in the forbidden gap region, alter charge carrier concentrations’
mobility, or introduce structural changes in the amorphous
systems.*** Those induced modifications in the structural and
optoelectrical properties make them more significant for
different applications like optoelectronic devices, optical inte-
grated circuits, several memory devices, etc.*>™*

Other than Bi atoms, elements such as silver (Ag), copper
(Cu), zinc (Zn), antimony (Sb), tin (Sn) also caused noticeable
alterations to their optical linear as well as nonlinear properties,
and electrical properties. These doping effects behave differ-
ently with different impurity atoms depending on the compo-
sition, proportions and structure of the materials."* Such as
doping of transition metal elements such as Cu, Ag, Sn in
chalcogenide thin films enhances optical and electrical char-
acteristics of chalcogenide glasses and shifts them in the
desired directions by opening the possibilities for applications.
These metals generate compositional and configurational
disorder inside the system by enhancing the glass-forming
region and also creates some nanocomposites above the host
material, which enhances the sensitivity and stability, which
helps in sense application view and also able to fabricate on
several optical systems for optoelectronics, integrated optics,
waveguides, and fiber optics.”* For example, Ag doping
improves optical, electronic and nonlinearity properties
(around 2000 times that of silica glasses) when introduced into
some chalcogenide systems.'®” To enhance the efficiency in
photoconductivity diffractive efficiency, with tuning of optical
bandgap, copper proves itself more worthy when introduced to
chalcogenide materials systems and proved as the most prom-
ising for IR-detectors at low cost. Copper doping noticeably
affects the transmittance behavior in the near-IR region along
with enhancement in the nonlinear optical behavior and also
can appropriately tailor the band structure to achieve the most
resonant qualities. The optical phenomenon related to the
optical limiting behavior has shown a significant influence and
a remarkable improvement with Cu doping concentration.*® Cu-
doped chalcogenide films exhibit good photoconductivity and
composition dependent band interval that allows their poten-
tial application in the low-cost detection of middle IR.*
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Similarly, as part of Group IV elements, adding tin (Sn) to the
chalcogenide system complements the configuration by acting
as a donor and considerably modifies the system's character-
istics.?® Such as the Sn as an impurity enhanced optical and
electronic properties by permitting the absorption edge shift
with the change in refractive index, optical conductivity,
dielectric constant and greatly varies the optical bandgap,
thereby facilitating the possibilities of optoelectronic applica-
tions."** However, the doping of impurity silver atom (Ag) into
chalcogenide systems causes variations in their properties by
increasing their network connectivity structure, enhancing their
chemical and thermal stability, and increasing the electrical
conductivity of the system.”*** Additionally, silver is a more
reflective and soluble metal in chalcogenide alloys. It easily
forms bonds with defect levels present in chalcogenide alloys,
which helps to improve its optical and electrical properties.
Excellent crystallization speed and significant resistance
contrast were also observed in the thin Ag embedded chalco-
genide layers.> Apart from tuning the optoelectronic properties,
the incorporation of several metals leads to tailoring the prop-
erties of the host chalcogenide materials by changing their
internal glass network connectivity, internal structure, and
bonding.”**® These changes in the chalcogenide glass matrix,
therefore, alter the average number of coordination and bring
structural changes such as rigid < intermediate < flexible in
the vitreous network. Therefore, such behavior adjusts the
physioptical properties accordingly in a controlled trend con-
cerning industry and technology requirements.?® Apart from the
change in the network connectivity, some metals such as anti-
mony (Sb) can create new defects in the network with substi-
tution and affect the short and medium-range order in the glass
network, also used as a chemical modifier resulting in several
characteristic modifications. Apart from bismuth, Sb can unpin
Fermi level and supports carrier-type reversal, from p < n,
helping to expand the glassy region of the network, enhance
thermal stability, and increment in IR transmission, therefore
reshaping the chemical composition structures by considering
the perspective of device fabrication.**** This review is based on
the doping of metallic impurities in chalcogenides and
summarizes their doping behaviors. Here, we focused on the
doping impact of bismuth, antimony, silver, tin, and copper on
the characteristics of different chalcogenide thin films and
discussed the same. The respective applications of doped films
with foreign metals were also discussed throughout this review
article.

2. Various metal doping in
chalcogenide materials

2.1. Bismuth doped chalcogenide thin films

The doping of metals gives rise to an opportunity to tune and
improve the physical and chemical properties of the matrix.
Incorporating relevant foreign metal atoms results in the
mobility of charge carriers or sometimes causes structural
modifications due to the creation of localized impurity levels in
the forbidden gap region.*»* According to Mott and Davis,*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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these defects mainly comprise dangling or broken bonds, low
bond energy-based homopolar bonds, unsaturated bonds, etc.
These defects were responsible for localized states in the
bandgap, which form the tail states of the valence band and
conduction band, respectively. The change in the concentration
of localized states modifies the material's optical bandgap and
related parameters. Additionally, the application of external
inputs such as impurity dopants in the host material either
creates or ruptures the defects and disorders present, thereby
changing the concentration of localized states. This results in
a change in the optical and electrical properties of the materials.
In several device applications, the doping of group II-VI metals
in the Se-based chalcogenide system improves its stability and
lifetime. These alloyed chalcogenide thin films possess low
phonon energy and transparency over a wide range, making
them beneficial for switching devices.** Chalcogenide-based
systems are mostly considered to be p-type semiconductors.
Due to the presence of a large number of defect density states,
these materials remain unaffected, and the Fermi level is pin-
ned at its position effectively whenever the system is incorpo-
rated by metal atoms.**® But certain metals may change the
type of conductivity from p-type to n-type semiconductors by
shifting the position of the Fermi level. Bismuth possesses this
unique reversing capability of carrier type.***” Bismuth doping
affects the host system in different ways and adapts properties
significantly. For example, the introduction of Bi in the
chemical and thermal stability induced by the Ge-Se system
has increased the glass-forming capacity, the glass forming
area, etc.*®

The effect of bismuth incorporation on various optical
phenomena in GesoSe;o ,Bi, and As,eSeqo ,Bi, showed in
Fig. 1, respectively. Introducing Bi into the Ge-Se-Bi glass
matrix results in a decrease in transmission (Fig. 1(a)), thereby
increasing the optical absorption coefficient (Fig. 1(b)). This
behavior is due to the interaction between Bi ion and the
chalcogenide lone pair electrons, decreased the lone pair
concentration, and changed the layer's cross-linking by forming
a 3D network. As a result, these changes widen the valence band
of the solitary pair, causing the energy of the optical band to
decrease. In other words, the increase in Bi content increases
the density of defect states in the valence band and shifts the
band edge to lower energy causing the reduction of the energy
gap. In Fig. 1(c), the decrease in optical band deviation was
observed to infer the increase in disorder after the addition of
bismuth.*® The completely opposite transmission behavior was
observed in AsySeso_,Biy film, increasing Bi doping. The
transmission was observed to decrease by 85% to 58% for a film
at 10% Bi at 820 nm. The absorption coefficient («) showed
a decreasing trend with % Bi content, as shown in Fig. 1(e). Due
to this decreasing trend of «, the density of defect states over the
valence bond edge increased, leading to a decrease in the
optical bandgap as seen from Fig. 1(f), respectively. The increase
in doping content strengthens the formation of homopolar
bonds that introduce many defects by the appearance of bands
of impurities and tail states on the area of the mobility gap.
These tail states spread in the mobility gap, thus reducing the
value of E,. Third-order nonlinear susceptibility provides third-
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order harmonic generation, absorption of two photons, and
intensity-dependent refractive index, which are essential in the
manufacture of multiple nonlinear devices. The addition of Bi
improves nonlinear third-order susceptibility monotonically in
the As-Se system due to structural and ordering effect changes
within the system.*®

The investigation on the effect of Bi atoms through different
property modifications of Ge,(Bi,Seg,_, films was studied by A.
El-Korashy et al.** The behavior of the optical bandgap of the
Ge-Se-Bi composite thin layers clearly showed a significant
decrease (from 2.62 to 1.24 eV) with the increase in Bi content
from x = 0 to x = 25. This behavior is due to the improvement in
defect density on the bandwidth area due to the increase in Bi
content. The variation of activation energy in Ge,oBi,Sego_, thin
films showed a decreased pattern for effective Bi content. This
behavior was due to the unpinning and fluctuation of the Fermi
level E¢ position towards the conduction band, resulting in the
origin of n-type conduction. However, H. El-Zahed* showed
that the dependence of E, as a function of film composition for
Ge,Bi,Sego_ (x = 0, 5, 9, 10, 15, 20, and 25) was obtained at
ambient temperature. The result showed a significant decrease
in the optical bandgap from 2.1 to 1.65 €V as the content of Bi
increases to 10 at%. However, further addition of Bi causes
a minimal change in E,. Likewise, the reciprocal temperature
dependency of resistivity (p) of Ge,oBi,Sego_, films decreases
with an increase in temperature. This behavior obeys p = p,-
exp(AE/kT), where p, is the pre-exponential factor, AE is the
electrical activation energy, and k is the Boltzmann's constant.
As a result of the majority load carrier change, a change in
electrical conductivity was observed for 10% Bi doping in the
Ge-Se system. So, x < 10 showed band conduction, and x = 10
showed hopping conduction in the localized state.

