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ARTICLE INFO ABSTRACT

Keywords: BN50/NiOsg and Au-loaded BN5(/NiOsp nanocomposite films were separately fabricated on the
Nafloc_l)mPOSites glass substrates for carrier transport and photoconductivity properties. X-ray diffraction pattern
Th;n films of the films show the hexagonal structure of BN and presence of defect states by Nelson Riley
SD:'r::Ct: lasmon resonance factor analysis. Morphological images show spherical shaped particles with highly porous
Photocog ductivity structure. The incorporation of NiO may hindered growth of BN layers and resulted in spherical

particles. Temperature-dependent conductivity describes semiconductor transport behaviour for
deposited nanocomposite films. Thermal activation conduction with low activation energy
(~0.308 eV) may be responsible for the resulting conductivity. Further, the light intensity
dependent photoelectrical properties of BN5o/NiOsg and Au-loaded BN5(/NiOso nanocomposites
have been explored. The effect of Au nanoparticles loading on enhanced photo-conductivities
(~22% increase) than bare nanocomposite film has been elaborated by proposed mechanism.
This study provided the insightful information for carrier transport and photoconductivity of BN-
based nanocomposites.

1. Introduction

Two dimensional (2D) materials are under tremendous research due to their unique optical, structural and electronic properties
[1]. These materials have been explored for several applications such as gas sensors, lithium-ion batteries, photodetectors, transparent
and flexible electronics, supercapacitors, catalysis, etc. [2-4]. Graphene is one of the effective 2D material in fundamental as well as
applied science [5,6]. Graphene alike boron nitride (BN) has potential to be explored in optoelectronic and sensing applications due to
its tunable properties [7,8]. Hexagonal BN (h-BN) is one of the van-der-Waals 2D semiconductor with exceptional properties to be used
in diverse filed of applications extending from optoelectronic, sensors to biomedical [9,10].

BN nanostructures possess properties comparable to its carbon counterparts. h-BN own large bandgap energy (~ 4 eV to ~ 6 eV), in

* Corresponding author.
E-mail address: akshaykumar.tiet@gmail.com (A. Kumar).
! Equal Contribution.

https://doi.org/10.1016/j.heliyon.2023.e13865

Received 3 November 2022; Received in revised form 9 February 2023; Accepted 14 February 2023

Available online 18 February 2023

2405-8440/© 2023 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:akshaykumar.tiet@gmail.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e13865
https://doi.org/10.1016/j.heliyon.2023.e13865
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e13865&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e13865
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Kaur et al. Heliyon 9 (2023) e13865

part ionic character, honeycomb crystal lattice with sp>-hybridized atoms. h-BN with different morphologies such as nanoparticles,
nanosheets, nanotubes, nanorods, nanoflakes, etc. has been reported [11,12]. For preparation of BN, several methods such as arc
discharge, solvothermal method, chemical vapor deposition, chemical exfoliation, ball milling, laser ablation, etc. has been used [13,
14]. The properties of h-BN can be further improved by hybridization with other semiconductor materials. Various superlattice ma-
terials and binary compounds have been studied for structural, electronic and optical properties [15-19]. Some theoretical as well as
experimental studies show superior properties by doping, element incorporation, composite formation or functionalization of BN
nanostructures [20-23]. Hybrid systems or nanocomposites may help to form multi-functional devices owing to improved properties
than the separate compounds.

On the other hand, nickel oxide (NiO) is a p-type semiconducting metal oxide with energy bandgap in the range of 3.6-4.0 eV, high
chemical stability, exceptional electrical and optical properties. NiO has been studied for solar cells, optoelectronic and sensing ap-
plications [24-27]. In NiO (partial covalent solid), Ni and O attain positive and negative charges, respectively. It interacts with
oppositely charged N and B of BN to form a composite. These interactions can lead to crystal structure distortion or incorporation of
defect states in this BN-based composite which may help in property enhancement [28]. NiO nanocomposite with BN can tune band
gap of BN to work in visible region. Also, its p-type nature makes it suitable to be explored for electrical and opto-electrical properties.

In present work, BN5o/NiOs( nanocomposite has been synthesized by modified chemical method. Then BN5y/NiOsy nanocomposite
films have been deposited by drop casting method on glass substrates. Electrical properties with temperature variation have been
explored for carrier transport mechanism. Further, photo-electrical measurements were carried from dark to 1750 lux light intensity.
Effect of gold (Au) nanoparticles loading on photoconductivity has also been elaborated with a mechanism.

