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Lay Summary 

 
Photodetectors are optoelectronic devices that convert light signals into electrical signals and 

are used to detect a range of the electromagnetic spectrum. This thesis aims to develop PtX2 

(X=S, Se) heterostructure-based broadband photodetectors with high performance in the near-

infrared (NIR) region. Broadband photodetectors have multiple applications in optical 

communication, defence security, environmental monitoring, and medical imaging. Two-

dimensional (2D) materials, especially group-10 transition metal dichalcogenides (TMDC), 

PtX2 are highlighted for their distinct properties including narrow band gap range, high carrier 

mobility, and ambient stability, required to fabricate high-performance broadband 

photodetectors. The thesis starts with a discussion on large area and controlled growth of PtS2 

film by thermally assisted conversion (TAC) method. The fabrication of various PtX2 

heterostructure like PtS2/MoS2, PtS2/Ga2O3, and PtSe2/MoS2 and their photodetector study are 

described.  All these heterostructure devices show broadband response and have the best 

performance in the NIR region. Moreover, a detailed interface study of the heterojunction 

including their band alignment and carrier transport mechanism is discussed.   
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Abstract  

 
Over the last few decades, two-dimensional (2D) materials, especially transitional metal 

dichalcogenides (TMDCs) have procured a huge attraction for their wide range of intriguing 

properties. The thickness-dependent band gap, high absorption coefficient, and high on-off 

ratio of TMDC based devices make them potential candidates in the optoelectronics field to 

develop photodetectors, phototransistors, and solar cells. Photodetectors are optoelectronic 

devices that convert light signals into electrical signals. In recent years, for photodetector 

applications, group-10 TMDCs, especially PtS2 and PtSe2 have become a spotlight for their 

narrow band gap (0-1.6 eV) and high carrier mobility. Despite these properties, the controlled 

growth of PtS2 on various substrates and high-performance PtX2 (X=S, Se) based broadband 

photodetectors with best response in near-infrared region (NIR) are less explored.  

In present thesis work, we try to solve these challenges. In the first work, a large area and 

controlled growth of PtS2 films is achieved via thermally assisted conversion (TAC) method. 

The main issue during the growth of PtS2 by TAC method is the formation of an intermediate 

PtS phase due to its more stability. The present study shows that by optimizing the growth 

parameters such as Pt film thickness, sulfur amount, and carrier gas flow rate, a controlled 

growth of PtS2 and PtS to PtS2 conversion can be obtained. A detailed Raman and X-ray 

photoelectron spectroscopy (XPS) further revealed that PtS2 is dominantly to form for thinner 

Pt film, sulfurized under sulfur-rich vapors at a moderate gas flow rate. Furthermore, the PtS2 

growth is highly reproducible and can be grown on different substrates such as SiO2/Si, 

Sapphire, Si, and mica, and their photodetector performance is also checked.  

In the second part of the thesis, different PtS2 heterostructures (PtS2/MoS2, PtS2-x/Ga2O3) are 

fabricated and their broadband photodetector performance are discussed. A detailed interface 

study of heterojunction, including their band alignment, valence band offset (VBO), and 

conduction band offset (CBO) is calculated. The PtS2/MoS2 heterostructure is fabricated by 

directly growing PtS2 film on MoS2-coated substrate by TAC method. The fabricated 

PtS2/MoS2 photodetector gives a broad response in the range of 400-1200 nm (Visible to NIR) 

with a maximum responsivity of 30.2 AW-1 under 900 nm illumination. The PtS2-x/Ga2O3 

heterostructure is fabricated by wet transfer of PtS2-x film over Ga2O3 film.  The fabricated PtS2-

x/Ga2O3 based photodetector gives a wide response covering ultraviolet (UV)-C to NIR (250-

1100 nm) with a maximum responsivity of 38.7 AW-1 under 1100 nm illumination and exhibits 

a fast millisecond response.  
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In the last part of the thesis, large PtSe2/MoS2 heterostructure fabrication and its photodetector 

study are explained. The problem of high dark current in bare PtSe2 owing to narrow and 

semimetal is resolved by fabricating its heterostructure with MoS2. Compared to bare PtSe2, 

the PtSe2/MoS2 heterostructure shows a 103 order of reduction in dark current and an increase 

in detectivity of the fabricated photodetector. Moreover, PtSe2/MoS2 heterostructure shows a 

broad detection response covering visible to NIR (400-1200 nm) with maximum detectivity of 

9.8×1012 Jones under 900 nm irradiation. An ultrafast response with a rise/fall time of 103 μs 

/117 μs is also achieved in the PtSe2/MoS2 device which shows its high performance. 

In conclusion, we have grown a controlled and large area of PtS2 film on various substrates by 

optimizing the critical growth parameters. The different PtX2 heterostructure (PtS2/MoS2, PtS2-

x/Ga2O3, PtSe2/MoS2) fabrication, band alignment study, and their broadband photodetector 

study have also been carried out. Thus, these results suggest that PtS2 and PtSe2 are suitable 

materials for developing future optoelectronic devices.   

 

Keywords: 2D materials, PtS2, PtSe2, MoS2, Photodetector, TAC, CVD, Sputtering, 

Heterostructure, Band-alignment 
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Chapter-1: Introduction 

This chapter starts with a brief introduction of the two-dimensional (2D) materials followed by 

group-10, transitional metal dichalcogenides (TMDCs) with particular focus on PtS2 and PtSe2. 

A detailed discussion on distinct properties of PtX2 (X=S, Se) and their common synthesis 

methods are also described in this chapter. With focus on photodetector application of PtX2 

and their heterostructure, the important figure of merits of photodetectors and their working 

mechanism are also explained one by one. Finally, the chapter concludes with scope and 

objective of the current doctoral thesis. 

 1.1 Back ground 

From the last few decades nano materials are highlighted for their distinct properties. The high 

surface-to-volume ratio, tunable electrical, mechanical and optical properties with size make 

them the first priority for the development of future micro electronics devices [1]. Owing to 

nano scale size, nano materials can be grown on flexible substrates and can be utilize in flexible 

electronics. After the fabrication of first two-dimensional (2D) material, graphene, by Geim 

and Novoselov for which they were awarded with 2010 Nobel Prize. Thereafter, 2D materials 

are the center of interest in the field of nano materials for their interesting properties. The high 

mechanical strength, high carrier mobility, high transmittance, and stability make graphene a 

wonder material [2]. However, owing to absence of band gap, it suffers from high dark current 

and low on-off ratio. Due to thinner nature, it is also victim of low absorption.  Hence, to resolve 

this problem, many other 2D materials such as transitional metal dichalcogenides (TMDCs), 

black phosphorus (BP), and hexagonal boron nitride (h-BN) etc. have been synthesized in the 

laboratory. BP is well recognized for its wide tunable band gap (0.3 eV-1.8 eV), however, it 

suffers from poor air stability [3]. The h-BN is stable but its high band gap of ~ 6 eV restricts 

to use to detect the infrared radiation. Moreover, TMDCs are considered the best suitable 

materials for optoelectronics devices due to their moderate band gap and high ambient stability. 

In addition, thickness depended tunable band gap, strong light interaction, high absorption 

coefficient, and no dangling bonds make TMDC on high priority for basic and applied research 

[4, 5]. 

 

1.2 Transitional metal dichalcogenides  

Transitional metal dichalcogenides (TMDCs) are unique materials with wide range of 

interesting properties as mentioned earlier and offer numerous opportunities to develop future 
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microelectronic and optoelectronic devices. TMDCs have great potential to develop transistors, 

photodetectors, gas sensors, catalysis, hydrogen evolution reactions, and many more [7-9]. The 

general nomenclature of TMDCs is MX2, where M indicates a transitional metal varies from 

group 4 to 10 and X denotes the chalcogen (S, Se, Te), as exhibited in Figure 1.1 (a). The M 

and X exhibit a +4 and -2 oxidation state. MoS2, WS2, PtS2, PtSe2 and ReS2 etc. are few 

examples of TMDCs. In Figure 1.1 (a), the highlighted elements mainly form the layered 

TMDC whereas the partially highlight elements (Co, Rh, Ir and Ni) exhibit layered structure 

with selective chalcogens. For example, NiTe2 is a layered compound, while NiS2 found to 

exist as an apyrite structure [8]. Each monolayer of layered TMDC consist of three atomic 

layers with layer of transitional metal (M) sandwich between two chalcogen layers with X-M-

X structure. Within each X-M-X layer the M-X atoms are attached by covalent bond and weak 

van der Waals interaction is present between the interlayer. This weak van der Waals interaction 

makes these 2D materials easily exfoliate from their bulk 3D counterpart with a simple scotch 

tape that was also used during the synthesis of graphene [2]. Usually, the thickness of 

monolayer TMDCs is of the order of 0.6-0.7 nm. The metal coordination of the layered TMDCs 

can be either octahedral (Oh or D3d) or trigonal prismatic (D3h) as depicted in Figure 1.1 (b, c) 

[8]. MoS2, which is a group-6 TMDC, is the most studied material. However, lately group-10 

TMDCs such as PtS2, PtSe2 and PtTe2, which bless with captivating properties including high 

carrier mobility, narrow band gap range and high ambient stability, have emerge a fascinating 

material [9-12]. Hence, to build broadband photodetector, a device that convert the light signal 

to electrical signal with high performance in NIR region, Pt-dichalcogenides are considered the 

best suitable materials. In the present thesis we will predominately focus on PtS2 and PtSe2.  

   

1.3 PtX2 (X=S, Se)  

In recent years, group-10 TMDC, especially PtS2 and PtSe2 are highlighted for their interesting 

properties [11, 13]. Unlike MoS2, the band gap of PtS2 is highly tunable from 0.25 eV (in bulk) 

to 1.6 eV (for monolayer) which covers most of the near-infrared region [10]. Similarly, the 

band gap of PtSe2 varies from 0 eV (semimetal for bulk) to 1.2 eV (for monolayer) which can 

go easily upto mid infrared region (MIR) [11]. For example, using mechanical exfoliation (ME) 

method Yu et al. have fabricated a bilayer PtSe2 photodetector which can detect upto 10.0 μm 

wavelength (MIR region) [14]. Thus, narrow band gap of PtX2 has a high potential to make 

high performance infrared or broadband photodetectors. Furthermore, a theoretical study by 

Huang et al. confirmed high carrier mobility of 3942 (4038) cm2V-1s-1 for PtS2 (PtSe2) [12]. 
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Experimental study of Zhao et al. have fabricated a few layers PtSe2 FET using ME method 

and demonstrated its high room temperature carrier mobility (~210 cm2V-1s-1) and high 

ambient stability (>1 year) [11]. In another work by Wang et al.  have shown that few layer 

PtS2 based field effect transistor (FET) has a high on-off ratio of 106 and room temperature 

carrier mobility of 62.5 cm2V-1s-1 [15]. Thus, these fundamental studies have corroborated that 

PtX2 are promising materials for future optoelectronics devices.  

 

Figure 1.1 (a) Periodic table showing the elements forming the TMDC compounds with 

transition metals (group 4-10) and chalcogens. The complete highlighted elements mainly form 

layered TMDC, whereas partially highlighted (Co, Rh, Ir and Ni) exhibits that selected 

dichalcogenides form layered structure.  (b, c) crystal structure view of atoms along top, side 

of single layer TMDC with trigonal prismatic (b) and (c) octahedral coordination [8].    
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1.4 Properties of PtX2 (X=S, Se) 

1.4.1 Crystal structure  

Single layer TMDC can exist in two coordinate phases, 2H (D3h, trigonal prismatic) or 1T (D3d, 

octahedral) as depicted in Figure 1.1 (b, c) [8]. Most of the group-6 TMDC possesses 2H phase, 

however, for the case of group-10 PtX2, 1T phase is more stable. The reason behind this can be 

explained on the different number of d-electrons present in the valance shell. Group-10 metals 

contain rich d electrons and few d-orbitals are involved in coupling, hence they mostly tends 

to form d2sp3 hybridization and thermodynamically favored 1T phase [10]. In 1T phase or 

octahedral structure, each Pt atom is coordinated with other six X (=S, Se) atoms and each Pt 

atom layer is sandwiched between two X chalcogens layers as shown in Figure 1.2 (a, b).  The 

crystal structure of PtS2 belongs to P-3m1 space group with unit parameters, a= b= 0.3537, 

c=0.5019 nm, α=β=90º, γ=120º. The PtSe2 crystal related to D3d
3  (P3̅m1) space group and unit 

cell parameters are a= b= 0.3731, c=0.5072 nm, α=β=90º, γ=120º [16]. 

1.4.2 Electronic band structure  

The electronic band structure of TMDCs mainly relies on number of d-electrons and 

coordination environment of the metal atoms [17, 18]. In PtX2 (X=S, Se), owing to strong 

interlayer interaction, their band gap is highly tunable with number of layers. Zhao et al. have 

evaluated the band structure of monolayer PtS2, as shown in Figure 1.3 (a) with an indirect 

band gap of 1.8 eV [10].  In the same band diagram nearly two degenerate (difference of 0.1 

meV) valence band maximum (VBM) exist between the K-Γ and Γ-M sides and the conduction 

band minimum (CBM) lies between the Γ and M symmetry points [11]. For bilayer PtS2, the 

band gap value reduces to 0.99 eV maintaining indirect nature but position of VBM (CBM) 

shifted towards the Γ (K) points and finally converse to these points for bulk PtS2 as depicted 

in Figure 1.3 (b). The experimentally calculated band gap for different PtS2 layers is shown in 

Figure 1.3 (c) with value of 0.25 eV (for bulk) and 1.6 eV (for monolayer). Figure 1.3 (d) 

exhibits the comparison plot of the band gap calculated by experimentally and theoretically 

which follows the same trend (decrease with increasing thickness) [10]. 

 The band gap of PtSe2 decreases with increasing the thickness and beyond few layers it 

behaves as a semimetal. Zhao et al. have calculated the band structure of PtSe2 by DFT [11]. 

Figure 1.4 (a) exhibits an indirect band gap of 1.17 eV for the monolayer PtSe2 where VBM is 

located at the Γ point, comprised of Se px and py orbitals. The position of CBM, contributed by 

the p states of Se and d states of Pt atoms lies between the Γ and M points [11]. Figure 1.4 (b) 
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exhibits the band structure of bulk PtSe2 with VBM value exceeding that of CBM value and 

semimetal behavior is confirmed. Moreover, when move from monolayer to bulk PtSe2, 

semiconductor to semimetal transition occurred, attributed to the strong interlayer interaction 

between the layers. The band gap calculated for different PtSe2 thicknesses by Tuac plot is 

depicted in Figure 1.4 (c), where for monolayer PtSe2 the value is 1.13 eV and for bulk no band 

gap is observed [11]. 

Figure 1.2 Crystal structure of PtS2 and PtSe2 with atoms arrangements under different 

direction views [16]. 

Figure 1.3 Electronic band structure of (a) monolayer (1L) (b) bulk PtS2 (c) Band gap 

calculated for different thickness PtS2 layers by Tuac plot (d) Variation of experimentally and 

theoretically (DFT) calculated band gap of PtS2 with thickness [10].  
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1.4.3 Vibration mode (Raman) of PtX2 

Raman spectroscopy is widely employed as a characterization technique in the area of 2D 

materials.  Its non-destructive nature and ease of use make it very popular. It is mainly used to 

study the lattice vibrations, defects, or strain present within the material. For the case of PtS2, 

three prominent vibration modes Eg
1, A1g

1 and A1g
2 are observed as shown in Figure 1.5 (a), 

where Eg
1 is the in-plane vibration mode and later two, A1g

1 and A1g
2, are out of plane vibrations 

modes [10]. With increasing thickness of PtS2, the Eg
1 mode blue shifted while A1g

2
 red shifted 

and almost no change in A1g
1 mode, as displayed in Figure 1.5 (a). Figure 1.5 (b) exhibits the 

variation of peak positions of different vibration modes of PtS2 with number of layers [10]. The 

Raman spectra of PtSe2 at different thickness is display in Figure 1.5 (c) with two prominent 

peaks, Eg and A1g. The former peak Eg corresponding to the in-plane vibration mode and later 

A1g. peak related to the out of plane vibration mode [19, 20]. Apart from these two peaks another 

small peak called longitudinal optical (LO) mode, which is the resultant of A2u and Eu infrared 

active modes, also observed [19]. Figure 1.5 (c) illustrates the thickness depended Raman 

spectra of PtSe2 in which the position of Eg mode highly red shifted with increasing thickness 

while A1g mode a little red shifted upto seven number of layers then largely red shifted for 

higher PtSe2 thickness, as also demonstrated in Figure 1.5 (d). The schematic showing the 

different vibration modes in PtSe2 is shown in Figure 1.5 (e) [20].  

Figure 1.4 Electronic band structure of (a) Monolayer (1L) and (b) bulk PtSe2 (c) Tuac plot 

using experimentally band gap calculated for different PtSe2 thickness [11]. 

1.5 Synthesis Methods of PtX2 (X=S, Se) 

In this section, we briefly discuss the common synthesis method employed for the growth of 

PtS2 and PtSe2. The synthesis approach plays a critical role in determining the film quality, 

size, and device performance. Conventionally, thin film can be grown by two approaches, top-

down and bottom-up methods [21]. In top-down method, thin films are achieved by breaking 

down the interlayer interaction of the bulk crystal under the presence of external force. Whereas 

in bottom-up method, the film is grown by sequentially atoms or molecules deposition. 
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However, in present section we will discuss only the most common method used for the growth 

of PtS2 and PtSe2. 

 

Figure 1.5 (a) Layer depended Raman spectra of PtS2 under 633 nm laser illumination. (b) 

Peak position variation of Eg
1, A1g

1 and A1g
2 vibrational modes with increasing number of 

layers. (c) Layer depended Raman spectra of PtSe2 (d) Thickness depended peak position 

variation of A1g and Eg vibration modes of PtSe2 (e) Schematic showing the Raman vibrational 

mode in PtSe2 [11, 22].  

1.5.1 Mechanical Exfoliation  

Mechanical exfoliation (ME) is a top-down technique and most commonly utilized method to 

obtain 2D materials including graphene, h-BN, and TMDC. In this method monolayer to 

multilayer films can be achieved by peeling off the high-quality bulk crystal using adhesive 

tape (mostly scotch tape), as shown in Figure 1.6 (a) [22]. The repeated adhesion and splitting 

of the exfoliated bulk crystal over tape breaks the inter Van der Waals interaction and then 

transfer on the required substrate. Using same ME method, Zhao et al. have fabricated 

monolayer to few-layer PtSe2 and PtS2 films with high crystalline quality [10, 11]. This method 

gives high quality of 2D layers with clean surface and crystallinity, and consider the best 

(a) (b)

(c) (d) (e)

PtS2

PtSe2
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method for fundamental research. However, low yield, less thickness control, and non-

uniformity are the few limitations of this method. 

1.5.2 Chemical vapor deposition  

    Chemical vapor deposition (CVD) is a well-known bottom-up technique utilized to grow 

high quality 2D materials with controllable thickness, scalable size, and crystallinity. In CVD, 

film is deposited by chemical reactions between the precursors occur in the enclosed chamber 

(tube) under the presence of high temperature. Usually, the precursors are evaporated upto the 

desired temperature and transport by carrier gas flow and finally film is deposited on the target 

substrate with a chemical reaction. Some volatile by-products often generate during the 

chemical reaction are extracted from the tube by the gas flow stream. For the growth of PtSe2, 

the common Pt precursors like PtCl4, PtCl2, H2PtCl6 and Se powder are used, as illustrated in 

Figure 1.6 (b) [14, 23-25]. Whereas for the growth of PtS2, owing to limited literature, PtCl2 

and S powder are only used precursors so far [26, 27]. The quality of growth film directly 

depends upon the growth parameters such as precursors amount (or type), growth temperature, 

pressure, carrier gas flow rate, substrate position and distance from precursors etc [28]. 

However, high-temperature need, toxic precursors, uniformity issue on large area are few 

constraints in CVD process. The reported literature of synthesis of PtS2 and PtSe2 by CVD is 

mentioned in Table 1.1.   

Figure 1.6 Common synthesis methods to grow PtX2 film (a) Mechanical exfoliation (ME) 

method (b) Chemical vapor deposition (CVD) method, where Pt and S/Se precursors are used 

in powder form and also known as one-step CVD (c) Thermally assisted conversion (TAC) 

method or also known as two-step CVD method [22].  
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Table 1.1 The Reported literature of PtS2 and PtSe2 synthesized by CVD method 

 

 

1.5.3 Thermally assisted conversion 

For the growth of group-10 TMDC, thermally assisted conversion (TAC) is most popular 

method [35-39]. It is two-step method where 1st step involves the growth of thin film of 

transition metal (Pt for present case) using either via sputtering or electron beam evaporation 

(EBE) process. In the 2nd step, the same Pt coated film is sulfurized (selenization) in the CVD 

for growth of PtS2 (PtSe2), respectively, as exhibited in Figure 1.6 (c). TAC is the best method 

to grow large area, controllable thickness and high crystallinity quality of 2D materials. The 

thickness of 2D material can be control by modulating pre metal (Pt) coated film thickness. In 

2015, Wang et al. used same approach to grow single crystal monolayer PtSe2 by selenization 

of Pt (111) substrate in ultrahigh vaccum [40]. Moreover, they have also shown that monolayer 

PtSe2 possesses a semiconductor nature by Angle resolved photoemission spectroscopy 

measurements (ARPES) [40]. Xu et al. have grown a large area PtS2 film by using the TAC 

method with S temperature of 200℃ and Pt-coated substrate temperature of 400-500 ℃. 

Usually, during the growth of PtX2, lower temperature (~500 ℃) is needed than MoS2 (~800 

℃), which is beneficial to grow PtS2 on multiple substrates. Table 1.2 demonstrates the 

reported literature of PtSe2 and PtS2 synthesized by TAC method. 

 

Material Substrate Precursors 

 

Precursor temperature (℃) Gas flow rate 

(sccm) 

PtX2 

thickness  

(nm) 

Ref. 

Se or 

S 

Pt Substrate 

 

 

 

 

 

 

 

PtSe2 

Sapphire H2PtCl6, Se 300 200-

900 

900 100 (Ar) +10 (H2) 3.5-10 [24] 

 

Sapphire PtCl4, Se 200 300 500 200(Ar) +20 (H2) 1.6, 2.8 [29] 

 

Au foil PtCl2, Se 450 800-

850 

850 85 (Ar) +15 (H2) 0.8, 1.5, 2.2 [30] 

 

SiO2/Si PtCl4, Se 200 310 500 210 (Ar) +25 (H2) 1.85 [31] 

 

SiO2/Si PtCl4, Se 200 310 500 210 (Ar) +25 (H2) 2.00 [32] 

Sapphire PtCl4, Se 200 400 400 90 (Ar) +10 (H2) 2.0-7.8 [33] 

 

Sapphire PtCl2, Se NA NA 350-450 60 Ar 2.2 [34] 

 

 

PtS2 

Au foil PtCl2, S 250 750-

850 

NA 80 (Ar) +10 (H2) 0.71 [27] 

 

Mica PtCl2, S 250 650-

750 

NA 90 (Ar) +10 (H2) 1.36 [26] 
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Table 1.2 The reported literature of PtS2 and PtSe2 synthesized by TAC method. 

 

 

Material Substrate Pt deposited 

by 

Pt Thickness 

(nm) 

Growth temperature in CVD (℃) PtX2 

thickness 

(nm) 

Ref. 

Se or 

S 

Pt-

coated 

 

Gas flow rate 

(sccm) 

 

 SiO2/Si Sputtering 1-5 ~220 400 150 

(Ar/H2=9:1) 

6-29 L [36] 

 SiO2/Si Sputtering 0.5-5 ~220 450 150 

(Ar/H2=9:1) 

NA [19] 

 

 SiO2/Si Sputtering 0.5, 12 220 420 50 (Ar) ~35 [38] 

 

 SiO2/Si Sputtering NA 220 450 50 (Ar) ~37.2 [37] 

 

 SiO2/Si Sputtering NA 220 450 50 (Ar) ~22 [35] 

 

PtSe2 SiO2/Si EBE 0.8 220 450 60 (Ar) ~2.7 [41] 

 

 SiO2/Si EBE 0.75-10 ~200 400 100 (Ar) 4-5 times of Pt [42] 

 

 SiO2/Si EBE NA NA 400 NA NA [43] 

 

 Si EBE ~5 ~220 ~450 50 (Ar) 13 (or 17L) [39] 

 

 SiO2/Si Sputtering 1 NA ~460 50 (Ar) ~3.2 [44] 

 

 SiO2/Si NA NA ~200 400-500 100 (N2/H2 

=9:1) 

NA [45] 

PtS2 SiO2/Si Sputtering 0.5-5 NA 500 150 (N2/H2= 

9:1) 

0.5-20 [46] 

 

 

 SiO2/Si Sputtering 3.4 280 800 10 (Ar) 12.7 [47] 

 SiO2/Si Sputtering NA 300 500 75 (1.1% H2 

+Ar) 

5 [48] 

L=number of layers, EBE= electron beam evaporation  

 

1.6 Applications of PtX2 (X=S, Se)  

Both PtS2 and PtSe2 have shown great potential in various applications including field effect 

transistors, photodetectors, photocatalysis, hydrogen evolution reactions, gas sensors etc [18, 

40]. Since band gap (Eg) of PtS2 (Eg=0.25-1.6 eV) and PtSe2 (Eg=0-1.6 eV) largely lie in the 

infrared region, so they are appropriate materials for near-infrared detection. Besides this, high 

mobility and stability further make them more highlighted to design fast speed future 

optoelectronic devices. Herein, we focused on the PtX2 (X=S, Se) and their heterostructure 

based photodetector applications.  
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1.7. Photodetectors  

Photodetectors are optoelectronic devices which detect the particular region of light signals by 

converting them into electrical signals. Depending upon the detection region they can be 

divided into near-infrared (NIR), ultraviolet (UV), and broadband photodetector which directly 

rely on the band gap of the material. When photodetector is under illumination with photons 

energy equal to or greater than the band gap of material, electron-hole pairs are generated and 

get separated by induced built-in potential or external bias and photocurrent is produced. The 

general schematic of photodetector device is exhibited in Figure 1.7 (a) which consist of active 

material, electrodes, and external bias. Photodetectors have numerous applications in optical 

communications, biomedical imaging, remote sensing, defense security, and astronomy [9, 48, 

49]. Hence to develop high-performance photodetector is very essential. 

