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a b s t r a c t

In this investigation, we have analyzed the structural, electrical, and optical behaviors of pure and com-
posite thin films which are obtained from 2Dmonolayer molybdenum disulfide (MoS2) flakes, conjugated
oligomer (CO) 1,4-Bis(9-ethyl-3-carbazo-vinylene)-9,9-dihexyl-fluorene (BECV-DHF), and by combining
CO (BECV-DHF) with MoS2 in forms of CO/MoS2 composites. All the samples are coated on SiO2/Si sub-
strates using the spin coating procedure where a spin-coating solution has been obtained by dispersing
CO and MoS2 in ethanol or toluene. The structural morphology of MoS2 films and CO/MoS2 films of var-
ious thicknesses are analyzed using field emission scanning electron microscope (FE-SEM), transmission
electron microscope (TEM), and profilometer. These experimental results confirm the formation of MoS2
layer composite with oligomer nanocrystals. The optical properties of MoS2, CO, and CO/MoS2 films
showed that the increased film thickness shifted the spectral peaks towards near infrared (NIR) and ultra-
violet–visible (UV) regions of the electromagnetic spectrum. Moreover, devices such as solar cells, flexible
memory cell and MOSFET were designed. The I-V characteristics of these devices show that CO/MoS2
composite films could serve as potential candidates for organic-inorganic nano-electronic device
applications.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Owing to its impressive physico-chemical features, the two-
dimensional (2D) honeycomb graphene lattice has captivated a
considerable interest in the materials research community (Lee
et al., 2008). Since the experimental synthesis of graphene, numer-
ous 2D materials have actively been established, which disclose
fascinating physical properties. This can partially be attributed to
the fact that the application of graphene in electronic and optoelec-
tronic devices is strained due to its semimetallic behavior (with
zero bandgaps) under normal conditions. However, inorganic
materials such as transition metal dichalcogenides (TMDs) are
now available in 2D forms, which are structurally analogous to gra-
phene but show significantly different physical properties suitable
for semiconductor technologies (Lee et al., 2008, Duan et al., 2015,
Eda et al., 2011). In particular, the 2D layered modification of MoS2
has aroused prominent attention for its applications in several
technological applications such as energy storage devices, field-
effect transistors (FETs) devices, chemical sensors, photodetectors,
photovoltaics, and solar cells (Cao et al., 2016, Shanmugam et al.,
2012, Xu et al., 2014). In its bulk form, MoS2 possesses a crystal
structure similar to graphite, which is an ideal structure whereby
2D layers are joined together via weak van der Waals interactions
(Duan et al., 2015). Consequently, exfoliation of MoS2 can easily be
realized for obtaining nano-layers instead of resorting to other
complicated techniques for synthesizing 2D materials (Duan
et al., 2015).

Since the discovery of organic molecular and polymeric semi-
conductors, a diversity of semiconducting systems have been iden-
tified, which are commonly termed as conjugated materials and
constitute a fascinating class of materials for applications in pho-
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tonic devices (Riaz et al., 2016; Stejskal, 2015; Jadoun et al., 2017;
Riaz et al, 2017). A huge research interest focused on these conju-
gated materials stems from their potentials functionalities, which
are suited to optoelectronic devices such as light-emitting diodes,
organic field-effect transistors (OFETs), and laser optical media,
etc. (Riaz et al, 2017; Collins et al., 2017). From among the conju-
gated materials, a conjugated oligomer (CO) consists of a light
molecular weight combined with a distinctive molecular structure
which exhibits replication of a small number of units as well as an
ordered repetitive structure (mono-dispersive and regio-
regularity) (Aljaafreh et al., 2019; AlSalhi et al., 2020, 2018;
Abdulaziz Alfahd et al., 2017; Anni, 2019; Milad et al., 2016;
Alwan et al., 2017; Ma and Shi, 2013). Conjugated oligomers
(COs) such as 1,4-Bis(9-ethyl-3-carbazo-vinylene)-9,9-dihexyl-flu
orene (BECV-DHF) represent potential candidates with exceptional
properties when compared with the conjugated polymers due to
the controllable length of the conjugate and the ability to limit sep-
aration of the number of units (AlSalhi et al., 2018). Accordingly,
their accessibility of preparation is feasible, and their deposition
as a thin film can easily be attained via low-cost synthesis tech-
niques such as spin coating (Milad et al., 2016; Yang et al., 2017).
In addition, superior compatibility of the COs with inorganic mate-
rials has also made them attractive for blended, composite, and
hybrid systems (Ma and Shi, 2013).