2. Experimental details

For the preparation of BN5o/NiOsp nanocomposite structures, modified chemical method was used. More details can be found in
previous report [29]. For briefing, the process involves the dissolution of nickel nitrate hexahydrate in DI water and methanol con-
taining solution followed by stirring for 2 h. Appropriate quantities of solvothermal prepared BN nanostructures have been added to
the solution followed by stirring for 2 h. Ammonia solution was used for precipitation of the above solution followed by stirring for
another 2 h. After drying the obtained product, the product is subjected at 550 °C for annealing purpose for 4 h. The final material is

Fig. 1. Schematic of device structure (a) Bare BN5o/NiOso, and (b) Au nanoparticles loaded-BNs(/NiOs, film respectively.
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characterized and used for deposition of film on glass substrate. For film deposition, the 5 mg powder of synthesized sample was
dissolved in 1 ml water followed by ultrasonication for 1 h. Approximately, 100 pl sample solution was drop-casted on the glass
substrate with the help of micro-pipette prior to drying for 1 h in vacuum oven at 70 °C. The final deposited samples are characterized
for structural, morphological and electrical properties. Structural properties of the deposited film samples were investigated with the
help of Diffractometer (Rigaku). To obtained the XRD patterns, 1.5406 A wavelength radiations (Cu K,) were utilized. Sigma Carl Ziess
FESEM was employed for checking the morphological properties and cross-sections of the deposited samples.

To measure the electrical properties of the deposited samples, electrodes have been made on the deposited film with the help of Ag
conducting paste. Current variations with respect to the variation of temperature have been studied in detail. Sourcemeter (Keithley-
2450) computer interfaced MS-TECH probe station was employed to measure the current-voltage characteristics in the voltage sweep
mode ranging from —10 V to +10 V, of the deposited film sample. Furthermore, the effect of Au nanoparticles loading on electrical
properties of the deposited film sample was also investigated under dark as well as exposure to different light intensities. Fig. 1(a and b)
shows the schematic of used device structure of bare and Au nanoparticles loaded BN5,/NiOs to investigate electrical properties under
exposure to light intensities.

3. Results and discussion

XRD pattern, Raman analysis, UV-visible spectroscopy and bandgap analysis of BN5¢/NiOsy nanocomposite powder sample is
reported in our earlier work [29]. XRD pattern of deposited BN5o/NiOsp nanocomposite film is shown in Fig. 2(a) which is well indexed
with BN (ICDD #01-073-2095) and NiO (ICDD #44-1159), respectively. Hexagonal crystal structure of BN has been observed [30].
NiO accumulation in the BN crystal structure generates defect states which leads to the broadening of diffraction peaks. For reference,
XRD pattern of BN film is provided in Fig. S1. Fig. 2(b) shows the Nelson-Riley Factor (NRF) plot for deposited nanocomposite films. In
comparison to pure BN film, nanocomposite film demonstrates large scatteredness which can be interpreted as presence of defect states
in nanocomposite films. The role of these defect states has been discussed in electrical and photoconductivity studies. FESEM image of
deposited BN5y/NiOs( nanocomposite is shown in Fig. 3(a). Spherical morphology with porous structure has been observed due to the
incorporation of NiO. The cross-section analysis show ~15.26 pm thickness of deposited thin films (Fig. 3(b)). FESEM image of pure BN
film is shown in Fig. S2. The synthesized pure BN has a layered structure as reported in our earlier work, but the accumulation of NiO in

(@)

Intensity (arb. units)

10 20 30 40 50 60 70 80 90
20 (degree)

(b) 1.0x10?
0.0
= )
= -1.0x107 A
<
-2.0x107 4
—0—BN
—@— (BN),//(NiO),
-3.0x107 T T T T . . T
0.8 1.0 1.2 14 1.6 1.8 2.0

(1/2)[cos2 Asin0+ cos2 /0]

Fig. 2. (a) XRD pattern of BN5o/NiOso nanocomposite film; (b) NRF plot for BN and BNs¢/NiOso nanocomposite film.
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Fig. 3. (a) FESEM image and; (b) Cross-sectional image of BN5,/NiOso nanocomposite film.

the BN matrix may have caught up the growth of BN layers of BN which resulted in spherical particles.

Fig. 4(a) shows the temperature-dependent current plot as a function of the voltage. It shows the linear current variation with
applied voltage across contacts confirming ohmic nature. The increase in electrical conductivity () of BN50/NiOs5¢ nanocomposite film
has been observed with the rise in temperature. To realize the carrier transport process with temperature, Fig. 4(b) gives the BN5q/
NiOsg nanocomposite film plot fitted by the Arrhenius equation. In semiconductors, the high temperature conduction process generally
hails from the electrons jumping from valence band to acceptor levels or from donor levels to conduction band.

