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The exceptional properties and broad applicability of CoTe nanoparticles make them highly relevant for
various technological applications, particularly in optoelectronics. Introducing a metal dopant into a
nanomaterial matrix has been shown to enhance its characteristics, thereby expanding its potential use.
This study presents a straightforward hydrothermal synthesis method for Bi-doped CoTe nanoparticles,
wherein four different samples were synthesized by varying the Bi doping concentration. Structural
characterization via X-ray diffraction confirmed the presence of the hexagonal CoTe phase, with notice-
able phase shifts attributed to Bi incorporation. Raman spectroscopy provided insights into the vibrational
modes of CoTe, while transmission electron microscopy further verified the CoTe phase and measured
interplanar spacing. A field emission scanning electron microscopy morphological study revealed a con-
stant nanoparticle-like structure that did not alter as the concentration of Bi increased. Elemental compo-
sition was examined through X-ray photoelectron spectroscopy, confirming the composition of the
expected material. Additionally, UV-Vis spectroscopy revealed a bandgap reduction in the range of
3.35-1.64 eV, suggesting modifications in the material's optical properties. Meanwhile, the refractive index
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value of the material gradually increased in the range of 2.00-3.08. The photoresponse study showed a
photocurrent ranging from 229 to 810 pA, with the highest observed in the Bi-3 sample. Additionally, a
maximum nonlinear absorption coefficient (8) of 1.448 cm W~! was recorded. These results indicate the
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1. Introduction

Owing to a higher surface area-to-volume ratio, quantum confine-
ment effects, and the tunability of their electronic structures at
the nanoscale, nanomaterials exhibit different physical and
chemical properties from their bulk counterparts." Their large
surface area-to-volume ratio and compact size confer them with
special qualities. They are, therefore, highly sought after for a
number of applications in fields such as electronics, energy, and
optoelectronics.> Chalcogenide materials can have crystalline,
amorphous, or nanocrystalline structures, among other types,
and are recognised for their exceptional optical behaviour, electri-
cal conductivity, and semiconductor properties.®™

Chalcogenide materials have significant potential for a
variety of uses. They have garnered a lot of interest in a
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material's strong potential for nonlinear photonics and optoelectronic applications.

number of emerging fields, including photovoltaic systems,
sensing technologies, phase-change memory (PCM) devices,
and photocatalytic processes.®® Tellurium belongs to the chal-
cogen group, which also comprises polonium, oxygen, sulfur,
selenium. It is categorised as a p-type semiconductor.’ Due to
its advantageous physical and chemical characteristics, tellur-
ium (Te) has garnered a lot of interest in semiconductor
research. It is an appropriate choice for low-energy opto-
electronic and infrared applications due to its significant
narrow direct bandgap of about 0.33 eV at room temperature.°
Furthermore, the material’s performance properties are
improved by its anisotropic crystal structure, which makes it
appropriate for a range of devices. Although tellurium is classi-
fied as a rare element, established extraction and recovery
methods enable its production in sufficient quantities to meet
the demands of semiconductor and optoelectronic appli-
cations. Additionally, tellurium exhibits higher environmental
stability than many other semiconductor materials, contribut-
ing to the enhanced longevity and reliability of devices fabri-
cated with it.""

Metal tellurides, notably CoTe, NiTe, Cu,Te, and others,
have drawn interest because of their potential uses in a variety
of industries."”” These materials can be utilized in numerous
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ways and not only can they be found in different stoichi-
ometries, but they can also be synthesized by a number of
methods.” These methods include hydrothermal synthesis,
microwave irradiation, chemical vapor deposition (CVD) and
sol-gel."*™” Additionally, numerous studies describe the
hydro/solvothermal method of producing cobalt telluride
(CoTe), which yields particles of varying sizes and shapes. The
final appearance of the particles is determined by a number of
variables, including temperature, solvent type, and the
amounts of starting materials. CoTe has garnered a lot of inter-
est due to its intriguing structural, electrical, and magnetic
properties, which offer potential applications in a variety of
sectors."® Moreover, this can also be achieved by synthesizing
it by various methods and characterizing its various properties.
CoTe has become a material with enormous potential due to
its extensive electronic structure, thermal stability, and semi-
conducting properties. The electrical, optical, and catalytic
properties of CoTe can be further modulated by doping it with
right elements, which makes it a desirable option for multi-
purpose applications.'® However, doping CoTe with appropri-
ate metal atoms like Bi, Zn, Sb, and In can greatly improve its
electrical and optical characteristics, making it easier to
develop a variety of electronic and optoelectronic devices.>
M. S. Khan et al.®" prepared cobalt telluride superstructures
via hydrothermal synthesis method to study the visible light
photoconversion of carbon dioxide into methane. This
material can also serve as a photocatalyst under visible light
irradiation and for photoreduction of CO, into CH,.
Meanwhile, CoTe and NiTe, have also been employed as Pt-
free counter electrodes (CEs) in dye-sensitized solar cells
(DSCs) by J. Guo et al.,”* indicating a cost-effective alternative
to metal Pt. However, by doping with various metals and semi-
metals like Bi, In, Ni, and Zn, the physical and chemical pro-
perties of the crystal lattice can be enhanced in various ways.>?
Bi doping modifies a variety of nanomaterial characteristics.

