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Solid-state dye-sensitized solar cells (SSDSC) have been fabricated using two different metal oxide materials, graphene oxide and
titanium oxide, are used as hole and electron transport materials, respectively. The N719 dye ruthenium between the hole and electron
transport materials to act as an absorber layer in your Go/N719dye/TiOz solar cells. Through the SCAPS-1D simulation, it was found
that the Go/N719dye/TiOz solar cells have significantly improved the performance of the solar cells compared to the Go/TiOz solar
cells. Specifically, the short circuit current (Jsc) has increased from 0.17 mA/cm? to 1 mA/cm?, the open circuit voltage (Voc) has
increased from 0.2 V to 1 V, and the power conversion efficiency (n) has increased from 0.02% to 2.5%. Additionally, Various factors
that can affect the performance of Go/N719 dye/TiO: solar cells. It was found that the optimal dye thickness for achieving high short
circuit current density, high power conversion efficiency, and high open circuit voltage is between 200nm and 300nm. Furthermore,
the operating temperature of the solar cells also affects their performance. Increasing the operating temperature negatively affects the
open circuit voltage and power conversion efficiency of the cells, while the short circuit current density is slightly enhanced. Finally,
the efficiency of a solar cell can be affected by the type of metal used for the electrode and the type of semiconductor material used in
the cell. In Ni and Cu electrodes solar cells ohmic contacts allow for efficient transfer of electrons, whereas Schottky barriers can
impede electron flow and reduce efficiency in Mo and Ag electrodes solar cells.

Keywords: SCAPS; Graphene oxide; Operating temperature; Thickness, Work function; Parameter of solar cells

PACS: 42.79.Ek, 78.20.Bh, 72.80.Le, 73.30.y, 73.40.Kp

1. INTRODUCTION

Photovoltaic (PV) technology is used to convert sunlight into electricity, and it typically involves the use of solar
cells made of semiconductor materials such as silicon [1.2] Hybrid photovoltaic cells have different semiconductor layers
and junctions that allow them to create hole-electron pairs more efficiently, which leads to better performance such as
Dye-sensitized solar cells (DSSCs). This device is a specific type of hybrid PV cell that uses a layer of organic dye to
absorb light and create electron-hole pairs, which are then transported to an electrode by a layer of inorganic Nano-
crystalline material [2-4]. They several advantages over traditional silicon-based solar cells, including lower production
costs and the ability to generate electricity in low-light conditions. However, they also have some limitations, such as
lower efficiency and shorter lifespan. Nevertheless, DSSCs are a promising technology that could help to make solar
energy more accessible and affordable in the future [4].

The common hole conductor used in fabricating dye-sensitized MOSCs (Metal-Oxide-Semiconductor Cells) is an
electrolyte composed of an iodine couple dissolved in an organic solvent [3,5]. This electrolyte plays a crucial role in the
functioning of the MOSCs by providing the pathway for the transport of holes from the dye to the electrode. However, as
known, there are certain problems associated with using electrolyte as the hole conductor. One of the main issues is the
requirement for a good seal to prevent any leakage of the electrolyte, which can be challenging to achieve over long
periods of time [5]. This leakage can not only affect the performance of the MOSCs but can also pose safety risks. To
overcome this problem, researchers have been exploring alternative hole conductors, such as solid-state hole conductors
or organic hole-transporting materials. These materials can offer improved stability and reliability compared to
electrolytes, while also reducing the risk of leakage and increasing the lifetime of MOSCs. For example, solid-state
materials such as PEDOT: PSS have been investigated as an alternative to electrolytes as the hole conductor in MOSCs.
PEDOT:PSS has several advantages, such as high work function, high conductivity, high optical transmittance, easy
solution process ability, and potential application on flexible substrates, which make it an attractive material for MOSCs
and other solar cell application [ 6]. Recently m Yuhan Wu produced high efficiency solar cells of 18% utilizing bromide
(KBr) into poly (3,4-ethylenedioxythiophene): polystyrene sulfonate) (PEDOT:PSS) to improve its own conductivity and
interfacial charge transfer [7]. On other hand, there are also some drawbacks to using PEDOT:PSS as a hole transport
layer. PEDOT:PSS can also be sensitive to moisture, leading to decreased performance and stability over time [8]. As a
result, researchers are actively exploring alternative hole transport materials that can offer better performance, stability,
and cost-effectiveness. Some promising options include metal oxides (such as TiO, or SnO), conjugated polymers (such
as PTB7 or P3HT), and carbon-based materials (such as graphene or carbon nanotubes). Graphene oxide (GO) has been
investigated as a potential alternative to PEDOT:PSS as a hole transport material in solar cells. GO has several interesting
properties, including a band gap energy of 3.5 eV, excellent transparency, low production cost, large scale production
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capability, good solubility in many solvents, and high hole mobility [5,8]. Due to these properties, GO has been
demonstrated to be a promising material for improving the efficiency of solar cells. Its high transparency allows for more
light to pass through the cell and be absorbed by the active layer, while its high hole mobility can facilitate the transport
of charge carriers and reduce the recombination of electrons and holes. Other important part in DSSCs is ruthenium dyes.
It has indeed been extensively studied in photochemistry due to their remarkable properties such as chemical stability,
excited state reactivity, luminescence, and long excited state lifetime [9,10].

