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A B S T R A C T   

2D nanosheets produced using liquid phase exfoliation method offers scalable and cost effective 
routes to optoelectronics devices. But this technique sometimes yields high defect, low stability, 
and compromised electronic properties. In this work, we employed an innovative approach that 
improved the existing liquid phase exfoliation method for fabricating MoS2/graphene 
heterostructure-based photodetector with enhanced optoelectronic properties. This technique 
involves hydrothermally treating MoS2 before dispersing it in a carefully chosen and environ-
mentally friendly IPA/water solvent for ultrasonication exfoliation through an optomechanical 
approach. Thereafter, heterostructure nanosheets of MoS2 and graphene were formed through 
sequential deposition technique for the fabrication of vertical heterojunctions. Furthermore, we 
achieved a vertically stacked MoS2/graphene photodetector and a bare MoS2 photodetector. The 
MoS2/graphene hybrid nanosheets were characterized using spectroscopic and microscopic 
techniques. The results obtained show the size of the nanosheets is between 350 and 500 nm on 
average, and their thickness is less than or equal to 5 nm, and high crystallinity in the 2H sem-
iconducting phase. The photocurrent, photoresponsivity, external quantum efficiency (EQE), and 
specific detectivity of MoS2/graphene heterostructure at 4 V bias voltage and 650 nm illumina-
tion wavelength were 3.55 μA, 39.44 mA/W, 7.54 %, and 2.02 × 1010 Jones, respectively, and 
that of MoS2 photodetector are 0.55 μA, 6.11 mA/W, 1.16 %, and 3.4 × 109 Jones. The results 
presented indicate that the photoresponse performances of the as-prepared MoS2/graphene were 
greatly improved (about 7-fold) compared to the photoresponse of the sole MoS2. Again, the 
MoS2/graphene heterostructure fabricated in this work show better optoelectronic characteristics 
as compared to the similar heterostructure prepared using the conventional solution processed 
method. The results provide a modest, inexpensive, and efficient method to fabricate hetero-
junctions with improved optoelectronic performance.   

1. Introduction 

The recent curiosity of researchers in two-dimensional, 2D systems is largely due to their exceptional electrical, optical, and 
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mechanical properties [1–4] that depend on the layer thickness and crystalline size [5]. Examples of this materials include; graphene, 
silicene [6], boron nitride (hexagonal) [7], phosphorene, transition-metal dichalcogenides (TMDs: MoS2, MoSe2 WS2, etc.) [8], metal 
(basic) oxides (e.g., MoO3) [9], metal halides (e.g., MgBr2) [10], etc. Among the various layered materials apart from graphene, TMDs 
have gained considerable research focus for their excellent performances in optoelectronics and electronics applications. Molybdenum 
disulphide (MoS2) is a typical TMD that is widely known to be a promising optoelectronic material [11]. Its structure comprises of an 
ultrathin layer of molybdenum enclosed between two sulphur atoms layers which are coupled together by van der Waals forces [12, 
13]. The properties of a single-layered MoS2 and few-layered MoS2 are distinct from bulk MoS2 [13,14]. In MoS2, the bulk form with a 
band gap value of 1.3 eV is an indirect transition type, while the single-layered form has a direct band gap of approximately 1.8 eV [13, 
15]. This allows for modification of the material’s band structure. Also, the few-layered MoS2 shows a significant direct transition, 
providing unique electronic [16], optical and catalytic properties [17], and a high carrier mobility along the in-plane direction [16, 
18]. 

The heterostructure of graphene and MoS2 have shown better performance in their constituent electronic properties combination. 
The hybrid heterostructure presents an opportunity to design and fabricate devices with different functions and stability in sundry 
fields, including electronics, biomedicine, energy storage, and optoelectronics [19–21]. Ultrafast application of photodetectors made 
of graphene with high carrier mobility is highly appealing. However, they suffer from weak absorption (2.3 %) and short carrier 
recombination lifetime in picosecond [22,23]. The combination of graphene and MoS2 forms a hybrid photodetector with excellent 
photoresponsivity due to its high coefficient of absorption and large surface-to-volume ratio [24]. Numerous photodetectors based on 
2D materials have been fabricated using various advance techniques such as advanced lithography method [25], van der Waal contact 
technique [26], and vertical Junction technique. Hu et al., 2023 used Asymmetric porous GaN/Graphene vertical junction to fabricate 
highly sensitive photodectector [27]. The van der Waal contact technique was used by Guo et a.l 2022 for self-powered photodetectors 
[26] etc. Other techniques used for synthesizing layered materials, include; mechanical cleavage, megasonic exfoliation [28], liquid 
phase exfoliation (LPE) [29], arc discharge [30], hydrothermal [31,32], and chemical vapour deposition (CVD) [33]. However, the 
LPE technique offers many advantages over other methods of synthesis; these include cost-effectiveness, simplicity, scalability, and 
compatibility with any substrate [34–36]. The LPE method can be carried out using one of three approaches: ultrasonication, shearing, 
or electrochemical [35,37]. To ensure a defect-free nanosheets synthesis from ultasonication LPE technique, the chosen solvent must 
be either suitable [8,9] or by adding surfactant [6,14,38–40] and, or polymeric solutions [12,13,41,42], so as to stabilize the nanosheet 
against re-aggregation [15]. Unlike the other above-mentioned preparation techniques, to synthesize high-quality MoS2/graphene 
heterostructures by means of LPE method is a challenging task [24,43,44,45,46]. The conventional LPE synthesis technique has some 
drawbacks, including high defect rates, low stability, and compromised electronic properties. Additionally, the solvents utilized in 
exfoliation sometimes, can be toxic and alter the properties of the materials chemically [47,48]., as a result, Thus, a suitable synthesis 
approach that is environmentally friendly is preferred to make it practical for usage. This work modified the conventional LPE 
technique by including a pre-treatment process and employing an environmentally friendly isopropanol (IPA)/water solvent. This 
procedure was followed by a sequential deposition technique for the fabrication of vertical MoS2/graphene heterostructure 
(photodetection). 

