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Abstract

The dynamics of charge flow at the interface of the Dye/Semiconductor cell has been investigated by a quantum transfer
theory. At the interface between the N3 and Cresyl Violet CV dyes complex such as CdS and InAs semiconductor, the potential
determines the flow charge transfer rate and indicates the efficiency of the devices. The flow charge rate at N3/CdS, N3/InAs,
CV/CdS and CV/InAs were increased along with decreasing the energy of transition and increasing the coupling parameter. The
potential at the interface also indicates the effect of the structure of the material on the flow charge rate in the dye-sensitized
solar cells (DSSC) devices. The flow charge rate at DSSC system is polar dependent region. In this study, the flow charge rate
was found to be highly compared to InAs by factor 102.

(© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the last few decades, demands for clean energy sources have been increased-drastically because of its necessity
in the economic developments, social accommodation and human health. Since the beginning of the twentieth
century, the use of clean energy in different areas of technology had been accelerated to reduce the tremendous
increase in the emission of various gases such as (Co, and Co) and to moderate the climate of earth climate
cooperation with the global warming effect [1]. Recently, the energy scenario tool had been changed leading to
substantial increases in energies. In the central energy search sustainability was renewable energies. The society of
nanotechnology and nanoscience can be assisted in solving several global energy problems [2]. One of the most
essential devices that satisfy the growing demand for clean energies without any pollution is the photovoltaic (PV)
device [3]. However, considerable efforts have been made to investigate and developed new sources of energy
harvesting with sufficient conversion efficiencies for fuel generation by using solar energy [4]. In fact, the energy
conversion process in the photovoltaic cell is mainly based on generating charge carriers from photons by absorption
of light [5]. So far, dye sensitized solar cell or Gratzel cell has proved itself as an efficient clean energy source among
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other sources [6]. The phenomenon of charge carrier’s transfer within the molecules of a reliable interface system
has been widely investigated and studied using different theoretical models and experimental techniques [7]. The
dye-sensitized solar cells (DSSC) are semiconductor-based photovoltaic devices that directly convert solar radiation
to electrical current. Basically, the semiconductor in the DSSC absorbs light by the sensitizer and the light separates
the charge carrier to transport within the [8]. Understanding electron transportation processes in DSSC is very
important for developing new technologies in the areas of molecular electronics and complex biological enzymes
molecules [9]. In this study, a comprehensive investigation has been made to understanding the dynamics and study
the flow charge transfer rate at the sensitized-semiconductor cell system.

2. Theory

According to the quantum theory, the phenomenon of charge carrier transport in the DSSC system can be
described based on a simple model of donor—acceptor scenario. The electronic transfer current Ac7 can be written
according to golden rule [10]:

2
Acr = Fimrzgs—u ey

Here 972 is the square coupling of electronic and Gs_p is Franck—-Condon weight density. The Gs_p can be
evaluated — by Perturbation methods of the potential barrier and is written as below [11].
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where 8 = 4xkgT is time dependent temperature value, kp is Boltzmann constant and T is taken as room
temperature, T% is the transition energy, DSDJ;; is the activation force energy. According to assumed continuum

energy levels for both materials, the Eq. (1) has been rewritten as an integral equation with a distribution function
of the electronic density of state f(c).
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Here f) is the Fermi level of electronic density of state of the dye sensitized solar cell which can be written
as [4].
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The electrochemical potentials at Dye/Semiconductor interface that described by the exponential term in Eq. (3)
can be written as.
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By inserting Eqgs. (5) and (4) in Eq. (3) and solving the resulted integral equation, the electronic which transfers
current can be described by (6) [12].
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On the other hand, the coefficient coupling for the steady state must be given as [13]:
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The rate of electronic transition current is relative to decay constant S¢r, and it is given by ACT(‘J'? , |Cr |2 ,T)=
ﬁgcr [14]. Then, by simplifying Eqgs. (6) and (7).

