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  1 

Abstract-- Thanks to recent advancements in nanofabrication and 2 
3D packaging, typical Internet of Things (IoT) devices can now be 3 
wirelessly controlled using millimeter scale sensors known as 4 
Internet of Tiny Things (IoT²) devices. Since these low power devices 5 
may be exposed to low and indirect solar irradiation, we demonstrate 6 
a novel meso-superstructured solar cell (MSSC) that allows low flux 7 
light to be harvested from both its top and bottom sides. Our cell is 8 
based on either a dye-sensitized solar cell (DSSC) or a perovskite 9 
solar cell (PSC). The active layer in the proposed MSSCs was tuned 10 
to allow semi-transparent behavior. Moreover, we developed an 11 
experimentally validated model that enables optimization of the 12 
active layer thickness for different semi-transparent MSSC 13 
applications. In MSSCs, such optimization is necessary to balance 14 
the trade-off between transparency and efficiency for various active 15 
layer thicknesses. Fabricated DSSCs and PSCs cells were used to 16 
validate the simulation results. The fabricated DSSC achieved a 17 
harvesting ratio of 1:10 with a conversion efficiency of around 2% at 18 
one Sun. We demonstrate that the optimum thickness of the 19 
mesoporous TiO2 active layer in DSSCs was 800 nm, enabling a 20 
maximum power density of 7 mW/cm2. 21 

 22 
Index Terms—Optoelectronic modeling, mesoporous TiO2, semi-23 

transparent solar cells, Efficiency, J-V measurements, Low power 24 
applications.       25 

I.  INTRODUCTION 26 

he rising demand for low cost, high-efficiency and 27 

environmental friendly solar cells led to the emergence of a 28 

range of “third-generation” photovoltaic technologies [1], 29 

which include Dye Synthesized Solar Cells (DSSCs) [2] and 30 

Perovskites Solar Cells (PSCs) [3]. Often, these solution 31 

processed solar cells are called meso-superstructured solar cells 32 

(MSSCs), as mentioned by Snaith et al. [4], as well as our 33 

previous work in [5, 6]. In both types of solar cells, TiO2 plays an 34 

important role in their operation. For example, the TiO2 layer in 35 

DSSC is an n-type semiconductor where the dye diffuses through 36 

its pours forming the main active layer [5]. However, TiO2 in 37 

 
Minatallah M. Hassan  is with Basic-science department, Faculty of 

Engineering and FabLab in the Center for Emerging Learning Technology 
(CELT), The British University in Egypt (BUE), Cairo, Egypt (e-mail: 
Minnatullah.Moustafa@bue.edu.eg)  

Zahraa S. Ismail and Sameh O. Abdellatif is with Electrical Engineering 
department, Faculty of Engineering and FabLab, Centre for Emerging Learning 
Technologies (CELT), The British University in Egypt (BUE), Elshrouk City, 
Cairo, Egypt. (e-mail: Zahraa.Ismail@bue.edu.eg,  sameh.osama@bue.edu.eg).  

perovskite solar cells functionalizes as an efficient electron 38 

transport layer [3]. 39 

 Despite the low (yet rising) conversion efficiencies of DSSCs 40 

(13% [7]) as well as PSCs  (25% [8, 9])  in comparison to silicon 41 

based solar cells (27% [10]), the use of toxic chemicals and the 42 

complex fabrication process make third-generation PVs more 43 

favorable. Another key feature of these cells is their ability to 44 

harvest light from both sides (back and front), thus allowing light 45 

to be harvested from the Sun as well as indoor artificial lighting. 46 

This capability allows MSSCs to serve wearable applications that 47 

require low-flux light to be harvested from multiple directions as 48 

well as photovoltaic window applications [11-15]. In the 49 

literature, a double-sided solar cell with a harvesting ratio of 1:6 50 

was demonstrated [16].. However, the J-V curve showed a high 51 

level of fluctuation and uncertainties, which can impact the 52 

harvesting ratio. 53 

Principally, MSSCs can be tuned to show a semi-transparent 54 

performance that is typically required in photovoltaic window 55 

applications [14]. However, this tunability creates a direct trade-56 

off between transparency and efficiency. Additionally, photonic 57 

nano-structures can be integrated to enhance low-light harvesting 58 

efficiency, reject UV radiations and for decorative purposes [17, 59 

18]. From an experimental prospective, our previous work in [14] 60 

considered this trade-off and we introduced a new figure of merit 61 

called “TED” to evaluate the semi-transparent solar cell 62 

performance due to conversion efficiency, transparency and 63 

efficiency under diffused light. Theoretically, previous attempts 64 

[19-23] have been conducted to model the optical performance as 65 

well as the carrier transport behavior in MSSCs either using drift-66 

diffusion model [22] or by integrating density function theory 67 

(DFT) models [23]. However, no special theoretical focus on the 68 

trade-off between transparency and efficiency has been 69 

highlighted in literature.         70 

In this work, optoelectronic models have been developed, 71 

tested, validated, and integrated to describe the performance of 72 

semi-transparent MSSCs used in photovoltaic window 73 
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applications. The trade-off between transparency and efficiency 1 

