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Abstract

The performance of a Dye-Sensitized Solar Module (DSSM) of active area 175.12 cm2 has 

been investigated at a tropical climate area at co-ordinates 35.81* East, 1.28* South. 

Investigation of the DSSM’s performance parameters; short circuit current density (yjc), 

open circuit voltage (T*), fill factor (FF) and solar-to-electricity conversion efficiency (q) 

has been carried out under different values of air mass (AM), irradiance intensities, and the 

DSSM’s surface temperature. As AM increased from I to 1.09, K* reduced linearly by 

2.05% from 8.31 V to 8.14 V. Jx  also reduced linearly but by 26.06%, from

I. 04x10° Acm': to 7.69x1 O'4 Acm'2. FF increased linearly by 19.05% from 0.51 to 0.63, 

while r\ increased by 27.68% from 1.77% to 2.26% as AM increased from 1 to 1.04, and 

then reduced to 1.27% at AM\.05, followed by an increase of 1.06% at AM 1.08 before 

increasing to 1.19% at AM  1.09. The good response of the DSSM to short wavelength 

radiation made it perform well at increased AM values as compared to what is reported of 

Amorphous Silicon (a-Si) photovoltaic (PV) devices.

As irradiance intensity increased from 653 Wm'2 to 805 Wm 2, Voc increased linearly by

II. 94% from 7.12 V to 8.07 V. Jsc also increased linearly, but by 64.41% from 

5.92xI04 Acm'2 to 9.66xl0'4 Acm'2 as irradiance intensity increased from 653 Wm'2 to 

997 Wm'2. FF decreased linearly by 20.55% from 0.73 to 0.58 as irradiance intensity 

increased from 653 Wm'2 to 1095.7 Wm'2, while rj increased linearly by 5.74% from 

4.70% to 4.90% as irradiance intensity increased from 653 Wm'2 to 747 Wm'2. The DSSM 

performed better compared to what is reported of a-Si PV devices under irradiancc- 

dependence. From temperature-dependence studies, Voc decreased linearly by 41.22% 

from 9.80 V to 5.76 V as the DSSM’s surface temperature increased from 31.6*C to 

43.8°C. Jsc also decreased linearly but by 3.26% from 7.98x1 O'4 Acm'2 to 7.92x10'4 Acm‘ 

while FF and rj linearly increased and decreased by 14.04% from 0.57 to 0.65 and by 33.50 

% from 5.95 % to 3.95 % respectively as the DSSM’s surface temperature increased from 

31.6°C to 43.8°C. Better performance for the DSSM was observed compared to what is 

reported of a-Si PV devices.

The DSSM’s overall performance was found to be better than what is reported of a-Si PV 

devices under the limiting conditions of AM, irradiance intensity and device surface 

temperature. The results are useful in respect of PV sizing, especially in the area of 

Building Integrated Photovoltaics (BIPV) in Kenya and the tropics.
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CHAPTER ONE 

INTRODUCTION

1.1 Renewable Energy

The need to switch to the use of renewable energy is ever increasing world over. Fossil 

fuel reserves that have been depended upon to provide the world’s energy needs are 

rapidly diminishing [Leng, 2005; Aleklett, 2007; Murray and King, 2012]. This decline 

has led to volatility in energy prices [Timmer, 2012], fanned by the high costs of fossil 

fuel exploration and mining [Leng, 2005]. The sensitive geopolitical issues experienced 

by countries with fossil fuel reserves [Hahn, et ai, 2007], e.g., national security and 

conflicts, have further compounded the grim situation. The ensuing escalations in 

energy costs have denied many people access to energy, with those at the bottom of the 

economic pyramid being the most affected [Barnes and Toman, 2006].

The over-reliance upon fossil fuels by the world [Heymann, 2011] is associated with 

environmental effects such as upturns in acid rains, greenhouse gases and the depletion 

of the ozone layer [Dincar, 2003]. Upsurge in greenhouse gases is in turn linked to 

environmental impacts, like global warming [Intergovernmental Panel on Climate 

Change (1PCC), 2007; International Energy Agency (IEA), 2007]. These impacts have 

adversely affected life on earth [Muoghalu, 2003], with frequent occurrences of floods 

and droughts that destroy ecosystems and life on earth. Adoption of energy sources that 

are alternative to fossil fuels is therefore imperative. Renewable energy sources offer the 

most sustainable way forward [Bard, 2012].

Renewable energy sources include biomass, geothermal, tidal or wave power, water 

cycle or hydro, wind as well as solar radiation. They are a result of the earth’s inherent 

heat, gravitational perturbations by the moon and sun, and solar radiation [Kuhbrodt, et



al., 2006]. The most abundant and fairly distributed of these is solar radiation. About 

3.9xl024 joules of solar energy reach the earth annually [Quaschning, 2005]. Apart from 

being abundant in supply, solar energy can, through the solar thermal conversion 

pathway, be used to produce heat for direct use or for further conversion to electricity 

[Lewis and Crabtree, 2007]. It can also yield chemical fuel through natural 

photosynthesis in green plants or through artificial photosynthesis in human-engineered 

systems. Solar energy can also be converted directly to electricity through the solar 

photovoltaic (PV) conversion pathway by exciting electrons in a solar cell. The PV 

conversion pathway is the most espoused [Rabah, et al., 1999].

Though prices of PV systems are currently still high [Bakas, 2011], investing in solar PV 

assures free energy after a reasonable payback period. This makes electricity from solar 

PV both cost effective and economical in the long run [Krugmann, 2011]. Solar PV is 

also environmentally friendly [Gunerhan, et al., 2009], and can be availed even to the 

remotest parts of the world. This is due to the minimal incidences of wear and tear of 

solar PV systems [Whitney, 2010], as they do not comprise of heavy moving parts. 

Generating electricity from the sun’s radiation through the PV conversion pathway docs 

not interfere with people’s ways of life, because solar PV systems can be integrated in 

existing structures like houses -  thus not requiring additional land where they can be 

installed. Displacement of populations, which is a norm during fossil fuel exploration 

and exploitation and during the development of hydro and geothermal sources of 

electricity, does not happen with PV electricity generation. The PV conversion pathway 

also provides an opportunity for individuals, households, communities and nations to 

redeem their ecological footprints. These considerations make solar PV a socially, 

politically, economically, environmentally and culturally (SPEEC) attractive method of 

enhancing access to electricity for all.
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1.2 Reducing the cost of solar PV electricity

Reduction in the prices of solar PV modules has been pursued through two strategies. 

The first has been the high efficiency strategy [Torcellini, et al., 2006]. Fabrication costs 

for conventional silicon PV modules are high, which calls for high solar cell efficiencies 

[Saga, 2010]. Solar cell efficiencies can however only be increased to a certain extent, 

mainly through re-inventing manufacturing methods, developing new materials and 

through informed device engineering [American Society of Mechanical Engineers 

(ASME), 2010].

However, as solar PV technologies keep maturing, it becomes increasingly expensive to 

raise their efficiencies further [Kalowekamo and Baker, 2009]. In fact, it reaches a 

certain point when corresponding increases in cell efficiency may not adequately cover 

PV cells’ total fabrication costs. This has been the case with silicon solar cells. 

Reduction in the costs for such cells can therefore be practical only through economies 

of scale. Alternative technologies have nonetheless opened up ways of attaining 

significantly higher solar cell efficiencies. They include tandem or multi-junction cells 

and concentrating systems [Hancman, 2006]. High efficiency PV conversion principles 

like multiple electron-hole pair cells, multi-band and impurity cells [Green, 2001] have 

also been explored. Solar cells based on these technologies are however expensive to 

fabricate [Yastrebova, 2007] and still remain at theoretical levels.

The second strategy in reducing the prices of solar PV modules has been the low 

fabrication-cost strategy. It is not practical to achieve high solar cell efficiencies if their 

resultant performance/price ratio will not guarantee sustainable energy supply. The 

attention accorded to research in thin films [Mwabora, 1999; Wronski, et al, 2002; 

Naghavi, et al., 2003; Saga, 2010; Aliyu, et al., 2012; Chun, 2012], among others, has 

been inspired by this strategy. Silicon solar cell materials have been vastly studied under
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this strategy both at thin film and wafer levels. Studies on a-Si PV devices, which 

currently dominate most PV markets due to their affordability, have however reported 

mixed performance under varying air mass (AM) values [King, et al., 2000; Ugwoke, 

2012], irradiance intensities [Hishikawa and Okamoto, 1994; Katrine, 2008; Ghoneim, et 

al., 2011; Ugwoke, 2012], and module surface temperatures [Carlson, 1977; Carlson, et 

al., 2000; Meneses-Rodriguez, et al., 2005; Katrine, 2008; Katherine, 2010]; with 

reduced performance under these limiting weather conditions dominating the findings.

While silicon solar panels are assembled from individual cells processed from about 100 

cm" silicon wafers [Antoniadis, 2011], thin film semiconductor materials can be 

deposited onto large surfaces [Ling and Bao, 2004]. This is beneficial for mass 

production. Thin films from the direct band gap group III/IV semiconductor materials 

have been preferred in thin film development as compared to silicon. This is because 

group III/IV semiconductor materials have a much higher absorption coefficient than 

silicon, and therefore, less than 1 pm thick semiconductor layers arc required, which is 

100 to 1000 times less than what would be required of silicon [Halme, 2002]. The cost 

of group III/IV semiconductor materials is however prohibitive.

Reduction in the cost of solar cells can, therefore, be practically achieved through using 

cheaper fabrication materials [Simiyu, 2010] and making advances in solar cell 

technologies [Yu, et al., 2012; Qingjiang, et al., 2012]. This is one of the reasons why 

research in Dye-Sensitized Solar Cells (DSSCs) has been extensive [Nwanya, et al., 

2011], with promising advances involving local materials being reported [Ozuomba, et 

al., 2011]. Apart from using cheaper fabrication materials, DSSCs also promise cheaper 

electricity because they can be fabricated under less stringent conditions compared to 

silicon-based solar cells [O’Regan and Gratzel, 1991]. Despite these accolades in respect
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of the DSSC technology, its adaptation to the field operating weather conditions in 

developing countries like Kenya has been wanting.

1.3 Photovoltaics in Kenya

Kenya receives a large amount of solar radiation, estimated at 4.5 kWh per square metre 

per day [Ministry of Energy (MOE), 2010]. This is because of its location within the 15° 

north and 15° south parallel bands around the earth, where the greatest amount of solar 

energy is found [Rabah, et. al., 1995]. It is therefore an ideal candidate for solar energy 

utilization. Sadly, solar PV accounts for only 0.32% of the overall amount of electricity 

used in Kenya [Kenya Institute of Public Policy Research (KIPPRA), 2010]. Kenya is 

however reported to be one of the best solar PV users in Africa [GTZ, 2009a; World 

Bank, 2010]; which demonstrates how solar PV has inadequately penetrated Africa.

Kenya’s electricity demand growth rate is estimated at 6-10% per year [Kenya 

Electricity Generating Company (KenGen), 2010]. As the country moves towards 

becoming a middle income economy by the year 2030, solar PV can play a pivotal role if 

Vision 2030 [Kenya. Ministry of Planning and National Development, Kenya. National 

Economic and Social Council, 2007] flagship projects like the Konza City 

[http://www.konzacity.co.ke, 2012] can embrace solar energy utilization, and help move 

the country towards Net Zero Energy (NZE) status. The history of solar PV in Kenya 

dates back to the late 1970s [Duke, et al., 2002], punctuated by a remarkable increase in 

solar PV uptake that has been linked by some experts to increased sales to institutions 

[Kenya Institute of Public Policy Research (KIPPRA), 2010].

Other experts have however credited the Solar Home Systems (SHSs) segment as the 

major driver of Kenya’s solar PV market [Martinot, et al., 2000; Jacobsen, 2004; Bailis, 

et al., 2006; GTZ, 2009b]. In both cases, however, the cost factor has played a critical
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role in influencing uptake [Duke, et al., 2002]. Amorphous silicon (a-Si) PV modules 

have therefore been preferred in Kenya due to their affordability [Karekezi and 

Kithyoma, 2003]. Low performance has however been reported about a-Si modules 

[Duke, et. al., 2002]. These concerns have a tendency of choking solar PV penetration 

[Charron and Athienitis, 2006]. They therefore have the potential of negatively 

influencing solar PV uptake in Kenya in spite of the existence of increased opportunities 

through sectors like housing, agriculture, community systems and hybrid power sources 

in isolated mini-grids [Carlo, 2008; GTZ, 2009c; GTZ, 2009b].

Since affordability and performance are fundamental in inspiring solar PV uptake, DSSC 

PV devices stand a very good chance of taking up a large share of the solar PV 

opportunities that exist in Kenya. This is because DSSCs arc cheaper source of electrical 

power compared to their silicon-based counterparts [O’Regan and Gratzel, 1991] and 

have been reported to perform well under limiting weather conditions [Gavin, 2011]. 

Considerable research work spanning over a decade has been going on in Kenya on 

DSSC technologies. Studies on Anthocyanin sensitized 7702 photoelectrochemical solar 

cells have been carried out [Simiyu, 2010] and 7702 DSSCs with a hole transport 

material investigated [Ogacho, 2010]. Effects of the concentration of dopant states in the 

photo-activity in Niobium (Nb) doped 7702 are currently being investigated [Ajuoga, 

2009]. Theoretical approaches to the temperature effect on the mobility and transport of 

photo-injected electrons in DSSCs have been considered [Kahuthu, 2009; Olwendo, 

2008].

DSSCs fabricated from obliquely DC sputtered 7702 films have also been investigated

[Waita, 2008] and the effects of nitration on pressed 7702 photoelectrodes for DSSCs

studied [Wafula, 2006]. Elsewhere in Tropical Africa, dye from local banana leaves has

been used to fabricate DSSCs [Ozuomba, et al., 2011]. DSSCs from these studies and
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many others carried out around the world have neither been characterized under the field 

operating weather conditions in the tropics nor a comparison of their performance with 

what is reported of a-Si PV devices carried out. The focus on a-Si PV devices besides 

dye sensitized PV devices in this study is because a-Si PV devices are reported to be 

preferred by the Kenyan PV market [Karekezi and Kithyoma, 2003].

1.4 Problem Statement

Enormous research work has been carried out on DSSCs in Kenya, in the tropics and 

world over. The work attests to DSSCs’ vast merits, and enhances their chances of 

taking up large portions of the solar PV market in Kenya. Performances of the already 

fabricated DSSCs, including those from which the DSSMs that are currently on the PV 

market have not been investigated under the field operating weather conditions in 

Kenya. This has links to the nonexistence of DSSMs in the field of solar PV applications 

in Kenya despite the DSSC technology’s relevance to the country.

1.5 Rationale and Significance of the Study

The need to move to NZE status in Kenya is beckoning. Conscious of Kenya’s 

ecological footprint, especially as it embarks on extracting the recently found oil and 

coal deposits, adopting green energy is imperative. Increased use of solar PV will be 

helpful in this endeavour. However, the high costs of crystalline silicon (c-Si) PV 

modules and the performance concerns of the a-Si PV modules available on the Kenyan 

PV market choke solar PV electricity penetration in the country. DSSCs’ potentially 

inexpensive manufacturing technologies promise cheaper solar PV electricity.

This gives DSSCs an exceptional chance of taking up a large portion of the solar PV 

market in Kenya, and presents an opportunity to increase solar PV penetration. 

Investigating the DSSM’s open circuit voltage ( V(K), (7JC), fill factor (FF)and efficiency
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(rj) under the field operating weather conditions in Kenya and comparing the results with 

what is reported of a-Si PV modules will provide scientific information necessary to 

ascertain the effectiveness of the two technologies in respect of the operating weather 

conditions in Kenya. It will also provide critical scientific knowledge significant for both 

the fabrication and field application of DSSCs and a-Si PV devices for use in Kenya.

1.6 Objectives of the Study

This study seeks to investigate how a DSSM performs under the field operating weather 

conditions in Nairobi, Kenya, and to compare it with what is reported of a-Si modules 

under similar operating weather conditions.

The specific objectives are:

1. To study the effect of irradiance intensity on the performance parameters of a DSSM 

operating under the weather conditions of Nairobi, Kenya. These performance 

parameters are: Jsc, Voc, FF and tj,

2. To study the effect of temperature on the photoelectric conversion of a DSSM 

operating under the field weather conditions of Nairobi, Kenya, and

3. To compare the performance of the DSSM in in respect of objectives (1) and (2) 

above with what is reported of a-Si modules operating under similar operating 

weather conditions.
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1
Hr (2.2)

w h e r e  k and T represent the Boltzmann constant and the absolute temperature
respectively.

E q u a tio n  (2.1) computes the probability that a given energy level, E will be occupied 

w h e n  the absolute temperature is T and the Fermi energy (or Fermi level) is £>. The 

I- e rm i energy is the highest energy level occupied when temperature is zero. The energy 

( E ) in the exponential factor in equation (2.1) shows how the band gap is very important 

in  semiconductor theory. When temperature is increased from zero, more atoms get into 

excited states [Clement and Quinnel, 1952], which describes the temperature- 

dependence of resistivity of semiconductors. Only those electrons with sufficient energy 

to  jump from the valence band (VB) into the conduction band (CB) are available to 

participate in the conduction process of the semiconductor. When electrons move into 

the CB, they leave behind vacancies in the VB. These vacancies are called holes. They 

represent the absence of negative charges and are thought of as positive charges. During 

conduction, electrons move in a direction opposite to the applied electric field while 

holes move in the direction of the electric field [Masters, 2004].

Fine-tuning intrinsic semiconductors (semiconductors with a net balance in the number 

of electrons in the CB and holes in the VB) through doping improves their conductivity 

[Millman and Halkins, 1972]. Doping a semiconductor with an impurity element with 

more electrons in its outermost shell than those in the host semiconductor, e.g., doping 

Si with Arsenic (As) creates a negative-type (w-type) semiconductor. Doping a 

semiconductor with an impurity element with fewer electrons in the outermost shell than 

those in the host semiconductor, e.g., doping Si with Boron (B) creates a positive-type 

(p-type) semiconductor [Neaman, 1997].
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* 1  e p-n Junction Diode

1 tie  p-n junction diode consists of two harmonized regions of a /7-type and an n-type 

rm aterial, separated by a region of depletion, which is assumed to be thin. The depletion 

re g io n  forms instantaneously across the p-n junction. The p-type material is usually 

cdoped with an acceptor impurity, like B, which results in the presence of holes as the 

dominant or majority carriers. Similarly, doping of Si with a donor impurity, like 

Phosphorus (P) or As creates an n-type material, where electrons are the majority 

carriers. Aluminium (Al) contacts are normally preferred to provide access to the 

/^-terminal and ^-terminal of the abrupt or step junction because they provide a low- 

transition potential between the semiconductor and the metal [Berkeley, 2003]. The 

principal characteristic of a p-n junction diode is that it allows current to flow easily in 

one direction but not at all in the other [Shockley, 1949].

A one-dimensional simplification of the p-n junction, illustrated in figure 3.1, helps in 

understanding the p-n junction diode behaviour. A large carrier concentration gradient 

results at the boundary when the p -type and w-type materials are brought together. The 

electron concentration changes from a high value in the w-type material to a very small 

value in the /7-type material. The converse happens for the hole concentration. This 

gradient causes electrons to diffuse from the n-region to the /7-region and holes from the 

p-region to the /i-region. When the holes migrate from the /7-type material, they leave 

behind immobile acceptor ions, which are negatively charged. Consequently, the/7-type 

material is negatively charged in the vicinity of the /7-n-boundary [Masters, 2004].



A

Figure 2.1: A one-dimensional representation of the p-n junction.

Similarly, a positive charge builds up on the /7-side of the boundary as the diffusing 

electrons leave behind positively charged donor ions. The region at the junction, where 

the majority carriers have migrated from, leaving behind the fixed acceptor and donor 

ions, is called the depletion or space-charge region [Shockley, 1949]. The acceptor and 

donor charges create an electric field across junction the boundary, which is directed 

from the /7-region to the /7-region. This field counteracts the diffusion of holes and 

electrons, as it causes electrons to drift from the /7-rcgion to the /7-region and holes from 

the /7-region to the /7-region. Under equilibrium, the depletion charge sets up an electric 

field such that drift currents are equal and opposite of diffusion currents, resulting in a 

zero net current flow.

Figure 2.2 presents a plot of the current directions, the current density, the electric field 

and the electrostatic field of an abrupt p-n junction under zero-bias conditions. Every 

open p-n junction has a contact or built-in potential difference, V0 across it that maintains 

an equilibrium [Millman and Halkins, 1972; Neaman, 1997]. Built-in voltage is 

equivalent to the potential across the depletion region during thermal equilibrium. Since
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tfr-K^rm al equilibrium implies that £> is constant throughout the p-n diode, the built-in 

j-><3 tential equals the difference between the Fermi energies of the p -type and /i-type 

*~^aterials, divided by the electronic charge. It also equals the sum of the bulk potential of 

< rach  region since the bulk potential quantifies the distance between Ey and the intrinsic 

energy. Built-in potential is computed from the equation [Lundstrom, 1995]:

NaNd
Vo = ^ [ - ^ 2 ]

(2.3)

where V0, VT, NA, No and n, represent the built-in voltage, thermal voltage, acceptor, 

donor and intrinsic carrier concentrations in a pure semiconductor sample respectively.

Thermal voltage ( VT) in equation (2.3) is obtained from the equation [Berkeley, 2003]:

where Vt, k, T and q represent the thermal voltage, Boltzmann constant, the absolute 

temperature and the elementary charge (electron or hole), respectively.

Hote diffusion
Electron diffusion

Figure 2.2: Diagrammatic representation of the electrostatic variables of an abrupt p-n 
junction with the /7-side heavily doped compared to the w-side under equilibrium 
conditions [Berkeley, 2003].
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p re d a te d  to the built-in potential difference is the internal electric field, (Eu) that appears 

i*«^ross the junction plane [Halliday, et. al., 2009]:

xA'here Eot dV0 and dx represent the internal electric field across the junction, change in 

potential difference across the junction and the distance across the junction respectively.

This field exerts a force on the electrons that opposes their diffusion. Therefore, for an 

electron to move from the /7-rcgion to the //-region or vice versa, it must be sufficiently 

energetic to overcome the potential barrier (dVa). Although the electric field acts to 

retard the motion of these majority carriers, for minority carriers, it is usually a downhill 

drift. By thermal agitation however, an electron that is close to the junction plane can be 

raised from the VB to the CB of the /7-type material, so that it easily drifts across the 

junction plane, aided along by the electric field. Likewise, if a hole is created in the n- 

type material, it drifts across to the other side of the junction plane. These processes 

leave the depletion region free of charge carriers.

Applying a forward bias voltage (V?) to the junction, i.e., having the potential of the 

^-region raised in comparison to the /t-region, the potential barrier is lowered, leading to 

an increase in the flow of mobile carriers across the junction. The diffusion current then 

dominates the drift current. The mobile carriers navigate the depletion region and get 

injected into the /7-region and //-type region, where they become minority carriers. If no 

voltage gradient exists over the neutral regions, these minority carriers diffuse through 

the depletion region due to the concentration gradient until they recombine with majority 

carriers. This results in current flow through the diode from the /7-region to the /7-region, 

which depends exponentially on the applied bias voltage.
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r a y i n g  a reverse-bias voltage (F*) on the other hand raises the potential barrier. The

* « jl^ a l diode equation (2.6) [Shockley, 1949] predicts that the diode current (/*>) 

f^proaches negative saturation current for V »  VT.

'where /, /„ V, m and VT represent the total current produced by the PV device (from the 

electron and hole contributions), the saturation current, voltage across the terminals of 

the PV device, the ideality factor (=1 for ideal PV devices and ^ 1 for non-ideal PV 

devices) and the thermal voltage respectively.

In practical cases, current is evaluated as passing through a given cross sectional area 

(A), hence throughout the rest of this thesis, we will refer to current density (J ), which is 

determined by,

of the PV device respectively.

Voltage (potential difference) across the terminals of a p-n junction (V) is computed 

from the equation [Lundstorm, 1995]:

V = V° “  V* (2 .8 ) 

where V, V0 and represent the voltage across the terminals of the p-n junction, the 

contact or built in voltage and forward-bias voltage respectively.

From the law of the junctions (the number of electrons or holes crossing from the n-sidc 

to the /7-side or /7-side to the w-side respectively, increases exponentially as a function of 

the forward bias voltage (equations 3.9 and 3.10)), application of external voltage

( 2.6)

(2.7)

where J  and I represent the ideal current density and current flowing through an area A
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**-* creases  the number of electrons or holes crossing over the potential barrier to the 

f  side or the rt-side respectively by an exponential factor [Pota, 2004]:

np(o) = exp ( ^ )

P M  = exp (— )

(2.9)

(2.10)

■where pn(o), n,,(o), V, k and T represent the equilibrium electron densities on the 

/7-region, equilibrium hole densities on the n-region, voltage across the p-n junction, 

Boltzmann constant and the absolute or junction temperature respectively.

2 . Solar Cells

2.4.1 An Ideal Solar Cell

An ideal solar cell is modelled with a current source in parallel with a diode. Figure 2.3 

is the equivalent circuit of a practical solar cell. It shows the shunt and series resistances. 

Shunt resistances (/?,/,) are due to leakages of current across the p-n junction around the 

edge of the solar cell. Series resistances (Rs) arise from the bulk resistance of the 

semiconductor material and the resistance of the contacts of the cells [Mwabora, 1999]. 

Current flowing through solar cell components is governed by the voltages across them. 

The ideal current density of a solar cell (J) is equal to that from the source (Jl) minus 

that which is flowing through the diode (Jo) and the shunt resistor (JSh) [Streetman, 

1993]:

J = J l~  Jd -  }ih (2 .11)

where J, Jl, Jo and Jsh represent the ideal current density, current density from the 

source, and current density flowing through the diode and the shunt resistor respectively.
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Figure 2.3: An equivalent circuit for a solar cell showing the scries resistance, shunt 
resistance, current from the source, current flowing through the diode, current flowing 
through the shunt resistor, ideal current density of the solar cell and the voltage across 
the solar cell terminals. The shaded rectangle represents the equivalent circuit of the 
inner part a solar cell to which the external contacts are connected.

2.4.2 J-V Characterization o f Solar Cells

The response of a PV device is determined by its J-V characteristics both in the dark 

and under illumination. J-V characteristics are modelled according to the ideal diode 

equation (2 .6 ), which for practical cases, is modified to take into account the shunt and 

series resistances [Hedegus and Shafarman, 2004]:

/ = /.<— /c exp — oX
(2.12)

where J, JL, Jy V, m, Vr, Rs. and a represent the ideal current density, current density 

from the source (in this work, it is the photo-generated current density, JPh and will be 

referred to as such), saturation current density, voltage across the PV terminals, the 

ideality factor, thermal voltage, series resistance and shunt conductance respectively.

In the dark, an applied voltage (known also as the bias voltage) generates current 

density in the direction opposite to that which is generated by light. This is known as
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current density and is computed from the equation [Sze, 1981; Hedegus and

hafarman, 2004]:

where Jdark, represents the dark current density, while the other symbols are as 

described in 2 .1 2 .

Under illumination, J-V  characteristics are described by the equation [Simiyu, 2010; 

Hedegus and Shafarman, 2004]:

1 =  J p h - J s *<P
V + R J
. mV-n -

aV
(2.14)

where Jrh, represents the photo-generated current density, while the other symbols are 

as described in 2 . 1 2 .

Setting of the ideality factor in equation (2.6) to one relates to an ideal case, which 

assumes that all recombinations in the PV device occur via the band to band or the bulk 

areas of the PV device only but not in the junction. The ideality factor therefore 

describes how closely the PV device follows the ideal case scenario. In practical cases 

however, PV devices are non-ideal since recombinations occur in other ways and areas 

of the devices other than through band to band or in the bulk area of the devices. Non

ideal devices therefore yield ideality factors that deviate from the ideal.

From equations (2.13) and (2.14), the dark current density and photo-generated current 

density (respectively) can be plotted as functions of the applied bias voltage. This 

results in a curve typically known as the current density-voltage (J-V) characteristic 

curve. Figure 2.4 presents a J-V curve and the related P-Vcurve.
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Figure 2.4: Diagram of the J-V and P-V characteristics showing Jsc, Jmp, Pm 
and Pt [Newport Corporation, 2011].