From the above discussion, it can be inferred that combining
2D-TMDs with COs in the form of thin films may provide novel
composite material for optoelectronic device applications. In fact,
MoS2 has already been used in obtaining novel nanocomposites,
biomaterials, and transistors (Anbazhagan et al., 2016; Feng
et al., 2016; Paul and Robeson, 2008; Zachariah et al., 2014;
Tanaka et al, 2015; Chu et al., 2016; Zhang et al., 2013). In partic-
ular, investigations on the integration of other COs with 2D layered
material such as MoS2 have previously been reported (Ma and Shi,
2013; Jariwala et al., 2016; Friedman et al., 2016; Chen et al., 2016;
Shastry et al., 2016), which show that organic/inorganic thin films
constitute p-n junction behavior that could even be beneficial for
photovoltaic (Chen et al., 2016, Shastry et al., 2016,), motivated
by these reasons, in the present study we have synthesized and
characterized CO/MoS2 films to obtain a clear understanding
regarding the electrical and optical properties of composites
between BECV-DHF and 2D MoS2.

We aim to simultaneously inspect and compare the structural
morphology, film profile, chemical composition, optical properties,
and I-V characteristics of spin-coated MoS2 and CO/MoS2 thin
films. We anticipate that the CO/MoS2 thin films studied in the pre-
sent work could procure applications in optoelectronic devices.
2. Materials and methods

For this work, molybdenum disulfide nanoflakes (nf-MoS2), ITO
substrates, and poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) have been purchased from Ossila, UK. While
90-nm thick SiO2/Si substrates purchased from Nanografi Nano
Technology, Ankara, Turkey. The oligomer used in this work is
called the 1,4-Bis(9-ethyl-3-carbazo-vinylene)-9,9-dihexyl-fluor
ene (BECV-DHF), which has a molecular weight of about
773.12 g mol�1 (the molecular structure is displayed in Fig. 1, as
described in Ref. (Abdulaziz Alfahd et al., 2017). Polyethylene
terephthalate (PET) sheets, aluminium oxide (Al2O3), ethanol, ace-
tone, and toluene provided by Sigma Aldrich, St. Louis, MO, United
States are used. Reduced graphene oxide: multiwalled carbon nan-
otubes (rGO:mCNT) based conductive ink is purchased from Ad-
Nano Technologies, Shivamogga, Karnataka, India.
2

2.1. The preparation CO/MoS2 composite

Following the procedure modified method of Ref. (Yang et al.
2017), we have prepared a MoS2 solution for use in the spin coating
procedure. For a comparison between various properties, we pre-
pared samples soluble in two different solvents, such as toluene
and ethanol. A sufficient quantity (40 ml) of as-received solution
(DI: Methanol: MoS2) was dropped into a beaker and heated to
80 �C for 10 min. Few drops of acetone are added to the solution
to reduce the boiling point of the MoS2 containing solution. The
vapors were gently removed by a mounted exhaust fan. Immedi-
ately after all liquid evaporated, the beaker was removed from
the heater and cool to room temperature. The required solvent
(ethanol or toluene) was added and sonicated to disperse the
MoS2 into the new solvent. The resulting solution was topped up
with solvent to maintain 20 mg/ 1 ml. Next, the oligomer was dis-
solved into the required solution (ethanol or toluene) to form a
concentration of 20 mg/1 ml and sonication. Finally, the oligomer
and MoS2 solutions were added in a 1:1 ratio to form the final solu-
tion. Here, 1 ml of MoS2 solution is added to 1 ml of oligomer. The
resulting solution contained 10 mg/ ml of MoS2 and oligomer. The
final solution was translucent blackish-blue in color, as shown in
Fig. 2 (a).