is clearly studied with respect to the active layer thickness 2 

reaching an optimum compensation thickness for each 3 

technology. The theoretical results have been validated using both 4 

our fabricated segmented and complete solar cells as well as our 5 

reported data in [5, 6, 14, 24]. The observed captured power per 6 

unit area exceeded the threshold power needed in operating 7 

various internet of tiny things (IoT2) applications [25], which 8 

allows for the utilization of semi-transparent MSSCs in smart 9 

building-integrated photovoltaics (BIPV) [26].    10 

The remainder of our article is organized as follows. In section 11 

II we describe our optoelectronic model in terms of an analytical 12 

optical model and numerical carrier transport simulation platform. 13 

Section III demonstrates the experimental recipes used for 14 

fabricating MSSCs as well as the characterization procedures. 15 

Finally, validation process and optimization are illustrated in the 16 

results section.  17 

II.  OPTOELECTRONIC MODELLING  18 

Chemical based solar cells could be mainly fabricated from the 19 

same structure; it is only a matter of preparing the layers and 20 

assembling them together. This can be seen in figure 1, as it shows 21 

a schematic diagram of two types of chemical based MSSCs, such 22 

as DSSC and PSC. They are categorized as MSSCs due to the 23 

dominating effect of the resizable mesoporous particles TiO2 24 

(mpp-TiO2) layer. It is also important to note that the two 25 

proposed schematics support bifacial light harvesting and exhibit 26 

transparent properties. Figure 1-a shows the schematic of a DSSC, 27 

including two conductive glass electrodes, a blocking compact 28 

TiO2 layer, a mpp-TiO2 layer, dye, and electrolyte. The mpp-TiO2 29 

is responsible for separating charges, collecting electrons, and 30 

conducting ions. Its thickness is also the main parameter strongly 31 

influencing the transparency of the produced solar cell. Here, 32 

compact TiO2 is used for blocking ion transportation and 33 

overcoming the loss of generated electrons [5].  34 

The operation of such cells involves the following, when a 35 

photon hits the dye particles; an electron is released and injected 36 

into the conduction band of the mpp-TiO2 layer leaving a hole 37 

behind. The electrolyte then helps the dye restore its original state 38 

after losing the electron due to the photon excitation. This happens 39 

by a process known as electron donation, where electrolytes are 40 

usually made up from a redox mediator material. Next, thin 41 

platinum (Pt) layer is used to help the cell conduct electricity 42 

better. Finally, the FTO coated glass electrodes create the full 43 

closed cycle for the charges to travel through it, creating a well-44 

constructed DSSC. 45 

 In contrast, figure 1-b shows the schematic diagram of a PSC 46 

as FTO/TiO2/CsPbBr3/NiO/FTO structure. In this structure, a 47 

CsPbBr3 perovskite layer, which is inserted between the electron 48 

transport material (ETM) and hole transport material (HTM) 49 

layers, is used as the light-absorbing material. Our motivation to 50 

use CsPbBr3 was based on its compatibility with the sol-gel 51 

deposition technique and its semi-transparent capabilities, rather 52 

than its use for high efficiency solar cell applications. Two layers 53 

of TiO2 (mesoporous and compact) were placed on the top of 54 

fluorine doped tin oxide (FTO) substrate to form the photo-anode. 55 

The TiO2 layer is a well-known electron transporting layer (ETL) 56 

and its role is to transport electrons in the solar cell and serve as a 57 

hole blocking layer (HBL) to reduce charge recombination and 58 

prevent electrode shorting [27]. Similarly, NiO functionalizes as 59 

a hole transporting layer [28]. An excited (electron-hole pair) is 60 

generated in the active layer due to absorption of light. These free 61 

holes and electrons must be collected by their corresponding 62 

electrodes in order to produce electric current before recombining 63 

(non-radiative or radiative) [27].  64 

Our proposed optoelectronic model can be divided into two 65 

important parts. The first deals with the interaction of light with 66 

the various layers in our MSSC structure, whereas the second 67 

deals with carrier transport as a result of electron-hole pair 68 

generation. In the next sub-sections, we will describe the details 69 

of our modeling approach. 70 

 71 
Figure 1: (a) Schematic of a DSSC with an illustration of the photon-induced 72 
electron transfer, (b) Schematic of a PSC with an illustration of the photon-73 
induced electron-hole generation.  74 

A. Optical modeling 75 

Optical modelling is an essential process that should be carried 76 

out to be able to study the performance of solar cells. According 77 

to the literature, the optical modelling of new and emerging solar 78 

cells using analytical optics is a challenge. Herein, our optical 79 

modelling of electro-chemical solar cells was introduced as a 80 

simple cascaded series of thin films. The model was implemented 81 

and tested on DSSCs. However, it can be expanded to other 82 

MSSCs such as PSCs [29, 30], as well as other types of emerging 83 

solar cells including organic solar cells and quatum-dot based 84 

solar cells. The transmission, reflection and absorption of DSSCs 85 

with variable active layer thickness have been studied. The 86 

proposed model simply works by solving the transmission 87 

coefficient (𝑡) and reflection coefficient (𝑟) as following [31]:  88 

t =  
2γo

γom11 + γoγsm12 + m21 + γsm22
                                   (1) 89 

r = γom11+γoγsm12−m21−γsm22
γom11+γoγsm12+m21+γsm22

                                                (2) 90 

giving that: 91 

γo =
nincident

120π
                                                                                 (3) 92 

γs =
nsubstrate

120π
                                                                                (4) 93 

m11 = cos(koh); m12 = I sin(koh)
γ1

;  94 

m21 = i sin(koh) γ1 and m22 = m11                                    (5) 95 

ko = 2π
λ

                                                                                   (6) 96 

h1 = hpropagating medium ∗ npropagating medium                        (7) 97 

Where:  98 
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hpropagating medium the material’s thickness 
npropagating medium the material refractive index 