- NySen RGN (kT
Acx(TE, 1M *, T) ~ 7 o T <\fmr(0)( > s [nkBT - W] ®)
The electronic transfer energies for DSSC system is [15].
T9 (eV) = < [ t(ns, e) — ;E(nSvnSemves’eSem)jI 9
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where e is charge of the electron, €. is the permittivity of space. The solvent polarity function is given by:
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where ng and €; are the refractive index and dielectric constant for the solvent. While the polarity for dye—
semiconductor system is:
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where ng., and €g,,, are the refractive index and dielectric constant for the semiconductor, Rp,. refers to the dye

radius, and dpyc_sen indicates the distance between the semiconductor and dye. The dye molecule radius can be
estimated by [16]:

3 MDye 1
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12)
Here Mpy,. indicates the molecular weight for dye, N and pp,. are the Avogadro number, and dye density,
respectively.

3. Results

Since the flow rate is a key aspect in understanding the dynamic of the electronic features and the efficiency of
DSSC solar cell, it is important to study the parameters that may affect the flow rate, Fig. 1 shows a schematic
diagram of the energy levels at DSSC interface.

The investigation of the charge flow rate Act at both CV/CdS and CV/InAs and N3/ CdS and N3/InAs dye-
sensitized solar cells (DSSC) systems have been carried out based on the quantum theory by using the golden rule.
MATLAB software was used to calculate the charge flow rate by solving Eq. (8) at room temperature. In order to
calculate the flow rate of electrons, the energy of the transition 7% and electronic coupling term between the dye and
semiconductor states should be estimated. The energy of transition is the required energy for a system to align and
reform prior to electron transition which can be calculated using Eq. (9). The radius of both dye and semiconductor
were estimated from Eq. (12) by considering the density py3 = 1.261 55, pcy = 1.92 5, molecular weight

Mys; = 1187.08 melecule ar o — 361.74 %, results are ryz = 6.5 A and rey = 4.21 A. By substituting

“mole °
the refractive index and dielectric constant of semiconductor and molecules solvent. The energy of transition for

CV/CdS and CV/InAs and N3/ CdS and N3/InAs DSSC dye is estimated using Eq. (9) and the results are listed in
Tables 1 to 3.

The activation force energy D Som ‘ (eV) is also an important factor for electron transition from donor to the
acceptor in all DSSC system. It can be calculated from the absorption spectrum in Fig. 2 and using the following
equation o sor(eV) = hv — TP by inserting the energy of transition from Tables 2 and 3. Estimated results for
Cv/CdS, Cv/InAs and N3/CdS and N3/InAs are shown in Tables 4 and 5 respectively

The charge flow rate of electronic transition was calculated using Eq. (8) by considering the values of the

2
average coupling coefficient and the transition energy for dye /semiconductor ‘EDTT(O)‘ taking from Tables 2

and 3 respectively. The lattice constant for both semiconductors were taken from Table 1, and the penetration
factors are Bcr = 1A~". The results of charge flow rate for Cv/CdS, Cv/InAs and N3/CdS and N3/InAs are shown
in Tables 6 and 7 respectively.
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Fig. 1. Schematic of alignment energy levels at a DSSC interface.

Table 1. General characteristics of the used semiconductors.

Properties CdS [17] InAs [18]
Atomic weight (molecule/mole) 144.48 81.38
Crystal structure Hexagonal cubic Cubic
Density (g/cm?) 4.826 g/em? 5.66
Refractive index 2.529 3.5
Dielectric constant 8.9 15
Radius calculated (A) 2.281 2.367
Electron affinity 3.47 eV 4.9 (eV)

Table 2. Energy of transition for CV/CdS and CV/InAs DSSC at I-propanol, Acetonitrile and Ethanol
solvents.

Solvent €50 [19] n [19] T2 (eV) for CV/CdS T2 (eV) for CV/InAs
1-propanol 20.33 1.3856 0.611811 0.5437945
Acetonitrile 315 1.3441 0.686607 0.616523

Ethanol 24.5 1.3614 0.646761 0.577585

Table 3. Energy of transition for N3/CdS and N3/InAs DCSC at 1-propanol, Acetonitrile and Ethanol
solvents.

Solvent €50 [19] n [19] ‘J'? (eV) for N3/CdS ‘J’? (eV) for N3/InAs
1-propanol 20.33 1.3856 0.387112 0.3398633
Acetonitrile 37.5 1.3441 0.434637 0.385951

Ethanol 24.5 1.3614 0.409217 0.361161
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Fig. 2. (A) The chemical structure and the UV-Vis absorbance of CV and (B) The chemical structure and the UV-Vis absorbance of N3-dye.