Fig. 1. Schematic method of preparation of MoS2/graphene heterostructure.  
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2. Experiment 

2.1. The synthesis of MoS2, graphene, and MoS2/Graphene heterostructure from a modified LPE technique 

Graphene and MoS2 dispersion were prepared using the improved LPE method as described in Ref. [5]. MoS2 and graphite powders 
were supplied by Sigma and were of analytical grade (99 %). A micron-sized filtration system was used to obtain deionized (DI) water 
(Resistivity 18.2 MΩcm at 25 ◦C) from millique filtration system. First, MoS2 was prepared by the hydrothermal process as follows; A 
solution of MoS2 (<6 μm) was made by dissolving 0.4 g of MoS2 in 30 ml of DI water followed by sonication for 1 h until a uniform 
mixture was obtained. The mixed solution was poured into a 100 ml Teflon liner and then enclosed in a tightly screwed stainless-steel 
jacket. The whole assembly is then heated for 3 h at 150 ◦C with continuous stirring. Exfoliation of the pre-treated MoS2 was done by 
dispersing it in a 170 ml solution containing IPA and DI water mixed in a volume-to-volume ratio of 7:3, respectively. 

The MoS2 dispersion was ultrasonicated in iced water for 2 h using a sonic tip attached to a horn probe (Sonic VCX 750), as shown in 
Fig. 1. The ultrasonic irradiation was pulsed at 3 s interval between on and off states to avoid damaging the ultrasonic processor and 
prevent solvent heating, which could lead to the degradation of the MoS2 nanosheets. After the sonication process, centrifugation of 
the black dispersion was then carried out at 8000 rpm for 45 min to separate the supernatant from the residue. The residue was 
discarded while the supernatant was subjected to further centrifugation process in order to completely remove the un-exfoliated 
powder and aggregates of MoS2. A similar procedure was used to produce graphene, except for the initial hydrothermal treatment. 
Here, a graphite dispersion was formed by spreading 0.4 g of graphite powder into a mixture of IPA and DI water. The dispersion was 
then exfoliated as described above for 2 h, followed by centrifugation at 8000 rpm for 45 min and the resultant supernatant collected 
inside a beaker. The exfoliated products (graphene and MoS2) were drop-cast on separate Si/SiO2 substrates as follows; 10 μg/L 
graphene or MoS2 solution was deposited on Si/SiO2 substrate drop-wise and dried at 100 ◦C. The heterostructure of graphene/MoS2 
was produced by a sequential deposition of graphene and MoS2 dispersions on the substrate using the drop casting approach. Solvent 
was evaporated at 100 ◦C for a duration of 1 h in-between each deposition. Lastly, the graphene/MoS2 heterostructure was annealed at 
150 ◦C for 2 h. 

2.2. Fabrication of interdigitated electrode and photodetector device 

The glass substrate was cleaned using acetone and IPA, sonicated for 10 min, and then washed with DI water with a purpose of 
removing impurities. A shadow mask that was designed and fabricated with interdigitated finger separation of 5 μm was placed into 
close contact with a glass substrate and mounted in a thermal evaporator chamber for metal deposition. The pressure in the chamber 
was lowered until it reached approximately 1 × 106 mbar. A standard thickness of 5 nm/50 nm of Cr/Au metal was used to create a 
metal contact on a glass substrate. The shadow mask was then allowed to cool for 24 h after deposition on the glass substrate. The metal 
contact was left on the glass substrate as the shadow mask was gently lifted and removed. The contact electrodes were bonded with any 
conducting connector using silver epoxy. 

