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NOVEL MONONUCLEAR METAL-PHOSPHINITE COMPOUNDS AND THEIR 

CATALYTIC PERFORMANCE IN TRANSFER HYDROGENATION OF KETONES 

Uğur IŞIK1       Nermin MERİÇ1       Murat AYDEMİR*1  

1Dicle University, Science Faculty, Department of Chemistry, 21280-Diyarbakır, Turkey 
*Corresponding author: aydemir@dicle.edu.tr 

Abstract: Since the obtained chiral alcohols are rather useful as well as biologically active compounds, 

the reduction of ketones to their respective alcohols is a crucial topic in synthetic chemistry. Thus, a 

new phosphinite ligand was synthesized by the interaction of cationic species N-vinyl imidazolium (1) 

with PCy2Cl. This phosphinite ligand in combination with [Ru(η6-p-cymene)(µ-Cl)Cl]2 and Ir(η5-

C5Me5)(μ-Cl)Cl]2 gave active catalytic systems for transfer hydrogenation reaction. Under optimum 

circumstances, ruthenium complex (3) showed rather a high conversion in the reduction reaction of 

acetophenone. Furthermore, reversibility of the transfer hydrogenation reaction was found to be low 

under these reaction circumstances. 

Keywords: Transfer Hydrogenation; Ruthenium Complex; Iridium Complex; Phosphinite; 

Homogeneous Catalysis. 

Received: February 23, 2022 Accepted: April 05, 2022 

 

1. Introduction 

Phosphino-imidazolium salts were first designed by Chauvin and Canac to prepare transition 

metal complexes having ionic character [1,2], and when used in homogeneous catalytic reactions by 

Zhao et al., [3-6] these complexes exhibited a high activity [7,8]. Afterward, the synthesis and 

applications of phosphinite-imidazolium salts have also become an effective field of study. Phosphinite-

imidazolium salts were used as catalysts in the preparation of phthalate and maleate diesters, 3,4-

dihydropyrimidin-2(1H)-(thio)ones, E-cinnamates, and coumarin derivatives by Valizadeh et al. [9-12]. 

Iranpoor et al., using these compounds, investigated the catalytic efficiency of aryl halides in 

dehalogenation, silylation, and Heck reactions in the presence of PdCl2 [13-15]. However, the 

application of complexes of phosphinite compounds based on the ionic liquid in asymmetric transfer 

hydrogenation reaction was first performed by our study group [16-18]. 

The reduction of carbonyl compounds using a catalyst, and dihydrogen (H2), hydrides, or H2-

donors as a source of hydrogen is an important route to obtaining alcohols [19-21]. In molecular 

hydrogenation, dihydrogen is used as a hydrogenation source, while hydrides are used in metal hydride 

reduction, and a hydrogen donor is used in transfer hydrogenation. It has shown that transfer 

hydrogenation is more advantageous than the conventional use of hydrides or direct hydrogen. Among 

them are (a) equipment is simpler; (b) catalyst loading is lower; (c) handling is safer; (d) solvents are 

environmentally friendly; (e) by-products are facile removable and volatile; and (f) the process may be 

used in industrial processes [22,23]. In this reaction, hydrogen is transferred from an organic source (e.g. 

isopropanol or formic acid) to an unsaturated bond of a compound (e.g. ketone or alkene), a metal is 

https://dergipark.org.tr/mejs
mailto:aydemir@dicle.edu.tr
https://orcid.org/0000-0003-1010-9563
https://orcid.org/0000-0003-0456-5124
https://orcid.org/0000-0002-4238-5012
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used as a catalyst, often a base is also required [24]. Metal catalysts such as transition metal complexes 

(Ru, Ir, or Rh) containing phosphinites displayed high catalytic activity and became the most common 

organometallic compound employed in the transfer hydrogenation reaction [25-32].  

Continuing our previous research, the present study reports the synthesis of an imidazole 

containing ionic liquid (IL) via the regioselective epoxide ring-opening reaction. The ionic liquid (IL) 

was converted to the corresponding chiral functionalized ionic liquid-based phosphinite ligand (P-FIL) 

by adding phosphinite moiety to the ionic liquid through SN2 reaction, and then the corresponding Ru(II) 

and Ir(III) transition metal complexes were prepared. Structures of all new compounds were elucidated 

by 31P, 1H, 13C NMR, and FT-IR spectroscopies. Afterward, the application of Ru(II) and Ir(III) 

compounds as catalysts were investigated in the transfer hydrogenation (TH) of acetophenone 

derivatives to their respective 1-phenylethanol derivatives using isopropanol as a hydrogen source. 

2. Materials and Methods 

2.1. Materials 

If it is not stated otherwise, materials and solvents were employed as received. The reactants 1-

vinylimidazole (99%), chlorodicyclohexylphosphine (97%) (PCy2Cl), n-butyllithium solution (1.6 M in 

hexane; n-BuLi), (±)-epichlorohydrin (99%), dichloro(p-cymene)ruthenium(II) dimer, [Ru(η6-p-

cymene)(µ-Cl)Cl]2 (99%) and pentamethylcyclopentadienyliridium(III) chloride, dimer, Ir(η5-C5Me5) 

(μ-Cl)Cl]2 were purchased from Sigma-Aldrich (Germany). The phosphinite ligand and their complexes 

were prepared under an inert atmosphere employing standard Schlenk techniques. CaH2 was used to dry 

2-propanol. A Bruker AV400 spectrometer was used to record 1H, 13C and, 31P-{1H} nuclear magnetic 

resonance (NMR) spectra. An Agilent Cary 630 Fourier Transform infrared spectrometer was used to 

obtain the infrared spectra. A Costech ECS 4010 instrument was used to conduct elemental analysis. 

Melting points of the products were obtained by means of a Stuart SMP40 apparatus with an open 

capillary. GC analysis was conducted with a Shimadzu GC 2010 Plus instrument equipped with 

cyclodex B (Agilent) capillary column (5% biphenyl, 95% dimethylsiloxane; 

30 m × 0.32 mm × 0.25 μm).  

2.2. GC analyses  

The GC parameters for TH of acetophenone derivatives are given below; init. temp., 50 ºC; init. 

time, 1.1 min; solv. del., 4.48 min; temp. ramp 15 ºC/min; ending temp., 270 ºC; hold time, 5 min; last 

time, 20.76 min; inj. port temp., 200 ºC; det. temp., 200 ºC; inj. vol., 2.0 μL.  

2.3. A general protocol for the catalytic hydrogen transfer reaction 

A representative protocol for TH of ketones is given below: a solution of pre-catalysts (3-

4) (0.005 mmol), potassium hydroxide (0.025 mmol), and respective ketone (0.5 mmol) in isopropanol 

that was degassed (5 mL) was heated to reflux until the reactions finished. Then, a specimen was taken 

from this medium, followed by dilution with acetone and analyzing immediately by GC. The 

conversions are calculated depending on the remaining ketone. 1H NMR spectra of the resulting products 

were as anticipated. 

2.4. Preparation and structure elucidation of compounds 

2.4.1 Preparation of 3-(3-chloro-2-hydroxypropyl)-1-vinyl-1H-imidazol-3-ium chloride, (1)  

Concentrated HCl (10.50 mL, 128 mmol) was cautiously added into an ethanol (20 mL) solution 

of 1-vinylimidazole (11.30 mL, 11.764 g, 125 mmol), which was stirred at ambient temperature. 

Warning: The neutralization of a base with a strong acid is rather exothermic. Having added acid, it 
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was pended until the medium cooled to ambient temperature. Then, the addition of (±)-epichlorohydrin 

(10.16 mL, 12.027 g, 130 mmol) was carried out dropwise by stirring the solution, meanwhile, 

temperature of the solution was kept at 25 °C. Afterward, the reaction flask was closed and stirred at 

ambient temperature for 24 – 48 hours. Then, removal of the solvent of the solution in vacuo with 

warming at 70 °C, and keep warming under reduced pressure afforded a liquid that became more viscous 

when dried further, which was then recrystallized from ethyl acetate at 0 oC. The precipitated solid part 

was filtered and dried under reduced pressure giving 1 as an off-white solid. Yield 27.22 g, 97.6 %, 

Melting Point = 99-101 °C. 1H NMR (400.1 MHz, DMSO-d6, ppm): δ: 9.46 (s, 1H, –NCHN+–), 8.19 

and 7.85 (2xs, 2H, –NCHCHN–), 7.35-7.29 (m, 1H –CH=CH2), 6.05 (br, 1H, –CHOH), 5.98-5.94 (m, 

1H, –CH=CH2 (a)), 5.44-5.40 (m, 1H, –CH=CH2 (b)), 4.42-4.39 (m, 1H, –N+CH2 (a)), 4.20-4.15 (m, 

1H, –N+CH2 (b)), 4.10 (br, 1H –CHOH), 3.45 (m, 2H,–CH2Cl); 13C NMR (100.6 MHz, DMSO-d6, 

ppm): δ 136.43 (–NCHN+–), 129.22 (–NCH=CH2), 124.46, 119.20 (–NCHCHN+–), 109.21 (–

NCH=CH2), 68.86 (–CHOH), 52.99 (–N+CH2CH(OH)), 46.91 (–CH2Cl); IR (cm-1): υ 3369 (O-H), 

3116, 3041 (aromatic C-H), 2989, 2888 (aliphatic C-H), 1575 (C=N), 1162 (C-N) cm-1; Analysis results 

for C8H12Cl2N2O (223.10g/mol): calcd. C 43.07, H 5.42, N 12.56; found C 42.98, H 5.36, N 12.51. 

2.4.2 Preparation of 3- (3-chloro-2-((dicyclohexylphosphaneyl)oxy)propyl)-1-vinyl-1H-

imidazol-3-ium chloride, (2) 

A CH2Cl2 (20 mL) solution of 1 (0.105 g, 0.47 mmol) under an inert atmosphere was cooled to 

−78 °C in an acetone and dry ice bath. A hexane solution of n-BuLi (0.293 mL, 0.47 mmol) was added 

dropwise into this cooled solution. Followed by the addition, the solution was stirred at −78 °C for 1 h 

and further 45 minutes at room temperature (RT). Afterward, the reaction solution was cooled to −78 °C 

again and a solution of dicyclohexylchlorophosphine (0.112 g, 0.47 mmol) in CH2Cl2 (10 mL) was 

added dropwise to this solution, which was stirred for a further 1 h at −78 °C. Having removed the 

cooling bath, the solution was further stirred for 3 hours at RT and 31P NMR spectroscopy was used to 

follow the progress of the reaction. After ligand formation was observed, removal of the precipitated 

lithium chloride was performed by filtration under an inert atmosphere, followed by removal of the 

volatiles in vacuo, which gave a viscous oil phosphinite ligand, 2. 31P-{1H} NMR (162.0 MHz, CDCl3, 

ppm): δ 148.99 (s, OPCy2).  

2.5. General protocol for the synthesis of (IL-OPCy2-Metal) complexes  

Metal precursor (0.40 mmol) and [(Cy2P)-C8H11Cl2N2O], 2 (0.40 mmol) were dissolved in dried 

CH2Cl2 (25 mL) under an inert atmosphere, and then this mixture was stirred for 1 h at RT. The volume 

of the solution was reduced to 1-2  mL in vacuo, and petroleum ether (15  mL) was added to afford the 

respective metal complexes as microcrystalline solid. This solid was separated by filtrating the mixture 

and dried under reduced pressure.  

2.5.1 [3-(3-chloro-2-({[dichloro(η6-p-cymene)ruthenium]dicyclohexylphosphanyl}oxy) propyl)-

1-vinyl-1H-imidazol-3-ium chloride], (3) 

Yield: 280 mg, 96.5%; Melting point:113-115 °C. 1H NMR (400.1 MHz, DMSO-d6, ppm): δ: 

9.59 (s, 1H, –NCHN+–), 8.25, 7.91 (2xs, 2H, –NCHCHN+–), 7.40-7.34 (m, 1H, –CH=CH2), 5.99 (br, 

1H, –CH=CH2 (a)), 5.83-5.79 (m, 4H, aromatic protons of p-cymene), 5.43 (br, 1H, –CH=CH2(b)), 5.41 

(br, 1H, –CHOP), 4.43 (d, 1H, J=13.23 Hz, –N+CH2 (a)), 4.19 (d, 1H, J=13.61 Hz, –N+CH2 (b)), 3.69 

(m, 2H, –CH2Cl), 2.84-2.81 (m, 1H, –CH(CH3)2 of p-cymene), 2.46 (m, 2H, –CH of P(C6H11)2), 2.08 

(s, 3H, –CH3Ph of  p-cymene), 1.78 + 1.23-1.18 (m, 26H, (CH3)2CH Ph of p-cymene + CH2 of 

P(C6H11)2); 13C NMR (100.6 MHz, DMSO-d6, ppm): δ: 136.63 (–NCHN+–), 129.35 (–NCH=CH2), 

119.20, 124,54 (–NCHCHN+–), 109.10 (–NCH=CH2), 106.80, 100.53 (quaternary carbons of p-

cymene), 86.83, 85.98 (s, aromatic carbons of p-cymene), 73.25 (d, JP-C=6.0 Hz –CHOP), 53.01 (–
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N+CH2CH(OP)), 46.91 (–CH2Cl), many resonances at between 46.08-45.44 for –CH of P(C6H11)2), 

30.43 (–CH(CH3)2  of p-cymene), many signals at between 28.31-26.11 for –CH2 of P(C6H11)2), 21.96 

(–CH(CH3)2 Ph of p-cymene), 18.33 (–CH3Ph of  p-cymene); 31P-{1H} NMR (162.0 MHz, CDCl3, ppm) 

δ: 156.01 (s, OPCy2);31P-{1H} NMR (162.0 MHz, DMSO-d6, ppm) δ: 158.20 (s, OPCy2); IR (cm-1); 

υ 3041 (aromatic C-H), 2922, 2851 (aliphatic C–H), 1446 (P-Cy), 1054 (O-P), 533 (Ru-P); Analytical 

results for C30H47Cl4N2OPRu (725.56 g/mol): calcd. C 49.66, H 6.53, N 3.86; found C 49.60; H 6.478; 

N 3.78 %. 

2.5.2 [3-(3-chloro-2-({[dichloro(η5-pentamethylcyclopentadienyl) iridium] dicyclohexyl 

phosphanyl}oxy)propyl)-1-vinyl-1H-imidazol-3-ium chloride], (4) 

Yield: 310 mg, 94.7 %; m.p.: 124–126 °C; 1H NMR (400.1 MHz, DMSO-d6, ppm): δ: 9.53 (s, 

1H, –NCHN+–), 8.31, 7.76 (2xs, 2H, –NCHCHN+–), 7.39 (br, 1H, –CH=CH2), 6.02 (br, 1H, –

CH=CH2(a)), 5.58 (br, 1H, –CHOP), 5.41 (br, 1H, –CH=CH2(b)), 3.87 (m, 1H, –N+CH2(a)), 3.78 (m, 

1H, –N+CH2(b)), 4.49 (br, 2H, –CH2Cl), 1.53 (s, 15H C5Me5), 1.98-1.23 (m, 22H,  protons of  

P(C6H11)2) ; 13C NMR (100.6 MHz, DMSO-d6, ppm): δ:136.6 (–NCHN+–), 129.35 (–NCH=CH2), 

124.06, 119,63 (–NCHCHN+–), 109.19 (–NCH=CH2), 93.92 (s, C5Me5), 73.99 (d, JP-C=6.0 Hz, –

CHOP), 50.02 (–N+CH2CH(OP)), 45.70 (–CH2Cl), many resonances at between 44.28-43.73 for –CH 

of P(C6H11)2), many signals at between 28.76-25.54 for –CH2 of P(C6H11)2), 9.45 (C5Me5); 31P-{1H} 

NMR (162.0 MHz, CDCl3, ppm) δ: 122.92 (s, OPCy2); 31P-{1H} NMR (162.0 MHz, DMSO-d6, ppm) 

δ: 123.03 (s, OPCy2); IR (cm-1); υ 3097 (aromatic C-H), 2922, 2847 (aliphatic C–H) 1446 (P-Cy), 1058 

(O-P); Analytical results for C30H48Cl4N2OPIr (817.72 g/mol): calcd.: C 44.07; H 5.92; N 3.43; found 

C 44.01; H 5.82; N 3.37 % 

3. Results and Discussion 

3.1. Synthesis and characterization of the ionic liquid, phosphinite ligand, and corresponding 

complexes 

One of the most common techniques for the preparation of hydroxyl-functionalized ionic liquid 

is the ring-opening of epoxides. Based on this method [33-40], N-vinylimidazole was reacted with (±)-

epichlorohydrin to afford the corresponding functionalized ionic liquid in 97.6 % isolated yield (Scheme 

1). The initial formation of a new generation of desired ionic liquid 3-(3-chloro-2-hydroxypropyl)-1-

vinyl-1H-imidazol-3-ium chloride, (1) was unambiguously confirmed by their spectroscopic analysis. 

