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Abstract 

 

Organic solar cells (OPV devices) are a new sort of photovoltaic devices 

whose reduced manufacturing cost and facility of fabrication will contribute to 

solve our dependence on fossil fuels, main reason of the current high levels of green-

house gases and global warming. In this thesis several approaches were considered 

to unlock the full potential of organic solar devices: i) A low melting point eutectic 

alloy (Wood’s metal) was used as substitute of evaporated aluminum allowing the 

manufacture of solar cell devices by a free vacuum steps process. Our method 

proved to be adequate to quickly test the photovoltaic performance (PCE = 0.8 %) 

of OPV cells based on MEH:PPV and an organo-boron molecule synthesized in our 

group. ii) For both methods (with and without vacuum steps) and using the 

conventional and inverted architectures, the photovoltaic behavior of OPVs based 

on the polymer P3HT was compared. Devices prepared under ambient conditions 

reached efficiencies as high as 2.2% employing the inverted architecture and 1.8% 

using Wood’s metal. iii) A thin film optical simulator was developed to provide an 

optimization route for the development of high-performance solar cells based on 

ultra-thin silver films. The simulations were in good agreement with the 

experimental results, allowing the design of a micro-cavity based device of superior 

performance (PCE = 6.56% using PIDT-PhanQ) even compared to devices using 

ITO. iv) The optical simulator was employed on the design of semitransparent 

organic devices; by adequately choosing materials and electrodes, solar cells of 

neutral appearance were developed. The color quality was analyzed using the CIE 

1931 color space. v) High performance semitransparent solar cells (PCE = 7.56%, 

using PBDTTT-C-T, Ag: 60 nm) were developed using a wide absorption polymer. 

Window application was evaluated by analyzing the color rendering index. For 

several degrees of transparency, neutral appearance with respect to the human eye 

was achieved. The color rendering indexes were the highest reported for organic 

solar devices (CRI = 97.3, Ag: 18 nm). Transparencies as high as 37.3 % with 

respect to the human eye were possible reducing the Ag thickness to 6 nm. 
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1.  |   Introduction 

Organic solar cells are a new sort of photovoltaic devices whose reduced 

manufacturing cost and facility of fabrication promise to solve our dependence on 

fossil fuels, principal reason of the current high levels of green-house gases and 

global warming. Currently the atmospheric CO2 levels are 40% higher than before 

the industrial revolution (when massive use of fossil fuels as source of energy 

started) [1] and earth’s average temperature has approximately raised 1°C since 

then [2] (Figure 1). As consequence, disappearance of glaciers in mountains and 

polar areas, release of methane (another green-house gas) by the melting of 

permafrost in arctic zones, increased frequency of droughts and floods as effect of 

heat waves, replacement of jungle and forests with savanna and deserts, sea level 

rise and ocean acidification are some of the documented consequences that have 

been already observed all around the world and that will be intensified providing 

the green-house gas emissions continue increasing as they have done so far [3]. 

 
Figure 1 Short-term and long-term behavior of Earth's CO2 and temperature levels [1-3].  
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Nevertheless solar cells are the closest of all the renewable energy sources to 

the ideal concept of extracting energy directly from the Sun, the source driving 

most of Earth’s renewable sources (biofuel, biomass, hydroelectricity, tidal, waves, 

wind, geothermal and nuclear among others), the use of Sun’s power has been very 

limited because of the high production cost compared to most conventional 

methods based on fossil fuels (Figure 2). Currently there is one emergent 

photovoltaic technology that, unlike traditional silicon based cells, do not need 

expensive nor complicated manufacturing process, its production methods are faster 

compared to silicon, the used materials can be tailored in order to fit particular 

absorption ranges or colors and, despite their efficiencies are still lower than Si 

(Figure 3), can be easily produced in higher amounts using roll to roll printing 

methods.  

Because of these advantages, the “Organic Photovoltaic Cells” (OPVs) or 

“Organic Solar Cells” as they are commonly known, have strong chances of make 

possible for the first time the use of photovoltaic energy in the domestic market. 

Among the current disadvantages of this technology can be mentioned: instability 

of active materials when exposed to an oxidative atmosphere, lower maximum 

achievable efficiencies respect Si and low absorption in the infrared (IR) spectral 

range. All of these disadvantages can be overcome by an adequate design strategy: 

inverted architectures can be used to improved cell’s stability [4], optical design 

and tandem structures can be used to increase efficiency [5], active molecules and 

polymers tailoring can modify the absorption of the active materials while tandem 

cells, using materials with complementary spectra, can help to better exploit the 

Sun’s emission [6].  

Each one if these possibilities still needs much further research before 

providing a definitive solution to each one of these questions, however, since this 

field of science is currently very active, there is no doubt that, in the near future, 

new advancements and strategies will bring innovative ways to face each one of 

these problems. 
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Figure 2 Levelized costs of energy (total costs including capital and yearly operation divided 
by total energy service production in miles traveled or energy generated) according to data 

published between 2008 and 2012 [7]. 

 

 

Figure 3 Best solar cell efficiencies reported to date [8]. 
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1.1 Organic solar cells; an overview 

The concept of organic solar cell is derived from its inorganic precursors, 

which traditionally used the interface between two planar n-doped and p-doped 

silicon films in order to separate the photo-generated electrical charges by using the 

electric field appearing at the films interface. Nevertheless, the operation of organic 

devices does not obey exactly the same rules since the dielectric constant of organic 

materials is much lower compared to inorganic materials (which cause the 

attractive Coulomb potential well to extend over a greater volume than it does in 

inorganic semiconductors) and in consequence photo-excited electrons remain 

loosely bounded to the positive charges (holes) even after being excited, needing 

another stimulus to completely separate the charges. This stimulus is provided by 

the electric field appearing at the interface of the two electron-donor and electron-

acceptor materials which drives the movement of electrons and holes in opposite 

directions, breaking the bound and directing them towards different electrodes 

(Figure 4).  

Because the loosely bounded states formed by the electron-hole couples 

(known as excitons) are not affected by the presence of electric fields since their 

total electrical charge is zero, the movement towards a donor-acceptor interface 

will depend only on the random motion of these states. The excitons approaching 

the interface will separate as was described before while the remaining will 

recombine, releasing the energy employed to generate the states. In organic 

materials, the exciton diffusion length is only around 20 nm, which means that 

only the excitons generated at a distance of 20 nm from the interface will 

contribute to the electrical current of the cell [9, 10].  

For bi-layer cells, similar to the used in inorganic cells (with thicknesses 

around 100 nm for donor and acceptor film), this means that most of the generated 

excitons will be lost by recombination. In order to avoid recombination, the organic 

solar cells make use of what is called “bulk-heterojunction” (BHJ) which consist on 

the blend of both donor and acceptor materials into a single active film. Since the 
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interfacial area of BHJ is much higher than the area of a planar interface, it 

ensures most generated excitons are capable to reach an interface and separate into 

free charges, increasing the electrical current of the cell [11, 12]. 

 

Figure 4 Process of charge generation in an organic solar cell. A photon is absorbed by an 
electron donor material forming an exciton. If the bounded state is formed within 20 nm of a 
donor-acceptor interface, the exciton has chances to dissociate into free charges (electrons and 

holes). 

In general, a BHJ-based solar cell consists of several photoactive and charge 

selective layers that are sandwiched between two conductive electrodes. Optical 

transparency for at least one electrode is required for harvesting light. Currently, 

the most commonly used electrodes are mainly based on metal oxides that combine 

high transparency and low sheet resistance, such as indium tin oxide (ITO), 

fluorine doped tin oxide (FTO), and aluminum doped zinc oxide (ZnO:Al) [13]. In 

particular, ITO combines both high optical transparency in the visible range 

(≈ 82%) and low sheet resistance (10–20 □Ω/ , where Ω/square is dimensionally 

equal to an ohm, but is exclusively used to indicate the sheet resistance of films of 

uniform thickness) enabling it to be the most commonly used transparent electrode 

for OPVs. 

In amorphous organic materials like the ones used for solar cells, the absence 

of crystalline structure implies there is no conduction and valence bands like 

20  nm 
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happens with their inorganic counterparts, nevertheless, energetic levels known as 

LUMO (lowest unoccupied molecular orbital) and HOMO (highest occupied 

molecular orbital) plays in organic materials a role similar to the conduction and 

valence bands in inorganic materials respectively. Conductive organic materials 

exhibit an alternating single bond–double bond structure known as “conjugation” 

based on sp2 hybridized carbon atoms that confers the molecule with a high 

polarizability due to a highly delocalized π-electron system. This enables both the 

absorption of light on visible wavelengths and electrical charge conductivity.  

Important representatives of electron donor semiconducting polymers are: 

derivatives of phenylene vinylene backbones such as poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenyleneinylene] (MEH-PPV), derivatives of thiophene chains 

such as poly(3-hexylthiophene) (P3HT), derivatives of indacenodithiophene and 

quinoxaline (PIDT-phanQ) [14] and low bandgap polymer based on alternating 

units of thieno[3,4-b]thiophene (TT) and benzo[1,2-b:4,5-b’]dithiophene (BDT) 

such as (PBDTTT-C-T) [15]. The polymer systems based on the BDT and TT 

alternating units are known to be the most successful donor polymers for organic 

photovoltaics that have shown excellent PCE [16-18]. Polymer solar cells based on 

the PBDTTT-C-T:PC71BM bulk-heterojunction (BHJ) in both conventional and 

inverted structures have been demonstrated to achieve power conversion efficiencies 

(PCEs) as high as 7.6% with relatively constant and efficient spectral response 

across the whole visible spectrum. The extended absorption produces an excellent 

neutral color which makes this sort of cells, suitable for window applications. The 

buckminsterfullerenes C60, C70 and its highly soluble derivatives [6,6]-Phenyl C61 

butyric acid methyl ester (PC61BM) and [6,6]-Phenyl C71 butyric acid methyl ester 

(PC71BM) are the most widely extended representatives of electron acceptor 

semiconducting materials used in OPVs cells. Since moisture and oxygen tend to 

degrade both, donor and acceptor materials, processing under nitrogen or argon 

atmosphere is a common procedure for the BHJ manufacturing steps. 

Lithium fluoride (LiF), Zinc Oxide (ZnO), Calcium (Ca) and the surfactant 

C70-bis are good examples of materials successfully used in literature as electron 
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transport materials (ETL). On the other hand, Molybdenum oxide (MoO3), 

Vanadium oxide (V2O5) and poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS) are good examples of hole transport 

materials (HTM). Self-assembled monolayers (SAM) like C60-SAM can be used to 

enhance the interfacial electronic coupling, providing an easy method to modify the 

surface energy and the internal series resistance of solar devices (Figure 5).  

 

   Figure 5 Chemical structures of some of the most representative materials used for organic 
solar cell manufacturing. 

The cell’s architecture is determined by the election of electron/hole 

transport materials and the order in which they are set in the cell. Conventional 

organic cells are those whose order is comprised as: 

Substrate/Anode/HTL/BHJ/ETL/Cathode. Currently the highest efficiencies in 

the field of OPVs are achieved using this architecture; nevertheless this 

architecture is unstable with a life span of only a few days when exposed to air due 

to the low work function (and so higher reactivity) of the metals used as cathode 

and ETL (for example, cathode: Al 4.27 eV, ETL: Ca 2.87 eV, both reacts with H2 

from water and steams and form hydroxides). Another architecture known as 

“inverted” corresponding to the configuration: 
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Substrate/Cathode/ETL/BHJ/HTL/Anode is much more stable since metals with 

a higher work function such as silver (Ag, 4.75 eV, not reactive, found free in 

nature, oxides decompose with heating) can be used as anode, while PEDOT:PSS 

or metal oxides like MoO3 that are stable when exposed to oxygen, can be used as 

HTL, protecting the BHJ from the harmful influence of air [4, 19]. 

In order to extract the electrical charges, two carefully chosen HTL and 

ETL are selected in order to match either the HOMO of the donor material or the 

LUMO of the acceptor respectively. Cathode and anode are chosen similarly in 

order to facilitate the extraction from ETL and HTL respectively (Figure 6). Since 

the solar cell is a system in thermodynamic equilibrium, the alignment of the Fermi 

levels of all layers originates an electric field which is ultimately responsible of 

directing electrons and holes towards their corresponding electrode. 

 

Figure 6 Conventional (left) and inverted (right) architectures of OPV cells employed in this 
work. Energy level diagrams in eV are shown beneath the corresponding architecture. 
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1.2 Solar cell characterization 

Since there are several kinds of solar cells, an illumination standard that 

allows comparing among all those types is needed. This standard is called Air Mass 

1.5 or AM1.5 and consist on the sun’s illumination in a clear day when the ratio 

between the optical path crossed by the sun’s light in the atmosphere and the 

thickness of the atmosphere at the level of sea is equal to 1.5 [20]. This is achieved 

when the angle between sun and the zenith is approximately 48°. Experimentally 

this condition is impractical since it relies on having a clear day with fixed power 

intensity. In the real life, the testing of solar devices is performed by using solar 

simulators that replicates the Sun’s emission spectrum under the AM1.5 condition 

using a fixed 100 mW/cm2 luminous intensity. 

 

Figure 7 JV graph for a typical solar cell. Geometrically, the Fill Factor (FF) can be 
visualized as the area ratio of the gray rectangle and the dashed rectangle (����/���	
�). 

A JV curve from a solar device taken under AM1.5 conditions (Figure 7) 

provides all the electrical parameters needed to estimate its power conversion 

efficiency (PCE). Such parameters are listed as follows: open circuit voltage (Voc), 

short circuit current density (Jsc), maximum power voltage (Vmax), maximum 

power current density (Jmax) and fill factor (FF). The Voc is the voltage where the 

JV curve crosses the horizontal axis (J = 0), Jsc is the current where the JV curve 

crosses the vertical axis (V = 0), Vmax and Jmax are respectively the voltage and 
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current density of the point whose generated power is maximum among all the JV 

curve points (Pmax = Vmax Jmax) and FF is defined as: 

�� = ����		������ 		
�  (1) 

from which the power conversion efficiency is defined as:  

��� = �� ��� 		
����  (2) 

where Pin stands for the luminous incident power on the cell (100 mW/cm2 if 

following the standard). 

1.3 Required properties for ideal materials 

To design ideal materials as the donor in polymer-based BHJ solar cells with 

high PCE, the following issues need to be carefully addressed: 

Open circuit voltage (Voc): Voc is tightly correlated with the energy level 

difference between the HOMO of the donor polymer and the LUMO of the 

acceptor. In theory, polymers with low HOMO levels would exhibit higher Voc. 

However, the HOMO level of the donor polymer cannot go too low. This is because 

generally a minimum energy difference of ≈ 0.3 eV between the LUMO energy 

levels of the donor polymer and the acceptor is required to facilitate efficient 

exciton splitting and charge dissociation. Continuously lowering the HOMO level of 

the donor polymer would inevitably enlarge the band gap of the polymer, 

diminishing the light absorbing ability of the donor polymer (thereby a low Jsc). 

Short circuit current (Jsc): The theoretical upper limit for Jsc of any 

excitonic solar cell is decided by the number of excitons created during solar 

illumination. Ideally, the absorption of the active layer should be compatible with 

the solar spectrum to maximize the exciton generation. Since PC61BM has a poor 

absorption in the visible and near-IR region where most of the solar flux is located, 
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the donor polymer has to serve as the main light absorber. Roughly 70% of the 

sunlight energy is distributed in the wavelength region from 380 to 900 nm [21]; 

hence, an ideal polymer should have a broad and strong absorption in this range, 

which requires the polymer band gap to be 1.4−1.5 eV. A narrower band gap 

polymer could absorb more light, which would increase the Jsc; however, continuing 

to lower the band gap would require an increase of the HOMO level of the donor 

polymer (since the LUMO level cannot be lower than −3.9 eV with PC61BM as the 

acceptor for efficient exciton splitting and charge dissociation)[22] and would 

reduce the Voc. If one assumes a fill factor of 0.65, an external quantum efficiency 

of 65%, and an optimal morphology, a PCE up to of 10% can be achieved by an 

ideal polymer with an optimal band gap of 1.5 eV and a HOMO level around −5.4 

eV when it is blended with PC61BM. Though the experimental Voc can be very 

close to the predicted value based on the measured HOMO level of the polymer, 

the actual Jsc extracted from a polymer solar cell is usually significantly lower than 

the theoretical Jsc due to a number of loss mechanisms (e.g., monomolecular or 

bimolecular recombination) during the charge generation, transport, and 

extraction[21, 23]. Thus a few other desirable features need to be included to 

mitigate these losses, such as polymers of high molecular weight that allow charges 

to move through the polymer backbone for longer distances, high charge mobility 

that facilitates the charge extraction, and optimized active layer morphology that, 

providing a fine intermixing of both materials, produce larger interfacial areas that 

helps the exciton separation, and consequently, help to improve the actual Jsc. 

Fill factor (FF): From a semiconductor photovoltaic device point of view, a 

high FF requires a small series resistance (Rs) and a large parallel resistance (Rp), 

both of which are significantly impacted by the morphology of the 

polymer/fullerene blend. Thus, the morphology of the active layer should be 

optimized to promote charge separation and favorable transport of photogenerated 

charges in order to maximize the FF and the attainable Jsc.  
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Finally, besides high PCE, solution processability (offered by side chains) 

and long-term stability of polymer solar cells (related with both materials and 

encapsulation) are of equal importance for future application and 

commercialization. In short, the properties desired for a high performance polymer 

are (1) good solubility, (2) high molecular weight, (3) HOMO level around −5.4 eV, 

(4) LUMO level around −3.9 eV, (5) high hole mobility, (6) optimal morphology, 

and (7) long-term stability. 

1.4 Optical optimization 

As stratified media which film dimensions are comparable to the wavelength 

of the visible light, the interference of coherent reflected and transmitted waves at 

the internal interfaces of an OPV determines the local electromagnetic field in the 

cell and the charge generation within the BHJ. Traditionally in order to maximize 

the power extraction, a series of experiments modifying materials and thicknesses 

need to be carried out in order to find the experimental condition that best 

enhances the cell’s performance, however currently, with the help of computer 

aided design, the old long labor of experimental optimization can be reduced to a 

few computational simulations capable to find, sometimes in a matter of minutes, 

potential experimental conditions for high performance photovoltaic solar cell 

devices. In order to achieve this goal, a careful analysis of the processes happening 

within the solar cell is needed. This analysis can be performed in an accurate and 

elegant way through the use of a transfer matrix method (TMM). 

1.4.1 Photocurrent generation model 

In order to simulate the solar cell devices developed during this thesis, a 

series of assumptions were made in order to make the algorithm easier to code and 

to implement in real world applications. Those assumptions are listed as follows: 
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1. It is assumed that all interfaces are parallel and flat compared to the 

wavelength of light.  

2. All the materials are considered to be isotropic (something not 

necessarily true, particularly for the BHJ), so that their linear optical 

response can be described by a scalar complex index of refraction.  