The fabricated inter-digitated electrodes (IDE) with the dispersion of the nanomaterials were used to fabricate the two photode-
tector devices: MoS2 and MoS2/graphene hybrid photodetector. The graphene dispersion was first deposited on the interdigitated 
electrode assembly and dried at 100 ◦C for 1 h. Then, MoS2 dispersion was later deposited on the graphene/glass interdigitated 

Fig. 2. (a). The designed shadow mask with finger separation of 5 μm, (b) fabricated IDE without any sample, (c) IDE with sample material, and (d) 
enlarged image of the samples laid across the metallic electrode. 
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electrode sequentially, followed by drying at 100 ◦C and then annealing under an argon atmosphere at 150 ◦C for 2 h. This step is 
meant to reduces the level of impurities that may be present in the samples at the exfoliation stage. Likewise, MoS2 dispersion was 
deposited on the glass interdigital electrode using the procedure described above. Fig. 1 shows the schematic diagram for the prep-
aration of MoS2/graphene heterostructure. Fig. 2a shows the shadow mask which was designed and fabricated with interdigitated 
finger separation of 5 μm. Fig. 2b shows the digital image of the fabricated interdigital electrode without any sample, and Fig. 2c shows 
the fabricated device which consist of MoS2 (M) and MoS2/graphene heterostructure (MG). Fig. 2d display the zoom image of the 
samples laid across the metallic electrode; demonstrating that the contacts of the sample are intact. 

2.3. Characterisation and measurement 

Different techniques were used for characterization of the synthesized layers of MoS2/graphene. The Shimadzu UV-2550 spec-
trophotometer was used measure the absorbance of the nanosheets and derive other optical parameters from it. The Horiba LabRAM 
HR Raman spectrometer was used to obtain Raman spectra at room temperature to detect modes of molecular motion and vibration in 
the layered materials. For structural analysis and mapping, the Titan Themis 300 KV transmission electron microscopy (TEM) from FEI 
was employed. The atomic force microscope (AFM), specifically the Park AFM NX 20 system, was used to measure thickness and sizes 
of the materials. 

Fig. 3. (a) Absorbance spectra of exfoliated graphene, MoS2, and MoS2/graphene heterostructure, (b) Energy gap of exfoliated MoS2, (c) Energy gap 
of MoS2/graphene heterostructure. Inset is the magnified section of Fig. 3(a) in the range 500–750 nm. 
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Surface framework and elemental compositions of the nanosheets were determined using Ultra55 (Karl Zeiss) field emission 
scanning electron microscope (FE-SEM) coupled with energy dispersive X-ray spectroscopy (SEM-EDX). The electrical characteristics 
of the fabricated photodetector were assessed at room temperature in an air ambient using a meter source, specifically the Keithley 
2400. 

3. Results and discussion 

3.1. UV–visible spectroscopy analysis 

Fig. 3a shows absorption spectra of MoS2 dispersions with two distinct absorption peaks; peat A at ~688 nm and peak B at ~625 
nm. These observed absorption peaks are attributed to the direct inter-band excitonic electronic transitions within the material, 
specifically at the K point of the Brillouin zone in 2D MoS2 [49,50]. These two excitonic peaks are also due to interaction between the 
spin-orbit splitting and layer contact. The splitting value, approximately 64 nm at 0.17 eV, agrees with other literature [51,52]. These 
distinctive peaks characteristics revealed a well-dispersed MoS2 material with a 2H crystal structure [53]. Graphene has a strong 
absorption peak situated at about 272 nm (peak C). This peak C is frequently attributed to the π-π* absorption band of graphene and 
π-plasmon resonance band which emerges from a combined oscillation of π-electrons in the graphene lattice in riposte to incident light. 
The UV band at 272 nm makes it obvious that the graphene sample is composed of both thick multilayered and thin layered graphene 
[54]. The absorption spectra of MoS2/graphene heterostructures prepared in this work have shown comparable absorption bands at 
685 and 624 nm identical to those of exfoliated MoS2 [51,54,55]. We observed a blue shift at the 685 and 624 nm for the hetero-
structure relative to the MoS2’s absorption bands. The MoS2/Graphene heterostructure has complex interactions between the elec-
tronic structures, band alignments, and light-matter interactions of MoS2 and graphene [34,42,51]. The energy bandgap of MoS2 and 
MoS2/Graphene heterostructures is depicted in Fig. 3b according to Tauc plot using Equation (1) [56,57,58,59]. 