006

From the J-V curve, key performance and device parameters; Voc, 7st, Js, FF, Rt, /?fA can 

be extracted and, m and rj computed. V is the voltage measured when the terminals of 

a PV device are isolated. This relates to the condition when the potential difference is at 

its maximum value. At this point, dark current density and short circuit photo-current 

densities exactly cancel out and no flow of current is observed between the PV 

terminals. Setting J=  0 in equation (2.14), and rearranging yields equation (2.15) that 

can be used to compute the photo-generated current density.

expH  (2.15)

where Jph, Js, V, m, and VT represent the photo-generated current density, saturation 

current density, the voltage across the PV device’s terminals, the ideality factor and 

thermal voltage respectively.
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V**/hen V is maximum, i.e., V=VOCy equation (2.15) leads to:

/ph = 7/ exp
(2.16)

'svhere Jph> ./„ V ^  m, VT and o represent the photo-generated current density, the 

saturation current densities, the open circuit voltage, ideality factor, thermal voltage and 

shunt conductance respectively.

Making Voc the subject in equation (2.16) yields (2.17), which describes the voltage at 

zero current (also known as the open circuit voltage):

V„ = mVTlr b -
>• (2.17)

where JPh, Js, Voc, m and VT represent the photo-generated current density, the saturation 

current density, the open circuit voltage, the ideality factor and thermal voltage

respectively.

Jsc describes the photo-generated charge carriers. It corresponds to the condition when 

the circuit is shorted and both the load and power are zero [Simiyu, 2010], leading to 

low impedance [National Instruments, 2009], It is calculated at the point when the 

applied voltage is zero. If we set the applied voltage, V to zero and J  to in equation 

(2.14), we obtain:

/sc -J? h  Js (2.18)

where Jsc, JPh, and Js represent the short circuit, photo-generated and saturation current 

densities respectively.

Since Js in equation 2.18 remains relatively unchanged for a given solar cell as it 

depends on the semiconductor used in the fabrication of the device,
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he — Jph (2.19)

where JK and Jph represent the short circuit and the photo-generated current densities 

respectively.

The actual current that flows out of a solar PV device is the ideal current, i.e., the short- 

circuit current density, minus the current that flows through the diode or dark current

density, Jjark:

/  =  Jsc J  dark

where J, Jxc and 

respectively.

(2.20)

Jdurk represent the ideal, short circuit and dark current densities

FF is generally influenced by Rs and It is a measure of the quality of the PV device. 

The closer to a square for a PV device’s J- V characteristics points to a FFthat is closer 

to unity, hence the quality of the PV device. FF is calculated by comparing the 

maximum power (Pm) to the theoretical power (PT) that would be output at both Voc and 

Jsc. This is determined from the equation [Simiyu, 2010]:

P / t/_ (2 -2 1 )rtn _ * m _ J ra?
~VoJs c "  VocJse

where FF, Pm, Voc, Jsc, Jmp and Vmp represent the fill factor, the maximum power 

density, the open circuit voltage, the short circuit current density, the maximum power 

current density and the maximum power voltage respectively.

The units for Pm are Watts (IT) - in terms of electromagnetism, one watt is the rate at 

which work is done when one ampere (A) of current flows through an electrical 

potential difference of one volt (V). Since the units for Jmp and Jsc are Am" and those for 

Vmp and Voc are volts (V), FF is therefore a ratio of the product of Jmp and Vmp, i.e., Pm 

and the product of Voc and Jsc- Decreasing /?,* and increasing Rs decreases FF and Pm.
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There exists a certain potential between the JK and VM on the J-V curve where Pm is 

found. At this point, the PV device delivers the highest power output. Voltage at this 

point is Vmp, while the current density at this point is Jmp Pm. V ^  Jmp can also be 

computed as shown in equations (2.22), (2.23) and (2.24). Figure 2.4 also presents a 

plot of the power generated by a PV device at various voltages, i.e., the P-V curve. 

From the P-V curve, the PV device’s Pm, Jmp and Vmp can be extracted.

Pm — FF\0J s; (2 .2 2 )

FFV,Jn
vmp ~ .

Jmp
(2.23)

, FFVochc
Imp ~ vvmp

(2.24)

where P„„ FF, V,  ̂ , JSCi Jmp and Vmp represent the maximum power, the Fill factor, the 

open circuit voltage, the short circuit current density, the current density at maximum 

power and the voltage at maximum power respectively.

rj is associated with the overall performance of a PV device. It is defined as the ratio of 

Pm to the power of incident radiation {P>n), which is given by the equation [Hedegus and 

Shafarman, 2004]:

rj =  i k  =  h»?}”P. =  V°cJlcFF xlOQQ/i (2.25)
P P P1 in 1 in 1 in

where tj, Pm, Jmp , Vmp , Voc, Jsc FF, and Pin represent the efficiency, maximum power, 

maximum power current density, maximum power voltage, open circuit voltage, short 

circuit current density, fill factor and the power of the incident light respectively.

2.4.3 Categories oj Solar Cells

Solar cells are categorized as first, second or third generation [Walton, 2010] depending 

on the time or period when they emerged along the PV development roadmap [Nelson, 

2010]. First generation solar cells are based on silicon p-n junction semiconductors
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[Lobato, 2007]. They were first demonstrated by Chapin, Fuller and Pearson at the Bell 

Laboratories [Chaplin, et al, 1954] and are reported to have a 31% theoretical 

efficiency limit (also known as the Shockely-Queissner limit) [Shockley and Queissner, 

1961; Abrams, et a l, 2011]. Their current operational efficiencies range from 12% to 

16%. This is less than half the limit that has been theoretically established of these cells 

[Tiedje, et al., 1984]. It implies that although they have not reached their theoretically 

established limit, they only have a gain in efficiency of about 50% that can be realized 

from their current established values.

First generation solar cells have an economic viability challenge mainly due to the costly 

fabrication processes and low working lifetimes associated with them [Boucher, 2008]. 

To surmount this, cheaper fabrication processes as well as studies to increase their 

working lifetimes have been ongoing [He, et al., 2012; Crain, et al., 2012]. First 

generation solar cell devices nonetheless dominate the world PV market currently 

[Pizzini, et al., 2005]. They come in three types; the single crystal or mono-crystalline, 

the polycrystalline and the amorphous [Proulx, 2011]. Each type has its own strategic 

market niche, with a-Si receiving significant attention because of its lower cost when 

compared to the other first generation PV devices. In the area of field applications, 

extensive focus has been directed towards investigating the performance of a-Si PV 

devices under various weather conditions around the world. Studies on the effect of AM 

on the performance of a-Si PV modules have shown slight increases in and 

reductions in Jsc, FF and rj as AM increased [King, et al., 2000; Ugwoke, 2012].

Under varying irradiance intensities, V„c for a-Si PV modules has been reported to

decrease while Jsc has been reported to significantly increase as irradiance intensities

increased [Hishikawa and Okamoto, 1994; Katrine, 2008; Ugwoke, 2012]. An increase

in FF and rj at irradiance intensities of about 0.5 Sun, followed by decreases thereafter
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have been observed [Ghonein, et al., 2011; Ugwoke, 2012]. Other studies have reported 

a linear decrease in Foe as a-Si module surface temperatures increased [Katherine, 2010], 

and a constant Jsc as module surface temperatures increased [Katrine, 2008], On the 

temperature-dependence of FF, both a positive temperature-dependence [Katherine, 

2010] and a negative temperature-dependence [Katrine, 2008] have been reported. On 

the area of applications, a-Si solar cells have been reported to be largely used in low- 

power cheap consumer electronic devices [Mulvaney, et al., 2009].

Other silicon solar cell categories include, the high-grade single crystal or mono- 

crystalline, which are mainly used in the space industry [lies, 2 0 0 1 ], and the 

Polycrystalline silicon solar cells, which are also used in low-power consumer electronic 

goods. The fabrication costs of polycrystalline solar cells have however been nominal 

compared to mono-crystalline silicon solar cells [Ruby, 2011]. Polycrystalline solar cells 

are nonetheless fraught with lower efficiencies [Meng, et al., 2000]. This can be 

attributed to recombinations at their grain boundaries. Reduction in the fabrication costs 

of silicon solar cells has been a key research goal with notable gains having been 

reported through the making of ribbon silicon in a process that circumvents the sawing 

of crystal ingots. This leads to 40% wastage elimination in the fabrication processes 

[Green, 2003].

The use of group III/IV direct band gap semiconductor materials like Gallium Arsenide 

(GaAs), Gallium Aluminium Arsenide (GaAlAs), Gallium Indium Arsenide Phosphide 

(GalnAsP), Indium Arsenide (InAs), Indium Antimonide (InSb) and Indium Phosphide 

(InP) has also been explored. These materials have been preferred in areas like the space 

industry, where efficiency is the prime objective over cost [Lobato, 2007]. This is 

because whereas about 100 pm thickness is required for 90% light absorption in silicon, 

only 1 pm of GaAs would be required for the same absorption [Rotman, 2012]. This is
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because the excitation of an electron in a direct band gap material does not require the 

aid of a phonon for momentum transfer [Sigrist, 2010]. These considerations have made 

group Ill/IV semiconductor materials to be preferred at thin film levels, where they are 

more effective when compared to silicon. They are however very costly for the majority 

of solar PV applications.

The Arab oil embargo of 1973 -  1974 [Lillich, 1975] stirred increased interest in and 

funding for alternative sources of energy [Birkmirc and Eser, 1997]. Two main variants 

in PVs were explored. These are; Copper Indium Di-Selenide (CuInSe2) [Kazmerski, et. 

a/., 1976] and Cadmium Telluride (CdTe), [Cusano, 1963]. Both were coupled with n- 

type Cadmium Selenide (CdSe) to create p-n heterojunctions. Since CdSe has a large 

band gap of 2.4 electron volts (eV) [Purnima, et al., 2011], it was used as a window 

layer to the p-n junction. This is because being a direct band gap semiconductor, only a 

thin film of about 10 pm is required for complete light absorption [Patel, et al., 2009]. 

Solar cells developed following the 1973 -  1974 energy crisis are categorized as second 

generation solar cells [Halme, 2002].

Laboratory results for CuInSe2-based solar cells have been very promising. The 

techniques for their fabrication however remain complex [Kao, et al., 2012]. The up- 

scaling phase is also faced with challenges that include the need to have very low 

reaction temperatures, and to reduce the thickness of the cells [Mwabora, 1999], These 

challenges have made the technology less cost-effective. There is also debate on the 

validity of using rare elements such as Indium (In) [Resnick Institute (RI), 2011]. These 

concerns, coupled with the high performance/price ratio of second generation solar cells, 

has led to their unfavourable rating and inspired further research that led to third 

generation solar cells.
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Third generation solar cells are solar cells that do not fall into the first and second 

generation categories. They endeavour to circumvent the 31% Shockley-Queissner limit 

[Shockley and Queissner, 1961] by concentrating light from sources. This has been 

achieved mainly through the use of tandem cells with multiple band gaps [Lantratov, el. 

al., 2007] and by means of multiple carrier excitation [Luque and Hedegus, 2003; 

Conibeer, 2007]. Tandem solar cells and the solar cells that are based on multiple carrier 

excitation are however complex to fabricate, making them costly. Cheaper third 

generation alternatives have nonetheless been explored. These are; the DSSCs [O’Regan 

and Gratzel, 1991] and the organic heterojunctions [Benanti and Venkataraman, 2006].

In organic heterojunction solar cells, the photo-generated electron-hole pairs are tightly 

bound, forming excitons [Hadipour, el al., 2011]. Charge separation therefore occurs at 

the electron donor and acceptor organic polymers or at selected contacts [Thompson and 

Frechet, 2008]. The heterojunctions come in two different structures. These are; the bi

layer heterojunction and the bulk heterojunction [Tada, et al., 2011]. The bi-layer 

heterojunction is akin to the p-n heterojunction, while the bulk heterojunction seeks to 

maximize the p-n interface through intertwining the n-type and p -type polymers. 

Efficiencies in these systems are at best 7.9% [Nelson, 2010]. They are however still in 

their infancy stages with enormous potential due to the many organic compounds that 

can be synthesized.

2.5 Dye-Sensitized Solar Cells (DSSCs)

2.5.1 The Design

DSSCs architecturally consist of two layers of transparent conducting oxide (TCO) glass 

substrates between which the other materials used in their fabrication are sandwiched. 

The substrates are normally fluorine-doped tin oxide (F.SnOi) or indium tin oxide 

(1TO). On the first layer of TCO glass substrate that serves as the working electrode
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(WE), a film of nanometre-sized particles of porous titanium dioxide (TiO>) are 

deposited by sputtering, pressing or screen printing. The film thickness, and hence 

performance, are determined by the deposition technique chosen. On the surface of the 

Ti02, a light-harvesting monolayer of dye is adsorbed (Hu, et. al., 2007; Chen, et. al., 

2007].

On the second layer of the TCO glass substrate, which is the counter electrode (CE), a 

thin catalytic layer of platinum (Pt) is applied. This improves the short-circuit current 

(7VC) through the catalytic reduction of the tri-iodide in the redox electrolyte. The CE 

should be efficient in transferring electrons to the electrolyte. In between the Ti02 

nanoparticles and Pt, a redox electrolyte (usually a mixture of iodine and iodide in an 

organic solvent) is filled to penetrate the porous layers of Ti02. The porous Ti02 

nanoparticles provide a large surface per projected area so that when the dye is attached 

to their surfaces, the area through which light can be captured is greatly increased.

DSSCs capture optical energy from the sun and convert it into electrical energy with no 

net chemical change in the system. All this is performed in a closed chemical circuit 

[Gratzel and Durrant, 2008]. They remain ‘top runners’ among third generation solar 

cells due to their low cost and easy fabrication using environmentally benign materials 

[Gratzel, 2009]. Their scalable, self-assembled and bottom-up fabrication processes are 

economical and ecological, making them attractive and credible alternatives to the 

conventional solar PV systems [Yum, et al., 2010]. Figure 2.5 illustrates the principle of 

operation and energy level scheme for DSSCs.
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Figure 2.5: Diagrammatic presentation showing the processes that an electron goes 
through during the operation of a DSSC [Ferber, et. al., 1998].

2.5.2 The DSSC Semiconductor Electrochemistry

While conventional PV principles rely on the work functions of interfacing materials, in 

DSSCs, the semiconductor electrochemistry is critical in the physical and chemical 

processes that take place during photo-generation. In terms of energy levels, the 

electronic excitation in the dye, achieved through light absorption, promotes the system 

into a high energy state that is associated with the Lowest Unoccupied Molecular Orbital 

(LUMO). This simultaneously creates an electron deficiency on the low energy state -  

the Highest Occupied Molecular Orbital (HOMO). Figure 2.6 presents the operation 

scheme of a DSSC.

Electrons in the LUMO and HOMO states are separated by a change in enthalpy (Ah) as 

follows [Bisquert, et al., 2004]:

Ah = AE = Elumo~E hohc (2.26)
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where Ah, AE, Elumu and Ehomo represent the change in enthalpy, difference in energy, 

energy of the LUMO and energy of the HOMO.
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Figure 2.6: Diagram illustration of the operation scheme of a DSSC [Halme, 2002].

Equation (2.26) compares to equation (2.27) in semiconductors, 

AE = Ee -  Ev (2.27)

where AE, Ec and Ev represent the energy difference, the conduction band energy and the 

valence band energy respectively.

The departure of the states from their thermal equilibrium values implies that there is a 

difference in their chemical potentials (p) as follows:

Ap = Plumo - Phomo (2.28)

where Ap, Plumo and P homo represent the change in chemical potential, the chemical 

potential of the LUMO and the chemical potential of the HOMO respectively.
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Equation (2.27) compares to equation (2.28) in semiconductors,

Ap = pc - pv (2.29)

where Ap, pc, and pv represent the change in chemical potential, the chemical potential of 

the conduction band and chemical potential of the valence band respectively.

Efficient DSSC operation relies on efficient electron injection and efficient dye 

regeneration. Further, the LUMO energy of the dye should be sufficiently higher than the 

T1O2  conduction band for efficient electron injection. Ap of the redox should be higher 

than the HOMO energy level for efficient dye regeneration and sustained photocurrent. 

The maximum voltage of a DSSC under illumination normally corresponds to the 

difference of the 770? Fermi level (Ef) and the Ap of the electrolyte. Nonetheless, the 

basic PV principle relies on the visible photo-excitation of the dye molecule.

The first step in the DSSC’s photo-generation involves photo-excitation of electrons the 

HOMO level to the LUMO level of the dye molecules as illustrated by step (1) in figure

2.6, and by equation (2.30):

TiOj/S + hv<-> 7Y0yS*LUMo (2.30)

where 770?, S, hv, and S*lumo represent the titanium dioxide, the ground state of the dye 

molecules, the photon energy and the excited state of the least unoccupied molecular 

orbital of the dye molecule respectively.

The electron is then ejected from the excited dye molecules injected into the conduction 

band of the 770? as demonstrated by step (2) in figure 2.6, and by equation (2.31):

~*lumo +  CBrio2 TiOi/S +  ecs- (2.31)

where S*lumo> CB770 2 , TiO2, S+ and ecB represent the excited state of the LUMO of the 

dye molecule, the conduction band of the 770?, the titanium dioxide, the oxidized dye 

molecule and the electron injected into the conduction band respectively.
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The electron then migrates through the TiO: nanoparticle network as illustrated by step 

(4) in figure 2.6 towards the transparent conducting oxide (TCO) substrate. The physics 

of charge transfer and transport in molecular and organic materials during these processes 

is dominated by charge localization resulting from polarization of the medium and 

relaxation of the molecular ions. The kinetics behind the catalytic reaction at the CE must 

guarantee fast generation of the redox couple as illustrated by step (5 ) in figure 2 .6 , and 

by equation 2.32 [Kalaignan and Kang, 2006],

Pt + [/3] - - 3 / - (2.32)

where Pt, / /  and 3T represent the Platinum, Iodide and the Iodine ions respectively.

The electron injection rate must be faster than the decay rate so as to achieve an efficient 

cell operation. The S~ must be regenerated by the redox couple at the speed of 

nanoseconds so as to kinetically compete with the metal oxide’s electrons for the 

subsequent electron injection as well as prevent recombinations. This is because 

recombinations depend on the kinetics at the metal oxide/dye/electrolyte interface 

[Thavasi, et ai, 2009]. Also, the rate of reduction of S+ by the electron donor in the 

electrolyte, as demonstrated by step (3) in figure 2.6 and by equation (2.33) must be 

higher than the rate of back reaction of the injected electrons with the dye oxidation in 

equation (2.35) as well as the rate of injected electrons in the electron acceptor in the 

electrolyte as illustrated by step (6 ) in figure 2.5 and by equation (2.32):

TiOZjS~ + 31~ -* [/3]“ + 5 (2.33)

where TiO:, 3T, 1/ and S represent the titanium dioxide nanoparticles, the oxidized 

dye molecules, and the iodine and iodide ions respectively.

During these processes, some electrons are not successfully injected into the T1O2 

conduction band due to inadequate energy and drop back to the HOMO level as
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illustrated in step (a) in figure 2.6. Some electrons already injected into the conduction 

band of the TiOj migrate back to the HOMO level of the dye or electrolyte as 

demonstrated by steps (b) and (c) due to electron trapping defects. These result in 

electron recombinations described by equations (2.34) and (2.35), which decrease the

performance of the cell.

eCB- ~ Shouo “♦ S +  CBTl0t  ̂^

eCB~ + V iV  -* 3 /” +CBTt0t ^  3 5 )

where ecB-, Shomo. S, Ij', 3T and CBr,o2  represent the electron in the conduction band, the 

ground state of the dye molecule’s highest occupied molecular orbital, the ground state of 

the dye molecule, the iodine and iodide redox couple and the conduction band of the 

titanium dioxide nanoparticles.

Discoveries like the PV effect [Becquerel, 1848] and the capturing of the first 

photographic image onto a mirror-polished surface that had a coating of silver halide 

particles [Daguerre, 1839] stimulated early work on DSSCs. The halides used in 

Daguerre’s work had band gaps of 2.7 electron volts (eV) to 3.2 eV. They were hence not 

photoactive to light of energy less than 2.7 eV that corresponds to wavelengths of greater 

than 450 nm. An improvement on Daguerre’s work was achieved by sensitizing silver 

halide emulsions with a dye, which led to an extension in the photo-response of the 

emulsions into the red and infra-red radiation spectrum [Vogel, 1873]. Understanding the 

operating mechanisms of electron injection from dye molecules into the conduction band 

of an rt-type semiconductor substrate was however not realized until the 1960s [Williams, 

I960]. Another discovery that enhanced work on DSSCs was the observed reactions by 

excited chlorophyll molecules at HO2 electrodes. This was found to compare with 

photosynthesis [Tributsch, 1971].
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Early DSSCs however had electrical resistances due to their characteristic thick dye 

layers and poor dye-anchorage, which led to their low conversion efficiencies [Simiyu, 

2 0 1 0 ]. f he discovery of ruthenium complex dyes and black dyes as sensitizers has 

however helped push DSSC efficiencies well above 10% [Gao, el al., 2008]. With regard 

to semiconductors, 770;, Zinc Oxide (ZnO) and Tin Oxide (5/iO;) have been used in the 

fabrication of DSSCs. In the present era of ecological and environmental consciousness, 

preferences are for inert, non-toxic compounds with 770; adequately meeting these 

requirements [Kalyanasundaram and Gratzel, 1998; Kay and Gratzel, 1999]. 770; has 

also been preferred because its electrodes are stable upon irradiation [Fujishima and 

Honda 1971] and is transparent in the visible region [Pulka, 1984]. This has made it the 

semiconductor of choice in the fabrication of DSSCs [Gratzel, 2003].

The challenge of dye-adsorption onto the 770; semiconductor in DSSCs has been 

addressed through using dispersed 770; particles, which provides sufficient 

dye/semiconductor interface [He, el al., 2012]. To capture most of the incident light, use 

of a dye monolayer with high molecular extinction as well as photo-electrodes with high 

surface roughness has been demonstrated [Duonghong, et al., 1984]. The use of volatile 

solvents in electrolytes has been found to repress outdoor use of DSSC solar panels 

[Papageorgiou, et. al., 1996]. These findings have led to the fabrication of DSSCs that 

do not degrade adversely under outdoor weather conditions - remaining stable for long 

periods of time [Helena, et al., 2003; Kato, et al., 2009; Kuang, et. al., 2011]. Studies on 

the effects of light soaking and heat stress have shown DSSCs’ resilience [Jun-Ho, et al., 

2010]. Studies to improve DSSCs’ efficiencies have been on-going [Kroon, et al., 2007; 

Nelson, 2010; Han, et al., 2012]. The efficiency development roadmap for solar cells for 

different technologies from 1975 to 2010 is presented in figure 2.7.
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Figure 2.7: Solar cell development and efficiency roadmap: 1975 to 2010 [Nelson,
2010].

The latest validated efficiency for a DSSC is 12.3%, which has been achieved by 

employing a zinc porphyrin dye and a Co" ///ytris(bipyridyl)-based redox electrolyte [Yu, 

et al., 2012].

Other DSSC in-laboratory studies have been carried out and illustrated the strong 

dependence of on light intensity, temperature and device thickness [Snaith, et al., 

2006]. Other studies have also been carried out and illustrate how increase in 

temperature, irradiance and iodine concentration in the electrolyte favourably influence 

the performance of DSSCs filled with ionic liquid electrolytes [Bergine, et al., 2008]. 

Temperature has been found to cause the electron quasi-Fermi level to shift towards the
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conduction band edge of the TiOj semiconductor hence improving the performance of 

DSSCs [Lobato and Peter, 2006]. Temperature has also been reported to increase the 

electron diffusion coefficient [Nikos, et al., 2006], enhance electron transport and 

lifetime [Boschloo and Hagfeldt, 2005; Waita, et al., 2007] and increase the conduction 

and mobility of electrons in the TiOi [Greijer-Agrell, 2003; Waita, et al., 2007].

A number of outdoor studies have been carried out and show improved DSSC 

performance at high irradiance intensity and at elevated temperatures [Katrine, 2008]. 

The importance of considering outdoor meteorological parameters when characterizing 

the performance of DSSCs has been emphasized [Comaro, et al., 2008]. Critical to this, 

is the understanding of the atmospheric refraction of the incoming solar radiation.

2.6 Atmospheric Refraction of Solar Radiation

Atmospheric refraction causes light from the Sun to take a longer path before reaching 

the earth’s surface than what is expected geometrically. This results from attenuation of 

the light because of scattering and absorption by aerosols and atmospheric gaseous 

absorbers like the Ozone (0?), Oxygen (O^), precipitable water vapour Nitrogen

(N?) and Carbon dioxide (CO2). The attenuation varies with the mass of the atmospheric 

gases and aerosols, which the light encounters on its path from the Sun to the earth’s 

surface. These combined effects of scattering and absorption comprise what is known as 

atmospheric extinction. The contribution of atmospheric gases and aerosols to 

atmospheric extinction of solar radiation is articulated through AM studies.

AM is the path length traversed by the direct solar radiation as a ratio of the path 

traversed to a point at sea level when the sun is directly overhead. It plays a critical role 

in determining atmospheric refraction of solar radiation [Young, 1994]. Studying how 

solar radiation is attenuated by the atmosphere in terms of AM, optical thickness and
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water vapour is important in understanding how solar devices would perform under 

various atmospheric conditions. Measurement of solar radiation in the form of global 

radiation is carried out at a horizontal surface at the concerned latitude.

To maximize the collected solar energy, solar collectors are usually tilted to capture 

maximum radiation. Optimum tilt angle, and hence Jph are influenced by AM at the 

particular place [Heinemann, 2000]. A number of formulae have been developed for 

computing AM. In this work, the method of erecting a vertical post at a place where the 

shadow of the post is cast on a flat surface has been used. Dividing the length of the 

hypotenuse of the triangle created of the height of the post (h), its shadow length ($) and 

the resultant hypotenuse by the height of the post yields AM [Chambers, 1999; Wenham, 

et. al., 2007]:

AM = 1 +
1/2

w  J (2.36)

where AM, h are s represent the air mass, height of a post and length of the shadow cast 

by the post respectively.

When the zenith angle is small, AM is determined using [Wenham, et. al., 2007]:

1
AM = - — -

Cos Q (2.37)

where AM and 0 represent the air mass and the angle from the vertical (zenith)

respectively.

Equation (2.37) assumes a homogenous atmosphere and ignores the earth’s curvature. 

The earth is however not flat and equation (2.37) leads to an infinite AM at the horizons. 

The equation that is used to accurately compute AM, as it takes into account the earth’s 

curvature is [Kasten and Young, 1989]:

-36-



AM  = [Cos6-  0.50572 (95.07995- 0 )-i« 6 4 ]-i (2.38)

where AM and 0 represent the air mass and the solar zenith angle respectively.

^ ..7  Outdoor Studies on DSSC Devices

Studies on the effect of light levels on DSSC efficiencies have reported improved 

efficiencies at low light levels [Toyoda, et al., 2004; Hinsch, 2007; Gavin, 2011]. Other 

studies currently underway include the use of DSSCs in energy-efficient glazing and 

Building Integrated Photovoltaics (BIPV) [Binions and Dunn, 2012] and testing of 

various DSSC products for field application [Dyesol, 2012a; Dyesol, 2012b; 

Greenoptimistic, 2012].

Outdoor studies on DSSCs have not been carried out in Kenya. Fabrication of DSSCs in 

Kenya has hence been based mainly on theoretical considerations and not on felt 

concerns arising from field performance characterization of the available DSSC 

products. This can be linked to the absence of DSSMs on the Kenyan PV market in spite 

of their reported advantages that can be tapped by the Kenyan solar PV consumers. 

Outdoor performance characterization of a DSSM at the Department of Physics, 

University of Nairobi as reported in this work bridges this gap.
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CHAPTER THREE 

MATERIALS AND METHODS

3.1 Introduction

In this chapter the method used to determine the geographic location of the study site is 

described, the materials and apparatus used in this work presented, and the relevant 

experimental set-ups described. The processes used in the calibration of relevant 

equipment, and in data acquisition have also been explained.

3.2 Materials

One functional dye-sensitized solar module (DSSM) was used in this study. The 

module; Omny 11200 outdoor module - model number HS Code 85414090 was used as 

supplied by G24 Innovations Limited (UK). It was made up of 11 cells, rated 0.5 W 

peak and 8 Volts. The overall module thickness (including the encapsulation) was 

0.59 cm. The active area of each cell was 15.92 cm2; bringing the total active area of the 

module to 175.12 cm2.