In the 1H NMR spectrum of compound 1, the –NCHN+– signal of the starting material N-vinylimidazole 

at δ 7.98 ppm shifted to 9.46 ppm due to the formation of the corresponding ionic liquid 1, which was 

in agreement with the literature [41,19,42,18 and references therein]. The signal for extra OH proton 

was observed at around 6.05 (br) ppm, which is good evidence of the success of the alkylation of the 

imidazole ring with (±)-epichlorohydrin. The remaining protons were observed in their respective 

regions. The 13C-{1H} NMR spectrum of (1) also shows the presence of the N-vinylimidazolium carbons 

at δ 136.43, 129.22, 124.46, 119.20, and 109.21 ppm. In addition, the signal at 68.86 ppm belongs to –

CHOH, which is another evidence that the ring-opening reaction has occurred. In the IR spectrum, the 

signal of the hydroxyl group was observed as expected. Moreover, the elemental analysis result of 1 

supports the formation of the compound.  
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Figure 3.  The 31P-{1H} NMR spectra of ligand (2) and its complexes (3 and 4),  

 

 

Scheme 1. Synthesis of compounds 1-4; (i) 1 equiv. (±)-Epicholorohydrin, 1 equiv. HCl, C2H5OH; (ii) 

1 equiv. Cy2PCl, 1 equiv. n-BuLi, CH2Cl2; (iii) 1/2 equiv. [Ru(η6-p-cymene)(µ-Cl)Cl]2;  (iv) 1/2 equiv. 

[Ir(η5-C5Me5)(μ-Cl)Cl]2, CH2Cl2. 

 

The synthetic procedure to prepare the cyclohexyl-containing phosphinite ligand [17,42,43] is 

shown in Scheme 1. The reaction of the ionic liquid 1 with 1 equiv. of n-BuLi in CH2Cl2 at –78 °C for 

1 h, and then the addition of 1 equiv. of ClPCy2 produced phosphinite ligand 3-(3-chloro-2-

((dicyclohexylphosphaneyl)oxy)propyl)-1-vinyl-1H-imidazol-3-ium chloride, (2). The 31P NMR 

characterization of the crude reaction presented a signal at δ 148.99 ppm (singlet) attributed to –OPCy2. 
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Our result agrees with the values for previously reported phosphinites [44-47] (Fig. 1). Unfortunately, 

although ligand 2 was clearly present in the crude reaction mixture, it could not be isolated sufficiently 

pure for characterization studies. Because the phosphinite ligand decomposes gradually to give oxide ~ 

44 ppm as singlet (-OP(O)Cy2). Furthermore, doublet signals at about δ 57.7 ppm and at δ -20.1 ppm 

having 1J(PP): 285 Hz in the 31P-{1H} NMR spectrum support the occurrence of P(O)Cy2PCy2 [48] (Fig. 

2).  

 

Figure 2. The 31P-{1H} NMR spectrum of decomposed products {(-OP(O)Cy2) and P(O)Cy2PCy2}. 

 

It is well-known that dimers {[Ru(arene)(μ-Cl)Cl]2} are capable of forming mononuclear 

complexes possessing a general formula of [Ru(η6-arene)Cl2L] [49]. Therefore, Ru(II) and Ir(III) 

complexes were prepared through reactions of metal precursor ([Ru(η6-p-cymene)(µ-Cl)Cl]2 or Ir(η5-

C5Me5) (μ-Cl)Cl]2) and phosphinite (Scheme 1). All the reactions proceeded very readily in CH2Cl2 at 

RT and were almost quantitative. In contrast to the free ligand, which is quite air-sensitive, the 

complexes are stable microcrystalline solids and can be kept in the open air for an extended amount of 

time. The complexes were fully characterized by several spectroscopic techniques such as 1H NMR, 13C 

NMR, IR, and elemental analysis. In the 31P-{1H} NMR spectrum, Ru(II) complex (3) exhibits a singlet 

downfield at δ 156.01 from the position of the free ligand (Fig. 1). Characteristic resonances of p-cymene 

protons for 3 were detected in the 1H NMR spectrum at 5.82-5.79 ppm range as multiplets. For other 

characteristic signals of the p-cymene protons, the -CH, -CH3, and -CH(CH3)2 resonances appeared at δ 

2.84-2.81, 2.08, and 1.78 + 1.23-1.18 ppm, respectively. Furthermore, the -CH and CH2 protons of Cy 

in the OPCy2 group gave multiplets at 2.46 and 1.78 + 1.23-1.18 ppm, respectively. 13C NMR spectrum 

of Ru (II) complex displays p-cymene signals, in addition to the resonances from the ligand. The IR 

spectrum of the Ru(II) complex 3 exhibits one new absorption peak at 553 cm-1 for Ru-P stretching 

vibration, indicating that phosphinite binds to the complex. So, we can conclude that our P-O donor 

ligand was bound to the Ru atom with a p-cymene group.  
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Simple coordination chemistry of (2) with [Ir(η5-C5Me5)(μ-Cl)Cl]2 precursors was investigated as 

well. The 31P NMR signal of the Ir(III) complex obtained from the interaction of the phosphinite and 

iridium precursor was observed at 122.92 ppm as a singlet. The existence of a single signal at 1.53 ppm 

in the 1H NMR spectrum of the Ir(III) complex (4) indicates that Ir(III) complex is formed. In the 13C 

NMR spectrum of the Ir(III) complex, the luminous signals at 44.28–43.73 and 28.76-25.54 ppm belong 

to the –CH and -CH2 groups of the -OP(C6H11), respectively, and help illuminate the structure. In 

addition, the 9.45 and 93.92 ppm signals corresponded to the methyl and aromatic carbons of the Cp* 

coordinated complex 4, respectively. Extra the aliphatic and N-vinylimidazole ring carbon signals of 

complex 4 appeared, as expected. The infrared spectrum of (4) exhibits the bands at 3097, 2922, 2847, 

1446, and 1058 cm-1 are due to υ(aromatic C-H), υ(aliphatic C–H), υ(P-Cy), and υ(O-P), respectively. 

Additionally, elemental analysis results also support the proposed structures. 

3.2. Transfer hydrogenation of ketones 

     The transition metal catalyzed-hydrogen transfer process is usually assumed to include metal 

hydrides as important intermediates. Both complexes 3 and 4 most probably follow a well-known 

mechanism that includes a metal-alkoxide intermediate and β-elimination [50,51]. It has been shown 

that the replacement of chlorides by a hydride is easy through an alkoxide displacement/β-hydride 

elimination sequence [52,53].  Ionic-liquid containing phosphinite ligands are indispensable compounds 

to obtain efficient catalysts that are homogeneous and organometallic [17-19]. The activity of the metal 

center is highly influenced by ligand choice. Ionic-liquid-based phosphinite complexes with 

coordination geometries of ruthenium or iridium show good activity in catalytic transfer hydrogenation 

[17-19,41].  

      The synthesized Ru(II) and Ir(III) complexes (3) and (4) were employed as catalysts in the 

TH of acetophenone and its derivatives. First, as mentioned above, we thought to explore the TH of 

acetophenone in the existence of iridium and ruthenium-based catalysts. Thus, acetophenone has been 

hydrogenated in the existence of a catalyst with KOH as a base in 2-propanol. The transfer 

hydrogenation results are given in Table 1. Isopropanol is used as a hydrogen source in the 

hydrogenation and in this circumstance, the process occurs under thermodynamic control: when 

isopropanol gives hydrogen, acetone forms, and this is able to behave as a hydrogen acceptor, so, 

equilibrium is generated. The boiling point of 2-propanol is 82 °C, which enables it a good option to 

carry out the process at reflux temperature too [54]. Table 1 (entry 2 and entry 6) obviously depicted 

that the process cannot happen when a base is not used. Thus, one can conclude that the use of a base is 

necessary for this reaction [54,30,32,44,55]. The amount of base is generally 5 equivalent with respect 

to the catalyst [56-58]. Thus, our complexes act as good catalysts in TH reaction of acetophenone when 

isopropanol is used as a hydrogen donor at 82 °C, in the existence of a base, and after a certain time (1/2 

h and 2 h for 3-4, respectively), (Table 1 entry 1, entry 5). It was found that Ru(II) complex, 3 exhibited 

better activity in the transfer hydrogen. Because, ruthenium has different oxidation states, and a variety 

of coordination geometries introduced by various ligands, which render it is a good candidate for the 

catalyst for transfer hydrogenation as well as for the asymmetric version of transfer hydrogenation [59]. 

Furthermore, an increase in the amount of substrate increases the reaction time and leads to a reduction 

in TOF (Table 1 entry 3-4, entry 7-8). 

 

 

 

 

 

 



Middle East Journal of Science  (2022) 8(1):1-15          https://doi.org/10.51477/mejs.1077805 

 

 8 

Table 1. Transfer hydrogenation of acetophenone with 2-propanol catalyzed by 3 and 4. 

 

     Under optimized conditions at hand, we investigated the extent of this TH reaction of 

acetophenone derivatives. It was observed that the corresponding alcohol is formed in a shorter time 

when using an acetophenone derivative that carries an electron-withdrawing moiety such as p-fluorine, 

p-chlorine, and p-bromine (Table 2, entry 1-3, entry 6-8). Because electron-withdrawing groups reduce 

the electron density of the C=O bond of the ketone, the ketone is more easily hydrogenated [60-62]. 

Secondly, TH of acetophenone derivatives containing o- and p-OCH3 groups takes a longer reaction 

time and the TOF values are lower. Also, it was observed that when there is an electron-donating 

substituent on the o-position (-OCH3), then, TOF value will be lower compared to the p-position. Indeed, 

the reaction time towards the transfer hydrogenation decreased from 9 h to 7 h when 4-MeO was used 

instead of 2-MeO catalyzed by 4 (Table 2, entry 9-10). 
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Table 2. Transfer hydrogenation results for substituted acetophenones with the catalyst systems, 3 and 

4[a]. 

 

4. Conclusions and Perspectives                                                                                                                                    

In conclusion, a new series of phosphinite-based Ru(II) and Ir(III) complexes were synthesized 

using a precursor of ionic liquid. These complexes were found to be effective catalysts and they are able 

to be easily applied, resulting in secondary alcohols with good to high yields. Moreover, ruthenium 

complex (3) behaved as a better catalyst for the transfer hydrogenation than the analogous Ir(III) 

complex. These catalysts are attractive because of their modular design and versatility in terms of 

transfer hydrogenation and future reports will focus on the use of the complexes that we have 

synthesized in TH of other activated aryl/alkyl ketones. 
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electron-donating ligands for ruthenium and iridium complexes were determined.  Their potential 

energy surfaces in the ground state, electronic densities, and also frontier orbitals HOMO and LUMO 
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used for exploring electrochemical properties of cations, which includes transition metals. It was 
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1. Introduction  

Computer-based theoretical calculations have become a crucial tool, especially in the last 

decades [1]. Many theoretical techniques, such as Density Functional Theory (DFT) ab-initio methods, 

molecular mechanics simulations, and some quasi-experimental methods are often used to study 

molecular properties in several fields such as pharmacology and materials engineering [2]. Among 

them, Density Functional Theory (DFT), has proved itself the most effective approach for many 

chemical calculations, such as optimizing molecular structures, obtaining molecular electrostatic 

potential (MEP),  total electron densities, and energy levels of frontier orbitals (HOMO and LUMO) 

and also chemical descriptors including chemical hardness, electrophilicity, electronegativity, and 

chemical potential [3,4,5,6]. Furthermore, DFT technique is also preferred due to its computationally 

low costs and relatively high performance [1,3]. 

Within this perspective, we have started to study transition metal complexes containing 

phosphinite moiety with imidazolium ionic liquids, in order to understand the electrochemical 

behavior of transition metal complexes of phosphinites better and perform the theoretical calculations 

of such complexes [7]. In this study, DFT studies of cationic parts of previously synthesized Ru(II)- 

and Ir(III)-phosphinite compounds based on ionic liquid were reported. Also, the impacts of the 
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chemical constructions of three phosphinite complexes were selected in relation to the variable 

property of η6-p-cymene, η6-benzene and η5-C5Me5 substituent for 1A, 2A and 3A, respectively and 

determined their potential energy levels and induced levels HOMO and LUMO. The highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels were computed 

by DFT approach.  

 

2. Experimental Computational method 

All calculations were performed by using DFT (Density Functional Theory) approach. 

GAMESS (the General Atomic and Molecular Electronic Structure System), which is a general ab 

initio quantum chemistry package, was used for calculations [1,8]. The exchange-correlation 

functional for calculations was the hybrid Becke, three-parameter, Lee-Yang–Parr, using the coulomb 

attenuating method (CAM-B3LYP) [9]. And also, the SBKJ (Stevens, Bash, Krauss, Jasien) valance 

basis set was used with ECP (Effective Core Potential) [10]. There were no imaginary frequencies for 

any cases, therefore it is confirmed that the optimized molecular structures correspond to real minims 

on the PES (Potential Energy Surface). 

3. Results and Discussion 

3.1. DFT Study 

DFT method was used to unravel the electrochemical behavior of cationic parts of previously 

prepared complexes 1-3 (Scheme 1) [11]. Since outer chlorine atom moves freely in the solution, it 

was excluded in the calculations, and the remaining positively charged part (1A-3A) was taken into 

account.  
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Scheme 1.     [3-[(2R)-2-({[dichloro(η6-p-cymene)ruthenium]diphenyl phosphanyl}oxy)-2-

phenylethyl] -1-methyl-1H-imidazol-3-ium chloride]] (1), [3-[(2R)-2-({[dichloro(η6-

benzene)ruthenium] diphenylphosphanyl}oxy)-2-phenylethyl]-1-methyl-1H-imidazol-3-ium chloride]] 

(2), [3-[(2R)-2-{[(dichloro(ɳ5–pentamethylcyclopentadienyl)iridium) diphenyl phosphanyl]oxy}-2-

phenylethyl]-1-methyl-1H-imidazol-3-ium chloride]] (3). 

 

The optimized molecular structures of cationic parts (1A-3A) of complexes 1-3 have been given 

in Figure 1. As known, optimized molecular structure of a molecule represents the minimal energy 

conformation of the molecule, and that’s why it is important [12]. 
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Figure 1.  The optimized molecular structure of (a) 1A, (b) 2A, and (c) 3A. 

 

The molecular electrostatic potential (MEP) is helpful to investigate the molecular features 

including hydrogen bonding, and nucleophilic and electrophilic attacks on the molecule site [13,14]. 

Since the MEP is basically a three-dimensional map that gives the electrostatic potential for every 

point all around the molecule, it is a very fruitful source of information to estimate how the molecule 

responds to other molecules in any possible cases. For instance, it can be used to estimate both 

possible locations and relative intensities of both nucleophilic and electrophilic attacks by other 

molecules [15]. The reactivity of molecules can also be predicted by visual inspection of different 

colors, which represent different values of the MEP [16,17]. The red color corresponds to the positive 

potential regions, which are localized over the hydrogen atoms, whereas the blue color indicates the 

high electron density as well as negative potential regions, which are localized over the 

electronegative atoms (nitrogen, oxygen) [18,19]. As seen in Figure 2, 1A-3A have dominant positive 

potential, therefore their MEPs are almost fully red, as expected because they are actually positively 

charged cations.   
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Figure 2. The molecular electrostatic potential of (a) 1A, (b) 2A, and (c) 3A. 

 

As known, the total electronic density is a graph of quantum mechanics probabilities of finding 

electrons at every given point. It can give us a strong insight into molecules’ overall and local 

polarization. Information on electronic densities also can help to interpret the behavior of the molecule 

in chemical interactions [20-22]. As it can be seen in Figure 3, while there are no big differences in 

electronic densities around each atom, still electrons can be found slightly denser around oxygen and 

chlorine atoms. 

 

Figure 3. The total electron density of (a) 1A, (b) 2A, and (c) 3A. 

 

Molecular orbital analysis is crucial in establishing the compound's electrical and optical 

characteristics, as well as its chemical reactions [23]. The energies of HOMOs and LUMOs of 1A-3A 

are given in Figure 4 and Table 1. A substantial EHOMO value indicates a higher ability to donate 
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electrons, whereas a lower ELUMO value shows a higher tendency to accept electrons [17, 24]. The 

calculated HOMO energy values tabulated in Table 3 are -9.3607 eV, -9.5784 eV, and -9.4968- eV, 

for 1A-3A, respectively. Thus, the ability of 3A to donate electrons is lower than 1A, but it is higher 

than that of 2A. LUMO energy values of 1A-2A were found as -2.8028 eV, -2.9116 eV, and -2.6395 

eV, respectively. On the contrary, the ability of 1A to accept electrons is lower than 2A, but it is 

higher than that of 3A. When ΔE values for cationic parts of these complexes were considered, it was 

observed that they were 6.5579, 6.6668, and 6.8573 eV, respectively (Figure 1 and Table 1), implying 

that the complexes are rather stable. If we compare ΔE values for the cationic parts of complexes with 

each other, we realize that the energy gap (ΔE = ELUMO – EHOMO) of 1A is smaller, leading to lower 

kinetic stability and a higher chemical reactivity than those of 2A and 3A [17,25]. Furthermore, 

considering the type of transition metal in Figure 4, one can conclude that cationic parts of Ru(II) 

complexes 1A and 2A are more reactive than those of Ir(III) complex 3A.  