Fig. 4. (a) Display Raman spectra of exfoliated graphene, MoS2, and MoS2/graphene heterostructure, (b) enlarged Raman spectra of exfoliated 
graphene and MoS2/graphene heterostructure, and (c) enlarged Raman spectra of exfoliated MoS2 and MoS2/graphene heterostructure. 
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(αhv)= β
(
hv − Eg

)n (1)  

where α, β, v, n, and h denote the absorption coefficient, band tailing constant parameter, frequency, power factor, and Planck’s 
constant, respectively. hv represents the energy of incident photon, Eg the optical band gap, while n is a power factor that depends on 
the allowable optical transitions, which have the direct and indirect transitions correspond to n values of 1/2 and 2, respectively. The 
plot of (αhv)n, where n is 2, versus hv gives a straight line [56,57,58,60]. When the straight line is extrapolated to intercept the hv axis, 
the MoS2’s optical energy band gap values is 1.78 eV while for MoS2/Graphene heterostructure is 1.73 eV. (see Fig. 3b and c). The 
obtained band gap value of MoS2 synthesized in this work is comparable to the previously described value for a direct band gap MoS2 of 
a few nanosheets [37,61]. 

3.2. Micro-Raman spectroscopic 

Fig. 4a shows Raman spectra of the three different materials: MoS2 nanosheets, graphene nanosheets, and MoS2/graphene het-
erostructure. The Raman peaks in the spectra of the graphene nanosheet revealed the D, G, and 2D bands, with their corresponding 
wavelengths at 1347, 1575, and 2701 cm− 1. The D band is a characteristic feature of structural defects in carbon materials. The Raman 
spectrum exhibits weak D band at 1347 cm− 1, indicating reduced carbon material structural defects. The G band at 1575 cm− 1 (see 
Fig. 4b) is attributed to E2g mode at the k-point as a result of the C–C bond stretching in graphitic materials. This phenomenon is a usual 
occurrence all sp2 carbon systems. The Raman spectra of MoS2 showed two separate peaks at 380 and 404.5 cm− 1 which correspond to 
the in-plane opposite vibrations of S–Mo atoms mode and the out-of-plane stretching of the sulphur, respectively. Raman active modes 
of MoS2 [18,62]. Upon interacting with the layers of MoS2 and graphene, the Raman-active phonon modes offer valuable insights into 
how the two materials interact between each other. The Raman spectra observed at 383, 407, 1346, 1573, and 2700 cm− 1 in the 
heterostructure are ascribed to the combined vibronic bands of MoS2 and graphene. However, the peak positions have shifted towards 
higher wave numbers as shown in the enlarged section shown in Fig. 4c. This shift may have been caused by heterostructure forming 
which is known to affect the out-of-plane vibrations. 

The intensity ratio, ID/IG for the MoS2/graphene heterostructure and graphene were estimated to be 0.2092 and 0.1680, 

Fig. 5. SEM images of (a) graphene nanosheets, (b) MoS2 nanosheets, (c) MoS2/graphene, and (d) histogram of sheets sizes for MoS2/graphene. All 
insets are histograms showing the lateral size distributions in corresponding images. 
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respectively. The high intensity ratio for the heterostructure indicates more defects in the material compared to graphene nanosheets. 
Conversely, the ratios of I2D/IG for graphene nanosheets and MoS2/graphene heterostructures are 0.41 and 0.42, suggesting the ex-
istence of a graphene with few layers and a heterostructure. MoS2 nanosheets layer number can be determined by considering the 
wavelength of the Raman peaks and their separation [6,24]. In the enlarged Fig. 3c, the Raman spectra show the two distinct at 380 
cm− 1 and 404.5 cm− 1 for MoS2 nanosheets, while for the MoS2/graphene heterostructure, the peaks were red-shifted to 383 and 407.4 
cm− 1. The peak upshifts of 3.0 cm− 1 are said to be caused by a decrease in the interlayer van der Waals force, while the A1g peak upshift 
of 2.9 cm− 1 provides proof for the effectiveness of the interfacial interaction [62]. It is well reported that the location of the waves and 
their wavenumber difference are sensitive to the sheet thickness only when the layer number is less than four (<4) [62]. The presence 
of few layers (<4) is confirmed by the wavenumber difference of ~24.5 cm− 1 measured between the distinctive peaks of MoS2 (Fig. 4c) 
[62,63]. However, a wavenumber difference of ~24.4 was obtained for the MoS2/graphene heterostructure. 