3.3 Equipment and Apparatus

3.3.1 List o f equipment and their respective suppliers

The equipment and apparatus used in the study were: a protractor and a metre rule 

supplied by Textbook Centre Limited (TBC), Kenya, a tilt-able metal rack supplied by 

Solargent Limited, Kenya, a 6  cm immersion thermometer supplied by 

Griffin & George Limited, UK, a GTH 1160 NiCr-Ni digital thermocouple sensor 

supplied by TC limited, UK, a Raytck* Plus laser beam thermometer supplied by 

Raytek, USA, a CM3-pyranometer supplied by Kipp & Zonen, Delft/Holland, a 

Haenni solar 130 radiation meter supplied by Jenensfort, Switzerland, a DT9205A^ 

digital multimeter supplied by Taurus Electronics Limited, Kenya, a Tektronix TDS
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3032 digital phosphor oscilloscope supplied by Tektronix inc., USA, a Keithlcy 2400 

digital source meter supplied by Keithley inc., USA, a Laboratory Virtual Engineering 

Workbench (LabVIEW,M) application software supplied by National Instruments inc., 

USA, a desktop computer supplied by Hewlett-Packard (HP), Kenya and an IEEE-488 

GPIB cable supplied by National Instruments inc., USA.

3.3.2 Equipment preparation

All materials and apparatus required for the effective execution of the study were 

procured, checked and serviced, as was relevant for each, and their performances tested 

before deployment [Hishikawa, 2008]. The DSSM was purchased, its terminals tested 

for polarity using the DT9205A* digital multimeter and then appropriately labelled. The 

active area of the DSSM was computed from its actual dimensions obtained using a 

meter rule. Information on the DSSM was sought from G24i in line with learnings from 

previously done work [Hishikawa, et al., 2000; Hishikawa, 2006]. This information 

included the power output, the operating voltage, the typical , the typical Isc, and the 

type of semiconductor, dye, electrolyte and electrodes used in the DSSM’s fabrication.

3.4 Methods

3.4.1 Determination o f the geographic location o f the study site

The geographic location (longitude and latitude) of the site for this study (Department 

of Physics, School of Physical Sciences, University of Nairobi) was determined by 

zooming in and locating it on the Google maps. The browser bar then gave the site 

longitude and latitude [Gorissen, 2012]. Latitude is measured from the equator, with 

positive values going north and negative values going south. Longitude on the other 

hand is measured from the Prime Meridian (which is the longitude that runs through 

Greenwich, England), with positive values going east and negative values going west 

[Ozone Processing Team -  NASA/GSFC Code 613.3, 2012].
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3.4.2 Calibration oj the CM3-pyranometer

Hie CM3-pyranometer was calibrated using a previously calibrated Haenni solar 130 

radiometer. The pyranometer was connected to the DT9205A digital multimeter and 

placed on a flat surface close to, and in plane of array with the Haenni Solar 130 

Radiometer. Voltage readings by the DT9205A digital multimeter were validated 

using a Tektronix TDS 3032 digital phosphor oscilloscope connected in parallel to it. 

Figure 3. 1 presents the block diagram of the calibration set-up.

Flat Board

Figure 3.1: Block diagram of the CM3-pyranomctcr calibration set-up.

Voltage readings from the DT9205A4 digital multimeter and the corresponding 

radiation intensity values as read from the Haenni Solar 130 Radiometer were recorded. 

These results were confirmed from data obtained through calculations based on the 

CM3-pyranometer sensitivity of 22.36x1 O'6 V W ’m' 2 as recorded on the device. The 

data was used to plot a curve that was used to estimate the radiation intensities relating 

to the different real-time voltage readings by the DT9205A* digital multimeter.
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3.4.3 DarkJ-V characterization

Figures 3.2 and 3.3 are the block diagram of the DSSM's dark J-V characterization 

experiment set-up and a photograph of the actual experiment set-up, respectively.

Figure 3.2: Block diagram of the DSSM’s dark J- V characterization experiment set-up.

Figure 3.3: Photograph of the DSSM’s dark J-V characterization experiment set-up 

[The DSSM was not covered when taking this photograph for purposes of visibility. It 

was however covered during the actual dark J-V characterization].
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To investigate Jjark, the DSSM was connected to the Keithley 2400 source meter using 

alligator clips. I he Keithely 2400 digital source meter was connected via the IEEE-488 

GPIB interface to the HP desktop computer. The computer had LabVIEW™ application 

software previously installed on it. The LabVIEW,s1 application communicated with the 

Keithley 2400 source meter through the GBIP hardware via an interface card. The 

Keithley 2400 source meter drivers were used as part of the communication with the 

LabVIEW,M application in acquiring and measuring the output from the DSSM, which 

was stored in the American Standard Code for Information Interchange (ASCII) format. 

The LabVIEW™ application is described under appendix A2. The dark J-V 

measurements were obtained via the LabVIEW™ platform by applying a bias voltage to 

the DSSM and measuring the generated current density automatically using the Keithley 

2400 digital source meter. The DSSM’s dark J-V data is presented in appendix A3.

3.4.4 Determination o f optical air mass and the calibration o f the tilt-able metal rack 

AM  of Chiromo was determined using an upright post. The post was erected at a 

suitable flat location on the rooftop of the Department of Physics, College of Physical 

and Biological Sciences (Chiromo Campus), University of Nairobi as illustrated by 

figure 3.4. The post’s height from the surface of the flat location was obtained using a 

meter rule. The length of the shadow cast by the vertically erected post was measured 

every hour from 8:00 am to 5:00 pm on three non-consecutive sunny days.

From the data, and using equation (2.36), AM values at different times of the day were 

computed. The computed values for AM from equation (2.36) were equated to equation 

(2.37) to obtain the zenith angle values at the different times. Data on AM is presented 

in appendix A4.
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Figure 3.4: Diagram illustration of how AM was determined using the shadow of a

vertical pole.

3.4.5 J-V characterization o f the DSSM under illumination

The DSSM was fixed on the tilt-able metal rack and the CM3-pyranometer positioned 

in plane of array with the DSSM as illustrated in figure 4.5. The set-up was positioned 

on the roof-top of the Department of Physics, College of Physical and Biological 

Sciences (Chiromo Campus), University of Nairobi, at a suitable location where 

shadows could not be cast on either the DSSM or the CM3-pyranometer, when the 

experiment was in progress. The DSSM was connected to the Keithley 2400 digital 

source meter using alligator clips. The Keithley 2400 digital source meter was 

connected to the HP desktop computer via an IEEE-488 GPIB interface. The computer 

was pre-installed with LabVIEW™ application software. The J-V characteristics for the 

DSSM under illumination were obtained via the LabVIEWrM Platform. To CM3-thc
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pyranometer, the DT9205A* digital multimeter was connected to facilitate monitoring 

of irradiance data. Figure 3.6 presents a block diagram of the experiment set-up.

Figure 3.5: Photograph of the DSSM and the CM3-pyranometer set-up on the roof-top.
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-► Direction of data flow

Figure 3.6: Block diagram of the set-up of the J-V characterization under illumination.

J-V  characteristics were acquired at normal incidence of the incoming solar beam 

radiation by varying the tilt to coincide with the optimum tilt angle at the period. 

Optimum tilt angle at the various times of the day were obtained from the AM versus 

optimum tilt angle curve presented in figure 3.7. The curve is based on the AM data and 

the corresponding zenith angles presented in appendix A4. Data on the effect of 

irradiance intensities on the performance of the DSSM is presented in appendix A5.
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Figure 3.7: Optical air mass versus optimum tilt angle curve.

3.4.6 J-V characterisation o f the DSSM under different module surface temperatures 

Temperature-dependent J-V  characteristics were obtained with AM 1 and 700 to 

800 Wm ~ irradiance intensity as the reference point. Both the ambient and the DSSM 

surface temperatures were recorded at the time of the J- V data acquisition. Ambient 

temperatures were measured using the 6  cm immersion thermometer -  measurements 

that were confirmed with those from the Kenya Meteorological Department (KMD).

The DSSM’s surface temperatures were obtained by attaching the GTH 1160 NiCr-Ni 

digital thermocouple sensor to the back side of the DSSM and recording the readings. 

Readings from the thermocouple sensor were checked by simultaneously pointing a 

laser beam from the Raytek* Plus laser beam thermometer, positioned at a distance of 

about one meter from the DSSM and perpendicular to the top surface of the DSSM. In 

this work, the J-V measurements were obtained via the LabVIEW™ 1 platform at 

different DSSM surface temperatures, but at about AM\ and 700 -  800 Wm" irradiance
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intensities. Data on the effect of temperature on the performance of the DSSM is 

presented in appendix A6 .

3.4.7 J-V characterisation o f the DSSM under different AM values 

/W-dependent J-V characteristics were obtained via the LabVlEW,M platform by 

monitoring the DSSM’s performance at different times of the day, and the 

corresponding AM values. AM at the different times was obtained as illustrated under

section 3.4.4.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, the geographical location of the study site, and the results of the 

calibration of the CM3-pyranometer are presented. Analyses of the DSSM’s 

characteristics in the dark and under illumination at different AM values, irradiance 

intensities and module surface temperatures are also presented and discussed. A 

comparison of the DSSM’s performance with what is reported of a-Si modules 

operating under similar weather conditions is also presented.

4.2 The Geographical Location of the Study Site

The global positioning of The Department of Physics, School of Physical Sciences, 

College of Physical and Biological Sciences, University of Nairobi was found to be 

36.81° East and 1.28° South.

4.3 Calibration of the CM3-Pyranometer

The voltage response of the CM3-pyranometer was related to the radiation intensity 

readings from the Haenni Solar 130 radiometer as illustrated in figure 4.1. The graph for 

the CM3-pyranometer’s response, which is based on the CM3-pyranometer’s sensitivity 

of 22.36x1 O' 6 VW' 1 m-2, also forms part of figure 4.1. The graph based on the 

CM3-pyranometer’s sensitivity was referred to in confirming the experimental results.
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Figure 4.1: Calibration curve for the CM3-pyranometer.

The two graphs, i.e., the one based on the calibrated Haenni Solar 130 radiometer and 

that which is based on the CM3-pyranometer sensitivity were observed to map onto 

each other. This affirms the experimental results. Extrapolating the linear section of the 

curves as illustrated in figure 4.1 resulted in a linear correlation between the voltage 

readings recorded by the multimeter and the irradiance intensity registered by the 

calibrated Haenni Solar 130 Meter. The extrapolated curve was therefore used to 

estimate the irradiance intensity at the various recorded voltages as most of the data was 

collected at irradiance intensities below one sun.

4.4 The Dark J-V  Characteristics of the DSSM

Figures 5.2 to 5.5 present the dark J- V characteristics for the DSSM. The characteristics 

were obtained by applying voltage from V = 0 to V = 8 and from V = 8 to V = 0 sweep 

directions, at 2.5 to 25 seconds sweep times. The dark J-V characteristics show that at 

lower biases, the non-ohmic shunt current-density (Jsh) dominates while at higher 

biases, the exponential; diode current-density (Jo) takes over, such that, Jjark = Jsh + Jd•



Figure 4.2: The dark J-V characteristics of the DSSM for sweeps from V -  0 to V -  8 

and from V = 8 toV = 0at 2.5 seconds.

V oltaic (V)

Figure 4.3: The dark J-V characteristics for the DSSM for sweeps from V = 0 to V -  8 

and from V = 8 toV = 0at5 seconds.
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Figure 4.4: Dark J-V  characteristics for sweeps from V -  0 to V -  8 and from V -  8 to 

V = 0 at 12.5 seconds.
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Figure 4.5: Dark J-V curves for sweeps from V -  0 to V -  8 and from V 8 to V 0 at

25 seconds.

-51 -



The J-V  characteristics obtained from V = 0 to V = 8 and from V = 8 to V « 0 at the 

different sweep times show a perfect map onto each other. The behaviour points to:

(1) . The reproducibility of data from high voltage to low voltage and vice versa, and

(2) . The quick temporal response of the DSSM [Hishikawa, 2006]. The quick temporal 

response can be attributed to the thin nature of the module, which implies few trap states were 

present in the semiconductor, hence the electrons injected into the CB do not get trapped, but 

contribute to current-density output immediately. The quick response contradicts the findings 

obtained using DSSC samples prepared by Pioneer Corporation [Hishikawa, 2006; 

Hishikawa, 2008]. The difference can be linked to the rapid innovations in DSSCs’ 

fabrication techniques and product quality that this work benefitted from.

Data for any of the sweep times could therefore be used in determining the DSSM’s Rs, RSh and 

Js, which dictate its electrical performance. To extract Js. Rs and /?,/, data relating to the

2.5 seconds sweep time was used. This is because improved sensitivity for Rs is 

determined at higher values of current [King, et al, 1997]. The 2.5 seconds sweep time 

had the highest measured J  of 9.42x103 mAcm ~ compared to 9.27x10'3 Acm2, 

9.13xl0*3 mAcm' 2 and 8.95x10‘3 mAcm' 2 for the 5, 12.5 and 25 seconds sweep times 

respectively. As illustrated by figure 4.6, the exponential part of equation 2.13 becomes 

a straight line as voltage approaches zero. The curve cuts the y-axis at (negative) 

7.53x 1 O' 7 mAcm'2, which is the value of Jx. Sawant and Biliga [2000] have argued that a 

lower Js is desirable in achieving higher current densities. 1 his is in agreement with 

equation 2.14. Computing the inverse of the slope of the J-V curve at Jsc yields Rsh as 

infinity.
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Figure 4.6: The dark J-V characteristics of the DSSM with illustration on how Jtt Rt 

and Rsh for the DSSM were obtained.

The high RSh obtained of the DSSM is good when compared to a-Si PV devices that arc 

known to have low /?,/, of as little as 10.5 -  11.5Q [Ghoneim, et al., 2011]. R, was 

obtained by computing the inverse of the slope of the J-V curve at and found to be

0.1 n .

4.5 /tAZ-dependence of the DSSM’s J-V  Characteristics

Figure 5.7 presents the J- V characteristics of the DSSM obtained between AM 1 and AM 

1.09. Jsc measured between AM 1 and 1.09 ranged from 1.04x101 Acm * to 

7.69x1 O'4 Acm'2. The maximum power point (Pmpp) reduced as values of AM  increased. 

This can be linked to the increase in irradiance intensity at lower AM values, which 

affected the voltage-controlled portion of the J-V curve by reducing Rs. This shows that 

increase in AM favourably affected the DSSM, since smaller Rs values for solar PV 

devices are usually good [National Instruments, 2009]. It further shows that the DSSM 

responded well to short wavelength radiation or diffuse radiation in the 200 — 300 nm
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range. This .s because diffuse radiation is richer in short or blue - - -y m gtln |C .___

1992], Good response of DSSCs to diffuse radulion ha. .Uo been Irpu1td ^  ^  

studies, including the one carried out by Hinsch [2007]

Figure 4.7: J- V characteristics for the DSSM at different values of air mav* (4 Vf)

Table 4.1 shows how J,c, FF and 7 varied with AM The table aupporu the analyaca

by figure 4.8.

Table 4.1: Variation in the DSSM’s JK, FF and 7 at different times „ f V

AM 1 1.01 1.02 1.04 105 1 08 1 09

Time (Hrs) 1245 1300 1200 1100 1400 1000 1500

Voc(V) 8.31 8.24 8.09 8.07 832 807 1 14

< 4fl
JK (A cm 2)

vlO*3
1.04 1.01 9.84 966 7.84 7.69

A 1 V
FF 0.51 0.52 0.57 056 0.56 047 0 63

n(%) 1.77 1.75 1.88 2.26 IJ7 1.06 1.19
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Figure 4.8: rj, Voc, Jtc and FF at different AM values, and the variation of AM values at 

different times of the day.

As can be observed from figure 5.8, reduced linearly by 2.05% from 8.31 V at AM 1 

to 8.14 V at AM 1.09. Studies by Rijnberg [1998] have also reported decay of Voc at 

higher AM  values. This can be attributed to reduction in photo-generation at higher AM 

resulting mainly from attenuation of the effective component of the radiation, which is 

necessary for PV effect. This inference is based on studies that have reported reduced 

irradiance intensities at higher AM [Meinel and Meinel, 1976].

Apart from atmospheric attenuation due to Rayleigh scattering, scattering by aerosols and 

atmospheric absorption through constituent gases (oxygen, ozone, water vapour and 

carbon dioxide), the power of incident light (Pi„) reduces also due to the longer optical 

path that it travels through the atmosphere to reach the earth’s surface at higher AM 

[Anton, et al., 2009]. The density of electrons that get photo-ejected to conduct
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electricity, therefore reduce at higher AM, leading to lower V^. Studies on a-Si have 

reported a linear increase in V* of about 2.12% with increase in AM [Ugwoke, 2012].

Jsc also reduced by 26.06% from 1.04x10 3 Acm" to 7.69xl0~* Acm as AM increased 

from I to 1.09. Reduction in Jsc as AM increased has also been reported from studies by 

Katrine [2008] and Katherine [2010]. The reduction can be associated with decrease in 

the density of carriers as AM increases. From equations 3.17 and 3.19, an increase in 

is expected to lead to a logarithmic decrease in Jph and hence Jsc\ a relationship that 

theoretically explains the Jsc trend. Studies on a-Si have also reported decrease in Jsc with 

increase in AM  [King, et al., 2000; Chagaar and Mialhe, 2008]. From the study of a-Si by 

Ugwoke [2012], Jsc was found to reduce at 61.84% as AM Increased.

The DSSM’s FF increased by 19.05% from 0.51 at AM 1 to 0.63 at AM 1.09. This points 

to the DSSM’s favourably response to shorter wavelength radiation. Short wavelength 

radiation, ranging between 200 -  300 pm is prevalent at higher AM. The reduction in V̂  

and Jsc led to this increase as is confirmed by equation 3.21. Studies on a-Si by Ugwoke 

[2012] have shown a reduction of 41.94% in FT7 with increase in AM.

Closely associated with FF, Voc and Jsc by equation 3.25 rj. t\ increased by 27.68% from 

1.77% to 2.26% as AM  increased from 1 to 1.04, and then reduced to 1.27%, 1.06% and 

1.19% at AM  values of 1.05, 1.08 and 1.09 respectively. This agrees with studies by 

Hinsch [2007]. The behaviour can be attributed to the good response of the DSSM to low 

wavelength radiation as well the increase in FF. On their part, a-Si PV modules are 

reported to have a narrow spectral response and do not perform well in the red rich part of 

the spectrum [Chianese, et al., 2011]. Other studies on a-Si have reported decrease in rj as 

AM increases [Chagaar and Mialhe, 2008; Ugwoke, 2012] with Ugwoke [2012] reporting 

a decrease of 29.17% as AM  increased.
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In figure 4.9 performance of the DSSM in the morning hours (0650 -  1200 hours) as 

compared to the afternoon hours (1 2 0 1  to 1850 hours) is illustrated.

voltage current density 

Performance Param eter

Figure 4.9: Comparative performance of the DSSM in the morning (0650 -  1200 hours) 

and in the afternoon (1201 -  1850 hours).

Better performance was observed during the afternoon than morning hours. This can be 

attributed to presence of more atmospheric gaseous absorbers like HiO, O2, Oj and CO2 

during the morning than afternoon hours [Louche, et al., 2000]. These lead to increased 

atmospheric turbidity and Rayleigh scattering in the morning than in the afternoon hours, 

resulting in the extinction of solar beams [Kasten and Young, 1989; Hahn, 2009].This 

affects AM  values by varying the intensity of the direct component of sunlight [Thavasi, 

et al., 2009].

a-Si PV modules have a stronger dependence on irradiance than the DSSM. They peak 

their performance closer to AM  1, when irradiance is highest [Jensen, 2008]. As AM 

influences both the intensity and spectral distribution of the solar beam reaching the 

earth’s surface [Nayaab, et al., 1983], an understanding of irradiance-dependence of the
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DSSM as compared to an a-Si module as presented in the next section will be helpful in 

further analysis of the two technologies in respect of the Kenyan outdoor weather 

conditions.

.6 Irradiance-dependence of the DSSM’s J-V Characteristics

Closely linked to the study on AM is the irradiance-dependence of the DSSM’s J-V 

characteristics. Irradiance intensity holds great influence for solar cell performance 

[Dinger and Meral, 2010]. Figure 5.10 presents the DSSM’s J-V characteristics acquired 

between 653 Wm' 2 and 1095.7 Wm‘: irradiance intensities.

Increase in irradiance 
intensity

Figure 4.10: J- V characteristics of the DSSM at different irradiance intensities.

As observed from figure 4.10, the voltage-controlled sections of the J-V characteristics,

(the section in a dashed green oval shape) shift away from the origin and become

steeper in slope as irradiance intensity increases. This signifies a reduction in R. as
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irradiance intensity increases, which is good for a PV device as it signifies reduction in 

the bulk resistance of the semiconductor used in the fabrication of the device and of the 

contacts of the device [Mwabora, 1999]. The J-V characteristics also show how 

Jsc significantly dependents on irradiance intensity. Table 4.2 and figure 4.11 present 

analyses ot how the DSSM’s V F F and rj varied with irradiance intensity.

Table 4.2: Variation of the DSSM’s V F F  and rj at different irradiance intensities.

Irradiance Intensity
(Wm2)

Voc(V) Jsc (Acm ) FF V (%)

653 7.12 5.92x10'4 0.73 3.39
703 7.50 6.50x10"* 0.67 3.14
747 7.65 6.93x10' 4 0 .6 6 3.07
805 8.07 7.69x1 O'4 0.60 2.80
864 8.14 8.14x 10 ‘4 0.60 2.73
917 8.17 8 .6 6 x 10 '4 0.58 2.61
997 8.14 9.66x10 4 0.57 2.60

1095.7 8.19 9.48x1 O’4 0.58 2.42

Figure 4.11: Illustration of how JSCy FF and rj vary with irradiance.
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From table 4.2 and figure 4.11, K*. for the DSSM increased linearly by 11 .9 4 % between 

7.12 V and 8.07 V from 653 Wm2 to 805 Wm'2. Between 805 Wm ‘ and 1095.7 Wm2 

irradiance intensities, increase in slowed by 1.49% to 8.19 V. This affirms the 

discussion under the DSSM’s AM response, that the DSSM favoured low irradiance 

intensities. Reports from studies on a-Si modules at varying irradiance intensities show 

that Voc decreases by about 2.07% with increase in irradiance intensity [Ugwoke, 2012].

The DSSM’s J sc increased linearly by 64.41% between 5.92x104 Acm and 9.66x104 

Acm “ from 653 Wm' 2 to 997 Wm " irradiance intensities. From 997 Wm ' to 1095.7 

Wm'- irradiance intensities, J sc decreased linearly by 2.06% between 9.66x10 1 Acm - 

and 9.48x104 Acm-i as can be observed from table 4.2 (since the decrease was minimal, 

it can insignificantly be observed from figure 4.11). The increase in yTC between 653 

Wm'- and 997 Wm" can be attributed to increased photo-generation with increase in 

irradiance intensity. It is also believed that the good spectral response of the DSSM to 

short wavelength radiation helped in the rapid increase in J sc under one sun as compared 

to during more than one sun. This irradiance-dependence can be described by the 

expression [Hishikawa, et. al., 2000]:

J ( V )  = J dark(V) + J ph(V )  (4.1)

where J ( V ) ,  J dark(V) are the and J ph(V ) represent the voltage-dependent total current 

density, the dark current density and the photo-generated current density respectively.

The decrease in Jsc between 997 Wm" and 1095.7 Wm 2 irradiance intensities points to 

the narrow response of the DSSM to short wavelength solar spectrum. I his may point to 

the DSSM’s fabrication and intended use in weather conditions that do not experience 

more than one sun. Recent studies on a-Si have reported a 162.07% increase in J sc at 

irradiance intensities of between 300 Wm- and 1000 W m- [Ugweko, 2012].
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FF ot the DSSM showed a 20.55% linear improvement of between 0.58 and 0.73 as 

irradiance intensity reduced from 1095.7 Wm 10̂ 653 Wm 2. The increase in FF as 

irradiance intensity reduced can be linked to the reduction in charge leakages under low 

irradiance intensities, mainly due to low incidences of recombinations, and resistance in 

charge transfer. In a-Si PV modules, FF has been reported to increase by 125.70% 

between 300 Wm ‘ and 600 Wm ‘ irradiance intensities and to reduce by 23.69% 

between 600 Wm'" to one sun [Ugwoke, 2012].

The DSSM’s r\ increased linearly by 5.74% from 4.70% to 4.97% as irradiance 

intensity increased from 653 Wm' 2 to 747 Wm':, after which it reduced linearly by 

8.65% to 4.54% as irradiance intensity increased from 747 Wm " to 1095.7 Wm'2. The 

initial increase can be linked to the influence of increase in Voc, Jsc and FF as irradiance 

intensity increased to 747 Wm' 2 as shown by equation 2.25. Similar results have been 

reported by a number of studies [Jensen, 2008; Dinner and Meral, 2010], The decrease 

observed after the 747 Wm'2 irradiance intensity can be linked to, as illustrated by 

equation 2.25, the decrease in Voc, Jsc and FF at high radiation intensities.

Studies on a-Si modules have reported rj to increase as irradiance intensity increases. 

This is because of the strong irradiance-dependence of Voc and Jsc [Ghonein, et al. 2011; 

Katrine, 2008; Jensen, 2008]. Reports from studies on a-Si by Ugwoke [2012] show the 

increase in rj observed between 300 Wm" and 600 Wm" irradiance intensities to be 

80.95%, and a reduction of 26.72% observed between 600 Wm' 2 irradiance intensity 

and one sun.

4.7 Temperature-dependence of the DSSM’s J-V  Characteristics

The surface temperature of a solar cell affects the speed of reactions within the cell 

[Din<;er and Meral, 2010]. Figure 4.12 presents the J-V  characteristics for the DSSM
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obtained between 31.6 C and 43.8 C module surface temperatures. From the Figure, Vx  

is observed to be strongly influenced by temperature unlike Jx . As the DSSM voltage 

increased from short circuit condition, the J-V characteristics became steeper at Ju as 

temperature increased. Steeper slopes signify reduced Rsh. Table 5.3 and figure 5.13 

present analyses on the module surface temperature effect on the DSSM’s V<*. J** FF 

and yj.

Figure 4.12: J-V  characteristics of the DSSM at different module surface temperatures.

As can be observed from table 4.3 and figure 4.13, Voc decreased linearly by 41.22% 

from 9.80 V to 5.76 V as the DSSM surface temperature increased from 31.6’C to 

43.8°C. A change of -0.33 V/'C was observed. The decrease in Vx  with increase in 

temperature can be attributed to changes in charge carrier trapping and recombination 

centres that cause changes in charge distribution, coupled with the entropy that results 

from more atoms getting into excited states as temperature increases [Clement and 

Quinnel, 1952]. An increase in resistivity to charge transport through the semiconductor
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nanoparticle network causes some of the electrons already injected into the CB of the 

semiconductor to migrate back to the HOMO level of the dye molecules or to the 

electrolyte as illustrated by steps (b) and (c) in figure 2 .5  on page 28, due to electron 

trapping effects. This results in recombinations described by equations 2 .3 4  and 2.35 

and respectively. The decrease could also be as a result of radiative external quantum 

efficiency (REQE) [Martin, 2003]. Studies on a-Si have reported a decrease in as 

module surface temperature increased [Carlson, 1977; Carlson, et al., 2000; Menescs- 

Rodriguez, et al., 2005; Katrine, 2008].

fable 4.3: Variation of the DSSM’s Jx , FF and t] at different module surface 

temperatures.

Module Surface 
Temperature (°C)

V o c(V ) Jsc (mAcm'2) 
xlO-4

FF r\(%)

31.6 9.80 7.98 0.57 5.94
32.8 9.48 8.26 0.57 5.95
34.2 8 .8 6 8 .0 0 0.60 5.67
36.8 8 .8 6 7.87 0.54 5.02
37.4 7.68 8 .0 0 0.60 4.91
39.5 7.05 7.72 0.65 4.71
43.8 5.76 7.92 0.65 3.95

Table 4.3 and figure 4.13 also show how Jsc decreased linearly by 3.26% from 

7.98x1 O' 4 Acm ' 2 to 7.72x1 O' 4 Acm‘: as the DSSM surface temperature increased from 

31.6°C to 43.8°C. The change was at the rate of -2.13X10*1 Acm‘2oC *. This can be 

attributed to the kinetics of the catalytic reactions at the CE [Thavasi, et al., 2009]. It 

was not clear whether the DSSM’s CE had been coated with a layer of platinum to 

improve Jsc (as G24i was not willing to disclose the materials used in fabricating the 

DSSM). Studies on the temperature-dependence of Jsc in a-Si PV modules operated 

outdoors have shown negligible or no variation as temperature changed [Katrine, 2008]. 

