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ABSTRACT 

Solar energy, with its abundance and availability, would ultimately replace dwindling fossil fuel 

reserves in this new era of cleaner and more efficient energy as the world surges on to new 

technologies and horizons. This research investigates new frontiers for solar cells and light 

emitting devices: from organic solar cells and light emitting devices to policy.   

The effects of bending on the electrical, optical, structural and mechanical properties of flexible 

organic photovoltaic (OPV) cells were explored first. Bulk heterojunction organic solar cells 

were fabricated on Polyethylene terephthalate (PET) substrates using Poly-3-hexylthiophene: [6, 

6]-phenyl-C61-butyric acid methyl ester (P3HT: PCBM) as the active layer and Poly (3, 4-

ethylenedioxythiophene) Polystyrenesulfonate (PEDOT: PSS) as the hole injection layer. All the 

organic layers were deposited by the method of spin coating while the Al cathode was vacuum 

thermally evaporated.  Electrical, optical and deformation characteristics were measured as 

layers were deposited. The relationship between the optoelectronic performance of the various 

device layers and the applied mechanical strains were analyzed. The effects of stress and strain 

on the current-voltage characteristics of the device and its failure were modeled using finite 

element analysis.  

With this knowledge that bending strains affect the optoelectronic and failure mechanisms in 

bendable/ flexible OPVs, a year-long survey assessment was conducted on a rural off-grid 

community in central Kenya to determine the different factors that affected the adoption of solar 

lanterns in the community. Impact on the people’s socio-economic, health, and education levels 

were also assessed. The lanterns were shown to have a 96% adoption rate in the sample 

community and this resulted in a 14.7% drop in annual lighting-related expenditures.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background and Introduction 

The global consumption of energy on the earth surface is estimated to be 15TW yearly. 32TW is 

the total geothermal energy available, 870TW is that of wind and direct solar offers up to 

86,000TW [1]. With these statistics, solar energy would be the ultimate source of fuel due to its 

abundance in availability. Ultimately, solar energy would replace the dwindling fossil fuels' 

reserves in this new era of cleaner and more efficient energy as the world surges on to new 

technologies and horizons. In 2050, the world needs at least 10-30 TW of C02 free power for the 

survival of mankind [2]. In one hour, the sun provides 14-15 TW energy. But currently, only 

0.04% of our energy consumption is solar [3]. 

 

1.2 The Solar Cell 

A solar cell is a semiconductor PN junction diode, normally without an external bias, that 

provides electrical power to a load when illuminated [4], as shown in figure below. Solar cells or 

photovoltaic devices are devices that can convert the energy from sunlight into usable electrical 

energy. 
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Figure 1.1: Current Voltage (IV) characteristics of a PN junction diode[5] 

A solar cell under illumination would exhibit the IV characteristics of a forward bias PN junction 

diode as indicated in the Figure 1.2: 

  

Figure 1.2: Characteristics of a solar cell under light[6] 

 

In the dark, a solar cell would exhibit the Ohmic characteristics curve of a conventional resistor. 

The efficiency of a solar cell is the ratio of the electrical power it delivers to the load, to the 
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optical power incident on the cell. The maximum efficiency occurs when the power delivered to 

the load is Pmax [7]. 

A solar cell could be either organically or inorganically manufactured. A solar cell made by 

depositing one or more layers (thin films) of photovoltaic materials on a substrate is called a 

thin- film photovoltaic cell (TFPV) or thin- film solar cell (TFSC). These have thickness ranges 

varying from a few nanometers to tens of micrometers. Various deposition methods on a variety 

of substrates are used to deposit many different many different photovoltaic materials. Therefore 

the photovoltaic material used categorizes the thin- film solar cell into inorganic and organic 

forms given as: 

 Amorphous Silicon and other thin- film Silicon 

 Cadmium Telluride      Inorganic 

 Copper Indium Gallium Selenide 

 Dye synthesized solar cell and other organic solar cells [8] 

1.3 Organic Electronics 

The make-up of an electronic device could be either inorganic or organic [9]–[11]. Examples of 

organic electronics are organic light-emitting diodes (OLEDs), organic field- effect transistors 

(OFETs), organic photovoltaics (OPVs) and photo-detectors. Organic electronics are now 

applicable to photovoltaic (PV) technology to solve the growing energy challenges that will take 

an integral part in future energy production. However, the performance of organic electronic 

devices' and the lifetimes of OPVs depend critically on the properties of active materials used 

and their interfaces. One example is how surface energy and work-function greatly affect the 
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charge injection or extraction and transport in organic semiconductors. This is further explained 

in chapter 2. [12] 

1.3.1 Advantages of Organic Electronic Devices 

The organic photovoltaic (OPV) is an organic electronic device discovered in 1959, with the 

structure of an anthracene single crystal sandwiched between two electrodes. [13] For many 

years, its low efficiency, below 0.1%, prevented its commercial application. In 1986, its power 

conversion efficiency rose to about 1%. [14] From 1995, Yu et al. introduction bulk hetero-

junction (BHJ) solar cell structures which also lead to various work that continue to increase 

these electronic device efficiencies. [6] Organic electronics has become a vastly developed field 

in the past two decades due to their promise of low cost, lightweight, versatility of chemical 

design and synthesis, ease of processing,[12] and mechanical flexibility as compared to inorganic 

solar cells. Recent improvements in efficiency from ~1% to 12% [15] have organic photovoltaic 

(OPV) cells commercially viable, since it is analogous to about 15% efficiency of silicon based 

solar cells. This suggests that organic electronic devices would evolve to be widely used in both 

rural and urban applications. Figure 1.3 below shows the schematics of an organic solar cell 

manufactured in the electronic industries. 
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Figure 1.3: The Schematics of an organic photovoltaic cell 

There has been increasing interest in the development of low cost organic electronic devices 

stimulated by the potential for significant processing cost reductions compared to the cost of 

their amorphous or crystalline silicon counterparts in solar cell and light- emitting devices [16]. 

The main advantages of the organic semiconductors over inorganic semiconductors in the 

electronic industry are: easier deposition of thin films, higher degree of sensitivity to external 

agents, a potential lower- cost on large scale production, higher absorption coefficient and 

greater flexibility [17]. However, the major merit is those very simple and low cost deposition 

techniques (e.g. sputtering, vacuum evaporation and spin coating) used to deposit these organic 

thin films on some suitable substrate. 

1.4 Photovoltaic Energy Conversion and Make-Up 

The ability to force electrons to move especially from the valence band to the conduction band 

[18] is what is termed as the potential difference or voltage. The potential difference across a 

conductor such as copper, silver and gold (they have one valence electron- good conductors) 

causes current to flow thereby providing electricity (see Figure 1.4) [19]. The conversion of 
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electromagnetic energy such as light (which includes infra-red, visible and ultraviolet) to electric 

energy in the form of current or voltage is termed photovoltaic energy conversion [7]. 

 

Figure 1.4: Electricity generation [19] 

When the light is incident on the absorber/ material, it experiences a transition from a ground 

state to an excited state after which this excited state [20] is converted to free negative and 

positive charge carrier pairs. The free negative charge carrier moves to the cathode whiles the 

free positive charge carrier move to the anode. During this discriminating transport mechanism, 

the energetic photo-generated negative charge carriers arriving at the cathode result in electrons 

which move through an electric circuit losing their energy to electrical loads as they make their 

way back to the anode to recombine with the arriving positive charge carriers. This 

recombination process eventually returns the absorber back to its ground state [7]. 
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Figure 1.5: Solar energy spectra[7] 

 

 

In solar cells' energy generation, photon spectra as depicted in Figure 1.5 are much preferred 

because in the most desirable way one photon translates to an electron- hole pair for the energy 

conversion (see Figure 1.6 below). 

 

Figure 1.6: Cross-section of a typical solar cell [7] 
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1.5 Unresolved Issues 

With so many research interests in electronic and optoelectronic system developments whose 

elastic response to strain far greater than 1% [21]–[31] act as the basis to addressing issues 

pertaining to wearable electronics [22], flexible health monitors [25], digital cameras and 

sensitive robot skins [23], [32]–[35]. Such device efficiency and reliability are affected in a 

drastic manner by the interfaces of the semi-conductor and the electrical contacts. Due to this, 

the electrical contacts have to be designed in a way that enables the interfaces to have low 

resistances, low operating voltages and stability to minimize device degradation [36].  

Building electronic devices on deformable and flexible substrates is a requirement for novel 

large-area electronics, such as electronic textiles, electronic paper, sensor skin for robotics or 

medical prosthesis, and drape-able solar cells or flexible displays. [37] Amorphous silicon and 

other traditional solar technologies consist of brittle inorganic semiconductor device materials 

and as such crack easily when subjected to a significant amount of mechanical strain. There is, 

therefore, the need to understand the relationship between the optical performance of layered 

devices and that of the mechanical strain values applied to them [38]. Such strains can give rise 

to deformantion and cracking phenomena under flexural loading. With the knowledge of bending 

strains and their effects on the optoelectronic and failure mechanisms in bendable substrates, the 

brittle glass substrate mostly used in the manufacture of organic electronic devices, are being 

replaced with flexible or bendable substrates in flexible solar cells. In most cases [39]–[44], 

poly-dimethyl siloxane (PDMS) or polyethylene terephthalate (PET) substrates are used as 

stretched and bendable substrates respectively. PET is generally chosen over PDMS for flexible 

substrates. This is due to the former’s inability to undergo stretching for being stiffer in Lu and 

Yang’s report [45], but its flexural ability would enable the analysis of the effects of bending on 
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the multilayers feasible. However, there are relatively few studies [46]–[54] of the effects of 

bending on the performances of organic solar cells and their constituents. 

Prior work has shown that for enhanced flexibility, minimizing the number of silicon chips 

assembled on plastic substrates and using nanostructured materials and stretchable substrates can 

be done [54]. Due to this, more investigations are still considered vital to access how 

mechanically reliable electronic devices that would not malfunction when submitted to dynamic 

bending cycles and how flexible these diverse technologies can be achieved. 

 

1.6 Scope of Work 

The objective of this research is to understand the effects of deformation on the optoelectronic 

properties of bendable organic solar cells. Following an initial study of the effects of bending of 

organic solar cells on PET substrates with indium tin oxide (ITO) anodes, the study focuses on 

the study of organic solar cells on PET substrates without ITO anodes.  The effects of pre-

buckled cathode/active bulk hetero-junction layers are also investigated for a range of pre-buckle 

geometries. The results show that the flexibility of solar cells can be improved by the 

introduction of pre-buckles with different wavelengths.  

The thesis is divided into 7 chapters. Following the background and introduction, the relevant 

literature is presented in Chapter 2. The deformation of bulk hetero-junction solar cells is then 

modeled in Chapter 3 on flexible PET substrates with or without ITO anodes. The effects of pre-

buckling are then explored in Chapter 4 before investigating the effects of impurity and pull-off 

technique involved in delamination process of cold welding in Chapter 5. Policy implications for 
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the applications of solar cells are considered in Chapter 6 before presenting the conclusion from 

this work and direction for future work in Chapter 7. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Background 

The energy in light is directly converted into electrical potential energy through a physical 

process called the photovoltaic effect in solar cells. In 1939, Edmund Becquerel was the very 

first person to notice this photovoltaic phenomenon when he observed light-induced currents in a 

dilute acid. This phenomenon was elucidated in 1900 and 1930 by Planck and Wilson 

respectively via quantum concepts of light and solids. In 1954, the first solid-state photovoltaic 

cell also known as solar cell was designed. These cells’ applications and their production rate has 

sky-rocketed since then and an example was when in 1991 enough photovoltaic modules was 

built to provide 50 MW of power. [55] "Expectations are that in the long-term, thin-film 

Photovoltaic technology would surpass dominating conventional solar Photovoltaic (PV) 

technology, thus enabling the long sought-after grid parity objective" [56]. Photovoltaic thin 

films initially appeared as small strips powering wrist watches and pocket sized calculators. This 

technology is currently obtainable in modules of very large sizes for charging systems such as 

vehicles and household electrical utilities. Since 1958, satellites orbiting the earth use PV cells to 

generate power. The Green Building Initiative (GBI) research projected thin film production to 

grow to 22,214 MW power in 2020.  

 

This section delves into the literature work of others beginning from the historical evolution of 

the organic solar cell to the theoretical background of bendable organic solar or photovoltaic 
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cells. Relevant mechanisms have also been discussed to improve the lifespan and flexibility 

associated with organic thin film electronics. 

2.2 Organic Solar Cells 

Traditional organic materials, in the electronic industry, have been considered as insulating 

materials [57]. Photosynthesis is what inspired the earliest works using the idea of light being 

absorbed by chlorophyll which forms part of the Porphyrin group [58]. Electro luminescence 

(EL) response of organic molecular solids was first reported by Bernanose in 1955 [57]. In the 

1970's, William et al. developed an organic semiconductor thin film instead of a single crystal 

semi-conductor films (done earlier by Pope and Helfrich [59], [60]) by vacuum evaporation and 

Langmuir- Blodgett method [61]. However, Tessler et al. were the first to successfully attempt to 

achieve lasting action from organic semi-conductor materials [62]. 

Currently, sensors, memories, OPVs, actuators, OLEDs, radio frequency identification devices 

and organic integrated circuits are various types of organic electronics under extensive 

investigations to improve their reliability and performance. Many of these low cost applications 

are the organic semiconductor based devices and as such, their efficiency and reliability needs 

constant improvements to enable it survive in the market [36]. Silicon solar cell electricity 

currently makes up over 90% of the photovoltaic (PV) market but its generated electricity is still 

more expensive compared to that from conventional fossil fuels. This is due to the single crystal 

wafers used in the manufacture of solar cells. The intent is to increase their efficiency since grain 

boundaries promote recombination and impede charge transport but the cost of manufacturing 

these single crystal wafers is very high so the need to look out for an alternative [63]. 
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Depositing organic layers on electrode substrates followed by the deposition of a counter 

electrode are the basis to the preparation of organic electronic devices. In many instances metals 

are chosen for the electrodes and these can be doped with semi-conductor materials or 

conductive metal oxides. Stacking various semi-conducting materials on top of each other [64] in 

the bulk of the solar cell device leads to structures like p-n junctions [36]. The deposition 

methods and solution preparations were done according to standard techniques used as has been 

reported in various publications including that of [65] and [66]. 

The deposition methods of these layers vary significantly depending on the materials that the 

system used. Vacuum techniques are used to deposit small conducting organic molecules whiles 

printing, spin/ dip coating are used to deposit processed polymer solutions. Finally, thermal 

evaporation is used to deposit the top electrode layers [36]. 

2.2.1 Flexible Organic Solar Cells 

Recently, the interest in the use of plastics as substrates for thin solar cells is increasing in order 

to again cut down on the costs of manufacturing by means of roll to roll deposition, aside the fact 

that they offer novel possibilities in building integration [67]. 

 

Figure 2.1: Deformation of plastic and elastic relation [68] 
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From Figure 2.1, it can be clearly noticed that the plastic deformation does not depend on Hook's 

law meaning it is a non-reversible process. Plasticity in structural design predicts the maximum 

load which can be applied to a body without the occurrence of excessive yielding aside the other 

aspect that deals with large plastic deformation requirement in changing metals into desired 

shapes [69]. 

 In this thesis, PDMS or PET would be chosen as a substrate for the solar cell to be manufactured 

due to the attractive combination of the former's stretch- ability aside its ease of processing, and 

the latter's bendability [39]. 

The lack of the ability of PDMS to measure the angular separation of images that are close 

together (resolution) when used in intermediate molds propelled this chapter to use PET as the 

device substrate. This means that even though PDMS is ultraviolet (UV) transparent, its use in 

intermediate molds leads to replicas with smooth textures. Smoothing of these master textures 

has been demonstrated to be beneficial in solar cell application cases. Meanwhile, the 

detrimental or beneficial effects of replication losses cannot be guessed in general as they depend 

on the original or pilot textures and device configuration [67]. 

2.2.2 Layer Composition of the Organic Solar Cell 

The bulk heterojunction organic solar cells will be fabricated on Polyethylene Terephthalate 

(PET) substrates with Indium Tin Oxide (ITO) anode already deposited on top via sputtering 

process. Poly-3-Hexylthiophene: [6, 6]-Phenyl-C61-Butyric acid Methyl Ester (P3HT: PCBM) 

will act as the active layer and Poly (3, 4-Ethylenedioxythiophene) Polystyrenesulfonate 

(PEDOT: PSS) as the hole injection layer. All the organic layers will be deposited by spin 

coating whiles the Al cathode will be by vacuum thermal evaporation.  All these layers are 
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chosen because they are known to give the most desirable photovoltaic power conversion 

properties [70].  

PET accounts for 18% of the world's polymer production making it the third most common 

synthetic polymer. “PET is aromatic/ aliphatic polyester which possesses very practical thermal 

properties that are not found in the all aliphatic commodity thermoplastics polyethylene or 

polypropylene. It has a glass transition temperature near 67°C and a melting temperature of 

265°C”. [71] PET can exist as either amorphous (i.e. transparent) or as a semi- crystalline 

thermoplastic material (i.e. opaque and white). It is generally a good resistant to mineral oils, 

solvents and acids but very prone to bases. “The semi-crystalline PET has good strength, 

ductility, stiffness and hardness whiles the amorphous PET has better ductility but less stiffness 

and hardness” [72]. 

PEDOT is excellently transparent in the visible electromagnetic spectrum and is a good 

conductor electrically. But even though it is environmentally stable, like most conducting 

polymers, PEDOT is in-fusible and insoluble making it difficult to process in thin film form. Due 

to this, a dispersal of PEDOT in water doped with PSS has become the most promising and most 

extensively used hole-injecting material in organic thin film research today. [73] This thin layer 

of PEDOT:PSS on ITO surface increases the maximum luminance of the device, reduces the 

threshold voltage by more than 50% and eventually increases the lifetime by a factor of 10 [74], 

[75]. Lastly, the PEDOT: PSS acts as a physical barrier against the many defect sites present in 

the ITO [76].  

Further analysis would replace ITO film with PEDOT: PSS due to its demerit in large area 

flexible electronic industry which includes cost and availability as well as its brittleness [77]–
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[79]. This transition was confidently done in this research because of the similar photovoltaic 

power conversion characteristics they exhibit when used [70]. It should be noted also that using 

PEDOT:PSS as the hole transport layer (HTL) in the presence of ITO as the transparent 

conducting oxide (TCO) would etch the ITO electrode leading to a diffusion of indium into the 

active layer due to the acidic nature of most commercially available PEDOT:PSS [80], [81]. 

With PEDOT: PSS as both TCO and HTL layer, the observable degradation occurring in most 

Organic Photovoltaic Solar Cell (OPVSC) devices would be avoided. 

Since limited absorption spectra and poor charge mobility are the main factors that affect the 

relatively low efficiency of organic solar cells, combining a narrow- band donor with a fullerene 

derivative will be an approach to solve this challenge. The most efficient fullerene derivative 

based donor-acceptor copolymer is P3HT: PCBM blends[82]–[84]. PCBM (fullerene derivative) 

plays the role of electron acceptor in many organic cells due to its high hole mobility tendency. 

P3HT is from the family of Polythiophene which is a kind of conducting polymer. The 

photovoltaic effect in the blend is due to the excitation of the p- orbit electron in P3HT [85]. 
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Figure 2.2: Chemical Structures of the Organic layers [86] 

Figure 2.2 shows the chemical structures of the various constituents of the organic layer of the 

photovoltaic cell to be fabricated. 

 

2.2.3 The Electrical Interactions at the Organic Solar Cell Interface 

Abrupt and cleaner interfaces are allowed when organic semiconductors are deposited on metal. 
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Figure 2.3: Energy level diagram of a metal and semiconductor (a) before contact (c) when 

contact is made.[36] 

 

In Figure 2.3, the highest occupied state in the metal is denoted by EF (Femi level). The 

minimum energy requirement for an electron to be removed from the surface of the metal to the 

vacuum level(vacuum of zero kinetic energy) is termed the surface work function (ф) whiles EC 

and EV are the valence and conduction band edges respectively. [36] 

HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular 

Orbital) levels are the names given to energy bands in organic semiconductors since they are not 

continuous. 

