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Abstract. Dye-sensitised solar cells (DSSCs) are an important part of research
on renewable energy sources as they are less complicated to manufacture and
cost less than several other types of solar cells. The performance of DSSC with
a combination of mesoporous zinc oxide and natural dyes are simulated using
COMSOL Multiphysics. Numerical expression of the electrical properties of a
dye-sensitised solar cell is applied to a two-dimensional structure to form an
electrical model. Optical properties of the natural dyes are then coupled with this
electrical model. The variables tested are thickness of the photoanode layer and
absorption coefficient of dyes. Efficiency of the simulated zinc oxide solar cellwith
N719 dye is 12.4%. Maximum power of 0.309 µW is obtained at a photoanode
thickness of 600nmwith current density of 16.815mA/cm2 andvoltage of 0.756V.
The natural dyes simulated are chlorophyll, betalain and anthocyanin. Of the three,
the one with the highest absorption coefficient i.e., betalain resulted in the highest
efficiency solar cell. The results were more favourable than several simulations
studying titanium dioxide based DSSC.

Keywords: Dye-sensitised solar cell · Simulation · Power conversion
efficiency · J-V plot

1 Introduction

Solar cells promise the realisation of clean energy plans due to their ability to convert
renewable solar energy into electrical energy. Dye-sensitised solar cell (DSSC) is a type
of hybrid solar cell that has good performance even under low light conditions [1]. It was
first invented by Professor Graetzel to achieve efficiencies beyond that of silicon solar
cells. They can bemanufactured cleanly as the fabrication process is low-temperature and
is flexible with the use of substrates [2]. Silicon conductors still have one of the highest
efficiencies [3], however, moving towards an era of sustainability, it is imperative to
further study and enhance the DSSC through research.

DSSCs with mesoporous semiconductors are researched because of better dye load-
ing, electron transport and light harvesting compared to non-mesoporous structures.
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Mesoporous materials are also known as super-nanoporous, or containing pores with
diameters between 2 nm and 50 nm [4].

DSSCs are largely manufactured commercially using titanium dioxide, TiO2 as the
semiconductor in the photoanode layer and a ruthenium (Ru) complex dye known as
N719. Firstly, radiation from the visible light spectrum is poorly absorbed by TiO2 [2].
Additionally, DSSCs with TiO2 based photoanodes have their efficiency limited by the
recombination of excited electrons from the dyewith the electrolyte, contributing to dark
current. Zinc oxide (ZnO) nanoparticles are capable of reducing recombination problem
due to having a direct electron flow path which results in greater electron mobility and
lifetime [3]. Moreover, research on other dyes is imperative since Ru complexes are
expensive and not easy to synthesise [2]. Although natural dyes are less efficient [5],
they are readily available, cheap, biodegradable and non-toxic [3].

In accordance with those justifications, studying a DSSC with ZnO-based photoan-
ode and natural dye is significant for the advancement of nanostructured solar cell tech-
nology. In this work, electrical performance of a DSSC is studied through simulation of
an analytical model by varying photoanode thickness and absorption coefficient of nat-
ural dye-sensitisers. A photoanode layer of mesoporous ZnO nanoparticles with N719
synthetic dye is modelled. The N719 dye is compared with three of the most efficient
natural dyes, which are chlorophyll, betalain and anthocyanin. Optimum photoanode
thickness for a mesoporous ZnODSSC and a suitable natural dye-sensitiser is proposed.

2 Literature Review

ADSSC is made up of transparent conductive oxide (TCO) electrode, photoanode layer,
electrolyte and counter-electrode. The photoanode layer consists of semiconducting
metal oxide adsorbed with dye-sensitiser. Figure 1 shows the structure of a titanium
dioxide (TiO2) DSSC [1]. Electron generation occurs in the photoanode. The TCO
electrode collects and transports photoexcited electrons to the external circuit through
quantum confinement of charge carriers [6].

A dye is diffused into the mesoporous metal oxide layer to photosensitise it. The
dye molecules generate photoexcited free electrons which are injected to the conduction
band of the semiconductor metal oxide [1][7]. The excited electrons diffuse from the
metal oxide to the surface of the TCO [7] where they do work on the load in an external
circuit before reaching the counter-electrode.