This study aims to examine various factors that affect the performance of the solar cell, such as the presence of N719
Ruthenium dye, the thickness of the dye layer, the work function of the back contact, and the temperature. This
information can provide insights into optimizing the design and performance of the solar cell. SCAPS-1D simulation
package is a powerful tool for modeling the physical and electrical behavior of solar cells, including the absorption of
light, generation and transport of charge carriers, and recombination processes [11]. It can simulate the effect of different
parameters on the device performance, allowing for the optimization of the solar cell design.

2. NUMERICAL MODELING AND STRUCTURE DEVICE

Solar Cell Capacitance Simulator (SCAPS-1D) is a one-dimensional solar cell simulation program developed by the
department of Electronics and Information Systems (ELIS) at the University of Gent, Belgium [11]. The purpose of
SCAPS-1D is to simulate and evaluate the performance of Single-Step Deposition-Synthesized Solar Cells (SSDSC). It
is also capable of modeling a variety of solar cell parameters and characteristics, including electrical and optical
properties, interface and bulk recombination, and temperature and illumination dependence. SCAPS-1D uses a drift-
diffusion approach to simulate carrier transport and considers the effects of doping, carrier lifetime, and surface
recombination velocity on the cell's performance. The program has been validated against experimental data and has been
used in various research studies to analyze the performance of different types of solar cells. Initially, the program was
used to simulate the performance of solar cells made of CulnSe; and CdTe materials [11]. Later on, researchers began
using the program to simulate the performance of crystalline solar cells and other types of materials [12].

This work has utilized SCAPS, a modeling software for solar cells, to investigate how certain parameters of the cells
are affected by varying factors. Specifically, the thickness of the dye layer, operating temperature, and work function of
the back contact were examined, and the efficiency, short circuit current density, and fill factor were extracted as
parameters of interest. This was accomplished by analyzing the current density versus voltage of the solar cells under
different experimental conditions. The SSDSC is a layered structure consisting of main layers): Graphen oxide (Go), nano
crystalline Titanium oxide (TiO2), N719 Ruthenium Dye, back contact and front contact. Figure 1 show schematic

diagrams of TiO,/dye/Go solar cells.
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Figure 1. Schematic of the GO/N719dye/nc-TiOz solar cells

From previous literatures (13-15) Tables 1 and 2 present the input parameters used in SCAPS simulators for studying
the performance of solar cells.