The difference between the vacuum level and the conduction band edge (which is a constant of 

the material) of the semiconductor is termed electron affinity (EA). The band gap EG is also a 

constant of the material. The difference between the vacuum level and the valence shell is 

referred to as the ionization potential (IP). Also, the abrupt discontinuity of allowed energy states 

at the interface, in Fig 2.3 (b), is clear and this forms an energy barrier for charge transport and 

eventually affects the interface resistance. [36] 
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The closer energy level alignment suggests lower barrier at the interface and higher efficiency 

for charge injection. The rule for interface engineering is seen in matching the work function of 

the electrode with the EA and IP of the semiconductor. The Fermi level of a low work function 

metal aligns more closely with the LUMO level of the semiconductor with the assumption that 

the chemical potential of the metal and semiconductor do not equilibrate when in contact (as can 

be seen in Figure 2.4 below). Similarly, a high work function metal's Fermi level will align more 

closely with the HOMO level of the semiconductor. [36] 

 

Figure 2.4: Energy offsets (a) Low (b) High [36] 

 

In an ideal manner, there should be negligible resistance to current flow at the interface of the 

contact compared to the bulk of the semiconductor. So an essential task for engineering efficient 

semiconductor device would be to determine the energy states that contribute to the charge 

transfer since these states at the interface are not always energetically aligned causing a barrier 

for the charge transfer process. It should be noted that the charge transport process at the 

interfaces occurs from the de-localized states of the metal into the localized states of the organic 

semiconductor. 
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With adequate design, negligible resistance to current flow can be achieved at the metal/ 

semiconductor interfaces. For inorganic semiconductors, heavily local doping will provide 

tunneling or Ohmic contacts whiles it is not always viable for organic semiconductors. Organic 

semiconductor doping is an interstitial process, a substitution for inorganic crystalline 

semiconductors. [36] 

2.3 Organic Light Emitting Diodes 

Organic thin film materials vastly offer an untapped source of possible material properties useful 

in the semiconductor- based industries. Another organic thin film which is slightly different from 

the OPV is OLED (Organic Light Emitting Diode). Light-emitting diodes (LEDs) are 

optoelectronic devices that generate light when they are electronically biased in the forward 

direction. The light-emitting diodes that are made with organic materials are called organic light 

emitting diodes (OLEDs). Prior to the invention of OLEDs, organic-based devices could only be 

operated in electroluminescence mode. The first organic electroluminescence device was 

demonstrated in 1960s [87]. These devices were made with Anthracene single crystals doped 

with Tetracene (a red-emitting fluorescence dye) sandwiching between two electrodes [88]. Very 

high voltages were required for their operations and the efficiencies were very low. In the 1980s, 

a major breakthrough was made as low-voltage OLEDs were demonstrated [89]. In contrast to 

the first electroluminescence devices, the new OLEDs devices were based on a multilayer 

structure and they consisted of a transparent anode, a hole transporting layer, an electron emitting 

layer, and a cathode[90], [91]. During operation, electrons and holes are injected from a cathode 

and an anode respectively, and recombination of electrons and holes leads to efficient light 

generation [92]–[94] 
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2.4 Adhesion 

Adhesion is known as a force of attraction existing between dissimilar constituent parts. These 

forces in nature could be diffusive, dispersive and chemical. When soluble molecules move 

across an interface between two adjacent materials then the adhesion is termed to be diffusive. 

An adhesion is dispersive when Van der Waals attractive forces exist between two joint 

molecules in a polar form. However, when a compound is formed by courtesy of a hydrogen, 

covalent or ionic bond holding two materials together, then the adhesion is chemical in nature. 

Contact surface area is vital when talking about adhesion strength because the bonds existing in 

between the interface are directly related to the strength. Here, the higher the bond strength the 

lesser the risk to break the two particles in contact.[95] 

2.5 Fundamentals of Fracture Mechanics 

The fundamental requirement of any structure is that it should be designed to resist mechanical 

failure through any or a combination of Elastic instability (buckling), Large elastic deformation 

(jamming), Gross plastic deformation (yielding), Tensile instability (necking), and Fracture. 

Even though most of these failure modes are relatively well understood, and proper design 

procedures have been developed to resist them, fractures that cause major damage in structures 

[96] are the least well understood. Considering strength alone in a design is unsafe since this may 

result in other instabilities such as buckling when dealing with trim or lean structures. Therefore 

failure curves for such structures would show a smooth transition in the failure mode from 

sections based on gross section yielding to those based on instability. 

Buckling or delamination of the layers from its substrate at a strain depends on the adhesive 

strength between the two layers. It should however be noted that films such as ITO, due to their 

brittleness, are likely to crack, buckle or delaminate under compressive loading. It has also been 
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found out that at a strain of ~1% ITO cracks. Small cracks form prior to electrical failure. Under 

cyclic loading, these small cracks grow via fatigue. Akogwu, in his thesis work, made mention of 

how to delay the onset of ITO losing its conductivity through tension by reducing its 

thickness[38]. This was achieved using a non-brittle undercoat with high modulus for the ITO 

layer. From literature, the critical strain for cracking is similar to what is seen in ceramic films 

which is the reciprocal of the strain to the square root of lm thickness [38], [97], [98]. Cracking 

mechanisms and their effect on thin film properties has been investigated by Bouten et al. [97] 

who specifically considered ITO films on PET substrates. 

2.6 Micro-buckling 

A bar undergoing bending is described as a material leaving its equilibrium form to a state of 

instability. A basic thermodynamic principle is that free energy minimization occurs in the 

equilibrium of stable states. This principle is however hard to establish because, of the difficulty 

in locating a minimizer among the possible states. This is also due to the inability to absolutely 

define the entire possible states. In an attempt to solve this, all the modes of instability would 

have to be completely defined as in experiment so as not to lose any observation in the quest to 

make the problem formulated in class solvable. Explaining free energy wholly during instability 

would mean talking about buckling, wrinkling [99], crease [100], rupturing, vaporization or 

oxidization of solids into elementary particles. This mode of instability has been analyzed by E. 

Hohlfeld and L. Mahadevan. [101]–[103] 

A buckle occurs at a critical value when bending states are included in restricting homogenous 

states on application of a compressive force. Wrinkling takes place when a bar’s width is short 

compared to its length. Here, the surface is perturbed since the homogeneity of the shape 

becomes exceedingly unstable despite the force of compression being below the critical value 
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that leads to buckling (Euler buckling). Rupturing takes place when the stretch is very large 

despite the fact that the material may not neck under tension (E.g. Rubber). 

2.7 Wrinkling 

A polymer substrate has the ability to stretch beyond 50% when bonded to a thin metal film. This 

happens because the substrate has the ability to delocalize strain when the metal film is well 

bonded to it causing both to elongate indefinitely till the polyimide substrate ruptures.[104] 

2.8 Theory 

The challenging aspect of flexible substrates in solar cell manufacturing is the extent to which it 

can be deformed. This can be investigated by its stress and strain relationship. For a substrate of 

length, L with a central or neutral line length, Lo after bending defines strain, as: 

o

o

w
R + θ - Rθ

L - L w2
Strain, ε = = =

L Rθ 2R

 
 
         (2.1) 

If the distance from the central line to the surface of the substrate is w/2 in this case is converted 

to an arbitrary number say “π”, then the strain becomes; ε = π/R. Clearly, the strain is directly 

proportional to π, meaning that the smaller the substrate thickness the lower the strain. The 

results are very desirable since we seek to manufacture a solar cell of very low strain when bent. 

Relating this results to the stress (σ = Eε = Eπ/R) means that the deformation of the 

manufactured solar cell could be studied. This implies that σ/π = E/R =M/I; where E is the 

Young's modulus, R the radius of curvature, M the moment and I the moment of inertia.[38], 

[105] 
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For a thin film on a flexible substrate, the elastic stresses in the thin film are given by Brunner et 

al. [51] based on approximations made on Timoshenko and Reddy’s work[106] for thin films on 

a thick substrate. For such a case where one layer is much greater than the other composites (i.e.

t tsii
  ), the summation term signifies the total thickness of the thin films on the substrate 

whiles ts signify that of the substrate. 

The solutions for this case are most useful with the biaxial description of a composite plate with 

different moduli in each layer taking note that the ratio ti/ts term which is less than unity from the 

first to higher order terms has been neglected for the analysis. This simplifies the position of the 

neutral plane, π to for structures containing N layered thin films[51]; 

1
 


t E (1- ν )Nt ss i iπ=
2 2E (1- ν )i s i

         (2.2) 

Here E and ν have their usual meaning. This equation shows that the neutral plane or line is only 

slightly displaced from its original position in the bare substrate (See Figure 2.5). 
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Figure 72.5: Elastic stress (i.e. εA = εB = ε) in thin film on a polymer or flexible substrate 

undergoing bending showing its radius of curvature, R and newly positioned neutral line. 

2.9 Green Roofing Structures 

The National Stadium in Kaohsiung, Chinese Taipei, is topped with 8,844 solar panels covering 

14,155 m
2 

(152,362 sq. ft.). These generate 1.14 million kWh electricity everyday which caters 

for 80% of the venues needs. If it this stadium was powered by traditional power stations, 660 

tonnes (1.45 million lb.) of Carbon dioxide would be released annually. Designed by Toyo Ito 

from Japan, the stadium’s shape is said to be based on that of a curled dragon leading to it ending 

a spot in the 2015 GUINNESS Book of Records. [107] Replacing these brittle silicon based 

panels with robust and flexible organic solar panels would be very vital for architects who would 

prefer a more robust system that can be easily integrated into their designs instead of adjusting 

their designs to accommodate fragile systems which might eventually ruin the picturesque 

setting. 
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OPV modules manufactured on flexible substrates and packaged with flexible low performance 

barriers are known from literature to be sufficiently stable for both outdoor exposure and indoor 

experiments. [108] 

In practicality, successful OPV devices are based on relatively stable organic materials combined 

with some encapsulation technology in the form of a plastic with good barrier properties. In roof- 

top studies, plastic-encapsulated solar cells were shown to have lifetimes of at least 3–5 years, 

with manufacturers reporting even longer lifetimes. [109]–[111] With this information, 

encapsulating the OPV via cold welding would highly improve the lifetime of the device in 

green roofing structures. 

2.10 Cold Welding 

Cold welding, which is also called contact welding, is a solid state welding process that involves 

the joining at the interface of two distinct parts without the use of heat [112], [113]. This process 

makes no use of liquid or a molten phase within the interfacial joint unlike fusion welding which 

involves heating. This phenomenon was first recognized in the 1940s [114] as a general 

materials phenomenon. It was revealed then that under vacuum conditions, two clean surfaces 

(flat) of similar material properties (e.g. metal) would strongly adhere if brought into contact. 

This idea has been inculcated in nanofabrication processes due to micro [115]–[117] and nano-

scale cold welding’s [118] great potential. The idea for backing this mechanism is that when the 

atoms in contact are all of the same kind, there is no way for the atoms to discover that they are 

in a different material from theirs. However, it should be noted also that this breaks down only 

when grease, dust particles or other impurities are embedded within the interface for the cold 

welded joint to formulate. This brings to mind that the two flat surfaces to be cold welded should 

be clean to avoid interfacial failure from occurring in the welding process especially during the 
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pull off of the stamp used for this process. See figure below showing the two types of cold 

welding mechanisms. 

 

Figure 2.6: Additive Cold Welding[119] 

 

Figure 2.7: Subtractive Cold Welding [119] 

The Cold welding technique is mostly used to encapsulate organic electronic devices to due to 

their sensitivity and reactiveness of low work-function metals used for their fabrications. The 

immediate use of these devices as cheap and accessible alternatives are limited in the presence of 

ambient moisture and oxygen so encapsulating reduces their sensitivity the environment. [120]–
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[123]. Figure shows some of the applications of cold welding which include Microelectronic 

packaging. 

 Figure 2.8: Applications of cold welding (a) microelectronic packaging (b) roll-to-roll 

fabrication technique used for organic electronic devices [119], [124] 

  

“Most transfer substrate has often been made of silicon which is stiff but the device substrate 

material can range from modestly compliant polymers (e.g., polyethylene- terephthalate, PET 

and polyimide) to extremely compliant rubberlike elastomers (e.g., polydimethylsiloxane, 

PDMS). The wide range of device substrate stiffness (e.g., from 10 GPa to 1 MPa) and the huge 

stiffness ratio between the transfer substrate and the device substrate (e.g., from 10 to 105) can 

lead to rich characteristics of the competing delamination, which are far from well understood.” 

[125]  
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CHAPTER THREE 

FAILURE MECHANISMS OF FLEXIBLE ORGANIC SOLAR CELL 

STRUCTURES UNDER BENDING  

3.1 Introduction 

In recent years, there has been increasing interest in the development of flexible organic solar 

cells with the potential to replace silicon-based solar cells[49], [126]. The interest in organic 

solar cells has been due largely to their potential for lower cost [127], [128] and application in 

bendable [26], [129] and stretchable solar cells that can be draped over roofing tiles and flexible 

electronic structures [39], [130]. This is in spite of the moderate efficiencies of 12%[15] that 

have been achieved largely through significant efforts to develop Bulk-Hetero-Junction (BHJ) 

solar cells [6], [131]–[140] or Small Molecule Active Layers (SMAL) with planar structures. 

However, unlike flexible electronic structures with metallic wires and surfaces in which failure 

mechanisms have been studied under monotonic and cyclic loading [39], there have been 

relatively few efforts to study the deformation and failure mechanisms layered structures that are 

relevant to bendable or stretchable organic solar cells [49], [66], [141]–[145]. Since such 

materials and layered structures can deform and fail by a number of deformation mechanisms, 

there is a need to develop a fundamental understanding of the possible deformation and failure 

mechanisms that can occur in flexible [146] organic solar cells [147]. There is also a need to 

develop a basic understanding of how deformation and failure mechanisms affect optical and 

electrical properties of materials and layered structured that are relevant to organic solar cells.  
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The paper presents the results of computational and experimental study of the deformation and 

failure mechanisms in materials and layered structures that are relevant to bendable organic solar 

cells. The stress and strain distributions associated with flexural loading are elucidated using 

analytical and computational models that incorporate the results of nano-indentation and micro-

testing measurements of layered mechanical properties. The computed stress and strain 

distributions are then related to failure mechanisms observed during cyclic bending experiments 

that are conducted on model specimens with PET substrates [148]. The resulting changes in 

optical transmittance are also related to the observed deformation and failure mechanisms. The 

implications of the results are then discussed for the design of flexible organic solar cells. It 

should also be noted that since this work deals with thin films, plane stress conditions would be 

employed [105]. 

3.2 Modeling 

3.2.1 Analytical Modeling and Finite Element Modeling of Deformation and Cracking 

The stress and strain distributions in the different layers of the model organic solar cell (Figure 

3.1) were computed using the finite element method. The modeling was carried out using the 

ABAQUS/CAE 6.12-1 software package (ABAQUS, SIMULA, Pawtuckettm, RI, USA). The 

model used prior measurements of Young’s moduli that were obtained using Nano indentation 

methods [149]. These are summarized in Table 3.1 with their corresponding Poisson’s ratios. 

The measured moduli were incorporated into finite element simulations of the linear elastic 

deformation of layers in the model OPV structure.  
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Figure 3.1: (a) Schematic of Flexible Organic Solar Cell on PET Substrate (b) Bending Moments 

and neutral line depiction on the Flexible Organic Solar Cell 

 

Table 3.1: Material properties 

Materials  Young Modulus, E / 

GPa  

Poisson ratio Source 

PET  2.5  0.3  Ref:[149], [150] 

PEDOT:PSS  1.42  0.3  Ref:[149] 

P3HT:PCBM  6.0  0.35  Ref:[151], [152] 

ITO  116  0.35  Ref:[149], [153] 

Al  70  0.3  Ref:[105] 

 

 

The modeling with Abaqus/ CAE 6.12-1 began with the step of creating the parts as a 2D and 3D 

deformable shell planar, with dimensions corresponding to the physical specimen. The 

architecture of the multilayer system used was PET (107 µm)/ ITO (90 nm)/ PEDOT: PSS 

(100nm)/ P3HT: PCBM (90nm)/ Al (200nm). The material properties where defined to represent 

each layer using their Poisson’s ratios and Young’s Moduli in Table 3.1. The support effects 

were modeled and the boundary conditions used depicted the 3 point bend fixture as can be seen 

in Figure 3.2. 

A B 
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Figure 3.2: (a) Geographical view of multilayer and its 3 point bend fixture model created (b) 

Strain contours of OPV deformed multilayer structure at the maximum loading point of a 

compressive 3 point bend test just before unloading occurs in a single bend cycle. 

 

The model is instanced and meshed as dependently followed by assigning interaction properties 

to all the sections in contact with the 3 point fixtures. Also, all sections were defined to have 

structured quad element. The boundary conditions set at the stoppers included fixing in the X, Y 

and Z direction (i.e. U1, U2 and U3). The middle roller was set to displace downward (i.e. move 

only in the U2 direction as depicted in Figure 3.2).  

 

In the 3D model, a tunneling crack was introduced in the ITO layer to simulate its crack driving 

forces. The crack tips were modeled using much finer element sizes (See Figure 3.3A and 3.3B). 

These were used to compute the path independent J integral (Ji)/ energy release rates (Gi) using 

the relation for a plate deformed under three-point bending: 

2K 2A
i iJ = +

i ' B(W - a)E
          (3.1) 

 

B A 
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Where Ki is the stress intensity factor, B is the specimen thickness, Ai is the area under the load 

displacement curve, (W-a) is the remaining ligament, and E’ = E for plane stress and  E’ = E/(1-

ν
2
) for plane strain for the specimen used [105]. It should be noted that plane strain was 

employed since the thickness of the substrate was very much greater than the multilayers 

deposited on it.  

 
 

Figure 3.3: (a) 3-dimensional elemental meshing of tunnel crack in ITO layer (b) 3-dimensional 

simulation crack growth in ITO layer during bending of the multilayer 

 

 

3.2.2 Modeling of Optical and Electrical Properties 

3.2.2.3. Thickness Determination of ITO on PET 

The ITO layer, with its thickness unknown, was completely covering the PET substrate. The 

surface profiler was used to find this thickness but scratching two places on this ITO/PET 

multilayer. The flexibility of the PET substrate made the results obtained inconclusive since 

there was likelihood that the scratch penetrated the substrate. Figure 3.4 has the scanning results 

which suggested that the thickness was between 7000 to 9000 Armstrong.  

B A 
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Figure 3.4: Surface Profiler results indication ITO film thickness range from 70000 to 90000 

Armstrong 

 

 

Confirming the thickness of ITO deposited on the PET substrate started with an Ultraviolet (UV) 

spectroscopy measurement of the ITO/PET multilayer light transmittance. This ITO thickness 

confirmation involved modifying an optical index file (see Table 3.2 and Table 3.3) created 

earlier by Schubert [154]. In an effort to determine and characterize the multilayer, the 

experimental transmittance of unbent ITO on PET (See Figure 3.5) obtained were first uploaded 

into the optical program and plotted merging all the important index files together. The ITO 

thickness range was then assumed and used to calculate the actual ITO layer thickness. To 

confirm the calculated thickness data, the guess was repeated and thickness estimations were 

repeated until the new plot from the modified optical index file coincided with the experimental 

plot, hence, ascertaining the guessed value of the ITO thickness. This was done assuming the 

experimental accuracy to be ± 2.0 % of the full scale. 
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Table 3.2: Format of Index file of PET saved with ".in3" extension 

This is a PET Index File 

Format 

First row or line in text editor left blank for comments 

1000 20000 Second role has the first and last wavelengths in units of Armstrong 

2  Third role indicates the number of wavelengths with their 

corresponding indices used 

1000 1.58 First wavelength and index respectively 

20000 1.64 Second and last wavelength and index data 

2  The value 2 indicating 2 corresponding index and extinction 

coefficient data 

1000 0 First coefficient data corresponding to wavelength value 

20000 0 Last wavelength value with its corresponding extinction coefficient 

data 

 

 

Table 3.3: The Data File (in ".dat" file format) 

Wavelength [nm] Transmittance [%] 

300.47 0.5909 

301.06 0.5703 

  … 

       

… 

       

798.88 79.32 

799.44 79.385 

800 79.928 
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Figure 3.5: (a) Optical Simulation of results showing a mismatch between wavelengths ~ 3000 

and 4500 Ǻ (b) Experimental transmittance data file of ITO on PET 

 

This Optical analysis of the ITO/PET layered film done based on transmittance shows that about 

96 nm average thickness of ITO layer on PET substrate was needed for the optimum optical 

performance of flexible organic solar cells. The optical transmittance simulation data for 

ITO/PET multilayered film were used to explore and estimate the ITO thicknesses needed to 

improve the performance of flexible solar cells. Optimum ITO thickness were obtained and 

compared with the experimental ITO thickness values obtained from the Surface Profiler. 

 

There is a shift between the simulated and experimental transmittance values of the ITO/PET in 

the spectrum with wavelengths between ~ 3000 and 4500 Ǻ. This mismatch can be attributed to 

the non-idealness of the ITO or PET structure obtained from SOLARONIX as this may account 

for changes in optical band-gap of experimentally prepared ITO/PET material causing the 

observed differences[155]. Interfacial defects could also account for this shift. 

A B 
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After comparing this result with that from the Surface Profiler motivated the need to calculate 

the actual thickness using Rutherford Backscattering (RBS) Technique. ITO thickness was found 

to be ~90 nm, but this was assuming a composition of Indium, In = 0.333, Tin, Sn = 0.057, and 

Oxygen, O = 0.610 combined with an impurity composition of the same thickness of Carbon, C 

= 0.333, Oxygen, O = 0.08, Hydrogen, H = 0.59. This RBS measurement was done by Dr.  

Leszek Wielunski of Rutgers University, USA. In this work, the stoichiometric configuration of 

the ITO was relatively not ideal, advising an adjustment in the deposition process. Cleaning the 

thin film in clean room environment would also minimize impurity effects. 