Figure 1.7 (a) Schematic of a Photodetector (b) schematic of a response time with rise and fall 

time.  

1.7.1 Figure of merits of photodetectors 

The performance of the photodetector (PD) can be measured from its figures of merit, which 

also helps to do the comparison with commercial detectors or reported literature. These 

parameters are briefly discussed below. 

Dark Current (Idark): The dark current as name suggests is the current generate in the PD 

when no light falls on it. Dark current predominately produce due to flow of charge carriers 

generated under thermal excitation across the band gap or with the assistance of trap states 

within the band gap [50]. The dark current extensively affects the sensitivity (defined later) and 

performance of the device. A high dark current can cause overshadow to detect weak signals 

and lead to low sensitivity. 
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Responsivity (R): It is the ratio of net photocurrent produced per incident optical power, 

mathematically it is defined by                                                       

R =
Ilight − Idark

P. A
 

Where, ,  Idark is the dark current, Ilight is the current produce under light. . P is the optical power 

density of the illuminated light and A is the light illuminated effective area. The responsivity 

depends upon the absorption of the material and incident optical power density. 

Specific Detectivity (D*): It signifies how a weak light signal a PD can detect; it is also called 

sensitivity of the PD. Mathematically it is given by:   

D∗ = √
A

2eIdark
 × R 

Where A, e and Idark are the effective area under illumination, charge on the electron and dark 

current, respectively. R is the responsivity of the PD, as defined above. D* is usually measured 

in Jones (cm Hz1/2 W-1). Other definition of detectivity (D*) when noise is much larger than 

the dark current is defined by:                                                  

D∗ =
√AB

NEP
 

Where A is effective area, B is band width and NEP is the Noise equivalent Power. 

Quantum efficiency- The ability of the PD to produce number of electron-hole pairs under 

light irradiation is called quantum efficiency. The important thing is that not all electron-hole 

pairs generated initially contribute to the final current because many times recombination of 

electron-hole pairs can happen and resulting smaller number of carriers reach to the electrodes. 

Therefore, under illumination, depending on number of electrode-hole pairs initially generated 

and final reach to the electrode (contribute to the current), quantum efficiency is defined in two 

forms- External quantum efficiency (EQE) and Internal quantum efficiency (IQE). The IQE is 

the number of electron-hole pairs generated within the material per incident photons per sec. 

The EQE is described as the number of electron-hole pairs collected by the electrodes 

(contribute to the current) per incident photons per sec. Commonly, EQE is preferred over IQE 

and mathematically given by: 

                                                                         EQE =
Rhc

eλ
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       Here c, e, λ, h and R are the speed of light (in air), electronic charge, wavelength of incident 

light, Plank’s constant and responsivity of the PD, respectively.  

Response time-To check the speed of the PD, how fast it works is usually measured from its 

response time, lower the response time means faster the speed of the PD. Response time is 

measured in seconds (s). Experimentally, response time is measured in terms of rise and fall 

time, where rise time is the time taken from 10% to 90 % of the net current value and decay 

time is the time taken from 90% to 10% of the net current value as illustrated in Figure 1.7 (b).  

Photoconductive gain- The ability power of device to generate multiple carriers by a singular 

photon is study by photoconductive gain. This parameter also helps to explain the reason for 

getting more than 100% EQE value. It is given by 

G =
τlife

τtran
 

Where τlife and τtran are carrier life time and transit time respectively, τtran further depends upon 

applied bias (Vbias), length of the channel (L) and carrier mobility (μ) as below 

τtran =
L2

μVbias
 

1.7.2. Working mechanism of a photodetector  

The working of the PDs is usually defined as three step process (1) generation of photoinduced 

carriers under illumination of light (2) transport of photoinduced carriers (3) extraction of 

charge carriers or production of current at the electrodes. The performance of the PDs depends 

upon the architecture of the device, absorption coefficient, wavelength (or intensity) of the 

incident light, electrodes nature, and biasing to the materials. Depending upon these 

parameters, there may be different mechanisms of current production. 

 

Photo conductive effect (PCE)- In this type of PD the current is generated due to change in 

the conductivity (or increase in electron-hole pairs concentration) of the material. Device under 

illumination with photons energy more than band gap of material generates more number of 

electron-hole pairs as compared to in dark and further this leads to difference in their 

conductivity. The excess electron-hole pairs are separated by external bias. Under biasing, the 

net photocurrent (Ip) generates in the device is the difference between current under light (Ilight) 

and dark (Idark) i.e Ip= Ilight - Idark. In photoconductor device, the external bias is needed to 
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separate the electron-holes pairs and ohmic contact is preferred. Normally large dark current, 

low detectivity and slow response time are few drawbacks of PCE based PDs. 

Photo voltaic effect (PVE)- The problem of high dark current and slow speed in 

photoconductor devices can be resolved in Photovoltaic detector. Usually, it consists of two 

different types of doped semiconductors having different polarity to make p-n junction at the 

interface. Due to the p-n junction formation, a strong built-in electric field generated at the 

junction, which further helps in separation of light illuminated charge carriers and produced 

current. Furthermore, the built-in-electric potential induced at the junction, sometime give 

additional advantage of its self-bias working where no external biasing is required. Also, 

Schottky barrier photodiodes are sub types of photovoltaic PD, in which Schottky barrier is 

formed between the metal and semiconductor, and due to this barrier the dark current reduces. 

PDs following PVE depict non-linear current-voltage (I-V) characteristics.   

Photogating effect- It is a special case of Photo conducting effect, in which trap states or 

defects are used to increase the carrier life time of the charge carriers and hence responsivity 

of the photodetector can be modulated. Under light illumination, when electron-hole pairs are 

generated then one type of charge carrier (either hole or electron) traps in these trap states, and 

opposite charge carrier continues move through the circuit until it recombine with opposite 

charge carrier or reach to the electrode which leads to an increase in gain and responsivity of 

the PD. Photogating devices are mostly used where we want to increase the responsivity of the 

photodetector.  

Photothermoelectric effect- In photothermoelectric effect, photovoltage in the semiconductor 

device is produced due to a local temperature gradient induced by non-uniform heating. 

Specifically, when the illuminated laser spot area is smaller than the semiconductor channel, 

then it generates a temperature difference (∆T) across the two ends of the device channel. This 

temperature difference then generates a photovoltage via the Seebeck effect which is 

proportional to the temperature difference.     

Photobolometric effect- This effect depends upon the resistivity change of the heat-sensitive 

material. Under thermal irradiation and external biasing, the resistance of the material either 

increase or decrease and corresponding the current across the device also change. The main 

difference between the Photobolometric effect and Photothermoelectric effect is that for 

Photobolometric effect we always need external bias (similar to photo conductive effect), 

whereas Photothermoelectric effect can work without bias as well.  
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1.8 History and current Scenario in the field of PtX2 based photodetectors (PDs) 

The 1st PtS2 based phototransistor was fabricated by Li et al. group using a mechanical 

exfoliation method in 2017 [55]. In this work, they compared the performance of PtS2 FET 

devices grown on SiO2/Si and hBN-coated SiO2/Si substrates. The device made of few layers 

of PtS2 grown on h-BN coated SiO2/Si substrate exhibited a high responsivity of 1560 AW-1 

but with a slow response of 0.46 s. In 2018, Yuan et al. fabricated a PtS2/PtSe2 photodetector 

that showed a broad response of 405-2200 nm and fast response of 66 ms /75 ms (rise time/fall 

time) [41]. Yu et al. fabricated the 1st bilayer PtSe2 photodetector using mechanical exfoliation, 

which exhibited a wide response from 632 nm to 10 μm (mid-infrared region), high 

responsivity of 4.5 AW-1, and rise /fall time of 1.2 ms/1.2 ms [14].  Figure 1.8 (a, b) exhibits 

the progress in research so far reported in PtS2 (PtSe2) and its heterostructure based 

photodetector performance, which clearly shows the inevitable trade-off between the response 

time and responsivity. The rectangular shaded region in both the graph of Figure 1.8 (a, b) is 

the required target performance of these photodetectors to enable them for commercialization 

and use for future optoelectronic devices.   

 

Figure 1.8 Performance comparison in the current scenario in (a) PtS2 and its heterostructure 

(b) PtSe2 and its heterostructure based photodetectors (PDs). The data in Figures has been taken 

from Ref. [15, 37, 38, 44, 51-70]. 

1.9 Types of Heterostructure 

Although bare TMDCs are considered suitable materials for broadband photodetection, still 

they endure from limited light absorption, high recombination rate, limited light detection 

range, and slow response. To compensate this issue, make their heterostructure with 
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appropriate candidate is best strategy to enhance the overall device performance. 

Heterostructures are combination of two different semiconductor materials having different 

band gaps and nature. Heterostructure helps to enhance the overall device performance by 

modulating their absorption, increase broad detection range, and enhance detection speed. The 

built-in potential created at the heterojunction assists in rapid charge carrier separation and tune 

the device properties from their constitute materials. Depending upon the stacking pattern, 

heterostructure may be lateral or vertical. Furthermore, depending on type of band alignment 

between the composite materials, heterostructure can be classified as type-I (Straddling gap), 

Type-II (Staggered gap), and type-III (Broken gap) heterostructures as exhibited in Figure 1.9 

 

Figure 1.9 Different type of heterostructures based on their band alignment.  

 1.10 Challenges and Motivations  

The main challenge during the growth of PtS2 by thermally assistant conversion (TAC) is the 

formation of intermediate phase PtS which is easily formed due to its more stability than PtS2 

[45, 46]. Therefore, it is very difficult to precisely control the growth of PtS2. Moreover, 

scalable growth of PtS2 on multiple substrates with a single approach was also not explored. 

To mitigate these problems, understanding of growth parameters like pre Pt-coated thickness, 

sulfur amount (during sulfurization), and carrier gas flow rate in CVD can play an imperative 

role to control the growth of PtS2. Optimizing these parameters and understanding of growth 

mechanism can assist to optimized the growth of PtS and PtS2. 

 During the fabrication of photodetector, it becomes very essential to build device with high 

responsivity, broad detection and fast speed. However, in a single TMDC material it is very 

rare to find all these things simultaneously. For example, group-6 TMDC, especially MoS2 has 

a band gap of 1.2-1.8 eV, which mostly lies in the visible region and also exhibits maximum 

response in this range. In addition, moderate mobility, finite absorption, and lack of strong 
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built-in potential make its overall device performance inferior. Similarly, in the case of Ga2O3 

which has a band gap of 4.5-4.9 eV and best known for ultraviolet (UV) detection, but has a 

trivial response in visible and NIR regions. In such cases, building their heterostructure with a 

potential material, such as PtS2, governed with a narrow band gap range (0.25-1.6 eV) and high 

mobility is the best approach. Heterostructure can modulate the device performance by 

generating built-in potential, increasing absorption, and fast carrier separation.  

 Group-10 TMDC, PtSe2 became the first choice for fabricating infrared photodetectors 

attributed to its narrow band gap (0-1.2 eV), high carrier mobility, and ambient stability. 

Despite this, PtSe2 exhibits a high dark current and substandard on-off ratio ascribed to its 

narrow or semimetal nature. Again, the best remedy to reduce dark current and enhance the 

device's performance is to build a heterostructure. Heterostructure can create a barrier height 

at the heterojunction which limits the flow of the charge carrier under dark and helps to reduce 

the dark current. Moreover, strong built-in potential generated at the heterojunction further 

supports in fast carrier separation and increase the speed of the device.  

 

1.11 Objectives of the present thesis work 

1. Controlled and large-area growth of PtS2 on various substrates and its photodetector 

studies. 

2. Fabrication of large area PtS2 heterostructure (PtS2/MoS2, PtS2-x/Ga2O3) based 

broadband photodetector. 

3. In-depth interface study of PtS2 heterostructure, PtS2/MoS2, PtS2-x/Ga2O3 and their band 

alignment.   

4. Increase the performance of bare PtSe2 photodetector by making its heterostructure to 

reduce dark current and achieve ultra-fast response time.   

 

1.12 Outline of the thesis 

The thesis is organized into following six chapters to accomplish predefined objectives.  

Chapter 1: Introduction   

This chapter explains brief introduction about the TMDCs with especially focus on PtS2, PtSe2 

and their properties. Moreover, a detailed discussion of their synthesis methods (ME, CVD and 

TAC) is also described. With focus on photodetector application, their working mechanism and 
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important figures of merits are also explained in detail. Finally, chapter concludes with 

motivations and objective of the present thesis.  

Chapter 2: Fabrication and characterization techniques  

This chapter discusses the working mechanism of various synthesis methods and 

characterization used in the present thesis work. Moreover, it also summarizes the 

photodetector device testing equipment used during the work.  

Chapter 3.  Large area and controlled growth of PtS2 on various substrates  

This chapter includes the systematic study of the effect of growth parameters (sulfur amount, 

Pt thickness, and carrier gas flow) employed in the thermally assisted conversion method to 

achieve the large area growth of PtS2 on various substrates. Next, this chapter also includes the 

detail growth mechanism to understand the growth of PtS2 and its photodetector performance 

on various substrates.  

Chapter 4. Large area 2D PtS2 heterostructures for broadband photodetection 

In this chapter, large-area PtS2 heterostructures, including PtS2/MoS2 and PtS2-x/Ga2O3 

heterostructure fabrication and their broadband photodetector study are discussed. 

Furthermore, a detailed interface study of the heterojunction with their band alignment study 

and carrier transport mechanism is highlighted.  

Chapter 5. 2D PtSe2 heterostructure for photodetector study  

This chapter summarizes the importance of PtSe2/MoS2 heterostructure to enhance the overall 

device performance compared to bare PtSe2. A detailed carrier transport mechanism and 

ultrafast response of PtSe2/MoS2 is also explained.  

Chapter 6. Summary and scope for future studies  

This chapter summarizes the entire thesis work and presents future directions for the further 

development of TMDC growth and devices. 

 

 

 

 

 

 

 

 

 



Chapter 1: Introduction   

 

19 

 

References  

1. Baig, N., I. Kammakakam, and W. Falath, Nanomaterials: a review of synthesis 

methods, properties, recent progress, and challenges. Materials Advances, 2021. 2(6): 

p. 1821-1871. 

2. Novoselov, K.S., et al., Electric Field Effect in Atomically Thin Carbon Films. Science, 

2004. 306(5696): p. 666-669. 

3. Wood, J.D., et al., Effective Passivation of Exfoliated Black Phosphorus Transistors 

against Ambient Degradation. Nano Letters, 2014. 14(12): p. 6964-6970. 

4. Ganatra, R. and Q. Zhang, Few-Layer MoS2: A Promising Layered Semiconductor. 

ACS Nano, 2014. 8(5): p. 4074-4099. 

5. Long, M., et al., Progress, Challenges, and Opportunities for 2D Material Based 

Photodetectors. Advanced Functional Materials, 2019. 29(19): p. 1803807. 

6. Jariwala, D., et al., Emerging Device Applications for Semiconducting Two-

Dimensional Transition Metal Dichalcogenides. ACS Nano, 2014. 8(2): p. 1102-1120. 

7. Tedstone, A.A., D.J. Lewis, and P. O’Brien, Synthesis, Properties, and Applications of 

Transition Metal-Doped Layered Transition Metal Dichalcogenides. Chemistry of 

Materials, 2016. 28(7): p. 1965-1974. 

8. Chhowalla, M., et al., The chemistry of two-dimensional layered transition metal 

dichalcogenide nanosheets. 2013. 5(4): p. 263-275. 

9. Bassi, G., et al., Controlled and tunable growth of ambient stable 2D PtS2 thin film and 

its high-performance broadband photodetectors. Journal of Alloys and Compounds, 

2023. 955: p. 170233. 

10. Zhao, Y., et al., Extraordinarily Strong Interlayer Interaction in 2D Layered PtS2. 

Advanced Materials, 2016. 28(12): p. 2399-2407. 

11. Zhao, Y., et al., High-Electron-Mobility and Air-Stable 2D Layered PtSe2 FETs. 

Advanced Materials, 2017. 29(5): p. 1604230. 

12. Huang, Z., W. Zhang, and W. Zhang, Computational Search for Two-Dimensional MX2 

Semiconductors with Possible High Electron Mobility at Room Temperature. Materials, 

2016. 9(9). 

13. Zhang, W., et al., Two-dimensional semiconductors with possible high room 

temperature mobility. Nano Research, 2014. 7(12): p. 1731-1737. 

14. Yu, X., et al., Atomically thin noble metal dichalcogenide: a broadband mid-infrared 

semiconductor. Nature Communications, 2018. 9(1): p. 1545. 

15. Wang, Z., et al., A Noble Metal Dichalcogenide for High-Performance Field-Effect 

Transistors and Broadband Photodetectors. Advanced Functional Materials, 2020. 

30(5): p. 1907945. 

16. Ermolaev, G.A., et al. Broadband Optical Properties of Atomically Thin PtS2 and 

PtSe2. Nanomaterials, 2021. 11,  DOI: 10.3390/nano11123269. 

17. Gong, Y., et al., Two-Dimensional Platinum Diselenide: Synthesis, Emerging 

Applications, and Future Challenges. Nano-Micro Letters, 2020. 12(1): p. 174. 

18. Pi, L., et al., Recent Progress on 2D Noble-Transition-Metal Dichalcogenides. 

Advanced Functional Materials, 2019. 29(51): p. 1904932. 

19. O’Brien, M., et al., Raman characterization of platinum diselenide thin films. 2D 

Materials, 2016. 3(2): p. 021004. 

20. Yan, M., et al., High quality atomically thin PtSe2 films grown by molecular beam 

epitaxy. 2D Materials, 2017. 4(4): p. 045015. 

21. Dong, R. and I. Kuljanishvili, Review Article: Progress in fabrication of transition 

metal dichalcogenides heterostructure systems. Journal of Vacuum Science & 

Technology B, 2017. 35(3): p. 030803. 



Chapter 1: Introduction   

 

20 

 

22. Hu, Z., Z.-B. Liu, and J.-G. Tian, Stacking of Exfoliated Two-Dimensional Materials: 

A Review. Chinese Journal of Chemistry, 2020. 38(9): p. 981-995. 

23. Gulo, D.P., et al., Temperature-dependent optical and vibrational properties of PtSe2 

thin films. Scientific Reports, 2020. 10(1): p. 19003. 

24. Wang, Z., et al., Facile Synthesis of Single Crystal PtSe2 Nanosheets for Nanoscale 

Electronics. Advanced Materials, 2016. 28(46): p. 10224-10229. 

25. Zhang, H., et al., PtSe2 Field-Effect Phototransistor with Positive and Negative 

Photoconductivity. ACS Applied Electronic Materials, 2022. 4(11): p. 5177-5183. 

26. Zhao, Y.-Q., et al., Chemical vapor deposition of uniform bilayer PtS2 flakes for 

electrocatalytic hydrogen evolution. Physical Chemistry Chemical Physics, 2023. 

25(16): p. 11311-11315. 

27. Jiang, S., et al., Nonlinear electronic and ultrafast optical signatures in chemical vapor-

deposited ultrathin PtS2 ribbons. Nano Research, 2022. 15(5): p. 4366-4373. 

28. Cai, Z., et al., Chemical Vapor Deposition Growth and Applications of Two-

Dimensional Materials and Their Heterostructures. Chemical Reviews, 2018. 118(13): 

p. 6091-6133. 

29. Xu, H., et al., Controlled Doping of Wafer-Scale PtSe2 Films for Device Application. 

Advanced Functional Materials, 2019. 29(4): p. 1805614. 

30. Shi, J., et al., Chemical Vapor Deposition Grown Large-Scale Atomically Thin Platinum 

Diselenide with Semimetal–Semiconductor Transition. ACS Nano, 2019. 13(7): p. 

8442-8451. 

31. Wang, W., et al., Investigation of the band alignment at MoS2/PtSe2 heterojunctions. 

Applied Physics Letters, 2019. 114(20): p. 201601. 

32. Li, K., et al., Lattice vibration properties of MoS2/PtSe2 heterostructures. Journal of 

Alloys and Compounds, 2020. 820: p. 153192. 

33. Xie, J., et al., Optical properties of chemical vapor deposition-grown PtSe2 

characterized by spectroscopic ellipsometry. 2D Materials, 2019. 6(3): p. 035011. 

34. Chung, C.-C., et al., Atomic-Layer Controlled Interfacial Band Engineering at Two-

Dimensional Layered PtSe2/Si Heterojunctions for Efficient Photoelectrochemical 

Hydrogen Production. ACS Nano, 2021. 15(3): p. 4627-4635. 

35. Wu, E., et al., In Situ Fabrication of 2D WS2/Si Type-II Heterojunction for Self-Powered 

Broadband Photodetector with Response up to Mid-Infrared. ACS Photonics, 2019. 

6(2): p. 565-572. 

36. Yim, C., et al., Wide Spectral Photoresponse of Layered Platinum Diselenide-Based 

Photodiodes. Nano Letters, 2018. 18(3): p. 1794-1800. 

37. Zeng, L., et al., Ultrafast and sensitive photodetector based on a PtSe2/silicon nanowire 

array heterojunction with a multiband spectral response from 200 to 1550 nm. NPG 

Asia Materials, 2018. 10(4): p. 352-362. 

38. Zeng, L.-H., et al., Fast, Self-Driven, Air-Stable, and Broadband Photodetector Based 

on Vertically Aligned PtSe2/GaAs Heterojunction. Advanced Functional Materials, 

2018. 28(16): p. 1705970. 

39. Zhou, K., et al., Broadband photodetector based on 2D layered PtSe2 / silicon 

heterojunction at room-temperature. Physica E: Low-dimensional Systems and 

Nanostructures, 2020. 123: p. 114147. 

40. Wang, Y., et al., Monolayer PtSe2, a New Semiconducting Transition-Metal-

Dichalcogenide, Epitaxially Grown by Direct Selenization of Pt. Nano Letters, 2015. 

15(6): p. 4013-4018. 



Chapter 1: Introduction   

 

21 

 

41. Yuan, J., et al., Wafer-Scale Fabrication of Two-Dimensional PtS2/PtSe2 

Heterojunctions for Efficient and Broad band Photodetection. ACS Applied Materials 

& Interfaces, 2018. 10(47): p. 40614-40622. 

42. Han, S.S., et al., Horizontal-to-Vertical Transition of 2D Layer Orientation in Low-

Temperature Chemical Vapor Deposition-Grown PtSe2 and Its Influences on Electrical 

Properties and Device Applications. ACS Applied Materials & Interfaces, 2019. 11(14): 

p. 13598-13607. 

43. Shawkat, M.S., et al., Two-Dimensional/Three-Dimensional Schottky Junction 

Photovoltaic Devices Realized by the Direct CVD Growth of vdW 2D PtSe2 Layers on 

Silicon. ACS Applied Materials & Interfaces, 2019. 11(30): p. 27251-27258. 

44. Wu, D., et al., Highly sensitive solar-blind deep ultraviolet photodetector based on 

graphene/PtSe2/β-Ga2O3 2D/3D Schottky junction with ultrafast speed. Nano 

Research, 2021. 14(6): p. 1973-1979. 

45. Xu, H., et al., Strategy for Fabricating Wafer-Scale Platinum Disulfide. ACS Applied 

Materials & Interfaces, 2019. 11(8): p. 8202-8209. 

46. Cullen, C.P., et al., Synthesis and characterisation of thin-film platinum disulfide and 

platinum sulfide. Nanoscale, 2021. 13(15): p. 7403-7411. 

47. Zhao, D., et al., Synthesis of large-scale few-layer PtS2 films by chemical vapor 

deposition. AIP Advances, 2019. 9(2): p. 025225. 

48. Bassi, G., R. Wadhwa, and M. Kumar, Broadband and High-Performance 

Photodetector Fabricated Using Large Area and Transfer-Free 2D–2D PtS2/MoS2 

Heterostructure. Advanced Optical Materials, 2024. 12(7): p. 2301899. 

49. Bassi, G., et al., 2D–3D heterostructure of PtS2−x/Ga2O3 and their band alignment 

studies for high performance and broadband photodetector. Nanotechnology, 2024. 

35(32): p. 325706. 

50. Zhang, X., et al., Dark Current Mechanisms and Suppression Strategies for Infrared 

Photodetectors Based on Two-Dimensional Materials. Laser & Photonics Reviews, 

2024. 18(5): p. 2300936. 

51. Aftab, S., et al., Platinum Disulfide (PtS2) and Silicon Pyramids: Efficient 2D/3D 

Heterojunction Tunneling and Breakdown Diodes. ACS Applied Electronic Materials, 

2022. 4(3): p. 917-924. 

52. Gui, T., et al., In-situ fabrication of PtSe2/MoS2 van der Waals heterojunction for self-

powered and broadband photodetector. Materials & Design, 2024. 238: p. 112722. 

53. Kim, H.-S., et al., Broadband and ultrafast photodetector based on PtSe2 synthesized 

on hBN using molecular beam epitaxy. Applied Surface Science, 2023. 638: p. 158103. 

54. Li, H. and Z. Yang Highly Responsive and Self-Powered Photodetector Based on 

PtSe2/MoS2 Heterostructure. Molecules, 2024. 29,  DOI: 10.3390/molecules29112553. 

