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Abstract 

We have synthesized the two donor-bridge-acceptor organic dyes (hydrazone dye 1 (HD1) 

and hydrazone dye 2 (HD2)) with the aim to enhance intra-molecular charge transfer then 

characterized by FTIR and NMR. The ground state geometries have been optimized at 

three different levels of theories, i.e., B3LYP/6-31G*, B3LYP/6-31G** and Hartee-Fock 

HF/6-31G**. The absorption spectra and oscillator strengths in different solvents have 

been computed and compared with the experimental data. The vibrational spectral 

assignments have been performed on the recorded FTIR spectra based on the theoretical 

predicted wavenumbers at three different levels of theories. The effect of different 

solvents (CHCl3, CH3CN and C2H5OH) has been studied on the absorption wavelengths. 

Furthermore, we have computed the ionization potentials, electron affinities and 

                                                 
∗ Corresponding author: Ahmad Irfan 
E-mail: irfaahmad@gmail.com 
Tel.:0096672418632 
Fax:0096672418426 
A.G. Al-Sehemi  
E-mail: agmasq@gmail.com 
 
 
 



  

 2

reorganization energies of studied compounds and shed light on the charge transport 

properties. The hetero-junction solar cell devices were fabricated by organic-inorganic 

hetero-junction (Si/TiO2/dye) then the efficiency has been measured by applying the 

incident power 30, 50 and 70 mW/cm2. The maximum efficiency 3.12% has been 

observed for HD1.  

Keywords: Organic-inorganic hybrid solar cells; Hydrazones; Fabrication; Efficiency: 

Density functional theory 

1. Introduction 

The record efficiency of conventional solar cells (inorganic materials) has been reached 

up to 25% [1]. Nowadays, researchers are focusing to design materials and techniques to 

fabricate devices which have low processing cost, easy to fabricate and environmental 

friendly. The organic solar cells have attained efficiency up to 10% [2]. The major issue 

for organic solar cell materials is not only the low efficiency until now but also stability 

issue [3].  In recent years, dye-sensitized solar cells [4-8] and hybrid solar cells using 

nanoparticles like TiOx [9], ZnO [10], CdSe [11], CdS [12], PbS [13], CuInS2 [14] gained 

interest. The Si based hybrid solar cells have been studied intensively [15-17]. The 

organic-inorganic hybrid solar cells are good and efficient as both of the materials take 

part to enhance the efficiency [18, 19] and inorganic part which also act as acceptor is 

environmentally stable and excitons absorbed here [3].  

With the aim to improve the efficiency of device, we have synthesized donor-

bridge-acceptor efficient organic dyes, i.e., hydrazone dye 1 (HD1) and hydrazone dye 2 

(HD2), see Fig. 1. We discussed the exciton binding energy and dissociation of excitons 

on the basis of energies of frontier molecular orbitals as well as favorable band alignment 
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has been discussed thoroughly. By applying the DFT approach, we shed light on the 

absorption and IR spectra then compared with the available experimental data. The 

charge transfer behavior was studied on the basis of ionization potential, electron affinity 

and reorganization energy. The effect of three different level of theories, i.e., B3LYP/6-

31G*, B3LYP/6-31G** and HF/6-31G** has been discussed. The structures-properties 

relationship has been discussed. To improve efficiency we have fabricated the 

dye/TiO2/Si hybrid solar cells. The paper has been divided as; first section deals with the 

computational and experimental methodology. In section 3.1, we discussed the charge 

transfer properties and chemical descriptors. The main focus of this study is detailed 

investigation about the fabrication techniques and efficiency measurements. 

Insert Fig. 1 

2. Methodology 

2.1. General experimental methods 

Infra-red (IR) spectra of crystalline compounds were determined using a Thermo 

scientific smart omni-transmission. 1H and 13C  nuclear magnetic resonance (NMR) 

spectra were recorded on a Bruker at 500 MHz Ultra Shield TM at room temperature in 

deutrated dimethyl sulfoxide (DMSO-d6)  (CH3SOCH3 have two signals in 1H-NMR at  δ 

2.52 singlet, 3.38 singlet).  UV-Vis spectra were recorded with UV-1800 Shimadzu. 

Melting points (mps) were determined with a Stuart SMP11 without correction.  