  

 

Figure 4. Frontier molecular orbitals (HOMO-LUMO) of 1A-3A calculated by DFT. 

 

The calculated chemical descriptors for 1A-3A, χ (electronegativity), η (chemical hardness), ω 

(electrophilicity), S (softness), and µ (chemical potential) have been given in Table 1 and Figures 5-7. 

A big ΔE indicates a hard molecule, whereas a small ΔE indicates a soft molecule. Because they could 

easily supply electrons to an acceptor, soft molecules are more reactive than hard ones [23].  When we 

look at Figure 5, we see that the hardness of 1A is lower (softness is higher, Table 1), since it has a 

lower ΔE value, implying that it is more reactive than the other cationic parts of complexes. 

Electrophilicity is the other theoretical descriptor that can be used to make a comment about the 

electron-accepting tendency of a molecule [17, 26]. The electrophilicity indexes of the presented 1A-

3A are 5.6402 eV, 5.8499 eV, and 5.3698 eV respectively, as seen in Figure 6. Electrophilicity 

indexes of 2A are higher than that of 1A and 3A, indicating that it has the strongest electrophilic 

character. As DFT calculations showed, 2A is also the most electronegative one (χ:6.2450 eV, Figure 

7, Table 1). Then, its chemical potential becomes -6.2450 eV (Table 1), because chemical potential (µ) 

is the negative of electronegativity [14]. 
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Figure 5. The calculated η (chemical Hardness) values of 1A-3A. 

 

 

Figure 6. The computed ω (electrophilicity) values of 1A-3A. 



Middle East Journal of Science  (2022) 8(1):16-25    htps://doi.org/10.51477/mejs.1099084    

 

 22 

 

Figure 7. The calculated χ (electronegativity) values of 1A-3A. 

 

Table 1. The calculated EHOMO, ELUMO, ΔE, and chemical descriptors (η (chemical hardness), S 

(softness), ω (electrophilicity), χ (electronegativity) and µ (chemical potential)) for cationic parts of 

complexes 1A-3A. 

Molecules 

 

E(HOMO) 

(eV) 

E(LUMO) 

(eV) 

ΔE 

(eV) 

η 

(eV) 

S 

(eV-1) 

ω 

(eV) 

χ 

(eV) 

µ  

(eV) 

1A -9.3607 -2.8028 6.5579 3.2790 0.3050 5.6402 6.0818 -6.0818 

2A -9.5784 -2.9116 6.6668 3.3334 0.3000 5.8499 6.2450 -6.2450 

3A -9.4968 -2.6395 6.8573 3.4287 0.2917 5.3698 6.0682 -6.0682 

 

4. Conclusion and Perspectives 

In conclusion, the molecular structure of the complexes of an ionic liquid-based chiral 

phosphinite ligand was successfully examined by using the Density Functional Theory (DFT). 

Molecular electrostatic potential and total electron density of cationic parts of the studied complexes 

indicated the existence of proper sites to attack electrophilic and nucleophilic substances. Calculated 

E(HOMO) & E(LUMO) values for three cationic substances are in line with the expectations for free cationic 

structures. We can see that E(HOMO) values are deep below zero (around -9.5 eV) while E(LUMO) values 

also meaningfully deeper than zero eV (around -2.8 eV). The lowest energy gap (ΔE) for 1A means 

that it is expected to behave chemically more reactive than 2A and 3A in solution as softer cation. On 

the other hand, 2A is the most electrophilic and the most electronegative one, therefore it is more 

likely become an effective target for nucleophilic attacks. Thus, as a main conclusion, we can say that 

according to fruitful DFT calculations, we gained further useful insight into the electrochemical 

behavior of the complexes.  
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Abstract: The current astrophysical data sets have implied that our universe has recently entered an 

accelerated expansion phase. In literature, it is commonly thought that the late-time speedy enlargement 

behavior is caused by mysterious dark contents (dark matter, dark energy, and dark radiation) that 

cannot be observed directly. Although Einstein's General Theory of Relativity has provided very 

successful theoretical explanations and predictions, it cannot explain the aforementioned unusual 

nature of the cosmos. This situation has led scientists to try to create a new theoretical model for the 

nature of dark content. The cosmological constant, scalar fields, unified energy densities, additional 

dimension ideas, and modified gravity theories are among the prominent point of view. In this research, 

the reverse-engineering method is mainly taken into account in the rainbow gravity formalism for the 

DBI-essence scalar field dark energy model. As it is known, scalar field models can be introduced with 

the help of some fundamental physics theories, but these theories do not provide a direct way to write 

explicitly the self-interaction potentials that we encounter in scalar field models. Therefore, the reverse-

engineering method used in this research takes a significant role while writing the self-interaction 

potential of a scalar field model. 
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1. Introduction  

According to the astrophysical experiments completed in recent years [1-4], our universe has 

entered an extraordinary period, in which it expands faster than expected. Cosmological data published 

by the Planck Research Group [4] indicates that the distribution of contents in our universe is found to 

be 4.9 % ordinary (or baryonic) matter (stars, galaxies, and everything including us), 26.8 % dark matter, 

and 68.3 % dark energy. The General Theory of Relativity [5] is expressed as follows: 

 𝑹𝝁𝝂 −
𝟏

𝟐
𝑹𝒈𝝁𝝂 = 𝟖𝝅𝑮[(𝝆 + 𝒑)𝑼𝝁𝑼𝝂 + 𝒑𝒈𝝁𝝂].       (1) 

The left side of this equation expresses the geometric structure of the space-time fabric, while the 

right side contains information about the energy-matter distribution. The quantities 𝑹𝝁𝝂, 𝑹, 𝒈𝝁𝝂, 𝑮, 𝝆, 

𝒑, and 𝑼𝝁written in the above equation correspond to the Ricci tensor, Ricci scalar, metric tensor, 

universal gravitational constant, energy density, pressure, and four-velocity vector, respectively. The 

General Theory of Relativity, which has reached the age of 107 and offers very successful results in the 

theoretical context, includes only the ordinary matter effect among the dominant contents of our 

Universe. Naturally, the need to reorganize and expand Einstein's General Theory of Relativity has 

emerged to explain the current observational data theoretically. According to the studies presented in 

https://dergipark.org.tr/mejs
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the literature, the following methods come to the fore: (i) changing the left side of the equation (modified 

gravity) [6-8], using the cosmology constant [9], making use of scalar field models [10-13]), (ii) 

changing the right side of the equation (introducing dark matter and dark energy density definitions [14-

16] or unified density models [17,18]). In this study, we mainly focus our attention on the reverse-

engineering method, which comparatively connects a scalar field definition and the rainbow formalism 

of gravity, which is a modified gravity idea that has been studied extensively in the literature [22,24]. 

As we emphasized in the summary of our study, some fundamental physics theories allow us to propose 

various definitions of scalar fields, but they do not offer useful methods, by which we can obtain explicit 

solutions for the self-interaction potential introduced in a scalar field model [10-13]. On the other hand, 

the very recent observation of gravitational waves, which was estimated first by Einstein via the General 

Theory of Relativity Theory [19], has increased the need for a successful quantum gravity model [20,21]. 

In this context, the rainbow formalism of gravity [22-24] stands out as a remarkable quantum gravity 

idea proposed recently in the literature. This formalism is basically built on the idea that "the energy of 

a test particle should affect the fabric of space-time" [22,23]. In this study, we discuss the results 

obtained by substituting the Friedmann-Robertson-Walker (FRW) type rainbow metric in equation (1), 

together with the (Dirac-Born-Infeld) DBI-essence scalar field dark energy model and compare them 

via the reverse-engineering method. 

In this study, the rainbow formalism and the DBI-essence scalar field model, which form the basis 

of the research, will be briefly introduced in the second section. Subsequently, our original calculations 

will be given in the third section. Finally, we will highlight the main results of our research and present 

some suggestions for possible future research in the final section.  

2. Materials And Methods 

2.1. Fundamentals of Rainbow Formalism 

Within the scope of this formalism, Magueijo and Smolin [23] defined a deformed equivalence 

principle and presented a dispersion relation, which is valid also in curvilinear coordinates. From a 

mathematical point of view, the rainbow formalism is basically represented by the following relation 

[23]: 

𝑓2(𝜀)𝐸2 − 𝑔2(𝜀)𝑝2 = 𝑚2 .         (2) 

Here, the quantities E and m represent energy and mass, respectively, while f(ε) and g(ε) are called 

rainbow functions [22-24]. On the other hand, the parameter ε corresponds to the energy of a test particle 

and it is written as  

𝜀 =
𝐸

𝐸𝑝𝑙
 ,            (3) 

where 𝑬𝒑𝒍 stands for the Planck energy. Various definitions [25-30] have been proposed in literature for 

the rainbow functions (the quantities γ, β and n that appear in some equations are arbitrary parameters): 
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𝒇(𝜺) =
𝟏

𝟏−𝜸𝜺
,     𝒈(𝜺) = 𝟏,         (4) 

𝒇(𝜺) = 𝒈(𝜺) =
𝟏

𝟏−𝜺
,           (5) 

𝒇(𝜺) = √𝟏 − 𝜺𝟐,    𝒈(𝜺) = 𝟏,                      (6) 

𝒇(𝜺) = 𝟏,    𝒈(𝜺) = 𝟏 +
𝜺

𝟐
,          (7) 

𝒇(𝜺) = 𝒆−
𝜺𝟐

𝟐 ,    𝒈(𝜺) = 𝟏,          (8) 

𝒇(𝜺) =
𝒆𝜷𝜺−𝟏

𝜷𝜺
,    𝒈(𝜺) = 𝟏,          (9) 

𝒇(𝜺) = 𝟏,    𝒈(𝜺) = 𝟏 + 𝜺𝒏.                     (10) 

The Friedmann-Robertson-Walker metric, which is the basis of cosmological studies and 

describes the geometric structure of the Universe, points to a homogeneous and isotropic structure and 

is expressed mathematically as follows [31] 

𝒅𝒔𝟐 = −𝒅𝒕𝟐 + 𝒂𝟐(𝒕)[𝒅𝒓𝟐 + 𝒓𝟐𝒅𝜽𝟐 + 𝒓𝟐𝒔𝒊𝒏𝟐𝜽𝒅𝜽𝟐]      (11) 

where the a(t) function is known as the scale factor and indicates an expanding geometry. Within  the 

scope of the rainbow formalism of gravity, the replacements 

𝒅𝒕 →
𝒅𝒕

𝒇
,     𝒅𝒙 →

𝒅𝒙

𝒈
,     𝒅𝒚 →

𝒅𝒚

𝒈
,     𝒅𝒛 →

𝒅𝒛

𝒈
               (12) 

transforms the Friedmann-Robertson-Walker metric into its rainbow gravity version [22-24]: 

𝒅𝒔𝟐 = −
𝟏

𝒇𝟐 𝒅𝒕𝟐 +
𝒂𝟐(𝒕)

𝒈𝟐 [𝒅𝒓𝟐 + 𝒓𝟐𝒅𝜽𝟐 + 𝒓𝟐𝒔𝒊𝒏𝟐𝜽𝒅𝜽𝟐],             

 (13) 

Thus, after using equation (13) in equation (1), the extended Friedmann equations are obtained as 

follows [22,23]: 

𝑯𝟐 =
𝟖𝝅𝑮

𝟑𝒇𝟐 𝝆 ,           (14) 

𝒅𝑯

𝒅𝒕
= −

𝟖𝝅𝑮

𝒇𝟐
(𝝆 + 𝒑) .            (15) 

The quantity 𝐇 =
𝟏

𝐚

𝐝𝐚

𝐝𝐭
 is known as the Hubble parameter in literature. Besides, after taking the above 

results into account at the same time, the following equation is obtained for the extended conservation 

equation [24] 

𝒅𝝆

𝒅𝒕
+ 𝟑𝑯(𝝆 + 𝒑) = 𝟎.            (16) 
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2.2. Fundamentals of the DBI-essence scalar field model 

This type of scalar field is described by the action integral [32]: 

 

𝑆 = − ∫ 𝑑4𝑥√−𝑔 [𝑇(𝜙) {√1 −
(

𝑑𝜙

𝑑𝑡
)

2

𝑇(𝜙)
− 1} + 𝑉(𝜙)] .      (17) 

 

Here, ϕ is the scalar field, g is the determinant of the metric tensor, V(ϕ) is the self-interaction potential, 

and T(ϕ) is the warped brane tension. Within the scope of this model, the energy density and pressure 

quantities are written as follows [33]: 

 

𝜌𝐷𝐵𝐼 = (𝜂 − 1)𝑇(𝜙) + 𝑉(𝜙) ,          (18) 

 

𝑝𝐷𝐵𝐼 = (𝜂 −
1

𝜂
) 𝑇(𝜙) − 𝑉(𝜙),          (19) 

 

where 

𝜂 = (1 −
(

𝑑𝜙

𝑑𝑡
)

2

𝑇(𝜙)
)

−
1

2

> 1  .        (20) 

Therefore, we see that it should be (
𝑑𝜙

𝑑𝑡
)

2
> 𝑇(𝜙)  [33]. In addition to this, we get the subsequent 

relation by making use of equations (18) and (19), 

 

𝜌𝐷𝐵𝐼 + 𝑝𝐷𝐵𝐼 = (𝜂 −
1

𝜂
) 𝑇(𝜙) .         (21) 

 

Note that this quantity must always take positive values [33]. Finally, the equation-of-state 

parameter for the DBI-essence scalar field model is obtained as follows: 

𝜔𝐷𝐵𝐼 =
𝑝𝐷𝐵𝐼

𝜌𝐷𝐵𝐼
=

𝜂2−1

𝜂
𝑇(𝜙)−𝑉(𝜙)

(𝜂−1)𝑇(𝜙)+𝑉(𝜙)
 .         (22) 

 

We can now apply the reverse-engineering method, which is based on the idea of making a 

comparison between the rainbow gravity formalism and the DBI-essence scalar field model, to the 

preliminary definitions and calculations. 

3. Results and Discussions 

From equations (14) and (15), the following relations are obtained for the energy density 𝜌 and 

the pressure p 

 

𝜌 =
3𝑓2

8𝜋𝐺
𝐻2 ,            (23) 

 

𝑝 = −
𝑓2

8𝜋𝐺
[

𝑑𝐻

𝑑𝑡
+ 3𝐻2].           (24) 

 

Thus, for the equation-of-state parameter, we reach the following result 
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𝜔 =
𝑝

𝜌
= −

𝑑𝐻

𝑑𝑡
+3𝐻2

3𝐻2  .          (25) 

 

According to the reverse-engineering method, one can assume 𝜌 = 𝜌𝐷𝐵𝐼 for the energy density, 

𝑝 = 𝑝𝐷𝐵𝐼 for the pressure, and 𝜔 = 𝜔𝐷𝐵𝐼 for the equation-of-state parameter. According to these 

assumptions, we can write 

 
𝑑𝜙

𝑑𝑡
:

𝜌𝐷𝐵𝐼+𝑝𝐷𝐵𝐼

𝜂
→

𝜌+𝑝

𝜂
 ,           (26) 

 

𝑇(𝜙): 
(

𝑑𝜙

𝑑𝑡
)

2
(𝜌𝐷𝐵𝐼+𝑝𝐷𝐵𝐼)2

(𝜌𝐷𝐵𝐼+𝑝𝐷𝐵𝐼)2−(
𝑑𝜙

𝑑𝑡
)

4 →
(

𝑑𝜙

𝑑𝑡
)

2
(𝜌+𝑝)2

(𝜌+𝑝)2−(
𝑑𝜙

𝑑𝑡
)

4        (27) 

 

𝑉(𝜙): 
(

𝑑𝜙

𝑑𝑡
)

2
𝜌𝐷𝐵𝐼−𝑝𝐷𝐵𝐼(𝜌𝐷𝐵𝐼+𝑝𝐷𝐵𝐼)

(
𝑑𝜙

𝑑𝑡
)

2
+𝜌𝐷𝐵𝐼+𝑝𝐷𝐵𝐼

→
(

𝑑𝜙

𝑑𝑡
)

2
𝜌−𝑝(𝜌+𝑝)

(
𝑑𝜙

𝑑𝑡
)

2
+𝜌+𝑝

 .       (28) 

 

When the expressions presented in equations (23) and (24) are used in equations (26), (27) and 

(28), the following results are obtained: 

 

𝑑𝜙

𝑑𝑡
= −

𝑓2

8𝜋𝜂𝐺

𝑑𝐻

𝑑𝑡
,           (29) 

 

𝑇(𝜙) =
𝑓4(

𝑑𝐻

𝑑𝑡
)

2

(8𝜋𝐺)2−𝜂2𝑓4(
𝑑𝐻

𝑑𝑡
)

2          (30) 

 

𝑉(𝜙) =
3𝑓4𝐻2𝑑𝐻

𝑑𝑡
−8𝜋𝐺𝜂2𝑓2(

𝑑𝐻

𝑑𝑡
+3𝐻2)

𝑓2𝑑𝐻

𝑑𝑡
−8𝜋𝐺𝜂2

 .         (31) 

 

At this stage, the results are given in equations (29), (30), and (31) can be used for a graphical 

analysis with the help of specific forms of rainbow functions (please check equations (4)-(10) introduced 

before) and some solutions of Hubble parameter. Three well-known Hubble parameter formulations are 

presented in Table 1. 

