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ctrical properties of nano-
structured (Ga10Se90)-MWCNT bilayer thin films

Aarif Hussain Wani,a Shakeel Ahmad Khandy, *b Mandeep Singh*a

and Shabir Ahmad*a

Selenium-based chalcogenide semiconductors are of growing interest for optoelectronic applications due

to their high DC conductivity, photoconductivity, and carrier mobility. In this work, Ga10Se90-MWCNT

nanocomposite thin films were fabricated via thermal evaporation and subsequently modified using swift

heavy ion (SHI) irradiation using 70 MeV Ni7+ ions at fluences of 1 × 1012 to 1 × 1013 ions per cm2. SHI

irradiation promoted the homogeneous mixing of CNTs within the GaSe matrix, enhancing the electrical

properties through defect engineering and interfacial charge transfer. Characterization via FESEM, EDX,

and FTIR confirmed uniform nanoparticle dispersion and strong GaSe-CNT interactions. Post-irradiation,

DC conductivity increased from 2.11 × 10−4 to 2.97 × 10−3 U−1 cm−1, photoconductivity from 5.16 ×

10−5 to 2.90 × 10−3 U−1 cm−1, and carrier mobility from 50.9 to 475.1 cm2 V−1 s−1. These enhancements

are attributed to improved charge transport via CNT networks and SHI-induced acceptor states. The

results highlight the tunability of GaSe-CNT composites via SHI, supporting their potential use in

advanced optoelectronic devices.
1 Introduction

Chalcogenides are versatile semiconducting materials, and the
electrical properties of chalcogenide-based semiconductors
are signicant for a variety of electronic and optoelectronic
applications. Their physical properties can be tailored by
engineering their composition. Electrical conductivity is
inuenced by several factors, including the chalcogenide's
composition and doping levels. They have attracted interest
worldwide because of their unique optical and electrical
properties, corresponding to a wide range of applications such
as in energy storage devices, communication, photo-
conductors,1 phase change memory devices,2 photovoltaics,
photodiodes, etc.3,4 It has been demonstrated that incorpo-
rating doping elements in chalcogenide glasses can lead to
signicant modication of their physical properties. There are
various techniques available for the deposition of thin lms of
chalcogenides such as chemical vapor deposition (CVD),
chemical bath deposition (CBD), sol–gel synthesis, sol-
vothermal techniques, pulsed laser deposition, etc. Thermal
evaporation is one of the easiest and most cost-effective tech-
niques for the deposition of thin lms.5,6 Gallium selenide
(GaSe), a layered semiconductor monochalcogenide, due to its
composition dependent properties has emerged as a vital
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semiconducting material in the elds of photonics and opto-
electronics. It has a hexagonal structure, and nds various
applications due to its novel optoelectronic properties.7,8 Each
individual layer of gallium selenide is made up of two sheets of
Ga ions in the middle and two sheets of Se ions on the top and
bottom. Similar to other layered 2D structures like graphene,
adjacent GaSe layers are bound by weak van der Waals forces,
which allows for the structure to be peeled off bymechanical or
liquid exfoliation.9 The ultra-thin few or single layer 2D
gallium selenide nanosheets or nanoparticles that are
produced have a wide range of applications, including in
integrated optics, optical information communications,
etc.10–12 In layered gallium chalcogenide semiconductor crystal
materials such as GaSe, GaS, and GaTe, free excitons play
a vital role in optical, photoconductivity and luminescence
properties. The exciton states have densities that are higher
than those at the edges of the valence and conduction bands;
the exciton maximum can be seen in the measured values of
photoluminescence, absorption, reection, and photocon-
ductivity spectra. With a pseudo direct bandgap of the order of
2.1 eV and thickness dependent opto-electronic properties,
GaSe has emerged as a promising candidate for the imple-
mentation of thin lm transistors (TFTs), photodetectors and
photoconductors with fast response and high sensitivity. Ga-
Se, exhibiting novel optoelectronic properties, is a promising
material for photoconductor and nonlinear optical applica-
tions. Non-linear optical materials are used in the frequency
conversion of laser light.13,14 A photoconductor is a light-
sensitive component, used in a printer or copier that creates
© 2025 The Author(s). Published by the Royal Society of Chemistry
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images using electrical properties. Gallium selenide (GaSe),
due to its high photoconductivity values, can be applied as
a photoconductor.13 However, the photoconductivity values of
GaSe (∼10−5 U−1 cm−1) are relatively not large, and photo-
conductors should exhibit high mobility of charge carriers,
while GaSe has low mobility values of the order of 0.6–200 cm2