An electrolyte with suitable redox potential separates the photoanode from the
counter electrode.When a ground-state electron from the dye is photoexcited and leaves,

Fig. 1. DSSC structure and working principle [1].
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the dye is oxidised [7]. The electrolyte then donates an electron to restore the dye config-
uration, which oxidises the electrolyte, while electrons at the counter-electrode reduces
the electrolyte [3]. This cyclic process results in the DSSC having a high power conver-
sion efficiency (PCE). Performance of the DSSC depends on the rate of photogeneration,
electron transportation and recombination rate.

Commercially, TiO2 is most extensively used for the metal oxide layer, while ZnO-
based DSSC has also gained traction as a competitor [3]. Doping of the photoanode layer
is sometimes done to increase charge production or alter band energies to reduce mis-
match between layers. Other than metal oxides, cadmium selenide (CdSe) and titanium
nitride (TiN) are also used as photoanodes [8]. Photoanode layer are sensitised with
synthetic dyes such as N719, N3, Z907, Y123 [9] and zinc porphyrin [10], or natural
pigments such as chlorophyll, betalain, anthocyanin [11], carotenoid and flavonoids [2].

2.1 Influence of Design Parameters on DSSC Performance

Photocurrent and photovoltage are limited by the number of photogenerated electrons as
well as the number of electrons that actually contribute to the output [7]. Thus, properties
of the photoanode layer must be optimally designed since this is where photogeneration
and recombination primarily occurs. Examples of design parameters include electron
diffusion coefficient [1], doping, bandgap energy of material used for the photoanode
layer [8], surface area to volume ratio of different shapes and sizes of nanoparticles
[6][17–19], spectral response to light and diffusivity or adhesion of dye to metal oxide
[8]. The following subsections discuss specifically about the influence of thickness of
the photoanode layer and dye-sensitiser used as those are the main focus of this report.

2.1.1 Photoanode Thickness

In order to gather as much solar energy as possible, a thicker photoanode is preferred as
high interfacial surface area between the dye andmetal oxide increases electron injection
and PCE per unit area of the DSSC [15]. Nevertheless, chances of charge recombination
are significantly higher for thicker photoanodes. This is because the distance required
to be travelled by electrons will be much greater than the diffusion length. In DSSCs,
electrons are prone to recombine with the dye before reaching the electrode on the other
end of the metal oxide layer [8]. As a result, conversion efficiency from solar energy to
electrical energy is lowbecause injected electrons are lost.Moreover, the series resistance
of the solar cell is greater, further reducing its open-circuit voltage and efficiency [6].

Conversely, a thinner photoanode layer allowsmore light to easily penetrate its entire
depth, making use of all available dye-adsorbed metal oxide particles, besides having a
lower recombination rate. However, free electron diffusion cannot properly occur at too
small thicknesses, causing a loss of solar power [1].

2.1.2 Types of Dyes

Among the dye properties to consider are absorption coefficient and anchoring ability
[11]. High absorption coefficient of dye means more light energy able to be absorbed
per unit mass or thickness of the photoanode layer [12]. Plus, dyes with carbonyl or
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Fig. 2. Carbonyl (C = O) and hydroxyl (C-O-H) group found in molecular structures of
anthocyanin and chlorophyll dyes, respectively [3].

hydroxyl group are observed to attach well to metal oxide layers. Figure 2 shows two
natural dyes having functional groups with anchoring ability [3]. Besides that, wider
absorption spectrum of dye particles results in more wavelengths of sunlight harvested,
increasing rate of photogeneration [8]. Dye compatibility is also important. For example,
the acidic nature of N719 dye causes aggregation of dye to form in ZnO, leading to poor
dye adsorption and hindering of electron injection [16]. The ZnO layer breaks down
over time and forms Zn2+ ions. This phenomenon also occurs with indoline (C8H9N)
dyes.

Synthetic dyes are known to be more efficient than natural dyes because of their
low recombination tendency of charges. However, they are expensive and difficult to
synthesise [2]. Natural dyes are cheap [5], easily available, completely biodegradable
[12] and highly absorbent of UV light or infrared (IR) rays which compose a large range
in the solar spectrum [3]. High efficiency natural dyes include chlorophyll, carotenoid,
flavonoid and anthocyanin – chlorophyll especially so since it naturally absorbs ultra-
violet (UV) and visible light [2]. Even so, natural dyes have lower efficiency compared
to synthetic dyes as they have weak spectral response and are slightly unstable in the
visible light spectrum. Efficiency of natural dye DSSCs can be increased by doping the
metal oxide layer to shift and match its absorption spectrum with the dye.