Bi doping can efficiently modify the electronic band struc-
ture of CoTe, possibly reducing the bandgap and improving
light absorption in the visible and near-infrared spectra. Bi
doping can also improve photogenerated charge separation
and transport, which are both essential for photodetector per-
formance, by raising carrier concentration and mobility.
Furthermore, incorporating Bi is also known to enhance
responsivity, detectivity, and reaction time while lowering
recombination rates.>* The ionic radius of Bi causes changes
in the structural parameters, and doping concentrations alter
the optical and electrical properties. To alter the electrical pro-
perties and improve performance in applications like thermo-
electrics and optoelectronics, Bi can be doped with a variety of
substances.>® Bi-doped CoTe nanoparticles have attracted
interest because of their possible uses in solar energy harvest-
ing and thermoelectric devices. Many researchers have investi-
gated this material for its application in energy storage
devices. J. Tabassum et al.*® employed Bi-doped CoTe evapor-
ators for solar-driven desalination, where Bi enhanced the
surface plasmonic effect of CoTe after doping. In addition, a
small amount of Bi doping showed a solar efficiency of 96.7%
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with a water flux of 2.38 kg m~> h™". Furthermore, the doping
of Bi has also been performed for the synthesis, characteriz-
ation, and photocatalytic performance of Bi,Os;-doped WO;
nanoparticles decorated on reduced graphene oxide (rGO)
sheets—a highly conductive, two-dimensional carbon-based
material—by Z. M. Alaizeri et al.>’ The results also demon-
strated the improved properties after the doping of Bi.
Numerous studies have been conducted focusing on energy
storage and related applications; however, comprehensive
characterization techniques, such as optical analyses, are still
lacking and remain to be explored.>®

Additionally, hydrothermal synthesis, a popular technique
for producing nanomaterials using solution-based reactions,
allows a wide temperature range from room temperature to
extremely high temperatures.”® This method has worked well
for producing a variety of nanomaterials by modifying the
pressure conditions according to the vapour pressure of the
primary formulation. Its benefits include the production of
materials that are unstable at high temperatures and the
efficient synthesis with minimal material loss.*°

Inspired by the previously mentioned studies, herein, the
hydrothermal synthesis method has been employed to prepare
a CoTe crystal lattice in which different amounts of Bi have
been doped. Various Bi concentrations have been examined,
and different nanomaterials have been developed. The crystal-
line phase and a phase shift towards higher angles were
revealed by the structural analysis of the material, while the
Raman spectra demonstrated several vibrational bonds in the
crystal lattice. The morphological analysis confirmed the nano-
particle-like structure of the material. Additionally, the
material’s thermal behaviour was demonstrated by DSC
measurements, and the optical properties were examined
using UV-Vis spectroscopy.

2. Experimental
2.1 Materials and experiment

The following materials were used as starting materials: cobalt
chloride hexahydrate (CoCl,-H,O) (98%, GLR Innovations),
bismuth(umr) nitrate pentahydrate (Bi(NO3);-5H,0) (99.99%,
Sigma Aldrich), sodium tellurite (Na,TeO;), and deionized
water. Hydrazine hydrate (N,H,-H,0) was used as the reducing
agent. All materials were used without any additional purifi-
cation. The Bi-doped CoTe samples were synthesized using the
hydrothermal method. Initially, a precursor solution was pre-
pared by dissolving 1 mmol of CoCl,-H,O and 1 mmol of
Na,TeO; in 70 ml of deionized (DI) water. To facilitate
reduction, 10 ml of N,H,-H,O was added to the solution. The
mixture was then stirred continuously for 2 hours to ensure
uniform distribution of the components. After thorough
mixing, the solution was transferred into a 100 ml Teflon-lined
stainless steel autoclave. The undoped sample, named CoTe,
was synthesized under hydrothermal conditions at 200 °C for
24 hours. Following the successful synthesis of the undoped
sample, Bi doping was introduced into the precursor solution,
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and three additional samples were prepared under identical
hydrothermal conditions. The Bi-doped samples, labeled as
Bi-1, Bi-2, and Bi-3, contained Bi concentrations of 0.25 mmol,
0.30 mmol, and 0.35 mmol, respectively. The samples were
then centrifuged twice with DI water, followed by ethanol at
11 000 rpm, and dried in an oven at 60 °C overnight to obtain
the powder sample. A schematic representation of the syn-
thesis process is provided in Scheme 1.

2.2 Material characterization

The structural, morphological, compositional, thermal, and
optical properties of the synthesized samples were analysed
using various characterization techniques. X-ray diffraction
(XRD) patterns were recorded using a Bruker D8 Advance X-ray
diffractometer with Cu Ko radiation (4 = 1.54 A), scanning over
a range from 10° to 70°. Raman spectroscopy was performed
using a Renishaw RE 04 Raman microscope enclosure system
with a 532 nm excitation wavelength, covering the spectral
range of 100-400 nm. Morphological analysis was conducted
using Field Emission Scanning Electron Microscopy (FESEM)
with an Energy Dispersive X-ray (EDX) source (JEOL, JSM
7610F-Plus) to assess the composition of the samples. High-
resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) images were obtained
using a JEOL TEM-2100 Plus transmission electron microscope
(TEM). Differential scanning calorimetry (DSC) measurements
were carried out with a HITACHI DSC7020 system, spanning a

temperature range of 30-500 °C at a scan rate of 10 °C min .

