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Abstract

In this work, the rate of charge transfer (CT) reaction at the N3-ZnS interface was
calculated using a quantitative computational model to evaluate the efficiency of N3-ZnS
heterojunction dye-sensitized solar cell devices using different types of solvents. This work
discussed the influence of the effective driving energy force on the charge transport rate and
performance of N3-ZnS devices with various solvents based on a donor-acceptor model. A
solar cell model was used to study the optical efficiency when changing some of its
parameters, such as the type of material and the thickness of the film, as they are important
factors influencing the quality of the solar cell. It was found that the transition energy varies
with different solvent types depending on the dielectric constant, refractive index of the
solvent, and the semiconductor, the electron transfer rate increased when the effective driving
force value decreased to A’ =0.22 (eV) at the same temperature and charge carrier
concentration, where the maximum value of the electron transfer rate for chloroform solvent
was (1.0622E-06).
Keywords: Effective driving force, N3 dye, ZnS Semiconductor, Charge transfer.

1. Introduction

Increasing energy consumption, depletion of fossil resources, and greenhouse gas
emissions are major environmental challenges that have prompted extensive efforts to
develop clean and renewable energy sources (1). Among the promising solutions, many
experimental and theoretical approaches have been harnessed to understand and optimize
dye-sensitized solar cells (DSSCs), to achieve high cell performance while using
environmentally friendly materials and reducing manufacturing costs, making them an
outstanding choice for photovoltaic (PV) conversion (2). Among the several types of
photovoltaic devices created in recent decades, dye-sensitized solar cells (DSSCs) have
sparked increased interest, with noteworthy advances in performance. This has been made
feasible by extensive research into each of the components of these cells, which aim to
optimize the sensitizer, electrolytic mixture, and production process (3).
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Consequently, a great deal of research has been conducted to comprehend the dynamics of
charge carriers (transport characteristics) at the dye-semiconductor interface of DSSCs (4)
.To promote the CT from the sensitive dye to the semiconductor's conduction band, the dye
in the DSSC solar cell absorbs light for excitation. It then replenishes the oxidized dye
molecules by donating electrons from the redox pair of the system, and convection completes
the charge transfer (5). One of the basic models used to study electron transport is the
donor-acceptor model, which is characterized by the fact that no chemical bonds are formed
or broken within the system. Moreover, the contact region between molecules and
semiconductor systems has received increasing attention in many technical applications, and
its CT occurs across this interface (6).

Hadi et al conducted a study on the CT reaction process in heterostructure systems, based on
orientation energy analysis and compatibility of energy levels between materials used in
electronic devices. It was found that the transfer of electrons between different states requires
convergence of the energy levels of both materials (7). The CT in these devices depends on
the transitions in energy states between the donor and acceptor at the contact interface in the
heterostructures. Recently, research has focused on developing new device designs, along
with optimizing sensors and reductive mediators, to enhance the performance efficiency of
DSSCs (8).The chromophore (cis-bis (isothiocyanato) bis (2,2’ -bipyridyl-4,4'-dicarboxylato
ruthenium (I1), generally known as N3 dye, is an effective and popular dye used in
photocatalytic, photoelectrochemical, and DSSC devices (9). The electronic shift from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) is the main cause of N3 dye's exceptional ability to absorb sunlight. N3, once
elevated to an electronically excited state, can transport an electron to the CB of a
semiconductor. Because charge transfer reactions are spatially dependent, the N3 dye's
LUMO electron density is optimally situated close to the semiconductor surface to promote
advantageous charge transfer from the dye to the semiconductor (10,11). Its structure is
shown in Figure (1)(12). Zinc sulfide (ZnS), a semiconductor with important electrical and
optical characteristics, shows promise as a material for solar cell applications. Its broad
bandgap, which normally falls between 3.47 and 3.9 eV, enables efficient light conversion
and absorption in solar systems (13). It is well known that quantum confinement occurs when
scale constraints influence electronic wavefunctions. The long-term application of quantum-
confined ZnS is predicted to dominate material production in numerous key fields within the
next decade, including semiconductors, optoelectronics, and solar cells. Several wet-chemical
processes have already been used to successfully manufacture ZnS. Although ZnS exhibits a
lot of promise for solar cell applications, there are still issues with optimizing its production
and incorporating it into current technology. Further investigations are required to properly
utilize its potential in photovoltaic (14). The main objective of this work was to study and
calculate the CT rate in N3-ZnS heterojunction device and discuss the force coupling,
transition energy, driving energy and voltage at a specific temperature.