3.3. Morphology and structural analysis of exfoliated nanosheets 

3.3.1. SEM micrographs and elemental mapping 
Fig. 5 shows SEM micrographs of exfoliated graphene, MoS2 nanosheets, and MoS2/graphene heterostructure. A flake-like shape of 

the exfoliated graphene is clearly observed in Fig. 5a. The estimated average size of graphene nanosheets using the histogram in the 
inset of Fig. 5a–is 420 nm. Also, MoS2 nanosheet SEM images are sheet-like with a circular shape, its average size of 630 nm was also 
obtained from the histogram in the inset of Fig. 5b. Fig. 5c and d, respectively, display the size distribution and SEM micrograph of the 
as-synthesized MoS2/graphene heterostructure. The heterostructure’s estimated average size was 430 nm. Fig. 5c shows an assemblage 
of a homogeneous distribution of graphene and MoS2 with interconnections between them. Most of the graphene nanosheets are 
covered by MoS2 nanosheets. The MoS2 nanosheets are observed to be uniformly distribution on the graphene nanosheets as displayed 
by the elemental mapping in Fig. 6a-f. It is also seen Fig. 6a-f that the MoS2/graphene heterostructure show a homogeneous distri-
bution of C, O, Mo, and S. 

3.3.2. Atomic force microscopy analysis 
Atomic force microscopy images of graphene, MoS2, and MoS2/graphene heterostructure nanosheets are presented in Fig. 7(a)-(c). 

Like in the case of SEM, the AFM image of graphene nanosheets (Fig. 7a) has elongated flake-like shapes. The MoS2 nanosheet dis-
played in Fig. 7b has tiny, nearly spherical shaped particles uniformly distributed on the substrate. Meanwhile, Fig. 7c shows a mixture 
of flake-like particles and spherical particles, signifying a hybrid of graphene and MoS2 particles in the heterostructure. Fig. 7(d)–(f) 
represent the thickness distribution of exfoliated graphene, MoS2 and the heterostructure. The average flake thicknesses for graphene, 
MoS2, and MoS2/graphene heterostructures are 5.5, 2.8, and 4.1 nm, respectively. Though it is improbable to have both the largest and 
smallest flakes in a distribution, these are not definite limits for the thickness since only a small drop of the sample was used for this 

Fig. 6. Elemental maps showing distribution of elements in MoS2/graphene heterostructure nanosheets.  

B.J. Akeredolu et al.                                                                                                                                                                                                  



Heliyon 10 (2024) e24964

8

characterization. Therefore, a little population of nanosheets beyond these bounds probably exists. As shown by the AFM images, the 
small thickness of nanosheets of MoS2 and graphene with their heterostructure strongly confirm that the few layers of the materials 
were successfully exfoliated by this improved liquid phase exfoliation technique. 

3.3.3. Microstructural analysis of exfoliated nanosheets 
The XRD patterns of exfoliated graphene presented in Fig. 8 have two diffraction peaks situated at 2θ positions 26.5◦ and 54.6◦

which corresponds exactly to the (002) and (004) planes of graphene and matches with JCPDS card No 75–1121. The d-spacing of 
exfoliated graphene is 0.3358 nm, calculated using the Bragg equation, which is larger than that of graphite (0.334 nm) [11]. Also from 
the same Fig. 8, the XRD pattern of an exfoliated MoS2 nanosheet presents diffraction peaks at 2θ angles of 14.32◦, 28.11◦, 32.07◦and 
44.08 which was indexed to the (002), (004), (100), and (006) planes respectively which is in accordance with the pure hexagonal 
(P63/mmc space group phase of MoS2 (JCPDS card no.06-0097) [35,40]. In addition, the peak at (002) is broad compared to others, 
indicating that the lateral size of MoS2 [36]. The X-ray diffraction peaks of both MoS2 and graphene appear in the MoS2/graphene 
heterostructure, indicating a formation of a hybrid structure. 

3.3.4. TEM analysis of exfoliated nanosheets 
The TEM images in Fig. 9a and b displays agglomerated particles with no distinct morphology at low magnification for MoS2 and 

MoS2/graphene heterostructures, respectively. However, there is a clear view of lattice fringes for individual particles in the HRTEM 
images of Fig. 9c and d, which have lattice spacing for MoS2 and MoS2/graphene heterostructure of 0.27 nm and 0.33 nm, respectively. 
These values for lattice spacing were confirmed using Fast Fourier Transform, FFT generated from the diffraction fringes of the HRTEM 
images. The selected area electron diffraction (SAED) patterns were also obtained for the MoS2 and MoS2/graphene heterostructures so 
as to verify the existence of crystallinity and structure in the nanosheets. These patterns are shown in Fig. 9e and f, respectively. The 
SEAD pattern revealed the in-plane hexagonal atomic composition of the samples, which confirms the crystallinity of the exfoliated 

Fig. 7. AFM images of (a) graphene nanosheets, (b) MoS2 nanosheets, and (c) MoS2/graphene heterostructure, while (d)–(f) Represent the cor-
responding thickness distributions of particles in the AFM images, respectively. 
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nanosheets. Again, the (002) plane projection shows that MoS2, graphene, and their composite have well-stacked layered structure 
along a specific orientation. A similar pattern was noted in the XRD, indicating that the as-synthesized nanosheets are composed of a 
few-layers. 

