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Abstract: We present the optical modelling of a mesoporous fibre perovskite solar cell (PSC). It
was conducted by means of the transmission line method (TLM), which was used to calculate
the efficiency and short-circuit photo-current density of the cell. The TLM was first applied for a
planar mesoporous PSC and verified with the experimental results from the literature. Numerical
calculations for both planar and fibre PSC were conducted and analysed regarding their efficiency in
terms of optical simulation. The importance of choosing the thin-film layers’ materials and thickness
was demonstrated, and a potential improvement using anti-reflection coatings was also examined.
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1. Introduction

Almost every article on third-generation photovoltaics (PVs) starts with a reference to
the worldwide increasing energy demands and the need for carbon-free technology. These
are actual problems, and new PV technologies can certainly help to address them [1].

Lead-halide perovskite PVs have been shown to achieve significantly increased effi-
ciency in the last decade. Other well-developed technologies, such as organic photovoltaic
(OPV), dye-sensitized and quantum-dot solar cells, have not shown such high perfor-
mance [2–4]. This is due to the beneficial electronic and optical properties of those per-
ovskite materials, which, most commonly, are CH3NH3PbBr3, CH3NH3PbI3 or a mixture
of both. These properties are extremely interesting for engineers and scientists alike and
include superior carrier mobility, diffusion length beyond 1 µm, slow charge recombination,
easily tuneable bandgaps, surprising structural-defect tolerance and high optical absorption
coefficients [1,2,5]. It should be added that some of these properties are not observed in
bulk perovskite materials but only in thin films [6].

Moreover, manufacturing techniques for PSCs are cheaper and more environment
friendly than those regarding silicon cells since the former do not include expensive
materials and high-temperature processing.

Recently, fibre-shaped thin-film PVs have received their share of attention, though to
a lesser extent than their planar counterparts, not only owing to their more demanding
development, but also due to issues that have to be resolved regarding new-generation
solar cells (SCs) in general. Fibre PVs are of cylindrical geometry, and though they have
lesser efficiency under direct sunlight than similar planar PVs, they can benefit more from
diffused, scattered and inclined light. Besides, those fibres could be used to create flexible
surfaces of various shapes and textiles and could be easily integrated in clothing [7].

Perovskites are likely the best option for fibre PVs due to their excellent thin-film
characteristics and ease of development. The dye-sensitized solar cell (DSSC) is a com-
peting technology, and experimental results achieving photo-current density (JSC) levels
of more than 17 mA/cm2 have been reported [8], which is quite impressive for a fibre
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PV. However, the liquid electrolytes needed in those structures make their construction
much more demanding than that of fibre PSCs. The relative easiness of construction is one
of the advantages of fibre PSCs, and some experimental groups have developed several
different configurations, most of them with a mesoporous scaffold layer. Various types of
external electrodes and fibre core materials have been tested in combination with hole- and
electron-transport layers (HTLs, ETLs), selected for their beneficial electronic properties [7].
However, despite the fact that the electronic characteristics have been optimized and the
efficiency of the fibre structures has been enhanced, room for improvement does exist.

In this paper, we present an optical simulation model for the evaluation of the efficiency
of a mesoporous PSC with a planar or fibre geometry. The optical efficiency of such multi-
layer devices depends on the complex spectral refractive indices of the materials involved
and the thickness of the layers. Apart from the reflection caused by the structure, nano-scale
films give rise to interference phenomena, resulting in stationary optical waves created
within the layers. In order to optimize light harvesting, the intensity should ideally be at a
maximum in the active medium (a), the perovskite and/or the mesoporous layer. Through
the proposed modelling, an efficiency calculation may be performed regarding the optimum
combination of the material and the thickness of the structures’ layers. Therefore, there is a
strong motivation for the optical modelling of both planar- and fibre-geometry PSCs.

Optical models have already been used for either conceptual or experimental PSCs, em-
ploying the transfer matrix method (TMM) [9–12]. However, to the best of our knowledge,
the optical modelling of fibre PSCs has not been reported.

