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Abstract 

Photodetectors are one of the key components in many optoelectronic applications.  Right 

now, photodetectors have reached the level of a mature technology and been used in 

many applications including remote sensing, imaging, fiber-optic communications, 

environmental monitoring and so on. But still there is a need for new photodetector 

systems outperforming the existing state-of-art technology in terms of performance or 

cost or less complex fabrication with some additional features such as wearability or 

flexibility or transparency or transiency. In particular, due to rapid development of 

technology in human life, the demand for new generation flexible and wearable 

optoelectronic devices has increased tremendously. According to Precedence Research, 

by 2030 the global flexible/wearable electronics market size is projected to be worth 

approximately $61 billion. 2D materials are considered as a promising candidate for a 

next generation of flexible optoelectronics due to their exceptional electronic, mechanical 

and optoelectronic properties. Out of the big family of 2D materials, semiconducting 

TMDs have gained significant attention of research community due to their unique 

electronic and optoelectronic properties. Atomic thin, tunable bandgap and extraordinary 

optoelectronic properties of TMDs are unique features than can be explored and applied 

in novel photodetector applications.  

This thesis presents the development of high-performance and broadband photodetectors 

based on 2D materials and their hybrids. The first part of the thesis delas with fabrication 

of high responsivity flexible photodetectors based on 2D TMDs materials. Various 

techniques including plasmonic photodetection, piezo-phototronic photodetection and 

use of transport layer were employed to fabricate the high-performance photodetectors. 

The first chapter deals with fabrication of high-performance photodetectors by 

integrating transport layer. Transport layer assists in the effective separation of 

photogenerated electron-hole pairs. In the recent years the research on semi-metal 

MXenes based electronics increased tremendously due to its high conductivity, high 

mobility, unique electronic and optoelectronic properties. Solution processed MXene 

(Ti3C2TX) was used as transport layer and solution processed ReS2 was used as 

photoactive layer. Significant improvement in the photodetection performance was 

observed with the integration of Ti3C2TX transport layer.  
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The next chapter deals with development of plasmonic photodetectors based on 2D 

materials (MoS2 and ReS2) by integrating metal nanoparticles (NPs) and also detailed 

plasmonic photodetection mechanism was discussed. Significant change in the 

photodetection performance was observed after integrating metal NPs compared to the 

pristine materials due to the plasmonic effect of metal NPs. The next chapter deals with 

the development of p-n heterostructure based photodetector with piezo-phototronic effect 

for the enhancement of photoresponsivity. Flexible PET sheet was used as substrate.  

Solution-processed p-type SnS and n-type MoS2 were used to fabricate p-n 

heterostructure. It is well known that odd layer MoS2 shows the piezotronic effect. By 

applying external strain on the fabricated device, the change in the photodetection 

performance of the device was investigated. Also, detailed piezo-phototronic effect based 

photodetection mechanism was discussed. 

In recent years, significant research has been done by the scientific community to 

enhance the responsivity of a photodetector. Despite the continuous development and 

responsivity improvement of photodetectors, the key factor limiting the performance of 

the photodetectors is the limited spectral range in the electromagnetic spectrum. Next 

part of the thesis focuses on the development of a fabrication technique which not only 

enhances the photoresponsivity but also extends the spectral range of the 2D materials 

based photodetectors. Use of pristine 2D TMDs has disadvantages like limited spectral 

absorption due to the bandgap. In order to increase the absorption and spectral range, 

mixed-dimensional 0D/2D vdW heterostructure method was used. 0D quantum dots 

(QDs) (MoS2 QDs, SnS2-QDs, WS2-QDs) are decorated on the layered 2D material 

(MoS2, SnS) were used to fabricate 0D/2D vdW heterostructures. This compelling 

synergy combines strong and size-tunable light absorption of QDs, efficient charge 

separation at the QD/TMDs interface and fast carrier transport through the 2D channel. 

Also, the detailed photodetection mechanism of mixed-dimensional vdW heterostructure 

was discussed.  
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CHAPTER 1  

2D Materials based Photodetectors 

1.1 Introduction  

Sensing elements are critical components in many electronic applications. Among them, 

optoelectronic sensors have gained significant attraction from research community in 

many fields due to their wide applications. Photodetectors are optoelectronic devices 

which can convert a light signals into quantifiable electric signals. In the recent years, 

significant research has been carried out on the fabrication of photodetectors due to their 

possible applications in a wide variety of areas like optical communication, image 

sensing, fire detection, environmental monitoring, and surveillance. Right now, 

photodetectors have reached the level of a mature technology and been used in many 

applications including remote sensing, imaging, fiber-optic communications, 

environmental monitoring and so on [1–5]. But still there is a need for new photodetector 

systems outperforming the existing state-of-art technology in terms of performance or 

cost or less complex fabrication with some additional features such as wearability or 

flexibility or transparency or transiency. In particular, due to rapid development of 

technology in human life, the demand for new generation flexible and wearable 

optoelectronic devices has increased tremendously. According to Precedence Research, 

by 2030 the global flexible/wearable electronics market size is projected to be worth 

approximately $61 billion[6]. 

Currently, the photodetection market is predominantly controlled by bulk Si based 

products. These devices are efficient in detecting in light across Vis to NIR region. In 

addition, photodetectors developed using other 3D materials such as III-V semiconductor 

alloys (e.g., InGaAs) or Si/Ge heterostructures can operate beyond the absorption limit 

of Si at 1100 nm. These photodetectors typically fabricated on rigid substrates. However, 

3D materials based photodetectors suffers from some drawbacks such as high-cost and 

complex fabrication process, and stringent operating environment. These limitations 

hinder their usage in flexible and wearable electronic applications. In contrast, devices 

fabricated on flexible substrates offers several advantages, which can meet with growing 

demands of future generation optoelectronic applications including better portability, 

integration on human body, excellent implantability, low manufacturing cost. Due to 
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their flexible, thing as well as remarkable mechanical and optoelectronic properties, 2D 

materials are emerged as a potential candidate for future generation of flexible 

optoelectronic applications [7–11]. 

1.2 The rise of 2D materials 

During the lecture “There’s Plenty of Room at the Bottom” in 1959, Richard P. Feynman 

inspired the scientific community to explore layered materials with his questions “What 

would the properties of materials be if we could really arrange the atoms the way we 

want them?”, “what could we do with layered structures with controlled layers?”[12]. 

Feynman questions ignited the research community.  After several years, graphene (sp2-

hybridized single atomic layer carbon) was discovered in 2004 by Novoselov, Geim, and 

their co-workers, which is an inspirational material. The discovery of graphene fuelled a 

new era of atomic thin 2D layered materials [9,10]. 2D materials are described as 

nanomaterials, with sheet-like morphology, showing a lateral size in the range of tens of 

nm to tens of µm or further higher and thickness in the range of a few Å to a few nm [11]. 

2D materials have gained  attention due to their fascinating electronic, optoelectronic, 

physical, and mechanical properties [7–11]. In 2D materials, the layers are connected by 

weak van der Waals (vdW) interactions, and the atoms of the same plane are connected 

by covalent bonds [10]. In 2D materials, quantum confinement effect is very prominent 

due to the nanoscale dimensions. The big family of 2D materials comprises TMDs, 

transition metal nitrides (MXenes), chalcogenides, mono-elemental 2D atomic crystals 

such as graphene, tellurene, and phosphorene, and so forth [13], as displayed in Figure 1.1.   

Typical representation of TMDs is MX2, wherein M is a transition metal such as 

Mo or W or Ta, and X represent a chalcogen such as S or Te or Se. Among different 2D 

materials, TMDs exhibits unique properties such as layer dependent electronic band 

structures and changes from direct to indirect when changes monolayer to bulk form, the 

density of charge carriers can be tuned and suitable to exfoliate and develop a wide 

variety of van der Waals (vdW) heterostructures due to the weak vdW interactions within 

the layers without lattice mismatching  [14].  The vdW interactions do not rely on one-to-

one chemical bonds or chemical processing; therefore, choice of materials is not 

necessary to have similar lattice structures or processing compatibility. These vdW 

heterostructures provide better performance compared to pristine 2D layered materials 

[9,15]. Because of their outstanding features, 2D TMDs have a lot of potential in various 

applications in all most in all fields of applied electronics and engineering such as 
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electronic and optoelectronic applications [16–20], transistors [21–23], energy storage [24–26], 

biological and chemical sensors [27,28], breath or respiration sensor[29][30], drug delivery 

[31,32], memory devices [33–36], pressure sensor [29][37], strain sensor[38], nanogenerators [39–

41]  and so forth. Other inherent benefit of 2D materials over conventional Si technology 

is atomic thickness of the material and 2D materials could provide thin channel thickness 

for the development of faster and smaller field-effect-transistors (FETs) in digital circuit 

applications. In the last two decades, several top-down and bottom-up techniques have 

been demonstrated for the synthesis of 2D layered TMDs materials, such as mechanical 

exfoliation [42,43], electrochemical exfoliation [44,45],  liquid phase exfoliation [46,47], atomic 

layer deposition [48,49], chemical vapor deposition [50–53], magnetron sputtering [54–56], 

solution process method [57,58], and so forth.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Classification of 2D layered materials [59]. 

1.3 Photodetectors based on 2D materials 

Photodetectors convert illuminated photons into electrical signal, and these are one of the 

widely used optoelectronic devices. Presently, applications of photodetectors in real life 

are increasing rapidly. Photodetector is a fundamental component in many technologies 

and is widely utilized in various applications in military, industry, agricultural and daily 

life. For instance, infrared (IR) light detection is utilized for remote control, night vision, 
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optical communications, fire alarming, navigational aids, precision strike, fire alarms, 

etc.; visible (Vis) light detection devices are utilized for e-eyes, digital camera, displays, 

optoelectronic storage, etc.; Ultraviolet (UV) light sensitive devices are utilized for 

military reconnaissance, environmental monitoring, sterilization, space science, etc. Due 

to these wide varieties of applications, there has been a significant increase in demand 

for high-performance broadband photodetectors in recent times.   

Typically, the electromagnetic wavelength spectrum is classified as follows: terahertz 

(30 µm – 3 mm), infrared (IR) (750 nm – 30 µm), visible (400 – 750 nm), ultraviolet (10-

400 nm). Furthermore, IR wavelength range is separated in five segments: very long-

wave IR (12 – 30 µm), long-wave IR (LWIR) (8 – 12 µm), mid-wave IR (MWIR) (3 – 5 

µm), short-wave IR (SWIR) (1 – 3 µm) and near-IR (NIR) (750 nm – 1.1 µm). Similarly, 

UV wavelength is separated into three regions:  UV A (320 – 400 nm), UV B (290 – 320 

nm), and UV C (200 – 290 nm). Conventional materials that have been used for 

photodetection include Si for visible to NIR (400 – 1100 nm), GaN for UV (< 400 nm), 

InGaAs for NIR to mid-IR (MIR) (1-5 µm) [60,61]. The photodetection range of various 

2D materials and the corresponding energy bandgap values are depicted in Figure 1.2. 

Fabrication of broadband photodetector using conventional materials requires the 

integration of multiple photodetectors of various materials, which makes it very complex 

for practical applications and also increase the cost of the system. Also, conventional 

materials suffer from low flexibility, high-temperature processing, and miniaturization 

problem by Moore’s law.   

Due to the superior properties including high in-plane carrier mobility, layer dependent 

bandgap, excellent optoelectronic properties, high dielectric constant, and quantum 

confinement, 2D TMDs have emerged has a promising candidates for  photodetection 

and interest is growing exponentially in both industrial and academic communities [62,63]. 

But however, 2D materials based photodetectors also face some challenges such as 

limited light absorption due to atomic thickness and limited spectral range due to their 

optical bandgap. Various methods have been developed to overcome this issue, such as 

integrating with strong light absorption materials [64], bandgap engineering [64–66], doping 

of the material [67–69], mixed-dimensional heterostructure [70,71], defect engineering [72,73].  
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Figure 1.2: a) List of few 2D materials with detection range and band gap values, b) 

electromagnetic spectrum from ultraviolet to terahertz  [60].  

 

1.4 Fundamentals of Photodetectors  

1.4.1 Classification of Photodetectors 

Generally, semiconductor based photodetectors are classified into three types that are 

photoconductors, photodiodes, and phototransistors.  

i. Photoconductors 

Under light illumination, the number of charge carriers in the photoconductor changes 

and thus detects the light. Two metal ohmic contacts are made on the two ends of the 

photoconductor to collect the photoexcited electron-hole (e-h) pairs, as illustrated in 

Figure 1.3a. The photogenerated e-h pairs are collected at electrodes by external bias. 

Photoconductor is equivalent to the photosensitive resistor, and the values of the 

resistance changes with light incident.  Photogenerated charge carriers recirculate 

through the external circuit before recombination happens. The photoconductive gain (G) 

is described as the ratio between life time ( τlifetime) and transit time (τtransit). Sensitizing 
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centers or trap states of semiconductor capture one of the charge carriers and effectively 

prolong the lifetime of carrier, leads to multiple carriers per single photon and results in 

ultra-high photoresponsivity. It is important note that increase in carrier lifetime degrades 

the response time of the photoconductor and thus bandwidth of the photoconductor is 

lower than the other category of photodetectors. Hence, while designing photoconductors 

for particular applications, trade-off between response time and photoconductive gain 

need to be considered.  

 

ii. Photodiodes  

Photodiode consists of semiconductor junction (p-n, p-i-n) or metal/semiconductor 

junction. Photodiode type photodetector operates under reverse bias and when the light 

is illuminated, photoexcited e-h pairs move to opposite direction due to the internal-

electric field formed at the interface of the junction. The response time is described by 

the following equation: τtransit =  L2 μVbias⁄ , wherein Vbias is bias voltage, μ mobility of 

the charge carriers, and L is the length of channel. As the charge carrier transmission is 

short, hence response time of photodiode is usually quicker than the photoconductors 

[74,75]. In p-i-n photodiodes, p and n semiconductor regions are isolated by an intrinsic 

region and width of the depletion layer increase up to the width of intrinsic region under 

reverse bias condition. In avalanche photodiode carrier multiplication effect happens and 

2D materials, for example InSe, MoS2 based avalanche photodiodes exhibited a carrier 

multiplication of 100-1000 [76–78].  

iii. Phototransistors  

The techniques used to enhance the performance of the photodetector should not only 

increase the gain of the detector but also suppress the noise in the photodetector. Low-

resistance or Ohmic contacts in photoconductors result in large dark current, which leads 

to higher flicker (1/f) noise or shot noise. On the other hand, in high-quality photodiodes 

under photovoltaic mode, low-noise can be achieved, but the absence of gain limits the 

response. To rectify the noise issue, the concept of phototransistors has emerged. 

Phototransistor is similar to photoconductors with a gate terminal that is electrically 

separated from channel by a dielectric layer, as shown in Figure 1.3c. Charge density and 

dark current of the channel can be modulated with the gate voltage. Thus, both low noise 

and high photoconductive gain could be obtained resulting in high responsivity and gain-

bandwidth product. For example, single-layer MoS2 exhibits high gate-tunable 
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conductivity with Ion/Ioff ratio of more than 108 [79] and showed a detectivity of 1011-1012 

Jones and high responsivity of ~ 1000 A/W [75,79,80]. 

 

 

 

 

 

 

 

Figure 1.3: Schematic representation of types of photodetectors: a) photoconductor b) 

photodiode c) phototransistor. 

1.4.2 Photodetection mechanism  

Photocurrent generation mechanism typically classified into two types: one is related to 

generation charge carriers due to light illumination including photoconductive effect, 

photogating effect, and photovoltaic effect. The second one is due to the thermal effect 

including photobolometric effect and photothermoelectric effect.  

i. Photoconductive effect  

In photoinductive effect, photogenerated excess charge carriers increase the 

concentration of free charge carriers which reduces the resistance of the photoconductor. 

The excess charge carriers generated under light illumination are collected by applying 

external bias (Vbias), leads to change in the device current which is called photocurrent 

(Iph). A small amount of current flow through the device without light illumination, it is 

called as dark current (Idark) of device.  Photocurrent is expressed as Iph = Ilight-Idark. When 

the illuminated photon energy is greater than band gap of the semiconductor, then the 

absorbed photon generates e-h pairs which are segregated and collected by the external 

voltage results the current Ilight, which is much higher than the Idark. Figure 1.4a-b displays 

the illustration of photoconductive effect mechanism. It should be noted that the in 

photoconductive effect, photocurrent can be obtained only with an external bias, unlike 

the photovoltaic effect.  

ii. Photogating effect  

The photogating effect is a special case of the photoconductive effect. Extra e-h pairs are 

generated under light illumination and if the electrons or holes are captured by the trap 

states of semiconductor then life time of captured carrier is more than the transit time of 
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the other charge carrier. With the trapped carrier the semiconductor conductivity can be 

modulated [81]. The graphic illustration of the photogating effect is displayed in Figure 

1.4c-d. If the holes are trapped, then trapped charges acts as a localized gate electrode 

and control the conductivity of the channel effectively. Thus, conductivity of the channel 

can be tuned with photogating effect. As detrapping process is time taking, thus lifetime 

of free carrier increases, which leads to high gain.  Normally, photodetectors having 

photogating effect exhibits a higher gain than photoconductors but the response time is 

low.  

iii. Photovoltaic effect  

In photovoltaic effect, the photoexcited e-h pairs are segregated by the internal electric 

field formed at p-n junction or Schottky junction (metal/semiconductor interface). For 

instance, in p-n junction, due to the concentration gradient charge carriers move in the 

opposite direction and eventually form an internal electric field. The photocurrent flow 

depends on the electric field direction, as shown in Figure 1.4e-f. When the light is 

irradiated, e-h pairs are generated and separated by the internal in-built potential, thus 

creating short circuit current (ISC). Under open circuit, the photogenerated e-h pairs 

accumulate at terminals of the device, resulting in an open circuit voltage (VOC). ISC and 

VOC Due to the built-in potential, photovoltaic effect based photodetectors can work at 

reverse or zero bias. 

iv. Photothermoelectric effect  

Thermal effect induced by light illuminated is the root cause of photothermoelectric 

effect. When the spot size of the laser used is less than the device dimensions, then 

temperature gradient occurs at the channel and results in a temperature difference (ΔT) 

between the two ends of the semiconductor, as illustrated in Figure 1.4g. This 

temperature difference generates a photo-thermoelectric voltage (ΔV) and drives the 

current without an external bias. Typically, the magnitude of photo-thermoelectric 

voltage is in the range of tens of µV to mV. Hence, a good Ohmic contact is needed at 

the metal/semiconductor interface. 

v. Photobolometric effect  

The photobolometric effect is related to the resistivity change in the channel due to the 

temperature variations caused by the light heating induced by absorption of photons. 

Depending on the material property the channel resistance could be increased or 
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decreased under thermal irradiation. Thus, due to the photobolometric effect, the current 

in the system may increase or decrease under external bias. It should be noted that the 

photocurrent caused by bolometric effect changes proportionally with the applied bias.  

Photothermoelectric effect based devices are self-powered like photovoltaic devices, and 

in Photobolometric effect based devices photocurrent can be observed without external 

bias.  
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Figure 1.4: Schematic representing various types of photodetection mechanism a-b) 

photoconductive effect c-d) photogating effect e-f) photovoltaic effect g) 

photothermoelectric effect h) photobolometric effect.  

1.5 Performance parameters of Photodetectors  

 Several key performance parameters are needed to evaluate a photodetector 

performance. Usually, responsivity (R), photoconductive gain (G), response time, 

detectivity (D*), Noise equivalent power (NEP), external quantum efficiency (EQE), 

signal to noise (SNR), etc., are measured for a photodetector. In this section, a brief 

introduction about these important performance parameters is given. 

i. Responsivity 

Responsivity (R) indicates the efficiency of photoelectric conversion of a photodetector. 

Responsivity is described as the ratio of photocurrent to illuminated light power density. 

Responsivity can be expressed by the following equation: 

R =  
Ilight − Idark

PinA
=

Iph

PinA
 

Where, Idark is the dark current, Ilight is the output current in the presence of light, A is 

device area, and Pin is the power density of input light. 

ii. External quantum efficiency (EQE) 

EQE indicates the number of e-h pairs generated per the number of photons incident and 

gives the conversion efficiency of the detector.  EQE is determined using the following 

equation:  

EQE = R 
hc

q
 

wherein c, q, and h represent the light speed, electron charge, and, Planck's constant, 

respectively. 

iii. Internal quantum efficiency (IQE) 

IQE is similar to EQE, except that number of photons absorbed is considered in IQE. 

IQE is the ratio between the number of generated e-h pairs to number of absorbed 

photons. IQE is given by the following equation:  

IQE = R
hc

qAabs
 

Figure 1.4: Schematic representing various types of photodetection mechanism a-b) 

photoconductive effect c-d) photogating effect e-f) photovoltaic effect g) 

photothermoelectric effect h) photobolometric effect.  
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wherein Aabs is the ratio of the absorbed to incident light power at a particular wavelength.  

iv. Response speed 

Response speed contains rise time (τr) and decay time or fall time (τf), describes the 

response speed of the photodetector for input light upon turning on and off the laser 

source. Response of the photodetector mainly depend on the charge carriers separation, 

transportation and collection in the channel. Rise time and fall time of the detector is 

determined by calculating the time difference between 10% to 90% and 90% to 10% of 

the device current. 

v. Photoconductive gain (G)    

Photoconductive gain (G) gives the number of charge carriers flowing through the device 

per the number of photons incident. It is determined according to the following equation:   

G =  
τlife

τtransit
=  

τlife

L2 μVbias⁄
 

Where τtransit and τlife are the transit time of the charge carriers and the lifetime of the 

charge carriers, respectively, Vbias is the applied bias, μ is the mobility of the carrier, and 

L is the length of the channel. 

Photoconductive gain mainly depends on the lifetime of the charge carriers, and it 

increases with an increase in carrier life time (τlife). Conversely, the response time of the 

device decreases with a prolonged carrier lifetime, which results in a trade-off between 

response time and gain.  However, developing a photodetector with ultrahigh 

responsivity and very short response time is not possible in practice.  

vi. Noise equivalent power  

Noise equivalent power (NEP) is described as the minimum detectable illumination 

power to deliver unity signal to noise ratio at a bandwidth of 1 Hz and it gives the 

detection capability of the device. NEP is expressed as:  

NEP =  

√in
2

R
 

Where √in
2  ( A Hz-1/2) is the mean-square noise current at 1 Hz of the bandwidth of under 

darkness. Thus, a high responsivity and a small dark current are beneficial to obtain a 

low NEP.  
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vii. Specific detectivity (D*) 

Detectivity of the photodetector indicates the sensitivity of the detector. The equation of 

the detectivity is given below:   

D∗ = 
√A.∆f

NEP
 

 Where A is an effective area of a device, Δf is electrical bandwidth, and NEP is the noise 

equivalent power.  When shot noise dominates then detectivity could be simplified as 

follows:    

D∗ = 
R

√2qJd
 

Wherein Jd represents dark current density. The unit is cm Hz1/2/W or Jones. 

viii. Ion/Ioff ratio  

The Ion/Ioff   is the ratio between the device current under light illumination to device 

current without light illumination. Photodetectors with high light absorption and very 

low dark current exhibit high on/off ratio. For practical applications photodetectors with 

higher on/off ratio is needed to detect low-intensity signals.  

ix. Signal to noise ratio (SNR)  

The noise of the photodetector effects the accuracy. SNR is described as the ratio between 

input signal power to noise power. It is always necessary to have a SNR greater than 1 

so that input signal can be differentiated from noise signal.  

1.6 Types of heterojunctions/band diagrams  

Once, Nobel laureate Herbert Kromer said, “The interface is the device” in his Nobel 

lecture. The interface plays a vital role in the vdW heterostructure based optoelectronic 

devices [82,83]. The behavior of the heterostructure such as spectrum absorption range, in-

built electric field, and generation-separation-transportation of photogenerated e-h pairs, 

primarily depends on the energy band alignment at the interface of the materials used. 

Hence it is crucial to choose the materials properly for the design of vdW 

heterostructures. Depending on the band alignment of two semiconductors interface, the 

energy band structure of the heterostructure can be classified into three types: type-I 

(symmetric/straddling-gap), type-II (staggered-gap), and type-III (broken-gap). 

In type-I band structure, the conduction band minimum (EC) of semiconductor-2 

is at lower energy level than the EC of semiconductor-1 and the valence band maximum 

(EV) of semiconductor-2 is at higher energy level than that of semiconductor-1; thus band 
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diagram of the semiconductor-2 is completely lie between the EC and EV levels of 

semiconductor-1, as shown in Figure 1.5a. Hence, the in type-I interface both electrons 

and holes are transferred from semiconductor-1 to semiconductor-2. In type-II 

(staggered-gap) band alignment, both EC and EV of one material are higher than the other 

one, as shown in Figure 1.5b, which results in the transfer and separation of photoexcited 

e-h pairs at the heterostructure interface. Type-II heterostructure band alignment is 

widely used in the design of high-performance optoelectronic devices such as 

photodetectors and photovoltaics [71,84–86]. For example, type-II band alignment will be 

created, when n-type and p-type semiconductors are in contact and have a various 

application of in the field of optoelectronics, especially in self-powered photodetectors. 

When n-type and p-type semiconductors are in contact, charge carriers move from higher 

carrier concentration to lower carrier concentration and a depletion region is formed 

across the junction. A strong internal electric field is formed across the junction due to 

the positive charge region on n-type side and the negative charge region on the p-type 

side. The built-in electric field helps in the efficient segregation of photogenerated e-h 

pairs when light is illuminated on p-n junction.  

In type-III (broken-gap) band alignment, EV of one semiconductor is at higher energy 

level than the EC of second semiconductor and there is no overlapping in the band 

structure of the two semiconductors, as illustrated in Figure 1.5c. Thus, band-to-band 

tunnelling occurs in type-III, which results in fast transportation of the carriers compared 

to type-II heterostructure. Type-III band alignment has prominent applications in low 

power consumption, tunnel field-effect transistors, high-speed switching [87–89]. Some of 

the reported type-III heterostructures are SnSe2/MoTe2 
[90], WTe2/HfS2 

[91].  

Apart from these three types, there is another vital band alignment between metal and a 

semiconductor that is Schottky contact. When a semiconductor and metal are in contact, 

to attain the equilibrium charge carriers move from one section to another and it causes 

a charge build-up at the interface of metal-semiconductor, which causes band structure 

deformation. This deformation continues till Fermi energy level in semiconductor attains 

equilibrium with metal. The band bending creates a barrier potential (Schottky barrier) 

at the interface of metal-semiconductor.  It is important to note that the condition for 

Schottky barrier formation at metal-semiconductor interface depends on the 

semiconductor type (p-type or n-type), as illustrated in Figure 1.5d-e.  In case of metal- 

semiconductor (n-type) interface, Schottky barrier is formed when metal work function 

(φM) is greater than that of the semiconductor (φS), i.e., φM > φS, otherwise ohmic contact 
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is formed. On the other hand, in case of metal-semiconductor (p-type) interface, Schottky 

barrier is formed when φM is less than the work function of the semiconductor (φS), i.e., 

φM < φS, otherwise Ohmic contact is formed. The Schottky barrier height (SBH) is 

described as the difference between the metal Fermi energy level and band edge where 

the majority carriers are available and this barrier height for electrons moving from metal 

to semiconductor. In a metal and n-type semiconductor interface, SBH (φB) is the 

difference between metal work function (φM) and conduction band edge (which is 

electron affinity) of the semiconductor (χ), φB = φM – χ. Similarly, for metal-

semiconductor (p-type) interface, the Schottky barrier height is the difference between 

valence band edge (Eg+ χ) and the metal work function (φM), φB = Eg + χ+ φM. On the 

contrary, the energy needed for the charge carriers to move from semiconductor to metal 

is termed as built-in barrier potential (Vbuilt) on the semiconductor side. The built-in 

barrier potential in metal-semiconductor is the difference between the work function of 

the semiconductor and metal, Vbuilt = φM-φS. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Schematic illustrating various types of band alignment: a-) type-I, b) type-

II, c) type-III, d-e) Schottky contact between n-type semiconductor and metal, and p-type 

semiconductor and metal. 

 

1.7 Research gaps/Thesis objectives  

To develop a high-performance flexible photodetector, further work is needed to 

optimize the fabrication techniques and the device design to improve the performance. 

To enhance the light absorption of the devices and for effective separation of 
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photogenerated e-h pairs techniques such as integration of plasmonic technologies, strain 

engineering (using piezo-phototronic effect), using of transport layer can be employed. 

By using a p-n junction or Schottky barriers dark current of the device can be reduced. 

Further, high photoconductive gain can be realized by using graphene or MXene as the 

fast transfer channel for charge carriers.  

The overall aim of the thesis is the development of high performance and broadband 

photodetectors based on 2D materials and their hybrids with other low-dimensional 

materials. 

 

Integration of a transport layer to improve the performance of 2D materials based 

photodetectors 

 

Research on the fabrication of semiconductor/transport layer based heterostructures has 

been increased significantly because in semiconductor/transport-layer heterostructural 

stacking the whole transport layer area can be used as a junction and the photoexcited 

charge carriers in 2D semiconductor transported to transport layer followed by the quick 

collection at the electrodes. Due to ultra-high mobility, graphene is most widely used as 

charge carrier transport layer. Recently, a new family of 2D transitional metal carbides, 

nitirdes called as MXene has attracted significant attention in the research community as 

a transport layer due to its high electrical conductivity, easy tunable structure, and MXene 

can be an efficient 2D alternative to graphene. The research on using MXene as a 

transport layer in fabricating flexible photodetectors is very limited. Hence there is a need 

to study the effect of MXene as a transport layer in improving the performance of flexible 

2D material based broadband photodetectors. The goal of the work is to fabricate a high-

performance photodetector based on 2D/MXene heterostructure.  

 

To improve the performance of 2D materials based photodetectors using 

plasmonic effect by integrating metal nanoparticles 

 

Another technique to enhance the performance of a 2D materials based photdetectors is 

use of plasmonic effect by integrating metal nanostructures. In 2D materials, most light 

will still transmit through the thin layers of the material. To make the 2D materials viable 

for practical photodetector applications, it is much need to improve the light-matter 

interaction of the material. One effective method to improve the light-matter interaction 
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of the 2D materials is integration of plasmonic metal NPs on 2D materials. This can be 

achieved by either decorating/patterning plasmonic NPs on top of 2D materials and it can 

increase the light absorption at certain wavelengths. In addition, direct contact between 

2D material and metal NPs facilitates hot-electron injection over Schottky barriers.  

 

To improve the performance of a photodetector by external strain modulation 

 

 Semiconductor heterostructures and their modulation plays a vital role in the fabrication 

of optoelectronics. The properties of the vdW heterostructure can be modulated by 

various techniques such as bandgap engineering, doping, piezotronics effect and so forth. 

Recently, rapid progress in the dominant fields of piezo-phototronics and piezotronics 

has been observed. The significance of the piezo-phototronic devices is to use the 

inherent piezoelectric polarization to tune the charge generation, separation, and transport 

and/or recombination process at the interface for enhancing optoelectronic processes. 

Upon external strain, piezotronic effect induces polarization charges which can 

effectively modify the energy band structure of p-n junction or metal-semiconductor 

interface and thus modulate the separation, transport/migration, and recombination 

processes of photoexcited charge carriers. Further, p-n junction based heterostructures 

gained special attention as they provide basic building block for various modern 

optoelectronics applications such as photodetectors, light-emitting diodes, solar cells, 

ultrafast lasers, and many more. Over the last few years, number of p-n junction 

photodetectors were demonstrated utilizing piezotronic effect based on non-centro 

symmetrical wurtzite-structured semiconductors such as ZnO nanowires, CdS, GaN, 

MoS2, etc... The majority of them have disadvantages, including complex fabrication, 

high costs, and a tight operating environment. Hence there is a need for the development 

of cost-effective, flexible p-n junction based piezotronic photodetectors. The objective 

of this work is to fabricate a high-performance broadband photodetector based on 2D 

materials with piezo-phototronic effect.  

 

To fabricate the high performance and broadband photodetectors using mixed-

dimensional 0D/2D vdW heterostructures 

 

Use of 2D materials in photodetectors have some drawbacks such has limited spectral 

absorption due to the bandgap and limited absorption efficiency. The objective of this 
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work is to overcome the limited spectral range problem of the pristine 2D materials based 

photodetectors. This can be achieved through the implementation of mixed-dimensional 

0D/2D vdW heterostructure method. The incorporation of 0D QDs on 2D materials, with 

their tunable absorption through control over their size expands the spectral selectivity 

and also improves the devices absorption efficiency. In addition, the high mobility of 

TMDs facilitates the effective charge transport, thereby enabling the potential for large 

photoconductive gain. 

1.8 Thesis outline  

The thesis is organized as follows:  

Chapter 2 focusses on the development of ReS2 based high performance photodetectors 

using MXene (Ti3C2TX) as a transport layer. 

Chapter 3 focusses on the fabrication of plasmonic photodetectors based on Metal-

NPs/MoS2 and Metal-NPs/ReS2 heterostructures.  

Chapter 4 focusses on the development of high-performance photodetectors employing 

piezo-phototronic effect based on SnS/MoS2 heterostructure.  

Chapter 5 focusses on the development of mixed-dimensional 0D/2D heterostructure 

based broadband photodetectors using MoS2-QDs/MoS2, WS2-QDs/SnS, and SnS2-

QDs/MoS2 heterostructures.  

Chapter 6 gives the summary of the work done and future prospectives.  
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CHAPTER 2  

Ultra-high responsivity and enhanced trap assisted charge transfer 

by utilizing Ti3C2Tx(MXene) as a transport layer for ReS2 based 

flexible broadband photodetector 

 

Even though there are many reports on low-cost flexible broadband photodetector the 

main issue is the low value of the responsivity due to non-uniformity of the substrate. 

The reason is the lack of suitable transport material. Graphene has proven to be the best 

till date, but, on unconventional substrates such as biodegradable paper, responsivity 

values still remain an unresolved issue. This work demonstrates the use of 

Ti3C2TX(MXene) as transport layer, utilizing 2D ReS2 as active material on paper 

substrate as broadband photodetector and further compared its performance with 

graphene. Responsivity values calculated for ReS2/MXene and ReS2/graphene under 

visible and NIR illumination are 40.8 AW-1, 26.9 AW-1, and 26.5 AW-1, 17.5 AW-1, 

respectively, which suggests that MXene as transport layer largely enhances 

performance. To understand the phenomena, detailed mechanisms studies are presented 

in terms of density of surface states and energy band diagram. Surface states density was 

found to be larger in MXene compared to graphene structure, suggests that the lifetime 

of the carrier is high with MXene as transport layer compared to Graphene due to trap 

assisted charge transfer. This ReS2/MXene heterostructure based environment friendly 

photodetector can find potential applications in future flexible optoelectronics. 