Table 1. Custom scale factor and Hubble parameter selections 

Phase 𝒂(𝒕) 𝑯(𝒕) 

Radiation phase [34] 𝑎0𝑡
1
2 

1

2𝑡
 

Matter phase [35] 𝑎0𝑡
2
3 

2

3𝑡
 

Energy phase [35] 𝑎0𝑒𝐻0𝑡 𝐻0 

 

As an example, when we use the choice of rainbow functions presented in equation (6) and the 

energy phase solution of the Hubble parameter, we get the following results: 

𝜙 = 𝜙0 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡,           (32) 

𝑇(𝜙) = 0            (33) 

𝑉(𝜙) = 3(1 − 𝜀2)𝐻0
2 .                      (34) 
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4. Conclusions 

The main purpose of this research is to apply a method that we can express mathematically the 

self-interaction potential quantity V(ϕ) of a scalar field dark energy model. In order to achieve this aim, 

the reverse-engineering between the rainbow gravity formalism and the DBI-essence scalar field 

definition has been studied. The effects of rainbow functions on the scalar field model have been clearly 

demonstrated from the calculations performed with the help of the rainbow gravity framework. It would 

be appropriate to emphasize here that it is possible to reach additional cosmological discussions by using 

the obtained theoretical results in a graphic analysis. On the other hand, we can expand our research by 

applying the comparative method introduced in this study to different scalar field models such as the 

tachyon [10], quintessence [12], k-essence [36], and the dilaton [37] fields. 
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Abstract: Cu2MnSnS4 (CMTS) thin films are affected by several parameters related to different 

annealing including sulphur flux rate. In this paper, nontoxic CMTS samples were fabricated onto a 

soda glass lime substrate by spin-coating to investigate the effect of various sulphur flux rates on the 

crystal, topological and optical properties by using X-Ray diffraction, scanning electron microscopy, 

atomic force microscopy, and ultraviolet-visible spectrophotometer, respectively. The X-ray diffraction 

pattern showed that CMTS films had a main (112) oriented peak and crystallized in a stannite structure. 

The crystal parameters of CMTS thin films were changed depending on the increase of sulphur flux rate 

annealed at 550 °C for 90 minutes. The minimum value of dislocation value for CMTS film annealed 30 

sccm sulphur flux rate showed the better crystallinity of the film. The scanning electron microscopy 

images of films showed a decrease in the particle size related to the increased flux of sulphur. AFM 

images showed that CMTS samples annealed at 40 sccm H2S: Ar had some clumping in the surface 

topology while CMTS samples annealed at 30 sccm H2S: Ar thin films were uniformly distributed. 

Ultraviolet-visible spectroscopy (Uv-vis) measurements of the thin films revealed that CMTS film 

absorbed a high amount of photons as the sulphur flux increased. The energy band gap for the CMTS 

films was 1.22 and 1.15 eV for 30 sccm and 40 sccm H2S: Ar, respectively. This work showed that 

different sulphur flux has a significant effect on the structural and morphological properties of CMTS 

thin films. 

Keywords: Sulphur Flux, Thin Film, Optical Properties, Absorbance 
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1. Introduction  

Recently, the requirement for energy is rapidly increasing in both developed and developing 

countries due to rapid population growth, industrialization, and many other reasons. It is not possible to 

compensate for this demand with fossil fuels. Therefore, the use of renewable, cheap, and clean energy 

sources has become compulsory instead of fossil energy resources consumed rapidly and consequently 

polluting the environment. In recent years, solar cell technologies of nanostructure thin film based on 

chalcogene thin-film materials, particularly CuInSe2 [1], CuInGa [2], and CdTe [3], are still used in 

most of the production of photovoltaic devices. Nevertheless, the scarcity of some materials including 

In and Te in the crust of earth limits the future of solar cells based on CIGS and CdTe, which the 

extremely expensive [4]. Another problem is that CdTe-based solar cells are a threat to both the 

environment and health because Cd is a toxic element [5]. Because of these problems, researchers have 

sought to find more abundant and harmless materials on the earth.  
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Therefore, direct band gap metal chalcogen thin films have greatly reduced production potential 

for both raw material and processing requirements in photovoltaic technology. Because Cu2ZnSnS4 

(CZTS) is one of the most exciting alternatives as an absorber layer in thin-film solar cells [6]. As an 

alternative to quaternary Cu2CoSnS4 (CCTS), CuInGaS2 (CIGS), photovoltaic absorbers have attracted 

considerable attention in recent years [7]. CMTS is a semiconductor with multiple applications [8,9]. 

Thus far, solar cells based on Cu2MnSnS4 absorbers with conversion efficiencies of up to PCE = 1.8% 

have been developed [10], which form a tetragonal crystal structure similar to kesterite. It has a direct 

bandgap at 1.61 eV and a high absorption coefficient [11]. Therefore, it may be resistant to cation 

disorder, similar to the stannite Cu2FeSnS4. Liang et al. describe the synthesis of stannite and wurtzite 

CMTS nanocrystals via a hot injection approach [12].  

CMTS is an excellent p-type semiconducting material that has high absorption coefficient, direct 

energy band gap varying between 1.1 and 1.3 eV [13-15], and non-toxic and abundant elements in the 

earth. CMTS solar cells reached an 8.4% yield [16]. Zou et al. found that the nature of the sulfur 

precursor determines the formation and phase purity of the CZTS material synthesized by the 

hydrothermal reaction. Furthermore, this phase-control mechanism can be expanded to other quaternary 

Cu2MSnS4 (M = Cd2+, Mn2+) nanocrystal syntheses, where the relative reactivity of M2+ and the sulfur 

precursor plays a key role [17].   

Shape-controlled topologies have a significant role in the thin film's properties in the nanoscale 

region. Also, a lot of metals can be employed as doping elements to improve the quality of crystalline 

thin films' properties with excellent physical and chemical properties of nanostructured thin films. There 

are various methods to accumulate CMTS absorbers. These methods include electrochemical technique, 

sol-gel spin coating method, pulsed laser fabrication, thermal evaporation chemical vapor deposition, 

and magnetron sputtering, [18-23]. The sol-gel spin coating technique has some advantages. Usually, 

the spin coating is less costly than other methods and requires a simple preliminary preparation. Also, 

the sol-gel spin coating is one of the best coating methods for obtaining homogeneous and controlled 

films. For instance, Liu et al. deposited both undoped and 10% Na-doped CZTS thin films using the 

spin coating technique. They have shown that Na doping can suppress deleterious antisite defects and 

increase the grain size of CZTS thin films. They also reported improving electrical properties (increase 

in carrier concentration, mobility, and conductivity due to the NaZn shallow acceptor defect. The study 

revealed that the power conversion efficiency of the CZTS-based solar cells increased by 44% after Na-

doping [24].  
Sulphur flux has a large impact on the structural and optical properties of CMTS film. Thus, to 

get more light on the understanding of the effect of sulphur flux on the physical properties of CMTS 

films, more experimental studies are necessary. Although there are studies on CMTS films, there is 

limited information on the effects of sulphur flux on the structural and optical properties of CMTS films 

using the spin coating technique. Maeda et al. studied the influence of sulfurization temperature on 

preheated CZTS thin films. They annealed the film between 350 and 600 ◦C for 1 h under a 5% H2S + 

N2 atmosphere. The structural properties of the films indicated that the suitable sulfurization temperature 

in this work is not lower than 400 ◦C because of the formation of secondary phases including CuxS and 

sulfurization at 560 ◦C is the optimum condition in terms of absorption coefficient [25].  

The structure and microstructure of synthetic CMTS depend, among other things, on the nature 

of these precursors. The development of methods to synthesize CMTS as an absorber in solar cells 

containing abundant metals that are commonly found on Earth is important to the photovoltaic 

community due to the similarity of its crystal structure and bandgaps compared with CZTS/CZTSSe, 

and alongside its increased abundance of Mn compared to Zn [26]. 

We studied the influence of H2S: Ar (1:9) flow on the structural, topological, and optical 

properties of CMTS film. In this study, CMTS samples were formed on glass substrate by using the spin 
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coating method with different annealing conditions in order to get more information about Cu2MnSnS4 

quaternary semiconductor which needed further widespread works on crystal structure, morphological 

and optical properties. The physical properties of CMTS thin films formed by different sulphur flux 

rates were investigated according to production conditions. The properties of the obtained thin film were 

analyzed by X-Ray diffraction (XRD) for crystal structure analysis, scanning electron microscopy 

(SEM), atomic force microscopy (AFM) for morphological properties, and ultraviolet-visible (UV–vis) 

spectrophotometry.   

2. Experimental 

2.1. Preparation of CZTS films  

Cu2MnSnS4 films at various annealing conditions were deposited on well-cleaned glass substrates 

by the spin-coated method at a 240 °C substrate temperature. CMTS thin films at two different annealing 

conditions were deposited by employing a solution containing 0.1 M cupric chloride (CuCl2), 0.1 M 

manganese chloride (MnCl2), and 0.1 M tin (II) chloride dihydrate (Cl2Sn.2H2O) as copper, manganese 

and tin source, respectively. 0.269 g of cupric chloride, 0.252 g of manganese chloride, and 0.451 g of 

tin (II) chloride dehydrate separately stirred in 20 ml of ethanol, glacial acetic acid (GAA), and a small 

amount of diethanolamine to regulate pH values for 3 h at 300 K.  During the preparation of homogenous 

solutions, manganese chloride solution was added into cupric chloride solution, and finally, the 

corresponding amount of tin (II) chloride dihydrate solution was added to manganese chloride/cupric 

chloride solution. To obtain clear films and remove any residual waste, the SLG substrates were cleaned 

by boiling in sufficient quantities mixture of H2O (distilled water), NH3 (ammonia), and H2O2 (hydrogen 

peroxide) at 105 °C and then in sufficient quantities mixture of H2O, H2O2, and HCl (hydrochloric acid) 

at 105 °C before fabrication process. Then, each SLG substrate was cleaned in deionized water for 3 

min and dried. After obtaining the final solutions and cleaning the substrates, the CMTS films with 

2:1:1stoichiometric ratios were spin-coated on substrates at a rate of 5000 rpm for 55 s in air condition. 

The final solutions were grown onto the substrate by layer and layer and obtained layers were preheated 

to 240 °C for 10 min in air condition which was seen in Figure1. Having obtained 10 layers of CMTS 

films, the obtained samples were gradually annealed in the furnace at 30 and 40 sccm H2S: Ar (1:9) 

flows for 90 minutes at 550 °C, respectively. The sample names were given CMTS (I) and CMTS (II) for 

30 sccm and 40 sccm sulphur flux, respectively. 

 

 
 

Figure 1. Spin coating processing of thin film 
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2.2. Characterization 

The structural properties including phase identification and crystallographic construction of the 

obtained films were recorded via X-ray diffractometer patterns with monochromatic Cu Kα radiation 

using a Bruker D8 Advance diffractometer. The effect of sulphur flux on the CMTS’s structural, 

morphological, and optical properties was investigated in this study. The structural properties including 

phase identification and crystallographic construction of the obtained films were recorded via X-ray 

diffractometer patterns with monochromatic Cu Kα radiation using a Bruker D8 Advance diffractometer 

in the 2𝜃 ranges of 20–60°, step size = 0.02°, step time = 1 s, 𝜆 = 1.54187Å and 40 kV operating 

voltage as well as the current of 40 mA. The surface morphology of the films was investigated by SEM 

FEI Quanta 250 FEG scanning electron microscopy and Park System XE-100 atomic force microscopy 

AFM. The absorbance and the change of optical energy band gap of the obtained samples were recorded 

with a UV-Vis Spectrophotometer between the wavelength of 1100– 300nm. 

3. Results and Discussion 

3.1. Structural properties 

XRD spectrum played a much more important role in determining the orientation of peaks and 

crystalline properties of the obtained samples.  Figure 2 displays the XRD data of the CMTS film related 

to sulphur flux rate annealed in a quartz furnace at 550 °C. The XRD patterns of the CMTS(I) sample 

which exhibited 2𝜃 ≈ 28.23° could be indexed to the (112) planes of the stannite CMTS thin film, and 

the weak diffraction peaks at 46.64° and 47.13° could be indexed to the (220) and (204) planes of CMTS, 

respectively. As seen in Figure 2, the fact that the XRD patterns of the sample annealed at 40 sccm 

sulphur flux rate exhibiting a considerable sharpening peak which indicates a strong main peak around 

2𝜃 ≈ 28.72° could be indexed to the (112) planes of the kesterite Cu2MnSnS4 thin film, and the weak 

diffraction peaks at 47.55°, and 56.40°, could be indexed to the (112), (204), and (312) planes of a single 

zinc-blende structure, respectively.  

 

 

 
                          

Figure 2. XRD pattern of CMTS thin film 
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These results showed that the samples crystallized in a single zinc-blende structure owing to the 

absence of (101), (220), (204), and (312) with the structure of kesterite Cu2MnSnS4. Yang et al. [27] 

indicated that CMTS films obtained by sol-gel method crystallized in a similar structure which was 

associated with the cations with the random distribution. All these films annealed at 30 and 40 sccm 

sulphur flux rate showed the main (112) oriented peak. The peak’s intensity and full width at half 

maximum (FWHM) value of the main XRD diffraction peak became sharp and narrower with the 

increase in the sulphur flux rate, CMTS(I) indicating that (112) orientation had better crystallinity. The 

calculated interplanar spacing (𝑑), the crystal size (𝐷), the values of strain, and the dislocation density 

(𝛿) of all peaks for the CMTS thin films were given in Table 1. As seen in Table 1, the position of main 

peak 112) planes shifted from 28.23° to 28.72° for the films with increasing H2S: Ar flow rate. This shift 

was attributed to the increase of sulphur flux rate effect on the crystal structure of the obtained CMTS 

samples. As the sulphur flux rate increased from 30 to 40 sccm, a decrease in the FWHM and a change 

in the intensity of the all CMTS peak obtained by XRD data could be seen in Figure 2. The D value of 

the CMTS thin film was the smallest (24.45 nm), corresponding to the (204) peak for 40 sccm H2S: Ar 

flows. The Scherrer's equation which was used to determine the 𝐷 value of obtained samples from the 

XRD data was described as:  

 

𝐷 = 𝑘𝜆/𝛽𝑐𝑜𝑠𝜃                                                                                                                           (1) 

 

where λ was the wavelength of the XRD measurement system (𝜆 = 1.540056 Å), 𝛽 was the 

maximum FWHM value of the peaks, 𝜃 was the Bragg's angle in degree, and 𝑘 was the constant which 

showed shape factor (𝑘 = 0.89). As seen in Table 1, the 𝐷 corresponding to the main planes for the 

sample annealed at 30 sccm (53.2 nm) was higher than the one acquired at 40 sccm sulphur flux rate 

(28.8 nm). The calculated results displaying the 𝐷 value of the CMTS films changed with Sulphur flux 

rate. The largest crystal size value of the main peak showed the good crystalline quality of the sample. 

Table 1. Crystal parameters of CMTS thin films grown by spin coating  

 

𝑑 values of the all CMTS quaternary semiconductor were calculated by the Bragg's equation [28]: 

 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                       (2) 

 

𝑛 was a constant which indicated the order of diffraction. The calculated interplanar spacing value 

of the 40 sccm sulphur flux rate thin films was lower than that of 30 sccm sulphur flux rate thin film 

(Table 1). 𝑛 was a constant which indicated the order of diffraction. As seen in Table 1, the calculated 

interplanar spacing value of the CMTS(II) thin film was lower than that of the CMTS(I) thin film.  