For the optical modelling of both geometries, the transmission line method (TLM) was
adopted. The TLM provides physical insights, embodies complex refractive indices, index
anisotropy and nonlinearity, and at the same time, it is fast and easy to implement [13,14].
Details on the method used are provided below. The application of the TLM was verified
for a planar structure by calculating the external quantum efficiency and the short-circuit
photo-current JSC. A specific planar structure was considered that presented similarities
with respect to the fibre one with a mesoporous and a perovskite capping layer. The model
was also used to evaluate a possible enhancement of the efficiency of a fibre PSC that
incorporates a conceptual anti-reflection coating. Both structures have been the subject of
already published experimental works, and details are given in the next section.

The paper is organized as follows: In Section 2, more details are provided for the
structures under consideration. In Section 3, the TLM is briefly described, while in Section 4,
the results of the modelling are presented and discussed. Finally, Section 5 includes the
concluding remarks.

2. The Modelled PCS Structure

Instead of simulating a conceptual device, we tried to model two existing stacks
found in the literature, one planar and one cylindrical. That choice was made to enable a
comparison with available experimental results as a baseline to present the usefulness of
optical modelling, as well as to propose possible variations and additions to the cylindrical
stack that could improve similar fibre PSCs. These issues are discussed in Section 4.

The planar SC is of the n-i-p configuration type, while the cylindrical one is of the
inverted p-i-n one, more common in fibre SCs. However, both structures have a mesoporous
layer, which is also common in fibre PSC architectures. Another important reason for
choosing the specific planar stack was the availability of relevant optical data, at least in
part [15]. The optical modelling method employs the material refractive index and the
thickness of the layers; however, the necessary data are rarely included in publications
of experimental groups. Moreover, the thin films formed from the novel materials in use
have optical characteristics that differ from the ones of known bulk materials and are also
affected by the method of preparation and film deposition.

We first modelled the planar structure by using data provided in the literature. Figure 1
depicts the schematic of the structure’s configuration. The specific references are given
in the Results section, but it has to be mentioned that the refractive index of a given
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thin-film material from the literature can vary up to 30% in some spectral ranges (see, for
example, [16,17]). Nevertheless, the most important material index is that of perovskite
(the active material), and this was indeed provided in [5]. The choice of somewhat different
indices for other films, such as the electron transport layer (ETL), can result in variations in
the measured performance; these, however, are no more than 5%. The general picture of
the device’s performance is very effectively approached by this simulation method.
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Figure 1. (a) The simulated planar photovoltaic structure. (b) The equivalent transmission line model.

The next structure we modelled (which is the most important one) was cylindrical
and was based on the best-performing fibre PSC. However, the lack of exact optical data
was more challenging in this case [18]. Hence, we had to use data from other sources in
the literature and also make some necessary assumptions. Moreover, the thickness of each
layer was only approximately calculated. We had to rely on the SEM images from the
article since the thicknesses of the layers were not specifically given. Depending on the
position of a layer, either before or after the active layer (with regard to the direction of
sunlight), small variations in its thickness may have some effect on the device, though not
considerable ones.

Another issue that had to be addressed was the roughness of the films. These films
are never perfectly polished, but if surface roughness is up to a few nanometres, it can be
neglected. However, the roughness magnitude is sometimes quite higher, with RMS of tens
of nanometres [19]. It also happens that surface roughness depends on the material itself
and obviously on the method of layer deposition [20]. This roughness on the interface of
tandem layers makes the two materials blend together, effectively creating another layer in
between. The roughness between layers was included in both modelled structures (where
necessary), and it was modelled using the Bruggeman effective medium approximation
(EMA). For the EMA approach, however, the magnitude of the roughness and the volume
fraction of the two materials were needed, but this kind of data was not readily available
in [15,18]. Hence, we had to draw the necessary data from other existing experimental or
commercial sources.

The same approach of the Bruggeman EMA was adopted for the modelling of the
mesoporous layer. In both structures, this was made by mesoporous TiO2 (titania), the
so-called scaffold. This material was filled with the given perovskite; thus, the layer
was a blend of the two materials. The porosity of titania was given in the first of the
aforementioned articles to be close to 50%. Porosity was not known for the second structure,
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and it was also taken to be 50%. This constituted an additional assumption, though a
realistic one.

A schematic of the fibre PSC structure with the stacked materials is depicted in Figure 2.
The fibre was made of Ti and had a radius measured in hundreds of µm, while the PSC
thickness was three orders of magnitude smaller and formed a thin cylinder film. If we
divided the fibre cross-section in a number of small arcs, then every segment of the cylinder
could be approximated by a planar structure. These segments were considered of infinite
length along the fibre axis (y-direction) [21]. They were also considered very long along the
x–z-plane in comparison with the wavelength of light.
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and detail of a typical segment.

