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Abstract  

Hierarchical structure transformation and surface modification of solvothermal 

method synthesized SnS with oleic acid in ethylene glycol solvent were discussed in detail. 

The structural, optical, and morphology of as prepared SnS samples were examined by X-ray 

diffraction (XRD), Raman Spectroscopy, and Field Emission Scanning Electron Microscopy 

(FE-SEM). XRD verifies the orthorhombic crystal structure of the SnS phase for all 

synthesized samples. Single-phase nature of synthesized particles was confirmed with Raman 

characterization. Morphology evolution of SnS from regular to hierarchical structures upon 

adding oleic acid is performed through FE-SEM analysis. Junction diodes p-SnS/n-Si 

fabricated with different oleic acid concentrations (0.5, 1.5, and 2.5 mL) synthesized SnS 

particles show better photo-response, which can be used in photodiode applications. 
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1. Introduction 

Single-phase metal chalcogenide synthesis using the hydrothermal method is still 

challenging because of their growth behaviour at high temperatures. Maintain stoichiometric 

in a harsh environment while growing metal chalcogenide is complicated and always ended in 

multiple phases. Suitable solvent and combination of surfactant can be the solution for 

controlling multiple phases in metal chalcogenide [1]. 

Non-oxide semiconducting materials such as metal chalcogenides and nitrides are the 

most attractive materials due to their potential properties such as good light–sensor, visible-

light-driven catalysis, and suitable band gap for high-end sensing applications [2]. 

Semiconducting materials with low and narrow bandgap with layered chalcogenides materials 

attract researchers to develop various energy application fields like supercapacitors, lithium-

ion batteries, and electrical and optoelectrical devices [3-5]. Due to its high durability and 

cost-effectiveness, abundant in nature, and the synthesis of nontoxic semiconducting 

materials at the nano range is very easy [6]. From metal chalcogenides, SnS is one of the 

potential materials with a narrow bandgap, excellent absorption, eco friendly, cost effective, 

earth-abundant are the properties to make the SnS nanomaterial to construct useful 

optoelectronic device application [7-10]. Generally, SnS possess an orthorhombic crystal 

structure with double-layered formation, and bonding between Sn and  S is light because of 

Van der Waals forces [11-12]. Tin sulfide has different  phases like SnS, Sn2S3, SnS2, Sn3S4, 

and Sn4S5 with a different stoichiometric ratio of tin and sulfur [13]. These different phases of 

SnS are possibly prepared with several methods like wet-chemical, co-precipitation and 

hydrothermal [14-19]. Among them, the hydrothermal method is preferred to synthesis 

single-phase SnS nanostructure with different particle morphology. SnS capable of possessing 

both p-type and n-type semiconducting nature corresponds to the element of tin and changing 

the synthesis conditions of SnS. These materials have day light photocatalytic nature for 



applying dyes degradation applications due to their mobility of charge carriers upon photon 

strike [20]. Various structure of SnS material widely in various applications such as 

holographic recording, photovoltaic material, catalyst for hydrogen production, anode 

material in Li-Ion batteries, photocatalyst, photodetector,  photoelectrochemical cells,  Drug 

delivery, and dye synthesized solar cell [21-29]. In recent years, chalcogenides, 

semiconducting materials with different doping materials were extensively reported, and the 

results show the improvement in the photo-sensing nature of the optoelectronic devices. Cost 

effective photodetector based on SnS nanoparticle which is  synthesised by chemical 

deposition method   with sensitivity  of  202 %  is reported by M.S. Mahdi et. al. which 

expose better photo response behaviour [30]. High performance photodetector based on 

ultrathin SnS nanobelts was developed by X. Zhou et. al. using physical vapor deposition 

method and which have quantum efficiency of 4.65 x 104 % and spectral detectivity of 6 x 

109 jones for light sensor application [31]. 

In this work, an attempt has been made to fabricate surface tuned SnS hierarchical 

structure using different oleic acid concentrations with ethylene glycol solvent. Synthesized 

SnS particles were used to fabricate p-SnS/n-Si diodes using the solution-processed drop-

casting method and the photo responsive parameters such as ideality factor (n), barrier height 

(ФB), photoresponsivity (R), photosensitivity (PS), quantum efficiency (QE)%, specific 

detectivity (D*) calculated and discussed in detail. The excellent photo response and 

photosensitivity of the surfactant tuned SnS are proposed for flexible photodetector 

application.  