3.3.5. Current-voltage characteristics of the fabricated photodetectors 
Fig. 10a and b displays the current-voltage (C–V) characteristics of the photodetectors under 650 nm illumination conditions (1–3 

mW/cm2) and dark conditions. The linear increase in current with increasing illumination intensity observed in Fig. 10a and b can be 
attributed to a good ohmic nature of semiconductor/Au junction for both detectors. Ohmic contacts allow charge carriers to easily flow 
from the material’s conduction band to the Au metal conversely by tunneling, which in turn enables strong photocurrent generation 
[64]. The injection of the carrier into electrodes can be achieved effectively through voltage biasing which in turn give rise higher 
mobility and current density. The chemical bonding between sulphur in MoS2 and gold atoms at the flake edges is the reason for the 
very small potential barrier at MoS2/Au interface [51]. In MoS2/graphene photodetectors, graphene is much more conductive than 
MoS2. When MoS2 and graphene are in contact, the resistance increases, indicating passive electron transfer from MoS2 to graphene 
[52]. Also, a greater photoresponse is achieved through the integration of the high optical responsivity of MoS2 with the excellent 
electronic transport capability of graphene. Because graphene is more conductive, so it dominates carrier transport in the resulting. 

These types of photodetectors work by picking up variations in the layer’s intrinsic conductance when a nanosheet’s active layer is 
exposed to light. They can effectively separate and extract photo-excited charge carriers due to their high sensitivity to light [64]. To 
calculate the photocurrent (Iph), the dark current (ID) is deducted from the illumination current (IL) which is represented by the 
equation: Iph = IL - ID. Fig. 10c and d depict the transient response of the photodetectors observed under 1 mW/cm2 for MoS2 and 
MoS2/graphene photodetectors, respectively. This was achieved by simply applying a 4 V constant bias and varying the power in-
tensity of the 650 nm illumination by turning it on and off periodically. The device produced a photocurrent of 0.55 μA, which is an 
excellent result for MoS2 detector and 3.55 μA for MoS2/graphene detector. Besides, the devices showed good response to variations in 
illumination, this is an important characteristic of a photodetector. We further measured the response time of the photodetectors, that 
is, the duration required for the current to shift from 10 % to 90 % (rise time) and vice versa (decay time). Fig. 10e and f illustrate the 
response time of MoS2 and MoS2/graphene detectors, respectively. Also, the rise (τ rise) and decay (τ decay) times for MoS2 and 
MoS2/graphene detectors were found to be 1.0 s/1.22 s and 0.9 s/1.02 s, respectively. 

The photocurrent’s variation with illumination intensity is depicted in Fig. 11a. The enhancement of photocurrent occurs as the 
light intensity rises from 1 to 3 mW/cm2. For the MoS2 base detector, the photocurrent increased from 0.55 to 1.61 μA. for the MoS2 
base detector, the photocurrent increased from 0.55 to 1.61 μA and for the MoS2/Graphene based-photodetector, the increase in 
photocurrent is from 3.55 to 8.92 μA. Both MoS2-based and MoS2/graphene-based detectors exhibit a positive dependence on the 
incident power intensity. This is because the number of photogenerated charge carriers are increased with increasing incident power 
intensity, which results in effective electron-hole separation and recombination in the photodetectors. The mechanism works like this: 
when light is absorbed, it generates effective electron-hole pairs. These pairs then undergo separation and recombination under bias 

Fig. 8. The stacked X-ray diffraction patterns of graphene nanosheets, MoS2 nanosheets and MoS2/graphene heterostructure.  
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voltage. This generates an electric field at the gold/graphene nanosheets interface and another electric field is produced at the MoS2/ 
graphene interface due to the bias. The generation of these electric fields plays a significant role in the separation charge carriers and 
the subsequent transfer of these carriers to the electrodes, which enhances the photoconductive behavior of MoS2/graphene-based 
photodetectors [54]. The presence of two electric field generating interfaces in MoS2/graphene photodetector is the reason for the 
higher photocurrent for this device when compared with the MoS2-based detector. 

To further study the optoelectronic performances of MoS2 and MoS2/graphene photodetectors, the responsivity, R, specific 
detectivity, D* and external quantum efficiency, EQE of the photodetectors were determined for wavelength at 650 nm. The photo-
responsivity is obtained by taking the ratio of the photocurrent (Iph = IL – ID) to the illumination power absorbed by the photodetector, 
and is obtained from Equation (2): 

R= Iph ⁄Pin (2)  

where Iph is the photocurrent and Pin is the incident power on the photosensitive zone. 

Fig. 9. TEM images of (a) MoS2/graphene, (b) MoS2, and (c) and (d) are their corresponding HRTEM images, (e) and (f) are SAED patterns of the 
prepared nanosheets. In the inset are FFT of the diffraction fringes in the HRTEM images. 