 

The 𝛿 value of CMTS film was calculated from the following relation [29]:  

 

𝛿 =
1

𝐷2                                                 (3) 

Sample 2θ(degree) Calculated 

d (Ǻ) 

FWHM 

(degree) 

Crystal Size 

(Ǻ) 

Strain Orientation 

 

CMTS (I) 

28.23 3.16 0.16 5.32 0.28 112 

46.64 1.95 0.20 4.54 0.20 220 

47.13 1.93 0.24 3.71 0.24 204 

 

CMTS (II) 

28.72 3.11 0.30 2.88 0.51 112 

47.55 1.91 0.37 2.45 0.37 204 

56.40 1.63 0.26 3.63 0.21 312 
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𝜀 value of all films which is one of the significant factors negatively affecting the crystal structure 

was calculated by the following equation [30]: 

 

𝜀 = 𝛽𝑐𝑜𝑠𝜃/4                                                                     (4) 

 

The calculated 𝛿 values of the main peak for 30 sccm sulphur flux rate changed between 3.54 x 

1014 m−2 and 7.25 x 1014 m−2. The calculated 𝛿 values of the main peak for 40 sccm sulphur flux rate 

changed between 7.62 x 1014 m−2 and 12.09 x 1014 m−2. The minimum value of calculated 𝛿 obtained for 

CMTS film annealed 30 sccm sulphur flux showed better crystallinity of the film because calculated 

𝛿 values were measurement of the amount of defect. As shown in Table 1, dislocation density displayed 

an increasing tendency from a value of 3.54 × 1014 m-2 to a value of 7.25 × 1014 m-2 and gave the smallest 

value of 3.54 × 1014 m-2 for the CMTS (I) thin film annealed at 550 °C, corresponding to the maximum 

value of crystal size. Since the dislocation value was a number of defects in a crystal structure, therefore, 

the minimum dislocation value obtained in CMTS (I) film approved the good crystallinity of the thin 

film. Very similarly, the strain value of the CMTS (II) sample for the main peak increased for the 

samples. Very similarly, the strain value of the annealed at 40 sccm H2S: Ar flows for the main peak 

increased for the samples. It was seen from these results that the increase of crystal size for CMTS thin 

film annealed at 30 sccm H2S: Ar flows was owing to the decrease in strain value. The 𝜀 value was 

consistent with the enlargement of the 𝑑 value of main plane. The formation of the defect center could 

be the induced presence of internal compressive strain [31]. A similar relationship between 𝐷 and 𝜀 and 

δ was reported. Chen et al. reported that obtained CMTS films were grown by sol-gel technique and 

annealed with the increase of temperature [32]. It was indicated that while the 𝐷 increased from 23.41 

to 46.82 nm, the strain of the samples decreased from 9.7 × 10−3 to 1.4 × 10−3 and the δ value displayed 

a decrease from 18 × 1014  to 7 × 1014 lines/m2 and obtained the lowest value of 4.5 × 1014 lines/m2 for 

the samples annealed at 580 °C in the furnace. 

3.2. Morphologic analyses 

The induced surface changes by varying sulphur flux were studied by SEM, as shown in Figure 

3(a-b). According to the SEM images in Figure 3 (a-b), the particle size reduction occurred when the 

annealing time duration was increased from 30 to 40 sccm sulphur flux rate. It could be suggested that 

an increase in the flux rate of sulphur could cause a decrease in particle size. Also, when the sulphur 

flux rate was increased from 30 to 40 sccm, the larger particles could be fragmented into smaller-sized 

particles. It was said that when the sulphur flux rate was increased, the particle growth deteriorated. The 

top observation SEM images displayed remarkable modifications with the variation of sulphur flux. 

Indeed, the film surface of the CMTS(II) sample was covered with randomly spread spherical grains in 

addition to visible agglomerated grains while the surface morphology of the CMTS(I) film appeared to 

be more uniform. These changes in surface morphology would have strong effects on optical properties 

including energy band gap and absorbance. Also, the SEM images of the samples were consistent with 

the crystal parameters acquired from XRD. In particular, there was a spongy growth containing tiny 

particles on the thin films [33] and larger particles were shaped on it. Conversely, region-by-region large 

particle size could occur at the high annealing temperature at high sulphur flux [33, 34]. The results 

from the study carried out by Olgar et al. of the surface topology of the thin films obtained by the sulphur 

flux rate at 550 °C annealed temperature utilizing different sulphurization times displayed similar results 

to our studies [35].  
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Figure 3 (a-b). a) SEM images of CMTS (I) film, b) SEM images of CMTS (II) film 

 

AFM images were obtained using Park System XE-100 to get the correlation between sulphur 

flux rate and the film topology. All the AFM images morphology was gained by scanning square areas 

of 12,5 µm × 12,5 µm at a temperature of 273 K. The figures showed the thin films with the structure 

of grain particles. The 3-D images of AFM of different annealing including sulphur flux rate were given 

in Figure 4. The figures indicated a 12,5 μm x 12,5 μm area of the thin films with the structure of rod-

like and grain particles. The results from obtained AFM images revealed that CMTS thin films were 

relatively smooth in the valley region while many crystals-like structures were in the hill region which 

displayed certain orientations. It was seen in AFM image that CMTS(II) sample had some clumping on 

its surface while the surface morphology of the CMTS(I) film appeared almost uniform. The CMTS 

film surface was not homogenous. It could be said that AFM images were consistent with the film 

structure acquired from SEM images.  

 

                           Figure 4. AFM images of CMTS(I) and CMTS(II) thin film, respectively 

3.3. Optical properties 

Absorbance and energy band gap is one of the most important optical parameters for CMTS thin 

film. Absorption of the thin films grown on substrates using spin-coating was measured in the range of 

1100–300 nm under monochromatic light. The absorption spectrum of the samples implemented by spin 

coating was shown in Figure 5. It was observed that as the sulphur flux rate of the obtained films 

increased, they absorbed a high amount of photons. Photon absorption of obtained thin films was 

reduced in the near-infrared wavelength region.  
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Figure 5. Absorption spectra of thin films 

 

It could be said that the change in absorption values was a result of the different crystal nature of 

the films and the Moss-Burstein effect [36]. The obtained results showed that the optical properties of 

CMTS films were modified depending on the sulphur flux rate. The variation in the absorption value of 

the films indicated that CMTS films could be applied in various optical applications including optical 

windows and this sample was suitable material for UV filter production. 

 

The band-gap (𝐸𝑔) of the CMTS samples was calculated using the relation of Tauc [37]. 

 

𝛼ℎ𝜐 = 𝐴(ℎ𝜐 − 𝐸𝑔)
2
                   (5) 

 

where 𝐴 is a constant, ℎ𝜐 is photon energy and the value of 𝑛 was taken to be 1 ⁄ 2. Figure 6. 

showed the plot of the optical energy band gap which was calculated by a straight line of (𝛼ℎ𝜐)2 (versus 

(ℎ𝑣)) in Tauc plot. As seen in the figure, the energy band gap was found as 1.22 and 1.15 eV for CMTS(I) 

and CMTS(II) thin film, respectively. According to XRD and SEM results, the crystal size decreased 

and the density of grain increased with the increase of H2S: Ar (1:9) flows. Thus, the possibility of the 

scattering of the electron at grain boundaries decreases, and electronic shift from the valence band to the 

conduction band occurs more easily, which outcomes in the decreasing of energy band gap value. 
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                           Figure 6. The energy band gap of thin films 

 

The seen change in 𝐸𝑔 value might be because of the difference in the crystallinity nature of the 

film. The decreasing of energy band gap values was owing to the effect of the change of crystalline 

quality in obtained films. Chen et al indicated that the (𝐸𝑔 ) values of CMTS quaternary semiconductor 

films were changed between 1.62–1.14 eV related to the temperature of post-annealing [32]. Yu et al. 

[38] reported that the energy band gap decreased related to the rise of the Cu/(Mn + Sn) ratio which 

improved the photovoltaic performance. Paier et al. reported that the energy band gap of films changed 

to higher energies as Cu/(Zn+Sn) decreased [39]. This change was due to the fact that the valance band 

of films was composed of a linear combination with antibonding between Cu 3d orbital and S 3p orbitals. 

Optical properties of samples were detected using conversion from Cu 3d/S 3p levels into conduction 

band; this could be attributed to changes in the band gap. 

4. Conclusion 

In summary, CMTS films were grown on a substrate of soda-lime glass by a spin coating method 

and annealed at 550 °C for 90 minutes in the furnace depending on the sulphur flux. The effect of sulphur 

flux on the structural, morphological, and optical properties of the film was investigated. It was observed 

that the CMTS(I) thin-film had (112) oriented main peaks with good crystallinity and low strain value. 

The XRD parameters including crystal size, dislocation density, and microstrain values were changed 

with increasing the H2S: Ar flow. The smallest value 3.54 × 1014 m-2 for the CMTS(I) thin film was 

annealed at 550 °C, corresponding to the maximum value of crystal size.  The crystallinity of the CMTS 

thin film was considerably improved at 30 sccm H2S: Ar flow. SEM images revealed that the larger 

particles could be fragmented into smaller-sized particles. AFM images revealed that CMTS thin films 

were relatively smooth in the valley region while many crystals-like structures were seen in the hill 

region. It was observed that the films absorbed a higher amount of photons as the sulphur flux increased 

and there is a decrease in the infrared region.  𝐸𝑔 values of the films were calculated as 1.22 and 1.15 

eV for CMTS(I) and CMTS(II), respectively. It is said that the H2S: Ar flow was effective on the energy 

band gap and the crystalline quality in obtained films. As a result, CMTS(I) with optimal properties was 

determined to be used as an absorber layer in a solar cell and the variation in the absorption value of the 

films indicated that CMTS(I) flux could be also applied in various optical applications including optical 

windows and UV filter production. In this study, we experimentally showed that the cationic 
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substitution of Zn by Mn could change the physical properties including absorbance and energy band 

gap of CZTS material. 
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Abstract: BK (large conductance Ca2+-activated potassium) channels are expressed in myocytes, but 

changes in their molecular levels in the presence of oxidative stress are not clear yet. Determination of 

the molecular effects of various oxidative stress conditions may reveal the possible mechanism and 

potential therapeutic effects. In the present study, isolated rat soleus muscle where KCNMA1 genes 

encoding BK channel protein expressed widely in skeletal muscle, were exposed to cyclopiazonic acid 

(CPA) and hydrogen peroxide (H2O2) as oxidative stress inducers. A streptozotocin-induced diabetes 

mellitus model was also used to demonstrate the effects of an endogenous source of oxidative stress. 

Moreover, NS1619, a BK channel opener, was used to determine whether activation of the channel re-

regulated the channel expression. After the incubation periods, KCNMA1 gene expression levels in each 

group were determined by real-time PCR experiments. While CPA and H2O2 decreased KCNMA1 

expression significantly, the expression did not change under the systemic diabetes mellitus condition. 

However, the transcriptional level significantly decreased in diabetes in the presence of H2O2. On the 

other hand, KCNMA1 expression was re-regulated back to the control level by the addition of NS1619 

in only H2O2 groups. The results demonstrated for the first time that acute oxidative stress, rather than 

systemic conditions, affects the KCNMA1 gene expression level in skeletal muscles. The study also 

showed the effects of NS1619 on the regulation of the transcriptional levels of BK channel protein under 

hydrogen peroxide conditions. 
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1. Introduction  

Large conductance Ca2+ activated K+ (BK) channels, one of the diverse groups of potassium 

channels, have crucial roles in the regulation of membrane potentials. The channels are expressed in 

many cells, including muscles and nerves, and they are responsible for many physiological and 

pathophysiological processes due to their unique negative feedback mechanism in determining 

intracellular calcium concentration [1, 2]. Given their important role in vasodilation/vasoconstriction, 

functional changes in the channels in smooth muscles may result in arterial hypertension or hypoxia [3]. 

BK channels also control cardiac pacing and heart rhythm [4, 5]. Moreover, the channels located at 

presynaptic regions in the central nervous system (CNS) regulate neurotransmitter release and neuronal 

firing by modulating K influx and the intracellular Ca2+ concentration [6, 7]. Therefore, an imbalance or 

dysregulation in the function of the channel may lead to important CNS diseases, such as epilepsy and 

cerebral ischemia [6]. The BK channels are also expressed in skeletal muscles, besides smooth and 

cardiac muscles. Dysregulations in normal BK channel activity are often associated with 

hyper/hypokalemic periodic paralysis [8]. In addition, the alpha subunit of the BK channels which is the 
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functional unit including the pore-forming structure is encoded by KCNMA1 gene and is located on 

chromosome 10 (10q22.3) in humans [2]. Alterations in KCNMA1 gene expression have also been linked 

to some diseases including temporal lobe epilepsy [9] and breast cancer [10]. Moreover, more than 10 

KCNMA1 mutations that change the normal activity of the BK channel, have been identified [2]. 

Considering the striking relations between BK channels and such diseases, targeting the regulation of 

these channels through gene therapy and activating/blocking the channels are important treatment 

approaches that should be developed in the future [8, 11, 12].  

Reactive oxygen species (ROS) are maintained at relatively low levels in healthy tissues, and they 

participate in many physiological processes, such as apoptosis and protein phosphorylation. However, 

their production is balanced with antioxidant defense systems otherwise, excessive amounts of ROS can 

result in cellular damage, which is called “oxidative stress”. Moreover, there are many oxidative stress-

related diseases, such as cancer, and cardiovascular or neurodegenerative diseases [13, 14].  ROS are 

generated in not only metabolic conditions but also in contraction activities in skeletal muscles [15]. 

However, an abnormal increase in the ROS level commonly leads to muscle fatigue associated with 

intense exercise. In an extreme situation, it can lead to muscle degeneration and muscle loss if oxidative 

stress increases further and is not prevented by antioxidant mechanisms [15, 16]. On the other hand, the 

modulatory effect of ROS on BK channels has been shown in many different cells and tissues [17]. 

Hydrogen peroxide (H2O2), which is a non-radical ROS, changes the opening probability and activities 

of the channels in HEK cells or the coronary artery [18, 19]. However, the effect of ROS on BK channels 

in skeletal muscles is not clear, even though it is well known that there is a significant expression of the 

channels in these muscles. It has been shown that BK channels are more expressed in slow-twitch rat 

fibers than in fast-twitch fibers [8, 12].  

Oxidative stress can be induced endogenously or exogenously. One of the main associated 

diseases related to oxidative stress is diabetes. Excessive ROS production is linked to hyperglycemia 

and vice versa [20, 21]. While some chemicals are introduced exogenously, such diseases can be an 

endogenous source of oxidative stress. Therefore, the present study aimed to determine the effects of 

various endogenous and exogenous oxidative stress conditions on the KCNMA1 gene in rat soleus 

muscles having slow-twitch fibers. On the other hand, NS1619, a BK channel activator, reverses the 

effects of oxidative stress on the channel in various conditions, while its effect at the gene level is 

unclear. Therefore, the present study also aimed to determine the effect of NS1619 on the channel gene 

expression. 

2. Material and Methods 

2.1. Animals 

All experimental procedures involving animals in the study were approved by Cukurova 

University Local Ethics Committee on Animal Experiments (Decision Date: 24.08.2017; Decision 

Number: 7). In the present study, thirty-two adult male Wistar albino rats, weighing approximately 250-

300 g, were kept in stable laboratory conditions with a 12h:12h photoperiod and 22±1 °C room 

temperature during all animal experimental procedures. They were given free access to standard food 

pellets and water. Rats were equally and randomly divided into groups of controls and diabetes, before 

incubation processes. 

2.2. Induction of diabetes by streptozotocin (STZ) injection 

In the present study, animals in the diabetes groups were injected with 45 mg/kg STZ (Sigma 

S0130) as described earlier [22]. Rats in the control groups were injected with equivalent physiological 

saline. Blood glucose levels should be >250 mg/ dL to define diabetes mellitus (DM) which is correlated 
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with hyperglycemia [23]. Hyperglycemic conditions in the diabetes groups were confirmed by 

measuring the blood glucose levels 3 days after the injection. The hyperglycemic indexes of the animals 

were checked every week for 4 weeks. 

2.3. Exogenous incubations 

After the rats were euthanized with an overdose of isoflurane, both soleus muscles of each rat 

were immediately dissected by sterile surgical techniques. Afterwards, the tissues were placed in an 

organ bath containing Krebs solution (112 mM NaCl, 5 mM KCl, 25 mM NaHCO3, 1 mM 

NaH2PO4, 0.5 mM MgCl2, 2.5 mM CaCl2, and 11.5 mM glucose; pH 7.4) and were aerated with 

95% O2 and 5% CO2 at 37°C. Chemicals used in the present study were added to the bath solution 

by an appropriate micropipette following a stabilization period for the tissues of about an hour. During 

the experiments, the tissues were incubated with 1 mM H2O2, 30 µM NS1619, or 20 µM cyclopiazonic 

acid (CPA), which produces oxidative stress [24]. 

After the end of the incubation period, the tissues were taken from the tissue bath, freeze shocked 

in liquid nitrogen, and stored at -80 °C. 