Magnetic stirrer
2 h, 650 rpm

€
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Scheme 1 Schematic representation of the synthesis procedure.

13494 | Dalton Trans., 2025, 54, 13492-13508

Hot Air Oven
24 h, 200 °C

View Article Online

Dalton Transactions

XPS core-level and survey spectra were obtained using an Axis
Ultra, Kratos Analytical, UK apparatus, with Al Ko X-rays (1486.6
V) under 2 x 10~° Torr vacuum. The optical properties were eval-
uated using a Jasco V-770 UV-Vis-NIR spectrophotometer, operat-
ing within the wavelength range of 200-1200 nm. Collectively,
these analytical techniques provided comprehensive insights into
the physical and chemical characteristics of the samples.

2.3 Photoresponse study

For photoresponse measurements, the active layer was pre-
pared by drop-casting a 0.3 x 0.6 mm?® area of the Bi-doped
CoTe nanoparticle dispersion onto a clean glass substrate.
Prior to deposition, each sample solution was ultrasonicated
for 30 minutes at a concentration of 0.5 mg mL™" to ensure
uniform dispersion. A volume of 50 pL of the prepared solu-
tion was then deposited onto the designated region and sub-
sequently dried at 60 °C for 1 hour to achieve film formation.
To establish electrical contacts, silver (Ag) paste was applied to
the opposite edges of the dried material. The resulting photo-
detector (PD) devices were carefully mounted onto a sample
holder to ensure optimal exposure to ambient light conditions.
For optical excitation, a 9 W UV light source emitting at
370 nm was employed. Current-voltage (I-V) characteristics
were measured using a Keithley 2450 Source Meter Unit (SMU)
over a bias range from —10 V to +10 V with a step size of 0.05
V. Measurements were carried out under both illuminated and
dark conditions to evaluate the photoresponse behaviour of
the samples. The experimental setup is shown in Scheme 2.

- R,
= % yeret

Centrifuge
11000 rpm

Powder sample

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5dt01043h

Published on 04 August 2025. Downloaded on 5/25/2026 1:00:09 PM.

Dalton Transactions

Measure current
Source

Keithley

_

View Article Online

Paper

Glass Substrate

2450 SMU

Scheme 2 Schematic depiction of the experimental setup for /-V measurements.

2.4 NLO study by the Z-scan technique

The nonlinear optical (NLO) properties of the Bi-doped CoTe
nanoparticles were investigated using the standard Z-scan
technique. A commercially available Holmarc Z-scan setup
(model: HO-ED-LOE-03) was employed to assess the intensity-
dependent optical response of the samples. The experimental
setup included a motorized linear translation stage with a total
travel range of 150 mm and a minimum step resolution of
0.1 mm, allowing precise movement of the sample along the
Z-axis. A diode-pumped solid-state (DPSS) laser operating at
532 nm with an output power of 100 mW served as the exci-
tation source. To focus the laser beam, two optical lenses with
focal lengths of 100 mm and 286 mm, respectively, were
mounted in adjustable lens holders. The Bi-doped CoTe disper-
sions were contained in a 1 mm path length cuvette, securely
held in a cuvette holder during the measurements. The trans-
lation stage, controlled via a computer interface, enabled accu-
rate positioning of the sample relative to the laser beam focus.
The setup incorporated two photodetectors, PD1 and PD2, to
monitor the incident and transmitted beam intensities. The
measurements were conducted both with and without an aper-
ture in front of PD2 to differentiate between open-aperture (OA)
and closed-aperture (CA) configurations. Scheme 3 shows the
experimental setup of the Z-scan technique.

3. Results and discussion
3.1 XRD analysis

X-ray diffraction (XRD) data have been used to conduct a
thorough structural study that includes the crystallite size,
lattice strain, dislocation density, and unit cell parameters.
The XRD patterns of all the samples have been recorded using

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Schematic illustration of the experimental setup for Z-scan
measurements.

a Brucker D8 Advanced X-ray diffractometer with Cu Ko radi-
ation (4 = 1.54 A). The 2theta (20) scan range of the measure-
ment was set from 10 °C to 70 °C. Fig. 1(a) shows the XRD pat-
terns of all the samples. It can be observed that the samples
exhibit a polycrystalline hexagonal phase of CoTe with the P63/
mmc space group. The 20 values at 31.37°, 42.54°, 46.52°, and
57.59° have been observed, corresponding to the crystal planes
of (101), (102), (110), and (112), respectively for all the samples
(doped and undoped), and no secondary phases have been
observed (ICSD: 00-034-0420). The unit cell parameters have
been determined to be @ = b = 3.89 A and ¢ = 5.37 A. The
phases have also been studied by M. Manikandan et al.,*
where similar crystal planes have been observed.

The phase shift of the material has also been occurred in
the (101) plane and is shown in Fig. 1(b). This shift clearly
indicates the shifting of the plane to a higher 26 value due to

Dalton Trans., 2025, 54,13492-13508 | 13495
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Fig. 1 (a) XRD patterns of all the samples, (b) phase shift of the (101) plane,

the incorporation of Bi into the CoTe crystal lattice. This might
be due to the replacement of lower atomic radii of Bi with the
higher atomic radii of Co. The crystallite size (D), the lattice
strain (¢), and dislocation density () of the samples have also
been calculated using various equations. The crystallite size
was calculated using the Scherrer equation,®”

D =0.94/p cos 6 (1)

where 0 is the Bragg’s angle, f is the full width at half
maximum (FWHM), and 1 is the wavelength of the Cu Ka line
(1.54 A).