Theoretically, however, Jsc for a-Si PV modules is expected to increase with increase in
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temperature clue to the decrease in the band gap and the corresponding band-to-band 

absorption coefficient across the solar spectrum [Martin, 2003].

Module Surface Temperature (*C)

Figure 4.13: Relationship of FF, Voc, rj, Jsc, and Pm as functions of the DSSM surface 

temperature. [Inset is the relationship for J XCy as a function of the DSSM surface 

temperature as the change was too small to be observed at the scale of the main figure].

The DSSM’s FF increased by 14.04% from 0.57 to 0.65 as the DSSM surface 

temperature increased from 31.6°C to 43.8*C. The rate of change was 6.56x10° *C*'. 

The increase can be attributed to an increase in Ef of the semiconductor as the DSSM 

surface temperature increased. This detrapped electrons from the trap states below the 

semiconductor’s CB edge. FF from studies on a-Si PV devices have indicated a 

negative temperature dependence [Katrine, 2008], with studies by Katherine [2010] 

reporting a decrease of 14.29% from 0.64 to 0.56 as the module surface temperature 

increased from 45'C to 122”C. This puts the change to -1.04x10 3 *C \  The DSSM’s 

FF temperature-dependence was better than what has been reported of a-Si PV devices.
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f/ decreased linearly by 33.50% from 5.95% to 3.95% as the DSSM surface temperature 

increased Irom 31.6°C to 43.8‘C. The rate of change was -1.63x10 1 %*C This can be 

attributed to the factors that led to the decrease in V and Ju as temperature increased. 

Studies on a-Si PV modules have also reported a linear decrease in rj as temperature 

increased [Katrine, 2008]. Studies by Katherine [2010] on a-Si PV modules have shown 

a linear decrease of 4% from 0#C to 45*C and 3% from 45*C to 80*C, at the rate of - 

8.89x10 ‘ %°C'1 and -8.86xl0‘2 %‘C 1 respectively. The DSSM’s rj was better than what 

has been reported of a-Si PV devices under temperature influence.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

This thesis has presented detailed experimental results showing how an Omny 11200 

outdoor DSSM’s V^, Jsc, FF and rj were affected by AM, irradiance intensity as well as 

module surface temperatures. A comparison of the DSSM’s performance with what is 

reported of a-Si modules is also presented.

The results showed that the DSSM’s Voc reduced linearly by 2.05% from 8.31 V to 8.14 

V as AM  increased from 1 to 1.09. Studies on a-Si have reported an increase in V̂  of 

about 2.12% with increase in AM. The DSSM’s Jsc reduced linearly by 26.06% from 

1.04x10 3 Acm ' to 7.69x104 Acm 2 as AM increased from 1 to 1.09. Studies on a-Si 

have reported a linear reduction in Jsc of 61.84% with increase in AM. The DSSM’s FF 

increased linearly by 19.05% from 0.51 to 0.63 as AM increased from 1 to 1.09. Studies 

on a-Si have reported a reduction of 41.94% in FF with increase in AM. The DSSM’s rj 

increased by 27.68% from 1.77% to 2.26% as AM increased from 1 to 1.04, and then 

reduced to 1.27%, 1.06% and 1.19% at AM values of 1.05, 1.08 and 1.09 respectively. 

Studies on a-Si have reported a 29.17% decrease in /; with increase in AM. The DSSM 

performed better under AM considerations as compared to what is reported ot a-Si PV 

devices.

With respect to irradiance intensity, the DSSM’s V̂  increased linearly by 11.94% from 

7.12 V to 8.07 V as irradiance intensity increased from 653 Wm" to 805 Wm . then 

reduced linearly by 1.49% from 8.07 V to 8.19 V as irradiance intensity increased from 

805 Wm' 2 to 1095.7 Wm*2. Studies on a-Si have reported a 2.07% decrease in with 

increase in irradiance intensity. The DSSM’s Jsc increased linearly by 64.41% from
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5.92 x 10 4 Acm to 9.66xl0'4 Acm' 2 as irradiance intensity increased from 653 Wm2 to 

997 Wm'2. Jxc then reduced linearly by 2.06% from 9.66x10-4 Acm2 to 

9.48x10 4 Acm as irradiance intensity increased from 997 Wm' 2 to 1095.7 Wm'2. 

Studies on a-Si have reported a 162.07% increase in Jsc with increase in irradiance 

intensity. The DSSM’s FF reduced linearly by 20.55% from 0.73 to 0.58 as irradiance 

intensity increased from 653 Wm2 to 1095.7 Wm’2. In a-Si PV modules, FF is reported 

to reduce by 23.69% between 600 Wm ~ and One Sun. The DSSM’s // increased by 

5.74% from 4.70% to 4.9% as irradiance intensity increased from 653 Wm' 2 to 747 

Wm'2. It then reduced linearly by 8.65% from 4.9% to 4.54% as irradiance intensity 

increased from 747 Wm 2 to 1096.7 Wm 2. In a-Si PV modules, rj has been reported to 

reduce by 26.72% between 600 Wm' 2 irradiance intensity to one Sun. The DSSM 

performed better under varying irradiance intensities as compared to what is reported of 

a-Si PV devices.

The DSSM’s Voc showed a temperature dependence of -0.33 V°C 1 with linear decrease 

in Voc of 41.22% observed from 9.80 V to 5.76 V as the module surface temperature 

increased from 31.6°C to 43.8°C. Studies on a-Si have reported a V<yc temperature 

dependence of -0.059 V’C 1. The DSSM’s Jsc linearly decreased by 3.26% from 

7.98x1 O' 4 Acm ' 2 to 7.92x1 O'4 Acm' 2 as the DSSM’s surface temperature increased from 

31.6°C to 43.8°C. A temperature dependence o f -4.92x10* Acm'-’C' 1 was observed. 

Studies on a-Si PV modules have reported no temperature dependence of Jsc. FF lor the 

DSSM increased linearly by 14.04% from 0.57 to 0.65 as the DSSM’s surface 

temperature increased from 31.6°C to 43.8°C. A temperature dependence ol 

6.56x10'3oC '‘ was observed. Studies on a-Si modules have reported a linear reduction in 

FF by 14.29% observed from 0.56 to 0.64 between 45*C to 122°C. A FF temperature 

dependence of -1.04x10 3°C 1 was also observed of the DSSM. The DSSM s rj
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decreased linearly by 33.50 % from 5.95 % to 3.95 % as its surface temperature 

increased from 31.6°C to 43.8*C. A temperature dependence o f -1.63x10 ' %*CI was 

observed. Studies on a-Si PV modules have also reported a linear decrease in rj and a 

temperature dependence of -8.89x10'2%*C’. The DSSM performed better under 

different module surface temperatures as compared to what is reported of a-Si PV 

devices.

The DSSM therefore performed better than what is reported of a-Si PV modules. The 

DSSM’s good performance under low irradiance intensity as well as its improved 

performance under a combination of high irradiance intensity and temperatures makes it 

a promising technology for widespread application in Kenya. The low-cost 

consideration further enhances the favourable prospects for the DSSC technology.

5.2 Recommendations

5.2.1 Up scaling the use o f DSSCs in Kenya

This research has established the potential inherent in DSSCs towards unlocking the energy 

challenge, especially for the majority of Kenyans that cannot access energy because of its 

high cost. The following is recommended to spur scale up in DSSC work and uptake of the 

technology in Kenya:

• At policy level, including the Ministry of Energy, learning institutions and other 

macro and meso-level actors in the area of energy: To provide leadership by

establishing clear bench-marks towards renewable energy use, c.g., by 2030, every 

department of government, learning institution or organization to have, at least 30% 

of its power consumption from renewable sources. Lobbying and advocacy for this 

can be done with the International Organization of Standardization (ISO) to include 

use of renewable energy as part of its evaluation bench-marks. To implement this, 

‘smart meters’ that can show how much of the conventional power is consumed in a
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building as compared to the power from renewable energy sources should be 

introduced.

Based on the above, households are expected to pick cue from the leadership of 

government, learning institutions and other macro and meso-level actors. As 

pioneers to the DSSC work, which will gain prominence due to its low-cost and easy 

fabrication techniques; it is recommended that the School of Physical Sciences, 

University of Nairobi provides leadership in establishing a multi-department project 

aimed at moving the DSSC work from the laboratory to production. Further research 

in the area should henceforth be informed by the real issues that consumers of the 

DSSC products report. To this end, therefore, it is strongly observed that 

domesticating DSSC research in one department, yet the work spans across all the 

four departments of the School of Physical Sciences, University of Nairobi is 

synonymous to performing below average. The synergy that a project that draws 

together expertise from all the school’s departments, and indeed the School of 

Architecture and Design (due to the Building Integrated Photovoltaics articulated in 

this thesis) can be revolutionizing -  it will, to say the least, attract more resources to 

the benefit of not only the school, but also the entire University and the country as 

well.

During review of literature relating to what has been done by the Department of 

Physics, School of Physical Sciences, University of Nairobi in the area of solar PV; 

including DSSCs, a deliberate consultative forum of the researchers to share what 

each is doing on the area is recommended to be critical. Lack of such an initiative 

could be observed as one of the reasons that we don’t have DSSMs in the Kenyan 

PV market today.

The interest in the work that this thesis reports on, as evidenced from the remarks

and publications done shows how novel it is. Work in DSSCs, and indeed renewable
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that has huge potential and interest as the world grapples
energy in general is an area

, •* ;™r»arts Its is recommended that the School of Physicalwith climate change and its im pac .

r- -vToirrthi moves towards establishing a scientific journal in
Sciences, University o f Nairoo

a nrogramme in the area, as alluded to above. The 
this area besides setting up o t a progr

i Qrtivitv in work relating to DSSCs and renewable energy, 
journal will spur increased activ ty

Working with the glass industry to move towards production of smart glasses and 

well as glasses that no t only let in adeguate light but also generate power is 

recommended. This has already begun to be rolled ou, in Korea and Japan as

illustrated by the pictures in figures 5.1 and 5.2.

Figure 5.1: Picture o f DSSCs used to make an energy-gencratl 8
door in Korea.



Figure 5.2: Picture of DSSCs used to make energy-generating windows in Korea.

5.2.2 Further Research Work

Research on the field application of the DSSC technology still has many areas that need 

to be explored. However with regard to the work that was carried out in this thesis, the 

following areas need further studies:

• Carrying out after-exposure degradation studies on the DSSMs that have the 

potential o f being used in Kenya. Studies on the degradation of the DSSMs 

available on the PV market, and which show potential for use in Kenya need to 

be done after certain periods of the DSSMs’ exposure. This information will 

provide useful areas for further fundamental research aimed at enhancing uptake 

of the DSSC technology in Kenya
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• Investigate the spectral response o f the available DSSMs under Kenya s field 

weather conditions. In this work, studies on the performance of the DSSM 

under high values of AM and under diffuse radiation have shown improved 

response to shorter wavelength radiation. Further work needs to be done to 

establish the response to the whole solar radiation spectrum. In this 

recommended work, the fraction of recombination represented by the re

emission of photons of energy higher than Et  for various DSSMs should be

investigated.
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Appendices

A l .  T h e  CM3 Pyranometer Calibration Data

V oltage

(mV)

l±0.1]
00.0

12.3

12.4

12.5

12.6

12.7

12.9

13.0

13.1

13.2

14.0

15.0

16.4

17.0

18.0

19.0

20.0

21.0

22.0

Voltage

(V)

[ ± 0 .0001]

0 .0 1 2 3

0 .0 1 2 4

0 .0 1 2 5

0 .0 1 2 6

0 .0 1 2 7

0 .0 1 2 9

0 .0 1 3 0

0 .0131

0 .0 1 3 2

0 .0 1 4 0

0 .0 1 5 0

0 .0 1 6 4

0 .0 1 7 0

0 .0 1 8 0

0 .0 1 9 0

0.0200

0.0210

0.0220

Radiation 

Intensity Based 

on the KIPP & 

ZONEN

Pyranometer 

Sensitivity of 

22.36 x 102 

VoltsAVm2

[±0.001]

550.089

670.841

733.453

760 .286

"805.009^

Radiation 

Intensity 

Based on the 

Haenni Solar 

130 Radiation 

Meter 

(M'm2)

560

Variation of 

the KIPP & 
ZONEN and 

Haenni Solar 

130 Radiation 

Meters (M m 2)

[±0.001]

Radiation 

Obtained from 

the
Extrapolation 

of the Curves 

to the y-axis 

(Mm2)

- *

- *

576 ±  12.494

579 ~ ± 1 1 .0 2 1

Ooo ± 0 3 .0 7 7

590 ±  08 .605

600~~~ ±  14.132

600 ±  09 .6 6 0

~  629 ±  02 .882

663 '  ± 0 7 .8 4 1

740 ±  06 .547

763 ± 0 2 .7 1 4

802 ± 0 3 .0 0 1

0588.73

0677.34

0898.87

25.0
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AZ. T h e  LabV IEW ™  Application.

Introduction

he development of the automated J-V characterization using Laboratory Virtual 

Instruments Electronic Workbench (LabVIEW1 M) is presented in this section because 

this system was used during data collection in this work. LabVIEW™ is a virtual 

instruments application that provides a graphical environment for signal acquisition, 

data analysis and presentation of analyzed data. It is an application from National 

Instruments Inc. (USA) and operates by means of an interface between physical devices 

and mimics physical instruments. LabVIEW™ contains tools for data acquisition, 

analysis, display and storage. It has a user interface that has knobs, push buttons, etc as 

controls and indicators like graphs, which are controlled by a block diagram that directs 

the codes.

Communication protocol

LabVIEW™1 application as used in this work communicated with the Keithley 2400 

source meter through GPIB hardware via an interface card. The application was used in 

the measurement of current-density and voltage; and to plot the J-V characteristics. 

Performance parameters like the efficiency, fill factor and maximum power were then 

extracted from the J-V  curves. The Keithley 2400 source meter drivers were used as 

part of the communication with LabVIEW™1 application in acquiring and measuring 

the output from the DSSC module iorJ-Vcharacterization.

J-V  characterization system automation
Figure 7-1 presents a flow chart to illustrate how events stream during use ot the 

LabVIEWrN1 application in J-V  characteristics acquisition.
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Figure 7.1: The events in the process of measuring and plotting J-V characteristics using 

LabVIEW™.
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A h e  D SSM  s Dark J -V Characteristics Data

Data for dark J-V  measurements from V = 0 to V = 8 (first and second columns) anil 

f ro m  V = 8 to V = 0 (third and fourth columns) at 2.5 seconds sweep time.

V o lt a g e  ( V)
C u rren t D ensity, 

J (A cm '2) V oltage (V)
C urrent Density, 

J (A cm  2)

4 .6 0 E + 0 0 1.69E-05 3.40E+00 I.47E-06

4 .7 0 E + 0 0 1.82E-05 3.30E+00 1.28E-06

4 .8 0 E + 0 0 2.02E-05 3.20E+00 1.14E-06

4 .9 0 E + 0 0 2.30E -05 3.10E+00 1.01E-06

5 .0 0 E + 0 0 2.68E-05 3.00E+00 1.I2E-06

5 .1 0 E + 0 0 3.I7E -05 2.90E+00 1.03E-06

5 .2 0 E + 0 0 3.78E-05 2.80E +00 9.28E-07

5 .3 0 E + 0 0 4.54E -05 2.70E +00 6.35E-07

5 .4 0 E + 0 0 5.49E-05 2.60E +00 6.04E-07

5 .5 0 E + 0 0 6.66E -05 2.50E +00 5.36E-07

5 .6 0 E + 0 0 8.11E-05 2.40E +00 4.78E-07

5 .7 0 E + 0 0 1.05E-04 2.30E +00 4.19E-07

5 .8 0 E + 0 0 1.21E-04 2.20E +00 3.75E-07

5 .9 0 E + 0 0 1.48E-04 2.10E +00 3.31E-07

6 .0 0 E + 0 0 1.82E-04 2.00E +00 2.87E-07

6 .1 0 E + 0 0 2.24E -04 1.90E+00 2.48E-07

6 .2 0 E + 0 0 2.76E -04 1.80E+00 2.1 IE-07

6 .3 0 E + 0 0 3.40E -04 1.70E+00 1.68E-07

6 .4 0 E + 0 0 4.20E -04 1.60E+00 1.31E-07

6 .5 0 E + 0 0 5.18E -04 1.50E+00 9.13E-08

6 .6 0 E + 0 0 6.39E -04 1.40E+00 6.03E-08

6 .7 0 E + 0 0 7.88E -04 1.30E+00 2.17E-08

6 .8 0 E + 0 0 9.71E -04 1.20E+00 -1.39E-08

6 .9 0 E + 0 0 1.28E-03 1.10E+00 -4.71E-08

7 .0 0 E + 0 0 1.47E-03 1.00E+00 -8.62E-08

7 .1 0 E + 0 0 1.80E-03 9.00E-01 -I.29E -07

7 .2 0 E + 0 0 2.20E -03 8.00E-01 -1.74E -07

7 .3 0 E + 0 0 2.68E-03 7.00E-01 -2.25E-07

7 .4 0 E + 0 0 3.25E-03 6.00E-01 -2.85E -07

7 .5 0 E + 0 0 3.93E-03 5.00E-01 -3.61 E-07

7 .6 0 E + 0 0 4.73E -03 4.00E-01 -4.52E -07

7 .7 0 E + 0 0 5.67E -03 3.00E-01 -5.68E -07

7 .8 0 E + 0 0 6.75E -03 2.00E-01 -7.29E -07

7 .9 0 E + 0 0 8.00E-03 1.00E-01 -1.26E -06

8 .00E + 00 9.42E -03 0.00E +00 -I.13E -06
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Current Density, {
e i n  J { Acm2) Volute (».

LTk J- V m e a s u r e m e n ts  fro m  V = 0 to  V = g ( f a *  ^  y(xxmA

i to  V  =  0  ( th i r d  a n d  fo u rth  co lu m n s) at 5 seconds trn *

£+00 
E-01 
E-01 

£-01 
>E-01 

)E-01 
3E-01 

OE-01 
0E-01  

0E-01  
OE+OO 
0E +00  

10E+00 

10E+00 

tOE+OO 

50E +00  

60E + 00  

70E +00  

.80E +00  

.90E +00  

.OOE+OO 

:.10E +00  
'.20E + 00  
2.30E+00  
2.40E +00  

2.50E +00  
2 .60E +00  

2 .70E +00  

2 .80E +00  

2 .90E + 00  

3 .00E +00

3.1 OE+OO 

3 .20E +00  
3 .30E +00  

3 .40E +00  

3 .50E +00  
3 .60E +00  

3 .70E +00  

3 .80E +00  
3 .90E +00  

4 .00E + 00
4.1 OE+OO 

4 .20E + 00  

4 .30E + 00  
4 .4 0 E + 0 0  
4 .5 0 E + 0 0  

4 .60E + 00

-7.02E-07  
-2.91E-07  

-3.59E-08  
1.47E-07 
2.93E-07  
4.09E-07  
5.06E-07  
5.80E-07 

6.47E-07  
7.10E-07  
7.74E-07  

8.35E-07 

1.06E-06 
9.97E-07  

1.13E-06 

1.01E-06 

1.07E-06 

1.12E-06 

I.18E-06 
1.25E-06 
1.31E-06 
1.39E-06 
1.48E-06 
1.58E-06 
1.68E-06 
1.79E-06 

1.93E-06 
2.07E-06  

2.23E-06  

2.41E-06  

2.61E-06  

2.83E-06  

3.09E-06  
3.38E-06 
3.73E-06 

4.I3E -06  
4.61E-06  
5.I7E-06  

5.83E-06 
6.60E-06 
7.50E-06 

8.55E-06 

1.00E-05 
1.56E-05 
I.16E-05 

1.24E-05 
1.37E-05

8 00E-00  

7V0£*O0 

7 80EMJ0 

7 70EHW 

7 60E*00 
750E*00  

-

7.30EHW 

7.20E*OQ 

7.IOE*00 

700E+00  

6.90E+00 

6.80EMW 

6 70F.*00 
6.60EHW 

6.50E+00 

6.40E*00 

6.30E+00 

6.20E+00 
6 I OF. *00 
6.00E*00 

5.90E*00 
5.80E+00 

5.70E*00 

5.606*00  

5.50E*0Q 
5 40E*00 

5.30E+00 

5.20E+00 

5.I0E*00  

5 00E*00 

4 90E*00 

4 80E*0Q

4.706*00
4 60E*00 

4 50E*00 

440E *00  
4 )0 E * 0 0  

4 20E*00 

4 I0 E * 0 0  

400E *<»  

390E *<#  
3S0E *40  

3 70E*<»
360E *00

3 5 0 6 * 0 0

3 4 0 6 * 0 0

tM l)
7 | | |« )
4)160)
)47 |4 l 
4)460) 
37)60) 
)«IUI 
2 5460)
2 0714) 
14010)
I M O )
I 1260) 
94IEOI 
7 35601 
594601 
41)601 
J9IE04 
317604
2) 7604 
20(604
1 Iff 04 
13(604 
112604 
102604 
74160) 
41260) 
50260) 
4I4CO) 
34360) 
2(560) 
23160) 
20(60) 
1*960) 
14360) 
1.2160) 
10)60) 
10460) 
70960* 
43960* 
541604 
471604 
40(60* 
) 54604
3) 260*
2 74604 
2 *4 6 0 * 
11760*
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^ a t a  t o r  d a r k  J -V  m e a s u r e m e n ts  f ro m  V  =  0  to  V  =  8 ( f ir s t a n d  s e c o n d  c o lu m n s )  an d

f r o m  V = 8 to V  = 0 ( th i r d  a n d  fo u rth  c o lu m n s )  a t 5 se c o n d s  sw e e p  tim e .

C u rren t D ensity, C urrent Density.
V o l t a g e  ( V) J (A cm '2)

V oltage (10 J (Acm  l )

O.OOE+OO -7.02E -07 8.00E+00 9.26E-03

1 .00E -01 -2.91E -07 7.90E+00 7.81E-03

2 .0 0 E -0 1 -3.59E -08 7.80E+00 6.56E-03

3 .0 0 E -0 I 1.47E-07 7.70E+00 5.47E-03

4 .0 0 E -0 1 2.93E -07 7.60E+00 4.54E-03

5 .0 0 E -0 1 4.09E -07 7.50E+00 3.75E-03

6 .0 0 E -0 1 5.06E -07 7.40E+00 3.09E-03

7 .0 0 E -0 1 5.80E -07 7.30E+00 2.54E-03

8 .0 0 E -0 1 6.47E -07 7.20E+00 2.07E-03

9 .0 0 E -0 1 7.10E -07 7.10E +00 1.69E-03

1 .0 0 E + 0 0 7.74E -07 7.00E+00 I.38E-03

1 .1 0 E + 0 0 8.35E -07 6.90E+00 I.12E-03

1 .2 0 E + 0 0 1.06E-06 6.80E+00 9.41E-04

1 .3 0 E + 0 0 9.97E -07 6.70E+00 7.35E-04

1 .4 0 E + 0 0 1.13E-06 6.60E+00 5.96E-04

1 .5 0 E + 0 0 1.01E-06 6.50E+00 4.83E-04

1 .6 0 E + 0 0 1.07E-06 6.40E+00 3.91E-04

1 .70E + 00 1.12E-06 6.30E+90 3.I7E-04

1 .80E + 00 1.18E-06 6.20E +00 2.57E-04

I.9 0 E + 0 0 1.25E-06 6.10E+00 2.08E-04

2 .0 0 E + 0 0 1.31E-06 6.00E +00 1.69E-04

2 .1 0 E + 0 0 1.39E-06 5.90E +00 1.38E-04

2 .2 0 E + 0 0 1.48E-06 5.80E +00 1.12E-04

2 .3 0 E + 0 0 1.58E-06 5.70E +00 I.02E-04

2 .4 0 E + 0 0 1.68E-06 5.60E +00 7.46E-05

2 .5 0 E + 0 0 1.79E-06 5.50E +00 6.12E-05

2 .6 0 E + 0 0 1.93E-06 5.40E +00 5.02E-05

2 .7 0 E + 0 0 2.07E -06 5.30E +00 4.14E-05

2 .8 0 E + 0 0 2.23E -06 5.20E +00 3.43E-05

2 .9 0 E + 0 0 2.41E -06 5.10E +00 2.85E-05

3 .0 0 E + 0 0 2.61E -06 5.00E +00 2.38E-05

3 .1 0 E + 0 0 2.83E -06 4.90E +00 2.00E-05

3 .2 0 E + 0 0 3.09E -06 4.80E +00 1.69E-05

3 .3 0 E + 0 0 3.38E -06 4.70E +00 1.43E-05

3 .4 0 E + 0 0 3.73E -06 4.60E +00 1.21E-05

3 .5 0 E + 0 0 4.13E -06 4.50E +00 1.03E-05

3 .6 0 E + 0 0 4 .6  IE-06 4.40E +00 1.04E-05

3 .70E + 00 5 .I7E -06 4.30E +00 7.49E -06

3 .80E + 00 5.83E -06 4.20E +00 6.39E -06

3 .90E + 00 6.60E -06 4.10E +00 5.48E -06

4 .0 0 E + 0 0 7.50E -06 4.00E +00 4.71E -06

4 .I0 E + 0 0 8.55E -06 3.90E +00 4.08E -06

4 .2 0 E + 0 0 1.00E-05 3.80E +00 3.56E -06

4 .3 0 E + 0 0 1.56E-05 3.70E +00 3.12E -06

4 .4 0 E + 0 0 I.16E-05 3 .60E +00 2.74E -06

4 .5 0 E + 0 0 1.24E-05 3 .50E +00 2.44E -06

4 .6 0 E + 0 0 1.37E-05 3 .40E +00 2 .1 7E-06
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4 .7 0 E + 0 0 1.56E-05 3.30E+00 1.94E-06
4 .8 0 E + 0 0 1.80E-05 3.20E+00 I.75E-06
4 .9 0 E + 0 0 2 .U E -0 5 3.10E+O0 1.59E-06
5 .0 0 E + 0 0 2.50E-05 3.00E+00 I.45E-06
5 .1 0 E + 0 0 2.98E-05 2.90E +00 1 32E-06
5 .2 0 E + 0 0 3.57E-05 2.80E +00 1.2 IE-06
5 .3 0 E + 0 0 4.30E-05 2.70E +00 1.I1E-06
5 .4 0 E + 0 0 5.20E-05 2.60E +00 I.03E-06
5 .5 0 E + 0 0 6.31E-05 2.50E +00 1.I2E-06
5 .6 0 E + 0 0 7.70E-05 2.40E +00 I.05E-06
5 .7 0 E + 0 0 9.42E -05 2.30E +00 9.59E-07
5 .8 0 E + 0 0 1.81E-04 2.20E +00 7.26E-07
5 .9 0 E + 0 0 1.4 IE-04 2.10E +00 6.93E-07
6 .0 0 E + 0 0 1.74E-04 2.00E +00 6.45E-07
6 . 10E + 00 2.14E -04 1.90E+00 6.00E-07

6 .2 0 E + 0 0 2.63E -04 1.80E+00 5.54E-07

6 .3 0 E + 0 0 3.25E -04 I.70E +00 5.I2E-07

6 .4 0 E + 0 0 4.01E -04 I.60E +00 4.69E-07

6 .5 0 E + 0 0 4.95E -04 1.50E+00 4.32E-07

6 .6 0 E + 0 0 6.12E -04 1.40E+00 3.95E-07

6 .7 0 E + 0 0 7.55E -04 1.30E+00 3.62E-07

6 .8 0 E + 0 0 9.31E -04 1.20E+00 3.25E-07

6 .9 0 E + 0 0 1.21E-03 1.10E+00 2.92E-07

7 .0 0 E + 0 0 1.41E-03 1.00E+00 2.46E-07

7 .1 0 E + 0 0 I.73E-03 9.00E -0I 2.13E-07

7 .2 0 E + 0 0 2.12E -03 8.00E -0I 1.75E-07

7 .3 0 E + 0 0 2.59E -03 7.00E-01 1.22E-07

7 .4 0 E + 0 0 3.15E -03 6.00E-01 6.29E-08

7 .5 0 E + 0 0 3.82E -03 5.00E-01 -3.69E-09

7 .6 0 E + 0 0 4.61E -03 4.00E-01 -7.97E-08

7 .7 0 E + 0 0 5.53E -03 3.00E-01 -1.87E-07

7 .8 0 E + 0 0 6.61E-03 2.00E-01 -3.24E-07

7 .9 0 E + 0 0 7.85E-03 1.00E-01 -5.04E-07

8 .0 0 E + 0 0 9.27E -03 0.00E +00 -7.48E-07

Data for dark J- V measurements from V = 0 to V = 8 (first and second columns) and

from V = 8 to V = 0 (third and fourth columns) at 12.5 seconds sweep time.