2. Materials and Methods 

2.1. Materials  



Stannous chloride dihydrate (SnCl2.2H2O, ~99 %, SRL India), thioacetamide 

(CH3CSNH2, ~99%, LOBA Chemie, India), ethylene glycol (C2H6O2, ~98%, Spectrum 

Reagents) and oleic acid (C18H34O2, ~65%, SRL India) were purchased for synthesis of SnS 

and the reagents were used as purchased form. 

2.2. Synthesis of SnS particles 

The solvothermal method has been adopted for the synthesis of SnS hierarchical 

structures. SnCl2.2H2O (1 mmole) and CH3CSNH2 (1 mmole) were dissolved in 30 mL (A) 

and 10 mL (B) ethylene glycol, respectively. Both A and B solutions were ultrasonicated for 

complete precursor dissolution and further stirred for 30 min. The final solution was loaded 

into 100 mL Teflon lined autoclave, and the temperature was raised to 175 ℃. The fixed 

temperature was maintained for 6hours to facilitate the reaction. Then, obtained solution cool 

down to ambient temperature further centrifuge for separation of the synthesized sample then 

the collected precipitate were rinsed with ethanol twice for eliminating  the impurities. The 

above procedure was followed for oleic acid, included synthesis as mentioned, and different 

oleic acid concentrations (0.5, 1.5, and 2.5 mL) are added to the mixed solution. 

2.3. Diode fabrication 

The silicon (Si) substrate with n-type nature with the dimension of (1x1 cm) with 

~260 (±30) μm thickness and resistivity of ~40−50(±5) Ω/cm are the specification of the   

substrate used in the diode construction. Before coating, the substrate was washed with a 

piranha solution (H2O2:H2SO4::2:1) for eliminating the organic, metallic impurities and 

oxidized layer on  n-Si wafer surface. The above-washed substrate was ultrasonicated with 

distilled water as a sequenced process. Synthesized pure and oleic acid assisted SnS (40 mg) 

was dispersed in cyclohexane (1 mL) with a drop of oleic acid. By drop-casting technique, the 

formed SnS–oleic acid solution was coated on the n-Si. The fabricated layer was annealed at 



220 ºC for sixty minutes to remove excess oleic acid. Silver glue (ELTECK) was applied on 

either sides to make the good ohmic contact for diode performance characterization. The 

schematic diagram of SnS + oleic acid based diode is presented in Fig.1. 

2.4. Characterization techniques  

Powder X-Ray diffraction (XRD) was performed to investigate structural properties of 

synthesized pure and oleic acid-assisted SnS sample (RINT-2200 X-ray diffractometer 

(source- CuK with wavelength of = 1.54178 ). Raman spectral analysis is performed for 

synthesized powders through Confocal Raman Microscope with AFM imaging (WiTec alpha 

300, Germany) with 532 nm excitation. SnS particle morphology was examined and recorded 

by Scanning electron microscope (SEM) ZEISS EVO 18 model.  The photodiode parameters 

were analysed through the Keithley (6517-B) source meter in dark and light conditions with a 

portable PEC-L01 solar simulator. 

3. Results and discussion  

3.1. Structural analysis  

The comparative diffraction patterns of pure SnS and SnS particle synthesized with different 

oleic acid concentrations (0.5, 1.5, and 2.5 mL) were shown in Fig. 2. The recorded patterns 

are well-matched with standard JCPDS file no 00-014-0620, and there are no impurities 

observed. The prepared SnS is in orthorhombic nature with space group of Pbnm and lattice 

parameters of   a = 4.32 ,b = 11.19, c = 3.97 Å. The strong diffraction patterns show the good 

crystallinity of the prepared samples. The high peak intensity observed at 2θ = 31.43, which is 

matched along with the (111) plane, is the preferential orientation of orthorhombic SnS. Some 

other less intense peaks observed with (120), (131), (141), and (042) also confirm the 

formation of SnS nanostructure with combinational morphology like sheets and hierarchical 



structures [32]. Variation in intensity of synthesized samples is shown in Fig. 3., which 

reveals the impact of surfactant concentration on the SnS material. 