V−1 s−1,15 limiting its application as a photoconductor. The
mobility and electrical conductivity of the bilayer thin lm of
GaSe can be enhanced to reasonable levels by incorporating
small amounts of CNTs into the matrix layers of GaSe.16,17

Carbon nanotubes (CNTs) are versatile nanomaterials. Given
their potential to exhibit unique physical properties, their
incorporation with other materials could have an impact on
a wide range of scientic and technological elds, and they
have attracted the attention of researchers worldwide.
Currently, there is a lot of interest worldwide in CNTs. Due to
their novel properties such as high electrical conductivity, high
mechanical strength, light weight, high mobility, etc., their
incorporation with other materials could lead to enhancement
in their properties.18 From literature studies, a few studies
reported that doping CNTs in selenium in bulk form resulted
in the enhancement of optoelectronic properties. Researchers
found that there is a signicant change in the electronic
structure, potentially narrowing or widening the band gap.
CNT doping could potentially lead to an enhancement in
electrical conductivity and mobility of charge carriers,
depending on the doping concentration and the interaction
between CNTs and the chalcogenide matrix. CNTs, due to their
high mechanical strength, could result in increased durability
and exibility upon their incorporation with other
materials,.19–21 This work reports the effect of doping of
MWCNTs on the electrical properties of a gallium-selenide
Ga10Se90 nanocomposite material in thin lm form, followed
by SHI irradiation for tailoring the electrical properties of the
prepared thin lms. From this analysis, we reported
a substantial improvement in the electrical conductivity and
mobility of the Ga10Se90 crystal material aer incorporation of
MWCNTs. The homogeneous mixing of Ga10Se90 nanoparticles
into the matrix layers of MWCNTs is achieved by SHI irradia-
tion of 70 MeV of Ni7+ ions. The use of swi heavy ion irradi-
ation (SHI) can be benecial in many ways such as for
modication of the properties of thin lms, surfaces of bulk
solids, etc. It could lead to defect formation, amorphization
and homogeneous mixing of the material along the projectile
ion beam. The SHI ion beam penetrates deep inside the
material and creates a narrow disorder zone along its trajec-
tory. When an ion beam penetrates through a material, its
energy is lost mainly through two processes: (i) nuclear energy
loss due to elastic collision with the atoms of the solid,
dominating at low energies of the order of a few keV. (ii)
Electronic energy loss due to inelastic collisions with atomic
electrons, which dominates at large energy of the order of MeV
such as for SHI irradiation. The electronic energy loss from
SHI irradiation causes disruption of the crystal lattice leading
to homogeneous mixing of the composite material and
increasing the concentration of the charge carriers, resulting
in improved conductivity of the investigated material. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
energy is transferred from the ion projectile to the atoms
through excitation and ionization of surrounding electrons
and electronic excitation is generated, which is transferred to
the lattice atoms, producing ion tracks, which can be under-
stood using the Coulomb explosion model and thermal spike
models.22 The Coulomb explosion model is attributed to
electrostatic repulsion between positively charged ions
causing the disruption of the material's structure leading to
amorphisation and exceptional changes in electrical proper-
ties of the investigated material. According to the thermal
spikes model, when SHI irradiation passes through a material,
it deposits a huge amount of energy in a very small cylindrical
region (with a radius of a few nanometers). This creates
a localized ultra-fast ‘thermal spike’, an abrupt and intense
rise in temperature of the electronic system (thousands of
kelvins) in a few femtoseconds to picoseconds. The hot elec-
trons then transfer energy to the lattice via electron-phonon
coupling, causing amorphisation of the material, followed by
quenching, potentially leading to uniform distribution of
CNTs into the matrix layers of GaSe. The rapid heating and
quenching leads to defect formation. Such defects can act as
donors or acceptors, effectively increasing the free carrier
concentration, thereby enhancing the electrical properties of
the investigated material.21,23 SEM conrms the morphology of
the as-prepared (Ga10Se90)-MWCNT composite material. From
SEMmicrographs (Fig. 1(c)–(f)), it is clearly seen that the CNTs
are uniformly distributed into GaSe matrix layers post SHI
irradiation. EDX conrms the elemental composition, and it
can be seen from Fig. 1(a) and (b) that the intense peaks of
CNTs are observed post SHI irradiation. Conductivity
measurements were carried out using the well-known van der
Pauw four probe method. The dark DC current and photo-
current were measured with the help of a picometer (pm). The
estimated measurements of conductivity show an appreciable
improvement in both the DC conductivity and photoconduc-
tivity of the as-prepared thin lm and SHI-irradiated thin lms
of (Ga10Se90)-MWCNT. From Fig. 3, it can be seen that there is
an appreciable increase in the electrical conductivity of SHI-
irradiated GaSe-CNT thin lms TF2, TF3, and TF4 compared
to the as-prepared (un-irradiated) thin lm TF1. Mobility
studies were carried out using the Hall effect. Zishan H Khan
et al.'s investigation on GaxSe100−x (x = 3, 6, 9, 12)24 reported
conductivity in the range of 10−10 to 10−8 U−1 cm−1.24 Hana
Khan et al.'s investigation on a CNT modied Ga10Se90
composite reported conductivity in the range of 10−4