C u rren t D ensity, C urrent D ensity,

V o lta g e  (V) J (A c m 2)
V oltage  (V) J (Acm '2)

O.OOE+OO -3.23E -07

1.00E-01 -3.22E -08

2.00E -01 1.73E-07

3.00E-01 3.23E -07

4.00E -01 4.46E -07

5.00E -01 5.38E -07

6.00E -01 6.10E -07

7.00E-01 6.66E -07

8.00E-01 7.22E -07

9 .0 0 E -0 1 7.65E -07

1.00E +00 8.14E -07

U 0 E + 0 0 8.52E -07

8.00E +00 9.12E-03

7.90E +00 7.68E-03

7.80E +00 6.44E-03

7.70E +00 5.37E-03

7.60E +00 4.45E-03

7.50E +00 3.68E-03

7.40E +00 3.02E-03

7.30E +00 2.48E-03

7.20E +00 2.03E-03

7.10E +00 I.65E-03

7.00E +00 1.35E-03

6.90E +00 1.09E-03
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1 2 0 E + 0 0 8.95E-07
l .3 0 E + 0 0 9.36E-07
1.4 0 E + 0 0 1.21E-06
1 .5 0 E + 0 0 1.04E-06
1.6 0 E + 0 0 1.08E-06
1.7 0 E + 0 0 1.13E-06
1 .8 0 E + 0 0 1.18E-06
1.9 0 E + 0 0 1.25E-06
2 .0 0 E + 0 0 1.30E-06
2 .1 0 E + 0 0 1.39E-06
2 .2 0 E + 0 0 1.46E-06
2 .3 0 E + 0 0 1.53E-06
2 .4 0 E + 0 0 1.63E-06
2 .5 0 E + 0 0 1.73E-06
2 .6 0 E + 0 0 1.83E-06
2 .7 0 E + 0 0 1.95E-06
2 .8 0 E + 0 0 2.08E -06
2 .9 0 E + 0 0 2.23E -06
3 .0 0 E + 0 0 2.40E -06
3 . 10E + 00 2.60E -06
3 .2 0 E + 0 0 2.82E -06
3 .3 0 E + 0 0 3.08E -06

3 .4 0 E + 0 0 3.38E -06
3 .5 0 E + 0 0 3.74E -06

3 .6 0 E + 0 0 4.14E -06
3 .7 0 E + 0 0 4.62E -06

3 .8 0 E + 0 0 5.16E -06

3 .9 0 E + 0 0 5.78E -06

4 .0 0 E + 0 0 6.44E -06

4 .1 0 E + 0 0 7.07E -06

4 .2 0 E + 0 0 7.77E -06

4 .3 0 E + 0 0 8.66E -06

4 .4 0 E + 0 0 9.91E -06

4 .5 0 E + 0 0 1.99E-05

4 .6 0 E + 0 0 1.29E-05

4 .7 0 E + 0 0 1.49E-05

4 .8 0 E + 0 0 1.75E-05

4 .9 0 E + 0 0 2.06E -05

5 .0 0 E + 0 0 2.44E -05

5 .1 0 E + 0 0 2.91E -05

5 .2 0 E + 0 0 3.50E -05

5 .3 0 E + 0 0 4.22E -05

5 .4 0 E + 0 0 5.10E -05

5 .5 0 E + 0 0 6.20E -05

5 .6 0 E + 0 0 7.56E -05

5 .7 0 E + 0 0 9.24E -05

5 .8 0 E + 0 0 1.62E-04

5 .9 0 E + 0 0 1.39E-04

6 .0 0 E + 0 0 1.71E-04

6 .1 0 E + 0 0 2.10E -04

6 .2 0 E + 0 0 2.59E -04

6 .3 0 E + 0 0 3.19E -04

6 .4 0 E + 0 0 3.94E -04

6 .5 0 E + 0 0 4 .86E -04

6 .6 0 E + 0 0 6.00E -04

6.80E+00 9.22E-04
6.70E+00 7.20E-04
6.60E-HX) 5.84E-04
6.50E-HX) 4.73E-04
6.40E+00 3.84E-04
6.30E+00 3.1 IE-04
6.20E+00 2.53E-04
6.I0E+O0 2.05E-04
6.00E+00 I.67E-04

5.90E+00 1.36E-04

5.80E+00 1.1 IE-04

5.70E+00 I.01E-04

5.60E+00 7.4 IE-05
5.50E+00 6.08E-05
5.40E-KK) 5.00E-05

5.30E+00 4.13E-05

5.20E +00 3.43E-05

5.10E +00 2.85E-05

5.00E +00 2.39E-05

4.90E +00 2.01E-05

4.80E +00 1.7 IE-05

4.70E +00 1.45E-05

4.60E +00 1.24E-05

4.50E +00 1.07E-05

4.40E +00 I.05E-05

4.30E +00 8.06E-06

4.20E +00 7.0 IE-06

4.10E +00 6.13E-06

4.00E +00 5.36E-06

3.90E +00 4.72E-06

3.80E +00 4.16E-06

3.70E +00 3.68E-06

3.60E +00 3.28E-06

3.50E +00 2.92E-06

3.40E +00 2.63E-06

3.30E +00 2.37E-06

3.20E +00 2.15E-06

3.10E +00 1.96E-06

3.00E +00 I.79E-06

2.90E +00 I.64E-06

2.80E +00 1.5 IE-06

2.70E +00 I.40E-06

2.60E +00 1.3 IE-06

2.50E +00 1.2 IE-06

2.40E +00 1.12E-06

2.30E +00 I.05E-06

2.20E +00 1.16E-06

2 .10E +00 1.09E-06

2 .00E +00 1.03E-06

1.90E+00 9.50E-07

1.80E+00 7.55E-07

1.70E+00 7.30E -07

1.60E+00 6.92E -07

1.50E+00 6.48E -07

1.40E+00 6.16E -07
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6 .7 0 E + 0 0 7.41E -04
6 .8 0 E + 0 0 9.13E -04

6 .9 0 E + 0 0 1.17E-03

7 .0 0 E + 0 0 1.38E-03

7 .1 0 E + 0 0 1.70E-03

7 .2 0 E + 0 0 2.08E-03

7 .3 0 E + 0 0 2.54E-03

7 .4 0 E + 0 0 3.09E-03

7 .5 0 E + 0 0 3.75E-03

7 .6 0 E + 0 0 4.53E-03

7 .7 0 E + 0 0 5.44E-03

7 .8 0 E + 0 0 6.50E-03

7 .9 0 E + 0 0 7.73E-03

8 .0 0 E + 0 0 9.13E-03

1.30E+00 5.77E-07

1.20E+00 5.41 E-07

1.10E+00 5.06E-07

1.00E+00 4.75E-07

9.00E-01 4.38E-07

8.00E-01 3.98E-07

7.00E-01 3.53E-07

6.00E-01 3.06E-07

5.00E-01 2.42E-07

4.00E-01 1.67E-07

3.00E-01 6.65E-08

2.00E-01 -6.34E-08

1.00E-01 -2.35E-07

0.00E +00 -4.69E-07

d .  D a ta  for dark J- V measurements from V  =  0 to V -  8 (first and second columns) and 

from  V = 8 to V = 0 (third and fourth columns) at 25 seconds sweep time.

V o lta g e  (F )

O.OOE+OO

1.00E -01
2 .00E -01

3 .00E -01
4 .00E -01

5.00E -01

6 .00E -01
7 .00E -01

8 .00E -01
9 .00E -01
1 .00E +00

1 .10E +00

1 .20E +00

1 .30E +00
1 .40E +00
1.50E +00
1 .60E +00
1.70E +00
1.80E +00
1.90E +00
2 .0 0 E + 0 0

2 .1 0 E + 0 0
2 .2 0 E + 0 0

2 .3 0 E + 0 0
2 .4 0 E + 0 0

2 .5 0 E + 0 0
2 .6 0 E + 0 0

2 .70E + 00

2 .80E + 00

2 .90E + 00

Current Density, 

J (Acm2)

-1.57E -07
9.91E -08
2.82E -07
4.22E -07
5.31E-07
6.29E-07

6.69E -07
7.15E -07
7.56E -07

7.89E -07
8.30E-07

8.61E-07
8.97E-07

9.34E -07

9 .7 1 E-07
1.05E-06
1.87E-06
1.09E-06
1.15E-06

1.20E-06
1.25E-06
1.31E-06
1.38E-06
1.45E-06

1.54E-06
1.64E-06

1.73E-06

1.84E-06
1.95E-06

2.1 IE-06

Voltage (F)

8.00E +00
7.90E +00
7.80E +00
7.70E +00
7.60E +00
7.50E +00

7.40E +00
7.30E +00
7.20E +00
7.10E +00

7.00E +00

6.90E +00
6.80E +00
6.70E +00
6.60E +00

6.50E +00
6.40E +00
6.30E +00
6.20E +00

6.10E +00
6.00E +00
5.90E +00
5.80E +00

5.70E +00
5.60E +00
5.50E +00

5.40E +00
5.30E +00

5 .20E +00
5 .10E +00

Current Density, 

J (Acm2)

8.94E-03
7.52E-03
6.29E-03
5.24E-03
4.34E-03
3.58E-03
2.94E-03
2.41E-03
1.97E-03
1.61E-03
1.31E-03
1.06E-03
8.97E-04

7.01E -04
5.69E-04
4.62E -04
3.75E-04
3.05E-04
2.47E-04

2.01E -04
1.64E-04
1.34E-04
1.09E-04

1.00E-04
7.31E -05
6.01E -05
4.95E -05

4.09E -05

3.40E-05

2.83E -05
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3 .0 0 E + 0 0 2.27E-06
3 .1 0 E + 0 0 2.45E-06
3 .2 0 E + 0 0 2.67E -06
3 .3 0 E + 0 0 2.91E-06
3 .4 0 E + 0 0 3.18E-06
3 .5 0 E + 0 0 3.52E-06
3 .6 0 E + 0 0 3.89E-06
3 .7 0 E + 0 0 4.32E-06
3 .8 0 E + 0 0 4.79E-06
3 .9 0 E + 0 0 5.30E-06
4 .0 0 E + 0 0 5.84E-06
4 .1 0 E + 0 0 6.49E-06
4 .2 0 E + 0 0 7.30E-06
4 .3 0 E + 0 0 8.27E-06
4 .4 0 E + 0 0 9.45E -06
4 .5 0 E + 0 0 1.55E-05
4 .6 0 E + 0 0 1.26E-05
4 .7 0 E + 0 0 1.46E-05
4 .8 0 E + 0 0 I.71E-05
4 .9 0 E + 0 0 2.02E-05
5 .0 0 E + 0 0 2.40E-05
5 .1 0 E + 0 0 2.86E-05
5 .2 0 E + 0 0 3.43E-05
5 .3 0 E + 0 0 4.14E -05

5 .4 0 E + 0 0 5.01E-05

5 .5 0 E + 0 0 6.10E-05

5 .6 0 E + 0 0 7.43E-05

5 .7 0 E + 0 0 9.07E-05

5 .8 0 E + 0 0 1.48E-04

5 .9 0 E + 0 0 1.36E-04

6 .0 0 E + 0 0 1.67E-04

6 .1 0 E + 0 0 2.06E -04

6 .2 0 E + 0 0 2.53E -04

6 .3 0 E + 0 0 3.12E-04

6 .4 0 E + 0 0 3.85E-04

6 .5 0 E + 0 0 4.75E -04

6 .6 0 E + 0 0 5.86E-04

6 .7 0 E + 0 0 7.22E -04

6 .8 0 E + 0 0 8.90E-04

6 .9 0 E + 0 0 1.12E-03

7 .0 0 E + 0 0 1.35E-03

7 .1 0 E + 0 0 1.65E-03

7 .2 0 E + 0 0 2.03 E-03

7 .3 0 E + 0 0 2.47E -03

7 .4 0 E + 0 0 3.01 E-03

7 .5 0 E + 0 0 3.65E -03

7 .6 0 E + 0 0 4.42E -03

7 .7 0 E + 0 0 5.31 E-03

7 .8 0 E + 0 0 6.36E -03

7 .9 0 E + 0 0 7.57E -03

8 .0 0 E + 0 0 8.95E -03

5.00E+00 2.38E-05
4.90E+00 2.00E-05
4.80E-KK) 1.70E-05
4.70E+00 I.45E-05
4.60E +00 I.25E-05
4.50E +00 1.08E-0S

4.40E +00 1.05E-05

4.30E +00 8.16E-06

4.20E +00 7.16E-06

4.10E +00 6.30E-06

4.00E +00 5.56E-06

3.90E +00 4.92E-06

3.80E +00 4.36E-06

3.70E +00 3.90E-06

3.60E +00 3.48E-06

3.50E +00 3.13E-06

3.40E +00 2.83E-06

3.30E +00 2.58E-06

3.20E +00 2.33E-06

3.10E +00 2.13E-06

3.00E +00 1.96E-06

2.90E +00 1.80E-06

2.80E +00 1.67E-06

2.70E +00 1.55E-06

2.60E +00 1.44E-06

2.50E +00 1.36E-06

2.40E +00 1.26E-06

2.30E +00 1.18E-06

2.20E +00 1.12E-06

2.10E +00 1.05E-06

2.00E +00 1.13E-06

1.90E+00 1.08E-06

1.80E+00 1.00E-06

1.70E+00 9.46E-07

1.60E+00 8.94E-07

1.50E+00 7.74E-07

1.40E+00 7.50E-07

1.30E+00 7.24E-07

1.20E+00 6.92E-07

1.10E+00 6.52E -07

l.OOE+OO 6.25E-07

9.00E-01 5.86E -07

8.00E-01 5.49E -07

7.00E-01 5.10E-07

6.00E-01 4.66E -07

5.00E-01 4.12E -07

4.00E-01 3.37E -07

3.00E-01 2.42E -07

2.00E-01 1.15E-07

l.OOE-Ol -5.79E -08

O.OOE+OO -2.90E -07
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i the Optical Air Mass (AM)

S h a d o w  

Length 

(cm) (Day 

One)

[±0 . l ]

Shadow 

Length 

(cm) (Day 

Two)

[± 0 . l ]

Shadow  

Length (cm) 

(Day Three)

(±0 .01)

Meaa

Shadow

l * n t h  (cm)

1*01)

< * * a l

Air Mm  

CAM)

l * t t )

Urno

O f M l

|aOOM|
62.4 61.8 58.8 6 1 0 1.15 0 J H

56.2 56.8 62.1 $8 4 114 f  “  o j r

4 8 .0 51.2 53.4 5 09 i l l 4 j r

4 0 .0 40.2 51.7 4 4 0 101 0  251

33.6 32.8 30.8 32.4 104 c :•

23.1 22.8 24.6 23.5 102 o : # .

- - 00.0 0 0 0 100

00.0 02.2 - 00.7 100 i

- 00.0 - 0 0 0 100 0

18.2 20.1 18.0 188 101 0011

33.6 35.3 34.0 34.3 105 t i n

1 |  |

47.2 45.6 46.7 46 $ 109 0255

53.8 54.7 52.8 53.8 M 2 0200

1 61.8 62.8 62.0 62.2 1.15
1 | ------r  4
A IM

) 65.6 64.6 65.2 65.1 1.17 f i n
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A4 a t a  ° n the Optical Air Mass (AM)

T,r n v  o f  t h e  
t > a y

( H o u r s )

[= ± = 0 -0 1 ]

Shadow 

Length 

(cm) (Day 

One)

[± 0 .1 ]

Shadow 

Length 

(cm) (Day 

Two)

[± o .i]

Shadow 

Length (cm) 

(Day Three)

(±0.01]

Mean 

Shadow 

Length (cm)

(±0.1]

Optical 

Air Mass

(AM)

(±0.01]

Zenith

A . *

(Degrees)

(±0.001]
o / O O 6 2 .4 61.8 58.8 61.0 1.15 0.296

'J o O O 5 6 .2 56.8 62.1 58.4 1.14 0.287

0 9 0 0 4 8 .0 51.2 53.4 50.9 1.10 0.257

1 O 0 0 4 0 .0 40 .2 51.7 44.0 1.08 0.255

1 100
1-----------------

3 3 .6 32.8 30.8 32.4 1.04 0.251

1 2 0 0
1-----------------

23 .1 22 .8 24.6 23.5 1.02 0.249

1 2 4 3
i-------------------------------

- - 00.0 00.0 1.00 0

1 2 4 6 0 0 .0 02.2 - 00.7 1.00 0

1 2 5 0
1

00.0 - 00.0 1.00 0

1300 18.2 20.1 18.0 18.8 1.01 0.081

1400 3 3 .6 35.3 34.0 34.3 1.05 0.178

1500 4 7 .2 45.6 46.7 46.5 1.09 0.235

1600 53 .8 54.7 52.8 53.8 1.12 0.268

1700
L___________

61 .8 62.8 62.0 62.2 1.15 0.296

1800 65 .6 64.6 65.2 65.1 1.17 0.313
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for  the J-\ Characterization under different Irradiance Intensities.
a.

a ta  for the J  V characterization under 653 Wm ' light intensity.

V o lta g e  (V) Current Density, 

J  (Acm '2)

7 .12E +00 -3.43E-04
7 .02E +00 -3.57E-04
6 .92E +00 -3.75E-04
6 .82E +00 -3.93E-04
6 .72E +00 -4.12E-04
6 .62E +00 -4.28E-04
6 .52E +00 -4.44E-04
6 .42E +00 -4.59E-04
6 .32E +00 -4.73E-04
6.22E +00 -4.86E-04
6 .12E +00 -4.98E -04
6 .02E +00 -5.08E -04

5.92E +00 -5.17E -04
5.82E +00 -5.26E -04
5.72E +00 -5.34E -04

5.62E +00 -5.41E -04

5.52E +00 -5.47E -04

5.42E +00 -5.52E -04

5.32E +00 -5.57E -04

5.22E +00 -5.60E -04

5.12E +00 -5.62E -04

5.02E +00 -5.66E -04

4 .92E +00 -5.68E -04

4 .82E +00 -5.70E -04

4 .72E +00 -5.71E -04

4 .62E +00 -5.72E -04

4 .52E +00 -5.73E -04

4 .42E +00 -5.73E -04

4 .32E +00 -5.73E -04

4 .22E +00 -5.73E -04

4 .12E +00 -5.74E -04

4 .02E +00 -5.73E -04

3.92E +00 -5.73E -04

3.82E +00 -5.73E -04

3.72E +00 -5.72E -04

3.62E +00 -5.72E -04

3.52E +00 -5.73E -04

3.42E +00 -5.72E -04

3.32E +00 -5.73E -04

3.22E +00 -5.74E -04

3.12E +00 -5.76E -04

3.02E +00 -5 .77E -04

2.92E +00 -5.79E -04

2.82E +00 -5.81E -04

2.72E +00 -5.82E -04

2.62E +00 -5.83E -04

2.52E +00 -5.84E -04

2.42E +00 -5.84E -04

2 .32E +00 -5 .85E -04

2 .22E +00 -5.85E -04

2 .12E +00 -5.85E -04

2.02E +00 -5.87E -04
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1.92E +00 -5.88E-04
1.82E +00 -5.89E-04
1.72E +00 -5.89E-04
1.62E +00 -5.89E-04
1.52E +00 •5.90E-04
1 4 2 E + 0 0 -5.91E-04
1.32E +00 -5.91E-04
1.22E +00 -5.91E-04
1.12E +00 -5.91E-04
1.02E +00 -5.91E-04
9.23E -01 -5.92E-04
8.23E -01 -5.91E-04
7.23E -01 -5.92E-04
6.23E -01 -5.92E-04
5.23E -01 -5.92E-04
4.23E -01 -5.92E-04
3.23E -01 -5.92E-04
2.23E -01 -5.93E-04

1.23E-01 -5.92E-04
2 .25E -02 -5.92E-04

b  - D ata  for the J- V characterization under 703 Witt light intensity.

V o lta g e  (V)

7 .50E +00
7 .40E +00
7 .30E +00
7 .20E +00
7 .10E +00
7 .00E +00
6 .90E +00
6 .80E +00
6 .70E +00
6 .60E +00
6 .50E +00
6 .40E +00
6 .30E +00
6 .20E +00
6 .10E +00
6.00E +00
5.90E +00
5.80E +00
5.70E +00
5.60E +00
5.50E +00
5.40E +00
5.30E +00
5.20E +00
5 .10E +00
5 .00E +00
4 .90E + 00
4 .80E + 00
4 .70E + 00
4 .60E + 00
4 .50E + 00

Current Density, 

J (Acm'2)
-2.40E-04
-2.73E-04
-3.03E-04
-3.30E-04
-3.55E-04
-3.78E-04
-4.01E-04
-4.22E-04
-4.41E -04
4 .6 0 E -0 4
-4.77E-04
4 .9 4 E -0 4
-5.09E -04
-5.22E -04
-5.35E -04
-5.47E -04
-5.58E -04
-5.68E -04
-5.76E -04
-5.84E -04
-5.91E -04
-5.97E -04
-6.41E -04
-6.07E -04
-6.11E -04
-6.13E -04
-6.16E -04
-6.18E -04
-6.20E -04
-6.22E -04
-6.22E -04
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4 .4 0 E + 0 0
4 .3 0 E + 0 0
4 .2 0 E + 0 0
4 .1 0 E + 0 0
4 .0 0 E + 0 0
3 .9 0 E + 0 0
3 .8 0 E + 0 0
3 .7 0 E + 0 0
3 .6 0 E + 0 0
3 .5 0 E + 0 0
3 .4 0 E + 0 0
3 .3 0 E + 0 0
3 .2 0 E + 0 0
3 .1 0 E + 0 0
3 .0 0 E + 0 0
2 .9 0 E + 0 0
2 .8 0 E + 0 0
2 .7 0 E + 0 0
2 .6 0 E + 0 0
2 .5 0 E + 0 0
2 .4 0 E + 0 0
2 .3 0 E + 0 0
2 .2 0 E + 0 0
2 .1 0 E + 0 0
2 .0 0 E + 0 0
1.90E +00
1.80E +00
1.70E +00
1.60E +00
1.50E +00
1.40E +00
1.30E +00
1.20E +00
1.10E +00
1 .OOE+OO
9.03E -01
8.03 E-01
7.03E -01
6.03E -01
5.03E -0I
4.03E -01
3.03E -01
2.03E -01
1.03E-01
2.50E -03

C' Data on the J -V characterization under 747 Wm

V o lta g e  (V)

7.65E +00
7.55E +00
7.45E +00
7.35E +00
7.25E +00
7.15E +00
7.05E +00
6 .95E +00

-623E-04 
-6.22E-04 
•622 E-04 
•6.23E44 
-6.22E-04 
-6.25E-04 
•6.23E-04 
-6.23E-04 
-6.25E-04 
•6.26E-04 
-6.27E-04 
-6.25E-04 
-6.26E-04 
-6.27E-04 
-6.28E-04 
-6.31E-04 
-6.3 IE-04 
-6.33E-04 
-6.33E-04 
-6.32E-04 
-6.32E-04 
-6.35E-04 
-6.35E-04 
-6.37E-04 
-6.39E-04 
-6.40E-04 
-6.4 IE-04 
-6.42E-04 
-6.42E-04 
-6.42E-04 
-6.43E-04 
-6.42E-04 
-6.44E-04 
-6.43E-04 
-6.43E-04 
-6.43E-04 
-6.44E-04 
-6.45E-04 
-6.45E-04 
-6.47E-04 
-6.54E-04 
-6.51E-04 
-6.48E-04 
-6.49E-04 
-6.50E-04

! light intensity.

Current Density.

y(Acm4)
-1.95E-04
■2.34E-04
-2.68E-04
-2.99E-04
-3.28E-04
-3.55E-04
-3.81E-04
4.06E-04
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6 .85E + 00
6 .7 5 E + 0 0
6 .6 5 E + 0 0
6 .5 5 E + 0 0
6 .4 5 E + 0 0
6 .35E + 00
6 .2 5 E + 0 0
6 .1 5E +00
6 .0 5 E + 0 0
5 .95E + 00
5 .85E + 00
5 .75E + 00
5 .65E + 00
5 .55E + 00
5 .45E + 00
5 .35E + 00
5 .25E + 00
5 .15E + 00
5 .05E + 00
4 .9 5 E + 0 0
4 .8 5 E + 0 0
4 .7 5 E + 0 0
4 .6 5 E + 0 0
4 .5 5 E + 0 0
4 .4 5 E + 0 0
4 .3 5 E + 0 0
4 .2 5 E + 0 0
4 .1 5 E + 0 0
4 .0 5 E + 0 0
3 .95E + 00
3 .85E + 00
3 .75E + 00
3 .65E + 00
3 .55E + 00
3 .45E + 00
3 .35E + 00
3 .25E + 00
3 .15E + 00
3 .05E + 00
2 .95E + 00
2 .85E + 00
2 .75E + 00
2 .65E + 00
2 .55E + 00
2 .45E + 00
2 .35E + 00
2 .25E + 00
2 .15E + 00
2 .05E + 00
1.95E +00
1.85E+00
1.75E+00
1.65E +00
1.55E +00
1.45E +00
1.35E+00
1.25E +00
1.15E +00
1.05E+00
9.55E-01
8.55E-01

-4.29E-04
-4.52E-04
-4.73E-04
-4.92E-04
-5.1 IE-04
-5.28E-04
-5.44E-04
-5.59E-04
-5.73E-04
-5.85E-04
-5.96E-04
-6.45E-04
-6.16E-04
-6.24E-04
-6.31E-04
-6.38E-04
-6.42E-04
-6.46E-04
-6.50E-04
-6.53E-04
-6.55E-04
-6.55E-04
-6.56E-04
-6.56E-04
-6.57E-04
-6.57E -04
-6.57E -04
-6.57E -04
-6.58E-04
-6.58E-04
-6.58E-04
-6.58E-04
-6.59E-04
-6.58E -04
-6.60E -04
-6.60E -04
-6.62E -04
-6.65E -04
-6.69E-04
-6.72E -04
-6.75E -04
-6.76E -04
-6.77E -04
-6.78E -04
-6.79E -04
-6.80E -04
-6.8 IE-04
-6.82E -04
-6.84E -04
-6.85E -04
-6.87E -04
-6.89E -04
-6.88E -04
-6.89E -04
-6.91E -04
-6.90E -04
-6 .91E -04
-6.91E -04
-6 .92E -04
-6 .92E -04
-6 .93E -04
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7.55E -01
6.55E -01
5.55E -01
4.55E -01
3.55E -01
2.55E -01
1.55E-01
5 .45E -02
-4 .55E -02

d. E>ata on the I-V characterization under 805 Wm'

V o lta g e  (V)

8 .07E + 00
7 .97E + 00
7 .87E + 00
7 .77E + 00
7 .67E + 00
7 .57E + 00
7 .47E + 00
7 .37E + 00
7 .2 7 E + 0 0
7 .1 7 E + 0 0
7 .07E + 00
6 .9 7 E + 0 0
6 .8 7 E + 0 0
6 .77E + 00
6 .67E + 00
6 .57E + 00
6 .47E + 00
6 .37E + 00
6 .27E + 00
6 .17E + 00
6 .07E + 00
5 .97E + 00
5 .87E + 00
5 .77E + 00
5 .67E + 00
5 .57E + 00
5 .47E + 00
5 .37E +00
5 .27E +00
5 .17E +00
5 .07E + 00
4 .97E + 00
4 .87E + 00
4 .77E + 00
4 .67E + 00
4 .57E + 00
4 .47E + 00
4 .37E + 00
4 .27E + 00
4 .17E + 00
4 .07E + 00
3 .97E +00
3 .87E +00

-6.94E-04 
-6.93E-04 
-6.91E-04 
-6.91E-04 
-6.93E-04 
-6.93 E-04 
-6.93E-04 
-6.94E-04 
-6.93E-04

light intensity.