The incident light was considered to be a plane wave, consisting of TE and TM waves
(s- and p-polarisations) in equal amounts, normal to the fibre axis. The light illuminated
only the upper half of the cylindrical surface, having a different angle of incidence θ on
each segment. In the case of normal incidence, the two polarizations were treated similarly,
but if θ 6= 0, TE and TM waves had to be treated separately [22].

3. Modelling Method

The TLM has been used to model inclined light incidence and propagation through
thin-film structures [22]. The method treats the light propagation in the structure as a 1D
transmission line problem and is ideal for problems of electromagnetic propagation where
coherent interactions form standing waves through a multi-layered stack. It has also been
successfully used in cases such as the modelling of partial coherent and incoherent inter-
actions, of materials with nonlinear refractive indices, etc. [13,14]. We briefly present the
method. The reader might also check the above references for a more detailed description.

To calculate the electric field and the light intensity in a multilayer structure under
illumination, as in our two examples, each layer is modelled with an equivalent transmis-
sion line with its own characteristic impedance and transmission constant. In Figure 1b,
these equivalent transmission lines connected in tandem are shown for the planar structure.
For N layers, each layer (and line) is given an index from 1 to N. This index is used to dis-
tinguish the i-th layer’s thickness di, dielectric coefficient εi, index of refraction ni, etc. We
use “0” and “N + 1” to depict the semi-infinite media in front of and beyond the structure.
For the first of the two stacks modelled, there was air at the front and back; for the second,
there were air at the front and titanium fibre at the back.

For a given angle of incidence θ, light is considered as a sum of monochromatic
plane waves having field components of form Ψ(x, y, z, t) = Re

{
Ψ(x, y, z)ejωt}. Their
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spatial Fourier transform along the x- and y-directions is depicted as
o
Ψ(kx, ky, z). Thus,

after transforming the Maxwell equations into the (spatial) Fourier space, the six field

components of the EM waves are depicted as
o
Ex,y,z and

o
Hx,y,z. Then, we can define the

magnetic (M) and electric (E) transmission lines, representing the propagation of Fourier-
transformed TE and TM waves, respectively [22]. The magnetic and electric voltage and
current along the lines are given by:

VM = kx
o

Hx + ky
o

Hy (1)

IM = ky
o

Ex − kx
o

Ey = ωµ0
o

Hz (2)

VE = kx
o

Ex + ky
o

Ey (3)

IE = kx
o

Hy − ky
o

Hx = ωε0nz
2

o
Ez (4)

In order to calculate the voltage and current transmitted in layer “1”, the following
relations are employed:

IM
1 = IM

0

(
1 + ρM

I

)
(5)

IE
1 = IE

0

(
1 + ρE

I

)
(6)

VE
1 = VE

0

(
1 + ρE

V

)
(7)

where the “0” index depicts the incident current and voltage (EM field) and ρ is the
reflection coefficient for a magnetic or electric line, as needed:

ρM
I =

ZM
0 − ZM

1,in

ZM
0 + ZM

1,in
(8)

ρE
V =

ZE
1,in − ZE

0

ZE
1,in + ZE

0
(9)

ρE
I =

ZE
0 − ZE

1,in

ZE
0 + ZE

1,in
(10)

where Z is the characteristic impedance and Zin the input impedance of the equivalent for
the layer transmission line, either magnetic or electric. Without giving too many details, it
suffices to say that these quantities are given by algebraic relations, easily calculated by a
personal computer.

According to the TLM, the current and voltage at any point z inside the i-th transmis-
sion line and, equivalently, the corresponding layer are defined by the following relations:

IM
i (z) = IM

i+1

[
cosh

(
γxy,iz

)
+

ZM
i+1,in

ZM
i

sinh
(
γxy,iz

)]
(11)

IE
i (z) = IE

i+1

[
cosh

(
γ′z,iz

)
+

ZE
i+1,in

ZE
i

sinh
(
γ′z,iz

)]
(12)

VE
i (z) = VE

i+1

[
cosh

(
γ′z,iz

)
+

ZE
i

ZE
i+1,in

sinh
(
γ′z,iz

)]
(13)
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Symbols Ii+1 and Vi+1 represent the current and voltage between line i and I + 1 lines
and are calculated in a similar way, while the transmission constants along the semi-infinite
x–y-plane and the z-direction are defined by:

γxy
2 = kx

2 + ky
2 −ω2µ0ε0nxy

2 (14)

γz
2 = kx

2 + ky
2 −ω2µ0ε0nz

2 (15)

γ′z = (nxy/nz)γz (16)

For isotropic layers, it is nxy = nz. We can also define a horizontal wavenumber ku as:

ku
2 = kx

2 + ky
2 = k0

2n0
2 sin2 θ (17)

where k0 = 2π/λ. Since the incident medium is lossless, ku is constant throughout the
structure, according to Snell’s law.