2.2 Works on Fabricated DSSC

In the lab, oxide layer of DSSCs can be deposited on a substrate by deploying simple
methods such as brush painting, doctor blading, spin coating [2], hydrothermal sol-gel,
flame spray pyrolysis [5] and chemical bath deposition [3]. Natural dyes are obtained by
crushing or pounding plant parts such as leaves, flowers and roots in alcohol or ketone
solvents [2][5]. A substrate with metal oxide layer deposition is usually immersed into
the dye extract for some time to facilitate adsorption [2].

2.2.1 Effects of Photoanode Thickness

Studies on the effect of photoanode thickness found that performance of DSSCwasweak
at smaller thicknesses. Electron injection was delayed, and quantum confinement caused
a shift in the bottom conduction band towards vacuum [9]. As thickness is increased,
short-circuit current, JSC and efficiency, η increases due to higher surface area being
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available for dye adsorption [9][13][17]. Both parameters peak at an optimum thick-
ness near which maximum output power is achieved [2]. Beyond the optimum thick-
ness, values of the parameters declined as injected electrons become lost to more traps
since transport distance is longer. Series resistance along the DSSC stack also increases,
slightly reducing open-circuit voltage, VOC [15][17].

2.2.2 Effects of Types of Dyes

Fabricated DSSCs using different types of dyes resulted in greatest η and output power
for the dye with the highest absorbance or absorption coefficient [8][11][12]. When two
dyes of low absorbances are mixed, they add up and further increase overall efficiency
because light can be absorbed across a wider spectrum of solar power [3]. Dyes with high
absorption coefficient absorb more photons instead of letting them pass through. Trans-
mittance decreases exponentially with increasing absorbance [11]. Generally, synthetic
dyes have higher absorbances. However, photogeneration capabilities of beetroot dye
was managed to be improved beyond that of N719 dye by doping TiO2 in the photoan-
ode with silver vanadium trioxide (AgVO3). Doping contributed to photon absorption
in the UV region while the beetroot dye absorbed photons from visible light of the solar
spectrum. Due to the wider range of solar spectrum absorbed, η improved [18].

2.3 Works on Simulated DSSC

Frequently used software for simulation or modelling of DSSCs are MATLAB and
SILVACO Atlas TCAD, which are common in semiconductor related research. DSSC
simulations are performed under steady-state conditions or thermal equilibrium. One of
the assumptions made in the simulations is absence of internal electric field within the
photoanode. Therefore, photogenerated electrons are not transported through drift, but
only through diffusion [1][5].

In equilibrium, generation, transportation and recombination of electrons is as rep-
resented by Eq. (1). It is a function of the absorption coefficient, α, diffusion coefficient,
D0, incident irradiation intensity, ∅, electron lifetime, τ0 and dark electron concentra-
tion, n0 [5][10][27–29]. n(x) is free electron concentration in the photoanode layer and
x is position perpendicular to the surface area of the DSSC stack.

D0
∂2n(x)

∂x2
− n(x) − n0

τ0
+ ∅αexp(−αx) = 0 (1)

Equations (2) and (3) also sum up photogeneration and recombination of electrons
without using absorption coefficient. Instead, optical property of the DSSC is included in
the photoexcited electron generation rate, Ge, described in Eq. (4) as an integral across
the solar spectrum. It is a function of imaginary component of permittivity of metal
oxide, ε′′ [22]. L is electron diffusion length, nCB is conduction band electron density,
λ is wavelength of incident light, h is Planck’s constant, E is electric field and π is the
constant.

L2∇2nCB − (nCB − n0) + τ0Ge = 0 (2)
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L = √
D0τ0 (3)

Ge =
∫

λ

ε′′|E|2π
h

dλ (4)

Another way is using Fick’s first law of diffusion, depicted in Eq. (5), to represent
current density. The differential term represents the one-dimensional diffusion profile of
electron concentration [1]. Jdiff is diffusion current density and e is electron charge.

Jdiff = −eD0
∂n

∂x
(5)

Other than that, 1D Schrödinger equation can be used to solve for wave functions of
every electron and hole of the DSSC. By applying Fermi-Dirac statistics which dictate
that each discrete state can only be occupied by one particle, electron concentration in
the conduction band can be expressed. Using this information, electric potential of the
DSSC can be determined by solving Poisson’s equation [23].