2.1 Introduction 

Photodetectors are devices that quantify light by converting photons to electrical signals. 

Two-dimensional (2D) Material based photodetectors have gained enormous interest 

from researchers due to their unique electronic and optical properties compared to 

conventional bulk materials [64][92][93][65]. However, improving the responsivity of the 

flexible 2D material based photodetectors fabricated on unconventional substrates such 

as biodegradable paper is still challenging. Photoconductive gain (G) of a photodetector 

is (𝐺 =  𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝜏𝑡𝑟𝑎𝑛𝑠𝑖𝑡⁄ ) the ratio of charge carrier lifetime and transit time. Transmit 

time of charge carries is defined as 𝜏𝑡𝑟𝑎𝑛𝑠𝑖𝑡 =  𝐿2 𝜇𝑉𝑏𝑖𝑎𝑠⁄  [94].Thus, photocurrent gain is 

inversely proportional to the square of the channel length (L) and proportional to the 
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mobility of the carrier (µ), carrier life time (𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒) and applied bias voltage. Current 

research reveals that mobility of 2D materials other than graphene are lower compared 

to conventional materials such as Si, GaAs, etc. [95,96].  To enhance the optoelectronic 

properties 2D TMDs based heterostructures have been developed [64][92] because 

heterostructures configuration suppresses the dark current, enables quick carrier 

transport, improves the band alignment, and enhances the charge carrier lifetime and 

reduces the recombination rate, etc. [64][92] [65][97].   Recently research on the fabrication 

of semiconductor/transport layer based heterostructures has been increased significantly 

because in semiconductor/transport-layer heterostructural stacking the whole transport 

layer area can be used as a junction and the photoexcited charge carriers in 2D 

semiconductor transported to transport layer followed by the quick collection at the 

electrodes [92][93]. Graphene was first discovered in 2004, and it has been widely used as 

a transport layer to improve the performance of a photodetector due to its high mobility 

[98–100]. Recently, a new family of 2D transitional metal carbides, nitirdes called as MXene 

has attracted significant attention in the research community as a transport layer due to 

its high electrical conductivity, easy tunable structure, and MXene is an efficient 2D 

alternative to graphene [101–105]. The research on using MXene as a transport layer in 

fabricating flexible photodetectors is very limited. Hence there is an urgent need to study 

the effect of MXene as a transport layer in improving the performance of flexible 2D 

material based broadband photodetectors.  

Research is currently underway on one of the most recently discovered next-generation 

TMDs materials, rhenium disulfide (ReS2). The ReS2 maintains a direct bandgap of 

around 1.4 eV) [112–114] and  also unlike other TMDs which have a layer tunable bandgap 

and exhibit direct bandgap only in the monolayer state, ReS2 maintains a direct bandgap 

irrespective of the number of layers due to low symmetry and weak interlayer coupling 

[113,115,116]. This eliminates the need for monolayer fabrication, which is relatively more 

difficult than multilayer synthesis. The direct bandgap also means a higher density of 

states which, coupled with enhanced light absorption due to anisotropic in-plane optical 

properties, makes ReS2 an ideal candidate for the photosensitive layer. However, existing 

reports on ReS2 photodetectors show that the low mobility of ReS2 is a limiting factor in 

the performance of these devices [114,117,118]. Hence there is a need for integration in the 

form of a heterostructure to improve the charge transport in such a device. Ti3C2TX is 

one of the MXenes with high metallic conductivity ~ 104 S.cm-1 [119] and has shown 
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excellent contact performance with TMDs like MoS2/Ti3C2TXand WSe2/Ti3C2TX (barrier 

heights of about 0.19 eV and 0.23 eV, respectively)[120–122]. Further, unlike graphene, 

there is no post-synthesis reduction process to fabricate highly conductive MXene films, 

making them a more facile alternative.  

Since their discovery, MXenes have found a multitude of applications as Schottky 

contacts, transparent electrodes, charge transfer layers, and more in devices for energy 

storage and conversion, gas and pressure sensors, and optoelectronic devices like light-

emitting diodes (LEDs) and photodetectors [101,105,123][124]. MXenes have a general 

chemical formula of Mn+1XnTx, in which M is an early transition metal, X is carbon or 

nitrogen or both, and Tx is a surface functional group, such as -OH, -O, -F, or -Cl, and n 

= 1, 2, or 3 [123] . Aside from their excellent metallic conductivity, they have a tunable 

work function that can be engineered to be [125,126]. Out of 20-30 MXenes discovered to 

date, Ti3C2TX is by far the most thoroughly studied. It has shown remarkable 

electromechanical properties when coated on flexible substrates, in addition to showing 

promise as a conductive film. While it has been explored as transparent electrodes that 

can potentially replace the existing expensive gold electrodes, [103] and reports on Ti3C2TX 

as a carrier transport layer are scarce. The few existing reports on photodetectors with 

MXene as transport layer show that the high metallic conductivity of MXenes aids 

electron transport, resulting in a larger photocurrent and a faster photoresponse [104,127]. 

Hence, it would be interesting to study ReS2/MXene heterostructure based photodetector 

performance.  

ReS2 was synthesized using facile hydrothermal method and MXene(Ti3C2TX) was 

prepared by minimally intensive layer delamination (MILD) method from the 

commercially obtained T3AlC2 MAX phase. Highly scalable vacuum filtration technique 

was used to deposit synthesized Ti3C2TX on a paper substrate, and contacts were created 

on MXene using thermal evaporation technique. Later, ReS2/MXene device was 

fabricated by drop-casting ReS2 on MXene/paper. The Schottky barrier created at the 

interface of the ReS2 and MXene assists in effective separation on photoexcited electron-

hole pairs and MXene layer allowed for efficient charge transport, which enhances the 

photoresponsivity of the device significantly.  Responsivity of the fabricated 

ReS2/MXene photodetector was found to be 40.8 A/W and 26.9 A/W under visible and 

NIR regions, respectively. Furthermore, ReS2/graphene based photodetector was 

fabricated to compare the performance with ReS2/MXene photodetector. Responsivity of 

ReS2/graphene device in visible and NIR illumination was 26.5 AW-1 and 17.5 AW-1, 
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respectively. It was observed that performance of photodetector with MXene (Ti3C2TX) 

transport layer is better compared to graphene transport layer based photodetector.  

The enhancement in ReS2/MXene compared to ReS2/Gr structure is attributed to the large 

density of states and band alignment at the interface. Due to surface terminations 

(dangling bonds) MXene has a large number of surface states compared to graphene. In 

order to understand the phenomena, detailed mechanisms studies are presented in terms 

of density of surface states and energy band diagram. The successful demonstration of 

highly responsive flexible and biodegradable photodetector on paper substrate projects 

potential applications in future optoelectronics field. 

2.2 Experimental Section  

Synthesis Procedure of ReS2  

ReS2 was synthesized using the hydrothermal technique [128], wherein 0.149 g of 

NH4ReO4, 0.209 gm of CH4N2S, and 0.0936 gm of NH2OH.HCl was added to DI water 

(30 mL quantity) and later transferred to a 50 mL Teflon container. Further, the Teflon 

container was placed in stainless steel autoclave and held for 36 hours at 220oC. 

Consequently, the final solution was centrifuged with IPA, DI water multiple times to 

remove unwanted residues. The conventional synthesis procedure of the ReS2   is 

illustrated in Figure 2.1a, shown below. 

Synthesis Procedure of Ti3C2Tx  

Ti3C2Tx was synthesized from Ti3AlC2 utilizing the MILD method [129]. In brief, initially, 

0.8 g of LiF was added to 10 mL of 6M of HCl kept for 5 minutes of stirring. 

Subsequently, 0.5 g of Ti3AlC2 was added to the above mixture and kept for 36 hrs of 

uninterrupted stirring at room temperature. Later, the resultant solution obtained was 

subjected to centrifugal filtration numerous times till the pH reaches ~ 6-7. Further, the 

filtered Ti3C2Tx solution was ultrasonicated for one hour in an ice bath. The conventional 

synthesis of the Ti3C2Tx solution is illustrated in Figure 2.1b below. 
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Figure 2.1: a) Synthesis procedure of the ReS2 using a hydrothermal technique b) 

Synthesis of Ti3C2Tx utilizing the MILD technique. 

 

Fabrication of the device  

Synthesized Ti3C2TX was coated on a paper substrate of dimension (2 cm × 2 cm) using 

a highly scalable vacuum filtration method. Later, silver (Ag) lines of width 2 mm 

separated by 300 µm channel gap were deposited on Ti3C2TX coated paper substrate 

using thermal evaporation technique. MXene/paper with Ag contacts was cut into the 

required dimensions. Subsequently, synthesized ReS2 solution was carefully drop-casted 

on MXene/paper with contacts and dried in hot air oven at 70 oC for 30 minutes. Figure 

2.2 illustrates the complete fabrication process. Also, ReS2/Graphene device was 

prepared by depositing graphene on paper substrate using dip-coating method and 

followed by drop-casting of synthesized ReS2. Furthermore, FESEM image of 

ReS2/Graphene can be found in Figure S1, Appendix A. 

 

 

 

 

 

a) 

b) 
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Figure 2.2: Schematic illustrating the fabrication of ReS2/Ti3C2TX heterostructure on 

paper substrate.  

2.3 Results and discussions  

Characterization details of synthesized pristine ReS2 and MXene (Ti3C2TX) are included 

in Appendix A as Figure S2 and Figure S3, respectively.  Figure 2.3a displays the XRD 

spectra for ReS2/Ti3C2Tx thin film. The XRD spectra validate the successful deposition 

of ReS2/Ti3C2Tx thin film, wherein the attained XRD spectra of ReS2/Ti3C2Tx was 

accredited to diffraction peaks at 6.51o(0 0 2), 14.50o(1 0 0), 16.52o(1 1 0), 22.69o (2 0 

0), 27.07o (0 0 6), 32.61o (-1 2 0), 32.70o (0 0 2), 41.60o (1 0 5), 42.92o (-1 2 1), 56.95o(0 

-2 4), 57.80o (-1 2 2), 60.56o (1 1 0), respectively.  The inhibition of peak at 39.04o and 

the shift of peak pattern to 5.51o from 9.52o peak implies the successful exfoliation of Al 

from Ti3AlC2 with JCPDS number 52-0875 to form resultant Ti3C2Tx along with -OH, -

F, -O terminal groups by using the MILD method, and the presence of ReS2 with JCPDS 

number 82-1379 in the resultant ReS2/Ti3C2Tx thin film was confirmed. The existence of 

peaks at 16.52o (1 1 0), and 22.69o (2 0 0) are attained with JCPDS number 03-0226 in 

the final XRD spectra was from cellulose paper substrate. In particular, uneven XRD 

profile from the planes (-1 2 0), (0 -1 3), and (0 -2 4) of ReS2 is a characteristic signature 

of TMDs that are in thin-layered form and also attributed to the Warren effect of its 

corresponding TMDs layered structure crystal lattice. The achieved XRD results are 

found reliable with the existing literature [130,131]. 
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Figure 2.3b depicts the XPS survey spectra of ReS2/Ti3C2Tx thin film deposited on 

cellulose paper with binding energy (B.E.) ranging between 0-800 eV. Figure 2.3c 

exhibits the Re 4f deconvoluted XPS spectra, which discloses the peaks 4f7/2, 4f5/2 at 

binding energies 41.86 eV, 44.24 eV, respectively. Figure 2.3d displays element S 2p 

deconvoluted XPS spectra and obtained peaks S 2p3/2, S 2p1/2 at B.E. 162.41 eV, 163.61 

eV. Figure 2.3e depicts the Ti 2p deconvoluted XPS spectra and shown that the pair 2p1/2 

at 461.3 eV and 2p3/2 at 454.58 eV assigned to Ti-C, Ti3+ oxide at B.E. 462.59 eV and 

456.88 eV and Ti-O oxide at B.E. 464.41 eV, 459.32 eV. Moreover, Ti2+ oxide at 2p3/2 

and Ti-O-F at 2p1/2 were obtained at B.E. 455.58 and 465.71 eV, respectively. Figure 2.3f 

illustrates the C 1s deconvoluted XPS spectra, wherein C-O, C-Ti-Tx (I, II, III or IV),  

graphitic C-C and C-O are prominent C 1s peaks, observed at B.E. 288.54, 285.03, and 

281.83 eV. Figure 2.3g reveals the F 1s deconvoluted spectra, wherein the major 

contribution is designated to C-Ti-F groups at B.E. 685.04 eV. Furthermore, the F atoms 

associated with the unidentified fluorinated phase is found at 686.82 eV. Also, 

contributions owing to CF2+X were obtained at 689.21 eV. Figure 2.3h exhibits the O 1s 

deconvoluted XPS spectra, wherein contributions from C-Ti-(OH)x, C-Ti-Ox, and TiO2, 

are obtained at 532.47, 530.59, and 529.58 eV. Further, the XPS spectra for each element 

deliberated above were found reliable with the reported literature [130,132,133]. Owing to 

ReS2/Ti3C2Tx, thin film deposition was performed in open atmospheric conditions on 

cellulose paper substrate, the minimal oxidation observed in the spectra.  

Figure 2.3i depicts the Raman spectra of ReS2/Ti3C2Tx. However, the typical peaks 

obtained at 205, 311, and 420 cm-1 Raman shifts can be assigned to E1g (first order in-

plane vibrations), A2g (second order out-of-plane vibrations), and A1g (out-of-plane first 

order vibrations), corresponding to ReS2. Furthermore, the typical peak found at 203 cm-

1 assigned to A1g (out-of-plane first-order vibrations related to Ti, C), and peak acquired 

at 403, 630 cm-1 assigned to shear mode (in-plane) vibrations of Ti, C corresponding 

Ti3C2Tx of ReS2/Ti3C2Tx thin film [134–136]. Further, the existence of few layered structure 

of ReS2/Ti3C2Tx nanohybrid based photodetector was corroborated from the distinctive 

peaks realized in Raman spectra due to in-plane/out-of-plane vibrations explained above. 

Figure 2.3j displays the FESEM images of ReS2/Ti3C2Tx thin film at high magnification 

which was deposited on cellulose paper. In particular, from surface morphology images, 

it is evident that ReS2 nanosheets are deposited on the Ti3C2Tx deposited cellulose paper.  

It is important to note that that there will be alteration in the microstructure of Ti3C2Tx 

by increasing the dwell time for the synthesis process as it was synthesized using 
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chemical etching (MILD) technique, but resultant Ti3C2Tx was successfully synthesized 

at 36 hrs dwell in LiF + HCl etchant which was clearly proven by using XRD spectra of 

pristine Ti3C2Tx displayed below in Figure S3a of supplementary information. However, 

post chemical etching process there is a process called delamination, can be done by ice 

bath sonication method to tune the interplanar spacing of layered Ti3C2Tx. In conclusion, 

the microstructure of attained Ti3C2Tx can be tuned by increasing the ice bath sonication 

time instead of varying the chemical etching time for synthesizing Ti3C2Tx from Ti3AlC2. 

Furthermore, the chemical etching can be done utilizing other acids such as HF which 

will result in different microstructure [137], but extensive usage of HF hinders the electrical 

conductivity of the resultant Ti3C2Tx which in turn show effect on the device performance 

of as fabricated ReS2/Ti3C2Tx photodetector. 
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Photodetection measurements: 

Figure 2.4a illustrates the schematic of the fabricated ReS2/MXene device (0.3 mm × 4 

mm). Various lab-based experiments were performed to verify the photodetection 

capability of the fabricated ReS2/MXene photodetector. Current-voltage (I-V) curves for 

the fabricated ReS2/MXene device are shown in Figure 2.4b, with the measurements 

conducted in the dark, and at different visible light illuminations. The linear I-V 

characteristics confirm the ohmic contact. Under NIR light illumination, similar 

measurements were performed, and the I-V characteristics are shown in Figure 2.4c. 

With constant visible and NIR illuminations, the switching stability of the photodetector 

was investigated. The results are depicted in Figure 2.4d and 2.4e, respectively, where 

the light intensity applied is 0.25 mW/cm2. As evident by the UV-visible spectra depicted 

in Figure S2f, Appendix A, the change in photocurrent is greater under visible light 

illumination than under NIR light illumination. Figure 2.4f shows the temporal response 

at different visible light intensities from 0.25 to 12.73 mW/cm2 at a bias voltage of 2 V; 

when the light intensity increases, an increase in photocurrent was noticed, which is in 

line with I-V curves. The increase in device current under light illumination is ascribed 

to the generation of huge number of excitons in ReS2. Additionally, the device response 

v/s time is plotted in Figure 2.4g under different NIR light illumination, and the similar 

pattern of increased current has been observed with an increase in intensity.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: a) ReS2/MXene XRD Spectra b) ReS2/MXene Survey Spectra, c-h) 

Deconvoluted XPS Spectra of individual elements, i.e., Re 4f, S 2p, Ti 2p, C 1s, F 1s, 

and O 1s, i) Raman spectra of ReS2/MXene, j) FESEM image of ReS2/MXene at high 

magnification. 
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Three widely accepted measures for photodetectors are responsivity (R), external 

quantum efficiency (EQE), and detectivity (D*). R represents the photocurrent produced 

per unit area by the illumination of light. The ability to distinguish weak signals from 

noise is represented by the detectivity of the photodetector. EQE refers to the number of 

charge carriers that are collected by the photodetector to the number of photons. R, EQE, 

and D* can be stated as follows:  

𝑅 =  𝐼𝑝ℎ (𝑃 × 𝐴⁄ ) 

 

Figure 2.4: a) Illustration of fabricated ReS2/MXene b,c) I-V characteristics of 

ReS2/MXene device under visible and NIR regions d,e) Temporal response under 

constant light illumination of visible and NIR light, 0.25 mW/cm2 f,g)  device current vs. 

time plot under various visible and NIR illuminations. 
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𝐸𝑄𝐸 = ℎ𝑐 × ( 𝑅  𝑒𝜆⁄ ) × 100 

𝐷∗ = ( 𝑅 × √𝐴) √2 × 𝐼𝑑 × 𝑞⁄  

wherein, Id, A, P, Iph ,  and q represent device current in dark, active area of the 

photodetector, illuminated light intensity, charge of electron. Active area (A) of the 

fabricated sensor is 1.2 mm2.  

Responsivity of the photodetector for visible and NIR light illumination was calculated 

to be ~ 40.8 AW-1and ~ 26.9 AW-1 at 0.25 mW/cm2, as depicted in Figure 2.5a and 2.5b. 

The responsivity graph shows that the ReS2/MXene photodetector has a higher 

responsivity for visible light compared to NIR, due to the high absorption of prepared 

ReS2 in the visible range, as depicted in absorption spectrum shown in Figure S2f, 

Appendix A. Responsivity of the device declines as intensity increases, which is in line 

with published reports [138,139]. This phenomenon can be related to the trap states present 

in ReS2. During low light illuminations, photogenerated electrons are mostly captured by 

trap states near the conduction band, which minimizes the amount of electron-hole pairs 

recombination. As intensity is increased, a smaller proportion of the photo-generated 

electrons will be trapped because of the limited number of available trap states. As a 

result, the fabricated device becomes more sensitive to low light illuminations. 

Furthermore, responsivity of the fabricated ReS2/graphene based photodetector for 

visible and NIR illumination was found to be 26.5 AW-1 and 17.5 AW-1, respectively, as 

illustrated in Figure 2.5a and 2.5b.  Further wavelength dependence of the fabricated 

ReS2/Ti3C2TX photodetector was investigated and the corresponding response spectrum 

can be found in the Appendix A, Figure S4. 

 

 

 

 

 

 

 

 

Figure 2.5: a,b) Responsivity of fabricated ReS2/MXene and ReS2/Graphene under 

visible and NIR light illumination. 
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 Density of Surface States Calculation for MXene and Graphene: 

The better performance of ReS2/MXene compared to ReS2/Gr can be understood by 

calculating the density of surface states. I-V measurement of Ti3C2TX/Ag and 

graphene/Ag reveal Schottky characteristics and the graphs for the same are given in 

Figure S5, Appendix A. Further, thermionic emission theory was used to understand the 

transport mechanism, and current (I) can be expressed as [140]:  

𝐼 = 𝐼0exp ((𝑞(𝑉 − 𝐼𝑅) 𝜂𝐾𝑇)⁄  

𝐼0 = 𝑎𝐴∗𝑇2exp (−𝑞𝛷𝐵 𝐾𝑇)⁄  

𝐴∗ = (4𝜋𝑞𝑚∗𝐾2) ℎ3⁄  

𝜂 = 𝑞 𝐾𝑇 
𝑑𝑉

𝑑(ln 𝐼)
⁄  

Where K, η, R, and q represent Boltzmann constant, ideality factor, series resistance 

electronic charge, respectively. Ideality factor (η) indicates the deviation of I-V curve 

from ideal characteristics. A* is Richardson constant, a is junction area, and T is absolute 

temperature. ΦB is barrier height, h is planks constant and I0 is reverse saturation current.  

The ideality factor of the Ti3C2TX/Ag and Gr/Ag were calculated to be 1.49 and 1.3, 

respectively, by a linear fit of semilog graph of current vs. voltage. The deviation of the 

ideality factor from the ideal value of 1 is ascribed to the presence of surface defect states. 

Further, density of surface states (NSS) of Ti3C2TX/Ag and Gr/Ag structures were 

calculated. Assuming the equilibrium state, NSS was calculated using the voltage 

dependence η using the following equation [140]:  

𝑁𝑆𝑆 = (𝜂 − 1)
𝜀𝑖

𝑞𝛿
−

𝜀𝑠𝑐

𝑞𝑊
 

Where δ and εi are thickness and relative dielectric constant, respectively. εi is assumed 

to be permittivity of air, as the device is exposed to air, and thickness is considered as 5 

A⁰. W and εsc are width and relative dielectric constant, respectively. Width (W) was 

considered as 160 nm, and εsc for Ti3C2TX/Ag and graphene/Ag interface was considered 

as 370ε0 
[141] and 8ε0 

[142]
,  respectively. 

 

𝐸𝑐 − 𝐸 =  𝛷𝐵 − 𝑞𝑉 

Graph plotted between Ec-E and density of surface states and it was observed that density 

of surface states increases towards the bottom of the conduction band and the number of 

surface states in graphene are less than that of Ti3C2TX, as shown in Figure 2.6a and 2.6b. 

Large number of surface states in MXene (Ti3C2TX) are attributed to the surface 
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terminations (O, F, and OH) and dangling bonds, which is evident from the FTIR spectra 

of pristine Ti3C2TX, Figure S3g, Appendix A. The number of surface states can be related 

to the trap states. Since the number of trap states are more in MXene, the lifetime of the 

photogenerated carriers is increased, which leads to enhanced responsivity when 

compared to Graphene as a transport layer. 

 

 

 

 

 

 

 

Figure 2.6: a, b) Density of surface states (NSS) as a function of 𝐸𝑐 − 𝐸 of MXene 

(Ti3C2TX) and Graphene.  

 

The EQE of the device was drawn against the intensity of the light, as depicted in Figure 

2.7a. For visible and NIR light illuminations, the EQE of the constructed ReS2/MXene 

photodetector was calculated to be ~ 91.36 × 102 % and ~ 42.8 × 102 %, respectively. As 

EQE is proportional to photodetector responsivity, EQE plot shows a similar trend where 

EQE values decline with increasing light intensity. Detectivity (D*) of the device in 

visible and NIR regions was ~ 1.07 × 1012 Jones and ~ 7.08× 1011 Jones, respectively, as 

illustrated in Figure 2.7b. One of the essential factors to consider when evaluating the 

performance of a photodetector is response time (or rise time). Rise time is the time 

interval between 0.9Ipeak and 0.1Ipeak points on the device current, wherein Ipeak represents 

the device current peak value. For visible and NIR light irradiation, the rise time of the 

fabricated photodetector was ~ 3.7 sec and ~ 3.85 sec, respectively, as seen in Figure 2.7c 

and 2.7d. Transmit time of charge carries is defined as τr = L2/Vbias(µ). Transit time is 

inversely proportional to the mobility of the carrier (µ). The slow response time of the 

fabricated photodetector is attributed to the existence of impurity states or defect states 

in synthesized ReS2 using solution processed method, and the rough surface of the paper 

substrate impedes charge carrier movement. In addition, the photodetector bendability 

was verified by 500 continuous bending cycles. While performing the bending test, a 2% 

strain was applied to the device and it was returned to its original position, and later 
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photodetector studies were performed. As seen in Figure 2.7e, the responsivity remained 

unchanged after 500 continuous bending cycles, showing the device robustness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.1 Photodetection mechanism  

Photodetection phenomenon of the ReS2/MXene(Ti3C2TX) device is understood using 

the band energy diagram of the heterostructure. Work function of synthesized ReS2 and 

Ti3C2TX were determined using ultraviolet photoelectron spectroscopy (UPS) spectra. 

The measured secondary electron cutoff energy of ReS2 was around 16.12 eV as shown 

in Figure 2.8a. Work function was calculated to be 5.1 eV by subtracting the cutoff 

energy from excitation energy (He I, 21.22 eV). Similarly, for Ti3C2TX cutoff energy was 

found to be 15.5 eV as shown in Figure 2.8b and the work function was calculated to be 

5.72 eV. For ReS2, the valence band maximum with respect to Fermi level was found to 

be 1.04 eV. The energy band diagram of interface was drawn by utilizing calculated work 

function and bandgap values, as shown in Figure 2.8c and 2.8d.  

Figure 2.7:  a,b) EQE and detectivity of the fabricated ReS2/MXene photodetector c,d) 

Rise time of the fabricated ReS2/MXene device under visible and NIR light illuminations 

e) Graph illustrating the responsivity vs. number of bending cycles of fabricated 

ReS2/MXene device. 
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Thus, discretely distributed Schottky barriers are formed at the interface of ReS2/Ti3C2TX 

heterojunction, and the band energy diagram of the ReS2/Ti3C2TX under nonequilibrium 

state upon light illumination is illustrated in Figure 2.8d. It shows a band bending at the 

interface of ReS2 and Ti3C2TX due to the work function difference, creating a strong built-

in electric field at the interface pointing from ReS2 to Ti3C2TX. When light is illuminated 

on ReS2/Ti3C2TX heterostructure, electron-hole pairs would be generated in ReS2. 

Photogenerated electron-hole pairs in pristine ReS2 have a high tendency to recombine 

because of the lack of internal electric field. Hence the need of transport layer arises 

which not only generates internal electric field and also assists in quick collection of 

generated charge carriers at the electrodes. The photogenerated electron/hole pairs in 

ReS2 are promptly and effectively separated due to internal electric filed created at 

ReS2/Ti3C2TX interface. This charge separation is favourable in reducing the 

recombination electrons and holes, which enhances the photocurrent. As the work 

function of MXene is less than conduction band of the ReS2 the photogenerated carriers 

are transported to MXene. Due to high mobility of MXene, accumulated charge carriers 

in MXene could be captured by the electrodes immediately under the external bias, 

resulting in a high photocurrent. Photoconductive gain is expressed as  𝐺 =

 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝜏𝑡𝑟𝑎𝑛𝑠𝑖𝑡⁄  where 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 represents lifetime and 𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡 is transit time of the 

photogenerated carriers [94] 

In photoconductor, transit time is defined as 𝜏𝑡𝑟𝑎𝑛𝑠𝑖𝑡 =  𝐿2 (𝜇𝑉𝑏𝑖𝑎𝑠⁄ ), where 𝑉𝑏𝑖𝑎𝑠 is 

applied bias voltage, L is the length of the channel, and 𝜇 is the mobility of the charge 

carriers.  Hence, the gain of photoconductor is directly proportional to charge carriers 

lifetime ( 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒). The trap states in a semiconductor photoconductor play an important 

role in increasing the life time of photoexcited carriers [143][144][145][94].  The trap states 

available at ReS2/MXene interface and reduces the recombination rate, which leads to 

the increment in the lifetime (𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒) charge carriers significantly. The increase in 

lifetime (𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒) leads to high photoconductive gain/responsivity of the fabricated 

photodetector. Furthermore, energy band diagram of ReS2/Graphene under light 

illumination is illustrated in Figure S6, Appendix A.  
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Figure 2.8: a-b) UPS spectra (measured by He I source, hν = 21.22 eV) of pristine ReS2 

and pristine Ti3C2TX. Illustration of the energy band diagram of ReS2/MXene (Ti3C2TX): 

c) before contact d) Schottky junction upon light illumination. φ, EC, EF, and EV represent 

work function, conduction band, Fermi level, and valence band.   

 

The performance of the fabricated flexible photodetector is compared with recently 

reported photodetectors, as listed in Table 2.1, indicating that the fabricated device highly 

competitive. Kwak et al. developed a high-performance hybrid photodetector using InP-

QDs and black phosphorous (BP), wherein BP was used as a transport layer [93]. High 

performance of InP-QDs/BP based photodetector was ascribed to the transfer of 

photogenerated electrons to BP layer. Wang et al. highly photosensitive CsPbBr3 QDs 

based photodetector using ZnO nanorods as electron transport layer [146].  Abid et al. 

demonstrated a wearable UV light sensitive photodetector based on WS2-QDs/RGO 

heterostructure, wherein p-type RGO was utilized as a carrier transport medium[98]. 

Zhang et al. demonstrated a hybrid photodetector by stacking graphene on MoS2 layer 

[92]. Enhancement of responsivity in MoS2/Graphene device is attributed to graphene 

transport layer, wherein photogenerated electrons in MoS2 are transferred to graphene. 

Luo et al. constructed a UV photodetector using ZnO nanorod array/CuSCN/rGO, and 

CuSCN/rGO was utilized as a hole transport layer [147]. Most of the above reports used 

high temperature and expensive fabrication techniques. In this work, ReS2/Ti3C2TX based 
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visible-NIR photodetector was fabricated on a flexible and biodegradable paper 

substrate, wherein MXene(Ti3C2TX) was used as a transport layer, using facile, simple, 

clean room free and low temperature hydrothermal and vacuum filtration method.  

 

Table 2.1: Performance evaluation of the fabricated photodetector. 

 

2.4 Conclusion  

In summary, flexible, biodegradable, and high-performance ReS2/MXene(Ti3C2TX) 

based visible-NIR photodetector on paper substrate was fabricated using facile and 

simple hydrothermal and vacuum filtration method. It is observed that integration of ReS2 

and Ti3C2TX creates a sufficient Schottky junction induced built-in electric field, which 

rapidly separates photogenerated electron-hole carriers. Further, contacts were taken 

from MXene (Ti3C2TX) to avoid the trapping of carriers in ReS2. Responsivity of the 

fabricated ReS2/MXene photodetector was calculated to be 40.8 A/W and 26.9 A/W 

under visible and NIR illuminations, respectively. Also, it was found that MXene can be 

Material Substrate Fabrication 

techniques 

Photodetection 

Range 

Responsivity 

(A/W) 

Ref. 

WS2/ReS2 SiO2/Si Exfoliation  Visible 0.0018 [148] 

WSe2/ReS2 SiO2/Si Exfoliation  Visible  3  [149] 

MoS2/ReS2 SiO2/Si CVD Visible-NIR 42.61 [150] 

MoTe2/ReS2 Glass Exfoliation  Visible-NIR 0.54 [151] 

ReS2/Graphene/

WSe2 

SiO2/Si Exfoliation  Visible to 

infrared  

1.02 [152] 

1D Se/2D ReS2 SiO2/Si CVD UV  36 [153] 

n-ReS2/p-Si Si Exfoliation Visible 33.47 [154] 

CsPbBr3 QDs/ 

ZnO 

ITO Pulse laser 

deposition 

UV-Visible 0.14 [146] 

WS2-QDs/RGO Textile cloth Hummers’ and 

solvothermal 

method  

UV 5.22 × 10-3 [98] 

ZnO 

NR/CuSCN/ 

rGO 

FTO glass Hydrothermal UV 18.65 × 10-3 [147] 

SnS2/Gr Paper Hydrothermal Visible- 

NIR 

6.98 × 10-3, 

3.67 × 10-3 

[99] 

ReS2/ Ti3C2TX Paper Solution process 

method, etching 

method 

Visible-NIR 40.8, 

26.9 

This 

work 
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a better alternative to graphene as a transport layer in the fabrication of 2D materials 

based flexible photodetectors due to the creation of more surface states, thereby creating 

more trap states. Even after 500 continuous bending cycles, the developed ReS2/MXene 

photodetector performance was unchanged, suggesting that the device is quite robust. It 

is believed that due to excellent performance of the fabricated photodetector, this is a 

promising study for future flexible and biodegradable nanoelectronics applications of 

optoelectronics field.   
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CHAPTER 3  

Fabrication of high performance photodetectors using plasmonic 

effect 

 

Another technique to enhance the performance of a 2D materials based photdetectors is 

plasmonic effect by integrating metal nanostructures. It is known to us that 2D material 

can have remarkably high single-pass absorption. However, most light will still transmit 

through the thin layers of the material. Therefore, the light-matter interactions must be 

further enhanced before it can be used in practical applications, especially for light 

detection. The combinations of plasmonic metal nanostructures with 2D materials can 

enhance light-matter interactions. Either decorating/patterning plasmonic nanostructures 

on top of 2D materials or stacking 2D materials on top of those plasmonic nanostructures 

can increase the light absorption at certain wavelengths. On the other hand, a direct 

contact between 2D materials and metals enables hot electron injection over Schottky 

barriers. 

3.1 MoS2/paper Decorated with Metal Nanoparticles (Au, Pt and Pd) 

Based Plasmonic-Enhanced Broadband (Visible-NIR) Flexible 

Photodetectors 

 Even though there are reports on flexible photodetectors, one of the main issues that still 

need to be resolved is the lower values of responsivity arising due to the use of non-

conventional substrates such as polymers, cellulose paper, etc. There are ways to improve 

the responsivity such as piezotronics and surface plasmonic resonance but studies on 

utilizing the same for flexible substrates remain limited. Further, comparative 

performance of different nanoparticles remains unexplored. This work demonstrates the 

fabrication of flexible visible/near-infrared (NIR) photodetectors by functionalizing 

MoS2 grown on paper substrate with various noble metal nanoparticles (NPs) such as 

gold (Au), platinum (Pt), and palladium (Pd) for enhanced photoresponse. The metal 

NPs-MoS2 (Au, Pt, Pd-NPs-MoS2) based photodetector showed a prominent 

improvement in the photoresponse characteristics when compared to pristine MoS2. 