U−1 cm−1.25 The current investigation of the Ga10Se90-MWCNT
composite reported an appreciable enhancement in the
conductivity and mobility of the prepared thin lms post SHI
irradiation. The DC conductivity is increased from 2.11 × 10−4

U−1 cm−1 (TF1 unirradiated) to 2.97 × 10−3 U−1 cm−1 (TF4,
SHI-irradiated thin lm), while the photoconductivity
increased from 5.16 × 10−5 U−1 cm−1 to 2.90 × 10−3 U−1 cm−1

at a temperature of 352.4 K and the mobility increased from
50.99 cm2 V−1 s−1 (unirradiated TF1) to 475.1 cm2 V−1 s−1 (SHI-
irradiated TF4 thin lm), suggesting the investigated
composite material as a promising candidate for broader opto-
electronic applications.
Nanoscale Adv., 2025, 7, 7570–7578 | 7571
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Fig. 1 EDX and SEMmicrographs of the as-prepared and SHI-irradiated thin films. (a) The EDX spectrum of the unirradiated (Ga10Se90)-MWCNT
bilayer thin film; (b) the EDX spectrum of the 1 × 1013 ions per cm2-irradiated (Ga10Se90)-MWCNT bilayer thin film; (c) an SEM image of the as-
prepared (Ga10Se90)-CNT bilayer thin film; (d) an SEM image of the 1× 1012 ions per cm2-irradiated thin film; (e) an SEM image of the 5× 1012 ions
per cm2-irradiated thin film; and (f) an SEM image of the 1 × 1013 ions per cm2-irradiated thin film.