2.1.1. Physical data 

For nuclear magnetic resonance (NMR) spectra, chemical shifts and expressed in ppm on 

the δ- scale relative to the internal standard (TMS). The following abbreviations are used 

s- singlet, t- triplet, q- quartet, d- doublet, m- multiplet; J is the coupling constant (Hz). 
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2.1.2. General procedure for hydrazones  

We have synthesized the hydrazone based sensitizers by the same method as in previous 

studies [20, 21]. The hydrazone derivatives would be prepared through direct 

condensation between the corresponding aromatic aldehydes and phenyl hydrazine. 

Equimolar quantities of phenylhydrazine and the aldehydes would be boiled in ethanol 

for an hour. The precipitated hydrazones would be filtered, washed and dried. The pure 

hydrazones would be obtained after recrystallization from ethanol. 

2.1.3. Preparation of 1-phenyl-2-(3,4,5-trimethoxybenzylidene)hydrazine (1) 

The 3,4,5-trimethoxybenzaldehyde (9.8g, 0.05 mol) was added to phenylhydrazine (4.9 

ml, 0.05 mol) and added 30 ml of ethanol absolute as solvent. The flask was related with 

condenser under reflux system and solution boiled at 170-180 ˚C for 1h then transfer 

solution to beaker and stilled in room temperature or cooled, the precipitated hydrazones 

would be collected and filtered, washed with ethanol then dried. The product 

crystallization from ethanol gave yellow crystals of title compound (1-phenyl-2-(3,4,5-

trimethoxybenzylidene)hydrazine) m.p 125 ˚C. δ H (DMSO, 500 MHz) 6.74-7.24 (7H, 

m, Ar-H), 7.80 (1H, s, CH═N), 10.32 (1H, s, NH);  δ C (DMSO, 500 MHz) 55.83,56.04 

and 60.06 (3xOCH3), 102.82-145.27(8C-Ar), 153.13 (CH═N). 

2.1.4. Preparation of 2-ethoxy-4-((2-phenylhydrazono)methyl)phenol (2) 

The 3-ethoxy-4-hydroxybenzaldehyde (8.3g, 0.05mol) was added to phenylhydrazine 

(4.9 ml, 0.05mol) and added 30 ml of ethanol absolute as solvent. The flask was related 

with condenser under reflux system and solution boiled at 170-180 ˚C for 1h then transfer 

solution to beaker and stilled in room temperature or cooled, the precipitated hydrazones 

would be collected and filtered, washed with ethanol then dried. The product 
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crystallization from ethanol gave crystals of title compound (2-ethoxy-4-((2-

phenylhydrazono)methyl)phenol) δ H (DMSO, 500 MHz) 1.37 (3H, t, J 6.5-7, CH3), 

4.09(2H, q, J 7, CH2), 6.69-7.24 (8H, m, Ar-H), 7.76 (1H, s, CH═N), 9.16(1H, s, OH), 

10.07 (1H, s, NH);  δ C (DMSO, 500 MHz) 14.74 (CH3), 63.82(CH2),  109.87, 111.72, 

115.54, 118.14, 119.67, 127.35, 129.0, 137.27, 145.62 and 147.26 (8C-Ar), 147.39 

(CH═N). 

2.1.5. General procedure for dyes 

The new chromospheres were prepared by direct tricyanovinylation of hydrazones. A 

solution of the requisite hydrazone 1 (0.01 mol) and tetracyanoethylene (TCNE) in DMF 

(20 mL) was stirred at 60-90 oC for 8-12h or boiled at high temperature up to 400˚C for 

8h. The solvent was removed and the residual solid was collected and recrystallized from 

toluene/ petroleum ether mixture. 

2.1.6. Preparation of 2-{4-[2-(3,4,5-trimethoxybenzylidene)hydrazine]phenyl}ethylene-

1,1,2-tricarbonitrile (HD1) 

The  1-phenyl-2-(3,4,5-trimethoxybenzylidene)hydrazine (1) (2.86g, 0.01 mol) was 

dissolved in 20 ml DMF as solvent then added 1.28g  of  TCNE direct gave dark color 

solution. The solution was boiled at 278-285˚C under reflux for 8h.  The solvent was 

removed and the solid residual was collected and recrystallized from toluene/ petroleum 

ether mixture to get violet crystals of  (HD1) (3.46g  89.4%) m.p 248˚C. δ H (DMSO, 

500 MHz) 3.72 (3H, s, OCH3), 3.87 (6H, s, 2xOCH3), 7.1, 8.01 and 8.02 (6H, m, Ar-H), 

8.06 (1H, s, CH═N), 11.85 (1H, s, NH exchange with D2O);  δ C (DMSO,500 MHz) 

55.99 and 60.13 (3xOCH3), 79.12 and 144.47 (C═C), 114.01, 114.22 and 114.83 
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(3xC≡N), 104.27, 113.09, 119.36, 129.73, 132.76, 137.12, 139.20 and 151.19 (8C-Ar), 

153.21(CH═N). 