Enhancement in the photodetector performance is mainly due to the localized surface 

plasmon resonance (LSPR) of prepared metal NPs and increase in incident light 
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scattering. Out of the fabricated metal NPs-MoS2 photodetectors, Au-NPs/MoS2 showed 

maximum responsivity of 99.3 mA W-1 and 46.03 mA W-1 under visible and NIR region, 

respectively which is ~ 8 times higher than pristine MoS2.  

3.1.1 Introduction  

The increasing demand for wearable, foldable, portable electronics, especially in the 

biomedical field, has led to an exploration of flexible substrate photodetectors. In the 

recent years, outstanding achievements have been achieved in the development of 

flexible electronics, especially in the biomedical field, has led to an exploration of 

flexible substrate photodetectors[155][156]. These devices are far more compact and cost-

effective compared to the conventional bulk substrate devices and reduce the expenditure 

on material as well as fabrication [157] Still several issues need to be addressed [158]. Some 

of the issues are: Surface roughness, thermal stability and cleanroom compatibility. 

Almost of the flexible substrates utilized (polymers, paper, textile, etc.) have rough 

surface which not only affects the charge carrier mobility but also increases the 

recombination rate. Further, the rise time is also affected which affects the gain of the 

photodetector.  The second is thermal stability i.e. most of the flexible substrates cannot 

withstand high temperatures and hence performing high temperature processes is not 

possible which restricts limited fabrication methodologies[159]. Lastly, the flexible 

substrates are not cleanroom compatible and novel methodologies needs to be developed 

for integrating novel functional nanomaterials onto the flexible substrates. Novel 

functional materials ranging from 0D to 2D, and hybrids (0D-1D, 0D-2D, 1D-2D) based 

on these materials have been explored for this purpose [160][106][161][162].  Piezotronics is 

another means to improve the responsivity upon application of external strain which 

modulates the depletion region width and increases the electric field and thereby the 

responsivity. But the issue with piezotronics is that, the application of strain leads to 

permanent damage in the device, thereby decreasing the reliability of the photodetector. 

Localized surface plasmon resonance (LSPR) is another means of increasing the 

absorption, and hence the responsivity and speed and is a widely researched domain for 

conventional rigid substrate devices with the decoration of noble nanoparticles [163][164]. 

However, reports on the use of metal nanoparticles for high performance flexible devices 

using LPSR are few. Moreover, the reports on the comparative performance of different 

nanoparticles also remain limited. Hence, there is a need to explore Plasmonic 

enhancement in flexible substrate devices.  
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Transition Metal Dichalcogenides (TMDs) are a popular class of 2D materials because 

of their outstanding optical and mechanical properties and tunable bandgap [165]. Of these, 

MoS2 is of special interest due to its superior electrical properties, high mobility, suitable 

elastic modulus and bandgap that ranges from 1.2 - 1.8 eV depending on the number of 

layers [166–168].  On the other hand, light incident on the plasmonic nanoparticles makes 

the charge clouds in the NP oscillate. This collective oscillation of the charge clouds 

(surface plasmons) with the incident light is called LSPR. This helps improve the 

absorption of light through generation of hot carriers, near field enhancement and far 

field scattering. MoS2 absorbs only in the visible and near IR range, and so combining 

plasmonic nanoparticles with MoS2 can enhance its performance in the visible and NIR 

regions. Such a device would have potential applications in military and soft biomedical 

devices in the healthcare industry. 

There are many reports on plasmonic enhancement in MoS2 based rigid substrate 

photodetectors [169][170][171][172]. However, reports on plasmonic enhancement in MoS2 

based flexible substrate devices are scarce [173]. Further, while extensive research has 

been done using Ag and Au nanoparticles [173][174], reports on Pt and Pd nanoparticles are 

few [175]. Pd and Pt show promise because they exhibit strong catalytic activity over a 

broad spectral range, and strong absorption due to broad LSPR [176]. There are works 

comparing Au and Pt nanoparticles on N, F-Doped TiO [177] and Pt/Pd alternating 

nanodisk arrays with Ag [178]. However, to the best of the authors’ knowledge, no work 

comparing individual Au, Pt and Pd nanoparticles for flexible MoS2 photodetectors, 

exists. Hence, in addition to exploring the effect of plasmonic nanoparticles in MoS2 

based flexible photodetectors, a comparison between Au, Pt and Pd nanoparticles was 

studied. 

Herein we demonstrate three novel, paper-based plasmonic photodetectors with 

Au/MoS2, Pt/MoS2 and Pd/MoS2 heterojunctions, respectively. The heterojunction 

between the metal nanoparticle and MoS2 allowed for an increase in absorption due to 

absorption and scattering by the metal nanoparticles and a phenomenon called LSPR. 

Among the fabricated metal NP-MoS2 photodetectors, Au-NPs/MoS2 showed maximum 

responsivity of 99.3 mA W-1 and 46.03 mA W-1 under visible and NIR region 

respectively. The Pt-NP/MoS2 device demonstrated a responsivity of 51.4 mA W-1 and 

42.3 mA W-1 in the visible and NIR region, respectively, and the Pd-NP/MoS2 device 

performed with a responsivity of 46.03 mA W-1 and 34.7 mA W-1 in the visible and NIR 
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region respectively. Moreover, the device was constructed on cellulose paper making the 

fabricated device environment friendly and cost effective.  

3.1.2  Experimental Section  

Materials and characterizations: 

All the chemicals used for the synthesis of MoS2 and metal nanoparticels were procured 

from Sigma Aldrich, Molychem and have been used as received. Rigaku Smartlab X-ray 

diffraction (XRD) was used to study the Structural characterisation with Cu Kα radiation. 

Raman spectra analysis was carried out using LabRAM HR system with an excitation 

length of 532 nm. Optical properties of MoS2 and metal nanoparticles were studied using 

UV-vis spectrometer, JASCO V-670. Source meter, Keithley 2450, was used for 

electrical measurements. Light sources of wavelength 554 nm (visible light) and 780 nm 

(NIR light) were used to carry out the photodetection experiments. 

Direct growth of MoS2 on paper substrate: 

The direct growth of MoS2 on paper substrate was carried out by a similar process 

repeated previously [179]. In brief, the growth process was carried out in two steps, 

seeding process followed by hydrothermal method. Seeding solution was prepared by 

dispersing Na2MoO4.2H2O (24 mg) and CH4N2S (15 mg) in 10 ml of DI water. The 

flexible paper substrate was immersed in the prepared seed solution for 60 min and later 

dried for 15 min at 65 ºC. Parallelly, a nutrient solution was prepared by mixing 

Na2MoO4.2H2O (362 mg) and CH4N2S (228 mg) in 30 ml of DI water. The well mixed 

nutrient solution and paper substrate which was seed coated were transferred to 

autoclave and kept in oven at 200ºC for 20 hr. The resultant black colour MoS2 coated 

paper substrate was dried in hot air oven for 15 min at 65ºC. 

Synthesis of Au, Pt, and Pd nanoparticles: 

At room temperature, 1 mmol of gold chloride (AuCl3), chloroplatinic acid (H4PtCl6) 

and palladium chloride (PdCl2) each were dissolved separately in 1L of DI water 

followed by a sonication for 30 min. During the sonication HCl was added drop by drop 

to get stabilized and uniform NPs. These synthesized NPs were used for decoration of 

fabricated MoS2/paper. 

Fabrication of Device (drop casting Nano particles on MoS2): 

The prepared MoS2/paper was cut into required dimension of 6 mm × 6 mm. Device was 

fabricated by drop casting synthesized metal nanoparticles (Au, Pt and Pd-NPs) on the 
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synthesized MoS2 coated cellulose paper. Two electrodes were prepared using 

conductive and adhesive silver paste and for electrical measurement thin copper wires 

were bonded on silver paste. The detailed fabrication process is illustrated in Figure 3.1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematic illustrating the fabrication procedure of Plasmatic Photodetector 

Au/Pt/Pd/MoS2. 

3.1.3 Results and Discussion  

Surface morphology of MoS2 grown on paper was analysed using FESEM study at 

different magnifications, as shown in Figure 3.2a-d. Low magnification FESEM image 

of MoS2/paper is shown in Figure 3.2(a-b), wherein microfiber structure of cellulose 

paper was observed. As displayed in Figure 3.2c, high magnification FESEM images 

show the microflower morphology of the MoS2, where individual MoS2 nanoflakes 

aggregated.  Figure 3.2d displays the highest magnification, 100 nm scale, FESEM image 

wherein individual nanoflakes of MoS2 are clearly visible. Crystal structure of the MoS2 

grown on paper substrate was analysed using XRD. As seen in Figure 3.2e, XRD pattern 

of MoS2 well matches with the JCPDS no: 37-1492 and it indicates the mixed phase of 

rhombohedral and hexagonal. The broadening peaks of (110) and (100) could be ascribed 

to the 200°C temperature of hydrothermal synthesis. Further, the formation of few layer 

MoS2 can be confirmed by a small peak at ~ 14° [180][57]. Furthermore, Raman spectra 

analysis of pristine MoS2 grown on cellulose paper was performed to confirm the number 

of layers and   chemical composition. As displayed in Figure 3.2f, two prominent peaks 
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were observed at ~ 406 cm-1 and ~ 384 cm-1 which could be ascribed to A1g (out-of-plane) 

and E1g (in-plane). The E1g and A1g peaks were separated by ~ 22 cm-1 which suggests 

the formation of three-layer individual nanoflakes of MoS2 
[181][182].  Surface morphology 

of the MoS2 functionalized with noble metal NPs is shown in Figure 3.2(g-h). Gold (Au) 

nanoparticles of size ~ 40 nm were discretely distributed over MoS2 as seen in the high 

magnification FESEM image in Fig 2h. Pt nanoparticles with a dimension of ~ 55 nm on 

MoS2 nanoflakes are clearly visible from the FESEM image shown in Figure 3.2 (i-j). 

Further, Palladium nanoparticles of size ~ 76 nm, comparatively larger, were observed 

on Pt NPs /MoS2 paper substrate as seen in Figure 3.2(k-l). Further, to confirm the 

presence of metal nanoparticles over MoS2/cellulose paper, elemental mapping of 

MoS2/paper decorated with Au-NPs, Pt-NPs and Pd-NPs were performed. As expected, 

metal NPs were found to be discretely distributed on MoS2/paper  and it was also evident 

from FSEEM analysis. The elemental mapping of Au, Pt and Pd on MoS2/paper can be 

found in the Appendix A (Figure S7-S9). 

. 
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Figure 3.2: a-d) FESEM images of MoS2 grown on paper substrate with low and high 

magnifications e) Graph showing XRD pattern of MoS2/paper and f) Raman analysis of 

MoS2/paper. FESEM images clearly showing the decorated NPs on MoS2: g, h) Au NPs 

(~ 40 nm Au) i, j) ~55 nm Pt NPs k, l) ~76 nm Pd NPs.  

 

To further study the elemental composition of synthesized pristine MoS2, XPS 

measurements were performed. XPS survey spectra containing the prominent peaks 

representing Mo3d, S2p, C1s and O1s, shown in Figure S10 (Appendix A). Carbon peak 

is observed due to the stub used and oxygen peak is present due to partial exposure of 

MoS2 to the atmosphere while carrying out the XPS experiments. As seen in Figure 3.3a, 

the deconvoluted high resolution spectra of Mo3d contains two signature peaks at 

232.1eV and 228.7 eV which represents the Mo4+ 3d3/2 and Mo4+ 3d5/2 respectively [161] 

[58]. Also, a low intensity peak is observed around 235.3 eV, which indicated the +6 

oxidation state of the Mo, which could be ascribed to the unreacted MoO4
2- during 

hydrothermal synthesis of MoS2.  Another peak representing S 2s was observed at 225.2 

eV. Figure 3.3b shows the high resolution spectra of S2p, which was deconvoluted to 

two characteristic peaks at 163.2 eV and 161.7 eV which indicates the S2p1/2 and S2p3/2 

respectively and it confirms the S2- oxidation state of sulfur in MoS2 [39-40].  

Further, XPS analysis was performed for MoS2 functionalized with noble metal 

nanoparticles (Au, Pt, and Pd). The presence of Au, Pt, and Pd nanoparticles were 

confirmed from the wideband XPS spectra of Au/MoS2, Pt/MoS2 and Pd/MoS2 as seen 

in Figure 3.3 (c-h), respectively.  The high resolution spectra of Au 4f shown in Figure 

3.3d, which was deconvoluted to two doublet peaks at 87.77 eV and 84.09 eV 

corresponding to Au 4f5/2 and Au 4f3/2 respectively. These two peaks are separated by ~ 

3.67 eV, confirms the existence of Au NPs [183]. The shift in the binding energy towards 

higher energies when compared to the standard Au bulk values i.e. Au 4f7/2 at 83.9 eV 

and Au 4f5/2 at 87.6 eV, confirms the existence of Au NPs on the surface of MoS2. As 

shown in Figure 3.3f, narrow band spectra of Pt NPs consist of two significant peaks at 

75.59 eV and 72.29 eV indicating Pt 4f5/2 and Pt 4f7/2 respectively and two peaks are 

separated by ~3.3 eV. The peak positions authenticate the existence of Pt NPs on MoS2 

[184]
. As seen in Figure 3.3h, doublet peaks located at 337.14 eV and 342.3 eV represent 

Pd 3d5/2 and Pd 3d3/2 and the difference between the peaks was found to be ~ 5.18 eV that 

confirms the existence of Pd NPs [185]. In high resolution XPS spectra of metal 

nanoparticles (Au 4f, Pt 4f and Pd 3d) isolated doublet peaks with no additional 
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component peaks indicate the presence of metal nanoparticles without any oxidation 

possibilities.  

 

Figure 3.3: a,b) Narrowband XPS spectra of Mo3d and S2p, pristine MoS2/paper. XPS 

survey spectra and high resolution scan of MoS2 functionalized with:  c, d) Au NPs e,f) 

Pt NPs  g,h) Pd NPs. 
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The absorption spectrum of synthesized MoS2 and metal nanoparticles was studied using 

UV-vis-NIR spectrometer, as shown in Figure 3.4a. MoS2 showed absorption peaks in 

visible region and NIR region. From the Tauc plot, shown in the inset of Figure 3.4a, the 

bandgap of the synthesized MoS2 was found to be ~ 1.53 eV.  The absorption spectra of 

metal nanoparticles (Au, Pt, and Pd -NPs) is shown in Figure 3.4(b-d). It is a known fact 

that Au-NPs strongly absorb visible light [186]. As expected, the synthesized Au NPs 

showed stronger absorption peak in the visible region, shown in Figure 3.4b, which is 

ascribed to the surface plasmon resonance of Au -NPs that originated from the intraband 

excitation of 6sp electrons [186]. As shown in Figure 3.4c, Pt, NPs also showed 

considerable absorption in visible region. It is observed that the absorption of Au NPs 

was stronger when compared to the Pt NPs in the visible region. However, no such 

absorption peaks were observed for Pd NPs as shown in Figure 3.4d and an increase in 

the absorption was observed with a decrease in wavelength.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Absorption spectra of a) pristine MoS2, inset showing the Tauc plot, where 

in the bandgap (Eg) synthesized MoS2 was found to be ~ 1.53 eV b) Au NPs c) Pt NPs 

d) Pd NPs. 

 

To investigate the photodetection properties of all the fabricated photodetectors (Au, Pt, 

Pd-NPs/MoS2), serval in-depth experiments were performed. Figure 3.5a displays the 
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current v/s voltage (I-V) characteristics of fabricated Au-NPs/MoS2 device on paper 

substrate for various visible light illumination intensities. Before performing the 

measurements, the device was kept in dark for a few hours. As seen in Figure 3.5a the 

fabricated Au-NPs/MoS2 device showed ohmic behavior, and as intensity of light 

illuminated increases, an increase in the current level of the device was observed. 

Similarly, I-V measurements were performed for Pt-NPs/MoS2 and Pd-NPs/MoS2. As 

shown in Figure 3.5(b-c), the device exhibited ohmic behaviour and device current 

increased with increase in intensity. Figure 3.5(d-f) displays the temporal response of 

MoS2/paper decorated with nanoparticles (Au, Pt and Pd) under constant visible light 

intensity of 1.21 mW/cm2 and it was observed that the fabricated device was capable of 

detecting the light illumination and also displayed repeatability of the fabricated 

photodetectors. As compared to Pt and Pd nanoparticles, MoS2 decorated with Au-NPs 

showed highest photocurrent, an increment of approximately ~ 93 %, under visible light 

intensity, which matches with absorption spectrum results shown in Figure 3.4 (b-d). 
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Figure 3.5: a,b,c)  Current (I) vs. Voltage (V) characteristics of MoS2/paper decorated 

with metal nanoparticles (Au, Pt and Pd) d,e,f) Temporal responses of the 

fabricated devices under  constant visible light intensity g,h,i) Graphs showing the 

temporal response with various visible light intensities, suggesting that device decorated 

with Au-NPs is more sensitive towards visible light.  

 

Further, MoS2 functionalized with Au, Pt and Pd nanoparticles based devices were tested 

under various visible intensities and the corresponding temporal responses are shown in 

Figure 3.5 (g-i). It was observed that current increases with increase in the illuminated 

light intensities, which are compatible with the current-voltage characteristics displayed 

in Figure 3.5 (a-c).  The same experiments were repeated under NIR illuminations with 

the fabricated devices (Au, Pt, Pd-NPs/MoS2). As shown in Figure 3.6(a-c), the I-V 

characteristics confirm the ohmic behavior of the fabricated devices. Figure 3.6(d-f) 

displays the temporal response of the devices under constant NIR light intensity. 

Furthermore, the fabricated photodetectors were tested under various NIR light 

intensities, an increase in current was observed as light intensity increases as seen in 

Figure 3.6(g-i), which agrees with I-V curves shown in Figure 3.6 (a-c). 
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Figure 3.6: a,b,c)  Current (I) vs. Voltage (V) characteristics of MoS2/paper decorated 

with metal nanoparticles (Au, Pt and Pd) under NIR light illuminations  d,e,f) Temporal 

responses of the fabricated devices under  constant NIR light intensity g,h,i) Graphs 

showing the temporal response with various NIR light intensities. 

 

Responsivity (Rλ), detectivity (D*) and external quantum efficiency (EQE) are 

considered to be significant parameters to determine the quality of a photodetector. 

Responsivity of a photodetector is defined as photocurrent produced by light per unit area 

and detectivity is photodetectors ability to differentiate weak signals from noise. EQE is 

defined as the ratio of number of electron-hole pairs (charge carriers) collected to number 

of photons incident on the device. The equations defining Rλ, D*, and EQE are given as 

follows:  

𝑅𝜆 =  𝐼𝜆 (𝑃𝜆  × 𝐴⁄ ) 

𝐸𝑄𝐸 = ℎ𝑐 × ( 𝑅𝜆  𝑒𝜆⁄ ) × 100 

𝐷∗ = ( 𝑅𝜆 × 𝐴1/2) (2 × 𝑒 × 𝐼𝑑𝑎𝑟𝑘)1/2⁄  

where A, Idark, Iλ , Pλ  and e are the area of the device, dark current, photocurrent and 

incident power and electron charge.  The devices were fabricated with an active area of 

36 mm2. Responsivity of the fabricated devices under visible light illumination was 

calculated to be 99.3 mA W-1, 51.4 mA W-1 and 46.03 mA W-1 for Au-NPs/MoS2, Pt-

NPs/MoS2 and Pd-NPs/MoS2 respectively under a visible light intensity of 0.25 mW/cm2 

as shown in Figure 3.7a. From the graph it is clear that MoS2 decorated with Au –NPs 

exhibited highest responsivity when compared to other fabricated photodetectors (Pt and 

Pd-NPs/MoS2), which matches with absorption spectrum results, shown in Figure 3.4 (b-

d). Similarly, responsivity of the fabricated MoS2/paper decorated with Au, Pt and Pd-

NPs under NIR light intensity was found to be 61.13 mA W-1, 42.3 mA W-1 and 34.7 mA 

W-1 respectively, displayed in Figure 3.7b.  This further shows that fabricated devices are 

more sensitive to visible light illumination due to the fact that the active material MoS2 

exhibited strong absorption in visible region rather than NIR region, as shown in Figure 

3.4a. The Responsivity graph shows that responsivity decreases with increasing intensity, 

which is consistent with the other photodetector reports [162][170].  

Detectivity (D*) of the fabricated photodetectors (Au, Pt, Pd-NPs/MoS2) under visible 

region was found to be 3.53×1010 Jones, 1.83×1010Jones and 1.63×1010 Jones, 

respectively as shown in Figure 3.7c, similarly D* under NIR illuminations was 
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calculated to be 2.17×1010   Jones, 1.5×1010 Jones and 1.23×1010 Jones, as plotted in 

Figure 3.7d. Under visible light illumination, EQEs were found to be 22.23%, 11.5% and 

10.3% for the device decorated with Au-NPs, Pt-NPs and Pd-NPs, respectively, as shown 

in Figure 3.7e. Similarly, EQE values under NIR illumination was calculated to be 9.71 

%, 6.72% and 5.53 %, as seen in Figure 3.7f.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Responsivity of the fabricated photodetectors under a) Visible light 

illumination b) NIR light illumination, c,d)  Graph showing the detectivity  under visible 

and NIR regions e,f) EQE of the photodetectors under visible and NIR regions (N=3).  

 

Signal to noise ratio (SNR) and energy consumption are critical parameters for a 

photodetector[187].  SNR is defined as 𝑆𝑁𝑅 =  𝑆𝑖𝑔𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑁𝑜𝑖𝑠𝑒 𝑝𝑜𝑤𝑒𝑟⁄  𝑎𝑛𝑑 SNR 

of the fabricated device was found to be ~ 143 dB and detailed calculation procedure was 

included in the Appendix A. Further energy consumption of the fabricated photodetector 

was calculated to be ~ 151 μJ. Rise time is one of the key figures of merit to assess the 
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performance of the photodetectors. Rise time of the photodetector can be described as 

the time taken by the photocurrent to reach 0.9Imax from 0.1Imax, where Imax in the 

maximum value of the photocurrent. As displayed in Figure 3.8(a-c), rise time of the 

fabricated photodetectors (Au, Pt, Pd-NPs/ MoS2) was found to be ~ 0.9 s, ~ 1.19 s and 

~ 1.2 s under visible light illumination respectively. Similarly rise time of MoS2/paper 

decorated with metal NPs (Au, Pt, Pd) under NIR illumination were calculated and results 

are discussed in Appendix A, Figure S12. The slow response rate of the fabricated device 

is ascribed to the presence of charge impurity states or defect states, trap states. Defect 

states might be originated during the hydrothermal synthesis of MoS2 on paper substrate. 

Furthermore, the mobility of the photogenerated carriers is affected by the rough surface 

of the paper substrate used. By smoothing/polishing the surface of paper substrate used 

the response time could be improved. The fabricated device was subjected to 500 bending 

cycles, where the sensor was bent by strain (~ 2 %) and bought back to original position 

and carried out the experiments. As shown in Figure 3.8d, a marginal change in the device 

performance was observed even after 500 bending cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: a,b,c) Graphs showing the response time of the fabricated photodetectors 

(Au, Pt, Pd-NPs/MoS2) under visible light illumination d)Graph indicating the bending 

cycle stability, visible light illumination.  

 

3.1.3.1 Plasmonic photodetection mechanism   

The photoresponsivity of all the fabricated metal NPs-MoS2 photodetectors were 

observed to be significantly higher than pristine MoS2.  In case of Au-NPs/MoS2 
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photodetector, ~ 800 % increment in responsivity was observed in comparison with MoS2 

without Au NPs.  The improved photocurrent of metal NPs-MoS2 photodetectors is 

ascribed to the plasmonic effect of the NPs. When the light falls on the metal 

nanoparticles (Au, Pt, Pd-NPs), conductive electrons in the Metal NPs oscillate 

collectively due to the incident oscillating electromagnetic field of light, as illustrated in 

Figure S13, Appendix A. When the frequency of the oscillating charge clouds (plasmons) 

matches the frequency of the light used, a phenomenon called localized surface plasmon 

resonance occurs (LSPR) [188]. This collective oscillation dephases rapidly, releasing the 

plasmons energy predominantly in three ways, far-field scattering of light (radiatively), 

near-field enhancement of electromagnetic field (non-radiatively) and hot carriers 

generation. The light scattered by one nanoparticle is trapped by its neighbouring NPs, 

resulting in a strong coupling effect, thereby trapping the light in the plane of NPs. It is 

important to note that the fraction of light absorbed and light scattered depends heavily 

on the size (d) and shape of the nanoparticle.  Based on size, there are two limits at which 

the behaviour of the NP changes (i) when the nanoparticle is large enough that the electric 

field is no longer uniform over the entire sphere, (ii) vanishingly small nanoparticles with 

d much lesser than the mean free path of the oscillating electrons [189]. Moreover, due to 

the large surface area and extensively exposed edges of MoS2 microflowers as shown in 

Figure 3.2(c-d), the decorated nanoparticles (Au, Pt, and Pd) are trapped within 

microflowers and significantly increased the contact cross-section between the surface 

of MoS2 and NPs as shown in high magnification FESEM images, Figure 3.2(g-l). This 

localization of enhanced field in the vicinity of NP, dramatically increases the overall 

absorption of MoS2 and it leads to increase in photogenerated electron-hole pairs which 

consequently increases the photocurrent of detector.   Since the metal contacts are taken 

from MoS2, the generated electron-hole pairs get collected effectively. It is important to 

note that the electric field created at the interface of the NPs-MoS2 due to the difference 

in Fermi levels, as illustrated in Figure 3.9, assists in efficiently separating the 

photogenerated electron-hole pairs. Further, the plasmon can dephase non-radiatively 

through a phenomenon called Landau damping. This occurs when there are electrons 

with the same velocity as the incident light. These electrons are accelerated, as they move 

with the incident wave, and hence they extract an energy of ℏ𝜔𝐿𝑆𝑃𝑅  (where ℏ𝜔𝐿𝑆𝑃𝑅 is 

the LSPR energy) from the incident wave. The electrons in the NPs are then excited from 

𝐸𝐹 to 𝐸𝐹 + ℏ𝜔𝐿𝑆𝑃𝑅 generating hot electron-hole pairs. The hot electrons possessing 

enough energy to cross the Schottky barrier, contribute to the photocurrent [190].  
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Figure 3.9: Schematic illustrating the Energy band diagram of a) MoS2 (n) and metal 

Nanoparticles (Au, Pt, and Pd) b) Schottky barrier formation at the interface of MoS2 and 

metal nanoparticles. 

 

There are several reports wherein the photoresposne performance of 2D materials (MoS2, 

ZnO, WS2, etc.) [191][171][192][193][194][195]have been improved using the plasmonic effect 

through metal nanoparticles. Rahmati et al. demonstrated that the photocurrent of 

vertically aligned MoS2 deposited on SiO2/Si substrate was significantly enhanced by Au 

NPs [18]. Park et al. investigated the performance of NIR photodetector built from few-

layer MoS2 films functionalized with Ag nanocrystals [192]. Sobhani et al. enhanced the 

photocurrent of monolayer MoS2 deposited on SiO2/Si substrate by Au nanoshells [171]. 

Rajan et al. studied the enhancement of sol-gel derived ZnO film in the UV region after 

integrating different metal nanoparticles such as Au, Ag and Pt [193]. Guo et al. fabricated 

a UV photodetector based on ZnO/Pt NPs/ZnO films by magnetron sputtering method 

[194]. Hsu et al. fabricated a UV/visible photodetector based on NiO(p)/ZnO(n) decorated 

with Pd-NPs [195]. However, reports on flexible plasmonic photodetectors with 

comparative performance of different nanoparticles is very limited. Herein, 

photoresponse characteristics of MoS2/paper decorated with metals nanoparticles (Au, Pt 

and Pd-NPs) were studied and cost-effective, highly-scalable fabrication techniques 

(hydrothermal synthesis and drop-casting) were used. Performance comparison of the 

various plasmonic photodetectors is provided in Table 3.1.  
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Table 3.1: Performance comparison of fabricated plasmonic photodetector. 

Material Synthesis  Substrate NPs Range Flexibility Responsivity Ref. 

Vertical 

MoS2 

CVD SiO2/Si Au NPs Visible No 24 mA W-1 [191] 

Multilay

er 

MoS2 

Exfoliate SiO2/Si Ag NPs NIR No 0.8 mA W-1 [192] 

Monolay

er 

MoS2 

CVD SiO2/Si Au nano 

shell 

Visible, 

NIR 

No 0.9 mA W-1 [171] 

ZnO Magnetron 

sputtering 

Quartz Pt NPs UV No 0.4 A W-1 [194] 

NiO(p)/ 

ZnO(n) 

Sol-Gel, 

Hydrothermal 

synthesis 

Glass Pd-NPs UV, 

Visible 

No 34.6 mA W-1, 

0.9 mA W-1 

[195] 

MoS2 CVD SiO2/Si Au NPs Visible No 22.3 A W-1  [196] 

MoS2 Scotch-tape 

method,  

Pulsed 

magnetron 

sputtering 

SiO2/Si Au NPs NIR No 64 mA W-1 

 

[197] 

Bilayer 

MoS2 

Focused ion 

Beam, 

Scotch tape 

method 

SiO2/Si Pt 

nanostrips 

UV, 

Visible, 

NIR  

No 14 A W-1 (325 

nm), 312.5 A 

W-1 (532 nm), 

69.2 A W-1 

(980 nm) 

[175] 

MoS2 CVD, 

Atomic layer 

deposition 

SiO2/Si Pd Visible No 5.04 A W-1 [198] 

MoS2 DC magnetron 

sputtering  

SiO2/Si Pd UV, 

Visible, 

NIR 

No 654 mA W-1 [199] 

MoS2 Hydrothermal, 

Drop-casting 

Cellulose 

paper 

Au-NPs Visible, 

NIR 

Yes 99.3 mA W-1, 

61.13 mA W-1 

This 

work 

MoS2 Hydrothermal, 

Drop-casting 

Cellulose 

paper 

Pt-NPs 

 

Visible, 

NIR 

Yes 51.4 mA W-1, 

42.3 mA W-1 

This 

work 

MoS2 Hydrothermal, 

Drop-casting 

Cellulose 

paper 

Pd-NPs NIR Yes 46.03 mA W-1, 

34.7 mA W-1 

This 

work 
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3.1.4 Conclusion   

In conclusion, flexible, cost-effective plasmonic photodetector was fabricated based on 

MoS2/paper functionalized with metal NPs (Au, Pt and Pd). MoS2 was grown on paper 

substrate by a facile and highly scalable hydrothermal synthesis method.  High 

responsivity of 99.3 mA W-1 and 46.03 mA W-1 was observed in Au-NPs/MoS2 

photodetector under visible and NIR region, respectively. The enhanced performance of 

photodetectors is ascribed to the electric field created by plasmonic effect and trapping 

of incident light by the decorated metal NPs (Au, Pt and Pd). This local electric field 

formed between NPs and MoS2 efficient separation of photogenerated electro-hole pairs 

that in turn increase the photocurrent.  The work reported herein promotes the fabrication 

of large-area paper-based plasmonic photodetector that finds several applications in the 

field of flexible electronics.  
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3.2 Plasmonic Au Nanoparticles Coated on ReS2 Nanosheets for Visible-

NIR Photodetector 

 

Even though there are various reports on the fabrication of flexible photodetectors, still 

there is a need for the development of high-performance photodetectors. In recent years, 

plasmonic photodetection technique has emerged as one of the prominent solutions to 

enhance photodetection performance. In this work, flexible and high-performance 

broadband (visible-NIR) plasmonic photodetector is demonstrated by integrating gold 

(Au) nanoparticles (NPs) on 2D ReS2 nanosheets. Fabricated Au-NPs/ReS2 showed an 

approximately 15-fold enhancement in the photodetection performance compared to 

pristine ReS2. Photoresponsivity of the fabricated Au-NPs/ReS2 device under visible 

(Vis) and NIR regions is ~ 2.1 A W-1 and ~ 1.3 A W-1, respectively. Significant 

enhancement in the photo-sensing performance of the device could be a combined effect 

of multiple factors, including localized surface plasmons resonance (LPSR) and effective 

charge transfer at the interface of Au-NPs and ReS2. Response speed of the fabricated 

device is approximately 200 ms. Further, theoretical understanding of light interaction 

with Au-NPs is studied and also electromagnetic simulations are performed using 

Lumerical Finite difference time domain (FDTD) Multiphysics simulation to investigate 

the plasmon coupling effect of Au-NPs on 2D ReS2 nanosheets. To further understand 

the photodetection mechanism energy band diagram of Au-NPs/ReS2 interface is drawn 

using UPS measurements.  

3.2.1 Introduction 

In recent years, there is a huge surge in the development of flexible photodetectors due 

to the growing automotive, health care, and consumer electronics industry[170,200]. 

According to precedence research, by 2030 the global flexible electronics market size is 

projected to be worth approximately $61 billion[6]. Flexible photodetectors have become 

the key component of wearable optoelectronics technology for a plethora of applications 

such as sensors for portable and wearable health monitoring devices, soft robotics, high-

speed optical communication, bioimaging, electronic skin, and so forth[201] While early 

research progress and various innovations have already been achieved, still fabricating 

cost-effective and large area high-performance photodetectors faces practical problems 

before they become part of daily life practical applications. Hence there is a need for the 

development of high-performance flexible photodetectors.  
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However, designing a flexible device requires materials with exceptional optical, 

electrical, and mechanical properties. Transition Metal Dichalcogenides (TMDs) are 

layered 2D materials which have consistently exhibited high responsivities due to their 

superior optoelectronic properties, mechanical durability, and a tunable bandgap[202–204]. 