Chalcogenide materials have shown different properties like
high refractive index (n > 2) and high NIR transmission, making
it more fascinating to apply. These unique properties are easily
influenced by doping with suitable metal atoms. Bi integration
into the Ge-Se matrix improves chemical sustainability.
Replacing Se with Bi results in a decrease in the optical band
interval and increases the transmission property on the mid-IR
region of the Ge-Se system.** Considering the In,5_,Bi,Se;s (x =
0, 1, 3, 5, 7) system, it has been seen that for higher concen-
tration (x > 7) of Bi leads to the appearance of the Bi,Se; phase
in the annealed films. The temperature dependence study of dc
electrical conductivity revealed the observation of hopping
conduction at x = 3% of Bi content, while the observation of
significant change at x > 5 that due to extended state conduction
with the increase in the doping concentration. Moreover, this
behavior leads to an increase in the state of disorder and
defects, resulting in a decrease in the optical bandwidth gap of
the system. This incorporation also leads to a change in
conductivity due to the switching conductivity from hopping
conduction to the extended state conduction.*

Factors like density, electronegativity, atomic radius were
mainly affected due to the doping effects of metal-induced
chalcogenide materials. Considering the incorporation of
a high concentration Bi in the Se-Te alloy system causes an
increase in the band tailing states by a decrease in optical
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Fig. 1 (a) The transmittance (b) absorption coefficient (a) (c) (ah)? vs. hv (eV) variation for GesoSeso_»Biy film,3® (d) the change in transmittance
(e) absorption coefficient, and extinction coefficient (inset plot) (f) optical bandgap of As;0Sego_xBix thin films.®

bandgap due to widening the valence band.* The increase in Bi
concentration also regulates specific heat and heat capacity.
Due to the absorption of heat energy by a large number of
degrees of freedom, a decrease in specific heat and heat capacity
has been observed with an increase in Bi concentration.*®

The comparative variation in the behavior of chalcogenide
materials due to Bi doping has been demonstrated in Fig. 2. In
Fig. 2, we have shown the comparative effect of Bi introduction
on absorption coefficient («) and energy gap (E,) for Ge-Se, In-
Se, and As-S films, respectively. The introduction of bismuth as
a bilayer caused by annealing and irradiation significantly alters
the optical properties. The Bi doping in the As-Se system results
in the enhancement of density of states (DOS), creates localized
states in the forbidden gap and affects the surface structure. Bi
doping reduces the optical bandgap because of the formation of
homopolar bonds (Bi-Bi) at the interface of the bilayer struc-
ture.* Fig. 2(a) and (b) present the optical changes due to Bi
layer deposition over As,S; thin film. The reduction of E, is due
to localized states on the bandwidth area which eventually
improves the absorption capacity. During laser illumination,
the phenomenon of photobleaching was observed in the Bi/
As,S; film that induces the photographic diffusion of Bi in the
As,S; matrix by forming several new dangling bonds. However,
in the case of GeSe, film,"” Bi introduction and post energy
introduction result in the formation of the Bi,Se; phase by
causing phase transformation. This transition causes dangling
surface bonds around the crystals due to the energy-induced

9602 | RSC Adv, 2022, 12, 9599-9620

diffusion process. Thus, Fig. 2(c) and (d) reflect the conse-
quences of phase transformation due to the incorporation of Bi
layers in the Ge-Se matrix and post-annealing and laser-
induced scattering, respectively. Similar behavior has also
been observed with the Bi/In,Se; bilayer film. The subject of Bi
layer over In-Se matrix results in a decrease of the optical
bandgap, while annealing and laser irradiation results in the
increase of energy gap by forming Bi-In-Se diffused glassy
matrix.”® The increase in the absorption coefficient with the
addition of Bi is observed in Fig. 2(e), showing the reduction in
transparency across the wavelength range. The variation in the
refractive index of the Bi/In,Se; bilayer films was shown in the
Fig. 2(f). In the chalcogenide and pnictogens materials, the lone
pair orbitals from the valence and conduction bands are formed
by the antibonding orbitals. The exposure of high-energy radi-
ations results in the excitation of the electrons from lone pair
and bonding states to higher energy states. The outer electrons
immediately fill the vacancies created in these states through
the Auger process, which induces more holes in the lone pair
and bonding orbitals, leading to a vacancy cascade process.
Throughout these processes, bond-breaking ionization of
atoms easily occurred, leading to a change in the glassy
network's local structural order, resulting in the system's
change in refractive index and extinction coefficient.*” Here, the
variation means the incident radiation loss in the whole
medium increases with the addition of Bi and its diffusion
through the introduction of energy.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and energy of Bi/In,Ses thin films.*®

The sequential evidence of the addition of Bi in the Se matrix
was analyzed in the Bi,Se; , thin films made by M. A. Majeed
Khan et al.*® The transmittance showed an increment behavior
with an increase in Bi concentration from 0 to 2.5 at% then
decreased afterward increase in Bi content, i.e., for 5% Bi-doped
film. This behavior is due to the doping of higher content of
bismuth that results in the entering of Bi atoms into the ring
structure of selenium atoms which could decrease the trans-
mittance by shifting the K-edge shift of Se. Similarly, the
decrease in the optical bandgap with Bi concentration is due to
the red-shifting of the absorption edge. The overall decrease in
the optical band interval is due to the creation of localized states
with the increase in Bi concentrations. The energy gap reduc-
tion is attributed to the rise in the density of defects and the
decline of the bond energy value on average. The short-range
order and the formation of Se-Bi bonds are directly respon-
sible for such observable behavior. The conductivity at a low
concentration of Bi decreases whereas at a high concentration
of Bi there is the appearance of a sudden increase of the
conductivity.

The nonlinear refractive index of the chalcogenide system
comes into play when exposed to the strong electromagnetic
field that can be explained through the polarization of atoms
and distortion of electron orbits. In the course of nonlinear
effect in the glassy matrix, the important role has been played by

© 2022 The Author(s). Published by the Royal Society of Chemistry

lone pair orbitals of chalcogens (S, Se, and Te) and pnictogens
(As, Sb, Bi...etc.) showed easy polarizability. It has been
observed experimentally that the dependency over nonlinear
effects on lone pair concentration or, more precisely, the
concentration of atoms with lone pairs is more prominent such
as replacing Se (with lone pair) with Ge (no lone pair) doesn't
influence the value of the nonlinear refractive index (n,) in Ge-
Se system. Similarly, replacing Bi (same lone pair electrons as Se
but higher polarizability) at the place of Se (less polarizability)
showed enhancement in nonlinear refractive index and third-
order susceptibility of the system.® This can be explained by
the increase in the nonlinear refraction index due to the doping
effect of Bi in the Se-Te. The nonlinear refractive index showed
areduced trend, whereas 8, showed an increasing trend with E,.
As the Bi increases, the density of the glass network increases in
a monotonous manner. As with high density and larger radius
compared with Se and Te, a higher concentration of Bi
enhances the polarizability of the system, which ultimately
affects the nonlinearity.*

According to Takats et al., a change of optical properties has
been observed in the Bi(Sb)/As,Se; bilayer structure, making it
useful for application in amplitude modulated optical records.*?
Dielectric relaxation is related to dielectric losses, allowing for
easy understanding of structural changes and defects in chal-
cogenide systems.