 

3.3 Experimental Methods 

3.3.1 Materials Fabrication  

The device configuration explored in this work is the Al / P3HT: PCBM/ PEDOT: PSS/ ITO/ 

PET structure (see Figure 3.1). The model OPV samples were prepared on ITO-coated PET 

substrates (SOLARONIX Ltd, Aubonne, Switzerland) with square cross sections of 25 25 mm
2
 

sheet resistance, Rs = 60 Ω/square. The substrates were ultrasonically cleaned in acetone and iso-

propyl alcohol (IPA), rinsed in deionized water and blown to dry with nitrogen gas. 

The transmittance and absorbance of the ITO-PET thin film multilayer were measured with an 

AvaLight-DHc UV-VIS spectrophotometer (Avantes Inc., Broomfield, USA) in the wavelength 

range 300-1100 nm. The hole injection layer PEDOT:PSS solution (H.C. Stack Inc., Newton, 

MA, USA) was filtered with 0.2 µm filter paper and 0.4 ml of the filtrate was deposited using a 

model WS 650 Hz  Laurel spin-coater at rates of 500 rpm for 5 s, 1500 rpm for 3 s and 3000 rpm 

for 60 s. The samples were subsequently baked in a carbolite oven for 15 min at 100 
o
C. The 
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P3HT and PCBM  materials that were used in the active layers were from Sigma Aldrich, St 

Louis, MO, USA. Three tenth milliliter of the mixture was spin coated on the 

PET/ITO/PEDOT.PSS with two spin cycles at 400 rpm for 10 s, and 800 rpm for 30 s.  The 

sample was again baked on a hot plate for 15 min at 140 
o
C. 

The Al cathode (99.99 % pure pellets, Leskan, Philadelphia, PA, USA) of 200 nm thick was 

thermally deposited in an Edwards FL 400 thermal evaporator with a tungsten boat at a pressure 

of 2.0 x10
-5 

Pa. This was done inside an argon gas chamber flowing at a rate of 0.8 SCCM, based 

on the earlier procedure reported by Demirkan [36]. 

 

3.3.2 Bending Experiments 

The OPV devices were tested using 3-point bending in an Instron Model 5848 Micro-tester 

which was operated at a ramp distance of 6 mm, and a ramp speed of 0.03 mm/sec. The applied 

loads were between 0 and 1.28 N. The resulting force-displacements curves were used to 

generate stress-strain (σ-ε) curves from the following fundamental expressions [105]: 

Force

Area
              (3.2) 

ΔL
ε =

L
           (3.3)  

where ΔL and L are the change in length and original length respectively of the thin film being 

analyzed. 

3.4 Results and Discussion 

Force-displacement curves obtained from the tests on the model flexible OPV are used to 

calculate stress- strain curves of both tensile and compressive cyclic bending of the various 
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multilayers of the OPV. From the graphs in Figure 3.6, it can be seen that the initial linear elastic 

deformation is followed by elastic unloading to zero force and displacement. Hysteresis losses 

can be identified occurring from the unloading part of the stress strain graph calculated from the 

force displacement results attained from the Instron micro-tester.  

  

Figure 3.6: (a) Cyclic Compressive bending of various device multilayers (b) Cyclic Tensile 

bending indicating loading and unloading sections of the 5 cycle process for the various device 

layers 

 

These loading and unloading results for the various device configurations indicate viscoelasticity 

of the substrate used (i.e. PET- Polyethylene terephthalate). Apart from the compressive bending 

being more susceptible to device failure in comparison to tensile bending, both have a maximum 

strain value of ~1.6%. Their stress saturation points range from 50 to 60 MPa for the 

compressive bending loading whiles that of tensile is between 48 to 60 MPa. These results 

compared with those in Figure 3.7 from the Finite element model  shows that single cyclic 

tensile or compressive bending do not damage the multilayer thin film as would have happened 

A 
B 
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in the case of multiple cyclic bending even though the ITO layer experience the most strain 

which can be avoided by replaceing with another compliant TCO. 

  

Figure 3.7: Comparing with Finite Element images; (a) OPV multilayer deformed structure with 

ITO (b) OPV multilayer deformed structure without ITO 

3.4.1 Surface Topography  

3.4.1.1  Atomic Force Microscopy 

Atomic Force Microscope (AFM) tip was fitted with a 12.5 µm radius diamond tip purchased 

from Veeco Instruments (now Bruker Instruments) Woodbury, NY, USA to detect minute 

surface variations in the surface topography of the PEDOT:PSS film on the ITO/PET multilayer 

via scanning lengths within the ranges of 1000 and 4000 µm [130]. The topological micrographs 

obtained from the Atomic Force Microscopy (AFM) can be seen in Figure 3.8. 

 
 

Figure 3.8: (a) and (b) are respectively, atomic force microscope and optical microscope image 

comparison of PEDOT:PSS on ITO/PET substrate 

B A 

A B 
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The surface roughness of the thin film layers in the model flexible organic solar cell thin film 

layers were characterized using a Veeco Dektek 150 Stylus Surface profiler (Veeco Instruments 

Inc., Plainview, NY, USA). 

3.4.1.2  Optical Microscopy and Scanning Electron Microscopy 

Initially, the PET substrate which had an already deposited layer of ITO, was optically 

characterized under a light microscope (Celestron LLC, Torrance, CA). It should be noted that 

the transmittance measurements were repeated after the flexural tests where done on the devices. 

Scanning Electron Microscopy (Carl-Zeiss Evo MA-10 SEM, Oberkochen, Germany) analysis 

was carried out on the samples to show the surface microstructural deformations of the thin-film 

layers before and after flexural analysis. Figure 3.9, 3.10, 3.11, and 3.12 compares the Optical 

images with SEM micrographs of the various multilayers before and after undergoing flexural 

deformations. 

  

  

Figure 3.9: Comparison between optical microscopy image in (a) and SEM micrographs in (b), 

(c) and (d) of ITO on PET substrate. (c) and (d) show crack outlines due to tweezers handling by 

courtesy of the ITO’s brittle nature. 

A B 

D C 
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Figure 3.10: Optical images of multilayers before and after cyclic bending.(a) and (d) are images 

of PEDOT:PSS on ITO/PET before and after bending respectively. (c) and (d) show images of 

P3HT-PCBM on PEDOT:PSS/ITO/PET before and after bending respectively 

  

  

Figure 3.11: SEM Images of multilayers before and after cyclic bending (a)ITO on PET before 

bending (b) ITO on PET after cyclic bending. (c) Al layer on multilayers before undergoing 

bending (d) Al layer image after cyclic bending. 

A 

C 

B 

D 

A 

D C 

B 
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Figure 3.12: SEM images of multilayers before and after cyclic bending.(a) and (b) are images of 

PEDOT:PSS on ITO/PET before and after bending respectively. (c) is an enlarged view of (b) 

showing tunneling cracks underneath this layers as can be seen in (f) for P3HT:PCBM layer on 

the PEDOT:PSS/ITO/PET multilayer structure. (d) and (e) are respective images of 

P3HT:PCBM layer on PEDOT:PSS/ITO/PET structures before and after bending. 

 

3.4.2 Deformation Mechanisms 

For a thin film on a flexible substrate, the elastic stresses in the thin film are given by Brunner et 

al. [51] based on approximations made on Timoshenko and Reddy’s work [106] for thin films on 

a thick substrate. For such a case where one layer is much greater than the other composites (i.e.
 

t tsii
  ), the summation term signifies the total thickness of the thin films on the substrate 

whiles ts signify that of the substrate. The solutions for this case are most useful with the biaxial 

description of a composite plate with different moduli in each layer taking note that the ratio ti/ts 

term which is less than unity from the first to higher order terms has been neglected for the 

analysis. This simplifies the position of the neutral plane, π to for structures containing N layered 

thin films[51]; 

A B C 

D E F 
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1

t E (1- ν )Nt ss i iπ=
2 2E (1- ν )i s i

 


         (3.4) 

Here E and ν have their usual meaning. This equation shows that the neutral plane is only 

slightly displaced from its original position in the bare substrate. With radius of curvatures 10, 20 

and 30 mm, the stresses in a 90 nm thick ITO thin film on a PET substrate of thickness 175µm 

would be 1.418 MPa, 2.836 MPa and 4.253 MPa respectively using equation 1. Also, from 

equation 2, the neutral line of the complete multilayer with thickness 175.48 µm was calculated 

to be 92.68 µm. Similarly, the transmittances (See Figure3.13) of the film structures were also 

measured with an AvaLight-DHc UV-VIS spectrophotometer (Avantes Inc., Broomfield, USA) 

in the wavelength range 300-1100 nm (visible spectrum). 

Figure 3.13: Effect of bending on the transmittance characteristics of an ITO on PET multilayer 

structure 
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 The ITO anode and hole injection layer (PEDOT: PSS) exhibited 80- 85 % transmittance in the 

UV- VIS Spectrum. It is also clear that bending has very minimal effect on their transmittance, 

especially during tensile bending. Compressive bending, on the other hand, had its transmittance 

dropping from ~80 % to about ~70 %. 

 

3.4.3 Stress and Strain Distributions 

Most electrodes and contact materials used in electronics are metallic but those required in 

displays and thin film photovoltaic must be transparent and highly conductive. CdO was the first 

transparent conducting oxide introduced and this was in 1907. [79], [97], [98], [156]–[158] 

Currently, the metal oxides are widely used but the demerit in these is their brittleness. The most 

widely used TCO example is tin-doped indium oxide (ITO) which was originally developed for 

defrosting aircraft windshields. It is used in touch screens, electromagnetic shielding and 

displays. ITO’s elastic modulus is ∼116 GPa [105], [149] making it stiff and brittle so depositing 

it on a compliant/flexible substrate such as dc sputtering it on PET may cause cracks or even 

delamination during fabrication and use. [79], [97], [98], [156]–[158] The depositions on PET 

after taking through flexural tests characterized the effect of bending on its failure mechanisms 

when compared with the results from the finite element model (See Figures 3.6 and 3.7) showing 

ITO with the highest  stress values in relation to the other layers during bending. 
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3.3.4 Crack Driving Forces and Mode Mixities  

These SEM micrographs indicate that apart from ITO layer that undergoes severe cracking, the 

other layers do not due to the deference in their material properties. From the stiffness relation 

(i.e. K α EA/L) [105], it can be seen that the stiffness, K of a material is directly proportional to 

its Young Modulus, E (which is its material property). Note that A and L are the area and length 

respectively. Due to this, comparing the young modulus of the various layers indicate that the 

ITO (which holds the highest E values) would be the stiffest. This is verified in the finite element 

results showing that ITO has the highest recorded stress values as compared to the other layers 

during bending (See Figure 3.7) followed by the Aluminum cathode. This implies that the ITO 

layer is highly susceptible to cracking. Tables 3.4 and 3.5 summarize the Ji, Ki and Gi values 

obtained from the ITO crack analysis.  

Table 3.4: J, K and G values of the top crack tip 

Jt K1 K2 K3 Gt 

4.09267 x 10
-06

 0.0001152 6.51 x 10
-05

 4.23 x 10
-11

 6.62 x 10
-06

 

 

 

Table 3.5: J, K and G values of the bottom crack tip 

Jb K1 K2 K3 Gb 

9.21473 x 10
-07

 0.000126 -6.9 x 10
-05

 1.99 x 10
-11

 4.34 x 10
-06
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3.4.5 Optical and Electrical Properties 

The simulation and optimization of the optical transmittance of the ITO/PET multilayer system 

along with their experimental data on the “Optical” Software provided was followed by the 

resistivity characterization of the TCO (ITO) was 60 ohms/sq. before bending and the results on 

bending have been summarized in Table 3.6. 

Table 3.6: Electrical resistivity of ITO/PET under bending 

Curvature Radius/ mm Average Resistivity/ ohms per square 

∞ 60.000 

30 68.172 

25 46400.000 

20 96400.000 

 

This means that under tensile bending, the resistivity of the ITO increases with crack growth. 

The characteristics of the OPV device fabricated behaved like a perfect diode in the dark. More 

work is expected to be done on device optimization to improve on IV results obtained under 

illumination. 

3.4.6 Implications 

From the thickness analysis, it should be noted that subsequent thicknesses of various other thin 

films could be determined using their experimental transmittance data confirming the thickness 

simulated with RBS measurements. In this work, the stoichiometric configuration of the ITO was 

relatively not very good, advising an adjustment for the deposition process. Cleaning the thin 
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film in clean room environment was also advised to minimize the effects of impurities. Cairns et 

al. [98] has done lots of work on the mechanisms and effect of cracking on ITO’s electrical 

properties when deposited on PET films.  

These investigations show that, as observed in a typical ceramic film, the critical strain for 

cracking is the reciprocal to the square root of film thickness [97], [98]. At a strain of ∼ 1%, ITO 

cracks beginning with the formation of small cracks that grow under cyclic loading by fatigue 

leading to failure especially when needed for electrical purposes. As such, the commencement of 

conductivity loss in the ITO under tension can be delayed by a reduction in the ITO film 

thickness. Other findings also suggest an introduction of a compressive pre-stress into the ITO 

layer or using a high-modulus but non brittle undercoat for the ITO [97], [98]. But it should also 

be noted that under compressive loading, the ITO film is likely to buckle, crack or even 

delaminate. Vital information that can be investigated further is the fact that the strain at which 

buckling occurs depends on the strength of adhesion between the ITO and the substrate [97], 

[98]. Apart from these, looking at the high reduction in the strains when the ITO layer is 

eliminated entirely from the multilayer as shown from the simulation results in this work, 

robustness is assured without compromising on the electrical conductivity of the device. Using 

PEDOT:PSS alone for the transparent, high- work-function electrode instead of adding or 

combining it with tin-doped indium oxide proved useful because ITO films are brittle [146], and 

from these simulations it is very clear that ITO would crack upon the application of strain as low 

as ~1% even though the other compliant layers included would only increase the strain to ~1.6%. 

The hysteresis from the experimental cyclic graphs could be associated with the viscoelastic 

deformation of the organic layers and failure mechanisms that can occur within or between the 

layers during cyclic deformation. 
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It is also clear that as the bending moment increased, the bending strain increased along with the 

increase of cracking. This resulted in the increased absorption of light transmission between the 

ITO on the PET interface. Hence at higher bending strains, the organic solar cell layers absorb 

more light than at lower bending strains. 

3.5 Conclusion 

With Bert Groenendaal L description of how failure of films can occur during processing and use 

due to the mismatch of mechanical properties of the inorganic device layers and their polymer 

substrates [159], using conductive polymers in place of ITO would reduce the risk to failure 

drastically. From the results of this experiment, conductive polymers such as polythiophene 

derivatives (e.g. polyethylene dioxythiophene, PEDOT) coupled with polystyrenesulfonate when 

used as interconnect and contact materials in all-organic flexible electronics would have the high 

tendencies to eliminate the risk of failure during repetitive usage of such devices. Heeger, 

MacDiarmid and Shirakawa in 1976 considered doping polyacetylene with iodine oxidant for 

high electrical conductivity. Moreover, others suggestions such as polyaniline and polypyrrole 

which are used as anti-static materials would replace inorganic ITO successfully. These 

suggestions are highly recommended since when in these devices because whiles some function 

as good hole injection layers and transport layers in solar cell applications, the others excel as 

active material layers in polymer light-emitting diodes (e.g. polyphenylene vinylene derivatives) 

[159]. 
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CHAPTER FOUR 

EFFECTS OF PRE-BUCKLING ON THE BENDING OF ORGANIC 

ELECTRONIC STRUCTURES 

4.1   Introduction 

In recent years, there has been considerable interest in the development of low cost flexible 

organic solar cells with the potential to replace conventional silicon cells that are fabricated 

typically on glass substrates.[26], [160], [161] However, the rigidity of the glass substrates limits 

the extent to which flexible electronics structures can be deformed without inducing cracks in the 

rigid and brittle glass substrates.[146] There is, therefore, a need for approaches that can improve 

the deformation of flexible organic solar cells, without inducing cracks in the underlying 

substrates.[162]  

Two approaches have been used in literature to improve the flexibility of organic solar cells 

structures.[21], [40], [129], [130], [141], [163]–[165] One involves the replacement of the glass 

substrates with bendable polymers, such as polyethylene terephthalate (PET)[41]–[44], [166], 

[167] or polydimethylsiloxane (PDMS),[37], [40], [168]–[170] while the second approach 

involves the introduction of pre-buckles that stretch and flatten out during deformation. The pre-

buckles also increase the range of deformation that can be applied to flexible organic electronics 

prior to the onset of cracking and other stress/strain-induced failure mechanisms.[171] 

Prior work on the deformation of flexible and stretchable organic electronics structures has been 

reported by Bao et al.[146], [151], Volinski et al.[172], Groenwold[173], Huang[174]–[176], 

Stafford et al.[143] and Sariciftci and co-workers.[77], [163], [177] Their work shows that pre-
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buckles with different wavelengths can improve the flexibility of layered organic solar cell 

structures with different substrates. Similar reports of improved deformability have also been 

presented by Huang and co-workers[23], [25], [31], [176], [178], while Rogers et al.[148] and 

Akogwu et al.[37] have used pre-buckles to improve the “stretch-ability” of flexible organic 

electronic structures.  

Bao et al.[146] have presented two methods that can be used to influence the elasticity of rigid 

materials. The first involves the dispersion of conductive materials in an elastic matrix (as 

exploited by Wagner[28], Suo[104], Rogers[179], Sariciftci[77]), while the second involves the 

pre-buckling of electronic structures deposited on elastomeric substrates.  The latter have been 

investigated by Stafford [144], Sariciftci [180], Tarasovs and Andersons.[181] The results show 

clearly that the potential application of pre-buckled films (with controlled wavelengths and 

amplitudes) could have a significant effect on the deformability and reliability of electronic 

devices.   

Rogers et al.[148] have also suggested that the buckle wavelength increases with increasing 

buckle film thickness. However, there have been only limited prior efforts to model the 

deformation of flexible organics cell structures under bending loads and deformation 

conditions[182] that are relevant to flexible organic electronics.
41

 

Furthermore, the flexibility of transparent electrodes has been achieved by structurally 

configuring devices to accommodate most of the strain under mechanical deformation that 

minimizes the strains in the conducting materials. These structural configurations have been 

classified into out-of-plane and in-plane structures.[184]–[187] The most common out-of-plane 

structure is the ‘wavy’ structure, which is generally obtained by depositing conductive materials 
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on pre-strained elastomeric substrates. When subsequently released, these conductive films 

spontaneously form periodic wavy structures in which most of the induced strains are absorbed 

by the structural changes.[184] These have been likened to accordion bellows, where increased 

buckling wavelengths and decreased buckling amplitudes can be achieved.[184], [188], [189] 

The fundamental advantage of the presented pre-buckled structure is its ability to permit large 

elastic deformation protecting the active layers with limited strains. Thin films fabricated this 

way are more compliant when compared to the bending strain which is less than that of pre-

stretch. [184-190] 

However, although the effects of pre-buckling have been studied,[190] there is only a limited 

understanding of pre-buckling on the deformation of flexible organic structures. Hence, this 

paper, therefore, presents the results of an experimental and computational study of the effects of 

this most common out-of-plane structure (pre-buckling) on the deformation and failure of 

flexible organic solar cell structures on polydimethylsiloxane (PDMS) substrates. The effects of 

pre-buckle wavelengths and amplitudes are modeled using finite element method. The 

stress/strain distributions and the deformation profiles associated with the bending of the pre-

buckled profiles are computed for the model flexible multilayer structures deposited 

experimentally. The increased deformation associated with the flattening of the pre-buckles is 

determined for pre-buckles with different wavelengths and amplitudes. The implications of the 

results are then discussed for the design of flexible organic electronic structures [125], [191]. 

4.2   Experimental Procedure 

This section utilizes un-stretched, pre-stretched and post-stretched structures in a study of the 

bending of model organic semiconductor layers on flexible PDMS substrates. It is important to 
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note that the un-stretched condition corresponds to the un-stretched PDMS substrate, while the 

pre-stretched condition corresponds to the stretched condition prior to the deposition of poly 3, 

4-ethylenedioxythiophene polystyrene sulfonate (PEDOT:PSS) thin film layer. The post-

stretched condition corresponds to the subsequent deformation of the pre-buckled structure that 

is formed after the release of the PEDOT:PSS/PDMS structure. 

 

4.2.1 PDMS Substrate Preparation 

The PDMS substrate was prepared from a Sylgard 184 elastomeric base and a silicone curing 

agent with 1:10 weight ratio, as described in our prior work.[192] Observations show that 

increasing the weight ratio of the silicon curing agent makes the resulting PDMS less stretchable, 

as expected, since silicon acts as the cross-link (hardener) agent between the polymer chains.[37] 

In any case, PDMS substrates with dimensions of 1.5mm and 4.5 cm × 1.25 cm were prepared 

by casting and curing them in an aluminum mold. 

 

4.2.2 PEDOT:PSS Coating Deposition 

PEDOT: PSS was procured from H.C. Starck Inc., Newton, MA, USA. It was filtered with a 0.2 

µm filter paper before depositing 0.4 ml of the filtrate with the Model WS 650 Laurel spin-coater 

at an initial rate of 500 revolutions per minute (rpm) for 5 s. The PEDOT:PSS was then spin 

coated at 1500 rpm for 3 s and 3000 rpm for 60 s.[166] The principal challenge in depositing 

PEDOT:PSS on PDMS was its high water contact angle on PDMS. It was observed that when 

PDMS was stretched to a high degree before deposition, PEDOT:PSS deposition was possible. 