3. The light incident at the device can be described by planar waves.  

4. All generated charges contribute to the steady state photocurrent. 

Stratified structures with isotropic and homogeneous media and parallel 

plane interfaces can be described by 2×2 matrices since the equations governing 

the propagation of the electric field are linear and the tangential component of the 

electric field is continuous. 

1.4.2 Algorithm 

The coherent interference of light interacting with the cell is modeled using 

the methods described in [24, 25]. Let’s consider a plane wave incident from left at 

a multilayer structure having m layers, the light is incident perpendicular to the 

interfaces. Each layer is referred as j (j=1,2,…,m) and has a thickness dj. The 

incident light is propagating in the positive direction of the x axis, so the material 

interfaces are parallel to the yz plane. The waves are resolved in two components 

corresponding to the resultant total electric field, one component propagating in 

the positive x direction and one propagating in the negative x direction. These 

components are denoted as ������ and ������ respectively. The optical properties of 
each layer are described by its wavelength dependent complex refractive index ����� = ����� + ������ where � is the real refractive index, � is the extinction 
coefficient and λ is the wavelength of light. Variable angle spectroscopic 

ellipsometry (VASE) was used to acquire the refractive data. The imaginary part � 
was additionally corrected using the transmission spectrum of thin films of the 

materials as reference. 
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1.4.2.1 Coherent case 

According to the transfer matrix formalism, appropriate matrices can be 

used to describe the interaction of light with matter. In the case of the layered 

system with the characteristics described before (Figure 8), two kinds of matrices, 

one to describe the interfaces (refraction matrix) and one to describe the 

propagation through the layer are all what is needed to simulate the light’s 

behavior within a layered media.  

 

Figure 8 Geometry of the multilayer stack used in the optical electric field simulation. 

Let’s call the interface between the layer   and  + 1, interface  � + 1�. 
Then the reflection and transmission at this interface will be characterized by the 

complex Fresnel reflection and transmission coefficients "����#� and $����#� 
respectively. The matrix describing the refraction at this interface can be written 

as:  

%����#� = 1$����#� & 1 "����#�"����#� 1 ' (3) 

while the matrix describing the propagation through layer   is expressed as:  
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(� = &)��*+,+ 00 )��*+,+' (4) 

where .� = /01 �� and .�2� is the phase change the wave experiences as it traverses 
layer  . For a plane wave propagating along the surface normal in adjacent layers   
and  + 1, the complex Fresnel reflection and transmission coefficients are 

expressed as: "����#� = �+��+34�+��+34 and $����#� = /�+�+��+34 respectively. Following this rules, 
the field amplitudes on the left-hand side of the  � + 1� interface are related with 
the corresponding field amplitudes on the right-hand side as: 

5���6�����#�7���6�����#�78 = %����#� 5�9�6�����#�7�9�6�����#�78 (5) 

while the field amplitudes on the left-hand side of layer j are related with the 

corresponding field amplitudes on the right-hand side of layer j as: 

5���6����#��7���6����#��78 = (� 5���6�����#�7���6�����#�78 (6) 

In this way, the electric fields in the two outermost layers  = 0 and  = : + 1 are 
related via the transfer matrix ; in the form:  

&�<���<#��<���<#�' = ; 5���#� 6�����#�7���#� 6�����#�78 (7) 

where  

; = &;## ;#/;/# ;//' = =>%�?�#�?(?
�

?@# A ∙ %����#� (8) 

The complex reflection and transmission coefficients for the multilayer can 

be conveniently expressed using the terms of this matrix as:  
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r = r<�D�#� = E<�E<� = S/#S## (9) 

t = t<�D�#� = ED�#�E<� = 1S## (10) 

rH = r�D�#�< = ED�#�ED�#� = −S#/S## (11) 

and  

tH = t�D�#�< = E<�ED�#� = S##S// − S#/S/#S##  (12) 

where r and r’ are the front and back complex reflection coefficients and t and t’ 

are the complex transmission coefficients. The reflectance and transmittance 

coefficients are obtained as a square of the magnitudes of r, r’, t and t’. Since 

equations (9)-(12) relate the ; elements to the complex reflection ad transmission 

coefficients, the ; matrix can be written in terms of the amplitude coefficients as 

; = &;## ;#/;/# ;//' = 1$<���#� & 1 −"���#�<"<���#� $<���#�$���#�< − "<���#�"���#�<' (13) 
Unlike other optical systems where only the total transmitted or reflected 

light is worth to calculate, in a solar cell, it is only worth to calculate the intensity 

within the BHJ. In order to calculate the internal electric field in layer j, the layer 

system can be divided into two subsets separated by layer j, which means the total 

system transfer matrix will be written as  

; = ;�H(�;�HH (14) 

where the partial system transfer matrices ;�H and ;�HH are defined as:  
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;�H = 5;�##H ;�#/H;�/#H ;�//H 8 = J>%�?�#�?(?
��#
?@# K ∙ %���#�� (15) 

and  

;�HH = 5;�##HH ;�#/HH;�/#HH ;�//HH 8 = J > %�?�#�?(?
�

?@��# K ∙ %����#� (16) 

relating the electric fields in the boundaries � − 1�  and  � + 1� with the 
outermost electric fields in the manner  

&�<���<#��<���<#�' = ;�H 5���6����#��7���6����#��78 (17) 

and 

5���6�����#�7���6�����#�78 = ;�HH 5���#� 6�����#�7���#� 6�����#�78 (18) 

Considering that at the last medium : + 1 there is no contra-propagating 
term since there are no boundaries that could cause reflection we can assume ���#� 6�����#�7 = 0, then using (7) and (14) 

&�<���<#��<���<#�' = ;�H(�;�HH &���#� 6�����#�70 ' (19) 

Performing the matrix products and solving for ���#� 6�����#�7 we get  
���#� 6�����#�7 = �<���<#�;�##H ;�##HH )��*+,+ + ;�#/H ;�/#HH )�*+,+ (20) 

The electric field at the � − 1�  interface can then be calculated by  
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5���6����#��7���6����#��78 = (�;�HH &���#� 6�����#�70 ' (21) 

performing the matrix products, using the value calculated at (20) and rearranging 

terms we get the expression:  

���6����#��7�<���<#� = $�� =
1;�##H

1 + ;�#/H ;�/#HH;�##H ;�##HH )/�*+,+
 (22) 

which describes the electric field propagating in the positive direction in layer j at 

the left interface. In the same way, an expression describing the electric field 

propagating in the negative direction at the interface � − 1�  can be derived 
following a similar procedure getting  

$�� = $�� ;�/#HH;�##HH )�/*+,+ (23) 

With this, the total electric field in an arbitrary position in layer j at a 

distance h from the left boundary � − 1�  in terms of the incident plane wave is 

given by  

���ℎ� = ����ℎ� + ����ℎ� = 6$��)�*+M + $��)��*+M7�<���<#� (24) 

1.4.2.2 Introduction of incoherence 

 Every single solar cell developed in this thesis was manufactured on a thick 

substrate, either glass or polyethylene naphthalate (PEN). The thicknesses of these 

substrates are usually so thick that coherent interference can no longer be used to 

describe their behavior. For this reason, an incoherent treatment using modified 

intensity matrices instead of complex amplitude matrices similar to the method 

described in [26] was employed to simulate the substrate. In order to calculate the 



24 | P a g e  

J.F. Salinas 2013  

 

electric field, first the system transfer matrix of the coherent multilayer is 

calculated. The complex-amplitude reflection and transmission coefficients are 

evaluated from this transfer matrix. When these coefficients are replaced with their 

square amplitudes, the modified intensity matrix becomes  

;N�O = 1P$<���#�P/ = 1 −P"���#�<P/P"<���#�P/ P$<���#�$���#�<P/ − P"<���#�"���#�<P/A (25) 

And directly yields the reflectance and transmittance of the coherent 

multilayer rather than complex reflection and transmission coefficients. This 

modified intensity matrix is multiplied with a modified intensity propagation 

matrix (QRSQON�O  for the incoherent substrate and a refraction intensity matrix ;T�UVN�O  

representing the external face of the substrate. This refraction matrix (;T�UVN�O ) is 

calculated using the same coherent procedure used for the multilayer (but for only 

one interface) and then the squares of the terms are obtained. The intensity matrix 

of the whole system is then expressed as 

;N�UWM = ;T�UVN�O (QRSQOX�OVN�O ;N�O

= ;T�UVN�O
Y
Z[\)��/0�]^_]`,]^_]`1 \/ 0

0 \)�/0�]^_]`,]^_]`1 \/a
bc;N�O (26) 

Then the reflectance and transmittance of the whole system are obtained in 

terms of the elements of this matrix as:  

dN�UWM = ;/#N�UWM;##N�UWM (27) 

and  

eN�UWM = 1;##N�UWM (28) 
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In order to get the local electric field within the device considering both, 

multilayer and substrate, the effect of the substrate is calculated using  

;QRSQON�UWM = ;T�UVN�O (QRSQOX�OVN�O  (29) 

from which the transmitted light through the substrate can be calculated using the 

corresponding term as  

eQRSQON�UWM = 1;QRSQO	##N�UWM �QRSQO���X  (30) 

Finally the electric field intensity within layer j at position h is calculated 

using the squared magnitude of the electric field obtained in (24) corrected with 

the transmittance of the substrate. Considering an incident light intensity %< (in 
our case, the intensity of the AM1.5 spectrum at wavelength λ), the intensity 

within the active layer is: 

%��ℎ� = ���QRSQO eQRSQON�UWMP���ℎ�P/%< (31) 

The time averaged energy dissipated as a function of position is then given 

by: 

f��ℎ� = 2hij<����� %��ℎ� (32) 

where i is the speed of light, j< is the permittivity of free space and λ is the 

wavelength of light. If an internal quantum efficiency (IQE) of 100% is considered, 

every single absorbed photon will generate a pair hole-exciton. Since the energy of 

one photon is given by  

� = ℎi�  (33) 

dividing f��ℎ� by this factor an integrating it over the whole active layer will lend 
us the total number of photogenerated charges, in other words, the contribution to 
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the electrical current of photons of wavelength λ or, �f�#<<%���, where EQE 
stands for external quantum efficiency. The same procedure can be followed for all 

the significant wavelengths in order to calculate the total short circuit electrical 

current of the cell (	QU�#<<%). In real world devices the IQE will most likely differ 

from 100%. By experimentally determining the external quantum efficiency, the 

real internal quantum efficiency of the cell can be calculated as:  

%f� = �f��f�#<<% (34) 

1.4.2.3 Refractive index correction 

Nevertheless the refractive index data used for this thesis was determined by 

VASE, strong deviations between the calculated and the experimental behavior of 

devices are observed when using directly this data for the simulation. This mainly 

happens because VASE measures the change in polarization of light when it 

interacts with a material of interest, obtaining an amplitude ratio and a phase 

difference as parameters. The refractive index is then obtained fitting the VASE 

data using adequate dispersion models. Since a good fitting is not always possible 

even combining several dispersion models, the refractive index data obtained by 

VASE is not always accurate. For this reason it is a common practice to correct 

the experimental data using the UV/VIS spectrum of a thin film and the Beer-

Lambert law.  

As it is concluded from optical analysis, the transmittance of a multilayer 

depends on the materials and thicknesses used to make the multilayer. Under 

particular conditions it is even possible to increase the transmission of a layered 

system by adding more films. The Beer-Lambert law (35) is unable to explain that 

increase in transmittance since it cannot account for internal interference on the 

e = %%< = )�lmn (35) 
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films, so, it can’t be used to correct the refractive index as it is incorrectly done in 

most literature.  

A more adequate method to correct the refractive index data was designed 

for this thesis taking advantage of the transfer matrix simulation. That method is 

described as follows: 

1. Make a single film sample on a substrate of known complex refractive 

index. 

2. Using VASE, find the refractive index data of the sample. 

3. Take the transmission spectrum (eV�o) of the whole system 

(glass/film); this implies the use of air as reference when measuring 

the spectrum. 

4. Measure the thickness of the film 2 using Atomic Force Microscopy 

(AFM). 

5. Using the film thickness and the refractive index data obtained by 

VASE, calculate the simulated transmission spectrum (eQ��) of the 
whole system (glass/film). 

6. Calculate ∆e = eV�o − eQ�� 
7. Correct the refractive index data according to the rule:  

                                  � = � − � 1q0, ∆e                        (36) 
8. Repeat steps 5 to 7 until ∆e ≤ s, where s is a minimal acceptable 

difference between experimental and simulated data chosen by the 

user. 

Since the calculation of total transmittance loses all information regarding 

phase when taking absolute values |�|/, it is not possible to analytically express, in 
terms of the real amount ∆e, the correction required by the real and imaginary 

parts � and � in order to make eV�o = eQ��. In our case, as can be concluded from     
(36), we chose to correct only the extinction coefficient � since it is the main factor 
modeling the shape of e. On the other hand, little changes on � do not produce big 
effects on e, so, even values slightly incorrect of �, taken directly from VASE, will 
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provide a good enough first approach for modeling purposes [27]. The factor 
1q0, 

was semi-empirically found to provide good results within 10 iteration steps. 

This adjustment technique proved to be particularly useful for OPV 

optimization since, while technically keeping the same manufacturing conditions, 

the absorption spectrum of each BHJ solution, prepared in this study, presented an 

slightly different transmission spectrum, apparently related to small variations in 

the concentration of donor and acceptor materials. Since these variations were 

beyond our control, and because using VASE to measure the refractive index of 

every single experimental batch was too complicated, we opted for measuring the 

refractive index of our materials using VASE only once and then, correct the data 

for every batch using an easy to measure UV/VIS spectrum. This way we could 

quickly modify our data and adapt the simulator to the real experimental 

conditions.  

For some materials we found that a good fitting using the VASE data was 

extremely difficult. In the particular case of metals, the preparation conditions 

(deposition rate, thickness, substrate temperature) strongly modify the final optical 

behavior of films. When refractive index data was already available in literature, 

this correction method allowed us to adapt the published data to represent our 

materials, getting results that closely match the experimental device behavior. 

1.5 Color analysis 

For the case of semitransparent solar cells, the color of the cells was 

analyzed using the CIE 1931 and the CIE 1960 UCS color spaces.  

1.5.1 CIE 1931 

In base on the works of William David Wright and John Guild [28, 29], the 

International Commission of Illumination (CIE) defined the specification for the 

CIE XYZ space. In this specification the human observer is characterized by color 
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matching functions �̅���, vw��� and x̅��� which are numerical descriptions of the 
human average chromatic response within 2° arc of the fovea. These curves 

represent spectral sensitivity curves of three linear light detectors yielding the CIE 

tristimulus values X, Y and Z. For a spectral power distribution %���, the 
tristimulus values are given in terms of the color matching functions by: 

y = z %����̅���2�{|<	}D
~|<	}D

 (37) 

� = z %���vw���2�{|<	}D
~|<	}D

 (38) 

� = z %���x̅���2�{|<	}D
~|<	}D

 (39) 

The Y value has been deliberately design by CIE to represent the brightness 

or luminance of %���. Let’s note that the concept of color can be divided into two 
elements: chromaticity and brightness. As an example, the color gray can be 

obtained as a reduced in brightness version of white. In this way, white and gray 

share the same chromaticity but differs in brightness. The tristimulus values XYZ 

are capable to represent both features of color in a tridimensional space; 

nevertheless in order to facilitate representation, another color space is defined in 

terms of XYZ as: 

� = yy + � + � (40) 

v = �y + � + � (41) 

x = �y + � + � (42) 
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Since x, y and z are normalized, the value of z can be obtain in terms of x 

and y as  

x = 1 − � − v (43) 

which means only x and y provide meaningful chromatic information. The color 

space CIE xyY is then defined using x and y to represent the chromaticity while 

using Y to represent the luminosity of the power distribution %���. 
1.5.2 CIE 1960 Uniform Color Space (UCS) 

Nevertheless the CIE 1931 is the most widely used color space, it is not 

suitable for color comparison. The uniform color space CIE 1960 UCS is a 

projective transformation of the CIE XYZ color space that allows comparing visual 

differences, since in such a space equal color differences corresponds to equal 

perceptual changes in color, in other words, distance between two points in this 

space describes the change in color between them. Today it is mostly used to 

calculate correlated color temperature (CCT) that is the temperature of the 

Planckian radiator whose perceived color most closely resembles that of a given 

stimulus at the same brightness and under specific viewing conditions. The u,v 

coordinates from the UCS color space are related to the coordinates of the xyY 

space according to the rules:  

� = 3�2� − 8� + 4 (44) 

v = 2�2� − 8� + 4 (45) 
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1.5.3 Planckian Locus 

The Plankian locus is defined as the path that the color of an incandescent 

blackbody takes in a particular color space as the blackbody temperature changes. 

Since in the UCS space isotherm curves are perpendicular to the Planckian locus 

and the metric is uniform (something not happening in the xyY space), 

determining the correlated color temperature in the UCS space is equivalent to find 

the closest point in the Planckian locus to the �, � coordinates representing our 
power distribution %���.  

 

Figure 9 The Planckian locus on the CIE 1931 and CIE 1960 UCS color space showing the 
isotherms. 

1.5.4 Color rendering 

Color rendering is defined by CIE as the effect of an illuminant on the color 

appearance of objects by conscious or subconscious comparison with their color 

appearance under a reference illuminant. In simple words, it means that for a 

human observer the apparent color of objects depends on the kind of light used to 

illuminate it. The human vision system is capable to correct for color deviations 

caused by varying illumination conditions. This ability is known as color constancy 

[30]. Experimentally it has been determined that the different chromaticities 

associated to the phases of daylight are close to that of blackbody radiators in the 

range 4000 to 25000 K [31]. Because the color constancy of our vision system is 

CIE 1931

CIE 1960 UCS
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known to be excellent, blackbody radiators (Planckian Locus) are referred in 

colorimetry as light sources of perfect color rendering capacities.  

In order to make the value meaningful, the color temperature of a light 

source can only be defined for test sources differing less than ∆R?= 0.05 from the 

Planckian locus, in other words, for illuminants that are approximately white. A 

quantitative amount called Color Rendering Index (CRI) was defined in order to 

allow estimating the quality of an illuminant. The CRI is calculated comparing the 

color associated in the UCS color space to 8 standard color samples (TCS01-08) 

evenly distributed over the complete range of hues when they are illuminated by a 

probing light %���, and a reference white light source with the same correlated color 

temperature as the probing light (the closest point in the Planckian Locus), using 

the test sample method (TSM) [32]. The method involves chromatically adapting 

the ��, �� coordinates through the use of a von Kries transform in order to get the 

corresponding adapted coordinates ��U , �U�. Let’s say ��O, �O�, ��X , �X� and ��O,� , �O,�� 
are the coordinates in the CIE 1960 UCS space of the test light, the reference white 

light (closest point in Planckian locus) and the reflected light of the color sample i 

illuminated by the test light (inner product of test light and color sample TCS0i), 

then the von Kries transform of the color sample i under our test light is calculated 

as follows:  

i = 4.0 − � − 10.0��  (46) 

2 = 1.708� − 1.481� + 0.404�  (47) 

�U,� = 10.872 + 0.404 �iXiO� iO,� − 4�2X2O� 2O,�
16.518 + 1.481 �iXiO� iO,� − �2X2O� 2O,�  (48) 

�U,� = 5.52016.518 + 1.481 �iXiO� iO,� − �2X2O� 2O,� (49) 
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Where iX, 2X; iO, 2O and iO,�, 2O,� are the values obtained using (46)-(47) for ��X , �X�; ��O, �O� and ��O,� , �O,�� respectively. With this, the test color method is 

defined as follows:  

1. Using the 2° standard observer, the chromaticity coordinates of the 

test source in the CIE 1960 UCS color space is found. 