      nincident the refractive index of the in- 
going medium  

nsubstrate the refractive index of the 
out-going medium 

ko the propagation constant  
λ the propagating wavelength 

    m11, m12, m21, m22 the characterization matrix 
elements  

    γo the normalized refractive 
index of the in-going medium  

    γs the normalized refractive 
index of the out-going 
medium 

 1 
In the current study, wavelength variation is from 200 nm to 2 

1000 nm, which covers the UV-Vis-NIR region. Additionally, 3 

refractive indices considered in this model are represented as a 4 

complex dispersive/absorptive function in wavelength as 5 

described later in this paper. The light propagation analysis 6 

followed in the proposed tool is based on the layer arrangement 7 

of a simple DSSC (see figure 1-a). 8 

To be able to use the proposed optical model correctly, a set of 9 

important data are needed to be acquired beforehand, these are 10 

core data that affect the obtained results drastically. Therefore, all 11 

important parameters have been acquired for each layer and 12 

tabulated in table 1. Each parameter has been either extracted or 13 

calculated, based on measured data from literature. It can be 14 

observed from the listed parameter in table 1 that both the 15 

electrolyte and the platinum layers have been neglected from the 16 

optical point of view. For the electrolyte medium as well as the 17 

platinum thin layer on the counter electrode, our recorded results 18 

have shown its full high transparency spectrum with respect to 19 

other scattering and absorbing layer in the arrangement. More 20 

details and spectral analysis for electrolyte can be addressed in 21 

Appendix A, figure A.1. Concerning the platinum layer, the ultra-22 

thin layer, typically one to two nanometers, makes it possible to 23 

exclude any possible absorption within the layer (cf. Appendix A, 24 

figure A.2). 25 

As mentioned earlier, the proposed optical model is not only 26 

exclusive for DSSCs in matter of fact it can be extended to 27 

describe other electrochemical solar cells such as PSCs, as far as 28 

the refractive index, dispersion and extinction are defined for each 29 

layer. The suggested model has been scripted using Matlab and 30 

can be accessed through: [32], also available in the Supplemented 31 

Materials. 32 

B. Carrier transport modelling   33 

A computer-based simulation software known as Solar Cell 34 

Capacitance Simulator (SCAPS-1D) was used to numerically 35 

simulate the output characteristics of solar cells. It was designed 36 

to find numerical solutions of a system of three coupled 37 

differential equations consisting of three basic semiconductor 38 

equations (the poisson, the electron continuity, and the hole 39 

continuity equations) [33]. SCAPS can describe a solar cell as a 40 

series of semiconductor layers and contacts with different 41 

optoelectronic properties as well as defect states of each interface 42 

and layer. SCAPS is capable of simulating the open circuit 43 

voltage (Voc), the short circuit current density (Jsc), the fill factor 44 

(FF), and the overall power conversion efficiency (PCE) for the 45 

designed solar cell under study.    46 

As previously mentioned, we are interested 47 

in investigating the influence of varying the absorber layer 48 

thickness on the performance of the PSCs and DSSCs. Table 2 49 

shows the input simulation parameters needed for simulating the 50 

carrier transport in DSSC. The given parameters have been 51 

extracted from previous work [5, 34-36], There are other 52 

parameters that are not mentioned in the table such as thermal 53 

velocity and absorption coefficient which are set as 107 cm/s and 54 

105 cm-1, respectively. The defect type of the absorber layer is set 55 

as neutral (so that this defect leads to Shockley-Read-Hall 56 

recombination and not space charge) and the capture cross section 57 

of hole and electron are set as 1×10-15 cm2. The characteristic 58 

energy is set as 0.1 eV, and energetic distribution is set as 59 

Gaussian. 60 
TABLE 1 61 

EXTRACTED OPTICAL PARAMETERS FOR DIFFERENT LAYERS OF DSSC. 62 

 
…… 

Refractive 
Index 

Thickness Specification 

Glass 
(BK7)  

1.46  [37] 2.2 mm None-dispersive 
with 8% 
reflection   

FTO  2.14 
(Calculated) 

180-200 nm None-dispersive 
80% 
transmittance   

Compact 
TiO2  

1.9 ± 0.005 [5] 264.0±1.5 
nm [5] 

Dispersive 
material  

Mesoporou
s 
TiO2+N719
 Dye  

1.62 ± 
0.002 [5] 

5-15 µm [5] Dispersive 
material with 
scattering  
[38] 

Iodide 
Electrolyte   

1.4426 
(Calculated) 

30 µm  Assumption:   
Optical properties 
is neglected  

Platinum   2.0847 [39] 1-2 nm  Assumption:   
Optical properties 
is neglected 

As for the PSC, table 3 summarizes the input material 63 

parameters from in the literature [20, 28, 40, 41]. Two defect 64 

interfaces (CsPbBr3/NiO and TiO2/CsPbBr3) were used for carrier 65 

recombination [28]. Table 4 summarises the defect parameters for 66 

each layer used in the simulation model [20, 28, 42]. Control 67 

variable method was implemented for parameter optimization. 68 

The hole density in the TiO2 (≈ 1013 cm–3) is much lower than the 69 

electron density (1018 cm–3). The same densities were used for 70 

the NiO layer (≈ 1013 cm–3 for electrons and 1018 cm–3 for holes). 71 

This verifies the effectiveness of the transport layers.   72 

SCAPS also treats some tunnelling mechanisms by 73 

implementing the model for interface transport as thermionic 74 

emission for both simulated models. The thermal velocity of the 75 

interface transport for electron and hole was in order of 107 cm s-76 
1 [40]. The optical reflectance was set to zero at each interface and 77 

at the surface. Moreover, the operating temperature was set to 300 78 

K and AM1.5 global irradiation conditions were used.  79 

TABLE 2 80 
Input parameters for the carrier transport modelling of DSSC [34-36]. 81 



 4 

Parameters  Pt Electrolyte Mesoporous 
TiO2 + N719 

Dye 

Compac
t TiO2 

Thickness 
(μm) 

0.080 30 4.260 0.2 

Band-gap 
energy  
Eg (eV)  

1.9 1.9 3.2 3.2 

Electron 
affinity  
χ (eV)  

3.650 3.7 4 3.9 

Relative 
permittivity  

3.700 3.790 2.624 1.798 

Electron 
effective 
DOS  
Nc (cm−3)  

2x1020 
(fitted) 

6.020 x 1019    
(fitted) 

2.4x1020 
(fitted) 

1x1015                  
(fitted) 

Hole 
effective 
DOS    
Nv (cm−3)  

2x1020 
(fitted) 

6.020 x 1019       
(fitted) 

2.5x1020 
(fitted) 

1x1015 
(fitted) 

Electron 
mobility μn 
 (cm2 V−1 s−1

)  

1 x10-8 1 x 10-1 3  20 

Hole 
mobility μp  
(cm2 V−1 s−1

)  

1.28x10-

5 
3 x 10-1 3   10 

Donor 
concentratio
n ND (cm−3)  

0 0 0 1 x 102 

Acceptor 
concentratio
n NA (cm−3)  

1 x 
106 

(fitted) 

1 x105 
(fitted) 

0   10 
(fitted) 

Defect/trap 
density Nt (c
m−3)  

- - 6x1011 
(fitted) 

- 

III.     EXPERIMENTAL WORK 1 

A. DSSC fabrication 2 

To validate the optoelectronic modelling results, experimental 3 

data had to be acquired. Accordingly, the fabrication of MSSCs 4 

was essential. For DSSCs, the recipe mentioned in Appendix B 5 

table A.1 was used. The data presented in B shows the recipes for 6 

all the layers needed to fabricate the proposed DSSCs. After 7 

preparing all the layers beforehand as stated in B, the assembly 8 

stage begins. First, we start by depositing the compact TiO2 layer 9 

on the FTO coated side of the electrode using a spin coater (500 10 

rpm at the beginning for 10 s, followed by a 3000 rpm step for 60 11 

s with constant acceleration of 1000 rpm/s as reported in [5]), then 12 

after annealing the sample a layer of the pre-prepared mpp-TiO2 13 

paste is deposited above the compact TiO2 layer. The glass is then 14 

heated again until the paste dries out and becomes well attached 15 

to the substrate. Secondly, the cooled-out sample is submerged in 16 

the N719 pre-prepared dye. Once the sample is completely 17 

stained, it is time to close the cell using the counter electrode 18 

(catalyst coated electrode), leaving behind a space for the probes 19 

to be connected, with the conductive sides facing each other. Then 20 

finally, the electrolyte is injected through the top and allowed to 21 

fill up the cell, producing a complete DSSC. 22 
TABLE 3 23 

Input parameters for the carrier transport modelling of PSC [20, 28, 40, 41], 24 
where NV, NC are hole and electron effective density of states, respectively. Nt, 25 