2.1.7. Preparation of 2-{4-[2-(3-ethoxy-4-hydroxybenzylidene}hydrazino]phenyl)-

ethylene-1,1,2-tricarbonitrile (HD2) 

The 2-ethoxy-4-((2-phenylhydrazono)methyl)phenol (2) (2.56g, 0.01 mol) was dissolved 

in 20 ml DMF as solvent then added 1.28g  of  TCNE direct gave dark color solution. 

Then the solution was boiled at 210˚C under reflux for 8h.  The solvent was removed and 

the solid residual was collected and recrystallized from toluene/ petroleum ether mixture 

to get violet crystals of  (HD2) (3.02g  84.6%) m.p 225-227˚C. δ H (DMSO) 1.38 (3H, t, 

J  7, OCH2CH3), 4.1 (2H, q, J 6.9-7, OCH2CH3), 6.85-8.01 (7H, m, Ar-H), 8.04 (1H, s, 

CH═N), 9.54 (1H, s, OH exchange with D2O), 11.77(1H, s, NH exchange with D2O);  δ 

C (DMSO) 14.68 (CH3CH2O), 63.92 (CH3CH2O), 77.59 and 145.65 (C═C), 114.25, 

114.44 and 114.89 (3xC≡N), 110.61, 115.60, 119.07, 121.94,125.57, 132.85, 136.59, 

147.23 and 149.35 (9C-Ar), 151.27(CH═N). 

 2.2. Computational details 

The density functional theory (DFT) is good approach to reproduce the 

experimental data as well as to predict the properties of interests [5, 6, 22-24]. The 

B3LYP has been proved an efficient approach to reproduce the experimental data for the 

small molecules [25]. Moreover, by using the large fraction of HF exchange charge 

transfer states have been discussed previously [26]. The B3LYP functional has been 

applied to compute and reproduce the absorption wavelengths of different organic dyes 

(indigo, azobenzene, phenylamine, hydrazone, and anthraquinone) and 0.12 eV average 

deviation was observed for hydrazone dyes [27]. Recently, we showed that the B3LYP is 
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good choice to reproduce the excitation energies for hydrazone based dyes [28-30]. We 

found that B3LYP (Polarizable continuum model (PCM), methanol) is better, accurate 

and more reasonable choice than BHandHLYP, LC-BLYP and CAM-B3LYP (PCM, 

methanol) to reproduce the experimental data. In the present study we have computed the 

excitation energies by using TD-B3LYP functional. The effect of solvents (CHCl3, 

CH3CN and C2H5OH) has been studied on the absorption spectra. 

Geometry optimization for all dyes have been performed using DFT at the 

B3LYP/6-31G*, B3LYP/6-31G** and HF/6-31G** levels of theories. The vibrational 

modes were examined by using the ChemCraft program. The absorption spectra and 

energy gap for dyes were calculated in different solvents by using polarizable continuum 

model (PCM) [31] at TD-B3LYP/6-31G* level of theory [32]. The ionization potentials, 

electron affinities and reorganization energy of all dyes have been performed by using the 

B3LYP/6-31G* level of theory. All of the calculations were performed by using 

Gaussian-09 program package [33].  

3. Results and discussion 

3.1. Electronic properties and absorption spectra 

The computed HOMOs energies (EHOMO), LUMOs energies (ELUMO) and HOMO-

LUMO energy gaps (Egap) have been illustrated in Fig. 2. In solvents the EHOMO level 

elevated as compared to gas phase. In CHCl3, CH3CN and C2H5OH the EHOMO of HD1 

are -0.12, -0.17 and -0.16 eV high, respectively as compared to the EHOMO in gas phase. 

The EHOMO of HD2 in CHCl3, CH3CN and C2H5OH are -0.14, -0.18 and -0.18 eV higher 

than the EHOMO without solvent, respectively. The solvents have no significant effect to 

elevate or diminish the ELUMO. The root cause of reduced Egap in solvents is the elevation 
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of EHOMO. We observed that the effect of CH3CN and C2H5OH solvents on the EHOMO and 

ELUMO is similar to lift up or reduce resulting corresponding Egap. The larger Egap in CHCl3 

revealing that all the studied dyes would be red shifted in CH3CN and C2H5OH.  