The above analysis shows that the propagation of TE or/and TM waves through the
PV multilayer stack is modelled by the currents and voltages along a series of equivalent
magnetic or/and electric transmission lines. Furthermore, the length, impedance and
transmission constant of each line depend on the material refractive indices, as well as on
the incident angle and the wavelength. The semi-infinite bulk material at the back of the
stack is represented by its characteristic impedance and is the final load at the end of the
transmission line series (Figure 1b).

For the problem at hand, with light illuminating the stack with angle θ and being
normal to the y-axis, as in Figure 2, the electric field intensity inside the stack can be
calculated as follows [22]: For TE waves (waves with s-polarization), due to the equivalence
of the field intensity in the Cartesian space with that in the Fourier space, we have:

|Es(z)|2 =

∣∣∣∣ o
Ey(z)

∣∣∣∣2 =

∣∣∣∣ IM(z)
ku

∣∣∣∣2 (18)

In the case of TM waves (p-polarization) the field intensity is given by
∣∣Ep
∣∣2 = |Ex|2 + |Ez|2.

As above, it can be similarly expressed as:

∣∣Ep(z)
∣∣2 =

∣∣∣∣VE(z)
ku

∣∣∣∣2 + ∣∣∣∣ IE(z)
ωε0nz2

∣∣∣∣2 (19)

In order to examine the efficiency of photovoltaic solar cells (PVSCs) such as the two
stacks we present here, we need to calculate their external quantum efficiency (EQE) and the
short-circuit photo-current density. These quantities are proportional to the field intensity
inside the active layers of the stack. Hence, the number of excitons generated at a given
point inside the active layers is proportional to the current and voltage of the equivalent
transmission lines at the same point [23,24]. It has been shown that the time-averaged
energy absorbed in a given layer i can be expressed by:

Qi(z, λ) =
πcε0

k2
uλ

n′xy,in′′ xy,i

∣∣∣IM
i (z, λ)

∣∣∣2 + n′xy,in′′ xy,i

∣∣∣VE
i (z,λ)

∣∣∣2 + n′z,in′′ z,ik2
u

∣∣∣∣∣ IE
i (z, λ)

ωε0n2
z

∣∣∣∣∣
2
 (20)

where n′ and n′′ are the real and imaginary parts of the refractive index. If Qi(z, λ) denotes the
same quantity but with the TM and TE intensity components normalized to the corresponding
components of the incident electric filed, the EQE can be calculated as the average energy dissipated
inside the active layers relative to that dissipated through the whole of the N-layer stack through the
following expression:

EQE = (1− T)

∫ dP
0 QPdz +

∫ dmp
0 Qmpdz

N
∑
i

∫ di
0 Qidz

(21)
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Indices P and mp denote the two active layers, that of the pure perovskite and the mesoporous
layer. Term (1 − T) represents the power transmitted through the stack and lost. It must also be noted
that the averaged intensity involved is the one transmitted through the multilayer stack, while the
reflected part is also here considered as a loss.

In the case of the studied cylindrical PSC, the surface discretization shown in Figure 2 is used.
Each case of different incidence angles is solved separately and is used to calculate the average energy
dissipated in an active layer as:

Qi(z, λ) ≈ 2
π

π/2

∑
0

Qi(z, λ, θ)∆θ (22)

Finally, if the source is the sun or one that simulates sunlight, with power density spectrum
Pin(λ), the photo-current density produced from the two active layers can be expressed as:

Jsc =
qe

}c

λH∫
λL

Pin(λ)

 dP∫
0

QP(z, λ)dz +

dmp∫
0

Qmp(z, λ)dz

λdλ (23)

where the proportion of incident light lost to the PV cell due to reflection or transmission is considered.
It has to be mentioned that without having insight into the specific electronic characteristics

of each stack, we assumed that all the excitons created in the active layers managed to reach their
electrodes. This would imply a maximum Internal Quantum Efficiency (IQE = 1) and that the
maximum current was generated for a given stack. Well-constructed PSCs have actually reported
high values of efficiency, mainly due to the beneficial characteristics of perovskite materials such as
their diffusion length, which can reach 1 µm, their superior carrier mobility, etc. [1,2,5].