55. Li, L., et al., Few-Layered PtS2 Phototransistor on h-BN with High Gain. Advanced 

Functional Materials, 2017. 27(27): p. 1701011. 

56. Li, X., et al., Mixed-Dimensional PtSe2/Bi2Te3/Pyramid Si Heterojunction with a 

Light-Trapping Structure for Highly Sensitive Ultrabroadband Photodetection. ACS 

Photonics, 2024. 11(5): p. 2070-2076. 

57. Long, M., et al., Scalable fabrication of long-wave infrared PtSe2-G heterostructure 

array photodetectors. Applied Physics Letters, 2020. 117(23): p. 231104. 

58. Ma, M., et al., Multilayered PtSe2/pyramid-Si heterostructure array with light 

confinement effect for high-performance photodetection, image sensing and light 

trajectory tracking applications. Journal of Materials Chemistry C, 2021. 9(8): p. 2823-

2832. 



Chapter 1: Introduction   

 

22 

 

59. Song, Y., et al., High-Performance Photodetector Based on the ReSe2/PtSe2 van der 

Waals Heterojunction. ACS Applied Electronic Materials, 2023. 5(5): p. 2748-2757. 

60. Wang, J., et al., PtSe2/InP Mixed-Dimensional Schottky Junction for High-Performance 

Self-Powered Near-Infrared Photodetection. Advanced Optical Materials, 2024. 

12(29): p. 2401035. 

61. Wang, L., et al., A high-performance near-infrared light photovoltaic detector based on 

a multilayered PtSe2/Ge heterojunction. Journal of Materials Chemistry C, 2019. 7(17): 

p. 5019-5027. 

62. Wang, S., et al., Unipolar Barrier Photodetectors Based on Van Der Waals 

Heterostructure with Ultra-High Light On/Off Ratio and Fast Speed. Advanced 

Science, 2025. n/a(n/a): p. 2413844. 

63. Wang, X., et al., A Self-Powered Photodetector Based on Graphene Enhanced 

WSe2/PtSe2 Heterodiode with Fast Speed and Broadband Response. Advanced Optical 

Materials, 2024. 12(18): p. 2400052. 

64. Wang, Z., et al., Type-I Heterostructure Based on WS2/PtS2 for High-Performance 

Photodetectors. ACS Applied Materials & Interfaces, 2022. 14(33): p. 37926-37936. 

65. Xu, Z., et al., Self-Powered Broadband UV–NIR Photodetectors Based on InSe/PtS2 

Van der Waals Heterostructure. Advanced Optical Materials, 2024. 12(30): p. 2401379. 

66. Zhang, H., et al., Type-I PtS2/MoS2 van der Waals heterojunctions with tunable 

photovoltaic effects and high photosensitivity. Nanoscale, 2022. 14(43): p. 16130-

16138. 

67. Zhang, K., et al., Polarization-sensitive infrared photodetectors based on van der Waals 

heterojunction with the unilateral depletion region. Journal of Physics D: Applied 

Physics, 2022. 55(49): p. 495106. 

68. Zhang, Z.-X., et al., Ultrafast, Self-Driven, and Air-Stable Photodetectors Based on 

Multilayer PtSe2/Perovskite Heterojunctions. The Journal of Physical Chemistry 

Letters, 2018. 9(6): p. 1185-1194. 

69. Zhuo, R., et al., In-situ fabrication of PtSe2/GaN heterojunction for self-powered deep 

ultraviolet photodetector with ultrahigh current on/off ratio and detectivity. Nano 

Research, 2019. 12(1): p. 183-189. 

70. Che, M., et al., High-Efficiency Self-Powered Broadband Photodetector Based on 

PtSe2/MoSe2 Heterojunction. ACS Photonics, 2024. 11(4): p. 1693-1702. 

 
 

 

 



 

23 

 

Chapter 2: Fabrication and characterization techniques 

This chapter briefly reviews the fabrication and characterization techniques employed to 

deposit PtX2 (X=S, Se) and MoS2 thin films. In the present thesis work, radio frequency (RF) 

magnetron sputtering and thermally assisted conversion (TAC) were used to synthesize the 

MoS2 and PtX2 films, respectively. The various characterization tools are performed to 

characterize the grown films. The optical properties are examined by Raman, 

Photoluminescence (PL), and UV-vis-NIR spectroscopy. The morphology and structural 

properties are studied by X-ray diffraction (XRD), Field emission Scanning electron 

microscope (FE-SEM), Transmission electron microscopy (TEM) and atomic force 

microscopy (AFM). The chemical composition is determined by X-ray photoelectron 

microscopy (XPS). Finally, the photodetector device fabrication and its performance 

measurements are discussed.  

2.1 Deposition techniques  

2.1.1 Magnetron sputtering  

 Sputtering is a physical vapor deposition (PVD) technique in which thin film is deposited by 

sputter (or ejection) of target material’s atoms through energetic ion bombardment. It is a 

widely used method to deposit various types of materials in a scalable manner. Figure 2.1 (a) 

shows the schematic illustrating the sputtering system. A high-purity target is used as a cathode, 

and the sample stage as an anode. Prior to deposition, a high vacuum is created inside the 

growth chamber, which helps to remove unwanted impurities and increase the mean free path 

for the sputter atoms. For the deposition of thin film, external power is supplied to the target 

material which ionizes the argon gas atoms (supplied during deposition) to form Ar+ ions, 

which bombard with target material and eject the target atoms and form plasma (combination 

of electrons, Ar atoms, Ar ions, sputtered atoms etc). Moreover, magnets behind the target 

further assist in intensifying and confining the plasma near the target and increase the sputtering 

rate [1, 2]. Therefore, it is called magnetron sputtering. Depending upon the external power 

supply, sputtering can be categorized as radio frequency (RF) sputtering and direct current 

(DC) sputtering. In the present thesis work, RF magnetron sputtering (make - EXCEL 

INSTRUMENTS, India) was used for the Pt and MoS2 deposition at the standard RF frequency 

of 13.56 MHz. Figure 2.1(b) exhibits the image of equipment used for sputtering in our lab 

with features of vacuum system generation (rotary for rough vacuum and turbo molecular pump 
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for high vacuum), Alicat mass flow controller (for Ar gas flow rate), and vacuum gauges (Pirani 

for low vacuum and penning for high vacuum).    

 

 

Figure 2.1 (a) Schematic illustrating the Sputtering system (b) Sputtering system employed in 

our lab to deposit platinum (Pt) and MoS2 thin film.  

2.1.2 Chemical Vapor Deposition  

Chemical vapor deposition (CVD) is a widely utilized method for fabricating 2D materials and 

thin films. A chemical reaction occurs between the loaded precursors in the presence of high 

temperature. The various growth parameters in CVD, such as precursors amount, , temperature, 

pressure, gas flow rate and substrate distance from precursors, help to control the growth of 

high-quality films [3]. There are different types of CVD, including atmospheric pressure CVD 

(APCVD), metal-organic CVD (MOCVD), low-pressure CVD (LPCVD), and plasma-

enhanced CVD (PECVD). The fundamental steps which are common in all types of CVD is 

illustrated in Figure 2.2 (a). The precursors after converting in gasses phases are transported 

towards the substrate surface by a carrier gas. A chemical reaction occurs between the 

precursors in the vapor phase or on the surface of the substrate and a solid film deposited on 

the substrate. The gas flow stream removes the undesirable volatile by-products produced 

during the chemical reaction through the tube. For example, MoS2 can be synthesized from 

MoO3 and S precursors, and SO2 is produced as a by-product. In a CVD method, different 

heating zones are used to evaporate the precursor materials, and the substrate is placed in one 

of the heating zones. 
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In the present thesis work, we utilized APCVD, which operates at normal atmospheric pressure. 

The APCVD system is equipped with three separate heating zones with a maximum heating 

capacity of 1100 ºC and is controlled by a PID controller. The CVD tube of length 140 cm and 

inner diameter 50 cm were used during the deposition. The photo of CVD (made by Ants 

Innovations Pvt. Ltd, India) used for the sulfurization/selenization of Pt film is shown in Figure 

2.2 (b).  

 

Figure 2.2. (a) Schematic illustrating the common elementary steps occurring in the CVD 

process (b) CVD equipment used for the growth of PtX2 (X=S, Se). 

2.1.3 Thermally assisted conversion  

Thermally assisted conversion (TAC) is a two-step process in which pre-coated Pt film is 

sulfurized (selenization) in the CVD for the growth of PtS2 (PtSe2), respectively. TAC is the 

best method to grow scalable area uniform 2D material film where its thickness can be 

controlled by pre-coated Pt thickness. In the present thesis work, PtS2 and PtSe2 were 

synthesized using the TAC method. The sputtering system used for Pt deposition is shown in 

Figure 2.1 (b). The Pt-coated substrate was placed in one zone of the CVD with a temperature 

of around 500 ºC and sulfur (selenium) power was loaded in the zirconia boat and placed in 

another zone with a temperature of 300 ºC (250 ºC), respectively.  Here, we employed a tube-

in-tube arrangement where Pt-coated substrate and S(Se) powder were placed in a small quartz 

tube (both sides open) with a separation of 14 cm and then loaded in a bigger CVD quartz tube, 

as shown in Figure 2.3 schematic. The tube-in-tube arrangement helps to confine the 

chalcogens (S, Se) vapors within the tube and increase the reaction rate. Moreover, both sides 

open quartz tube helps to maintain the uniform gas flow within the tube. Figure 2.3 displays 

the schematic of the TAC method used to grow PtX2 (X=S, Se). Figure 2.2 (b) exhibits the 

CVD system used for sulfurization (selenization) of the Pt film. 
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Figure 2.3 The schematic exhibiting the steps used for the growth of PtX2 (X=S, Se) by TAC 

method. 

 

2.2 Characterization techniques  

During the thesis work, various characterization techniques were performed to characterize the 

grown film as discussed below: 

2.2.1 Optical characterizations 

The optical characterization was performed with Raman spectroscopy, Ultraviolent-Visible 

(UV-Vis) spectroscopy and photoluminescence (PL) spectroscopy. The Raman and PL 

spectroscopy was performed with a LabRAM Horiba scientific model with a 50× objective lens 

and 532 nm laser illumination source at room temperature. The non-destructive nature of 

Raman spectroscopy makes it a widely used technique for studying the lattice vibrations of a 

material. When incident light interacts with the material, it can scatter the light either with the 

same or a different wavelength. The scattering in which the wavelength of the scattered photons 

remains same as of the incident photons is known as Rayleigh (elastic) scattering. Meanwhile, 

scattering, in which the wavelength (or energy) of scattered photons changes from incident 

photons, is called the Raman scattering [4]. The energy (or wavelength) separation of scattered 

and incident photons is referred as Raman shift. Figure 2.4 (a) illustrates the interaction of an 

incident photon with a molecule leads to Rayleigh and Raman scattering. The different possible 

vibration modes for PtX2 film are already discussed in section 1.4.3 of Chapter 1.  

Photoluminescence spectroscopy is also widely used characterization technique to study the 

optical properties of materials. A monochromator laser source excites the electrons from the 

ground state (in valence band) to a higher energy state (in conduction band). The excited 

electrons come back to the ground state as a combination of non-radiative transition (phonons) 
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and radiative transitions (photons), as illustrated in Figure 2.4 (b). Moreover, Figure 2.4 (b) 

shows that for PL analysis of the material, the energy of the illuminated source should be more 

than the band gap of the material. Using PL spectroscopy, we can determine the material's band 

gap, defects, and recombination mechanism within the material [4].    

 

Figure 2.4 (a) Schematic demonstrating the light interacted with molecule leads to Raman and 

Rayleigh scattering (b) Schematic shows the band diagram of a material under electron 

excitation and de-excitation in PL spectroscopy.   

The absorption measurement of all samples was done using UV-Vis spectroscopy with a Perkin 

Elmer Lambda 950 UV-Vis-NIR spectrometer instrument. The band gap (Eg) of a material is 

calculated using Tuac Plot, which is a graph between (ah𝜈) 1/m (along y-axis) vs. ℎ𝜈 (x-axis) 

and uses the following equation [5] 

                                                          (aℎν)
1

𝑚 =  C (ℎν − Eg)                           (2.1) 

which a is the absorption coefficient, ℎ is the plank constant, ℎ𝜈 is the incident photon energy, 

C is a proportionality constant, m is the Tauc exponent and its value is m=2 for indirect band 

material and m=1/2 for direct band material. The band gap of the materials is calculated by 

taking linear extrapolation of the (ah𝜈)1/m vs. h𝜈 curve on the energy (h𝜈) axis.    

2.2.2 Morphological characterizations 

FE-SEM and AFM were performed to characterize the morphology of the films.  FE-SEM is 

an extensively used tool for analyzing the morphology of the material and imaging its 

microstructures [6]. The FE-SEM was carried out with JEOL-JSM-7610F model and AFM was 
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recorded with Bruker Multimode 8 Scanning Probe Microscope in tapping mode. Moreover, 

AFM is also used to calculate the root mean square (RMS) roughness, line profile, and surface 

topography of the thin films [7, 8].   

2.2.3 Crystal Structure Characterization  

Transmission Electron Microscopy (TEM) and X-ray diffraction (XRD) are used to determine 

the crystallinity quality of the films. XRD provides important information on lattice parameters 

of crystalline solids and thin films. The stress/strain, phase, and crystallite size of the materials 

can also be determined using XRD technique [9]. In Chapter 4 the Grazing incidence XRD 

(GIXRD) was performed with PANalytical X’pert Pro MPD model with Cu Kα (λ = 0.1504 

nm) as a radiation source and in Chapter 5 XRD was performed with Rigaku MiniFlex 

instrument. In Chapter 5, the TEM and High-resolution TEM (HR-TEM) were performed with 

Model Themis 300 KV, which is equipped with an energy-dispersive X-ray (EDS) facility. 

2.2.4 Chemical composition analysis and band alignment studies 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique (~10 nm) used to 

study the chemical composition of the material. In Chapter 3, the XPS measurements were 

performed with Thermo Fisher Thermofisher scientific: Nexsa base instrument, while in 

Chapters 4 and 5, it was carried out with Thermo Fisher Scientific ESCALAB Xi+ model 

instrument. In XPS measurements, sample is kept in an ultra-high vacuum chamber and 

irradiated with an X-rays source (usually Al Kα, ℎ𝜈= 1486.86 eV). The ejected electrons from 

the core levels of the material, including their kinetic energy and intensity, are measured using 

an electron energy analyzer. The XPS technique gives the best estimation of stoichiometry and 

ionic states of the elements present in the material [10]. Moreover, the band alignment between 

two semiconductors can be calculated using Kraut's rule and XPS data analysis [11].  

 

2.3 Device fabrication and characterization  

2.3.1 Device fabrication  

The gold metal contacts were deposited on the grown film by a thermal evaporation method 

using stainless-steel shadow masks (interdigitated or strip geometry), as shown in Figure 2.5 

(a). Figure 2.5 (b) is the thermal evaporated system used to evaporate the metal. Thermal 

evaporation is a PVD system where a high vacuum of the order of 10-6-10-7 hPa is created inside 

the chamber to remove unnecessary impurities and increase the mean free path.  The metal 
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pallets loaded in a boat are evaporated by passing a high current through the boat, which forms 

the metal vapors and then deposited on the required film-grown sample. 

 

Figure 2.5 (a) Physical shadow mask used for electrode deposition with different geometry 

shapes of (i) interdigitated (ii) strips (iii) lines strips (b) Thermal evaporator system employed 

for metal electrode deposition. 

 

2.3.2 Photodetector device measurements  

The PtX2 (X=S, Se) and its heterostructure photodetectors device measurements were carried 

out by a home-built photodetector set-up, as exhibited in Figure 2.6. It consists of a Bentham 

(PVE 300) model equipped with a monochromator (TMC 300), 100 W quartz halogen and 75 

W xenon lamps, a lock-in amplifier, and a chopper that was connected to a sub-femtoamp 

sensitive Keithley-6430 SMU. In the present thesis work, light illumination sources of 250-

1200 nm wavelength are produced by a monochromator with power density of each wavelength 

is shown in Table 2.1. The other sources 650 nm and 532 nm lasers (HOLMARC, 5 mW 

Power), and 254 nm UV lamp (Cole Parmer, 4.4 mW cm-2 intensity) were used. The sample 

testing was done in an enclosed chamber box to avoid the outside ambient light interface, as 

displayed in Figure 2.6. The sample stage with two probes is also shown in top right image of 

Figure 2.6, where testing sample was placed. The current-voltage (I-V) and current-time (I-T) 

measurements of the sample were recorded using 6430 SMU Keithley instrument, controlled 

by software installed in the computer, which also save the final recorded data.  

 

 



Chapter 2: Fabrication and characterization techniques  

 

30 

 

 

Table 2.1 Incident beam Power density of each wavelength. 

 

 

 

 

 

Figure 2.6 Testing equipment used for photodetector device measurements which consist of 

light source, monochromator, probe station, 6430 SMU Keithley and computer.  

 

 

 

 

 

 

 

 

 

 

 

Wavelength (nm) 250 400 500 600 700 800 900 1000 1100 1200 

Optical power 

density of incident 

radiation (𝝁𝑾/

𝒄𝒎𝟐) 

0.05 0.233 0.580 0.582 0.245 0.200 0.190 0.203 0.159 0.845 
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Chapter 3: Large area and controlled growth of PtS2 on various 

substrates  
 

In this chapter, a detailed discussion on the large area growth of PtS2 thin film on various 

substrates by thermally assisted conversion (TAC) method is discussed. The large area-

controlled growth of PtS2 film is achieved by varying the growth parameters such as Pt film 

thickness, sulfur (S) amount, and gas flow rate. Moreover, a detailed PtS2 growth mechanism 

under these parameters is also discussed. The Raman and X-ray photoelectron spectroscopy 

(XPS) characterization were carried out on different PtS2 samples to show the transition from 

PtS to PtS2. The growth of PtS2 film on various substrates including SiO2/Si, Si, Sapphire and 

flexible mica is achieved. Finally, photodetector performance of PtS2 on different substrates is 

discussed.  

3.1 Requirement of large area and controlled growth of PtS2 film 

Predominately, PtS2 thin films are synthesized by mechanical exfoliation (ME) method [1-4], 

which produces high-quality flakes. However, in the ME method, flakes are randomly 

distributed on the substrate, leading to non-uniformity and small size. Thus, this method is not 

suitable for large-scale device applications. To overcome the limitation of the ME, thermally 

assisted conversion (TAC) is employed which can grow large area PtS2 thin films with 

controlled thickness (usually by controlling initial Pt thickness) [5-7]. During the synthesis of 

PtS2, an intermediate-phase, Platinum sulfide (PtS), can easily form due to its higher stability, 

thus making the growth of PtS2 really challenging. PtS is a non-layered material with a 

tetragonal structure [6]. Although, few reports have been published on the PtS2 synthesis by 

the TAC method, [5-7] still, the controllable and large-area growth of PtS2 with proper growth 

mechanism is missing. Additionally, as per our knowledge a universal method that can be used 

to grow PtS2 on different substrates with a high-performance photodetector device based on 

the TAC method is still lacking.  

 

3.2 Experimental section 

3.2.1 Synthesis of PtS2 

PtS2 thin film was synthesized by the TAC method, which involves the sulfurization of pre-

coated Pt thin film on different substrates. Before deposition, the substrates were cleaned 

sequentially by ultrasonication with soap solution (composed of water, surfactants and EDTA 

Na4 (ethylenediaminetetraacetic acid tetrasodium salt)), deionized water, acetone, and 
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propanol for 30 minutes each and dried with a nitrogen jet. First, Pt thin film was deposited on 

the substrate by RF magnetron sputtering using a pure (99.99 %) 1-inch target at room 

temperature with a power of 30 W and deposition pressure of 3.8 mTorr, as shown in Figure 

3.1 (a). In the 2nd step, the same Pt-coated substrate (mounted on a zirconia plate) and sulfur 

powder (99.98%, Sigma-Aldrich) (taken in a small zirconia boat) were loaded inside a small 

quartz tube having both ends open with a separation of 14 cm. This small quartz tube was 

placed in a bigger quartz tube equipped with 3 zone furnace, as shown in Figure 3.1 (b). The 

length and inner diameter of the bigger quartz tube were 140 cm and 5 cm, respectively. Before 

sulfurization, the furnace was purged with Ar gas at 300 sccm flow rate for 20 minutes to create 

an inert environment inside the tube. The sulfur powder was first heated up to a temperature of 

120-200 ℃ to create a sulfur rich ambient inside the tube and then zone-2 with Pt-coated 

substrate was heated. The peak temperature for S powder and Pt-coated substrate was set at 

300 ℃ and 500 ℃ for 1 hour under the presence of carrier gas (mixture of 1.1% H2 balance Ar 

gas) in atmospheric pressure CVD (APCVD), as shown in Figure 3.1 (c). After 1 hour of 

deposition, the furnace was cooled down naturally to room temperature in the presence of the 

gas flow. Here, the tube-in-tube arrangement is used as it confines the sulfur vapours inside the 

tube and increases the rate of sulfurization.  

3.2.2 Characterizations of PtS2 

Raman measurements were performed using a LabRAM HR 800-HORIBA spectrometer at 

room temperature with a 532 nm laser. The Atomic force microscope (AFM) measurements 

were performed by Bruker (Multimode 8) Scanning Probe Microscope in the tapping mode. 

Nikon ECLIPSE LV100ND was used for optical images. The XPS measurements were done 

with Thermofisher scientific model: Nexsa base instrument. 

 3.2.3 Photodetector fabrication and measurements  

 For device fabrication, an interdigitated gold (Au) electrode was patterned on a PtS2 film with 

a thickness of ~150 nm through a thermal evaporation method using a physical shadow mask. 

The photodetector measurements of the fabricated device were performed with a Bentham PVE 

300 system, consisting of a TMc monochromator with 75 W Xenon, and 100 W quartz halogen 

lamps and connected to sub-femtoamp 6430 Keithley SMU. The incident optical power density 

of the monochromator light (400-1100 nm) was measured using standard Silicon (Si) detector. 

The active area (A) of the device was 0.125 cm2 
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Figure 3.1 (a) 1st step of Pt coated on substrate by magnetron sputtering, and (b) 2nd step of 

sulfurization of Pt coated substrate in a tube-in-tube APCVD (c) Temperature profile of Sulfur 

(S) and Pt coated substrate in APCVD. 

 

 

3.3 Results and Discussion 

The impact of different growth parameters such as sulfur amount, Pt thickness, and gas flow 

rate are studied one-by-one by keeping other parameters constant.  

3.3.1 Effect of Sulfur amount  

For the synthesis of PtS2, sulfur (S) amount plays a critical role. A deficiency of sulfur supply 

can lead to the formation of undesired PtS phase. Therefore, an optimal amount of S is always 

required for PtS2 formation. Impact of the sulfur amount was studied with 0.4 g, 0.8 g, 1.2 g 

and 1.6 g by keeping other parameters constant such as gas flow (150 sccm), Pt thickness (2.4 

nm), and distance (d) between Pt coated substrate and S powder at 14 cm. Figure 3.2 (a) shows 

the Raman Spectra of PtSx (x=1, 2) at different S amounts. At a lower sulfur amount of 0.4 g, 

only one Raman peak at ~331.7 cm-1 (B1g) is obtained, corresponding to PtS [8] implying that 

at low sulfur amount, PtS is formed. Further, when the sulfur amount was increased to 0.8 g, 
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three Raman peaks appeared at 301.6 cm-1, 331.7 cm-1, and 343.5 cm-1 corresponding to Eg
1, 

A1g
1, and A1g

2, respectively, of PtS2 [5]. Here, Eg
1 is the in-plane vibration mode, and A1g

1 and 

A1g
2 are the out-of-plane vibration modes in PtS2. At 1.2 g of S, again, three prominent peaks 

at 300.1 cm-1 (Eg
1), 331.5 cm-1 (A1g

1), and 341.4 cm-1 (A1g
2) are observed with increased 

intensity of A1g
2 peak than A1g

1 as compared to PtS2 grown at 0.8 g sulfur, signifying the 

excellent quality of PtS2 formation. Further increasing of S amount to 1.6 g leads to no 

significant changes in Raman spectra (see Figure 3.2 (a)), implying a saturation reached in the 

growth of PtS2 after a certain amount of S. Consequently, 1.2 g of sulphur is taken as the 

optimal amount for PtS2 growth for further studies. Thus, the aforementioned results 

demonstrate that with an increasing of S amount, there is more probability of formation of PtS2 

than PtS. 

 

Figure 3.2 (a) Raman spectra of PtSx (x=1, 2) thin films synthesized at different sulfur amount 

0.4 g, 0.8 g, 1.2 g, and 1.6 g (b) Raman spectra of PtSx films obtained after sulfurizing different 

Pt thickness (c) Raman spectra of PtS2 films prepared at different gas flow rate in APCVD (d) 

Raman spectra of PtS2 synthesized from different Pt thickness at 75 sccm carrier gas flow rate. 

(e) Thickness of PtS2 film calculated by AFM grown by TAC method with 2.4 nm Pt, 1.2 g sulfur, 

and 75 sccm gas flow rate growth parameters (f) band gap value of best grown PtS2 thin film 

calculated by Tauc plot. 
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3.3.2 Effect of Pt thickness 

As PtS2 thin films were grown by sulfurization of pre-deposited Pt film. Therefore, PtS2 

thickness primarily depends on initial Pt thickness. To investigate the influence of Pt thickness 

on PtS2 growth, four different Pt thicknesses, ~2.4 nm, ~4.4 nm, ~6.4 nm, and ~8.5 nm were 

used. Figure 3.2 (b) represents the Raman spectra of PtSx (x=1, 2) obtained after sulfurizing 

different Pt thicknesses at S amount of 1.2 g. Initially, sulfurization of 2.4 nm Pt film gives 

three Raman peaks observed at 300.1 cm-1 (Eg
1), 331.5 cm-1 (A1g

1), and 341.4 cm-1 (A1g
2), 

which correspond to PtS2
 [5]. Furthermore, for 4.4 nm Pt thickness, only two peaks are seen at 

301.3 cm-1 (Eg
1) and 332.7 cm-1 (A1g

1), which again corroborates the growth of PtS2. However, 

here the peak intensity of A1g
1 is more than Eg

1
, representing the growth of mixed phase of PtS2 

and PtS in the sample. For higher Pt thickness samples such as 6.4 nm and 8.5 nm, only one 

peak at ~332.5 cm-1 appears correlating the growth of PtS [8]. Therefore, these results manifest 

that with increasing Pt thickness, there are more chances of PtS formation than PtS2.   