2. The CCT of the test source is determined by finding the closest point 

to the Planckian locus on the ��, �� chromaticity diagram.  

3. If the test source has a CCT < 5000 K, a blackbody with the same 

CCT is used for reference, otherwise the CIE standard illuminant D 

with the same CCT is used (see definition below). 4. Measure the chromaticity distance of the test source to the Planckian 

Locus in the CIE 1960 UCS color space. The calculation will only be 

meaningful if the distance is under 5.4×10-3. The distance between 

two p and q points is calculated by:   

                        ∆R,?= �6�o − ��7/ + 6�o − ��7/
                     (50) 

5. Illuminate the test samples TCS01-08 using alternately both sources. 

6. Using the 2° standard observer, find the coordinates of the light 

reflected by each sample in the CIE 1964 color space.  

7. Chromatically adapt each sample by using the von Kries transform. 

8. For the eight color samples, calculate the distance ∆�� between the 

coordinates produced by the reference and the test source using (50). 

9. The special CRI is calculated using the formula: d� = 100 − 4.6∆��. 

10. The general CRI (d�) is found by calculating the arithmetic mean of 

the special CRIs. 

The mean of the special CRIs is called the general CRI, which represents the 

color rendering capacity of the sample. By definition, the special and the general 

CRI can range only from 0 to 100, where a higher general CRI represents a better 

color rendering capacity. The blackbody radiation corresponding to a correlated 

color temperature e can be calculated by the Planck’s law:  
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%��, e� = 2hℎi/�� 1
) MU19� − 1 (51) 

where % is the blackbody spectral radiance, ℎ is the Planck constant, i is the speed 
of ligth and � is the Boltzmann’s constant.  

The D series of illuminants are mathematical constructions intended to 

represent daylight [33]. The spectral power distribution of the D series of 

illuminants can be approximated by the linear combination of three fixed spectral 

power distributions called ;<���, ;#��� and ;/��� [34, 35]. Derived in terms of its 

chromaticities coordinates in the CIE 1931 color space ��� , v��, a D illuminant of 

temperature e can be expressed as follows:  
��

= ��
� 0.244063 + 0.09911 10~e + 2.9678 10�e/ − 4.6070 10�e~ , 4000� ≤ e ≤ 7000�
0.237040 + 0.24748 10~e + 1.9018 10�e/ − 2.0064 10�e~ , 7000� < e ≤ 25000�

(52) 

v� = −3.000��/ + 2.870�� − 0.275 (53) 

� = 0.0241 + 0.2562�� − 0.7341v� (54) 

�# = 1� �−1.3515 − 1.7703�� + 5.9114v�� (55) 

�/ = 1� �0.03000 − 31.4424�� + 30.0717v�� (56) 

%���� = ;<��� + �#;#��� + �/;/��� (57) 

1.6 JV curve fitting 

The degradation of the electrodes in respect to bending can be associated to 

changes in the sheet resistance, usually related to cracks in the conductive films. In 
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order to determine the effect of the bending over the internal resistances of the 

flexible devices developed during this thesis, for each one of their JV curves, a 

corresponding ideality factor (n) and series and parallel resistances (Rs and Rp 

respectively) were extracted, fitting the JV curves, according to the single diode 

model described by:  

	 = 	< &)�����]���9� − 1' + � − dQ	do − 	oM (58) 

using an extraction method based on the Lambert W function. Here q is the charge 

of the electron, k is the Boltzmann constant, T is the temperature (fixed to room 

temperature T = 296 K), Jph is the photocurrent and J0 is the saturation current. 

 

Figure 10 Single diode model. 
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2.  |   Results and discussion 

During this thesis, several approaches were attempted in order to improve 

the performance of the solar devices. The results will be discussed in separated 

sections since each approach attempts to solve a different problem of the OPV 

technology. Each section presents an appropriate background in order to introduce 

the reader to the particular problem to address. The topics will be described in 

chronological order so the progress in the experimental results can be appreciated. 

The main research projects addressed during the doctoral work are discussed in 

different sections of this chapter. The main topic of each research project (and so, 

the main topic of each section), can be described as follows:  

2.1  Development of functional OPVs using the technology available in 

CIO. In this case the results refers only to solar cells, in conventional 

architecture, prepared without HTL or ETL and using Wood’s metal as 

cathode to test the photovoltaic properties of the boronates M1 and M2 

synthesized within the workgroup.  

2.2  Development of devices in both conventional and inverted 

architecture. HTL and ETL were introduced for the first time in the thesis. 

PEDOT:PSS was used as HTL in both architectures while ZnO was used as 

ETL, specifically for the inverted architecture. Since the inverted 

architecture is known to be stable when exposed to oxygen and moisture, it 

was introduced in an attempt to increase our efficiencies and fill factor for 

cells produced at ambient conditions.  
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2.3  This section refers to the main project developed during the research 

stay at Jen Group at the University of Washington. In this project, a 

transfer matrix software was developed in order to optically optimize the 

solar cell performance. The software was applied to the design of a micro-

cavity based device of superior performance using a polymer developed 

within Jen Group (PIDT-PhanQ). The cell’s design makes use of two Ag 

electrodes one of which is thin enough to behave as a semitransparent 

electrode. The cells were developed in a nitrogen atmosphere, taking 

advantage of the wide experience of the group. 

2.4  Since the optical simulator had wide applications for the design of 

solar devices, this section explains how the simulator was used to evaluate 

the quality of semitransparent solar cell devices by optimizing and analyzing 

the color properties of cells using the polymer PIDT-PhanQ. This project 

was also developed at University of Washington. My main contribution to 

this project was the theoretical analysis and optical optimization of the 

devices. 

2.5  A detailed color analysis based on color rendering indexes was 

performed on an inverted system of promising properties (PBDTTT-C-T). 

This project was also developed at the University of Washington. In this 

project, my main contribution is the theoretical analysis, optical 

optimization and color evaluation. The cells developed presented the highest 

color rendering indexes ever reported in semitransparent organic solar cell 

devices. 
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2.1 Fabrication of solar cells based on MEH-PPV:PC61BM by a 

vacuum free method [36] 

 

Since many laboratories that possess expertise in synthesis of organic 

materials may not always have solar cell fabrication and testing capabilities, simple 

in-house methods for device testing are desirable for fast and easy evaluation of 

new materials [37, 38]. In this study, we proposed the use of Woods metal, which is 

an eutectic alloy of Pb/Bi/Cd/Sn (25 %, 50 %, 12.5 % and 12.5 % respectively) 

that can be applied by a vacuum free method, as a convenient substitute for 

evaporated aluminum. The melting point of Woods metal (75 °C), enables the alloy 

to be applied by an inexpensive method without a vacuum chamber. Although the 

work function of this eutectic alloy is not known, the work functions of the 

components (Pb: 4.25 eV, Bi: 4.34 eV, Cd: 4.08 eV, and Sn: 4.42 eV) could suggest 

smaller work function than that of the anode (ITO): 4.7 eV and so, relatively close 

to the acceptor LUMO (in this work PC61BM: 3.7 eV). 

Aluminum is the most common material used in OPVs cells because its work 

function of 4.3 eV is adequate for extracting electrons from fullerene derivatives. 

There are very few alternatives to metal evaporation, one of which is the use of 

mercury electrodes. Mercury is however highly undesirable because of its high 

toxicity and its work function of 4.5 eV, very close to that of ITO [38]. A second 

alternative is to test materials in liquid electrolyte, which can introduce other 

effects such as hysteresis. Other alternatives are the use of Ga-In eutectic alloy, a 

material whose melt point is 15.7 °C [38, 39]. 

Two new molecules 6-nitro-3-(E)-3-(4-dimethylaminophenyl)allylidene)-2,3-

dihydrobenzo[d]-[1,3,2]-oxazaborole (M1), and (E)-3-(4-

dimethylaminophenyl)allylidene)-2,3-dihydrobenzo[d]-[1,3,2]-oxazaborole (M2) (see 

Figure 11)  are proposed as donor semiconducting materials for OPV use. Strong 

non-linear optical (NLO) properties for this family of organoboron molecules were 
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previously observed [40, 41], indicating a strongly delocalized π system and 

suggesting its potential for OPV use. Both molecules have broad and strong 

absorption peaks in the visible spectrum that combined with MEH-PPV increased 

the absorption of the organic blends. Very few reports of boron molecules used for 

OPVs devices currently exist [42]. 

 

Figure 11 Chemical structure of the two molecules used in blend with MEH-PPV as donor 
materials. 

2.1.1 Sample preparation 

The commercial chemicals (MEH-PPV, polystyrene, PC61BM, Woods metal) 

were purchased from Aldrich (México) and used as received. Powders of the 

compounds M1 and M2, previously synthesized and reported by the group (GPOM, 

CIO, Mexico), were used unmodified. ITO/Glass substrates with 5-15 Ω/square 

were purchased from Delta Technologies. Previous to the preparation of OPVs 

cells, the thin film morphology was studied by AFM to determine the best 

deposition conditions by spin cast and solvent effect. MEH-PPV solutions were 

prepared in the solvents tetrahydrofuran (THF), dichloromethane, chloroform and 

toluene; PC61BM was dissolved in dichloromethane, chloroform, toluene and 

xylene. Different mixtures of MEH-PPV and PC61BM were prepared. These 

solutions were used to make all possible combinations of solvents, always keeping a 

1:1 ratio of MEH-PPV:PC61BM, and were deposited by spin-coating over glass 

substrates for the morphology study. 

The OPVs cells were fabricated at different material concentrations 

employing as electron donors, the organic semiconductors MEH-PPV, M1 and M2 

mixed with the electron acceptor PC61BM. When using an inert polymer (the host, 
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in this study polystyrene or PS), it is possible to create films of good optical 

quality in which low molecular weight molecules (the guest) such as M1 and M2 

can be dispersed. OPVs cells of MEH-PPV:PC61BM (weight ratio 1:1, 1:2, 1:3 and 

1:4); M1:PC61BM:PS, M2:PC61BM:PS (weight ratio 1:1:0.5 in both cases); MEH-

PPV:M1:PC61BM, MEH-PPV:M2:PC61BM (weight ratio 1:1:2 in both cases); 

M1:M2:PC61BM:PS (weight ratio 1:1:2:1)  and MEH-PPV:M1:M2:PC61BM (weight 

ratio 1:1:1:3) were prepared using dichloromethane or chloroform. The solutions 

were deposited by spin-coating at about 1000 rpm over glass/ITO substrates. The 

ITO electrodes were ultrasonically cleaned in distilled water and ethanol baths with 

30 minutes intervals. The organic films were heated (in air) in an oven at 80 °C for 

20 min [43]. To deposit the cathode, Woods metal pellets were placed on a pyrex 

glass beaker and heated between 90-100 °C using a hot plate. The melted material 

was deposited dropping it over the organic films (heated at the same temperature 

to avoid freezing). The photoactive area tested was about 1 cm2. The architecture 

of the cells is shown in Figure 12. A typical solar cell manufacturing process is 

exemplified in Figure 13. 

 

Figure 12 Design employed for the solar cells made with MEH-PPV, M1, M2 and PC61BM 
using the bulk hetero-junction approach. 
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Figure 13 Manufacturing process of an organic solar cell using Wood's metal as cathode. 

2.1.2 Experimental results 

The morphological measurements by AFM of MEH-PPV:PC61BM films 

showed that the best component integration occurs when the same solvent 

(dichloromethane) is used to dissolve both materials (see Figure 14). MEH-

PPV:PC61BM cells were made using the ratios 1:1, 1:2, 1:3 and 1:4. With the goal 

of maximizing electron and hole mobility by forming two inter-percolated phases of 

MEH-PPV and PC61BM and since the morphology of the phases [44] is strongly 

dependent on processing conditions such as solution concentration, solvent nature 

and annealing conditions, a study regarding the best manufacturing composition 

was performed on our own devices.  
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Figure 14 Surfaces of MEH-PPV:PC61BM films at 1:1 and 1:2 weight ratios acquired by 
AFM. The images correspond to: a) 1:1 ratio film, b) cross section of the 1:1 ratio film, c) 1:2 
ratio film, d) cross section of the 1:2 ratio film. Both films were heated at 75 °C by 20 min. 

The 1:3 and 1:4 blends have morphologies nearly equal to that one of 1:2: c) and d). 

Tests under sunlight exhibited the best performance on current and voltage 

for the 1:2 (MEH-PPV:PC61BM) ratio with Voc = 730 mV and Jsc = 0.8 mA/cm2. 

Higher concentrations of PC61BM (1:3 and 1:4) enhance the current but reduce 

voltage, while lower concentrations (1:1) have smaller Voc and Jsc than the 1:2 

ratio. The AFM studies showed a considerable phase separation, i.e., a 

bicontinuous phase structure [44] of the fullerene PC61BM for the concentrations 

that enhance the current (1:2, 1:3 and 1:4, see Figure 14 c)). These large phases, 
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could provide quasi-continuous paths that facilitate the electrical charge transport 

toward the electrodes, moreover, the improved photo-response is related to the 

increase of the total interfacial area at the heterojunction [44]. Figure 15 shows a 

cross sectional SEM image of a typical film prepared for our OPVs cells. In this 

figure, for a film of 126 nm on glass substrate (MEH-PPV:PC61BM at 1:2 weight 

ratios), nanocluster-shaped structures immersed in MEH-PPV, similar to the ones 

reported previously by Hoppe et al. [45], are observed (see also Figure 14 c)). 

 

Figure 15 Cross sectional SEM image of MEH-PPV:PC61BM film at 1:2 weight ratios. Film 
thickness was 126 nm. Nanocluster-shaped structures similar to the reported by Hoppe et al. 

[45] are observed. 

For cells with M1:PC61BM:PS and M2:PC61BM:PS (PS used just as inert 

polymer matrix) both in a 1:1:0.5 ratio dissolved in chloroform and 

dichloromethane, the best performance for M1 was observed for the chloroform 

blend reaching, under sunlight, Voc = 500 mV and Jsc = 0.5 mA/cm2 with a 130 

nm thin film. For M2 blends, there was not a significant difference between the 

performance in chloroform or dichloromethane, reaching maximum values of 

voltage and current: Voc = 360 mV and Jsc = 0.37 mA/cm2, respectively, with a 98 

nm thin film. A thinner film preserves the current density Jsc but reduces the Voc 

voltage. For both mixtures, a thicker film decreases the Jsc current, presumably 

due to the low electrical mobility (for most organic materials about 10-5 - 10-7 

cm2/(Vs)) [46, 47]. 
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The spectra of MEH-PPV, M1 and M2 based films (Figure 16) have 

absorption bands in complementary wavelength regions. Particularly, the blend of 

MEH-PPV:M1:PC61BM (1:1:2 ratio) has a wider absorption band that covers from 

400 to 700 nm, which is a considerable region of the optical range. External 

quantum efficiency (EQE) measurements of cells prepared with this blend (Figure 

17) verifies that the charge production is been extended to the whole absorption 

range covered by MEH-PPV and M1, indicating that M1 is effectively working as a 

donor material in conjunction with MEH-PPV. This increased charge production 

range is reflected in an increased total electrical current. Under sunlight, current 

densities of Jsc = 3.1 mA/cm2 for the MEH-PPV:M1:PC61BM blend and Jsc = 1.73 

mA/cm2 for the MEH-PPV:M2:PC61BM blend were measured, they are larger than 

those for OPVs cells based on MEH-PPV, M1 or M2 alone. Voc values were similar 

in both cases to those for OPV cells based on MEH-PPV, M1 or M2 alone (≈ 600 

mV). These Voc values suggest an alike inner resistance of the cells. 

 

Figure 16 Absorption spectra of MEH-PPV:PC61BM film on a 1:1 weight ratio (open circles), 
M1:PC61BM:PS film on a 1:1:0.5 weight ratio (filled circles), M2:PC61BM:PS film on a 1:1:0.5 

weight ratio (open squares), MEH-PPV:M1:PC61BM film on a 1:1:2 weight ratio (open 
triangles) and MEH-PPV:M2:PC61BM film on a 1:1:2 weight ratio (filled triangles). The 

wavelengths corresponding to the peaks are indicated. 
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Figure 17 Comparison of EQE and absorption spectra of several organic blends; black: EQE 
of cell with a MEH-PPV:M1:PC61BM active layer; red, blue and green: absorption spectra of 

organic films of MEH-PPV:M1:PC61BM, M1:PC61BM and MEH-PPV:PC61BM. 

 

Figure 18 a) JV curves, under Xe lamp illumination at 60 mW/cm2, for OPVs cells based on: 
MEH-PPV:PC61BM on a 1:2 weight ratio dissolved in dichloromethane (open circles), 

M1:PC61BM:PS on a 1:1:0.5 weight ratio dissolved in chloroform (filled circles), 
M2:PC61BM:PS on a 1:1:0.5 weight ratio dissolved in chloroform (open squares) and MEH-
PPV:M1:PC61BM on a 1:1:2 weight ratio dissolved in dichloromethane (open triangles). b) 

Photograph of OPVs cell with Woods metal as cathode, active area ≈ 1 cm2. 

Graphs of J-V curves and conversion parameters under Xenon lamp using a 

light intensity of 60 mW/cm2 are shown in Figure 18 and Table 1. The efficiencies 

Wood’s 
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MEH-PPV:PC
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of MEH-PPV:M1:PC61BM cells increased 9 and 3.3 times in comparison to 

M1:PC61BM:PS and MEH-PPV:PC61BM respectively, mainly due to an increased 

charge production. This improvement in electric current means that the MEH-

PPV:M1:PC61BM blend can separate and transport more electric charge than 

MEH-PPV:PC61BM or M1:PS:PC61BM alone. 

Table 1 Conversion parameters for different OPVs cells using Woods metal as cathode under 
Xe lamp illumination at 60 mW/cm2. Values correspond to graphics in Figure 18. 

Components (weight ratio) Solvent Voc(mV) Jsc(mA/cm2) FF PCE(%) 

MEH-PPV:PC61BM (1:2) Dichloromethane 496 0.40 0.34 0.11 

M1:PC61BM:PS (1:1:0.5) Chloroform 301 0.30 0.26 0.04 

M2:PC61BM:PS (1:1:0.5) Chloroform 322 0.13 0.25 0.02 

MEH-PPV:M1:PC61BM (1:1:2) Dichloromethane 479 1.33 0.34 0.36 

MEH-PPV:M1:PC61BM
a) (1:1:2) Dichloromethane 600 3.1 0.34 0.8 

a) Electrical performance tested under solar light at 80 mW/cm2. 