Table 1. Parameters for TiO2, Go and N719 Ruthenium Dye

Material properties TIO:2 Go N719 Ruthenium Dye
Thickness(nm) 2000 200 Vary
Bandgap (ev) 3.2 3.25 2.37
Electron affinity(ev) 4.200 1.9 3.9
dielectric permittivity(relative) 10 3 30

CB effective density of states (1/cm?) 2.000E+17 2.2E+21 2.400E+20
VB effective density of states (1/cm?) 6.000E+17 1.8E+21 2.500E+20
Electron mobility (cm?® /Vs) 100 100 5

hole mobility (cm? /Vs) 25 300 5
Shallow uniform donor density ND (1/cm?) 1.000E+17 0 0
Shallow uniform acceptor density ND (1/cm?) 0 1 E+16 1 E+17
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Table 2. Parameters of back and front contacts

Parameters Back contact Front contact
Surface recombination velocity of electrons 1.00E+5 1.00E+5
Surface recombination velocity of holes 1.00E+7 1.00E+7
Metal work function(ev) 5.1 4.4

3. RESULTS AND DISCUSSION
3-1 Simulation of TiO2/N719-dye/Go and TiO2/Go solar cells
The J-V characteristics and performance of two different types of solar cells, TiO2/N719-dye/GO (three layers) and
TiO2/Go (two layers), have been studied using SCAPS simulations under standard simulated solar light of AM 1.5G
(100mW/cm?). Based on the results in figure 1, the TiO2/N719-dye/Go solar cell exhibits the best performance with an
open circuit voltage (Voc) of 1.02V, short current density (Jsc) of 3.5mA/cm?, and a maximum output power (Puax) of
0.9mW/cm?. The fill factor of the three-layer solar cells was around 0.67, calculated using equation 1 [16].

I,V P
— _m'm — max 1
IV, IV, W

sc ' oc sc ' oc

FF

The power conversion efficiency (1) of a solar cell is given by the ratio of the maximum output power (Pmax) to the
power of the incident light (Pin). Mathematically, it can be expressed as:

P
— max 2
=5 2

in

The maximum output power (Pmax) can be obtained by multiplying the open-circuit voltage (V) and the short-
circuit current density (Jsc), and then multiplying the result by the fill factor (FF) of the solar cell. Therefore, we can
express Pmax as:

Pmax = VocxJscxFF 3)
Substituting equation (2) into equation (1), we get:

_ Voc xJsc X FF
P

in

“

From equation (4), It is clear that the fill factor (FF) plays a crucial role in determining the power conversion
efficiency (1) of a solar cell. A high fill factor indicates that the solar cell is able to convert a higher fraction of the incident
light into electrical power, resulting in a higher efficiency. On the other hand, a low fill factor indicates that the solar cell
is not able to utilize the incident light efficiently, resulting in a lower efficiency. It's important to note that no additional
defects or recombination reactions were introduced in each layer during the simulation.
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Figure 2. a) J -V characteristics of Go/DYE/Ti0z solar cell and (b) J -V characteristics of Go /TiOz solar cell under illumination

The study found that a three-layer device composed of TiO», dye, and Go showed an efficiency of 2.5% based on
numerical simulations, which is higher than the reported 0.9% efficiency in recent literature [17]. Further investigated
were conducted on three-layer solar cell by varying the thickness of the dye layer and the work function of the back
contact and operating temperature, this could provide data on the relationship between these parameters and the efficiency
of the solar cells. This data could then be analyzed to identify optimal values for these parameters that result in the highest
efficiency. This process of optimizing the design of a solar cell is an important step in improving its performance and
could lead to the development of more efficient and cost-effective solar energy technologies.
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3-2. Effect of Thickness of N719 dye layer on solar cells

In dye-sensitized solar cells, the thickness of the dye layer plays an important role in the absorption of photons and
the separation of photogenerated carriers at the interfaces between the dye layer and the metal oxide layer. The dye layer
is responsible for absorbing light and transferring the energy to the metal oxide layer, where it generates electron-hole
pairs. Figure 3 shows the dependence of various photovoltaic parameters on the thickness of dye, which was changed in
the range of 10-300nm.