2. Materials and Methods

The computation of the electronic transport coefficient for the N3-ZnS system can be
approached by representing the system within the Hilbert space framework. The time-
dependent nature of electronic transport between the N3 donor and ZnS acceptor allows it to
be analyzed using perturbation theory. Within this framework, the complete wave functions
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for the states of the N3 donor and ZnS acceptor are expressed in terms of the Hilbert space
representation (15).

N3

Figure 1. Structure of N3 dye.

[Wn(r,0) = (Ibnz) + [dzns)er " (1)
This equation represents the system's quantum state which combines the donor and acceptor
in the form of a total wave function. (16)Under the non-adiabatic approximation, the
electrons satisfy the Schrodinger equation, which describes the state of the electrons
interacting in the donor-acceptor system, reads:

E =1 ., 0 i

Es(dns) + |dzns))em ™t = ih—(Idns) + |bzns))em " @)
Describes the evolution of the quantum state of a system over time using the Hamiltonian
operator.

L . o S [y, Albns @)
(Hys + Hzns) (5 Di [z (0)) + 257 A; |¢ZnS(r)))e"E t) = ih X5; [Di ¢1;i ~ +
A 0| dzns(r)) e—i% (3)

) at
This equation shows how the interaction between donor and acceptor affects the overall wave

function.

(a0 ne

ZnS

a0 =
B35 e |28 Dy s (DN s (D] + 20 Ay Iz (1)) (zns ()] €70 @)

This represents the interference coefficient between electrons in the system, based on the
energy difference (17).
The quantity of the square magnitude of C,, indicate the probability of density (18).

Ppa = |Cpal? )
Thus, it becomes
2 2

B (H%) (e—ﬁi(EN3—EZns)t_1) 5

Ppa = n2 (EN3~Ezns) (6)
h
Consequently, the absolute value in Eq. (6) can be simplified to:
(e_ﬁi(EN3_EZnS)t_1) 4h . 2 (EN3—Ezns)t
= — o7 7
(Ens—Ezns) Gt o ) 0

Shows the effect of time on the probability of electronic transition (19).
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lim,._, (%t’“) = w5 (x) (8)
Equation (8) relies on mathematical techniques to describe the effect of time on the
probability of an electronic transition between two quantum states in the system (N3 and
ZnS). This formula shows that charge transfer occurs when the energy difference between
donor and acceptor is appropriate and coincides with time changes.

The probability transfers are reduced to the transition rate by (20).

6(EN3 - EZTLS) (9)

The base set wave function of the dN3 donor and ZnS acceptor in the system [y, (7, t)) must
be orthonormal (21).

lpns (MU Pn3 ()| = [Pzns (MNP zns ()] =1 (10)

The expectation values of the density of the state () for electrons in the system with basic
donor and acceptor states are (22, 23).