The dislocation density () and lattice strain (¢) have also
been calculated using the following relations:***

§=1/D? (2)
e=pcotd/4 3)

The crystallite size was calculated and found to be increas-
ing with the enhancement of the incorporation of Bi. The
values of the crystallite size, dislocation density and lattice
strain are provided in Table 1. The increase in the crystallite
size of all the samples is also shown in Fig. 1(c), where it can
be observed that the crystallinity enhanced after the incorpor-
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and (c) variation in the crystallite size (D) of the material.

Table 1 Structural data of all the samples

Average crystallite Dislocation density Lattice strain

Sample size (D) (nm) (8) (x10"*) m™2 (¢) (nm)™2

CoTe 16.929 £ 0.1 0.003 + 0.0002 0.006 + 0.002
Bi-1 19.863 £ 0.4 0.002 + 0.0001 0.005 + 0.003
Bi-2 20.482 £ 0.3 0.002 + 0.0001 0.004 + 0.001
Bi-3 31.279£ 0.2 0.001 + 0.00003 0.003 + 0.002

ation of Bi. In addition, the highest Bi-doped sample, Bi-3,
shows very good crystallinity and the highest crystallite size.
The values of dislocation density as well as lattice strain have
been observed to be decreasing gradually as the Bi content in
the material increased.

3.1.1 Williamson-Hall (W-H) method. Another crucial
method to calculate the structural parameters such as the crys-
tallite size and lattice strain is the Williamson-Hall (W-H)
method. It is evident from eqn (1) that the diffracted angle
depends on 1/cos §. However, the W-H technique depends on
tan 0, which contradicts Scherrer’s formula. To determine the
lattice stresses and crystallite sizes of the nanoparticles, the
W-H plot has been generated. So, this is a comparative

This journal is © The Royal Society of Chemistry 2025
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method to the Scherrer equation. The W-H plot of the nano-
materials has been plotted and is shown in Fig. 2(a). It can be
noticed that the plot depends on 4 sin § and f cos 6. The com-
bined effect of the crystallite size and lattice strain results in
the total broadening in XRD peaks. It can be expressed as

pr=Pp + Pe (4)

where fr refers to the total broadening, . represents the
broadening due to strain and pp, is the broadening due to the
crystallite size.*

Compared to the Scherrer equation, it can be modified as

P + 4¢ tan 6. (5)

:Dcost‘)

It can also be written as
KA .
P cos 6 = - + 4e sin 6. (6)

K .

Here, ¢ represents the slope and o refers to the intercept
of the straight-line equation.

The crystallite size has also been calculated using this
method and found to be 17, 21, 23, and 33 nm for CoTe, Bi-1,
Bi-2, and Bi-3, respectively. So, the average crystallite size from
both the methods varied by +3 nm.

3.2 Raman study

The vibrational spectroscopy of CoTe nanomaterials has been
studied through Raman spectroscopy.’® When an input light
photon hits a molecule and produces a scattered photon, the
technique is known as Raman spectroscopy, which measures
the frequency shift of the scattered light from the sample.
Their distinct vibrational properties enables highly sensitive
structural identification and simple interpretation of tiny
quantities of substances.”” The Raman spectra of all the
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Fig. 2 (a) W—H plot and (b) Raman spectra of the nanomaterials.
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samples are shown in Fig. 2(b). The Raman peak positions of
Bi-doped and undoped CoTe are similar. However, when com-
paring the Bi-doped samples with the undoped CoTe, a sub-
stantial rise in Raman peak intensity has been observed. This
is because Bi doping might enhance Raman scattering by
reducing phonon damping, which might result in enhanced
local ordering or crystallinity.*®*° Furthermore, the Raman
peaks have been observed at 120 and 139 cm™'. The peak
corresponding to 120 cm™' can be attributed to the Te-Te
bonds of Te. This suggests the existence of vibrational modes
linked to the interactions between tellurium atoms.*® However,
the Raman peak around 139 cm™" can be allocated to the A,
Raman active mode of CoTe, which is associated with the Te
vibrations. When atoms move in a phase along a particular
axis without altering the structure’s overall symmetry, this is
known as a symmetric, non-degenerate vibration.*'

3.3 FESEM and EDX analyses

FESEM is a sophisticated imaging method that scans a sample
with a precisely focused electron beam to create high-resolu-
tion images using field emission. Moreover, FESEM is the
most widely used technology for determining the morphology
of the as-prepared material’s nanostructures. The FESEM
images of all the samples are shown in Fig. 3. The FESEM
images of CoTe, Bi-1, Bi-2, and Bi-3 samples at 100 nm are
shown in Fig. 3(a-d), respectively. It can be clearly understood
that all the samples show nanoparticle-like morphology, and it
is unaltered even after enhancing the Bi content in the
material. Additionally, Fig. S1 of the SI shows the FESEM
image of all the samples at 1 pum magnification.