Figure 3a specifically shows the variation of V,. with a change in the thickness of the dye layer. It appears that at
10 nm thickness, Voc was initially around 0.94V, but as the thickness of the dye layer increased, Voc also increased to
reach 1.06V at 300 nm thickness. According to Figure 3b and c, the short-circuit current (Jsc) and efficiency of the three-
layer solar cells increased with an increase in the thickness of the dye layer. At a thickness of 200 nm, the Jsc and
efficiency reached approximately 3.5 mA/cm? and 2.5%, respectively. However, as the thickness of the dye layer
increased beyond 200 nm, the enhancement of Jsc and efficiency became very slow, indicating that there is an optimal
thickness range for maximizing these parameters. This behavior can be explained by the fact that an increase in the
thickness of the dye layer leads to the absorption of more light by the device, which generates more excitons (electron-
hole pairs) that can contribute to the photocurrent. However, beyond a certain thickness, the additional dye molecules
may not contribute significantly to the generation of excitons, leading to a plateau in the Jsc and efficiency values. A
thinner dye layer may produce lower short-circuit current density and efficiency because of several factors. One of these
factors is an increase in the recombination rate near the interfaces between the graphene oxide (GO)/dye and dye/ TiO,
layers, which can limit the photocurrent generation. Additionally, a thinner dye layer may not absorb enough light,
resulting in a lower photocurrent. Furthermore, the thickness of the dye layer should not be larger than the diffusion length
of charge carriers, as a thick layer can reduce the short-circuit current density due to an increase in series resistance. In
Figure 3d, the behavior of the fill factor was almost constant at the beginning, but it then declines for dye layers thicker
than 100 nm, reaching a value of 67 at a thickness of 200 nm. This behavior indicates an increase in the series resistance,
which can affect the fill factor. As the thickness of the dye layer increases, the series resistance also increases, leading to
a decrease in the fill factor.
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Figure 3. Photovoltaic performance parameters at various thickness of dye layer as: (a) Voc, (b) Jsc, (c) efficiency, and (d) FF

3-3. Effect of operating temperature on the performance of N719 dye layer on solar cells
The effect of temperature on the performance of solar cells is a crucial factor to consider for achieving optimal
efficiency and durability. This section examines the effect of temperature on the performance of TiO,/dye/Go solar cell.
Figure 4a shows the temperature of solar cells increases, the short circuit current density increases slightly due to improved
light absorption and generation of electron and hole pairs. That is attributed to thermal energy breaks some of the bonds
between the atoms or molecules in the material, causing the band gap to decrease. This allows electrons to absorb photons
with lower energies, which results in improved light absorption and increased generation of electron and hole pairs [18].
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As a result, the short circuit current density increases slightly at higher temperatures, reaching 0.35 mA/cm? at high
temperature. As the temperature of solar cells increases, more electrons and/or hole carriers are generated, leading to an
increase in the reverse saturation current density (Jo). According to the Shockley diode equation (4) , there is an inverse
relationship between the reverse saturation current density and the open circuit voltage [19].

y KT {ln(l+ j } . (5)

q

o

Where, Voc is the open circuit voltage,A is ideally factor, q is elementary charge, Kg is Boltsman constant , Jo is reverse
current.

This means that an increase in Jo will lead to a decrease in the open circuit voltage. Therefore, as the temperature of
solar cells increases, the open circuit voltage will decrease, as observed in Figure 4b. The operating temperature of a solar
cell can have a significant impact on its power conversion efficiency (Figure 4 ¢). At higher temperatures, there can be
changes in the properties of the semiconductor materials used in the solar cell, which can lead to a decrease in efficiency.
This degradation in efficiency is due to changes in the physical and chemical properties of the semiconductor materials
used in the solar cells [18,19]. That is attributed to change in the characteristics of semiconductors used in the solar cells.
The high temperature causes to change in the electron and hole mobility, carrier concentrations and band gaps of the
materials. For example, the band gap of semiconductor become narrow at high temperature which my lead the increase
the recombination of electrons and holes while traveling across the region decrease of efficiency output power of the
device (Jsc Voc ) [18]. The increase in fill factor (FF) of a solar cell from 67% to 72% with increasing temperature up to
450 k is likely due to a reduction in the series resistance within the bulk region of the solar cell. Series resistance is the
sum of the resistances within a solar cell that limit the flow of current. As the temperature increases, the resistance of the
bulk material of the solar cell decreases. This reduction in resistance can lead to a decrease in the voltage drop across the
cell, resulting in an increase in the fill factor.
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Figure 4. Photovoltaic performance parameters at various thickness of dye layer as: (a) Voc (b) Jsc, (c) efficiency and (d) FF