In recent years, rhenium disulfide (ReS2) emerged as the most prominent 2D TMDs 

material for optoelectronic applications due to its unique electronic and optical 

properties[205]. Because of weak interlayer coupling and low symmetry, ReS2 has a direct 

bandgap irrespective of the number of layers, unlike tungsten and molybdenum based 

TMDs[113,115]. Multilayer synthesis is more difficult than monolayer synthesis, thus ReS2 

eliminates the necessity for monolayer synthesis. Additionally, the direct bandgap results 

in a higher density of states and enhanced light absorption as a result of the anisotropic 

in-plane optical properties. All these properties make ReS2 a promising material for the 

photosensitive layer. On the other hand, published literature shows that the low mobility 

of ReS2 hampers the performance of optoelectronic devices[71,206]. To date, various 

techniques have been proposed to improve the absorbance of TMDs photosensitive layer, 

such as heterostructure engineering[148,207], chemical doping [208], integration of metal 

nanoparticles[207,209], use of field-effect transistors[210,211], mixed-dimensional 

heterostructures[71,212,213], transport layer integration[205,214], and so forth. However, the 

embedment of plasmonic metal nanoparticles on TMDs is a superior approach to enhance 

the photo-sensing performance without changing the device area or 2D material 

thickness.  

The use of metal nanoparticles prominently improves the interaction of light with the 

surrounding materials.[215] When the NPs integrated into a semiconductor material, these 

NPs produce an oscillation of charge clouds in the NPs under light illumination, creating 

a much stronger dipole/near-field electromagnetic field in the vicinity of the nanoparticle. 

Such a phenomenon occurs at a particular frequency of light, known as the surface 

plasmon resonance frequency. Also, the metal NPs increase the light scattering and 

increase optical path length. Thus, the light absorptance of the surrounding material could 

be significantly enhanced via an increase in optical path length and near-field 

electromagnetic field improvement [216]. Although, there are multiple high-performance 

ReS2 based photodetectors are reported using various techniques such as exfoliation,[217] 

chemical vapor deposition,[114,211] and so forth. Till now the effect of NPs integration on 

the surface of ReS2 microflowers synthesized by hydrothermal has not been explored. 
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In this work flexible, high-performance plasmonic broadband (Vis-NIR) photodetector 

was demonstrated by integrating Au-NPs on ReS2  nanosheets. Hydrothermal synthesis 

technique was used to prepare ReS2 and the synthesized ReS2 was spin-coated on PET 

substrate. Subsequently, prepared Au-NPs were decorated on ReS2 nanosheets using the 

drop-casting method. Photodetection measurements of fabricated Au-NPs/ReS2 

heterojunction show a significant improvement in the photo-sensing performance of the 

device when compared to pristine ReS2 device. Fabricated Au-NPs/ReS2 exhibited a 15-

fold improvement in the photodetection performance compared to the pristine ReS2. The 

plasmonic enhancement in the performance of Au-NPs/ReS2 device is attributed to the 

following reasons: i) increased near-surface electromagnetic field, ii) increased optical 

path length due to multiple light trapping, which results in improved light-material 

interaction, iii) hot electron doping from Au-NPs to ReS2 nanosheets. In addition, the 

internal electric field formed at the interface of Au-NP and ReS2, due to the Schottky 

barrier, boost the effective segregation of photogenerated e-h pairs. The 

photoresponsivity of the fabricated Au-NPs/ReS2 device was measured to be ~ 2.1 A W-

1 and ~ 1.3 A W-1 under Vis and NIR light illumination, respectively. Photoresponsivity 

of the fabricated device is more under visible light compared to NIR, which is attributed 

to the higher absorption of ReS2 in the visible region and the surface plasmon effect of 

decorated Au-NPs. Detectivity of the device was 1.12 × 1012 Jones and 7.27 × 1011 Jones 

at Vis and NIR light illumination, respectively. EQE of the device was 469.2% and 

216.4%, respectively. Another critical parameter, the response speed of the device was 

estimated to be ~ 200 ms. This contribution may inspire the research community to 

develop flexible, cost-effective, highly scalable, plasmonic enhanced high-performance 

photodetectors for potential wearable optoelectronic applications.      

3.2.2 Experimental Section  

 Materials and Characterization 

X-Ray Diffraction (X'pert PRO) was utilized to do structural analysis. In order to 

determine the chemical composition and oxidation state of the samples, K-alpha XPS 

equipment was used. Helium source (He I, 21.22 eV) was utilized for UPS 

measurements. FEI Titan Themis 300kV was used for transmission electron microscopy 

analysis (TEM). Measurements of Raman spectra were made using the LabRAM HR 

Raman spectrometer. In order to obtain the ReS2 UV-visible spectrum, JASCO V-670 

UV-visible spectrophotometer was utilized. All electrical measurements were performed 
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utilizing a source meter (Keithley 2450). 554 nm and 780 nm are the wavelengths of the 

visible and NIR lights, respectively that are used. All chemicals utilized for the 

preparation of metal nanoparticles, ReS2 and polyethylene terephthalate (PET) sheet 

were procured from Molychem and Sigma Aldrich, and they were utilized as received. 

Synthesis of ReS2 

Hydrothermal method was used to synthesize ReS2 as reported previously from our 

lab[218]. Briefly, NH4ReO4 (0.149 g), CH4N2S (0.209 g), and NH2OH.HCl (0.0936 g) 

were added to deionized (DI) water (30 ml) and vigorously stirred using a magnetic 

stirrer. After that, the solution was shifted to a Teflon container (50 ml) for hydrothermal 

reaction (220oC, 36 h) in hot-air oven. Later, the final solution containing ReS2 

nanoparticles was cleaned several times utilizing ethanol and DI water to remove the 

residues. The resultant solution is dried in oven and the complete procedure is shown in 

Figure 3.10.  

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Schematic illustration of ReS2 nanoparticle synthesis using hydrothermal 

method.  

Synthesis of Au nanoparticles 

1 mmol gold chloride (AuCl3) was dissolved in 1L DI water at room temperature, 

followed by a 30 minutes sonication period. HCl was added drop by drop during the 

sonication process in order to obtain uniform and stabilized NPs. The synthesized Au-

NPs were utilized to decorate the synthesized ReS2.  

Fabrication of the Au-NPs/ReS2 device 

Synthesized ReS2 nanoparticles dissolved in dimethylformamide (DMF) were spin-

coated on PET substrate. Later, silver (Ag) lines separated by 500 µm channel gap were 

made on fabricated ReS2/PET film with shadow masking method by thermal evaporator 
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technique. After that, ReS2/PET film was cut into the required dimension, and 

synthesized Au-NPs were drop-casted carefully on fabricated ReS2/PET film. Figure 

3.11 depicts the schematic representation of the fabrication procedure.  

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Schematic representation of Au-NPs/ReS2 device fabrication. 

3.2.3 Results and discussions  

Figure 3.12a and 3.12b illustrate the FESEM images at low and high magnifications with 

spherical micro flower-like morphology, the assembly of individual ReS2 nanosheets. 

Also, the ReS2 layer has been uniformly coated on PET substrate, which can be seen in 

FESEM images. High magnification FESEM images (Figure 3.12b), reveal that the ReS2 

clusters are formed by many tube-like structures adhered together. Figure 3.12c 

shows the XRD pattern of pristine ReS2. The observed diffraction peaks for ReS2 match 

well with the JCPDS card number: 82-1379. The XRD pattern confirms the successful 

formation of ReS2 having a triclinic crystal structure. To get further insight on the crystal 

symmetry, Raman Spectroscopy was performed. The Raman spectra of pristine ReS2 is 

shown in Figure 3.12d. Many peaks exist from 100 to 400 cm-1, thereby indicating that 

the as-synthesized ReS2 exhibits low crystal symmetry. Also, the presence of several 

peaks in the above-mentioned region is attributed to the unique asymmetry in the 

distorted 1T structure of ReS2
[219]. The Raman peaks around 160 cm-1 and 200 cm-1 are 

the main characteristic peaks for ReS2.  
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Figure 3.12: a-b) FESEM images of ReS2 coated on PET substrate c) XRD spectrum of 

synthesized ReS2 d) Raman spectrum of ReS2 e) XPS survey spectra of ReS2 f, g) High-

resolution spectra of Re 4f and S 2p h) UV-Visible spectroscopy of ReS2 and inset 

displays the Tauc plot, where the bandgap was ~ 1.4 eV.  
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The in-plane Eg modes are observed around 160 cm-1 and 310 cm-1 whereas the out-of-

plane A1g mode is observed around 200 cm-1. A peak at 423 cm-1 represents the A2g 

mode[220]. To get the elemental composition of pristine ReS2 and the Au NP-ReS2, XPS 

was carried out. Figure 3.12e-g shows the XPS spectra of pristine ReS2. The XPS survey 

spectra displayed in Figure 3.12e shows the presence of Re and S. The binding energy 

(BE) peaks at around 44 eV and 42 eV corresponds to the 4f5/2 and 4f7/2 core levels of Re 

as shown in Figure 3.12f. As shown in Figure 2g, the BE peaks at around 162 eV and 

163 eV indicate the 2p3/2 and 2p1/2 levels of sulfur. Figure 3.12h depicts the UV-visible 

spectra of pristine ReS2, and it is clear that ReS2 exhibits strong absorption in the Vis and 

NIR region. The direct bandgap of ReS2 was determined using the standard Tauc plot 

technique, as illustrated in the inset of Figure 3.12h, and it was found to be ~ 1.4 eV. 

To get a detailed knowledge of the structure of the synthesized ReS2 and Au NPs- ReS2, 

FESEM analysis was performed. Figure 3.13a shows that the Au NPs have a spherical 

shape and are in deposited over the ReS2 surface. The elemental mapping of the Au NPs- 

ReS2, included in Figure S14 (Appendix A) confirms the presence of Re, S, and Au. 

Further, XPS analysis of Au-NPs/ReS2 was performed. The XPS spectra of Au NP-ReS2, 

shown in Figure 3b-e. The existence of Re, S and Au elements were confirmed from XPS 

survey spectra. Figure 3.13c and 3.13d display the high-resolution spectra of Re 4f and 

S 2p. As shown in Figure 3.13e, two important BE peaks for Au 4f core level, are 4f5/2 

and 4f7/2 seen at around 87 eV and 83 eV, respectively. These two BE peak confirms the 

presence of elemental gold (Au0)[221,222]. Figure 3.13f presents the UV-Vis spectra of Au 

NPs. Because of the surface plasmon resonance (SPR) effect, Au NPs exhibited strong 

absorption in the visible region as observed in UV-Vis spectra [221,222]. 
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Figure 3.13: a,b) FESEM images of the Au-NPs decorated on ReS2 at low and high 

magnifications c-e) high-resolution spectrum of Re 4f, S 2p, and Au 4f f) UV-visible 

spectrum of synthesized Au-NPs. 

 

To further confirm the morphology of pristine ReS2 and interface of Au-NPs/ReS2, TEM 

analysis was carried out. Figure 3.14a-b shows the TEM images of pristine ReS2. For 

TEM analysis, synthesized ReS2 powder was dispersed in IPA solution followed by 

ultrasonication for more than 30 minutes and then drop casted on TEM grid. As displayed 

in Figure 3.14a, TEM image of pristine ReS2 shows the presence of thin nano-petals. 

Figure 3.14b shows the HR-TEM image wherein the interplanar distance was found to 

be around 0.61 nm corresponding to (100) crystal plane of ReS2
[223], which is consistent 
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with XRD results of ReS2. Selected area electron diffraction (SAED) pattern is displayed 

in the inset in Figure 3.14b and it confirms the polycrstaline nature of ReS2. Figure 3.14c 

shows the TEM image of Au-NP/ReS2 wherein it can be clearly seen the decorated 

hemispherical Au-NP on ReS2 nano sheets. Furthermore, EDS measurements confirmed 

the presence of Re, S and Au elements, as displayed in Figure S15 (Appendix A). The 

presence of C and Cu in the spectrum is attributed to the carbon coated copper grid 

utilized for TEM measurements. Figure 3.14d shows the HR-TEM image of Au-NP/ReS2 

interface wherein the interplanar distance for ReS2 was found to be approximately 0.61 

nm which is corresponding to (100) crystal plane of ReS2. The inset within Figure 3.14d 

illustrates the SAED pattern of Au-NPs/ReS2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: a) TEM image of pristine ReS2 showing the nano-petal/sheets morphology 

b) HR-TEM image of ReS2.The interlayer distance of ReS2 nanosheets is around 0.61 

nm and inset shows the SAED pattern c) TEM image showing the decorated Au-NPs on 

ReS2 nanosheets d) HR-TEM image showing the interface between Au-NP and ReS2 

nanosheets; inset shows the SAED pattern of Au-NP/ReS2 nanocomposite.  

 



66 

 

The fabricated Au-NPs/ReS2 photodetector was subjected to a series of lab-based 

measurements to verify its photodetection capabilities. To study the device dependence 

on the light intensity, various light intensities are illuminated on the fabricated device 

and measured the current-voltage characteristics. Figure 3.15a and 3.15b show the I-V 

measurements of the fabricated Au-NPs/ReS2 photodetector. The excitations were 

produced using wavelengths in both visible (Figure 3.15a) and NIR (Figure 3.15b) 

regions of the spectrum. The linear behaviour of the I-V curve confirms the Ohmic nature 

of the metal-semiconductor interface. The photocurrent is described as the difference 

between device currents with and without light illumination, 𝐼𝑝ℎ = 𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘. It was 

observed that device photocurrent is significantly increased due to the incorporation Au-

NPs because the integrated Au-NPs trigger the localization, redistribution, and 

improvement of the electromagnetic field and result in a significant increase of 

absorption of light surrounding ReS2. Switching behaviour of the photodetector can be 

seen in Figure 3.15c and 3.15d, for illumination of Vis and NIR light, respectively. The 

intensity of light used in these studies was ~ 1.21 mW cm-2. When light is turned on, the 

photocurrent increases rapidly and then stabilizes; later the photocurrent comes down to 

initial value when the light is turned off. The change in device current for visible light is 

higher than under NIR light because ReS2 is more sensitive to visible light. Figure 3.15e 

shows the photo-sensing performance under visible light illumination with various light 

intensity values. As shown in the temporal response with increasing light intensity an 

increase in device photocurrent was observed, in line with current vs. voltage 

characteristics (Figure 5a). The increase in photocurrent can be ascribed to the higher 

generation of excitons under an increased light illumination. Figure 3.15b presents the 

temporal response of the fabricated Au-NPs/ReS2 device when subjected to Vis and NIR 

illuminations and results are compatible with I-V characteristics, Figure 3.15b.  
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Figure 3.15: a-b) I-V characteristics of the fabrication Au-NPs/ReS2 device for 

illumination of Vis and NIR light, c-d) switching characteristics of the device with light 

(Vis and NIR) turned on and off at a bias 1 V, e-f) time-dependent photoresponse of the 

device for Vis and NIR illuminations. 

 

The ubiquitous metrics used to quantify the performance of a photodetector include 

Responsivity (R), specific detectivity (D*), and external quantum efficiency (EQE). The 

mathematical expressions for the given quantities are given below:  

𝑅 =  𝐼𝑝ℎ (𝑃𝑖𝑛  × 𝑆⁄ ) 

𝐷∗ = ( 𝑅 × 𝑆1/2) √2 × 𝑞 × 𝐼𝑑𝑎𝑟𝑘⁄  

𝐸𝑄𝐸 = ℎ𝑐 × ( 𝑅  𝑞λ⁄ ) × 100 
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where Idark, Pin, h, Iph, 𝝀, q, S, and c are dark current, intensity of light illuminated, 

Planck’s constant, photocurrent, the wavelength of light, charge of electron, active area 

of the device (0.0035 cm2), and speed of light. Photoresponsivity (R) indicates the 

photocurrent generated per unit area under light illumination. Detectivity is a numerical 

measure of the device ability to discern weak signals from noise. Detectivity is measured 

in Jones, 1 Jones = 1 cm Hz1/2 W-1.  

The calculated responsivity of the Au-NPs/ReS2 device was determined to be ~ 2.1 A W-

1 and ~ 1.3 A W-1 in the case of Visible (554 nm) and NIR (780 nm) light excitation, 

respectively, Figure 3.16a. Due to the plasmon-enhanced absorption, the fabricated Au-

NPs/ReS2 device showed significant improvement in photodetection performance. 15-

fold enhancement in the photoresponsivity was observed in Au-NPs/ReS2 device 

compared to pristine ReS2. Photodetection results of pristine ReS2 are included in Figure 

S16, Appendix A. The device responsivity decreased with increasing light intensity, as 

reported in the previous literature [70,71,218]. This trend is attributed to the ReS2 trap states. 

Under low light intensities, the trap states capture the most of the photogenerated charge 

carriers and therefore reduce the recombination of e-h pairs. Due to the limited trap states,  

increasing the light intensity leads to a comparatively lower number of the photoexcited 

charge carriers to be captured. Thus, the fabricated device is more responsive for lower 

light intensities. Further, the detectivity under visible, and NIR light illumination was 

1.12 × 1012 Jones and 7.27 × 1011   respectively, as shown in Figure 3.16b. On the other 

hand, EQE of the device was determined to be 469.2 % and 216.4 % for Vis and NIR 

light excitations, respectively as shown in Figure 3.16c. Response time or rise time, is an 

essential parameter to determine any detector performance. The conventional definition 

of rise time describes it as the time difference between 0.9Imax and 0.1Imax points in the 

photocurrent graph, wherein Imax is the maximum value. As displayed in Figure 3.16d, 

the response time of the fabricated photodetector was measured to be ~ 200 ms. The 

lower response time can be owed to the presence of trap states and impurity states in 

ReS2 synthesized by hydrothermal method. In addition, to determine the flexibility of the 

fabricated device bending tests were performed by subjecting the device to more than 

500 continuous bending cycles, as shown in Figure 3.16e. During this test, the device 

was subjected to external strain (~ 2 %) and returned to its original position, following 

which the photodetector experiments were conducted. The device exhibits a negligible 

change in performance, revealing the robustness of the device. Futhermore, reposne 
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spectrum of the fabricated device was displayed in Figure 3.16f and it was observed that 

resposne of the farbicated photodetector decreased significantly after 800 nm. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: a) Graph displaying the photoresponsivity of the fabricated Au-NPs/ReS2 

photodetector under different light illuminations b) plot showing the detectivity of the 

device c) EQE vs. intensity plot under various light intensities d) graph displaying the 

response speed of the device and it was found to be ~ 200 ms, e) photoresponsivity of the 

fabricated device under more than 500 continuous bending cycles, f) response spectrum 

of the fabricated Au-NPs/ReS2 device. 
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3.2.3.1  Photodetection mechanism 

Figure 3.17a illustrates the Au-NPs/ReS2 hybrid device. To understand the charge 

transfer mechanism across the Au-NPs/ReS2 heterojunction and efficacy of Au-NPs in 

improving the performance of the device, an energy band diagram was drawn. Work 

function of synthesized ReS2 was determined using UPS measurements. As displayed in 

Figure 3.17b, secondary electron cutoff energy was determined to be 16.12 eV. By 

substracting the secondary cutoff energy from 21.22 eV (excitation energy), the work 

function was calculated and it was found to be 5.1 eV. Furthermore, UPS measurements 

were carried out to examine the change in the work function of ReS2 due to the integration 

of Au-NPs. As shown in Figure 3.17c, a shift in the secondary electron cutoff energy 

towards the higher energy levels was observed, which indicates the lower work function 

of Au-NPs/ReS2 compared to pristine ReS2 and reveals the n-doping of ReS2. Due to this 

n-doping, Schottky barrier height at the interface of Au-NP and ReS2 decreases which 

improves the charge carrier transfer from Au-NP to ReS2 and helps in the enhancement 

of device performance.  

Energy band diagram of synthesized ReS2 is shown in Figure 3.17d. Due to the n-type 

nature of ReS2, and the fact the work function of Au-NPs (~ 5.2 eV) [224,225] is greater 

than the work function of 5.1 eV, the nature of the contact is Schottky and hence a 

Schottky barrier is formed at the junction of Au-NP and ReS2 , as depicted in Figure 

3.17e. The amelioration in the fabricated Au-NPs/ReS2 device photocurrent compared to 

the pristine ReS2 photodetector is attributed to the plasmonic effect of Au-NPs decorated 

on ReS2 nanosheets. The enhancement in fabricated device performance under light 

illumination is attributed to the two primary reasons. i) when the illuminated light is in 

resonance with the plasmonic frequency of the NPs decorated, a large number of higher 

energy electrons form oscillating electron clouds also known as hot electrons at Au-NPs 

surface, and the optical phenomenon is called localized surface plasmon resonance 

(LSPR)[191]. When plasmons couple with incident light, they can cause the light waves to 

get highly confined near the interface and result in enhanced near-field electromagnetic 

fields. The optical energy is collected by neighboring Au-NPs, resulting in a strong 

electric field within the device and boosting the absorption of illuminated light on ReS2 

microflowers. The increased light absorption of ReS2 produces a large number of e-h 

pairs, which are further collected by the external bias and result in a significant increase 

in device photocurrent. ii) as previously mentioned, due to the LSPR effect, a large 
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number of higher energy electrons are generated at the surface of Au-NPs, which are 

called hot electrons. These hot electrons get sufficient energy to cross the Schottky barrier 

formed at the junction of Au-NPs/ReS2 and transfer into the conduction band of ReS2. 

The transfer of hot electrons makes the ReS2 more n-doping and leads to increased charge 

density and photoresponsivity of the ReS2.  
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Figure 3.17: a) Schematic of the Au-NPs/ReS2 heterostructure b-c) UPS spectra of 

pristine ReS2 and ReS2 decorated with Au-NPs d) band diagram of synthesized pristine 

ReS2 e) schematic representing band diagram of Au-NP and ReS2 heterojunction and the 

charge transport mechanism under light illumination. 

 

Additionally, because of the large surface area and microflower surface morphology of 

synthesized ReS2, decorated Au-NPs trap within ReS2 microflowers and this trapping 
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causes the enhancement in light absorption due to multiple light scattering within the 

ReS2 nanosheets. Furthermore, the internal electric field formed at the interface of Au-

NPs and ReS2 due to band bending aids in the effective segregation and transportation of 

photogenerated e-h pairs and also reduces the recombination rate of photoexcited e-h 

pairs. Thus, the overall device photocurrent of the fabricated Au-NPs/ReS2 device 

increases significantly when light is illuminated. Also, in Au-NPs/ReS2 heterostructure, 

ReS2 acts as an electron acceptor and Au-NPs serve as the electron donor. The charge 

transfer leads to the absence of valence band holes in ReS2, which suppresses the charge 

carriers recombination and helps in the improvement of device performance.  

3.2.4 Plasmonic behavior explanation and simulation results 

When a metallic nanoparticle is irradiated by light, their localized surface plasmons are 

excited. As a result, the light matter interaction (LMI) improves via light scattering and 

light absorption. As per classical theory, scattering dominates when diameter of NP is 

beyond 100 nm while absorption dominates for NP with a diameter less than 40 nm [226]. 

For NP with diameter within 40-100 nm, both scattering and absorption are present. 

Mathematically, the scattering (CSCA) and absorption (CABS) cross-sectional area can be 

estimated using the following relations:[227] 

𝐶𝑆𝐶𝐴(𝜆) =
8𝜋3

3𝜆4
|𝛽(𝜆)| 

𝐶𝐴𝐵𝑆(𝜆) =
2𝜋

𝜆
Im{𝛽(𝜆)} 

where β denotes the polarizability of the nano-particle along the directional parallel to 

the electric field lines as illustrated in Figure 3.18. For spheroidal shaped nanoparticles, 

the polarizability can be calculated using the following relations. 

𝛽(𝜆) =
(4𝜋𝑎𝑏𝑐)(𝜀1̃(𝜆) − 𝜀�̃�(𝜆))

3𝜀�̃�(𝜆) + 3𝐿𝑗(𝜀1̃(𝜆) − 𝜀�̃�(𝜆))
 

𝐿𝑗 =
𝑎𝑏𝑐

2
∫

𝑑𝑞

(𝑙2 + 𝑞)√(𝑞 + 𝑎2)(𝑞 + 𝑏2)(𝑞 + 𝑐2)

∞

0

 

 

Here, a, b, c are the radii of the spheroid axes; 𝜀1̃and 𝜀�̃� are the complex dielectric 

functions of the particle and surrounding medium respectively. 
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Figure 3.18: Schematic geometry of the nano-particle and light (input plane wave) 

interaction system. 

 

The average size of Au-NPs particles used for the fabrication of device is approximately 

40 nm, as a result light absorption is more compared to scattering. Further, FDTD based 

simulations were performed to calculate the optical cross-sectional areas using Mie 

theory for Au-NPs on ReS2 thin layer. For simulation dimeter Au-NP considered is 40 

nm while a plane wave is projected on the NP vertically and the surrounding medium is 

air. The wavelength of the plane-wave is varied between 400 nm to 800 nm. The obtained 

optical cross-sectional area (in terms of extinction, scattering and absorption cross-

sectional area) is depicted in Figure 3.19a. The absorption and scattering cross-section to 

be approximately 6763.1 nm2
 and 1153.6 nm2 respectively, at 554 nm. As a result, the 

extinction cross-sectional area has a high value (approximately 7916.4 nm2) at 554 nm 

wavelength. Similarly, at 780 nm, the estimated value of scattering, absorption, and 

extinction cross-sectional area are 41.2 nm2, 58.2 nm2 and 99.4 nm2, respectively. Thus, 

no significant role of Au NP is to be expected at 780 nm wavelength. From the simulation 

results, it is can be concluded that the Au NP on ReS2 improves the total absorption by 

improving the absorption cross-sectional area at 554 nm wavelength while such an 

improvement is absent at 780 nm. Figure 3.19b and 3.19c presents the electric field 

intensity profiles for the excitation wavelengths of 554 and 780 nm. Because of localized 

surface plasmon resonance (LSPR), the oscillations of conductive electrons in Au 

nanoparticles trap the incoming light waves. This causes the electric field to be enhanced 
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around the nanosphere, as shown in Figure 3.19b and 3.19c, thus leading to strong 

absorption of ReS2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: a) Simulation result of Mie Theory based optical cross-sections of Au nano-

particles on ReS2 film over 400 nm to 800 nm. Note that the absorption process is 

dominant at 554 nm resulting a high extinction cross-sectional area, b,c) E-field 

distribution around the interface of Au-NP and ReS2 under excitation wavelength of 554 

nm and 780 nm, respectively.  

 

Table 3.2 shows a comparison of the fabricated plasmonic photodetector performance 

with that of other previously reported papers. Rahamati et al. reported that the device 

current of vertically grown MoS2 could be improved by integrating with Au-NPs and 

reported the photoresponsivity of the Au-NPs/MoS2 device increased 2.1 times compared 

to the pristine MoS2 
[191]. Park et al. fabricated a plasmonic NIR photodetector based on 

Ag NPs/MoS2 heterostructures and a highest photoresponsivity of 0.881 mA W-1 at 980 

nm was observed[190]. Recently, Tang et al. fabricated an isotropic-anisotropic vdWs 

heterostructure-based visible light photodetector using WS2/ReS2 and exhibited a 

photoresponsivity of 1.85 mA W-1 [148]. Hafeez et al. developed a visible light 

photodetector utilizing a bilayer ReS2 film and it exhibited a photoresponsivity of 4 mA 

W-1 [219]. As displayed in Table 1, the fabricated plasmonic Au-NPs/ReS2 photodetector 
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showed superior photo-sensing performance compared to other plasmonic 

photodetectors and vdWs heterojunction-based photodetectors reported earlier. Also, the 

fabrication technique used provides a reliable method for scalable production of high-

performance broadband photodetectors. However, some improvements are needed to 

attain the desired response such as adjusting the size of Au-NPs and minimizing the 

distance between the electrodes, etc... 

Table 3.2: Comparison of the fabricated Au-NPs/ReS2 based plasmonic photodetector 

performance with other TMDs based photodetectors reported. 

 

Device Fabrication 

method 

Detection 

Range 

Responsivity 

(mA W-1) 

Response 

time 

Ref. 

Au-NPs/ 

vertical MoS2 

CVD Visible 24 > 100 ms [191] 

Ag-

NPs/Multilayer 

MoS2 

Exfoliation NIR 0.88 ~ 10 s [190] 

Ag NPs/Few layer 

Graphene 

Liquid-phase 

exfoliation 

Visible ~ 28 - [228] 

Ag-NPs/ZnSe 

nanowire 

Vapor-liquid-

solid process 

visible 184.8 - [229] 

WS2/ReS2 Exfoliation, dry 

transfer method 

Visible 1.85 1.3 ms [148] 

Au-NP/MoS2 PVD Visible 1.5 × 103 - [230] 

ReS2 bilayer film CVD Visible 4 1 s [219] 

Au-NPs/ReS2 Hydrothermal, 

Spin coating 

Visible-NIR 2.1 × 103, 

1.3 × 103 

~ 200 ms This 

work 

 

3.2.5 Conclusion 

In summary, flexible Vis-NIR plasmonic photodetector was demonstrated by integrating 

Au-NPs with 2D ReS2 nanosheets. Hydrothermal synthesis technique was used to 

synthesize ReS2 and later it was deposited on flexible PET substrate using the spin 

coating method. Au-NPs were decorated on ReS2 by the drop-casting technique. 
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Photosensing performance of the Au-NPs/ReS2 device is 15-fold enhanced compared to 

pristine ReS2. The improvement in photodetection performance is attributed to the LSPR 

generated by Au NPs, increased light absorption of ReS2 due to light trapping, hot 

electron transfer to the conduction band of ReS2, reduced e-h recombination, and 

effective charge transfer at Au-NPs/ReS2 interface. The photoresponsivity of the 

developed Au-NPs/ReS2 device for Vis and NIR light illumination was determined to be 

~ 2.1 A W-1 and ~ 1.3 A W-1, respectively. The response speed of the fabricated 

photodetector was measured to be ~ 200 ms. Further, the strong near-field improvement 

in the vicinity of Au-NPs under light illumination and the optical properties of Au-

NPs/ReS2 heterojunction were verified using the Lumerical FDTD Multiphysics 

simulation tool. This work may inspire future research on the fabrication of flexible, 

high-performance plasmonic photodetectors based on 2D TMDs for next-

generation/future optoelectronic applications.  
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CHAPTER 4  

Performance enhancement of highly flexible SnS(p)/MoS2(n) 

heterostructure based broadband photodetector by piezo-

phototronic effect 

 

This work demonstrates the fabrication of a flexible p-SnS/n-MoS2 heterostructure based 

piezo-phototronic photodetector and understanding the detailed charge transport 

mechanism. Electrical measurement of fabricated heterojunction shows excellent 

rectification behavior with an ideality factor of ~ 2.06. When the external strain is applied 

on the device, due to non-centrosymmetric structure of MoS2, piezo-potential gets 

induced in MoS2, which modulates the band structure and increases the width of the 

depletion region across the junction. The increase in depletion region results in a strong 

built-in electric field, which promotes the separation of photogenerated electron-hole (e-

h) pairs more effectively and improves photogenerated charge carrier transport across the 

p-SnS/n-MoS2 interface. The photoresponsivity of the device is increased by ~ 97 % at 

~ 2% strain by piezo-phototronic effect compared to strain-free conditions. Energy band 

structure drawn by the values extracted from real-time ultraviolet photoelectron 

spectroscopy (UPS) measurements are used to explain the physical working mechanism 

behind the enhancement of photoresponsivity. The fabricated SnS/MoS2 heterostructure 

showed a higher photoresponsivity in visible region compared to NIR region due to 

higher absorption in the visible region. This work demonstrates the cost-effective 

approach for the development of high performance photodetectors by using piezotronic 

interface engineering and paves the way for future flexible and wearable optoelectronics.   

4.1 Introduction 

Over the last decade, significant research has been conducted to enhance the performance 

of photodetectors. Piezo-phototronic effect is one of the prominent methods used to tune 

the performance of flexible optoelectronic devices and also attracted significant attention 

in the last decade [231,232]. The study of coupling between piezoelectric, semiconductor, 

and photoexcitation characteristics form the field of piezo-phototronics [231,233]. Upon 

external strain, piezotronic effect induces polarization charges which can effectively 

modify the energy band structure of p-n junction or metal-semiconductor interface and 
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thus modulate the separation, transport/migration, and recombination processes of 

photoexcited charge carriers [231]. Further, p-n junction based heterostructures gained 

special attention as they provide basic building block for various modern optoelectronics 

applications such as photodetectors, light-emitting diodes, solar cells, ultrafast lasers, and 

many more [234–237]. Over the last few years, number of p-n junction photodetectors were 

demonstrated utilizing piezotronic effect based on non-centrosymmetrical wurtzite-

structured semiconductors such as ZnO nanowires, CdS, GaN, MoS2, etc... [235,238–241]. 

The majority of them have disadvantages, including complicated fabrication, high costs, 

and a tight operating environment. Hence there is a need for the development of cost-

effective, flexible p-n junction based piezotronic photodetectors.  

TMDs such as MoS2, MoTe2, etc... simultaneously possess both piezoelectric and 

semiconducting properties due to non-central symmetric crystal structure, which 

produces piezo-potential when strained [235,238,240]. In addition, distinct optoelectronic and 

mechanical properties, which significantly surpass bulk and even some one-dimensional 

(1D) nanowires, promote utilizing of 2D materials in the fabrication of piezo-phototronic 

devices. Among 2D materials, MoS2 has sparked a lot of interest in fabricating 

piezotronic devices for nanorobotics, human-machine interfacing, and wearable 

applications due to unique optoelectronic, semiconducting and piezoelectric properties 

[170,242,243]. Recently, piezoelectric effect in odd-numbered layered MoS2 was reported in 

which the height of Schottky barrier was modulated with applied strain [244,245]. There are 

various reports on the fabrication of heterojunction of MoS2 with CuO, WSe2, GaN, SnS 

for various applications such as photodetectors, energy storage, sensors, etc.. [235,246,247].  

As a member of group IV-VI semiconductor, tin sulfide is p-type 2D metal chalcogenide 

(MC). SnS had received a lot of attention as a result of its superior electronic and 

mechanical properties, non-toxic in nature, inexpensive, and abundant in nature [248–250]. 

These properties enable SnS as a suitable p-type semiconductor for the fabrication of p-

n heterojunction based photodetector, solar cells, etc.. [250–252]. Until now, very few 

reports are available on the fabrication of TMDs-MC heterostructure based piezotronic 

devices for photodetector applications. Hence, there is a need for the study and 

development of TMDs-MC heterostructure based piezotronics devices for next-

generation optoelectronic applications. There are several techniques for synthesizing 

MoS2 and SnS, for example mechanical exfoliation, chemical vapor deposition, ALD, 

etc… [170,240,250,253]. All the above-mentioned methods are expensive, require high 

temperature and cleanroom facilities. Alternatively, hydrothermal synthesis method is 
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capable of preparing 2D materials at low-temperature, low-cost and with various surface 

morphologies.  