7572 | Nanoscale Adv., 2025, 7, 7570–7578 © 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental studies

A homogeneous mixture of Ga10Se90 was prepared using a solid
state reaction technique with 3N elemental purity via thermal
evaporation. The quantities of Ga and Se were weighed through
the electronic balance method (least count of 10−4 g) in accor-
dance with their atomic weight percentages. A quartz ampoule
containing 4.5 g of nely powdered gallium selenide was sealed
under a 10−6 Torr vacuum. The sealed ampule was heated
steadily at a rate of 5 °C min−1 up to 950 °C inside a micropro-
cessor-controlled programmable muffle furnace. The material
inside the ampoule is le to melt at 950 °C for 15 hours. The
resulting melt of Ga10Se90 was rapidly quenched in ice-cooled
water aer 15 hours. The ampoule was then broken down and
the obtained ingot of Ga10Se90 is ground into a ne powder with
the help of a pestle and mortar. MWCNTs (0.05 mg) with
a diameter of 20–40 nm and a length of several micrometers
were dissolved in 5 mL of dimethylformamide (DMF) solution
and ultrasonically aged for 8 hours. The glass substrates were
well cleaned by using an ultrasonic cleaner with acetone for 5–
10 minutes. The spin coating method with 2000 rpm was used
to deposit a MWCNT thin-lm of approximately 300 nm thick-
ness on a cleaned glass substrate. The Ga10Se90 sample is
loaded on amolybdenum boat under a vacuum of 10−5 Torr and
an electric current is passed through the heating element,
which heats up due to the resistance of the material. The
temperature of the boat increases, and as a result the material
in the boat starts to melt and then vaporize. A thin layer of
Ga10Se90 of about 300 nm was formed above the MWCNT layer
via thermal evaporation. The rigorous homogeneous mixing of
the bilayer thin lm of the (Ga10Se90)-CNT nanocomposite
formed is achieved by SHI irradiation using 70MeV nickel (Ni7+)
ions in the uence range of 1 × 1012 to 1 × 1013 ions per cm2

using the 15UD Pelletron Accelerator facility at IUAC, New
Delhi, India, for tailoring the electrical properties. A 1 pnA
(particles nanoampere) beam current was used to scan an area
of 1 cm2. The electronic loss (Se) was 21.670 eV nm−1, nuclear
energy loss (Sn) was 0.059 eV nm−1, and projectile range was
15.31, which is a feasible range for ions to traverse the entire
lm thickness. Four thin lms of the (Ga10Se90)-MWCNT
nanocomposite, labeled as TF1, TF2, TF3 and TF4, were
prepared. TF1 is the as-prepared thin lm of (Ga10Se90)-
MWCNT, not exposed to any SHI irradiation. The other three
bilayer thin lms, TF2, TF3, and TF4, are exposed to the SHI
irradiation of 70 MeV Ni7+ ions with uence of 1 × 1012 ions per
cm2, 5 × 1012 ions per cm2 and 1 × 1013 ions per cm2, respec-
tively. The lm thickness is measured using the ellipsometry
technique. Compositional analysis and surface studies were
carried out by using energy dispersive X-ray (EDX) analysis and
eld emission scanning electron microscopy (FESEM) (model:
Sigma by Carl Zeiss employed with a Gemini Column patented
technology of Corl Zeiss). Silver paste was applied to the thin
lms to create an electrode with a 1 mm gap for electrical tests.
The thin lm was mounted in a specially made metallic sample
holder with a transparent window that let in white light from
a 200 W tungsten lamp for measurements of photoconductivity
© 2025 The Author(s). Published by the Royal Society of Chemistry
in the temperature range of 310–390 K at a constant voltage of
1.5 V. For measurements of dark DC conductivity, the same
parameters were used. Due to the lamp's extremely low
temperature (almost 2–4 K), the thermal impacts it produces are
not particularly noticeable. A digital luxmeter 3650 lx (MS6610)
was used tomeasure the lamp's intensity. Themobility values of
the as-prepared and SHI-irradiated thin lms is estimated with
the help of the Hall effect (van der Pauw's method). The
measurements were carried out at room temperature (300 K)
and a magnetic eld intensity of 0.570 Tesla.
3 Results and discussion
3.1 EDX and SEM characterization