Other samples were dispersed in toluene and coated by spin-
coating technique at various speeds for 30 sec to compare them
with the above-prepared films. The CO (BECV-DHF) solution was
obtained with the dissolution of 1 mg of oligomer in 1 ml of
toluene or ethanol (1:1 v/v) solution. The spin coating of the solu-
tion is dropped on SiO2/Si substrate and deposited at varying
speeds (1000–4000) r.p.m. for 30 sec. The composite solution
was prepared using equal amounts of pure MoS2 and oligomer
solution. Before the spin coating of the final solution, it was ink
sonicated for 5 min. The spin-coating of the ink solution was per-
formed three times for all samples on the 90-nm-thick SiO2/Si sub-
strate at different speeds from 500 to 4000 r.p.m. for 30 s (see Fig. 2
(b)). The different speed method is adopted to study the changes in
photo physical and photo-electrical properties induced due to dif-
ferent thickness and morphology, which imported due to coating
at different spin speed.

2.2. The device fabrication procedure

Memory cell is designed using polyethylene terephthalate (PET)
as substrate. A layer of rGO:mCNT is coated using spin coating at
2000 rpm. Next, five layers of CO:MoS2 (1:1) was dropped at
3000 rpm. Finally, a layer of Al of 150 nm thickness is deposited
using vacuum thermal deposition method. The structure of mem-
ory device is PET/rGO:mCNT/BECV-DHF:MoS2/Al.

Solar cells are made by spin coating a 30 nm layer of PEDOT:PSS
on ozone treated ITO substrate. Next layer contained one of the
MoS2, CO, or CO:MoS2 spin coated at 2000 rpm. Finally layers of
calcium and aluminum were coated using vacuum thermal evapo-
ration method. The configuration of designed solar cells are varied
as follows, (a) ITO/MoS2/Ca/Al, (b) ITO/BECV-DHF/Ca/Al, (c) ITO/
PEDOT:PSS/MoS2/Ca/Al, (d) ITO/PEDOT:PSS/BECV-DHF:MoS2
(1000 rpm)/Ca/Al, (e) ITO/PEDOT:PSS/BECV-DHF:MoS2
(2000 rpm)/Ca/Al, and (f) ITO/PEDOT:PSS/BECV-DHF:MoS2/Ca/Al.

2.3. Characterization and measurement techniques

After preparing the solution of MoS2, the morphological struc-
tures of small particles (magnitude between nm and mm) are
examined with the aid of the transmission electron microscopy
(TEM) having model JEM-1400 plus manufactured by JEOL, Japan.
The XRD patterns of MoS2, CO, and CO/MoS2 synthesized samples
are established by employing a D8 Advance Bruker diffractometer,



Fig. 1. The structural model of molecule of (a) conductive oligomer 1,4-Bis(9-ethyl-3-carbazo-vinylene)-9,9-dihexyl-fluorene (BECV-DHF) [17) and (b) conjugated-polymer
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate.
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with a Cu-Ka radiation source of the wavelength of 0.1542 nm.
The morphological structural are characterized with the support
of JSM-7610F FE-SEM produced by JEOL. The measurements of
the film’s thicknesses are determined with the profilometer.
The Fourier transform infrared (FTIR, Nicolet 6700, Thermo Sci-
entific, USA) spectra are measured for CO/MoS2 films to analyze;
the structural bonding, the transmission modes, and the
wavenumber regime are selected between 350 and 4000 cm�1.
The recording of the optical absorbance spectra of the CO/MoS2
films was carried out with the assistance of JASCO UV/VIS/NIR
spectrophotometer (V-770), and the wavelength regime was
Fig. 2. (a) CO/MoS2 blend in toluene (b). Procedure of spi