3.3.3 Effect of gas flow rate  

A mixture of 1.1% H2 balance Ar was used as a carrier gas throughout this study. Figure 3.2 

(c) represents the Raman spectra of PtS2 obtained from sulfurizing of 2.4 nm Pt at different 

carrier gas flow rates (50-175 sccm) in APCVD. For each gas flow rate, we get three 

characteristic peaks of Raman at ~301 cm-1 (Eg
1), ~332 cm-1 (A1g

1), and ~341 cm-1 (A1g
2) (with 

minor shifting in their positions) corresponding to the PtS2. However, for sulfurizing higher Pt 

thickness (more than 2.4 nm), the gas flow shows distinct behaviour. Figure 3.2 (b) and Figure 

3.2 (d) represent the Raman spectra of PtSx (x=1, 2) after sulfurizing different Pt thicknesses at 

150 sccm and 75 sccm gas flow rates, respectively. At 75 sccm gas flow, we get one common 

Eg
1 (~300.7 cm-1) peak for all the Pt thicknesses (Figure 3.2(d)), which shows that 

predominately PtS2 formed [5]. However, for 150 sccm gas flow with increasing Pt thickness, 

the Eg
1 peak disappears (Figure 3.2 (b)), which signifies that PtS formed at higher Pt 

thicknesses. Moreover, at 75 sccm gas flow, we get sharp peaks (Eg
1, A1g

1, and A1g
2) among 

all the gas flows, as shown in Figure 3.2 (c). This study suggests that 75 sccm is the optimal 

gas flow rate for PtS2 synthesis in our work, even for higher Pt thicknesses. The thickness of 

best PtS2 film grown with 2.4 nm Pt, 1.2 g sulfur, and 75 sccm gas flow rate is determined by 

AFM and found a value of ~5.6 nm, as shown in Figure 3.2 (e). Moreover, Figure 3.2 (f) 

exhibits that a band gap of 1.39 eV (calculated by Tauc plot) is obtained for the same PtS2 

sample. 
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3.3.4 XPS data analysis  

To understand the impact of growth parameters in more detail and support our Raman results, 

XPS measurement were performed on three samples grown at different conditions, as 

demonstrated in Figure 3.3. The carbon peak of 284.8 eV is used as an energy calibration to 

eliminate the effect of charging on the surface. Figure 3.3 (a) and 3.3 (d) show the core level 

spectra of Pt 4f and S 2p respectively, grown at 0.4 g sulfur amount and 150 sccm gas flow 

rate. Figure 3.3 (a) exhibits two pairs of doublet peaks and one small peak obtained in Pt 4f 

core level spectra. The two prominent peaks at 72.35 eV and 75.70 eV correspond to the Pt 

4f7/2 and Pt 4f5/2 core levels region of PtS which depicts that predominantly PtS is formed at 

the low sulfur amount [9]. In addition, another pair of doublet gives two peaks at 73.9 eV and 

77.3 eV respective to Pt 4f7/2 and Pt 4f5/2 of PtS2 [6, 10]. A small peak at 71.1 eV shows the Pt 

4f7/2 core level of the elemental Pt [11], which further conveys that Pt thin film is not completely 

sulfurized at the low sulfur amount. As shown in Figure 3.3 (d), the S 2p core level spectra of 

the 0.4 g sample exhibit three peaks. The prominent two peaks at 162.78 eV and 163.98 eV are 

ascribed to the S 2p3/2 and S 2p1/2 state of the PtS, and one small peak at 161.70 eV represents 

the polysulfide formation [9, 12]. The calculated stoichiometric of Pt/S is 1:0.987 also shows 

that Pt thin film is not completely sulfurized at low sulfur amount. 

 

Figure 3.3 XPS spectra of Pt 4f and S 2p core level regions of the PtSx grown on SiO2/Si 

substrate at different growth conditions of (a, d) 0.4 g sulfur and 150 sccm gas flow rate, (b, e) 

0.8 g sulfur and 75 sccm gas flow rate and (c, f) 1.2 g sulfur and 75 sccm gas flow rate. 
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The XPS spectra of thin film grown at 0.8 g sulfur and 75 sccm gas flow with Pt 4f and S 2p 

core levels are shown in Figure 3.3 (b) and 3.3 (e), respectively. Double pairs of peaks are 

obtained in Pt 4f is shown in Figure 3.3 (b). With the addition of two peaks at 72.33 eV and 

75.65 eV corresponding to Pt 4f7/2 and Pt 4f5/2 core levels spectra of PtS, the other two peaks 

at 73.81 and 77.13 eV relating to Pt 4f7/2, and Pt 4f5/2 core levels of PtS2 are obtained [6, 9, 10]. 

Figure 3.3 (e) depicts the S 2p core level spectra of the same sample in which four peaks are 

observed. Two peaks at 162.28 eV and 163.55 eV correspond to the S 2p3/2 and S 2p1/2 state of 

the PtS2, and other peaks at 162.9 eV and 164.1 eV relative to S 2p3/2 and S 2p1/2 state of the 

PtS. Here both Pt 4f (Figure 3.3 (b)) and S 2p (Figure 3.3 (e)) spectra signify that PtS and PtS2 

mixed phase is formed as the area of both doublet peaks are comparative. In addition, the 

calculated stoichiometric ratio of Pt/S is 1:1.637, which is more than for PtS and less than for 

PtS2 also shows that a mixed state is formed. Moreover, no elemental peak of Pt metal is 

obtained implying that at higher sulfur amounts, Pt thin film is more sulfurized as compared to 

the lower sulfur amount corroborating our Raman results. For the last sample grown at 1.2 g 

sulfur and 75 sccm gas flow rate, the corresponding Pt 4f and S 2p XPS spectra are shown in 

Figure 3.3 (c) and 3.3 (f), respectively. In Pt 4f (Figure 3.3 (c)), two leading peaks at 73.92 eV 

and 77.25 eV represent the Pt 4f7/2 and Pt 4f5/2 core levels of PtS2 and two minor peaks at 72.33 

eV and 75.65 eV corresponding to PtS [9, 10]. Furthermore, in S 2p spectra (Figure 3.3 (f)), 

only two peaks at a position of 162.41 eV and 163.58 eV relative to the S 2p3/2 and S 2p1/2 state 

of the PtS2 are obtained. The value of the stoichiometric ratio of Pt/S is 1:1.820, which is much 

closer to the ideal PtS2. Therefore, these XPS results reveal that control growth of PtS to PtS2 

can be obtained by carefully controlling growth parameters.  

3.4 PtS2 grown on different substrates  

Further, we have used our optimized growth condition (1.2 g sulfur, 2.4 nm Pt thickness, and 

75 sccm gas flow) to deposit PtS2 on different substrates such as SiO2/Si, sapphire, p-type Si, 

and flexible substrate mica. Figure 3.4 (a) shows the Raman spectra of PtS2 synthesized on 

these substrates. PtS2 film deposited on each substrate displays two prominent Raman peaks, 

Eg
1 and A1g

2. For the PtS2 thin film synthesized on the Si substrate, two Raman peaks, Eg
1 and 

A1g
2, at 303.3 cm-1 and 345.0 cm-1 respectively, was achieved. Three characteristic Raman 

peaks are demonstrated by PtS2 film grown on the sapphire substrate at 302.6 cm-1 (Eg
1), 334.4 

cm-1 (A1g
1), and 343.7 cm-1 (A1g

2), is shown in Figure 3.4 (a).  
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Figure 3.4 (a) Raman spectra of PtS2 film synthesized on different substrates (mica, Si, 

Sapphire, and SiO2/Si) (b) AFM surface topography images of PtS2 film grown on these 

substrates with a scale bar of 1 μm and scan area of 3 μm×3 μm (c) Optical images of the same 

PtS2 film synthesized on mica, Si, Sapphire, and SiO2/Si with scale bar 100 μm. (d) Uniformity 

of PtS2 on different substrates (mica, Si, Sapphire, SiO2/Si) is confirmed by performing the 

Raman on different positions (near the edges of the samples) of size 1×1 cm2 area. 

 

  Moreover, PtS2 film on SiO2/Si substrate also shows three characteristics Raman peaks at 

300.4 cm-1 (Eg
1), 334.0 cm-1 (A1g

1), and 341.31 cm-1 (A1g
2). For the mica substrate, two 

prominent peaks at 302.54 cm-1 and 343.02 cm-1 correspond to Eg
1 and A1g

2 of PtS2 are 

observed. It can be seen from Figure 3.4 (a) that the Eg
1 peak of PtS2 grown on Sapphire and 

Si substrate is blue-shifted as compared to PtS2 grown on SiO2/Si. This Raman shift may be 

due to the substrate's distinct properties (lattice constant, crystallinity, transparency, 

conductivity) and interaction of substrate with the deposited PtS2 film [13-15]. Moreover, the 

impurities and defects at the interface (between the substrate and film) changes with the 

substrate's nature which might be another reason for the Raman shift [13-15]. Further, AFM 

measurements were performed on PtS2 films grown on these various substrates to see the 

surface topography and calculate their root mean square (RMS) roughness. Figure 3.4 (b) 

displays the topography image of PtS2 film on mica, Si, sapphire, and SiO2/Si substrates with 

RMS values of 4.16 nm, 1.43 nm, 2.76 nm, and 1.34 nm, respectively. A low RMS value of 

PtS2 thin film on SiO2/Si substrate is obtained compared to other substrates. The optical images 
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of PtS2 on different substrates are shown in Figure 3.4 (c), clearly showing a high uniformity 

of film and colour contrast change with varying substrates. In addition, the uniformity of PtS2 

on these substrates (mica, Si, Sapphire and SiO2/Si) is confirmed by Raman spectroscopy. 

Figure 3.4 (d) demonstrates the Raman spectra taken over the different positions over the 

substrates and corroborates the highly uniformity of the PtS2 film grown on these substrates 

3.5 Proposed growth Mechanism of PtS2 

In the CVD growth process, various parameters play a crucial role in controlling the 

morphology, domain size, and number of layers in nanomaterial synthesis. These parameters 

include the amount of precursors, carrier gas flow rate, temperature, pressure, substrate, and 

precursor positions [16, 17]. In addition to these parameters, theoretical calculations of 

energies, such as formation energy, deformation energy, and surface energy along different 

miller indices planes, can help to explain the experimental results [18, 19]. However, predicting 

the formation of either PtS or PtS2 is quite challenging as the literature still presents conflicting 

values for formation energy. Previous reports suggest that the expected formation energy for 

PtS2 and PtS lies in the range of -0.685 to -0.382 eV/atom and -0.659 to -0.431 eV/atom, 

respectively [20-22]. Such inconsistencies have resulted in contradictory results about the 

relative stability of both semiconductors. Therefore, to have actual control over the growth of 

PtS2, understanding its growth mechanism is crucial. The growth of PtS2 is assumed to be a 

two-step reaction in which the first S atoms react with Pt to form PtS (because of its stability) 

followed by the 2nd step where PtS reacts with more S atoms to finally form PtS2 (shown by 

reaction (3.1) and (3.2)). We used a tube-in-tube arrangement to make 2nd step more feasible 

with the addition of a sulfur-rich environment. This tube-in-tube arrangement helps to confine 

more sulfur vapours inside the smaller tube, forcing more sulfur atoms to react with Pt film and 

increase the sulfurization rate [5, 23, 24]. Moreover, the nature of gas flow (turbulent or 

laminar) inside the CVD tube can also impact the sulfurization rate. In turbulent flow, 

molecules randomly move in all directions, contrary to laminar, where S vapours move in a 

particular direction [25-27]. Hence, an optimized gas flow should be required to control large-

area growth of PtS2. The detailed growth mechanism of the PtS and PtS2 under different growth 

parameters is shown in Figure 3.5. In addition, the uniformity of PtS2 on these substrates (mica, 

Si, Sapphire and SiO2/Si) is confirmed by Raman spectroscopy. Figure 3.4 (d) demonstrates 

the Raman spectra taken over the different positions over the substrates and corroborates the 

highly uniformity of the PtS2 film grown on these substrates. 
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 The proposed growth mechanism can be explained in five steps, (1) transport of S vapours 

from the sulfur source towards the Pt surface (by carrier gas), (2) diffusion of S atoms towards 

the Pt-coated substrate, (3) Adsorption of S vapours on the Pt surface, (4) Chemical reaction 

between S vapours and Pt thin film (sulfurization) (5) Desorption of the S vapours. PtS and 

PtS2 can be synthesized depending on the growth conditions. A typical step in all the growth 

conditions is shown in Figure 3.5 (a), where sulfur vapours are transported from the sulfur 

source onto the Pt-coated substrate by carrier gas, then the diffusion and adsorption of these 

vapours start on the Pt-coated substrate.  

Figure 3.5 (b) to 3.5 (d) represent the effect of S amount on the growth of PtS and PtS2. Initially, 

sulfur atoms (yellow colour) start adsorbing on the Pt surface and take part in a chemical 

reaction with Pt atoms (grey colour). When the sulfur amount is lower, less S vapour reacts 

with Pt atoms and form PtS, as shown in Figure 3.5 (b). In a sulfur-rich environment, at higher 

S amount, the ambient creates a massive number of S atoms that further sulfurize most of the 

PtS molecules into PtS2 and, simultaneously, some unreacted S atoms go out as a by-product 

(step 5). Finally, when complete sulfurization occurs, the PtS2 thin film is grown on the 

substrate, as shown in Figure 3.5 (c). The Raman spectra demonstrating a comparison of the 

PtSx (x=1, 2) grown at 0.4 g and 1.2 g S amount, is shown in Figure 3.5 (d).  

Figure 3.5 (e) to 3.5 (g) represents the effect of Pt thickness on the growth of PtS and PtS2 (at 

fixed 150 sccm gas flow and 1.2 g S amount). At higher Pt thickness (>4.4 nm), sulfur atoms 

mainly react with the upper surface of the Pt layer and less diffusion occurs inside the depth of 

Pt film due to Pt nobility nature, top surface Pt atoms prevent the sulfurization of deep Pt atoms 

as shown in Figure 3.5 (e). Thereby, less sulfurization of Pt film occurs at higher Pt thickness, 

and the feasibility of PtS formation increases. In the case of lower Pt thickness (2.4 nm), S 

atoms diffuse almost entirely inside the Pt film (because of less Pt thickness), leading to 

complete adsorption (step 3) and more sulfurization (step 4) as exhibited in Figure 3.5 (f). 

Hence, there is more probability of PtS2 formation at lower Pt thickness. Figure 3.5 (g) 

illustrates the Raman spectra of PtS2 (sulfurization of 2.4 nm Pt) and PtS (sulfurization of 8.5 

nm Pt), which further confirmed the critical role of Pt thickness on the growth process of Pt 

chalcogenide films.   

The effect of gas flow on the growth of PtS and PtS2 is illustrated in Figure 3.5 (h) to 3.5 (j).  

The PtS2 synthesis even for higher Pt thickness at low gas flow (75 sccm), can be explained 

based on gas transport theory. The Reynolds number (Re) helps to understand the type of gas 

flow through a tube. Numerically, it is defined as R𝑒 =
ρvM

η
, where ρ, v, and ⴄ are the gas's 
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density, velocity, and viscosity, respectively, and M is the diameter of the pipe [25]. Since, 

here, except gas flow, all other parameters are constant, Reynolds number depends solely on 

the velocity of gas flow. With increasing gas flow velocity, the gas flow nature probably 

changes from laminar to turbulent flow. This turbulence flow makes gas flow to move in a 

random direction, as shown in Figure 3.5 (h), leading to less sulfur vapour transport on the 

substrate (step 1 of mechanism) hence the less sulfurization (step 4 of mechanism), which 

further leads to the formation of PtS, especially at a large thickness of the Pt. Conversely, at 

lower gas flow (75 sccm), the flow is laminar and in a particular direction, so it transports more 

sulfur vapours on the substrate and hence more sulfurization occurs, as shown in Figure 3.5 (i). 

Therefore, PtS2 synthesis dominates at low gas flow rate. The comparison of sulfurization of 

Pt (6.4 nm) at 75 sccm and 150 sccm gas flow is shown in Figure 3.5 (j). In addition, it has 

been reported that decreasing the gas flow rate can reduce the nucleation rate or help in the 

formation of large single crystal size with few grain boundaries [17, 27, 28], which can also be 

another reason for the growth of PtS2 for higher Pt thickness at lower gas flow rate.   

Pt + S → PtS  ………... (3.1) 

PtS + S → PtS2 ……….. (3.2) 

 

Figure 3.5 Growth mechanism of PtS and PtS2 at different growth conditions (b)-(d) Effect of 

sulfur amount, (e)-(g) Effect of Pt thickness, (h)-(j) Effect of gas flow. 



Chapter 3: Large area and controlled growth of PtS2 on various substrates  

 

44 

 

3.6 PtS2 photodetector device performance 

Finally, the optoelectronic properties of PtS2 film were investigated by fabricating its 

photodetector. Figure 3.6 (a) displays the schematic of the fabricated PtS2 device on SiO2/Si 

substrate. The I-V characteristics of the device in the dark and under illumination of different 

wavelengths varying from 400-1100 nm is demonstrated in Figure 3.6 (b). The non-linear 

nature of the I-V curve shows that a Schottky contact is formed between the PtS2 and Au 

electrodes. Moreover, it can be seen from the I-V graph that the device gives a good response 

under 400-1100 nm wavelength illumination. The device performance was evaluated by 

calculating its figure of merits including responsivity (R), detectivity (D*), external quantum 

efficiency (EQE), noise equivalent power (NEP), and response time (rise and fall time). The 

responsivity (R) of photodetector is defined as the ratio of the net photocurrent generated to 

the incident optical power. Numerically, it is given by equation (3.3) 

           R =
Ilight−Idark

P.  A
   …….……. (3.3) 

 Where Ilight, Idark, P, and A represents the current under illumination, dark current (absence of 

light), incident optical power density, and active area of the device, respectively. Figure 3.6 (c) 

depicts the variation of responsivity of the device under visible-NIR (400-1100 nm) 

illumination at a low bias of 1V. The maximum responsivity of 31.38 AW-1 is obtained at 900 

nm illumination with 1V biasing, which shows that our device responds well in the NIR region. 

The reason for the decrease in responsivity values at the 500 nm and 600 nm wavelengths can 

be attributed to the responsivity formula, which states that responsivity is inversely 

proportional to the optical power density (P). During our experiment, we used a 

monochromator that provided different power densities for different wavelengths. This 

behaviour is similar to the emission of light by a blackbody radiation source, which emits light 

of different wavelengths with varying intensities [29, 30].  Hence, in spite of the high 

photocurrent observed in the 500-600 nm range, the overall P value dominates over the 

photocurrent value, resulting in a decrease in the responsivity value at these wavelengths.  

    The detectivity (D*), which is another important figure of merit of the photodetector, 

specified how weak signal a photodetector can detect is also calculated using a mathematical 

equation given as (3.4) 

            D∗ = √
A

2eIdark
×  R   ………..…….. (3.4) 
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where e is the electronic charge and R is the responsivity of the device as defined previously  

The detectivity calculated for different wavelengths (400-1100 nm) at 1 V is shown in Figure 

3.6 (d). Similar to the responsivity, the maximum detectivity of 3.92×1013 Jones is obtained 

under 900 nm wavelength at 1 V bias. This high value of responsivity and detectivity illustrates 

the superior device performance. 

Another parameter, external quantum efficiency (EQE), defines the number of charge carriers 

(electron-hole pair) collected per unit incident photon. Mathematically it is evaluated by using 

equation (3.5) 

EQE =
Rhc

eλ
   ……………….. (3.5) 

where h, c, e, λ, and R are the Plank’s constant, speed of light, electronic charge, wavelength 

of the incident light, and responsivity of the photodetector, respectively. 

 

Figure 3.6 (a) Schematic of PtS2 photodetector device (b) I-V characteristics of PtS2 device 

under dark and illumination of different wavelengths (c), (d), (e) and (f) represents the variation 

of Responsivity, Detectivity, EQE, and NEP, respectively as a function of wavelength at low 

voltage (1V) biasing. 

 Our device also exhibited high EQE at low 1 V biasing. Figure 3.6 (e) shows the variation of 

EQE with wavelength (400-1100) at 1 V. EQE exceeds 100% for all wavelengths because of 

high photoconductive gain in the TMDC photodetectors [2, 31, 32]. In addition, we calculated 
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noise equivalent power (NEP), which is the minimum power required to get the signal-to-noise 

ratio of unity at unit bandwidth (B=1 Hz). Numerically, it is given by  

NEP =
√A×B 

D
   …………….. (3.6) 

NEP is inversely proportional to the detectivity, thus least value of NEP is obtained at the 

highest value of detectivity. Figure 3.6 (f) demonstrates the variation of NEP with different 

wavelengths (400-1100 nm). Its lowest value of 9.01×10-15 WHz-1/2 is obtained for 900 nm 

wavelength. At last, we also evaluated the time response of the device. Usually, response time 

is measured in terms of rise time (tr) (time taken to reach from 10% to 90% of maximum current 

under illumination) and fall time (tf) (time taken to come down from 90% to 10% of maximum 

current under illumination off). The device responds well to the visible-NIR (400-1100 nm) 

region, as shown in Figure 3.7 (a). For our device, at 500 nm illumination (and 1 V biasing), 

the rise and fall time was 231 ms and 158 ms, respectively, as represented in Figure 3.7 (b). 

The high rise or fall time of device can be understood from the defects or trap states present in 

the device. In PtS2 the defects or trap states could be generated during growth or due to the 

sulfur vacancies [2, 15, 16]. These trap states promote high photo-gain and thus, enhance the 

responsivity of the device (as in our case we also observed high responsivity of 31.38 AW-1 at 

low 1 V) and slow down the speed of the device. Same phenomenon has also been reported in 

other 2D material where high responsivity is obtained with a trade-off of slow speed [33-36]. 

Additionally, higher value of external quantum efficiency (EQE) at 1 V obtained in this device 

can be directly understood from photo-gain which further helps to understand the trap state 

present inside the material [32, 37-39]. The photo-gain is given by: 

G =
τ

τt
=

τμV

L2  ………….. (3.7) 

where τ and τt are the photo generated carrier lifetime and carrier transit time respectively, μ is 

the carrier mobility, V is applied bias voltage and L is the channel length. As from above 

mathematical relation it can be seen that photo gain is directly proportional to the photo 

generated carrier lifetime (τ). The high photo gain is owing to the long carrier lifetime of carrier 

in trap state of the material. In other words, when light is incident on the device, it generates 

photo-excited electron-hole pairs and one charge carrier trapped in these trap states, and other 

types of carriers keep moving through the device until it reaches to the electrode or recombines 

with the opposite charge carrier. This increases the carrier lifetime of photo-generated charge 

carriers and obtain high photo gain in the fabricated device which also convey that trap states 
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present in the device could be the main reason of slow speed of the device. The comparison of 

our PtS2 photodetector device with other reported TMDC based photodetector devices is shown 

in Table 3.1.  

For practical application of the device especially in 2D material, high stability of device in 

ambient condition is an important concern. Here, the stability of PtS2 photodetector device is 

confirmed by Raman spectroscopy and its responsivity measurements after six months. The 

Raman spectra of PtS2 synthesised at optimized condition (2.4 nm Pt, 1.2g sulfur, and 75 sccm 

gas flow rate) in fresh condition (called pristine sample) and after six months is shown in Figure 

3.7 (c) confirmed that PtS2 is highly stable as no significant change in peak (Eg
1, A1g

1 and A1g
2) 

positions is observed. Moreover, trivial change in responsivity value at 1V of the same device 

after six months is shown in Figure 3.7 (d) also justify that device is highly stable in ambient 

conditions.   

 

Figure 3.7 (a) Time dependent photoresponse of the fabricated PtS2 device under broad visible-

NIR range (400-1100 nm) at 1V bias (b) Calculated response time (rise and fall time) of PtS2 

photodetector at 500 nm (1V bias). (c, d) Raman spectra and responsivity of pristine PtS2 and 

after 6 months kept in ambient conditions device. 
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Along with this, we also study the temporal photoresponse of the PtS2 photodetector devices 

fabricated on SiO2/Si, sapphire, and mica substrate under incident radiation of 532 nm laser (5 

mW) at 3V bias. Figure 3.8 shows the I-T characteristics of PtS2 film grown on SiO2/Si, 

sapphire, and flexible mica substrate. It can be seen from Figures 3.8 (a)-(c) that PtS2 grown 

on these substrates gives a satisfactory response to a 532 nm laser. In addition, we also 

evaluated the response time (rise and fall time) on these substrates, as shown in Figures 3.8 (d)-

(f). The lowest rise/ fall time of 138 ms/163 ms is obtained on the PtS2 device synthesized on 

SiO2/Si substrate. The PtS2 device fabricated on sapphire and mica substrates exhibits a rise 

/fall time of 310 ms/664 ms and 484 ms/986 ms, respectively. These results further confirmed 

that PtS2 is a potential material for broadband photodetector application.  

 

Table 3.1 Comparison of our fabricated PtS2 photodetector performance with other reported 

literature based on TMDCs photodetector. 