B.J. Akeredolu et al.                                                                                                                                                                                                  



Heliyon 10 (2024) e24964

11

Fig. 10. (a & b) I–V characteristics, (c & d) transient photocurrent, and (e & f) time trace measurement of MoS2 and MoS2/Graphene (MoS2/Gr) 
photodetector under dark and 650 nm illumination. 
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Fig. 11b illustrates the photoresponsivity of MoS2 and MoS2/graphene photodetectors. The photoresponsivity values range be-
tween 2.7 and 3.3 mA/W and 17.4–21.3 mA/W, respectively. These values were obtained using a bias voltage of 2 V, 650 nm 
wavelength, and with light power intensity in the range approximately 1 mW/cm2 to 3 mW/cm2. In the photodetectors, increase of the 
effective power intensity is associated with decrease of their photoresponsivities. Iincreasing incident power intensity generates 
additional photo-carriers, which may recombine or be caught in traps, reducing photoresponsivity [65–67].The specific detectivity of 
the photodetector was determined using Equation (3). The specific detectivity, is defined as a normalized measure of its lowest 
detectable light power [68]. Its units of Jones (cm− 1Hz1/2 W− 1), 

Fig. 11. Variation of photocurrent (a), photoresponsivity (b), specific detectivity (c), and EQE (d) with light intensity at 2 V; (e) combination of 
parameters (a)–(d) at 4 V; and (f) combination of parameters (a)–(d) under bias voltages ranging from 1 to 4V for MoS2 and MoS2/Graphene 
(MoS2/Gr). 
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D∗ =R
̅̅̅̅̅̅̅̅̅̅̅̅̅

A
2eIdark

√

(3)  

where e, A, R, and Idark are the unit charge, photosensitive area, responsivity and the dark current, respectively. 
Meanwhile, the external quantum efficiency (EQE) of the fabricated photodetector was computed using Equation (4): 

EQE=
electrons∕sec
photon/sec

=
Rhc
eλ

× 100% (4)  

where h, c, and λ are the Planck’s constant, speed of light, and wavelength of illumination, respetively. Fig. 11c and d shows the plot of 
detectivity versus illumination intensity and EQE against illumination intensity, respectively. From these figures and using equations 
(3) and (4), the computed values of detectivity (and EQE) are 2.29 × 109 Jones (and EQE = 0.5 %) and 1.7 x × 1010 Jones (EQE = 3.32 
%) for MoS2 and MoS2/graphene photodetectors, respectively under a biased voltage of 2V at 650 nm illumination. Interestingly, the 
detectivity and responsivity of MoS2/graphene photodetector is considerably greater than that of MoS2 photodetector, 

In Fig. 11e, the changes in MoS2/graphene detector parameters are presented across a range of power intensities (1–3 mW/cm2) 
under 650 nm light exposure with a 4 V biased voltage. The detector achieved a responsivity, detectivity, and EQE of 33.39 mA/W, 
1.71 × 1010 Jones and 6.4 % at 650 nm and 4 mW/cm2, respectively. The decline in responsivity at higher power intensity is linked to 
the constraint imposed by the trapping of photogenerated charge carriers at defects sites [4]. 

The photoresponsivity, detectivity, and EQE of the photodetectors demonstrate improvement with increasing bias voltage at 1, 2, 
and 4V, as illustrated in Fig. 11f. The rise in bias voltage corresponds with an increase in photoresponsivity, specific detectivity, and 
EQE for the detectors. Table 1 shows that the MoS2/graphene detector parameters align with those of similar photodetectors reported 
by other researchers. However, the MoS2/graphene detector crafted in this study using an enhanced liquid phase exfoliation method 
outperformed a similar detector fabricated solely through the LPE technique. Other methods such as hydrothermal and CVD are 
highlighted in Table 1. 

3.3.6. 6: mechanism for MoS2/Graphene photodetection and the defect trapping in MoS2 
The energy band diagrams presented in Fig. 12a and b outline the operational mechanism of the MoS2/graphene photodetector. 

Upon the convergence of graphene and MoS2, an interface emerges, establishing a potential barrier between them. This prompts the 
migration of electrons from MoS2 to graphene until equilibrium is established, aligning the Fermi levels and creating a built-in electric 
field or potential barrier between the two materials. As graphene possesses a lower work function than the conduction band of MoS2, 
electrons can smoothly transit to the graphene layer. 

When MoS2 is illuminated, it absorbs light, generating electron-hole pairs. These pairs undergo effective separation at the MoS2/ 
graphene interface due to the built-in electric field, as well as through the influence of charged impurities and adsorbates. Holes 
function as positive gates, and electrons serve as charge carriers. The exceptional carrier mobility of graphene and the extended 
charge-trapping lifetime of holes facilitate multiple recirculations of electrons within graphene, resulting in heightened photocurrent 
and photogain. In a direct performance comparison, the MoS2/graphene device outshines the MoS2 device. 