Insert Fig. 2 

 

The HOMO and LUMO energies of Si are –5.43 and -3.92 eV [34, 35]. The 

HOMO and LUMO energies of TiO2 are –7.40 and -4.20 eV [36]. We have observed the 

Nested band alignment in the donor and acceptor frontier molecular orbitals by 

considering the Si as acceptor only. The successful operation of a photovoltaic device 

requires a staggered band alignment heterojunction which allocate electrons to transport 

to the cathode and holes to the anode. By considering the average values both for Si and 

TiO2, the valance band energy has been found -6.41 eV while the conduction band energy 

-4.06 eV (Si/TiO2). It is expected that Si/TiO2 acceptor changed the alignment to 

staggered band alignment heterojunction, see Fig. 2. 

In hybrid solar cells, excitons formed in the donor material are dissociated at the 

donor–acceptor (D–A) interface. The force required to overcome the exciton binding 

energy is provided by the energy level offset of the lowest unoccupied molecular orbital 

(LUMO) of the donor and the conduction band edge of the acceptor materials. We found 

energy level offset 0.74 and 0.83 eV for HD1 and HD2, respectively to overcome the 

exciton binding energy. In HD1 less force is required to overcome the exciton binding 

energy as compared to other dye.  For dissociation of excitons formed in the acceptor 

material, the energy offset of the highest occupied molecular orbital (HOMO) of the 

donor and the valence band edge of the acceptor materials is required. We found energy 
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level offset 0.57 and 0.68 eV for HD1 and HD2, respectively to dissociate of excitons. In 

HD1 less force would be required for dissociation of excitons. It is expected that HD1 

would be more efficient because of less force would be required to overcome the exciton 

binding energy as well as dissociation of excitons. 

  

Insert Table 1 

 

In HD1 the maximum absorption wavelength has been observed at 529 nm in 

chloroform and 532 nm in acetonitrile, no significant effect has been observed in 

absorption spectra toward red shift by changing chloroform to CH3CN. In HD2 

substitution of m-OC2H5, p-OH showed absorption band at 538 nm in chloroform, 543 

nm in CH3CN and 547 nm in ethanol.  

The dyes were measured in various solvents having different polarity, see Table 1. 

The trend of absorption spectra toward red shift of HD1 and HD2 in different solvents is 

CHCl3 < CH3CN < CH3CH2OH. The maximum absorption spectra computed at TD-

B3LYP/6-31G* level of theory in chloroform is 568 and 587 nm for HD1 and HD2, 

respectively. The maximum absorption wavelengths in acetonitrile are 570 and 593 nm 

for HD1 and HD2, respectively. In ethanol, we observed the maximum absorption 

wavelength at 570 and 593 nm for HD1 and HD2, respectively which are in reasonable 

agreement with the experimental evidence. 

3.2. FTIR spectra 

Vibrational spectral assignments were recorded based on the theoretical predicted 

wavenumbers by DFT/B3LYP/6-31G*, B3LYP/6-31G** and HF/6-31G** level of 
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theories. ChemCraft graphical interface was used to assign the calculated harmonic 

wavenumbers using scaled displacement vectors to identify the motion of modes. The 

computed wavenumbers by DFT are in good agreement with the experimental values, see 

Fig. 3. The IR spectra calculated were made for a free molecule in vacuum while 

experiments were performed for solid sample. For this reason we used scale factors in 

theoretical method. In this study, we have used the scaling factor 0.937 for investigated 

dyes except HD2 (0.930) for DFT calculations and 0.866 and 0.845 scaling factor for 

HD1 and HD2, respectively for HF calculations. 

The FTIR spectra exhibited three important absorption bands; the first band has 

been observed at 3271 and 3250 cm-1 for the (νN-H) mode for HD1 and HD2, respectively. 