The elemental composition of the investigated thin lms is
conrmed with the help of energy dispersive X-ray analysis
(EDX), a widely used technique. The EDX micrographs of the
investigated thin lms are shown in Fig. 1(a) and (b). From the
EDXmicrograph, Fig. 1(a), of the un-irradiated TF1, less intense
peaks of CNTs are observed, while the EDX micrograph of the
SHI-irradiated TF4 shows highly intense peaks of both CNTs
and Ga-Se conrming the uniform distribution of the
composite post SHI irradiation. The Au peaks arise due to the
electrodes of Au being used for conduction of electric current in
the as-prepared thin lms. Surface micrographs clearly depicted
the incorporation of Ga10Se90 nanoparticles on the surface of
CNT nanotubes. SEM conrms the surface morphology of the
investigated material. The SEM micrographs of the prepared
composite bilayer thin lms are shown in Fig. 1(c) to Fig. 1(f).
The SEM micrograph of the un-irradiated TF1 thin lm
(Fig. 1(c)) shows agglomeration of Ga-Se particles on the surface
of the CNTs, and the SEM micrograph of the TF2 thin lm
(Fig. 1(d)) shows agglomeration of CNTs into the Ga-Se matrix.
The SEM micrographs of the TF3 and TF4 thin lms with high
uence (Fig. 1(e), and (f)) show uniform distribution of Ga-Se
nanoparticles into the matrix layers of the CNTs. This is
attributed to the fact that upon SHI irradiation, the size of the
Ga-Se nanoparticles decreases, and they are uniformly incor-
porated in the matrix layers of MWCNTs. With the increasing
uence of SHI irradiation, more and more particles are incor-
porated into the GaSe matrix layers, thereby increasing the
uniform distribution of CNTs into GaSe matrix layers. From the
surface morphology, it is clearly found that appreciable homo-
geneous mixing is achieved in the SHI-irradiated TF4 thin lm
with high uence (see Fig. 1(f)). The CNTs, due to their highly
conductive behavior, form conductive channels within Ga-Se
matrix layers, resulting in enhanced electrical properties of
the investigated material.
3.2 FTIR analysis

The Fourier transform infrared spectra of the as-prepared and
SHI-irradiated samples are shown in Fig. 2. The spectra show
vibrational phonon modes with different intensities. The low
wavenumber peaks between 1200 cm−1 and 500 cm−1 are
attributed to stretching and bending modes of Ga10Se90. The
high intensity peak around 1130 cm−1 may be related to high-
Nanoscale Adv., 2025, 7, 7570–7578 | 7573
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Fig. 2 FTIR spectra of the as-prepared and SHI-irradiated thin films of (Ga10Se90)-CNT.
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order vibrational modes of Ga-Se. This could also reect the
interlayer coupling in Ga10Se90 involving both in-plane and out-
of-plane vibrations. The low intensity broad peak around
800 cm−1 is attributed to bonding of Ga10Se90 with MWCNTs.
The small peak at 1460 cm−1 is attributed to the D band peak of
MWCNTs, and it may be due to the defects induced in the
crystal due to SHI irradiation. The small peak at 1584 cm−1 is
attributed to C–C stretching of CNTs, which is obviously due to
the incorporation of CNTs. The small extra peaks around
1500 cm−1 are attributed to C–C bonding and defects of
MWCNTs.26,27 The less intense peaks of CNTs found in the
spectra may be due to low concentration of CNTs compared to
Ga10Se90. Thus, FTIR studies conrm the incorporation of CNTs
with Ga10Se90 particles, which could lead to enhancement of the
mechanical strength and thermal stability of the as-prepared
Fig. 3 Variations of the dark DC current and photocurrent with the app
versus voltage of the as-prepared and SHI-irradiated thin films of (Ga10S

7574 | Nanoscale Adv., 2025, 7, 7570–7578
thin lms of (Ga10Se90)-MWCNT. The small wide lump like
peak around 3630 cm−1 may be attributed to O–H stretching,
which may be due to the solvent used or defects created in the
material.
3.3 Electrical properties