However, the mesoporous layer in the stack was actually a mixed layer consisting of the porous
TiO2 scaffold filled with perovskite. The refractive index of a layer is indeed a combination of the
indices of both materials and their volume fractions, but the electrically useful light should only be
that absorbed by the perovskite material. To have a better approximation of the actual efficiency of
the mesoporous layer, we used a correction factor, also used in a similar, previous work [25]. The
corrected averaged energy would be:

Q′mp =
n′mpn′′ mp − n′mp−perovn′′ mp−perov

n′mpn′′ mp
Qmp (24)

Indices mp and mp-perov indicate the active mixed mesoporous layer and the mesoporous
material devoid of perovskite:

Qi(λ, θ) = 2k0[n′xy,in′′ xy,i

∣∣∣IM
i (z, λ)

∣∣∣2 + n′xy,in′′ xy,i

∣∣∣VE
i (z,λ)

∣∣∣2 + n′z,in′′ z,i

∣∣∣IE
i (z, λ)

∣∣∣2] (25)

4. Optical Simulation Results and Discussion
In this section, we show the application of the TLM on the above-mentioned planar and fibre

PSCs with the aim to evaluate the optical efficiency of a specific fibre PSC. In order to evaluate the
applicability of the TLM, a planar PSC was first modelled, since for that specific structure experimental
data were available. Though the two structures employed different perovskite materials, the planar
PSC showed similarities with the fibre one, since both structures had two active layers, one formed
by perovskite and the other made up by mesoporous titania filled with perovskite material.

4.1. The Planar Structure
As a planar structure to be simulated, the structure of [15] was selected. This was an n-i-p

cell where the light was incident through a thick (1 mm) glass substrate, coated by a layer of FTO,
which was the transparent electrode, around 650 nm thick. Additionally, a 30 nm layer of SnO2 was
considered between the glass and the FTO, since it is commonly used with FTO glass such as TEC 7
and TEC 15 [9,26]. These were followed by 50 nm ETL compact TiO2 and 85 nm of mesoporous
TiO2 filled with perovskite (see Figure 1). Next, there was the perovskite “capping” layer (for which
various thickness values up to 500 nm were used) followed by the HTL made of Spiro-OMeTAD with
a thickness of 240 nm and the gold back-electrode, which was 50 nm thick. We also modelled two
layers of roughness, that of FTO (29 nm) bordering with TiO2 and that of Spiro-OMeTAD (20 nm)
bordering with perovskite. Although the values for the roughness were not provided, thin films of
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those materials are known to possess a measurable level of roughness depending on the deposition
method. The extent of their roughness was estimated according to the literature [9,20,26,27]. The
perovskite material was of a mixed type, specifically created for [15], and all its optical characteristics
were provided therein.

The spectral complex refractive indices of all layers were either extracted from the aforemen-
tioned article or were drawn from other works with similar thin films [9,15,17,28]. Direct illumination
from 400 to 800 nm under AM1.5 conditions was assumed. The light was assumed to be impinging
normally on the glass substrate, and no indirect illumination was considered.