RSC Adv, 2022, 12, 9599-9620 | 9603
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Metal doping in chalcogenide systems also affects the
refractive index of host systems. The refractive index depends
on the polarizability of the elements. The integration of Bi into
chalcogenide systems makes it possible to produce a powerful
containment of the electric field that allows the system to be
used for optical waveguide applications with a compact design
of the area and high intensity. This increase in the refractive
index is due to the rise in polarizability and increased Bi
concentration in composition.> From the literature survey, it
has been found that the refractive index is related to trans-
mittance. The increased range of transmission is ascribed to an
increased refractive index. This increase in the refractive index
is ascribed due to the increase in the compactness due to the
replacement of higher density Bi (9.8 gm cm™> at 20 °C) at the
position of low-density Se (4.79 gm cm > at 20 °C).** Due to the
laser-induced effect, a change in the chemical and structural
properties results in the tailoring of the refractive index of the
Bi-doped As,oSeeso system. The conversion of homopolar bonds
to heteropolar bonds results in structural disorder due to illu-
mination. Laser illumination reduces the refractive index and
improves the bandwidth deviation from the one prepared. This
behavior is due to structural modification due to the change in
the defect states.>

Bismuth-doped manganese indium sulfide (MnInS,) thin
films were synthesized using the spray pyrolysis technique. The
films were deposited with different substrate temperatures from
250 °C to 400 °C with constant spray time. With the increase in
substrate temperature, the film thickness decreases with
decrease in scattering centers and defect density. The PL spectra
observed showed excitation wavelength from 350 to 650 nm,
corresponding to blue, green, yellow, orange, and red band
emissions. The appearance of those peaks was due to the band
edge emissions and defect emissions. It has been observed that
the intensity of the peaks enhanced with an increased substrate
temperature which might be due to the reduction in defect
states and strain. This could be attributed to the improvement
in the crystallinity of the material films.*® The photo-
luminescence technique plays an essential role in extensive
research on thin films' energy levels. For the Sb,S;/Bi bilayer
film, the PL spectra showed a strong emission at 335 nm,
attributed to the photon-assisted transitions and the recombi-
nation of the electronic hole after relaxation (band edge
emission).

Similarly, a weak emission peak at 686 nm contributed to the
emission of recombination of electrons and holes trapped in
surface states localized in the forbidden region of the bandgap.
The intensity enhanced with Bi doping was due to the crystal-
line size, as the PL intensity is mainly the inverse of the square
of the crystalline size. All emissions were associated with defects
that occurred during crystalline growth and were also linked to
crystalline deformation due to dislocation and large vacancies.*”

The cm?® thin films were successfully prepared by chemical
bath deposition technique, which showed significant change in
lattice parameters and crystallite size with varying Bi concen-
tration in the films. Photoluminescence (PL) studies showed
that PL peaks shift to a higher wavelength with Bi doping
concentration. By adding Bi foreign element, the CdS film
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results in the displacement of the interstitial position of the CdS
network, which causes an important level of structural disorder
on doping. The slight shifting of peak maxima towards longer
wavelength regions is mainly due to the indirect recombination
of the free electrons moving from the trap level formed by the Bi
atoms to the holes in the valence band. It has been observed
that the film deposited with a higher Bi concentration showed
maximum PL intensity.*®

2.2. Antimony doped chalcogenide films

Metal-doped chalcogenide films have developed into a poten-
tially emerging class of non-crystalline semiconductors in the
science and technology industry. The divergence of excellent
transmission over near and far IR spectral regions allows these
materials to have a significant role in the field of optoelectronic
device applications. The addition of metals in the host matrix is
intended to change optical and physical parameters because
new defects are created inside the glass network. Among such
metals, antimony (Sb) is well known for creating such defects in
the network, and also it significantly influences the short and
medium-range order in the glassy network of films that further
causes the tailoring of properties. Along with bismuth, anti-
mony also unpins the Fermi level, supporting the carrier type
reversal, i.e.,, p < n in the glass matrix. This transformation
enables the glass area to be enlarged, the thermal stability to be
improved and the IR transmission to be increased. Thus, the Sb
doping results in remarkable multifunctional material for
several applications. It is also observed that Sb acts as a chem-
ical modifier and results in the creation of disorders. Hence,
modifications in the structures of chemical composition
happen by keeping the application point of view.***** For
example, the compositional influence of Sb doping in Ge;s_,-
Sb,SessTes, thin films enhances the absorbance capability by
shifting the absorption edge towards a higher wavelength. This
behavior is primarily because of the solid metallic characteristic
of antimony with a larger atomic volume than Ge, which
increases the electronic polarizability, ultimately enhancing the
loss of incident radiation through absorbance. However, the Sb
doping decreases the valence bond potential, increasing the
conduction band potential. Hence, this doping effect drives the
corresponding valence levels closer to the Fermi level and
decreases the transition width and transition energy of elec-
trons, respectively.”® The lone pair electrons in chalcogenide
and pnictogens elements also impact the bandgap variation via
doping and external energy inputs. As we know, the valence
band is mainly constituted by lone pair (LP) orbitals. With the
exposer of higher incident energy, the electrons from the top
valence band are moved to the conduction band, leaving the
unpaired electron in the former LP orbitals. Simultaneously, an
additional bond formed with the excited electron with electrons
from other atoms will create a neutrally dynamical interchain
bond that will create local distortions and change the defects
and disorder inside the system, contributing to the change in
bandgap.®

Similarly, the consequence of Sb incorporation on the
optical parameters for the amorphous Ge-Sb-Se-Te thin films
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has been studied by A. S. Hassanien. It has been observed that
the replacement of Sb at the position of Ge results in an increase
of optical band energy with Sb content. At the same time,
electronegativity was found to be decreased. The Sb doping
enhances the free charge carrier concentration by strongly
contributing to the polarization process. The addition of Sb at
the place of Ge reduces the transmittance optical energy and
increases the reflection due to antimony's silver and lustrous
dark gray metalloid appearance.®* The thermoelectric power
factor of vacuum deposited In,Te; has been dramatically
improved, i.e., 8.7 times with 1% Sb doping than un-doped film.
Hence Sb doping showed more favorability to enhance the
thermoelectric performance of In,Te; films.** The consequent
effect of Sb concentration on the linear and nonlinear optical
properties of Ge-Se-Sb films has been investigated by Z. Z. Ying
et al. The nonlinear optical properties observed from the Z-scan
technique get enhanced with the increase in Sb concentration.
The value of the nonlinear refractive index (n,) and absorption
coefficient (8) of the Sb doped Ge-Se film showed of the order of
107" m*> W' and 107" m W, which is much greater than
host Ge-Se films.®* However, the investigation on the possibility
of Ge-Se-Sb film for phase change recording media has been
investigated by F. A. Al-Agel. The optical energy gap decreased
with Sb doping due to the enhancement of defects over the gap
region.”* Antimony doping changes the glassy network that
affects the physical properties such as the atomic density, molar
volume, molar mass, which showed increment with the
substitution of Sb, whereas compactness, interatomic radius,
packing density decrease. Antimony substitution enhances the
polarizability of the atom that affects the refractive index and
other related optical parameters.’***® The optical bandgap
shrinks with the addition of Sb in the thermally evaporated
GeyoTegy_,Sby (x = 0,2,4,6,10) thin films due to the composi-
tional change in the host network that in turn affects the bond
angles and bond lengths. It is noticed that the antimony rich
system, ie., GeyoTe,;oSbio sample showed a high value of the
nonlinear refractive index, n, (12.3 x 1077 m*> W) and third-
order susceptibility, x* (2.43 x 1072 esu), which is 1000 times
higher than that of silica.®® Mishra et al. analyzed the optical
and structural characteristics of Sb doped (Gej;sSees.s-
Te12.5)100_xSbx (0 = x =< 30) glasses. Doping Sb with different
concentrations expands the glass-forming ability, creates
disorder, and modifies the glass matrix of the host system.*®
The deposition of the Sb layer onto As,Se; film with post-
photo diffusion effect has been observed in Fig. 3(a) and (b).
The transmittance decreased from 67% to 52% with the depo-
sition of Sb diffusion into the As-Se matrix. It is observed that
subsequent photo diffusion, the absorption edge shifts to
higher photon energy that enhances the creation of homopolar
bonds during Sb diffusion, improving the density of defect
states. It decreases the optical bandgap with Sb addition to
As,Se; film, as shown in Fig. 3(b).*” Besides that, the composi-
tion variation in As,_,S;_,Sb, (x = 2, 7, 10, 15) film showed the
mechanical mixture of two-phase As,S; and Sb,S; with consid-
erable variation in the optical behavior. The apparent decrease
in the transmittance from Fig. 3(c) and the red shifting of
absorption edge with Sb content indicates the absorbance of
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incident radiation while traversing throughout the As, ,S;_,Sb,
film + Fig. 3(d).°® Similarly, the composition variation in Sb
doping in the different matrices such as As-Se and Se-S has
been observed in the rest of Fig. 3(e-h). Transmittance spectra
correspond to AsyoSeso_Sb, film (Fig. 3(e)) showed the
decreased pattern, whereas the reverse has been observed in the
case of Sb,S,0Seso_» film (Fig. 3(g)). But both the optical energy
gap reduced with increasing S content as the creation of local-
ized states in the bandgap.®>’® E. R. Shaaban has done a similar
investigation on the compositional variation of Sb,Ge,s_,Se;s
semiconducting film. Optical parameters such as the refractive
index gradually improved with the increase in Sb content due to
the increased polarizability of the high atomic radius Sb (1.38 A)
as Ge. Additionally, the Sb doping greatly influences the optical
band structure, leading to changes in the optical characteristics
and making those samples worth possible for several opto-
electronic device applications.”™

In addition to the optical and structural behavior, Sb doping
is much more useful for controlling the morphology of poly-
crystalline chalcogenide materials. Crystal aggregation with
cross-linked grain coalescence was observed with doping Sb.
However, with further Sb addition, those crystallites were
broken down to form nanocrystalline particles with a significant
influence on the alteration of optical statistics.” The effect on
physical properties of Sb doping in CdSe film has been inves-
tigated by M. Ali et al. The incorporation of antimony results in
structural changes such as a decrease in grain size that causes
discrimination in electron diffusion. This results in an increase
in conductivity and change in optical entities, such as the
decrease in optical band energy and an increase in absorption
that makes it more suitable for solar cell applications.”