 

Active 

material 

for Device 

Substrate Responsivity 

(AW-1) 

Detectivity 

(Jones) 

Response 

time 

(sec) 

Growth 

optimized for 

different 

substrates 

Ref. 

PtS2 SiO2/Si - - 4.6 - [5] 

PtS2/PtS2 SiO2/Si 0.188 - 0.066/0.075 - [7] 

PtSx SiO2/Si 0.24 6.62×109 0.308 sapphire [15] 

PtS2 

 

SiO2/Si 

 

3.20 

 

1.24×107 

 

0.18/0.2 

 

- 

 

[40] 

 

WS2 

 

SiO2/Si 

 

0.70 

 

2.7×109 

 

4.1/4.4 

 

- 

 

[41] 

 

MoS2-

MoSe2 

 

SiO2/Si 

 

1.3 2.6×1011 

 

- - [42] 

WSe2 SiO2/Si 

 

7.55 3×1012 0.33×10-3 / 

0.55×10-3 

- [43] 

PtS2 SiO2/Si 31.38 3.92×1013 0.23/0.15 Si, SiO2/Si, 

Sapphire, mica 

This 

work 
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Figure 3.8 I-T characteristics of PtS2 photodetector grown on different substrates (a) Si/SiO2 

substrate (b) Sapphire (c) Mica, under illumination of 532 nm at 3V. (d)-(f) Response time of 

the fabricated photodetector on Si/SiO2, Sapphire and mica, respectively.   

 

3.7 Conclusion  

In conclusion, we have synthesized a large area PtS2 thin film by sulfurization of Pt thin film 

in APCVD with a tube-in-tube arrangement. The growth of PtS2 is highly reproducible, further 

confirmed by its growth on different substrates such as SiO2/Si, sapphire, Si, and mica. Our 

study suggests that growth parameters such as sulfur amount, Pt thickness, and gas flow rate 

are crucial in controlling the growth of PtS2 and PtS. Raman spectroscopy and XPS results 

confirmed that there is more probability to form PtS2 at low Pt thickness, higher sulfur amount, 

and optimized gas flow (75 sccm). Moreover, a high-performance PtS2 photodetector is 

fabricated on SiO2/Si substrate with high responsivity and detectivity of 31.38 AW-1 and 

3.92×1013 Jones, respectively, at a low biasing of 1V. The device also shows a broadband 

detection ranging from visible to NIR (400-1100 nm). Moreover, photoresponse is measured 

for PtS2 synthesized on SiO2/Si, sapphire, and mica substrates under visible (532 nm) incident 

radiation. This work offers a facile approach to synthesize large-area 2D noble metal 

dichalcogenides for next-generation optoelectronic applications.  
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Chapter 4: Large area 2D PtS2 heterostructures for broadband 

photodetection 

 This chapter discussed the large area PtS2 heterostructures fabrication and their broadband 

photodetector applications. By utilizing the properties of heterostructure to enhance the overall 

device performance, this chapter mainly focuses on the large area PtS2/MoS2 (2D-2D) and PtS2-

x/Ga2O3 (2D-3D) heterostructure fabrication and their broadband (Vis-NIR/UV-NIR) 

photodetector performance. In PtS2/MoS2 heterostructure fabrication, the PtS2 film was directly 

grown on the MoS2 film by TAC method, and it shows broad response from 400-1200 nm (Vis-

NIR) wavelength. Whereas in PtS2-x/Ga2O3 heterostructure work, the PtS2 film was wet 

transferred over the Ga2O3 film and exhibits wide response covering UV-C to NIR (250-1100 

nm) region. Using photoelectron spectroscopy (XPS and UPS), a detailed interface 

investigation of the heterojunction (PtS2/MoS2 and PtS2-x/Ga2O3) with their band alignment 

study and carrier transport mechanisms are also explored.  

4.1 Requirement of highly sensitive, fast and broadband photodetectors  

The widespread applications of broadband photodetectors across various fields, including 

optical communications, environmental monitoring, defence security, and medical imaging, [1, 

2] have led to a pressing need to develop high-performance broadband photodetectors with 

high responsivity, detectivity, and fast response speed. However, in pristine semiconductor 

materials (MoS2 and Ga2O3 for present case) limited light detection owing to their band gap 

constraint is the major problem. For example, MoS2 is a semiconductor material with a band 

gap range of 1.2-1.8 eV, depending upon its thickness value, and mostly lies in the visible 

region and show very weak response in NIR range. Similarly, Ga2O3 is a wide band gap (4.5-

4.9 eV) semiconductor material and show its best response in ultraviolet (UV)-C region. 

Therefore, to tackle this problem, making their heterostructure with appropriate material (PtS2) 

with a narrow band gap (0.25-1.6 eV) and high mobility is an effective approach to enhance 

the response towards NIR region and make broadband photodetector.  

4.2 PtS2/MoS2 heterostructure  

Molybdenum disulfide (MoS2), a member of the group-6 TMDC family, stands out as one of 

the most extensively studied material due to its unique properties, including layer-dependent 

optical band gap ranging from 1.2 eV to 1.8 eV, strong light-matter interaction, and moderate 

carrier mobility [3, 4]. It has been reported that MoS2 exhibits a wide range of applications, 

including photodetectors, transistors, catalysis, gas sensors, and many others [5, 6]. However, 
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in bare MoS2, the limited light absorption and high recombination of photo-generated carriers 

constrain to achieve the desired photodetector device performance in the infrared region. To 

overcome this problem, stacking MoS2 with suitable 2D material such as PtS2 with narrow 

band gap and high mobility creating van der Waals heterostructures with no dangling bonds 

and lattice mismatch is a novel approach to enhance device performance [7-9].  

Heterostructures not only improve optical absorption but also promote strong interlayer 

coupling at the junction, leading to increased carrier generation and enhance detection range 

[4, 10].  Additionally, heterostructures offer greater modulation of their electrical and optical 

properties by selecting suitable synthesis approach and type of alignment [8, 9, 11, 12]. In 

present work, we discussed the fabrication of large area PtS2/MoS2 heterostructure and its 

broadband photodetector performance. 

4.2.1 Experiment section  

Synthesis of PtS2: The PtS2 thin film were synthesized by TAC method as illustrated in Figure 

4.1 (a). First, the Pt thin film is coated by RF magnetron sputtering method at optimized 

parameters and then sulfurized it in CVD using sulfur powder (1.2 g) for 1 hour interval in the 

present of carrier gas (1.1% H2 balance Ar mixture) with a flow rate of 75 sccm.  

Synthesis of MoS2: MoS2 thin films were grown on SiO2/Si substrates by RF magnetron 

sputtering with high purity (99.99 %, Kurt J. Lesker) MoS2 target. To create an optimal 

environment for deposition, the chamber was evacuated to a high vacuum of approximately 

2×10-6 Torr. Subsequently, the MoS2 thin film was deposited at room temperature for 10 

minutes, employing a power of 25 W, Ar gas flow rate of 20 sccm, and a deposition pressure 

of 3.8 mTorr. Then, same deposited MoS2 samples were annealed in a quartz tube furnace at 

700 ℃ for 2 hours in the presence of 5% H2S and 95% Ar with a flow of 20 sccm and allowed 

to cool the furnace naturally.  

Synthesis of PtS2/MoS2 device: Figure 4.1 (b) depicts the complete synthesis procedure 

employed for PtS2/MoS2 heterostructure device. The PtS2 thin film was grown onto MoS2 

sample by the thermally assisted Conversion (TAC) method. To achieve this, we first deposited 

a thin Pt film on the partially covered MoS2 sample (Figure 4.1 (b)) via RF magnetron 

sputtering at room temperature using a high-purity Pt target (99.99%) at a power of 30 W for 

30 sec. Subsequently, this Pt-coated MoS2 sample (Pt/MoS2/SiO2/Si) underwent sulfurization 

in a chemical vapour deposition (CVD) in the presence of sulfur powder (1.2 g) for 1 hour with 

a tube-in-tube arrangement and gas flow rate of 75 sccm (1.1% H2 balance Ar) as were 
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optimized in the previous chapter for the growth of PtS2 [13].  The temperature was set to 500 

℃ and 300 ℃ for Pt coated on MoS2 (Pt/MoS2/SiO2/Si) sample and sulfur powder, 

respectively. After the completion of deposition, the system was left to cool down naturally. 

Finally, gold (Au) strips electrodes with a thickness of ~150 nm and 3.5 mm separation were 

deposited by thermal evaporation technique utilizing a physical shadow mask. The Au 

electrodes were positioned with one gold strip on the PtS2 film and the other on the MoS2 film, 

as shown in Figure 4.1 (b). The sample image of PtS2/MoS2 heterostructure showing its large 

area growth is display in Figure 4.1 (b) (above final device schematic).   

 

Figure 4.1 (a) Schematic of the PtS2 thin film synthesis by TAC method (b) Schematics of 

PtS2/MoS2 heterostructure device fabrication by multiple steps.  

 

Characterizations used and device measurement: Raman and PL measurements of the 

samples were carried out with 532 nm laser illumination at room temperature (RT) using 

HORIBA LabRAM HR 800 instrument. The thickness of the samples was evaluated by atomic 

force microscope (AFM) in tapping mode using Bruker (Multimode 8) Scanning Probe 
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Microscope model. The absorption spectra of the samples synthesized on quartz substrates was 

carried out with a Perkin Elmer Lambda 950 instrument. Thermofisher Scientific ESCALAB 

Xi+ model instrument was utilized for the XPS measurements with Al Kα as X-ray source. The 

morphology of the heterostructure is revealed by JEOL-JSM-7610F model. The photodetector 

studies of the devices from 400-1200 nm were done using a Bentham PVE TMc 300 

monochromator and Keithley 6430 SMU. The temporal response of the devices under 532 nm 

and 650 nm were recorded using HOLMARC lasers with an optical chopper and Keithley 

4200A-SCS 

4.2.2 Results and discussion 

Figure 4.2 (a) shows the Raman spectra of bare PtS2, MoS2, and PtS2/MoS2 heterostructure 

grown on SiO2/Si substrate. The Raman spectra of bare MoS2 exhibits two distinct 

characteristics peaks E2g
1 and A1g located at positions of 381.4 cm-1 and 406.3 cm-1, 

respectively. These peaks align well with the previously reported study of MoS2, providing 

strong evidence of successful growth of MoS2 [1, 6]. The peak at 381.4 cm-1 (E2g
1) corresponds 

to the in-plane vibration modes of the S and Mo atoms in the opposite direction. Whereas peak 

at position of 406.3 cm-1 (A1g) represents the out-of-plane vibration modes of S atoms with Mo 

atom at the stationary position. The difference between these two peak positions of 24.9 cm-1 

confirms the growth of a few layers of MoS2. Similarly, for bare PtS2, two prominent peaks at 

301.2 cm-1 and 341.8 cm-1 corresponding to Eg
1 and A1g

2 vibration modes and confirm the 

growth of PtS2 [13]. Here, Eg
1 and A1g

2 peaks signifies the in-plane and out-of-plane Raman 

vibration mode respectively. Moreover, PtS2/MoS2 heterostructure (Figure 4.2 (a)) displays 

four prominent peaks at positions of 301.3 cm-1 (Eg
1), 342.1 cm-1 (A1g

2), 381.3 cm-1 (E2g
1), and 

406.3 cm-1 (A1g), demonstrating the co-existence of both PtS2 and MoS2 in the heterostructure. 

The peak at 520.0 cm-1 is consistently present in all spectra, representing the Si peak of the 

SiO2/Si substrate. A slight blue shift of 0.1 eV in Eg
1 and 0.3 eV in A1g

2 peak positions is 

observed in the PtS2/MoS2 heterostructure compared to bare PtS2. This shift in peaks could be 

attributed to stress or strain produced in the film or charge carrier transfer at the interface [4, 

14, 15]. Additionally, stretching-induced in-plane lattice and compression of interlayer array 

arising from strong interlayer interaction near the junction could contributed to the observed 

Raman shift [16]. However, no significant shifting of peak positions for E2g
1 and A1g is 

observed in the heterostructure compared to bare MoS2, suggesting that after PtS2 grown over 

MoS2, no stress or strain is induced in the MoS2 film.  
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Figure 4.2 (a) Raman spectra of bare PtS2, MoS2 and PtS2/MoS2 (b) Optical image of 

PtS2/MoS2 heterostructure with a scale bar of 10 μm where Raman mapping was performed (c) 

A1g peak Raman mapping of MoS2 in heterostructure (d) Eg
1 peak Raman mapping of PtS2 in 

heterostructure. 

Further to reveal the uniformity of the PtS2/MoS2 heterostructure device, Raman mapping was 

performed on a 40 μm × 40 μm area of heterostructure as shown in the optical image (Figure 

4.2 (b)) with a 532 nm excitation laser at room temperature on 100 points (10×10) with a step 

interval of 4 μm. The Raman mapping was performed on dominant peaks such as A1g (for 

MoS2) and Eg
1 (for PtS2) of the heterostructure as shown in Figure 4.2 (c) and 4.2 (d), 

respectively which clearly demonstrate high uniformity of the heterostructure. The AFM 

measurements were carried out on individual samples to determine their thickness. The 

estimated thickness of MoS2 and PtS2 was around 9.5 nm and 5 nm, respectively as shown in 

Figure 4.3 (a, b). Furthermore, to investigate the optical properties of the heterostructure, 

photoluminescence (PL) was performed on MoS2 and PtS2/MoS2 sides of the heterostructure 

sample, as illustrated in Figure 4.4 (a). For better clarity of peaks, their PL spectra is 

deconvoluted into two main peaks (A and B) by Gaussian fitting. On the MoS2 side, two 

prominent peaks (Figure 4.4 (a)) are observed approximately at 1.83 eV and 1.97 eV, 

corresponding to A and B excitons, respectively. These two peaks arise due to the splitting in 
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the valence band at the K point of the Brillouin zone, resulting from interlayer interactions and 

spin-orbit coupling [17, 18]. Sequentially, PL spectra obtained from the PtS2/MoS2 side show 

a quenching effect with decrease in B peak intensity peak from 57 a.u. to 36 a.u. (display by 

downward arrow in Figure 4.4 (a)) compared to PL of MoS2 signifies the strong interlayer 

coupling and charge transfer between the constitutes material (PtS2 and MoS2) [1]. 

Figure 4.4 (b) depicts the comparison plot of the absorption of bare MoS2, PtS2, and PtS2/MoS2 

heterostructure, all grown on quartz substrates within the wavelength range of 400-1200 nm. 

For bare PtS2, a broad absorption peak (Figure 4.4 (b)) is observed in the 400-800 nm 

wavelength range, followed by a decrease in absorption beyond 800 nm. The absorption 

spectrum of bare MoS2 film (Figure 4.4 (b)) displays two prominent peaks, A and B, 

corresponding to the valence band splitting at the K point owing to spin-orbit coupling and an 

additional broad peak C arises by excitons related to van Hove singularity [19]. In contrast, the 

absorption spectrum of PtS2/MoS2 (Figure 4.4 (b)) shows increased absorption compared to its 

individual constituent materials. This enhancement can be attributed to the synergistic effect, 

where both MoS2 and PtS2 contribute collectively to absorption due to strong interlayer 

interaction and increased thickness in the heterostructure. Furthermore, Figures 4.4 (c) and 4.4 

(d) exhibit the band gap evaluated for bare MoS2 and bare PtS2, respectively, using the Tauc 

plot method. The calculated band gap is approximately 1.7 eV for bare MoS2 (Figure 4.4 (c)) 

and 1.3 eV for PtS2 (Figure 4.4 (d)). These band gap values will be used in the subsequent band 

alignment study.  

 

Figure 4.3. (a) Thickness of MoS2 and (b) thickness of PtS2 estimated from AFM with inset 

showing their actual step. 
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Figure 4.4 (a) Photoluminescence (PL) spectra of bare MoS2 and PtS2/MoS2 (b) Comparison 

plot of absorption spectra of bare PtS2, MoS2, and PtS2/MoS2 film grown on quartz substrates. 

Band gap calculated of (c) bare MoS2 and (d) bare PtS2 using Tauc plot. 

 

4.2.2.1 Band alignment study 

XPS is a highly surface-sensitive technique, making it a valuable tool for investigating the local 

environment of the material, band alignment, and charge transfer (CT) mechanism [1, 20, 21].  

As the performance of heterostructure devices critically depends on the nature of their 

interfaces, a comprehensive understanding of band alignment and interface properties is 

essential [22, 23].  To explore the interface between PtS2 and MoS2 in this study, we conducted 

XPS measurements on bare MoS2, PtS2, and PtS2/MoS2 samples. To mitigate charging effects 

and facilitate binding energy calculations, we referenced the adventitious carbon peak at 284.8 

eV.  Figure 4.5 (a) depicts the Mo 3d core level binding energy spectra and valence band spectra 

of bare MoS2. The Mo 3d core levels split into Mo 3d5/2 and Mo 3d3/2 peaks at positions of 

229.4 eV and 232.6 eV, respectively, owing to spin-orbit coupling. This splitting, consistent 

with the Mo+4 state, confirms the presence MoS2 [21].  Additionally, a small peak at 226.7 eV 

related to S 2s core level is observed alongside these peaks. The value of VBM of bare MoS2 
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is evaluated by extrapolating the leading edge of the valence band spectra (Figure 4.5 (a)), has 

a value of 1.03 eV, relative to the fermi level position.  

The relative energy separation of Mo 3d5/2 core level from VBM is determined to be 228.37 

eV, as shown in Figure 4.5 (a). Figure 4.5 (b) displays the combined valence band spectra and 

Pt 4f core level spectra of bare PtS2. Two leading peaks at 74.1 eV (Pt 4f7/2) and 77.4 eV (Pt 

4f5/2) represent the S-Pt-S bond with Pt+4 oxidation state, supporting the growth of PtS2. The 

other two smaller peaks with positions of 72.6 eV (Pt 4f7/2) and 75.9 eV (Pt 4f5/2) are ascribed 

to Pt+2 (PtS) phase, which is generally present during the PtS2 synthesis due to its more stability 

as reported in literature [13, 24, 25]. Since the Raman spectra (Figure 4.2 (a)) shows two 

prominent peaks (Eg
1 and A1g

2) correspond to PtS2 and XPS spectra (Figure 4.5 (b)) confirm 

the dominant PtS2 phase, we consider PtS2 as the main constituent phase for further study. 

Figure 4.5 (b) manifest the calculated VBM (1.00 eV) for PtS2 and its separation (73.1 eV) 

from the Pt 4f7/2 core level. 

 

Figure 4.5 (a) Valence band spectra and Mo core level binding energy spectra of bare MoS2 

(b) Pt 4f core level binding energy spectra and valence band spectra of PtS2 (c) Core level 

spectra of Pt 4f and Mo 3d of the PtS2/MoS2 heterostructure (d) Band alignment (Type-I) 

between PtS2 and MoS2. 
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Next, Figure 4.5 (c) shows the Pt 4f and Mo 3d core level spectra of the PtS2/MoS2 

heterostructure. The prominent Pt 4f peaks Pt 4f7/2 (73.83 eV) and Pt 4f5/2 (77.23 eV) again 

corroborate the Pt+4 oxidation state of the PtS2 film, with two minor peaks attributed to the 

presence of a small PtS phase, as explained earlier. Additionally, three peaks at 229.33 eV (Mo 

3d5/2), 232.53 eV (Mo 3d3/2), and 226.83 eV (S 2s) confirm the presence of MoS2 in the 

heterostructure. The reduced intensity of Mo 3d peaks in the heterostructure, compared to bare 

MoS2, is attributed to the coverage of PtS2 (~5 nm thickness) over the MoS2, which reduces 

the contribution of the MoS2 film. The estimated binding energy difference between the Pt 4f7/2 

and Mo 3d5/2 core levels of the heterostructure is around 155.5 eV.  

The Valence band offset (VBO) between PtS2 and MoS2 is calculated using Kraut's rule [49] 

using equation (4.1) 

     VBO = (EPt 4f7/2 
PtS2/MoS2 − EMo 3d5/2  

PtS2/MoS2)  ̶  (EPt 4f7/2 
PtS2 ̶  EVBM 

PtS2 ) + (EMo 3d5/2

MoS2 ̶  EVBM   
MoS2 ) ------(4.1) 

Where EPt 4f7/2 
PtS2/MoS2 and  EMo 3d5/2  

PtS2/MoS2 terms represent the core level binding energy (B.E) of Pt 

4f7/2 and Mo 3d5/2, respectively of the heterostructure and  EPt 4f7/2 
PtS2 , EMo 3d5/2

MoS2  denotes the core 

level B.E of bare PtS2 and MoS2, respectively. EVBM 
PtS2  and EVBM   

MoS2  denotes the VBM of PtS2 and 

MoS2, respectively. The calculated VBO value for PtS2/MoS2 interface was -0.23 ± 0.1 eV, 

indicating that the position of the valence band (VB) of MoS2 is situated below the VB of PtS2. 

The conduction band offset (CBO) between MoS2 and PtS2 is evaluated by using the VBO 

value and band gap of PtS2 (Eg
PtS2)  and MoS2  (Eg

MoS2) with the following mathematical 

expression (equation (4.2)) 

                                              CBO =  Eg
MoS2 − Eg

PtS2 + VBO…………. (4.2) 

The band gap of 1.7 eV for MoS2 and 1.3 eV for PtS2 was evaluated using Tauc’s plots method, 

as displayed in Figure 4.4 (c, d). Consequently, a CBO of 0.17 ± 0.1 eV is obtained at 

PtS2/MoS2 interface. Integrating the CBO and VBO results, a type-I band alignment (Figure 

4.5 (d)) was found between the MoS2 and PtS2. Additionally, from VBM and band gap values 

of MoS2 and PtS2 it confirmed that both MoS2 and PtS2 exhibit n-type nature due to their fermi 

level is closer to respective conductive band. 
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Figure 4.6 Current-voltage (I-V) characteristics of (a) bare MoS2 (b) PtS2/MoS2 device with 

inset shows their respective device structure (c) Comparison plot of photocurrent of bare MoS2 

and PtS2/MoS2 device under 900 nm illumination light (d) Comparison temporal response of 

PtS2/MoS2 and MoS2 device under 900 nm (3V) illumination (e) I-V characteristics of PtS2 

under 400-1200 nm light illumination with inset displaying its device structure. 

 

4.2.2.2 Photodetector device performance 

The photodetector device performance of bare MoS2, bare PtS2 and PtS2/MoS2 heterostructure 

fabricated on SiO2/Si substrate is demonstrated in Figure 4.6 (a), 4.6 (e) and 4.6 (b), 

respectively. In all devices, gold strips electrode with a separation of 3.5 mm is employed for 

the photodetector study. Figure 4.6 (a) represents the I-V characteristics of a bare MoS2 device 

under dark and 400-1200 nm light illumination with an inset displaying the cross-section device 

structure. The linear I-V characteristics (Figure 4.6 (a)) indicate an ohmic behavior between 

the MoS2 and metal electrode. Figure 4.6 (a) clearly evident that bare MoS2 device exhibits no 

significant photocurrent enhancement under different light illuminations (400-1200 nm) 

compared to its dark current, indicating poor device performance. This might be attributed to 

the fast recombination rate of photo-generated carriers and the absence of a built-in electric 

field. In contrast, Figure 4.6 (b) demonstrates that the PtS2/MoS2 device exhibits improved 

performance compared to its bare MoS2 counterpart, in terms of more increase in the current 

value. The I-V characteristics of PtS2/MoS2 (Figure 4.6 (b)) represents a characteristic in 

between ohmic and Schottky or refer to it as a near-ohmic contact for clarity. Additionally, the 
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non-rectification behavior of the heterostructure can be explained based on its band alignment. 

Since, the rectifier behavior of the heterostructure device depends upon the conduction band 

and valence band offset of the stacking materials and Schottky barrier at their interface [27-

29]. The carrier transport in PtS2/MoS2 heterostructure is dominated by electrons owing to n-

type character of both MoS2 and PtS2. A crucial factor contributing to the non-rectifying 

behavior is the relatively small difference of 0.06 eV between the valence band offset (0.23 

eV) and conduction band offset (0.17 eV) within the heterostructure. This small difference 

effectively results in a nearly equal Schottky barrier height for electron transport under both 

negative and positive bias conditions, as shown in the Figure 4.7 (c) and 4.7 (d), respectively. 

This alignment is the primary reason for the observed non-rectifying behavior in the 

heterostructure device. The inset of Figure 4.6 (b) represents the cross-section schematic of the 

PtS2/MoS2 device. The enhanced photocurrent in PtS2/MoS2 device is attributed to strong 

interlayer interaction and transfer of charge carrier between the PtS2 and MoS2 heterojunction. 

This observation aligns with the PL quenching (Figure 4.4 (a)) and increased net absorption 

(Figure 4.4 (b)) in the heterostructure, supporting the idea of improved device performance. 

Here reduce recombination rate, improved net absorption, and a strong built-in electric field 

near the junction could be the main factors contributing to the enhanced device performance 

[1, 21].  

Figure 4.6 (c) presents a comparison of the photocurrent under 900 nm irradiation for bare 

MoS2, PtS2 and PtS2/MoS2 devices, revealing that the heterostructure (PtS2/MoS2) significantly 

increases the device's photocurrent. Additionally, Figure 4.6 (d) displays the temporal response 

of both the bare MoS2 and PtS2/MoS2 devices under 900 nm illumination (3V bias). The results 

show a negligible increase in photocurrent from 0.468 μA to 0.482 μA for the bare MoS2 

device, indicating poor performance. In contrast, the PtS2/MoS2 device exhibits a substantial 

increment in photocurrent from 3.6 μA to 5 μA, highlighting its enhanced performance under 

the same illumination condition (900 nm).  