2.3.1 Effects of Photoanode Thickness

Works on effects of photoanode thickness in simulated DSSCs mainly focus on TiO2.
The outcome conforms to those of fabricatedDSSCs, except that the computed efficiency
is much higher. However, overall efficiency is still less than 5%. Very thin photoanode
layer yielded η lower than 1.5% because free electron diffusion is unable to take place
properly [1].

Photocurrent density increased with increasing thickness because more photons
could be absorbed by the photoanode [19]. Larger contact surface between dye-sensitiser
and metal oxide boosts electron injection rate [20]. When thickness is increased further
than optimum value, photocurrent density decreased since electron recombination rate
is greater [19][20]. Furthermore, electron back transfer to the electrolyte contributes to
lower VOC at greater thicknesses [19]. Efficiency was highest at the optimum thickness.

2.3.2 Effects of Types of Dyes

Effects of dye types on DSSC performance is mainly focused on the absorption coeffi-
cient of dye-sensitisers. Dyes with higher absorption coefficient proved better photogen-
eration capabilities and electrical performance [5][20][24][25]. Performance parameters
were higher for dye with wider absorption spectra and absorbance as more wavelengths
of light can be absorbed [10].

3 Methodology

COMSOLMultiphysics is used to design the analyticalmodel ofDSSC. It is a simulation
software employingfinite elementmethod (FEM) that allows conventional physics-based
user interfaces and coupled systems of partial differential equations. It is used to simulate
various complex systems such asmicrofluidics, particle tracing and biomechanics among
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Fig. 3. Rectangular geometry of the photoanode layer having a width of 50 µm and thickness of
d = 1400 nm.

many others due to its flexibility of design parameters. However, few research employ
it for electronics, and fewer still for DSSC simulation.

The model designed only consists of the photoanode layer of the DSSC as it is the
main site of action for the manipulated variables. Dynamics of the interaction between
the photoanode layer with the TCO, electrolyte and external circuit is omitted to reduce
complexity and to analyse the outcomes with scrutiny. The assumptions made in the
designing of this model are as follows:

1. The DSSC is in steady-state condition or thermal equilibrium.
2. Current only through diffusion and not drift.
3. Solar ray is incident at an angle of 90° on the surface area of the DSSC.
4. No reverse saturation current present in the DSSC.
5. The dye completely adsorbs into entire thickness of ZnO layer.

To construct the model, first Coefficient Form Partial Differential Equation (PDE)
module is chosen with stationary study type. Then, a two-dimensional photoanode layer
with a surface area, A of 50 µm × 50 µm is built as shown in Fig. 3 and assigned
with ZnO nanoparticles as material. The top horizontal edge is the photoanode-TCO
boundary while the bottom horizontal edge is the photoanode-electrolyte boundary.

The geometry was meshed with an extremely fine physics-controlled mesh as shown
in Fig. 4 to compute the solution accurately. Then, an optical model and electrical model
were designed with the absorption coefficient of the photoanode layer, α and incident
irradiation intensity, Φ0 as the link between both.

The thickness of the photoanode, d was varied from 200 nm to 3000 nm. Opti-
mum thickness was determined from the resulting performance parameters to be used
for the study on absorption coefficient of natural dye-sensitisers, chlorophyll, betalain
and anthocyanin. From the electrical performance of the DSSC, an optimum range of
thickness and suitable natural dye was suggested for mesoporous ZnO-based DSSC.
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Fig. 4. Meshed and zoomed-in geometry of DSSC.

3.1 Optical Model

Extinction coefficient, k i.e., the complex part of refractive index is used to determine
α, in Eq. (6) [6].

α = 4πk

λ
(6)

Absorption coefficient of ZnO and dye-sensitiser composite was determined using
Beer-Lambert law, that is, if more than one species absorb at the same wavelength
without chemically interacting with each other, the total absorbance, Atotal is the sum
of the individual absorbances for each species [26]. Equation (7) below describes this
relationship.

Atotal = A1 + A2 (7)

Relationship between A and α is shown in Eq. (8).

A = log e × d × α (8)

Assuming the dye has sensitised the entire thickness of ZnO, log e and d become
constants. Therefore, the total absorption coefficient of the dye and ZnO composite is
the sum of the individual absorption coefficients as described by Eq. (9), where α1 and
α2 are absorption coefficients of dye and ZnO, respectively.