In the present case DFT calculations gave 3382 and 3349 cm-1 at B3LYP/6-31G* and 

3399 and 3367 cm-1 at B3LYP/6-31G** while the HF calculations gave 3319 and 3239 

cm-1 for HD1 and HD2, respectively. The NH stretching wavenumber is red shifted in IR 

from the computed wavenumber, which indicates the weakening of the N―H bond 

resulting in hydrogen bonding. The strong and sharp second band appears in the region of 

2219-2215 which was attributed to the cyano group. The B3LYP/6-31G*  and B3LYP/6-

31G** calculations gave these modes at 2200 and 2183 cm-1 while HF calculations gave 

at 2265 and 2210 cm-1 for HD1 and HD2, respectively. The third absorption band in the 

region of 1610 and 1608 cm-1 ascribed for the C═N in HD1 and HD2, respectively. The 

DFT calculations gave at 1574 and 1564 cm-1 at B3LYP/6-31G* level of theory and 1570 

and 1561 cm-1 at B3LYP/6-31G** level of theory while the HF calculations gave at 1656 

and 1617 cm-1 for HD1 and HD2, respectively. The absorption of OH group appear in 

HD2 in the range 3143 ̵ 3443 cm-1 (FTIR), from 3139 to 3577 cm-1 for DFT and from 
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3261 to 3564 cm-1 for HF. The N-H stretching vibration showed only one band at 3335 

cm−1 [37]. The sharp band has been observed at 3265 cm-1 in the FTIR spectrum for the 

title compounds. The DFT calculations gave 3361 and 3379 cm-1 for B3LYP6-31G* and 

B3LYP6-31G**, respectively. The HF calculations gave band at 3462 cm-1. Effect of 

hydrogen bonding on an O–H stretching vibration appeared in the region (3500−2500) 

cm−1 [37]. The ʋO─H mode is interference with N─H stretching mode and seen broad band 

in the region about 3143 cm-1. In DFT calculations gave 3139 and 3152 cm-1 for 

B3LYP/6-31G* and B3LYP/6-31G** level of theories, respectively. The HF calculations 

gave at 3261 cm-1.  

For the existence of benzene rings in a structure, the C─H and C═C─C vibrations 

is varying and depending on the number and type of substitutions. In case of disubstituted 

on benzene ring, the ʋC─H symmetric and asymmetric showed in region (3080-3030) cm-1 

and DFT calculations gave the νC─H modes in the range 3060-2894 cm-1. In the present 

case, the DFT calculations gave the νC─H modes in the range 3055-2982 cm-1 at 

B3LYP/6-31G* and in the range 3049-2979 cm-1 at B3LYP/6-31G** level of theories. In 

HF calculations showed bands in the range 2909-2837 cm-1. For C═C─C stretching in 

aromatic rings are different in case 1,2-disubstituted from 1,4-disubstituted on benzene 

ring, the C═C stretching vibration showed in the region (1577±4) cm-1 and (1579±6) cm-

1 . In the present case, the ʋC═C mode of aromatic rings occurs at 1656 cm-1 in IR spectra. 

The ʋC═C mode appeared at 1576 and 1573 at B3LYP/6-31G* and B3LYP/6-31G** level 

of theory, respectively. The HF calculations gave 1620 cm-1 for 1,2-disubstituted ring but 

for 1,4-disubstituted the ʋC═C mode of aromatic rings has been obsered at 1560, 1558 and 

1531 cm-1 for B3LYP/6-31G* , B3LYP/6-31G** and HF level of theories, respectively. 
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The ʋC═N mode has been reported in the range (1605-1665) cm-1 by A. M. Asiri et 

al [38]. In present case the strong band has been observed at 1601 cm-1 in the FTIR 

spectra (C═N stretching mode). The DFT calculations gave same mode at 1570 and 1566 

cm-1 at B3LYP/6-31G* and B3LYP/6-31G** level of theories, respectively. In HF 

calculations this mode has been observed at 1549 cm-1. The C≡N stretching vibration has 

been reported in the range 2235-2215 cm-1. The sharp and strong band for ʋC≡N mode 

appeared 2219 cm-1 in FTIR spectra. The DFT calculations gave ʋC≡N mode in the range 

2178-2201 cm-1 at B3LYP/6-31G* and B3LYP/6-31G** while HF calculations gave in 

the range 2217-2224 cm-1. The C─O stretching mode reported in literature in the range 

1000-1300 cm-1. In title compounds, the ʋC─O mode observed at 1294 cm-1 in FTIR while 

calculations showed at 1250 and 1206 cm-1 for DFT and HF, respectively. The C=C in 

aromatic rings show at 1598, 1588, 1494, and 1456 cm-1 [39]. The computed modes at 

different level of theories have been tabulated in Tables S1-S4 (Detail can be found in 

supporting information). 