The pre-stretching experiments were carried out on 3D printed fixtures that were fabricated from 
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polylactide (PLA). These were used for the deformation of the PEDOT:PSS/PDMS structures to 

different levels of pre-stretch. The fixtures were used to apply pre-stretch levels of 35% and 50% 

by varying the PLA stands (Figure 4.1a).  

 

Figure 4.1: (a) PDMS clamped to a pre-stretching stand made of PLA. (b) PEDOT:PSS thin film 

on a polymer substrate (PDMS) undergoing bending showing its acquired radius of curvature, R 

when placed on PLA stands with different diameters. [4], [193]  

 

PDMS was pre-stretched by clamping to the PLA stands. PEDOT:PSS was spin coated while the 

PDMS is pre-stretched. Afterwards, the clamps were carefully removed to introduce the 

buckling. Since PDMS is not rigid enough to compensate the force of the water-air-surface 

tension perpendicular to the surface, a ridge is pulled up around the edge of the water drop, 
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locally increasing the surface roughness and thus hysteresis via pre-stretching enhancing the 

PEDOT:PSS deposition.[194], [195] 

4.2.3 Surface Characterization and Bending Experiments 

Microscopic observations of the surfaces were made with atomic force microscopy (AFM) and 

optical microscopy (OM). The latter was performed under different stretching conditions. After 

pre-stretching, the PDMS substrates were spin-coated with PEDOT:PSS. They were then 

mounted on 3D rollers with different diameters (Figure 4.1b). Rollers with different diameters 

were used to apply different bending strains to the pre-buckled/wrinkled PEDOT:PSS on PDMS 

substrates.  

Deformation was applied until the thin film flattened out on the substrates (Figure 4.1b). Atomic 

force microscopy (AFM) images of the coated and uncoated surfaces were then obtained in the 

contact mode, using a Bruker Instruments Nanoscope IIIa atomic force microscope (Bruker 

Instruments, Plainview, NY, USA). The three dimensional (3D) printed rollers with diameters of 

20, 18, 16, 15, and 12 mm used to apply controlled bending strains of 0.0375, 0.0417, 0.0469, 

0.0500 and 0.0625, respectively. The axial strains were determined using the following 

expression:[4], [105], [196]–[198] 

( )
2

Thickness of PDMS

Strain
Diametter of Roller

 


 

        (4.1) 

AFM was then used to characterize the wavelengths of the surfaces of the wrinkled/buckled 

PEDOT:PSS layers on PDMS. This was done after pre-stretching and bending to different strain 

levels. AFM imaging was carried out in the contact mode using a Bruker Instruments Dimension 

3000 atomic force microscope (Bruker Instruments, Plainview, NY, USA). 
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4.3 Modeling 

Finite element simulations where used to model the effects of bending on the pre-buckled films. 

The structures were modeled undergoing three-point bending, after introducing pre-buckled 

profiles with different wavelengths. Finite element modeling was carried out using the ABAQUS 

software package (ABAQUS CAE 6.12-1, Dassault Systèmes, Pawtuckett, Rhode Island, USA). 

A 2D (two dimensional) plane stress model was built (Figures 4.2a and 4.2b).  

The thickness of the PDMS was 1.5 mm in the model. This corresponded to the thickness of the 

PDMS substrate that was used in the experiments. It should be noted that the pre-buckles were 

simulated using profiles of PEDOT:PSS that were in partial contact with the PDMS substrates 

prior to the application of bending (Figure 4.2a). The deformation of the pre-buckled structures 

then resulted in the flattening of the layers as the bending strains were increased (Figures 4.2b 

and 4.2c).  

The mechanical properties of the individual layers (Young moduli and Poisson’s ratios) that 

were used in the simulation are presented in Table 4.1.[105], [149], [150], [153] Linear elastic 

deformation was also assumed in each of the layers. Structured quadrilateral meshes were used 

in the finite element model, along with standard bi-linear plane stress elements with incompatible 

modes. The two aluminum stoppers at both ends were fixed in the X, Y and Z directions (i.e. U1, 

U2 and U3, respectively). The middle roller was constrained to displace upward (i.e. move only 

in the U2 direction) upon the application of pressure.  

The above procedure was repeated for the other layered structures in which the anode layer 

(ITO), the active layer (P3HT: PCBM), and the cathode (Aluminum) were pre-buckled and 

deformed on the relevant layers in model organic photovoltaic structures.[44], [97], [166], [167], 
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[199]–[202] The layer mechanical properties that were used in the simulations are summarized in 

Table 4.1. 

Figure 4.2: (a) Schematics of multilayer parts designed for the finite element analysis taking into 

consideration the experimental parameters and (b) elemental view of buckle on PDMS 

 

Table 4.1: Material Properties 

Materials  Young’s Modulus, E/ GPa  Poisson’s ratio References 

PDMS 0.003 0.48 [149], [193], [203] 

PEDOT: PSS  1.42  0.3  [149] 

Al  70  0.3  [105] 

 

4.4 Results and Discussion 

4.4.1 Effects of Pre-Stretching on Surface Topography 

The AFM images revealed the presence of buckles, following release from small pre-stretches of 

18%, 25% and larger pre-stretches of 35% and 50% (Figure 4.3a-4.3d).  These show clearly that 

the wavelengths of the resulting buckles decreased with increasing pre-stretch. Optical 

Microscopy images of the surfaces of the PDMS and PEDOT:PSS/PDMS structures also 

revealed similar trends in the pre- and post-stretched conditions (Figures 4.4a-4.4c)).  These 
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images also showed that the surface roughness (wavelengths) decrease with increasing pre-

stretch.   

 

Figure 4.3: AFM images of micro-wrinkles observed with pre-stretched PDMS substrates after 

PEDOT:PSS deposition. (a): 18% pre-stretch. (b): 25% pre-stretch. (c): 35% pre-stretch. (d): 

50% pre-stretch. [Note that the wavelength decreases in this order: (a) > (b) > (c) > (d)]. 

 

Plots of the wavelengths of the buckled profiles (obtained from the contact mode AFM images) 

are presented in Figure 4.5. These were obtained for surfaces that were subjected to different 

levels of pre-stretch.  These show clearly that the wavelengths of the pre-buckled profiles 

decrease with increasing pre-stretch.  Similar results have been reported by Oyewole et. al. [170] 

for the formation of pre-buckles on the surfaces of pre-stretched and released Au films on PDMS 

substrates. 
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Figure 4.4: Optical Microscopy images of the surface topology of PDMS and 

PEDOT:PSS/PDMS structures; (a) is an optical image of un-stretched PDMS substrate; (b) 35% 

post-stretched PDMS substrate with PEDOT:PSS deposition, showing less wrinkles, and (c) 50% 

post-stretched PDMS substrate with PEDOT:PSS deposition showing deep crack/trench images 

observed as surface features indicating more wrinkles 
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Figure 4.5: Buckling/wrinkling wavelengths changes as a function of pre-stretching percentage.  

 

4.4.2  Effects of Deformation on Surface Topography 

In general, increased pre-stretch resulted in a reduction in the wavelengths of the pre-buckled 

profiles (Figures 4.3 and 4.5).  However, upon subsequent bending of the pre-buckled structures, 

the surfaces of the pre-buckled structures flattened out (Figures 4.6a and 4.6b).  In the case of the 

samples produced after 50% pre-stretch, the initial pre-buckled surfaces had wavelengths of 

about 0.13 microns. The surface wavelengths increased to 0.4545 microns, after applying a 

bending strain 0.0417.  This is consistent with a tendency to flatten out the buckles with 

increasing applied strain.  In the case of the samples that were subjected to a pre-stretch of 70%, 

the initial PEDOT:PSS/PDMS structures had pre-buckles with a wavelength of about 16.7 

nanometers.  However, upon applying a bending strain of 0.0417, the surface wavelengths 

increased significantly to about 1.67 microns (See Table 4.2). 
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Figure 4.6: Schematics of an AFM tip measuring the wavelength of a substrate with 

wrinkles/buckles undergoing bending on different PLA rollers; (a) Buckles exhibit small 

wavelengths due to less bending strains applied by courtesy of larger diameter PLA roller used, 

(b) Buckles flattened implying very high wavelength values due to large bending strain achieved 

on a small diameter PLA roller. 

 

Table 4.2: Pre-buckled wavelength before and after bending 

Pre-buckled Wavelength 

before Bending/ µm 

Pre-buckled Wavelength 

after Bending/ µm 

0.1300 0.4545 

0.0167 1.6700 

 

 

4.4.3 Finite Element Simulations of Three-Point Bending 

The finite element simulations of the deformation of the pre-buckled PEDOT:PSS profiles on a 

PDMS substrate are presented in Figures 4.7a-4.7c. These show the progression of stress and 

deformation profiles from the initial pre-buckled states to the conditions at which the buckles 
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become flattened out due to the application of tensile stresses through bending. The results 

clearly show that the stretching of the surface layers flattens out the initially sinusoidal profiles. 

 

Figure 4.7: Pre-buckled structure of PEDOT: PSS on PDMS with von Misses stress distribution 

at the onset of flattening for various wavelengths; (a) buckle with wavelength, λ0, at 15 N/mm
2
 

pressure (b) buckle wavelength gradual increase on further application of bending moment to λ1 

due to the stretching of the buckle at 37 N/mm
2
 pressure, and (c) complete flattening of buckle 

on PDMS substrate on applying 50 N/mm
2
 pressure 

 

The finite element predictions of the initial pre-buckle flattening conditions confirmed results 

presented in Table 4.2, along with the experimental measurements of the forces per unit width 

required for the flattening of the pre-buckles. These forces were observed to increase with 

decreasing pre-buckle wavelength. Hence, increased pre-stretch of the films, which gives rise to 

decreased pre-buckled wavelengths, is likely to increase the apparent film “deformability”. 
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Furthermore, the computed von Misses stress distributions obtained for the deformed pre-

buckled films were used to characterize the deformation in multilayered structures 

(Al/P3HT:PCBM/PEDOT:PSS/ITO/PDMS and Al/P3HT:PCBM/PEDOT:PSS/PDMS) that are 

relevant to organic solar cells. The results are presented in Figures 4.8a and 4.8b. These show 

that the bending of the films (for different initial pre-buckle wavelengths) results in increased 

von Misses stresses that can lead ultimately to the onset of plastic deformation in the Al cathode 

layers and the polymeric layers within the model organic solar cell structures.  

Hence, the deformation that occurs, prior to flattening, is likely to extend the deformability of the 

flexible multilayer structures, while the deformation that occurs, after the flattening can result in 

the build-up of stresses until the onset pf plasticity or fracture. Interfacial failure can also occur 

between the layers, depending on the adhesion between the layers.[16], [130], [204] 

Finally, it is important to discuss the potential effects of transparent indium tin oxide (ITO) 

layers that are often used as the anode of organic solar cells. Since these layers have relatively 

high moduli (Table 4.1), they can result in higher stress distributions and elastic strain energies 

in flexible model solar cell structures (Figures 4.8a and 4.8b). These can lead ultimately to the 

cracking of the ITO layer, as observed in earlier work.[43], [49], [97], [205] There is, therefore, a 

need to avoid the use of ITO layers in the development of flexible organic solar cells. 
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Figure 4.8: Maximum strain and von Misses stresses in the different films for different 

amplitudes at constant wavelength with effects of indium tin oxide layers in the pre-buckle 

structures; (a) strain energy variations and (b) stress distribution in the different layers. 

 

4.5 Implications 

The implications of the results are very significant. First, they show that pre-buckling can be 

used to increase the deformability of flexible organic solar cells (see Figures 4.8a and 4.8b), prior 

to the onset of failure by the plasticity or fracture of the film constituents. The improvements in 

flexibility can also be enhanced by the control of initial buckle wavelengths and amplitudes, 

which can be achieved by the use of pre-stretching methods (as done in the experimental section 

of this paper).[187], [206]  

However, increased pre-buckle wavelengths can also result in higher film stresses that can 

induce failure within the layers or between them. A balanced approach is, therefore, needed to 

determine the pre-buckled configurations that improve flexibility/deformability, without 

compromising the conditions for final film failure.  
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Furthermore, from the literature[163], [183], [185], [207], [208], it is clear that further flexibility 

can be achieved by fabricating the devices on ultra-thin polymer substrates and laminating them 

unto a pre-strained elastomers such as PDMS. The application of such ultra-thin substrates could 

decrease the bending strains. However, the compliance of these structures would also be 

increased significantly. In any case, the model PEDOT:PSS transparent electrode, explored in 

the current work is consistent with the work of Drack et al.[185] and Kim et al.[207] who have 

produced flexible devices in which resistance increases to ~30% after 10,000 cycles of stretching 

to strains of 50%.[185], [207] 

Furthermore, the current work suggests that improvements in the flexibility of pre-buckled 

organic electronic structures can be estimated by considering the ratio of the strains to flattening 

of a pre-buckled structure to the strain to failure of a non-pre-buckled structure. This means that 

the surface area of the device (if it is a solar cell) would have more wavy characteristics that 

could improve the harnessing of sunlight for photo-conversion to electricity. 

The fabrication of the above organic solar cell structures could be achieved by the use of roll-to-

roll printing[44], [52], [209] and lamination processes.[149], [210] The optimization of such 

manufacturing processes could lead to the future scale up of emerging approaches for the design 

and fabrication of flexible solar cells.[66] The flexible organic solar cells could also be 

integrated into roofing tiles[211] and electronic textiles[127], [212], [203] in which significant 

bending strains can be applied during fabrication and service. 
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4.6 Summary and Conclusion 

This paper presents the results of an experimental and computational study of the deformation 

behavior of pre-buckled thin films structures that are relevant to the deformation of flexible 

organic electronics. The results show that the additional strain to flattening (of the pre buckles) 

enhances the deformability/ flexibility of the films. The strains to flattening also increase with 

increased pre-buckle wavelength. However, such increased pre-buckle amplitudes and 

wavelengths may also induce failure by film plasticity, fracture or delamination. A balanced 

approach is, therefore, needed for the design of robust pre-buckled layers for potential 

applications in flexible organic electronic structures. 
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CHAPTER FIVE 

COLD WELDING OF ORGANIC LIGHT EMITTING DIODE: 

INTERFACIAL AND CONTACT MODELS 

5.1 Introduction 

There has been significant interest in the fabrication of organic electronic structures using cold 

welding techniques.[213]–[218]  Cold welding or cold pressure welding has been described as a 

process by which clean surfaces are brought together to achieve intimate contact, and thereby 

form strong bonds at the resulting  interfaces.[219] It has attracted widespread attention due to its 

potential for low-cost fabrication of organic electronic devices.[123]  

The initial step in cold welding involves bringing together the surfaces of two different thin film 

materials at room temperature.[112] In most cases, the contact occurs around dust particles that 

are present in the clean room environment.[220] These include materials such as silicone, silicon, 

silica and organic materials. The contacts are enhanced by the application of pressure,[203], 

[215], [221]–[224] which is often applied through compliant materials such as poly-di-methyl-

siloxane (PDMS). Such compliant layers improve the contacts between the cold welded layers. 

However, increasing pressure can lead to excessive sink-in of dust particles[224] and the damage 

of the organic electronic device.[149]  

There is, therefore, a need to control the pressure that is applied during the cold welding of 

organic electronic structures. Similarly, the transfer of one metal film to the other (that occurs 

during cold welding) requires careful control of the interfacial fracture processes that can occur 
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in any of the interfaces with the organic electronic structures. Also, depending on the interfacial 

and layer fracture energies, fracture may occur by interfacial or layer fracture, or a combination 

of both.[225], [226] 

Prior work on cold welding [112], [118], [123], [224], [227], [228] [149], [192], [218] of thin 

film organic electronics has been carried out by Cao et al., [215] Kim et al. [216] and Akande et 

al. [214] These studies have identified the role of interfacial impurities in the cold welding of 

gold-gold and gold-silver thin films that are relevant to OLEDs. They have also focused largely 

on the effects of stiff impurities on contacts induced by the application of pressure. However, it 

is quite possible for the moduli of interfacial impurities (silicon, silicon oxide and organic 

materials) to vary significantly.[229] The adhesion energies and layer dimensions may also 

affect the surface contacts and pull-off forces associated with the lift off stage of cold welding, 

which may be considered as an interfacial fracture process, as in recent work on the lamination 

of organic electronic structures.[215], [229]–[232] 

Hence, in this paper, we present the results of a study of the pressure-associated contact and lift-

off stages that are associated with the cold welding of Au, Ag and other organic layers used in 

OLED structures. The effects of impurity Young’s moduli are elucidated, along with the role of 

layer thickness and interfacial adhesion energy. These are explored using finite element models. 

The paper is divided into five sections. Following the introduction, surface contact and pull-off 

theories are presented in section II. The experimental methods are then described in section III 

before discussing the results in section IV. Salient conclusions arising from the study are 

presented in section V. 
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5.2 Modeling 

5.2.1 Surface Contact Model 

The deformation of a thin film around an interfacial impurity particle can be identified by the 

displacement of a cantilever beam (Figure 5.1a).[192], [204], [233], [234] As the beam deflects, 

the cantilever beam (layer 2) makes contact with the adjacent layer (Layer 1), as shown in Figure 

5.1b. This results in surface contact that increases with increasing pressure (Figure 5.1c). The 

corresponding void length, S, also decreases with increasing pressure[149] ( Figure 5.1c). 

Furthermore, the deformation of the sandwiched particle depends on the weight of the film, the 

pressure of the stamp and the combined (effective) Young’s moduli of the particle and the film.  

In an effort to model the contact between the two cold-welded layers, Zong et al.[235] have  

shown that the total energy, sU , stored in the film (due to the bending) is given by: 

 
2

3

6 f

s

E Ih
U L s a

s
   ,        (5.1) 

where 𝑎 is the width of the film, fE  is the Young’s modulus,    is the adhesion energy between 

the two cold-welded layers, I is the second moment of area of the beam, h  is the height of the 

particle and L is the length of the beam. 

However, before bending, the dust particle (illustrated in Figure 5.1) can penetrate or indent the 

film or beam (layer 1), depending on the elastic nature of the dust particle (and that of the beam). 

Assuming that the dust particle is rigid, the dust particle can be idealized as a rigid indenter that 

penetrates the film or beam during the application of external pressure. Therefore, the Young’s 
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modulus in Equation 5.1 can be replaced by the effective or combined modulus, effE , of the dust 

particle and film:[236], [237] 

22 1 ( )1 1 ( ) fd

eff d fE E E

 
          (5.2) 

 

Figure 5.1: Elastic deformation of a cold-welded film layer around a particle (a) the layer is in 

contact with the particle with zero pressure applied (b) small pressure is applied on the film layer 

(c) additional pressure applied on the film layer. The length, s , of the void decreases with 

increasing pressure. dE  and fE  represent the Young’s moduli of the dust particle and film or 

beam, respectively. d  and f  also represent the Poisson’s ratios of the dust particle and film or 

beam, respectively 
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where effE  is equal to the combined modulus of the film (beam) and the dust particle, 
dE  and 

fE  represent the Young’s modulus of the dust particle and the film, respectively, 
d  and f  

represent the Poisson’s ratio of the dust particle and the film (beam), respectively. Therefore, 

Equation 1 becomes (i.e. fE  changes to effE ): 
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Taking the derivative of Equation (4) with respect to s gives: 
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The minimum value of the total energy of the film occurs at a corresponding equilibrium 

 0sdU ds   value of s. Hence,  
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          (5.6) 

Defining the second moment of area as
3

12

at
I  , Equation (5.6) can be written as: 
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where t  is the thickness of the film. 

Equation (5.7) can be re-written as: 
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Similarly the contact length can also be written as a function of the applied pressure (the detailed 

derivation is presented in Appendix 5.1) as: 
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where 
cL is the contact length, P  is the applied pressure, effh  is the effective height of the 

particle, and L  is the length of the structure, as shown in Figure 5.1. The above analytical model 

(Equation 5.8) presented here was verified using the experimental study of adhesion in cold-

welded Au–Ag interfaces obtained by Akande et al.[214] The results obtained from the finite 

element simulations were also validated by the experimental results[214] and the predictions 

obtained from the analytical model (Equation 5.9). 

Hence, if the geometry and Young’s modulus of the film are known, the interfacial adhesion 

energy between the cold-welded films can, therefore, be determined using force 

microscopy[130] or interfacial fracture mechanics methods, while the film Young’s modulus can 

be obtained from nano-indentation. [229], [238] In the case of non-rigid particles, the applied 
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pressure will also induce the deformation of the trapped particles, as shown schematically in 

Figures 5.2a – 5.2c for stiff, semi-rigid and compliant particles, respectively. In such cases, finite 

element simulations were used to model the contacts and the deformation of the differential types 

of particles. 

 

Figure 5.2: (a) – (c); Schematic diagram of cold-wedded MEH-PPV on substrate with different 

sandwich particles. The heights of the rigid, semi-rigid and compliance particles are 
rh , 

srh  and 

ch , respectively 

5.2.2 Computational Modeling of Surface Contact 

In an effort to further understand the surface contact during the pre-cold-welding process and 

interfacial fracture during lift-off process, several finite element simulations were carried out 

using the ABAQUS
TM

 software package (Dassault Systèmes Simulia Corporation, Providence, 
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RI). First, the effects of the sandwiched/trapped particles (on surface contact) were simulated. 