3.4 Effect of back-contact workfucntion

In solar cells, it is important to optimize the alignment of energy levels of materials and work function of electrodes
to ensure efficient charge transfer and minimize energy losses. To achieve this, the energy levels of the materials and
electrodes must be aligned properly so that the charge carriers can flow efficiently from one to another without losing
energy. It is desirable to have a small energy level offset between the electrodes and the hole transport layer in order to
maximize the efficiency of the solar cell. A small offset can facilitate the injection of holes from the hole transport layer
into the electrode, leading to efficient charge extraction and high photocurrent. Figure 5 demonstrates the impact of
changing the back contact work function of a solar cell using different electrodes. Specifically, the back contact work
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function is varied from 5.04 ev to 4.26ev, and the electrodes used include nickel, silver, copper, molybdenum, and
tungsten. According to the graph, the change in Jsc (short-circuit current density) is minimal, with only a 0.02 mA/cm?
difference observed between the different electrodes. However, the open-circuit voltage decreases slightly from 1.03 V
to 0.95 V. The more significant impact is observed in the efficiency and fill factor parameters, as indicated in Figure Sc
and 5d. The efficiency of the solar cell decreases considerably with the change in back contact work function, with the
maximum efficiency dropping from approximately 20% to 14%. Similarly, the fill factor parameter also decreases with
the change in back contact work function, indicating that the cell's ability to convert light into electricity is reduced.
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Figure 5. Photovoltaic performance parameters at various Back-contact workfucntion (eV) as: (a) — Voc, (b) — Jsc,
(c) — FF, and (d) — efficiency

The performance of solar cells is affected by the type of junction created at the interface between the electrode and
HTM (hole transport material), as reported by studies [20]. The efficiency obtained in Ag, MO electrode, and Mo solar
cells was low due to the large energy barrier at the interface that impedes the flow of the active layer to the electrode.
This barrier is known as a Schottky barrier and arises from the difference in work function between the LUMO (lowest
unoccupied molecular orbital) of graphene oxide (5.1 eV) and the work function of Ag and Mo (4.26, 4.36 eV). On the
contrary, solar cells with Ni and Cu electrodes show high efficiency because an ohmic contact is formed between graphene
oxide and the Ni and Cu electrodes. This is attributed to the small difference between the LUMO of GO and the work
function of the electrodes, which facilitates efficient charge transfer and helps to form an ohmic contact.

4. CONCLUSION

The SCAPS-1D simulation was utilized to investigate the impact of several parameters on the performance of
Ti02/N719-dye/GO solar cells. These parameters included the thickness of the dye layer, operating temperature, and work
function of the back contact. The simulation results indicated that the Go/N719dye/TiO2 solar cells demonstrated higher
Jsc, Voc, and 1) compared to the Go/TiO2 solar cells. The Jsc increased from 0.17 mA/cm? to 1 mA/cm?, the Voc increased
from 0.2 V to 1 V, and the 1 increased from 0.02% to 2.5%. These enhancements were ascribed to the improved light
absorption and charge transport through the interface due to the presence of the dye layer. Furthermore, it was found that
the optimal dye layer thickness for achieving high Jsc, Voc, and ) was between 200nm and 300nm. However, increasing
the dye layer thickness resulted in a decrease in the fill factor. Moreover, the increase in operating temperature had a
negative impact on the Voc and n, while slightly enhancing the Jsc. This is due to changes in the electron and hole
mobility, carrier concentrations, and band gaps of the materials at high temperatures. The type of electrode used also
influences the efficiency of TiO»/dye/Go solar cells. Ni and Cu electrodes create low resistance at the interface with Go,
while Ag and M electrodes create a high barrier that inhibits the flow of charge carriers across it.
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SCAPS YHCJIOBHUI AHAJII3 OB’EMHOI'O TETEPOIIEPEXO/ITY COHAYHOI'O EJJEMEHTY
OKCHUAY I'PA®EHY/TIO2, CEHCUBIIIN30BAHOI'O BAPBHUKOM PYTEHIIO n719
Xmyn Aas JImyp
Kageopa izuxu, Paxynemem npupodnuyux nayk, Yuisepcumem Myma, Myma, Hopoanisa