The variations of dark DC current (IDC) with applied voltage in
the range of 0.2 to 4 eV of the as-prepared bilayer and swi
heavy ion irradiated thin lms of (Ga10Se90)-CNT are shown in
Fig. 3(a). Straight lines are obtained, indicating that these lms
all exhibit ohmic behavior. The photocurrent versus applied
voltage shows a similar kind of behavior as the DC current (see
Fig. 3(b)). From these plots, it is clearly found that both the dark
DC current and photo-current increase with increasing uence
lied voltage. (a) Dark DC current versus voltage, and (b) photocurrent
e90)-CNT.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 DC conductivity and photoconductivity of the as-prepared (un-irradiated) and SHI-irradiated thin films of the (Ga10Se90)-CNT composite.
(a) DC conductivity: variation of ln(sDC) vs. 1000/T. (b) Photoconductivity: variation of ln(sph) vs. 1000/T.

Table 1 DC conductivity parameters at a temperature of 352.4 K of
the as-prepared and SHI-irradiated thin films of (Ga10Se90)-CNT

Sample sDC (U−1 cm−1) (Ea)DC (eV) (s0)DC (U−1 cm−1)

TF1 2.11 × 10−4 4.25 × 10−4 2.14 × 10−4

TF2 2.07 × 10−3 1.65 × 10−4 2.08 × 10−3

TF3 2.48 × 10−3 1.62 × 10−4 2.49 × 10−3

TF4 2.97 × 10−3 1.39 × 10−4 2.99 × 10−3
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of SHI irradiation, which is obviously due to the presence of
highly conductive CNT nanotubes. The conductivity measure-
ments were evaluated in the temperature range of 293.32 K to
365.09 K at a constant voltage of 1.5 V (for accurate measure-
ments). The conductivity mainly depends on the mobility of
charge carriers. The greater the mobility of the charge carriers,
the greater the conductivity. CNTs are nanotubes with diame-
ters of the order of a few nanometers and lengths that can range
from the nm to cm range, thus providing direct pathways for
charge carrier transportation, resulting in increased mobility of
charge carriers and correspondingly increased conductivity.
Conductivity also depends on the density of charge carriers, and
the greater the density of charge carriers, the greater the
conductivity. The variation of DC conductivity of the as-
prepared and SHI-irradiated thin lms of (Ga10Se90)-CNT with
temperature is plotted according to the Arrhenius equation as
shown in Fig. 4(a). The Arrhenius equation is as follows:

sDC = s0 exp[−DEDC/KT] (1)

where s0 is the pre-exponential factor, and K = Boltzmann
constant = 8.6 173 303/10−5 eV K−1. ln sDC vs. 1000/T is plotted
in the temperature range of 279 K to 393 K, as shown in Fig. 4(a).
Straight lines are obtained, indicating that the conduction
occurs through an activated process. From this analysis, it is
found that the DC conductivity increases (of the order of 8.6
U−1 cm−1) with increasing ion uence, as the conductivity
curves of SHI-irradiated thin lms lie above that of the unex-
posed (as-prepared) thin lm (see Fig. 3). The slope of ln(s) vs.
1000/T gives the activation energy, as is given by the formula:

ln(s) = ln(s0) − DE/KT (2)

The parameter values obtained are tabulated in Table 1,
showing that the value of the activation energy decreases with
© 2025 The Author(s). Published by the Royal Society of Chemistry
increasing ion uence of swi heavy ion irradiation. The vari-
ation of photoconductivity of the as-prepared thin lms with
temperature (Fig. 4(b)) is plotted according to the same Arrhe-
nius equation used for DC conductivity measurements.

sPh = s0 exp[−DEPh/KT] (3)