In this work, highly flexible p-SnS/n-MoS2 (TMDs-MC) heterostructure based visible-

NIR photodetector was fabricated on PET substrate using hydrothermal spin-coating 

techniques. Further, demonstrated the significant enhancement in the fabricated 

photodetector performance under strain by piezo-phototronic effect. Here in p-SnS/n-

MoS2 heterostructure, SnS exhibits nonpiezoelectric properties due to the higher layer 

thickness [254] and odd number layered MoS2 shows piezoelectric properties [244,255] . 

When a specific strain is applied on the fabricated device, polarization ions get generated 

in MoS2 and lead to generation piezo-potential, which modulated the band structure at 

the junction. This modulation of band structure leads to effective photoexcited electron-

hole pair separation and transportation at the interface. The responsivity of the fabricated 

p-SnS/n-MoS2 heterostructure was increased by ~ 97 % at 2 % strain under visible (Vis) 

light illumination. Maximum photoresponsivity of the device at Vis and NIR light 

irradiation at a strain of ~ 2 % and light intensity of 0.44 mW/cm2 is ~ 211 mA/W and 

~133 mA/W, respectively. Furthermore, detectivity of the device in Vis and NIR region 

was ~ 3.18 × 1011 Jones and ~ 2.04 × 1011 Jones, respectively. Response time of the 

fabricated photodetector was found to be ~ 120 msec. To understand the enhancement in 

the photodetection performance, the energy band structure of p-SnS/n-MoS2 is plotted, 

and the corresponding working mechanism is discussed. This work provides the 

understanding of piezo-phototronic effect in p-SnS/n-MoS2 heterostructure and also 

demonstrates the low-cost and unconventional path to fabricate high performance 

flexible visible and NIR photodetectors. 

4.2 Experimental Section 

Materials and Characterization:  

All the chemicals utilized were procured from Sigma-Aldrich. A Thermo Scientific K-

alpha X-ray photoelectron spectroscopy (XPS) equipment was used for XPS analysis. 

Ultraviolet photoelectron spectroscopy (UPS) measurements were conducted using a 

helium source emitting at 21.22 eV in an ultrahigh vacuum chamber. LabRAM HR 

system, 532 nm laser with 10 mW was used for Raman measurements. UV-visible 

spectrophotometer (JASCO V-670) was utilized to analyze absorption spectra. 

Wavelengths of visible and NIR light used are 554 nm and 780 nm, respectively. 

Polyethylene terephthalate (PET) sheet procured from Sigma-Aldrich was used as a 
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flexible substrate for the fabrication of the device. Source meter, Keithley 2450, was used 

to complete all the electrical measurements.  

Synthesis of SnS:  

As reported previously from our group, SnS was synthesized using solvothermal method 

[97]. Figure 4.1a shows the schematic representation of SnS synthesis. Briefly, a nutrient 

solution was prepared by mixing SnCl2.2H2O (1 mmol) and Na2S.9H2O (2.5 mmol) in 

30 ml ethylene glycol. For 30 minutes, prepared solution was stirred until it turned 

yellow. After thoroughly mixing the solution, it was transferred to a Teflon container (50 

mL) and maintained at 180°C for 24 hours in a hot-air oven. The resultant solution was 

washed multiple times using centrifugal filtration to remove the residues.   

Synthesis of MoS2: 

MoS2 was synthesized using hydrothermal method. A nutrient solution was made by 

mixing CH4N2S (228 mg) and Na2MoO4.2H2O (362 mg) in DI water (30 ml). The well-

mixed was moved to Teflon container (50 ml) and kept in oven for 20 hr at 200ºC. The 

final solution containing MoS2 was used for the fabrication of the device. Figure 4.1b 

shows the schematic representation of MoS2 synthesis. 

Fabrication of device: 

The fabrication procedure of the p-SnS/n-MoS2 heterostructure is illustrated in Figure 

4.1c. Synthesized MoS2 solution was spin coated on a flexible PET sheet, Aluminum 

(Al) foil and polyimide (PI) tape were used to mask specific area. Later, MoS2 coated 

PET sheet was dried at 100ºC for few minutes. Further, some portion of the MoS2 coated 

PET sheet was masked with PI tape Al foil. To form the p-n junction with MoS2, 

synthesized SnS solution was spin coated on the unmasked portion and dried at 100ºC 

for a few minutes. Finally, the silver (Ag) contacts were made on two sides of the p-

SnS/n-MoS2 heterostructure using thermal evaporator deposition technique.  
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Figure 4.1: Schematic representing the synthesis procedure of a) SnS, b) MoS2 using 

hydrothermal method. c) illustration of fabrication procedure of p-SnS/n-MoS2 

heterostrucutre on PET sheet using spin coating technique. 

 

4.3 Results and Discussions   

Surface morphology of the SnS deposited on PET sheet was observed by FESEM 

analysis. Figure 4.2a showcases the low-magnification FESEM images of SnS, confirms 

the uniform deposition on the substrate. Figure 4.2b shows a high-magnification FESEM 

image of SnS that reveals nonuniform microbelt-like features. Elemental mapping 

images of synthesized SnS are included in Appendix A, Figure S17. XRD spectrum 

analysis was used to examine the crystallinity and crystal structure of as prepared SnS. 

As shown in Figure 4.2c, XRD pattern of SnS contains peaks at 66.7°, 64.3°, 56.8°, 

53.31°, 51.45°, 48.68°, 45.62°, 42.68°, 39.17°, 31.73°,30.65°, 27.6°, 26.16°, and 22.16°. 

These XRD diffraction peaks can be indexed to (171), (212), (042), (231), (112), (211), 

(002),  (210), (131), (111), (101), (021), (120), and (110) orientations respectively, which 

are consistent with orthorhombic structures of SnS, JCPDS # 39-0354 [256,257].   

Further XPS measurements were carried out. The presence of Sn, S elements are 

observed in the XPS survey spectra, Figure 4.2d. Additionally, due to the partial 

oxidation of SnS, oxygen is present and also, due to the stub used carbon is present in the 

survey spectrum. High resolution Sn 3d XPS spectrum is depicted in Figure 4.2e, 
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contains two characteristic peaks centered at binding energies 495.2 eV and 486.5 eV, 

which could be attributed to Sn2+ 3d3/2 and Sn2+ 3d5/2, respectively. Sn4+ peaks are not 

detected in the spectrum. As depicted in Figure 4.2f, high resolution spectrum of S2p 

contains two prominent peaks centered at 161.2 eV and 160.1 eV, which can be assigned 

to S2- 2p1/2 and S2- 2p3/2. Damping in XPS spectrum is attributed to the surface roughness 

of the fabricated sample because non-ideal surface topography strongly influences 

number of signal electrons in photoelectron spectroscopy [258]. The characterization 

results are well matched with the reported literature of SnS [259]. Furthermore, structural 

phases of prepared SnS were studied by Raman spectrum analysis. As shown in Figure 

4.2g, Raman modes are observed at 214 cm-1, 184.7 cm-1, 156.6 cm-1, 95 cm-1, and 64 

cm-1 corresponding to the different optical phonon modes of SnS [260,261]. Peak at 95 cm-

1 represents to Ag transverse optical (TO) mode and the peaks noticed at 214 cm-1 and 

184.7 cm-1 are corresponding to Ag longitudinal optical (LO) mode. The peak noticed at 

156.6 cm-1 is assigned to B3g mode and peak observed at 64 cm-1 represents the 

combinations B2g and Ag modes of SnS. [262].  Raman spectrum analysis confirms that 

there are no impurity phases of SnS such as SnS2, Sn2S3, which usually show prominent 

peaks at 312 cm-1 and  308 cm-1 [260]. UV-vis spectroscopy was used to study the optical 

absorption spectra of SnS nanoflakes. As depicted in Figure 4.2h, synthesized SnS 

showed higher absorption in visible region rather than NIR and UV regions. The indirect 

bandgap of synthesized SnS was estimated using well known Tauc plot technique, and 

the bandgap of the synthesized SnS was determined to be ~ 1.2 eV, as seen in the inset 

of Figure 4.2h.  
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Figure 4.2: a,b) FESEM images of SnS deposited on PET sheet c) XRD pattern of SnS 

d-f) survey spectra of SnS deposited on PET sheet, and narrowband spectra of Sn3d and 

S2p g) Raman spectrum of synthesized SnS h)  UV-vis absorption spectrum of prepared 

SnS;  Tauc plot is displayed in the inset. 

 

Surface morphology of the MoS2 deposited on PET sheet was observed by FESEM 

imaging. As displayed in Figure 4.3a-b, microflower structure morphology was 

observed, wherein nanosheets are aggregated. Elemental analysis of synthesized MoS2 
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shows the presence of molybdenum (Mo) and sulfur (S), Figure S18 (Appendix A). 

Structural characteristics of synthesized MoS2 were studied by XRD analysis. As 

depicted in Figure 4.3c, XRD spectrum of MoS2 contains peaks at 32.4°, 35.6°, 43.6°and 

57.5° corresponding to (100), (103), (006), and (110). The broadening of MoS2 XRD 

peaks is attributed to the low temperature hydrothermal synthesis, size of the crystallite 

and the large number of defects in MoS2 
[263,264]. Further a minor peak was noticed at ~ 

14°, which confirms that the synthesized MoS2 has few layers [180]. MoS2 XRD spectrum 

matches well with mixed phase of hexagonal and rhombohedral, JCPDS # 37-1492 

[179,265]. To further confirm the formation of MoS2, elemental composition of synthesized 

MoS2, XPS measurements were carried out. As displayed in Figure S19 (Appendix A), 

XPS survey spectrum contains peaks confirming the presence of Mo, S.  In addition, 

oxygen peak is present in the XPS spectrum due to the partial oxidation of MoS2 and also 

the presence of carbon peak is attributed to the stub used during the XPS measurements. 

As depicted in Figure 4.3d, narrowband XPS spectrum of Mo 3d was deconvoluted into 

two significant peaks centered at 228.6 eV and 232 eV, which can be ascribed to 

Mo4+3d5/2 and Mo4+3d3/2, respectively. Low-intensity peak was observed around 235.3 

eV, which represents the oxidation state of (+6) of Mo. The presence of Mo6+ is attributed 

to the unreacted MoO4
2- during synthesis of MoS2. Furthermore, another low-intensity 

peak was observed at binding energy of 225.2 eV, which indicates S2s peak. Figure 4.3e 

depicts the narrow band XPS spectrum of S2p, which was deconvoluted into doublet 

peaks at 161.6 eV and 163.1 eV, assigned to S2p3/2 and S2p1/2, respectively and it reveals 

the S2- oxidation state of S in MoS2 
[266]. To provide additional confirmation regarding 

the formation of MoS2 and number of layers of prepared MoS2, Raman analysis was 

carried out. As depicted in Figure 4.3f, Raman band at ~ 406 cm-1 and ~ 384 cm-1 are 

attributed to A1g and E1
2g modes. Two sulfur(S) atoms in-plane vibrations with respect to 

the molybdenum (Mo) atom belong to E1
2g mode, while out-of-plane vibrations of 

sulfur(S) atoms correspond to A1g mode. The Raman shift difference between A1g and 

E1
2g is ~ 22 cm-1, which confirms three-layer formation of MoS2 nanoflakes [182]. 

Furthermore, optical bandgap of synthesized MoS2 was calculated from UV-visible 

absorption spectrum. As depicted in Figure 4.3g, synthesized MoS2 exhibited higher 

absorption in visible region rather than NIR region. The UV-Vis spectrum shows four 

characteristic absorption peaks; two weak peaks between 600-700 nm  are attributed to 

the A and B transitions to the split valence band, also broad absorbance peaks between 
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400- 500 nm ascribed to the C and D transitions [267–269]. Based on an established Tauc 

plot, the bandgap was determined to be ~ 1.47 eV, as shown in Figure 4.3h.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: a-b) FESEM images of MoS2 deposited on PET sheet, c) XRD spectra of 

MoS2, d-e) Narrowband XPS spectrum of Mo 3d and S2p f) Raman spectrum of MoS2 

g) UV-vis spectrum of MoS2 h) Graph shows the Tauc plot, wherein the bandgap was 

calculated to be ~ 1.47 eV.  

 

Surface morphology of the fabricated p-SnS/n-MoS2 device was observed using FESEM 

analysis. Figure 4.4a, shows the heterostructure interface between SnS and MoS2, 

wherein the junction between SnS micro-belts and MoS2 microflower structure can be 
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clearly seen. As fabricated SnS micro-belts were seen on top of the MoS2 flowers 

structures, Figure 4.4b. Elemental mapping of the p-SnS/n-MoS2 was also carried out 

and elemental mapping images are included in the Appendix A, Figure S20. Further, to 

confirm the SnS-MoS2 heterojunction XRD analysis of the prepared SnS-MoS2 

heterojunction was performed. As shown in XRD spectrum, Figure 4.4c, peaks were 

observed at 22.16°, 26.21°, 27.6°, 30.65°,31.73°, 39.22°, 42.68°, 45.62°, 48.78°, 51.45°, 

53.31°,56.8°,64.33°, and 66.45°.These peaks are ascribed to (110), (120),(021), (101), 

(111), (131), (210), (002), (211), (112), (231), (042), (212), and (171) respectively and 

matched orthorhombic SnS (JCPDS card number: 39-0354) [265]. Other characteristic 

peaks were observed at 14.2°, 32.35°, 42.62°, and 57.4° are corresponding to (002), 

(100), (006) and (110), indicating the mixed phase of rhombohedral and hexagonal MoS2, 

JCPDS no: 37-1492 [57].  

To provide further evidence, XPS analysis of the SnS/MoS2 heterojunction was 

performed. All elements, Mo, Sn, and S can be seen in the XPS survey spectrum of 

SnS/MoS2 heterostructure, Figure 4.4d. High resolution Sn 3d spectrum, as shown in 

Figure 4.4e, contains two peaks at binding energies of 486.1 eV and 494.2 eV, 

corresponding to Sn2+ 3d5/2 and Sn2+ 3d3/2. In addition, the peaks at 160.8 eV and 162 eV 

in S2p spectrum, Figure 4.4f, correspond to S2- 2p3/2 and S2- 2p1/2, respectively [179,270] As 

depicted in Mo 3d spectrum Figure 4.4g, two peaks are observed at 228 eV, and 231.2eV 

can be assigned to Mo4+3d5/2 and Mo4+3d3/2 and peak centered at 225.3 eV is attributed 

to S2s in MoS2 
[57,270]. 
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Figure 4.4: a,b) FESEM images of fabricated p-SnS/n-MoS2 heterostructure, c) XRD 

pattern of the p-SnS/n-MoS2 heterostructure d) XPS survey spectrum of p-SnS/n-MoS2 

heterojunction, e,f,g) Narrowband XPS spectrum of Sn3d, S 2p and Mo 3d. 

 

Photodetection measurements: 

As-fabricated p-SnS/n-MoS2 heterojunction with Ag contacts was utilized as visible and 

NIR light detector. In order to make sure the photodetector was stable; it was left in the 

dark for over 10 hours before the photodetection measurements were performed. The I-

V characteristics shown in Figure 4.5a demonstrate the rectifying behavior in the p-

SnS/n-MoS2 heterostructure. Through analysis, the ideality factor was determined to be 

2.06 eV, while the Schottky barrier height was calculated to be 0.2778 eV. Deviation of 

the ideality factor value is attributed to the presence of surface states, defects formed 

during the hydrothermal synthesis and barrier inhomogeneity. In addition, to prove that 

there is no non-symmetric contact effect, I-V measurements of individual MoS2 and SnS 

coated with metal(Ag) electrodes were performed and symmetrical I-V behavior was 

observed as shown in Appendix A, Figure S21. Further, under different light intensities, 

electrical measurements of the fabricated p-SnS/n-MoS2 photodiode heterojunction was 

performed and as depicted in Figure 4.5b, current is increasing with an increase in light 

intensity. The rise in device current is related to the efficient separation of photogenerated 

electron-hole pairs. Similar photodetection measurements were repeated for NIR 

illumination and similar trend was noticed, Figure 4.5c. Further, time-dependent 

response of the fabricated photodetector with light on or off was studied. As presented in 

Figure 4.5d and 4.5e upon light illumination, the photocurrent increases sharply, then 

stabilizes in higher current, and the photocurrent decreases when the light illumination is 

turned off. This temporal response was repeated for multiple cycles exhibiting the 

excellent reliability and stability of the fabricated device. Furthermore, the fabricated 

device was tested with different light intensities and time-dependent response of the 

fabricated device with various Vis and NIR light intensities is depicted in Figure 4.5f and 

5g, respectively. As shown in the graph, a rise in photocurrent was noticed as light 

intensity increased. In comparison to NIR light illumination, the device photocurrent 

changes more when exposed to visible light, indicating that comparatively, fabricated 

device responds better to visible light than to NIR light illumination. The device response 

well matches with UV-vis spectra (Figure 4.2h and Figure 4.3g) of MoS2 and SnS, 

wherein higher absorbance was observed in visible region. The same experiments were 
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carried out on three fabricated devices and the same pattern was seen. The excellent 

performance of the fabricated p-SnS/n-MoS2 heterostructure based broadband (visible 

and NIR) photodetector is ascribed to efficient separation of photoexcited charge carriers 

due to the built-in potential at the heterojunction and broadband absorption spectrum. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: a) I-V plot of the p-SnS/n-MoS2 heterostructure in dark under strain free state 

b-c) I-V plot of the heterojunction with various NIR and visible light intensities d-e) 

device photocurrent plotted over the time under constant visible and NIR light intensity, 
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1.76 mW/cm2 f-g) the device photocurrent vs. time under various visible and NIR light 

intensities.  

 

For photodetectors, external quantum efficiency (EQE), detectivity (D*), and 

responsivity(R) are critical parameters, and they are expressed as follows [161,271,272]: 

𝑅 =  𝐼𝑝ℎ (𝑃𝑖𝑛  × 𝐴⁄ ) 

𝐸𝑄𝐸 = ℎ𝑐 × ( 𝑅  𝑞λ⁄ )/100 

𝐷∗ = ( 𝑅 × √𝐴) √2 × 𝑒 × 𝐼𝑑𝑎𝑟𝑘⁄  

where Pin, Iph, Idark, A, and q are intensity of light illuminated, photocurrent, dark current, 

active area of the device, and electron charge. Active area of the fabricated photodetector 

is approximately 48 mm2. Photoresponsivity of device under visible and NIR light 

illumination was measured to be ~ 106.5 mA/W and ~ 68.4 mA/W, respectively, Figure 

4.6a. The device photoresponsivity is higher under visible light illumination than under 

NIR illumination, further proving that the developed photodetector is more responsive to 

Vis light. Under visible and NIR light illuminations, the EQE of the fabricated device 

was determined to be ~ 23.85 % and ~ 10.88 %, respectively, Figure 4.6b.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: a-c) Responsivity, EQE, and detectivity of the fabricated p-SnS/n-MoS2 

heterostructure under Vis and NIR light illumination d) Under visible light illumination, 

the fabricated device rise time was found to be ~ 120 ms. 

 

Furthermore, detectivity of the device under visible and NIR region was calculated to be 

~ 3.18 × 1011 Jones and ~ 2.04 × 1011 Jones, respectively, as shown in Figure 4.6c. Rise 

time is also another critical parameter to be considered for evaluating the photodetector 
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performance. Rise time of the fabricated photodetector is taken as the time difference 

between 0.9Ipeak and 0.1Ipeak, wherein Ipeak is maximum photocurrent. The fabricated 

photodetector response time was measured to be ~ 120 msec, as shown in Figure 4.6d. 

4.4 Piezo-phototronic effect on p-SnS/n-MoS2 heterostructure  

Various strains were applied on the device to examine the impact of strain on the 

sensitivity of the p-SnS/n-MoS2 heterojunction, and change in the photodetection 

performance was analyzed as illustrated in Figure 4.7. Current-voltage (I-V) 

measurements of the fabricated p-SnS/n-MoS2 photodiode under various applied strains 

were measured and as seen in Figure 4.7a, an increase in strain resulted in a decrease in 

current. The decrease in the device current is attributed to the increase in the depletion 

region at p-SnS/n-MoS2 junction with the increase in applied strain. As shown in Figure 

4.7b, with increase in applied strain Schottky barrier height is increased. The increase in 

Schottky barrier height with strain is attributed to the piezo-potential induced in MoS2. 

Furthermore, the fabricated device was illuminated with different visible light intensities 

under various strains, the corresponding photocurrent vs. time is plotted Figure 4.7c. 

During the experiment, device was bent and increased the light intensity step by step. At 

2 % of strain, the fabricated photodetector exhibited ~ 97 % increase in the photocurrent 

compared to without strain. Similar experiments were repeated under NIR illumination, 

as depicted in Figure 4.7d. Increased strain resulted in an increase in device 

photocurrent.The increase in photocurrent is attributed to the stronger electric field 

created at the interface of p-SnS/n-MoS2 due to the bend-induced piezo-phototronic 

effect, which acts as an extra driving force for the separation of generated e-h pairs and 

increases the device photocurrent. Further, responsivity was calculated at various light 

illuminations and strains (0%, 0.5 %, 1%, 2 %) is plotted in Figure 4.7e and 7f. The 

responsivity of the device was increased with increase in strain because internal electric 

field at junction increases in strain applied. Maximum responsivity for visible and NIR 

light at strain of ~ 2 % and light intensity of 0.44 mW/cm2 is ~ 211 mA/W and ~133 

mA/W, respectively. In addition, Figure S22, Appendix A, shows the detectivity and 

EQE of the device under various strains and light intensities.  
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Figure 4.7: a) I-V characteristics of the fabricated heterojunction in dark under various 

applied strains, b) Plot representing the change in the Schottky barrier height with applied 

strain on the heterojunction, c-d) temporal response at different strains and light 

intensities, e-f) Responsivity of the fabricated piezo-phototronic photodetector under 

various strains.  

 

Photodetection mechanism:   

To elucidate the working mechanism for the enhancement in the photocurrent of 

fabricated p-SnS/n-MoS2 photodetector, band diagram of p-SnS/n-MoS2 heterostructure 

with and without strain are drawn, Figure 4.8. Work function is a critical parameter to be 

considered to analyze the band structure. Work function of the synthesized SnS and MoS2 

were calculated using UPS analysis. The difference between the photon energy of the 

exciting radiation and the cutoff energy can be used to determine the work function. The 
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cutoff energy is described as the maxima of the first derivative of the measured curve. 

Work function of the synthesized MoS2 and SnS are found to be 4.31 eV and 5.01 eV, 

respectively. The optical bandgap of the MoS2 and SnS were calculated from UV-vis 

absorption spectrum using well known Tauc plot technique and bandgap of the MoS2 and 

SnS were ~ 1.47 eV and ~ 1.2 eV, respectively, (Figure 4.2h and Figure 4.3g). Due to the 

difference in energy levels, transfer of electrons and holes occurs across the junction, and 

it results in fermi level equilibrium state and formation of a strong built-in potential at p-

SnS/n-MoS2 interface. According to the UV-vis absorption spectra, Figure 4.3g, MoS2 

showed a significant absorbance in NIR and visible regions. When light is irradiated on 

n-MoS2, e-h pairs are generated. The built-in electric field at the interface of p-SnS/n-

MoS2 effectively separates the photogenerated electron-hole pairs and collected by the 

two electrodes, thus suppress the carrier recombination dynamics and significantly 

improves the device current.  

Further, under external strain the fabricated p-SnS/n-MoS2 heterostructure photocurrent 

was increased significantly. The significant increase in the device photocurrent is 

ascribed to the bend-induced piezo-phototronic effect. The field of piezo-phototronics 

deals with piezoelectric, semiconductor, and photoexcitation properties. MoS2 is n-type 

semiconductor with piezoelectric property and it is sensitive to visible and NIR light. 

When strain is applied on MoS2, piezo-potential get induced in MoS2 due to the dipole 

movements formed in non-centrosymmetric structure of MoS2. Piezo-potential modifies 

the Schottky barrier height at the interface and widens the depletion region. The increase 

in depletion region width enhances the electrified at the interface of the p-SnS/n-MoS2. 

The induced strong built-in potential facilitates the efficient separation and transportation 

of photogenerated charge carriers. Hence, due to piezo-phototronic effect, significant 

improvement in the photoresponsivity of p-SnS/n-MoS2 heterostructure was observed, 

when the strain was applied. 
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Figure 4.8: a) Energy band structure of p-SnS/n-MoS2 heterostructure with light 

irradiation b) Energy band structure of p-SnS/n-MoS2 heterojunction under light 

irradiation upon external strain, showing the modulation in Schottky barrier height. 

 

Zhang et al. demonstrated a photodetector using n-MoS2/p-CuO heterostructure and 

investigated the effect of strain on the fabricated device and observed the significant 

improvement in the photoresponse due to piezo-phototronic effect. However, deposition 

of MoS2 and CuO are performed by expensive and high temperature CVD and sputtering 

techniques were used [240]. Du et al. fabricated mixed dimensional vdWs photodetector 

using WSe2/ZnO heterostructure and noticed the improvement in responsivity of the 

device when external strain was applied [273]. Liao et al. demonstrated a Au-MgO-ZnO 

based UV photodetector and investigated strain modulation effect on the fabricated 

device due to piezo-phototronic effect [241] . Lin et al. demonstrated a n-MoS2/p-WSe2 

vdWs heterostructure  based flexible photodiode on PET substrate and studied the strain-

tunable photodetection performance [235]. Xue et al. demonstrated the pressure-modulated 

heterostructure photodiode using MoS2 (n-type)  and GaN (p-type), and via piezo-

phototronic effect the responsivity was enhanced by ~ 3.5 fold [238]. Dai et al. fabricated 

a flexible NIR photodetector using p-Si/n-CdS nanowires heterojunction. By applying 

compressive stain, photoresponsivity of the device was enhanced by ~ 366 times, due to 

piezo-phototronoic effect in CdS nanowires [274]. Zhang et al. designed a PVK/ZnO 

nanorods/Graphene hybrid heterojunction based UV light photodetector and observed 

the drastic enhancement of photoresponsivity due to piezo-potential induced at the 

ZnO/Graphene and PVK/ZnO junctions [275]. Rai et al.  successfully fabricated a high 

performance broadband UV-visible piezo-phototronic photodetector using ZnO/ZnS 
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heterojunction [239]. In all the above reports, expensive, cleanroom fabrication techniques 

such as CVD, sputtering, pulse laser deposition, e-beam lithography, etc., were used for 

the device fabrication. In this work, piezo-phototronic effect photodetector was 

fabricated based on p-SnS/n-MoS2 heterostructure using cost-effective, clean room free 

fabrication techniques. It is important note that the as shown in FESEM image (Figure 

4.4a) surface of heterostructure is rough because MoS2 and SnS were synthesized using 

solution process method and later spin coated on the PET substrate. Further research is 

in progress to improve the quality of heterostructure interface. The performance of the 

fabricated p-SnS/n-MoS2 heterostructure is compared with piezotronic based 

photodetectors reported, as shown in Table 4.1.   

Table 4.1: Performance of the fabricated piezo-phototronic photodetector is compared 

with the literature. 

Device Fabrication 

technique 

Substrate Light of 

detection 

Responsivity 

(mA/W) 

Response 

time 

(msec) 

Reference 

p-CuO/ 

n-MoS2 

Hydrothermal Cellulose 

paper 

Visible -

NIR 

42 - [240] 

WSe2-ZnO CVD, PMMA 

transfer 

PET White light 394 - [273] 

p-Si/n-CdS RF magnetron 

sputtering, 

Hydrothermal, 

Etching 

Flexible 

Si wafer 

NIR light 

1064 nm 

19.4 × 103 36 [274] 

PVK/ZnO/ 

Graphene 

CVD, spin 

coating, 

Cu foil UV light 

365 nm 

80.6 × 103 150 [275] 

ZnO/ZnS PLD, PMMA 

transfer 

ITO glass UV – 

visible 

385, 465, 

520 

2.5 × 103 - [239] 

n-MoS2/p-

GaN 

MOCVD, 

exfoliation,  

Sapphire 

substrate 

365 nm - 66 [238] 

n-MoS2/p-

WSe2 

CVD, PMMA 

transfer 

PET 532 nm 3.4 --- [235] 

p-SnS/n-

MoS2 

Hydrothermal, 

Spin coating   

 

PET 

sheet 

Visible-

NIR 

211, 

133 

120 This 

work 
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4.5 Conclusion  

In conclusion, flexible, cost-effective broadband visible-NIR piezotronic photodetector 

was fabricated using p-SnS/n-MoS2 heterostructure that presents excellent enhancement 

in photoresponsivity under strain. In the p-SnS/n-MoS2 heterostructure, the ideality 

factor and height of the Schottky barrier were measured to be ~ 2.06 and ~ 0.2778 eV, 

respectively. The photoresponsivity of the fabricated photodetector was enhanced by ~ 

97 % under a strain of ~ 2%. The enhancement originates from modulation of band 

structure at the junction due to piezo-phototronic effect. Due to piezo-phototronic effect 

height of the Schottky barrier at the junction increases, which accelerates the efficient 

separation and transport of photogenerated charge carriers across the junction. The 

maximum photoresponsivity of the device under ~ 2% strain in visible and NIR regions 

was ~ 211 mA/W and ~ 133 mA/W, respectively. The device response time was 

measured to be ~ 120 msec. The work may promote further research in the development 

of cost-effective, flexible, and high performance piezo-phototronic photodetectors for 

next-generation flexible and wearable optoelectronics.  
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CHAPTER 5  

Fabrication of high performance and broadband photodetectors 

using mixed-dimensional vdW heterostrucutres 

 

Use of 2D materials in photodetectors have some drawbacks such has limited spectral 

absorption due to the bandgap and limited absorption efficiency. The objective of this 

work is to overcome the limited spectral range problem of the pristine 2D materials based 

photodetectors. This can be achieved through the implementation of mixed-dimensional 

0D/2D vdW heterostructure method. The incorporation of 0D QDs on 2D materials, with 

their tunable absorption through control over their size expands the spectral selectivity 

and also improves the devices absorption efficiency. In addition, the high mobility of 

TMDs facilitates the effective charge transport, thereby enabling the potential for large 

photoconductive gain. 

5.1 All MoS2 based 2D/0D Localized Unipolar Heterojunctions as a 

Flexible Broadband (UV-Vis-NIR) Photodetector 

This work demonstrates the fabrication of all MoS2 based 2D/0D unipolar 

heterojunctions using a simple one pot hydrothermal process and its utilization in flexible 

broadband photodetector covering the spectral range from ultraviolet to Near infrared. 

The discontinuous deposition of 0D MoS2 which has absorbance in UV region on 2D 

MoS2, having absorbance in visible and Near-infrared (NIR) region allow for broadband 

detection. Further, contact engineering was performed wherein both the metal contacts 

were fabricated on 2D MoS2, thereby enabling effective capture of photogenerated 

carriers. Also, unipolar junction formed due to the Fermi level difference between 2D 

and 0D MoS2 provides localized electric field which help in efficacious separation of 

photogenerated electron-hole pairs. Responsivity of the fabricated photodetector was 

calculated to be 7.56 mA W-1, 12.8 mA W-1, and 3.95 mA W-1 in UV, visible and NIR 

region, respectively, indicating that the fabricated device is more sensitive towards 

visible region. A detailed understanding of the photodetection mechanism of this unique 

heterostructure is presented by bandgap theory and trap states. The successful 

demonstration of such a cost-effective, scalable 2D/0D based broadband photodetector 

finds potential applications in optoelectronics, security, and wearable electronics. 
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5.1.1 Introduction 

Flexible photodetectors have become a hotspot of research to develop low cost, highly 

sensitive, wearable optoelectronic devices, and gadgets. Commercial photodetectors 

fabricated using active materials such as Silicon [276] , Germanium [277], Ga-As [278], 

impose the factor of rigidity, which makes it difficult to integrate these devices into 

wearable optoelectronics technology. Furthermore, these photodetectors cannot absorb 

the multispectral radiations, which cover the entire electromagnetic spectrums. Various 

hybrid photodetectors have been reported, where the sensitizer materials were used to 

enhance the photocurrent by decreasing the electron-hole recombination rate, but there 

remains a challenge to achieve the wide range absorption of the electromagnetic spectrum 

[279,280]. The wideband photodetector provides a powerful tool that offers information 

extracted from the interaction of matter with the different wavelengths of light. However, 

the limitation lies in the high cost and limited performance of these photodetectors.  

Hence, there is an immediate need to explore the active semiconductor materials 

compatible with flexible substrates for realizing flexible photodetectors with wide range 

absorption of the electromagnetic spectrum. 

Transition metal dichalcogenides (TMDs) are the emerging 2D materials, have tunable 

bandgap property that gives them a certain edge over the widely studied graphene for 

photodetection [1-3]. MoS2 is one of the prominent TMDs that has outstanding potential 

to construct various optoelectronic devices due to high carrier mobility, reduced 

dimensionality, mechanical flexibility high sensitivity, and strong electron-hole 

confinement [281–284]. Owing to the narrow bandgap in the range of   ~ 1.2 eV (bulk form) 

to ~ 1.8 eV (monolayer), MoS2 shows strong absorption to the Visible and NIR region, 

rather than the UV region [285]. One of the ways to tackle this problem lies in constructing 

heterostructure with active semiconducting material, which has a higher bandgap and 

shows strong absorption to the UV and visible region, also inject photo carriers to 

improve the gain. On the other band, quantum dots (QDs) are interesting excitonic 

materials that have broad tunability of bandgaps, strong absorption to a broad range of 

electromagnetic spectrum from UV to IR, and high quantum efficiencies[286]. MoS2 

Quantum dots are n-type semiconducting material, which exhibits exceptional optical 

and electronic properties because of their quantum confinement and tunneling effects [287] 

. The number of edge states increases in the quantum regime due to the cationic and 

Sulphur vacancies, which leads to high in plane electron transport phenomena in the 

MoS2 Quantum dots. Hence, MoS2 QDs finds potential applications in the fields of 
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bioimaging [288], photocatalysis [289], photovoltaics [290], LED [291], and photodetectors 

[292]. However, the confinement of the charge carriers blocks the usage of quantum dots 

for photodetector applications [293]. 