Current Density,

J  (Acm'2)

-4.57E-05
-8.54E-05
-1.21E -04
-1.57E -04
-1.92E -04
-2.27E -04
-2.60E -04
-2.93E -04
-3.24E -04
-3.54E -04
-3.84E -04
-4.12E -04
-4.39E -04
-4.64E -04
-4.89E -04
-5.12E -04
-5.34E -04
-5.54E -04
-5.73E -04
-5.91 E-04
-6.38E -04
-6.23E -04
-6.37E -04
-6.50E -04
-6.61 E-04
-6.72E -04
-6.81 E-04
-6.90E -04
-6.98E -04
-7.04 E-04
-7.10E -04
-7.15E -04
-7 .I9E -04
-7.23E -04
-7.26E -04
-7.29E -04
-7.29E -04
-7.31 E-04
-7 .32E -04
-7.32E -04
-7 .33E -04
-7.33 E-04
-7 .35E -04
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3 .7 7 E + 0 0 -7.35E -04
3 .67E + 00 -7.35E -04
3 .5 7 E + 0 0 -7.35E -04
3 .4 7 E + 0 0 -7.36E -04
3 .3 7 E + 0 0 -7.37E -04
3 .2 7 E + 0 0 -7.37E -04
3 .17  E-t-00 -7.38E -04
3 .0 7 E + 0 0 -7.40E -04
2 .9 7 E + 0 0 -7.42E -04
2 .8 7 E + 0 0 -7.44E -04
2 .7 7 E + 0 0 -7.46E -04
2 .6 7 E + 0 0 -7.49E -04
2 .5 7 E + 0 0 -7.51E -04
2 .4 7 E + 0 0 -7.53E-04
2 .3 7 E + 0 0 -7.53E -04
2 .2 7 E + 0 0 -7.54E-04
2 .1 7 E + 0 0 -7.55E -04
2 .0 7 E + 0 0 -7.57E-04
1.97E +00 -7.57E -04

1 .87E +00 -7.59E -04

1 .77E +00 -7.60E -04

1 .67E +00 -7.62E -04

1.57E +00 -7.64E -04

1.47E +00 -7.64E -04

1.37E +00 -7.65E -04

1 .27E +00 -7.66E -04

1 .17E +00 -7.66E -04

1.07E +00 -7.66E -04

9.72E -01 -7.67E -04

8.72E -01 -7.66E -04

7.72E -01 -7.66E -04

6.72E -01 -7.67E -04

5.72E -01 -7.68E -04

4 .72E -01 -7.68E -04

3.72E -01 -7.68E -04

2 .72E -0I -7.67E -04

1.72E -0I -7.68E -04

7 .20E -02 -7.68E -04

-2 .80E -02 -7.69E -04

e . Data on the J-V  characterization under 864 Wm2 light intensity.

V o lta g e  ( D

8.14E +00
8 .04E +00
7 .94E +00
7 .84E +00
7 .74E +00
7 .64E +00
7 .54E +00
7 .44E +00
7 .34E +00
7 .24E +00
7 .14E +00
7 .04E +00
6 .94E +00
6 .84E +00

C urrent D ensity, 

J (A cm '2)

-1.95E -05
-7.72E -05
-1.17E -04
-1.56E -04
-1.92E -04
-2.27E -04
-2.62E -04
-2.95E -04
-3.27E -04
-3 .59E -04
-3 .89E -04
-4 .18E -04
-4 .46E -04
-4 .74E -04
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6 .7 4 E + 0 0
6 .6 4 E + 0 0
6 .54E + 00
6 .4 4 E + 0 0
6 .3 4 E + 0 0
6 .2 4 E + 0 0
6 .1 4 E + 0 0
6 .0 4 E + 0 0
5 .94E + 00
5 .8 4 E + 0 0
5 .74E + 00
5 .64E + 00
5 .54E + 00
5 .44E + 00
5 .34E + 00
5 .24E + 00
5 .14E + 00
5 .04E + 00
4 .9 4 E + 0 0
4 .8 4 E + 0 0
4 .7 4 E + 0 0
4 .6 4 E + 0 0
4 .5 4 E + 0 0
4 .4 4 E + 0 0
4 .3 4 E + 0 0
4 .2 4 E + 0 0
4 .1 4 E + 0 0
4 .0 4 E + 0 0
3 .9 4 E + 0 0
3 .8 4 E + 0 0
3 .7 4 E + 0 0
3 .6 4 E + 0 0
3 .54E + 00
3 .4 4 E + 0 0
3 .34E + 00
3 .2 4 E + 0 0
3 .1 4 E + 0 0
3 .0 4 E + 0 0
2 .9 4 E + 0 0
2 .8 4 E + 0 0
2 .7 4 E + 0 0
2 .64E + 00
2 .54E + 00
2 .44E + 00
2 .34E + 00
2 .24E + 00
2 .14E + 00
2 .04E + 00
1.94E +00
1.84E +00
1.74E +00
1.64E +00
1.54E +00
1.44E +00
1.34E +00
1.24E +00
1.14E +00
1.04E +00
9 .43 E-01
8 .43 E-01 
7.43E-01

-5.00E-04
-5.24E-04
-5.48E-04
-5.70E-O4
-5.91E-04
-6.39E -04
-6.29E-04
-6.46E-04
-6.62E-04
-6.77E-04
-6.90E-04
-7.03E -04
-7.I4E -04
-7.24E-04
-7.32E-04
-7.40E-04
-7.48E-04
-7.53E-04
-7.59E-04
-7.62E-04
-7.68E-04
-7.70E -04
-7.72E -04
-7.74E -04
-7.75E -04
-7.76E -04
-7.76E -04
-7.77E -04
-7.77E -04
-7.77E -04
-7.77E -04
-7.80E -04
-7.80E -04
-7.81E -04
-7.81E -04
-7.81E -04
-7.83E -04
-7.83E -04
-7.86E -04
-7.89E -04
-7.91E -04
-7.93E -04
-7.95E -04
-7.97E -04
-7.98E -04
-7.99E -04
-8.00E -04
-8.01E -04
-8.02E -04
-8.04E -04
-8.06E -04
-8.07E -04
-8.08E -04
-8.10E -04
-8.11E -04
-8.11E -04
-8 .12E -04
-8 .12E -04
-8 .12E -04
-8 .12E -04
-8 .13E -04
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t3E-01
I3E-01
13E-01
43E-01
43E-01
43E-01
30E-02

-8.13E-04 
-8.13E-04 
•8.14E-04 
•8.I5E-04 
-8.I4E-04 
•8.I4E-04 
•8.I4E-04

erization under 917 Wm: light intensity

oltage (V)

8.17E+00
8.07E+00
7.97E+00
7.87E+00
7.77E+00
7.67E+00
7.57E+00
7.47E+00
7.37E+00
7.27E+00
7.17E+00
7.07E+00
6.97E+00
6.87E+00
6.77E+00
6.67E+00
6.57E+00
6.47E+00
6.37E+00
6.27E+00
6.17E+00
6.07E+00
5.97E+00
5.87E+00
5.77E+00
5.67E+00
5.57E+00
5.47E+00
5.37E+00
5.27E+00
5.17E+00
5.07E+00
4.97E+00
4.87E+00
4.77E+00
4.67E+00
4.57E+00
4.47E+00
4.37E+00
4.27E+00
4.17E+00
4.07E+00
3.97E+00
3.87E+00
3.77E+00

Currcnl Drntih.

J  (Acm

-5.58E-05 
-1.08E-O4 
-1.45E-04 
-1.82E-04 
-2.17E-04 
-2.5 IE-04 
-2.85E-04 
-3.I7E-04 
-3.48E-04 
-3.79E-04 
-4.09E-04 
-4.37E-04 
-4.65E-04 
-4.92E-04 
-5.I8E-04 
-5.42E-04 
-5.66E-04 
-5.89E-04 
-6.35E-04 
-6.3 IE-04 
-6.5 IE-04 
-6.69E-04 
-6.86E-04 
-7.02E-04 
-7.I6E-04 
-7.3 IE-04 
-7.42E-04 
-7.53E-04 
-7.63E-04 
-7.73E-04 
-7.8 IE-04 
-7.89E-04 
-7.96E-04 
-8.01 E-04 
-8.06E-O4 
-8.I0E-O4 
-8.I3E-04 
-8.I8E-04 
-8.I9E-04
-8.2IE-04
-8.22E-04
-8.22E-04
-8.23E-04
-8.23E-04
-8.24E-04
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3 .67E + 00 -8.24E -04
3 .57E + 00 -8.25E-04
3 .47E + 00 -8.24E-04

- . 3 .37E + 00 -8.25E-04
3 .27E + 00 -8.26E-04
3 .17E + 00 -8.25E-04
3 .07E + 00 -8.27E -04
2 .9 7 E + 0 0 -8.28E-04
2 .8 7 E + 0 0 -8.30E-04
2 .7 7 E + 0 0 -8.33E-04
2 .6 7 E + 0 0 -8.36E -04
2 .5 7 E + 0 0 -8.38E-04
2 .4 7 E + 0 0 -8.41E -04
2 .3 7 E + 0 0 -8.43E -04
2 .2 7 E + 0 0 -8.44E-04
2 .1 7 E + 0 0 -8.47E -04
2 .0 7 E + 0 0 -8.49E -04

1.97E +00 -8.48E -04

1.87E +00 -8.51E -04

1.77E +00 -8.53E -04

1.67E +00 -8.56E -04

1.57E +00 -8.57E -04

1.47E +00 -8.58E-04

1.37E +00 -8.59E -04

1 .27E +00 -8.60E -04

1.17E +00 -8.60E -04

1 .07E +00 -8.60E -04

9.65E -01 -8.60E -04

8.65E -01 -8.61E -04

7.65E -01 -8.61E-04

6.65E -01 -8.61E-04

5.65E -01 -8.63E-04

4 .65E -01 -8.63E -04

3.65E -01 -8.63E -04

2 .65E -01 -8.64E -04

1.65E-01 -8.64E -04

6 .5 0 E -0 2 -8.64E -04

-3 .50E -02 -8.66E-04

g .  D a ta  on the J- V characterization under 997.32 Wm “ light intensity.

V o lta g e  ( V)

8 .14E + 00
8 .04E + 00
7 .94E + 00
7 .84E + 00
7 .74E + 00
7 .64E + 00
7 .54E + 00
7 .44E + 00
7 .34E + 00
7 .24E + 00
7 .14E + 00
7 .04E + 00
6 .94E + 00
6 .84E + 00

C urrent D ensity ,

J (A cm '2)

-5.71E -05
-1 .I5E -04
-1.54E -04
-1.93E -04
-2.31E -04
-2.67E -04
-3.04E -04
-3.38E -04
-3.73E -04
-4.06E -04
-4.39E -04
-4.70E -04
-5.01E -04
-5.31E -04
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6.74E+00
6.64E+00
6.54E+00
6.44E+00
6.34E+00
6.24E+00
6.14E+00
6.04E+00
5.94E+00
5.84E+00
5.74E+00
5.64E+00
5.54E+00
5.44E+00
5.34E+00
5.24E+00
5.14E+00
5.04E+00
4.94E+00
4.84E+00
4.74E+00
4.64E+00
4.54E +00
4.44E+00
4.34E +00
4.24E +00
4.14E +00
4.04E +00
3.94E+00
3.84E+00
3.74E+00
3.64E+00
3.54E+00
3.44E+00
3.34E+00
3.24E+00
3.14E+00
3.04E+00
2.94E+00
2.84E+00
2.74E +00
2.64E+00
2.54E+00
2.44E+00
2.34E +00
2.24E +00
2.14E +00
2.04E+00
1.94E+00
1.84E+00
1.74E+00
1.64E+00
1.54E+00
1.44E+00
1.34E+00
1.24E+00
1.14E+00
1.04E+00
9.38E-01
8.38E-0I
7.38E-01

•559E-04
-588E-04
-635E-04
•640E-04
-6.64E-04
-6 88E-04
-7.I0E-O4
-7.3 IE-04
-7.50E-04
-7.69E-04
-7.86E-04
-8.01 E-04
-8.17E-04
-8.30E-O4
-8.43E-04
-8.55E-04
-8.65E-04
-8.74E-04
-8.82E-04
-8.89E-04
-8.95E-04
-9.00E-04
•9.06E-04
-9.08E-04
-9.09E-04
-9.I2E-04
-9.I4E-04
-9.I5E-04
-9.I6E-04
-9.I7E-04
-9.I6E-04
-9.I7E-04
-9.I9E-04
-9.I9E-04
-9.20E-04
-9.21 E-04
-9.20E-04
-9.24E-04
-9.25E-04
-9.27E-04
-9.30E-04
-9.31 E-04
-9.33E-04
-9.34E-04
•9.36E-04
-9.37E-04
-9.38E-04
-9.38E-04
•9.40E-04
-9.42E-04
-9.45E-04
-9.49E-04
.9.51 E-04
-9.51 E-04
-9.54E-04
-9.55 E-04
-9.58E-04
-9.59E-04
-9.59E-04
-9.59E-04
-9.60E-04
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6.38E-01
5.38E-01
4.38E-01
3.38E-01
2.38E-01
1.38E-01
3.75E -02

-9.6 IE-04  
-9.61E-04  
-9.62E -04  
-9.64E -04  
-9.65E -04  
-9.67E -04  
-9.66E -04

D ata on the Effect of Temperature on the DSSVTs J-V Characteristics.

a. Data for 31.6°C module temperature

C u rren t D ensity,

J  (A c m :) V oltage ( D

-7.98E -04 1.24E+00

-7.88E -04 1.78E+00

-7.78E -04 2 .2IE + 00

-7.68E -04 2.60E +00

-7.58E -04 2.96E +00

-7.48E -04 3 .3IE +00

-7.38E -04 3.65E +00

-7.28E -04 3.98E +00

-7.18E -04 4.30E +00

-7.08E -04 4.61E +00

-6.98E -04 4.91E +00

-6.88E -04 5.20E +00

-6.78E -04 5.49E +00

-6.68E -04 5.77E +00

-6.58E -04 6.20E +00

-6.48E -04 6.29E +00

-6.38E -04 6.54E +00

-6.28E -04 6.77E +00

-6.18E -04 7.00E +00

-6.08E -04 7.22E +00

-5.98E -04 7 .4IE +00

-5.88E -04 7.61E +00

-5.78E -04 7.80E +00

-5.68E -04 7.96E +00

-5 .58E -04 8.12E +00

-5.48E -04 8.27E +00

-5.38E -04 8.41E +00

-5.28E -04 8.54E +00

-5 .I8E -04 8.65E +00

-5 .08E -04 8.75E +00

-4.98E -04 8.84E +00
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-4 .88E -04  

-4 .78E -04  

-4 .68E -04  

-4 .58E -04  

-4 .48E -04  

-4 .38E -04  

-4 .28E -04  

- 4 .18E-04 

-4 .08E -04  

-3 .98E -04  

-3 .88E -04  

-3 .78E -04  

-3 .68E -04  

-3 .58E -04  

-3 .48E -04  

-3 .38E -04  

-3 .28E -04  

-3 .18E -04  

-3 .08E -04  

-2 .98E -04  

-2 .88E -04  

-2 .78E -04  

-2 .68E -04  

-2 .58E -04  

-2 .48E -04  

-2 .38E -04  

-2 .28E -04  

-2 .18E -04  

-2 .08E -04  

-1 .98E -04  

-1 .88E -04  

-1 .78E -04  

-1 .68E -04  

-1 .58E -04  

-1 .48E -04  

-1 .38E -04  

-1 .28E -04  

-1 .18E -04  

-I.08E -04  

-9 .85E -05  

-8 .85E -05  

-7 .85E -05  

-6 .85E -05  

-5 .85E -05  

-4 .85E -05  

-3 .85E -05  

-2 .85E -05

8.93E+00
9.00E+00
9.06E+00
9.12E+00
9.I6E+00
9.20E+00
9.22E+00
9.24E+00
9.25E+00
9.26E+00
9.26E+00
9.27E+00
9.28E+00
9.27E+00
9.27E+00
9.27E+00
9.29E+00
9.29E+00
9.29E+00
9.29E+00

9.3IE+00
9.33E+00
9.37E+00
9.40E+00

9.44E+00
9.48E+00

9.50E+00
9.51E+00
-9.53E-04

-9.54E-04

-9.57E-04
-9.60E-04

9.63E+00
9.66E+00
9.67E+00
9.68E+00

9.70E+00

9.71E+00
9.72E+00
9.73E+00
9.73E+00

9.74E+00

9.74E+00

9.75E+00

9.76E+00
9.77E+00

9.78E+00
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-1.85E-05
-8.45E-06

9.79E+00
9.80E+00

T > a t a  fo r  32.8°C module temperature

C u rren t D ensity , 

J (Acm'2)
V oltage (F )

-8.26E-04
-8.16E-04
-8.06E-04
-7.96E-04
-7.86E-04

-7.76E-04

-7.66E-08
-7.56E-04
-7.46E-04
-7.36E-04
-7.26E-04
-7.16E-04

-7.06E-04
-6.96E-04

-6.86E-04
-6.76E-04

-6.66E-04

-6.56E-04

-6.46E-04
-6.36E-04

-6.26E-04
-6.16E-04

-6.06E-04

-5.96E-04

-5.86E-04
-5.76E-04
-5.66E-04

-5.56E-04
-5.46E-04
-5.36E-04

-5.26E-04

-5.16E-04

-5.06E-04

-4.96E-04

-4.86E-04

-4.76E-04

-4.66E-04

-4.56E-04

3.48E+00
7.66E+00
1.15E+00
1.54E+00
1.9IE+00

2.28E+00
2.64E+00
3.00E+00

3.34E+00
3.68E+00
4.01E+00
4.33E+00
4.64E+00
4.94E+00

5.23E+00
5.52E+00

5.79E+00
6.23E+00
6.31E+00

6.55E+00
6.79E+00
7.01E+00

7.21E+00
7.41E+00
7.59E+00
7.76E+00
7.92E+00

8.07E+00
8.19E+00
8.32E+00
8.43E+00

8.54E+00

8.63E+00

8.72E+00

8.79E+00

8.86E+00

8.92E+00

8.97E+00
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-4 .46E -04

-4 .36E -04

-4 .26E -04

-4 .16E -04

-4 .06E -04

-3 .96E -04

-3 .86E -04

-3 .76E -04

-3 .66E -04

-3 .56E -04

-3 .46E -04

-3 .36E -04

-3 .26E -04

-3 .16E -04

-3 .06E -04

-2 .96E -04

-2 .86E -04

-2 .76E -04

-2 .66E -04

-2 .56E -04

-2 .46E -04

-2 .36E -04

-2 .26E -04

-2 .16E -04

-2 .06E -04

-1 .96E -04

-1 .86E -04

-1 .76E -04

-1 .66E -04

-1 .56E -04

-1 .46E -04

-1 .3 6 E -0 4

-1 .26E -04

-1 .1 6 E -0 4

-1 .0 6 E -0 4

-9 .57E -05

-8 .57E -05

-7 .57E -05

-6 .57E -05

-5 .57E -05

-4 .57E -05

-3 .57E -05

-2 .57E -05

-1 .57E -05

-5 .70E -06

8 99E+00

9.02E +00

9.05E +00

9.06E +00

9.07E +00

9.09E +00

9.09E +00

9.10E +00

9.09E +00

9.1IE +00

9.10E +00

9.10E +00

9 .1IE +00

9 .11E+00

9.12E +00

9.13E+00

9.15E+00

9.17E+00

9.19E+00

9.22E+00

9.25E+00

9.26E+00

9.27E+00

9.29E +00

9.29E +00

9.30E+00

9.32E +00

9.34E +00

9.37E +00

9.39E +00

9.40E +00

9.42E +00

9.43E +00

9.44 E+00

9.44E +00

9.45E +00

9.45E +00

9.45E +00

9.45E +00

9.47E +00

9.47E +00

9.47E +00

9.47E +00

9.48E+00

9.48E+00
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^  f o r  34.2 C module temperature

C urrent Density,

J (A cm '2) V oltage (V)

-8 .00E -04 I.20E +00

-7 .90E -04 1.55E+00

-7 .80E -04 1.92E+00

-7 .70E -04 2.28E +00

-7 .60E -04 2.64E +00

-7 .50E -04 2.98E+O0

-7 .40E -04 3.32E+00

-7 .30E -04 3.65E+00

-7 .20E -04 3.97E +00

-7 .10E -04 4.28E +00

-7 .00E -04 4.58E+00

-6 .90E -04 4.88E +00

-6 .80E -04 5.16E+00

-6 .70E -04 5.43E+00

-6 .60E -04 5.68E+00

-6 .00E -45 5.93E+00

-6 .40E -04 6.43E+00

-6 .30E -04 6.40E+00

-6 .20E -04 6.60E+00

-6 .10E -04 6.80E +00

-6 .0 0 E -0 4 6.99E+00

-5 .9 0 E -0 4 7.16E+00

-5 .8 0 E -0 4 7.32E+00

-5 .7 0 E -0 4 7.48E +00

-5 .6 0 E -0 4 7.62E +00

-5 .5 0 E -0 4 7.73E +00

-5 .4 0 E -0 4 7.85E +00

-5 .3 0 E -0 4 7.96E +00

-5 .2 0 E -0 4 8.06E+00

-5 .1 0 E -0 4

-5 .0 0 E -0 4

-4 .9 0 E -0 4

8.14E +00

8.22E +00

8.28E+00

-4 .8 0 E -0 4 8.34E +00

-4 .7 0 E -0 4 8.38E +00

-4 .6 0 E -0 4 8.42E +00

-4 .5 0 E -0 4 8.45E +00

-4 .4 0 E -0 4 8.47E +00

-4 .3 0 E -0 4 8.49E +00

-4 .2 0 E -0 4 8.49E +00

-4 .I0 E -0 4 8.51E +00

-4 .00E -04 8.52E +00

-3 .90E -04 8.51E +00
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-3 .80E -04  

-3 .70E -04  

-3 .60E -04  

-3 .50E -04  

-3 .40E -04  

-3 .30E -04  

-3 .20E -04  

-3 .10E -04  

-3 .00E -04  

-2 .90E -04  

-2 .80E -04  

-2 .70E -04  

-2 .60E -04  

-2 .50E -04  

-2 .40E -04  

-2 .30E -04  

-2 .20E -04  

-2 .10E -04  

-2 .00E -04  

-1 .90E -04  

1.80E -04  

1.70E -04  

1.60E -04  

1.50E -04  

1.40E -04  

• 1.30E -04  

1.20E -04  

-1.10E -04  

•9.98E -05  

8 .98E -05  

7 .98E -05  

6 .98E -05  

5 .98E -05  

•4.98E -05  

•3.98E -05  

•2.98E -05  

■ 1.98E -05  

-9 .75E -06

8.53E+00

8.53E +00

8.52E +00

8.53E +00

8.52E +00

8.52E +00

8.53E +00

8.54E +00

8.57E +00

8.58E+00

8.60E+00

8.63E+00

8.65E+00

8.67E+00

8.68E+00

8.70E+00

8.71E+00

8.72E+00

8.72E+00

8.74E+00

8.77E+00

8.80E+00

8.81E+00

8.82E+00

8.83E+00

8.84E+00

8.84E+00

8.85E+00

8.84E+00

8.84E+00

8.85E+00

8.86E+00

8.85E+00

8.86E+00

8.84E+00

8.86E+00

8.86E+00

8.86E+00

d. Data for 36.8°C module temperature

C urrent Density,

J  (Acm:) Voltage (10

-7 .87E -04

-7 .77E -04

- 1 1 6 -

1.45E+00

1.78E+00



-7 .67E -04

-7 .57E -04

-7 .47E -04

-7 .37E -04

-7 .27E -04

-7 .17E -04

-7 .07E -04

-6 .97E -04

-6 .87E -04

-6 .77E -04

-6 .67E -04

-6 .57E -04

-6 .47E -04

-6 .37E -04

-6 .27E -04

-6 .17E -04

-6 .07E -04

-5 .97E -04

-5 .87E -04

-5 .77E -04

-5 .67E -04

-5 .57E -04

-5 .47E -04

-5 .37E -04

-5 .27E -04

-5 .17E -04

-5 .0 7 E -0 4

-4 .97E -04

-4 .87E -04

-4 .7 7 E -0 4

-4 .67E -04

-4 .5 7 E -0 4

-4 .4 7 E -0 4

-4 .3 7 E -0 4

-4 .2 7 E -0 4

-4 .17E -04

-4 .07E -04

-3 .97E -04

-3 .87E -04

-3 .77E -04

-3 .67E -04

-3 .57E -04

-3 .47E -04

-3 .37E -04

-3 .27E -04

-3 .17E -04

-3 .07E -04

2 .I2E +00

2.46E +00

2.79E+00

3 .1 1E-KK)

3.43E+00

3.73E +00

4.02E +00

4.30E +00

4.57E +00

4.83E +00

5.08E+00

5.32E+00

5.54E+00

5.75E+00

5.94E+00

6.45E+00

6.30E+00

6.45E+00

6.60E+00

6.73E+00

6.85E+00

6.97E+00

7.07E+00

7.15E+00

7.23E+00

7.30E+00

7.37E+00

7.42E+00

7.46E+00

7.51E+00

7.54E-KK)

7.55E+00

7.57E+00

7.59E+00

7.61E+00

7.61E+00

7.61E+00

7.62E+00

7.63E+00

7.63E+00

7.64E+00

7.63E +00

7.66E +00

7.64E +00

7.65E+00

7.66E+00

7.68E+00

-117-



-2 .97E -04

-2 .87E -04

-2 .77E -04

-2 .67E -04

-2 .57E -04

-2 .47E -04

-2 .37E -04

-2 .27E -04

-2 .17E -04

-2 .07E -04

-1 .97E -04

-1 .87E -04

-1 .77E -04

-1 .67E -04

-1 .57E -04

-1 .47E -04

-1 .37E -04

-1 .27E -04

-1 .17E -04

-1 .07E -04

-9 .75E -05

-8 .75E -05

-7 .75E -05

-6 .75E -05

-5 .75E -05

-4.75E -05

-3 .75E -05

-2 .75E -05

-1 .75E -05

-7 .45E -06

-9 .75E -06

e. Data for 37.4°C module temperature

Current Density,

J  (A cm  2)

-8 .00E -04

-7 .97E -04

-7 .87E -04

-7 .77E -04

-7 .67E -04

-7 .57E -04

-7 .47E -04

-7 .37E -04

-7 .27E -04

-7 .17E -04

7.70E+00

7.72E+00

7.74E+00

7.77E+00

7.78E+00

7.81E+00

7.81E+00

7.83E+00

7.84E+00

7.85E+00

7.87E+00

7.90E+00

7.92E+00

7.93E+00

7.93E+00

7.94E+00

7.96E+00

7.95E+00

7.96E+00

7.96E+00

7.98E+00

7.97E+00

7.97E+00

7.97E+00

7.98E+00

7.98E+00

7.98E+00

7.98E+00

7.98E+00

7.99E+00

8.86E+00

V o ltag e  (K)

4.57E +00

8.54E +00

1.21E+00

1.57E+00

1.92E+00

2.27E +00

2.60E +00

2.93E +00

3.24E +00

3.54E +00
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-7 .07E -04

-6 .97E -04

-6 .87E -04

-6 .77E -04

-6 .67E -04

-6 .57E -04

-6 .47E -04

-6 .37E -04

-6 .27E -04

-6 .17E -04

-6 .07E -04

-5 .97E -04

-5 .8 7 E -0 4

-5 .77E -04

-5 .67E -04

-5 .5 7 E -0 4

-5 .4 7 E -0 4

-5 .37E -04

-5 .27E -04

-5 .17E -04

-5 .07E -04

-4 .97E -04

-4 .87E -04

-4 .77E -04

-4 .67E -04

-4 .57E -04

-4 .47E -04

-4 .37E -04

-4 .27E -04

-4 .17E -04

-4 .07E -04

-3 .97E -04

-3 .87E -04

-3 .77E -04

-3 .67E -04

-3 .57E -04

-3 .47E -04

-3 .37E -04

-3 .27E -04

-3 .17E -04

-3 .07E -04

-2 .97E -04

-2 .87E -04

-2 .77E -04

-2 .67E -04

-2 .57E -04

-2 .47E -04

3.84E+00

4.12E+00

4.39E+00

4.64E+00

4.89E+00

5.12E+00

5.34E+00

5.54E+00

5.73E+00

5.91E+00

6.38E+00

6.23E+00

6.37E+00

6.50E+00

6.61E+00

6.72E+00

6.8IE+00
6.90E+00

6.98E+00

7.04E+00

7.10E+00

7.15E+00

7.19E+00

7.23E+00

7.26E+00

7.29E+00

7.29E+00

7.31E+00

7.32E +00

7.32E +00

7.33E +00

7.33E +00

7.35E +00

7.35E +00

7.35E +00

7.35E +00

7.36E +00

7.37E +00

7.37E +00

7.38E +00

7.40E +00

7.42E +00

7.44E +00

7.46E +00

7.49E +00

7.51E +00

7.53E +00
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-2 .37E -04 7.53E+00