The particle size has also been calculated for all the
samples. The mean particle size of all the samples has been
found to be 20, 21, 27 and 32 nm for CoTe, Bi-1, Bi-2, and Bi-3

CoTe

120 (b) e

139 —Bi-3

IS

100 200 300 400
Wavenumber (Cm-)
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Fig. 3 FESEM images of (a) CoTe, (b) Bi-1, (c) Bi-2, and (d) Bi-3 samples.

samples, respectively. The particle size histogram of all the
samples is shown in Fig. 4. The particle size has also been
observed to be increasing with the increase in the Bi content
in the material. The particle size bar that shows the increase in
the particle size is shown in Fig. S2 of the SI.

The elemental mapping and the EDX spectrum of the Bi-3
composite nanostructure are shown in Fig. 5. The spatial dis-
tribution of the elements in Fig. 5(a-d) is depicted in the
elemental mapping, which enables successful element identi-
fication. The EDX spectrum shows the presence of Bi, Co, and
Te elements, which proves the formation of the Bi-doped CoTe
material, as shown in Fig. 5(e). In Fig. 5(e), the peak at 0.67
keV aligns with characteristic X-ray emissions associated with
cobalt, which indicates the presence of cobalt (Co) in the
nanomaterial. The intensity of the peaks provides insight into
the relative concentration of any element compared to other
elements present in the sample. The spatial distribution of
elements across the nanoparticles’ surface is represented
using elemental mapping. On the other hand, the elements
contained in the sample were represented by distinctive peaks
in the EDX spectra.

3.4 TEM analysis

TEM is a highly versatile technique commonly utilized for
characterizing nanomaterials due to its exceptional spatial
resolution and ability to reveal detailed internal structures of

13498 | Dalton Trans., 2025, 54, 13492-13508

nanoparticles. TEM analysis was conducted on the Bi-3
sample, as shown in Fig. 6. The TEM images captured at
100 nm and 20 nm, shown in Fig. 6(a) and (b), respectively,
further validate the nanoparticle morphology of the material.
Additionally, the TEM image of the Bi-3 sample at 50 nm is
shown in Fig. S3 of the SI. These images clearly confirm the
presence of nanoparticle-like structures, aligning with the
findings from the FESEM analysis.

Additionally, Fig. 6(c) displays the high-resolution TEM
(HRTEM) image of the sample, where the observed interplanar
spacing (d) of 2.1 A corresponds to the (102) plane of CoTe,
while the 2.8 A spacing is associated with the (101) plane of
CoTe. Furthermore, the SAED pattern, as depicted in Fig. 6(d),
highlights the crystalline nature of the nanoparticles. The dis-
tinct lattice fringes, with spacings of 2.1 A and 2.8 A, corres-
pond to the (102) and (101) hexagonal planes of CoTe crystals,
thereby corroborating the earlier XRD results.

3.5 XPS study

The surface chemistry of nanomaterials can be investigated
using XPS. It offers thorough insights into the elemental com-
position, chemical states, and electronic structure, all of which
are essential for comprehending and improving the character-
istics of nanomaterials for a variety of applications.*” The XPS
spectra of the Bi-3 sample are shown in Fig. 7. The survey
spectra of the sample are shown in Fig. 7(a) from the 0-1200

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Particle size histograms of (a) CoTe, (b) Bi-1, (c) Bi-2, and (d) Bi-3 samples.

range, consisting of Co 2p, Te 3d, and Bi 4f, which originate
from Bi-doped CoTe. Fig. 7(b), (c), and (d) show the discrete
spectra Bi 4f, Co 2p, and Te 3d, respectively. The binding
energy values of Bi 4f as seen from Fig. 7(b) are 164.35 eV and
159.09 eV, respectively, which correspond to Bi 4f5, and Bi
4f,,,. Both the symmetrical wide bands and spin-orbital com-
ponents are responsible for the intensity ratio of 7/2-5/2. This
indicates the Bi° and Bi** content in the material.** The Co 2p
spectrum shows two main binding energies at 796.97 and
781.03 eV, attributed to Co 2p;/, and Co 2ps/,, respectively, as
shown in Fig. 7(c). It can also be observed that the satellite
peak is also seen at around 803 and 786 eV.**** Furthermore,
Fig. 7(d) depicts the Te 3d plot, in which the Te 3d binding
energy peaks can be observed at 586.61 and 576.16 eV for Te
3ds,, and Te 3ds,,, respectively. This is also attributed to Te-Co
bonds.*®

3.6 DSC study

When a sample is heated, cooled, or maintained at a steady
temperature, DSC calculates the difference in heat flow
between the sample and a reference. Exothermic and
endothermic transitions, which correlate to phase changes,
are visible in the resulting DSC thermogram (heat flow vs.
temperature).”” DSC is a useful technique to analyse the
thermal properties of Bi-doped CoTe nanomaterials. The DSC
measurement of the Bi-3 sample has been performed, and the

This journal is © The Royal Society of Chemistry 2025

pattern is shown in Fig. 8. It can be clearly seen that one
endothermic and one exothermic peak have occurred. The
endothermic peak of the material is observed at 267.7 °C, with
an enthalpy value of 0.65 J g~'. Additionally, the exothermic
peak is also observed at 390.9 °C, with an enthalpy value of
—121 ] g~ In addition, the DSC curve for CoTe is shown in
Fig. S4 of the SI. The effects of Bi doping on the thermal
behaviour of CoTe can be compared, particularly for the
sample with higher content, Bi-3. Furthermore, the thermal
properties of CoTe are altered by the addition of Bi, as Bi
doping-induced modifications in phase stability, defect gene-
ration, and lattice structure might be responsible for this
shift.*® The peaks may represent a solid-state transformation
or a melting phase transition in CoTe. Although CoTe has a
melting point between 600 and 700 °C, phase shifts and other
decomposition processes can occur at lower temperatures.*’