Thin layers of cadmium selenium (CdSe) doped with
different concentrations of antimony prepared by the electron
beam evaporation technique were investigated by S. Mathuri.
The transmittance of the CdSe films showed a reduced pattern
with various amounts of Sb content, and an enhancement in the
optical bandgap from 1.74 eV to 2.3 eV has also been observed.
PL study showed two broad peaks at 605 nm and 743 nm, in
which the former one corresponds to absorption edge, and the
latter corresponds to electron-hole pair recombination. The
band's intensity varies with respect to the Sb content such that
the 5% and 10% Sb doped film showed higher intensity with
host CdSe matrix and then for 15% doped film showed
decreased intensity and further increased for 20% Sb. These
changes in PL intensity and the transition to a higher wave-
length range could be due to the change in the crystalline size
with doping Sb.” Similarly, four emission peaks (470-540 nm)
were seen in Sb-doped CulnS, films. These peaks essentially
represent the transition of the donor-acceptor pair between the
elements present. PL peak widening based on substrate
temperature was attributed to a high defect concentration. The
broad emissions were typically for the non-equilibrium process
for film growth and results in disorder on cation sublattice. All
emissions were associated with defects arising from crystalline
growth and deformation due to dislocation. Compared with the
undoped one, the Sb doped CulnSe, PL spectra showed blue
and green band emissions.”
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(a) The transmittance and (b) optical bandgap variation in as-prepared and irradiated Sn/As,Ses thin films.¢” The Sb doping variation in (c)

transmittance behavior and (d) optical energy gap of As,_,Ss_,Sb, thin film, respectively.®® The compositional variation for Sb doped As4o-
Sego_xShy thin film in (e) transmittance and (f) optical energy gap behavior.®® (g) The transmittance and (h) optical energy gap behavior for

Sh,S40Ses0_x thin films with different dopant concentrations.”

2.3. Silver doped chalcogenide thin films

The addition of metals to the chalcogenide system contributes
primarily to the formation of cross-linked structures and
enhances other physical properties. Incorporating silver (Ag) in
the chalcogenide material enhances the electrical conductivity
and Ag alloys by crossing over the chalcogenide chains and
making the system stable. Due to potential applications of
devices in chemistry, optoelectronics, biology, and optics such
as optical memories, microlenses, waveguides, networks,
sensors, etc. silver-doped chalcogenide films have been given
abundant attention in glass science and technology. Due to the
ionic character, the introduction of Ag results in different
structural alterations in the materials, which in turn modifies
the band structure and hence the electrical properties of the
material.”**> For example, the increase in Ag concentration
doping in the Ge-S system (x = 57.1 at%) enhances the
conductivity of the order of 22 times of the doping concentra-
tion (x = 30 at%) Ag in the same system.”® This enhancement of
conductivity is due to the ionic character of Ag" ions. It has been
seen that increasing the concentration of Ag in chalcogenide
glasses, i.e., from 5 at% of Ag to 30 at% of the same system,
modifies from ionic conductor’®”” to superionic conductor
system.”®

In chalcogenides, the photoinduced effect is very influential
due to the impact of the localized state present in the middle of

9606 | RSC Adv, 2022, 12, 9599-9620

the bandwidth gap. These photo-doped metal chalcogenide
films were useful in the application of holographic recording.
The change in thickness of the metal-doped chalcogenide
material due to photo induction is insignificant. Considering
the photodoping of Ag in As-S and As-S-Te systems enhances
the optical absorbance. This enhancement is due to the diffu-
sion of the Ag layer in the host materials and forming hetero-
polar bonds.””* For high-speed optical communication,
nonlinearity is considered to be the key ingredient. But the
nonlinearity demonstrated by silica glass is small, so to be used
for switching and communicational application, either long
device length or a more excellent power supply are required.
Thus, materials with high nonlinearity are necessary to produce
nonlinear photonic circuits with low threshold and condensing.
Chalcogenide materials are highly nonlinear and offered for
switching in telecommunication applications.®* Chalcogenide
materials possess nonlinear susceptibility, two orders of
magnitude higher than silica. These nonlinear properties
become active when they are influenced by a strong electric
field. This nonlinearity demonstrated by chalcogenide is greatly
affected by the doping effect resulting from the subsequent
change in the material system. The nonlinear property of Zn-S
thin films gets enhanced by Ag doping. It was found that as the
concentration of Ag increased, the nonlinear refractive index
increased. This increase contributed to the rise of linear
absorption of the film due to the increase in Ag ions.** Since the
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nonlinear properties are internally connected with the
nonlinear polarization and incident radiation, the subsequent
annealing and illumination after the doping of Ag in the Ge-S
system enhance the nonlinearity. This behavior is attributed to
the diffusion of Ag in the Ge-S layer.*® But opposite behaviors
were observed for Te doping in the Cd-S system. The doping
effect effectively reduces nonlinear properties. This decrease in
nonlinearity is due to the alteration in polarization in the
system.**

The photo-induced dissolution and diffusion of Ag metals in
chalcogenide films showed superior diffraction effectiveness.
According to T. Wagner,*® the rate of optically induced diffusion
and dissolution of silver is higher in multilayer structures than
in bilayer films. Grating formation by holographic exposure of
multilayer specimens Ag/As;yS;o confirmed five times more
sensitive than prepared bilayer films. The linear and nonlinear
alterations resulting from Ag layer deposition and diffusion
have been shown in Fig. 4, respectively. Ag diffusion into the
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GeS layer increased the optical bandgap with no structural
transformation, primarily due to decreased width of localized
states. The transmittance increased to 37% from 27% with just
deposition of Ag metal, which corresponds to its metallic
behavior by providing a large number of charge carriers. Further
laser and annealing induced diffusion increased 43% and 47%,
respectively, as shown in Fig. 4(a).** Consequently, the decrease
in refractive index upon annealing and laser irradiation in
Fig. 4(b) also supports this behavior. The monotonous incre-
ment of nonlinear susceptibility with scattering Ag in Fig. 4(c)
showed the usefulness of UV nonlinear optical materials, solid-
state laser, etc. In other words, the Ag layer deposition on Se film
decreases the transmittance, as shown from Fig. 4(d).*® Such
reduction in transmittance power provides a clear indication of
the diffusion of Ag into the Se layer. The significantly decreased
annealed film is primarily due to Raleigh light scattering and
increased absorption power. This gets the confirmation from
the refractive index behavior in Fig. 4(e). The nonlinear
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(a) Transmittance and reflectance spectra of Ag/GeS as-prepared and illuminated thin films, (b) refractive index dispersion behavior of the

Ag/GesS thin films, (c) variation of Eg and x'® with bilayer Ag/Ges film,® (d) transmittance spectra (e) refractive index variation and (f) band energy

with nonlinear susceptibility of Ag/Se bilayer thin films.2®
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susceptibility related to the polarizability increases mono-
tonically with a decrease in the bandgap observed from Fig. 4(f)
which may be due to the change in the defects and disorder. The
Ag deposition and diffusion in the Se matrix increases the
nonlinear phenomenon inside the matrix, making it suitable
for nonlinear optical devices.