Axisymmetric models were developed for the pre-cold-welding of MEH-PPV onto PDMS 

substrates (Figure 5.2). A four-node elemental mesh was used, similar to that in our prior work 

(Figure 5.3).[149], [170], [192], [214], [215] Fine mesh were used near the particles and the 

contact surfaces, where the stress and displacement levels were higher. The bottom boundary of 

the substrate was also fixed to ensure stability during the simulations. A uniform pressure was 

applied to the top of the stamp to simulate the application of pressure during cold welding. All 

the materials were assumed to be isotropic. The models were used to simulate the deformation of 

the layers and particles, as well as the contacts between the layers. 

 

5.2.3 Computational Modeling of Lift-off as a Fracture Process 

The lift-off stage of the cold- welding was modeled as an interfacial fracture process. This 

involved the interfacial fracture between bi-material pairs with impurity nanoparticles trapped 

between layers. Nanoparticles with different elastic properties were assumed to be present 

between these layered interfaces. Such nanoparticles have been revealed by Akande et al.[214] in 

prior transmission electron microscopy studies of focused ion beam cross sections of cold 

welded Au-Ag layers. Edge cracks were also idealized between layered interfaces [stamp/layer 

(top) and/or layer/substrate (bottom) interfaces]. A schematic of the lift-off process is presented 

in Figure 5.4. 

 

The energy release rate at the tips of the edge cracks at the interfaces between the cold-welded 

film and the substrate are given by:[192] 
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Figure 5.3: Geometry and mesh of finite element model of surface contact during cold-welding 

process [192] 

 

Figure 5.4: Schematics of micro scale models of interfacial fracture during the lift-off process of 

the lamination (a) model of the lift-off process after the press down of the layer on the substrate, 

(b) axisymmetric model of successful lift-off (note that td  is the length of a top edge crack), (c) 

axisymmetric model of unsuccessful lift-off (note that sd  is the length of the bottom edge crack), 

and (d) axisymmetric model of partial interfacial fracture (note that voidd  indicates the length of 

the bottom crack or the crack created by the particle) [192] 
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where  21  ff EE  and  21  ss EE  are the plane strain elastic moduli of the film and 

substrate, td  and bd are the lengths of top and bottom interfacial cracks, ft  and st  are the 

thicknesses of the film and substrate, respectively, and σ is the  lift-off stress. 

The simulation of interfacial fracture (during the lift-off stage of the cold-welding process) was 

carried out using the ABAQUS
TM

 software package (Dassault Systèmes Simulia Corporation, 

Providence, RI, USA). The interfacial energy release rates at the tips of the edge cracks along 

stamp/MEH-PPV (top) and MEH-PPV/substrate (bottom) interfaces were computed as J-

integrals. Four-node elemental meshes were used. A uniform lift-off pressure was applied to the 

stamp, while the bottom surface was fixed, as shown in Figure 5.4. The material properties that 

were used in the simulations are summarized in Table 5.1. These were obtained largely from the 

work by Du et al.[149] and Akande et al.[214] 

5.3 Results and Discussion  

5.3.1 Analytical Model and Verification  

TEM images of cold-welded Au–Ag interfaces obtained by Akande et al.[214] were used to 

analyze and estimate the void lengths in the vicinity of carbon dust particles. Carbon steel was 

the dust particle material that was used to verify the current analytical model since the work 

reported by Akande et al.[214] attributed the presence of carbon steel[214] as one of the dust 

particle at the cold-welded Au-Ag interfaces. 

The void length observed from the theoretical model was compared with quantitative estimates 

in the presence of carbon steel dust particle between the Ag and Au surfaces observed from 

Akande et al.[214] (Figure 5.5). The TEM image reveals the presence of dust particles at the cold 
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welded interface. The calculated void lengths are in agreement with the experimental results of 

Akande et al.[214]  

Table 5.1: Material Properties 

Materials 
Young Modulus, E / 

GPa 
Poisson’s ratio, υ References 

PDMS 0.003 0.48 [203], [149], [193] 

PEDOT:PSS 1.42 0.3 [149] 

MEH-PPV 11.5 0.3 [149] 

ITO 116 0.35 [149], [153] 

Al 70 0.3 [105] 

Carbon Steel 205 0.29 [239], [240] 

Au 78 0.44 [241] 

Ag 83 0.37 [242] 

Low Density 

Polyethylene 

(LDPE) 

0.2 0.3 [105], [239] 

 

 

Figure 5.5: TEM image showing interfaces of as-deposited and cold-welded Ag–Au thin 1𝝁𝒎 

[214] 
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5.3.2 Deformation and Contact around Trapped Particles 

Unlike prior work by Akande et al. [214], Kim et al.[227] and Cao et al.[229], in which the 

trapped particles were assumed to be rigid, the finite element simulations that were performed in 

the current work considered the elastic deformation of stiff, semi-rigid and compliant dust 

particles (i.e. aluminum, plain carbon steel and low density polyethylene, respectively) with 

Young’s moduli of ~ 70 GPa, 205 GPa and 0.2 GPa,[149], [214] respectively. In the case of the 

rigid particles, the contact lengths predicted by the analytical models are presented in Figure 

5.6a. The predictions obtained from finite element simulations (that included the actual 

deformation of the trapped dust particles) are presented in Figure 5.6b. 

In both cases, the percentage of contact area increased with increasing applied pressure. 

However, the contact area was lower in the case of the stiffer layers e.g. Aluminum, as expected 

from prior work that showed that stiffer layers result in reduced contact lengths, for the same 

applied pressure.[149], [214], [233] In any case, increased pressure resulted in increased contact 

area, and the percentage of contact approached a plateau, as the pressure was increased, for each 

bi-material pair (Figure 5.6a and 5.6b).  

The contact lengths also increased with increasing particle compliance, due to the increasing 

deformation of the particles, which resulted ultimately in improved film/surface contact. The 

modeling of particle deformation is, therefore, important for the modeling of contacts with 

compliant or trapped nanoparticles. These can give rise to larger open voids, in the case of more 

rigid particles, or closed elongated voids in the case of more rigid particles, or closed elongated 

voids in the case of compliant trapped particles. These two types of defects can affect the 

subsequent lift-off stage of cold welding, when the direction of the loading is reversed. Further 

details on the pull-off process are presented in the next section. 
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Figure 5.6: FEA results effect of pressure on the various contact percentage for (a) analytical and 

(b) computational models 

 

Figure 5.7: Interfacial fractures during lift-off; (a) compliant nanoparticle (E~ 0.2 GPa), (b) 

semi-rigid nanoparticle (E~10.2 GPa), and (c) rigid nanoparticle (E~ 70 GPa) 
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5.3.3 Modeling of Pull-off as a Fracture Process 

The energy release rates associated with the pull-off stage of cold welding are presented in 

Figures 5.7a-5.7c, for lift-off around compliant nanoparticles (Figure 5.7a), semi-rigid 

nanoparticles (Figure 5.7b) and rigid nanoparticles (Figure 5.7c). The rigidity of the 

nanoparticles did not have a significant effect on the energy release rates that were computed for 

the top edge cracks (Figure 5.7a), bottom edge crack (Figure 5.7b) and the cracks created by the 

particles (Figure 5.7c). Hence, in all cases, the trends in the computed energy release rates were 

similar.   

In order to understand the implications of the computed energy release rates, it is important to 

compare the computed results with prior measurements of adhesion energies that were obtained 

for the relevant bi-material pairs in prior work.[16], [44], [130], [204], [214], [243] Prior 

measurements of adhesion energies are presented Table 5.2 and Figure 5.8. These show that the 

computed energy release rates (Figure 5.8) can exceed the measured adhesion energies (Figure 

5.7) obtained in the interfaces that are present in OLED structures.  

However, since the crack driving forces are strongly dependent on crack length, initial crack 

growth for small cracks is more likely to occur along the top edge crack than the bottom (Figure 

5.7). Also, a gradual transition to interfacial crack growth is likely to occur, as the bottom crack 

length increases beyond ~5 µm (Figure 5.7). Finally, the voids associated with partial contact 

around impurities are more likely to induce crack growth, as the bottom crack length increases 

beyond ~10 µm (Figure 5.7). It is important to note that as the crack extends by a kink at the 

interface, it smoothly follows the interfacial paths of small kink angles for which mode mixities 

vanishes at all times.[244]–[248] 
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Table 5.2: Adhesion Energies. [105], [204] 

 

 

Figure 5.8: Adhesion energy against contact length for different Young’s moduli [204] 

 

5.3.4 Dependence of Interfacial Energy on Void or Particle Height 

The dependence of the energy release rate on the initial void length, S, is presented in Figure 5.9. 

The results show that the energy release rates decrease with increasing void length. Also, since 

Tip Coating Substrate Coating Average Force (nN) 
Adhesion energy 

(J/m
2
) 

Aluminum MEH-PPV 10.00±1.20 0.8±0.05 

MEH-PPV PEDOT:PSS 59.00±6.00 15.00±3.00 

ITO PEDOT:PSS 30.00±6.70 1.70±0.38 

ITO Glass 58.24±14.33 9.31±1.20 
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the void length increases the crack driving forces, increased void lengths are likely to result in 

higher crack driving forces that are more likely to exceed the interfacial fracture energies (Figure 

5.8 and Table 5.2). Hence, larger voids and partial contacts are more likely to result in favorable 

conditions for lift-off during cold welding.  

5.3.5 Implications 

The implications of the above results are quite significant for cold welding processes. First, they 

suggest that cold welding process can be idealized as a two stage process in which the first stage 

involves evolving contacts with adhesion, while the second stage involves interfacial fracture 

processes. Since the crack driving forces vary with changes in crack lengths, the initially favored 

cracks may not be the ones that propagate ultimately to failure.  

 

Figure 5.9: Effect of dust particle moduli on void length and interfacial energy release rate 

 

Furthermore, the conditions for layer cracking may become lower than those required for 

interfacial cracking in some scenarios.[249]–[252] In such cases, the cracks may kink in-and-out 

of interfaces, depending on the prevailing crack driving forces and mode mixities.[231], [250], 
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[253], [254] Such kinking may also be favored when the microscopic fracture mechanisms (in 

the layers) favor micro-void coalescence, as shown in prior work by Rahbar et al.[255] 

In any case, the current work shows that contact, during cold welding, is enhanced by compliant 

stamps and impurities, applied pressure, and increased adhesion energies. However, increased 

contact also makes it more difficult for lift-off to occur. Hence, a balance is needed between 

improved surface contact (for improved charge and light transport[256]) and lift-off for 

interfacial separation of the stamp from the cold welded structure. This can be facilitated by the 

use of a layer with low adhesion energy between the stamp and the cold welded layer.[257] 

Further work is clearly needed to develop process design maps for the design of such low 

adhesion layers during the contact and lift-off stages of cold welding. 

5.4 Conclusion 

This chapter presents the results of a combined analytical and computational study of the contact 

and lift-off stages associated with the cold welding of Au and Ag thin films. The study shows 

that the surface contacts improve with increased pressure, reduced film thickness and reduced 

interfacial nanoparticle stiffness. However, improved contacts result in higher lift-off forces for 

interfacial separation during the pattern transfer stage of cold welding. Increased pressure may 

also lead to sink-in of dust particles, which may lead to device damage. An intermediate pressure 

range is, therefore, needed for the effective cold welding of Au-Au and Au-Ag layers. Also, the 

analytical model shows that the void length is dependent on the effective modulus and height of 

the dust particle. The range void sizes observed is similar to the ranges observed in prior 

experiments on Au-Au[192] and Au-Ag[214] films. 
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APPENDIX 5.A:  

Analytical Calculation of Contact Length as a Function of Applied Pressure for Cold 

Welding 

The surface energy between the film and the substrate is the product of pressure  P , surface 

contact area  aLc   and effective height of the particle  
effh .

22
 This is written as: 

  cce PahLhaLPU          5. A1 

Since sLLc  , the total energy in Equation 1 can now be written as: 
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Introducing the effective modulus and changing h  to 
effh gives: 
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CHAPTER SIX 

STUDY OF SOLAR POWERED LED: IMPLICATIONS FOR POLICY 

6.1 Introduction 

In recent years, there has been increasing recognition of the need to formulate effective 

evidence-based policies that can result in the delivery of electricity to the roughly 2 billion 

people that live in off-grid areas in the developing world [258]–[261]. Since the cost of 

conventional power plants and grid connections is prohibited in the short term [262], the need to 

use alternative power supply systems has become apparent to those engaged in providing 

electricity to the rural/urban poor [263]. This has resulted in the use of solar energy [264], wind 

energy [265], small hydro-power [266], [267] and biomass [268] in the provision of clean 

alternative energy sources that could increase the access of the rural/urban poor to electric power 

[269].  

Portable solar powered lanterns (Roy Solar, Shanghai, China) represent one approach that can be 

used to provide electricity to the rural/ urban poor that live on incomes of ~$1-2/ day. For such 

people, the cost and financing of solar lighting are just as important as the social, health and 

technological impacts of the lighting technologies [261]. There is, therefore, a need to explore 

the influence of these factors on the adoption and diffusion of solar lantern technologies before 

formulating evidence based energy policies that can be used to facilitate the scale-up and 

diffusion of solar lanterns to the 2 billion people that currently lack access to electricity [258], 

[261].  
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This chapter presents the results of a questionnaire study of the factors that influence the 

adoption of solar lanterns into a rural off-grid village, Mpala Village, in the Laikipia District of 

Kenya. These include: social, economic, technology, cultural and aesthetic factors that influence 

the adoption and diffusion of solar lanterns. The study was conducted on a village with 53 homes 

that purchased the solar lanterns through financing schemes that were administered by the local 

employer (Mpala Research Center) in Mpala. The study identifies the key factors that contribute 

to the adoption and diffusion of the technologies. It also provides some new insights for the 

development of financing strategies and evidence-based energy policies that could provide 

access to solar energy for people living on $1-2/ day in off-grid rural/ urban communities. The 

implications of the results are discussed for the formulation of evidence-based policies and the 

development of public-private partnerships that can help to deliver energy solutions to the rural/ 

urban poor. 

 

6.2 Project Goals  

The following four inter-related goals were established for the project: 

6.2.1 Study the Geographic and Temporal Diffusion of Solar-Powered Lanterns through 

an Electrically off-grid Community 

This study is intended to continue a line of diffusion studies [270]–[275] that study how the 

distribution of technology can be made more efficient and effective; not only is there a lot of 

ground to cover – both in terms of market and geographic size – but technology adoption relies 

on physical and financial access, in addition to branding and consumer awareness and 

confidence. So, for example, network effects that can be studied by mapping the diffusion of 

technology can be useful in seeing how a desire to imitate peers in a network influences one’s 
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decisions, or if peer reviews influence or inform one’s purchasing model. Similarly, it is useful to 

see how news and information is spread geographically in order to capitalize on new distribution 

models outside of traditional vendors (e.g. mobile health clinics, and schools). 

 

6.2.2 Identify Key Factors and Motives that Influence the Decision to Purchase, Decline, 

or Share the Solar Lanterns 

Since the adoption of a new technology involves both a direct purchase and a behavioral change, 

this study is intended to identify the factors that drive the sale and adoption of the technology. 

Many studies show that aspirational marketing can be one of the best ways to foster a behavioral 

change [276], [277]. But since this involves health levels, children’s education, and potential 

financial savings, one must determine if aspirational marketing is even needed or if the facts 

speak for themselves. This information is important for businesses in developing effective 

marketing schemes. Policymakers can also use this information for public campaigns to promote 

technologies with demonstrated societal benefits. 

 

6.2.3 Identify Key Barriers to Entry for This and Other Solar Technologies 

If there is a demonstrated problem and a proven solution, then what is standing in the way? 

There are a lot of questions that must be answered. For example: Is it the initial cost? How does 

the role of financing options play into the affordability? Or is it running/maintenance cost? How 

can repairs be facilitated and warranties implemented? Is it physical access? How can the 

products increase their geographic coverage? Is it knowledge/understanding/trust of solar? How 

can market spoilage and consumer confidence be maintained? Is it government policies? How 

can they foster an enabling and supportive environment for these organizations or companies? Is 
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it technological competition? How do solar lanterns compete for market share against kerosene 

or electric lights in off-grid communities? Is it sun coverage? How does geographic 

location/environment play a factor in the feasibility or even cost of use?  

 

6.2.4 Determine a Feasible Scale-Up Strategy to Promote the Diffusion of Technology in 

Rural Communities in Developing Regions 

Once the factors that drive the adoption of solar lanterns and the barriers to their entry are 

identified, a strategy can be developed to expand upon the results and model posed in this study 

to bring the technology to other areas. This will undoubtedly require an entrepreneurial model 

operated in an environment with favorable policies.  

 

6.3 Hypotheses 

The following four primary hypotheses in mind were tested in this study.  

6.3.1 The Solar Lanterns Would Have a Positive Impact on Social, Education, and Health 

Statuses and Levels 

Since the solar lanterns are meant to take the place of traditional kerosene lanterns, it is 

hypothesized that the removal of smoke-inducing kerosene will reduce the incidence of upper 

respiratory infections. Similarly, the whiter and more reliable light will make it easier for 

children to read at night to complete their studies. Finally, the lantern will be seen as a status 

symbol, the ownership of which denotes access to modern and advanced technology. 
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6.3.2 Despite a High Up-front Cost (~USD 52), the Negligible Costs of Maintaining and 

Charging the Solar Lanterns Would Result in Significant Long-Term Cost-Savings for the 

Community Members 

It is hypothesized that the $52 is a worthwhile initial cost to bear because off-grid communities 

are overpaying for their lighting and energy services compared to their electrified counterparts. 

The time and money savings offered by the solar lanterns should provide a return on the 

investment within roughly one year.  

 

6.3.3 Allowing for Monthly Installment Payments Would be an Attractive Financing 

Option That Would Increase the Adoption of the Lanterns in the Community 

Nevertheless, $52 represents nearly half a month’s salary for the average worker at Mpala. This 

is clearly a significant expenditure that may be difficult to fit into one’s budget. To facilitate the 

purchase of the lanterns, a monthly financing scheme will be introduced that is hypothesized to 

ease the burden of the payments and make it easier for consumers to repay. This should be easier 

than alternatives that require full payment before the lanterns are received, such as trying to build 

meaningful savings towards this expenditure or purchasing on layaway.  

 

6.3.4 Barriers for Entry Would Center Primarily on Questions of Access (Affordability 

and Distribution) Rather Than a Lack of Interest or Use for the Product 

It is hypothesized that off-grid communities are acutely aware of the high price that they are 

paying – both literally and figuratively. It is therefore predicted that communities will be 

receptive to solar lanterns for their lighting needs. However, this is not to say that they will 

immediately welcome the technology without question. Nonetheless, it is expected that concerns 
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about product function and performance will be outweighed by more tangible problems such as 

financial and physical access, given the costs of the lanterns as well as the geographic 

remoteness of many off-grid communities. This is particularly true in a country like Kenya, 

which has already established a strong solar-based market [278]. 

 

6.4 Project Design 

6.4.1 Sample Population 

The research was conducted over a period of two years. The investigation involved a year-long 

impact assessment of solar-powered lanterns in an electrically off-grid village (Mpala Village in 

Laikipia District) in rural Kenya. This was followed by a year-long follow-up survey in the same 

community. The community represented one of three communities of staff members for a 

wildlife research center, the Mpala Research Centre (henceforth, Mpala or MRC), in the Laikipia 

district of central Kenya (Figure 6.1). While these community members are guaranteed to have at 

least one household member with fairly stable employment, the village is nonetheless located 

one hour by car from the nearest outpost town, Nanyuki. This remoteness translates into 

restricted access to infrastructure (power lines, paved roads), disproportionate use of resources 

(time, money) to access basic supplies, and a lack of information and technology transfer. 

Originally, kerosene was the overwhelming fuel choice for lighting in this community. This was 

in spite of problems of access, cost, and adverse health side-effects (pulmonary problems). The 

goal of the study was, therefore, to create and administer a community-wide survey before and 
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after the introduction of solar-powered lanterns
1
 in order to determine both the factors that 

influenced the adoption of the technology and the health, socio-economic, and education impact 

of the lanterns. Solar lanterns were also chosen over other types of solar power generation 

technologies – particularly, Solar Home Systems (SHSs) – because their price points were much 

lower. Moreover, the solar lanterns address a more fundamental need (lighting) that was seen to 

be more accessible and relevant to both the upper and lower income brackets in the village.  

  

Figure 6.1: Map of (a) Kenya and (b) Aerial view of the MRC staff village. MRC Research 

facilities have green rooftops. Blue dots correspond to households of survey participants. 