3.2. Raman analysis  

Raman analysis carried for pure SnS and particles synthesized with different proportions 

of oleic acid, shown in Fig. 4. The characteristics of Raman peaks confirm the formation of 

the SnS material. The observed Raman mode at 76 cm-1 is attributed to the B1g mode, which 

is purely belongs to SnS phase [33]. The peak at 98 cm-1 is presented for the Ag mode which 

arises due to the Sn and S atoms' inter atomic vibration in SnS lattice. Another peak found at 

158 cm-1 is assigned to the B2g mode of the SnS.  The observed broad peak at 187 cm-1 and a 

tiny bump near 212 cm-1 are assigned for Ag mode of SnS nanoparticle, and such results 

confirm the formation of SnS [34]. The observed result from Raman analysis is consistent 

with the XRD pattern. 

3.3. Surface morphology  

The particle morphology of synthesized pure and different oleic acid included SnS was 

analyzed by FESEM and recorded micrographs are compared in Fig. 5(a-h). When increasing 

the concentration of oleic acid, the SnS is changed from average to dense hierarchical 

patterns. The evolution of the hierarchical flower-like structure of SnS concerning the 

increased volume of oleic acid in ethylene glycol is presented in Fig. 5(a-b), which reveals 

that there are no hierarchical patterns formed in the particle without oleic acid in the 

synthesis. A small amount of oleic acid (0.5 mL) changes the morphology of SnS into a 

hierarchical flower. The flat flakes composed of flower structure of SnS with 0.5 mL oleic 

acid are shown in Fig. 5(c-d). Further increase of oleic acid concentration as 1.5 mL, the 

spherical hierarchical flower-like structure of SnS was formed and is shown in Fig. 5(e-f). At 

2.5 mL oleic acid, the spherical hierarchical structure of SnS is comprised of primary and 



secondary particles and is shown in Fig. 5(g-h). Different morphology of the particles may be 

a reason for the enhancing photo-sensing nature of the sensing layer. 

3.4. I-V characterization 

The current-voltage studies of the constructed diodes are carried under light and dark 

conditions. The forward and reverse current measurement varied from -3 to +3 V was shown 

in Fig. 6. The I–V studies confirm better sensing of the diodes fabricated by SnS based 

material on incident light. The rise in values of current are exponential to voltage upon 

lighting indicates photo-conducting behaviour of p-SnS/n-Si, p-SnS + Oleic acid (0.5 mL)/n-

Si, p-SnS + Oleic acid (1.5 mL)/n-Si, and p-SnS + Oleic acid (2.5 mL)/n-Si. Semi-logarithmic 

plot of ln (J) vs V of fabricated diode was depicted in Fig. 7. Based on thermionic emission 

theory, the diode's current transport mechanism is explained by the following equation [35]. 

I = I0 [exp (q(V−IRs)nKBT ) − 1]     (1) 

Here,  

I0 = AA∗T2 exp (− qϕBKBT)      (2) 

The Ideality factor (n) is calculated from the following equation [36]. 

n =  qkBT ( d(V)d(ln(I)))      (3) 

The Barrier height (ФB) is expressed from the following equation [37]. 

ФB = KBTq  In (AA∗T2I0 )      (4) 

here q, V, KB, T , A, A*, and Io stands for a charge, voltage, Boltzmann constant, temperature, 

diode area, Richardson constant, and reverse saturation current, correspondingly. The n value 

is changed from 2.0 to 12.7 in dark conditions, and under the light condition, it is varied from 



3.4 to 6.7. The value n should be unity (n=1) for ideal diode, the observed values for n is >1, 

which attributed to non-ideal nature of the current diode [31]. The reason is inhomogeneity of 

the film surface, diffusion current, and oxide layer. The value of barrier height was changed 

from 0.70 to 0.83 eV in dark conditions and under light conditions 0.67 to 0.77 eV. In p-type 

semiconductors such as SnS, the majority charge carrier will be represented by holes that 

increase photocurrent generation in the sensing layer by absorbing the free electron by the 

absorption oxygen molecules. The same trend was observed, and the results confirm the good 

high light/dark current ratio of SnS based diodes applicable for photodetector application 

[38]. 