As a first result, the EQE of the planar PV stack is shown in Figure 3 for the spectral range
involved. The thickness of the perovskite capping layer was set to 480 nm. This efficiency figure of
merit is rather typical for a PSC, with relative lower efficiency at shorter wavelengths, the highest
efficiency observed from 500 to 700 nm and a steep drop after. There was an evident similarity with
respect to the experimental results that illustrates the importance of optical effects.
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Furthermore, photo-current density JSC of the planar device was calculated for various values
of the perovskite layer thickness, while the thickness of the mesoporous layer was kept constant. The
results are shown in Figure 4.
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By comparing these results with the experimental ones, small discrepancies were observed.
Particularly, for a perovskite thickness of 480 nm, we calculated JSC = 24.28 mA/cm2, while the
respective experimental value was 23 mA/cm2 [15]. Taking into account the lack of certain data
regarding the device, such as the material layers of the glass electrode, exact roughness measurements
and, most importantly, the exact values of the spectral complex refractive index for each film, the
above deviation was considered reasonable.
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It should be mentioned that, based on the data for the refractive indices, all thin-film layers
were considered isotropic. However, TiO2 that was formed in compact thin films could be either
of the amorphous or of the anatase type, with the latter one being anisotropic. Hence, the question
arises if this should be included in an optical model, even though this information is not available
for the aforementioned planar or cylindrical stack. According to the literature on titania thin films,
anisotropy depends on the preparation method, but it is rarely reported, probably because it is
not of a considerable degree [29–31]. Moreover, there is the question of whether a small degree
of anisotropy in a layer less than 100 nm thick would make any difference in the efficiency of the
device. Nevertheless, the anisotropy of the compact TiO2 layer was embodied by using the spectral
refractive indices measured in another experimental work, while the mesoporous layer was still
considered isotropic because of its amorphous nature [31,32]. The results differed from the ones
shown in Figure 4 by only a very small margin, which is why we did not include anisotropy in either
of the two modelled stacks.

Focusing more on the device’s performance, the distribution of the optical electric field inside
the layers had to be calculated. In Figure 5, the intensity of the normalized electric field inside this
planar PSC is shown for the spectral range under consideration. Light was incident on the FTO,
and the thickness of the structure is shown on the y-axis. Each layer is depicted at the point placed
from the top to the bottom of the structure so that their relative thickness is presented. On the right
y-axis, the positions are also shown in nm. There was no significant loss in the FTO layer, while for
most wavelengths light energy was absorbed in the mesoporous and the perovskite layers, which
resulted in a rapid decrease in the light intensity. This is a result similar to those presented in other
modelling works employing the TMM and concerning similar n-i-p PSCs [9,12]. In these works,
though only a limited number of wavelengths were considered, it was also shown that light intensity
rapidly decreased inside the perovskite layer (obviously due to the high absorption coefficient of these
materials). In comparison, the TLM modelling of a planar OPV revealed the existence of standing
waves inside the blend of P3HT and C70-PCBM. However, while having intense maxima inside the
active media is a proof of successful optical design of the SC, it is also an indication of a smaller
absorption coefficient [22].
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For longer wavelengths, standing waves are more intense, but there is progressively less
absorption. This is to be expected because the active layers have very low absorption coefficients at
those wavelengths.

4.2. The Cylindrical Structure
Next, by using the TLM, we simulated the cylindrical structure after an initial verification

with the experimental results. Next, we evaluated its characteristics and optimized its efficiency by
applying certain alterations in its layers and structure. The current density was calculated for various
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thicknesses of the perovskite, ETL and HTL layers, while we evaluated a potential improvement
through the use of an external capping layer.

The thin-film layers that were used in the model (also shown in Figure 2) were a gold nanoparti-
cle (GNP) electrode (24 nm), the HTL made of Spiro-OMeTAD (100 nm), an interface roughness layer
(20 nm), the CH3NH3PbI3 perovskite layer (500 nm), the mesoporous TiO2 layer (100 nm) and the
titanium fibre substrate. The above values were roughly estimated from the SEM images provided
in [18]. The refractive indices of the specific thin films were not available either; hence, their values
used in the model were found in the literature [9,16]. Direct illumination from 350 to 900 nm under
AM1.5 conditions was assumed to match the conditions of the respective experiments.

A special reference has to be made for the modelling of the GNP electrode. This film was
reportedly created by the sputtering method and had NPs with sizes from 20 to 50 nm [18]. Depending
on the spattering time and other preparation parameters, GNP films used as semi-transparent
electrodes are discontinuous, formed of nano-islands and of statistically varying thickness. The NPs
are also not spherical but of various shapes (oblate, rod-like, triangular, etc.) and sizes, as it has
been stated [33–36]. In conclusion, this film can be viewed as a roughness layer, made of uneven Au
structures and being a mixture of Au and air. It is also known that the dielectric constant of large
NPs, such as the aforementioned ones, is very close to that of bulk Au [36]. Therefore, the Bruggeman
EMA can be used to model the optical response of such a layer. To model such an uneven surface,
three successive EMA layers were chosen for increasing the Au volume fraction from top to bottom.
The best fitting was achieved for the air: Au fractions of volume 90:10/80:20/70:30. The three virtual
layers were set to be of 8 nm thickness each. These are depicted in Figure 6.
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Figure 6. Conceptual picture of the GNP electrode layer and its division in three virtual layers of
increasing Au volume from top to bottom.