3

spanned between 200 and 1200 nm. This could reveal the excit-
ing applications of MoS2 film in optoelectronics, night-vision
imaging, or photovoltaics. By employing monochromatized Al
Ka at 1486.6 eV, the measurements of the binding energies of
the elements involved in the films are accomplished with the
aid of XPS spectra, namely PHI 5600 Multi-Technique XPS (XPS,
Physical Electronics, Lake Drive East, Chanhassen, MN, USA).
The fitting of peaks is carried out with the assistance of CASA
XPS Version 2.3.14 software. I-V characterization of memory
device and solar cells were measured using opti-scense (FYTRO-
NICS) solar simulator from USA.
n coating for preparing MoS2 and CO/MoS2 thin film.
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3. Results and discussion

3.1. Surface morphology and X-ray diffraction patterns:

The FE-SEM topography was carried out to measures changes in
the morphological pattern of CO/MoS2 composites where the films
are dispersed homogeneously (see Fig. 3. a). The coating of Plat-
inum was done on CO/MoS2 films for 40 sec before performing
SEM. It is well noticed that the MoS2 nanoflakes are few layers
stacked. Few of them are project outward; on top of the MoS2
flakes, the oligomers crystals were present in different shapes
and sizes. The oligomers crystals have very thin ridge gapes, which
is about 2 nm wide. These nanoridges could improve the photo-
electric properties of the blend through plasmonic generation.

The HR-TEM image in Fig. 3 (b) shows the formation of oligomer
nanocrystals formed on top of MoS2 flakes. The average grain size
of crystals is around 50 nm. The SEM and TEM analysis show the
formation of CO/MoS2 composite. The strong adherence of oligo-
mer on MoS2 would improve the physical properties and also
enable ease of device fabrication using this composite material.

The XRD patterns of MoS2 films and CO/MoS2 composites are
displayed in Fig. 3c. Many marked sharp and small peaks for
MoS2 films are observed at 14.1�, 32.8�, and 59.1�, respectively,
that are related to the (002), (100), and (110) crystallographic
Fig. 3. (a) FE-SEM images of the composite CO/MoS2, (b) HR-TEM images of the composi
samples.

4

planes (Zeng et al., 2013). As clearly seen from Fig. 3c, the XRD pat-
terns of pure MoS2 films and CO/MoS2 exhibit quite similar fea-
tures in the range of 2h = 10�–25�. The first feature peak in both
pure MoS2 and CO/MoS2 composites represent the most important
peak since the remaining diffracted planes occurring with weak
diffracted and insignificant intensities for CO/MoS2 composites. It
is well noticed for CO/MoS2 composites that the XRD pattern pre-
serves the crystal structure of MoS2 flakes. A pronounced sharper
peak occurs at 13.9� that corresponds to the (002) plane, which
is only the characteristic peak of MoS2 films. The feature peak of
CO/MoS2 is displaced to the relatively marginal position of angle
of 2h = 13.95�, which surmises the intercalation of CO into MoS2
flakes. This implies the appearance of MoS2 in composites
(Aljaafreh et al., 2019; Tanaka et al., 2015). It is inferred that the
composites acquire quite analogous physical properties to those
of MoS2 flakes.

3.2. XPS analysis

The bonding guidance and compositional elements in MoS2
films, CO, and CO/MoS2 composites are inspected from XPS. The
survey scan of the high-resolution pattern of these elements are
illustrated in Fig. 4. It is shown that the XPS survey spectrum
records the compositional elements of Mo, S, C, O, and N at specific
te CO/MoS2 and (c) x-ray diffraction diagrams of both pure MoS2 films and CO/MoS2



Fig. 4. The survey scan of compositional elements in MoS2 films, CO, and CO/MoS2
composites.
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regions. The core-level spectrum of C1s illustrates a peak located
around 284.1 eV that is related to the C-N bond. Note that this
weak peak is associated with p–p interaction, leading to the inter-
action between CO and MoS2. The N1s XPS spectrum displays a
peak at 399.75 eV. The Mo 3d curve exhibits peaks at 232.8 eV,
while the S 2p small peaks occur around 169.1 eV that can be split
into doublet Sp1/2 and Sp3/2, respectively.