3.5. Photodetector analysis 

Photosensitive parameters such as photoresponsivity (PS), responsivity (R), external 

quantum efficiency (EQE), and specific detectivity (D*) of fabricated devise are compared in 

Table.1. The photodiode parameters are essential factors to evaluate the fabricated 

photodiode's performance, which are calculated from following equations [39]. 

Ps (%) = IPh−IDID × 100   (5) 

R = IPhPA     (6) 

EQE = Rhcqλ
     (7) 

D∗ = R(2qID)1/2     (8) 

here IPh/ID, A, P, h, c, and λ are photo/dark current, diode illuminated area, lamp 

irradiation, Planck's constant, light speed, and source wavelength. The comparative plot of 

photosensitivity parameters vs. Voltage of fabricated diode was presented in the Fig. 8. The 

photosensitivity of the fabricated diodes is changed from 7018.02 to 63095.6 %, where p-SnS 



+ Oleic acid (1.5 mL)/n-Si is attain the maximum photo response. The photoresponsivity (R) 

varied from 22.5 to 73.75 (mA/W) and the maximum responsivity observed for pure SnS 

based photodiode which is the ratio between photocurrent and unit power of incident photons. 

The high photoresponsivity may due to the surface-volume ratio of hierarchical structures and 

it results in efficient light absorption. It may cause an increase in the photogenerated electron-

hole pair in the sensing layer; this leads to the high photoresponsivity of the SnS based 

photodiode. The low-density traps also contribute to high responsivity, which diffuses the 

charge carriers [31]. It is found that the responsivity decreases with increasing the surfactant 

concentration. It may be the electron insufficient in excitation in the energy band because of 

the surfactant concentration. The external quantum efficiency (EQE) of the photodiode is  

given by equation (7) and maximum EQE value obtained for pristine SnS based photodiode 

resulted in 28.5 %, which shows the efficiency of gain in the detector. The specific detectivity 

is an important parameter that characterizes the detector's sensitivity nature and measures the 

signal-to-noise ratio given by expression (8). The photodetection performance of the diode 

depends on the spectral detectivity value. The value of the specific detectivity changed from 

1.01×1011 to 1.78×1011 jones, which infers that the increase in the surfactant with SnS 

influences the value of specific detectivity. The p-SnS + Oleic acid (1.5mL) based diode has a 

higher value of D* compared with other diodes. The obtained result is higher than the 

previously reported value of SnS based photodiode [40, 41]. From the result, SnS + oleic acid 

are a suitable material for optoelectronic device application.   

4. Conclusion  

  Morphology tuned hierarchical SnS structures were successfully fabricated through 

the hydrothermal method with different concentrations of oleic acid in ethylene glycol 

solvent.  The XRD results show that the SnS is highly crystalline without impurity 

reflections. The Raman results confirm the phase purity of SnS with well-identified Raman 



peaks. The tuned hierarchical structures of SnS with increased concentration of oleic acid 

were clearly observed in FESEM micrographs.  From the I-V characteristics, the high photo 

response and photo detectivity and good external quantum efficiency of the photodetector 

based on SnS with oleic acid are appealing as a candidate material for photodetection 

application.  
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Fig. 1. Schematic diagram of SnS + Oleic acid-based photodiode  



 

Fig. 2. XRD pattern of (a) Pure SnS, (b) SnS + oleic acid (0.5mL), (c) SnS + oleic acid 

(1.5mL), and (d) SnS + oleic acid (2.5mL) 

 



 

 

 

 

 

 

 

 

 

Fig. 3. Comparison of variation in intensity of (a) Pure SnS, (b) SnS + oleic acid (0.5mL), (c) 

SnS + oleic acid (1.5mL), and (d) SnS + oleic acid (2.5mL) 

 

 

 



 

Fig. 4. The Raman spectra  of  (a) Pure SnS,  (b) SnS + oleic acid (0.5 mL),  (c) SnS + oleic 

acid (1.5 mL),  and (d) SnS + oleic acid (2.5 mL) 



 

 

Fig. 5. FESEM images of (a) Pure SnS , (b) SnS + oleic acid (0.5 mL), (c) SnS + oleic acid 

(1.5 mL),  and (d) SnS + oleic acid (2.5 mL) 

 



 

 

 

 

 

 

 

Fig. 6. I–V characteristics of(a) Pure SnS, (b) SnS + oleic acid (0.5mL), (c)SnS + oleic acid 