SOURCE: Google Earth  

 

6.4.2 The Solar Lanterns 

The solar lanterns used in this study were purchased from a Shanghai-based supplier, Roy Solar 

(Roy Solar, Shanghai, China). This lantern (Model SRY-101L) was one of the earlier solar 

lanterns on the market. It was chosen for its ability to provide consistent room lighting at a 

reasonable price. Despite a design that closely mirrors traditional hurricane-style lamps as shown 

in Figure 6.2, these portable lanterns are quite different in function and utility. While the 

                                                 
1
 NB: The solar-powered lanterns will also be referred to as solar lanterns or, simply, lanterns. 

This is in contrast to the traditional kerosene or hurricane lamps or lanterns, which the 

community previously used. These lanterns will always be specified 

 

A B 
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kerosene lanterns emit hazardous fumes, these solar lanterns are safe and environmentally 

friendly. 

They can also be transported or used anywhere in the world that receives ample amount of 

sunlight. The lanterns consist of LED lights that are powered by a 6 V battery and are connected 

to a 3 W crystalline silicon solar panel, as shown in Figure 6.3. The rugged system provides 

enough energy to provide 5 – 10 hours of lighting and/or cell phone charging, or an hour of radio 

listening each night. 

 

Figure 6.2: Comparison of a Roy Solar Lantern with a traditional hurricane kerosene lantern 
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6.4.3 Financial Options 

One crucial provision of this research study was that the community members be treated as 

customers rather than charitable recipients. The lanterns were, therefore, sold at a cost, for 3900 

kshs per unit.2 

 

 

Table 6.1 Exchange rates between the Kenyan Shilling and US Dollar at six month intervals 

 

Exchange Rate kshs : 1 USD 

 

Jan 2010 Apr 2010 Jul 2010 Oct 2010 Jan 2011 

75.7714 77.2572 81.3903 80.6604 80.9976 

                                                 
2
 Due to an unstable exchange rate, it is difficult to go back and forth between Kenyan Shillings 

(kshs) and US Dollars (USD or $). The two currencies will be used as appropriate, with a 

conversion rate based on the average January 2010 or 2011 value, as dictated by OANDA 

(www.oanda.com). Table 1 contains a list of the different exchange rates used over the course of 

this research study. The difficulties associated with this sliding exchange rate will be elaborated 

in more detail under the section on Product Pricing 
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Figure 6.3: Components of the Roy Solar Lantern: (A) solar lantern with (i) ON/OFF switch; (ii) 

battery charge indicator light; (iii) port for mobile phone connection; (iv) port for solar panel 

connection, and (v) hook to hang the lantern; (B) 3W solar panel; (C) universal mobile phone 

charger, and (D) AC wall charger 

 

This was important for three reasons: first, it has been demonstrated in multiple studies that an 

attempt to introduce a new technology to a community can be more successful if the community 

members associate value with the technology or product itself [279]–[282]. Secondly, such a 

study can only be useful for entrepreneurs and policymakers, if the decision-making process and 

cost-benefit analysis mirrors that of consumers at large. Finally, the money, once repaid, was 

used to maintain the financial sustainability of the project. 

Nevertheless, it was recognized that 3900 kshs often represents a prohibitively high financial 

barrier that is out of reach of many of the “base of the pyramid” (BOP). These are the consumers 
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that are the exact demographic that could benefit the most from such technology. It was, 

therefore, important to provide a financing scheme that would make the lanterns more affordable 

to the community. It has been shown that a new behavior or service is most easily adopted when 

it is seamlessly integrated with prior practices [280]. Those who chose to purchase the lantern 

were given the option of paying in full or in monthly installments.  

The lowest payment, at 325 kshs a month, was, therefore, on par with the typical costs (270 kshs) 

that these families already paid for kerosene. Yet, unlike the purchase of kerosene, the payment 

for these lanterns did not demand hours of travel to continuously replenish supplies. To further 

provide a smooth transition, payments were deducted directly from people’s paychecks through 

an agreement with the MRC staff management. While this is not always a possible financing 

option, there have been many previous examples of similar initiatives that work with employers, 

unions, or cooperatives to offer financial assistance through similar types of transactions [283]. 

 

6.4.4 Timeline  

Following an initial pre-assessment of the community in March 2009, the formal study began in 

January 2010. 100 lanterns were ordered and shipped to the MRC in November 2009. After the 

completion of the surveys, which are described in further detail in the section under Survey 

Design, the lanterns were distributed to the community following a priority system: in return for 

participating in the survey, households had up to one month to make a decision whether or not to 

purchase the lantern. Moreover, a household could establish a “credit history” by paying off its 

first lantern and in turn gain the ability to purchase an additional lantern, if desired. A follow-up 

survey was then administered after a full year of use (January 2011). Finally, a return visit was 
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made in August 2011 to check up on lantern performance and work with local stakeholders to 

determine a sustainable scale-up strategy. 

 

6.5 Survey 

6.5.1 Survey Design 

The survey study was designed to collect quantitative data and qualitative feedback at both the 

household (HH) and individual level. Household-level questions were divided into four sections: 

demographic information; income/asset assessment; lighting sources and habits, and factors for 

adoption (in Survey 1) and feedback from lantern use (in Survey 2). Meanwhile, individual-level 

questions targeted physical health levels (particularly for signs of upper respiratory illness), 

health treatment routines, and study habits. The surveys were anonymous, with each household 

and individual assigned a unique numerical code for identification. Two local assistants were 

trained and employed to help administer the survey in Kiswahili or Turkana, as necessary. The 

respondents were not compensated, but rather were placed on a guaranteed priority list, in return 

for participation.  

Whenever possible, the head of the household was interviewed for the household-level survey 

questions. Each individual family member was also interviewed for their personal health and 

study habit-related questions. However, the work and school schedules of many of the family 

members often prohibited the entire family from being present at once. So, with discretion, the 

head of the household or their spouse were allowed to answer questions on behalf of absent 

family members. Given the small quarters (each house was max. 12 ft. in diameter) and cultural 
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openness between family members, it was determined that this was a reasonable logistical 

accommodation.  

 

6.5.2 Differences between the 2010 and 2011 Surveys 

While the two surveys were largely similar, there were several notable differences. For instance, 

relative income levels were initially evaluated by indirect indicators, such as assets and standard 

of living. However, because of the high degree of standardization of the staff housing, more 

direct questions on average income ranges were included in the 2011 survey. Meanwhile, the 

respondents were asked to provide more formal qualitative feedback describing their experiences 

using the solar lanterns, in addition to rating the lantern and its components across a variety of 

dimensions. The respondents were once again asked to report their average kerosene 

expenditures. However, without requiring them to keep a monthly log, these values must be 

treated as rough estimates.  

Finally, there were a number of households that were interviewed in 2010 that could not be 

reached for interviews in 2011. In two instances, separate couples had since gotten married and 

moved into a single household. There were four additional instances of households that had 

either left Mpala in the previous year or who were away for their annual leave. Meanwhile, there 

were a number of lantern users who had not been included in the initial survey, but had been 

using the lanterns for at least 6 months. 11 of these households were given mini-surveys, with a 

particular emphasis on sections such as survey feedback and prior verses current kerosene 

expenditures. This retrospective data is included in the calculations of kerosene and lighting 

expenditures, but should be noted for its susceptibility to memory error. Altogether, data from 53 
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households was used in this survey. However, the 42 households, for whom there are complete 

and temporally accurate datasets, will occasionally be treated separately and referred to as 

“before-and-after households.” 

 

6.6 SURVEY FINDINGS AND DISCUSSION 

6.6.1 Community Demographics: 

In the 2011 survey, households ranged from 1-8 people, with an average size of 2.5. This is 

down from the 2010 average of 3.1, but does not, however, tell the full story; due to space 

constraints, many individuals now act as migrant workers, separated from a spouse or older 

children, who live elsewhere. Household sizes defined in terms of financial dependency were, 

therefore, larger than those reported. Of the 42 before-and-after households, the male-to-female 

ratio in the community stayed at around 62:38.  However, there were only 48 children in 2011 

compared to 61 in 2010. A total of 4 households were headed by women in 2010; 5 households 

were led by women in 2011. The average adult education level was Grade 7 (6.28), but 19 adults 

were completely illiterate and only 9 had any sort of diploma or higher education degree. A 

snapshot of community demographics is presented in Table 6.2. Table 6.3 provides a similar 

snapshot of the community’s happiness and financial indices. The majority of households earned 

incomes between 5000-10000 kshs/month (Figure 6.4a), which roughly translated into $2.15-

$4.30/day or $774-$1548/year. Yet the distribution was uneven and, based on income brackets 

for the year 2000, as reported by Jacobson (Jacobson 2007:144-162), incomes in this village 

would range from the 2nd to 10th decile for rural household incomes (Figure 6.4b). When asked 

to rate their general happiness on a 1 (low) to 5 (high) scale, most people indeed said that they 
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were “happy.” Meanwhile, the community tended to think that things were “a little better,” 

compared to a year ago, and would continue to get “a little better” in the coming 3 months. 

 

Table 6.2: Community demographics 

Household Demographics (for the 42 before-and-after households) 

 Total 

Members 

No. 

Male 

No. 

Female 

No. 

Spouses 

No. 

Children 

Avg. HH Size 

2010 130 80 50 20 61 3.1 

2011 103 64 39 19 36 2.5 

 

Table 6.3: Financial snapshot 

 

Happiness and Financial Index Averages, 2011 

 

Income 

Bracket 

Happiness 

Now 

Happiness, 

Compared to 

Last Year 

Optimism 

About the 

Next 3 

Months 

Finances, 

Now 

Finances, 

Compared to 

Last Year 

Financial 

Optimism 

About the 

Next 3 

Months 

2.6 4.1 4.0 3.9 3.7 4.0 3.6 
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Figure 6.4: (a): Average monthly income levels in 2011, kshs (note: 77.53 kshs: 1 USD). (b): 

2000 Statistics for distribution of income by wealth decile for rural households in Kenya (using 

an exchange rate of 76.3 kshs:1USD) ([284]) 

 

As for their financial state, on average people said they were fairly “comfortable,” though many 

professed they were “just getting by.” While housing and living conditions were fairly 

standardized, with some basic infrastructure (shelter, latrines, access to a central diesel 

generator) subsidized by the MRC management, there was still a fairly wide range of asset 

ownership amongst the households. Nevertheless, the selection of items retained at the MRC still 

revealed glimpses into each household’s daily needs and preferences. All but two households 

owned a mobile phone, with almost 40% owning two or more. After a charcoal stove, the next 

most common possession was a radio, followed by a handful of chickens. Just under half of the 

households owned a TV (color or black & white). Social and interconnection-motivated 

possessions were, therefore, high priority items. This is in line with previous research on 

consumer needs of rural populations [276], [284]. An inventory of common assets is compiled in 

Table 6.4. 

 

A B 
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Table 6.4: Common asset ownership (53 total households) 

(a) Households Reporting Ownership of Various Assets 

  

2010 

 

 

2011 

Electricity 8 7 

Refrigerator 0 0 

Oven 1 4 

Stove (charcoal, wood, or kerosene) 43 45 

Stove (electric) 2 0 

Sewing Machine 1 3 

Fan 0 0 

Radio 39 45 

TV (color) 9 11 

TV (black & white) 11 10 

VCR 2 2 

DVD/VCD Player 12 8 

Computer 0 0 

Animal-drawn cart 0 0 

Bicycle 9 9 

Motorcycle/Moto Scooter 0 1 

Car/Truck 0 2 

Chickens 26 27 

 

(b) Mobile Phone Ownership per Household 

No. of Mobile Phones 0 1 2 3 4 

No. of HH 3 27 21 2 1 
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Before the introduction of the solar lanterns, power generation sources fell into a small variety of 

forms: 14 households relied heavily on simple disposable AA or D-cell batteries for portable 

electronics, with 12 households claiming this as their primary “energy” source. On the other end 

of the spectrum, 8 households reported reasonably reliable access to electricity, which was 

supplied by the MRC’s main generator (a combination of diesel and solar). However, the vast 

majority of households relied on larger battery-based electricity, charged either by the MRC’s 

main generators or by small-scale solar panels that were fitted on top of their homes. In fact, 11 

households had already purchased solar panels for their homes, though many complained of the 

poor quality of the low-cost panels that they had bought in town. Such feedback is again 

consistent with previous research on market spoilage and the high proliferation of cheap or 

imitation solar panels in Kenyan and other emerging markets. These panels threaten to 

undermine the long-term diffusion of solar-based technologies in off-grid areas [285]. 

As for lighting sources (Figure 6.5), the hurricane-style kerosene lantern was by far the most 

popular style, with 45 units counted and 33 households reporting this as their primary source of 

lighting. 5 households were unable to afford the ~380 kshs that it cost to purchase the hurricane 

style lamp, and instead had homemade variants of a kerosene/paraffin-based lantern. While 

owners of the hurricane-style lantern frequently complained of the daily maintenance required to 

clean and refill the lanterns, as well as the dangers that the smoke and hot glass posed to their 

family members, owners of these homemade lanterns bore an even greater challenge as they 

frequently had to bear flames in their homes that were completely open and unprotected 

altogether. 
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Figure 6.5: (Color online) Different lighting sources in the community in 2010.  CW from top 

left: Electric light; hurricane-style kerosene light; homemade kerosene lantern; wick kerosene 

lantern; a small Christmas light coupled with a CD to better-disperse the light 

 

Despite the prevalence of kerosene-based lighting, a number of homes chose to use their battery-

based energy systems to power electric compact fluorescent lights. Yet even in these cases, 

respondents frequently indicated a strong interest in the solar lanterns because of: (a) their 

portability and (b) the ability to save up precious battery life to power a radio or TV instead. 

Prior ownership of an electric light, therefore, did not seem to present a significant barrier for 

technology adoption. In fact, when comparing the 2010 and 2011 statistics for primary versus 

total energy and lighting sources (Table 6.5 and Figure 6.6), it can be seen that the number of 

households claiming an electric light as their primary lighting source in 2011 dropped from 15 to 

11, despite the number of battery-based households remaining fairly constant. Altogether, 38 

households now claimed the solar lantern as their primary lighting source. 
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Table 6.5: 2010 vs. 2011 energy and lighting sources (53 Total Households; families could own 

multiple sources of energy or lighting) 

(a) Energy Source Comparison 

                                                                              2010 2011 

 No. 

Units 

No. Primary 

Units 

No. 

Units 

No. Primary 

Units 

AA Batteries 14 12 (86%) 13 12 (92%) 

MRC Gen (only) 8 8 (100%) 7 7 (100%) 

MRC + Battery 23 18 (78%) 27 20 (74%) 

Solar Panel + Battery 11 10 (12%) 12 9 (75%) 

 

 

(b) Lighting Source Comparison 

                                                              2010 2011 

 No. 

Units 

No. Primary 

Units 

No. 

Units 

No. Primary 

Units 

Hurricane Lantern 45 33 (73%) 9 4 (44%) 

Homemade Kerosene Lantern/Candle 5 3 (60%) 0 0  

TV 3 2 (67%) 4 0 (0%) 

Electric Light 16 15 (94%) 15 11 (73%) 

Solar Lantern 0 0 52 38 (73%) 
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Perhaps most notable, however, was the statistic relating to kerosene lamp usage: The number of 

hurricane or homemade kerosene lamps owned by the community plummeted from 50 to 9, with 

the majority of these unused lamps having been given to family members back home. Moreover, 

only 4 households claimed these kerosene lanterns as their primary lighting sources. The reasons 

for persisting with their kerosene lanterns tended to revolve around physical problems with the 

solar lanterns themselves, such as dying batteries, loose wires, or broken bulbs. These issues, 

though by no means trivial, still point to the overall success in the solar lanterns in playing a 

substitutive rather than additive role in household’s lighting portfolios. 
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Figure 6.6: Different lighting sources in the community in 2010. CW from top left: Electric light; 

hurricane-style kerosene light; homemade kerosene lantern; wick kerosene lantern; a small 

Christmas light coupled with a CD to better-disperse the light 
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6.6.2 Technology Diffusion throughout the Community 

The lanterns were only distributed upon completion of the first survey to ensure fairness and 

minimize peer influence on the responses. Survey respondents were placed on a priority list, with 

lanterns guaranteed for availability within a purchase period of one month. 50 of the 52 

households in the original sample community purchased the lanterns, with 49 choosing some sort 

of installment payment option. 98% of these purchasing households reported that this financing 

option was helpful in making the lanterns affordable to them.  

As news of the lanterns spread throughout the duration of the survey period, members from a 

neighboring and affiliated ranch community (henceforth, the Mpala Ranch) expressed strong 

interest in the lanterns. These sales accounted for the remaining 45 lantern sales and a second 

order was soon placed to fulfill the overwhelming demand. Lantern adoption by the community 

was very rapid, with 60 of the lanterns distributed and accounted for within the first four days of 

availability (Figure 6.7). The vast majority was sold to residents of the Mpala Research Centre 

and Ranch. However, a number of local visitors and affiliates, such as health workers at a nearby 

medical clinic, also asked to be put on the waiting list.  
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Figure 6.7: Lanterns sold, by day, before departure 

 

Upon return in 2011, the second shipment was deployed and roughly 55 lanterns were distributed 

to the Mpala Ranch community members. Meanwhile, a number of the MRC community 

members expressed a strong interest in purchasing a second lantern. In the vast majority of cases, 

they explained, they had brought their lanterns back to their home villages over the holidays but 

realized that their families needed the lanterns more than they did. Rather than revert back to 

kerosene, they wanted to purchase a second lantern for their personal use at the MRC. A time-



110 

 

lapse of the geographic distribution of the lanterns throughout the communities – comparing 

sales during the first five weeks of 2010 with sales in 2011
3 – is presented in Figure 6.8. 

 

 

Figure 6.8: Geographic and temporal diffusion of the solar lanterns during the first 5 weeks of 

2010 and 2011, between the MRC, Campsite, Ranch, and Other (primarily Nanyuki) residents. 

 

When asked to list the motivating factors that drove their decision to purchase the lanterns, 

“need” was the most common response, followed by “education” and “health.” Table 6.6 shows 

a collection of responses that were given, including order of priority, when asked “what were the 

most important factors that you considered in purchasing the lantern?” Some of these responses 

                                                 
3
 For logistical reasons, the lanterns were brought to the Ranch community members in 2011 

based on pre-orders. This differed from the model in 2010, when members were allowed to 

purchase the lanterns at their own pace 
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are overlapping in intent (e.g. “safety” and “risks”; “need” is a somewhat all-encompassing term) 

but reflect the diversity of opinions and driving factors taken into consideration by the 

community. It should also be noted that the second lantern shipment was financed by the 

repayments made by the Mpala villagers for the original 100 lanterns. 

While the villagers were given the direct contact and ordering information of the lantern 

supplier, only one or two of them would have been able to pay the high up-front costs required to 

make the international transaction. Creating this renewable financing fund made the project 

sustainable in the long-term because the funds derived from the sales and financing were being 

used to provide additional solar energy solutions for members of the Mpala community. This 

model, therefore, has the potential for larger-scale impact in rural villages across the world and 

demonstrates the critical role that microfinance and other lending institutions may play in 

facilitating technology adoption and diffusion. 

 

 

 

 

 

 

 

 

 

 

 

Table 6.6: List of considerations taken into account for lantern purchase (53 Total Households; 

respondents were asked to list as many factors, in order of priority, as came to mind) 
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2 3 3 5 0 0 0 0 0 1 1 1 1 0 0 

3 0 7 1 0 0 1 0 0 0 0 0 0 0 0 

4 0 0 1 0 0 0 0 0 0 0 0 0 1 0 

5 0 0 0 0 0 1 0 0 0 0 0 0 0 1 

 

 

6.7 Impact Assessment 

The respondents were asked to rate their opinion of the impact of the solar lanterns on their 

socio-economic status, health, and education on a 1 (low) to 5 (high) scale. Across all 

dimensions, the results were positive or at least neutral, which are explained in more detail as 

follows: 

 

6.7.1 Socio-economic Status 

Figure 6.9 shows the results of their responses, kerosene use was virtually eliminated, with an 

overall drop in monthly kerosene expenditures, for both cooking and lighting needs of over 

70.5% (average monthly household savings: 190 kshs) by the end of the year. This value is 

increased to an impressive 83.9%, when considering kerosene for lighting alone. After factoring 
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in total lighting system costs, including those of the solar lanterns themselves, annual lighting-

related expenditures were still estimated to drop by a combined 14.7%, with an average 

household savings of 646 kshs, during the first year of solar lantern use (Table 6.7) 

 

 

Figure 6.9: (Color online) Survey responses on the impact of the solar lanterns on Health, 

Income, Education, and Socio-Economic Status. 
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Table 6.7: Average cost savings for lighting needs (kshs) 

(a) Average Annual Lighting Expenditures, including Energy Sources
4. 

2010 

Combined 

Total 

2011 

Combined 

Total 

Total Combined 

Savings 

Combined 

Savings/2010 

Expenditures (%) 

Avg. HH 

Savings 

Range of HH 

Savings 

232,841 198,620 34,221 14.7 646 [-6700, 7312] 

 

 

(c) (b) Average Monthly Kerosene Expenditures 

 2010 

Combined 

Total 

2011 

Combined 

Total 

Total 

Combined 

Savings 

Combined 

Savings/2010 

Expenditure 

(%) 

Avg. 

HH 

Savings 

Range of 

HH 

Savings 

Incl. 

Cooking 

Fuel 

14285 4210 10075 70.5 190 [-600, 600] 

Not incl. 