As clearly apparent from Fig. 5, all spectra of molybdenum 3d
element of MoS2 and CO/MoS2 dissolved in ethanol and toluene
show almost indistinguishable peaks associated with Mo that are
bonded to the S atoms. The main contribution of Mo peaks comes
from MoS2 along with an insignificant contribution of the ethanol
or toluene precursors. The spectral region of the pure MoS2 films
depicted in Fig. 5(a-b) contains the fitting of the three characteris-
tics which can be attributed to the Mo-3d core state signals. A sig-
nificantly intense peak, centered at a binding energy of 232.3 eV, is
associated with Mo-3d3/2 of Mo atoms in the vicinity of S atoms.
The spectral peak of pure MoS2 positioned about 227.3 eV of bind-
ing energy originates through the defect of Mo-3d5/2 in MoS2. Also,
the peaks laying at binding energies around 235.5 and 232.2 eV are
Fig. 5. XPS spectra of Mo-3d core-level r
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due to Mo6+ of the unreacted precursor solvents, which is always
found as a contaminant on MoS2 film synthesized via spin coating.
It is evident from Fig. 5 that the usual peaks linked to Mo and S ele-
ments in MoS2 are not significantly changed after their hybridiza-
tion with CO. This can be ascribed to Mo’s weak assistance to the
surface reactions and van derWaals interactions between the poly-
mer and MoS2 films. Hence, in Fig. 5, an additional peak emerges at
a binding energy of 227.1 eV, which is linked to a sulfur atom near
a defect site. Moreover, the most intense peak is essentially due to
Mo-3d5/2.
3.3. Fourier transform infrared (FTIR) investigation

The FTIR spectra display in Fig. 6, the MoS2 and CO/MoS2 films
soluble in both ethanol and toluene solvents. These are assigned to
vibrational modes in groups of MoS2 and other elements arising
from CO and solvents that are involved in the reaction system.
Fig. 6 displays the occurrence of a marked peak about 1098 cm�1

corresponding to the physisorption of ethanol precursor. FTIR spec-
tra of MoS2 and CO/MoS2 dissolved in toluene thin films display
broad peaks at about 3450 and 2350 cm�1 of C–H and S-H bond,
respectively. However, these peaks occur for MoS2 and CO/MoS2
dissolved in ethanol. FTIR spectrum exhibits a sharp peak roughly
about 1600 cm�1 and 1450 cm�1 because the C–C bond are
stretched (mcc) (Syariati et al., 2019) as well as the bending of
the O-C bond. A strong peak is observed in all samples at 705
and 473 cm�1 revealing C-S (mcs) (Choi et al., 2012) and Si-O
stretching vibration, respectively. These results are in agreement
with the XPS spectra presented earlier and demonstrated that
the addition of the CO can effectively alter the surface of MoS2.
The spectral peak located around 531 cm�1 is owing to the stretch-
ing of the S-Mo-S bond. FTIR spectra of CO/MoS2 dissolved in etha-
nol and toluene display the same pattern between 400 and
700 cm�1 as the CO and MoS2 are grown on SiO2/Si substrates.
The favorable atomic position of s-vacancy is connected to the cre-
ation of ethanol van der Waals adsorption without strong bonding
can be illustrated in FTIR.
3.4. Profilometer thickness measurement

Thickness measurement of films revealed different features of
the MoS2, oligomer, and their mixture at different speeds varying
from 500 rpm to 4000 rpm. The pure MoS2 showed rough counters
and had low thicknesses, as shown in fig. S2.a. It showed an abrupt
change in depth, which could be attributed to MoS2 flakes aggrega-
egions of (a) MoS2 and (b) CO/MoS2.
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tions. On the other hand, oligomer films displayed a smooth con-
tour, as shown in fig.S2.b. The mixture solution coated film showed
features of both MoS2 and oligomer profiles. The thickness of com-
posite films were very thick at low speeds and low thickness at
high speed, but intermediate between pure oligomer and MoS2.
The thickness profile is shown in Fig. S2.(c). Fig. 7 shows the aver-
age thickness of the films pure MoS2, oligomer, and blends. The
thickness of the film is measured from the Profilometer Thickness
Measurement. The inset shows that the thickness of MoS2 and
(BECV-DHF)/MoS2 values are consistent with the expected thick-
ness from a few layers of films (a monolayer about 0.65 nm) (Ma
and Shi, 2013).