The transmittance measurements of such electrodes regarding the creation of fibre PSCs were
reported in [37]. By simulating those measurements, we concluded the three above-mentioned EMA
layers. The transmittance of this virtual electrode is shown in Figure 7 and was in good agreement
with the experimental results in [37].
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Having determined the optical characteristics of the top electrode, we proceeded with the
efficiency calculations of the fibre PSC. In Figure 8, a 3D plot of the photo-current density versus the
thickness of the perovskite and of the Spiro-OMeTAD layers is shown. It can be seen that for specific
values of the thicknesses of the above-mentioned layers, JSC was almost 10.3 mA/cm2, while the best
experimental results were between 9.46 and 14. 18 mA/cm2 [18]. In that work, the authors conducted
several experiments, varying the preparation method and ultimately creating a perovskite material
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of improved crystallization, substantial grain size and forming films with enhanced uniformity. That
means that the optical properties of their perovskite layer could not be exactly the same as those of
the one we used. The deviation of the TLM result also stemmed from the lack of exact optical data for
the device in general. In order to test the precision of the method, we used somewhat different indices
for the HTL and ETL layers, also found in the literature, and we also modelled the top electrode
as a very thin but continuous gold layer. The amount of JSC was, then, somewhat different, but its
dependence on the thickness of perovskite and HTL was very similar to that in Figure 8. Despite
the difference from the best reported value, the TLM result was still in the high end of the values
measured in the work mentioned [18].
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More conclusions can be drawn from the results in Figure 8. The current did increase with
the increase in the thickness of the perovskite layer above 100 nm, but not much. It seemed that
the larger proportion of light intensity had already been absorbed. In addition, by having a thinner
HTL, the current could only increase by a small margin. This is understandable, since the HTL was
above the active layers in this structure. At the same time, a thicker (up to 300 nm) HTL, caused a
rather small drop in the current density. As shown in Figure 10, a standing wave was formed within
the electrode and the HTL layer, which depended on the difference between their refractive indices
and that of perovskite, which formed the next layer. Although its amplitude within the HTL only
slightly decreased (owing to the layer’s relatively small absorption coefficient), the optimal thickness
of that layer, from an optical-efficiency perspective, could only be determined via analysis, as shown
herein. Smaller or larger values of HTL thickness are not presented since they do not have practical
importance. A very thin HTL would risk short-circuiting the cell, and a thicker one would increase
the series resistance [38]. Hence, it would be best, also from an optical perspective, to build the HTL
of the specific structure around 100 nm thick.

We also investigated the effect of the ETL (compact TiO2) on the generated current. We do not
present the results here, but its thickness was not found to be optically important. By varying the
thickness of that layer between 50 and 300 nm, Jsc was only marginally altered. This is considered
reasonable, since perovskite is highly absorbing at a large range of the used spectrum, and at the same
time, it is followed by the mesoporous layer, which has relatively high absorption. As a result, only
a small fraction of the original light intensity passed through to the ETL, which shows an obvious
similarity to the relative insignificance of the HTL thickness on the optical performance of an n-i-p
PSC [12,39].