2D-0D hybrid based photodetectors have gained focus in recent years because of their 

high performance and the formation of heterojunction between the quantum dots and the 

layered materials [294][295][296]. This architecture allows the injection of charge carriers 

from the large bandgap to narrow bandgap material leading to the accumulation of 

charges at the narrow bandgap region. Further, the confined charges can increase the 

carrier recombination, and thereby the device exhibits faster response time. This 

electronically coupled mixed dimensional heterostructure with features such as the high 

light absorption, band-tunability, and large-scale manufacturability of QDs makes it a 

potential architecture to develop high-performance photodetectors and overcomes the 

boundary issues faced in the quantum dot photodetectors. Recently, 0D-2D mixed 

dimensional Van der Waals heterostructure has been demonstrated to have several 

benefits such as less constrained interfacial states, easy preparation, reduced Columbic 

interactions [297]. Chen et al. have demonstrated a novel strategy to optimize the 0D-2D 

(CsPbBr3-BP) heterostructure, which improves the carrier transfer efficiency [298]. Pak et 

al. fabricated a p-n junction by functionalizing 2D-MoS2 (n-type) with MnO QDs (p-

type) to suppress the dark current, which enhances the photocurrent [299] . However, most 

of the reported 0D-2D based photodetectors are not extensively studied for the use of 

wide range absorption in the electromagnetic spectrum and also use toxic materials such 

Pb, Hg, Cd, etc. [294][295][296]. Therefore, there still exists a need to explore the scope and 

applicability of such heterostructure with desired characteristics that follow the rule of 

ACT (accuracy, cost, and time) for developing low cost, environment-friendly, flexible, 

high-performance photodetectors.  

In this work, we have fabricated a broadband photodetector based on a novel MoS2 

QDs/MoS2 on a paper substrate by the classical drop-casting of the MoS2 quantum dots 

solution on the MoS2/paper and then contacts were made using Ag paste.  MoS2 has a 

hexagonal layered structure, in which layers of S-Mo-S interact with each other through 

Van der Waals forces and also MoS2 QDs exhibits similar hexagonal lattice structure, 

there exists synergistic effect between MoS2 flakes and MoS2 QDs which improve the 

performance of the photodetector [300]. The formation of heterostructure between the 

MoS2 flakes and MoS2 quantum dots resulted in the enhanced photo absorbance, 

responsivity, faster response speed, and extended broadband photoresponse range (UV 
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region). Hence, the device exhibited a superior responsivity of 7.56 mA W-1, 12.8 mA 

W-1, and 3.95 mA W-1 in UV, visible, and NIR regions, respectively. The synergetic 

effect in this heterostructure leads to efficient photoinduced charge carrier separation in 

quantum dots and the associated charge transport in the 2D nanoflakes, which makes it a 

promising candidate for the future wearable electronic and optoelectronic devices. As per 

the authors’ knowledge, this is the first demonstration of broadband (UV-Vis-NIR) 

photodetector based on MoS2QDs/MoS2 heterojunctions on a flexible cellulose paper 

substrate. 

5.1.2 Experimental section 

One-pot synthesis of MoS2 flakes and MoS2 Quantum dots (MoS2 QDs) 

Sodium Molybdate (Na2MO4.2H2O), L- Cysteine, Silver(Ag) paste were procured from 

Sigma Aldrich. Deionized (DI) water was utilized throughout the experiments. In a 

typical procedure, 0.3 gm of Na2MO4.2H2O was dispersed in 10 ml of DI water and ultra-

sonicated for 25 min. On the other hand, a solution of 0.3 gm of L-cysteine dissolved in 

25 ml of DI water was prepared. Then both the solutions were properly mixed using a 

magnetic stirrer, which resulted in a yellow solution and was kept for violent stirring 

using a magnetic stirrer, and HCl was added to maintain a pH of 6.5. After thorough 

stirring for 30 min, the well-mixed solution was used for hydrothermal wherein the 

autoclave was kept at 200°C for 16 hr. The resultant solution after hydrothermal was 

centrifuged at 5000 rpm for 30 min. After this, the pale yellow supernatant and the black 

precipitate at the bottom of the centrifuge tube were collected and used for further 

experiments.  

Characterization  

The size distribution of the MoS2 QDs was determined by Transmission electron 

microscopy (TEM). Also, the optical and electronic properties of the MoS2 QDs and 

MoS2 were observed by JASCO V-670 UV-visible spectrophotometer, and JASCO FP-

6300 spectrophotometer used to measure the photoluminescence spectra, UV-Visible, 

and diffuse reflectance. In addition to that, Fourier transform IR spectroscopy (FTIR) 

was used to identify the surface functional groups on MoS2 QDs. Moreover, the 

fluorescence exhibited by MoS2 QDs was visualized under UV light illumination. 

Further, the electronic and chemical state of the MoS2 QDs/MoS2 were analyzed by XPS. 

Apart from this, the crystallinity of the MoS2 was examined by using an X-ray 

diffractometer (XRD), Rigaku Ultima IV. The electrical measurements were done using 
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Kiteley source meter and wavelengths of the light sources used for photodetection of UV, 

Visible and NIR illumination are 365 nm, 554 nm, and 780 nm, respectively. All light 

sources were controlled with a spot diameter of ~ 0.28 cm. 

Device fabrication 

Simple, novel and cost-effective fabrication method of vacuum filtration was 

implemented for making large area device. The resultant MoS2 flakes obtained from the 

synthesis was deposited on the cellulose paper using vacuum filtration followed by 

drying in a hot air oven at 60 ºC for 50 min. Subsequently MoS2/paper was cut into 6 mm 

x 6 mm dimension and MoS2 QDs solution was drop casted on it. Contacts were made 

using silver paste. Figure 5.1 depicts the schematic of the one pot synthesis of MoS2 

flakes and MoS2 QDs via a facile hydrothermal process. The resultant contains black 

precipitate that contains the MoS2 flakes, and the yellow supernatant contains the desired 

MoS2 QDs. The image of the as-fabricated photodetector can be found in the Appendix 

A, Figure S23. 

 

 

 

 

 

 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Schematic illustration of the MoS2-QDs/MoS2 flakes hybrid photodetector 

on paper. 

5.1.3 Results and discussion 

The surface morphology of the synthesized MoS2 flakes was studied by FESEM analysis. 

Figure 5.2a displays the low-magnification FESEM image of suggesting the uniform 

deposition of MoS2 flakes. The high magnification image reveals the flake like 

morphology of MoS2 stacked together with coral like outer surface and has an average 

size of ̴ 200 nm, as seen in Figure 5.2b. The disordered stacking formed due to 
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agglomeration of the MoS2 flakes with hollow coral structure favors the multiple 

scattering of light with enhanced photo absorption through structural absorption 

mechanism [301].Further, the TEM image as seen in Figure 5.2c shows the flake like 

morphology which confirms the formation of few layer MoS2 and discretely distributed 

QD on flake thereby giving rise to this unique and exciting heterostructure. The 

morphology and morphology of the as-synthesized MoS2QDs were studied by TEM 

analysis. Figure 5.2d, e shows TEM images of MoS2 QDs which confirms the formation 

of uniformly dispersed MoS2 QDs with nearly spherical morphology.  

The average diameter of MoS2 QDs was determined from the particle distribution graph, 

as shown in the Figure 5.2f and the average particle size calculated was 5.41± 1.32 nm. 

The polydispersity exhibited by the MoS2 quantum dots is due to the surface 

functionalization occurred during the synthesis procedure. Figure 5.2g displays selective 

area electron diffraction (SAED) pattern of MoS2QDs and it contains multiple rings and 

dominant (110) and (100) planes which confirms the polycrystalline nature of the MoS2 

QDs [288]. The inter planar distance of (100) plane was calculated to be 0.25 nm. The 

XRD pattern of the synthesized MoS2 flakes on paper substrate is givne in Figure 5.2h. 

The existence of the (002), (100), (103), (006), (110) diffraction peaks clearly confirm 

the formation of MoS2 and the pattern matches with the reported literature. (JCPDS No: 

37-1492). We observe a weak diffraction pattern of 002 peak, which may be due to the 

perpendicular alignment of the nanoflakes to the surface and the higher intensity of the 

100 plane indicates the formation of few layer MoS2 with a large number of edge defects 

[302]. The interplanar distance of the (100) peak was calculated using Braggs equation and 

was found out to be 0.253 nm which matches the TEM result. The peak broadening in 

the XRD pattern is due to the amorphous functionalized quantum dots and the reaction 

temperature used in the hydrothermal synthesis. The crystallite size was calculated using 

the Debye Scherrer formula and was found out to be 1.04 nm. 
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Figure 5.2:  a) Low magnification of FESEM image of MoS2 flakes b) High 

magnification FESEM image showing flakes structure of MoS2 c) TEM image showing 

the MoS2 flakes d) TEM image of MoS2 QDs at 50 nm scale e) High resolution TEM 

image of MoS2 QDs f) particle size distribution graph of as-synthesized MoS2 QDs with 

an average diameter of 5.34 ± 1.36 nm g) SAED pattern h) XRD pattern of MoS2 flakes.          
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The UV- visible spectra MoS2 QDs displays the absorption peak at 254 nm resulting from 

the Π*→ Π* transition of the C=O peak of the functionalized group on MoS2 QDs and 

characteristic shoulder peak at 312 nm [303] as seen in Figure 5.3a. This shows the 

excitonic features of MoS2 QDs accounted to the blue shift in the Z, C, D exciton peaks 

which are generated by the bandgap transition at K point with energy slit from valence 

spin orbital coupling of the A and B exciton bands of MoS2 QD [304].  The optical bandgap 

of MoS2 QDs was calculated using Tauc plot and found out to be ~ 3.37 eV which shows 

strong absorption in the UV region as seen in the inset of Figure 5.3a. The increase in 

bandgap in case of MoS2 quantum dots when compared to MoS2 flakes can be ascertained 

to the quantum confinement effects seen in MoS2 QDs. The prepared MoS2 QDs 

exhibited bright blue fluorescence under 365 nm UV light illumination, as seen in inset 

of Figure 5.3b. The origin of excitation dependent PL in MoS2 QDs can be accounted to 

the exciton recombination at the electron/hole trap made up by the vacancies of 

uncompensated sulfide and metal ions at the dangling bonds. The MoS2 QDs showed 

strong blue fluorescence at an excitation wavelength of 360 nm with an intense emission 

peak at 440 nm due to direct band edge recombination. A redshift was observed in the 

emission peak of the MoS2 QDs as the excitation wavelength was increased from 300 to 

510 nm due to the transitions from different surface emissive states of the functionalized 

MoS2 QDs. The functional groups of the MoS2 QD was investigated by performing an 

FTIR analysis of the MoS2 QDs solution, as seen below in Figure 5.3c. The Mo-S 

characteristic peak was observed at 640 cm-1 and the presence of OH peak at 3450 cm-1 

and C=O peak at 1632 cm-1 shows the evidence of surface functionalization of MoS2 

QDs.  In case of MoS2 flakes, two strong absorptions due to the optical transitions in the 

higher density states and hence observed two peaks in the range of 400-500 nm [162].  

The optical bandgap of MoS2 flakes was measured to be ~ 1.36 eV from the absorption 

spectra showing absorption peaks in the visible and NIR region, and the graph can be 

found in the Appendix A, Figure S24. To further confirm the formation MoS2, XPS 

analysis was performed for the fabricated device and the survey spectra of the MoS2 

QDs/MoS2 device on paper substrate is as depicted in Figure 5.3d wherein all the 

signature peaks of Mo, S and C are observed. In Mo 3d spectra, as seen in Figure 5.3e 

the 2H Mo+4 3d5/2 ,3d3/2 doublet peaks and S 2s peak were observed at 228.3 eV, 231.6, 

and 225.3 eV respectively.  
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Figure 5.3: a) Absorption spectra of MoS2 QDs and inset graph showing the Tauc plot, 

wherein Eg = 3.37 eV b) Photoluminescence spectra of MoS2 QDs with various excitation 

wavelength from 300-510 nm and Strong fluorescence displayed by the MoS2 QDs under 

365 nm UV light illumination c) FTIR spectra of the surface functionalized MoS2 QDS 

d) XPS survey spectra of MoS2 QDs/MoS2 on paper substrate e) High-resolution spectra 

Mo 3d f) High-resolution spectra of S 2p. 

 

As shown in Figure 5.3f, high resolution S 2p spectra deconvoluted into doublet peaks 

2P1/2 and 2P3/2 at 162.5 eV and 161.7 eV, which confirms the -2 oxidation state of sulfur 

in MoS2 
[305].  To study the chemical composition and number of layers Raman analysis 

was performed, in-plane (E1
2g) and out-of-plane (A1g) vibrational modes of MoS2 were 

observed at 383 cm-1 and 405 cm-1 respectively in the Raman spectra, results are included 
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in the Appendix A, Figure S25. The wavenumber difference of ~ 23 cm -1 between the 

two peaks the formation of three layer MoS2 nanoflakes [306,307].  

 

Figure 5.4a shows the Current v/s Voltage (I-V) characteristics of the fabricated 

MoS2QDs/ MoS2 device for different UV light illumination with Ag paste as contacts 

and external voltage of 2 V. To stabilize the device, the fabricated photodetector was kept 

in the dark for 10 hr before the measurements were performed. As shown in Figure 5.4a, 

the fabricated sensor exhibited ohmic contacts. This is due to the fact that even though 

MoS2 flake is functionalized with MoS2 QDs, the metal contacts are taken from MoS2 

flake (lower bandgap material). This ensures the local electric field at the interface of 

MoS2 flake and MoS2 QDs and also maintaining the ohmic contact. It should be noted 

that when the device current was compared before and after functionalization with MoS2 

QDs, pristine MoS2 flake exhibited higher current and lower resistance (Appendix A, 

Figure S26). This is due to the fact that post functionalization, MoS2 flakes form local 

unipolar junctions with MoS2 QD due to the difference in the Fermi level between the 

two thereby creating a small localized potential barrier which increases the resistance of 

the device thus decreasing the device current. It should further be noted that the local 

potential barriers assist in forming local electric field and hence help in the separation of 

the photogenerated electron-hole pair which improves the responsivity. Further, MoS2 

QDs also promote in increasing the absorbance in the UV region of the electromagnetic 

spectrum thereby improving the spectral sensitivity of the photodetector. Hence the 

utilization of MoS2 QD has two advantages: 1) Assisting in the formation of local electric 

field and 2) increasing the absorbance spectra of the device in the UV region of the 

electromagnetic spectrum. Figure 5.4b, c displays the I-V characteristic of the fabricated 

photodetector towards visible and NIR spectra and as the intensity of the illuminated light 

increases, increment in the device current was observed, which can be attributed to the 

generation of the photogenerated carriers. Figure 5.4d shows the temporal response of 

the fabricated device under constant intensity UV light illumination and as can be 

observed, the device repeatedly was able to detect the illumination signifying the 

repeatable nature of the device. Similar experiments were carried out under Visible and 

NIR light illumination and as expected, the device was repeatedly able to detect both 

visible and NIR illumination, as shown in Figure 5.4 e, f.  
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Figure 5.4: a,b,c) I-V characteristics of MoS2 QDs/MoS2 under different intensities of 

UV, visible, and NIR illumination, shows an increase in current with increase in light 

intensity d,e,f) Temporal response of MoS2 QDs/MoS2 under the constant intensity of 

UV, visible, and NIR illumination g,h,i) Temporal response of the MoS2 QDs/MoS2 

under various  UV, visible and NIR intensities.  

 

The increment in the current for a fixed intensity of all three illuminations was performed 

and as compared to UV and NIR light illumination, the highest photocurrent was 

observed for visible light illumination, suggesting that the fabricated device was more 

responsive towards visible light.  To further verify whether the device is more responsive 

in visible region, the fabricated photodetector was tested under varying light intensities 

values; Figure 5.4g shows the temporal response of the fabricated photodetector under 
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UV light illumination for different intensities, wherein the device current increases with 

increasing intensity that is consistent with I-V characteristics (Figure 4a). The same 

experiment was performed for visible and NIR light illuminations as shown in Figure 

5.4h, i and results were consistent with the I-V characteristics (Figure 4b and c). 

Responsivity(Rλ), External Quantum Efficiency (EQE) and detectivity (D*) are 

considered to be prominent figures of merit of a photodetector. Responsivity is defined 

as the photocurrent generated per unit power of incident light on sensing device and EQE 

is the ratio of number of charge carriers collected to the number of incident photons. 

Detectivity is defined as the ability of the photodetector to distinguish weak signals from 

noise and the equations of the responsivity(Rλ) and EQE and D* are given below:  

Rλ =  
Iλ

Pλ x A
 

EQE (%) = hc x 
Rλ

e λ
 x 100 

D∗  =  
Rλ  ×  A1/2

(2 ×  e × Idark)1/2
 

 

Where, Iλ, Pλ, A, Idark and e are photocurrent, incident power, active area of the device, 

dark current, and electron charge.  

 Active area of the fabricated device is 36 mm2 and as seen in the Figure 5.5a, the 

responsivity of the fabricated device with varying intensities of UV, visible, and NIR 

illumination. Under UV light illumination, responsivity was calculated to be 7.56 mA W-

1 at 0.36 mW cm-2 intensity and as the intensity increases, the responsivity value was 

found to be decreasing. This is due to the fact that as the illumination intensity increases, 

more photogenerated carriers are generated which reduces the built-in electric field and 

facilitates recombination. Hence the device shows higher responsivity at lower 

illumination intensity. Similar calculations were performed for visible and NIR light 

illumination and the value of the responsivity calculated for visible light illumination was 

found to be 12.8 mA W-1. For NIR illumination, the responsivity value of the fabricated 

photodetector was found to be 3.95 mA W-1. This further confirms that the fabricated 

device was more responsive towards visible light when compared to UV and NIR 

illumination. Although the fabricated photodetector shows much inferior performance to 

some of the reported MoS2 based photodetectors which were fabricated using 

sophisticated and expensive cleanroom fabrication techniques such as Atomic layer 
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deposition (ALD), Chemical vapor deposition (CVD), photolithography [308–310], the 

performance is better than phototransistors based on graphene ( R ~ 1 mA/W at Vg = 60 

V ) [311] or single layer MoS2 ( R ≤ 7.5 mA/W at Vg = 50 V) [309]. As shown in Figure 

5.5b, EQE was calculated to be 2.56 %, 2.86 %, 0.62 % under UV, visible and NIR 

illumination, respectively. Similar trends were observed under all three illuminations i.e., 

as the illumination intensity increases, EQE was found to be decreasing. This is attributed 

to the fact that the EQE is directly proportional to responsivity. 

 Detectivity of the fabricated photodetector was calculated to be 1.23 x 109 Jones, 7.2x 

109 Jones, 3.77 x 109 Jones for UV, visible, and NIR illumination, respectively as 

illustrated in Figure 5.5c, wherein decreasing trend observed with increase in intensity 

similar to the responsivity graph shown in Figure 5a. Also, the response spectrum is a 

key parameter of the photodetector. Response spectrum (responsivity v/s wavelength) of 

the fabricated photodetector is shown in Figure 5.5d. Response time of the photodetector 

is another important figure of merit to decide the performance. Rise time can be defined 

as time taken by the photodetector to rise from 10 % to 90 % of the maximum value of 

photocurrent and as can be seen from the Figure 5.5 c, d and e, the rise time was 

calculated to be ~ 2.9 sec, ~ 2.74 sec, and ~ 3.02 sec for UV, visible and NIR light 

illumination respectively. The reason for the slow response rate can be either the presence 

of trap states or charge impurity states or defects in the bandgap [310,312]. The defect states 

may be originated during the hydrothermal growth of MoS2. Also, the rough surface of 

the cellulose paper substrate hinders the mobility of the photogenerated charge carriers. 

Furthermore, the discrete distribution of MoS2 QDs on MoS2 /paper results in improper 

band alignment, which increases the scattering and therefore decreases the mobility of 

the photogenerated carriers. It is important to note that discrete distribution is necessary 

for broadband photodetection, as uniform distribution of MoS2 QDs on MoS2 flakes 

would affect the absorbance of MoS2 flakes in NIR and visible region.  The response rate 

can be improved by polishing/smoothing the surface of the cellulose paper and 

optimizing the hydrothermal parameters to reduce the defects introduced during the 

synthesis. From the graph of responsivity v/s number of bending cycles, as seen in Figure 

5.5f, a negligible change in the device performance was observed, which shows the 

robust nature of the device.  
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Figure 5.5: Wavelengths of UV, visible, and NIR monochromatic light sources utilized 

to perform the measurements are 365 nm, 554 nm, and 780 nm a) Responsivity of the 

MoS2 QDs/MoS2 photodetector under UV, visible and NIR illumination b) Graph 

showing the EQE (%) of UV, visible, and NIR illumination with various intensities c,d,e) 

Response time of fabricated photodetector f) Graph showing Responsivity v/s number of 

bending cycles.  
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5.1.4 Photodetection mechanism 

The photodetection mechanism can be explained using the band structure of the hybrid. 

It has been reported that MoS2 QDs are intrinsically more doped when compared to 2D 

MoS2 due to the quantum confinement effects minimum energy level of conduction band 

(CB) in MoS2 QDs increases compared the MoS2 flakes [290,300].  The electron affinity of 

the MoS2 and MoS2 QDs is ~ 4.3 eV and ~ 3.9 eV [300,307]. The bandgap of MoS2 flake is 

calculated to be ~ 1.36 eV and that of MoS2 QD is ~ 3.37 eV. Based on the absorbance 

spectra, MoS2 flake contributes to the visible and NIR absorbance and MoS2 QDs absorb 

in UV range. Both MoS2 flakes and MoS2 QD being n-type forms a unipolar junction 

that forms a localized electric field at the interface of 2D/0D junction, as illustrated in 

Figure 5.6. It should be noted that the metal contacts are fabricated on MoS2 flake which 

allows for the efficient collection of the photogenerated carriers. If the metal contacts 

were taken from 2D flake and 0D quantum dot it would result in the hole trapping and 

would further decrease the responsivity. When the UV light is illuminated, electron-hole 

pair are generated in MoS2 QD and since conduction band of MoS2 flake is at less energy 

level than the MoS2 QD, the photogenerated electrons will transport to the flake and since 

the valence band energy of flake is higher than QD, the photogenerated holes will 

transport to the flake. Hence both the photogenerated electrons and hole are in 2D MoS2 

flake and since metal contacts are fabricated on MoS2 flakes it allows for the effective 

collection of the carriers under the external electric field.  Also, it should be noted that 

since 2D MoS2 and 0D MoS2 form a unipolar junction, they exhibit a localized electric 

field due to the difference in the Fermi level between the two. Since MoS2 QDs are 

discretely distributed over MoS2 flake, the electric fields are localized in the area where 

both flake and QDs form a junction. This localized electric field assists in the effective 

separation of the photogenerated carriers thus increasing the responsivity when compared 

to the pristine MoS2 (Figure 5.6).   

From the conventional electronic theory, the photocurrent gain is given by Gph =
τ

ttr
 , 

which indicates that the gain is the ratio of carrier lifetime (τ) and the transit time (𝑡𝑡𝑟) 

wherein the transit time is given by ttr =  
L2

μ Vds
    [19]  . Hence the photocurrent gain is 

also directly proportional to drift velocity, carrier lifetime and mobility (both electrons 

and holes) and inversely proportional to the square of the length. Since the process of 

synthesis involved is solution processed and also the material is deposited on cellulose 

paper whose surface is not smooth, it affects the mobility of the carriers. Due to the defect 
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states originated during the hydrothermal synthesis and also due to the cellulose paper 

substrate, the mobility of the carriers will be less and it increases the transit time; hence 

the responsivity is moderate as compared to various 2D materials based photodetectors. 

It should be noted that the study aims at improving the spectral range and also maintain 

a moderate responsivity which is achieved by the unique fabrication and choice of the 

materials.  

 

 

 

 

 

 

 

 

Figure 5.6: a) Schematic showing the individual energy band diagram of MoS2 and MoS2 

QDs b) Energy band diagram of MoS2 QDs/MoS2 heterojunction.  

 

There are multiple reports photodetectors fabricated using 2D materials and their hybirds 

with 1D and 0D. Buscema et al. had demonstrated the photodetector based on few layer 

black phosphorus for visible and NIR photodetection [313] . Gomathi et al. demonstrated 

the ZnS-MoS2 based large area flexible broadband photodetector on a paper substrate [57]. 

There are reports on broadband band photodetectors based on 2D ZnO/ Graphene [314], 

Monolayer MoS2 
[315], SnS2 nanosheets [316]. Furthermost the conventional photodetectors 

use Silicon as a substrate, which imparts rigidity and brings in the challenge to integrate 

the device for flexible electronic applications. Herein we demonstrate the one pot 

synthesis of 2D (flakes) and 0D (dots) MoS2 via hydrothermal synthesis and the 

utilization of cost-effective, simple, and highly scalable vacuum filtration method for the 

device fabrication on flexible cellulose paper substrate. The novel fabricated MoS2 /MoS2 

QDs unipolar hybrid photodetector exhibited a broad range of the detection of the 

electromagnetic spectrum covering UV-Visible and NIR. Table 5.1 provides a 

comparison of different broadband photodetectors based on 2D materials and their 

hybrids. 
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Table 5.1: Performance comparison of various 2D materials based broadband 

photodetectors.  

 

5.1.5 Conclusion 

In summary, flexible broadband photodetector was demonstrated for the first time based 

on the MoS2 2D/0D heterojunctions, wherein MoS2 flakes and MoS2 QDs were 

synthesized by one-pot hydrothermal method followed by a simple and highly scalable 

vacuum filtration method for the device fabrication on flexible cellulose paper substrate. 

The responsivity of device fabricated under UV, visible and NIR light illumination to be 

7.56 mA W-1, 12.8 mA W-1 and 3.95 mA W-1, respectively, indicating that the fabricated 

photodetector is more sensitive towards visible light illumination. MoS2 QDs decorated 

on MoS2 flakes are not only enhance the spectral sensitivity towards UV light but also 

form local electric fields, which assist in the effective electron-hole separation. 

Furthermore, the metal contacts were fabricated on MoS2 flakes, which enhances the 

collection of the photogenerated carriers. This work provides a promising route to 

fabricate large area paper-based broadband photodetectors using 2D/0D heterojunctions, 

which finds diverse applications in the field of optoelectronics and flexible electronics. 

 

 

 

 

Active material Substrate Flexibility Range of 

detection 

Responsivity Ref. 

Few layered BP Silicon No Vis-NIR 4.8 mA W-1 [313] 

ZnS- MoS2 Paper Yes UV-Vis-NIR 17.85 μA W-1 [57] 

Graphene/ZnO Eraser Yes UV-Vis-NIR 16.5  μA W-1    [314] 

Monolayer MoS2 Sapphire No UV-Vis-NIR 8.4 mA W-1 [315] 

SnS2 nanosheets 

 

Polypropylene Yes UV-Vis-NIR 0.2 mA W-1 [316] 

MoS2 QDs –

MoS2 

paper Yes UV-Vis-NIR 12.8 mA W-1 This 

work 
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5.2 Hybrid 0D-2D WS2-QDs (n)/SnS (p) as Distributed Heterojunctions 

for Highly Responsive Flexible Broadband Photodetector 

 

Even though there are reports on broadband photodetectors, the issue that remains 

unaddressed is the low responsivity value while increasing the spectral range. This work 

demonstrates the development of a distributed heterostructure based broadband (UV-Vis-

NIR) photodetector with WS2 Quantum Dots (QDs) randomly placed on tin sulfide 

nanosheets (WS2-QDs/SnS) on a biodegradable cellulose paper substrate. The synergetic 

effect of visible-NIR light absorbance of SnS and UV light absorbance of WS2-QDs is 

used to get broadband detection from UV to NIR region. Metal contacts were fabricated 

on SnS so that they can efficiently collect the photogenerated charge carriers. Thus, SnS 

layer in the device is used as a transport layer for the photogenerated electron-hole pairs 

in WS2-QDs. Further, SnS being p-type and WS2-QDs being n-type creates discontinuous 

distributed high electric field across the device, which accounts for the effective 

dissociation of generated electron and hole pairs, increases the responsivity significantly. 

Responsivity was found to be 0.655 A W-1, 0.719 A W-1, and 0.478 A W-1 under UV, 

visible (Vis), and near-infrared (NIR) regions of the electromagnetic spectrum, 

respectively. Here in this work, not only the spectral range is improved, but also 

responsivity is enhanced, which is a significant step ahead in flexible broadband 

photodetectors. 

5.2.1 Introduction  

In the last few years, significant research has been carried out on the fabrication of 

photodetectors due to their possible applications in a wide variety of areas like optical 

communication, image sensing, and surveillance. The research along the development of 

photodetectors was focused on enhancing the sensitivity in a particular area of the 

electromagnetic spectrum. Parallel research was towards increasing the spectral range of 

the photodetector [60]. Till date, many concepts have been reported for increasing the 

spectral range, which includes bandgap modulation [317], hybrid structures [318–320] 

discrete distribution [321,322] and contact engineering [323,324], etc. Even though there has 

been a success towards the development of broadband photodetector, the concern that 

remains fully unaddressed is the low responsivity values. Hence there is a need to develop 

a broadband photodetector that not only increases the spectral range but also focuses on 

improving the responsivity 
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The main concern regarding the improvement in the responsivity is the use of hybrid 

materials that are not compatible to each other, forms unipolar junction which creates 

low electric field  [325,326]. Hence there is a need to systematically design and chose the 

materials that are not only compatible with each other but also create sufficient electric 

field for the separation of the photogenerated carriers. Widely used semiconductor 

materials for the fabrication of conventional photodetectors are GaN (UV, 250- 400 nm), 

silicon (visible, 450-700 nm), and InGaAs (NIR, 900 -1700 nm) [327,328].  The bandgap of 

these bulk materials cannot be tuned, hence in the past several years enormous research 

has been done on low-dimensional materials offering bandgap tunability by adjusting the 

nanoscale dimensions [329]. Following the discovery of graphene, 2D materials received 

a great deal of attention due to its exceptional optoelectronic and electronic 

properties[330].  

Tin monosulfide (SnS) is a widely used p-type 2D transition metal monochalcogenide 

(MX, M= Ge, Sn; X=Se, S, etc.) with a layered orthorhombic crystal structure [331–333]. 

SnS has gathered significant interest and attention in photodetector manufacturing, solar 

cells, field-effect transistors, lithium-ion batteries due to its excellent electronic and 

optoelectronic properties, abundance in nature, tunable low bandgap, non-toxic nature, 

and low price [331,332,334–336]. In recent years, several reports have been published studying 

the photosensitivity of SnS. Liu's research group prepared SnS nanoribbons by solution 

phase synthesis, utilized it in photodetectors and filed-effect transistors [337]. Zhang et al. 

developed  NIR photodetector using  SnS nanosheets by conventional physical vapor 

deposition [332]. Lu et al. synthesized SnS nanoparticles by simple hydrothermal 

technique and investigated the photosensitive properties of SnS [338].  Chang et al. 

constructed a photodiode based on p-SnS nanoflakes and n-CdS nanorods heterojunction 

and further studied its visible light detection performance [331]. All of these research 

conclude that SnS is a superior choice for photodetector design. Usually, SnS exhibits 

higher absorption in Vis and NIR regions compared to UV region[339]. The poor UV 

absorption of SnS could be improved by making heterostructure with other nanomaterials 

and facilitate broadband photodetection with enhanced optical characteristics [3,161,296,340]. 

Quantum dots are one of such interesting 0D nanomaterial offering large tunable 

bandgaps and strong absorption in the UV region [98,341]. Recently, WS2-QDs (n-type) 

have drawn greater attention in the research community due to their strong absorption in 

UV region, optoelectronic properties, efficient multiple carrier generation, size-

dependent bandgap tunability, and many more [98,341–343] Abid et al. developed a UV 
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sensitive photodetector by decorating WS2-QDs on reduced graphene oxide on a textile 

substrate [98].  To the best of the authors knowledge there is no available research on the 

development of broadband photodetector using WS2-QDs/SnS hybrid structure on 

biodegradable paper substrate.  

This work demonstrates the fabrication of UV-Vis-NIR (broadband) photodetector using 

on n-type 0D WS2-QDs and p-type 2D SnS.  Both WS2-QDs and SnS were synthesized 

using a cost-effective and straightforward hydrothermal process. Using a highly scalable 

vacuum filtration method, synthesized SnS nanoflakes were deposited on cellulose paper 

substrate. Subsequently, synthesized WS2-QDs were decorated SnS and making it a 0D-

2D hybrid device for broadband photodetection.  Metal contacts were fabricated on SnS 

for effective collection of generated charge carriers; thus SnS layer in the device is used 

as a transport layer for the generated electron-hole pairs in WS2-QDs.  The discontinuous 

distribution of WS2-QDs on SnS forms a large number of localized p-n junctions creates 

high electric field which effectively separates the photogenerated carriers, thereby 

improving responsivity significantly. The responsivity of the photodetector was 0.478 A 

W-1, 0.719 A W-1, and 0.655 A W-1, under NIR, Vis, and UV regions of electromagnetic 

spectrum, revealing that the device is more visible light sensitive. The highest 

responsivity in visible region is ascribed to strong absorbance of SnS in visible region in 

comparison to other regions. Successful demonstration of highly responsive flexible 

broadband photodetector projects potential applications in communication, security, etc.  

5.2.2 Experimental Section 

Characterization and materials  

Ethylene Glycol, SnCl2.2H2O (Tin (II) Chloride Dihydrate), and Na2S.9H2O (Sodium 

Sulphide Nonahydrate) were purchased from Sigma-Aldrich. Morphology and size 

distribution of QDs were carried out using Transmission electron microscopy (TEM) 

Titan Themis 300kV, FEI. Structural characterization of SnS was studied by X-Ray 

Diffraction (XRD), Rigaku ULTIMA-IV (copper source). FESEM (Field emission 

scanning electron microscopy) study of synthesized SnS performed using FEI Apreo 

LoVac instrument. X-ray photoelectron spectroscopy (XPS) analysis was performed by 

Thermo Scientific K-Alpha instrument (X-ray source: 1486.6 eV, Al K-α source). To 

study the Raman spectra of the samples, Raman spectrometer LabRAM HR Evolution 

was used, laser excitation of 532 nm. JASCO V-670 UV-visible spectrophotometer was 

used to analyze the UV-vis spectroscopy of synthesized SnS and WS2-QDs. Electrical 
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measurements (I-V and I-t) were carried out with a source meter (Keithley 2450). Light 

sources of a wavelength of 780 nm, 554 nm, and 365 nm were used for NIR, Visible 

(Vis), and UV light illuminations, respectively.  