The photoconductivity measurements displayed a similar
kind of behavior to the DC conductivity. From Fig. 4(b), ln(sPh)
vs. 1000/T in the same temperature range of 279 K to 393 K is
plotted, and again straight lines are obtained indicating the
ohmic behavior, and it is found that the photoconductivity
increases with increasing uence of SHI irradiation, while the
activation energy decreases. The Ga10Se90 particle size decreases
aer swi heavy ion irradiation leading to quantum conne-
ment effects, thus decreasing the scattering mechanisms, hence
increasing the exciton mobility. The measured DC conductivity
and photoconductivity parameters of the as-prepared (un-
irradiated) and SHI-irradiated thin lms at a temperature of
352.4 K are shown in Tables 1 and 2, respectively. From Table 1,
it is found that the dark-DC conductivity of the SHI-irradiated
thin lms increased by a magnitude of the order of 8.567
(U−1 cm−1) compared to the as-prepared (un-irradiated) thin
lm TF1. Similarly, from Table 2, it is found that the photo-
conductivity of the SHI-irradiated TF4 thin lm with high
Nanoscale Adv., 2025, 7, 7570–7578 | 7575
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Table 2 Photoconductivity parameters at a temperature of 352.4 K of
the as-prepared and SHI-irradiated thin films of (Ga10Se90)-CNT

Sample sPh (U−1 cm−1) (Ea)Ph (eV) (s0)Ph (U−1 cm−1)

TF1 5.16 × 10−5 −9.8707 5.18 × 10−5

TF2 1.82 × 10−3 −6.30892 1.82 × 10−3

TF3 2.40 × 10−3 −6.03229 2.39 × 10−3

TF4 2.90 × 10−3 −5.84304 2.39 × 10−3
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uence also increased by a remarkable magnitude of the order
of 226.67 (U−1 cm−1) compared to the un-irradiated TF1 thin
lm.

The homogeneous mixing of the bi-layered Ga10Se90-
MWCNT composite by SHI irradiation resulted from the
decreased particle size of GaSe that advantages optoelectronic
device fabrications. The quantum connement leads to
a decrease of scattering mechanisms, resulting in increasing
exciton mobility. The dark DC conductivity and photoconduc-
tivity increase, while the activation energy decreases with
increasing uence of SHI irradiation. The conductivity
measurements displayed a considerable improvement in terms
of the dark DC conductivity and photoconductivity of the SHI-
irradiated bilayer thin lms compared to the as-prepared thin
lm. The dark DC conductivity increased notably by a magni-
tude of the order of 8.6 (U−1 cm−1), post SHI irradiation. The
photoconductivity also increased signicantly by a magnitude
of the order of 226.67 (U−1 cm−1), post SHI irradiation. This
enhancement found in the conductivity values is obviously due
to the high electrical conductivity and high mobility of the CNT
nanotubes. The enhanced DC conductivity and photoconduc-
tivity of the investigated composite material suggest its poten-
tial opto-electronic device applications.
Fig. 5 Variation of mobility (m) with SHI irradiation. TF1 is the unirra-
diated thin film, while TF2, TF3 and TF4 are SHI-irradiated thin films of
the Ga10Se90-MWCNT composite at fluences of 1 × 1012, 1 × 1012 and
1 × 1013 ions per cm2, respectively.
3.4 Mobility

The mobility of the as-prepared and SHI-irradiated thin lms is
estimated with the help of the well-known Hall effect technique
(van der Pauw's method). This measurement was carried out at
a room temperature (i.e. 300 K) and at a magnetic eld intensity
of 0.570 Tesla. The Hall measurement analysis of the investi-
gated thin lms displayed a remarkable change inmobility aer
SHI irradiation (see Table 3). The mobility parameters of the as-
prepared and SHI-irradiated thin lms are shown in Table 3.
The Hall coefficient of the as-prepared bi-layer thin lm TF1 has
a negative sign, indicating that the electrons are majority
carriers, and hence contribute to any conduction processes.
However, the Hall coefficient of SHI-irradiated thin lms has
Table 3 Mobility (m) studies of as-prepared and SHI-irradiated thin film
temperature (300 K), using the Hall effect