In Figure 9, the evaluated dependence of JSC on the thicknesses of the perovskite and meso-
porous layers is shown. The mesoporous layer did absorb some of the light, but its optical importance
decreased as the thickness of the perovskite layer increased. This is due to the pure perovskite layer
being in front of the mesoporous one; thus, it absorbed most of the light before it could reach the
lower layer. Still, the mesoporous layer did contribute to the overall optical efficiency. However,
increasing its thickness beyond 400 nm is usually not recommended because it might hamper the
charge transfer [40].
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In order to obtain better insight into the optical efficiency of the device, the normalized intensity
of the electric field had to be examined. In Figure 10, the field intensity developed in the stack, for
θ = 0, versus the wavelength is depicted, while on the left side, the relative thickness of the thin-film
layers is shown. Only a planar segment of the structure was considered to allow a comparison with
the one in Figure 5 to be conducted.
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It can be seen that a large proportion of the light intensity was absorbed within the gold electrode
and also that the large index difference between the electrode and the HTL on one hand and the
perovskite layer on the other created a high local maximum inside the HTL, which means that some
less desirable absorption also occurred there. The standing wave formed in these two top layers was
similar to the standing wave formed within the ETL in the n-i-p structure (Figure 5); however, here, it
had a relatively higher intensity, and that degraded the efficiency of the device. On the other hand, it
could be also seen that the high absorption coefficient and the large size of the perovskite layer helped
to absorb all the remaining light even up to 700 nm. If the field had been more intense within this
layer, then more light could have been converted to excitons (resulting in a higher current); however,
this would have probably required an alternative electrode to Au, that is, a different device.
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A metal electrode, even one made of GNPs, creates significant reflection loss and also absorbs a
proportion of the light intensity. However well-constructed and efficient a fibre PSC may be, there is
room for improvement by making a more optically efficient design. A possible improvement is the
use of an anti-reflection coating. This is commonly used in planar PVs and is usually a thin-film layer
of a low-loss dielectric material with an intermediate refractive index to match the difference between
the air and the electrode. More recently, composite anti-reflection coatings have been proposed, made
by synthesizing a transparent dielectric with metal or silica NPs [41–43].

We propose two conceptual configurations as alternatives to the above-modelled fibre PSC
stack. The only change was the addition of an anti-reflection layer, and the efficiency was calculated
by means of the TLM. The first configuration had the simple addition of a dielectric coating above the
electrode. The nature of the GNPs, creating a rough surface, would make this difficult to implement
without the two materials merging together, but, for completeness, the results are presented below.

In Figure 11, the JSC of the fibre PSC with the addition of a dielectric coating is presented.
The results are shown for various values of the thickness and the refractive index of the additional
layer. The layer was considered lossless, a realistic assumption if we consider a thin layer such
as glass or silica, while the thicknesses of the fibre PSC layers were kept constant. It can be seen
that a 100–150 nm capping layer made of a semi-transparent material (e.g., compact silica) would
be beneficial and enhance the current density by 2–3%. By using a composite material, such as
mesoporous silica, with a lower refractive index, the enhancement would be 6–7% [44].
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Another proposal could be to create a mixed layer consisting of the GNPs and a low-loss
dielectric. The discontinuities of the GNP electrode with be filled up with that dielectric. That
same material would then be used to create a capping layer above the filled-up electrode. Mixed
films consisting of transparent dielectric materials mixed with some GNPs have been proposed as
anti-reflection coatings, but the volume fraction of GNPs is very small. Here, reversing that logic, we
propose a conceptual electrode of rough Au non-continuous formations with the gaps being filled
with a dielectric material.

The results are illustrated in Figure 12. Again, JSC was calculated for various values of the index
of a possible dielectric and for a possible capping layer of varying thickness. However, materials
such as silica would result in a 7–8% degradation of the generated current. Since the capping layer
would cover the rough Au surface, a possible benefit would be the improved mechanical stability of
the device. A more complicated structure should be designed for a broadband anti-reflection coating,
but this could be the subject of a future study.
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5. Conclusions
A planar PSC and a fibre PSC were modelled by means of the TLM. The comparison with

the experimental results from the literature showed that the model was accurate when the optical
characteristics of the involved layers were available, and it appeared to be precise even when those
characteristics were only approximately known. Both modelled structures had two active layers, a
pure perovskite layer and a mixed mesoporous one. We calculated the EQE and the short-circuit
photo-current as well as the normalized field intensity inside each structure.

The importance of certain parameters was demonstrated. To summarize, it was observed
that the HTL layer was optically more important than the ETL, regarding p-i-n PSCs. An opposite
but similar result has been reported elsewhere about the ETL in n-i-p PSCs. This is because, in
the respective structure, each layer was before the perovskite layer; hence, together with the top
electrode, it played a crucial role in the formation of standing waves, while the perovskite material,
for most optical wavelengths, would most likely absorb the intensity that can reach its layer before
it propagates through the layers beyond. Another observation was that the metal electrode of the
specific fibre PSC caused a rather significant reduction in the light that penetrated up to the active
layers. The maximum field intensity was found to be within the electrode and/or the HTL layers.
Better knowledge of the specific gold NPs electrode would have certainly helped to obtain more
accurate results. Two configurations of anti-reflection layers were proposed, and the simulation
showed the possibility of efficiency enhancement.
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