3.5. Optical properties

Fig. 8.a shows the normalized absorption spectra of MoS2 films
deposited on SiO2/Si substrate dissolved in ethanol obtained by
spin coating technique using speed ranging between 500 r.p.m to
4000 r.p.m as a function of photon’s wavelength. For the sake of
comparison, the absorption spectrum of one sample of MoS2 dis-
solved in toluene is also presented in Fig. 8a. The UV–visible
absorption spectrum shows three different features around 250,
Fig. 7. Thickness profile of the films pure MoS2, oligomer, and blends.
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300, and 750 nm, respectively, which can be ascribed to excitonic
transitions. On the first view, one can see that MoS2 thin films
could be promising materials for photodetectors and photovoltaic
cells (Chen et al., 2016, Shastry et al., 2016,)

The measurement of optical absorption spectra of pure CO (i.e.,
BEVC-DHF) thin films prepared at different speed spin coating are
presented in Fig. 8.b. It is visible that two weak absorption peaks
occur between photons wavelengths of 240 and 340 nm, which
are sharpened for samples prepared at low-speed rotations. The
absorption spectra have a main peak located approximately at
760 nm for CO thin films prepared at high r.p.m spin-coating speed
and 930 nm for CO prepared at low r.p.m spin coating speed. As
evident from Fig. 8, the absorption spectra of CO/MoS2 films dis-
play a feature analogous to both CO films and MoS2 films at low
wavelength radiation regimes prepared at high r.p.m speed. How-
ever, the spectral peaks are shifted to high frequency regions for
CO/MoS2 films (see Fig. 8c-8d). Comparatively, CO/MoS2 films dis-
persed in toluene exhibit two spectral peaks, about 4 eV (300 nm)
and 1.3 eV (930 nm), respectively, that can be ascribed to interband
excitonic transitions. This is due mainly to the energy splitting at
the valence band spin � orbit coupling along the k-point of the
Brillouin zone (Feng et al., 2016; Paul and Robeson, 2008;
Zachariah et al., 2014). Also, the emergence of a strong peak of
about 1.77 eV (700 nm) in CO/MoS2 is associated with the p � p
transition of the pure CO BEVC-DHF. These results indicate the sur-
face change of MoS2 films with the addition of the conjugate oligo-
mer BEVC-DHF (Fig. 8c- 8d). Moreover, one can see from Fig. 8.c-8.
d that the spectral peaks of the samples dissolved in two different
solvents have almost the same pattern with weak absorption at
low wavelength regimes. Clearly, the s-vacancy is a preferential
atomic position for van der Waals interaction from ethanol precur-
sor, and thereby the strong bond is not important in these samples.
From the data presented in Fig. 8, the absorption coefficient (/) are
determined using the following light attenuation equation (Alwan
et al., 2017),

/¼ 2:303A
t

ð2Þ

Table 1 summarizes the results of thickness measurements
obtained from the profilometer along with absorbance and absorp-
tion coefficients for MoS2, CO (BECV-DHF), and CO/MoS2 films. It is
evident that increasing coating speed results in a decrease in the
thickness of the obtained films. In the case of pure MoS2 films, both
the maximum absorbance and absorption coefficient fluctuate
between maximum and minimum values with decreasing film
thickness. On the other hand, maximum absorbance decreases
while the absorption coefficient increases for pure CO (i.e., BECV-
DHF) with decreasing film thickness. Interestingly, the maximum
absorbance for CO/MoS2 films does not show a wide variation;
however, absorption coefficients increase monotonically with
decreasing film thickness for this composite. Our optical absor-
bance results are in good agreement with the previous studies on
pentacene/MoS2 and PTB7/MoS2 heterostructures, while the
absorption of photons were detected in the UV and IR regions
(Jariwala et al., 2016; Lin et al., 2018).