2.4. mRNA expressions 

In the present study, RNA isolation of the soleus tissues was performed by using a Nucleozol 

reagent (Macherey Nagel-MN). For this purpose, tissues were homogenized first with the help of a glass 

homogenizator containing 1 mL of the Nucleozol solution. RNA was isolated by following the steps of 

the kit instructor’s manual, and cDNA samples were synthesized by using high‐capacity cDNA reverse 

transcription kit (Applied Biosystems) in a total of 20 µL. 

Expression levels of the KCNMA1 gene in each group were determined by real-time PCR 

experiments. After the preparation of a 20 µL reaction mix containing 1 µL of cDNA sample, 10 µL of 

GoTaq qPCR master mix (Promega), 0,5 uL of each primer and 8 µL of RNase-free water, a conditional 

temperature program was performed (95 °C for 2 min for a cycle, 95 °C for 15s, and 60 °C for 60 s for 

40 cycles) for the reaction mix in a Biorad CFX96 thermal cycler. 

Expression levels in each group were determined by a relative quantification method known as 

the 2-ΔΔCt method [25]. GAPDH was used as a housekeeping gene in the study. 

KCNMA1 and GAPDH gene amplification primers used in the study are shown in Table 1. 

Table 1. Primers used in the study 

Primer Name Genbank Accession Code Primer sequences (5’3’) 

KCNMA1-Forward 
NM_031828.2 

AAGGGCTGTCAACATCAACC 

KCNMA1-Reverse CTGTCCATTCCAGGAGGTGT 

GAPDH-Forward 
NM_017008.4 

AAGATGGTGAAGGTCGGTGT 

GAPDH-Reverse TGACTGTGCCGTTGAACTTG 

2.5. Statistics 

In the study, one-way ANOVA (performed in GraphPad Prism 5.0) was used to indicate statistical 

significance between groups (p <0.05). Data analysis results have been presented as mean ± SEM. 
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3. Results 

3.1. The effects of muscle incubations with H2O2 and H2O2 +NS1619 on the KCNMA1 expression 

level 

Incubation of the soleus muscles with H2O2 (1 mM) for 60 minutes led to a statistically 

significant reduction in the BK channel expression at the transcriptional level (Fig 1). Hydrogen 

peroxide decreased the KCNMA1 expression by 70% (0.296 ± 0.06). In order to determine the effects 

of NS1619 on oxidative stress via BK channels, muscles were incubated with H2O2 (1 mM) and NS1619 

(30 µM) (H2O2 + NS1619) in a tissue bath for an hour. The gene expression levels also decreased (0.747 

± 0.14) but the difference was not statistically significant when compared to that in the control group. 

More importantly, gene expression levels for H2O2 and H2O2 + NS1619 were significantly different. 

 

Figure 1. Effect of H2O2 and NS1619 on KCNMA1 expression. The soleus muscles were incubated 

with H2O2 (1 mM), and H2O2 (1 mM) + NS1619 (30 µM). Each group’s data were normalized 

to control data. Bars indicate mean ± SEM, n = 6-8 (each measurement performed in 

duplicated). * demonstrate the difference between control and H2O2 (p < 0.05), and ** 

demonstrate the difference between H2O2 and H2O2 + NS1619 (p < 0.05). 

3.2. The effects of CPA on the KCNMA1 gene expression level 

Muscles were incubated for 1 hour with CPA, a SERCA (Sarco/Endoplasmic Reticulum 

CaATPase) inhibitor. The KCNMA1 transcriptional level decreased with the presence of CPA (0.275 ± 

0.07) (Fig 2). The difference was statistically significant when compared to that in the control group. In 

addition, the KCNMA1 gene expression level was significantly different in the CPA + NS1619 group 

when compared to that in the control group, as the gene expression level was 0.473 ± 0.07 in the CPA 

+ NS1619 group. In the meantime, there were no meaningful differences in terms of the BK channel 

transcriptional level between the CPA and CPA + NS1619 groups. 
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Figure 2. Effect of CPA and NS1619 on KCNMA1 expression. The soleus muscles were incubated with 

CPA (20 µM), and CPA (20 µM) + NS1619 (30 µM). Each group’s data were normalized to 

control data. Bars indicate mean ± SEM, n = 6-8 (each measurement performed duplicated). * 

demonstrate the difference between the control group and the other groups (p < 0.05). 

 

3.3. KCNMA1 gene expression level under diabetic conditions. 

In the study, at first, the KCNMA1 gene expression level in the soleus muscles in the STZ-induced 

diabetes groups was compared to that in the control group (Fig 3). Although the gene expression 

decreased under diabetic conditions (DM group: 0.848 ± 0.18), the difference was not statistically 

significant when compared to that in the control group. Then, the soleus muscles in the DM group were 

divided into the DM + H2O2 and DM + H2O2 + NS1619 groups, and each group was incubated with the 

stated chemicals for an hour. The gene expression in the DM + H2O2 group significantly decreased when 

compared to that in the control group (0.311 ± 0.04). Moreover, KCNMA1 gene expression did not 

change significantly in the DM + H2O2 + NS1619 group when compared to that in the control group 

(1.009 ± 0.11). However, the difference between the DM + H2O2 and DM + H2O2 + NS1619 groups was 

statistically significant. 
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Figure 3. Relative KCNMA1 expression under diabetic conditions. Each group’s data were normalized 

to control data. DM soleus muscles were also incubated with H2O2 (1 mM), or H2O2 (1 mM) 

+ NS1619 (30 µM). Bars indicate mean ± SEM, n = 6-8 (each measurement performed 

duplicated). * demonstrate the difference between the control and DM + H2O2 groups (p < 

0.05),** demonstrate the difference between the DM and DM + H2O2 groups (p < 0.05), and 

*** demonstrate the difference between the DM + H2O2 and DM + H2O2 +NS1619 groups (p 

< 0.05). DM: diabetes mellitus. 

 

4. Discussion 

The present study demonstrated the transcriptional effects of various oxidative stress conditions 

on BK channels in skeletal muscles in terms of the changes in the KCNMA1 gene that encodes the 

channel protein. In addition, the effect of channel activation on this stress was also examined through 

changes in the KCNMA1 expression level. 

Oxidative stress was induced by 3 methods in this study. Hydrogen peroxide is widely used as an 

oxidative stress agent in many studies [26]. Its production is increased during normal skeletal muscle 

exercise [27]. Moreover, H2O2 affects the release of Ca2+ from sarcoplasmic reticulum vesicles via 

ryanodine binding in skeletal muscles dose-dependently [28]. Therefore, we used H2O2, which has such 

a direct effect on the functionality of skeletal muscles, to generate oxidative stress in this study. In 

addition, previous studies have also shown the effects of H2O2 on BK channels. Byckhlow et al. showed 

that 1 mM H2O2 changed the channel activity in human endothelial cells [29]. Another study showed 

that hydrogen peroxide affected the membrane potentials via BK channels [30].  

The present study demonstrated that incubation with H2O2 significantly decreased the KCNMA1 

gene expression level in skeletal muscles. To the best of our knowledge, the data are the first to show 

the effects of oxidative stress on BK channels at the transcriptional level. However, there were no 

meaningful expression changes in the presence of both H2O2 and a BK channel opener, NS1619.  The 

results strongly indicated that NS1619 abolished the transcriptional effects of H2O2 on BK channels in 

skeletal muscles. Previous studies have demonstrated that NS1619 protects cells from H2O2-induced 

cytotoxicity, including neurons, epithelial cells, and astrocytes [31-33]. However, the present study 

demonstrated the reverse effects of a BK channel opener on H2O2-induced transcriptional dysregulation 

of KCNMA1. 
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Another factor that causes oxidative stress is the increase in Ca2+ concentration [34, 35]. 

Furthermore, CPA triggers a robust Ca2+ increase by blocking Ca2+-ATPase [36], and such blocking 

induces oxidative stress [24]. Therefore, in the present study, CPA was used as another oxidative stress 

agent, which significantly inhibited the KCNMA1 gene expression. Although the presence of NS1619 

hindered the decrease in the gene expression level, the expression level did not return to the control level 

in the CPA+NS1619 group. BK channels are regulated in various signal pathways in different cells [37-

39]. Considering the fact that NS1619 incubation did not make any difference to the transcriptional 

levels of KCNMA1 in the presence of CPA, unlike in the case of H2O2, it could be claimed that NS1619 

may show its transcriptional effects on BK channels via the mechanisms where H2O2 is active. 

Previous studies have shown cells in systemic pathologies, such as diabetes mellitus, are exposed 

to oxidative stress at varying levels compared with healthy cells. In addition, many stress pathways are 

also activated in diabetes [40, 41]. Therefore, KCNMA1 gene expression in the soleus muscles of 

diabetic rats was investigated, since diabetes was considered an oxidative stress inducer in the present 

study. Although the gene expression level decreased in the DM group, the change was not statistically 

significant. It is argued that various signaling pathways for a cell adapt to different stress conditions 

caused by DM or excessive ROS production [42]. Moreover, the findings of the present study may 

correlate with previous findings that the function of the BK channels may have been impaired, although 

the protein expression did not change [43]. In addition, a significant decrease in KCNMA1 gene 

expression in diabetes with hydrogen peroxide may demonstrate that the transcriptional changes of the 

BK channel may result from the acute effect of hydrogen peroxide application. On the contrary, the 

metabolic system may have adapted the gene expression levels through feedback mechanisms in long-

term diabetes conditions. In the present study, NS1619 reversed the gene expression level back to that 

in the control group in dual oxidative stress conditions (H2O2 plus diabetes). The results may again 

demonstrate that BK channel activation shows its regulatory effect via H2O2 active pathways. In previous 

studies, it was stated that NS1619 exerts its protective effect against cytotoxic agents through other 

pathways that are independent of the activation of the channel [44]. 

In conclusion, the present study showed that KCNMA1 gene expression levels differed under 

various oxidative stress conditions. Moreover, the change in the expression could be dependent on the 

acute effects of oxidative stress. NS1619 re-regulated the channel expression back to levels seen in the 

control's under only hydrogen peroxide conditions. The results may suggest that this activator could be 

a useful potential therapeutic agent against diseases resulting from hydrogen-peroxide-induced 

oxidative stress. However, the topic requires further molecular research, since hydrogen peroxide could 

also have harmful effects as a DNA damager and apoptosis inducer for cells in addition to oxidative 

stress [45, 46]. Therefore, more experiments should be carried out in which the other effects of H2O2 are 

taken into account and evaluated. 
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Abstract: Total globozoospermia is diagnosed by the presence of 100% round-headed spermatozoa 

without acrosomes. It is still unclear whether patients whose ejaculate contains both normal and 

globozoospermic cells (partial globozoospermia) suffer from a variation of the same syndrome. Affected 

men may experience decreased fertility and even infertility. In some cases, an increased number of cells 

with DNA fragmentation has also been observed in patients with globozoospermia..In this study, 

standard semen analysis methods in accordance with WHO criteria were applied to infertile male 

patient groups consisting of 20 normozoospermic and 20 oligozoospermic individuals who were 

admitted to our clinic. Age and sperm parameters (volume, vitality, concentration, total motility, and 

morphology) were determined and statistically analyzed in normozoospermic and oligozoospermic 

infertile men. Sperms were stained with the Eosin-Nigrosin method and were visualized under an 

immersion lens light microscope and evaluated for vitality. The slides were stained using sperm staining 

solutions with the Spermac technique and the sperms were evaluated morphologically. Sperm DNA 

fragmentation damage was evaluated by the acridine orange staining method. Our results revealed that 

sperm morphological features (Kruger test) and sperm DNA fragmentation, obtained with various 

staining techniques, are important in the clinical approach to male infertility and ART methods, and 

should be used together. 
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1. Introduction 

World Health Organization (WHO) defines infertility as the inability to achieve pregnancy despite 

unprotected and regular sexual intercourse for 12 months or longer [1]. Despite the chance of conceiving 

in a healthy couple is 85-90% in twelve months and 75% in six months, this rate decreases to 20-25% 

in one month [2-6]. In women over 35 years of age, the inability to achieve pregnancy despite regular 

sexual intercourse for 6 months without protection is an indication to start the process of diagnosis and 

treatment [2, 6, 7]. The promising results of Assisted Reproductive Therapy (ART) and the increase in 

the number of couples using these methods have caused an increase in treatment applications and paved 

the way for developments in this field [8]. Evaluation of the female factor is an important criterion in 

diagnosis and treatment in infertile couples who admit for treatment [9]. It has been observed that the 

advanced age of the patient causes a decrease in the oocyte reserve and the quality and the number of 
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embryos, the frequency of aneuploidy, implantation rates, and an increase in the fragmentation rate in 

the embryo [10, 11]. 

1.1. DiagnosticTests in Male Infertility 

While semen analysis is at the beginning of the application to help the evaluation and diagnosis 

of men in terms of infertility, it is very important to evaluate non-sperm cells and determine the steps 

for diagnosis and treatment with functional tests. 

Semen Analysis: During semen analysis; fresh semen obtained after at least 48 hours of sexual 

avoidance is evaluated. The number, motility, and morphological structure of sperm are determined by 

these analyzes [12]. 

 Macroscopic Examination: The priority in semen analysis is to start inspection with the 

unaided eye. In order to minimize the effect of environmental conditions on semen quality; 

analysis should be performed within the first 30-60 minutes after ejaculation [13]. During these 

examinations, color, liquefaction, viscosity, volüme, and pH are evaluated. 

 Microscopic Examination: For the examination of liquefied fresh semen preparations, the use 

of phase-contrast microscopy is recommended. During these examinations, concentration, 

vitality, motility, and morphology are evaluated [14,15]. 

Sperm DNA Damage (Sperm DNA Fragmentation = SDF) 

Although there is not enough information about the causes and mechanisms of sperm DNA 

damage today, three fundamental mechanisms are mentioned. These are; anomalies in sperm chromatin 

packaging, apoptosis, and oxidative stress [16]. 

Total globozoospermia is diagnosed by the presence of 100% round-headed spermatozoa 

without acrosomes. In some cases, an increased number of cells with DNA fragmentation has also been 

observed. This study aims to determine the semen parameters, globozoospermia, and DNA 

fragmentation rates in normozoospermic and oligozoospermic cases and to investigate their relationship 

with male infertility. 

2. Materials and Methods 

Working Groups: Normozoospermic and oligozoospermic semen samples were obtained from 

patients aged 21-44 years who applied to Diyarbakır Dicle University Hospital Urology policlinic. All 

patients were informed about patient data confidentiality and data sharing, and a written consent form 

was obtained from all the patients. 

Semen Supply and Analysis: Semen samples were taken from patients who came to the urology 

outpatient clinic and abstained from sexual abstinence for 2-7 days. Parameters were evaluated such as 

duration of sexual abstinence, volume, color, viscosity, and liquefaction time. 

Vitality Assessment by Eosin-Nigrosin Administration: One drop (1µl) of semen was mixed 

with two drops (2µl) of Eosin-Y in an experiment tube. After 30 seconds, 3 drops of Nigrosin were 

added and mixed gently. Thus, dead cells were stained red, and living cells were not. 

Preparation of Sperm with Swim-Up Technique: The prepared tube was incubated at 37°C, at 

an angle of 45°, for 30-60 minutes. The supernatant was aspirated and discarded. 

Evaluation of Sperm Concentration and Motility: It was evaluated according to WHO 

classification: Fast-forward motile sperm (+4), Slow-forward motile sperm (+3), Insitu-motile sperm 

(+2), Immotile sperm (+1) [14]. 

Sperm Staining and Morphology Evaluation: The preparations were stained with the spermac 

method. 



Middle East Journal of Science  (2022) 8(1):56-63       https://doi.org/10.51477/mejs.1095136 

 

 58 

Evaluation of Sperm DNA Fragmentation: Sperm samples fixed with Carnoy fixative for one 

hour were stained with AO dye for 5 minutes in the dark and examined under a fluorescence microscope. 

Statistical Analysis 

The normality control of the data was tested with the Kolmogorov Smirnov Test. The student's 

T-test was used for statistical analysis. The level of significance was accepted as a p=0.05 limit. 

3. Results 

Forty voluntary infertile male individuals were included in this prospective study. Semen analyzes 

were performed on a total of 40 patients, 20 of them were normozoospermic patients and the rest of 

them were oligozoospermic study group patients, who met the study criteria. Sperm samples were 

evaluated morphologically and DNA fragmentation indexes were investigated. 

3.1. Vitality in Normozoospermic and Oligozoospermic Cases 

Sperms stained with the Eosin-Nigrosin method were evaluated for vitality. Live and dead sperms 

were visualized under the x100 immersion objective light microscope (Figure 1). 