Synthesis and deposition of SnS on paper substrate: 

SnS deposition on paper substrate was performed in two-steps: first solvothermal 

synthesis of SnS which was followed by the deposition of synthesized SnS nanostructure 

on the substrate using vacuum filtration.  SnCl2.2H2O (1 mmol) and of Na2S.9H2O (2.5 

mmol) were mixed in ethylene glycol (30 ml). Until it turned yellow, using the magnetic 

stirred the solution was vigorously stirred for 20 minutes. The solution was moved to 

autoclave (50 ml) reactor and maintained for 20 hours at 200°C in a hot air oven. 

Subsequently, the black color precipitates were washed multiple times using isopropyl 

alcohol (IPA) and deionized water (DI) and dried at 70ºC. As-synthesized black color 

SnS nanoparticles were deposited on cellulose paper substrate (thickness ~ 180 µm) of 

2.5 cm x 2.5 cm dimensions by vacuum filtration, as illustrated in Figure 5.7. Thickness 

of the deposited SnS is approximately 100 µm. 

Preparation of WS2-QDs  

WS2-QDs were prepared by a one-step hydrothermal technique. To begin with, 

Na2W2O4.2H2O (0.132 g) was dispersed in deionized (DI) water (12.5 ml). The solution 

was ultrasonicated for 10 minutes. To maintain pH of ~ 6.5, a sufficient volume of HCl 

(0.1 M diluted) was added. Later, L-cysteine (0.0242 g) was dispersed in DI water (25 

ml) and the resulting solution was ultrasonicated for 25 min. Subsequently, solution was 

transferred to an autoclave and maintained for 20 hours at 200°C. The final solution was 

centrifuged for 30 min at 10,000 rpm and later, supernatant having WS2-QDs was 

separated. 

Device Fabrication: 

Fabricated SnS/paper (2.5 cm × 2.5 cm) was cut into required dimensions of 0.6 cm × 

0.6 cm.  Later, 10 µl of synthesized WS2-QDs were discretely decorated on SnS/paper 

device by a drop-casting method. Figure 5.7 shows complete procedure of the device 

fabrication. 
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Figure 5.7:  Illustration of complete fabrication of WS2-QDs decorated SnS/paper. 

5.2.3 Results and discussion  

Characterization of SnS   

Surface morphology of the SnS/paper was analyzed by FESEM study. As 

illustrated in the FESEM images (low-magnification) in Figure 5.8a and 5.8b, uniform 

deposition of SnS was observed and also microfiber structures of paper substrate were 

visible. From the high magnification FESEM images as illustrated in Figure 5.8c, 

nonuniform nanoflakes like morphology was noticed. The crystal structure and 

crystallinity of the prepared SnS was studied using XRD analysis. Figure 5.8d shows the 

XRD pattern of SnS/paper. In XRD pattern, peaks are observed at   26.03°, 31.6°, 39.41°, 

42.11°, 45.73°, 48.8°, 51.22°, 53.27°, 56.81°, 64.24°, 66.43° and these peaks can be 

assigned to (1 2 0), (1 1 1), (1 3 1), (2 1 0), (0 0 2), (2 1 1), (1 1 2), (2 3 1), (0 4 2), (2 1 

2), and (1 7 1) respectively. XRD pattern of synthesized SnS is in well match with JCPDS 

No: 39-0354, indicating orthorhombic structure  [256,344]. Further, two more peaks located 

at 22° and 16° are attributed to the paper substrate [345]. XPS results were used to validate 

the chemical composition of the SnS. As shown in Figure 5.8e, the existence of S, Sn, O, 

and C elements was confirmed by the wideband spectra of SnS. As illustrated in Figure 

5.8f, narrowband spectra of Sn 3d was curve fitted into two main peaks at 486.6 eV and 

495.1 eV representing and Sn+2 3d5/2 and Sn+2 3d3/2. The S-2 valence state was confirmed 

by S 2p spectra, where it was curve fitted into two main peaks at 161.3 eV and 160.2 eV 
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and, they are ascribed to S-2 2p1/2 and S-2 2p3/2 respectively, as shown in Figure 5.8g. This 

is reaffirmed by the good agreement between these results and literature reports on SnS 

[346,347].  

Raman Spectroscopy was performed to further verify the structural phases of SnS. 

Raman modes located at 214.1 cm-1, 184.7 cm-1, 156.8 cm-1, 95.2 cm-1 and 64.1 cm-1 in 

Figure 5.8h, correspond to the different SnS optical phonon modes. Raman peaks 

detected at 95.2 cm-1 corresponds to the transverse optical mode of Ag, and peaks at 214.1 

cm-1 and 184.7 cm-1 were ascribed to the longitudinal optical mode of Ag. More peaks 

detected at 156.8 cm-1 and 64.1 cm-1 are due to the B3g and combination of B2g  and Ag 

modes, respectively [256,348]. These results of Raman spectroscopy confirm that 

synthesized SnS is devoid of any impurity phases like Sn2S3 and SnS2, which normally 

result in major peaks at 312 cm-1 and 308 cm-1, respectively [260]. Optical Absorption 

spectra of SnS nanoflakes was analyzed using UV-vis absorption spectroscopy. As seen 

in Figure 5.8i, higher absorption was seen in visible region around ~ 630 nm compared 

to NIR and UV regions, which indicates that synthesized SnS nanoflakes are more 

sensitive to visible and it matches with literature [260,339]. The indirect bandgap of SnS 

nanoflakes was calculated using well established Tauc plot method, (αhυ)1/2 vs. energy 

(hυ) graph. Optical bandgap is ~ 1.2 eV, illustrated in the inset of Figure 5.8i. 
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Figure 5.8: a,b,c) Low and high magnification FESEM images, and d) XRD spectrum 

of SnS coated on paper substrate. e) wideband spectrum of SnS/paper, f,g) High-

resolution spectrum Sn 3d and S 2p. h) Graph showing Raman spectra of SnS, i) UV-vis 

absorption spectra of synthesized SnS, inset shows the Tauc plot.  
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Characterization of WS2 QDs  

Chemical composition of the synthesized WS2-QDs were confirmed from the XPS 

analysis. As displayed in Figure 5.9a, survey spectra confirms the presence of W, S, O 

and C. The existence of O and C can be ascribed to CO2 absorption in the air and tiny 

oxidation of W edges during the XPS measurements. High-resolution W4f spectra was 

fitted into two prominent peaks as displayed in Figure 5.9b. Peaks found at 34.7 eV and 

32.3 eV  are corresponding to W+4 4f5/2 and W+4 4f7/2 and, respectively and other weak 

peak located at 38.5 eV is attributed to the W+6 [349,350]. As illustrated in Figure 5.9c, 

narrow band  S 2p spectra was deconvoluted into two significant peaks at 163.2 eV and 

162.1 eV related to S 2p1/2 and S 2p3/2
[349,351]. Photoluminescence (PL) spectra of 

synthesized WS2-QDs at various wavelength excitations is displayed in Figure 5.9d. The 

PL peak shifted from 390 to 500 nm with excitation wavelengths ranging from 330 to 

450 nm and redshift in emission peak was observed with an increase in excitation 

wavelength. Under UV light (365 nm) illumination WS2-QDs exhibited a strong blue 

fluorescence, as illustrated in Figure 5.9d (inset). From the PL graph it was seen that 

emission is dependent on the excitation, maximum emission was observed at ~ 420 nm. 

This excitation dependence PL  is due to the polydispersity of WS2-QDs and it is well-

matched with the literature [351,352]. Absorption spectra of synthesized WS2-QDs is shown 

in Figure 5.9e and it shows two absorbance peaks around 280 and 360 nm, indicating that 

WS2-QDs are suitable for UV light absorbance [98,353].  The direct bandgap of WS2-QDs 

was measured using well established Tauc plot method, (αhυ)2 vs. energy (hυ) graph. 

The optical bandgap of synthesized WS2-QDs is ~ 3.1 eV, as given in the inset of Figure 

5.9e. 
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Figure 5.9:   a) Survey spectrum of WS2-QDs, drop casted on Si wafer b,c) Narrow band 

XPS spectrum of W 4f and S 2p d) Photoluminescence spectra of WS2-QDs with various 

excitation wavelengths, inset displaying the image of WS2-QDs under 365 nm light e) 

UV-vis spectra of synthesized WS2-QDs and Tauc plot is included in the inset.  

 

TEM analysis was carried out to find the particle size and morphology of the synthesized 

WS2-QDs. Figure 5.10a and 5.10b show the TEM images, wherein a distribution of WS2-

QDs was noticed. Variation in the particle distribution is shown in Figure 5.10c, which 

is fitted with Log-Normal distribution and the average particle size was found to be ~ 

5.38 ± 0.12 nm. Figure 5.10d displays the HRTEM image of the WS2-QDs wherein 

crystal lattices are clearly visible, indicating high crystallinity and the calculated lattice 

spacing is approximately 2.7 Å which can be indexed to the (100) plane of WS2. Further, 

SAED (Selected Area Electron Diffraction) pattern is illustrated in Figure 5.10e, and 

clear diffraction rings indicate the polycrystalline nature of synthesized WS2-QDs. For 
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TEM analysis, WS2-QDs/SnS solution was used instead of the device. WS2-QDs/SnS 

solution was prepared by mixing WS2-QDs in SnS nanoflakes (dispersed in ethanol) and 

then ultrasonicated for 40 minutes. Figure 5.10f shows the TEM image of the WS2-

QDs/SnS nanoflakes composite and wherein the discrete distribution of WS2-QDs were 

observed on few-layer SnS flakes. 

 Further, the presence of WS2-QDs decorated on SnS nanoflakes was confirmed by XPS 

analysis of the fabricated WS2-QDs/SnS device. Figure S27(Appendix A), survey spectra 

of the device reveal the presence Sn, W, and S elements. XRD analysis of WS2-QDs/SnS 

fabricated on paper substrate was performed and corresponding XRD pattern is included 

in Appendix A Figure S28. As seen in XRD pattern, Figure S28, peaks are observed at   

26.03°, 31.6°, 39.41°, 42.11°, 45.73°, 48.8°, 51.22°, 53.27°, 56.81°, 64.24°, 66.43° and 

these peaks can be assigned to (1 2 0), (1 1 1), (1 3 1), (2 1 0), (0 0 2), (2 1 1), (1 1 2), (2 

3 1), (0 4 2), (2 1 2), and (1 7 1) respectively. XRD pattern of synthesized SnS is in well 

match with JCPDS No: 39-0354, indicating the orthorhombic structure of SnS [256,344]. 

Further, two more peaks located at 16° and 22° are attributed the paper substrate [345]. 

Further WS2-QDs XRD peaks are observed at 14.5°, 29.1°,  32.3°, and 33.5° 

corresponding to  (0 0 2), (0 0 4), (1 0 0), and (1 0 1) crystal planes of WS2, JCPDS No: 

84-1398 [351,354].  Furthermore, to verify the discrete distribution of WS2-QDs on SnS 

elemental mapping analysis was performed. Figure S29, (Appendix A) shows the results 

of fabricated WS2-QDs/SnS elemental mapping.  
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Figure 5.10:   a,b) TEM images of prepared WS2-QDs c) Particle size distribution graph 

of WS2-QDs, average particle size was calculated to be ~ 5.38 ± 0.12 nm, Log-Normal 

fitting. d) HR-TEM image of WS2-QD, lattice spacing was found to be ~ 0.27 nm e) 

SAED pattern of WS2-QDs f) TEM image of SnS and WS2-QDs composite, wherein 

WS2-QDs are distributed on few-layer SnS nanoflakes.  
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Photodetection measurements 

Photodetection characteristics of the prepared WS2-QDs/SnS device were investigated 

by performing numerous comprehensive lab-based experiments. Figure 5.11(a-c) 

illustrates the I-V (current vs. voltage) characteristics of WS2-QDs/SnS device under 

various regions of the electromagnetic spectrum, namely UV, Vis, and NIR. Prior to 

performing the measurements, the fabricated device was placed in the dark for around 10 

hours in order to stabilize the device. As can be seen in Figure 5.11a, it was noticed that 

the device current increased with increasing intensity of UV light illuminated, exhibiting 

ohmic behavior. Figure 5.11b and 5.11c show similar current-voltage characteristics for 

Vis and NIR illuminations. As the light intensity increased, number of carriers generated 

increases that rises the device current. The temporal responses under constant light 

illuminations are displayed in Fig. 5(d-f). As seen in Figure 5.11d, the fabricated 

photodetector is capable of repeatedly detecting the UV light illumination, displaying the 

repeatable nature of the device. A similar experiment was conducted with Vis and NIR 

light illumination, and as illustrated by Figure 5.11e and 5.11f, the device was able to 

sense both Vis and NIR light illumination. The highest amount of increase in device 

current was noticed under Vis light, implying that the fabricated WS2-QDs/SnS 

photodetector is more responsive to Vis light in comparison with UV and NIR light. For 

further examination of the responsivity of the device, the temporal response under 

various light intensities was analyzed. This temporal response under varying UV light 

illuminations of the fabricated WS2-QDs/SnS photodetector was displayed in Figure 

5.11g, where it was noticed that raising the intensity of the UV light caused an increase 

in photocurrent, which complies with the results obtained in I-V characteristics, Figure 

5.11a. Similar experiments were performed for different intensities of Vis and NIR 

illuminations as displayed in Figure 5.11h and i, and the resulting graphs are compatible 

with the I-V characteristics obtained in Figure 5.11b and 5.11c, respectively. 
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Figure 5.11: a, b, c) I-V characteristics of the device at various light illuminations d,e,f) 

device current vs. time graph of the device for constant illumination of 0.39 mW/cm2, 

g,h,i) device current vs. time graph at different intensities of UV, Vis, and NIR 

illuminations.  

 

Responsivity (R𝝀) is described as the generated photocurrent by illuminated light per unit 

area on a sensing device. External Quantum Efficiency (EQE) is described as the number 

of photogenerated carriers collected to the incident photons on the surface of the device. 

Detectivity (D*) is measured by the capacity of the photodetector to differentiate weak 

signals from noise. R𝝀, EQE, and D* are all important metrics to compute the efficiency 

of a photodetector. The equations representing R𝝀, D* and EQE are given below  : 

𝑅𝜆 =  𝐼𝜆 ( 𝐴 ×  𝑃𝜆⁄ ) 

𝐷∗ = ( 𝑅𝜆 × √𝐴) √2 × 𝑞 × 𝐼𝑑𝑎𝑟𝑘⁄  

𝐸𝑄𝐸 = ℎ𝑐 × ( 𝑅𝜆  𝑒𝜆⁄ ) × 100 

where q, Iλ , A, Pλ, and Idark indicate charge of the electron, device current under 

illumination, active area of the device, illuminated light power, and dark current. The 

value of the A is ~ 36 mm2.  

Under various UV, Vis, and NIR light illuminations, responsivity (R𝝀) of WS2-QDs/SnS 

device is shown in Figure 5.12a. R𝝀 of the device for UV illumination was measured to 

be 0.655 A W-1 and responsivity value was decreasing with increase in intensity which 

is consistent with previous reports [2,355]. This decreasing trend is attributed to the point 

that with the increase in intensity, a huge number of electron and hole pairs are generated, 

that increases recombination. Thus, at lower intensities, device exhibits higher 

responsivity.  Similarly, the device responsivity under Vis and NIR light illumination 

was calculated be 0.719 AW-1 and 0.478 AW-1, respectively, shown in Figure 5.12a. 

These results further confirm that the sensitivity of device is more towards Vis light 

illumination rather than NIR and UV light. Furthermore, responsivity of pristine SnS 

device under Vis and NIR regions is displayed in Figure S30, Appendix A and it confirms 

that decorating with WS2-QDs not only increased the detection range and but also 

enhanced the responsivity of the device. Detectivity (D*) of the photodetector under UV, 

Vis, and NIR was calculated be 4.29 × 1012Jones, 4.71 × 1012 Jones and 3.13 × 1012 Jones, 

respectively, as displayed in Figure 5.12b. Furthermore, as seen in Figure 5.12c, EQE of 

device was found to be ~ 146 % under UV illumination. Similarly, it was calculated to 
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be ~ 161 % and ~ 76 % under visible light and NIR illumination, respectively. Another 

key figure of merit to evaluate the photodetector performance is rise time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: a) Responsivity b) Detectivity c) EQE (%) of the device for UV, Vis and 

NIR illuminations (N=3). d-f) Rise time under UV, Vis, and NIR illuminations, g) Graph 

shows the responsivity of fabricated photodetector over bending cycles, for visible light 

illumination.  

 

Rise time of the device is described as the time taken to reach 90% of Imax from 10% of 

Imax by the device current, Imax represents peak value as illustrated in Figure 5.12(d-f), the 

rise time of the WS2-QDs/SnS device was calculated to be ~ 5.4 sec, ~ 5.1 sec, and ~ 5.2 
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sec for NIR, Vis and UV light respectively. The presence of charge impurity, trap states, 

and defect states in SnS generated during hydrothermal process results in a slow response 

time for the device.  Aside from that, the charge carrier mobility reduces as a result of 

the rough surface of the paper substrate. Also, the discontinuous distribution of WS2 QDs 

on SnS leads to improper band alignment, that enhances scattering and, as a result, lowers 

the mobility of charge carriers. Also, flexibility and robust nature of the device were 

tested by applying 500 continuous bending cycles, wherein the sensor was bent by 

applying a strain of around ~ 2% and then brought back to the original position 

repeatedly. It was found that the device had a minor change in its performance, Figure 

5.12g, indicating the durable and robust nature of the device. 

5.2.3.1  Principle of operation 

The photodetection mechanism of WS2-QDs (n)/SnS(p) device can be analyzed using the 

band diagram, as illustrated in Figure 5.13. The electron affinity value of WS2-QDs (n) 

is ~ 3.95 eV and that of 2D SnS (p) is ~ 3.9 eV, while the bandgap values for the same 

have been calculated to be ~ 3.1 eV and ~ 1.2 eV, respectively. From the absorbance 

spectra, it was observed that SnS contributes to the photoabsorbance in visible and NIR 

regions, while WS2-QDs absorb in the UV region. As illustrated in Figure 5.13, WS2-

QDs, being n-type, and SnS, being p-type, results in the formation of a p-n junction that 

generates high localized electric fields at the 0D/2D junction interfaces. As WS2-QDs are 

discretely distributed on SnS, there are many such SnS/WS2-QD heterojunctions on the 

fabricated device which add up and contribute in creating a high electric field and assist 

in the effective separation of the generated electron-hole pairs. Further, metal contacts 

were formed on SnS, results in effective photogenerated charge carriers collection. When 

the fabricated device is exposed to UV illumination, electron-hole pairs are generated in 

WS2-QDs. However, as energy level of SnS conduction band is lower than that of WS2-

QDs, the generated electrons are transported into SnS. Similarly, energy level of SnS 

valence band is greater than that of WS2-QDs, and hence, the generated holes are 

transported into SnS.  Since metal contacts are taken form SnS, it helps in the effective 

collection of these generated charge carriers under an external electric field and improves 

the device photocurrent. Furthermore, the resulting localized electric field aids in the 

effective separation of generated electron and hole pairs.  Similarly, when the device is 

illuminated with Vis and NIR light, electron-hole pairs are generated in SnS and the 

charge carriers are collected at metal contacts, which improves the device current. Also, 
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by virtue of being sulfide compounds, SnS and WS2 have a synergistic effect. This 

synergic effect results in an effective photoinduced charge-carrier separation in the WS2-

QDs and an associated charge transport in SnS, which significantly enhances the photo-

absorbance of the device and its range.  

 

 

 

 

 

 

 

Figure 5.13: Illustrating the band structure of WS2-QDs and SnS a) before contact b) 

after the formation p-n heterojunction with proposed charge separation mechanism. 

  

There are multiple reports on the development of 0D-2D based photodetectors. Huang et 

al. a hybrid device by decorating CIS-QDs on SnS2 nanosheets synthesized by a CVD 

method and observed significant enhancement in the photoresponsivity of the device [293]. 

Hu et al. fabricated  a high-performance phototransistor using p-type single layer WSe2  

and PbS QDs used the hybrid approach [296]. Ra et al. demonstrated a high performance 

visible light photodetector by charge injection of 0D CdSe crystals to 2D MoS2 

nanosheets on SiO2/Si substrate [356]. Singh et al. developed a high responsive 0D-2D 

nanocomposite based UV photodetector using 0D WS2-QDs and 2D graphene on SiO2/Si 

substrate [341]. All the above reports used rigid substrates such as Si wafer, which makes 

hinders their usage in wearable and flexible electronic applications and also used 

expensive, high temperature, and cleanroom fabrication techniques such as CVD. In this 

work, 0D/2D based UV-Vis-NIR photodetector was demonstrated using a low 

temperature, cost-effective hydrothermal synthesis technique. Synthesized WS2-QDs 

were decorated discretely on SnS flakes to improve the broadband detection range and 

photoresponsivity of the photodetector. Performance of the fabricated photodetector 

compared with the literature of photodetectors is summarized in Table 5.2. Importantly, 

WS2-QDs/SnS stands out in the comprehensive consideration of effective wavelength 

range, responsivity, scalability, and flexibility.  
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Table 5.2:  Fabricated WS2-QDs/SnS photodetector performance is compared with 

literature. 

5.2.4 Conclusion   

In conclusion, a flexible broadband photodetector was fabricated using 2D-SnS (p) and 

0D-WS2-QDs (n) on a paper substrate by scalable and facile hydrothermal and vacuum 

filtration processes. Under UV, Vis, and NIR illumination, responsivity of the device was 

measured to be 0.655 A W-1, 0.719 A W-1, and 0.478 A W-1, respectively. WS2-QDs 

decorated over SnS improve the device sensitivity for UV light and form localized p-n 

junctions that help in the effective dissociation of generated charge carriers (electron-

hole pairs). Furthermore, metal contacts were made on SnS, enhanced the collection of 

photogenerated charge carriers.  

 

Material 

(0D/2D) 

Substrate Fabrication Range of 

Detection 

Responsivity 

(AW-1) 

Flexibility Ref. 

InP 

QDs/BP 

SiO2/Si Exfoliation,  Visible 109
 No 

[93] 

PbS-

QDs/WSe2  

SiO2/Si CVD  NIR 2 x 105 No [296] 

CdSe 

NCs/MoS2 

SiO2/Si PMMA transfer Visible 2.5 x 105 No [356] 

WS2 

QDs/Grap

hene 

SiO2/Si CVD, 

Hydrothermal 

UV 1814 No [341] 

ZnCdSe/

MoS2 

SiO2/Si CVD Visible 3.7 x 104
 No 

[357] 

ZnO 

QDs/Mo

S2 

SiO2/Si CVD UV 2.3 x 103
 No 

[358] 

CIS-

QDs/SnS2  

SiO2/Si CVD  Visible  630 No [293] 

n-WS2 

QDs/ 

p-SnS 

Cellulose 

paper 

substrate 

Hydrothermal UV-Vis-

NIR 

0.655,  

0.719,  

0.478 

Yes This 

work 



132 

 

5.3 Broadband, Ultra-high responsive monolayer MoS2/SnS2 Quantum 

Dot based mixed dimensional photodetector 

 

Atomically thin two-dimensional (2D) materials have gained significant attention from 

the research community in the fabrication of high-performance optoelectronic devices. 

Even though there are various techniques to improve the responsivity of the 

photodetector, the key factor limiting the performance of the photodetectors is 

constrained photodetection spectral range in the electromagnetic spectrum. In this work, 

mixed-dimensional 0D/2D SnS2-QDs/monolayer MoS2 hybrid is fabricated for high-

performance and broadband (UV-visible-NIR) photodetector. Monolayer MoS2 is 

deposited on SiO2/Si using chemical vapor deposition (CVD) and SnS2-QDs are prepared 

using a low-cost solution process method. The high performance of the fabricated 0D/2D 

photodetector is ascribed to the band bending and built-in potential created at the junction 

of SnS2-QDs and MoS2, which enhances the injection and separation efficiency of the 

photoexcited charge carriers. Also mixed-dimensional structure suppresses the dark 

current of the photodetector. The decorated SnS2-QDs on monolayer MoS2 not only 

improves the performance of the device but also extends the spectral range to the UV 

region. Photoresponsivity of the device for UV, visible and NIR region is found to be ~ 

278 A/W, ~ 435 A/W, and ~ 189 A/W, respectively. Fabricated devices showed 

maximum responsivity under the visible region attributed to the high absorbance of 

monolayer MoS2. The response time of the fabricated device is measured to be ~ 100 

msec. These results reveal that the development of mixed-dimensional (0D/2D) SnS2-

QDs/MoS2 based high performance and the broadband photodetector is technologically 

promising for next-generation optoelectronic applications.  

5.3.1 Introduction 

With the rapid development in our daily life, there is a huge demand for high-

performance and broadband photodetectors for applications such as optical 

communication, thermal imaging, medical imaging, and environmental monitoring 

[340,359,360]. Photoresponsivity indicates the light-sensing capability of the photodetector 

and represents one of the critical parameters of a photodetector. In recent years, 

significant research has been done by the scientific community to enhance the 

responsivity of a photodetector. Also, parallel research on increasing the spectral range 

of photodetector was also done. Various strategies include bandgap modulation, surface 
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interface engineering, discrete distribution, novel structure design, mixed-dimensional 

hybrid, etc.[361,362] have been reported to improve the photodetector performance. Despite 

the continuous development and responsivity improvement of photodetectors, the key 

factor limiting the performance of the photodetectors is the limited spectral range in the 

electromagnetic spectrum[2,65,363]. Hence, there is an urgent need to develop a powerful 

strategy or promising method which not only enhances the photoresponsivity but also 

extends the spectral range of the photodetector.  

One of the effective techniques to enhance the photodetector performance is the 

construction of heterostructures. Most conventional broadband photodetectors use 

single-crystalline semiconductors such as Si, InGaAs, GaN, etc.[364–366]. These bulk 

materials suffer from a lack of bandgap tunability, complex manufacturing process, low 

operating temperature, and high driving voltage. Transition metal dichalcogenides 

(TMDs) have gained significant attention since the discovery of Graphene in 2004. 

TMDs are being investigated as possible options for next-generation optoelectronic and 

electrical devices due to their distinguished properties, which include atomically thin, 

tunable bandgap, high mobility, and excellent electronic and optical properties [330,355,360]. 

One of the most widely used and investigated 2D TMDs is molybdenum disulfide (MoS2) 

because of its advantages, such as strong in-plane carrier mobility, layer-dependent 

bandgap, high absorption coefficient, and excellent stability [170,310,358]. Monolayer MoS2 

is extensively utilized for the fabrication of photodetectors due to particular optical 

properties which are not found in bulk materials, such as strong-light matter interaction, 

high mobility (200 cm2/V.S), direct bandgap, etc. [111,367–369]. MoS2 in monolayer exhibits 

a direct bandgap of ~ 1.8 eV because of quantum confinement, but MoS2 in bulk has an 

indirect bandgap of ~ 1.3 eV [370,371]. Wang et al. demonstrated visible-NIR light detector 

based on monolayer MoS2/Si heterostructure, showing a detectivity of 1013 Jones and 

ultrafast rise time (~ 3 µs) [138]. Zhou et al. constructed MoS2/SnSe2 van der Waals 

heterostructure based visible light photodetector with a high responsivity of 9 × 103 A/W 

[372]. Many photodetectors based on monolayer and few-layer MoS2 were reported with 

high photoresponsivity and quick response time which confirms that MoS2 has huge 

potential in the fabrication of photodetector. However, most of the MoS2 based 

photodetectors reported showed spectral range limited to visible and NIR regions, 

because MoS2 absorbs more light in the visible and near-infrared range than it does in 

the UV range. One solution to achieve broadband ( UV to NIR) spectral response is 

creating a heterojunction with large bandgap, UV sensitive quantum dots (QDs), which 
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not only increase the spectral region to UV but also inject photogenerated carriers to 

enhance the photoresponse of the device[98,373]. Also, Interactions between 0D QDs and 

2D large area crystals moieties can increase the dispersiveness and stability of QDs, and 

faster charge transfer from 2D nanoplates can limit charge recombination, resulting in 

significantly enhanced photodetection activity. Such combinations give rise to a 

considerably more extensive class of nano heterostructures, the characteristics of which 

may be tweaked to achieve desired results, opening new opportunities for the 

development of hybrid materials customized to specific applications. 

Over the last few years, QDs have demonstrated potential for optoelectronic devices due 

to their high absorption properties, bandgap tunability by varying size, quantum 

confinement, and cost-effective synthesis procedures[374],[375]. In QDs, quantum 

confinement leads to the limited movement of charge carriers to a certain space which 

results in an increase of electron kinetic energy. This implies increased excitation energy 

and material energy gap; thus, QDs exhibit a high bandgap. Recently, n-type SnS2-QDs 

attracted significant attention due to earth abundance and non-toxic nature, excellent 

optoelectronic properties, and along with a large bandgap of ~ 3.3 eV, strong UV light 

absorption[376]. Recently, Li et al. fabricated a UV light (𝝀=365 nm) photodetector based 

on SnS2-QDs using cost-effective fabrication methods[376]. To the best of the authors’ 

knowledge, no studies have been published on demonstrating SnS2-QDs/monolayer-

MoS2 hybrid-based broadband (UV-Visible-NIR) photodetector.  

This work demonstrates the SnS2-QDs/MoS2 heterojunction-based high-performance 

broadband photodetector. Here, MoS2 crystals were grown on SiO2/Si by CVD 

technique, and SnS2-QDs were prepared using a cost-effective and low-temperature 

solution process method. Mixed-dimensional 0D/2D SnS2-QDs/MoS2 hybrid device was 

prepared by spin coating SnS2-QDs on MoS2 monolayers. Photoluminescence (PL) 

spectra recorded on different MoS2 flakes revealed a redshifted and quenching effect of 

PL emission originated by charge transfer from SnS2-QDs towards the MoS2 crystals. It 

is important to highlight that the metal connections were obtained from a monolayer of 

MoS2 for effective collection of photoexcited charge carriers. The photogenerated 

carriers in SnS2-QDs are transported to MoS2 due to energy level difference and thus, 

monolayer MoS2 also works as a transport layer for injected photogenerated carriers from 

SnS2-QDs. The discretely distributed SnS2-QDs on monolayer MoS2 creates many 

heterojunctions and results in an electric field, which promotes efficient separation and 

transportation of photoexcited charge carriers, as seen in the PL results. Also, NIR 
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photoresponse in the fabricated device arises from the electron doping of the MoS2 

originated by the charge transfer from the SnS2-QD to the conduction band of the MoS2 

monolayer, as observed in PL measurements.  Photoresponsivity of the fabricated SnS2-

QDs/MoS2 device under UV, Vis, and NIR light illumination is ~ 278 A W-1, ~ 435 A 

W-1, and ~ 189 A W-1, respectively, demonstrating that the device responds better to 

visible light illumination. The highest photoresponsivity of the device in the visible 

region is attributed to the higher absorption of monolayer MoS2 in the visible region. 

Detectivity of the device under UV, visible, and NIR light illumination was 4.589×1012 

Jones, 7.19×1012 Jones, and 3.11×1012 Jones, respectively. The fabricated device showed 

a rise time of ~ 100 msec. This study may provide a technique for the realization of mixed 

dimensional 0D/2D based high-performance broadband photodetector for next-

generation optoelectronic applications.  

5.3.2 Experimental Section  

CVD growth MoS2 monolayers: 

MoS2 crystals were synthesized using an atmospheric pressure chemical vapor deposition 

(APCVD) system. Clean SiO2/Si substrate was placed in the center of a hot-wall furnace 

on top of an alumina boat containing molybdenum dioxide (MoO2 Sigma Aldrich 99%), 

a second boat containing sulfur (99.5% Alfa Aesar) was loaded 15 cm away from the 

furnace center. MoS2 single layers were obtained by raising the temperature furnace to 

750 ◦C at a 50 ◦C/min ramp and immediately cooling the system after reaching 750 ◦C. 

Ar gas was used as a carrier gas at a flow rate of 100 sccm. 

Preparation of SnS2 QDs: 

SnS2 QDs synthesis schematic view shown in Figure S31 and the synthesis route 

followed by a solvothermal process by adding 135mg tin chloride (SnCl2.2H2O) and 360 

mg of Na2S.9H20 in 60 ml of ethylene glycol constantly swirling for 50 minutes. The 

solution was then transferred using a 77% filling ratio at 180 °C for 24 hours in a 50 ml 

Teflon-lined stainless-steel container. The resulting product was washed with deionized 

water and methanol three times following acclimatization to room temperature. 

Following drying, the yellow powder was created by heating it to 80 °C for 12 hours. 

Following the acquisition of SnS2 powder (10 mg) was dissolved in NMP (20 ml) and 

sonicated for 6 hours in an ice bath to exfoliate the SnS2. Later, centrifuged for 30 minutes 

at 7000 rpm to separate the supernatant. Again, the supernatant was centrifuged at 12000 
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rpm for 30 minutes, repeated centrifugation 2-3 times resulted in SnS2 QDs being present 

in the final supernatant.  

SnS2-QDs/ ML MoS2 device fabrication : 

The design strategy for SnS2-QDs/MoS2 monolayer hybrid is depicted in Figure 5.14; the 

development process of 0D SnS2 QDs on the surface of MoS2 crystals on SiO2/Si 

substrate followed by metal contact deposition. To fabricate the device, different weight 

percent of SnS2-QDs were dissolved in 5 ml ethanol and drop-cast by spinning (2000 

rpm) on as-grown CVD growth MoS2 crystals, typical procedure schematic view shown 

in Figure 5.14. Based on AFM image, Figure S32, Appendix A, the calculated thickness 

of SnS2-QDs is around 1.5 nm. Metallic alignment marks were used to record the position 

of the MoS2 crystals, the contact pattern was then performed by standard electron beam 

lithography. Ti(10 nm)/Au(200 nm) metalization was deposited by thermal evaporation 

followed by a lift-off process to finish the fabrication. 

Materials Characterization: 

At room temperature (RT), microphotoluminescence and Raman spectroscopy were 

determined by a Jobin Yvon LABRAM HR EVOLUTION spectrometer fitted with a 

camera (CCD). A laser with a continuous wave frequency of 488 nm was used to produce 

the optical excitation. Bruker Innova AFM (Atomic Force Microscope) was utilized to 

evaluate the thickness and roughness of MoS2 crystals in tapping mode. To evaluate the 

surface morphology and microstructure, high-resolution transmission electron 

microscopy (HRTEM) (JEOL-2000, Talos F200X), Hitachi HT 7700 transmission 

electron microscopy (TEM), and scanning electron microscopy (SEM) were utilized. 