For the MEH-PPV:M1:PC61BM OPV cell (see Table 1 and Figure 18), using 

the Voc and Jsc values measured under sunlight (600 mV and 3.1 mA/cm2 

respectively), assuming the same FF (0.34) measured with Xenon lamp, and a solar 

intensity of 800 W/m2, provides an estimated efficiency of up to 0.8 %.    

Three possible reasons for the low electrical efficiency under our 

experimental conditions are the following: i) Because an electrical contact for the 

cell must cover the entire active surface without shorting the device and to provide 

uniform contact to the organic film, it is very important to avoid any damage of 

the film when depositing the cathode over the very thin active layers (≈ 100 nm). 

In our devices the active area was relatively large (≈ 1 cm2) in comparison with 

many previous reports using areas round 0.07 cm2 [42, 48-50], this could lead to a 

cathode that is not entirely uniform and with not good electrical contact (i.e. lower 

fill factor) in all the active area. To corroborate the area effect, we prepared cells of 

MEH-PPV:M1:PC61BM (1:1:2 wt. ratio) with about 0.04 cm2 of active region, by 

measuring the JV curve we estimated FF = 0.37. Under solar illumination the 

parameters Voc = 600 mV and Jsc = 3.9 mA/cm2 lead to an efficiency around 1.1 

% for these small cells. ii) PEDOT-PSS conductive layer on ITO was not used, so 
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the charge extraction from the BHJ to ITO was harder due to a larger difference in 

energy levels. iii) In our methodology, the OPVs cells were prepared in an easy and 

fast manner, and tested under normal room conditions, i.e., not in a controlled 

atmosphere within a glove-box (mainly because we didn’t have a globe-box system 

at this stage of the doctoral work). 

Despite efficiencies as high as 12% reached in the laboratory for some 

particular OPVs cells [51], the understanding of their performance requires to take 

into account several important factors such as, cell architecture, the electrodes, the 

film morphology and the organic materials used. By now, research is being 

conducted in OPVs cells even when efficiencies are rather small since it is needed 

to achieve a better understanding of the internal processes happening within the 

cells in order to increase the efficiency. On the other hand, very few reports about 

the use of boron complexes exist for OPVs devices, one of them the one from Quiao 

et al. [42] where a fluorescent fluorine-boron complex (PIDB) was used by blending 

it with MEH-PPV and reaching the electrical parameters: Voc of 590 mV, Jsc of 

0.068 mA/cm2, a FF of 0.54, and an efficiency of 0.31%. Other optical uses of these 

boron complexes, with close relation to OPVs cells, are for electroluminescent 

devices (OLEDs) [52], so, the boron complexes M1 and M2 proposed here have 

potential uses in this area.  

2.1.3 Conclusions of section 2.1 

Wood’s metal alloy used as cathode permits an economical, easy and fast 

way to manufacture OPV cells under environmental conditions without the need of 

high vacuum chambers or any specialized equipment like the one used to apply 

aluminum. Wood’s metal could be an alternative to evaporated Al, Ca or other 

metals for fabrication and testing of new promising organic materials with different 

cell composition ratios and deposition conditions. As an example, in this work the 

performance of boronate derivatives M1 and M2, and the polymer MEH–PPV in 

OPVs devices was tested using this approach. In our experiments, open circuit 

voltages (Voc) of 730 mV and short circuit currents (Jsc) of 0.8mA/cm2 under solar 



48 | P a g e  

J.F. Salinas 2013  

 

(AM1.5) illumination were measured for MEH–PPV:PC61BM based samples, Voc = 

500 mV and Jsc = 0.5 mA/cm2 were measured under the same illumination for 

M1:PC61BM based samples. For the cells with mixtures of either M1 and MEH–

PPV or M2 and MEH–PPV there was a large electrical enhancement showing Voc 

≈ 600mV and Jsc ≈ 3.1mA/cm2. Measurements of FF from the J–V curves, under 

Xe lamp illumination, allow estimating the electrical efficiencies under solar 

illumination up to 0.8%. Currently the reported efficiency of similar devices using 

the architecture ITO/MEH-PPV:PCBM/Ca is aproximately ≈ 1.5% [12], while 

more complex architectures ITO/PEDOT:PSS/MEH-PPV:PCBM/Ca/Ag reports 

efficiencies of 2.07% for 80 mW/cm2 [53]. Comparatively talking, our best 

conversion efficiency (PCE = 0.8%) is still good considering the simplified 

manufacture method used here. The Wood’s metal electrode could be not viable for 

the future manufacture of commercial solar cells panels, but it is very convenient 

for quick screening of materials in research laboratories. On the other hand, OPV 

cells, based on the boronates M1 and M2, proof the potential of these materials to 

be used in organic PV devices with similar performance to those based on MEH–

PPV. 
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2.2 Performance of OPVs cells based on a P3HT:PC61BM blend as 

active layer [54] 

 

In order to ease the application of OPV technology for large scale 

manufacture, architectures whose realization avoids the use of vacuum technology 

are very desirable. The inverted architecture using ZnO and ITO [37] as cathode 

and PEDOT:PSS and Ag as anode, has been implemented as a successful approach 

for roll-to-roll (R2R) production [55-57] of  OPVs cells through a vacuum free 

process using silver inks as back contact. The devices obtained with these massive 

production tests have reached efficiencies close to 3%. Despite this efficiency is not 

as high as that obtained in some OPVs cells with the couple of electrodes ITO-Al, 

the completely vacuum free process allows mass production by using only simple 

and conventional technology. In this context, the exploration of new or improved 

approaches for the fabrication of OPVs cells that circumvent the use of vacuum 

deposition steps is important to further develop such technology.  

In this study, through the use of the well-known polymer blend 

P3HT:PC61BM [38, 58-62], the usability of Wood´s metal and silver paint as 

cathode and anode in conventional and inverted OPVs cells was corroborated as 

convenient substitutes to evaporated metals. We demonstrated that OPVs cells 

based in the structures ITO/PEDOT:PSS/P3HT:PC61BM/Wood´s metal and 

ITO/ZnO/P3HT:PC61BM/PEDOT:PSS/Silver paint exhibit very acceptable 

electrical performance which is comparable with OPVs based in P3HT:PC61BM 

fabricated by conventional methods with ITO and Al as electrodes. 

2.2.1 Sample preparation 

The OPVs cells were fabricated under the bulk hetero-junction approach in 

conventional and inverted architectures; mixes of P3HT and PC61BM in a weight 

ratio of 1:2 were dissolved in chloroform or chlorobenzene. The solutions were used 
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to deposit thin films (between 80 and 120 nm in thickness) by spin-coating at 

about 1000 rpm. For the inverted cells, ZnO nanoparticles were synthesized 

following the procedure described by Beek et al. [63] obtaining particles dispersed 

in chlorobenzene of around 4 nm (Figure 19). The ZnO films were prepared by 

spin-coating at 1000 RPM the suspension. The ITO electrodes were ultrasonically 

cleaned with distilled water, ethanol and an alkaline solution (Hellmanex II mixed 

with water) in baths of 30 minutes each. The architectures followed here were 

ITO/ZnO/P3HT:PC61BM/PEDOT:PSS/Anode and ITO/ 

PEDOT:PSS/P3HT:PC61BM/Wood’s metal for the inverted and conventional 

architecture respectively.  

In the case of the inverted cells, three types of anodes were used: Ag, Cu 

and silver paint. Silver and cooper were applied by thermal evaporation while 

Wood’s metal and silver paint were applied in a process with no vacuum steps. We 

used cooper as anode since its work function is similar to that of silver (Figure 6), 

suggesting it could perform reasonably well as anode in inverted cells. The 

PEDOT:PSS film was applied in the conventional case by spin-coating.  

The surface of P3HT:PC61BM films is highly hydrophobic and doesn’t allow 

to spin-coat water based solutions such as PEDOT:PSS over it. For all the 

inverted cells, the PEDOT:PSS was deposited following the next procedure: 1) a 

drop of PEDOT:PSS was deposited on top of the P3HT:PC61BM film, 2) using an 

air flow directed perpendicularly to the substrate, the drop was forced to spread 

over the whole cell, 3) while spreading the PEDOT:PSS, the air current induced 

the solution to dry, forming a film. Despite the thickness of PEDOT:PSS was 

impossible to control using this method, the efficiencies got by this method were 

highly reproducible. All the organic films were processed in presence of air, and 

annealed in an oven at 80 ºC for 20 min. The photoactive area tested was about 

0.09 cm2. 
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Figure 19 a) Absorption spectrum of the ZnO NPs suspended in chlorobenzene indicating an 
average diameter of 3.8 nm. b) Photograph of the ZnO suspension, notice that it is almost 
transparent and has not precipitates. c) Fluorescence under UV illumination reveals the 

nanoparticles. 

2.2.2 Experimental results 

Figure 20 shows typical JV curves recorded for our bests OPV samples 

based on P3HT:PC61BM (1:2 wt. %, dissolved in chloroform). From data in Figure 

20, the best electrical power conversion efficiencies (got using no vacuum steps) 

was about 2.2 % and 1.8 % for the inverted and conventional cells respectively. 

These efficiencies are in some cases comparable to typical values reported for OPVs 

cells fabricated by using vacuum technology for cathode deposition [58-62]; it 

shows that in principle Wood´s metal and silver paint can have an acceptable 

performance in free vacuum steps processes. The typical morphologies of the active 

layer and the surface of Wood’s metal used in our OPVs devices were obtained by 

AFM (see Figure 21 and Figure 22 for images of 10×10 µm). In Figure 21 we can 

see that the active layer is characterized by a very smooth surface, while in Figure 

22 we can appreciate that the surface of the eutectic alloy used as cathode is not as 
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smooth as in the case of the organic layer. In this case the cathode film analyzed 

by AFM was removed carefully from an OPV previous to its analysis.  

 

Figure 20 a) J-V curves, under Xe lamp illumination at 100 mW/cm2, for OPVs cells based 
on P3HT:PC61BM with 1:2 weight ratio dissolved in chloroform. The Wood’s metal and silver 

paint cells were prepared in a free vacuum steps process.  

 

 

Figure 21 Surface of P3HT:PC61BM film at 1:2 weight ratio acquired by AFM; chloroform as 
solvent was used. The polymer blend was annealed at 80 °C by 20 min. 
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Figure 22 AFM image of the surface of the eutectic alloy Wood’s metal used as cathode in an 
OPV. 

In addition to the characteristics of the interface between the organic layer 

and the cathode there are other factors that determined the performance of our 

OPV’s. i.e., processing conditions such as solution concentration, solvent nature 

and annealing treatments [44]. These factors have been taken into account in the 

inverted case when the overall performance of our OPVs fabricated through 

vacuum free process is compared with the performance of devices with similar 

composition of the organic layer but with evaporated Ag and Cu. Table 2 

summarizes the values for the electrical conversion parameters Voc, Jsc, FF and 

PCE obtained for our cells and their comparison with the values of structures 

ITO/PEDOT:PSS/P3HT:PC61BM/Al reported in recent works [58-60]. From Refs. 

[59, 60] we can see that our OPV cells electrical performance is very acceptable 

(larger in fact), having advantages taking into account the fast and vacuum free 

process used here. It must be pointed out that the conductivity of Woods metals is 

1×106 S/m [64], which is about an order of magnitude smaller compared with 

Aluminum (3.5 ×107 S/m) [65].  
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Table 2 Electrical parameters of OPVs cells for blends of  P3HT:PC61BM illuminated with a 
Xe lamp at 100 mW/cm2. 

Architecture 
Concentration wt. 

ratio 
Back-contact 

Voc 

(mV) 

Jsc 
(mA/cm2) 

FF 
PCE 

(%) 

Conventional (1:2) 6:6 mg/ml Wood’s metal 528 7.35 0.45 1.75 

Inverted (1:1) 30:30 mg/ml Silver paint 530 9.64 0.42 2.19 

Inverted (1:0.6) 5:3 mg/ml Cooper(evaporated) 412 1.01 0.37 0.15 

Inverted (1:0.6) 5:3 mg/ml Silver (evaporated) 428 1.86 0.38 0.30 

Note: From Ref. [60], for samples based on P3HT:PC61BM (1:1): 
 Voc = 640 mV, Jsc = 3.6 mA/cm

2, FF = 0.30 and PCE = 0.9 without graphene 
 Voc = 640 mV, Jsc = 5.3 mA/cm

2, FF = 0.41 and PCE = 1.4 with 10 % of graphene 
         From Ref. [59], idem: 
 Voc = 480 mV, Jsc = 5.1 mA/cm

2, FF = 0.46 and η = 1.1 
         From Ref. [58], for samples based on P3HT:PC61BM (1:1.5): 
 Voc = 580 mV, Jsc = 9.41 mA/cm

2, FF = 0.64 and η = 3.5 

2.2.3 Conclusions of section 2.2 

The photovoltaic performance of OPVs cells based on the polymer blend 

P3HT:PC61BM (1:2 wt. ratio) by using Wood’s metal and silver paint as cathode 

and anode respectively was very acceptable in comparison with previous reports of 

devices based on the same polymers blend. The fabrication of our OPVs cells was 

possible within a vacuum free process. In addition, this manufacturing process was 

easier and faster than other processes reported in the literature where usually Al is 

employed as back electrode and where specialized equipment is needed.  Our 

electrical performance with Wood’s metal was Voc = 528 mV, Jsc = 7.35 mA/cm2, 

FF = 0.45 with an efficiency PCE = 1.8 % and with silver paint Voc = 530 mV, Jsc 

= 9.64 mA/cm2, FF = 0.42 and PCE = 2.19%. We associate the higher efficiency 

got for the inverted cell to the greater stability respect degradation that is 

associated with this architecture. Our results also indicated that, while thermal 

evaporation can cause severe damage to the organic films due to the high energy of 

the evaporated materials (possible reason of their low PCE in our experiments), 

Wood’s metal and silver paint are much more friendly with the organic films. 
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2.3 Optical design of transparent thin silver electrodes for 

microcavity based devices [66] 

 

ITO-free polymer solar cells with efficiency as high as 6.6% and 5.8% were 

fabricated on glass and PEN by using TeO2 to enhance in-coupling of light in an 

Ag-Ag microcavity. These cells exhibited higher performance, selective microcavity 

resonance as a function of the thickness of TeO2, and better bending stability than 

flexible devices made with ITO (Figure 23). 

 

Figure 23 Overview of the project for optical design of semitransparent, ultra-thin, highly 
conductive, silver electrodes. 

Although polymer/fullerene blends has been employed to increase the 

number of interfaces for facilitating charge separation, the low carrier mobilities 

and tortuous transport paths in these structures increase recombination losses in 

thicker devices [12, 67, 68]. Therefore, it is important to develop efficient light-

trapping structures that can increase light absorption and at the same time be 
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compatible with processes used for fabricating high-performance flexible thin film 

OPVs [69, 70].   

Indium is a rare and valuable element used in the manufacture of ITO-based 

flat panel displays and portable electronics. Due to rapid expansion of the 

consumer electronics market and natural scarcity of indium, the price for ITO has 

increased significantly in recent years. Therefore, it is critical to find viable options 

that can replace ITO [71, 72]. Besides, the low mechanical ductility and high sheet 

resistance (≈ □60 Ω/ ) of ITO on flexible substrates also need to be improved [73-

75]. It is known that the performance of large-area solar cells is dictated by their 

series resistance which significantly affects fill factor and PCE [76-78]. Therefore, 

the proposed ITO replacement should possess even lower resistance than ITO. 

Several alternatives have been tried, including the use of conducting polymers [79, 

80], carbon nanotubes [81], graphene films [82], metal nanowires [83], metal grids 

[84-86], and ultrathin metal films (UTMF) [87]. Among them, metal grids and 

UTMF combine the characteristics of high electrical conductivity of metals and 

good mechanical ductility on thin films (≈ 5-40 nm). Especially, the UTMFs 

possess good compatibility with most organic materials and can be simply applied 

by thermal evaporation. However, the application of UTMFs has been limited by 

their considerable absorption and reflection, which cause poorer device performance 

than ITO. Among all metals attempted, Ag exhibits the lowest resistivity 

(1.62 × 10− 8 Ω m = 1.62 μΩ cm), the highest optical transparency, and is 

extremely ductile (only surpassed by Au), making it the preferred choice for UTMF 

electrodes.  

The conductivity and optical properties of thin metal films are strongly 

dependent on the quality of the films such as roughness, grain size, and film 

continuity, which is governed by the nucleation and growth kinetics of metals on a 

particular substrate. The initial steps of Ag thin film growth have been extensively 

studied and identified with different growth modes, like the Volmer-Weber mode 

(ie. island mode) or the Stranski-Krastanov mode (ie. layer-plus-island mode) [88-

90]. They are strongly dependent on the type of substrate and the rate of vacuum 
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deposition. In particular, the poor wettability of Ag on electrically insulating 

substrates often leads to undesirable rough surface morphologies, high sheet 

resistances, and poor optical quality [91].  

It is known that conductivity and optical quality of UTMFs can be 

improved considerably by applying an adequate seed layer. For example, the 

wetting angles of molten silver over substrates treated with TeO2 and MoO3 (≈ 

50°) have been reported to be much lower than that using other metal oxides like 

ZnO or Ta2O5 (≈ 90°) [92]. TeO2 and MoO3 not only are transparent to visible 

light but also have quite low melting points (733°C and 795°C respectively), 

allowing them to be easily evaporated over glass or plastic substrates before the 

deposition of silver. Since charge generation is affected by the spatial distribution 

of the optical electric field within the device; a careful selection of film thickness or 

insertion of additional transparent layers as optical spacers will contribute to 

higher current densities and improve overall performance [5, 93].  

In this study, we have applied a high refractive index TeO2 layer to 

facilitate the growth of smooth, highly conductive, and optically transparent thin 

silver films by thermal evaporation. By coupling with optical design, the TeO2 film 

allowed us to improve the collection and trapping of light, leading to superior 

device performance that even exceeds that using ITO as electrode. Although 

similar approaches have been tried to improve the performance of OLED and OPV 

devices [94, 95], our results show the highest efficiency. 

A novel bilayer hybrid electrode consisting of ultra-thin fullerene-containing 

surfactant and Ag metal is exploited to achieve a suitable cathode with high 

conductivity. The fullerene surfactant (C70-bis, Figure 24) was reported earlier as 

an excellent interfacial electron selective layer (ESL) that not only can effectively 

modify the energy level alignment at the organic/metal cathode interface but also 

facilitate more efficient electron extraction and photocurrent generation [96, 97]. 
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2.3.1 Experimental 

The solar cells prepared for this project are based on the following device 

architecture: polyethylene naphthalate (PEN) or glass/TeO2 (10-70 nm)/Ag (12 

nm)/PEDOT:PSS (28 nm)/PIDT-PhanQ:PC71BM (66 nm)/C70-bis (8 nm)/Ag 

(120 nm), where the (BHJ) active layer is based on the blend of PIDT-

PhanQ:PC71BM [14], and the surfactant (C70-bis) [97, 98]
 functions as the electron 

selective layer as illustrated in Figure 24. The PIDT-PhanQ polymer was 

synthesized within the Jen group (Seattle, University of Washington), PC71BM was 

purchased from American Dye Source. The reference devices were made with the 

same device structure but using commercially available ITO-coated (120 nm) glass 

substrates or PEN substrates as the transparent electrode.  