Defect states also enhance the nonlinear opticals of the
system. This behavior has been seen in the Ag-doped Ge-Se-Sb
system. The Ag concentration in Ge-Se-Sb film improves the
nonlinear absorptions that ultimately form the mid-gap states
known as the localized defect states. A clear redshift in the
transmission spectra and an increase in the amplitude of the
interference fringes in the Ge-Se-Sb-Ag films inevitably cause
an increase in the refractive index.*” In Ge-Sb-Te (GST) ternary
film, the GeTe-Sb,Te; pseudo-binary tie-line enhances the
thermal stability, but crystalline speed decreases. According to
the literature, GeTe has a high thermal strength but a low
crystalline speed; on the other hand, Sb,Te; maintains a low
thermal stability but a high crystalline speed. Therefore, the
Ge,Sb,Tes (GST) played a middle-man candidate by forming the
GeTe-Sb,Te; pseudo-binary phase, the tie line that showed
excellent thermal stability and good crystalline speed, scal-
ability, and reliability. Thus, it is one of the best phase change
materials.*®* Doping in this phase change material has shown
great potential to be used for device applications. According to
Song et al.,*® the Ag doping in GST enhances the crystalline
speed from 67 to 30 ns and the sheet resistance to its ten times
in the amorphous phase. Phase change materials possess
several fascinating properties that could be critically applicable
for many applications, including the resistance contrast,
transport speed between an amorphous and crystalline state,
and material dependence of the switching characteristics. Ag
doping in GST thin films enhances the optical energy gap,
significantly reducing threshold current that enhances switch-
ing speed and provides better thermal stability.®* For (Ge,Sb,-
Tes)100_xAgy thin films, the doping of 3% Ag showed maximum
average transmission over the NIR range, confirming the
minimum density of defect states. The absorption edge is
shifted towards a lower wavelength (blue shift) until 3% Ag
doping and then shifted towards a longer wavelength (redshift)
for a higher percentage of Ag doping. Consequently, the optical
bandgap increases with Ag doping up to 3%, and then it
decreases for higher Ag content.® Ag doping in the (Ge,Sb,-
Tes)i00_xAZx System mainly influences the nonlinearity by
decreasing the nonlinear susceptibility up to x = 3 at% and then
increases due to the distortion in the host matrix because of the
high concentration of Ag. This variation is mainly caused by the
phase change between amorphous and crystalline, which allows
the system to customize several properties. The interpretation
of electronegativity and nonlinear optical susceptibility with Ag
content at 1500 nm wavelength showed a decreasing trend with
doping concentration up to 3%; after that, it starts increasing
due to distortion in the host matrix at higher doping concen-
tration. The conductivity increases with the increase in the
energy in the energy of incident light due to the excitation of
thin-film electrons. With Ag addition in Ge,Sb,Tes up to 3%,

9608 | RSC Adv, 2022, 12, 9599-9620

View Article Online

Review

optical conductivity decreases, and 10% Ag doping optical
conductivity increases.”

Furthermore, the silver doped In,Se;:Ag thin films were
synthesized by the spray pyrolysis method at 350 °C to analyze
the corresponding physicochemical properties of the films.
Polycrystalline film peaks with the appearance of the B-In,Se;
cubical phase confirmed by the XRD and Raman study. The
optical absorption showed opacity above the UV region and
transmission above the visible and near-infrared region of the
electromagnetic spectrum. The PL spectrum observed showed
improvement in peak intensity with Ag doping up to 4%, then
decreased with higher Ag doping content. The PL intensity and
crystallite size showed proportionality towards each other with
respect to Ag content. Crystallization leads to higher recombi-
nation of the electron-hole pair that has improved the intensity
of PL.* Similarly, the photoluminescence properties of Ag
doped Zn,Cd;_,S quantum dot thin films were strongly influ-
enced by Ag doping content, sintering temperature, and time.
The PL peak changes from 559 nm to 572 nm with an increase
in Ag content from 0.1% to 0.5%. For 1.0% Ag, the observed PL
intensity showed a maximum value. Also, it showed the PL
intensity shifted with sintering temperature due to the increase
of particle size with an increase in reaction temperature.*>

2.4. Tin doped chalcogenide thin films

Considerable efforts have been made to synthesize and char-
acterize metal-doped chalcogenides. Among all transition
metals, tin (Sn) is well susceptible to the formation of tetrahe-
drally coordinated sites. It significantly influences the host
matrix's network connectivity by inducing short- and medium-
range alterations. As a dopant, tin serves as a model probe
atom to permit local structure changes characterization of the
impurity in chalcogenide glass.”*™** For example, doping of
a high concentration of Sn in the As-Se system causes an
increase in the growth of the tetrahedral unit of structure
Sn(Sey/»)s.”* Tin as an impurity significantly influences the
absorption edge, causing the exponential slope to decrease,
widening the spectral range of photoconductivity, and delaying
the recombination of the photogenerated holes. The optical
study under light exposure in amorphous films As,Se; doped
with Sn (0.5 to 5.0 at% Sn) was studied by M. S. Iovu and his co-
authors. It was shown that it effectively reduces photodarkening
and this degree of reduction becomes stronger up to 2.0%
concentration, then photodarkening increases again. The
doping of amorphous chalcogenide films by tin serves as
a stabilizer for stabilizing the glass matrix in terms of light
exposure and heat treatment.**

Recently, special attention has been given to the preparation
and characterization of thin films of doped chalcogeneration
such as CdSe, CdS, etc. Among these, the CdSe thin film belongs
to the semi-conductor group II-VI with a direct bandgap of
1.74 eV, tunable and excellent optical and electrical properties.
Thus, the study on the incorporation of Sn in thin layers of
nanocrystalline CdSe by the chemical bath deposition tech-
nique was performed by P. K. Sahu and his co-authors. It has
been observed that the crystallinity behavior of the films is
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enhanced by doping Sn due to an increase in the grain size. Sn
incorporation in CdSe decreases the optical bandgap from
2.62 eV (undoped CdSe) to 2.50 eV (5% Sn:CdSe) respectively.
This increase in grain size with Sn doping significantly
decreases the electrical resistivity.*

Here, in Fig. 5(a), the bandgap E, was calculated using Tauc's
relation for direct transition type. The observed optical bandgap
values showed reduced order from 2.62 eV to 2.50 eV while
going for the undoped film to Sn doped film with different
percentages. The variation in bandgap energy might be due to
the variation in structure and size of grains of the Sn doped
CdSe films. The increase of the doping density causes the
broadening of the intragap impurity bands. Upon Sn doping
results in a bandgap reduction while increasing optical absor-
bance and absorption coefficient. Fig. 5(b) presents log(p) versus
inverse absolute temperature. With an increase in the temper-
ature, the resistivity decreases, confirming the films' semi-
conducting nature. The low-temperature resistivity at 323 K of
the undoped CdSe and doped (1%, 2%, 3%) Sn: CdSe thin films
were in the range of 10’-10* Q.cm. Photoluminescence analysis
offers a non-contact, non-destructive and authentic method for
optical investigation. In Fig. 5(c) showed the PL emission
spectra of Sn doped CdSe thin films. This plot clearly showed
the intensity variation with Sn doping due to the modifications
in crystalline structure and increased crystalline size. This
includes the luminescence is due to band-band transition and
electron-hole recombination involving levels in the bandgap
due to Sn addition.”
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Similarly, the linear and nonlinear refractive index study of
Sn doped Se-Te-Bi chalcogenide films has been done by P.
Yadav and A. Sharma. Sn doped thin films' linear and nonlinear
refractive index has incrementally with Sn content. Sn doping
significantly increases the transmission in the Seg, ,Te;5Bi; ¢-
Sn, (x = 0, 2, 4, 6, 8) thin films.*® Sn doping in phase change
material, Ge-Sb-Te (GST) thin-film, has a slightly lower crys-
tallization temperature than the host GST. These doped mate-
rials showed ultra-fast crystallization with reduced activation
energy and enhanced signal-to-noise ratio and recording in
phase change storage resulting from doping Sn.”” It has been
seen that introduction of Sn in the Ge; ,Sn,S; (x = 0, 0.2, 0.4,
0.6) system decreases the threshold voltage value with the
concentration of Sn, and this leads to the increase in the
switching current during off state and also it has been observed
that the thickness increases accordingly with respect with the
increase in threshold voltage values. Furthermore, the intro-
duction of Sn in the Ge; ,Sn,Se; system results in the shifting
of band-edge with an increase in x values as Sn has substituted
at the position of Ge. This indicates a decrease of bandgap with
an increase in Sn concentration. This behavior is due to the
intrinsic defect states contributed to the deposition of Sn. The
shifting behavior of the refractive index towards the lower
energy values is attributed to the increase of Sn concentration in
the Ge;_,Sn,Se; system.” A decrease in the conductivity value
has also been observed at x = 0.4 for system Ge;_,Sn,Se; by
doping Sn due to the hopping conductivity at the unoccupied
localized states, and the conductivity enhanced with further
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increase in the concentration Sn values. The thin film compo-
sition Sn, (Sby.0T€0.30)100_» (With x = 0, 2.5, 5.0, 7.5 at%)
deposited by pulsed laser deposition has been studied by V.
Bilovol and his co-authors. Their structural and electrical
behavior with temperature has been studied to analyze the
phase transformation. Sb,,Tej, crystallizes in a trigonal P3m1
space group structure while doping with Sn leads to structural
distortion of the unit cell. The presence of Sn induces an
acceptor impurity level in the electronic band structure of
Sb,cTezo. So, the doped system showed a direct bandgap
semiconductor in the order of 0.3 eV and independent of the
dopant concentration.®®