 

Figure 1. Live and dead sperms 

3.2. Morphology in Normozoospermic and Oligozoospermic Cases 

Sperms stained with the spermac method were evaluated morphologically. Normal (Figure 2) and 

abnormal morphological sperms were visualized under an x100 immersion objective light microscope 

(Figure 3). 

 

Figure 2. Normal morphological sperm 
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Figure 3. Abnormal morphological sperms 

3.3. DNA Fragmentation in Normozoospermic and Oligozoospermic Cases 

 Sperm stained with acridine orange method were evaluated for DNA fragmentation. By looking 

at one hundred sperm, the percentages of damaged and healthy sperm were calculated. It was visualized 

by fluorescence microscopy with an x100 immersion objective (Figure 4). 

 

Figure 4. Sperm stained with acridine orange method 

3.4. Statistical Findings 

The statistical analysis results of the mean values of age, sperm parameters, globozoospermia 

incidence, and DNA fragmentation in normozoospermic and oligozoospermic infertile men are 

presented in Table 1.  

The mean ages of normozoospermic and oligozoospermic infertile men were found to be 28.80 ± 

5.473 years and 29.05 ± 3.348 years, respectively, and there was no statistically significant difference 

between the groups (p = 0.86) (Table 1). 

While the sperm volume was 1,700 ±.9921 ml in normozoospermic infertile men, it was found as 

1,700 ±.8176 ml in oligozoospermic men, and no significant difference was found (p =1.00) (Table 1). 

The mean sperm concentration of normozoospermic and oligozoospermic infertile men was 83,945 ± 

45.4547 106/ml and 10,910 ± 3.6092 106/ml, respectively, with a statistically significant difference (p 

= 0.000) (Table 1). 

Total motility was found to be significantly higher in normozoospermic men (62.80 ± 19.691) 

compared to oligozoospermic individuals (44.35% ± 6.368 ) (p=0.001). Sperm morphology rates 

(Kruger) were found to be significantly higher in normozoospermic males (11.40 ± 6.870%) than in 
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oligozoospermics (5.15 ± 4.246%) (p=0.001). The mean vitality percentages of normozoospermic and 

oligozoospermic infertile men were found to be 71.80 ±13,387% and 65.30±15.941%, respectively,  and 

no significant difference was detected (p = 0.17). 

In addition, the mean rate of globozoospermia in normozoospermic and oligozoospermic male 

groups was 2.3500 ± 2.27746% and 19.7778 ± 20.09597%, respectively, and it was determined that 

there was a significant difference between the groups (p = 0.001) (Table 1). Sperm DNA fragmentation 

rates were 16.55 ± 6.304% and 22.75% ± 10.627% in normozoospermic and oligozoospermic male 

groups, respectively, and were significantly higher in oligozoospermic males compared to 

normozoospermic males (p = 0.03). (Table 1). 

Table 1. Statistical analysis results of age, sperm parameters, the incidence of globozoospermia and 

mean values of DNA fragmentation in normozoospermic and oligozoospermic infertile men. 

 Groups n mean 
Standard 

deviation 
Student’s T 

Age 
N 20 28,80 5,473 t=-0,174 

p=0,86, NS O 20 29,05 3,348 

Volume (ml) 
N 20 1,700 ,9921 t=00 

p=1,00, NS O 20 1,700 ,8176 

sperm concentration 

(Million/ ml) 

N 20 83,945 45,4547 t=7,163 

p=0,000, S O 20 10,910 3,6092 

Total motility (%) 
N 20 62,80 19,691 t=3,987 

p=0,001, S O 20 44,35 6,368 

Morphology (Kruger) (%) 
N 20 11,40 6,870 t=3,461 

p=0,002, S O 20 5,15 4,246 

Vitality (%) 
N 20 71,80 13,387 t=1,317 

p=0,17, NS O 20 65,30 15,941 

Globozoospermia rate (%) 
N 20 2,3500 2,27746 t=-3,854 

P=0,001, S O 20 19,7778 20,09597 

DNA fragmentation index (%) 
N 20 16,55 6,304 t=-2,244 

p=0,03, S O 20 22,75 10,627 

t: Student T-test; p: Mann Whitney p değeri; NS: nonsignificant, S: significant; n: number of subjects; N: normozoospermic 

group; O: oligozoospermic group. 

4. Discussion 

Globozoospermia is a rare but serious condition that can cause male infertility and is characterized 

by sperm morphology disorder. Globozoospermia was first defined as 'Rundkopfspermatozoen', which 

means round-headed spermatozoa in German, in the light of light microscopic analyzes performed by 

Myhöfer in 1965 [17]. In the case reports published in the following years, the morphological and 

etiological aspects of globozoospermia were emphasized [18]. Despite all this time, the genes 

responsible for globozospermia or the patterns of heredity remain unclear [19]. 

It has been reported that there are many differences between normozoospermic and 

oligozoospermic infertile men in terms of various semen parameters such as volume, motility, and 

vitality [20]. In these studies, it was reported that semen volume was different between the groups, but 

this difference was not statistically significant. In our study, we found that sperm volume differed 

between the groups, but this difference was not statistically significant. 
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Schirren et al. reported the first case of globozoospermia after examination of 2200 patients 

undergoing routine andrological screening, indicating an incidence of less than 0.05%. Later, the same 

study group reported the incidence of globozoospermia in andrological patients by correcting it to 0.1% 

[21]. In subsequent studies, the incidence of this irregularity among infertile men has been suggested to 

be between <0.05% and 0.1% in different studies [22, 23]. However, Holstein et al. reported patients 

with only 20-60% round-headed spermatozoa in their ejaculate [24]. In our study, 100% of 

globozoospermia cases were not found in both normozoospermic and oligozoospermic infertile cases. 

Globozoospermia was observed at a rate ranging from 1% to 7% in 7 cases out of 20 normozoospermic 

cases and between 4% and 96% in all 20 oligozoospermic cases. The results of our study are in 

agreement with the information reported by Siddique et al in the literature that “morphological 

anomalies are generally more common in oligozoospermia when compared to normozoospermia” [25]. 

Male infertility can be caused by low sperm count, low sperm quality, or both [25]. Similar to the studies 

in the literature, or results revealed that sperm motility and concentration decrease and the rate of 

globozoospermia increases in infertile men [26]. 

In our study; sperm samples of the patients were examined based on Kruger criteria and evaluated 

morphologically. However, it is known that this conventional semen analysis does not reflect the fertility 

status of a man alone [22, 27]. Sperm with normal morphology and motility may have approximately 

8% abnormal chromatin/ DNA [22]. It has been reported that infertile men with normal sperm 

parameters may also have high levels of DNA damage [28]. In addition to these conventional routine 

analyzes, information on the fragmentation rates of DNA is obtained by using the AO method in semen 

samples obtained from oligozoospermic and normozoospermic infertile groups. In our study, DNA 

fragmentation was investigated using the AO method in normozoospermic and oligozoospermic infertile 

male groups, and DNA fragmentation was significantly higher in the oligozoospermic group, in line 

with the literature. 

Fragmentation rates of DNA are important for appropriate sperm selection in ART, because the 

use of sperm with abnormal DNA during the IVF program leads to a significant decrease in the success 

rate [22, 27]. As seen in our study results, globozoospermia is probably associated with DNA damage, 

like other sperm morphological abnormalities. 

5. Conclusion 

Based on the results we obtained, in addition to conventional approaches, sperm should be stained 

with various staining methods such as spermac staining to examine their morphological features and 

analyze sperm DNA fragmentation. As a result of these analyzes, the relationship between the incidence 

of globozoospermia and DNA fragmentation can be demonstrated. But it is necessary to study in larger 

series in order to clearly demonstrate this relationship. 
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Abstract: Cu2SnS3 (CTS) thin film has been produced for 30 sccm sulphur flux rate at 30 minutes 

annealing durations at 550 oC temperature.  CTS thin film’s crystalline structure has been investigated 

and crystalline size, lattice parameters, dislocation density and microstrain, crystalline number have 

also been determined.  The CTS thin film’s morphological and optical properties have been examined 

and thoroughly interpreted.  Mo/CTS/CdS/AZO/Al solar cell has been modeled based on CTS thin film 

produced at the present work, using SCAPS-1D simulation program.  Voc, Jsc, FF, conversion efficiency, 

and photovoltaic parameters have been determined depending on neutral defect density at the interface, 

coefficient of radiative recombination, Auger electron/hole capture's coefficient, and operation 

temperature of CTS solar cell.  As a consequence of the simulation study, the ideal efficiency of CTS 

solar cell has been determined to be 3.72 % and all the data obtained in this study have been presented, 

interpreted, and concluded to be original results. 

Keywords: CTS, solar cell, SCAPS-1D, simulation  
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1. Introduction 

   The photovoltaic (PV) market is based on solar cells manufactured with Silicon (Si), Copper 

Indium Gallium Selenium (CIGS), and Cadmium Tellur (CdTe) materials. Some prominent 

disadvantages of these mentioned elements are the high cost of In, Ga, and Te and the high processing 

cost of Si as well as the toxicity of the Cd element. Some materials such as Cu2ZnSnS4 (CZTS) have 

attracted great attention, which has properties such as low cost, easy to process, and being 

environmentally friendly. However, in recent years, since CZTS consists of many elements and its 

second phases are easily formed, research studies have been carried out on Cu2SnS3 (CTS) material for 

use in PV field.  CTS is a p-type semiconductor with band gap values ranging from 0.9 to 1.7 eV and a 

high absorption coefficient (>104 cm-1) [1].  Due to different arrangements of atoms in a lattice structure 

of CTS, different phases such as Cu4Sn7S16, Cu4SnS4, Cu3SnS4 structure can also occur [2].  These phases 

can be considered a candidate for use as an absorber layer in solar cells. 

   The theoretically calculated efficiency of CTS solar cells is determined at about 30%.  The 

reported highest power conversion efficiencies of CTS solar cell belongs to 6% Ge-doped CTS [3] and 

5.24% Na-doped CTS [4] solar cells.  Defects, voids, and second phases in CTS thin film cause some 

https://dergipark.org.tr/mejs
https://orcid.org/0000-0003-3046-6138
https://orcid.org/0000-0001-9489-5324
https://orcid.org/0000-0002-8122-6671
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limitations on efficiency.  In order to overcome this problem, some parameters of technical and 

experimental apparatuses used in the thin film production are of great importance.  Many techniques are 

described to achieve Cu2SnS3 thin films, for instance, reactive radio frequency magnetron sputtering [5], 

co-evaporation [6], wet chemical process [7], and spray pyrolysis [8].  Nonetheless, merely a limited 

number of studies have been reported on sprayed Cu2SnS3 materials [9].  In comparison to other 

methods, the Spin coating technique has numerous benefits including low production cost, easy 

deposition over large-area, and relatively simpler composition adjustment.  Therefore, it is particularly 

more suitable for thin-film fabrication [10].  

   In recent years, simulation software used to calculate the efficiency of solar cells with the usage 

of layers forming solar cells has great importance.  One of the most commonly used software in this 

field is SCAPS-1D (one-dimensional simulation software) only which among others calculates PV 

parameters of solar cell using physical parameters such as energy band gap, dielectric permittivity, the 

electron affinity of layers constructing solar cell, thin film thickness, the work function of contacts, etc 

[11, 12].  SCAPS-1D was developed at Gent University in the Department of Electronics and 

Information Systems.  Depending on parameters such as operation temperature, Auger electron/hole 

capture coefficient, and interfacial defect density [13], PV parameters of solar cells can be calculated, 

and thus, a reliable prediction can be made on the performance of the solar cell. 

   In this study, CTS thin films have been grown for 30 sccm sulphur flux rate at 30 minutes 

annealing durations at 550 oC temperature.  The structural, optical, and crystalline properties of thin film 

have been determined and interpreted. It is important to determine how the experimentally produced 

thin film will affect the efficiency by modelling it in the solar cell structure using the characteristic 

parameters of thin film. At this point, Mo/CTS/CdS/AZO/Al structure has been formed with the most 

ideal CTS thin film determined by using SCAPS-1D simulation program to show the effect of this thin 

film on the efficiency of CTS thin film solar cell.  PV parameters of CTS solar cells have been calculated 

and their curves have been plotted, depending on temperature, Auger electron/hole capture coefficient, 

and interfacial defect density.  It has been determined that PV performance of CTS solar cells depends 

on defects, recombination mechanism, and operation temperature.  Thus, based on these parameters 

which significantly affect the efficiency, it has reached the conclusion that it is possible to obtain 

consistent interpretations of behaviour of solar cells.  As a result, since CTS is a new material in solar 

cell applications, such a study on CTS solar cells with SCAPS program is very rare in literature, and it 

can be predicted that this study shed light on the experimental efficiency improvement studies of solar 

cells. 

2. Materials and Methods  

2.1.  Experimental 

CTS thin films have been fabricated on a glass substrate using a solution comprising 0.389 g 

copper(II) acetate (Cu(CH3COO)2·H2O), 0.220 g tin(II) chloride dehydrate (SnCl2.2H2O), and 0.444 g 

thiourea (CH4N2S) deposited under optimized conditions with different Sulphur flux rate and time.  All 

chemicals are separately dissolved in a mixture of ethanol and glacial acetic acid for 6h at room 

temperature in magnetic stirring.  Firstly, thiourea solution was slowly mixed into copper(II) acetate 

solution, then, tin(II) chloride dehydrate was poured into the thiourea/copper(II) acetate solution.  

Finally, obtained solutions were stirred at room temperature for 4h until a homogenous clear solution 

was obtained. To regulate pH values, a few drops of diethanolamine were added to the mixture solution 

for the final solution.  The molar ratios of Cu/Sn/S elements in solutions were adjusted due to a ratio of 

2/1/6.  Thiourea has volatile nature at high temperatures [14].  Therefore, this component was added 

twice to avoid any possible loss of sulphur. 
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Before the deposition process, glass substrates were washed by boiling in sufficient quantities of 

a mixture of H2O, NH3, and H2O2 at 105 °C, and then, in sufficient quantities of a mixture of H2O, H2O2, 

and HCl at 105 °C to eliminate any residual waste.  Then, glass substrates were cleaned in deionized 

water for 3 min and later dried.  After obtaining final solutions and cleaning of substrates, the obtained 

solution was deposited via spin coating at a rate of 1500 rpm for 63 s in air.  Final solutions were 

deposited onto the glass substrate layer by layer, and each layer was preheated to 220 °C for 10 min.  

After this process, obtained films were annealed under 30 and 40 sccm (standard cubic centimeters per 

minute) in 10 % H2S + 90 % Ar atmosphere at 550 °C temperature in the furnace.  CTS thin films were 

annealed under 30 sccm 10 % H2S + 90 % Ar atmosphere at 550 °C temperatures for 15, 30 and 60 min 

and 40 sccm 10 % H2S + 90 % Ar atmosphere at 550 °C temperatures for 15, 30 and 60 min, 

respectively.  The obtained sample has been labelled and is demonstrated in Table 1 with Sulphur flux 

rate and time. 

Table 1. Fabrication parameters for CTS  film. 

Thin films Sulphur annealing temperature and time  Sulphur flux rate 

CTS 550 °C for 30 min 30 sccm H2S: Ar 

 

The effect of Sulfurization on the structural, morphological, optical, and photoluminescence 

properties of CTS thin film have been studied in this work.  The crystalline properties of acquired CTS 

film have been studied by X-Ray Diffractometer (XRD) unit (Bruker D8 Advance) operated at 40 kV 

and 40 mA.  XRD was set up with a range of θ-2θ in steps of 0.02o to analyse the structural and phase 

purity analysis of CTS thin film structure.  In addition, obtained films were investigated by using 

Confocal Raman Microscope and the obtained results were analysed.  The surface topology and EDX 

measurements of all obtained films were obtained by FEI Quanta 250 FEG Scanning Electron 

Microscopy (FEI Co., Eindhoven, Netherlands).  Conclusions of transmittance, energy band gap, and 

Urbach energy of thin films were analysed by Shimadzu UV-3600 spectrophotometer (Shimadzu, 

Tokyo, Japan) between 300-1100 nm. 

2.2.  Numerical Modelling and Material Parameters 

SCAPS-1D software calculates PV parameters (Voc, Isc, FF, and η) of solar cells using physical 

parameters such as dielectric permittivity, band gap, the electron affinity of semiconductor layers in 

solar cells, work function of contacts, etc [15].  This software, which is a package program, performs a 

calculation procedure based on the solution of the Poisson equation (Eq. (1)), hole and electron 

continuity equations (Eq. (2) and Eq. (3)) [16], respectively: 

𝜕

𝜕𝑥
(𝜀0𝜀𝑟

𝜕Ψ

𝜕𝑥
) = −𝑞 (𝑝 − 𝑛 + 𝑁𝐷

+ − 𝑁𝐴
− +

𝜌𝑑𝑒𝑓

𝑞
)                                         (1) 

−
𝜕𝐽𝑝

𝜕𝑥
− 𝑈𝑝 + 𝐺 =

𝜕𝑝

𝜕𝑥
                                    (2) 

−
𝜕𝐽𝑛

𝜕𝑥
− 𝑈𝑛 + 𝐺 =

𝜕𝑛

𝜕𝑥
                                   (3) 

where 𝜀𝑟 and 𝜀0  are permittivity of semiconductor and vacuum, respectively, Ψ is electrostatic potential, 

𝑁𝐴
− and 𝑁𝐷

+ indicate densities of ionized impurities of acceptors and donors,  𝑛 and 𝑝 are carrier 

concentrations of electrons and holes, and 𝜌𝑑𝑒𝑓 is charge density of defects,  𝐽𝑝 and 𝐽𝑛 indicate hole and 

electron current densities, respectively, and 𝐺 is generation rate.  