2.3.1.1 Electrode fabrication and characterization 

The substrates (glass and ITO-coated glass: Colorado Concept Coatings 

LLC, PEN: Teonex Q65FA, ITO-coated plastic: Bayview Optics) were cleaned 

using soap, acetone and isopropyl alcohol (IPA) in successive 10 min sonication 

steps applying a final 20 s oxygen plasma treatment to eliminate any remaining 

organic component. TeO2 films of 10, 20, 30, 40, 50, 60 and 70 nm were applied by 

thermal evaporation at 0.2 Å s-1 followed by a 12 nm Ag film applied at 5 Å s-1 at 

a vacuum pressure <10-6 torr. The transmission spectra of the electrodes were 

measured in air by using a Perkin-Elmer Lambda-9 UV/VIS spectrometer, while an 

Alessi four-point probe was used for measuring the sheet resistance. 

2.3.1.2 Device fabrication 

To avoid possible etching of Ag by the aqueous solution of PEDOT:PSS, a 

layer of  PEDOT:PSS/IPA/butanol in proportion of 1/2/2 was applied first over 

the Ag substrate and then the aqueous solution of PEDOT:PSS was spin-coated. 

PhanQ (5 mg/ml) and PC71BM (15 mg/ml) were dissolved in dichlorobenzene, 
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stirred overnight at 80 °C and then spin-coated at 2000 RPM and annealed at 110 

°C in a glove box under N2 atmosphere to create a film of ≈ 66 nm. The surfactant 

film (≈ 8 nm) was also applied within the glove box at 5000 RPM and annealed at 

110 °C. Finally, a 120 nm-thick Ag film was evaporated at 5 Å/s through a mask 

to define an OPV area of 10.08 mm2. The thickness of each layer was measured by 

using Atomic Force Microscopy (AFM). 

2.3.1.3 Device characterization 

The JV measurements were performed under N2 atmosphere using a 

Keithley 2400 source meter. A 300 W xenon arc solar simulator (Oriel) with an 

AM 1.5 global filter operated at 100 mW/cm2 was used to simulate the AM 1.5G 

solar irradiation. The illumination intensity was corrected by using a silicon 

photodiode with a protective KG5 filter calibrated by the National Renewable 

Energy Laboratory (NREL). The External Quantum Efficiency (EQE) was 

recorded under monochromatic illumination with another 450 W xenon lamp in 

ambient atmosphere. The incident beam was chopped with a mechanical chopper, 

and the photocurrent was recorded with a lock-in-amplifier (Stanford Research 

Systems SR830). The irradiance spectrum of the solar simulator (used for the 

numerical simulation) was measured using an Ocean Optics spectrometer. 

 

Figure 24 a) Schematic cross section of the PIDT-PhanQ OPV devices showing the order of 
the layers. The light is incident from the substrate side. b) Schematic diagrams for the 

materials used as surfactant and active layer. 
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2.3.2 Optical analysis 

Figure 25 Refractive indexes used in the simulation: a) real refractive index (�), b) Extinction 
coefficient (�). For the particular case of silver, �Ag is plotted in a different scale because it is 

much higher than the � values of the other materials. 
Due to the use of two metallic electrodes, an optical microcavity between 

both Ag contacts is formed. In order to achieve a constructive resonant condition 

within the microcavity, the Ag electrodes should be positioned at the nodes of the 

electric field. This can be achieved by making the optical length of the cavity a 

multiple integer of the wavelength. Because the reflections at each Ag electrode 

will introduce phase changes in the field, we need to explicitly include these phase 

changes to calculate the optical path of the light traveling in each direction 

accordingly to the following equations: 

 ��2�� + ¡"¢�"£�¤��2h = :� (59) 

 ��2�� + ¡"¢�"
�£��2h = :� (60) 

where, m is a positive integer, �� is the real part of the refractive index, 2� is the 
thickness of the films between the electrodes, "£�¤ and "
�£ are the Fresnel complex 

reflection coefficients at the interfaces Ag-PEDOT and Surfactant-Ag respectively 
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and ¡"¢�"� is the argument of the complex number. Equations (59) and (60) are 

only satisfied when ¡"¢�"£�¤� 	= 	¡"¢�"
�£�, so we need to make sure that at least ¡"¢�"£�¤�	~	¡"¢�"
�£� when designing the microcavity. If not the case, the 

asymmetry would origin destructive interference that would reduce the electric 

field intensity. Combining (59) and (60) we get the resonance condition: 

 ��2�� + �¡"¢�"£�¤� + ¡"¢�"
�£�� �4h = :� (61) 

As an example, for a wave of 600 nm, if �¤¦��� = 1.47 + �0.08, �§¨� =2.08 + �0.21, ��{<�S�Q = 1.72 + �1.04) − 6 and �£© = 0.12 + �3.73 then the optical 
path added by the reflections are 

£X©�Xª«¬�1q0 = 185.85 nm and 
£X©�X
�£�1q0 =	191.25	�: (quite close to each other). According to equation (61), for m = 1, if 

the thickness of PEDOT is 28 nm and surfactant is 8 nm, then technically, an 

active layer of 81 nm would be enough to produce resonance. It should be noticed 

that this is an ideal condition that assumes there are reflections only at the Ag 

interfaces. In the real case, the reflections at the PEDOT-BHJ and BHJ-surfactant 

interfaces also modify the electric field distribution, affecting the resonant 

condition, additionally, the active layer is not exactly at the middle of the 

microcavity, and so, a slightly asymmetric distribution of the field could be more 

appropriated. The simulation by TMM considering all the reflections indicated that 

a 70 nm active layer (instead of 81 nm) would be the best choice to maximize the 

field within the BHJ (Figure 26 a). 



62 | P a g e  

J.F. Salinas 2013  

 

 

Figure 26 Electric field calculated by TMM considering a unitary incoming intensity for: a) a 
600 nm light wave (incident from the left) showing the effect of a 66 nm (≈ λ/4) TeO2 film on 

a cell with a 70 nm active layer, notice the dramatic decrease in the reflection and the 
maximized intensity within the cell respect the case without TeO2; b) general case considering 

all the wavelengths (light incoming from the upper side), the thicknesses of all the films 
corresponds to the dimensions of the actual devices and were selected to enhance Jsc-100%. 

By introducing a TeO2 film between the glass and silver, a portion of the 

light, back reflected by the transparent Ag electrode, can be reflected again 

towards the solar cells by the interface glass-TeO2, due to the big difference 

between the refractive indexes. In order to illustrate the effect of the TeO2 film, the 

calculated electric field with and without the TeO2 film for a single wavelength of 

600 nm is plotted in Figure 26a. The thickness of the TeO2 film (66 nm) is 

adjusted in order to maximize the electric field within the BHJ.  

Because, � ≈ 0 for both TeO2 and glass and because ��V�/ >	�©m�QQ, the 
reflection at this interface does not add any phase change to the wave, therefore, 

the glass-TeO2 interface should be placed at an antinode in order to, by 

constructive interference, reinforce the field within the cell. Since the 

semitransparent Ag film is very thin and because by design it is placed in a node of 

the field, the interface glass-TeO2 will be in the first antinode when the thickness of 

TeO2 satisfies:  

a) b) 
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��V�®2�V�® = �4 (62) 

when this is fulfilled, the light attempting to escape from the Ag-Ag system is back 

reflected by the glass-TeO2 interface and reintroduced in the Ag-Ag cavity, 

reinforcing the field within the BHJ. Observe that, in absence of an Ag-Ag 

microcavity, such reinforcing effect does not exist, so, the transmission spectrum of 

a glass/TeO2/Ag substrate alone is expected to be lower than ITO (Figure 28).  

Following the previous example, if λ = 600 nm, the corresponding TeO2 

thickness should be 2�V�/ = 71	�:. Again, this is only a simplified vision of the 

whole process, the accurate calculation by TMM considering all the interfaces 

indicates that 66 nm (instead of 71 nm) is the best choice to maximize the field 

(Figure 26a). In this work, the calculations are mainly based on the predictions of a 

TMM simulator because of its higher accuracy and the possibility to 

simultaneously optimize for several wavelengths. Despite the mismatch between the 

simplified model (consisting on equations (61) and (62)) and the simulation, the 

simplified model is explained here because it provides a first approach about how 

to design the OPV architecture when the access to an accurate simulation method 

is not possible. 
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 Figure 27 a) Comparison of the simulated current (Jsc-100%) anticipated for devices using 
different thicknesses of MoO3 and TeO2, respect the simulated current calculated for the ITO 

device, b) J-V curves for the best performed devices on glass and plastic (in the case of 
PEN/TeO2/Ag, the curve represents the device after 91 bends, point where the maximum 

performance was achieved), c) and d) PCE and Jsc of devices manufactured on glass and plastic 
substrate respectively, showing a maximum current at 40 nm as was predicted by the TMM 

simulation. 

Because every wavelength of light absorbed will contribute to the overall 

performance, it requires tuning of both active layer and TeO2 thicknesses to 

maximize the field intensity over the whole optical range in order to optimize the 

devices. The exciton generation rate was calculated at each point in the BHJ by 

using the electric field calculated by TMM for all meaningful wavelengths (300-900 

nm, Figure 26b), the absorbance in the BHJ (¯ = q0°1 ), and the amount of photons 

associated with the source of light (intensity spectrum of the solar simulator).  
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The election of thicknesses for both active layer and TeO2 film that 

maximizes 	QU�#<<% is an efficient way to optimize the performance. The real 

thicknesses of TeO2 and BHJ layers used in our devices (2�V�/ = 40	�:, 2§¨� =66	�:) are very close to the ones determined by the TMM modeling (considering 

the whole optical range) to maximize 	QU�#<<% (2�V�/ = 40	�:, 2§¨� = 65	�:) 

(Figure 26b). To clarify the effect of a high refractive index layer on the Jsc-100% 

value, we have simulated two materials, MoO3 (� ≈ 1.75) and TeO2 (� ≈ 2.15), 
and compared the results with the same device using ITO as electrode (Figure 

27a). Both materials have a positive effect on the generated current. However, the 

higher refractive index TeO2 allows the system to reach higher 	QU�#<<% (when a 40 

nm thick TeO2 film is used) than that calculated for ITO.  

Concerning the thickness of Ag as electrode, a too thin or too thick Ag film 

will lead to high sheet resistance (originated by electron scattering from the surface 

and grain boundaries) or low transparency [87, 99]. Fortunately, high transparency 

and low sheet resistance (d□��V�/. = 7.02 Ω/□  compared to 13.53 Ω/□  for ITO) 

can be achieved when high refractive index TeO2 is used in combination with 12 

nm thick Ag. The detailed relationship of transmission and resistance as a function 

of Ag thickness is depicted in Figure 28. Although the transparency of the hybrid 

TeO2/Ag electrode is lower than ITO, the resulting microcavity resonant condition 

amplifies the electric field within the cell to give higher performance than the ITO 

based devices. 
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Figure 28 Transmission spectra (showing the average percent transparency) and b) sheet 
resistance of several glass/TeO2 (32 nm)/Ag electrodes as a function of the thickness of silver. 

The PCE and Jsc of devices on glass and PEN with different TeO2 thickness 

are plotted in Figure 27c and Figure 27d. In both cases, the best device 

performance was found to be the one based on a 40 nm thick TeO2 film which fits 

very well with the results from simulation. The JV curves of the best device based 

on ITO and TeO2/Ag coated on glass and PEN are presented in Figure 27b. Due 

to the high deposition rate required for the deposition (5 Å/s); it is difficult to keep 

exactly the same thickness of Ag for each device. The slight fluctuations observed 

on Figure 27c and Figure 27d are attributed to small variation of the Ag thickness 

that changes the transparency or conductivity of the films which affects the device 

performance. The PCE of the devices using TeO2 (40 nm)/Ag substrates (PCEglass-

Ag = 6.6 %, PCEPEN-Ag = 5.8 %) surpasses those observed on ITO (PCEglass-ITO = 

6.5 %, PCEPEN-ITO = 5.6 %). Although few reports have also shown good device 

performance when UTMFs were used, the highest achieved efficiency previously 

reported is only 4.4% [95]. Therefore, it is very encouraging that high efficiency 

OPVs using UTMFs can be achieved. 
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2.3.3 Morphological study 

The AFM measurements (Figure 29 and Figure 30) revealed that the 

thermally evaporated TeO2 exhibits a relatively small and uniform grain size with 

a root mean square roughness of 0.6 nm on glass and 1.5 nm on PEN. In 

particular, the PEN film presented large peaks that are considerably smoothed 

after the application of TeO2 (Figure 30 a and b). In both substrates, the silver 

films grew forming extended islands, partially connected among them. These 

connected islands provide the necessary pathways for the flux of electrical charges 

in the UTMF. 

 

Figure 29 AFM images (1x1 μm2) of the surfaces of: a) glass, b) glass/TeO2 (40 nm) and c) 
glass/TeO2 (40 nm)/Ag (12 nm). 

 

Figure 30 AFM images (1x1 μm2) of the surfaces of: a) PEN, b) PEN/TeO2 (40 nm) and c) 
PEN/TeO2 (40 nm)/Ag (12 nm). 
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2.3.4 Bending effect 

To evaluate possible degradation that may be caused by mechanical bending 

of flexible OPVs, a series of tests have been performed on devices with ITO and 

TeO2/Ag electrode on PEN (as illustrated in Figure 31) using a cylinder (radius R 

= 0.64 cm) to keep the same bending curvature. The ITO based flexible PSC 

exhibited a dramatic decrease of its performance starting from the first bending 

and continued to decrease when bending cycles proceed. In contrast, the 

performance of the devices with TeO2 (40 nm)/Ag (12 nm) electrode is much more 

stable even after more than 100 bending cycles. Indeed, the performance of the 

TeO2 based device increased slightly with the bends, growing from an original PCE 

= 5.7% to 5.8% after 91 bending cycles. A summary of the electric parameters of 

the OPV cells (corresponding to the J-V curves on Figure 27 b) is shown in Table 

3. More details about the evolution of the parameters on the flexible devices as a 

function of the number of bending cycles can be found in Table 4 and Table 5. 

0 20 40 60 80 100 120
0

1

2

3

4

5

6

 

 

 PEN/TeO
2
(40 nm)/Ag(12 nm)

 PEN/ITO

P
C

E
 (

%
)

Bending cycles

 

Figure 31 Effect of continuous bending over the PCE of the flexible PSC devices using both 
TeO2/Ag and ITO substrates. The performance of ITO decreased immediately after the first 

bending while the TeO2/Ag based device remained unharmed even after more than 100 
bending cycles.  
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Table 3 Extracted parameters of the OPV devices on PEN or glass for both ITO and 
TeO2/Ag electrodes corresponding to the JV curves shown in Figure 27b. 

Substrate Electrode 
n 

[a] 

Rs 

[Ω cm2][b] 

Rp 

[Ω cm2][c] 

Voc 

[V] 

Jsc 

[mA cm-2] 
FF 

PCE 

[%] 

Glass 
ITO 2.14 1.42 558.02 0.88 11.13 0.66 6.53 

TeO2/Ag 2.21 1.36 489.91 0.87 11.57 0.65 6.56 

PEN 
ITO 2.59 6.74 375.27 0.86 11.35 0.58 5.60 

TeO2/Ag 2.22 0.74 533.91 0.86 10.39 0.65 5.78 

Table 4 Extracted parameters of the ITO based PSC devices on PEN (showing the effect of 
the bending over the parameters) and glass. 

Bends n 
Rs 

[Ω cm2] 

Rp 

[Ω cm2] 

Voc 

[V] 

Jsc 

[mA cm-2] 
FF 

PCE 

[%] 

0 2.59 6.74 375.27 0.86 11.35 0.58 5.60 

1 3.23 6.11 213.32 0.81 11.41 0.49 4.53 

6 2.38 8.75 114.60 0.79 11.20 0.41 3.58 

21 2.29 23.90 85.60 0.76 9.78 0.34 2.54 

26 2.96 55.60 82.29 0.75 7.10 0.29 1.56 

36 0.91 90.06 36.07 0.66 5.84 0.27 1.04 

46 0.43 128.89 22.86 0.64 4.55 0.26 0.76 

Glass 2.14 1.42 558.02 0.88 11.13 0.66 6.53 

Table 5 Extracted parameters of the TeO2 (40 nm)/Ag (12 nm) based PSC devices on PEN 
(showing the effect of the bending over the parameters) and glass. 

Bends n 
Rs 

[Ω cm2] 

Rp 

[Ω cm2] 

Voc 

[V] 

Jsc 

[mA cm-2] 
FF 

PCE 

[%] 

0 2.21 0.75 508.28 0.86 10.33 0.64 5.70 

1 2.16 0.80 492.33 0.86 10.41 0.65 5.75 

6 2.23 0.71 550.74 0.86 10.33 0.65 5.75 

21 2.16 0.78 521.40 0.86 10.36 0.65 5.77 

31 2.17 0.77 528.69 0.86 10.37 0.65 5.77 

51 2.15 0.79 522.01 0.86 10.33 0.65 5.76 

71 2.18 0.81 521.13 0.86 10.37 0.65 5.76 

91 2.26 0.74 533.91 0.86 10.39 0.65 5.78 

111 2.18 0.80 520.06 0.86 10.41 0.65 5.76 

Glass 2.21 1.36 489.91 0.87 11.57 0.65 6.56 
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2.3.5 Quantum efficiency 

Although all materials are involved in the total absorption of an OPV, only 

the light absorbed by the active layer contributes to the current generation. Among 

other data, the use of TMM simulation allowed us to discriminate how much light 

is lost in reflection or absorption in other layers, providing an easy way to estimate 

the absorption occurred within the BHJ. In Figure 32a, the experimental EQE and 

the simulated absorption in the BHJ are plotted together. The extraordinary 

similarity between measured EQE and modeled absorption curves is a good 

testimony of the validity of the optical model.  

 

Figure 32 a) Fraction of the total incident light absorbed in the active layer (PIDT-
PhanQ:PC71BM), calculated by TMM and b) Experimental EQE of devices on ITO and 

TeO2/Ag (12 nm). In both cases the thickness of TeO2 varies from 10 to 70 nm. 
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Although in principle the TeO2 film should not really affect the behavior of 

the cell because the Ag-Ag microcavity remains unchanged, the EQE data revealed 

that the resonant conditions in the microcavity could be affected by changing the 

TeO2 thickness. Since multiple layers are involved in a PSC device, it requires a 

delicate balance between their dimensions to allow proper charge formation and 

transport, while keeping the transparent electrode with optimal transmittance and 

sheet resistance. As an external element with no specific role in the electrical 

dynamics of the cell, the TeO2 film can be freely modified to facilitate light 

absorption to fully explore the potential of the system without affecting the 

operation of other elements in the cell.  