α = α1 + α2 (9)

Using the thickness of DSSC yielding the highest efficiency, α1 was changed accord-
ing to those of the types of dyes studied. Maximum values of α1 were input into the
simulation regardless of which wavelength they occur at since the absorbance spectrum
overlaps across frequencies.Another parameter that links the opticalmodel and electrical
model is the incident irradiation intensity, Φ0 which is equal to 1 × 1017 cm−2s−1.
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3.2 Electrical Model

Equation (10) is used to represent transportation, recombination and generation of elec-
trons in the photoanode layer [5][10][19][20][21]. D0 is diffusion coefficient, n(x) is
free electron concentration in the photoanode layer, x is position perpendicular to the
surface area of the DSSC, n0 is dark electron concentration, τ0 is electron lifetime, Φ0

is incident irradiation intensity and α is absorption coefficient of the photoanode layer.

D0
∂2n(x)
∂x2

carrier
diffusion

−
n(x)−n0

τ0

bulk
recombination

+ 
0αexp(−αx)

generation

=
∂n
∂t

excess carrier
concentration

(10)

Under steady-state condition, the Eq. (10) becomes Eq. (11).

D0
∂2n(x)

∂x2
− n(x) − n0

τ0
+ 
0αexp(−αx) = 0 (11)

A Dirichlet boundary condition was placed at the photoanode-TCO interface, equat-
ing the free electron density to the dark electron concentration as shown in Eq. (12)
[5][20][22].

n(0) = n0 (12)

Equation (13) describes a Neumann boundary condition placed at the photoanode-
electrolyte interface using the flux/source node [5][20][22].

(
dn

dx

)

x=d
= 0 (13)

Periodic boundary condition is applied along either side of the geometry which
guides the solution to free electron concentration, n to be equal at every horizontal slice
of the geometry.

Output current density, J and voltage, V are obtained from Eq. (14) and Eq. (15),
respectively [5][10][19][20].

J = e∅Lα

1 − L2α2

⎢⎢⎢
⎣

−Lα + tanh
(
d
L

)
+ Lαe−dα

cosh
(
d
L

)

⎥⎥⎥
⎦ (14)

V = kBTγ

e
ln

⎢⎢⎢
⎣ L(Jsc)

eD0n0tanh
(
d
L

) + 1

⎥⎥⎥
⎦ (15)

Table 1 shows the parameter values used in the simulation for ZnO nanoparticles.
J against V graph was plotted, and performance parameters were calculated as

expressed by Eq. (16) to Eq. (20) [3][6]. In Eq. (17), JSC is the current density when the
output voltage, V is zero. VOC is voltage when current density, J is zero.

Pmax = Jmaxp × Vmaxp × A (16)
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Table 1. Table of parameter values used in the simulation

Parameter Value Reference(s)

Surface area of DSSC, A 2.5 × 10–9 m2

Diffusion coefficient, D0 1.7 × 10–4 cm2s−1 [27][28]

Electron lifetime, τ0 0.0252 s [14]

Electron diffusion length, L 20.6978 µm [14]

Dark electron concentration, n0 1 × 1016 cm−3 [21]

Absolute temperature, T 293.15 K

Ideality factor, γ 3.07 [29]

Incident irradiation intensity, Φ0 1 × 1017 cm−2 s−1 [23]

FF = Pmax

JSC × VOC × A
(17)

Plight = 100mW · cm−2 × A (18)

η = Pmax

Plight
× 100% (19)

Pout = J × V × A (20)

4 Simulation Results

The simulation was run from d = 200 nm to d = 3000 nm with intervals of 200 nm.
Values of J, V and output power were calculated for each photoanode thickness as well
as for the different absorption coefficients. Relevant graphs were plotted and efficiencies
of the DSSCs were determined. Effects of d and α on the performance of simulated ZnO
DSSC were discussed.

4.1 Effects of Photoanode Thickness

When the simulation is run, a two-dimensional surface plot visualising the distribution
of free electron concentration is produced as shown in Fig. 5.

Concentration of free electrons are higher at the electrolyte-photoanode inter-
face, indicated by hotter colours because photogeneration occurs here. Towards the
photoanode-TCO interface, free electrons are reduced, as depicted by cooler colours,
due to electron recombination.