The nonlinear behavior has also been seen to be influenced
by Sn doping. For example, an increase in the Sn doping
concentration in the Ge-Se system enhances the nonlinear
susceptibility (from 0.5 x 107" to 7.5 x 10! esu). This
behavior is due to the different absorption edges formed due to
the change in composition. The Sn doping also affects linear
optical properties effectively, as shown from the above Fig. 6.
Fig. 6(a) depicts the transmission spectra of GeSe,_,Sn, (0 < x
= 8). The figure shows that at A > 850 nm, all the films became
transparent, indicating a lower diffusion and absorption;
therefore, the transmission intensity is 80% higher than the
intensity on the visible region. In addition, the absorption edge
increased showed redshift with Sn dopant concentration
increase. The effect of film composition on the spectral
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behavior of the dispersion curves is shown in Fig. 6(b). The
refractive index (n) for all films increases with an increase in A
up to 800 nm. After that, it decreases with the increase of
wavelength. This increase in n value with an increase in doping
concentration could be ascribed towards an increase in the
valence of the current carriers. This refers to the increase in
polarizability associated with larger Sn atoms. The bandgap
value estimation for Sn doped GeSe using Tauc relation is
shown in Fig. 6(c). The addition of Sn atoms at the place of Se
atoms induces the formation of Ge-Sn and Sn-Sn bonds at the
place of some Ge-Se bonds. This indicates an increase in the
density of weaker bonds at the expanse of stronger bonds
because of the higher atomic weight of an Sn atom than that of
a Se atom. This consequently decreases the optical bandgap
energy of GeSe, ,Sn, by increasing the Sn content.” Similar
behaviors have also been seen for Sb doping in the GeSe, thin
film.'*°

Similarly, the change in the optical properties due to Sn
doping in Sb,Se; has been investigated by F. Aousgi and M.
Kanzari. The refractive index and extinction coefficient of host
materials were dependent on the Sn% molecular weight. The
refractive index decreases from 3.2-2.8 at A = 0.7 um to 2.9-2.7
at A = 1 pm. By increasing the Sn content, the carrier concen-
tration to effective mass ratio (N m~"*) increases.’® A similar
study on Sn doped SbSe film deposited by chemical bath
deposition method has done by S. Mushtaq and his colleagues.
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against wavelength (c) (ahv)'/?

versus hy for GeSe,_,Sn, films.*®
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(a) Optical transmission (T) of GeSe,_,Sn, films (0 = x = 0.8) as a function of wavelength of light 4, (b) variation of refractive index (n)
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Their optical measurement showed a broad range of direct
bandgap in 1.45-1.80 eV with a refractive index of 3.38-6.39.
The doped films showed significantly high photo-response and
electrical conductivity values over the range of typical electrical
conductivity values for semiconductors. The deposited film's
good absorbance property showed the possibility of being used
for solar cell applications.'*

Tin-doped In,S; films synthesized by chemical spray pyrol-
ysis have a polycrystalline nature and a significant influence on
the optical characteristics of the matrix. In,S;:Sn films have
a transparency greater than 60-85% in visible and infrared
regions with a high variation in band deviation from 2.71 eV to
2.58 eV for direct transitions. The ambient temperature pho-
toluminescence spectra of In,S;:Sn for different Sn: In molar
ratios showed a high intensity for doping Sn at 2%. The
observed band emissions were caused by deep trapping states
or structural defects.’® Zinc sulfide (ZnS) is considered one of
the major semiconductors in the optoelectronics system. Well-
aligned Sn,Zn; ,S (0 =< x = 0.12) nanostructured thin films
were synthesized by using the solvothermal method for ultra-
violet detector applications. According to the study, it was found
that the optical energy gap decreased significantly with doping
Sn with the expansion of Urbach energy. A gradual enhance-
ment was observed in PL intensity spectra with three prominent
emission peaks due to the high specific area of the formation of
nanostructured thin films and the enhancement of radiative
recombination centers as the Sn®" incorporation content

increases.***

2.5. Copper doped chalcogenide thin films

Recently, a lot of research has been geared for the metal-doped
chalcogenide thin films to increase the productivity and effi-
ciency of several applications. Transition metals (such as Ag,
Cu, Sn, Cr) doped chalcogenide systems have been employed for
optical memory and laser materials. Among them, Cu doped
systems were extensively studied as Cu doping mainly alters the
optical-electrical characteristics of the host matrix and
increases the efficiency such as contrast, photosensitivity,
reversibility, and diffractive efficiency.'®**** For example, the
glass transition temperature and density of the Asg 40S€0.35T€0.25
system get influenced by Cu doping. Lack of crystallinity has
also been observed due to Cu doping.'®

The thermoelectric potential of chalcopyrite material
showed a great influence due to Cu doping. The copper incor-
poration results in a high thermoelectric figure of merit (Z7),
defined as ZT=(0S’/k)T, where o, S, k, T are the electrical
conductivity, Seebeck coefficient, total thermal conductivity,
and absolute temperature respectively. Cu,CdSnSe,, a quater-
nary chalcogenide, showed a chalcopyrite-like structure also
known as thermoelectric materials. Copper doping in Cuy.,-
Cd;_,SnSe, system (x = 0.025, 0.05, 0.10) showed novelty as
a wide bandgap p-type thermoelectric material with two struc-
tural units. The temperature dependence of thermoelectric
properties of Cu,.xCd; ,SnSe, films such as ¢ has a weak
temperature dependence at an intermediate temperature. The
Cu-doping significantly enhances the conductivity that the 0.10

© 2022 The Author(s). Published by the Royal Society of Chemistry
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at% of Cu doped film possesses conductivity about 12 times
greater than the host material. Similarly, the positive Seeback
coefficient (S) clearly indicates the hole conduction. At 700 K,
Cu,CdSnS, offers a higher S than some well-known thermo-
electric materials. The total thermal conductivities of the
studied films were showed very low value, less than those well-
known thermoelectric materials. Similarly, the rapid increase of
ZT with temperature is due to the decrease in total thermal
conductivity (k). Thus, the incorporation of copper results in low
lattice thermal conductivity and generates more conducting
paths by encouraging electrical conductivity. For Cu, 10Cdg.g0-
SnSe, film, ZT reaches about 0.65 at 700 K, higher than most
thermoelectric materials.'*®

Similarly, doping of high concentration Cu in the As-Se
system affects the connectivity and permittivity of the glass
matrix. In the method, Ge;sTegs_,Cu,, the cohesive energy and
glass transition temperature (T,) show a sequence of diminu-
tion with increasing Cu concentration. Considering the below
characteristic, it offers a decrease of glass transition tempera-
ture with an increase of Cu composition up to x < 5 at%. After
that critical concentration (x = 5 at%), further addition of Cu
enhances the same. This variation is attributed due to the
increment of the formation of homopolar bonds (Cu-Cu) with
a decrease of the heteropolar bond (Cu-Te) as the concentration
of Cu varies.'” Similar characteristics have been seen due to the
photodoping of Cu-doped in (As,S;)I, as in the case of Ag
photodoped in the same composition. The difference is that in
photodoping Cu, the increase in optical absorbance is shifted
over a longer wavelength than photo-doped Ag. Cu photodoping
improves several optical properties better than Ag. Photodoping
of metals in covalently bonded chalcogenide materials results
in modifying the structural properties and increase in density of
defect states which ultimately affects the electrical conductivity
and optical properties.”