2T
r==
h

(H n3 )
ZnS

(ﬁ(E)) = 20 {n(r, )P zns (1) <¢Zn5 (r) |,5(E) |¢N3 (7”)>(¢N3 ()| (1, 1)) (11)
—AE%
(D)) = Nnse %7 (12)
ZnS
Based on the classical Marcus theory, the AE ns (eV) of the system is given by (24) .
ZnS
AE wa = nvzjzns+0%)° (13)
Zns 4AN3/Zns

where Ays zns is the transition energy of N3/ZnS systems and A is the driving force of
electrons.by substituting Eq. (13) in Eq. (12) to obtain

_(Anz/zns+A%)?
(Pg)) = Nns e *w3jzns (14)
zZnS
2
2 (A£+AO>
(s ) T VY
Mo, = ——2= e zns — N (E) (15)

h a 4mA N3 kT 3 Gdé
ZnS T

The transition energy of the solvent circumfluent the system at the new equilibrium of the
system is (25).

2

e? 1 1 1 e?  (nk,—mso?” 1 €2,—€50% 1
As/ns (V) = g (o = (B L gree L) (16)

8mey D Ngp? 6)_16RT[€ Nz 4+ng2 Ngo? €%, +€€5,2 €
0 PDdye Mso s0 0 SetNso S0 Se so“ €so

where e is the electron charge, g, is permittivity D and R are the radius of the dye and the
distance between the dye and the semiconductor, ns.and €, are the refractive index and
dielectric constant of the semiconductor,ng, and €, the optical and statistical dielectric
constants of solvents. The radius of the dye molecule is (26) .

r(m) = 3/% NiAp (17)

Where M is the molecular weight, N, is the Avogadro number, and p is the mass density.

3. Results

To understand the charge transfer behavior at the dye-semiconductor interface, a
quantitative computational approach based on the quantum picture and assumed continuum
state for all materials were used, using MATLAB software, to calculate the charge transfer
rates in the N3-ZnS system with different solvents (Chloroform, (1,2-Dichloroethane), (1-
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Methyl-2-pyrrolidinon) 1-Butanol and 1-Propano). The charge transfer rates from the excited
dye to the semiconductor were calculated by determining the important parameters that play a
key role in the charge transfer process. The transition energy was calculated using the Eq.
(16), Based on the radii of N3 and ZnS as well as the refractive index and dielectric constant
of ZnS and the solvents used, the values were determined using the equation (17) taking into
account the molecular weight and mass density of the N3 dye according to Table (1) and the
molecular weight and density for ZnS semiconductor Table (2), it was found that the radius
of the N3 dye was Ry; = 5.9 A° while the radius of ZnS was R,,; = 2.115 (&). where the
transition energy played the main and effective role in limiting the charge transfer process.

Table 1. Characteristics of N3 dye molecules (9,27-28)

The N3 Molecule dye

Name of Dye Cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4’-dicarboxylato)ruthenium(11)
Chemical formula (CeH1sNsOgRUS,)
Molar Mass 705.64 g/mol
Density 1.36 g/cm®
Melting point > 300C°
HOMO -5.39 eV
LUMO -2.79 eV
Calculated radius 5.9 A°

Table 2. General properties of ZnS semiconductor (29, 30).

Properties Zns
Crystal Structure Cubic
Molecular Weight 97.46 g/mol
Lattice Constant 5.4093 A
Refractive Index 2.356

Band Gap 3.54 eV

Thermal Conductivity 25.1 W/mK
Density 4.079 g/cm®
Melting Point 1850°C
Dielectric Constant 8.9
Radii 2.1158115 (A)

From Eq.(16), the transition energy Aysz zns(eV) values of the N3-ZnS system were
calculated by entering the refractive index and dielectric constant values of the ZnS
semiconductor from Table (2) and the dielectric constant and refractive index values of the
solvents used in the system, the transition energy values were obtained in Table (3), where
the lowest value was for solvent Chloroform and the maximum value appeared when solvent
1-Propanol was used.