(1.5mL),  (d) SnS + oleic acid (2.5mL) 

 

 

 

 

 

 



 

 

 

 

 

 

 

Fig. 7. Semi-logarithmic plot of ln (J) vsV of (a) Pure SnS, (b) SnS + oleic acid (0.5 mL), (c) 

SnS + oleic acid (1.5 mL),  and (d) SnS + oleic acid (2.5 mL) 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Comparative plot of Ideality factor (n), Barrier height (ФB), Photosensitivity (PS), 

Photoresponsivity (R), Quantum efficiency (QE) %, Specific detectivity (D*) vs Voltage 

graph of (a) Pure SnS, (b) SnS + oleic acid (0.5 mL), (c) SnS + oleic acid (1.5 mL), and (d) 

SnS + oleic acid (2.5 mL) 

 

 



Table 1: Photodiode parameter of  p-SnS/n-Si, p-SnS + Oleic acid (0.5 mL)/n-Si), p-SnS + 

Oleic acid (1.5 mL)/n-Si), p-SnS + Oleic acid (2.5 mL)/n-Si) based diode such as Ideality 

factor (n), Barrier height (ФB), Photosensitivity (PS), Photoresponsivity (R), Quantum 

efficiency (QE)%, Specific detectivity (D*). 

 

 

 

 

 

Diode 

Ideality factor 

(n) 

Barrier height 

ФB (eV) 

Photo 

Sensitivity 

PS  (%) 

Photo 

Responsivity 

R  (mA/W ) 

Quantum 

Efficiency 

QE (%) 

Specific 

Detectivity 

D (×1010) 

(Jone) Dark Light Dark Light 

p-SnS/n-Si) 
12.7 6.7 0.70 0.67 

7018.02 73.75 28.5 1.01194×10
11 

p-SnS + Oleic acid 

(0.5 mL)/n-Si) 
9.5 4.4 0.78 0.71 

 

47089.0 

 

23.3 

 

9.0 

 

1.46602×10
11 

p-SnS + Oleic acid 

(1.5 mL)/n-Si) 5.2 4.2 0.81 0.69 

 

63095.6 

 

25.97 

 

10.07 

 

1.7893×1011 

p-SnS + Oleic acid 

(2.5 mL)/n-Si) 
2.0 3.4 0.83 0.77 

 

50301.9 

 

22.5 

 

8.7 

 

1.48888×10
11 



Figures

Figure 1

Schematic diagram of SnS + Oleic acid-based photodiode



Figure 2

XRD pattern of (a) Pure SnS, (b) SnS + oleic acid (0.5mL), (c) SnS + oleic acid (1.5mL), and (d) SnS +
oleic acid (2.5mL)



Figure 3

Comparison of variation in intensity of (a) Pure SnS, (b) SnS + oleic acid (0.5mL), (c) SnS + oleic acid
(1.5mL), and (d) SnS + oleic acid (2.5mL)



Figure 4

The Raman spectra of (a) Pure SnS, (b) SnS + oleic acid (0.5 mL), (c) SnS + oleic acid (1.5 mL), and (d)
SnS + oleic acid (2.5 mL)



Figure 5

FESEM images of (a) Pure SnS , (b) SnS + oleic acid (0.5 mL), (c) SnS + oleic acid (1.5 mL), and (d) SnS +
oleic acid (2.5 mL)



Figure 6

I–V characteristics of(a) Pure SnS, (b) SnS + oleic acid (0.5mL), (c)SnS + oleic acid (1.5mL), (d) SnS +
oleic acid (2.5mL)



Figure 7

Semi-logarithmic plot of ln (J) vsV of (a) Pure SnS, (b) SnS + oleic acid (0.5 mL), (c) SnS + oleic acid (1.5
mL), and (d) SnS + oleic acid (2.5 mL)



Figure 8

Comparative plot of Ideality factor (n), Barrier height (ФB), Photosensitivity (PS), Photoresponsivity (R),
Quantum e�ciency (QE) %, Speci�c detectivity (D*) vs Voltage graph of (a) Pure SnS, (b) SnS + oleic acid
(0.5 mL), (c) SnS + oleic acid (1.5 mL), and (d) SnS + oleic acid (2.5 mL)