NA and ND are trap density, shallow uniform acceptor density and shallow 26 
uniform donor density, respectively. 27 

Parameters  FTO ETM 
(TiO2) 

CsPbBr3 HTM(NiO) 

Thickness (nm)  300 480 350 245 
Band-gap 
energy Eg (eV)  

3.5 3.2 2.3 3.6 

Electron affinity  
χ (eV)  

4.5/4.8 4.2 3.6 1.8 

Relative 
permittivity  

10 9 6.5 11.75 

Nc (cm−3)  2x1018    1x1018 4.94x1017 2x1018 
Nv (cm−3)  1.8x1019 1x1019 8.47x1018 2x1018 
Electron 
mobility μn  
(cm2 V−1 s−1)  

100 0.05 4500 0.2 

Hole mobility μp 
 (cm2 V−1 s−1)  

20 0.025 4500 0.2 

Donor 
concentration 
ND (cm−3)  

1x1020 1x1018 1x1015 1013 

Acceptor 
concentration 
NA (cm−3)  

0  1013  0 1x1018  

Defect 
density Nt (cm−3)  

1x1015  1x1015  1.5x1012  1x1015  

B. PSC fabrication 28 

Perovskite materials are attracting plenty of attention in solar 29 

cell applications. However, further development of hybrid 30 

perovskite-based optoelectronic devices is limited by the intrinsic 31 

thermal instability of formamidinium (FA) and methylammonium 32 

(MA) based perovskite materials. Therefore, all-inorganic 33 

perovskites have recently been suggested as alternative materials 34 

for optoelectronic devices due to their interesting electronic 35 

properties and their higher chemical stability in comparison to the 36 

thermal degradation of hybrid perovskites. An example is cesium 37 

lead halide (CsPbX3, X = Br, Cl, and I). In previous experimental 38 

works, solution process approach was used to prepare most 39 

of perovskites based optoelectronic devices, which would refer to 40 

the spin coating method and long-chain organic ligands [43-45]. 41 

The chemicals used in the synthesis are cesium bromide 42 

(CsBr), lead bromide (PbBr2), dimethyl form amide (DMF) and 43 

methanol. First, a glass substrate was cleaned by consecutive 20 44 

minutes sonication in warm deionized water, isopropanol, and 45 

acetone.  The Substrate was preserved with UV-ozone for 15 46 

minutes, after drying under a nitrogen flow at atmosphere. 47 

Afterwards, the substrate was annealed at 75 °C before using [43]. 48 

Two-steps sequential deposition technique was used to prepare 49 

the CsPbBr3 film. First of all, 0.03 grams of CsBr was dissolved 50 

in 2 mL of methanol and then heated in a sealed container for 10 51 

minutes. Next, a solution of 0.367 grams of PbBr2 and 1 mL of 52 

DMF were stirred on a hot plate at 75°C for 5 hours. Then the 53 

PbBr2 layer was filtered using a 0.22 μm pore size PTFE 54 



 5 

(Polytetrafluoroethylene) Membrane Filter and then used 1 

immediately. A spin-coater was used to deposit the PbBr2 layer at 2 

4000 rpm for 40 seconds on the cleaned preheated glass substrate, 3 

then it was left to dry out at 75°C for 30 minutes. After drying for 4 

30 minutes, the substrate was immersed for 5 to 15 minutes in a 5 

heated (50°C) solution of 15 mg/mL of CsBr and then 6 

strengthened at 180°C on the hot plate directly [43]. The complete 7 

PSC fabrication recipe can be addressed in Appendix B Table 8 

A.2. 9 
TABLE 4 10 

Defect parameters of interfaces and absorber [20, 28, 42]. 11 

Parameters   CsPbBr3 TiO2/CsPbBr3 CsPbBr3/NiO 
Defect type  Neutral Neutral Neutral 
Capture cross 
section for 
electrons 
(cm2)  

2x10-15 2x10-16 2x10-14 

Capture cross 
section for 
holes (cm2)  

2x10-15 2x10-16 2x10-14 

Energetic 
distribution  

Gaussian Single Single 

Energy level 
with respect 
to Ev (eV)  

0.500 0.650 0.650 

Characteristic 
energy (eV)  

0.1 0.1 0.1 

Total density 
(cm−3)  