2.3.6 Conclusions of section 2.3 

In conclusion, enhanced light trapping and conductivity could be achieved 

by combining high refractive index TeO2 with thin Ag film as hybrid transparent 

UTMF electrode. As a result, OPVs with performance higher than those with ITO 

electrode on both glass (PCETeO2/Ag = 6.6 %, PCEITO = 6.5 %) and plastic 

(PCETeO2/Ag = 5.8%, PCEITO = 5.6%) substrates could be achieved. The flexible 

devices on PEN/TeO2/Ag also showed excellent bending stability compared to 

devices made from the ITO electrode. The EQE of these cells could be easily tuned 

by simply changing the thickness of the TeO2 film, offering the possibility of 

further optimizing light absorption without affecting the electrical attributes of 

nanometric OPV devices. 
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2.4 High-Performance Semi-Transparent OPVs with Transparent 

Cathode Architecture [100] 

 

Semi-transparent organic photovoltaic cells (STOPVs), an extension of 

OPVs which utilize transparent conductive materials as both electrodes, offer an 

extensive spectrum of applications such as power-generating windows for buildings 

and automobiles, foldable solar curtains, and other aesthetic architectural uses. 

Furthermore, the capability of converting incident light to electric power shows the 

potential of STOPVs in the field of efficient energy conservation. 

When compared to small-molecule based STOPVs produced by vapor 

deposition or silicon-based STPVs [101], the development of solution processed 

polymer-based STOPVs is lagging due to the absence of efficient donor polymers 

and electrodes with proper transparency. STOPVs require more sophisticated 

materials and refined device engineering to simultaneously optimize both PCE and 

device transmittance, which are often contradictory to each other. In addition, for 

STOPVs to have practical solar window applications, good transparency perception 

(at least ≥ 20%) and color rendering properties are required under regular scene 

illumination [102]. To date, the state-of-the-art polymer-based STOPVs have either 

relatively low performance (≤ 3%) or unsatisfactory average visible transmittance 

(AVT) and color purity [32, 103-106]. Therefore, there is a strong need to develop 

suitable polymer materials and novel device configurations to achieve improved 

PCE and transmittance for practical applications.  

In order for a device to have high PCE and transmittance, in addition to 

proper color rendering index, it is critical to utilize appropriate thin BHJ layers 

that can efficiently harvest the proper spectrum of light and electrodes with high 

transmittance and electrical conductivity. Until now, the frequently reported 

STOPVs still use a rather thick (at least 100 nm) P3HT:PC61BM based BHJ layer. 

The dominant absorption of P3HT is located in the yellow-green wavelength region 



73 | P a g e  

CIO - GPOM 

 

(500 ∼ 600 nm) where human eyes have the highest sensitivity, therefore leading to 

poor color perception and rendering properties [74, 105-109]. The optimal materials 

for solar window applications should have ample light absorption outside of regions 

where human eyes are the most sensitive; at the same time allowing transmittance 

of visible light extensively. As a result, polymers with a band-gap smaller than 

P3HT have become viable options for STOPVs [106]. Although these STOPVs 

show improved transparency perception for the human eye, the derived devices still 

exhibit only moderate PCEs of < 3% [32, 106]. Therefore, the search for proper 

materials still remains a significant challenge to achieve highly efficient polymer-

based STOPV with suitable transparency and color perception [110].  

In this study, highly efficient STOPVs were fabricated by synergistically 

combining an ultra-thin BHJ layer and a semitransparent electrode enabled by 

depositing thin silver Ag metal on top of a solution processed interfacial layer (C70-

bis). The efficient high-performance polymer PIDT-PhanQ (Figure 24) with 

dominant absorption beyond the orange-red wavelength region (> 600 nm), have 

shown high PCEs of over 6% in BHJ devices derived from this polymer with 

PC71BM [14, 66, 96]. After simulation and optical modeling (Figure 33 a–c) of 

numerous device configurations, it was found that the thickness of the PIDT-

PhanQ:PC71BM BHJ layer could be further reduced to retain similar light-

harvesting ability when Ag was used instead of Ca/Al as cathode.  

2.4.1 Device Fabrication  

The cleaning of substrates (glass/ITO) and device preparation was made 

using the same procedure followed in section 2.3.1 for ITO based devices but 

reducing the Ag anode thickness. Ca (30 nm) and Al (100 nm) or Ag (10 to 100 

nm) were thermally evaporated under high vacuum (< 2×10-6 Torr) to serve as the 

cathode. The rate of Ag evaporation for STOPVs was 2 Å/s. 



74 | P a g e  

J.F. Salinas 2013  

 

2.4.2 Experimental results 

 

Figure 33 (a) The optical simulation of current density versus active layer thickness under 
different cathode configuration. Simulated field intensity profile |E|2 normalized with respect to 
incoming field intensity at normal incidence as a function of wavelength for devices with (b) 
surfactant/Ag and (c) Ca/Al cathode configuration. (d) Device configuration of ultra-thin 

STOPVs. 
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The combination of surfactant and ultra-thin Ag as the hybrid cathode 

enhances the light absorption in the BHJ layer and improves the transmittance of 

the devices simultaneously as shown in Figure 33 a-c and Figure 34. Ag is chosen 

as the thin metal top electrode due to its intrinsically long skin-depth, which allows 

more photons to pass through the metallic layer, as shown in Figure 34 [76, 111-

113]. In addition, it also improves the environmental stability of devices compared 

to the previously used Ca/Al cathode. This combination of material selection and 

device engineering facilitates the fabrication of STOPVs with good performance of 

5.1% with a corresponding average visible transmittance (AVT) of ≈ 25%. 

Moreover, these devices also possess good color perception that is close to white 

light [74, 108, 109, 114]. 

 

Figure 34 Simulated distribution profile for the optical field intensities in STOPVs, 
determined at wavelengths of 400, 550, and 700 nm. The layout of conventional structure is 

ITO (120 nm)/PEDOT:PSS (40 nm)/Active Layer (50 nm)/Ca (30 nm)/Al (100 nm), Ag (100 
nm), and Surfactant (10 nm)/Ag (100 nm). 
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Even though transparent thin metal electrodes have been extensively 

exploited in organic optoelectronics [87, 95, 115-117], high resistance arising from 

electron scattering caused by discontinuous surface morphology of thin metal is 

still a known issue which severely limits device performance [87, 115, 118, 119]. 

Although numerous methods have been tried to alleviate this problem, such as the 

use of metal/Ag bilayer or metal in conjunction with metal oxides, it remains a big 

challenge to obtain a smooth Ag thin film with high optical transmittance and 

conductivity [87, 115, 117].  

When depositing Ag on glass substrate, clusters tend to form during the thin 

film growth state which leads to rough surface and island-like discontinuous 

morphologies as illustrated in Figure 35 a) and b). These rough islands are 

unfavorable for charge transport and efficient charge extraction. Nevertheless, the 

morphology of evaporated ultra-thin Ag on surfactant-coated substrate is very 

smooth, as depicted in Figure 35 c) and d). This indicates that the fullerene-

containing surfactant functions as a molecular seed layer that improves the thin 

film formation of Ag. This enhances the lateral film growth compared to the 

growth on bare glass substrate, especially when the thickness of the film is less 

than 20 nm [87, 95, 103, 104, 115, 116, 118-120]. The resulting Ag film on 

surfactant-coated surface shows much lower sheet resistance and better 

transparency in the visible spectrum, as summarized in Table 6. 
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Figure 35 AFM images (5×5μm2) and surface profile (50 nm to -50 nm) of 10 nm thin Ag on 
(a) glass and (c) surfactant-treated glass, and 20 nm thin Ag on (b) glass and (d) surfactant-

coated glass. 

Table 6 The summarized photovoltaic parameters and average visible-light transmittance 
(AVT) of the conventional and semi-transparent devices. 

Cathode Structure 
Voc 

(V) 
Jsc (mA/cm2) 

FF 

(%) 

PCE 

(%) 

Rp 

(Ω·cm2) 

Rs 

(Ω·cm2) 

AVT 

(%) [a] 

Conventional Structure        

Ca(30nm)/Al(100m) 0.85 10.83 65 6.12 1008.00 11.14 <0.05 

Ag(100nm) 0.75 11.01 56 4.62 403.20 9.24 <0.05 

Surfactant/Ag(100nm) 0.87 11.78 64 6.56 775.38 6.24 <0.05 

Semi-transparent Structure        

Surfactant /Ag(10nm) 0.79 5.77 57 2.60 1120.00 24.59 30.18 

Surfactant /Ag(20nm) 0.84 7.98 63 4.22 1008.00 9.14 31.71 

Surfactant /Ag(30nm) 0.84 9.99 61 5.10 775.38 8.61 24.35 

Surfactant /Ag(50nm) 0.85 10.69 62 5.63 775.38 7.75 13.03 
[a] Visible light wavelength ranging from 380 to 740nm. 
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The original AVT of the thin Ag with a thickness of 50, 30, 20, and 10 nm 

on glass is 18, 40, 41, and 66%, respectively. By using the fullerene surfactant/Ag 

hybrid electrode (Figure 36), the AVT can be improved to 21, 44, 61, and 60%, 

respectively. The hybrid electrode has all the attributes needed to function as a 

novel efficient transparent cathode configuration, as can be seen from the better 

optical management, more effective electron collection, and seeding (nucleation) 

properties [5, 97]. 

 

Figure 36 Transmittance of Ag films with different thickness over glass (hollow) and 
surfactant-treated glass (solid). 

According to our optical model (Figure 33 a), a thin (∼ 50 nm) of PIDT-

PhanQ/PC71BM BHJ layer will have a similar light absorbing capability as a 

thicker one (∼ 90 nm) if Ag, a more reflective material, is used to replace Ca/Al on 

top of fullerene surfactant. Three kinds of devices with different cathode 

configurations were fabricated to verify the superior light-harvesting property 

predicted. The detailed device characteristics including Voc, Jsc, FF, and PCE are 

summarized in Table 6. The devices using Ag as cathode exhibited higher Jsc (11.01 

and 11.78 mA/cm2) than the one using Ca/Al (Jsc = 10.83 mA/cm2). Since the 

fullerene surfactant can tune the work function of metals [97], the device with a 

surfactant/Ag cathode retains higher Voc (0.87 V) and FF (64%) than the one 

using only Ag as cathode (Voc = 0.75 V; FF = 56%). These results demonstrate 

the feasibility of combining the thin BHJ layer (∼ 50 nm) of PIDTPhanQ:PC71BM 
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and surfactant/Ag hybrid electrode to fabricate high-efficiency STOPVs. To test 

this hypothesis, devices employing the surfactant/Ag hybrid electrode with 

gradually decreased Ag thickness (from 50 to 10 nm) were fabricated. The control 

device with 100 nm thick Ag cathode was totally opaque as expected. The JV 

characteristics and the relevant parameters of devices are shown in Figure 37 a) 

and summarized in Table 6. These devices were able to preserve high Voc and FF 

(Voc = 0.84–0.85 V; FF = 61–63%) if the fullerene surfactant and thin Ag (20–50 

nm) were used.  

The decrease of Voc and FF in these devices could be attributed to the 

increased resistivity of the thin Ag electrodes in these semi-transparent cells [76, 

112, 113]. The series resistance (Rs) and the parallel or shunt resistance (Rp) are 

estimated from the slopes of the J–V curves at the points where V = 0 and V = 

Voc. As shown in Table 6 and Table 7, both the sheet resistance (R□ ) and series 

resistance (Rs) of the devices increase as the Ag thickness decreases, especially for 

the 10 nm Ag thickness. As expected, the R□  and Rs of devices with a 10 nm thick 

Ag cathode increased to 92.33 Ω/□  and 24.59 Ω·cm2, respectively. Subsequently, 

the Voc and FF decreased to 0.79 V and 57%. As the thickness of the Ag was 

increased from 20 to 50 nm, the R□  and Rs ranged from 7.15 to 1.7 Ω/□  and 9.14 

to 7.75 Ω·cm2, respectively. This improved resistance remarkably reduced the loss 

of Voc and FF. 

Meanwhile, there was a slight decrease in Jsc (7.98–10.69 mA/cm2) compared 

to the control device. The decreased Jsc of these STOPVs can be attributed to the 

reduced reflectivity of the thin semi-transparent hybrid cathode and the lower light 

intensity within the active layer, as shown in Figure 38. The optical field 

distribution shown in Figure 38 clearly illustrates the tradeoff between absorption 

and transmittance. Despite the loss of current density in the thinner cathode 

device, the ultra-thin PIDT-PhanQ:PC71BM BHJ layer could still provide a 

reasonable Jsc of 7.98 and 9.99 mA/cm2 for devices with 20 and 30 nm Ag used for 

hybrid cathode. 
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Figure 37 (a) JV curves and (b) EQE spectra of the traditional/semi-transparent devices 
made with various thickness of Ag as the cathodes measured under illumination (simulated 

AM1.5G) at 100mWcm-2. (c) The transmission spectra of the corresponding STOPVs, (inset) 
examples of the appearance of objects when looking through our STOPV devices. (d) The 

performance of the corresponding STOPVs versus AVT with several important representative 
results reported in the literature. 

Table 7 Sheet resistance (R□ ) of thin Ag films on different substrates. 

Thickness (nm) 

R□ (Ω/□) 

on glass[a] on surfactant-treated glass on complete device 

10 O.F 92.33 15.03[b] 

20 O.F 7.15 4.80 

30 O.F 4.20 3.14 

50 1.89 1.70 1.65 
[a] O.F: Overflow; [b]This value might contribute from ITO. 
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Figure 38 Simulated distribution profiles for the optical field intensities in the studied 
STOPVs, determined at wavelengths of 400, 550, and 700 nm. The layout of conventional 
structure is ITO (120 nm)/PEDOT:PSS (40 nm)/Active Layer (50 nm)/Ag (10 to 100 nm). 

By taking advantage of the high transmittance hybrid cathode, highly 

efficient STOPVs had been successfully demonstrated. The Jsc of these devices were 

confirmed by measuring their EQE (Figure 37 b). Notably, after taking into 

account the different absorption in the active layer, based on the optical simulator, 

the calculated IQE of the studied STOPVs are all quite similar as shown in Figure 

39. It verifies that parasitic absorption in the metal and the reflections toward the 

light source do not influence the IQE. The combined results from EQE and IQE 

spectra proved that the design of the cathode is crucial for balancing the 

(a) 

(b) 

(c) 
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absorption and transmittance trade-off in STOPVs. These results also confirmed 

the advantages of using surfactant/Ag cathodes to simultaneously improve electron 

extraction and optical field redistribution within the devices. 

 

Figure 39 Calculated internal quantum efficiency (IQE) of the studied STOPVs. 

The transmission spectra of these STOPVs are presented in Figure 37 c. The 

AVT of the devices with 50, 30, 20, and 10 nm hybrid cathodes are 13.03 %, 24.35 

%, 31.71 %, and 30.18%, respectively. This shows that the transparency of the 

hybrid cathode compensates for the lower absorption in the active layer, leading to 

overall moderate device transmittance. Interestingly, the device with the thinner 

hybrid cathode (10 nm Ag) showed an even lower AVT than the one with 20 nm 

Ag. This may be caused by the similar remnant scattering effect observed in the 10 

nm bare Ag surface shown in Figure 36 [114, 117].  

The two photos shown in the Figure 40 were taken through the STOPVs 

studied in this paper. These photos show high resolution and good color-purity 

(PCE = 4.2%, AVT ≈ 32%) based on the transparent surfactant/20 nm Ag hybrid 

cathode and thin BHJ layer. To evaluate the transparency perception of the above 

STOPVs in human eyes, the tristimulus value (X,Y,Z) and the color coordinates 

(x,y) were calculated from the transmission spectra while the incident light source 

was replaced with the AM 1.5 spectrum. The color coordinates of the studied 
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STOPVs with different thickness of Ag on CIE 1931 chromaticity diagram are 

illustrated in Figure 40. The corresponding coordinates of the devices derived from 

10, 20, 30, and 50 nm hybrid cathode are (0.336, 0.343), (0.359, 0.355), (0.353, 

0.350), and (0.341, 0.342), respectively. All these STOPVs showed very nice 

transparency color perception that is close to white light (0.33, 0.33). 

 

Figure 40 (Top) The representation of color coordinate of the studied STOPVs with different 
thickness of Ag on CIE 1931 xyY chromaticity diagram. (Bottom) The enlarged color space of 
the relevant part of the CIE 1931 xyY diagram. All STOPVs are folded with an AM1.5 solar 
spectrum to calculate the color characteristics. Inset in between: Two digital photographs 

taken through the semitransparent OPVs incorporating a 20-nm-thick Ag layer. 

2.4.3 Conclusions of section 2.4 

In summary, we have demonstrated a novel polymer-based STOPV by 

incorporating an ultra-thin BHJ layer (≈ 50 nm) based on a blend of PIDT-PhanQ 

with superior light-harvesting abilities and PC71BM along with highly transparent 
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hybrid cathode based on a solution-processed interfacial layer and ultra-thin Ag 

films. These polymer-based STOPVs exhibited good PCE and AVT with neutral 

color perception close to that of white light. This result shows great promise for 

polymer-based STOPVs for solar windows in future green buildings.  
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2.5 Semi-transparent polymer solar cells based on PBDTTT-C-T 

and analysis of window application [110] 

 

The feasibility of realizing semi-transparent device structures shows promise 

for their use in novel applications. Semi-transparent OPV cells are important 

building blocks for multijunction or tandem devices, which comprise 

semitransparent front sub-cells stacked with back sub-cells that have a 

complementary spectral response which acts to enhance sunlight harnessing and 

device performance. For this purpose, a major amount of the studies on STOPVs 

have been devoted to the development of transparent electrodes [74, 105, 109, 121-

123] as a key step toward the realization of high efficiency tandem organic solar 

cells. Moreover, STOPVs have been identified as promising candidates for power-

generating window applications because they can be integrated with conventional 

transparent elements such as building and automobile glasses. Building integration 

is particularly interesting since buildings have large surface areas for harnessing 

sunlight and have been recognized as one of the major energy consumers and 

carbon emitters. Therefore, generating clean energy on site from buildings with 

integrated low-cost photovoltaics could potentially reduce the expense of energy 

and mitigate the pollution on an appreciable scale. 