Insert Fig. 3 

 

 

3.3. Chemical descriptors 

The vertical ionization potentials (IPv), adiabatic ionization potentials (IPa), 

vertical electron affinities (EAv), adiabatic electron affinities (EAa), hole reorganization 

energies λ(h) and electron reorganization energies λ(e) have been tabulated in Table 2. 

Previously, it was concluded that higher EAv would be favorable for the generation of 

free [40]. The better hole transfer materials have smaller value of ionization potentials 

[41] while better electron transfer materials have higher electron affinities. The high EA 
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of HD1 is revealing that it would be more appropriate to generate free electrons and holes. 

The calculated hole reorganization energy of HD2 is smaller than the electron 

reorganization energies revealing that this dye might be better hole transport material. 

Insert Table 2 

 

 

The electronegativity (χ), hardness (η), electrophilicity (ω), softness (S) and 

electrophilicity index (ωi) at the B3LYP/6-31G*, B3LYP/6-31G**, and HF/6-31G** 

level of theories have been presented in Tables S5. It has been observed that the trend of 

the electronegativity (χ), hardness (η), electrophilicity (ω), softness (S) and 

electrophilicity index (ωi) at all the level of theories is similar. The χ and ω are larger for 

HD1. The significant effect to reduce the ωi has been observed in HD1 while reverting 

effect has been observed in HD2 in which strong activating group ethoxy has been 

substituent. 

3.4. Fabrication 

The Si wafer was immersed for ten seconds in HF solution (water/HF 49%) for 

etching purpose. Then it was rinsed in a mixture of ethanol, acetone and de-ionized water 

with molar ratios 1:1:3, respectively to eliminate the fluoride ions. The substrates were 

rinsed with dry nitrogen gas. Recently we showed that the nanoporous TiO2 prepared by 

sol-gel method from the mixture of H2O2 and HNO3 has better porosity about 32% and 

showed only pure anatase phase with energy gap of 3.2 eV. The the sol-gel solution was 

used to deposit a titanium oxide films on glass and silicon substrates by spin-coating 

method. All films were prepared at spin-coated at rate 2000 rpm (revolution per minute) 
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for 1 min. On pre-cleaned substrates (glass and SiO2 etched- silicon), then dried in oven 

(60 oC for 10 min) and repeated pervious steps for 3 layers of coating. For building solar 

cell device; about 20 nm nanoporous TiO2 film has been deposited on SiO2 etched-Si 

substrate. Then about 400 nm of dye was deposited on the top of TiO2 film. Gold is used 

as a top metal electrode by use of a suitable mask to control the shape of the electrode.  

The dye thin films were prepared by conventional thermal evaporation technique 

at a pressure of about 10-6 mbar. The powder was loaded into a molybdenum cell with 

nozzle of 2 mm in diameter on the top. The flat glass; glass coated-TiO2; and silicon 

substrates were located above 20 cm from the dye. The film thicknesses were controlled 

by using a quartz crystal thickness monitor and subsequently confirmed by ellipsometry 

measurements. The films were deposited at room temperature and the rate of deposition 

was 0.2nm/s. The low deposition rate was adjusted for better film quality and crystallinity 

[42]. The dye layer was prepared by thermal evaporation on the etched surface of Si 

substrate. Before depositing of the dye, a thin layer of nanoporous TiO2 (20 nm) was 

deposited by sol-gel method.  

3.5. Efficiency 

Fig. 4 showed the current-voltage characteristics curves with open-circuit voltage 

and short-circuit current under different illumination power, i.e., 30, 50 and 70 mW/Cm2.  

The photovoltaic properties of heterojunction organic-inorganic hybrid solar cells 

(Si/TiO2/dye) based on HD1 and HD2 have been shown in Table 3. The power 

conversion efficiency of HD1 has been observed 2.87 with Jsc 2.41 mA/cm2, Voc of 570 

mV and FF of 63% when the Pin was 30 mW/cm2. By changing the Pin to 50 mW/cm2 the 

HD1 gave Jsc 3.95 mA/cm2, Voc of 615 mV and FF of 64.20% with efficiency 3.12%. For 
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HD1, 2.71% efficiency has been examined when Pin was 70 mW/cm2 which boosts up the 

Jsc 4.92 mA/cm2, Voc of 636 mV and FF of 61%. The power conversion efficiency 1.70% 

has been measured for HD2 with Pin 30 mW/cm2 and Jsc 1.51 mA/cm2, Voc of 502 mV and 

FF of 67.21%. The HD2 gave Jsc 2.66 mA/cm2, Voc of 533 mV and FF of 64.14% with 

improved efficiency 1.82% when Pin was 50 mW/cm2. The HD2 gave Jsc 4.93 mA/cm2, 

Voc of 592 mV and FF of 46.26% with Pin 70 mW/Cm2 which improved the efficiency to 

1.93%. It can be noticed that by increasing the Pin from 30 mW/cm2 to 50 mW/Cm2 
Jsc, 

Voc and FF improved resulting enhanced the efficiency, see Table 3.  