Cooking 

Fuel 

14285 2300 11985 83.9 226 [-150, 600] 

 

 

Furthermore, by factoring in the 2 hour return trip to Nanyuki, made twice a month, to purchase 

the kerosene itself, it is clear that the solar lanterns provide a number of substantial socio-

economic benefits over the traditional kerosene-based lanterns. Although only 63% of 

households reported that they “felt that the price of the lanterns was reasonable”, 34 households 

                                                 
4
 Note: the following assumptions were used in calculating energy costs: Lifetimes: 1 year – 

Electric Lights; 2 years – Solar Lantern; 5 years – Solar Panels, Deep-Cycle Batteries, Hurricane 

Lanterns. A TV was assumed to constitute half the total energy draw and a 6W Compact 

Fluorescent Light was assumed to constitute ~1/5 of a TV’s energy draw, given that a 12” B&W 

TV draws about 20W 
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felt that the solar lanterns made their income levels much better and 17 felt that their social status 

greatly improved. 11 and 7 households felt that the lanterns led to moderate improvements in 

income and social status, respectively. Many also reported using the lanterns to socialize with 

friends at night. 

 

6.7.2 Health 

Respondents were very aware that the solar lanterns were far safer than the kerosene lanterns. In 

addition to the lack of smoke, respondents were also pleased that the lanterns did not get hot or 

break like the hurricane lanterns. A few respondents did complain that the lights were too bright 

for their eyes, which had grown accustomed to years of dim light from the kerosene lanterns.  

However, this was not a common complaint, and far more respondents indicated a desire for 

brighter lights than the reverse. Overall, 38 households reported that the use of the solar lanterns 

made their health much better, 5 households reported minor improvements, and 7 did not claim 

to see much of an effect. 

Initial attempts to quantify indoor air pollution levels through air quality and dust particulate 

level monitoring were not successful. This is because the monitoring equipment was too invasive 

in the respondents’ homes, given the cramped quarters. Meanwhile, health data on upper 

respiratory tract infections from the local Mpala Health Clinic was inconclusive because much of 

the data for the community was aggregated with other surrounding communities. It should also 

be noted that the houses in this community had vaulted roofs, which helped improve air 

circulation, particularly when compared to other types of low-income or traditional housing 
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designs. Nevertheless, anecdotal observations from the local health care workers did indicate that 

overall respiratory health had improved since the introduction of the lanterns. 

 

6.7.3 Education 

31 households (61%) felt that the use of the solar lantern improved the education and study 

habits of the household by enabling them or their children to study better at night. This meant 

more reliable (not dependent on kerosene procurement), better quality (luminance, light 

temperature, etc.), and/or safer (no smoke or burn risk) light as opposed to previous methods of 

reading after nightfall. 5 households (10%) felt the lanterns only had a moderate effect and 15 

households (9%) said that the education status was “about the same”. 

It should be noted that since not all households included children. Hence, this question was not 

always applicable. In some of these cases, respondents extrapolated based on their experiences 

using the solar lantern either in their home villages or when their children were visiting the 

MRC. In other cases, the respondents admitted that it made no difference, since nobody in the 

household studied at night. Moreover, older high school or college aged children, who would 

presumably have more substantive homework assignments, did not live at the MRC as there 

were no schools at these levels in the immediate surroundings. 

So referring to the 17 households that did have at least one child studying at night all noticed a 

definitively positive impact of the lanterns on their children’s education: 13 of the households 

(76%) agreed that the lanterns made the children’s education “a lot better” and 4 households 

(24%) felt that the lanterns “made it a little better.” The responses of these 17 households also 

tended to be more satisfied with the light quality and strength than the general population. So 
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whereas only 76% of households who did not have children studying at night “loved” the “light 

quality”, 88% of households with children reported that they “loved” the quality of light. When 

asked the same question about ‘light brightness’, 79% of those households without children 

studying at night “loved” the brightness, compared with 82% of those households with children 

studying at night. It is, therefore, suggested that seeing the tangible impact of the light on 

children’s studying habits may lead to increased satisfaction with the product. 

6.7.4 Knowledge and Understanding of Solar Technology 

All but one household claimed that their experience with the solar lantern changed their interest 

in solar technology overall. Many expressed pride in owning the lantern and being able to know 

how it worked – and even show them off to other curious friends or family members. At least 

three households also expressed a desire to purchase larger solar home systems, as a result of this 

experience, so that they could charge larger devices. 38 of 41 responding “before-and-after” 

households would recommend the lantern to a relative or friend. The community demonstrated 

that they were able to pick up the technology quite quickly. When asked how easy or difficult it 

was to use the lanterns, 27 households said it was “okay,” 6 households said it was “easy 

enough,” and 18 households said it was “extremely easy” (2 households did not respond). 

Community members found themselves explaining or describing the lanterns to friends and 

family members in many different ways. Some highlighted the financial savings, while others 

appreciated the ease of use and reliance on natural resources rather than kerosene. 

There were also differences in terms of function. Most households used the lantern as a portable 

room light, much as it had been intended. There were a few households, however, who preferred 

a more central and permanent fixture, and so dismantled their lanterns to connect the bulb to the 

ceiling directly. As for creative uses of the light, one gentleman even extolled the lantern’s 
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virtues in scaring off cheetahs or leopards that may try to attack his cattle at night! It was, 

therefore, evident that people adapted the lanterns to a variety of needs and functions and that 

there was a low barrier to understanding the technology. As for non-lighting capabilities, 

these functions were not as widely adopted. Although the lanterns were able to be configured to 

charge a radio, only five households professed to having tried to do this. They observed that this 

setup drained the battery quickly and so none of them tried to do this on a regular basis. Even the 

cell phone charging function was rarely used, with only 13 of the households admitting to using 

this function on a regular basis. 

However, this should not be interpreted as saying that the cell phone charging function was not 

appreciated. This community’s unique circumstances and access to the Mpala Research Center 

meant that households were already accustomed to charging their phones using the research 

center’s generators, without paying a fee. Coupled with the fact that this lantern was outfitted 

with a universal charger (Figure 3C) that was difficult to use and required users to remove the 

battery from the cell phone in order to charge, it is not surprising that the community members 

were reluctant to adopt this new charging technique.  

Nevertheless, of 50 responding households, 36 households said that they loved having the cell 

phone charging feature available, 4 said they liked it, 8 said it was average, and only 1 household 

said that they hated the charger – while 1 household said they never tried the charger at all (and 

therefore couldn’t comment on it). Within the solar lantern industry, there is a trend towards 

using a cable, equipped with a number of mobile phone adapters, which would allow individuals 

to charge their phones by plugging them into the lantern directly, not unlike a standard cell 

phone in a wall outlet. This is a positive trend and the inclusion of this design should be expected 

to increase cell phone charging usage. 
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6.8 Project Challenges and Recommendations 

6.8.1 Product Reliability 

While the lanterns were very popular in the community, a number of individuals faced various 

problems with their solar lanterns. Prior to the 2010 distribution, a number of community 

members expressed interest in purchasing the lanterns contingent upon the availability of spare 

parts. This demand had not been anticipated at the time and so parts were not initially available. 

To address the immediate concerns, 5 lanterns were set aside to be dismantled for their parts. An 

order for individual components – primarily bulbs, batteries, and solar panels – was then placed 

and shipped to the community. 

As it turned out, lantern failure became a more serious problem than had been initially predicted. 

Despite prior use before the project had been carried out, test conditions back in the US could not 

replicate the extreme environmental conditions of the equatorial climate. Nor could they 

replicate continuous use for a year by an entire family. As a result, mundane problems, such as 

loose wires, burned out bulbs, or dead batteries, threatened to severely limit the lifetime and, 

hence, the value of the lanterns. While some of these components, such as batteries or wires, 

were available in Nanyuki for trivial costs, other components, such as the proprietary LED light 

bulbs or solar panels, had customized specifications and were, therefore, only available from the 

supplier. 

The LED light bulbs proved to be the biggest source of complaint, as a number of people had 2-4 

of their 28 LEDs die during the course of the year (Figure 6.10). Although this did not 

substantially diminish the overall quality of light, it became an eyesore and source of frustration 
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for a household who had spent almost a half month’s wages on this product. However, bulb 

replacement required one to dismantle the lantern, disconnect the original bulb, and re-solder the 

new bulb. Though well within the skill range of the electricians and mechanics in the 

community, this had simply never been attempted, because people were reluctant to tamper and 

play around with such an expensive and valuable possession.  

 

Figure 6.10: A security guard at the MRC displays his lantern's burned out light-bulbs 

 

Formal training with a spare lantern was, therefore, provided to 3 of the community members. 

They were taught how to diagnose, dismantle and reassemble the lanterns (Figure 6.11). Further 

work was then done to incorporate locally-available components as much as possible.  
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Figure 6.11: (Color online) (a) Local community members are trained to diagnose and repair the 

lanterns. A large number of lanterns required only simple maintenance such as (b) the re-

soldering of wires. 

 

This eventually led to the creation of a converted hurricane lantern, where all but the solar panel 

itself was assembled through parts available in Nanyuki (Figure 6.12).  

 

Figure 6.12: (Color online) Locally-purchased components, including a (a) hurricane kerosene 

lantern, (b) motorcycle battery, (c) compact fluorescent light-bulb, and (d) metal switch were 

collected and assembled. (e) The light-bulb, for example, was put into the place of the wick. (f) 

These modifications resulted in a converted solar-powered hurricane lantern. 

 

A B 
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This experience empowered the community, while giving them a sense of ownership over the 

lanterns themselves. The process of repairing, or even creating, solar lanterns also provides 

opportunities for income generation and points to the significant potential of developing locally-

based solar technology production and manufacturing capabilities. 

Nevertheless, the problems faced with the reliability of the lanterns could have proven 

insurmountable had the proper training not been provided. This case study, therefore, serves as a 

warning to solar lantern producers to take issues of device reliability very seriously. By 

extension, this case study demonstrates the importance of proper product testing, such as the 

micro-scale tests on LED and solar cell materials. While manufacturers cannot be held 

responsible for the heat, dust, and even abuse of their products (e.g. children throwing the lantern 

around), there are steps that can be taken to mitigate these risks. For example, the epoxy that was 

used to connect the wire box to the solar panel melted in a few instances because the panels were 

placed on hot tin rooftops to charge. This is a reasonable and common practice and should be 

accounted for in epoxy selection. Furthermore, it should be assumed that people will often ignore 

(or not be able to follow) warnings to place their lanterns under shaded areas at all times and, 

therefore, batteries that are fairly common and easily replaceable should be used. 
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Figure 6.13: (Color online) Examples of brightly colored plastic solar lanterns on the market 

[286] 

 

Another trend observed in many solar lanterns is their plastic packaging in bright colors (Figure 

6.13). While this is often done in an effort to increase the durability of the product, this 

packaging also introduces a number of problems: First, it makes the product look like a toy and 

becomes all the more susceptible to children abusing the products. Second, the plastic product is 

often manufactured elsewhere, thus eliminating the prospect of a locally-created or produced 

product. Third, bright colors may not always be well-integrated with the local décor or design 

sensibilities. While many BOP customers have grown accustomed to similarly-packaged 

products, such as jerry cans for water, it is not entirely convincing that this is truly the best 

approach to the introduction of solar-powered lanterns. Similarly, while the Roy Solar lantern 

had an easily identifiable battery case, mysterious casing, as seen in other products may dissuade 

owners from trying to fix their lanterns by themselves. 
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6.8.2 Product Pricing 

One key challenge inherent in the distribution and sale of a product targeted for BOP consumers 

is setting a reasonable price point that is both affordable to the customer, yet financially viable 

for the supplier. In the case of the solar lanterns, the customer is making a decision based on a 

combination of financial and non-financial considerations: cash and time savings against status 

quo fuel source procurement, health benefits, light quality and reliability, technological 

adaptation, and personal prestige. When the traditional fuel source is a natural resource, such as 

wood for a fire, for example, the availability and vulnerability of these resources imply that time 

may become a strong driver for seeking alternative fuel sources. However, only one of these 

factors, cash savings against status quo fuel source procurement, can be directly measured and 

compared on a dollar-for-dollar (or shilling-for-shilling) basis. 

The customer must, therefore, take into consideration his or her current fuel expenditures and 

adjust for future price volatility. Given that kerosene is a petroleum derivative; its price is 

strongly tied to global crude oil prices [287]. These prices are notoriously unstable and 

fluctuating. Additional costs associated with distribution from the trading ports to the last mile 

only increase customers’ vulnerability to price variations outside their control. On the supplier 

side, a number of considerations must be taken into account. BOP customers often have 

meticulous budgets that absorb very little risk and must be carefully managed to the last detail 

because of uneven and unreliable pay periods [276]. It is, therefore, very difficult to sell a 

product at a price that is considerably higher than what a family may have budgeted for in their 

weekly or monthly lighting/energy allowance. Unless the seller is willing to wait indefinitely for 

customers to amass meaningful savings, financing options that allow customers to pay for the 
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product over an extended period of time are virtually a requirement for big ticket items to sell 

within any reasonable time frame. 

In this case, installment payments may need to be adjusted to take into account factors such as a 

sliding exchange rate. Figure 6.14 shows the steady devaluation of the solar lantern over the 

year-long pay-back period; the initial purchase price of $51.50 was converted to 3900 kshs at a 

rate of 75.77 kshs: 1 USD on January 1, 2010 (Table 6.1). However, the reasonably stable 

shilling dropped considerably over the course of the year, leading to a loss of $3/lantern by 

year’s end. While the initial goal was simply to break even, it can be seen that this contractually-

set price determined in local Kenyan Shillings gradually put the project at a net loss. Pricing 

based on a higher profit margin or implementing a tiered payment plan (that would have 

incentivized up-front payments by offering a discount or, conversely, charging higher interest 

rates for an increased pay-back period) would have been more financially viable pricing 

strategies. 
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Figure 6.14: (Color online) Devaluation of the solar lantern, which was sold for 3900 kshs/unit 

based on a 76:1 exchange rate in January 2010. The lantern originally cost $52/unit. In 2010, the 

lantern value ranged from $47.92 to $51.47, with an average value of $49.18 

 

6.8.3 Data Collection:  

This project differs from many other studies that poll existing users or use focus group feedback, 

shorter trial periods of just a few months or simply ask people to play around with some lanterns 

and give their impressions. Instead, this study provides a broad overview of an entire village 

before and after an entire year of use. This project, thus, attempts to create a commercially-

realistic product adoption scenario and obtain information on real, long-term, usage patterns. 

However, there were a few challenges with the data collection process that could have been 

changed to strengthen the study. First, the solar lanterns were far more popular in the sample 

village than expected, with a 96% adoption rate. As a result, there was not a significant control 

group to compare the results against, and it was difficult to determine what network effects 
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existed and influenced the decision-making process. Second, by playing the role of both lantern 

surveyor and distributor, it was difficult to determine how candid the respondents truly were; 

care was taken to distance the two aspects as much as possible – for example, the translators took 

over the majority of the data collection in the second survey – but the two roles were still 

intertwined. There is, therefore, a real concern that social desirability bias, whereby respondents 

may answer questions to please the interviewers, may be present. That being said, the candid 

feedback with respect to specific problems and concerns that individuals had about various 

aspects of the lanterns does reveal a strong degree of comfort in providing honest responses. 

Finally, key data, such as kerosene and other lighting expenditures, was collected rather 

informally; instead of simply asking respondents to estimate their monthly expenditures, it may 

have been better to track expenditures through validated weekly or monthly logs. This could 

have provided more accurate information but would also have been significantly more difficult 

for both surveyors and respondents to maintain and regulate. 

 

6.8.4 Creating a Long Term Model 

One of the primary goals of this study is to use the implications to scale-up and build a long term 

model. The ideal vision is to have the diffusion of the lanterns grow organically from village to 

village, with the community members taking it upon themselves to create an autonomous supply 

chain (whether directly, through the “creation” of local entrepreneurs or indirectly, through 

applied pressure on existing merchants). This presents an interesting challenge whereby the 

project’s success would only be achieved, once the project component itself was removed from 

the equation.  
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One of the most common questions, however, has been how relevant the results of this study are, 

considering the unique circumstances surrounding the village and its relationship to outside 

research institutions. The relative certainty of a steady wage, employee benefits, and access to 

computing infrastructure, for example, did in fact set this village apart from the majority of other 

rural villages. 

However, the reality is that the geographic isolation and lack of crucial infrastructure, such as 

electricity and running water, coupled with what is still a low wage in absolute terms, means that 

this community also shares many of the same challenges that universally plague off-grid 

communities, particularly in rural areas, all over the developing world. The fact that the lanterns 

were still observed to have a measurable impact on indicators, such as income, implies that many 

of the results of this study are still relevant for use in building an evidence-based strategy for 

scale-up. In order to supplement the findings from this case study, there is also a desire to 

replicate this study in other countries, regions, and settings. Such replication would provide 

additional data points to further validate the findings from Mpala, and the similarities and 

differences in conclusions may illustrate the effect that such community variations have on the 

technology’s impact – information that is clearly valuable, for entrepreneurs and policymakers 

alike. 

In terms of directly scaling up in Mpala, trying to remotely establish a distribution channel led to 

logistical complications. Ultimately, a return trip in August 2011 was made with the goal of 

finding locally-based suppliers who could help establish a direct distribution model. Eventually, 

the local supplier, Sollatek (Sollatek, Mombasa, Kenya) for the D.Light lantern (D.Light Design, 

San Francisco, CA), was identified as being the optimal partner with whom to enter into the next 

phase of the project. The D.Light lantern has won numerous industry accolades but the majority 
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of community members were hesitant to work with a new and unknown supplier. Without a 

straightforward method of shouldering the up-front cost for these new lanterns, this hesitance, in 

turn, prevented the rest of the community from using their collective purchasing power to 

bargain the price down. People were, therefore, unable to pay for new lanterns and have yet to 

arrange for a third shipment of lanterns. 

 

6.9 Assessment of Project Hypotheses and Goals 

6.9.1 Validation of Project Hypotheses 

In order to determine the success of this study, it is useful to revisit the initial project hypotheses 

and goals that were set out at the beginning: 

As discussed under the section on impact assessment, the lanterns were indeed seen to have 

positive or non-negative impacts on the community’s social status (and social life), study habits, 

and respiratory health. The majority of this impact was determined through the community 

members’ responses to direct questions about each indicator. 

Similarly, the lanterns were indeed seen to have a significant impact on households’ savings and 

expenses. The lanterns led to an overall 70.5% drop in average kerosene expenditures alone, and 

a 14.7% drop in overall annual lighting-related expenditures. This is in addition to the time 

savings from not having to travel to buy kerosene. The lanterns are therefore able to pay for 

themselves in less than a year, assuming that they are able to be properly cared for and 

maintained in the stressful environment. 
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All but one household opted for a monthly financing option. This fact demonstrates the 

popularity of the financing option. This point was further emphasized when respondents were 

asked why they chose this financing option. All but one household directly attributed this 

financing option to enabling their ability to pay. As one respondent explained, monthly budgets 

are very exact and often prepared well in advance. It is, thus, difficult to factor in such a large 

and unanticipated expense into their calculations. Given that the monthly payments were at par 

with typical kerosene expenditures, there was, therefore, a worry-free transition to this new 

lighting source. This evidence supports the findings presented by Collins et al. [276]. 

As the community’s responses to questions on interest in and understanding of solar technology 

demonstrate, the community did not have much trouble in understanding the utility and purpose 

of the solar lanterns, despite never seeing this particular technology before 2010. The difficulty 

that ensued, however, in continuing and scaling up the distribution channel after the completion 

of the formal research project demonstrates how crucial easy access to physical and financial 

channels to the lanterns is in their ability to diffuse through a community.  

 

6.9.2 Achievement of Project Goals 

The four originally-set project goals were met with mixed results: 

Figures 6.7 and 6.8 show the temporal and geographic diffusion of the lanterns at the MRC, 

nearby campsite and Ranch communities. It was seen that in the first week, the highest number 

of sales occurred in the first four days, with the number of lanterns sold decreasing each day. 

Similarly, the first week had a higher number of sales than any of the subsequent weeks before 

the lantern stocks were depleted. Meanwhile, it was shown that interest in the lanterns did diffuse 



131 

 

to other regions based on word-of-mouth and peer recommendations. However, the lanterns were 

distributed in a controlled manner with pre-orders being considered before purchase and quotas 

set for each community. Moreover, since the lanterns were not available for sale until after the 

completion of the survey study, there was ample time to generate interest. These measures were 

undertaken, both because of exceeding demand and logistical considerations. However, this fact 

also makes it more difficult to establish the patterns of organic and uncontrolled product 

diffusion. 

Through the survey responses, this study was able to comprehensively identify different motives 

and rationales for purchasing the lanterns. Some of these drivers for technological adoption could 

be inferred, while other drivers could be ascertained through direct questions and answers, such 

as those presented in Table 6.6. Above all else, it was established that the community felt a 

distinct need for the product, whether for its social, economic, health, education, or other 

benefits. 

Besides the obvious and oft-repeated barriers of financial and physical access, there were other 

barriers on the micro- and macro-levels that were successfully identified through this research 

project. Product reliability and the risk of market spoilage, for example, were placed in much 

higher prominence than may have been previously realized. Increasing efforts made by solar 

lantern companies to establish stronger on-the-ground distribution and maintenance centers or 

offer warranties, as well as industry initiatives by organizations such as Lighting Africa to create 

a quality control and rating system [281], may help overcome this challenge.  