S. no I (A) RH (cm−3 C−1) N (cm−3)

TF1 0.050 −9.79 × 104 −6.37 × 1014

TF2 0.010 1.20 × 106 5.19 × 1012

TF3 0.020 1.72 × 105 3.62 × 1013

TF4 0.040 3.46 × 106 1.80 × 1013

7576 | Nanoscale Adv., 2025, 7, 7570–7578
a positive sign, revealing that the holes are responsible for
conduction processes in these thin lms. This also indicates
that the as-prepared thin lm shows n-type semiconducting
behavior. Meanwhile, due to homogeneous mixing of Ga10Se90
with MWCNTs aer exposure to SHI irradiation, the behavior
completely changed from n-type to p-type, and thus holes
contributed to any conduction. The mobility of the as-prepared
thin lm TF1 of (Ga10Se90)-MWCNT at a magnetic eld of 0.570
T at room temperature is found to be 50.99 cm2 V−1 s−1, while
the mobility values increased appreciably upon SHI irradiation.
The estimated mobility values of the SHI-irradiated thin lms
TF2, TF3, and TF4 at a magnetic eld of 0.570 T at room
temperature, 300 K, are found to be 274.4 cm2 V−1 s−1, 343.1
cm2 V−1 s−1 and 475.1 cm2 V−1 s−1, respectively. The variation of
mobility with the uence 70 MeV Ni+ ions is depicted graphi-
cally in Fig. 5. From Fig. 5, it is clearly seen that the mobility
increased upon SHI irradiation. This is due to the homogeneous
mixing of MWCNTs into the thermally evaporated Ga10Se90 and
the reducing size of Ga10Se90 nanoparticles upon SHI irradia-
tion, which resulted in the release of trapped exciton pairs,
which are free to move to contribute to the conduction of the
crystal. This remarkable increase in the mobility values is
promising for applications, making this material a possible
candidate for various optoelectronic applications.
s of (Ga10Se90)-CNT at a magnetic field intensity of 0.570 T at room

P (U cm−1) s (U−1 cm−1) m (cm2 V−1 s−1)

1.92 × 103 5.19 × 10−4 5.09 × 101

3.31 × 103 2.28 × 10−4 2.74 × 102

5.02 × 102 1.98 × 10−3 3.43 × 102

3.24 × 102 0.13 × 10−3 0.47 × 103

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

This work studies the effect of the incorporation of MWCNTs on
the opto-electronic properties of Ga10Se90 bilayer thin lms. SHI
irradiation of 70 MeV Ni7+ ions in a uence range of 1 × 1012 to
1 × 1013 ions per cm2 is employed for the uniform distribution
of CNTs into GaSe matrix layers, for modication of the elec-
trical properties. This study shows a remarkable enhancement
in conductivity values of Ga10Se90-MWCNT composite thin lms
aer SHI irradiation. The DC conductivity of (Ga10Se90)-
MWCNT increased by 8.6 U−1 cm−1 upon SHI irradiation
compared to the as-prepared (un-irradiated) thin lm. The
photoconductivity also increased by a remarkable 226.67
U−1 cm−1 upon SHI irradiation compared to the as-prepared
thin lm. From mobility studies, it is clearly found that the
mobility of the SHI-irradiated TF4 thin lm of (Ga10Se90)-
MWCNT increased from 50.9 cm2 V−1 s−1 (TF1) to 475.1 cm2 V−1

s−1 (TF4), by 424.2 cm2 V−1 s−1, making it a potential candidate
for various photoelectric applications. EDX analysis conrmed
the elemental composition. Surface studies clearly showed the
incorporation of Ga-Se nanoparticles into the matrix layers of
CNTs. FTIR analysis showed intense peaks of GaSe nano-
particles and CNTs, conrming the uniform distribution of
CNTs into the GaSe matrix layers. Electrical measurements
showed the increased dark DC conductivity and photoconduc-
tivity of the SHI-irradiated thin lms. The enhanced conduc-
tivity and mobility values are very important, considering the
potential applications. The very large ranges found in the
conductivity and mobility make the investigated material
a possible candidate for various optoelectronic applications,
such as in photodetectors, photodiodes, photoconductors, etc.
The fabricated thin-lm composite material Ga10Se90-MWCNT,
due to its novel electrical properties, can be integrated into
various opto-electronic devices, such as photoconductors,
photodetectors, printers, etc.
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