Cadmium sulfide (CdS), considered an inorganic compound,
gained much attention from research due to its exceptional
optical, electrical, and structural properties. Transition metal-
doped CdS thin films were considered more popular due to
their excellent luminescence properties. Due to this popularity,
different deposition technique has been employed to study and
observe several modifications in the physical properties. Doping
transition metals such as Ag, Cu, and Mn opens up several new
possibilities for synthesizing new materials with different
properties from host materials. Several studies revealed that Cu-
doped CdS film showed a decrease in the photoluminescence
intensity. These film-based heterojunction devices experi-
mented with an improved result for low bias voltage with an
efficiency of 95.42%. Using a hydrothermal assisted chemical
bath deposition method, the study on the modification of Cu
doped and undoped CdS thin films has been investigated by T.
Hussain et al. According to him, Cu”" as a dopant results in the
enhancement of the crystallite size. In contrast, the optical
bandgap gradually decreases with doping concentration
ranging from 2.50 eV to 2.21 eV.'*® Similarly, the doped and
undoped CdS thin film property modifications have been done
by M. Muthusamy et al. The Cu doping results in the continuous
redshift of energy gap from 2.18 to 2.34 eV that observed from
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optical absorption and transmittance studies. The substitution
of Cu”" ions into CdS lattice results in the alteration of lattice
parameters and photoluminescence behavior. The observed low
crystal size (2.18 nm) and higher energy bandgap (2.28 eV) of
Cdy.06Cug.04S thin film make it helpful in designing a suitable
window material in fabrication for solar cells.'® A similar study
on Cu doping with different concentrations (0%, 2%, 4%, 6%,
8%) in CdS thin film has been done by F. Gode. It has been
observed that the transmission of Cu-doped CdS films was
found higher than the undoped film. In other words, the elec-
trical resistivity value increased with the increase in Cu doping
content. The corresponding film with 8% Cu doping records the
highest photosensitivity than the undoped one. Moreover, the
CdS film incorporated with 8% Cu doping content could be
used in optoelectronic devices such as photodetectors and
sensors.®

Among chalcogenide materials, tin sulfide (SnS) has widely
experimented for various applications such as solar cell
absorber material, electrode material for supercapacitors, and
working electrodes for sensors. Although SnS possess an ideal
bandgap and large absorption coefficient values, but also
possesses low carrier concentration intrinsic electrical resis-
tivity, which hindered the broad applicability of SnS in solar cell
applications. To enhance the conductivity and carrier concen-
tration, selected metals such as Cu, Ag, Bi, and In were doped in
SnS thin films. The Cu doped SnS film deposited using the spin
coating technique has been studied by P. R. Bommireddy et al.
The crystallite size showed an increment with Cu doping up to x
= 4% and subsequently decreases with further increase in
doping content. Consequently, the optical bandgap decreased
with Cu doping due to the band shrinkage effect due to
enhancement in defects over the mobility gap and the corre-
sponding enhancement in the grain size. The main intention to
increase the carrier concentration has been fulfilled by Cu
doping and showed an increase up to two orders in magnitude.
Thus, Cu doping suitably enhances the optical and electrical
properties of SnS thin films.""

Similarly, K. Santhosh Kumar et al. studied the Cu doped SnS
deposited by spray pyrolysis technique on the glass substrate of
350 °C. From the study, it has been concluded that Cu doping
enhances and improves the characteristics of SnS thin films.
The substantial redshift in bandgap due to doping interpreted
by bandgap modulation and minimum resistivity (5.94 Q cm)
has been observed due to Cu doping. This copper doping SnS
showed suitable properties that are useful for photo-electronic
devices."” Fig. 7(a) presents the SnS thin-film transmission
spectra obtained at various copper doping concentrations. This
figure showed a cut-off region on the transmittance spectrum at
a shorter wavelength, which indicates the intrinsic inter-band
absorption in SnS/Cu thin films and possesses high absorp-
tion capability. Then for the high wavelength region, the
appearance of fringes indicates the homogeneity and smooth-
ness of the film thickness. Fig. 7(b) demonstrates the optical
bandgap calculation from the Tauc plot. It can be seen that the
bandgap value decreased from 1.55 eV to 1.37 eV with various
doping content up to 8 at% Cu, then slightly increased with
further doping. This reduced bandgap behavior was due to the
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band shrinkage effect and increased carrier concentration.
Fig. 7(c) depicts the change in refractive index concerning
different wavelengths. The maximum refractive index was
shifted to a higher wavelength region with increased Cu doping
content. Then shifted to the lower part for further increases in
Cu content.** Similarly, the optical transmission spectra of the
prepared SnS thin film by the sol-gel process are shown in
Fig. 7(d) it has been observed that the corresponding films
exhibited nearly 60% transmission at higher wavelengths. Upon
Cu doping increase, a red shifting up to x = 4% and blue
shifting for higher Cu content doping has been seen. Similar
behavior has been observed from Fig. 7(d), that the optical
bandgap decreased (1.46-1.37 eV) upon an increase in Cu
doping concentration from x = 0-4%. This increment in-band
energy with increased doping is mainly due to the presence of
additional phases and a large number of Cu atoms at the
substitutional sites.'*?

Copper as a dopant in the CdS system acts as an acceptor,
resulting in a change of resistivity, band interval energy varia-
tions, photoelectric properties, respectively. The substitution of
Cu*" ions into the Cd-S lattice was confirmed through variation
in lattice parameters, FTIR and PL spectra. The ambient
temperature PL spectra demonstrated the existence of two
distinct and strong bands such as 408 nm (blue band) and
547 nm (green band), respectively. These bands shifted to
a higher wavelength with increased intensity due to Cu doping
and reached maximum intensity at Cdy 96CUy.4S thin film. The
appearance and shifting were due to the radiative recombina-
tion of holes and electrons via the surface/defect states present
and showed great potential for nano-scaled optoelectronic
intensive light emitters.’® Thin films of Cu doped ZnS thin
films were synthesized by chemical bath deposition technique
showed slight shifting with the appearance of three emission
peaks at 390 nm, 480 nm and 525 nm. With the increase in Cu
concentration, the peak position shifted to higher wavelength
and reached maximum intensity for 0.01 M%. The observed
enhancement in blue and green light emission was seven and
twenty-five-fold greater than undoped film. Optical absorption
showed enhancement in bandgap form ZnS to Cu: ZnS film,
favoring quantum confinement effect in the developed nano-
particle of size below the Bohr diameter.'** Similarly, the blue
shifting observed in both blue (413 to 407 nm) and green band
(from 538 to 523 nm) in PL spectra with enhanced intensity
confirmed the doping impact of Cu in Cd-Zn-S lattice. This
behavior primarily contributed to an increase in particle
thickness and size. The observed emission band were attributed
to the combined effect of quantisation and defect states due to
the imperfection in weakly crystalline lattice structure due to
different element sizes of Cu, Cd, and Zn."**

3. Applications

Chalcogenide materials can transmit radiation over wave-
lengths more significant than 2 pm. These glasses have optical
properties that are more significant than that of oxide-based
silica glasses. An appropriate amount of doping -easily
modifies their compositional properties to enhance their

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of pure and Cu doped SnS thin films '

efficiency, capability, etc., making them more promising for
several optical device applications. Chalcogenide-based thin
films are the most famously known candidates for their wide
applications in photonics and device applications over the
range of 0.6 um to 15 pm. Their wide range of applications for
passive devices like lenses, windows, optical fibers, etc., and
active devices like laser fibers, nonlinear devices, etc., makes
them more attractive.'*>*>*

The doping of suitable metals in the composition of chalco-
genide glasses leads to desired structural and optical changes,
making them suitable for several applications. When the chal-
cogenide system is subjected to external stimuli like photo-
induced or thermally induced with a sufficiently high electric
field, it shows un-stability after a certain point which gives rise to
switching patterns."*® This property of chalcogenide glasses
depends on electrical conductivity, crystallization capability,
chemical ordering, etc. The incorporation of Cu in the Ge-Te
thin-film system results in attaining the high resistance state by
applying a suitable current pulse which is helpful for the
production of switching-based devices.'””'*®* Cu and Ag possess
the properties of good conductivity, so this makes sense that
introducing Cu and Ag in the Ge-Te system causes a decrease in
the switching field, which is related to the threshold voltage for
switching. The performance shown by changing field for both
Cu-Ge-Te and Ag-Ge-Te systems is comparable with the same
for the composition As-Te system. The incorporation of Cu and

© 2022 The Author(s). Published by the Royal Society of Chemistry

Ag in the Ge-Te system shows a lower switching field than that of
the As and Se incorporated Ge-Te system.'"**' Introduction of
Cu in As;oCu,Se,o_, shows memory switching property for the
composition x < 15; for x > 15 composition shows behavior from
high conducting state (ON) to low conduction state (OFF).**"*?> Bi
doping in GeTe nanowire enhanced the switching mechanism
and increased the crystalline and amorphous state resistance,
making these thin films suitable for data storage and phase
switching applications.'*

As excellent transmittance over a vast region, these doped
chalcogenide materials are promising sensing devices. The
most necessary characteristics for a chemical sensor are
potential stability, sensitivity, lifetime, compositional limits,
etc. The ion-selective sensor based on chalcogenide possesses
good thermal stability and sensitivity during continuous
measurements.”* The specific composition of doping Cu and
Cd in chalcogenide glasses produces a suitable chalcogenide-
based sensor that can be used for chemical purification in
industrial work stations.**