In Fig. 9, both the layered structure and energy level diagram of
solar cells are shown. The energy level of BECV-DHF is obtained
using TD-DFT simulation using gaussian software following simu-
lation procedure reported previously (Aljaafreh et al., 2019). The
addition of MoS2 induces a heterogenous interface, the CO absorp-
tion is in UV and blue region with very high quantum efficiency.
The CO absorbed photons create tightly bounded excitons when
these excitons migrate to the interface of MoS2 nanoflakes. Due
to the potential gradient, the exciton splits into electron and hole,
thus producing a photovoltaic current. This connectivity of oligo-
mer is amorphous and have a low conductivity. But when dis-



Fig 8. Absorbance spectra of (a) pure MoS2 films, prepared by spin coating and dissolved in ethanol and one sample of MoS2 dissolved in toluene, acquired at different
illumination wavelengths (b) the CO BEVC-DHF samples with different speeds (c) CO/MoS2 films dissolved in ethanol and (d) CO/MoS2 films dissolved in toluene. All samples
are prepared with different thicknesses and at different speeds varying from 500 to 4000 rpm.
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solved in solvents like toluene and spin coated at speed 1000–
3000 rpm, they form self-assembled nano crystals and these
crystal domains behave as a semiconductor. At high speed, the
CO thin films become amorphous (Aljaafreh et al., 2019;
AlSalhi et al., 2020). The formation of nano crystals CO on top
of MoS2 is confirmed by SEM and TEM analysis as shown in
Fig. 3. This nanostructure could be attributed to the photovoltaic
behavior of CO/MoS2. Different configuration of solar devices
was designed, for each configuration 20 devices. The I-V and
IPEC characteristic parameters of device (a-f) configuration are
given in Fig. 9b and 9c respectively. The parameters of devices
(a) – (f) are given in Table 2.

The device configuration (a) was ITO/MoS2/Ca/Al and it is not
active and serves as reference. Next, the device configuration (b)
Table 1
Characterization results of MoS2 films, (BECV-DHF) and CO/MoS2 film from profilometer t
flake, (BECV-DHF) and MoS2/(BECV-DHF) films absorption coefficient for each flake.

Sample Speed rotation (rpm) Film thickness (nm)

MoS2 500 76
MoS2 1000 31
MoS2 2000 14
MoS2 3000 8
MoS2 4000 5
CO 1000 126
CO 2000 78
CO 3000 53
CO 40,000 32
CO/ MoS2 10,000 70
CO/ MoS2 2000 32
CO/ MoS2 3000 18
CO/ MoS2 4000 12
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was ITO/BECV-DHF/Ca/Al has fill factor (FF) of 0.467, power con-
versation efficiency (PCE) was 0.98. It is imperative to give an addi-
tional layer of electron conductive layer, hence a layer of PEDOT:
PSS was coated on top ITO to form a device (c) with configuration,
ITO/PEDOT:PSS/MoS2/Ca/Al which had PCE of 1.95%, FF of 0.587.
Next the performance of device configurations (d) to (f) had follow-
ing layers ITO/PEDOT:PSS/BECV-DHF:MoS2/Ca/Al, but the BECV-
DHF:MoS2 composite based active layer thickness is varied by
coating at different spin speeds. The device (e) gave the maximum
PCE of 5.86% and higher FF of 0.62, due to the formation of BECV-
DHF nanocrystals on MoS2. But when the speed increases to
3000 rpm or higher, the efficiency drops, i.e PCE of 3.84% (device
(f)). The reduction in PCE and FF at higher speed could be due to
the fact that BECV-DHF do not form crystal and becomes amor-
hickness measurement and absorbance spectroscopy and calculations of MoS2, MoS2

Absorbance A Absorption Coefficient x106 (cm)�1

1.09147 0.330744133
1.06613 0.792031416
1.07526 0.17688027
1.08226 3.11555598
1.0565 4.866239
1.16242 0.212464544
1.13669 0.335615009
1.11488 0.484446913
1.08271 0.779212853
1.09152 0.35911008
1.09148 0.785524513
1.08079 1.38281076
1.10575 2.12211854



Fig. 9. a) schematic and energy diagram of CO/MoS2 solar cell; b) I-V characteristics of fabricated various devices (a-f) with layers described in Table 2; c) IPCE characteristics
of fabricated various devices (a-f) with layers described in Table 2.