1.5x1012 1x1017 1x1017 

C. Characterization 12 

The morphological structures of the prepared nanoparticles 13 

were estimated by P Analytical X’PERT MPD diffractometer 14 

using (Cu [Kα1/Kα]) radiation. The variation in the diffraction 15 

angle is from 10o to 90o while applying a step of 0.02o with 16 

integration time of three s/step was utilized. The morphologies of 17 

the samples were analysed using High resolution transmission 18 

electron microscopy (SEM JEOL 6340). This step was conducted 19 

to validate the apriority of fabrication procedure used (address 20 

Appendix B figure A.3)  21 

In order to study and characterize the fabricated DSSCs, an 22 

important tool has been designed and implemented to aid the 23 

process of examination, characterization and interpretation. This 24 

tool is an LED-based solar simulator with an integrated NIR-UV-25 

Vis spectrometer and Keithley 2401 current-voltage source meter 26 

[46].  27 

For the solar simulator, LEDs types and colours were chosen 28 

on the basis of the AM 1.5G spectrum. After surveying the 29 

possible choices, high power LEDs were purchased from 30 

LUMILEDS in the following colours: Deep Red, Far Red, Royal 31 

Blue, Cool White, Infrared and Ultraviolet. Before arranging the 32 

array, each LED was tested on its own. The array was then 33 

constructed, while considering the 1D and 2D arrangement effect 34 

on the produced spectrum. The spectrum measurement was 35 

conducted using UV-Vis spectrometer. Every set of arrangement 36 

yielded a different spectrum; this is due to the concept of spectrum 37 

mixing. After a set of iterations, it was possible to reach an 38 

arrangement that exhibit only 15% mismatching factor with 39 

respect to the AM 1.5G and could reach up to 12% mismatching 40 

factor at a distance of 10 cm from the source (cf. Figure 5 in our 41 

previous work in [46]).. After each arrangement of the LED array, 42 

an Ocean Optics UV-Vis-NIR spectrometer was used for 43 

acquiring the produced spectrum and comparing it with that of the 44 

AM 1.5G in order to calculate the mismatching percentage.  45 

To measure the transparency of the fabricated segmented solar 46 

cells and the complete cells, as well as measure the absorption of 47 

the dyes, a V-770 UV-Visible/NIR Spectrophotometer was used, 48 

where the wavelength from 190 nm to 2700 nm can be 49 

investigated. The measurement process was carried out by simply 50 

placing the sample in the device and setting the wavelength range, 51 

then the device sweeps the sample and displays the result on its 52 

compatible software. 53 

IV.  RESULTS AND DISCUSSION 54 

A. Material optical parameters modeling  55 

Based on the optical model presented in section II.A, the 56 

refractive index for the given constructing layer of MSSC is 57 

considered as an essential input for appropriate optical modeling. 58 

Hence, the dispersive as well as the extinction behavior of the 59 

dominating layer should be defined. Herein, we considered both 60 

comp-TiO2 and mpp-TiO2 layers as the dominating layer with 61 

respect to the absorption as well as the scattering performance.  62 

For mpp-TiO2, the extinction spectrum can be treated as two 63 

portions: the first where absorption dominates (below 400 nm) 64 

and the second where scattering showed the major impact (above 65 

400 nm). In the absorption dominating region, a Lorentz-66 

Drude (LD) fitting process is applied following the technique 67 

introduced in our previous work in [5, 24], while the scattering 68 

effect is modeled using the Mie scattering fitting model of mpp-69 

TiO2 [5]. The data of the Mie scattering model has been extracted 70 

and used in the optical model proposed in section II.A, where the 71 

porosity of the layer is attributed as the main factor affecting the 72 

scattering spectrum. Similarly, for the compact TiO2 layer the 73 

same extracted LD fitting parameters have been used. The 74 

parameters used in the LD fitting of the porous and compact TiO2 75 

can be found in Appendix C. Figure 2 shows the two extinction 76 

spectra used for simulating the two main layers, the compact TiO2 77 

layer and the mpp-TiO2 layer. The two layers exhibit both 78 

dispersive and extinction behavior, which were represented using 79 

the refractive indices. The simulated data recorded an acceptable 80 

matching with respect to the data in literature [5] with a root mean 81 

square error less than 3.8% for a given porosity. 82 

B. MSSCs optical modeling  83 

In order to validate our optical model that is proposed in 84 

section II.A, a set of simulations have been carried out based on 85 

either experimental data or data obtained from literature for 86 

segmented MSSCs. Figure 3 illustrates two set of data, one that 87 

represent the transmission of a simulated compact TiO2 layer 88 

deposited on glass “Simulated compact TiO2” and its validation 89 

with an experimental prepared sample “experimental compact 90 

TiO2”. While the other represent the transmission of a simulated 91 

mpp-TiO2 layer deposited on glass and submerged in N719 dye 92 

“Simulated mpp-TiO2+N719 dye” and its validation with an 93 

experimental prepared sample “experimental mpp-TiO2+N719 94 

dye”. It is observed from the graph that a nearly perfect matching 95 

is obtained for both samples above 350 nm. However, a relatively 96 

higher mismatching is detected in the far UV region for the 97 
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compact sample. We attribute this to the fitting of the LD 1 

coefficients. The recorded mismatching is not impacting on the 2 

current study as far as it is outside the visible portion of spectrum 3 

where transparency is defined. 4 

On the other hand, figure 4 demonstrates the simulation of two 5 

samples of mpp-TiO2 layers and two fabricated DSSCs.  Based on 6 

the data presented in [14], these samples were prepared using two 7 

mpp-TiO2 layer thicknesses: 4.26 μm and 1.93 μm. To validate 8 

the data presented in figure 4, a root mean square mismatching 9 

error was introduced between the simulated data and the 10 

measurement provided  in [14] at a wavelength of 700 nm, where 11 

an acceptable mismatching (below 5%) error was observed.  It 12 

was observed that the mismatching error fluctuated with a 13 

variation in wavelength (maximum error detected at 630 nm). We 14 

attribute this fluctuation to the Mie scattering model we used to 15 

describe the extinction behavior of the mesoporous layer. While 16 

it is mathematically challenging to describe the extinction 17 

behavior of randomly arranged porous layers, the Mie scattering 18 

model was used, as reported as in the literature [5]. For a complete 19 

cell’s spectra, other mismatching parameters need to be included, 20 

such as the parasitic absorption in the electrolyte layer. Moreover, 21 

the wavy nature of the simulated data with respect to the 22 

corresponding experimental data in [14] can be attributed to the 23 

Fabry-Perot oscillations associated with the characteristic matrix 24 

method used in the optical modelling.  25 

 26 
Figure 2: Extinction spectra of compact and mpp-TiO2 layers. Extinction spectra 27 
are output from the proposed optical model using LD fitting.  28 

For PSCs, following the recipe briefed in section III.B, 29 

CsPbBr3 was deposited on BK7 glass using spin coater. The UV-30 

Vis-NIR spectrum measurement is presented in figure 5. The 31 

same optical simulation model described above is utilized to 32 

describe the perovskite thin film with assuming the absence of any 33 

volume scattering mechanisms and extinction is limited to 34 

absorption. Again, the simulation results show perfect agreement 35 

measured data, with less than 2% error. It is worth to mention that 36 

CsPbBr3 is chosen due to its simple deposition procedure as well 37 

as chemical availability in local market. However, the presented 38 

optical model can be easily extended to other CsPbX3 as well as 39 

various perovskite materials.  40 

 41 
Figure 3: Transmission spectra for segmented DSSCs, experimental 42 
measurements and simulation data. 43 

 44 
Figure 4: Simulation transmission spectra for segmented and complete DSSCs 45 
based on the active layer thickness and experimental data given in [14]. 46 