Powder X-ray diffraction (XRD) (Japan Rigakul D/MAX2200V) with Cu K-alpha 

radiation was utilized to find the crystal phase of the product. A source meter (Keithley 

2450) was utilized for photodetection measurements. For NIR, visible (Vis), and UV 

light illuminations, Light sources having wavelengths of 780 nm, 554 nm, and 365 nm 

were employed for NIR, Vis, and UV light illuminations, respectively. 
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Figure 5.14: Schematic illustrates the CVD synthesis setup and several forms of 

heteroepitaxial development of SnS2-QDs/MoS2 heterojunction on SiO2/Si substrate. 

 

5.3.3 Results and discussion 

Monolayer MoS2 characterization: 

FESEM analysis was used to investigate the morphology of the MoS2 crystals grown on 

the SiO2/Si. As shown in Figure 5.15a, triangular MoS2 crystals with sizes up to 35 µm 

lateral dimension were observed along with some irregular shaped crystals. Additionally, 

atomic force microscopy (AFM) was used to determine the thickness and shape of the 

MoS2 crystals. The thickness of the MoS2 crystals was measured is around 0.7 nm 

(monolayer), as depicted in Figure 5.15b. Raman spectroscopy confirms the presence of 

MoS2 single layer crystals, shown in Figure 5.15c,  since the separation between the in-

plane E2g and out-place A1g modes was found to be ~ 20 cm-1 [377,378]. XPS analysis was 

performed to understand the chemical composition of MoS2 crystal. Narrow band XPS 

spectrum of Mo 3d and S 2p of MoS2 deposited SiO2/Si were presented in Figure 5.15d 

and 5.15e, respectively. The Mo 3d region contains two characteristic peaks located at 

232.5 eV and 229.4 eV, corresponding to Mo 3d3/2 and Mo 3d5/2, respectively. The peaks 

located around 235, 231 and 228 eV are assigned to the Mo+6 and Mo+4 oxidation states 

of the MoO3 used during the deposition[379]. The S 2p region shows two distinct peaks 

located at 163.56 eV and 162.41 eV corresponding to S 2p1/2 and S 2p3/2, respectively 

[378]. There is also an S 2s peak noticed centered at 226.7 eV corresponding to MoS2. 
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There is no S 2p peak found at binding energies between 168 eV and 170 eV, which 

confirms that there is no oxidation of sulfur atoms in the sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15:  a) Surface morphology of MoS2 crystals, FESEM image b) AFM topogram 

showing the MoS2 crystal thickness of ~ 0.7 nm, Scale: 20 µm, c) graph shows the Raman 

spectrum of MoS2 deposited on SiO2/Si, d-e) Narrowband XPS spectrum of Mo 3d and 

S 2p. 

 

SnS2-QDs characterization:  

Synthesized SnS2 powder was used to prepare SnS2-QDs. XRD and FESEM studies were 

used to investigate the crystallization and morphology of the synthesized SnS2. Figure 

S33a depicts the XRD pattern of SnS2, the crystal planes (202), (201), (111), (102), (101), 

(100), and (001), matched with the JCPDS # 23-0677, representing hexagonal SnS2 
[380] 

[381]. FESEM analysis was used to further characterize the surface morphology of 

synthesized SnS2. As depicted in Figure S33b and Figure S33c individual SnS2 
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nanoflakes formed micro flower-like shapes. TEM was used to observe the structure and 

morphology of the prepared SnS2-QDs. As illustrated in Figure 5.16(a-b), SnS2-QDs had 

a spherical shape with a wide range of sizes, indicating polydispersity. The mean size of 

the SnS2-QDs was determined to be 4.47 ± 0.23 nm, as illustrated in Figure 5.16c and 

5.16d shows a HRTEM images of SnS2-QDs, where the lattice fringes were separated by 

a distance of 0.275 nm, corresponding to plane (101) of hexagonal SnS2, JCPDS # 23-

0677 [381]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16:  a-b) TEM analysis of the prepared SnS2-QDs, c) plot illustrating the size 

distribution of prepared SnS2-QDs, the mean size of the QDs was determined to be 4.47± 

0.23 nm d) HRTEM image displaying lattice fringes e) SAED pattern of prepared SnS2-

QDs. 
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Additionally, the selected area electron diffraction (SAED) pattern reveals scattered dots, 

as illustrated in Figure 5.16e, while the presence of multiple rings verifies the 

polycrystalline nature and prominence of the hexagonal SnS2 (101, 001, and 100) 

diffraction planes. Furthermore, XPS analysis was utilized to verify the surface chemical 

states and elemental composition. Two characteristics peaks were observed in 

narrowband spectra of Sn 3d at 495.2 eV and 486.6 eV, respectively, which are ascribed 

to Sn4+ 3d3/2 and Sn4+ 3d5/2 
[382], Figure S34a, Appendix A.. Further, deconvoluted XPS 

spectra of S 2p can be found in Figure S34b, Appendix A. Two prominent peaks were 

identified in the spectrum at 162.8 eV and 161.3 eV, correspond to S-2 2p1/2  and S-2 2p3/2, 

respectively [383]. 

Figure 5.17b displays the morphology of the SnS2-QDs/MoS2 heterojunction recorded 

by AFM. The MoS2 monolayer flake presents a typical triangular shape obtained after 

CVD growth, the inset of Figure 5.17b shows the dispersion of the SnS2-QDs over the 

MoS2 crystals. Even though we found a uniform distribution of the QDs, we observed a 

gradient (from the center to the edge) of the QDs density along the substrate. In addition, 

we also found QDs aggregation in some regions of the MoS2, probably originated by 

surfactant properties.To further study the morphology of the heterojunction, HRTEM 

was further performed on the samples. The MoS2-SnS2 system was transferred on TEM 

grids using cellulose acetate[384] illustrated in the low magnification image (figure 5.17c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17: a) Schematic of the SnS2 QDs/MoS2 heterojunction. (b) AFM topography 

image of typical MoS2 crystals after de SnS2 QDs deposition. (c) low magnification 
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TEM, and (d) HRTEM images (e) Microphotoluminescence spectra of the different QD 

concentrations present on the heterojunction. The PL fitting reveals the presence of the 

exciton A (X0), exciton B (XB) and trion (X-). 

 

Figure 5.17d depicts an HRTEM image revealing an SnS2 (3 - 4 nm) quantum dot lying 

on a MoS2 monolayer. MoS2 shows a hexagonal lattice, while the (100) plane of an SnS2 

QD can be viewed in this orientation. Additionally, as seen in Figure S35, Fast Fourier 

transform (FFT) diffraction analysis indicates that the SnS2 QDs are randomly oriented 

above the MoS2 crystals, and the area has been subjected to this image enables precise 

determination of the interlayer gap between two materials. Also, the region shown in the 

illustration by a red and yellow circle indicates the coexistence of the two materials. 

Figure 5.17e shows the results of the normalized PL spectra of five different MoS2 MLs 

measured from the edge to the center of the sample where the  SnS2 QD density is higher 

using a 488 nm CW laser.   The PL peak redshifts from 1.82 to 1.76 eV towards higher 

QDs concentration, and the PL emission intensity quenches in the same trend (Figure 

S36). To understand the origin of this behavior, we decomposed each spectrum through 

a Lorentzian fitting where three principal features attributed to the exciton A (or neutral 

exciton X0) centered around 1.82 eV, the exciton B (XB) peaked at 1.94 eV, and the 

charged exciton or trion (X-) located at 1.77 eV can be identified. One can see that the 

spectral weight of the exciton A decreases quickly, whereas the contribution of the trion 

significantly increases with the QD concentration. These results suggest a high presence 

of electrons on the MoS2 crystals induced by the SnS2 QDs. Similar effects have been 

reported in  0D-2D systems such as MoS2 MLs decorated with WS2 and carbon QDs 

[385,386] and in vertical TMDs heterostructures [387], where the mechanism responsible for 

modifying the PL properties of the MoS2 is the charge transfer from the QDs to MoS2 

layer. As we will further discuss in the optoelectronic properties of the SnS2-MoS2 

heterojunction, upon illumination, the photoexcited electrons generated on the SnS2 tend 

to diffuse towards the MoS2 single layer due to the band alignment of both materials. 

Therefore, these electrons induce n-type doping of the MoS2, generating non-radiative 

channels such as trions explaining the red-shifting and the quenching of the PL. 

Moreover, the A1’ (in-plane) mode of the Raman spectra recorded on (Figure S36) MoS2 

flakes containing a higher QD density exhibit a red-shift of approximately 1.5 cm-1 

compared to lower QD density while the E’ mode remains unaffected, confirming the n-

doping assumption found in the PL as a result of the charge transfer. 
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Photodetection measurements:  

Figure 5.18a-c depicts the current-voltage(I-V) characteristics of the SnS2-QDs/MoS2 

photodetector for various UV, visible, and NIR light intensities. I-V characteristics 

showed a linear relationship between current and voltage, indicating that metal contacts 

(Ti/Au) made on the monolayer MoS2 exhibit no significant Schottky barrier formed at 

metal-semiconductor interface. The increase in device current under light illumination is 

ascribed to the generation electron-hole (e-h) pairs, followed by the quick and efficient 

transportation and separation of photogenerated electron-hole pairs. Based on the 

electron affinities of SnS2 and MoS2, the conduction band offset between these materials 

is expected to be small, increasing the photogenerated carrier collection at the contacts. 

In addition, the incorporation of SnS2-QDs extends the absorption in the UV region, 

thereby increasing the sensing spectrum of the fabricated device. Creating a 

heterojunction with SnS2-QDs on monolayer MoS2 has two primary advantages: i) 

extending the absorption spectrum of the fabricated device to the UV region and ii) 

promoting the efficient separation and transportation of photoexcited charge carriers 

across the depletion region. 

The temporal response of the device was studied under different light illuminations. All 

time-dependent measurements were carried out at a bias voltage of 1 volt. Figure 5.18d-

f display the temporal response of the photodetector at constant light irradiation (~ 1.41 

mW/cm2) of UV, visible, and NIR light. As depicted in Figure 5.18d-f, the photocurrent 

increases sharply upon light illumination, then stabilizes at a higher current, and the 

photocurrent decreases when the light illumination is turned off. This temporal response 

was repeated for multiple cycles exhibiting the excellent reliability and stability of the 

fabricated device. From the above photodetection measurements, it was observed that the 

variation in device current is greater under visible light followed by UV and NIR light 

because monolayer MoS2 is more sensitive to visible light, proving that the photodetector 

is more responsive to visible region.  
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Figure 5.18: a-c) I-V plots under various intensities of UV, visible, and NIR light d-f) 

time-dependent photoresponse of the fabricated photodetector at constant UV, visible, 

and NIR light illumination, 1.41 mW/cm2. 

 

The power-dependent photo sensing performance of the device under UV, visible, and 

NIR light illumination was verified, and the temporal response plots are shown in Figure 

5.19a-c. The rise in device photocurrent with an increase in intensity of illuminated light 

can be seen in the temporal response, compatible with I-V characteristics (Figure 5.18a-

c). For photodetectors, photoresponsivity (R), external quantum efficiency (EQE), 

specific detectivity (D*) are the most critical characteristic parameters and they are 

calculated by the following equations [161,271,272]: 
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𝑅 =  𝐼𝑝ℎ (𝑃𝑖𝑛  × 𝐴⁄ ) 

𝐷∗ = ( 𝑅 × 𝐴1/2) √2 × 𝑒 × 𝐼𝑑𝑎𝑟𝑘⁄  

𝐸𝑄𝐸 = ℎ𝑐 × ( 𝑅  𝑞λ⁄ ) × 100 

 

where Pin, Iph, Idark, 𝝀, A, h, c, and q are the intensity of light illuminated, photocurrent, 

dark current, the wavelength of light illuminated, active area of the device, Planck’s 

constant, speed of light, and electron charge. Photoresponsivity of the photodetector is 

described as device photocurrent (𝐼𝑝ℎ) generated per unit power of irradiation light on 

unit area of a photodetector. The ability of the photodetector to identify a weak optical 

signal is defined as the detectivity. Detectivity is measured in Jones, 1 Jones is equal to 

1 cmHz1/2/W.   The number of charge carriers produced per incident photons is referred 

to as the EQE. 

The calculated responsivity of the fabricated SnS2-QDs/MoS2 photodetector as a function 

of UV, Vis, and NIR light was found to be ~ 278 A/W, ~ 435 A/W, and ~ 189 A/W, 

respectively, Figure 5.19d. From the responsivity plot, it was noticed that responsivity of 

the device decreased with an increase in light intensity illuminated, which matches with 

the literature [93,170], the reason for this trend can be attributed to the larger scattering and 

recombination probability under strong light illumination compared weak light 

illumination. In addition, the photodetection performance of pristine monolayer MoS2 

was investigated and the photoresponsivity was found to be ~ 317 A/W and ~ 85 A/W, 

under Vis and NIR light, respectively, and the corresponding results can be found in the 

Appendix A, Figure S37.  

Further, EQE (%) of the fabricated device was calculated to be 9.58×104, 10.7×104, and 

2.99×104 for UV, Vis, and NIR light illumination, respectively, Figure 5.19e. The high 

EQE value of fabricated SnS2-QDs/MoS2 photodetector can be assigned to the large 

number of photoexcited charge carriers and the accumulation of charge carriers by SnS2-

QDs. On the other hand, the detectivity under UV, Vis, and NIR light was 4.589×1012 

Jones, 7.19×1012 Jones, and 3.11×1012 Jones, respectively, Figure 5.19f. Rise time is also 

another critical parameter to be considered for evaluating the photodetector performance. 

The response time of the fabricated device is taken as the time difference between 0.9Im 

and 0.1Im, wherein Im is the maximum photocurrent. As seen in Figure 5.19g, the 

fabricated device response time was measured to be ~ 100 msec. Furthermore, 

photodetection performance of the few-layer MoS2 decorated with SnS2-QDs was 
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investigated and the photoresponsivity was found to be ~ 146 A/W and ~ 83 A/W, 

respectively, Figure S38, Appendix A.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19: a-c) Time-dependent photoresponse of the photodetector with the function 

of UV, visible, and NIR light intensities d-f) photoresponsivity, EQE, and detectivity of 

the fabricated SnS2-QDs/MoS2 device, g) Graph illustrating the response time of the 

device and it was measured to be ~ 100 msec. 

5.3.3.1 Photodetection mechanism 

Figure 5.20a depicts a 3D schematic design of the constructed device and Figure 5.20b 

the sketch of the band profile of the SnS2-QDs/MoS2 heterojunction. The electron affinity 

and bandgap of 0D SnS2-QDs and monolayer 2D MoS2 are 4.16 eV, 3.3 eV, and 3.9 eV, 

1.8 eV, respectively. Due to the difference in energy levels, band bending occurs at the 

junction of SnS2-QDs and MoS2, which results in built-in potential at 0D/2D interface. 

Since SnS2-QDs are discretely decorated on monolayer MoS2, the fabricated device 

contains many 0D/2D junctions, which add up and provide a built-in electric field. The 
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built-in potential formed across SnS2-QDs/MoS2 junction promotes the separation and 

transportation of charge carriers on the surface of monolayer MoS2. Furthermore, metal 

contacts are taken from monolayer MoS2, promoting the effective collection of 

photogenerated charge carriers at electrodes. High bandgap SnS2-QDs are sensitive to 

UV light, and monolayer MoS2 exhibits to the photoabsorbance in the Vis and NIR 

region. When SnS2-QDs/MoS2 junctions are illuminated with UV light, e-h pairs get 

generated in SnS2-QDs.The photogenerated electrons move to monolayer MoS2 because 

the conduction band of SnS2-QDs is at a higher energy level compared to monolayer 

MoS2. Further, photogenerated holes are transported into monolayer MoS2, which can be 

attributed to the difference in valence band energy level of SnS2-QDs and monolayer 

MoS2. Since two electrodes are made on monolayer MoS2, these photoexcited charge 

carriers get collected efficiently under externally applied bias due to the high conductivity 

and ballistic/collision free transport nature monolayer MoS2, thus MoS2 supports a 

transport expressway for injected carriers and improves the device photocurrent. 

Furthermore, the built-in potential formed at SnS2-QDs/MoS2 interface promotes the 

effective separation and transportation of photoexcited charge carriers. Similarly, when 

visible and NIR light is illuminated on the fabricated photodetector, e-h pairs are 

generated in MoS2 and these photogenerated carriers are collected by electrodes 

effectively, thus improving the device photocurrent.  

 

 

 

 

 

 

 

 

Figure 5.20: a) 3D schematic representation of MoS2/SnS2 QDs heterojunction, b) 

Schematic illustration of SnS2-QDs and monolayer MoS2 band structure after the 

formation of heterojunction with proposed e-h pair separation. 

 

The performance comparison of the fabricated SnS2-QDs/MoS2 with another van der 

Waals (vdW) heterostructure-based photodetectors reported in the literature is presented 

in Table 5.3. Zheng et al. fabricated UV-visible photodetector using CdS/MoS2 
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heterostructure and reported that photoresponsivity of the CdS/MoS2 heterostructure 

significantly improved compared to the pristine MoS2
[388]. Tao et al. proposed a mixed-

dimensional vdW heterojunction photodetector based on Te-NWs/ReS2 and the device 

showed excellent responsivity under visible region and short response time [71]. Xue et 

al. reported a few-layer MoS2/WS2 vertical heterostructure based visible light 

photodetector with high responsivity [389]. Ying et al. demonstrated a UV light detector 

using BaTiO3 nanoparticles/MoS2 heterojunction, and the device showed remarkable 

photodetection performance [390]. Um et al. demonstrated a nanosheet-on-1D 

heterojunction photodetector using MoS2 nanosheets and CuO nanowire with ultrahigh 

photoresponsivity [85]. Mukherjee et al. studied the optical properties of discretely 

distributed Au nanoclusters (NCs) on layered MoS2. Due to the plasmonic effect of 

decorated Au NCs, Au NCs/MoS2 based photodetector showed high responsivity [230]. 

Most of the above reports suffers from the limited photodetection spectral range, which 

is crucial for some of practical applications. Our results show that the proposed 

photodetector design, using 0D SnS2-QDs and 2D monolayer MoS2, can be broadband 

(UV-visible-NIR) without compromising the responsivity.  It is important to note that as 

the size of QDs increases, the quantum confinement effect will be less and hence the 

absorbance QDs will shift to visible due to the change in the bandgap. Hence the 

responsivity of the device might be less for UV region, affecting the spectral range of the 

prepared device. In addition, decoration of the large diameter QDs decreases the light 

exposure area MoS2 which further decrease the photoresponsivity of the fabricated 

device. It is obvious that with the decrease of QDs size quantum confinement effect 

becomes more apparent[391]. When the MoS2 is decorated with lower diameter QDs then 

the light exposure area of MoS2 increases and hence responsivity increases. Also, due to 

the large bandgap of low dimensional QDs, the prepared device is sensitive UV region. 

Further research is in progress to determine whether the size of SnS2-QDs decorated on 

MoS2 flakes can change the performance of the device. 
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Table 5.3: Comparison of the fabricated SnS2-QDs/MoS2 photodetector performance 

with another van der Waals heterostructure-based photodetectors reported in the 

literature. 

Materials Substrate Fabrication 

Method 

Wavelength/ 

spectral 

range 

Responsivity 

(AW-1) 

Response 

time (sec) 

Ref. 

CdS/MoS2 SiO2/Si CVD, Epitaxial 

growth 

UV-Visible 3.91 0.01 [388] 

 Te NWs/ReS2 SiO2/Si Spin-coating, dry 

transfer, 

Visible light 

(632 nm) 

180 0.005 [71] 

MoS2/WS2 PDMS 

substrate  

Therm.Red., 

Sulf. process. 

Visible light 

(450 nm) 

2.3 - [389] 

MoS2/MoTe2 SiO2/Si CVT, exfoliation, 

PMMA transfer  

Visible light 

(532 nm)  

0.15 0.068 [392] 

MoS2/GaAs GaAS Solution 

processed  

Visible  0.446 17× 10-6 [393] 

MoS2/Graphene SiO2/Si CVD Visible 107 - [92] 

BaTiO3nanopart

icles /MoS2  

SiO2/Si CVD, spin 

coating  

UV (365 nm)  120 0.7 [390] 

CuO 

NWs/MoS2 

SiO2/Si Ther.oxi., mech. 

exfoi,,wet trans. 

Visible light  157.6 0.034 [85] 

MoS2/TiO2 

nanoflowers 

Ti foil CVD, 

solvothermal 

UV, visible  35.9,  

18.5  

0.033 [394] 

Au NCs/MoS2 SiO2/Si PVD, dewetting  Visible (640 

nm) 

1.5  0.0065 [230] 

SnS2-

QDs/MoS2 

SiO2/Si CVD, spin 

coating  

UV, visible, 

NIR  

278 ,435, 189  0.1 This 

work 

 

5.3.4  Conclusion 

In summary, this work demonstrates the fabrication of high performance and broadband 

photodetector using mixed-dimensional vdW heterostructure based on 0D SnS2-QDs and 

monolayer MoS2. Single MoS2 was grown on Si wafer using CVD, and SnS2-QDs were 

prepared using low-cost solution process method. SnS2-QDs/MoS2 heterostructure was 

fabricated by spin-coating synthesized SnS2-QDs on monolayer MoS2. Monolayer MoS2 

is visible, and NIR light sensitive and discretely distributed SnS2-QDs extends the 

photodetection range to UV region. Thus, broadened the photodetection range of SnS2-

QDs/MoS2 from UV to NIR. Further, the built-in electric field formed at the junction of 
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SnS2-QDs and monolayer MoS2 facilitates the effective separation of photoexcited 

charge carriers and thus improves the performance of the fabricated device. 

Photoresponsivity of the device for UV, Vis, and NIR was found to be ~ 278 A/W, ~ 435 

A/W, and 189 A/W, respectively. Detectivity of the device for UV, visible, and NIR light 

illumination was measured to be 4.589×1012 Jones, 7.19×1012 Jones, and 3.11×1012 

Jones. The response time of the device was determined to be ~ 100 msec. This work may 

promote the potential pathway to develop mixed-dimensional vdW heterostructure based 

broadband and high-performance photodetectors for next-generation optoelectronic 

applications.  
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CHAPTER 6  

Conclusions and future prospectives 

 

6.1 Conclusions  

In conclusion, chapter 2 demonstrates the fabrication of 2D materials based high 

performance photodetectors on flexible substrates using transport layer method. The 

integration of transport layer assist in the transportation and collection of photogenerated 

carries of active semiconductor materials thus improves the performance of the device. 

Recently, a new family of 2D transitional metal carbides, nitirdes called as MXene has 

attracted significant attention in the research community as a transport layer due to its 

high electrical conductivity, easy tunable structure, and MXene is an efficient 2D 

alternative to graphene.  By using MXene as transport layer and ReS2 as a photosensitive 

layer, high performance photodetector was fabricated and observed a significant change 

in the sensitivity compared to pristine ReS2 device.   

Chapter 3 demonstrates the fabrication of high performance photodetectors using 

plasmonic effect. In 2D materials, most light will still transmit through the thin layers of 

the material. To make the 2D materials viable for practical photodetector applications, it 

is much need to improve the light-matter interaction of the material. One effective 

method to improve the light-matter interaction of the 2D materials is integration of 

plasmonic metal NPs on 2D materials. This can be achieved by either 

decorating/patterning plasmonic NPs on top of 2D materials and it can increase the light 

absorption at certain wavelengths. Photodetectors were prepared by integrating metal 

NPs (Au, Pt, and Pd) on MoS2 and ReS2 and also detailed photodetection mechanism was 

included. Significant change in the photodetection performance was observed after 

integrating metal NPs compared to the pristine materials due to the plasmonic effect of 

metal NPs.  

Chapter 4 demonstrates the fabrication of p-n heterostructure based photodetector with 

piezo-phototronic effect for the enhancement of photoresponsivity. Flexible PET sheet 

was used as substrate. Solution-processed p-type SnS and n-type MoS2 were used to 

fabricate p-n heterostructure. It is well known that odd layer n-MoS2 shows the 

piezotronic effect and by applying external strain on the fabricated device, the change in 

the photodetection performance of the was observed. Detailed piezo-phototronic effect 

based photodetection mechanism was discussed.  
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Chapter 5 demonstrates the development of a fabrication technique which not only 

enhances the photoresponsivity but also extends the spectral range of the 2D materials 

based photodetectors.  The utilization of 2D materials in photodetectors have some 

drawbacks such has limited spectral absorption due to the bandgap and limited absorption 

efficiency. This is achieved through the implementation of mixed-dimensional 0D/2D 

vdW heterostructure method. 0D quantum dots (QDs) (MoS2 QDs, SnS2-QDs, WS2-

QDs) are decorated on the layered 2D material (MoS2, SnS) were used to fabricate 0D/2D 

vdW heterostructures. This compelling synergy combines strong and size-tunable light 

absorption of QDs, efficient charge separation at the QD/TMDs interface and fast carrier 

transport through the 2D channel. Thus, mixed-dimensional vdW 0D/2D heterostructure 

based photodetectors results in large photoconductive gain compared to pristine 2D 

materials. Also, the detailed photodetection mechanism of mixed-dimensional vdW 

heterostructure was discussed. 

6.2 Future prospectives  

Layered 2D materials have potential to trigger a revolution in a wide range of applications 

such as photoelectric and photovoltaic application due to their extraordinary electronic 

and optoelectronic applications especially in photodetection application. Although 

considerable work has been done on the enhancement of photodetection performance of 

2D materials using various techniques such as plasmonic effect, piezo-phototronic effect, 

employing transport layer, mixed-dimensional vdW heterostructures and so forth. But 

still there are several challenges to be addressed. Based on the results and knowledge 

achieved through PhD, some aspects and potential research prospectives in the field of 

2D materials based photodetectors are given below:  

 

1. The detailed investigation is needed to further analyze the effect of integrated 

QDs variation and metal NPs size variation on the photoresponse of the 2D 

materials based devices.  

2. The concept of mixed-dimensional vdW heterostructures can be utilized beyond 

photodetection applications including solar cells and LEDs. 

3. Various other combinations 2D channel materials and QDs based devices for 

optoelectronic applications can be investigated. 
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4. 2D TMDs semiconductor materials improve electron mobility in very thin 

channels, but volume manufacturing remains challenging. For practical 

commercial applications, high quality 2D crystals and large-scale fabrication 

techniques are needed. Developing techniques to grow high-quality crystalline 

2D materials at wafer-scale still remains full of challenges. In the recent years, 

wafer scale growth of pristine 2D materials have been demonstrated using CVD 

method.  However, further improvement is foreseen in developing high mobility, 

reduction in lattice disorder, and defect-free large area films. Yet, there is a gap 

in achieving cost-effective, easy-processing, and CMOS-compatible wafer-scale 

2D materials for electronic industry standards. 

 

5. Until now Si technology is dominated due to their extradentary properties and 

mature technology.  But Si wafers are rigid and unbendable that hinders them for 

the use of next generation flexible optoelectronics applications. One of the 

solutions can be making commercially available Si wafer flexible by reducing the 

thickness to few µm  using etching process. This flexible Si wafer can be used to 

grow high quality 2D materials using CVD method for various optoelectronic 

applications such as photodetectors, solar cells, LEDs.  

6. There is a lack of fully understanding of nanomaterials based device physics that 

governs the carriers transportation across the low dimensional vdW 

heterostructures. Usually, Richardson’s law designed for bulk materials is used 

for the initial understanding of the thermionic emission mechanism of carrier 

transport across the 2D semiconductor heterojunctions. It is important to note that 

2D materials are atomically thin, which is comparable or even less than the de 

Broglie wavelength. Thus, it is not appropriate to utilize the bulk transport 

mechanism to low dimensional materials based vdW heterostructures. Due to a 

lack of understanding of charge carriers transportation over vdW 

heterostructures, it is difficult to carry out simulations for devices based on vdW 

heterostructure utilizing device simulators such as T-CAD to get the optimized 

parameters which are very useful for the development of high-performance 

electron devices.  

7. The basic principle of the semiconductor based electronic devices depends on the 

control of the charge carriers movement in the semiconductor. The contact 

between semiconductor and metal electrode affects the flow of charge carriers. 
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Hence, low contact resistance in 2D materials based optoelectronic devices is 

necessary for obtaining effective carrier transportation, high photoresponsivity, 

and high-frequency operation. Great efforts have been made to optimize the metal 

contacts suitable for 2D materials using various techniques such as using edge 

contact, metalized and degenerate doping of 2D materials, and so on.  Even 

though there are number techniques to achieve low contact resistance, yet new 

strategies to reduce the contact resistance are required for further enhancement of 

the device performance.  
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APPENDIX A  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1:  Cross-sectional view FESEM images of the fabricated ReS2/Graphene 

device. 
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Figure S2: a) Pristine ReS2 XRD spectra, b) Pristine ReS2 XPS survey spectra, c-d) 

Deconvoluted XPS spectra of elements Re 4f and S 2p, e) Pristine ReS2 Raman spectra, 

f) UV-Visible spectra of pristine ReS2, inset showing the Tacu plot wherein the direct 

bandgap was calculated to be ~ 1.4 eV g-h) Surface morphology images obtained using 

FESEM for pristine ReS2 thin film deposited on the cellulose paper at low, high 

magnifications, respectively. 
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Figure S3: a) XRD pattern of Ti3AlC2, Ti3C2Tx, b) XPS survey spectra of Ti3C2Tx for 

the B.E. ranging in between 0 to 800 eV, c-f) are deconvoluted XPS spectra of Ti 2p, C 

1s, F 1s, O1s respectively, g) FTIR spectra of Ti3C2Tx, h) Raman spectra of Ti3C2Tx, i-j) 

are FESEM images of pristine Ti3C2Tx thin film deposited on cellulose paper in top, 

cross-sectional view. 

 

 



177 

 

 

 

 

 

 

 

 

 

Figure S4: Response spectrum of the fabricated ReS2/Ti3C2TX photodetector. 

 

 

 

 

 

 

 

 

Figure S5: current-voltage (I-V) characteristics of a) Ti3C2TX/Ag b) Graphene/Ag. 

 

 

 

 

 

 

 

 

 

Figure S6: Schematic illustration of energy band diagram of ReS2/Gr. 
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Figure S7:  Compositional elemental mapping of MoS2 decorated with Au- NPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8:  Compositional elemental mapping of MoS2 decorated with Pt- NPs. 
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Figure S9:  Compositional elemental mapping of MoS2 decorated with Pd- NPs. 

 

 

 

 

 

 

 

 

 

 

Figure S10: Broadband XPS spectra of MoS2 grown on paper. 
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Figure S11: Current- voltage curves of the fabricated devices (Au-NPs, Pt-NPs, and Pd-

NPs decorated on MoS2) under:  a) visible light intensity of ~ 12.73 mW/cm2 b) NIR 

light intensity of ~ 12.73 mW/cm2. Temporal response of the fabricated device (Au-

NPs/MoS2) under:  c) visible light illumination with intensity of ~ 12.73mW/cm2 d) NIR 

light illumination with intensity of ~ 12.73 mW/cm2. 

 

 

 

 

 

 

 

 

    

 

 

 

 

Figure S12:   a,b,c) Graphs showing the response time of the fabricated photodetectors 

(Au, Pt, Pd-NPs/MoS2) under NIR illumination.  
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Figure S13: a) Representation of the displacement of the charge clouds b) Enhanced 

electric field in the vicinity of the nanoparticle c) Oscillation of the dipoles when light is 

incident on the nanoparticle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S14:  Elemental mapping of ReS2 film decorated with Au-NPs. 
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Figure S15: EDS spectrum of Au-NP/ReS2 heterojunction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S16: Photodetection measurements of pristine ReS2: a-b) temporal response of 

the device under visible and NIR light illuminations, c) Photoresponsivity of the 

fabricated device under visible and NIR light illuminations. 
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Figure S17: Elemental mapping of SnS deposited on PET substrate, scale bar 3 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S18: Elemental mapping of MoS2 deposited on PET substrate, scale bar 2 µm. 
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Figure S19: XPS survey spectra of MoS2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S20: Elemental mapping of SnS/MoS2 heterojunction on PET substrate, scale bar 

2 µm. 
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Figure 21: a) current-voltage characteristics of MoS2 b) current-voltage characteristics 

of SnS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S22: a-b) External quantum efficiency (EQE), c-d) detectivity of the fabricated 

piezo-phototronic effect based p-SnS/n-MoS2 photodetector under various strains. 
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Figure S23: Image of the farbicated device ( MoS2 QDs / MOS2 flakes on paper) with 

contaccts. 

 

 

 

 

 

 

 

 

 

 

Figure S24: UV-vis  absorption spectra of synthesiszed MoS2 flakes, inset is the Tauc 

plot of MoS2, Eg = 1.36 eV. 

 

 

 

 

 

 

 

 

 

 

Figure S25:  Raman spectra of MoS2 grown on cellulose paper. 
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Figure S26: Current –Voltage (I-V) curve of MoS2 QDS/ MoS2 flakes and pristine 

MoS2 flakes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S27: XPS analysis of fabricated WS2-QDs/SnS device a) Survey spectra b) 

narrowband spectra of Sn 3d c) narrowband resolution spectra of W 4f d) narrowband 

spectra of S 2p.  
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Figure S28: XRD pattern of SnS/paper decorated with WS2-QDs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S29: Compositional elemental mapping of SnS decorated with WS2-QDs. 

 

 

 

 

 

 

 

 

Figure S30:  Responsivity of the fabricated pristine SnS device under visible and NIR 

regions. 
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Figure S31: Schematic view of SnS2 QDs synthesis. 

 

 

 

 

 

 

 

 

Figure S32:  AFM image of the SnS2-QDs decorated on MoS2 flake and thickness of the 

SnS2-QDs was measured to be around 1.5 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S33:  a) XRD pattern of synthesized SnS2 b, c) FESEM images of synthesized 

SnS2. 
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Figure S34: a-b) High resolution XPS spectrum of Sn3d and S 2p. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S35:  Fast-Fourier Transform (FFT) image of the SnS2-QDs/MoS2 HRTEM 

image. 
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Figure S36: Left. Raman spectra of the MoS2/SnS2-QDs heterojunction recorded at low 

(red) and high (blue) SnS2 QD concentrations. Right. PL spectra show the emission 

quenching as the SnS2 QD increases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S37: Photodetection measurements of pristine monolayer MoS2: a-b) Temporal 

response c) photoresponsivity of MoS2 under various visible and NIR light illumination. 
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Figure S38: Photoresponsivity of the few layer MoS2 decorated with SnS2-QDs under 

visible and NIR illuminations. 
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