-2 .27E -04 7.54E+00

-2 .17E -04 7.55E+00

-2 .07E -04 7.57E+00

-1 .97E -04 7.57E+00

-1 .87E -04 7.59E+00

-1 .77E -04 7.60E+00

-1 .67E -04 7.62E+00

-1 .57E -04 7.64E+00

-1 .4 7 E -0 4 7.64E+00

-1 .37E -04 7.65E+00

-1 .27E -04 7.66E+00

-1 .17E -04 7.66E+00

-J .07E -04 7.66E+00

-9 .72E -05 7.67E+00

-8 .72E -05 7.66E+00

-7 .72E -05 7.66E+00

-6 .72E -05 7.67E+00

-5 .72E -05 7.68E+00

-4 .72E -05 7.68E+00

-3 .72E -05 7.68E+00

-2 .72E -05 7.67E+00

-1 .72E -05 7.68E+00

-7 .20E -06 7.68E+00

f. Data at 39.5°C module temperature
C urrent Density,

J  (Acm'2)

-7 .7 2 E -0 4

-7 .6 2 E -0 4

-7 .5 2 E -0 4

-7 .42E -04

-7 .3 2 E -0 4

-7 .22E -04

-7 .12E -04

-7 .02E -04

-6 .92E -04

-6 .82E -04

-6 .72E -04

-6 .62E -04

-6 .52E -04

-6 .42E -04

-6 .32E -04

-6 .22E -04

-6 .12E -04

-6 .02E -04

Voltage (V)

1.80E+00

2.20E +00

2.56E-KK)

2.87E +00

3.17E +00

3.45E +00

3.72E +00

3.98E +00

4.22E +00

4.45E +00

4.67E +00

4.88E +00

5.08E +00

5.26E +00

5.43E +00

5.59E +00

5.74E +00

5.87E +00
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-5 .92E -04

-5 .82E -04

-5 .72E -04

-5 .62E -04

-5 .52E -04

-5 .42E -04

-5 .32E -04

-5 .22E -04

-5 .12E -04

-5 .02E -04

-4 .92E -04

-4 .82E -04

-4 .72E -04

-4 .62E -04

-4 .52E -04

-4 .42E -04

-4 .32E -04

-4 .22E -04

-4 .12E -04

-4 .02E -04

-3 .9 2 E -0 4

-3 .8 2 E -0 4

-3 .72E -04

-3 .62E -04

-3 .5 2 E -0 4

-3 .4 2 E -0 4

-3 .3 2 E -0 4

-3 .2 2 E -0 4

-3 .1 2 E -0 4

-3 .0 2 E -0 4

-2 .92E -04

-2 .82E -04

-2 .72E -04

-2 .62E -04

-2 .52E -04

-2 .42E -04

-2 .32E -04

-2 .22E -04

-2 .12E -04

-2 .02E -04

-1 .92E -04

-1 .82E -04

-1 .72E -04

-1 .62E -04

-1 .52E -04

-1 .42E -04

-1 .32E -04

5.99 E+00 

6.52E+00  

6.20E+00  

6.29E+00  

6.38E+00  

6.44E+00  

6 .51E+00 

6.57E+00  

6.62E+00  

6.66E+00  

6.70E+00  

6.73E+00  

6.75E+00  

6.77E+00  

6.78E+00  

6.79E+00

6.81 E+00

6.81 E+00 

6.82E+00  

6.83E+00  

6.83E+00  

6.84E+00  

6.84E+00  

6.84E+00  

6.84E+00  

6.85E+00  

6.86E+00  

6.86E+00  

6.87E +00  

6.89E +00  

6.91 E+00  

6.93E +00  

6.94E +00  

6.96E +00  

6.98E +00  

6.97E +00  

6.97E +00  

6.98E +00  

6.98E +00  

6.99E +00  

6.99E +00  

7.00E +00  

7.02E +00  

7.02E +00  

7.03 E+00  

7.03E +00  

7.03E +00
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1.22E-04

-1 .12E -04

-1 .02E -04

-9 .24E -05

-8 .24E -05

-7 .24E -05

-6 .24E -05

-5 .24E -05

-4 .24E -05

-3 .24E -05

-2 .24E -05

-1 .24E -05

7.03E+00

7.04E+00

7.05E+00

7.04E+00

7.05E+00

7.04E+00

7.04E+00

7.05E+00

7.04E+00

7.05E+00

7.05E+00

7.05E+00

g. D a ta  at 43.8°C module temperature
C u rren t D ensity ,

J (A cm '2)

-7 .92E -04

-7 .82E -04

-7 .72E -04

-7 .6 2 E -0 4

-7 .5 2 E -0 4

-7 .42E -04

-7 .32E -04

-7 .2 2 E -0 4

-7 .1 2 E -0 4

-7 .0 2 E -0 4

-6 .9 2 E -0 4

-6 .8 2 E -0 4

-6 .72E -04

-6 .6 2 E -0 4

-6 .5 2 E -0 4

-6 .4 2 E -0 4

-6 .32E -04

-6 .22E -04

-6 .12E -04

-6 .02E -04

-5 .92E -04

-5 .82E -04

-5 .72E -04

-5 .62E -04

-5 .52E -04

-5 .42E -04

-5 .32E -04

-5 .22E -04

-5 .12E -04

-5 .02E -04

V oltage {V)

1.26E+00

1.53E+00

1.80E+00

2.07E+00

2.33E+00

2.57E+00

2.81E+00

4.04E+00

3.27E+00

3.47E+00

3.67E+00

3.86E+00

4.03E+00

4.19E+00

4.35E +00

4.49E +00

4.61E+00

4.73E+00

4.84E+00

4.93E+00

5.02E+00

5 .1 1E+00

5.18E+00

5.24E +00

5.29E +00

5.36E +00

5.40E +00

5.43E +00

5.45E +00

5.48E +00
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-4 .92E -04

-4 .82E -04

-4 .72E -04

-4 .62E -04

-4 .52E -04

-4 .42E -04

-4 .32E -04

-4 .22E -04

-4 .12E -04

-4 .02E -04

-3 .92E -04

-3 .82E -04

-3 .72E -04

-3 .62E -04

-3 .52E -04

-3 .42E -04

-3 .32E -04

-3 .22E -04

-3 .12E -04

-3 .02E -04

-2 .92E -04

-2 .82E -04

-2 .72E -04

-2 .62E -04

-2 .52E -04

-2 .4 2 E -0 4

-2 .3 2 E -0 4

-2 .2 2 E -0 4

-2 .12E -04

-2 .02E -04

-1 .9 2 E -0 4

-1 .8 2 E -0 4

-1 .7 2 E -0 4

-1 .62E -04

-1 .52E -04

-1 .42E -04

-1 .32E -04

-1 .22E -04

-1 .12E -04

-1 .02E -04

-9 .18E -05

-8 .18E -05

-7 .18E -05

-6 .18E -05

-5 .18E -05

5.51E+00

5.51E+00

5.52E+00

5.53E+00

5.54E+00

5.55E+00

5.56E+00

5.56E+00

5.57E+00

5.58E+00

5.58E+00

5.58E+00

5.58E+00

5.59E+00

5.59E+00

5.59E+00

5.60E+00

5.62E+00

5.63E+00

5.64E+00

5.65E+00

5.67E+00

5.67E+00

5.68E+00

5.68E+00

5.69E+00

5.69E+00

5.70E+00

5.70E+00

5.71E+00

5.73E+00

5.73E+00

5.74E+00

5.75E+00

5.75E+00

5.75E+00

5.75E+00

5.75E+00

5.74E+00

5.75E +00

5.75E +00

5.75E +00

5.76E +00

5.75E +00

5.75E +00
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Sample Operating Instructions 

Instructions

T h is  DSC solar panel sample is for the customer to trial in different applications. Simply attache 

co n n e c tio n s  to the terminals and place the solar panel in a sunny location to provide electricity Please 

c a l l  G 24 Innovations on 02920837 340 or email info(a>.24i.com to discuss wiring, electronics and 

^ c o rp o ra tio n  into different assemblies.

\8
^ > n n y  11200 DSSM Prototype Operating Instructions from G24i

i n i p o r t an t System C are Instructions

• DO NOT pierce module

•  DO NOT cut the module

• DO NOT put the module in mouth

• DO NOT ingest

•  DO NOT immerse module in liquid

•  DO NOT place near naked flame

• DO NOT place heavy objects on module

• DO NOT stand on module

• DO NOT crease the module

• DO NOT shade along lanes

• DO NOT expose to intense light sources (the product should be used in normal light)

• Avoid temperatures above 65 Deg C

• If module damaged return to G24i

Term s & Conditions of supply of samples

This is a sample product supplied for prototype development. G24i does not provide warrants lor this 

sample.

G24i does not assume any responsibility for any damages occasioned by this sample, 

sample prove defective, please return to:

Address: G24 Innovations Ltd
Wentloog Environmental Centre 
Wentloog Ave 
United Kingdom 
CF3 2EE

Web: www.g24i.com
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Application of Dye-Sensitized Solar Cell Technology in the 
Tro p ics: Effects of Radiation Intensity and Temperature on DSSC

Performance

Otakwa R. V. M*; Simiyu, J.; W aita, S. M. and M wabora J. M

D epartm ent o f Physics, College of Physical and Biological Sciences, University of Nairobi,
PO Box 30197 -  00100 GPO, Nairobi, KENYA 

Corresponding author: raphael.m akokha@yahoo.com

Abstract - effects of radiation intensity and temperature on the 
performance o f a dye-sensitized solar module (DSSM) have been 
investigated in a tropical area in Nairobi, Kenya. Outdoor 
measurements w ere performed on cloudless days at normal 
ncidence of the incoming solar beam radiation to the module. A 
series of current-voltage (/-V) characterizations were carried out at 
different solar radiation intensities and module temperatures. The 
module perform ance parameters: Short circuit current density, 

Open circuit voltage, (V̂ ), Fill factor, (FF) and solar-to- 
electricity conversion efficiency, (/j) were extracted from the l-V 
curves. Better efficiencies were observed at lower than higher 
adiation intensities. There was also an overall improved 

performance at elevated temperatures. The results may be useful 
during fabrication of dye-sensitized solar cells meant for use in the 
tropics.

Index Terms— Dye-sensitized, performance, radiation, 
temperature, tropics

I. INTRODUCTION

Th e  need to  sw itch  to the use of renew able  energy is ever 

increasing. Fossil fuel reserves that have been depended 

upon to  p ro v id e  the w o rld 's  energy are quickly diminishing 

[1][2], T h is  decline has am plified costs of fossil fuel 

exp lora tion  and m ining [1]. The sensitive geopolitical issues 

experienced b y  countries w ith  fossil fuel reserves [3] make 

the s itu ation  w orse . These matters have contributed to  the 

escalation o f en e rgy costs that have pushed energy out of 

reach fo r  m a n y people. Those at the bo ttom  of the econom ic 

pyram id a re  th e  w o rs t affected [4].

The o ve r-re lia n c e  upon fossil fuels b y  the w orld  [5] has also 

been linked to  the increase in acid rains, greenhouse gases 

and d e p le tio n  o f the ozone layer [6]. Im pacts of greenhouse 

gases, e.g ., g loba l w arm ing have been widespread [7] 

.8].They have adversely affected life on earth [9]. Adoption  

of e n e rg y  sources that are a lternative to  fossil fuels and 

renewable in nature is im perative. These renewable energy 

sources inc lud e  biomass, geotherm al, tidal, w ater cycle or

hydro, atmospheric m ovem ents and solar radiation (10). 

Th e y are consequences o f the earth's inherent heat, 

gravitational perturbations by the moon and sun, and solar 

radiation [11].

The most abundant and fa irly  distributed of these is solar 

radiation w ith  about 3.9 x 1024 joules o f solar energy reaching 

the earth annually [12]. This impressive supply of solar 

energy is complem ented by its vast resourcefulness -  it can 

be converted into electricity by exciting electrons in a solar 

cell and can also yield chemical fuel through natural 

photosynthesis in green plants or artificial photosynthesis in 

hum an-engineered systems. Solar energy can also be used to 

produce heat for direct use or for further conversion to 

electric ity [12].

Though the prices of solar photovoltaic (PV) systems are 

curren tly high [14], investing in solar power assures free 

energy after a reasonable payback period. This makes solar 

e lectric ity both cost effective and economical [15] in the long 

run. Solar energy is also environm entally friendly [16] and 

can be availed even to the rem otest parts of the world. [17] 

has attributed this to the m inim al incidences of wear and 

tear by solar energy system s since they do not com prise of 

heavy moving parts. Solar energy is also free, abundant, 

readily available, and does no t interfere w ith  people's ways 

o f life. Generation of e lec tric ity  from solar energy is 

therefore  a socially, politically, econom ically, 

environm entally and cu ltu ra lly  (SPEEC) attractive m ethod of 

d irectly generating electrical pow er.

Reduction in solar energy cost w ill enhance its penetration, 

especially am ong the poor. This in turn w ill im prove the 

ecological footp rin t of com m unities, nations and the w orld . 

Though first generation silicon solar devices dom inate the PV 

m arket currently, their fabrication  costs are high, which calls 

fo r high efficiencies [18]. Th is translates to high prices, hence 

choking their penetration  to  the poor. Second generation
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solar d e v ic e s  a re  also expensive to  fabricate. Third 

generation so la r cells, the dye-sensitized solar cell are 

cheaper a lte rn a tiv e s  to  the conventiona l silicon solar cells as 

well as th e  se con d  genera tion  solar cells, and can be 

fabricated u n d e r less s tringen t conditions [19]. They are 

therefore fa vo ra b le  in taking up the huge energy 

opportunities th a t  exist in the tropics. T h e y have however 

not been fie ld -te s te d  in the trop ics, w h ich is the focus of this 
study.

11. Materials And Methods

A Basic Theory 

1) J-V characterization

The resp on se  o f a PV device is determ ined by its J-V 
characteristics b o th  in the dark and under illum ination. The J- 
1/characteristics are in practical cases m odeled according to 

the ideal d io d e  equation  ( 1 ), w h ich fo r accounts for the shunt 

and series resistances [2 0 ],

/ = A - A e x p  [ ^ ] - * K  ID

where J, 4  4  v, m, VT) R* J, and o are the ideal current 
density, th e  c u rre n t density from  the source (in this w ork, it 
is th e  p h o to -g e n e ra te d  curren t density, Jph and w ill be 
referred to  as such), the saturation current density, voltage 
across th e  P V  term inals, the idea lity factor, series resistance 
and shunt conductance respective ly, 
in the dark, an applied voltage , know n  also as the bias 
voltage generates current density in the opposite direction to 
the one ge n e ra te d  by light. This current density is known as 
the dark c u rre n t density and is com puted from  the equation 
[21] [20],

Jdark =  ~Js e x P [ my* ] ~  ^

where J, Jdark/ 4  v, m, Vh /?„ J, and a  are the ideal current 
density, th e  dark current density, th e  saturation current 
density, vo lta ge  across the PV term ina ls o f the PV device, the 
ideality fa c to r (=1 fo r an ideal PV device or *1 for a non-ideal 
PV d evice ), series resistance and shunt conductance 
respectively.
Under illu m in a tion , the J-V characteristics are described by 
the equation  [2 2 ] [2 0 ],

J = ]p„ -] se x p [^ } -< rV  (3)

w here J, Jptv J, V, m, VT, R, and a are the ideal current 
density, the photo-generated current density, thesaturation 
current density, voltage across the PV device terminals, the 
ideality factor (= 1  for an ideal device or * 1  for a non-ideal 
device), the thermal voltage, series resistance and shunt 
conductance respectively.

Setting of the ideality factor in equation (1) to one is the 
ideal case that assumes that all recombinations in the PV 
device occur via the band to band or the bulk areas of the PV 
device -  not in the junction. The ideality factor describes how 
closely the PV device follows the ideal case scenario. In 
practical cases, PV devices are non-ideal since 
recom binations occur in other w ays and areas of the devices 
o th er than only via band to band or in the bulk area of the 
devices. These devices yield idea lity factors that deviate from  
the ideal.

From equations (2) and (3), the dark current density and 
photo-generated current density (respectively) can be 
p lotted as functions of the applied bias voltage. This results 
in a curve typically known as the current density-voltage (J-V) 
characteristic curve. From the J-V curve, key parameters; V 
4 , 4  FF, Ru /?,„ can be extracted and, m and rj computed.
Voc is the voltage measured w hen the terminals of a PV 
device are isolated. It relates to  the condition when the 
potential difference is at its m axim um  value. A t this point, 
dark current density and short circuit photo-current densities 
exactly cancel out and no flo w  of current is observed 
betw een the PV terminals. Setting J to  zero in equation (3) 
and rearranging yields equation (4) that can be used to 
com pute the photo-generated current, Jph.

Jp k = J ,< x p  [ £ ]  w

w here  Jpfu 4  V m, and VT are the photo-generated current 
density, the saturation current density, voltage across the PV 
device's terminals, the idea lity factor and the thermal voltage 

respectively.

W hen V is  maxim um , i.e., V=V0£, equation (4) leads to,

A h = / Sexp[^:] (5)

w here 4 „, 4  V*, m, VT and 0 are the photo-generated 

current density, the saturation current density, the open 

circuit voltage, the ideality factor, therm al voltage and shunt 

conductance respectively.

Making Voc the subject in equation (5) yields (6 ), which 
describes the voltage at zero  current. This is the open circuit 

voltage,
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Voc =  r u V r l n 1- ^ -  (6)

tftiere Jph, Js, Voc, m  and VT are the photo-generated current 
density, th e  sa tu ra tio n  curren t density, the open circuit 
voltage and  th e  id e a lity  facto r and the therm al voltage 

respectively.
^ d e s c r ib e s  th e  ph oto -gen era ted  charge carriers, which in 

the case o f e xp o su re  o f the PV device to  light is the light
generated c u rre n t  density. It is m easured at the condition 
when th e  a p p lie d  vo ltage  is zero. Essentially, this is the 
current m e a su re d  w h e n  the c ircu it is shorted and both the 
load and p o w e r  are zero. If w e  set the applied voltage, V to  

zero and J to  Jsc in  equation  (3), w e obtain,

Jsc -  Jph Js  '  '

where Jso Jph/ and Js are the short c ircu it current density, the 
photo-generated cu rre n t density and th e  saturation current 

respectively.
This im p lie s  th a t,

A t this point, the solar PV device delivers the highest power 
output (P„). Voltage at this point is known as the maximum 
pow er voltage, while the current density is known as the 

maxim um  power current density. Pm, Vmp, -W  can a*s0 
com puted as shown in equations (11), (12) and (13),

P„ = F F V J , C (U)

u  PFVocJsc (12)
VmP Imp

FFVodsc

Jm P vmp
(13)

w h ere  Pm, FF, , J«Jm and Vmp are the ^ ^ m  power 
the fill factor, the open circuit voltage, the short circu t 
current density, the current density at maximum power and 

the voltage at maximum power respectively.

„ is associated w ith  the overall perform ance of the PV 

device. It is defined as the ratio  of Pm to the power o 
inriHont radiation ( P j .  which is given by the equation (20],

Jsc — Jph (8)

where Jsc and Jph are the sh ort c ircuit cu rren t density and the 

photo-generated cu rren t density respective ly.

The  actua l cu rre n t that flow s out of a solar PV device is the 
ideal c u rre n t, i.e ., the sh ort-c ircu it curren t density, minus t e 
current th a t flo w s  th rough  the diode o r dark current density,

'fork,

J  ~  Jsc Jdark
(9)

where J, Jsc and JM  are the ideal cu rren t density, the short 
circuit c u rre n t density and the dark current ensi 

respectively.

FF is g e n e ra lly  influenced by the series and shunt 
resistances. It is a m easure o f the squareness of the J V curve 

and hence th e  qua lity  of the solar PV device. It is e me 

the ratio . It  is determ ined from  equation [22],

F F  -
Pm _  Imp Vmp 

VqcJsc V0CJsc
( 10)

where FF, P„, V .  J., J L .  and Vm are the fill factor, m axim um  
power, th e  open circuit vo ltage , th e  short circui 
density, th e  m axim um  po w er cu rren t density an 

maxim um p o w e r vo ltage respective ly.
A PV de v ice 's  m axim um  po w e r (Pm), m axim um  power curre 
density (Jmp) and m axim um  p o w e r vo ltage (Vmp) are 
extracted fro m  a P-V curve. There exists a certain po 
between th e  Jtc and Voc on the J-V curve  w here Pm is found.

_  Pm _  ImpVmz _  X 1 0 0 % (14)
Pin Pin Pin

where n. P- JL.. Vm  .Vm  J .  FF. and P. are the efficiency,
the maxim um pow er, the m axim um  power current de, ^  
the maximum pow er voltage, the open circuit voltage, the 

fh o rt  circuit current density, th e  fill factor and the pow er of 
the light that is incident on the PV device respec ive y.

B. Experimental 

1) Materials
O ne functional dye sensitited solar m odule w*i usedI in 

this study The m odule; O m n y 11200 outdoor m odule 
m odel num ber HS Code 85414090 was used as supp ed *  
G24 Innovations Limited (UK). It was made up of 1 1 cel s 
fa ted  0 5 W atts peak and 8 Vo lts. The cells w ere  15  inches 

Ck and of a 15 92 cm! active area each; to .a

supplied by Solargent Lim ited, Kenya, 6 
therm om eter supplied b y G riH in  8, George tum' « f , U K ,  a 
Gt h  1160 NiCr-Ni digital therm ocouple supplied by 
hm^ted, UK, a Raytek’ Plus laser beam therm om eter supphed 
hv Ravtek USA, a CM3 pyranom eter supplied by PP 
Zonen, Delft/Holland, a Haenni solar 130 tadiatlon m e er 

suoDlied by Jenensfort, Sw itzerland, a DT9205A oig  
multimeter supplied by Taurus Electronics Limited, Kenya a 

Tektron ix TDS 3032 digita l phosphor oscilloscope supp i
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Tektronix in c ., U SA , a Keithley 2400 digita l source meter 
supplied b y  K e ith le y  inc., U SA and a Laboratory Virtual 
Engineering W o rk b e n c h  (Lab V IEW ™ ) application software 

applied b y  N a tion a l Instrum ents inc., USA, a desktop 
computer s u p p lie d  by Hew lett-Packard (H P), Kenya and an 
iEEE-488 G P IB  cab le  supplied b y National Instruments inc., 

USA.

2) J-V characterization under illumination

The m o d u le  sam ple was fixed  on the tilt-ab le  metal rack 
and th e  C M 3 -p yra n o m e te r positioned in the plane of array 

with th e  m o d u le  as shown in figure 4.3. The set-up was 
positioned on  th e  ro o f-to p  of the D epartm ent of Physics, 
University o f  N a irob i at a su itable place w h ere  shadows could 
not b e  cast on  e ith er the m odule  or th e  pyranom eter. e 
module w a s  connected  to  th e  Keithley 2400 Source M eter 
using a llig a to r  c lips The Keithley source m eter was connec e 
to the HP d e sk to p  com puter via an IEEE-488 GPIB inter ace. 
The c o m p u te r  was installed w ith  LabVIEW  app ica ion 
software. T o  th e  pyranom eter, the DT9205A i g ' a  
multimeter w as connected to  facilitate acquisition 0 

irradiance data . Figure 2 illustrates h o w  the experim en 

set up.

Figure 1: Picture of the module and pyranometer set up

.2 l-V characterization experimental set-up

Current-voltage readings w e re  first acquired at normal 

ddence to the incom ing solar beam radiation by v a W S  
e t ilt  to  coincide w ith  the optim um  tilt angle at t e P<- 
jtim um  til. angle was obtained from  the art mass versus

itimum tilt angle curve. f

w ere m ^  - J . J *  * £ £ %
iosT from  the Kenya M eteorologica l departm ent and N A S ^  

!todule°temperatures w ere  obtained »
160 NICr-Ni digital thermocouple sensor to J h  ^  ^

,e  module Ẑerechecked by sim ultaneously po int
rerm ocouple s k* p)us (aser beam therm om eter

X u H n e m e t e r  perpendicular to

Hi. results And Discussion

ciny / was observed to  increase w ith radiation 
urrent density, linked to  the increasing

„  escape into the sem iconductor’s c o n d u c ts  band 

, collected at the load as current.
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Fig .3 l-V characteristics for the module at different radiation 

intensities

Figure 6 sh ow s h o w  FF, Voc, Jsc and n w e re  affected by the 
variations in th e  irradiance intensity, it is observed that the 
m odule's s h o rt c ircu it current density, Jsc ar,d the irradiance 
intensity are  corre lated. This is in agreem ent w ith  w it 
equation 9 and shows that the actual current flow ing out 0 

the solar P V  device is the ideal current. H owever, Jsc values 
w ere v e ry  lo w  fo r the m odule, w h ich  m ay im ply that the 
electron recom binations th rough the e lectro lyte  and during 
collection at th e  transparent conducting oxide (TCO) are hig 
in the m o d u le . Reduction in FF has been observed at ig 
irradiance levels. This shows the large series resistance (Rs) of 

the m od u le .
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Fig .4 Relationship of V*, J,o FF H as functions of irradiance 

intensity

Better relative efficiencies are observed at low er irradiance 
intensities as compared to the higher irradiance ImensWes. 
v increased exponentia lly w ith  irradiance intensity up to 
about 850 W m J after w h ich  it remained constant upon 
fu rther increase in irradiance intensity. This m ay be linked to  
the thin film nature of the m odule 's cells, w here the electron 
density in the conduction band o f the sem iconductor is h gh 
due to the high injection levels ow ing  to the closeness of the 
injection to  the collection ■ leading to a bu.c bu ild -up o 
charges that exponentia lly raise V  The constant after 
B50 W m '2 m ay be linked to  a state of equilibrium  that arises 
after some period of tim e betw een photo-generation  and 

recom bination processes.
Figure 7 shows how  the m odule perform ed at variou 

m odule tem peratures. As tem peratu re  mcreased R s ^ O J h is  

shows that the m odule had an overall benefit from elevated 
o ic hiohpr at higher m odule 

tem peratures as P ^  h|Bher 31 n'B
tem peratures.
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Fig .5  l-V characteristics of the DSSC module at different module 
temperatures.

F igure  8 shows how  the fill factor, FF, Voc and n varied 

w ith  te m p e ra tu re  changes. There is a m onotonic decrease in 

Yoc w ith  increase in cell te m pera tu re  that leads to a 

m onoton ic  decrease in the so la r-to -e lec tric ity  conversion 

effic iency, rj. The re lative  tem peratu re  dependence of Voc 
and FF is h o w e ve r sm aller. It can th ere fo re  be stated that the 

te m pera tu re  dependence of r| is dom inated by the factors 

that affect Jsc. The trend o f the results on n and module 

te m pera tu re  m ay be linked to  the lim itin g  process of the tri

iodide d iffusion, w h ich lim its Jsc.

Fig .6 Relationship of JK and Pm„  as functions of module 

temperature.

Jsc increases w ith  increasing tem perature up to  some point 

before starting to  decrease. This Jte increase behavior of the 

m odule at low m odule tem peratures can be attributed to  the 

diffusion of the tri-iod id e  w h ich  lim its Jtc, w h ile  at increased 

cell tem peratures, according to  Arrhenius law  according to 

w hich the diffusion coefficient exponentia lly increases w ith  

increasing tem perature th ere  is an observed increase in short 

circuit current density, J,c. Nonetheless, the decrease that is 

observed after about 40*C m odule tem perature can be 

attributed to the possibility of recom binations at higher 

tem peratures leading to reduction  in current collection.