Table 4. The activation driving energies for CV/CdS and CV/InAs DSSC at 1-Propanol, Acetontrile, and Ethanol

solvents.
Wave length Absorption The active driving force energy D?!,; (eV)
A (nm) energy (eV)
CV/CdS DCSC CV/InAs DCSC
1-Propanol  Asetontrile  Ethanol  1-Propanol  Asetontrile  Ethanol
300 4.125 3.805 3.842 3.816 3.916 3.948 3.925
350 3.535 3.215 3.252 3.226 3.326 3.358 3.335
400 3.093 2.773 2.810 2.784 2.884 2916 2.893
450 2.750 2.430 2.467 2.441 2.541 2.573 2.550
500 2.475 2.155 2.192 2.166 2.266 2.298 2.275
550 2.250 1.930 1.967 1.941 2.041 2.073 2.050
600 2.062 1.742 1.779 1.753 1.853 1.885 1.862
650 1.904 1.660 1.620 1.594 1.694 1.726 1.703
700 1.767 1.447 1.484 1.458 1.558 1.590 1.567

Table 5. The activation driving energies for N3/CdS and N3/InAs DSSC at 1-Propanol, Acetontrile, and Ethanol

solvents.

Wave length

Absorption

The active driving force energy ©

Dye
Sem

eV)

A (nm) energy (eV)

N3/CdS DCSC N3/InAs DCSC

1-Propanol  Asetontrile  Ethanol 1-Propanol  Asetontrile  Ethanol
400 3.093 2.705 2.658 2.683 2.754 2.708 2.732
450 2.750 2.363 2316 2.341 2411 2.365 2.389
500 2.475 2.088 2.041 2.066 2.136 2.090 2.114
550 2.250 1.863 1.816 1.841 1911 1.865 1.889
600 2.062 1.675 1.628 1.653 1.723 1.677 1.701
650 1.904 1.517 1.470 1.495 1.565 1.519 1.543
700 1.767 1.380 1.333 1.358 1.4280 1.382 1.406

4. Discussion

The efficiency and the electrical properties of the DSSC system were affected by the charge flow rate of electronic
transition Acp(T2, [97|*, T) due to the transition energy TP (eV), and the active overlapping electronic coupling
coefficient M1y eV at a temperature T(K). Since the conducting band in both CdS and InAs semiconductors were
assumed to be a continuous energy level as mentioned previously. Both CV and N3 DSSC dye molecule are
bounding to these semiconductors. The charge flow rate has been evaluated according to transition energy (‘.Té) ).,
that is energy must the system has to reform to begin the transition and the energy of overlapping the electronic
energy state to coupling each other to continue transition due to interface. The unit cell volume and penetration
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Average coupling

The current of electron transfer A@T(TSD, M2, T) (s7h

coefficient

CV/CdS system CV/InAs system

1-propanol Acetonitrile Ethanol 1-propanol Acetonitrile Ethanol

0.611811 0.686607 0.646761 0.5437945 0.616523 0.577585
0.020 5.05228 x 10~%7 52121 x 10737 53695 x 10737  3.7146x 1073  3.4898 x 107  3.6049 x 10~
0.022 6.07513 x 10737 5.7333x 10737 5.9065x 10737 4.0861 x 1073  3.8388x 1073  3.9654 x 10~
0.024 6.6271 x 10737 6.2545x 10737 6.4434x 10737 44576 x 107 41878 x107¥  4.3251x 10~
0.026 7.1797 x 10~ 6.7757 x 10737 6.9804 x 10737  4.8290x 1073  4.5368 x 107  4.6864 x 10~
0.028 7.7319 x 10~%7 7.2971x 10737 75173 x 10737 52005x 1073 4.8850x 107%°  5.0469 x 10~
0.030 8.2841 x 10737 7.8182x 10737 8.0543x 10737  5.072 x 1073 5.2348 x 1073 5.0469 x 10~

Table 7. The charge flow rate of electron transfer ACT(‘J'? s |§mT|2 ,T).