3.7 Optical studies

3.7.1 UV-Vis analysis. One popular method for examining
the optical characteristics of nanoparticles is UV-Vis spec-
troscopy. This method provides crucial information about the
band gap energy, electronic structure, and optical absorbance
of the nanoparticles.’® Here, the absorbance and direct optical
bandgap of all the materials have been investigated by UV-Vis
measurements. The absorbance spectra of the samples were
recorded in the wavelength range between 200 and 1200 nm.
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Fig. 5 Elemental mapping of (a) Bi, (b) Co, (c) Te, and (d) BiCoTe, and (e) EDX spectra of the Bi-3 sample.

The UV-Vis analysis is shown in Fig. 9. The absorbance spectra
of the material are shown in Fig. 9(a).

The absorption coefficient of the material has been calcu-
lated using the equation®

a=2.3034 (7)

where A represents the absorbance of the material.

13500 | Dalton Trans., 2025, 54, 13492-13508

It can be observed that the absorbance edge shifts towards
a higher wavelength side as the Bi content in the material
increases and a red shift has been occurrs.

Additionally, the bandgap of the material has been calcu-
lated using the Tauc relation:*>

ahv = B(hv — Eg)™ (8)

where a is the absorption coefficient of the material, % is
Planck’s constant, and v is the frequency. Here, B is known as

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 TEM images at (a) 00 nm and (b) 20 nm, (c) HRTEM image, and (d) SAED pattern of the Bi-3 sample.

a constant, which is related to the transition probability, and
E, refers to the bandgap. Moreover, the values of “m” for
“direct allowed”, “indirect allowed”, “indirect forbidden”, and
“direct forbidden” are, respectively, 1/2, 2, 3, and 3/2. Here, for
the calculation of the direct optical bandgap, the value of m
has been considered to be 1. The value of E; was determined
by extrapolating the linear region of the (ahv)* vs. hv graphs.
The Tauc plots of all the samples, CoTe, Bi-1, Bi-2, and Bi-3,
are shown in Fig. 9(b-e), respectively.

The bandgap energy of all the samples has been calculated
and found to be 3.35, 2.33, 2.21, and 1.64 eV for CoTe, Bi-1, Bi-
2, and Bi-3 samples, respectively. These values are also pro-
vided in Table S1 of the SI. The bandgap of the CoTe material
is typically found to be 2.0-2.5 eV.>® Bi doping might enhance
the capacity of the material to absorb NIR photons, thereby
opening a pathway for NIR-induced photothermal conversion,
as indicated by this redshift in absorption. The significant
band gap narrowing and enhanced light absorption properties
strongly indicate that Bi-2 and specifically Bi-3 samples are
promising candidates for NIR-responsive applications, includ-
ing photothermal conversion.”® Moreover, it has also been
noticed that with an increase in the Bi content of the material,
the E, value of the material is reduced. This might be due to

This journal is © The Royal Society of Chemistry 2025

the incorporation of the Bi atom into the CoTe crystal lattice.
However, the more probable possibilities for the band gap
reduction with Bi doping might be lattice strain, defect cre-
ation caused by Bi atoms or electronic structure modulation as
a result of Bi incorporation.’>°

3.7.1 Refractive index and bandgap relation. A crucial
factor in optical physics that determines how light moves
through various materials is the refractive index (n). It affects
several different phenomena, including dispersion, absorp-
tion, refraction, and reflection. This characteristic has signifi-
cance for creating sophisticated photonic materials, designing
optical components, and refining semiconductor devices for
high-performance applications.”” The relationship between
the bandgap energy and the refractive index in semiconductors
has been the subject of extensive studies because it could
potentially find use in the optoelectronic sector.”® To find out
the refractive index of the material using the bandgap energy
value, many formulas have been proposed by scientists.
Among these, Moss gave a semi empirical formula to find out
the refractive index value. The Moss rule offers a quick and
efficient method for calculating a semiconductor’s refractive
index from its band gap energy. It is extensively employed in
materials science and semiconductor physics, although it has
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several drawbacks when utilised with complicated materials.
When determining the refractive index at standard optical fre-
quencies using just the band gap energy, the Moss rule is
especially helpful.>® However, a straightforward but efficient
technique for determining the refractive index of optical
materials based on their band gap is the Dimitrov and Sakka
model. It is especially helpful for semiconductors, thin films,
and nanomaterials because of its linear dependence on 1/E,.
Despite being empirical, it is a useful tool in photonics, opto-
electronics, and materials science.®® Similarly, using simply
the band gap energy, the Ravindra model offers a simple and
useful way to predict the refractive index of semiconductors
and optical materials. It is computationally simple and helpful
for initial optical material investigation due to its linear
relationship between n and E,.°' In addition, the Herve &
Vandamme and Tripathy models both provide useful tech-
niques for calculating the refractive index based on the optical
band gap. For a wider variety of materials, the Tripathy model
offers a more explicit power-law approximation, whereas the
Herve & Vandamme model is more accurate for semi-