Resistance switching-based nonvolatile memory devices,
which are also known for resistance random access memory
(RRAM), have taken all attention due to their favorable charac-
teristics like low fabrication cost, fast writing, and reading facility,
less threshold voltage, and less power consumption, etc.'*%'*
Phase change memory application mostly depends on the rapid,
reversible phase transformations between amorphous and
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crystalline states, which take place in nano-volume of material
under low energy external fluences. Materials of the GeTe-Sb,Te;
pseudo-binary line in particular Ge,Sb,Te; are considered to be
the most promising materials for application in phase change
memories. Doping and modification of the structural matrix by
the incorporated dopants were deemed to be one of the effective
methods for tailoring the properties of semiconductor materials.
Thus, for the proper alteration of the electrical and optical
properties in PCM materials, alloying is the way that provides
a positive gateway to achieve the desired properties of amorphous
and crystalline phases of GST. Doping bismuth in Ge,Sb,Te;
significantly changes thermal, optical, and electrophysical char-
acteristics. The influence of bismuth on the electrical and phys-
ical properties, charge carrier transport, and nonlinear current-
voltage (I-V) characteristics in thin films are beneficial for PCM
applications. The most apparent modification of optical proper-
ties, current-voltage characteristics, and parameters of the thin
films was established for Ge,Sb,Tes with Bi doping. Thus, doping
of Bi in the Ge,Sb,Te; matrix showed an expansion over the range
of material properties, which is essential for the optimization of
PCM technology.”® R. Soni has discussed the Cu doped Ge-Se
chalcogenide system based on random telegraph noise (RTN) to
be used for the RRAM device application. It shows the fluctuation
properties depend on the device's programmed resistance, which
concludes that the fluctuation is highly sensitive towards the
resistance.” Similarly, the dissolution of Ag in the Ge,Se;_,
system gives rise to a ternary layer that combines the Ag,Se con-
ducting phase and Ge-Se highly-resistive phase. This shows
similar characteristics to the Cu doped Ge-Se system as they both
possess comparable compositions.**®

Electrochemical electrodes having good sensitivity have been
developed from Ag-doped chalcogenide glasses and thin films.
Considering composition Ag-AsS, and Ag-GeS, possess appro-
priate properties like good ionic conductivity and stability over-
acidic solutions, which can be used for sensors.*** A successful
investigation has been done on Cu and Ag-doped Ge-based
chalcogenide, which acts as an electrolyte in the active
medium of a programmable metallization cell (PMC) and proves
as the promising candidate for the RRAM application.”** Fick
et al. Investigated the thermal diffusion of Ag in the chalcogenide
system that proves to be useful for applying the optical wave-
guides.’ PMC random access memory is dependent on the
electrochemical growth and the removal of non-metallic path-
ways in thin films of the solid electrolyte. The new programmable
metallization cell RAM uses metallic Ag-doped amorphous
chalcogenide Ge,sSe;s, and GejoSe;, thin films considered the
next generation of nonvolatile memory application. As a result,
this technology enables data storage in Ag-based chalcogenide
thin films as a memory storage device. These devices have
excellent switching features for PMC-RAM, which promises to be
non-volatile, low power, and potentially low cost for the next
generation of non-volatile memory applications.*

The introduction of Ag in Ge rich chalcogenide thin films
alters the sequence of the local atomic structure. The experi-
mental analysis explained the loss of medium-range order and
change in the diffraction curve. According to the structural
model, these modifications have a great connection with the
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application for fast switching memory devices.”*® Ag-doped
chalcogenide systems are promising candidates for holog-
raphy and optical memory device applications. Photo-inducing
techniques can improve the sensitivity of the materials. For
fiber fabrication, incorporating metals in chalcogenide mate-
rials increases efficiency due to their exciting properties like low
phonon energy and high refractive index. The radiation-
induced effect in the chalcogenide system-induced structural
reorganization contributing towards silver diffusion. The
increase in the structural development occurring inside the
films containing 45.5 at% Ge in respect to increasing radiation
dose results in an increase in the edge/corner-sharing ratio and
allows the diffusion of Ag inside the system. The electrical
performance of the device fabricated from the studied films
showed a decrease in resistance after irradiation. This is
primarily attributed to incorporated Ag diffusion as a conse-
quence of radiation-induced, which characterizes the sensor
operation and demonstrated decreased device resistance as
a result of the radiation.**®

Metals doped chalcogenide glasses are the potential candi-
dates for application in lasing, modulators, ultra-fast telecom-
munication, optical signal processing, etc.”***® The
introduction of Cu into thin film Cd-S affects the photographic
response, making them useful for photovoltaic applications. A
higher concentration of impurity Cu will enhance the p-type
electrical conductivity of Cd-S.**° Similarly, the introduction
of Cu enhances transparency and decreases resistivity, so these
modified properties of the system make them appropriate for
photovoltaic application.*** Chalcogenide photoresists are
widely used in the field of micro as well as optoelectronic
devices. Ag-doped in As,S; film is used to fabricate strongly
nonlinear chalcogenide photoresists, and useful for massless
photolithography.**> Application-based nanometer dimension
pattern lines have been developed through doping Ag in chal-
cogenide materials. The structure of these Ag-doped lines is
similar to that of the accelerating voltage beam parameters.'*

Various kinds of third-order nonlinear optical materials have
also been characterized and analyzed for their suitability of use
in all-optical switching, pulse compression, fiber grating.
Among those applications, glass fibers offer the advantage of
reduced operating power because of the long interaction length.
Because of low losses, silica fibers have been studied in-depth,
but their nonlinearity is low and requires very long fibers for
communication (>100 m). Third harmonic generation
measurements revealed that chalcogenide thin films possessed
two orders of magnitude higher nonlinearity than that of silica.
A very efficient optical Kerr effect in As,S; based fibers has been
observed, and efficient all-optical switching using small core
fiber only few meters long has been demonstrated.******> The
enhancement of third-order nonlinear effects has been ach-
ieved by doping suitable metal in chalcogenide films. For
example, solid and nonlinear characteristics of the configura-
tion Ag (paint)-As,Se;—Cu showed challenging behavior. The
nonlinear element based on heterojunction Ag-As,Se;-Cu
exhibits different conduction behavior in direct and reverse
polarization. This strong nonlinearity makes the material more
potential for application as a rectifier and dynamical switching

© 2022 The Author(s). Published by the Royal Society of Chemistry
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devices by using two conduction states. Similarly, 4 at% Cu
doped and Ag-doped As,Se; films for pulse durations on the
order of nanoseconds at 1.064 um."®

A. Kovalskly and his colleagues demonstrated the advantages
and application of chalcogenide thin-film photoresists for grey-
scale lithography. It has been observed that the performance
shown by those films could be used to make high-resolution
greyscale lithography for IR optics. Application of silver photo
dissolution in lithography for microelectromechanical systems
applications was also demonstrated."”” Similarly, elaborated
analysis on As-S-Se films as recording media for holography and
lithography has been presented by J. Teteris. Higher value in the
photoinduced refractive index modifications enables the holo-
graphic recording with high diffraction efficiency.**® An equiva-
lent As,S;-Ag-(PVDF-TTFE) pyroelectric detector showed
a resonant absorption coefficient of 80% and responsivity of
1.4 mV mW ' that would be beneficial for sensors, imaging and
spectroscopy.’*® L. Wei presented a low-cost, large-scale nano-
fabrication approach by combining the lithography imprinting
and silver doping to produce a pattern on chalcogenide As,S;
glasses for IR devices. This approach could be used for nano-
imprint lithography tools such as Canon's S-FIL and EVG's Smart
NIL systems by simply coating a thin Ag layer on a template and
using chalcogenide as the imprint resist.”*® The surface plasmon
polariton excitation effect at the silver-chalcogenide interface
due to photostimulated diffusion significantly enhanced the
photosensitivity of the structure. In this two-layer Ag-As,S;
structure deposited on the diffraction grating with 899 nm
patterns using interference photolithography.*>*

4. Conclusion

Doping always provides the gateway to unveil several mecha-
nisms and characteristics properties inside the material system.
Thus, metal doping in chalcogenide materials attracts much
interest due to their wide application in several fields of physics.
Through by understanding their several chemical and physical
properties and doing some modifications that need, several
progressed devices can also be manufactured. There are many
more aspects of their properties, stability, and much more
things that remain to be investigated. There are signs of prog-
ress that have to make by increasing their capability, efficiency
which can be achieved by knowing all properties of these
chalcogenide thin films. By developing interesting equipment
like lasers, optical sensors, amplifiers, etc. which will help to
improve in the several sectors of science and technologies.
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