 47 
Figure 5: Transmission spectra for segmented PSC, experimental measurements 48 
and simulation data. 49 

C. Carrier transport modeling results 50 

In the SACPS device model simulation, the photocurrent 51 

density-voltage (J-V) performance of the simulated DSSC at 52 

absorber thickness 4.260 μm with the parameters mentioned in 53 

section II.B under AM1.5 sunlight illumination (100 mW/cm2) 54 

was simulated (see figure 6). The simulation result is considered 55 

to be within the acceptable ranges as reported in [14], which can 56 

be used to validate the accuracy of the simulation model presented 57 

in this study. The main output parameters; open-circuit voltage 58 

(Voc), short-circuit current (Jsc), fill factor (FF) and the power 59 

conversion efficiency (PCE) for the device at absorber thickness 60 

4.260 μm were attained and compared with the real experimental 61 

measurement data reported in literature [14] as listed in table 5. 62 

The observed mismatching error for the open-circuit voltage, 63 
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short circuit current, power conversion efficiency, and fill factor 1 

is 1.6%, 3.56%, 4.13%, and 0.83%, respectively.  2 

Additionally, another (J-V) characteristic curve was simulated 3 

for a fabricated DSSC using the recipe mentioned in III.A with 4 

active area of 5 cm2 (cf. Figure 6). A modified model with updated 5 

input parameters has been used. The compact TiO2 layer thickness 6 

was taken to be 0.6 μm. As for the active layer, the thickness is 10 7 

μm. The simulation result is considered to be within the 8 

acceptable ranges as compared with the experimentally 9 

characterized DSSC, with mismatching percentages of 1.14% and 10 

2% in short-circuit current and open circuit voltage, respectively.  11 

It can be observed that both cells (DSSC in literature [14] and 12 

DSSC characterized in figure 6) have different J-V behaviour, 13 

especially for higher voltages near the open circuit voltage. We 14 

attribute this to the parasitic resistance associated with each 15 

measurement setup. Herein, we utilize our previously published 16 

parasitic resistance determination algorithm to estimate such 17 

resistance per experimental measured J-V data [41, 47].     18 

 19 
Figure 6: Simulated J-V characteristic curve for a DSSC at absorber thickness of 20 

4.260 μm fabricated in [14] and experimentally fabricated and characterized 21 
DSSC following the recipe in section III.A with its associated simulation data.  22 

TABLE 5 23 
Photovoltaic parameters obtained from simulation compared to experimental 24 

data in [14]. 25 

Parameters Simulation Experimental 
Voc (V) 0.605 0.615 

Jsc (mA/cm2) 1.194 1.153 
FF (%) 60.1 60.6 

PCE (%) 2.09 2.18 

D. Semi-transport MSSCs optimization 26 

The photoconductive layers of DSSC and PSC are considered 27 

as a decisive element in absorbing light and collecting charge. 28 

Therefore, the thickness of the active/absorber layer has a 29 

remarkable influence on the performance of the cells. In this 30 

simulation work, the thickness of the absorber layer is varied from 31 

40 nm to 4 μm seeking for an optimum thickness in the efficiency 32 

transparency trade-off. The main target of the implemented 33 

optical model is to be able to study the trade-off between 34 

transparency and efficiency which is correlated with absorption. 35 

Principally, as the thickness of the active layer increases, 36 

absorption increases while transmission decreases. This can be 37 

easily noticed in figure 7, where it demonstrates a series of 38 

simulations of a complete DSSC with mpp-TiO2 layer varying 39 

from 40 nm to 4 μm with utilizing our proposed optical model .  40 

The photocurrent density-voltage (J-V) performances of the 41 

simulated PSC and DSSC at different thickness of the absorber 42 

film under AM1.5 sunlight illumination (100 mW/cm2) are shown 43 

in figures 8 and 9, respectively. The basic device performance 44 

parameters (Jsc, Voc, FF and PCE) of the simulated DSSC and PSC 45 

were obtained and examined as a function of absorber thickness 46 

as listed in Appendix D. 47 

As for PSC simulated model, it is obvious that as the thickness 48 

increases, the PCE slowly increases up to 400 nm with a 49 

maximum value of 3.91% and then slowly decreases. The 50 

increase of efficiency represents the production of new charge 51 

carriers and increase of optical density. This happens due to a 52 

higher spectral sensitivity of the absorber layer (CsPbBr3) in the 53 

green region of the solar spectrum [28]. The slow decrease of PCE 54 

represents the increase of the recombination and less extraction 55 

rate of hole and electron pairs. As the thickness exceeds 400 nm, 56 

there will be a mismatch between the absorption depth of the 57 

absorber layer, and the carrier diffusion length, due to the 58 

recombination of the carriers before reaching the electrodes.  59 

It is clear that increasing the thickness of the perovskite layer, 60 

increases the absorption of the light and thus increases Jsc. The Jsc 61 

then slowly saturates to 6.319 mA/cm2 at approximately 800 nm 62 

to 900 nm thickness, and then decreases slightly when the 63 

absorber thickness exceeds 900 nm. This saturation is due to the 64 

increase of spectral response at the longer wavelength of 65 

illumination by increasing the absorber thickness. For absorbers 66 

greater than 800 nm, the current density decreases less because of 67 

reduction of the electric field in the absorber layer. Moreover, 68 

increasing the thickness of the perovskite layer up to 400 nm leads 69 

to a higher Voc which remains constant and then decreases at 800 70 

nm. This is due to the increase of series resistance and charge 71 

recombination [41, 47]. All simulated data are tabled in Appendix 72 

D.    73 

On the other hand, a quick drop in the FF is observed, as it is 74 

strongly affected by electric field. By reducing the thickness of 75 

absorber layer, the depletion layer becomes very close to the back 76 

electrode and more electron charges will be captured by the back 77 

electrode for recombination. This means that the electric field in 78 

the active layer decreases while increasing the forward bias. It 79 

leads to a decrease in collection of charge carriers, which was 80 

assisted by the electric field. Thus, the absorber quality is bad for 81 

collection of current, leading to the drop in FF and efficiency with 82 

increasing the thickness.  Thus, the maximum PCE of 3.91% with 83 

a Voc of 1.126 V, Jsc of 5.669 mA/cm2, and FF of 61.26% was 84 

obtained for the cell with an optimum thickness of 400 nm, which 85 

is the optimum value for a high efficiency device. 86 

In a thin DSSC absorber (cf. figure 9), the charge carrier 87 

diffusion length is larger than the absorber thickness; most of the 88 

excess charge carriers are able to transfer and reach their 89 

corresponding electrodes in order to generate power. Therefore, 90 

increasing the thickness causes more light absorption of photons 91 

and more excess charge carrier concentration, which leads to 92 

higher values of Jsc (see Figure 9). Though, if the thickness is 93 

greater than the light diffusion depth, the photo-generation will 94 

reach a limit.  95 
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As observed, Voc increases to an optimal value of 0.6053 V at 1 