  Considering the XPS and VBS results, we propose a charge carrier transport mechanism for 

the PtS2/MoS2 heterojunction under light illumination (400-1200 nm) to gain insights into the 

photodetector working. Figure 4.7 illustrates the band alignment between PtS2 and MoS2 before 

and after contact under different biasing conditions (V=0, V<0, V>0) with respect to PtS2. 

Figure 4.7 (a) presents the band structure of MoS2 and PtS2 before contact, displaying their 

band gap (Eg), conduction band (Ec), valence band (Ev), core levels (CL), and Fermi levels (Ef) 

with different colour representation. Utilizing previously reported work function values for 
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MoS2 (4.99 eV) and PtS2 (5.09 eV) [28], we observe that the Fermi level of MoS2 is higher 

than PtS2. When PtS2 and MoS2 come into contact, electrons will transfer from MoS2 to PtS2, 

achieving an equilibrium condition (Fermi level alignment) and causing band bending near the 

junction (Figure 4.7 (b)). The migration of electrons from MoS2 to PtS2 generates an electron 

depletion region on the MoS2 side and an accumulation region on the PtS2 side, creating a space 

charge region within the interface and establishing a built-in-electric potential. 

 

Figure 4.7 (a) Energy band diagram of PtS2 and MoS2 before contact (b) Energy band gap 

diagram of PtS2/MoS2 heterojunction after contact under equilibrium (V=0). Energy band gap 

diagram of PtS2/MoS2 heterojunction under illumination (c) V<0 (forward bias with respect to 

PtS2) (d) V>0 (reverse bias with respect to PtS2)  
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eV) makes this possible to shifting band alignment. Owing to n-type behavior of both MoS2 

and PtS2 under light illumination (with V<0 condition) majority of the current will be flow due 

to electrons and they will move from PtS2 to MoS2 and minority carrier holes will migrate from 

MoS2 to PtS2. Furthermore, from Figure 4.7 (c) it clearly seen there is very low Schottky barrier 

height for the electron to move from PtS2 to MoS2 and they can cross more easily at higher 

under external bias and under illumination showing nearly ohmic character at higher external 

bias (Figure 4.6 (b)).  

In contrast, applying V>0 bias to the PtS2 side (or reverse biasing to n-type PtS2) become 

forward bias for MoS2 (due to n-type of MoS2) shift the PtS2 fermi level downward (Figure 4.7 

(d)), and MoS2 fermi level upwards resulting transform the band alignment from type-I (Figure 

4.7 (b)) to type-II (Figure 4.7 (d)). This shifting is again possible due to the small CBO value 

(0.23 eV) compared to external biasing. In such cases, majority electrons will migrate from 

MoS2 to PtS2, and minority holes from PtS2 to MoS2 under illumination. Since again here the 

Schottky barrier height for electrons is nearly same as it was under V<0, therefore it again 

shows a nearly ohmic character (Figure 4.6 (b)) in reverse bias and this is the reason that 

PtS2/MoS2 not exhibits any rectifier behavior. Similar shifting of band alignment from type-I 

to type-II (or type-III to type-II) under different biasing conditions has been reported earlier [1, 

29, 30]. The type-II band alignment (under bias) observed for PtS2/MoS2 heterostructure 

further helps to enhance the device performance under the influence of built-in electric field 

and strong interlayer coupling. Moreover, type-II band alignment further assist in fast photo 

carrier separation and enhance the speed of the photodetector.  

Further, for more comparison of PtS2/MoS2 photodetector device with bare MoS2 their figures 

of merits including responsivity (R), detectivity (D*), external quantum efficiency (EQE), and 

response time (rise time and fall time) is calculated. Responsivity of a photodetector expresses 

the net photocurrent produce per unit incident light power. Mathematically, it is given by 

equation (4.3) 

                                                       R =
Ilight−Idark

P.  A
……. (4.3) 

Where Ilight, Idark and P denotes the photocurrent (generated under light), dark current, and 

incident light power density, respectively. A is an effective area of the device, which was 0.175 

cm2 for both MoS2 and PtS2/MoS2 (heterostructure) devices. 
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Figure 4.8 (a) demonstrates the responsivity comparison of bare MoS2 (left axis, black line) 

and PtS2/MoS2 heterostructure (right axis, red line) under different light illuminations (400-

1200 nm) at 3V bias. The maximum responsivity of 0.31 AW-1 and 30.2 AW-1 are obtained for 

bare MoS2 and PtS2/MoS2, respectively, at 900 nm illumination. A 97-fold increase in the 

responsivity of the heterostructure compared to bare MoS2 confirms the high performance of 

the heterostructure, especially in the NIR region. The rise in responsivity is attributed to the 

increased current value in heterostructure, as also observed in Figure 4.6 (b), where both MoS2 

and PtS2 contribute to the generation of electron-hole pair with increased absorption. The non-

linear trend of responsivity for both MoS2 and PtS2 with different wavelengths is mainly 

ascribed to two factor one is different absorption of light (Figure 4.4 (b)) which generates 

different photocurrent for different wavelengths, and another is different power density of 

illumination light as given in Table 2.1. The combined influence of these two factors leads to 

a non-linear trend of responsivity with varying wavelengths. 

Specific detectivity (D*), another parameter that indicates the ability of the photodetector to 

detect weak signals, was evaluated by using equation (4.4) [31].    

 

D∗ = √
A

2eIdark+
4𝑘𝐵𝑇

Rs

×  R………… (4.4) 

 

Where A is effective area, R is responsivity, Idark is dark current, kB is the Boltzmann constant, 

T is the temperature of the device (T=300 K) and Rs is the resistance of the device, e is 

electronic charge.  

Here we include shot noise ( Ss = √2eIdark)  and thermal noise (Stn = √
4𝑘𝐵𝑇

Rs
)  (ignoring 1/f 

noise) for detectivity calculation. For bare MoS2 and PtS2/MoS2 value of Rs is around 6 MΩ 

and 0.8 MΩ, respectively. The reason of include thermal noise in the present work was to see 

whether it affect the detectivity value or not and we found that it has negligible effect (0.9 % 

change) in detectivity value. Therefore, in other work we calculated the detectivity without 

including thermal noise. 
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 The comparison plot of detectivity of bare MoS2 and PtS2/MoS2 under 400-1200 nm light 

irradiation is displayed in Figure 4.8 (b). Throughout the 400-1200 nm wavelength range, the 

detectivity of PtS2/MoS2 is higher than that of bare MoS2. A maximum detectivity of 1.12×1013 

Jones for PtS2/MoS2 and 3.4×1011 Jones for MoS2 at 900 nm wavelength and 3V bias further 

confirms the enhancement of PtS2/MoS2 device performance compared to bare MoS2. In 

addition, a higher value of detectivity of heterostructure (~33 times more) than bare MoS2 

indicates that it has more ability to detect weak signals.  

 

Figure 4.8 Comparison of (a) Responsivity, (b) Detectivity, and (c) EQE of PtS2/MoS2 

photodetector with bare MoS2 device at 3V bias with variation with wavelength of 400-1200 

nm.  
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Figure 4.9 (a-i) Temporal response of PtS2/MoS2 photodetector device under 400 nm-1200 nm 

light illumination at 3V bias. 

External quantum efficiency (EQE) is another important parameter that indicates how many 

electron-hole pairs contribute to the final photocurrent per unit incident photons. 

Mathematically, it is given by the relation of equation (4.5) 

                                        EQE =
hcR

eλ
………. (4.5) 

Where e, h, and c are the electronic charge, Plank`s constant, and speed of light, respectively. 

and λ represents the wavelength of light illuminated on the device, and R is responsivity of the 

photodetector (defined earlier) 

The comparison study of EQE for bare MoS2 and PtS2/MoS2 devices is presented in Figure 4.8 

(c), providing further support for the enhanced performance of the PtS2/MoS2 device compared 

to the bare MoS2 device. For instance, at a wavelength of 900 nm, the EQE values are 43.76% 
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and 4161.8% for bare MoS2 and PtS2/MoS2, respectively are obtained. The EQE of the 

heterostructure is more than 100% and 95 times higher than that of bare MoS2, indicating a 

higher number of electron-hole pairs contributing to the final photocurrent, as also verified by 

the increase in photocurrent value for the heterostructure (Figure 4.6 (c)). An EQE value of 

more than 100% in the heterostructure is attributed to the enhanced photoconductive gain in 

the 2D material photodetectors [1, 13].  

To further confirm the broadband detection capability of the PtS2/MoS2 device, its temporal 

response (I-T characteristics) is measured under 400-1200 nm light illumination. Figure 4.9 (a-

i) represents the temporal response of the PtS2/MoS2 device under 400-1200 nm light 

irradiation at 3V bias, with measurements taken at intervals of 100 nm. During this 

measurement, the light is periodically turned on and off with a gap of 10 seconds to record the 

temporal response. The PtS2/MoS2 device demonstrates a satisfactory response, covering a 

wide range from the visible to NIR (400-1200 nm) region, as displayed in Figure 4.9. These 

results demonstrate the superior performance and broad spectral detection capability of the 

PtS2/MoS2 heterostructure, making it a promising candidate for photodetector applications 

across various wavelengths. The device response upto to 1200 nm can be explained based on 

the strong interlayer coupling that occurred between the MoS2 and PtS2. As previously there 

are many reports on heterostructure published which confirmed that owing to strong interlayer 

coupling in type-II band alignment heterostructures extend their detection limit than their stack 

materials [32-34]. The strong interlayer coupling between PtS2 and MoS2 is confirmed by PL 

spectra (Figure 4.4 (a)) in which PL intensity of heterojunction (PtS2/MoS2) decreased (PL 

quenching) as compared to MoS2. Furthermore, this interlayer coupling boost electrons to 

transfer from the valence band of one material to the conduction band of another material under 

an external incentive source and requires less energy to excite electrons than their individual 

band gap excitation and enhances the detection range (towards the infrared region, 1200 nm) 

[32-34]. 

The speed of a photodetector is crucial for fast detection and modern optoelectronic 

applications. Typically, it is measured in terms of its response time, which includes the rise 

time (time taken to reach from 10% to 90% of the total current generated under light-on 

conditions) and fall time (time taken to reach from 90% to 10% of the total current generated 

under light-off conditions).  
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 To assess the response time of the PtS2/MoS2 device at different wavelengths, including 532 

nm, 650 nm, 900 nm, and 1100 nm, we conducted measurements. Figure 4.10 (a, b) displays 

the I-T characteristics of the heterostructure device under 532 nm and 650 nm lasers, each 

having a power of 5 mW. These measurements were performed with the help of an optical 

chopper moving at a frequency of 5 Hz. The calculated rise/fall time for the 532 nm (650 nm) 

laser is found to be 16/8 ms (11/10 ms), respectively at 2V indicates the fast speed of the 

PtS2/MoS2 device. Furthermore, we compared the performance of our fabricated PtS2/MoS2 

photodetector device with other reported MoS2 van der Waals heterostructure devices, as 

summarized in Table 4.1. 

 

Figure 4.10 Temporal response of PtS2/MoS2 device under the illumination of (a) 532 nm laser 

(5 mW) (b) 650 nm laser (5 mW) at 2V bias and 5Hz frequency (c), (d) represent the rise and 

fall time under 532 nm and 650 nm laser illumination, respectively, at 2V bias by considering 

their one respective cycle. 
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Table 4.1 Comparison of PtS2/MoS2 photodetector device performance with reported MoS2 

based heterostructures.  

 

4.2.3 Conclusion  

The large area PtS2/MoS2 heterostructure was fabricated by growing PtS2 film on the MoS2 

sample by the thermally assisted (TAC) method. Furthermore, XPS measurements provided 

crucial insights into the band alignment study between MoS2 and PtS2, revealing a type-I band 

alignment between the two materials. Interestingly, the heterostructure's performance was 

significantly enhanced under external biasing due to the conversion of band alignment from 

type-I to type-II, which is generally favourable for efficient carrier separation. The increased 

absorption and PL quenching in heterostructure further suggest the strong interlayer coupling 

and improved absorption. The PtS2/MoS2 photodetector demonstrated a broadband detection 

range from 400-1200 nm (visible to NIR). Compared to bare MoS2, the PtS2/MoS2 

photodetector performance was enhanced by a 97-fold increase in responsivity and ~33 times 

in detectivity under 900 nm light illumination at 3V bias. The heterostructure device shows 

maximum responsivity (R) and detectivity (D*) of 30.2 AW-1 and 1.12×1013 Jones, upon 900 

nm irradiation at 3V bias, with a fast response speed of 11 ms/10 ms. This work introduces a 

novel approach to designing large-area, high-performance van der Waals heterostructures, 

opening up exciting possibilities for next-generation optoelectronics device applications. 

Device material Detection 

range 

Responsivity 

[AW-1] 

Detectivity 

[Jones] 

Response 

time [ms] 

Ref 

PtS2/ MoS2 405-685 nm 403 @ 685 nm 1.07×1011 24/21 [28] 

MoS2/MoSe2/Au 

NP 

300-900 nm 2.54 @ 505 nm __ 10470/15160 [35] 

MoTe2/MoS2 470-800 nm 0.322 @ 470 nm __ 25 [36] 

MoS2/NiTe2 405 nm 0.392 @ 405 nm 1.2×109 5.6/18.4 [37] 

PdSe2/MoS2 532 nm 600 @ 532 nm 1011 100/37 [38] 

MoS2/WS2 400-1100 

nm 

2.15 @ 560 nm 2.05×1011 50 [39] 

MoS2/Graphene 400-1000 

nm 

0.835 @ 540 nm __ 20/30 [40] 

PtS2/MoS2 400-1200 

nm 

30.2 @ 900 nm 1.12×1013 11/10 Present 

work 



Chapter 4 : Large area 2D PtS2 heterostructures for broadband photodetection  

 

72 

 

4.3 PtS2-x/Ga2O3 heterostructure  

Gallium oxide (Ga2O3) is well recognized for deep ultraviolet (UV-C) photodetectors owing to 

its ultra-wide band gap (4.5 to 4.9 eV), high thermal stability, and indirect band gap nature [41-

43]. However, its detection is limited within the UV-C range owing to ultra-wide band gap 

nature. Hence, to enhance its detection range especially from UV-C to near infrared (NIR) 

region and cover broad spectrum, its heterostructure with narrow band gap material such as 

PtS2 is a suitable approach. Moreover, heterostructure with Ga2O3 sensing in UV and PtS2 

broad response in visible and IR range can broaden the spectrum from UV to NIR and to build 

broadband photodetector. To the best of our knowledge, no study of PtS2-Ga2O3 heterostructure 

has been reported so far, which motivates us to explore PtS2-x/Ga2O3 heterostructure. In this 

work, we fabricated a 2D-3D PtS2-x/Ga2O3 heterostructure based broadband photodetector with 

detection from UV-C to NIR region 

4.3.1 Experiment section 

Synthesis of PtS2-x (0<x<1): The PtS2-x thin film was synthesized by the thermally assisted 

conversion (TAC) method, which is a sulfurization of pre-Pt coated film on SiO2/Si substrate, 

as shown in Figure 4.11 (a). In short, a thin film of Pt was first coated on a SiO2/Si substrate 

by radio frequency (RF) magnetron sputtering using a pure 99.99 % Pt target for 30 seconds at 

a power of 30 W and 20 sccm Ar flow rate. After that, the same Pt film-coated sample was 

sulfurized in chemical vapor deposition (CVD) in the presence of sulfur powder with a 75 sccm 

(1.1 % H2 balance Ar mixture) gas flow rate. A temperature of 300 ℃ for zone 1 (S powder 

placed) and 500 ℃ for zone 2 (Pt coated on SiO2/Si sample) was used during the deposition 

for 1 hour and after the system left to cool down naturally. In this work, we used PtS2-x 

nomenclature instead of PtS2 because the contribution of PtS phase is present in it (due to its 

more stability) and it is high in PtS2-x/Ga2O3 heterostructure (confirmed from XPS data, Figure 

4.13 (a)) which was not the case as in previous PtS2/MoS2 work. 

Synthesis of β-Ga2O3 and Device Fabrication: The polycrystalline film of Ga2O3 was grown 

on p-Si (100) substrate by RF magnetron sputtering using a pure 99.99 % Ga2O3 target, as 

shown in Figure 4.11 (b). In brief, a seed layer of Ga2O3 (~15 nm) was grown at 700 ℃ with 

post-annealing of 30 minutes. A thin film of ~300 nm was then deposited over this seed layer 

at 650 ℃ and at a power of 100 W for 90 minutes in an Ar ambient with 3% O2.  After that, a 

large PtS2-x film (grown on SiO2/Si) was transferred over Ga2O3 film by PMMA-assisted wet 

transfer method for making a heterostructure device. Figure 4.11 (c) shows the final schematic 

of the heterostructure, and Figure 4.11 (d) exhibits the actual PtS2-x/Ga2O3 heterostructure 
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sample formed and confirmed its large area growth. Finally, using a physical shadow mask 

gold electrode of thickness ~150 nm with 3 mm spacing was deposited on the heterostructure 

sample by thermal evaporation technique. The photodetector measurements were done with 

Bentham PVE system containing TMc monochromator (250-1100 nm light source), 254 nm 

pen-ray UV Cole Parmer lamp, and Keithley 6430 SMU. 

 

Figure 4.11 (a) Fabrication steps of PtS2-x thin film by TAC method (b) synthesis of Ga2O3 

film by sputtering (c) PtS2-x/Ga2O3 heterostructure schematic (d) PtS2-x/Ga2O3 heterostructure 

image. 

4.3.2 Results and discussion  

The schematic of the PtS2-x/Ga2O3 heterostructure is shown in Figure 4.12 (a) in which PtS2-x 

film was transferred over the Ga2O3 film (grown on p-Si), as explained earlier in the experiment 

section. Figure 4.12 (b) represents the Raman spectra of PtS2-x and PtS2-x/Ga2O3 

heterostructure. In PtS2-x, three prominent peaks at positions of 301.3 cm-1 (Eg
1), 333.5 cm-1 

(A1g
1), and 342.4 cm-1 (A1g

2) are observed, which represent the formation of PtS2-x [13, 44, 45]. 

Here, Eg
1 denotes the in-plane vibration mode, and the other two modes, A1g

1 and A1g
2, indicate 

the out-of-plane vibration modes.  Similarly, in PtS2-x/Ga2O3 heterostructure, three Raman 

peaks with a minor reduction in the intensity are observed, as shown in Figure 4.12 (a). A small 

(0.9 cm-1) red shift in the Eg
1 peak position of heterostructure with respect to PtS2-x denotes the 

stress or strain induced at the interface [46]. However, no significant shifting of other peak 

positions A1g
1 and A1g

2 are observed. The thickness of the PtS2-x film transferred on SiO2/Si 

was evaluated by AFM. Figure 4.12 (c) illustrates that the thickness of PtS2-x film is around 7 

nm, close to what was reported in our previous work [46]. The crystalline quality of the Ga2O3 

film was determined by performing GIXRD on Ga2O3 thin film grown on a Si substrate, as 
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depicted in Figure 4.12 (d). It shows 2θ peaks at 30.1º, 44.39º, 54.64º, and 64.03º which 

corresponds to (400), (-601), (203) and (-204) planes of the polycrystalline β-Ga2O3 phase 

(JCPDS-041-1103, 180) and assured the growth of polycrystalline β-Ga2O3 film.  

Figure 4.12 (a) Schematics of PtS2-x/Ga2O3 heterostructure (b) Raman spectra of PtS2-x and 

PtS2-x/Ga2O3 thin films performed with 532 nm laser (c) Thickness of PtS2-x thin film 

transferred on SiO2/Si substrate measured by AFM (d) GIXRD of Ga2O3 grown on Si substrate. 

 

4.3.2.1 Band alignment study 

In heterostructure devices, the band alignment of the stack materials plays a crucial role in 

determining device performance [22, 23]. Therefore, it becomes essential to uncover the hidden 

concept at the interface. Recently, XPS has been well recognized for its surface-sensitive nature 

and diverse applications in different fields to explore band alignment of the heterostructures 

[1, 20, 46]. In addition, it also helps to investigate the carrier transport (CT) mechanism, 

valence band offset, conduction band offset, and many more [1, 46]. In this work, XPS was 

carried out on bare PtS2-x, Ga2O3, and PtS2-x/Ga2O3 heterostructure samples to determine the 

band alignment between PtS2-x and Ga2O3. The carbon peak position of 284.8 eV is employed 
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as a reference peak for calibrating other elements' peaks. The valence band maximum (VBM) 

of bare PtS2-x and Ga2O3 was estimated by linear fitting of the edge line of the valence band 

spectra. Usually, the heterostructure's valence band offset (VBO) is evaluated by considering 

the core level binding energy of the parent materials, heterostructure, and their VBM values. 

Later, the conduction band offset (CBO) is calculated by combining the VBO and band gap 

values of the stack materials. In this direction, we have taken Pt 4f7/2 and Ga 3d as core-level 

energies for further calculations. Figure 4.13 (a) represents the Pt 4f core level binding energy 

spectra of PtS2-x and PtS2-x/Ga2O3 heterostructure. In bare PtS2-x, two major peaks at 73.8 eV 

(Pt 4f7/2) and 77.1 eV (Pt 4f5/2) are related to Pt+4 oxidation state of PtS2 and two minor peaks 

with peak positions at 72.3 eV (Pt 4f7/2) and 75.6 eV (Pt 4f5/2) corresponds to the Pt+2 oxidation 

state of PtS [25, 46]. The reason for coming PtS peaks along PtS2 peaks is ascribed to its more 

stability than PtS2 as reported earlier [25, 46, 47]. Therefore, we used PtS2-x nomenclature 

instead of PtS2 owing to the presence of PtS phase in it. The Pt 4f core level spectra (Figure 

4.13 (a)) of PtS2-x/Ga2O3 heterostructure also exhibited four peaks with one pair of peaks at 

73.0 eV and 76.35 eV corresponding to the Pt+4 (PtS2) phase and other two at 71.45 eV and 

74.75 eV related to the Pt+2 (PtS) phase. The intensity of Pt+4 peaks decreases in PtS2-x/Ga2O3 

heterostructure as compared to in bare PtS2-x film and could be due to the partially conversion 

of PtS2 to PtS phase during heating or chemical etching used in the transferring of PtS2-x film 

over Ga2O3 [24]. 

 The core level XPS spectra of Ga 3d of bare Ga2O3 and PtS2-x/Ga2O3 samples are shown in 

Figure 4.13 (b). In bare Ga2O3, two Ga 3d deconvoluted peaks at locations of 19.29 eV and 

20.28 eV respective to Ga+ (oxygen deficiency or sub stoichiometric state) and Ga3+
 (Ga2O3 

stochiometric) are received and match well with the literature [1, 48]. In PtS2-x/Ga2O3, the Ga+ 

and Ga3+ peaks at 19.15 eV and 20.35 eV, respectively, are obtained. In addition to these peaks, 

a small peak centered around 23.5 eV related to O 2s is observed in both bare Ga2O3 and PtS2-

x/Ga2O3 films. A shifting of peak position in Pt 4f and Ga 3d core levels of the heterostructure 

are observed compared with their respective bare materials, for example, 0.8 eV red shift in Pt 

4f7/2 of Pt+4 and 0.07 eV blue shift in Ga3+ of PtS2-x/Ga2O3 signify the strong interlayer coupling 

at the interface. The VBM value of 0.85 eV for PtS2-x and 3.23 eV for Ga2O3 are obtained as 

shown in Figure 4.13 (c), which was calculated from the leading edge of the valence band 

spectra, as mentioned earlier.  
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Figure 4.13 (a) XPS Pt 4f core level spectra of bare PtS2-x and PtS2-x/Ga2O3 heterostructure (b) 

XPS Ga 3d core level spectra of bare PtS2-x and PtS2-x/Ga2O3 heterostructure (c) Valence band 

maximum (VBM) of bare PtS2-x and bare Ga2O3. The band gap of (d) PtS2-x and (e) Ga2O3 

calculated using Tauc`s plot method. (f) Type-I band alignment between the PtS2-x and Ga2O3. 
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The VBO between the PtS2-x and Ga2O3 is estimated using the Kraut’s rule [49] with the 

following equation 

     𝑉𝐵𝑂 = (𝐸𝑃𝑡 4𝑓7/2 
𝑃𝑡𝑆2−𝑥 −   𝐸𝑉𝐵𝑀 

𝑃𝑡𝑆2−𝑥) − (𝐸𝐺𝑎 3𝑑
𝐺𝑎2O3 − 𝐸𝑉𝐵𝑀   

𝐺𝑎2O3) + (𝐸𝐺𝑎 3𝑑 
𝑃𝑡𝑆2−𝑥/𝐺𝑎2𝑂3 − 𝐸𝑃𝑡 4𝑓7/2  

𝑃𝑡𝑆2−𝑥/𝐺𝑎2𝑂3) --

---(4.6) 

Where (𝐸𝐺𝑎 3𝑑 
𝑃𝑡𝑆2−𝑥/𝐺𝑎2𝑂3 − 𝐸𝑃𝑡 4𝑓7/2  

𝑃𝑡𝑆2−𝑥/𝐺𝑎2𝑂3) term represents the binding energies separation of Ga 

3d and Pt 4f7/2 core levels of the heterojunction. Similarly,  (𝐸𝑃𝑡 4𝑓7/2 
𝑃𝑡𝑆2−𝑥 −   𝐸𝑉𝐵𝑀 

𝑃𝑡𝑆2−𝑥) and 

(𝐸𝐺𝑎 3𝑑
𝐺𝑎2O3 − 𝐸𝑉𝐵𝑀   

𝐺𝑎2O3) terms exhibit the binding energy difference of Pt 4f7/2 and Ga 3d core levels 

from their VBM positions. The obtained VBO was 3.25 ± 0.1 eV.  

The CBO was calculated from VBO and band gap values with the following equation. 