Table 3. Results of the reorientation energy A(n, €) for charge transfer at N3-ZnS

Solvent €,,(31) ng,(31) A(n,€)
Chloroform 481 1.446 0.24323
1,2-Dichloroethane 9.08 1.424 0.36421
1-Methyl-2-pyrrolidinone 32.00 1.470 0.43471
1-Butanol 17.80 1.399 0.44411
1-Propanol 20.1 1.384 0.46131
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Using equation (15), the CT rate was calculated by entering the values of the effective
driving energy for N3/ZnS system A%=0.22 (eV), A°=0.27 (eV) and A°=0.32 (eV), and
the concentration of charge carriers N, = 1.4 X 102°m=3 (32) at a temperature of 300k |,

taken the transition energy Ays;zns(eV) for N3/ ZnS with solvents coupling strength

2

(Hzns(E))| = (1x1073) to (4x 1073) |eV|? (33), effective length I, = 3A° (34), atomic
N3

3

MATLAP program, the results are listed in Tables from (4), (5), and (6), and for N3/ZnS
devices at effective driving energy A°=0.22 (eV) , A°=0.27 (eV) and A°=0.32 (eV)
respectively.

density dz,s = 2.52039 x1025mi and electronic concentration a =1 x 1010mi with

Table 4. Results of CT rate production for N3- ZnS device system at A°= 0.22 (eV) with T = 300 K.

Rate of Electronic Transfer cm?/ Sec

(F N3 ) (eV)?
solvent AN3/ZnS(eV) ZnsS

1 1.5 2 2.5 3 3.5 4
x1073 x103 x103% x103 x10%® x10%® x1073

2.6554E 3.9831E 5.3108E 6.6385E 7.9662E 9.2940E 1.0622E
Chloroform 0.24323 07 07 07 07 07 07 06
1,2-

Dichloroethan 0.36421 1.2769E 1.9154E 2.5538E 3.1923E 3.8307E 4.4692E 5.1076E

e -07 -07 -07 -07 -07 -07 -07
1-Methyl-2- 0.43471 7.2837E 1.0926E 1.4567E 1.8209E 2.1851E 2.5493E 2.9135E

pyrrolidinone ' -08 -07 -07 -07 -07 -07 -07
6.7320E 1.0098E 1.3464E 1.6830E 2.0196E 2.3562E 2.6928E

1-Butanol 0.44411 .08 07 07 07 07 07 07
5.8180E 8.7270E 1.1636E 1.4545E 1.7454E 2.0363E 2.3272E

1-Propanol 0.46131 .08 .08 07 07 07 07 07

Table 5. Results of CT rate production N3- ZnS devices system at A°= 0.27 (eV) with T = 300 K.

Rate of Electronic Transfer cm?/ Sec

(F n3) (eV)?
solvent AN3/Zn5(eV) Zns

1.5 2 2.5 3 3.5 4
x1073 x103 x103 x103 x10%® x10%® x1073

3.8182E 5.7273E 7.6363E 9.5454E 1.1455E 1.3364E 1.5273E

Chloroform 0.24323 .08 .08 .08 .08 07 07 07

Dichlt,rzo_ethan 0.36421 25368E 3.8052E 5.0736E 6.3420E 7.6104E 8.8788E 1.0147E
e ' -08 -08 -08 -08 -08 -08 -07
1-Methyl-2- 0.43471 1.6079E 24118 3.2158E 4.0197E 4.8237E 5.6276E 6.4316E
pyrrolidinone ' -08 -08 -08 -08 -08 -08 -08
1.5033E 2.2550E 3.0067E 3.7583E 4.5100E 5.2617E 6.0133E
1-Butanol 0.44411 .08 08 .08 .08 .08 .08 08
1.3253E 1.9880E 2.6506E 3.3133E 3.9759E 4.6386E 5.3012E
1-Propanol 0.46131 08 08 08 .08 .08 .08 .08

222



IHIPAS. 2025, 38(3)

Table 6. Results of CT rate production for N3- ZnS devices system at A°= 0.32 (eV) with T = 300 K.