4.260 μm thickness and then decreases strongly. In the increasing 2 

stage of Voc, electron-hole recombination is lower with a thinner 3 

absorber layer and stays at a low magnitude, thus providing a low 4 

probability of carrier recombination, leading to a strong increase 5 

in Voc. On the other hand, in the decreasing stage of Voc, thicker 6 

absorber layer elevates to higher states and provide higher 7 

probability to carriers' recombination, leading to a strong decrease 8 

in Voc. Additionally, the FF continues to drop from 69.99% to 9 

60.9% with the absorber thickness varying from 40 to 4000 nm as 10 

FF is considered as the internal power depletion. In thicker 11 

absorber layer, the internal power depletion increases and causes 12 

a drop in FF.  13 

The power conversion efficiency is mainly depends on two 14 

factors, carrier transport and photon absorption. Carrier transport 15 

is the challenge for thick absorber layer and photon absorption is 16 

the challenge for thin absorber layer. It can be derived that there 17 

is an optimal absorber thickness (4.260 μm) corresponding to 18 

higher efficiency. As a result, once the absorber thickness exceeds 19 

the optimal value, the probability for recombination starts to 20 

increase due to traps and excess charge carriers. Thus, the 21 

maximum PCE of 2.09% with a Voc of 0.605 V, Jsc of 1.194 22 

mA/cm2, and FF of 60.1% was obtained for the cell with active 23 

layer thickness of 4.260 μm. All simulated data are provided in 24 

Appendix E. 25 

Finally, results showing the overall DSSC conversion 26 

efficiency and cell transparency versus thickness are presented in 27 

figure 10. For the demonstrated data, the transparency was 28 

defined as the average transmission in the visible region. All 29 

transmission spectra can be found in Appendix E. Our simulation 30 

results can be used to determine an optimum point for the trade-31 

off between transparency and efficiency in MSSCs, DSSC in 32 

particular for figure 10. Here, 800 nm was found to be the 33 

optimum thickness for achieving an average visible transparency 34 

of 19% and a conversion efficiency of 1.97% (the intersection 35 

point in figure 10). Consequently, this data was used for 36 

fabricating an optimized DSSC with bifacial energy harvesting 37 

capabilities and a harvesting ratio of 1:10. The cell’s I-V curve is 38 

shown in figure 11. Herein, an equally weighted optimization 39 

approach was adopted between cell transparency and PCE. 40 

However, this weighting approach can vary depending on the 41 

application and its associated constrains (TED example in [14]). 42 

For example, in electrical vehicle technology, window 43 

transparency is obviously a critical parameter for driving and 44 

safety reasons. Therefore, transparency is equally as important as 45 

efficiency. On the other hand, in BIPV applications an 46 

unweighted optimization that is biased towards higher efficiency 47 

may be necessary.      48 

   Considering the low conversion efficiency of our proposed 49 

cells in comparison to those reported in the literature, we believe 50 

that these semi-transparent MSSCs are better suited to PV 51 

window applications, rather than wearable energy harvesting 52 

applications where area is constrained. keeping in mind the 53 

effectiveness of the proposed cell in harvesting diffused light as 54 

reported in our previous work [14]. In such context, the total 55 

power conversion efficiency of semi-transparent MSSCs is lower 56 

than the standard solar cells in the literature. While considering 57 

low diffused light intensity (below 20 mW/cm2 with incident 58 

 
Figure 7: Optical modelling for the variation of the active layer thickness in DSSCs, absorption (blue) and total transmission and reflection (red) spectra. 
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angle greater than 45o), the diffused light conversion efficiency 1 

jumps to 3.5%).  Accordingly, the proposed cell can harvest 2 

nearly 7 mW per unit area for one Sun condition, which matches 3 

the targeted IoT2 applications  [25].    4 

 5 
Figure 8: Current density vs. voltage characteristic of PSCs at different thickness 6 
of the CsPbCl3 perovskite film. 7 

 8 
Figure 9: Current density vs. voltage characteristic of DSSCs at different 9 

thickness of the absorber film. 10 

  11 

 12 
Figure 10: Transparency and efficiency variation with active layer thickness in 13 
DSSCs. Our simulation results show the optimum trade-off between transparency 14 
and efficiency. Experientially fabricated cells are indicated as scattered points with 15 
associated error bars.  16 

 17 
Figure 11: Current vs. voltage characteristic of fabricated and simulated optimum 18 
800 nm active layer DSSC under 1 Sun, 0.2 Sun and illuminated from both 19 
electrodes (bifacial). 20 

V.  CONCLUSIONS 21 

Herein, we introduced an optoelectronic model to simulate the 22 

trade-off between transparency and efficiency in third generation 23 

PV cells, especially those with a mesoporous TiO2 layer. The 24 

model showed good agreement with our fabricated and 25 

characterized cells as well as those reported in the literature. The 26 

proposed optoelectronic model can be extended to cover other 27 

organic/inorganic solar cells and further work is necessary to 28 

confirm this agreement. An 800 nm active layer DSSC was found 29 

to be optimum for semi-transparent applications, especially for 30 

ultra-low power IoT2 applications. An overal harvested power of 31 

7 mW/cm2 was captured with 3.5% diffused light effeciency and 32 

nearly 2% direct light conversion effeciency. The proposed model 33 

can be expanded to include both inorganic and all organic PSCs, 34 

while considering this as a future extension to the current 35 

proposed model. We therefore conclude that new semi-36 

transparent third generation solar cells have a sustainable market 37 

share in applications where opaque Si based solar cells can not fit.  38 

VI.  APPENDIX:  39 

A.  Electrolyte and platinum thin film transparency in DSSCs 40 

In this section, the optical impact of both the electrolyte as well 41 

as the platinum coating on the counter electrode for DSSCs has 42 

been addressed. It can be observed for the spectrum in figure A.1 43 

that the electrode behaviors a fully transparent behavior in the 44 

wavelength region of interest. Similarly, by comparing the FTO 45 

coated glass spectra with and without one to two nano-meters 46 

platinum coating, nearly matched spectra are detected (cf. figure 47 

A.2). Accordingly, we can neglect the optical influence of both 48 

layers in the proposed optical model.  49 

B.  The Complete recipe for MSSCs fabrication 50 

In this section, we addressed a step-by-step recipes and 51 

fabrication procedures for both DSSC and CsPbBr3 PSC in tables 52 

A.1 and A.2. Additionally, the SEM measuremnts along with the 53 

XRD analysis for the mesoprous TiO2 layer is demonstrated in 54 

figure A.3a, b and c respectively. The demonstrated data approves 55 

the succsestion in the layer formulation.  56 

 57 
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 1 
Figure A.1: Transmission spectrum for the Electrolyte layer based on the recipe 2 
described in the main text with considering glass substrate as a reference. 3 