Table 2
Photovoltaic parameters of the fabricated solar devices with active layer of CO/MoS2 composite. The parameters are average of 20 devices in each category.

Device ID Structure PCE (%) Jsc (mA) Voc (V) FF (%)

IV IPCE

(a) ITO/MoS2/Ca/Al – – – – –
(b) ITO/BECV-DHF/Ca/Al 0.98 3.33 3.36 0.63 0.467
(c) ITO/PEDOT:PSS/MoS2/Ca/Al 1.95 5.313 5.266 0.626 0.584
(d) ITO/PEDOT:PSS/BECV-DHF:MoS2/Ca/AlBECV-DHF:MoS2 layer (1000 rpm) 4.88 12.59 12.61 0.64 0.602
(e) ITO/PEDOT:PSS/BECV-DHF:MoS2/Ca/AlBECV-DHF:MoS2 layer (2000 rpm) 5.86 14.7 14.59 0.642 0.62
(f) ITO/PEDOT:PSS/BECV-DHF:MoS2/Ca/AlBECV-DHF:MoS2 layer (3000 rpm) 3.84 10.4 10.53 0.63 0.57
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phous with very high impedance (AlSalhi et al., 2020). Thus reduc-
ing the PCE dramatically.

We are encouraged by previous reports on MoS2 based memory
device (Zhang et al., 2013), hence examined the possiblity of BECV-
DHF:MoS2 composite based memory device. The memory device
takes advance of amorphous nature of BECV-DHF at high speeds,
to attain sufficient cover throughout and uniformity five layers of
BECV-DHF:MoS2 composite was spin coated. The I-V characteris-
tics was measured with forward and reverse sweep from �6 V to
6 V. During the forward sweep 0 – 6 V, a power surge was observed
as shown in Fig. 10.(b). The Fig. 10. (c)(ii), shows a linear increase of
ln (I) with respect to V1=2 at region I, indicating that the underlying
mechanism is thermionic emission. The device could retain the
8

70% performance even after 1000 sweeps. The device is flexible
without losing its ductility until 2000 pressing. The Fig. 10 (c) (ii)
shows the off state and Fig. 10 (c) (iii) shows the dramatic change
in the slope from 2 to 43.3 indicating the resistive switching.

4. Conclusions

In this research paper, the modification of morphology of MoS2,
CO (BECV-DHF), and CO/MoS2 films of different thicknesses syn-
thesized on SiO2/Si substrate using spin coating technique by
employing SEM, TEM and XRD. Accordingly, the synthesized
MoS2-thin film are found to be dispersed homogeneously. The opti-
cal absorbance spectra of MoS2, CO, and CO/MoS2 films are probed



Fig. 10. (a) schematic of memory device; 10.(b) I–V characteristics of memory device; (c).(i) The trace of current as a function of invoked voltage for the flexible memory
device in voltage range from 0 to +5 (+ve sweep). Experimental data and fitted lines of the ln(I)–ln(V) characteristics in region A and region B in the OFF state, region C and
region D is the resistive switching and the ON state. (c).(ii) linear plot of ln (I) vs V1/2 at region A; (c).(iii) and (iv). the plot of ln(I) vs ln(V) in region B and C.
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in a relevant portion of electromagnetic spectra ranging between
250 nm (UV) and 1000 nm (NIR). Profilometer measurements were
performed to determine the thickness of MoS2, CO, and CO/MoS2
films, while XPS fingerprint was used to evaluate the composi-
tional elements of synthesized samples along with electronic states
of elements interacting with Mo at specific binding energy peaks.
Our results indicate that the CO/MoS2 composite films can be a fas-
cinating candidate for electronic applications, such as Zener tran-
sistors devices. In particular, the fabricated solar cell and
memory device studied showed promising results. A PCE of 5.8%
was achieved for solar cell. The memory device also showed
switching and charge retention behavior as desired. Our results
indicate that CO/MoS2 can be suitable for diode device applications
because of the polarization of carrier charge transport, and this can
eventually imply p-n junctions. The interesting optical and electri-
cal properties could be attributed to the formation of CO nanocrys-
tals on MoS2.
9
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