Table 2 shows the solutions for J, V and output power for each d. The absorption
coefficient used was of ZnO and N719 dye composite found in Table 5. The obtained
solutions for J, V and output power against d are plotted in Figs. 6 and 7.
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Fig. 5. Example of 2D surface plot of distribution of free electron concentration in the photoanode
layer.

Table 2. J, V and output power for different photoanode thicknesses

Thickness, d (nm) Current density, J (mA/cm2) Voltage, V (V) Output power, Pout (µW)

200 11.574 0.814 0.236

400 15.202 0.781 0.297

600 16.336 0.756 0.309

800 16.687 0.735 0.307

1000 16.790 0.718 0.302

1200 16.755 0.704 0.295

1400 16.815 0.692 0.291

1600 16.805 0.682 0.287

1800 16.792 0.673 0.283

2000 16.776 0.664 0.279

2200 16.758 0.657 0.275

2400 16.739 0.650 0.272

2600 16.718 0.644 0.269

2800 16.696 0.638 0.267

3000 16.672 0.633 0.264

Figure 6 shows J increasing with increasing d until reaching the maximum at 1400
nm, then reducing again. This conforms with other research results using both fabricated
and simulated DSSC. On the other hand, V steadily decreases due to increasing series
internal resistance caused by thicker photoanode layer [6][15][17]. The value of J is
high compared to other simulation studies. Studies using TiO2 nanoparticle based DSSC
obtained 11.3 mA/cm2 for an optimum thickness of 24 µm [19] and 2.885 mA/cm2 for
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Fig. 6. Graph of J and V against d for N719 dye.

Table 3. Performance parameters of DSSC with N719 dye

Jmaxp (mA/cm2) Vmaxp (V) Pmax (µW) JSC (mA/cm2) VOC (V) FF η (%)

16.336 0.756 0.309 16.790 0.83 0.887 12.4

Fig. 7. Output power for different d for N719 dye.

an optimum thickness of 11 µm [24]. These values of J are lower than the 16.8153
mA/cm2 obtained in this simulation at 1400 nm, although their photoanode thicknesses
are much larger. High J is attributed to longer electron lifetime and diffusion length. On
the other hand, range of V conforms with literature review, which is close to 1 V [9][19].

Optimum thickness is chosen as the thickness at which output power is maximum.
In Fig. 7, the output power increases until optimum thickness is reached at 600 nm
and decreases again as expected. However, literature review on other TiO2 based DSSC
simulation, optimum thickness occurs at around 10 µm to 20 µm [1][15][19]. The
minimum recorded was 5 µm [20], below which electron diffusion did not happen
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Fig. 8. J-V plot of simulated DSSC with N719 dye.

optimally. This could translate to low manufacturing cost of mesoporous ZnO-based
DSSC due to less amount of material being needed for the best performance. Optimum
photoanode thickness achieved by fabricated ZnO DSSC using synthetic dye was as
small as 5 nm [9] according to literature review. Fabricated TiO2 DSSC is also able to
produce maximum J at 292 nm [2].

Figure 8 shows the J-V plot of the simulated DSSC with N719 dye. The shape of
the curve is as expected from literature review. The ‘squareness’ of the J-V plot can be
described by FF [6][5][10][19][23]. FF is a measure of how close a solar cell is to an
ideal source having zero internal resistance.

The performance parameters of the DSSC are summarised in Table 3. JSC and VOC

were determined by extrapolating the J-V plot. Pmax is lower than simulated and fabri-
cated values for TiO2 reported, which are 1.008 µW [2] and 0.03 mW [1], respectively.
However, this is due to the area of DSSC used in this simulation being smaller com-
pared to ones used in the aforementioned studies. Larger surface area of DSSC harvests
more light energy, giving greater current density. A more fitting comparison would be
efficiency, which defines the fraction of collected power that can actually be used to
do work. DSSC with η of 12.4% is high compared to other simulated ones that range
between 2% to 5% [1][19][20][23][24]. The FF obtained in this work, 0.887, is very
high and close to one, indicating very low internal resistance.

The good performance of DSSC in this work could be a result of certain electrical
properties of mesoporous ZnO which are more favourable than TiO2. Table 4 shows
several electrical properties of mesoporous TiO2. Compared to the corresponding elec-
trical properties of mesoporous ZnO in Table 1, although diffusion coefficient of TiO2
is greater, the long electron lifetime and lower ideality factor of ZnO results in lower
recombination rate.