For thermal activated conduction, conductivity (o) versus temperature (T) relation can be expressed as [31]:

6=0,exp (—%) (€9)]

where 64, k, T and AE are pre-exponential factor, Boltzmann’s constant, temperature, activation energy, respectively. As shown in
Fig. 4(b), experimental data of BN50/NiOso nanocomposite films can be fitted well by Eq. (1) in the temperature range of 25-175 °C.
The activation energy of BN5o/NiOso nanocomposite films obtained is ~0.30 eV.

The activation energy of BN5o/NiOso nanocomposite film is lower as compared to pure BN and NiO [28]. Presence of defects states
as confirmed from NRF analysis may have contributed to lower activation energy. The lower value of activation energy results in
generation of more charge carriers in a semiconductor. But conductivity in deposited film is slightly less than pure BN and NiO [28]
which may have resulted from higher thickness of deposited film.

Fig. 5(a) demonstrated the current variation of BN5o/NiOso nanocomposite film corresponding to applied voltages at different light
intensities. The light intensities were varied ranging from dark to 1750 lux. As shown in Fig. 1(b), Au-loaded BN5¢/NiOsy nano-
composite film has also been fabricated to observed the effect of gold nanoparticle loading on photoconductivity. Similar current
measurements like bare nanocomposite films have been examined for Au nanoparticles loaded films with light intensity variation.
Fig. 5(b) shows the photoconductivity studies of Au-loaded BNs5(/NiOs¢ nanocomposite film. Au nanoparticle loaded BN5,/NiOsg
nanocomposite film shows ~22% increase in photoconductivity than bare BN5(/NiOsq at various light intensities. Further illumination
of photoconductivity dependency of bare deposited and Au-loaded films on light intensities (In o vs In F) is shown in Fig. 6. It is
observed that photoconductivity of films increased with light intensity increase.

Photoconductivity of Au-loaded BN5¢/NiOsp nanocomposite has been explained by proposing hot-electron based model. When
light incidents on metal-semiconductor interface, it leads to hot electron generation. These hot-electrons can boost surface activity [32,
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Fig. 4. (a) Voltage vs Current graphs of BNs5o/NiOsq at different temperatures; (b) Temperature vs conductivity plot for BNso/NiOso nano-
composite film.

33]. As shown in Fig. 7(a and b), the light interaction with metal surface may result in localized surface plasmon resonance (LSPR) or
light scattering by random surface plasmon polaritons or damping depending upon the incident light [34,35]. These LSPR or surface
plasmon polaritons may excite the free electrons in NiO surface which then transfers to BN conduction band (CB) by non-radiative
processes. The scattered energy leads to enhanced charge carrier separation. Free electrons oscillate with a resonant frequency
redistributing the electron charge densities which leads to LSPR. The hot electron transfer from NiO to BN-NiO interface may happens
by ballistic transport [36]. As Fermi level energy of NiO is between the CB and valence band gap of BN, free electrons get moved from
NiO to boron nitride CB via interface. Also, the presence of defect states in BN5o/NiOso9 nanocomposite film results in improved
electrical conductivity owing to plasmon resonance energy transfer effect (PRET) [33]. Therefore, in case of Au-loaded BN5(/NiOsg
nanocomposite film enhanced photoconductivity may result from — PRET and transfer of more hot electrons generated at NiO surface
to BN. Thus, BN5o/NiOsy nanocomposite film can be further explored for photodetection applications.

4. Conclusions

BN50/NiOsp nanocomposite film deposited on glass substrate has been explored for carrier transport process and photoconductivity
mechanism. Structural analysis confirms deposited nanocomposite film possess defect states which may play an important role in
electrical and photodetection properties. Temperature-dependent electrical studies show increase in conductivity. The lower activa-
tion energy in thermally conduction mechanism of nanocomposite film than bare BN may be due to the presence of defect states which
enables enhanced surface charge transport. Further light intensity dependent photoconductivity properties of simple and Au-
nanoparticles loaded BN5¢/NiOsp nanocomposite films show higher conductivity in the latter at different light intensities. With
incident light interaction with Au nanoparticles, hot-electrons generated through LSPR and surface plasmon polariton may be
responsible for this. The model has been proposed to explained the enhancement of photoconductivity. The results suggests that BN5q/
NiOs( nanocomposite films can be further explored with concentration variation of metal particles, functionalization, film thickness
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Fig. 5. Voltage vs Current graphs of (a) bare BN5o/NiOsg; (b) Au-loaded BNso/NiOso nanocomposite films at different light intensities.
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Fig. 7. Mechanism for conductivity enhancement of Au-loaded BNs,/NiOsq with light exposure: (a) Interaction of incident light with Au nano-
particles; (b) Hot-electron generation.

variation for carrier transport and photodetection applications.
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