Insert Fig. 4 and Table 3 

Conclusions 

The following conclusions have been drawn by our dual approach investigations: 

1- Elevation of EHOMOs reduces the Egap in solvents while ELUMOs have no significant 

effect to elevate or diminish it. The average values of EHOMOs and ELUMOs for 

Si/TiO2 and donor dye showed the staggered band alignment.  

2- The energy level offset values revealed that HD1 would be more efficient because 

less force would be required to overcome the exciton binding energy and 

dissociation of excitons.  

3- The computed absorption wavelengths and vibrational spectral modes are in good 

agreement with the experimental data.  

4- The high EA of HD1 is revealing that it would be more appropriate to generate 

free electrons and holes.  

5- The direct correlation between the adiabatic electron affinity/ionization potential 

and the Voc has been observed.  
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6- The HD1 showed good efficiency which reached to the 3.12%. To further 

increase the efficiency different metal oxides are under synthetic process in this 

regards which would be investigated in near future. 
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Figure Captions 

Fig. 1. The synthesized organic dyes HD1 and HD2. 

Fig. 2. The HOMOs energies, LUMOs energies and energy gap of Dyes in different 

solvents (top) and gas phase (bottom) (in eV).  

Fig. 3. The FTIR spectra of the studied compounds. 

Fig. 4. The current-voltage characteristics curves with open-circuit voltage and short-

circuit current under different illumination power, HD1 (left) and HD2 (right). 
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Table 1  

Calculated (calc) and experimental (exp) absorption spectra (nm) and oscillator strength 

(ƒ) in different solvents. 

calc CHCl3 CH3CN EtOH 

Exp  calc  exp  calc  exp  calc  

 λ (ƒ) λ (ƒ) λ (ƒ) λ (ƒ) λ (ƒ) λ (ƒ) 

HD1 529 0.47 568 0.71 532 1.01 570 0.71 540 1.06 570 0.71 

 333 0.12 418 0.18 330 0.22 419 0.17 332 0.2 419 0.17 

 288 0.02   285 0.02   288 0.03   

HD2 538 0.44 587 0.6 543 0.56 593 0.58 547 0.52 593 0.58 

 340 0.05 383 0.04 338 0.09 388 0.05 342 0.11 455 0.32 

 288 0.01   288 0.01   293 0.01 388 0.05 
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Table 2  

The vertical and adiabatic ionization potentials (IPv/a), vertical and adiabatic electronic 

affinities (EAv/a), hole and electron reorganization energies (λh/e) of hydrazone dyes (in 

eV) at the B3LYP/6-31G* level.  

Dyes IPv IPa EAv EAa λh λe 

HD1 6.70 7.09 2.14 1.87 0.778 0.523 

HD2 6.78 7.01 2.08 1.77 0.460 0.593 
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Table 3 

The organic-inorganic hybrid solar cell device performance parameters. 

Complexes Incident power 

(mW/cm
2
) 

Voc  

(V) 

Jsc  

(mA/cm
2
) 

FF Efficiency  

(%) 

HD1 30 0.57 2.41 0.63 2.87 

 50 0.62 3.95 0.64 3.12 

 70 0.64 4.92 0.61 2.71 

HD2 30 0.50 1.51 0.67 1.70 

 50 0.53 2.66 0.65 1.82 

 70 0.59 4.93 0.46 1.93 
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Research highlights 

� D-bridge-A hydrazone dyes were synthesized and characterized by UV-Vis, FTIR, 

and NMR techniques. 

� The effect of different solvents has been studied on the absorption wavelengths.  

� Computed absorption and IR spectra are in good agreement with the experimental 

data.  

� Direct correlation between IPa/EAa and Voc has been observed.  

� Hetero-junction solar cell devices were fabricated and 3.12% efficiency has been 

observed for HD1. 

 