TBeproTisbHi ceHcnbini3oBaHi 10 6apeHuKa corsuti exeMenTd (SSDSC) Oynu BUrOTOBIEHI 3 BAKOPHCTAHHSIM ABOX Pi3HHX METaT00KCHAHNX
MarepianiB, okcuay rpadeHy Ta OKCHAYy THTaHy, SIKi BUKOPHUCTOBYIOTBCS SIK MaTtepiand [Uis TPAHCIOPTYBaHHS [ipOK Ta EJIEKTPOHIB
BianoBigHo. bapBHuk PyTteHid-N719 mix marepianamu i TPaHCHIOPTYBAaHHS TIPOK 1 €JIEKTPOHIB, i€ SK IIap MOIJIMHAYa Y COHSYHUX
enemenTax Go/N719dye/TiOz. 3a monomororo mozpemoBanust SCAPS-1D Gyno BusiBieHo, 1mo consuni 6arapei Go/N719dye/TiO2 3nauHO
TIOKPAIIIUTN MPOAYKTUBHICTH COHSMHHX €JIEMEHTIB MOPIBHSIHO 3 constaHuMH eneMeHTamMu Go/TiOz2. 30kpeMa, cTpyM KOPOTKOTO 3aMHUKaHHS
(Jsc) 36imbumses 3 0,17 MA/em? 1o 1 MA/cm?, Hanpyra xonocroro xony (Voc) 3pocia 3 0,2 B 1o 1 B, a edeKTuBHICTS nepeTBOPEHHS
notyHocti (1) 3pocia 3 0,02 % 1o 2,5 %. Kpim Toro, pisHOMaHITHI (h)akTopy MOXYTh BIUIMBATH Ha IPOLYKTHBHICTh COHSYHUX Oatapeid
Go/N719 dye/TiOz. Byno BusiBieHO, 1110 ONTHMaJIbHA TOBILMHA OapBHUKA JUIS IOCSTHEHHS BUCOKO] IIUTBHOCTI CTPYMY KOPOTKOT'O 3aMHUKaHHS,
BHCOKOI €(peKTUBHOCTI IEPETBOPSHHS ITOTYKHOCTI Ta BUCOKOI HAIIPYTH X0JI0CTOro X0y cranoBuTsb Big 200 HM 10 300 am. Kpim Toro, poboya
TeMIIepaTypa COHSYHHX Oatapeii Tako)K BIUTMBAE HA iX NPOAyKTHBHICTb. [linBuIieHHs poOo4oi TeMIiepaTypy HETraTHBHO BIUIMBAE HA HATIPYTY
XOJIOCTOTO X0y Ta €PEeKTUBHICTh MEPETBOPEHHS MOTYKHOCTI €JIEMEHTIB, Y TOH Yac SK IMUIBHICTh CTPYMY KOPOTKOTO 3aMHUKaHHS TPOXH
i IBHITy€eThCs. HapemTi, eeKTHBHICTE COHSYHOI OaTapel MOKe 3aJIeXKaTH BijI THITY METaly, IKHI BAKOPUCTOBYETHCS IS €IICKTPO/IA, 1 THITY
HaMiBIPOBIHUKOBOTO MaTepialty, SIKHii BUKOPHCTOBYETHCS B KOMIpI. Y comsraHMX enemenTax 3 Ni Ta Cu enekTposaMu OMivHI KOHTaKTH
3a0e3nedyloTh eheKTHBHY Iepenady eNeKTpoHiB, Tomi sk Oap’epu IIIoTTKi MOXKYTH IEpemIKO/PKAaTH MOTOKY €JIEKTPOHIB 1 3HIDKYBAaTH
e(heKTHBHICTh COHSYHUX EJIEMEHTIB i3 enleKkTpoamMu Mo Ta Ag.

Kuaruoei cinosa: SCAPS; oxcuod epagheny, poboua memnepamypa, moswuna, poooua GyHKyis, napamempu COHIUHUX eIeMEHMIE