 4 
Figure A.2: Transmission spectra for FTO coated glass with and with platinum 5 
thin film with considering air as a reference. 6 
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Figure A.3: Morphological chractization for TiO2 particales used in MSSC preparation. (a) and )b) represents SEM mesurements while 
(c) demonstrated XRD. The diffraction pattern of pure Titania shows several peaks at 2θ =25.3o, 36.9o, 37.7o, 38.5o, 48, 51.9o, 53.8o, 
55.1o, 62.6o, 68.7o and 75o [JCPDS No. 71-1167 were a = 3.786 Å and c = 9.507 Å] referred to Titania anatase phase. 
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TABLE A.1 
Recipe and preparation of each layer for DSSCs. 

Step No. Step name Needed Chemicals and 
Equipment 

Description 

1 Dye solution Pre-prepared N/A  

2 Ethylene-glycol & 
Acetonitrile-based 
electrolyte 

1. 0.24 g of I2 
2. 5 mL of Ethylene-glycol 
3. 20 mL of Acetonitrile 
4. 2.49 g of KI 

1. Add 0.24 g I2 along with 2.49 
g KI to 5 ml Ethylene-glycol. 

2. Add to the mixture 20 mL of 
Acetonitrile.  

3. Mix on magnetic stirrer for 30 
minutes until the solution is 
homogenous. 

4 Triton-X based TiO2 
Paste for mesoporous 
layer 

1. 2.5 g of TiO2 powder 
2. 3 mL Triton-X polymer 
3. 0.75 ml iso-propanol 

1. Add 2.5 g of TiO2 powder 
with 3 mL Triton-X polymer. 

2. Pestle till the mixture get 
homogenous. 

3. Using a micro pipet add 0.75 
ml of iso-propanol to the 
mixture and pestle again. 

5 Compact TiO2 layer 1. 170 mL of isopropanol 
2. 12 mL of titanium iso-

propoxide 
3. 0.4 mL of 2MHCL 

1. Add isopropanol and titanium 
iso-propoxide while stirring. 

2. Drop by drop add 2M of HCl. 
3. Stir using magnetic stirrer for 

over an hour. 
4. Store in a dark place. 

6 Graphite on counter 
electrode 

1. Pencil 1. To prepare the counter 
electrode a thin layer of 
graphite was traced on the 
FTO side of the counter 
electrode. 
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TABLE A.2 
Recipe and preparation of each layer for PSCs 

Step No. Step name Description 
1 Cleaning ITO transparent 

conducting substrates 
ITO transparent conducting substrates were cleaned by 
sequential 20 min sonication in warm deionized water, 
acetone, and isopropanol.  

2 Drying the substrates  
 

After drying under a nitrogen flow at atmosphere, substrates 
were treated with UV-ozone for 15 min.  

3 Treating the substrates with  UV-
ozone  

Substrates were treated with UV-ozone for 15 min. 

4 Annealing the substrate  Then annealed at 75 °C before using. 
5 Preparing the CsPbBr3 films by a 2-

step sequential deposition 
technique 

• Firstly, 30 mg CsBr was dissolved in 2 mL 
methanol. 

• Then was heated for 10 min in sealed container.  
• Subsequently, 367 mg PbBr2 in 1 mL DMF was 

stirred on a hot plate at 75 °C for 5 h.  
• Then was filtered by using a 0.22 μm pore size 

PTFE filter and immediately for using.  
• The PbBr2 layer was spin-coated at 4000 rpm for 

40s on this well cleaned preheated (75 °C) ITO.  
• Then dried at 75 °C for 30 min.  
• After drying, the substrates were dipped for 5–

15 min in a heated (50 °C) solution of 15 mg/mL 
CsCl.  

• Then annealing at 180 °C on the hot plate 
immediately. 

 

 

C. LD fitting parameters for TiO2 layers   

TABLE A.3 
LD fitting model parameters. 

Parameter Value 
λ From 200 to 1000 

(nm) 
𝜖𝑖𝑑𝑒𝑎𝑙  3.23352 

𝜖∞ 1 
σ 3.31 
ω 5.00924 
Γ 1.0833 
𝛤2 1.46986 

 

D. Simulated parameter for MSSCs under varying active layer thickness 

TABLE A.4 
Photovoltaic performance of PSCs with different thicknesses of a perovskite layer at 100 mW/cm2 and AM 1.5 simulated solar light. 

 40nm 60nm 80nm 200nm 400nm 600nm 800nm 2μm 4μm  
Jsc(mA/cm2) 1.087 1.563 1.999 3.964 5.669 6.319 6.213 0.9563 0.311 
Voc (V) 1.021 1.040 1.053 1.096 1.126 1.119 1.103 1.06 1.040 
FF (%) 76.24 75.17 74.24 69.93 61.26 49.17 36.06 59.59 75.99 
PCE (%) 0.85 1.22 1.56 3.04 3.91 3.48 2.47 0.61 0.25 

TABLE A.5 
Photovoltaic performance of DSSCs with different thicknesses of an active layer at 100 mW/cm2 and AM 1.5 simulated solar light. 

 40nm 60nm 80nm 200nm 400nm 600nm 800nm 2μm 4.260μm  
Jsc(mA/cm2) 0.024 0.057 0.072 0.116 0.263 0.392 0.504 0.911 1.194 
Voc (V) 0.590 0.591 0.591 0.593 0.595 0.597 0.5986 0.605 0.6053 
FF (%) 67.07 66.4 66.28 66.01 65.82 65.43 65.14 62.98 60.1 
PCE (%) 1.86 1.863 1.87 1.90 1.93 1.95 1.97 2.03 2.09 
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E.  Simulated transmission spectra for DSSC under various active layer thickness 

 

Figure A.4: Simulated transmission spectrum for DSSCs under various active layer thicknesses from 40 nm to 4 μm. 
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