This journal is © The Royal Society of Chemistry 2025
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conductors and high-index materials.®>®® All the formulae
based on these models are mentioned in Table S2 of the SI.
The k value in the Moss model is 95 eV, while the values of
constants A and B in Herve-Vandamme are 13.6 and 3.74,
respectively.®* All the values of E, and n have been evaluated
and are mentioned in Table S1 of the SI, and the plot of refrac-
tive index with bandgap energy is shown in Fig. 9(f). It can be
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and (e) Bi-3 samples, and (f) refractive index of the samples from different

distinctly observed that with the decreasing E, value in the
range of 3.35-1.64 eV, the n value of the materials gradually
increases in all the models. From all the models, the n value
remains in the range of 2.00-3.08. This inverse relationship
governs the optical behavior of semiconductors, influencing
light absorption, transmission, and reflection properties.
Understanding this dependency is essential for developing
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high-efficiency solar cells, light-emitting diodes (LEDs), and
photonic components.

3.8 Photoresponse study

Understanding the optical and electronic properties of
materials, as well as the development and enhancement of
optoelectronic devices, depends on photoresponse analysis.
Examining how synthesized nanoparticles react to light
exposure is the primary objective of this study. Metal tellurides
are regarded as interesting candidates for a variety of appli-
cations, including photodetectors, solar energy conversion,
and thermoelectric systems, because of their unique optical
and electrical characteristics.®® For the photoresponse analysis,
the I ~ V characteristic curves of all the samples have been
obtained. However, the undoped CoTe sample did not show
the photoresponse behaviour even after repetition of the
measurement. The behaviour of all the other samples is
shown in Fig. 10. All the samples have been analyzed both
under the light ON and OFF conditions in the voltage range
from —10 to 10 V, as shown in Fig. 10(a—c) for the Bi-1, Bi-2,
and Bi-3 samples, respectively. It can be observed that the light
current shows more response than the dark current.
Additionally, it can be noticed that by increasing the doping
concentration of Bi, the current increases and the Bi-3 sample
displays the highest current. This might be due to the com-
bined effect of optimal Bi doping on its structural and electri-
cal properties. The generation of photocarriers is increased
when the band gap is reduced to 1.6 eV as it enhances light
absorption, particularly within the near-infrared spectrum.
Also, the morphological improvements and increased crystalli-
nity enable optimal light harvesting and carrier mobility,

View Article Online
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which raises photocurrent performance.®® Moreover, the com-
parison of light and dark current of the three samples is
shown in Fig. 10(d) and (e), respectively. Here, the current
values under light ON conditions are observed from 229 pA to
810 pA; on the other hand, those under light OFF conditions
are observed in the range from 138 pA to 755 pA. With an
increase in Bi concentration, the material becomes more
photoresponsive, which suggests better charge -carrier
dynamics and light-matter interaction. The material can
detect lower light intensities and react more quickly to
enhanced photoresponse, which makes it perfect for broad-
band or low-light image sensors.

Resistance is a crucial factor in assessing the performance
of devices because it can change dramatically in semiconduct-
ing materials in reaction to external factors like light (photo-
response), heat (thermoresistance), or electric fields. It is poss-
ible to identify charge transport processes, carrier mobility,
and the effects of doping or surface alterations by tracking
variations in resistance under various circumstances. The re-
sistance of the materials has been calculated by considering
the inverse of slope from the I ~ V plot and found to be 0.054
MQ, 0.019 MQ, and 0.013 MQ for the Bi-1, Bi-2, and Bi-3
samples, respectively. It can be observed that the resistance is
low in the case of the highest doped sample. The resistance
plots are depicted in Fig. S5 of the SI. Here, the resistance
value of the highest doped sample, i.e., Bi-3, shows the lowest
resistance among all samples.

There are also so many key parameters, which are calculated
for optoelectronic device applications. Among the most impor-
tant are responsivity (R) and detectivity (D), which provide critical
insights into the material’s ability to convert light into electrical
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son of all the samples.
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signals and to detect weak optical inputs. R and D of the
materials have been calculated using the following relations:*’

L
R=— 9
oA 9)

A
D=Ry A (10)
2elp

Here, I, refers to the light current, P represents the power
density, A shows the active area of the photodetector, “e” rep-
resents the electron charge, and I, refers to the dark current.
The calculated values are provided in Table 2. The Bi-3 sample
experienced high detectivity and responsivity, suggesting
effective photocarrier production and collection. This improve-
ment in photoresponse with increasing Bi concentration indi-
cates that Bi doping successfully enhances the optoelectronic
performance of the material, underscoring its potential appli-

cation in photodetector devices.