                                                𝐶𝐵𝑂 =  𝐸𝑔
𝐺𝑎2O3 − 𝐸𝑔

𝑃𝑡𝑆2−𝑥 − 𝑉𝐵𝑂…………. (4.7) 

The band gap of PtS2-x 1.13 eV (𝐸𝑔
𝑃𝑡𝑆2−𝑥) and Ga2O3 4.7 eV (𝐸𝑔

𝐺𝑎2O3) was determined from 

Tauc’s plot method, as shown in Figures 4.13 (d) and 4.13 (e), respectively. Consequently, the 

CBO of 0.32 eV ± 0.1 eV value is obtained, and a type-I band alignment is confirmed between 

the PtS2-x and Ga2O3, as shown in Figure 4.13 (f). Moreover, VBM values (which are measured 

with respect to the fermi level) of both PtS2-x and Ga2O3 are closer to their conduction band. 

Hence, here an n-n-type heterostructure is formed. 

4.3.2.2 Photodetector study 

In addition to the band alignment study discussed above, the PtS2-x/Ga2O3 photodetector and 

its depth study have also been carried out in this work. Figure 4.14 (a) displays the schematic 

of the PtS2-x/Ga2O3 device with external biasing (V) given to the device. Figure 4.14 (b) 

exhibits the current-voltage (I-V) characteristics of the PtS2-x/Ga2O3 device under dark and 250-

1100 nm light illumination with non-linear (rectifier) nature with more current generated in 

positive bias than negative bias. For comparison perspective and to show PtS2-x/Ga2O3 

broadband detection, the current-time (I-T) response of bare Ga2O3 and PtS2-x/Ga2O3 devices 

under 254 nm and 1100 nm light illumination are shown in Figure 4.14 (c) and 4.14 (d), 

respectively which confirmed that PtS2-x/Ga2O3 device response well in NIR (1100 nm) and 

UV-C (254 nm) whereas Ga2O3 restrict to only UV-C region. This is attributed to the PtS2-x 

film covered over the Ga2O3 film and its low band gap of 1.13 eV which lies in the NIR (1100 

nm) range that absorbs this wavelength and enhance the detection range.  
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Figure 4.14 (a) Schematic of the PtS2-x/Ga2O3 device with external biasing V (b) Current-

Voltage (I-V) characteristics of PtS2-x/Ga2O3 device under dark and 250-1100 nm wavelength 

illumination. I-T comparison of bare Ga2O3 and PtS2-x/Ga2O3 under (c) 254 nm illumination at 

4V (d) 1100 nm illumination at 5V. 

 

Next, different photodetector parameters, such as responsivity (R), specific detectivity (D*), 

and external quantum efficiency (EQE), were evaluated for the PtS2-x/Ga2O3 photodetector 

device. Responsivity is the ratio of net photocurrent generated per incident optical power. 

Mathematically, it is given by  

R =
Ilight−Idark

P.  A
    ……….. (4.8) 

Where Ilight, Idark, P, and A are the photocurrent, dark current, incident light power density, and 

effective area (3 mm2), respectively.  

The calculated responsivity of PtS2-x/Ga2O3 as a function of wavelength range from 250-1100 

nm at 5V bias is shown in Figure 4.15 (a). A higher responsivity of PtS2-x/Ga2O3 towards visible 
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and NIR region is observed than UV region. Similar behavior has also been observed in MoS2-

ZnS and MoS2-Ga2O3 heterostructures [1, 50]. Moreover, another factor of non-linear 

responsivity is the different power density of the individual illuminated light source (250-1100 

nm) used as given in Table 2.1. A high responsivity value of 38.7 AW-1 for 1100 nm and 2.6 

AW-1 for 250 nm wavelengths were obtained for the PtS2-x/Ga2O3 device, corroborating that it 

responds well from UV-C to NIR region and exhibits broadband detection. The built-in 

potential, strong interlayer coupling, and increased absorption are a few factors that promote 

the current generation and high responsivity in the heterostructure devices [9, 46, 51]. 

The specific detectivity (D*), another essential parameter, gives information about the 

photodetector's sensitivity and quantifies the photodetector's capability to detect weak signals 

was calculated using the following formula.  

D∗ = √
A

2eIdark
×  R  …….. (4.9) 

Where e is the electronic charge, R is the responsivity, and other parameters are defined earlier. 

The variation of detectivity (D*) of PtS2-x/Ga2O3 device within wavelength range 250-1100 nm 

at 5V is exhibited in Figure 4.15 (b) with a maximum value of 4.8×1013 Jones for 1100 nm 

(NIR) illumination and 3.2×1012 Jones for 250 nm (UV-C) illumination. Again, the high 

detectivity value confirmed the heterostructure's high-performance broadband photodetector.  

The EQE of the heterostructure device was evaluated using the following formula 

EQE  =
hcR

eλ
     ……. (4.10) 

Where h is plank constant, c is the speed of light in air, λ is an incident light wavelength, and 

other parameters are defined earlier.  

 

Figure 4.15 (a) Variation of (a) Responsivity (b) Detectivity (c) External quantum efficiency 

(EQE) of PtS2-x/Ga2O3 device with wavelength range 250-1100 nm at 5V bias. 
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Table 4.2. Comparison of PtS2-x/Ga2O3 device with other Ga2O3 heterostructure based reported 

photodetector in literature.  

 

Device Detection 

range 

Responsivity 

(AW-1) 

Detectivity 

(Jones) 

Ref. 

MoS2/β-Ga2O3 215-400 nm 0.002 @ 245 

nm, 0V 

1.21×1011 [52] 

MoS2/α-Ga2O3 254-365 nm 33.9 @ 254 nm, 

10V 

___ [48] 

MoS2/β-Ga2O3 200-700 nm 0.0072 @260 

nm, -10V 

2.4×1011 [53] 

Graphene/PtSe2/ 

β-Ga2O3 

245 nm 0.076 @ 245 

nm, 0V 

1.93×1013 [54] 

Graphene/β-

Ga2O3 

254 nm 12.8 @ 254 nm, 

-6V 

1013 [55] 

PtS2-x/β-Ga2O3 250-1100 nm 38.7 @1100 nm, 

5V 

4.8×1013 Present work 

 

 Figure 4.15 (c) represents the plot of EQE calculated for a wavelength range of 250-1100 nm. 

High EQE with more than 100% value in PtS2-x/Ga2O3 device is obtained due to high 

photoconductive gain and responsivity of the photodetector [1, 13]. In order to show the broad 

detection range of the PtS2-x/Ga2O3, the I-T measurements were performed using 400-1100 nm 

monochromator light and 254 nm UV-C lamp source. Figure 4.16 (a) exhibits the comparison 

I-T plot of the PtS2-x/Ga2O3 device under 400-1100 nm wavelength light illumination in which 

maximum current is produced under 1100 nm wavelength, which corresponds to the band gap 

of PtS2-x (1.13 eV). On combining both Figures 4.14 (c) and 4.16 (a), we can say that PtS2-

x/Ga2O3 responds well from UV-C (254 nm) to NIR region (1100 nm) and confirms the broad 

detection. The response time of the photodetector, which determines its speed, was evaluated 

from its rise and fall time. Under 1100 nm illumination, a fast response with a rise time of 90 

ms and a fall time of 87 ms is obtained for the PtS2-x/Ga2O3 device, as illustrated in Figure 4.16 

(b). The comparison plot of our fabricated device with the reported literature is shown in Table 

4.2.  The stability of the PtS2-x/Ga2O3 photodetector was also checked after 5 months under 

broad range of illumination (254 nm–1100 nm), as shown in Figure 4.17. It clearly shows that 

except for little change in I-T for 254 nm wavelength, the device has consistent performance 

and is highly stable. 
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Figure 4.16 (a) Photoresponse of PtS2-x/Ga2O3 device under 400-1100 nm wavelength range 

at 5V bias (b) response time (rise or fall time) of PtS2-x/Ga2O3 under 1100 nm irradiation at 5V. 

 

We have also performed power depended current measurements for a PtS2-x/Ga2O3 

heterostructure device under broad illumination (254-1100 nm). Figure 4.18 shows the log 

(current) vs log (power density) plot with fitted data using equation, Inet=BP α, where Inet is the 

net photocurrent, B is the proportionality constant, P is power density, and α is the power 

exponent that indicates the defect states between the conduction band edge and fermi level 

[53]. In our case, α varies from 0.24 to 0.81 for different wavelengths, as shown in Figure 4.18. 

The variation of α value from 1 depicts the presence of defect/trap states within the material. 

The greater deviation of α value from 1 indicates that more defect states present and support 

the photogating effect [56]. Moreover, these trap/defect states may trap the photogenerated 

charge carrier and thus affect the recombination rate and the overall device performance. 

Furthermore, in-depth study of defects the transient response of heterostructure device under 

600 nm light illumination is shown in Figure 4.19 and fitted with I = I0 + 𝐴𝑒−𝑡/𝜏1 + 𝐵𝑒−𝑡/𝜏2 

equation, where A and B are constants, I0 is steady state current, t is the time, and τ1 and τ2 are 

the time relaxation constants. The τr1 (τr2) and τd1 (τd2) depict the fast (slow) components of the 

rise and fall time, respectively. The slow component illustrates the trap or defect present within 

the material. For 600 nm light illumination, the τr1 (τr2) and τd1 (τd2) values of 0.08 s (2.4 s) and 

0.03 s (0.23 s) were obtained, as shown in Figure 4.19. Here, slow rise (2.04 s) may be 
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attributed to the presence of structural defect and vacancies (e.g., gallium, oxygen, sulfur) at 

the surface or interface which lead to the trap of charge carriers and slow the response.  

 

Figure 4.17 I-T measurement showing the stability of the PtS2-x/Ga2O3 device after 5 months 

under illumination of (a) 254 nm at 4V (b) 600 nm at 5V (c) 1100 nm at 5V covering broad 

UV-C to near infrared (NIR) region. 

 

Figure 4.18 Logarithmic plot of photocurrent vs power density at 5V under the illumination of 

(a) 254 nm (b) 400 nm (c) 600 nm (d) 800 nm (e) 1100 nm 

 

  Finally, the charge transport mechanism at the PtS2-x/Ga2O3 interface was proposed based on 
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current will flow due to the electrons. The computed work function of 4.44 eV for Ga2O3 and 

5.05 eV for PtS2-x from ultraviolet spectroscopy (UPS) (Figure 4.20) implying that Ga2O3 fermi 

level is at a higher position than PtS2-x fermi level. Hence, when PtS2-x and Ga2O3 contact each 

other, electrons will diffuse from Ga2O3 to the PtS2-x side to attain the equilibrium condition 

and form a depletion region (shaded region) on Ga2O3 and an accumulation region on the PtS2-

x side, which generates a built-in potential within the interface as shown in Figure 4.21 (a).  

Figure 4.19 Transient photo response of PtS2-x/Ga2O3 device under 600 nm wavelength 

 

Under forward biasing (V) to Ga2O3 (negative terminal of the voltage connected to n-type 

Ga2O3) and with increasing its value the fermi level of Ga2O3 moves upward and decreases the 

barrier height for the electrons (Figure 4.21 (b)) leads to more dark current is produced in the 

forward bias (Figure 4.14 (b)). As mentioned earlier, here, both materials are n-type. Therefore, 

the majority of current will be dominated by electrons. At low forward biasing and under 

illumination, there is also a possibility that photogenerated holes can move from the valence 

band of the Ga2O3 to the valence band of PtS2-x and lead to recombination and decrease the 

current value (as also confirmed from Figure 4.14 (b) that upto 3V less current is produced). 

However, at higher positive biasing especially greater than threshold voltage (VT) around 3V 

here (Figure 4.14 (b)) given to the PtS2-x, impedes the path of these photogenerated holes 

towards PtS2-x by increasing the barrier height for holes. This reduces the recombination rate 

and supports the fast increase in electron separation or current, which dominates here. 

Moreover, additional external electric field and built-in electric field further give the additional 

hand to enhance the current value and thus overall, more current is observed in forward bias. 
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Figure 4.20 Work function calculated for (a) Ga2O3 (b) PtS2-x from Ultraviolet photoelectron 

spectroscopy (UPS) spectroscopy 

Figure 4.21 Energy band diagram of PtS2-x/Ga2O3 under (a) no bias V=0 (or equilibrium) (b) 

Forward bias (V>0) with respect to Ga2O3. (c) Reverse bias (V<0) with respect to Ga2O3. 
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 In the case of reverse bias to Ga2O3, its fermi level moves downward compared to PtS2-x fermi 

level and increases the barrier height for electrons to move from PtS2-x to Ga2O3 side as shown 

in Figure 4.21 (c) which hinder the flow of electrons. Under light illumination and reverse bias 

this barrier height hinders the separation of photogenerated electrons and increase the 

recombination rate. Therefore, less current is observed in reversed bias as compared to the 

forward bias.  

4.3.3 Conclusion 

In summary, a large area of PtS2-x/Ga2O3 heterostructure was fabricated using the PMMA-

assisted wet transfer method by transferring PtS2-x film over Ga2O3 grown film. A detailed 

interface study between the PtS2-x and Ga2O3 film was carried out using X-ray photoelectron 

spectroscopy and revealed a type-I band alignment with a valence band offset (VBO) of 3.25 

eV and a conduction band offset (CBO) of 0.32 eV. Furthermore, a high-performance 

broadband photodetector was fabricated based on PtS2-x/Ga2O3, which covers a broad range 

from UV-C to NIR regions. The maximum responsivity of 38.7 AW-1 and detectivity of 

4.8×1013 Jones at 5V bias for PtS2-x/Ga2O3 device is obtained under 1100 nm illumination, 

further showing the photodetector's high performance. Moreover, a fast response of milli 

second order in the NIR region corroborated the fast speed of the device. Finally, a carrier 

transport mechanism was illustrated based on their band alignment study. This work opens a 

new path to fabricating large-area, high-performance 2D-3D heterostructures for future 

optoelectronics devices 
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Chapter 5: 2D PtSe2 heterostructure for photodetector study 

In this chapter, we discussed the PtSe2/MoS2 heterostructure fabrication and its broadband 

photodetector study. The PtSe2/MoS2 heterostructure was fabricated by wet transfer of PtSe2 

film over MoS2 coated substrate. The heterostructure device shows broadband response from 

400-1200 nm, covering visible to NIR region with maximum responsivity of 17.9 AW-1 in NIR 

(900 nm) region which is much better than the reported literature. Moreover, heterostructure 

device exhibits ~103 order of reduction in dark current as compared to bare PtSe2 with 

improved in detectivity value and ultrafast response with rise/fall time of 103 μs /117 μs. 

Finally, to understanding the working of PtSe2/MoS2 photodetector, a detailed interface carrier 

transport mechanism is also explained.  

5.1 Requirement of PtSe2/MoS2 heterostructure  

PtSe2, group-10 TMDC get enormous recognition owing to its captivating properties such as 

narrow band gap range (0-1.2 eV), high carrier mobility (>1000 cm2V-1s-1), and high ambient 

stability [1-4]. However, in bare PtSe2 devices high dark current, low on-off ratio, and weak 

sensitivity diminish to build a high-performance broadband photodetector [5]. In 

photodetection, the dark current plays a crucial role. High dark current critically limits the 

specific detectivity of the device and conceals the weak light signals to detect [6]. To overcome 

this bottleneck, fabricating its van der Waals heterostructure is the best strategy to suppress the 

dark current and increase the overall device performance [6, 7]. Moreover, heterostructure 

offers strong built-in potential, fast carrier separation, increased absorption, and enhanced 

detection range over bare semiconductor devices [7-10]. Since no dangling bonds are present 

in the 2D materials so van der Waals heterostructure can be synthesize without any concerns 

of lattice mismatch. The most studied group-6 TMDC is MoS2 which has a band gap of 1.2-

1.8 eV, high absorption coefficient, moderate mobility and high-stability [11-13]. Therefore, it 

considers as a potential candidate to fabricate the heterostructure with PtSe2 to design high-

performance broadband photodetector. Recently few studies on PtSe2/MoS2 heterostructure 

based photodetector have been reported [14-16]. However, these heterostructures are 

synthesized either by mechanical exfoliation (ME) method or a combination of thermally 

assisted conversation and ME (TAC+ ME) method which results small area of heterostructure 

devices. For practical application and scalable production, the large area growth of PtSe2/MoS2 

heterostructure is highly demanding which is missing in these reports. In addition, considering 

the importance of NIR region there is still need to fabricate a photodetector that shows high 
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responsivity and specific detectivity in the NIR region. Furthermore, the carrier transport 

mechanism at PtSe2/MoS2 heterointerface to suppress dark current and achieve ultra-fast speed 

is also less explored. 

5.2 Experimental section  

5.2.1 Growth of PtSe2 film  

 PtSe2 thin films were grown by thermally assisted conversion (TAC) method where 

selenization of pre-sputtered Pt film was carried out in a chemical vapor deposition (CVD) 

system. In detail, first Pt film was coated on SiO2/Si using radio frequency (RF) magnetron 

sputtering at room temperature with high-purity (99.99%) 1-inch Pt target. The film was 

deposited for 1 minute at a power of 30 W and deposition pressure of 3.8×10-3 torr. The other 

parameters such as base pressure of ~1×10-6 torr and 20 sccm Ar flow rate was used during the 

deposition. Sequentially, the Pt-coated substrate and selenium powder (in the boat) were loaded 

in a small quartz tube (both sides opened) with a separation of 14 cm. Next, this whole 

arrangement was loaded in the main tube of the CVD with a temperature profile of 250 ℃ for 

Se powder and 500 ℃ for Pt-coated SiO2/Si substrate. A gas flow rate of 75 sccm of 1.1% H2 

balance Ar mixture was used as a carrier gas throughout the deposition. After 1 hour of 

deposition, the system was left to cool down naturally before samples were taken out.  

5.2.2. Fabrication of MoS2 film and PtSe2/MoS2 heterostructure device  

 MoS2 thin film was grown on SiO2/Si substrate using RF magnetron sputtering with 99.99% 

purity MoS2 target at optimized parameters [17]. MoS2 film was sputter at a temperature of 400 

℃ for 6 minutes at a power of 50W, 1×10-2 Torr deposition pressure, and 20 sccm Ar gas 

environment. This sample is nomenclature as MoS2/SiO2/Si for future use. For PtSe2/MoS2 

heterostructure fabrication, PtSe2 film was transferred on the MoS2 using a polymethyl 

methacrylate (PMMA) assisted wet transfer method. The PtSe2 (grown on SiO2/Si) thin film is 

coated with PMMA solution, followed by immersing it in 1M NaOH solution at a temperature 

of 90 ℃ to separate it from the underlying SiO2/Si substrate. After this, peeled PMMA/PtSe2 

film was soaked multiple times in deionized water to remove unwanted residues. Sequentially, 

this film is slowly transferred onto MoS2/SiO2/Si substrate and dries on a hot plate for some 

time. The final PMMA is removed by dipping the sample into acetone and propanol to get the 

desired PtSe2/MoS2 heterostructure. The gold electrode of thickness around 150 nm is 

deposited on the heterostructure sample using a thermal evaporated method and physical 
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shadow mask. For a better understanding of heterostructure fabrication, a schematic including 

multiple steps are displayed in Figure 5.1.  

Figure 5.1 Schematic showing the multiple steps used for the fabrication of PtSe2/MoS2 

heterostructure device. 

 5.2.3. Device measurement and characterization  

 The optoelectronic measurements of the samples were carried out with Keithley 6430 SMU, 

Bentham PVE 300 set up including TMc 300 monochromator light source (400-1200 nm). The 

transmission electron microscope (TEM) and high-resolution transmission electron microscope 

(HRTEM) measurements were performed with Model Themis 300 KV.  The Raman 

spectroscopy was performed at room temperature using 532 nm laser irradiation with the 

HORIBA LabRAM HR Evolution spectrometer in the backscattering configuration. The X-ray 

photoelectron spectroscopy (XPS) and Ultraviolet photoelectron spectroscopy (UPS) were 

performed with Thermo Fisher Scientific ESCALAB Xi+ using Al Kα as an X-ray source. 

Atomic force microscopy (AFM) determined the thickness of the samples with the multimode-

8 (Bruker) model in tapping mode. The Optical and field emission scanning electron 

microscope (FESEM) were performed with Nikon ECLIPSE LV100ND and JEOL-JSM-

7610F, respectively instruments. The Perkin Elmer Lambda 950 instrument was used for 

absorption measurements. Rigaku MiniFlex was employed for X-ray diffraction (XRD) 

measurements.  

5.3 Results and discussion 

For the testimony of growth of PtSe2 and MoS2 film various characterizations were performed. 

First, XPS was performed on PtSe2 and MoS2 films grown on SiO2/Si substrate as illustrated 

in Figure 5.2. The peak position of 284.8 eV was employed as a reference to make a carbon 
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correction in the XPS peaks for other elements. Figure 5.2 (a) and (b) demonstrate the Pt 4f 

and Se 3d core level XPS spectra. In Pt 4f spectra, two prominent peaks at 73.7 eV (4f7/2) and 

77.1 eV (4f5/2), respectively are obtained, whereas in Se 3d spectra two peaks at 55.1 eV and 

55.9 eV corresponding to Se 3d5/2 and Se 3d3/2, respectively are observed. These XPS peaks 

match well with the reported XPS spectra of PtSe2 hence confirmed the growth of PtSe2 [18]. 

The thickness of PtSe2 was measured using AFM and found to be around 10.6 nm using 

thickness profile, as shown in Figure 5.2 (c), with its AFM image shown in the inset. Further, 

Figures 5.2 (d) and 5.2 (e) represent the core level XPS spectra of Mo 3d and S 2p, respectively. 

After deconvoluting Mo 3d spectra, it exhibits two major peaks at 229.4 eV and 232.6 eV 

related to core levels of Mo 3d5/2 and Mo 3d3/2 and is consistent with the Mo+4 oxidation state 

of MoS2 [9]. In addition, one minor peak of S 2s at 226.5 eV was also observed in the same 

spectra. No Pt-O and Mo-O related peak is observed in both PtSe2 and MoS2 core levels spectra, 

which signifies the high quality of PtSe2 and MoS2 films grown. Figure 5.2 (f) manifests the 

AFM line profile of MoS2 film grown on SiO2/Si substrate with a thickness of around 42 nm 

with the inset of AFM image.  

For more insight into the crystallinity and atomic structure of PtSe2, TEM and HRTEM were 

performed on PtSe2 film by transferring it on copper grid using PMMA assisted wet transfer 

method. Figures 5.3 (a) and 5.3 (b) depict the TEM and HRTEM image of the PtSe2 with 

multiple grains present and thus confirm the polycrystalline nature of PtSe2. The inset of Figure 

5.3 (b) shows the interplanar spacing of 0.20 nm which corresponds to (102) plane of PtSe2. 

Figure 5.3 (c) exhibits the selected area electron diffraction (SAED) pattern rings and moving 

from inside to outside ascribed to (100), (102), (111), and (103) planes of the PtSe2 and again 

corroborate the polycrystalline nature of the PtSe2. The energy dispersive spectroscopy (EDS) 

spectra of PtSe2 films were also probed during TEM measurement as depicted in Figure 5.3 (d) 

and verified the presence of both Pt and Se elements related to the PtSe2. The signature of Cu 

is coming due to supporting Cu grid. Moreover, PtSe2 crystallinity was also examined by X-

ray diffraction (XRD) as shown in Figure 5.4 (a), where distinct peaks related to (001), (101), 

and (003) planes are obtained which corresponds to the polycrystalline nature of PtSe2 film 

(JCPDS-00-018-0970). The thickness of ~10 nm PtSe2 film transferred over MoS2 coated 

substrate is estimated as displayed in Figure 5.4 (b) is highly consistent with thickness 

measured directly on SiO2/Si grown substrate (~10.6 nm, Figure 5.2 (b)). 
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Figure 5.2 (a, b) Pt 4f and Se 3d core level XPS spectra of PtSe2 (c) Thickness of PtSe2 

calculated by AFM and inset displaying its AFM image with step mark (d, e) XPS spectra of 

Mo 3d and S 2p core levels of MoS2  (f) Thickness of MoS2 estimated by AFM with inset 

shows the AFM image of step. 

Figure 5.5 (a) depicts the schematics of PtSe2/MoS2 heterostructure formed on SiO2/Si 

substrate with PtSe2 partially covered onto the MoS2 film. Figure 5.5 (b) shows the optical 

image of PtSe2/MoS2 heterostructure with a large area, high uniformity, and fine junction at 

the interface. The morphology of the sample is further examined by field emission scanning 

electron microscope (FESEM) exhibited in Figure 5.5 (c), which also supports high uniformity 

and fine junction at the interface. The Raman spectra of MoS2, PtSe2, and PtSe2/MoS2 

heterojunction film grown on SiO2/Si substrate are shown in Figure 5.5 (d). In Raman spectra 

of MoS2, two prominent peaks with positions at ~377.8 cm-1 and ~ 411.4 cm-1 corresponding 

to E2g and A1g vibration modes validate the growth of MoS2 [17]. Here, E2g denotes the in-

plane vibration mode, and A1g signifies the out-of-plane vibration mode of MoS2. In PtSe2, two 

major Raman peaks (Figure 5.5 (d)) at 176.0 cm-1 (Eg) and 205 cm-1 (A1g) are observed, where 

Eg and A1g represent the in-plane and out-of-plane vibration modes of Se atoms [19, 20]. In 

addition to these peaks, one minor peak at ~232.2 cm-1
, called longitudinal optical (LO) mode 

was observed, which usually originates from the coupling between A2u and Eu infrared active 

modes, where out-of-plane Pt atoms and in-plane Se atoms motions contribute to it [20]. In 

PtSe2/MoS2 heterostructure (Figure 5.5 (d)), various distinct Raman peaks at 377.2 cm-1 (E2g) 
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and 410.1 cm-1 (A1g) concerned with MoS2 and 175.8 cm-1 (Eg), 204.8 cm-1 (A1g) and 232.0 cm-

1 (LO) peaks associated with PtSe2 are obtained and corroborate the PtSe2/MoS2 

heterostructure. Comparison to bare MoS2, a red shift of 0.6 cm-1 in E2g and 1.3 cm-1 in A1g 

peaks is observed in PtSe2/MoS2 heterostructure. A similar trend for PtSe2 peaks is also noticed 

where the peaks are red-shifted by 0.2 cm-1 in heterostructure. This shift might be attributed to 

the stress or strain induced between the films after (or during) the transfer of PtSe2 film over 

MoS2 [8, 9, 21, 22]. 