Average coupling

The charge flow rate of electron transfer A@T(‘J'é) s \9ﬂ7|2 ,T) 57

coefficient

N3/CdS system N3/InAs system

1-propanol Acetonitrile Ethanol 1-propanol Acetonitrile Ethanol

0.387112 0.434637 0.409217 0.3398633 0.385951 0.361161
0.020 6.9292 x 10737 6.5423 x 10737 6.7409 x 10737 4.6922 x 10~ 4.4041 x 107%  4.5515x 107
0.022 7.6221 x 10~%7 7.1965 x 10737 7.4150x 10737 5.1614 x 1073 4.8445x 107 5.0066 x 10~
0.024 8.3150 x 10737 7.8507 x 10737 8.0891 x 10~%7  5.6307 x 10~ 5.2849 x 1073 54618 x 10~%
0.026 9.0080 x 10~37 8.8050 x 10737 8.7632x 10737 6.0999 x 10~ 5.7253 x 1073 5.9169 x 10~
0.028 9.7009 x 10737 9.159 x 10737 9437 x 10737 6.51691 x 10~3° 6.1659 x 1073 6.3721 x 10~%
0.030 1.0393 x 10736 9.8134x 10737 1.0111x1073¢  7.0383 x 107° 6.6062 x 1073 6.8272 x 1073

depth refer to the medium region of electronic transition reaction. However, the transition of electrons depends on
the electron driving energy (the required energy for electrons to transfer over a potential of material interfaces),
and this driving energy supplied to a system by absorption of the dye in both systems as shown in Fig. 2. This
energy facilitates the electrons injection results in from more electrons transfer from donor states to acceptor states
across the interface of the conduction state to dye states in N3 and CV dyes as seen in Tables 3 and 4 It is clear
from Tables 3 and 4 that the electron driving energies for N3/CdS and N3/InAs systems are higher than that in
the Cv/CdS and CV/InAs systems, and these high energies lead to increase the flow charge rate for N3/CdS and
N3/InAs compared to Cv/CdS and CV/InAs as shown in Tables 6 and 7.

In the interface of DSSC, the potential barrier depends on the structure of material and indicates the characteristics
of the energy levels at the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular
Orbital (LUMO) for N3 and CV, and the energy levels in the conduction band for CdS and InAs semiconductors.
According to the results of energy of transition in four systems that shown in Tables 2 and 3, it is clear that the
N3/CdS and N3/InAs systems need lower energy to reconfigure and transfer than that for CV/CdS and CV/InAs
systems. Therefore, a system with lower transferring energy has higher charge flow rate and vice versa for all the
three solvents. Tables 2 and 3 show that the energy transfer of electrons in both systems with Acetontrile solvent is
higher than those with the 1-propanol and Ethanol solvents. Tables 6 and 7 show that N3/CdS and N3/InAs systems
have higher flow charge transfer than CV/CdS and CV/InAs systems, this indicates that N3/CdS and N3/InAs
systems have lower potential barriers than other systems. From the results in Tables 6 and 7, the systems with
1-Propanol and Ethanol solvents have faster formation to transition than those of Acetontrile solvents along with
larger flow charge transition through the interface. Also, 1-Propanol solvent was the most active media to transfer
than other solvents. The Acetonitrile solvent in all systems results in more transition energy to reform to transfer
and low flow charge for the transfer. On the other hand, a comparison of the regional media for charge transfer
as a function of the polarity for both systems with three solvents shows that the flow charge rate increases with
increasing the polarity and leads to increasing the DSSC efficiency. Tables 6 and 7 show that the flow charge rate
of N3/CdS and CV/CdS systems is faster than that for N3/InAs and CV/ InAs systems, which confirms that CdS is
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the most active semiconductor for N3 and CV dye systems. Furthermore, the results in Tables 6 and 7 also shows
that the charge flow rate for all systems increases with increasing the coupling.

5. Conclusions

In this study, a comprehensive the scenario dynamic of charge transfer and calculations the efficiency with
electronic properties of DSSC systems as function of flow charge rate was carried out.

The flow charge rate of N3/CdS, N3/InAs, CV/CdS and CV/InAs was proportional increase with decreasing
the energy of transition and increasing the coupling parameter. The flow charge rate is effected by potential at the
interface in DSSC devices, it increases with decreases the potential height and vice versa. The flow charge rate at
DSSC system is active with propanol compared with other solvent, it is the most active polar solvent to charge
transfer compared to other solvents. The results of the flow charge rate indicate that CdS was the most active
alignment system for N3 and CV dyes for electronic transfer reaction
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