The presence of defect states and adsorbents significantly impacts the photoresponse of optoelectronic devices. Schematic repre-
sentations in Fig. 12c–e illustrate the dynamic processes in a defective semiconductor subjected to illumination. Initially, deep-level 
defect states (DLDS) in the semiconductor remain unoccupied in the absence of light (Fig. 12c). When exposed to light, Fermi-level 
movement leads to the trapping of electrons in defect states before reaching the electrode (Fig. 12d). The gradual filling and subse-
quent release of defect states during these processes influence the duration of the photodetector response [74]. The extended time 
required for photogenerated carriers to fill multiple defect states and or for filled defect states to release and discharge trapped 
electrons in TMDs materials contribute to the prolonged response time of the photodetector. 

Table 1 
A comparison of typical detectors parameters of the fabricated MoS2/graphene photodetector with previously reported 2D MoS2/graphene-based 
photodetectors.  

Materials Fabrication technique Responsivity (A/ 
W) 

Detectivity (Jones) ×
1012 

EQE 
(%) 

Response Time 
(ms) 

Ref. 

MoS2/ 
graphene 

Improved liquid phase exfoliation 0.0394 0.0202 7.5 900 This work 

MoS2/ 
graphene 

Solution processed 0.0033   0.88 [32] 

MoS2/ 
graphene 

Chemical vapour Deposition- 1.6× 104 4.0 – – [69] 

Graphene/ 
MoS2 

Chemical vapour Deposition > 107 0.0125 – 2100 [70] 
[71], 

Graphene/ 
MoS2 

Chemical vapour Deposition ~2.10 ~0.5  200–18 [72] 

MoS2/ 
graphene 

Sputtering Chemical vapour 
Deposition 

1.26 × 105 0.04.2 – 11 [73] 

MoS2/ 
graphene 

Chemical vapour Deposition 2.2 × 105 350 – 11 [71]  
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4. Conclusion 

In summary, the present work focused on MoS2 nanosheets, graphene nanosheets, and their composites and synthesized them by an 
improved liquid-phase exfoliation method. The heterostructure nanosheets were formed through sequential deposition technique for 
the fabrication of vertical MoS2/graphene heterostructure. Morphological and microstructural characterizations of these nanosheets 
confirm that a few layers were exfoliated with thicknesses of 3 nm–5 nm and lateral sizes of 500 nm and 350 nm were prepared with 
good crystallinity. The fabricated MoS2 and MoS2/graphene heterostructures displayed good electrical characteristics. The MoS2/ 
graphene heterostructure device exhibits sensitive photoresponse at bias voltages of 2 V and 4 V for wavelengths of 650 nm. This 
sensitivity is observed across a range of light power intensities, spanning from 1 mW/cm2 to 3 mW/cm2. The MoS2/Graphene 
photodetector has a response of 39.44 mA/W, relatively high specific detectivity of 2.02 × 1010 Jones, efficiency of 7.54 % at 4V bias 
voltage and that of MoS2 photodetector are 6.11 mA/W, 3.4 × 109 Jones, and 1.16 %, respectively. Since the photoresponse per-
formance of MoS2/graphene photodetector is significantly improved over the sole MoS2 photodetector device, it is a potential 
candidate for building future ultrasensitive devices. Besides, the MoS2/graphene photodetector fabricated in this work using the 
improved liquid phase exfoliation technique showed better responsivity compared to MoS2/graphene photodetector fabricated by 
other researchers. This research has provided a good, efficient, and cost-effective method with sequential deposition technique for 
fabricating MoS2/graphene heterojunctions in order to enhance optoelectronic performance. 

Funding 

The authors declare that no funds, grants, or other support were received during the preparation of this manuscript. 

Ethical approval 

This declaration is not applicable. 

Data availability 

The data for this work will be made available on request. 

Fig. 12. The energy band diagram and schematic presentation of the photoelectron transfer process within the MoS2/graphene heterostructure: (a) 
Electrons sourced from MoS2 are introduced into graphene until the Fermi level achieves alignment during equilibrium. (b) The aligned Fermi level 
under equilibrium establishes a potential barrier (built-in electric field) between graphene and MoS2. (c) In the absence of illumination, the localized 
defect states, specifically the deep-level defect state (DLDS) beyond the Fermi level in MoS2, remain vacant. (d) When exposed to light, the Fermi 
level undergoes a shift to higher energy, causing electrons to be entrapped in defect states before reaching the electrode. (e) Following the cessation 
of illumination, Fermi-level electrons revert to their original position, leading to the gradual release and depletion of electrons from the defect 
states [67]. 
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