Figure 5.3 (a) TEM image of PtSe2 showing different grains and polycrystalline nature (b) 

HRTEM image of PtSe2 with different grains while the inset shows the interplanar spacing of 

the selected planes (c) SAED pattern of PtSe2 film again shows the polycrystalline nature (d) 

EDS spectra confirmed the growth of PtSe2 with different elements present in it.  

Finally, the performance of photodetector devices made using bare PtSe2 and PtSe2/MoS2 

heterojunction have been carried out in detail.  Both PtSe2 and PtSe2/MoS2 photodetector were 

fabricated on SiO2/Si substrate with gold strip electrode having separation of 3 mm. The 

current-voltage (I-V) characteristic of PtSe2 and PtSe2/MoS2 devices were performed under 

dark and broad 400-1200 nm light illumination, and demonstrated in Figures 5.6 (a) and 5.6 

(a) (b) 

(c) (d) 

2 4 6 8 10 12

Cu
Pt

Pt

Pt Cu

Se

In
te

n
s

it
y

 (
a

.u
.)

Energy (KeV)

Se



Chapter 5 : 2D PtSe2 heterostructures for photodetector study   

 

95 

 

(b), respectively. The inset of Figure 5.6 (a, b) displays the schematic of the photodetector 

device. Figure 5.6 (a) shows the I-V characteristic of bare PtSe2 with an ohmic nature for both 

dark and under broad 400-1200 nm light illumination. Moreover, in PtSe2 device a high dark 

current is observed which could be due to its narrow band gap (or semimetal) nature. This high 

value of dark current and inferior on-off ratio cause PtSe2 to have poor photodetector 

performance. Figure 5.6 (b) exhibits an I-V plot of the PtSe2/MoS2 device under dark and 400-

1200 nm light irradiation. In contrast to bare PtSe2, PtSe2/MoS2 device shows non-linear I-V 

behavior with more net photocurrent (light current-dark current) generation in reverse bias than 

forward bias. Here, the non-linear I-V character of PtSe2/MoS2 device could be attributed to 

the built-in potential generated at the heterojunction. In photodetectors study, low dark current 

plays an imperative role in detecting weak signals and determining their specific detectivity. 

Also, a lower dark current is preferred to enhance the sensitivity of the photodetector. 

 

Figure 5.4 (a) X-ray diffraction (XRD) spectra of PtSe2 film grown on SiO2/Si substrate (b) 

AFM thickness of PtSe2 film transferred over MoS2 with inset its AFM image. 

  In our case, after fabricating PtSe2/MoS2 heterostructure, ~103 orders reduction in dark current 

is observed with respect to bare PtSe2, as illustrated in Figure 5.6 (c). This could be due to 

built-in-potential or barrier generated at the interface, which assists in suppressing the value of 

dark current [6]. The comparative specific detectivity plot of PtSe2 and PtSe2/MoS2 exhibited 

in Figure 5.6 (d) further supports the fact that lower dark current increases the detectivity of 

PtSe2/MoS2 than PtSe2. Further, the temporal response (current-time plot) of the PtSe2 and 

PtSe2/MoS2 device were checked under 400 nm illumination, as shown in Figure 5.6 (e), and 

found that PtSe2 shows persistent photoconductivity effect, where its current value consistently 

increases with time which may be ascribed to defect or traps states present in the PtSe2 film. 
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At the same time PtSe2/MoS2 device shows a highly stable I-T response under 400 nm 

irradiation (see Figure 5.6 (e)) which could be attributed to the strong built-in potential 

generated at the PtSe2/MoS2 heterointerface, as described earlier in PtSe2 heterostructures [18, 

23-25]. This facilitates fast separation of charge carriers at the heterojunction. Compared to 

bare PtSe2, PtSe2/MoS2 device showed reduce dark current, fast microsecond response, and 

increased on-off ratio which also support the fact of strong built-in potential generated at the 

heterointerface. In addition, lesser interface defects between the PtSe2/MoS2 junction than 

PtSe2-SiO2 junction could be another reason for stable I-T response [26]. To confirm the 

stability of the PtSe2/MoS2 device, the I-T response is further checked under 600 nm 

illumination (Figure 5.6 (f)) for multiple cycles, where it again maintains the same nature. The 

I-V and I-T measurements discussed above certified that the performance of PtSe2/MoS2 device 

is far better than bare PtSe2. 

Figure 5.5 (a) Schematic of PtSe2/MoS2 heterostructure (b) Optical image of PtSe2/MoS2 

exhibiting its large area growth and high uniformity (c) FESEM image of PtSe2/MoS2 

heterostructure (d) Raman spectra of MoS2, PtSe2 and PtSe2/MoS2 film grown on SiO2/Si 

substrates. 
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Figure 5.6. I-V characteristics of (a) bare PtSe2 (b) PtSe2/MoS2 heterostructure under dark and 

400-1200 nm light illumination with inset Figure exhibit their device schematic (c) Dark 

current comparison of PtSe2 and PtSe2/MoS2 device with a ~103 order ratio difference (d) 

Detectivity comparison of PtSe2 and PtSe2/MoS2 device under light illumination of 400-1200 

nm at bias of -5V (e) Comparative current-time (I-T) response of PtSe2 and PtSe2/MoS2 devices 

under 400 nm irradiation where PtSe2/MoS2 demonstrate much more stability than PtSe2 (f) 

multiple I-T cycles show high stability of the PtSe2/MoS2 device measured under 600 nm light 

and at -5V bias. 

The other critical parameters like responsivity, specific detectivity, and external quantum 

efficiency (EQE) are also calculated for PtSe2/MoS2 heterostructure device. Responsivity (R) 

is the net photocurrent generated per unit incident power and mathematically it is expressed as: 

                                                        R =
Iphoto−Idark

P.  A
  ………. (5.1) 

Where Iphoto, Idark and P are the photocurrent, dark current and incident optical power density, 

respectively. A is the effective area (0.23 cm2) of device under light illumination. 

The specific detectivity (D*), which is a crucial parameter to determine the sensitivity of 

photodetector to detect weak signals is estimated using the following relation: 

                                                              D∗ = √
A

2eIdark
×  R  ………. (5.2) 
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Where e is the electronic charge and R is the responsivity of the photodetector defined earlier.  

Figure 5.7 (a) demonstrates the calculated responsivity and specific detectivity for the 

PtSe2/MoS2 device for broad 400-1200 nm of illumination at moderate bias of -5V. A 

maximum responsivity of 17.9 AW-1 and specific detectivity of 9.8×1012 Jones is obtained for 

900 nm (NIR) wavelength, which exhibits that PtSe2/MoS2 device responds well in NIR region. 

Moreover, a high value of responsivity and detectivity (Figure 5.7 (a)) of PtSe2/MoS2 

photodetector device throughout the 400-1200 nm wavelength range corroborates its high 

performance. Here, the non-linear behavior of responsivity and detectivity with wavelength is 

due to the different power densities of 400-1200 nm light from the monochromator as exhibited 

in Table 2.1.  

The external quantum efficiency (EQE) of PtSe2/MoS2 device for 400-1200 nm wavelength 

range is also calculated and is shown in Figure 5.7 (b). The EQE of the device is computed 

using the following formula 

                                                                

Figure 5.7 Calculated (a) Responsivity, Detectivity, and (b) External quantum efficiency of 

PtSe2/MoS2 device under wide 400-1200 nm wavelength range with -5V biasing. (c) 

Absorption spectra of PtSe2, MoS2 and PtSe2/MoS2 films grown on quartz substrate (d) I-V 

plot of PtSe2/MoS2 device under dark and power density of 500 nm light with inset shows the 

power depended current linear fit graph (e) I-T response of PtSe2/MoS2 device under different 

power density of 500 nm illumination (f) Responsivity variation of PtSe2/MoS2 device with 

different power density of 500 nm light irradiation. 
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EQE =
hcR

eλ
 ………. (5.3) 

Where h, c, and λ are the plank constant, speed of light, and illuminated wavelength, 

respectively, and other parameters are defined earlier. 

   

Figure 5.8 (a-i) Time-dependent photo response of PtSe2/MoS2 device under broad 400-1200 

nm wavelength range at -5V bias. 
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PtSe2/MoS2 device. Usually, this high EQE is attributed to the high photoconductive gain 

owing to the traps either in active layers or at the interface of the heterojunction device [27-

29]. Under 900 nm illumination, PtSe2/MoS2 displays an EQE of 2.4×103 % which again 

supports its high performance. The comparative absorption spectra of PtSe2, MoS2, and 
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maximum absorption within the 400-900 nm wavelength range followed by decrease in the 

value with increasing wavelength (upto 1200 nm). Compared with bare MoS2 and PtSe2, 

PtSe2/MoS2 heterostructure displays excellent broad absorption ability (Figure 5.7 (c)) in entire 

visible to NIR region and further assists in making it high-performance broadband 

photodetector. 

 

Figure 5.9. (a) Schematic of the experiment set-up utilized to detect fast speed (μs) testing of 

the PtSe2/MoS2 device (b) Temporal response of PtSe2/MoS2 device under 532 nm light 

illumination at -5V with a chopping frequency of 2.8 KHz. (c) An enlarged single cycle shows 

a rise and fall time of PtSe2/MoS2 device under 532 nm illumination and 2.8 KHz chopping 

frequency. 

 

To reveal more about defects within the PtSe2/MoS2 heterointerface, power-dependent current 

measurements were performed under 500 nm illumination. Figure 5.7 (d) exhibits the I-V 

characteristics of PtSe2/MoS2 device under dark and at different power densities (0.06-5.80 

μWcm-2) of 500 nm light which reveals that with increasing the power density current also 

increases except near -8V, where the photocurrent decreases for low power density. This may 
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be due to the negative bias-induced p-type nature in MoS2 which hindered the transport of the 

carriers and increased the recombination of the charge carriers and net photocurrent decreases 

[30, 31]. The inset of Figure 5.7 (d) displays the power-dependent current linear fit plot. This 

graph was fitted with Inet=BPα equation, where Inet is the net photocurrent generated in the 

device, P is power density, B is a proportionality constant and α is power exponent. Often, α 

value deviates from 1 indicates the defect states present between the conduction band and 

Fermi level [8]. In our case for PtSe2/MoS2 device, 0.5 value of α is obtained, (see inset of 

Figure 5.7 (d)) which implies that high defect/trap states are present within the material and/or 

at the interface. Figure 5.7 (e) shows the I-T response of PtSe2/MoS2 device under different 

power densities of 500 nm illumination at a moderate bias of -5V where current is increased 

with increasing power. The estimated responsivity of the PtSe2/MoS2 device at various power 

densities of 500 nm (-5V) irradiation is depicted in Figure 5.7 (f). The reduction of responsivity 

with increasing power density could be attributed to the higher recombination rate due to defect 

or trap states present at the constitute materials and/or at the interface [14, 32, 33]. In PtSe2, 

the common defects/trap states could be owing to the Pt or Se vacancy and their antisites (Pt 

antisites and/or Se antisites) [34, 35]. In MoS2 the defects/trap states might be possible due to 

Mo and/or S vacancy [36].     

To reinforce the broadband detection performance of the PtSe2/MoS2 device, time-dependent 

(I-T) measurements were performed under different 400-1200 nm illumination, as depicted in 

Figure 5.8. The I-T measurements were conducted using Bentham monochromator light (400-

1200 nm) by manually on-off the light with a cycle of 10 s as shown in Figure 5.8 (a-i). The 

results show the stable and well-defined I-T response and further confirm that PtSe2/MoS2 

device response broadband (400-1200 nm) covering from visible to NIR region.  The speed of 

the photodetector plays a pivotal role in fast detection and commercial applications, especially 

in optical communication and imaging. 

 The speed of a photodetector is measured from its response time i.e. rise (tr) or fall (tf) time.  

Rise time (fall time) is the time taken by the photodetector to arrive 10% to 90% (90% to 10%) 

of the total current value when the illumination is on (off), respectively. Figure 5.9 (a) illustrates 

the schematics of the set-up used for the fast I-T testing of the PtSe2/MoS2 device under 532 

nm (power 5 mW) illumination. An optical chopper is employed to achieve fast switching 

of the light and resultant photocurrent is measured using an oscilloscope to determine the 

response time. Figure 5.9 (b) is the temporal response of the PtSe2/MoS2 device under 532 nm 
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illumination at a chopping frequency of 2.8 KHz. The rise and fall time were calculated by 

considering the one periodic cycle as shown in Figure 5.9 (c), where PtSe2/MoS2 shows an 

ultra-fast response with a rise time of 103 μs and a fall time of 117 μs. The photodetector shows 

a fast response and the improved performance is limited due to the testing equipment used. The 

comparison of performance of fabricated PtSe2/MoS2 photodetector device with the other 

PtSe2-based reported heterostructure is demonstrated in Table 5.1 and shows that PtSe2/MoS2 

heterostructure fabricated in this work has much higher responsivity and detectivity in the NIR 

region (900 nm) compared to other reported PtSe2 based heterostructures. 

 

Figure 5.10 (a) Band gap of MoS2 evaluated by Tauc plot (b) Valence band maxima (VBM) 

of MoS2 calculated from ultraviolet photoelectron spectroscopy (UPS) measurements. Work 

function of (c) MoS2 and (d) PtSe2 calculated from UPS measurements. 
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Table 5.1. Performance Comparison of fabricated PtSe2/MoS2 photodetector with other PtSe2 

based reported heterostructures 

Material Responsivity 

[AW-1] 

Specific 

Detectivity 

[Jones] 

EQE 

[in %] 

Large 

Area 

growth 

Response 

Time [μs] 

Ref. 

PtSe2/MoS2 

 

5.42 @ 520 nm 2.52×1010 1700 No 92/112 [14] 

Graphene- 

WSe2/PtSe2 

0.16 @ 405 nm __ 49.3 No 0.9/1.5 [5] 

PtSe2/MoS2 

 

4.52 @ 405 nm 9.24×1011 1880 No 20000/25800 [15] 

PtSe2/PtS2 0.188 @ 532 nm __ 7.1 Yes 66000/75000 [37] 

PtSe2/GaAs 0.262 @ 808 nm 2.25×1012 __ Yes 5.5/6.5 [38] 

Graphene/ 

PtSe2/β-Ga2O3 

0.076 @ 245 nm 1.93×1013 

 

__ Yes 12/212 [18] 

PtSe2/CdTe 0.506 @ 780 nm 4.2×1011 

 

__ Yes 8.1/43.6 [24] 

PtSe2/Ge 

 

0.766 @ 1550 nm 1.1×1011 

 

61.3 Yes 54.9/56.6 

 

[33] 

PtSe2/pyramid 

Si 

 

0.567 @ 810 nm 1.26×1013 

 

87 Yes 14.7/17.5 [39] 

PtSe2/Planner Si 

 

0.520 @ 808 nm 3.26×1013 

 

80 __ 55.3/170.5 [40] 

PtSe2/h BN 

 

0.037 @ 980 nm __ ~10 Yes 17.5/23.5 [26] 

PtSe2/GaSe 1.78 @ 520 nm 3.51×1012 

 

405.8 No 23/20 [41] 

PtSe2/Ge 

 

0.602 @ 1550 nm 6.31×1011 

 

48.2 Yes 7.4/16.7 [25] 

PtSe2/ReS2 0.153 @ 635 nm 7.72×1011 

 

30 No 811000/72000

0 

[42] 

PtSe2/Si 

 

0.0178 @ 1550 

nm 

2.38×109 

 

__ __ 6/9 [43] 

 

PtSe2/MoS2 17.9 @ 900 nm 9.8×1012 

 

2400 Yes 103/117 This 

Work 

 

To understand the working mechanism of PtSe2/MoS2 photodetector, the band gap (from Tauc 

plot), work function, and valence band maxima (VBM) from ultraviolet photoelectron 

spectroscopy (UPS) measurements were calculated. Figure 5.10 (a) exhibits that a band gap of 
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1.65 eV is obtained for MoS2 (from Tauc plot). The VBM of 0.58 eV showing p-type nature 

of MoS2 (Figure 5.10 (b)). The work function of MoS2, ϕ (MoS2) =5.14 eV and work function 

of PtSe2, ϕ (PtSe2) =5.23 eV was calculated from its UPS spectra as shown in Figures 5.10 (c) 

and (d).  Here, multilayer PtSe2 (10.6 nm) is considered as semimetal in nature. Using these 

values, the PtSe2/MoS2 energy band diagram is proposed as shown in Figure 5.11. Since the 

work function of PtSe2 (5.23 eV) is slightly higher than that of MoS2 work function (5.14 eV). 

So, it implies that the Fermi level of MoS2 is slightly at higher position than the PtSe2 Fermi 

level. Therefore, when heterojunction is formed, the electrons move from MoS2 to PtSe2 side 

and holes in opposite direction to attain the equilibrium condition (Figure 5.11 (a)) and a built-

in electric field is generated at the interface. 

 

 

Figure 5.11 Energy band diagram between PtSe2 and MoS2 under (a) equilibrium condition 

and (b) under reverse bias.  

 

Moreover, these electrons motion induced a small upward band bending on the MoS2 side as 

shown in Figure 5.11 (a) which may be responsible for Schottky to nearly ohmic I-V behaviour 

under dark condition. When heterojunction is under illumination at a reverse bias (Figure 5.11 

(b)) then photo-generated electrons move from PtSe2 to MoS2 side by crossing the barrier and 

holes move from MoS2 to PtSe2 direction and produce net photocurrent. In contrast, under dark 

condition (with same reverse bias) less current is observed due to the barrier at the 
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heterojunction which inhibit in separation of the charge carriers. However, in forward bias 

condition (positive bias to PtSe2) electrons can easily move under dark and under illumination 

from MoS2 to PtSe2 side owing to absence of any appropriate barrier height at the junction and 

hence dark current and photocurrent are almost same 

5.4 Conclusion 

In summary, in this work we report a large area PtSe2/MoS2 heterostructure fabrication using 

PMMA assisted wet transfer method. A comparative study of PtSe2 and PtSe2/MoS2 

photodetector was carried out where heterostructure performed better in terms of enhanced in 

detectivity and decrease of dark current value (103 order). Moreover, the PtSe2/MoS2 device 

shows high performance with a wide range of detection abilities covering visible to NIR (400-

1200 nm) spectral range. A high responsivity of 17.9 AW-1 and specific detectivity of 9.8×1012 

Jones at -5V bias corroborated its high performance. The PtSe2/MoS2 device demonstrates an 

ultra-fast response with a rise time (tr) of 103 μs and fall time (tr) of 117 μs. A detailed carrier 

transport mechanism is also proposed to understand the PtSe2/MoS2 photodetector working. 

Thus, this work gives direction to grow large area, ultra-fast heterostructure materials for next-

generation photodetector applications.  
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Chapter 6: Summary and Scope for Future Studies  

This chapter provides a summary of all work done in the thesis and future goals to be achieved. 

The thesis focused on PtX2 (X=S, Se) heterostructure fabrication and their high-performance 

broadband photodetector study. The controlled and large area growth of PtS2 is achieved on 

various substrates by thermally assisted conversion (TAC) method by optimizing the growth 

parameters such as Pt film thickness, sulfur amount, and gas flow rate. Moreover, in present 

thesis work various PtX2 heterostructure (PtS2/MoS2, PtS2-x/Ga2O3, PtSe2/MoS2) based 

broadband photodetectors fabrication and their in-depth band alignment study is also carried 

out. To reveal what is happening at the interface, a detailed carrier transport mechanism of the 

photodetector working is thoroughly explained.   

6.1 Summary  

6.1.1 Large area and controlled growth of PtS2 on various substrates  

This chapter discussed the controlled and tunable growth of PtS2 on various substates by 

optimizing the growth parameters and studying their photodetector performance. The main 

highlights of the chapter are mentioned below- 

• A large area and controlled growth of PtS2 is achieved by optimizing the growth 

parameters such as Pt film thickness, sulfur amount and gas flow rate.  

• PtS to PtS2 transition can be done by reducing the Pt thickness, increasing sulfur amount 

and using moderate gas flow rate.    

• The Raman, XPS and AFM characterizations were performed to analyze the PtS2 film.  

• The growth of PtS2 is highly reproducible and able to grow on various substrates such 

as SiO2/Si, Si, sapphire and flexible mica. 

• A growth mechanism is proposed to understand the effect of critical growth parameters. 

• A high-performance broadband (400-1100 nm) PtS2 based photodetector was fabricated 

on SiO2/Si substrate with high responsivity of 31.38AW-1 at low bias of 1V. 

6.1.2 Large area 2D PtS2 heterostructure for broadband photodetection  

In this chapter, large area PtS2 heterostructure (PtS2/MoS2 and PtS2-x/Ga2O3) fabrication and 

their broadband photodetector study are explored. Moreover, a detailed interface study 

including their band alignment and carrier transport mechanism is also carried out. The key 

findings of the chapter are mentioned below. 
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6.1.2.1 PtS2/MoS2 heterostructure 

• A large area PtS2/MoS2 heterostructure was fabricated by directly growing PtS2 film 

over MoS2 coated substrate using TAC method. 

• Type-I band alignment is confirmed between the PtS2 and MoS2 by Kraut rule and XPS 

results. 

• Raman, PL, AFM, XPS, and FESEM characterization are used to characterize the 

grown film quality.  

• The PtS2/MoS2 photodetector shows a broad response (400-1200 nm) and much 

enhanced in responsivity (97 times) and detectivity (33 times) as compared with bare 

MoS2. 

• A carrier transport mechanism is proposed to illustrate the working of PtS2/MoS2 

photodetector device under different external biasing. 

6.1.2.2 PtS2-x/Ga2O3 heterostructure  

• A large area PtS2-x/Ga2O3 heterostructure was fabricated by wet transfer of PtS2-x film 

over Ga2O3 film grown substrate. 

• The film quality was characterized by Raman, AFM, XRD, XPS and UPS 

characterizations. 

• The XPS and UPS results confirmed a type-I band alignment between the PtS2-x and 

Ga2O3 interface. 

• The PtS2-x/Ga2O3 photodetector gives a broad response covering UV-C to NIR region 

(250-1100 nm), whereas bare Ga2O3 detection is limited to UV region only. 

• PtS2-x/Ga2O3 heterostructure exhibits high ambient stability and shows stable response 

after six months also. 

• The heterostructure device demonstrates maximum responsivity of 38.7 AW-1 under 

1100 nm (NIR) wavelength with fast milli second response.  

6.1.3 2D PtSe2 heterostructure for photodetector study 

This chapter explains the PtSe2/MoS2 heterostructure fabrication and its broadband 

photodetector performance. The fabricated PtSe2/MoS2 heterostructure shows a broad response 

covering visible to NIR (400-1200 nm) region. Moreover, an ultrafast microsecond response 

is achieved in the heterostructure device.  

• The PtSe2 and MoS2 films were grown by TAC and sputtering method, respectively. 
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• The PtSe2/MoS2 heterostructure was fabricated by wet transfer of PtSe2 film over MoS2 

coated substrate. 

• Compared to bare PtSe2, the PtSe2/MoS2 heterostructure exhibits better device 

performance with ~103 order reduction in dark current and increase in detectivity value. 

• The PtSe2/MoS2 photodetector shows broad detection capability covering visible to 

NIR (400-1200 nm) region with maximum responsivity of 17.9 AW-1 and detectivity of 

9.8×1012 Jones under 900 (NIR) illumination.  

• The PtSe2/MoS2 photodetector device demonstrates an ultrafast response with rise/fall 

time of 103 μs/117 μs. 

• A carrier transport mechanism is proposed at the heterointerface to illustrate the 

working of PtSe2/MoS2 photodetector.  

6.2 Scope for future studies   

The present thesis work has made significant contributions to the scientific field by establishing 

new and promising results. However, there are still some research gaps or opportunities which 

can be explored as future targets.   

1. For commercializing 2D materials, it is essential to do their wafer scale growth. 

Although recent advancements in graphene and MoS2 growth method made much 

progress in it. However, in the case of PtS2, it is still lacking. During the wafer scale 

growth, controlled thickness with high quality and uniformity are major challenges.  

2. The electronic properties of the materials highly rely on their band gap. In 2D materials 

their band gap can be tuned with thickness value. Therefore, there is also requirement 

of facile and cost-effective approach to achieve controllable thickness on the large area. 

For the 2D PtX2 (X=S, Se) there are only limited reports which demonstrate a 

controllable thickness growth.  Moreover, as per our literature so far there is no 

concreate experiment report which claims the large area monolayer growth of PtS2. 

3. The fabrication of flexible and wearable devices has become a highlighted research area 

owing to their potential applications in a variety of fields such as healthcare and 

wearable electronics. For PtX2, it is a broad scope to fabricate flexible photodetector 

devices which can be achieved by choosing a novel fabrication technique. 

4. The role of plasmonic nanoparticles on PtX2 film for enhanced absorption and 

broadband photodetector have the high scope for future studies.  
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5. So far, doping in the PtS2 film is not probe experimentally. Doping can be utilized to 

change the carrier concentration, polarity shifting and homo-junction formation. These 

modulations can be used to enhance the device preformation. 

6. Calculate the band alignment of the heterostructure using TCAD (Technology 

Computer Aided Design) software.  
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