Rate of Electronic Transfer cm?/ Sec

(7€ n3 ) (eV)?
solvent AN3/Zns(eV) ZnS

1.5 2 2.5 3 3.5 4
x1073 x103% x103 x103 x10® x10%® x1073

Chloroform 0.24323 45011E 6.7517E 9.0022E 1.1253E 1.3503E 1.5754E 1.8004E

-09 -09 -09 -08 -08 -08 -08

Dichlt,rzc;ethan 0.36421 44138E 6.6207E 8.8276E 1.1034E 1.3241E 1.5448E 1'7_2585E
o ' -09 -09 -09 -08 -08 -08

1-Methyl-2- 0.43471 3.1761E 4.7642E 6.3523E 7.9403E 9.5284E 1.1116E 1.2705E

pyrrolidinone ' -09 -09 -09 -09 -09 -08 -08
3.0111E 4.5166E 6.0222E 7.5277E 9.0333E 1.0539E  1.2044E

1-Butanol 0.44411 09 .09 .09 .09 .09 08 08
2.7188E 4.0782E 5.4376E 6.7970E 8.1564E 9.5158E 1.0875E

1-Propanol 0.46131 .09 .09 .09 .09 .09 .09 .08

4. Discussion

From the results obtained in Table (3), it was found that the values of the transition energy
are affected by the dielectric constant and refractive index of both ZnS semiconductors and
the solvents used in this system, and it was shown that when the refractive index decreases
and the dielectric constant increases, the values of the transition energy increase. In Table
(3), the calculated results show that the maximum value of the transition energy was for 1-
propanol with a value of 0.46131, and the lowest value of the transition energy was for
Chloroform with a value of 0.24323. In Table (4), at 300 K, the charge carrier concentration
N; = 1.4 x 102°m~3 and effective driving force A°= 0.22 (eV), the charge transfer rate of
the solvent Chloroform had the highest values compared to the other solvents used in the
system, where the value of charge transfer rates reached 1.0622E-06 at the coupling force
4x 1073 )(. Compared to the solvents used in this system for the same coupling strength, the
lowest charge transfer rate was 2.3272E-07 for 1-propanol, as expected, the charge transfer
rate increased with increasing coupling strength and decreased with increasing transition
energy. In Table (5), when increasing the amount of effective driving force to A=
0.27 (eV) and for the same temperature and concentration of charge carriers, it was found
that the charge transfer rate for chloroform solvent at 4x 10~3) ( coupling force was
(1.5273E-07) was the highest value obtained compared to the other solvents used, and the
lowest value was (5.3012E-08) for 1-propanol at the same coupling strength.
As shown in Table (6), the effective driving force was equal to A°= 0.32 (eV) at the same
temperature and charge carrier concentration, and the charge transfer rates reached the
highest values in chloroform solvent with a value of 1. 8004E-08 at a coupling strength of
4% 1073) (and the lowest value obtained was 1.0875E-08 at a coupling strength of 4x
1073) (in 1-propanol.From the results shown in Tables 4, 5 and 6, it was found that the
charge transfer rate decreased when the effective driving force was increased and the
transition energy increased, which limited the charge transfer processes in the N3-ZnS
system and the results showed that the N3-ZnS device had the best charge transfer rates at
the effective driving force A°= 0.22 (eV) and Chloroform solvent compared to the other
solvents used in this system.
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5. Conclusion

In conclusion, the high electronic transition rates were obtained when solvents with low
transition energies were used, based on a donor-acceptor model. The results indicated in force
that the transition energy was affected by the dielectric constant and refractive index of both
solvents and semiconductors. In heterogeneous N3-Zns devices, it was found that the electron
flow rates increased as the transition energy of the system decreased and the effective driving
force decreased, as the effective driving force affected the charge transfer rates; when it
increased, the CT dynamics became more complex, leading to enhanced recombination rates
and reduced efficiency of the excited electron injection from the dye to the semiconductor.
The N3-ZnS system was favoured by the chloroform solvent with an effective driving force
value of A°= 0.22 (eV)compared to the other solvents that were used.
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