4.2 Effects of Absorption Coefficient

Table 5 shows the composite absorption coefficients of ZnO sensitised with different
dyes, calculated using Eqs. (7) and (8) from various references, where absorption coeffi-
cient of ZnO, α2 is 15957 cm−1 [31]. Optimum d of 600 nm is used. The corresponding
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Table 4. Electrical properties of mesoporous TiO2

Electrical Properties Mesoporous TiO2

Diffusion coefficient, D0 5 × 10–4 cm2s−1

[5]

Electron lifetime, τ0 0.04 s
[30]

Ideality factor, γ 4.5
[5]

Table 5. Absorption coefficient of different dyes and composite absorption coefficients of ZnO
sensitised with those dyes

Dye Absorption coefficient of dye, α1
(cm−1)

Ref. Composite absorption coefficient, α
(cm−1)

N719 42 000 [32] 57 957

Betalain 37 006 [33] 52 963

Chlorophyll 28 782 [34] 44 739

Anthocyanin 26 661 [35] 42 618

J, V, output power and efficiency are tabulated in Table 6. Output power and efficiencies
are calculated as shown in Eq. (21) and Eq. (22).

Pout = J × V × A (21)

η = Pout

Plight
× 100% (22)

Figure 9 shows J increasing as composite absorption coefficient increases, which
conforms with other simulation works [5][20][25]. As theorised, higher absorption coef-
ficient causes more light to be absorbed by the photoanode layer, thus increasing the
number of photogenerated electrons.

Figure 10 shows the trend of η increasingwith composite absorption coefficient. This
is linked to higher ratio of output power to input power. More of the incident light power
are able to be converted into electrical power. From the natural dyes studied, betalain
has the highest absorption coefficient and results in greatest efficiency. Table 6 shows
that the performance of DSSC does not vary greatly between the distinct dyes. However,
this is only for a small area of the solar cell. When manufactured as a panel with a wide
area of multiple cells, even small differences will be amplified and greatly affect overall
performance. Besides that, absorption coefficient is not the only factor to be accounted
for. Acidity and recombination property of dyes also play an important part. For example,
N719 dye is known to cause breakdown of mesoporous ZnO photoanode into Zn2+ ions
[16] which inhibits electron injection. Although α1 is smaller for the natural dyes, their
neutral pH works better with ZnO. Ultimately this may result in natural dyes procuring
higher efficiencies for ZnO-based DSSC.
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Fig. 9. Graph of J against α for d = 600 nm.

Table 6. J, V, output power and efficiencies of DSSC using dyes of different absorption
coefficients for d = 600 nm

Dye Composite
absorption
coefficient, α
(cm−1)

Current
density, J
(mA/cm2)

Voltage, V (V) Output power,
Pout (µW)

Efficiency, η
(%)

N719 57 957 16.8150 0.6508 0.2736 10.94

Betalain 52 963 16.8093 0.6508 0.2735 10.94

Chlorophyll 44 739 16.7860 0.6506 0.2730 10.92

Anthocyanin 42 618 16.7745 0.6506 0.2728 10.91

Fig. 10. Graph of η against α for d = 600 nm.
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5 Conclusion

The numerical simulation of ZnO based DSSC was successful in proving that meso-
porous ZnO is able to compete with TiO2 in producing high-efficiency DSSCs. The
optimum range of thickness for mesoporous ZnO DSSC is between 400 nm to 1200 nm
as it results in high output power compared to other photoanode thicknesses. From the
natural dyes tested, betalain procured the greatest efficiency for photoanode thickness
within the optimum range. The best combination of materials from this study is a ZnO
DSSC of 600 nm thickness, sensitised with betalain. Efficiency can be further increased
to compete with synthetic dyes by introducing other factors such as doping.

This project can be extended to include internal resistance and reverse saturation
current density for better results. The present model considers only a single cell while in
practice, there are other important components, such as the TCO and interconnections,
which cause internal serial resistance to the flow of electrons. Other than that, optimum
thickness determined fromN719 dyemight not be the same for other dyes. Depending on
the absorption coefficient of dyes, optimum thickness might be different due to different
absorption spectrum covered by the dyes. Parametric sweep of photoanode thickness
for each of the dyes can be the next step in improving this study. Numerical models of
DSSC can be further improved to include favourable properties of natural dyes since
they have been proven better than synthetic dyes in certain conditions but unable to be
characterised as such by simulated DSSCs.
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