and

3.9 NLO study

The nonlinear absorption properties of the material were
investigated using the open aperture (OA) Z-scan technique
under nanosecond laser excitation at 532 nm. In this method,
the material is exposed to an intense laser beam while being
translated along the focal plane (Z-axis), allowing for the
measurement of nonlinear optical absorption behaviour. The
OA Z-scan configuration, which captures changes in transmit-
tance as a function of sample position without an aperture in
the detection path, is particularly sensitive to nonlinear
absorption processes such as two-photon absorption (TPA),
saturable absorption (SA), and reverse saturable absorption
(RSA).°® The total transmitted intensity in the open aperture
Z-scan setup has been detected by the PD1 at the time of trans-
mission of the sample through the focal zone of the beam. The
OA Z-scan plot of the samples is shown in Fig. 11. The undoped
CoTe sample did not exhibit a noticeable OA Z-scan response,
indicating negligible nonlinear absorption behaviour. In contrast,
the Bi-doped samples, Bi-1, Bi-2, and Bi-3, displayed clear OA
Z-scan signatures, confirming the presence of intensity-depen-
dent nonlinear absorption. However, all Bi-doped samples failed
to produce significant closed aperture (CA) Z-scan -curves,
suggesting their absence under the experimental conditions.
Fig. 11(a-c) presents the OA curves of Bi-1, Bi-2, and Bi-3
samples, respectively, whereas Fig. 11(d) shows the combined
curve of the three samples. The OA Z-scan curves show that when

Table 2 Key parameters of all the samples from photoresponse
analysis

Ijghe Ipark Responsivity (R) Detectivity (D)
Sample (uA) (nA) (nAW™) (Jones) (x10°)
Bi-1 229.69 138.48 141.78 09.04
Bi-2 572.35 537.87 353.30 11.42
Bi-3 810.39 755.93 500.24 13.64

This journal is © The Royal Society of Chemistry 2025
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the Bi content increases, the transmittance gets increasingly
deeper. An improvement in the material’s nonlinear absorption
behaviour is indicated by this narrowing, which shows a greater
intensity-dependent absorption close to the focal point. A greater
nonlinear absorption coefficient (f) is generally associated with a
sharper and deeper valley in the OA curve, indicating that Bi
doping successfully boosts the material’s capacity to absorb light
at high intensities. For applications like optical limiting, where
substantial nonlinear absorption is necessary in order to protect
highly sensitive optical components from intense laser pulses,
this improvement is significant.®® The transmittance T(x) of the
OA curves has been fitted using the relation”

IoLestp

T(x)=1——5—"—
22(1 + x2)

(11)

where x is Z/Z,. Here, Z represents the sample position and Z,
refers to the Rayleigh length. I, is the irradiance at focus and
can be defined as

2p
g

10:

5 (12)
where p represents the power at focus. w, is the beam waist
radius and can be expressed as

o = (“)/ (13)

L

L is the effective length of the sample and can be expressed
as
1— e(fa‘,L)
Lotf = —M— 14
eff % ( )

where L is the thickness of cuvette (1 mm) and «, refers to the
linear absorption coefficient.

Additionally, g represents the two-photon absorption coeffi-
cient and can be written as

_ 2V2AT
Lettly

(15)

The open aperture (OA) Z-scan approach was used to suc-
cessfully extract the nonlinear absorption coefficient () for all
Bi-doped samples under 532 nm nanosecond laser irradiation.
The results showed that there was considerable intensity-
dependent absorption behaviour, with the g values for Bi-1, Bi-
2, and Bi-3 being 1.402 cm W™, 1.394 cm W', and 1.448 cm
W', respectively. The Bi-3 sample had the highest g value
among all samples, indicating the most nonlinear absorption
response. This is probably because of the greater Bi incorpor-
ation, which improves light-matter interaction.

However, as none of the samples showed a detectable
signal in the CA Z-scan mode, the nonlinear refractive index
(n2) could not be established. The lack of CA curves might
suggest that, in the experimental setup, the phase distortion
caused by the nonlinear refraction was either insignificant or
too minor to be noticed. This implies that the materials are
more suited for optical limiting and absorption-based photo-
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nic applications than for refractive nonlinear optics, even
though they have notable nonlinear absorption properties and
minor nonlinear refractive contributions.”

4. Conclusion

Bi-doped CoTe nanoparticles were successfully synthesized via a
hydrothermal method, with varying Bi doping concentrations to
investigate their influence on structural and optical properties.
XRD analysis confirmed the formation of a hexagonal CoTe
phase (P63/mmc space group), with a noticeable shift toward
higher diffraction angles, indicative of Bi incorporation into the
lattice. Raman spectroscopy revealed characteristic Te-Te
bonding modes along with the A, Raman-active vibrational
mode. FESEM revealed a nanoparticle-like morphology with par-
ticle sizes ranging from 20 to 32 nm. XPS confirmed the expected
elemental composition, aligning well with the precursor concen-
trations used in the synthesis. DSC analysis exhibited both
endothermic and exothermic peaks with distinct enthalpy values.
Optical characterization via UV-Vis spectroscopy demonstrated a
tunable bandgap ranging from 3.35 €V to 1.64 €V, accompanied
by a redshift. Furthermore, the refractive index value gradually

13506 | Dalton Trans., 2025, 54, 13492-13508

increased and found to be in the range of 2.00-3.08. The Bi-3
sample produced the maximum photocurrent of 810 pA under
illumination, demonstrating the most improved performance
among all the compositions examined, according to the photo-
response study. Furthermore, the nonlinear optical characteris-
ation confirms this higher photoactivity. Open aperture Z-scan
tests showed that Bi-3 had the highest nonlinear absorption
coefficient (8 = 1.448 cm W "). According to these results, the Bi-
3 sample can be considered a prospective candidate for advanced
optoelectronic and nonlinear photonic applications since higher
Bi doping considerably improves the photoconductive and non-
linear optical capabilities of Bi-doped CoTe materials.
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