Though colored windows are useful for aesthetic and decorative purposes, 

windows with limited chromatic alternations of the light source are generally 

preferred. They allow a natural color spectrum for environments in which the 

quality of the illumination is important. The fast development of novel organic 

photovoltaic materials [124, 125] over the past years can be leveraged in realizing 

highly efficient STOPV cells with desirable optical effects. However, systematic 

study and optimization of the optical properties of STOPVs for window integration 

are scarce and have just started to be performed. 
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Ameri et al. [106] suggested that STOPVs based on poly[2,6-(4,4-bis-(2-

ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] 

(PCPDTBT) and a [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) blend can 

provide a more natural transparency color perception than the solar cells based on 

a P3HT:PC71BM blend. Colsmann et al. [32] demonstrated that STOPVs based on 

the blend of PC71BM and poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-]silole)-2,6-

diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT) are suitable candidates for 

window applications due to the remarkable transparency color perception and color 

rendering capacity afforded by the transmitted light. However, further 

breakthroughs, especially in the performance of STOPVs, rely on the use of more 

advanced materials and conscious optical engineering. 

In this study we developed high-performance STOPVs in the inverted 

structure comprising blends of PBDTTT-C-T (Figure 41) [15], which is a low 

bandgap polymer based on thieno[3,4-b]thiophene (TT) and benzo[1,2-b:4,5-

b’]dithiophene (BDT) alternating units with PC71BM, as the active material. By 

tuning the thickness of the reflective metal electrode, the power conversion 

efficiency (PCE) of the semi-transparent devices ranges from 7.56% to 4.25% with 

the corresponding transparency ranging from 2% to 36%. The transmitted light of 

these devices under the air mass 1.5 global (AM1.5G) illumination also exhibits 

extraordinary transparency color perceptions and rendering capacities, favoring the 

use of PBDTTT-CT:PC71BM based semi-transparent solar cells for real-life window 

applications.  
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Figure 41 Device architecture of inverted cells and the chemical structures of the active 
materials PBDTTT-C-T and PC71BM and the self-assembled molecule C60-SAM. 

2.5.1 Device fabrication 

In this work, we have fabricated semi-transparent inverted devices based on 

PBDTTT-C-T and PC71BM as active materials to explore their potential for 

window applications. The inverted architecture is known to have several 

advantages over the conventional architecture such as improved stability and 

compatibility with roll-to-roll processes [126, 127]. The layout of the device 

architecture is shown in Figure 41. The fabrication processes of the STOPV cells 

are described as follows. PBDTTT-C-T (10 mg/ml) and PC71BM (15 mg/ml) were 

dissolved in dichlorobenzene solution with 3 vol.% of 1,8-diiodooctane (DIO) as the 

solvent additive. Pre-cleaned ITO coated glass substrates (see section 2.3.1.1) are 

sequentially spin-coated with ZnO sol–gel, a C60 based self-assembled monolayer 

(C60-SAM, Figure 41), and the PBDTTT-C-T:PC71BM active layer. Finally, MoO3 

(5 nm) and the Ag anode with variable thickness (tAg= 0–60 nm) are thermally 

evaporated through patterned masks, defining the nominal area of the devices to be 

10.08 mm2. 
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2.5.2 Experimental results 

The inverted STOPV cells exhibit a grayish or neutral color appearance due 

to the complementary and balanced absorption from the PBDTTT-C-T polymer 

and PC71BM over the visible spectrum. Figure 42a demonstrates the transmission 

spectra of the solar cells with varying Ag thickness (open symbols) obtained via 

UV-Vis-NIR spectroscopy. The transmission curve of an Ag electrode free sample 

(tAg = 0 nm) is also taken for comparison. The average visible transmittance 

(AVT), or the average of the transmittance of the solar cells in the visible region 

(370–740 nm), of the semi-transparent devices are presented in Table 8. As the 

thickness of the reflective Ag electrode varies from 6 nm to 60 nm, the AVT can be 

tuned accordingly from ≈ 35.9% to ≈ 2.0%, showing the flexibility of transparency 

management through electrode thickness control. Though the required 

transparency for windows depends on the working environment, it is generally 

considered that an AVT of 25% is the benchmark for window applications [128]. In 

addition, we also show that the AVT of the device without Ag (tAg = 0 nm) is 

around 50%. Figure 42b and c demonstrate viewing through the STOPV devices of 

different transparencies. 
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Figure 42 (a) Transmission spectrum of the STOPVs from optical modeling (closed symbols) 
and the real devices (open symbols). (b and c) Photographs of a pink rose taken with exactly 
the same camera settings (shutter, aperture, white balance, etc.) on a sunny day. Photograph 
(c) was taken through semi-transparent devices with the six different Ag thicknesses and blank 

ITO and glass substrates. 

Table 8 Optical properties of the semitransparent devices. 

Ag thickness (nm) AVT 

(%) 

HPT 

(%) 

CIE 1931 

(x,y) 

CCT 

(K) 

|Δuv| General 

CRI 

60 2.0 1.4 (0.2650, 0.2617) 15894 3.90×10-3 94.8 

30 10.6 9.5 (0.2917, 0.3010) 8390 3.98×10-5 96.7 

18 21.3 21.1 (0.3091, 0.3227) 6764 1.76×10-3 97.3 

12 27.9 28.9 (0.3187, 0.3351) 6156 3.34×10-3 96.8 

6 35.9 37.3 (0.3225, 0.3442) 5943 6.11×10-3 96.3 

0 48.7 51.3 (0.3323, 0.3478) 5507 3.44×10-3 98.0 
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Device JV measurements were performed under a nitrogen atmosphere with 

simulated AM1.5 global solar irradiation at 1 Sun intensity (100 mW/cm2), and 

the EQE was recorded with a lock-in-amplifier under chopped monochromatic 

illumination in an ambient environment. Figure 43 and Figure 44 show the JV 

curves and the external quantum efficiencies (EQE) of the semi-transparent 

PBDTTT-CT:PC71BM devices with different tAg values, respectively. The sheet 

resistance (R□) of thin Ag electrodes is characterized using four-point probe 

measurements on independent samples of Ag films with the same thickness of 

devices deposited on a 50 nm layer of MoO3 on glass substrates. Thin Ag films on 

the MoO3 substrates have shown R□ values comparable to those of common ITO 

substrates. A summary of device characteristics can be found in Table 9. 

 

Figure 43 J-V characteristics of the semitransparent devices with different thicknesses of the 
silver metal electrode under AM1.5G illumination at 100 mW/cm2. 



91 | P a g e  

CIO - GPOM 

 

 

Figure 44 External quantum efficiency of the STOPVs. 

Table 9 Electrical characteristics of the semitransparent solar cells. 

Ag 

thickness 

(nm) 

Voc 

(V) 

Jsc 

(mA cm-2) 

FF PCE 

(%) 

Rs 

(Ω cm2) 

Rp 

(Ω cm2) 

R☐ 
(Ω/☐) 

60a 0.77 

(0.76)b 

12.13 

(12.21) 

0.61 

(0.57) 

5.69 

(5.34) 

6.4 540.4 1.1 

60 0.77 (0.76) 15.64 

(15.09) 

0.64 

(0.63) 

7.56 

(7.21) 

5.4 540.4 1.1 

30 0.76 (0.76) 14.54 

(14.37) 

0.64 

(0.62) 

7.05 

(6.84) 

5.7 766.5 3.4 

18 0.76 (0.76) 13.01 

(12.99) 

0.63 

(0.62) 

6.22 

(6.10) 

6.4 740.0 8.3 

12 0.76 (0.76) 11.94 

(11.75) 

0.62 

(0.62) 

5.62 

(5.50) 

6.4 547.7 12.3 

6 0.75 (0.75) 9.33 (9.25) 0.61 

(0.61) 

4.25 

(4.19) 

9.2 668.4 8.8×108 

a Device without C60-SAM modification at the ZnO/active layer interface. 
b Numbers in parentheses indicate the average values. 

The least transparent STOPV device (tAg = 60 nm, AVT = 2%) shows 

excellent device performance (Jsc = 15.64 mA/cm
2, PCE = 7.56%), comparable to 

the inverted device based on PBDTTT-C-T:PC71BM reported by Li et al [129]. 

High performance STOPVs are obtained by optimizing the interfacial property of 
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the devices [130, 131]. We found that the modification of the ZnO/active layer 

interface with the C60-SAM is crucial in our case for optimal device performance. 

Devices without SAM modification at the ZnO/active layer interface are found to 

be significantly less efficient; about 20% lower PCE is observed for the device (tAg 

= 60 nm) without the C60-SAM modification as shown in Table 9. The C60-SAM 

has been shown to improve the electron extraction at the interface [126, 132].  

The performance of the solar cells is plotted against the AVT and displayed 

in Figure 45. It can be observed that the AVT and the device performance oppose 

each other nearly linearly, which clearly shows the tradeoff between the 

transparency and photon collection. The performance of several representative 

STOPVs [32, 104-106] reported earlier is also displayed in Figure 45 for 

comparison. Note the semi-transparent devices based on PBDTTT-C-T:PC71BM 

show significantly improved performance compared to other STOPVs with similar 

transparencies. Furthermore, the devices with tAg = 12 and 18 nm are particularly 

attractive among the data points since they have presented very practical AVTs 

between 21% and 28% with excellent PCEs of 6.2% to 5.6%. 

2.5.3 Optical perception by the human eye 

The visual appearances of the semi-transparent solar cells perceived by 

human eyes are also key properties in determining their suitability for applications. 

Due to the spectrally dependent response of the human eyes, the human perception 

of color and transparency may vary from the experimental values acquired from 

the machine. For example, the human perception of transmittance (HPT) of semi-

transparent solar cells based on P3HT:PC71BM is distinctly lower than its AVT 

[106]. Therefore, we analyze the effect of the response of the human eyes by 

calibrating the transmission spectra of the STOPVs with the human eye sensitivity 

(the y color-matching function) following the procedure reported by Ameri et al 

[106]. The analysis shows only small differences between the HPT and AVT of our 

STOPV devices as summarized in Table 8, which can be attributed to the balanced 

absorption of the PBDTTT-C-T:PC71BM blend over the visible range as revealed 
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in the transmission spectra. The trivial difference between the AVT and HPT 

suggest that our STOPV cells act similarly to neutral density filters, which is ideal 

for window applications. 

 

Figure 45 Experimental (blue markers) and simulated (black line) relationships between the 
power conversion efficiency and the transparency of the semitransparent devices. 

Representative semi-transparent OPV devices reported earlier are also displayed for 
comparison (red markers). 

The transparency color perceptions of the STOPVs are depicted using the 

CIE 1931 chromaticity diagram (xyY), which is specifically designed to represent 

the colors perceptible to the human eyes. The transmitted light is represented by 

the product of the AM1.5G solar spectrum and the transmission spectrum of each 

semi-transparent device, and the corresponding color coordinates CIE 1931 (x,y) 

are summarized in Table 8. The representation of the color coordinates of the 

STOPVs are also displayed in the CIE 1931 chromaticity diagram in Figure 46. 

The color coordinates of the STOPV devices with thin Ag electrodes (tAg = 30 nm) 

are located in the low colorfulness area in the CIE chromaticity diagram, indicating 

good achromatic or neutral color sensations when looking through the devices 

under AM1.5G illumination. The transmitted light through the device with tAg = 

12 nm and tAg = 18 nm show color coordinates particularly close to the standard 

daylight illuminant D65 (xD65, yD65) = (0.3128, 0.3290) at (xAg12, yAg12) = (0.3187, 

0.3351) and (xAg18, yAg18) = (0.3091, 0.3227), respectively, capable of providing 

extremely high quality illumination with achromatic sensation. The color 
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coordinates move in the direction of the blue corner of the CIE chromaticity 

diagram as the Ag electrode gets thicker, but overall the color coordinates of the 

STOPVs suggest transparency color perceptions of neutral colors from the 

transmitted light with very little color bias caused by the PBDTTT-C-T:PC71BM 

based semi-transparent solar cells, which is also illustrated in Figure 42c where the 

background colors (pink flower and green leaves) were only slightly altered by the 

semi-transparent devices. 

 

Figure 46 Representation of the color coordinates of the STOPV devices with different 
thickness of Ag electrode under AM1.5G illumination on the CIE chromaticity diagram xyY 
(1931) and the enlarged image. The color coordinates representation of D65 standard daylight 

illuminant and AM1.5G illumination are also presented. 
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2.5.4 Color rendering capacity 

To this point we have demonstrated that the transmitted lights of semi-

transparent BDTTT-C-T:PC71BM OPV devices under AM1.5G illumination are 

good metamers, or dissimilar spectral distributions that produce the same color 

sensation, to nearly white light illuminants. However, white light illuminants do 

not necessarily provide appropriate color rendering capacities. Therefore, we 

further evaluate the color rendering indices (CRIs) of the transmitted light of the 

STOPV cells. 

Transforming the CIE 1931 (x,y) coordinates of the devices to the UCS CIE 

1960 (u,v) color space, the new coordinates are displayed in Figure 47. The CCTs 

of the points and their corresponding distances to the Planckian locus (∆R?) are 
calculated from the UCS coordinates and summarized in Table 8. Notably, all 

points are very close to the Planckian locus with all |∆R?| less than 0.05, indicating 
the transmitted light of all devices are all close to those of blackbody radiators. 

 

Figure 47 Planckian locus and the UCS coordinates CIE 1960 (u,v) of the semi-transparent 
STOPV devices. The gray dots represent the nearest Planckian radiators. 
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Before applying the test sample method, the transmission spectrum of any of 

the semitransparent devices was folded first with the AM1.5 spectrum, using the 

resultant spectrum as illuminant for the color samples TCS01-08. The general CRIs 

of the transmitted light of all the STOPVs are listed in Table 8, the special CRIs 

are listed in Table 10. 

Table 10 Special color rendering indices (CRIs) of the transmitted light of the STOPV devices 
under AM1.5G illumination. 

 0 nm 6 nm 12 nm 18 nm 30 nm 60 nm 

CRI TCS01 97.7 96.2 96.3 97.5 97.9 97.6 

CRI TCS02 98.7 97.6 97.6 97.8 96.8 94.8 

CRI TCS03 99.5 99.3 98.9 98.3 96.0 91.2 

CRI TCS04 98.2 97.1 97.1 97.7 96.6 93.0 

CRI TCS05 98.1 96.7 96.9 98.0 98.4 98.2 

CRI TCS06 98.8 97.5 97.5 97.6 96.5 94.5 

CRI TCS07 98.1 97.9 97.2 97.2 96.2 93.7 

CRI TCS08 95.1 93.9 93.1 94.6 95.5 95.6 

 

The CRIs of all our functional devices are close to 100. To the best of our 

knowledge, these are the highest general CRI values ever reported for STOPVs. 

The UCS points of a representative semi-transparent OPV device (tAg = 12 nm), 

the nearest Planckian locus point, and the color samples under both the tested and 

the reference illumination are plotted in Figure 48. As implied by the excellent 

general CRIs, the color point corresponding to the STOPV cell is almost 

superimposed on the nearest point on the Planckian locus. Similarly, the 

corresponding sample color points under both kinds of illuminations are nearly 

superimposed, clearly demonstrating the exceptional color rendering properties of 

this system. 
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Figure 48 Determination of the color rendering index of the semi-transparent STOPV device 
with 12 nm Ag electrode. The central green triangle represents the transmitted light of the 

PBDTTT-C-T:PC71BM STOPV solar cell under AM1.5G illumination. The surrounding green 
dots correspond to the TCS01–08 illuminated by the transmitted light of the STOPV cell 

under AM1.5G illumination. The red dots represent the TCS01–08 illuminated by the reference 
Standard Illuminant D of CCT = 6156 K. 

2.5.5 Optical simulations 

In order to investigate and exploit the full potential of this system, 

particularly concerning the limitation of transparency imposed on the highest 

achievable efficiency, optical simulations of the STOPV cells were performed. The 

optical model comprises 120 nm of ITO, following by 33 nm of sol–gel ZnO, 90 nm 

of the PBDTTT-C-T:PC71BM (1:1.5 w/w) active layer, 5 nm of MoO3, and finally 

an Ag layer with variable thickness. The electric field intensity profiles of two 

representative STOPVs (tAg = 12 nm and 60 nm) can be visualized in Figure 49.  
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Figure 49 Simulations for the electric field intensity profile in the studied semi-transparent 
OPV devices with 12 nm (top figure) and 60 nm (bottom figure) of Ag electrode. 

A higher intensity of electric field distributed in the device with a thicker Ag 

electrode is observed, as expected, due to less transmitted photon loss. From the 

electric field distributions, simulated transmission curves of the STOPVs are 

derived and compared with the experimental curves in Figure 42. We note that the 

simulated curves are in exceptionally good agreement with the experimental curves, 

confirming the validity of the model. 

For the devices with 12 nm and 60 nm Ag electrodes exciton generation 

rates are presented in Figure 50. It can be observed that the excitons are generated 

efficiently over the visible regime, which explains the effectiveness of photocurrent 

generation from the PBDTTT-C-T:PC71BM system. 
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Figure 50 Simulations of exciton generation rate in the studied STOPV devices with 12 nm 
(top figure) and 60 nm (bottom figure) of Ag electrode. 

Figure 51 plots the exciton generation rate against the continuous change of 

tAg (0–100 nm). The trend indicates that the generation rate is fairly sensitive to 

the change of tAg when tAg is small starting with a close to linear increment as Ag 

begins to build up, doubles at tAg ≈ 25 nm, and finally reaches a plateau when tAg 

> 65 nm. The monotonic enhancement of generation rate upon the application of 

the reflective electrode in the PBDTTT-CT:PC71BM inverted cell explains the 

effectiveness of tuning the transparency through control of the thickness of the 

metal electrode.  
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Figure 51 Dependence of the exciton generation rate to the thickness of the Ag electrode from 
optical modeling (blue curve). The dependence of the average visible-light transmittance (AVT, 
black curve) and human perception of transmittance (HPT, red curve) of devices simulated 

from the optical model at various Ag thicknesses are also displayed. 

Interestingly, the observation is very different from the simulation of semi-

transparent inverted P3HT:PC71BM device performed by Ameri et al. [106], where 

applying a 100 nm opaque reflective electrode to the device only results in 

relatively mild enhancement of the generation rate (Nph as presented by Ameri et 

al.). We attribute the difference between the two systems to the optical effect of 

the hole-transporting layer. By replacing the 5 nm MoO3 in the optical model with 

100 nm PEDOT:PSS as used in the P3HT:PC71BM inverted solar cell, we observed 

that the difference of generation rate between devices with and without the 100 nm 

Ag electrode becomes insignificant (data not shown). Figure 51 also shows the 

simulations of AVT and HPT at various Ag thicknesses. Again, the figure reveals 

that HPT is almost identical to AVT at every thickness of Ag. 

From the simulation, we can also estimate the relationship between the 

highest achievable PCE and transparency by using 	QU�#<<%, Voc = 0.76, and FF = 
0.63. The calculation establishes a nearly linear relationship between the highest 

achievable PCE and the AVT (Figure 45), which fits the experimental data almost 

quantitatively. This relationship makes it possible to build devices with predictable 

performance and transparency. The success of the optical simulations in portraying 
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the behavior of the PBDTTT-C-T:PC71BM system indicates their usefulness in 

designing or engineering future STOPV systems. 