These lim iting processes are linked to  type and concentration 

of e lectrolyte com ponents as is evident from  the experim ent 

by [23], which showed that w hen  l2 and consequently the tr i

iodide concentration is lo w  in the measured tem perature 

w in d o w  of 5-50’C firstly, J,c increases w ith  tem perature, 

reaches a maxim um  but later, further increase in 

tem perature leads to decrease in J,c [23].

114



INTERNATIONAL JOURNAL OF ADVANCED RENEWABLE ENERGY RESEARCH
jtdkwa R. V. M et al. , Vol. i, Issue. 2, pp. 109-116, 2012

IV. Conclusion

Effects o f  te m p e ra tu re  and irradiance intensity on a dye- 

sensitized so la r m od u le 's  perform ance have been 

mvestigated in a te m pera te  tropical area, 1.28* South and 

35.82* East, N a iro b i, Kenya. The  results show  better relative 

efficiencies fo r  th e  m od u le  at lo w e r irradiance intensities as 

compared to  h ig h e r irradiance intensities. Voc increased with 

increase in  irra d ian ce  in tensity up to 850 W m 2 after which it 

remained c o n s ta n t w ith  fu rth e r irradiance intensity increase. 

The in c re a se  in Voc w ith  increase in irradiance intensities 

can b e  a ttr ib u te d  to  th e  high in jection levels that emanates 

from th e  c loseness of the in jection to th e  collection - leading 

to a q u ic k  b u ild -u p  o f charged that exponentia lly raise the 

open c irc u it  vo lta ge . This is due to the th in  film  nature of the 

module's cells . O n  th e  o th er hand, the constant Voc observed 

from irra d ia n c e  intensities > 850 W m  2 m ay be linked a state 

of e q u ilib r iu m  th a t arises a fter some period of tim e between 

ph oto -genera tion  and recom bination  processes.

Jsc o f th e  m od u le  sam ple was found to  be very small. It 

however co rre la te d  w ith  irradiance intensity. The small Jsc 
values can be a ttribu te d  to high levels of electron 

recom bination  th ro u gh  the e lectro lyte  and during collection 

at th e  tra n s p a re n t conducting oxide in the module. 

Reduction in th e  fill factor was also observed at high 

irradiance intensities, ind icating the large series resistance of 

the m o d u le .
A n  o ve ra ll b enefit from  elevated m odule tem peratures 

was o b se rve d  as the m axim um  po w er increased with 

increasing m od u le  tem peratures and irradiance intensity. Voc 
for th e  m o d u le  show ed a m onoton ic  decrease with increase 

in te m p e ra tu re  leading to  a m onoton ic  decrease in 

efficiency. T h e  tem pera tu re  dependence o f Voc and fill factor 

were h o w e ve r ve ry  small, w h ich  implies that the 

te m pera tu re -dep endence  o f efficiency fo r the m odule was 

dom inated b y  factors that affect the Jsc■ These include the 

diffusion o f th e  tri-io d id e  that lim its Jsc at low  tem peratures 

but leads to  increases in Jsc at h igher tem peratures in 

accordance w ith  Arrh en ius law . The  decrease in Jtc after 

about 40’ C m odule  tem perature can be attributed to the 

possib ility o f recom binations at higher tem peratures.

The re la t ive ly  better efficiencies observed for the dye- 

sensitized solar m odule at lo w  irradiance intensities togethe 

w ith its a b ility  to  benefit from  elevated tem peratures under 

high illu m in a tio n  place dye-sensitized solar m odules m a 

[23] Investigation of Charge Transport in T iO j Dye Sensitized Sola 
Ph.D thesis fo r  the University o f Nairobi. 1 -13.

remarkable position for use in the tem perate tropics. The 

design of energy efficient building facades for the temperate 

tropics stands to benefit im m ensely from  these findings.
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Abstract

ilie performance of a commercialized dye-sensitized solar module (DSSM) has been investigated 
in the dark ro clarify how ro accurately determine its performance. Accurate characterization of a 
DSSM requires consideration of its temporal response obtained during dark/  ^characterization. A 
series csl J -V measurements were obtained by applying a bias voltage to the module and measuring 
the generated current automatically using a Kcithlcy 2400 digital source meter. The J -V  curves for 
the module were not dependent on the voltage sweep direction even when the sweep time was in 
rhe order oj seconds. This makes ir ideal for use in weather conditions characterized by fluctuations 
in daily solar radiation availability.

Index Terms - Dye-sensitized, dark, performance, characterization
,v w . _  . .
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l. In troduc tion

Research in dye-sensitized solar cells (DSSCs) has 
been enormous (!]. This is because they promise to 
be ch eaper alternatives to the conventional silicon 
solar cells and can be fabricated under less stringent 
conditions [2], A number of application studies on 
DSSCs are currently underway, including their use 
for energy efficient glazing and Building Integrated 
Phorovolraics (BIPV) [3.].

G24 Innovations Limited, Dyesol and Solaronix 
are among rhe companies that have pioneered 
the commercialization of the DSSC technology. 
Accurate investigation of these products, just a.s in 
the case of other PV devices commercialized for use 
under various field operating conditions requires 
consideration of their dark J-V  characterization 
f4]. Dark J-V  characterization is used to observe 
the temporal response in PV devices, the parasitic 
resistances (series and shunt), the ideality factor 
and the saturation current. This study investigates 
the dark J -V  characteristics of the DSSC module 
supplied for outdoor use by G24 Innovations 
Limited, UK.

IT. Materials and Methods 

Basic Theory

Current density-voltage (J-V) characterization
The response of a PV device is determined by 
its J-V  characteristics obtained both in the dark 
and under illumination. In practical cases, J-V  
characteristics are modeled according to equation 
(1), which accounts for shunt resistances {RJ and 
series resistances (R)  [5] [6],

/ = / t - ; s e x p [ ^ ] - < r V  (1)
where J, JL, Jt V. m, Vr Rf J. and a arc the ideal 
current density, the current density from the source 
(in this work, it is the photo-generated current 
density, J^  and will be referred to as such), the 
saturation current density, voltage across the 1 V 
terminals, the ideality factor, series resistance and 
shunt conductance respectively.

Dark J-V  characterization is preferred in analyzing 
rhe electrical characteristics of PV devices because
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it is more sensitive than light J-V  measurements 
in determ ining R ^ R/ m and Jt that dictate the 
electrical performance of a PV device. In the 
dark, a bias voltage generates current density ̂ 
in the direction opposite to the one generated 
under illumination. Dark current density (J^J) is 
com puted from the equation [7] [5],

J d a r k  =  ~ J s e x p  [ ^ ]  -  (2 )

w here J, J ^  j^ V, m, Vy Rf  J, and a are the 
ideal current density, the dark current density, the 
saturation current density, voltage across the PV 
term inals o f rhe PV device, the ideality factor («l 
for an ideal PV device or *1 for a non-ideal PV 
device), series resistance and shunt conductance 
respectively.

Setting m  in equation (1) to one yields the ideal 
d iode case that assumes that all recombinations 
in the PV device occur via band to band or the 
bulk areas of the PV device — not in the junction. 
m describes how closely the PV device follows the 
ideal case scenario. In practical case., PV devices 
are non-ideal since recombinations occur in other 
ways and areas of the devices than band to band or 
the bulk area of the devices. These devices yield m 
that deviates from the ideal. From equation (2), the 
dark current density can be plotted as a function 
o f  the applied bias voltage. This results in a curve 
typically known as the dark current density-voltage 
{J-V) characteristic curve. From the J-V  curve, key 
parameters; Js, FF, /?, Rih can be extracted and, m 
and 7 computed.

The slope of rhe linear region of the J-V  curve in 
the third quadrant (reverse bias) is a continuation 
o f  the linear region in the first quadrant — which 
is the same linear region used to calculate R)k. It 
follows that R h can be derived from die J-V  curve 
obtained as the inverse of slope of the J-V  curve 
at the maximum current densit) point (or / J  
while R are identified! as the inverse of the slope 
o f the J-V  curve at the maximum voltage point 
(or V J .  In most solar cells, it is imperative that 
R . > R. In an ideal solar cell, R . = <*> and R = 0 
[8]. Jt is normally proportional to the thermally 
induced recombination or generation processes 
o f charge carriers. It exponentially increases with 
temperature. By measuring the dark J-V curve of a 
PV device, an idea ofJt can be obtained.

As V—* 0, current is mainly determined by the 
shunt resistance. After this section on the J-V  
curve, follows the section that describes the ideal 
diode behavior of the PV device. Once the internal 
electrical field diminishes, current now gets 
determined by the sum of all series resistances of 
the cells that constitute the PV module. Plotting 
the J-V  curve in a semi-logarithmic scale, the 
exponential part becomes a straight line, which 
upon extrapolation to the interception with the 
y-axis, gives J . Jt is controlled by the exchange 
current at the semiconductor/clcctrolytc interface. 
It depends on the rate of reduction of the triiodide. 
The ideality factor, which is a measure of how 
closely the PV device follows the ideal diode 
equation, is derived from the slope of the J-V  
curve. It is influenced by the fabrication process 
and the semiconductor material used. FF on the 
other hand is generally influenced by the Scries and 
shunt resistances. It is a measure of the squareness 
of the J-V  curve and hence the quality o f  rhe solar 
PV device. It is defined as a ratio and determined 
from equation [9]:

F F  =
Pm =  

Koc/sc

JmpVmp
VocJsc

(3)

where FF, P , V , J  , /  and V  are the fill factor, 
maximum power, the open circuit voltage, the 
short circuit current density, the maximum power 
current density and the maximum power voltage 
respectively.

Experimental

Materials

One functional dye-sensitized solar module 
was used in this study. The module; Omny 
11200 outdoor module - model number HS 
Code 85414090 was used as supplied by G24 
Innovations Limited (UK). It was made up of 11 
cells, rated 0.5 Watts peak and 8 Volts. The cells 
were 1.5 inches thick and of a 15.92 cin3 active area 
each; bringing the total active area of the module 
to 175.12 cm3. Other apparatus used in the study 
were a DT9205A* digital multimeter supplied by 
Taurus Electronics Limited, Kenya, a Keithley 
2400 digital source meter supplied by Keithley 
inc., USA and a Laboratory Virtual Engineering 
Workbench (LabVIEW™) application software 
supplied by National Instruments inc., USA, a
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desktop computer supplied by Hewlett-Packard 
(H P), Kenya and an IEEE-488 GPIB cable 
supplied by National Instruments inc., USA.

D a r k  J - V  characterization 
ih e  m odules Terminals were tested for polarity 
using the DT9205A* digital multimeter. It was 
then appropriately connected to the positive and 
negative terminals of the Keidilcy 2400 source 
m eter using alligator clips. The Keithely 2400 
source meter was connected via the IEE-488 GPIB 
interface to the ITP desktop computer that was 
installed with the Lab VIEW™ application software. 
The LabVIEW™ communication protocol is 
presented figure 3. Dark J -V  measurements were 
obtained by applying a bias voltage to the module 
and measuring the generated current automatically 
using a Keithley 2400 digital source meter.
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Figure 2: Dark /-^characterization set-up block 
diagram.

Results
Figures 3, 4, $ and 6 are the dark / - ^characteristics 
for the module acquired by applying voltage from 
V = 0 to V = 8 and from V -  8 to V -  0 sweep 
directions at 2.5, % 12.5 and 25 seconds sweep 
times.
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Figure 3: Dark J-V  curves for sweep times from V 
= 0 to V = 8 and vice versa at 2.5 seconds.

Figure 1: Photograph of the experiment set-up.
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Figure 4: Dark J -V  curves for sweep times from V 
= 0 to V = 8 and vice versa at 5 seconds.
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Fig u re  5: Dark J - V curves for sweep times from 
V = 0  to V=8 and vice versa at 12.5 seconds.
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Fig u re  6: Dark J - V  curves for sweep times from 
V = 0  to V=8 and vice versa at 25 seconds.
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Abstract-Effects of air mass on the performance of a dye-sensitized solar module (DSSM) have been investigated in a tropical 
area in Nairobi, Kenya. Outdoor measurements were performed at different times on different days and a series of current- 
voltage (I-V) characterizations carried out at different air mass values and module tilt angles. The module performance 
parameters: Short circuit current density, (JK), Open circuit voltage, (E*), Fill factor, (FF) and solar-to-elcctricity conversion 
efficiency, (q) were extracted from the 1-V curves. The module’s q and FF increased with air mass while VM and Ju decreased 
with increase in AM. The module performed better in the afternoon hours than in the morning hours. The results may be useful 
in tuning dye-sensitized solar cells for use in the tropics as well as in the design of Net Zero Energy buildings.
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I .  In tro d u ctio n

Dye-sensitized solar cells (DSSCs) are cheaper 
alternatives to the conventional silicon solar cells [ 1 J. Their 
scalable, self-assembled and bottom-up fabrication processes 
are economical and ecological, making them attractive and 
credible alternatives to the conventional solar PV systems 
[2], Remarkable advances have been in their fabrication [3-
5].

In the tropics, a number of DSSC-related studies have 
been undertaken, including the effects of nitration on pressed 
T i0 2photo electrodes for DSSCs [6], DSSCs fabricated from 
obliquely DC sputtered T i0 2 films [7J, theoretical 
approaches to the temperature effect on the mobility and 
transport of photo-injected electrons in DSSCs [8] and [9], 
effects of the concentration of dopant states in photo-activity 
in Niobium T i0 2 [10], T i0 2 DSSCs with a hole transport 
material Ogacho [11] and the Anthocyanin sensitized 
T i0 2photo electrochemical solar cells [12].

Lately in Nigeria, Ozuomba and co-workers [13] have 
fabricated DSSCs using dye extracted from local banana 
grass, whose performance compare with what has been

reported by Law and co-workers [14] as well as Suri and co- 
workers (2007). Otakwa and co-workers [15] has 
investigated the effects of radiation intensity and temperature 
on the performance of DSSCs. These enormous research 
efforts point to the quest by people in the tropics to have 
access to cheaper electricity - a goal that has been elusive 
with the conventional silicon solar devices [16]. In this 
paper, the effect of air mass and tilt angle on the DSSC 
performance in the tropics is reported.

2. Materials and Methods

2.1. Basic Theory

The DSSC semiconductor electrochemistry

In DSSCs, the electronic excitation in the dye achieved 
through light absorption promotes dye molecule into a high 
energy state associated with the Lowest Unoccupied 
Molecular Orbital (LUMO). This simultaneously creates an 
electron deficiency in the low energy state - the Highest 
Occupied Molecular Orbital (HOMO). Electrons in the
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LUMO and HOM O states are separated by a difference in 
enthalpy (h )  [17],

&h &E — Elumo -  Ehomo (1)

where,

A h =change in enthalpy,

A E =difference in energy,

E lum o =energy of the least unoccupiedmolecular 
orbital,

E hum o =energy of the highest occupied molecular 
orbital.

This exodus of the population of the states from their 
thermal equilibrium values implies a difference in their 
chemical potentials (p), which can be stated as follows:

A n  =  uLU M O  - 11HOMO  (2)

where,

A n =change in chemical potential.

Mlumo =chemical potential of the least unoccupied 
molecular orbital,

Mhomo =chemical potential of the highest 
occupied molecular orbital.

Efficient DSSC performance relies on the efficiency of 
electron injection and dye regeneration. Also, the LUMO 
energy of the dye should be well above that of the T i0 2 

conduction band for efficiency in electron injection. For 
efficient dye regeneration and sustained photocurrent, the An 
of the redox couple should be higher than the HOMO energy 
level of the dye molecules. The maximum voltage of a DSSC 
under illumination normally corresponds to the difference of 
the T i0 2 Fermi level (£/.-) and the A n  of the electrolyte.

Nonetheless, the basic operation principle of the DSSC 
relies on the photo-excitation of the dye molecules. Hence, 
anything that interferes with access to light for the DSSC 
affects its performance. The strength of the solar beam 
incident on the DSSC at a given point and time determines 
its efficiency in photo-exciting electrons from HOMO level 
of the dye molecules to the LUMO level as shown by 
equation (3),

Ti02|S + hv «-* ri02lS lumo (3)

where,

T i0 2 =the titanium dioxide nanoparticles.

1 =the interface

S =the ground state of the dye molecules.

hv =the photon energy,

S  LUMO =the excited state of the least unoccupied 
molecular orbital of the dye molecule.

Solar beams can be attenuated by absorption and 
scattering as they enter the earth’s atmosphere in an effect 
known as extinction. Scattering is usually caused by 
suspended aerosols, which may be diverse in volume, size.

form and composition. Depletion of incoming solar 
irradiance by aerosol-laden atmospheres is referred to as 
atmospheric turbidity. Its effect on the DSSC device 
performance at the application sites requires to be 
considered. Absorption on the other hand is mainly caused 
by the Ozone layer (Oj), Oxygen (02), Nitrogen (N2), 
precipitable water vapour (H20) and Carbon Dioxide (C 0 2).

Apart from N2 and 0 2 which remain more or less 
constant the amount of the ozone layer varies with latitude 
and season [18]. The amount of precipitable water vapour 
also varies instantaneously based on the local conditions 
[19]. Carbon dioxide has also been on an alarming increase 
due to the burning of fossil fuels. The atmospheric refraction 
of the solar beam by these atmospheric gases makes it take a 
longer path than is geometrically expected. Optical air mass 
or simply air mass (AM) plays a major role in determining 
atmospheric refraction [20]. AM  is the path length traversed 
by the direct solar radiation as a ratio of the path traversed to 
a point at sea level when the sun is directly overhead. 
Studying how solar radiation is attenuated by the atmosphere 
in terms of the air mass, optical thickness and water vapour 
is important in understanding how solar devices would 
perform under different atmospheric settings.

To maximize collected energy, solar collectors are 
usually tilted to capture maximum radiation. Optimum tilt 
angle, and hence are influenced by the air mass at a 
particular place [21]. A number of formulae have been 
developed for computing AM. In this work, the method of 
erecting a vertical post at a place where the shadow of the 
post is cast on a flat surface has been used. Dividing the 
length of the hypotenuse of the triangle (length traversed by 
the ray of light) (figure I) by the height of the post yields 
(geometrically expected path) [22, 23] and applying the 
Pythagoras theorem yields AM,

AM =  [ l  +  ( j)  ] W

where,

A M  =the air mass,

h = the height of the post,

s = the length of the shadow cast by the post.

Shadow length, s (cm)

Fig. 1.Illustration on how to determine air mass from the 
shadow of a vertical post.
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From trigonometry, the cosine of 6  is obtained by 
dividing the length adjacent to it by the hypotenuse; the 
inverse of which constitutes AM. This is used for small 
values of 9.

A M = 1 / (C os 9) (5)

where,

AM  = the air mass,

0 = the angle from the vertical.

Equation (5) however assumes a homogenous 
atmosphere and ignores the earth’s curvature. The earth is 
however not Hat and the equation leads to an infinite air mass 
at the horizons. Kasten and Young [24] developed the 
equation:

A M  =  [C osd  + 0.50572 (96.07995 -  0 ) - 16364]_1(6) 

where

A M  = the air mass,

9  =  the solar zenith angle.

The solar beam available for photo-generation depends 
on how it is attenuated through the atmosphere. On striking 
the surface of the DSSC cells, the solar beams eject electrons 
from the excited dye molecules. These get injected into the 
conduction band of the T i0 2 as demonstrated by equation
(7),

Slumo +  CBTio2 —* T i0 2lS+ +  eCB-  (7)

where,

S  LUMO = the excited state of the least unoccupied 
molecular orbital of the dye molecule.

C BTi02 = the conduction band of the titanium 
dioxide semiconductor,

T i0 2 =titanium dioxide,

I = interface

S+ = oxidized state of the dye molecules,

e CB~ = the electron injected into the conduction
band.

The electron then migrates through the TiOj nanoparticle 
network towards the transparent conducting oxide (ICO ) 
substrate. Charge localization due to the polarization of the 
mediums and relaxation of the molecular ions dominates the 
physics of charge transfer and transport during these 
processes. The catalytic reaction at the counter electrode 
(courtesy of the platinum film) must guarantee fast re
generation of the redox couple as illustrated by [25],

P t +  /3" -> 3 r  (8)

where,

P, = the Platinum,

/ / =the iodide ions.

3F = the iodine ions.

To achieve an efficient DSSC operation, the electron 
injection rate must be faster than the decay rate. The oxidized 
dye molecules must also be regenerated fast by the redox 
couple so as to kinetically compete in the uptake of the 
electrons from the counter electrode for the subsequent 
electron injection to prevent recombinations (26). Also, the 
rate of reduction of the oxidized sensitizer (S') must be 
higher than the rate of back reaction of the injected electrons 
as well as the rate of injection of electrons in the electrolyte.

rio2is+ + 3 r -* /3~ + s  (9)
where,

TiOj = the titanium dioxide nanoparticles.

I = interface

S ’ = the oxidized state of the dye molecules.

S  -  the ground state of the dye molecules,

/ /  =the iodide ions,

3F -  the iodine ions.

During these processes, some electrons arc not 
successfully injected into the TiO} conduction band due to 
inadequate energy. They as a result drop back into the 
HOMO level. The electrons already injected into the 
conduction band of the TiO: risk migrating back into the 
HOMO level of the dye molecules or into the electrolyte as 
illustrated by equations (7) and (8) respectively due to 
electron trapping defects. These result in recombinations that 
decrease the performance of the cell.

eCB~ +  Shomo s  +  c b tio2 (,0)

€cb~ + 3 +  C^TiOt (l *)

where,

eCB~

Shomo

S

C Bfioj

= the electron injected into the conduction 
band.

= the ground state of the least highest 
occupied molecular orbitalof the dye 
molecules,

= the ground state of the dye molecules,

= the conduction band of the titanium 
dioxide nanoparticles.

l j  -  the iodide ions,

3F = the iodine ions.

The response of DSSCs under illumination; just as other 
photovoltaic (PV) devices, is determined by its J -V  
characteristics modelled according to [15),

( 12)

where

j  = the ideal current density,

= the photo-generated current density, 

j s = the saturation current density.
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-  the voltage across the PV device 
terminals,

= the ideality factor,

= the thermal voltage,

=the series resistance,

= the shunt conductance.

From equation (9) the photo-generated current density 
can be plotted as a function of the applied bias voltage. This 
results in a curve typically known as the current density- 
voltage (J -V )  characteristic curve from which key device 
parameters; open circuit voltage (V ^), short circuit current 
density (J sc), fill factor (FF) can be extracted and efficiency 
(ft) computed.

F F  is a measure of the squareness of the J-V  curve and 
hence the quality of the solar PV device. It is generally 
influenced by the series and shunt resistances. It is 
determined from equation [12],

p p    Pm    V m p V m p

Voc/sc VocJsc

where,

F F = the fill factor,

Pn, = the maximum power,

Vac = the open circuit voltage,

Jsc = the short circuit current density.

Jmp = the current density at maximum power
point,

vr mp = the voltage at maximum power point.

tj describes the overall performance of the DSSC. It is 
defined as the ratio of Pm to the power of incident radiation 
(P,n), which is given by the equation [27],

T ) = ^ -
Pln

=  _  v°c}scFFX 100%  (14)
Pin Pin

where,

n = the efficiency,

Pm = the maximum power,

Jmp = the current density at maximum power 
point,

Vmp = the voltage at maximum power point.

Voc = the open circuit voltage,

Jsc = the short circuit current density,

F F = the fill factor.

2.2. E xperim ental 

M aterials

One functional dye-sensitized solar module was used in 
this study. The module; Omny 11200 outdoor module -

model number HS Code 85414090 was used as supplied by 
G24 Innovations Limited (UK). It was made up of 11 cells, 
rated 0.5 Watts peak and 8 Volts. The cells were 1.5 inches 
thick and of a 15.92 cm: active area each; bringing the total 
active area of the module to 175.12 cm*. The other apparatus 
used in the study were a tilt-able metal rack supplied by 
Solargent Limited, Kenya, a Kcithley 2400 digital source 
meter supplied (^Workbench (LabVIEW ™) application 
software supplied by National Instruments Inc., USA, a 
desktop computer supplied by Hewlett-Packard (HP), Kenya 
and an IEEE-488 GPIB cable supplied by National 
Instruments Inc., USA. A protractor and a metre rule 
supplied by Textbook Centre, Kenya were also used in this 
work.

J-V  characterization at different air mass values

The module was fixed on the tilt-able metal rack as 
shown in figure 2. The set-up was positioned on the roof-top 
of the Department of Physics, University of Nairobi at a 
suitable place where shadows could not be cast on either the 
module. The module was connected to the Kcithley 2400 
Source Meter using alligator clips The Kcithley source meter 
was connected to the HP desktop computer via an IEEE-488 
GPIB interface. The computer was installed with 
LabVIEW ™ application software.

To determine the air mass at different times, an upright 
post was erected at a suitable flat place next to the J-V  
characterization experiment. The post’s height from the 
ground surface measured using a metre ruler. The length of 
the shadow cast by the post was measured simultaneously 
with the acquisition of the J-V  characterization curves. J-V  
measurements were at tilts that were varied according to the 
zenith angles corresponding to the air mass at the different 
times. The module’s performance parameters; V<*, J,c FF  
and at the different air mass values were extracted from the 
J-V  curves and rj computed. The set-up was as is illustrated 
in figures 2 and 3.

Fig. 2.Picture of the set up of the module on the tilt-able 
metal rack.
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1Computer

Keithley 2400 Source 

M eter

DSSC Module

F ig . 3.A simple illustration of the J -V  characterization 
experimental set-up.

3. Results and Discussion

From Figure 4, it is observed that Voc and Jsc reduced 
with increase in air mass. This can be attributed to reduction 
in radiation intensity as air mass increases, which agrees with 
the observation by Meinel and Meinel [28]. The points at 
which maximum power is attained (at the ‘knee’ of the J-V  
curves) increases with air mass. This corresponds to the 
battery charging region. The fill factor increases with tends 
to one as air mass increases. This implies that the quality of a 
DSSC module operating outdoors is best evaluated at higher 
than lower air mass.

(N
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Fig. 4 J - V  characteristic curves for the module at dillcrent air 
mass values

A ir mass varied as shown in figure 5. Values for AM 
obtained between 700 hours to 1245 hours were slightly 
unstable compared to the values obtained between 1245 
Hours to 1800 Hours. This can be attributed to the 
instantaneous variation in the atmospheric gaseous absorbers

like H20, 0 2, O j  and CCF as observed by Louche and co- 
workers [18]. Figure 5 also shows that air mass • and hence 
the intensity of the direct component of sunlight (28) was 
more stable in afternoon than in morning hours. Vm and JH 
decreased with increase in AM.

This can be attributed to the atmospheric extinction of 
the solar beams due to the longer optical path that they travel 
through the atmosphere at higher A M  values. With reduced 
amount of effective radiation reaching the surface of the 
module for photo-generation, the photo-generated electrons 
reduce and consequently, the photo-generated current. The 
behavior is in agreement with theory, which demonstrates 
equivalence between photo-generated current density and the 
corresponding short-circuit current density [15].

Figure 5 also shows how the module’s efficiency 
increased marginally with AM. This can be attributed to 
greater effective radiation available for photo-generation by 
the module at higher AM  than at lower AM.

1850

1650

14505

f
1250 «  

o
1050 p

850

650

Air Mass (Units)

Fig. 5. Curve for Air Mass values at different times of the 
day.

A comparison of the module’s performance in the 
morning hours and in the afternoon hours is given in figure 
6. It is observed that the module performed relatively better 
in the afternoon hours than in the morning hours. This can be 
attributed to the more atmospheric turbidity and Railcy 
scattering [24] in morning hours as compared to afternoon 
hours.
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voltage current 

density

|_  Moming/Afternoon

Fig. 6. A  chart showing the comparative performance of the 
module in the morning and in the afternoon.

4. Conclusion

The effect of air mass on the performance of a dye- 
sensitized solar module has been investigated in a tropical 
area, 1.28° South and 35.82’ East, Nairobi, Kenya. The 
results show better relative efficiencies for the module at 
higher air mass. Vx  and J sc decreased with increase in air 
mass. An overall improved performance for the DSSC 
module was observed in the afternoon hours than in the 
morning hours. Tuning of DSSCs for use in the tropics may 
benefit from these finding. The design of energy efficient 
building facades for the temperate tropics also stands to 
benefit immensely from these findings.
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