  Calculation of PV parameters of optical devices such as p-n heterojunction solar cells, 

perovskite solar cells, and dye solar cells can be performed courtesy of SCAP-1D software. 

https://www.sciencedirect.com/science/article/pii/S0925346721007655#tbl1
https://www.sciencedirect.com/topics/materials-science/thin-films
https://www.sciencedirect.com/topics/physics-and-astronomy/spectrophotometers
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3. Results and Discussion 

3.1.  XRD and Raman Analyses 

 CTS thin film has been formed in tetragonal Cu2SnS3 crystal structures as seen XRD pattern and 

Raman spectrum in Figures 1a and 1b.  (112), (200), (220) and (312) crystalline orientates in CTS thin 

film have been formed on 2θ = 28.8 o, 33.3 o, 47.6 o, 56.4 o angles, respectively. The crystal sizes of CTS 

films have been calculated by the Scherer equation: 

𝑆 = 0.94𝜆/𝛽𝑐𝑜𝑠𝜃                                                                                                                                           (4) 

where 𝑆, 𝜆, 𝛽, and 𝜃 parameters are the size of crystalline, X-Ray wavelength, full-width at half-

maximum (FWHM) of diffraction peak, and angle of Bragg diffraction, respectively.  The main 

crystalline size of CTS was calculated to be 55.56 nm.  

 

  

Figure 1. XRD pattern and Raman spectrum of CTS thin film 

 The micro-strain and dislocation density of CTS thin film [17, 18] were obtained by Eq. (5) and 

Eq. (6) as following: 

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4
                                     (5) 

𝛿 =
1

𝐷2                                                                                                                                                 (6) 

The microstrain (𝜀) and dislocation density (𝛿), which express the formation of trap, vacancy, 

dangling bond, and defects in CTS thin film that negatory affect the development of the crystal 

structure.  𝜀 and 𝛿 values have been determined to be 0.65×10-3 and 3.24× 1016 lines/m2, respectively 

(as given in Table 2). The large crystal size leads to that there are few defects and traps in the grain 

boundary of thin film which ensures that 𝜀 and 𝛿 are low.  Thus, minority charge carriers in CTS thin 

film have a longer lifetime and this leads to the higher efficiency of solar cells produced based on the 

absorber layer. 

The crystal number per unit surface area (𝑁) is calculated by Eq. (7), 

𝑁 =
𝑇

𝐷3                                                                                                                                                             (7) 

where 𝑇 is the thickness of CTS thin film.  𝑁 value expresses the crystallization amount, which varies 

depending on the thickness and crystal size. The average thickness of CTS thin film has been measured 

to be ~1 µm.  𝑁 values of thin film have been calculated as 0.58×1016 m-2 (Table 2). The large crystal 

size relative to film thickness which causes the crystalline number to be somewhat small. 
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Table 2. Crystalline size, dislocation density, micro-strain, and crystalline number of CTS thin film 

Sample 
Crystalline Size 

(nm) 

Dislocation density × 

1016 (lines/m2) 

Micro- 

strain ×10-3 

Crystalline Number × 

1016 (m-2) 

CTS 55.56 3.24 0.65 0.58 

 

Raman spectrum in Figure 1b indicates that phase structures formed in CTS thin film in the 200-

450 nm wavelength range.  The monoclinic Cu2SnS3 (254 cm-1 [19], 291 cm-1[2],  372 cm-1 [2]), 

tetragonal Cu2SnS3 (319 cm-1 and 351 cm-1[2]) and SnS phase (224 cm-1) formations have been occurred 

in CTS thin film.  Due to dominant peaks on 319 cm-1 and 291cm-1, it can be stated that CTS thin film 

is predominantly tetragonal phase structure which is compatible with the XRD pattern.  

3.2. Photoluminescence Analyses 

Photoluminescence (PL) is based on the principle that electrons are excited to upper energy levels 

by absorbing light incident on thin film, and then electron emits photons when it relaxes to a lower 

energy level.  PL spectra of CTS thin film are presented in Figure 2.  CTS thin film exhibits emission 

between 860 nm and 920 nm and PL has occurred at 1.40 eV (881 nm) under excitation.  This energy is 

slightly above its band gap. Furthermore, PL formation of about 1.4 eV leading an increase in Jsc and 

power conversion efficiency in the solar cell. 

 

 

Figure 2. PL spectrum of CTS thin film 

3.3. Morphologic and EDX Analyses 

According to the SEM image in Figure 3a, CTS thin film consists of dense particles and particle 

size is a distribution between 300-500 nm indicating non-homogeneous particle size distribution.  

  

Figure 3. SEM image and EDX spectrum of CTS thin film 

As seen in the EDX spectrum given in Figure 3b and Table 3, CTS thin film is Cu-poor and Sn-

rich. Copper vacancies (𝑉𝑐𝑢), which act like acceptor defects, enhance the p-type conductivity of CTS 

thin film and improve the efficiency of the solar cell.  However, when Sn atoms occupy 𝑉𝐶𝑢 vacancies 

[20, 21], SnCu donor defects form which can act as a recombination centre, and increase n-type 
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conductivity. In addition, the amount of elemental sulphur is high because the thin film is annealed under 

sulphur flux for a long time and at a high temperature. 

Table 3. The atomic weight rates of elements in CTS thin film 

Sample Cu(%) Sn(%) S(%)
 

Cu/Sn S/metal 

CTS 25.65 15.25 59.10 1.68 1.44 

 

3.4. Optical Analyses 

The light absorbance of CTS thin film is decreased slightly towards to near-infrared region, as 

shown in Figure 4a.  However, it showed a similar absorbance in visible and near-infrared regions.  Tauc 

equation denoted by Eq. (8) that is used to obtain band gap of thin film: 

𝛼ℎ𝜈 = 𝐴(ℎ𝑣 − 𝐸𝑔)
1/2

                                                                                                                                           (8) 

where ℎ𝑣 is photon energy, Eg is thin film energy band gap, A is a constant.  Eg is obtained by a 

straight line of (𝛼ℎ𝑣)2 versus (ℎ𝑣) in Tauc plot in Figure 4b.  CTS thin film’s band gap has been 

determined to be 1.12 eV.  This value proves that thin film absorbs a high number of photons in longer 

wavelength regions and is compatible with a band gap of Cu2SnS3 given in the literature [22]. 

 

  

Figure 4. a) Absorption spectra and b) Tauc plot of CTS thin film 

 The thin film’s absorption coefficient is determined by Eq. (9): 

𝛼 = 2.303(𝐴/𝑇)                                                                                                                                    (9)   

𝑇 is the thickness of thin film and 𝐴 is the absorbance of material.   As expressed in the spectrum 

sketched in Fig. 5, CTS thin film has an absorption coefficient greater than 5.5×104 cm-1 in the visible 

region and this result is compatible with Cu2SnS3 absorption coefficients reported in the literature  [1].  

It has been observed that the absorption coefficient decreases towards to near-infrared region. 

 

 

Figure 5. Absorption coefficient spectrum of CTS thin film 
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3.5. SCAPS-1D Simulation Program 

3.5.1 Simulation of Mo/CTS/CdS/AZO/Al thin film solar cell 

Absorber layers of solar cells, such as CTS, significantly affect power conversion efficiency. In 

many studies reported in the literature, only one layer of the solar cell was experimentally produced and 

the efficiency of the solar cell was determined by the physical parameters of that layer [15, 25, 26].  In 

this study, CTS thin film was determined to be the most ideal thin film depending on crystal structure 

and minimum defect conditions in CTS thin films. 

 

Table 4. The physical parameters used in the modelling of Mo/CTS/CdS/AZO/Al solar cell   

Layers AZO [23] CdS [24] CTS [23] 

Band Gap (eV) 3.3 2.4 1.12 

Electron affinity (eV) 4.6 4.4 4.5 

Dielectric permittivity (relative) 9 10 10 

CB effective density of states (cm-3) 2.20x1018 1.80x1018 2.20x1018 

VB effective density of states (cm-3) 1.80x1019 2.40x1019 1.80x1019 

Electron/Hole thermal velocity (cm/s) 1.00x107 1.00x107 1.00x107 

Electron/Hole mobility (cm2/Vs) 100/25 100/25 100/25 

Shallow donor density (cm-3) 1.00x1020 1.00x1018 0 

Shallow acceptor density (cm-3) 0 0 1.00x1016 

Thickness 200 nm 50 nm 1 µm 

Contacts Back Contact (Mo) Front Contact (Al) 

Metal work function (eV) 5.00 4.08 

Surface recombination velocity of 

electrons (cm/s) 
1x107 1x105 

Surface recombination velocity of 

holes (cm/s) 
1x105 1x107 

 

Therefore, we have formed Mo/CTS/CdS/AZO/Al solar cell structure based on CTS thin film 

absorber layer (in Figure 6), using SCAPS-1D program.  The absorption coefficient spectrum file 

(shown in Figure 5) with 1 µm thickness and 1.12 eV band gap of CTS thin film was processed by 

SCAPS-1D simulation.  Since Aluminium has a low work function, Al metal contact is preferred due to 

the possibility of exhibiting ohmic behaviour for the AZO semiconductor. We have calculated and 

interpreted PV performance depending on interface defect density, radiative recombination, Auger 

recombination, and operation temperature (parameters significantly change the efficiency) of 

Mo/CTS/CdS/AZO/Al the solar cell. Theoretically calculated results have been given below.  Thus, by 

taking basic parameters of other layers for the simulated structures, the PV parameters of the solar cell 

are determined.  This will provide a reliable and accurate path for the experimental operation of this 

type of solar cell.  Physical parameters of layers forming CTS the solar cell in our model are given in 

Table 4. 

 

Figure 6. Mo/CTS/CdS/AZO/Al modelled by SCAPS-1D simulation 
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3.5.2 The effect of defect density (Nt) at the interface CTS/CdS of the solar cell 

A high density of defect points can be localised at the interface between CTS and CdS layers 

leading to recombination centres [27].  Neutral defects can also occur at the interface of the second 

phase. The neutral defects acting as centres of Shockley-Read-Hall (SHR) recombination cause a certain 

decrease in the efficiency of the solar cell.  These defects, located close to band edges, contribute to 

SHR recombination since the carrier is likely to return to its respective bands for shallow levels. Besides 

these, neutral defects can also be caused by lattice mismatch of CTS and CdS semiconductors in contact 

with each other [28, 29].  PV parameters of CTS solar cell versus interfacial neutral defect density (in 

1010 and 1018 cm-3) are given in Figure 7.  According to these curves, 𝑉𝑂𝐶 and 𝐼𝑆𝐶 PV parameters of CTS 

the solar cell decreased after 1.1013 cm-3 of neutral defect densities.   

  

  

 

Figure 7. a) Voc, b) Isc, c) FF, d) Efficiency curves and e) Isc depending on the interfacial defect density 

(Nt (cm-3) at CTS/CdS of the solar cell. 

Power conversion efficiency (shown in Figure 7e) of the solar cell for 1.1013 cm-3 defect density 

is 3.72 %.  As seen in Figure 7d, after a neutral defect density of 1.1013 cm-3, there was a sudden drop in 

the efficiency of the CTS solar cell.  It has been noticed that the efficiency of the solar cell has remained 

constant at 3.46 % between 1.1017 and 1.1018 cm-3 of defect density [30].  As a result, neutral defect 

density should not be less than 1.1013 cm-3.  Therefore, it has been concluded that there is no reduction 

in power conversion efficiency.  
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3.5.3 Recombination mechanism for Mo/CTS-A2/CdS/AZO/Al solar cell 

The recombination mechanism consists of three types of recombination radiative recombination, 

Auger recombination, and SRH recombination.  These recombination mechanisms have a great 

influence on the PV performance of multilayer solar cells.  In this study, the radiative recombination 

coefficient and Auger coefficient were evaluated.  When an electron in the conduction band is 

transferred to the valence band, it emits a photon. The recombination of electrons and holes in this 

process is expressed as radiative recombination [31]. The efficiency spectra of the CTS solar cell 

depending on radiative recombination coefficient (Br (cm3/s)) is given in Figure 8a and efficiency 

remains almost constant between 10-12 and 10-8 cm3/s, it drops abruptly with 10-8 cm3/s.  For efficiency 

not to decrease, the Br value must be less than 10-8 cm3/s.  Auger recombination is a non-radiative event, 

which has a large effect on small band gap semiconductors.   

  

 

Figure 8. The efficiency curve of CTS solar cell depends on a) radiative recombination coefficient (Br), 

b) Auger electron and c) hole capture coefficient 

When an electron and hole recombine with excess energy, an electron rises to the conduction 

band, or the hole transitions deeper into the valence band, but no light is produced [32, 33].  This process 

is known as Auger recombination.  As seen in Figure 8b and 8c, when Auger electron and hole capture 

coefficients increase from 10-26 to 10-14 cm6/s and 10-24 to 10-14 cm6/s, respectively, efficiency values 

decrease. Therefore, these values should not be exceeded in order to avoid a significant decrease in the 

efficiency of the solar cell.  

3.5.4 The effect of the operating temperature on CTS solar cell 

Operation temperature adversely affects the performance of solar cells due to PV characteristics 

based on operation temperature between 240 K and 400 K in Figure 9, 𝑉𝑂𝐶  and FF values of CTS solar 

cell decreases as operation temperature increases.  So, with increasing operation temperature, the band 

gap of the semiconductor decreases. In other words, the crystal lattice of the thin film broadens and the 

interatomic bonds are weakened. Weak bonds between atoms express that very low energy is required 

to break a bond and take an electron from the conduction band. Thus, the recombination rate of electron-

hole pair between conduction and valence band increases.  It limits access of minority charge carriers to 
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the depletion region.  Moreover, an increase in dark current causes an increment in leakage current and 

reduces 𝑡ℎ𝑒 𝑉𝑂𝐶 value [23, 34-36].  Furthermore, the energy of carriers increases even more and they 

become unstable as operation temperature increases.  Therefore, carriers undergo recombination before 

they can reach the depletion region, this case reduces 𝐼𝑠𝑐 and 𝑉𝑜𝑐 values [36].  As a result, an increment 

in operation temperature deteriorates the performance of the solar cell.  The efficiency of the solar cell 

was calculated to be 3.72 % for room temperature (300 K) [37-39].  

 

  

  

Figure 9. Effect of the operating temperature on a) Voc, b) Isc, c) FF, and d) efficiency parameters of 

CTS solar cell 

4. Conclusion 

CTS thin films were produced for 30 and 40 sccm sulphur flux rates in 15, 30, and 60 minutes 

annealing time durations at a constant 550 oC temperature.  CTS thin film has been formed in tetragonal 

in Cu2SnS3 crystalline structure.  Crystalline size, dislocation density, microstrain, and the crystalline 

number of CTS structure have been calculated to be 55.56 nm, 3.24 × 1016 lines/m2, 0.65× 10-3, and 0.58 

× 1016 m-2, respectively.  CTS thin film consists of particles with dense and inhomogeneous size 

distribution.  CTS thin film is Cu-poor and Sn rich, which has a band gap of 1.12 eV.  

Mo/CTS/CdS/AZO/Al solar cell based on CTS layer was modelled using SCAPS-1D software.  

𝑉𝑂𝐶  and 𝐼𝑆𝐶  PV parameters of CTS the solar cell were decreased with 1013 cm-3 of neutral defect density.  

Efficiency corresponding to this defect density is 3.72 %.  Radiative recombination coefficient and 

Auger electron/hole capture recombination coefficient have been calculated: radiative recombination 

coefficient dropped abruptly beyond 10-8 cm3/s value.  For efficiency not to decrease, 𝑡ℎ𝑒 𝐵𝑟 value must 

be higher than 10-8 cm3/s.  When Auger electron and hole capture coefficients increase from 10-26 to 10-

14 cm6/s and 10-24 to 10-14 cm6/s, respectively, efficiency values decrease.  As the operation temperature 

increases, 𝑡ℎ𝑒 𝑉𝑂𝐶 and 𝐹𝐹 of the solar cell decrease.  CTS solar cell shows an efficiency value of 3.72 % 

at room temperature.  
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