2.5.6 Conclusions of section 2.5 

We have demonstrated high efficiency semi-transparent OPV cells with 

significantly improved performance compared to other STOPVs of similar 

transparency. The STOPV devices under AM1.5 illumination provide close to 

white or achromatic transparency color perceptions, especially for the devices with 

thin Ag electrodes (tAg = 30 nm). The transmitted light from the STOPVs further 

demonstrates extraordinary transparency color rendering capacities with the 

highest CRIs (> 96) ever reported for semi-transparent OPV devices. These 

combined advantages prove that inverted STOPVs based on the PBDTTT-C-

T:PC71BM blend can provide high quality transmitted light that is suitable for 

window applications. We have also established that the TMM optical model 

combined with the test sample method can accurately portrays the optical 

behaviors of STOPV systems. 
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2.6 Experimental results using a recently adquired glove-box system with 

integrated thermal evaporator at the CIO laboratories, México 

 

As the only member in the group with experience using glove box systems 

and thermal evaporators due to my research stay at the University of Washington, 

I was in charge of setting up a recently acquired glove box with integrated thermal 

evaporator in order to enable it for the manufacture of OPVs. Since every thermal 

evaporator behaves slightly different depending on the geometry, the type of 

sources, the evaporation boats, etc., this section refers to unpublished data derived 

from experiments performed at the CIO laboratories as long as observations 

regarding the requirements for getting well performed devices using this particular 

evaporator. 

Figure 52 shows some of the JV curves I got in some of our former 

experiments with this evaporator. Several conditions were attempted such as using 

several thicknesses of the active layer, changing the thickness of the film between 

the active layer and the metallic top-contact, letting the system to make vacuum 

overnight in order to reach a lower pressure and using both architectures (inverted 

and conventional) in order to discard degradation as a factor involved in a poor 

performance. All cases were characterized by high series resistance and low parallel 

resistance, both cases undesirable for the performance of the devices. This behavior 

is commonly observed in cells where there is abundance of defects and the films, 

despite not shorted, are partially penetrated by the surrounding layers. 

Experiments evaporating the metallic top-contact at different speeds resulted in 

totally shorted devices when a relatively high deposition speed (1-2 Å/s) is used to 

deposit the film immediately over the BHJ (such as MoO3, Ca or Al). The JV 

curves showed in Figure 52 corresponds to devices prepared by using only 0.1 Å/s. 

This result suggested that the evaporation process can potentially perforate the 

active layer, producing as consequence, devices with low performance. 
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Figure 52 Former experiments. The inverted solar cells were prepared following the structure 
ITO/ZnO nanoparticles/P3HT:PCBM/MoO3/Ag. Conventional solar cells were prepared 

following ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al. 

As a proof of concept, inverted devices using the configuration ITO/ZnO 

nanoparticles/P3HT:PCBM/PEDOT:PSS/Ag were prepared. In this case the 

PEDOT:PSS film is applied by spin coating, therefore there is no risk of 

perforating the BHJ during the deposition of the HTL. The Ag film was applied at 

a speed of 0.04 Å/s during the first 10 nm and after that a speed of 2 Å/s is used 

to get a final Ag thickness of 120 nm. As it can be observed in Figure 53, the fill 

factor and the current density dramatically increased with respect to the cases in 

Figure 52 supporting the idea that the low efficiency was consequence of partially 

shorted devices. It should be mentioned that the P3HT:PCBM surface is very 

hydrophobic, making nearly impossible to deposit, by spin coating, water based 

solutions like PEDOT:PSS. In order to prepare the devices, a diluted solution of 

PEDOT:PSS/Butanol/Isopropil alcohol (1/2/2) was used. This solution was 

deposited on top of the P3HT:PCBM forming a very thin film with good results. 

On top of that, a film of pure PEDOT:PSS was spin coated to get the desired 

thickness. Despite our efforts, the thickness of PEDOT:PSS was still not uniform 

and the thickness of the films were not reproducible, so an accurate control of the 
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device performance using PEDOT:PSS on top of the BHJ was impossible. 

Regardless of the limitation, this experiment confirmed that the deposition of the 

charge transport layer on top of the BHJ is critical in order to increase the FF, 

therefore, this film should be deposited under very controlled conditions in order to 

avoid any damage to the BHJ film. 
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Figure 53 Inverted cell prepared by applying PEDOT:PSS as HTL and Ag at a low speed 

rate (0.04 Å/s) to avoid damages to the organic film.  

A new type of evaporation boat was employed in order to avoid damages to 

the organic film during the evaporation process. These evaporation boats were 

closed, ensuring the source material is always hidden from the cells substrates. This 

way we guarantee that the only material deposited on the cells is the vapor coming 

from the material and not chunks expelled due to the high temperature. The cells 

prepared for this experiment, both conventional and inverted using P3HT:PC71BM, 

were optimized using the optical simulator, getting ideal thicknesses of 198 nm for 

the inverted case and 215 nm for conventional one. Since no big variation in the 

calculated current density was observed according to the simulator, a thickness of 

210 nm was used for both architectures. Deposition rates of 0.1 Å/s were used for 

both MoO3 and Ca. In this experiment the Voc and Jsc behaved as expected for this 
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organic blend (Figure 54) according to the reported in literature [58], the FF was 

slightly low (0.45) indicating that penetration of MoO3 and Ca in the BHJ could 

still be present to certain degree, nevertheless the overall good performance (PCE 

= 3.02%), the reproducibility of the results (all manufactures devices worked and 

observed a similar behavior) and the high Voc and Jsc values suggested that the 

penetration problem was mostly solved by using the closed boats. On the other 

hand, the high reproducibility and efficiency of the devices for a blend whose 

standard reported efficiency is around 4% [58], established that the evaporator is 

currently in good condition for the manufacture of reasonable well performed OPV 

devices in a laboratory scale. 
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Figure 54 JV curves of conventional and inverted cells prepared by using closed evaporation 

boats. 
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3.  |   Conclusions and future work 

Despite particular conclusions are presented by the end of each project 

discussed, herein some of the most important conclusions of this thesis are 

summarized. 

1. Wood’s metal alloy used as cathode permits an economical, easy and fast 

way to manufacture OPV cells under environmental conditions without the 

need of high vacuum chambers or any specialized equipment like the one 

used to apply aluminum, for this reason it can be used for express testing of 

new promising organic materials. In this work the performance of boronate 

derivatives M1 and M2, and the polymer MEH–PPV in OPVs devices was 

tested using this approach. EQE measurements demonstrated that the 

proposed boronates behaves as electron donor when used in blend with 

MEH-PPV and PC61BM. Voc ≈ 600 mV and Jsc as high as 3.1 mA/cm2 under 

solar (AM1.5) illumination were measured for MEH–PPV:M1:PC61BM 

based samples. Measurements of FF from the J–V curves, under Xe lamp 

illumination, allowed estimating the electrical efficiencies under solar 

illumination up to 0.8%.  

2. The photovoltaic performance of OPVs cells based on the polymer blend 

P3HT:PC61BM (1:2 wt. ratio) tested for both conventional and inverted 

architectures by using Wood´s metal and silver paint as cathode and anode 

respectively using a totally free vacuum steps process was found to be very 

acceptable in comparison with previous reports of devices based on the same 

polymer blend. The electrical performance of OPV cells fabricated with 
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Wood’s metal was Voc = 528 mV, Jsc = 7.35 mA/cm2 and FF = 0.45 with 

an efficiency PCE = 1.8 % while with silver paint Voc = 530 mV, Jsc = 9.64 

mA/cm2, FF = 0.42 and PCE = 2.19% was achieved. We associate the 

higher efficiency got for the inverted cell to the better stability associated 

with this architecture. Our results also indicated that, while thermal 

evaporation can cause severe damage to the organic films, Wood’s metal and 

silver paint are friendly with the organic films. 

3. Enhanced light trapping and conductivity were achieved by combining high 

refractive index TeO2 with a thin Ag film as hybrid transparent UTMF 

electrode on PIDT-PhanQ:PC71BM based devices. As a result, OPVs with 

performance higher than those with ITO electrode on both glass 

(PCETeO2/Ag = 6.6 %, PCEITO = 6.5 %) and plastic (PCETeO2/Ag = 5.8%, 

PCEITO = 5.6%) substrates were achieved. The flexible devices on 

PEN/TeO2/Ag also showed excellent bending stability compared to devices 

made from ITO electrode. The EQE of these cells could be easily tuned by 

simply changing the thickness of the TeO2 film, offering the possibility of 

further optimizing light absorption without affecting the electrical attributes 

of nanometric OPV devices. 

4. A novel polymer-based STOPV was demonstrated by incorporating an 

ultra-thin BHJ layer (∼ 50 nm) based on a blend of PIDT-PhanQ:PC71BM 

along with highly transparent hybrid cathode based on a solution-processed 

interfacial layer and ultra-thin Ag films. These polymer-based STOPVs 

exhibited good PCE and AVT (5.1% and 24.35% respectively for a 30 nm 

Ag film) with neutral color perception close to that of white light. This 

result shows great promise for polymer-based STOPVs for solar windows in 

future green buildings. 

5. We have demonstrated high efficiency semi-transparent OPV cells with 

significantly improved performance compared to other STOPVs of similar 

transparency. The STOPV devices under AM1.5 illumination provide close 

to white or achromatic transparency color perceptions, especially for the 

devices with thin Ag electrodes (tAg = 30 nm). The transmitted light from 
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the STOPVs further demonstrates extraordinary transparency color 

rendering capacities with the highest CRIs (> 96) ever reported for semi-

transparent OPV devices. These combined advantages prove that inverted 

STOPVs based on the PBDTTT-C-T:PC71BM blend can provide high 

quality transmitted light that is suitable for window applications. We have 

also established that the TMM optical model combined with the test sample 

method can accurately portrays the optical behaviors of STOPV systems. 

 

Future work: An interesting aspect of the cell simulator developed during 

this thesis is the fact that it can be continuously extended to represent new aspects 

of the solar cell behavior, as an example, incorporating models for the drift and 

diffusion of carriers with bimolecular recombination and field dependent generation 

mechanisms [133], the description can be extended to portray not only the current 

density but the complete electrical behavior of the cells, allowing to directly 

calculate power conversion efficiencies from the model. 

Regarding STOPVs, since in this thesis the analysis method using CRI 

indexes was successfully tested, the calculation process can be reversed in order to 

theoretically predict conditions for the development of devices with good color 

rendering and average transparency. As an example, the simulator is currently 

capable to simultaneously vary the thickness of several layers in order to better 

control the color rendering of the cell. For vividly colorful polymers like P3HT, the 

neutral semitransparent devices develop by this technique would experience a loss 

in current since thinner active layers must be used to ensure a reasonably average 

transparency. A tradeoff between transparency and efficiency would be required for 

this type of devices. Preliminary results on this field show that the color rendering 

of devices based on the TeO2/Ag substrate can be tailored more efficiently that 

devices based on ITO substrate. In this way the ultrathin silver electrode developed 

in this thesis as substitute for ITO can be exploited for the development of new 

sorts of semitransparent devices employing common organic blends. 
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Tandem solar cells are devices where the absorptions of two complementary 

materials are employed to extend the photoactive range of the cell. In order to 

maximize the efficiency, the tandem cell can be seen as two coupled optical cavities 

that should appropriately be in resonance in order to maximize the internal electric 

field. Since both cells are connected in series, the current density produced by both 

devices must be equal in order to avoid one device to hinder the performance of the 

other. Since optical simulation is capable to estimate the photon absorption and 

because an EQE measurement coupled to the optical simulation can be used to 

determine the real current density of a particular polymer blend, our software can 

be used as a tool for the design of tandem devices with optimized coupled cavities 

and equal current densities. This way the development of tandem devices of 

superior performance is easily achievable using the software as a guideline for the 

design of devices. 
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4.  |   Appendix 

This appendix is intended to describe with a little more detail the method 

employed to calculate the electric field within the solar devices. The whole theory 

required to perform the calculations was already described in chapter 1. Herein, the 

discussion topics will be more closely related to the algorithms than the theory 

itself. All calculations were performed using Matlab. 

The system is defined by the stack of materials, a list of thicknesses, the 

spectrum of the illuminant employed to test the cell, a range of wavelengths and a 

parameter indicating which film is the BHJ, in this way: 

layers={'Air' 'substrate' 'material1' 'material2' ... 'materialn' 'Air'}; 
thick=[10 1000000 120 33 ... 40 10]; %in nm 
illuminant=xlsread('PowerSimulator.xls'); 
lambda=300:1:900; 
activefilm=4; %in this case 'material2' 

 

Since the calculations consider only light traveling perpendicular to the 

interfaces, an incidence angle is not required. A library with the complex refractive 

index (� = ���� + �����) of all materials in steps of 1 nm is used. Each material 

name ('substrate', 'materialn', etc.) identifies only one material in the library 

and stores the refractive index in the optical range. Two air films (refractive index � = 1 for the whole optical range) are added to account for reflections at the first 
and last interface; the thickness of such films does not affect the calculations as 

long as it is not zero. The light is assumed to come from the left side. Also it is 

always assumed the second material will be some sort of substrate, so the 
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interference within it is incoherent. Matrices % and ( are calculated by means of 
functions: 

function I = Imatrix(n1,n2) 
r=(n1-n2)/(n1+n2); 
t=2*n1/(n1+n2); 
I=[1 r; r 1]/t; %eq (3) 
 
function L = Lmatrix(n,d,l) 
xi=2*pi*n*d*i/l; 
L=[exp(-xi) 0; 0 exp(xi)]; %eq (4) 

 

Where n1 and n2 in function Imatrix are the complex refractive index 

before and after the interface respectively. On the other hand n, d and l in 

function Lmatrix are the refractive index of the film, its thickness and the 

wavelength of the light in nm. The total reflection and transmission of the system 

(where n(m,l) stands for refractive index of film m at wavelength l) are 

calculated in this way: 

for l=1:length(lambda) 
   %Substrate 

S1=Imatrix(n(1,l),n(2,l)); %n(1,l) refractive index of air 
xi=2*pi*n(2,l)/lambda(l);  %n(2,l) refractive index of glass 
%Incoherent absorption of glass 

   Inc=[abs(exp(-1i*xi*thick(2)))^2 0; 0 abs(exp(1i*xi*thick(2)))^2]; 
 
      %Solar cell interfaces  
   S2=I_mat(n(2,l),n(3,l)); 
   for film=3:(length(thick)-1) 

S2=S2*Lmatrix(n(film,l),thick(film),lambda(l))*Imatrix(n(film,l),n(
film+1,l)); 
   end %eq (8) 
 
   %Fresnel coefficients, air-glass 
   r0m=S1(2,1)/S1(1,1); 
   t0m=1/S1(1,1); 
   rm0=-S1(1,2)/S1(1,1); 
   tm0=(S1(1,1)*S1(2,2)-S1(1,2)*S1(2,1))/S1(1,1); 
   %Air-glass intensity matrix 
   T1=[1 -abs(rm0)^2; abs(r0m)^2 abs(t0m*tm0)^2-
abs(r0m*rm0)^2]/abs(t0m)^2; %eq (25) 
 
   %Fresnel coefficients, solar cell 
   rmN=S2(2,1)/S2(1,1); 
   tmN=1/S2(1,1); 
   rNm=-S2(1,2)/S2(1,1); 
   tNm=(S2(1,1)*S2(2,2)-S2(1,2)*S2(2,1))/S2(1,1); 
   %Intensity transfer matrix of solar cell films 
   T2=[1 -abs(rNm)^2; abs(rmN)^2 abs(tmN*tNm)^2-
abs(rmN*rNm)^2]/abs(tmN)^2; %eq (25) 
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   %Total intensity matrix 
   T=T1*Inc*T2; 
   %Total reflectance and transmitance for wavelength “l” 
   Ref(l)=T(2,1)/T(1,1); %eq (27) 
   Tran(l)=1/T(1,1); %eq (28) 
end 
 

Now, in order to calculate the spectrograms of |E|2 normalized, first we 

calculate the effect of only the reflection and absorption of the substrate, which is 

done using intensity matrices (incoherent case). This can be done using the 

matrices T1 and Inc already calculated as is shown next for a wavelength l: 

Tglass=T1*Inc; 
TranGlass(l)=(1/Tglass(1,1))*(real(n(2,l))/real(n(1,l))); %transmitance 
just before the right interface of the substrate 

 

Then, the field in the solar cell is calculated using amplitude matrices 

(coherent case). The field is calculated in positions called posX. 

interfX=cumsum(thick); %positions of the interfaces 
posX=(stepsize/2):stepsize:sum(thick); %positions to evaluate field 
layerX= 
sum(repmat(posX,length(t),1)>repmat(interfX',1,length(posX)),1)+1;  
%layer in which point posX is in 
for material = 3:length(thick)  

xi=2*pi*n(material,l)/range(l); 
      dj=thick(material); 
      pointF=find(layerX == material); %indexes of points in the current 
film 
      x=posX(pointF)-interfX(material-1); %distances to previous 
interface 
      Sprime=Imatrix(n(2,l),n(3,l)); 
      for film=3:material-1 

Sprime=Sprime*Lmatrix(n(film,l),thick(film),lambda(l))*Imatri
x(n(film,l),n(film+1,l)); %eq (15) 

      end 
      for film=material+1:length(t) 
       Sdoubleprime=Sdoubleprime*Imatrix(n(film-
1,l),n(film,l))*Lmatrix(n(film,l),thick(film),lambda(l)); %eq (16) 
      end 
      % Normalized |E|2  profile      
E(pointF,l)=(Sdoubleprime(1,1)*exp(-1i*xi*(dj-
x))+Sdoubleprime(2,1)*exp(1i*xi*(dj-
x)))./(Sprime(1,1)*Sdoubleprime(1,1)*exp(-
1i*xi*dj)+Sprime(1,2)*Sdoubleprime(2,1)*exp(1i*xi*dj)); %eq (24) 
end 

 
This process should be repeated for all wavelengths (done by another for 

l=1:length(lambda) cycle) to get the E amplitude in the whole optical range and 

in all positions of the cell. Squaring the amplitude, spectrograms like Figure 26 are 

obtained. Finally the energy dissipated at the BHJ considering the spectrum of the 
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illuminant and the absorption and reflection by the substrate is calculated as 

follows: 

% Absorption coefficient of each film 
a=zeros(length(t),length(lambda)); 
for film=3:length(thick) 
     a(film,:)=4*pi*imag(n(film,:))./(lambda*1e-7); 
end 

 
%energy dissipated in BHJ combining eq (31) and (32). 
pointsBHJ=find(layerX == activefilm); 
Q=repmat(a(activefilm,:).*(real(n(activefilm,:))./real(n(2,:))).*illumina
nt.*TranGlass,length(pointsBHJ),1).*(abs(E(pointsBHJ,:)).^2); 
 

while the number of photogenerated charges (like shown in Figure 50) is expressed 

as: 

exiton=(Q*1e-3).*repmat(lambda*1e-9,length(pointsBHJ),1)/(h*c); 

where h is the Planck constant and c is the speed of light. 
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