For foreign companies that want to enter a particular market, conditions that create an enabling 

environment are also vital. For example, a sliding exchange rate was demonstrated to be an 
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important element in product pricing. Similarly, the products’ perceived value can be strongly 

influenced by the local price and availability of kerosene, and the stability or volatility of that 

fuel source could play a significant role in the products’ diffusion. While significant challenges 

persist, the relative maturity of the overall solar industry in Kenya should not be 

underappreciated. The government has recently implemented measures that make it easier to 

import solar equipment and operate businesses in the country than in many other energy poor 

countries, and growing government backing will help companies operate with increasing agility 

and efficacy. 

As the section on creating a long term model explains, the unresolved goal of scaling up lantern 

distribution at Mpala was the least successful of all project components. Nonetheless, there were 

many ideas that emerged and conclusions that could be drawn from the study in order to build a 

successful business model in the future. For example, it was demonstrated that a focus on 

financing and product reliability is key to implementing a successful distribution campaign. This 

is because community members are willing to invest in a new technology as long as it can 

demonstrate economic savings in a reasonable amount of time, and does not impart financial 

stress on the customer. Even if the products are built to last, the availability of spare parts and/or 

trained repairmen is also crucial to ensuring a sustainable industry. This fact was demonstrated 

by the time and effort that was required to train workers in the January 2011 visit, as well as the 

numerous requests for spare parts from the community members who were all too familiar of the 

consequences of a lack thereof, before agreeing to purchase the lanterns. 

Marketing and consumer awareness are important, but because the intrinsic value of the products 

can often be communicated very quickly, a greater emphasis must be placed on physical access. 

This last-mile distribution can be achieved through proprietary or piggy-backed channels. 



133 

 

Discussions with community members and other industry participants suggest that actors such as 

medical workers, schools, or religious communities should also be engaged with, as potentially 

promising partners for distribution. This is due to factors such as community influence, strength 

of networks, and physical mobility. Targeting locally-organized women’s groups may also be an 

effective way to position the technology, as women tend to shoulder a disproportionate share of 

the fuel burden through activities such as the procurement of firewood, supervision of studying 

children, and cooking in the home. 

As an alternative to providing direct financing access, it may also be useful to explore 

community-level solutions such as centralized charging stations or collective rental agreements. 

Variations of these models have been implemented by organizations such as UNIDO (UNIDO, 

Vienna, Austria), SELCO (SELCO, Bangalore, India), and EGG-Energy (EGG-Energy, Dar es 

Salaam, Tanzania). There is a significant advantage in that each individual’s or household’s 

financial burden is reduced. There are trade-offs, however, because no individual or household 

ends up directly owning the product, and there is a strong reliance on communal ties. Depending 

on the specific community, this last point could be seen as a positive or negative attribute. 

Finally, while an import-driven model run by a large company can use economies of scale to cast 

a large distribution net, this model also creates reliance by customers on external actors. It is 

therefore worth exploring the feasibility of home-made or locally-produced and distributed 

lanterns. This idea will be discussed more in depth under policy recommendations. 
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6.9.3 Policy Recommendations 

The outcomes of this study lead to several personal recommendations for policymakers. While 

these recommendations are geared specifically towards the solar lighting industry, many are 

relevant to other technologies – solar or otherwise – as well. 

Government need to prioritize energy access as an agenda item: The first step towards providing 

energy access to the 1.3 billion people around the world who still cannot meet their fundamental 

energy needs with modern fuel sources is to ensure that the concept of energy access becomes – 

and remains – a key priority area for governments. This is a personal issue for those countries 

whose electrification rates are below average. But this can be significantly aided by electrified 

countries as well, who can make meaningful contributions through a transfer of technology and 

knowledge, commitment of financial assistance, and reinforcement of political resolve as part of 

their broader efforts to provide development assistance. 

Global conferences, such as the June 2012 Conference on Sustainable Development (“Rio+20”) 

are, therefore, important because they convene the world’s leaders to discuss pressing issues 

such as energy access. The fact that this topic may become a focal point should help galvanize 

the international community to prioritize energy access in their programming. Just as the 

Millennium Development Goals (MDGs) helped issues such as clean water and maternal health 

care receive prominence in global agendas, inclusion of energy access in the post-2015 context 

or still-under-discussion Sustainable Development Goals (SDGs) would also help provide 

mandates for monetary and time expenditures towards the issue. Government buy-in and 
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prioritization is therefore the first crucial step towards achieving successful energy access 

initiatives. 

The public and private sector should form strategic partnerships to address this urgent concern: 

While government assistance is crucial, efforts towards electrification should not focus 

exclusively on top-down or donor-driven models. Rather, a private sector and entrepreneurial 

approach should be taken to achieve scale, efficiency, and sustainability in the diffusion of 

energy technology, particularly solar lanterns. This is because, as has been shown before, value 

can and will be associated with this technology, which can be shown to be cost effective against 

conventional fuel sources. There is therefore a need for a coordinated effort between the public 

and private sectors in order to operate effectively. This will require an evidence-based approach 

to ensure that the best policies and technologies are supported and enabled. Case studies such as 

this will therefore help strengthen the case for promoting and investing in solar lantern 

technology in particular.  

The government can help do this by creating a favorable environment that will attract private 

sector investments and business operations. According to the Doing Business index, Kenya 

ranked 106th out of 183 economies in terms of ease of doing business in 2011, when this study 

took place, with rankings of 128th and 111th in terms of starting a business and getting access to 

electricity, respectively [288]. This shows that there is a lot of room for improvement in 

countries such as Kenya, where it takes on average 11 procedures and 33 days to register a new 

business. Making the process simpler and more transparent will do a lot towards ensuring that 

companies feel welcome in starting a business there. Political stability, combined with consistent 

and predictable policies, is also essential in order to mitigate risk and secure long-term 

investments by companies seeking to enter into new markets. 
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In addition to implementing systemic reforms, governments should implement regulatory 

measures that promote the solar lantern industry. This could perhaps come in the form of 

subsidies, as have been popular in many countries around the world, although the common feed-

in tariff for SHSs [289] would not be directly applicable to an off-grid community. Or, for 

example, import taxes for solar lanterns could be reduced or eliminated so that the technologies 

are even more price competitive with conventional fuel sources. Care should be taken, however, 

not to over-subsidize these products to the point of creating a dependency on this financial 

assistance for the industry. Finally, governments should be willing to consider measures that 

reflect a more broad-based embrace of renewable technologies and other energy alternatives to 

the national grid. This could include reducing financial assistance (e.g. tax benefits, subsidies, 

etc.) that excessively-favor non-renewable utilities, promoting and educating the general public 

on the benefits of renewable energy, and setting targets for renewable energy production or 

consumption in their energy portfolios. 

 

Access to a broader range of financial instruments should be provided for energy service: Due to 

the key role that financing plays in accessing new technology, such as solar lanterns, it is 

important that innovative financial tools are properly utilized to make the technology affordable 

at prices that still allow for solar lantern companies to operate without a reliance on donations or 

subsidies. This will likely require considerable involvement from micro-finance institutions and 

other community-based lending programs. The creation and strengthening of such institutions 

should, therefore, be supported by the government and its policies, as they will provide the 

necessary link between supplier and consumer. Since micro-finance institutions rely so much on 
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credibility, governments should be careful that the industry is properly monitored to ensure that 

these lending agencies are trustworthy and reliable. 

Many micro-finance institutions were initially created to directly fund income-generating 

activities and ,therefore, may be more inclined to finance, say, a group of women hoping to sew 

textiles for profit rather than fund the purchase of technology or personal electronics. However, 

micro-finance institutions should realize the role that solar lanterns and other energy 

technologies play in wealth creation. For example, solar lanterns can directly increase the 

number of productive hours, power communications electronics (mobile phones, radios, etc.), 

and enhance people’s literacy in modern technology. These considerations should, therefore, be 

taken into account as micro-finance institutions evaluate peoples’ lending requests and 

portfolios. 

Solar lantern companies wishing to expand their financing offerings should explore existing 

solutions and partnering with micro-finance organizations. It is far easier for financing 

organizations to add a technology to their product offerings than for a technology company to try 

to directly enter into the financing field. Micro-finance organizations that already specialize in 

the financing of technologies for rural and off-grid areas such, as water filters or high-yield grain 

[290] are particularly appealing because they have already proven their track record, earned their 

trust, and helped establish a credit history and chain of accountability with the community 

members. A strategic partnership would allow each organization to specialize and exploit their 

competitive advantage. The value of each organization’s role should, therefore, be effectively 

communicated, in order to create a strong partnership. 
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Regulations should be put into place to ensure product quality and prevent market spoilage: It 

has been shown that maintaining high standards for product quality is essential in building a 

strong and sustainable industry. Given that consumers will be asked to spend the equivalent of 

multiple days’ worth of wages to purchase these technologies, they will have certain expectations 

for the products’ performance. Granted, sometimes a lack of proper consumer awareness can 

create unreasonably high expectations that simply cannot be met [291], [292]. However, there 

are certainly minimum thresholds for product lifetimes that should be met in order to create a 

strong reputation. The most obvious benchmark is the duration that is equivalent to the 

breakeven point that would make the lanterns cost effective compared to conventional fuel costs. 

This could take days, weeks, or months. Yet another factor is the remoteness of the community 

and the effort required to maintain or replace a broken or worn-down device. 

Governments should, therefore, regulate the industry through consumer protection measures such 

as quality assurance or reliability programs. Such measures would include the strenuous testing 

of products for mechanical and electrical failure. Lighting Africa has already created its own 

quality assurance testing and rating program but successful implementation of this mechanism 

will require the full support of local governments in adopting and adhering to these certifications. 

For example, governments could agree to ban products that do not meet these standards or 

reduce import tariffs for those products that have been approved to make them more cost 

competitive. Failure to take action can easily up-end the industry, if unreliable or imitation 

products start flooding the market, as solar home systems nearly did in Kenya [278]. 

Product reliability is not just a matter of trustworthy versus fraudulent companies, however. 

Given the rugged conditions that these products are operating in, it is almost impossible to ensure 

that a product will be able to survive months and years without problems. Hence, even the best-
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constructed products will have individual components with varying lifetimes. For example, a 

solar panel may last 25 years, but a battery only 2 years. Solar lantern companies should, 

therefore, be encouraged to offer warranty programs and/ or, depending on the circumstances, 

consider the training and hiring of licensed local repairmen/ women in the field. Such measures 

would reassure consumers in mitigating risk, enhance feedback mechanisms between suppliers 

and consumers, and even result in job creation. Solar lantern companies could also greatly 

improve the versatility and lifetimes of their products if they design lanterns with easily-

replaceable spare parts, rather than sticking to proprietary or special-order components. 

 

Governments should work towards promoting local production capacity in the long term: As 

discussed earlier, there is a strong potential for locally-produced lanterns. Governments should, 

therefore, encourage and support the local production and innovation of this technology. 

Kenyan-made prototypes for solar lanterns have already emerged from this study. These are 

based on converted hurricane lanterns. For these lanterns, the only component that was specially-

ordered was the solar panel itself. While the quality of each lantern may not be as high as 

factory-produced plastic designs, the theory is that the local artisans and workers who assemble 

these lanterns from locally-available parts will also be better positioned to repair the lanterns if 

or when they do break. 

Overall, this may be a less efficient approach without the aid of local large-scale manufacturing 

capacity. Entrepreneurship also, cannot happen overnight, or without the support of the required 

policies. Renny Mutai [293], for example, cites government support, limited business skills, and 
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a shortage of technology experts as some of the factors constraining micro and small enterprises 

(MSEs) from boosting technological capabilities in Kenya.  

Yet, there is a real opportunity for grassroots innovation that could “trickle up” from emerging to 

developed markets, much as have many mobile phone-based technologies; studies of mobile 

platform technologies have shown numerous examples where users in emerging markets are not 

only leap-frogging landline technologies, but are also innovating new banking or health-based 

services in order to satisfy unmet needs [294]–[298].  

The constrained circumstances of off-grid communities could certainly push innovation and the 

functional boundaries of technology. Our survey already showed that these communities 

routinely use car batteries to power many things besides cars. It is, therefore, entirely 

conceivable that an “app”-based design approach, incorporating open-source or modular add-ons 

to, say, scale lighting or battery capacity, or connect new types of devices, could result. The 

telecom industry itself could continue to evolve, given that solar lanterns could open new 

markets for mobile phones in even more remote areas, through their provision of mobile 

charging capabilities. 

Prospective local entrepreneurs should, therefore, have access to the financial and training tools 

that they may need to find energy-related business opportunities at any stage of the supply chain, 

rather than wait on promises for transmission grids that may never come. This bottom-up 

approach would, therefore, result in job creation and knowledge transfer that would ensure 

stronger long-term investment and sustainability by the communities themselves. Such 

approaches would secure a vested interest from local stakeholders who may open up new market 

opportunities that were not previously considered by or accessible to foreign companies. 
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Governments should be very mindful of this balance. Given the sheer number of people living in 

energy poverty and suffering its real effects, governments should continue to create an enabling 

environment in order to open up their markets and allow foreign companies who have the 

strength of scale and efficiency to enter and distribute the technology and its concept to as many 

people as possible. These businesses should also be able to operate without fear of their 

intellectual property being misappropriated, or for a resurgence of local imitation products. The 

governments should also simultaneously support and invest in local research and development 

that would help create local production facilities, train local entrepreneurs, and ensure that these 

locally-produced models are of good quality and financially competitive in their own markets. 

 

6.10 Concluding Remarks 

Solar energy has the potential to play a remarkable role in providing energy access to the 1.3 

billion people around the world who still lack access to modern fuel sources for their energy 

needs. Solar lanterns, in particular, present a viable opportunity to provide cost-effective and 

self-sufficient lighting at the reach of BOP consumers who live on less than $2/day. In this study, 

a year-long survey assessment was conducted on a rural off-grid community in Central Kenya to 

determine the different factors that affected the adoption of solar lanterns in the community and 

assess their impact on people’s socio-economic, health, and education levels. 

 The lanterns were shown to have a 96% adoption rate in the sample community, and 

resulted in a 14.7% drop in annual lighting-related expenditures. Kerosene usage was virtually 

eliminated and community members reported a positive impact on their health levels and 

education habits as well. It was also shown that the availability of a financing option was crucial 
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to making these lanterns affordable to the community members, with monthly installments on 

par with average kerosene expenditures being chosen over an up-front payment scheme in all but 

two cases. The lanterns were not perfect products, however, and many underwent wear and tear 

throughout the course of the year. Proper training was provided to community members in order 

to maintain and extend the lifetime of the lanterns, thus increasing their effective value.  

 The results of this study can be used to formulate evidence-based policy and business 

strategies that promote solar lanterns and other related technologies as viable tools for energy 

access and economic development. Policymakers should recognize the need for such solutions 

and their potential impact on communities with a sense of urgency. They should therefore work 

with the private sector in order to create favorable environments to attract investments and 

entrepreneurship. These companies, in turn, should develop innovative financing mechanisms 

that work well with consumers’ financial portfolios, while also finding creative approaches to 

their distribution chains to reach markets in both urban and remote areas. Finally, it is crucial that 

these ventures work to ensure that they deliver high quality products that retain consumer 

confidence in this and other increasingly sophisticated technologies. 
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CHAPTER SEVEN  

CONCLUSIONS AND FUTURE WORK 

7.1 CONCLUSION 

The following subcategories contain the concluding remarks on each of the chapters in this 

dissertation. 

7.1.1 Failure Mechanisms of Flexible Organic Solar Cell Structures under Bending 

This Chapter examines the effects of cyclic bending on the deformation and failure of layers that 

are relevant to flexible organic solar cells (with Polyethylene Terephthalate (PET) substrates and 

Poly-3-hexylthiophene: [6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM) active 

layers). The deformation and cracking mechanisms are elucidated along with the stresses and 

crack driving forces associated with the bending of flexible organic solar cells. The changes in 

the optical properties (transmittance) of the individual layers and multilayers are then explored 

for layers/multilayers deformed to flexural strains and stresses that are computed using finite 

element models. The implications of the results are then discussed for the design of flexible 

organic solar cells. 

7.1.2 Effects of pre-buckling on the bending of organic electronic structures 

This Chapter explores the extent to which pre-buckling of layers (in thin film multilayered 

structures) can be used to increase the flexibility of organic electronic devices. The deformation 

of wavy/buckle profiles, with a range of nano- and micro-scale wavelengths, is modeled using 

finite element simulations. The predictions from the models are then validated using experiments 

that involve the bending of layered structures that are relevant to flexible organic electronics. 
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The introduction of pre-buckled profiles is shown to increase the range of deformation that is 

applied to model structures, prior to onset of significant stresses and strains. The implications of 

the work are discussed for the design of robust flexible organic solar cells.  

7.1.3 Cold Welding of Organic Light Emitting Diode: Interfacial and Contact Models 

This section presents the results of on analytical and computational study of the contacts and 

interfacial fracture associated with the cold welding of Organic Light Emitting diodes (OLEDs). 

The effects of impurities (within the possible interfaces) are explored for contacts and interfacial 

fracture between layers that are relevant to model OLEDs. The models are used to study the 

effects of adhesion, pressure, thin film layer thickness and dust particle modulus (between the 

contacting surfaces) on contact profiles around impurities between cold-welded thin films. The 

lift-off stage of thin films (during cold welding) is then modeled as an interfacial fracture 

process. A combination of adhesion and interfacial fracture theories is used to provide new 

insights for the design of improved contact and interfacial separation during cold welding. The 

implications of the results are discussed for the design and fabrication of cold welded OLED 

structures. 

7.1.4 Study of Solar Powered LED: Implications for Policy 

The problem of access to electricity is still a major challenge to about 2 billion people that still 

live in rural and urban off-grid areas on incomes of $1-2/day. Since the cost of linking these 

people to the grid is high, there is a need to explore the development of alternative energy 

solutions for the provision of electricity in such contexts. There is also a need to develop new 

insights for the formulation of evidence-based policy that could enable the development of 

strategies to provide electricity to people that live in off-grid areas. This chapter presents the 

results of a survey that provides insights for the formulation of evidence-based policy for the 
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adoption of solar lanterns into rural/urban off-grid areas. The two year questionnaire study was 

carried out in Mpala Village in the Laikipia district of Kenya. The study identifies the factors 

that resulted in the adoption rate of 96% and a decrease of 14.7% in annual family expenditures. 

The social and health impacts are also elucidated before discussing the implications of the results 

for the formulation of evidence-based solar energy policy in developing countries.  

“Without policy incentives to overcome socioeconomic inertia these could take more than 50 

years to penetrate to their market potential. [286] These results underscore the pitfalls of ‘wait-

and-see’. This past century, accelerated technology development from wartime and postwar 

research produced commercial aviation, radar, computer chips, lasers and the Internet, among 

other things. Researching, developing and commercializing carbon-free primary power 

technologies capable of 10–30TW by the mid-twenty-first century could require efforts, perhaps 

international, pursued with the urgency of the Manhattan Project or the Apollo Space 

Programme. The roles of governments and market entrepreneurs in the eventual deployment of 

such technologies need to be considered more comprehensively than we can do here. But the 

potentially adverse effect of humanity on the Earth’s climate could well stimulate new industries 

in the twenty-first century, as did the Second World War and the ‘cold war’ in this century.”[2] 

 

7.2 FUTURE WORKS 

7.2.1 Failure Mechanisms of Flexible Organic Solar Cell Structures under Bending 

This chapter focused primarily on the mechanical characterization of bendable organic 

photovoltaic cells with little investigation in the optoelectronic aspect. Further work could be 

done on the flexible manufactured OPV to analyze the systems efficiency effect on bending. This 
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could be a novel work for adaptation in the electronic industry in the quest to go in the direction 

of foldable electronics and electronic textiles including an architect’s design of drape-able solar 

panel structures. 

7.2.2 Effects of Pre-buckling on the Bending of Organic Electronic Structures 

Since this section looks in details as to the effect of pre-buckled structures on the bending of 

organic electronic structures, it would be worthwhile to apply such finding in the flexible 

electron industry to serve as a guideline on the production of foldable and wearable electronics. 

7.2.3 Cold Welding of Organic Light Emitting Diode: Interfacial and Contact Models 

Further analyses where done on previous work from literature to address the effects of dust 

particles on organic light emitting diodes fabrication. A holistic comparison with literature on the 

pull-off technique in cold welding would be very essential for the experimentalist who would 

want to harness all the excellent privileges of a clean room system. The study shows that the 

surface contacts improve with increased pressure, reduced film thickness and reduced interfacial 

nanoparticle stiffness. However, improved contacts result in higher lift-off forces for interfacial 

separation during the pattern transfer stage of cold welding. Increased pressure may also lead to 

sink-in of dust particles, which may lead to device damage. An intermediate pressure range is, 

therefore, needed for the effective cold welding of Au-Au and Au-Ag layers. Also, the analytical 

model shows that the void length is dependent on the effective modulus and height of the dust 

particle. 

7.2.4 Study of Solar Powered LED: Implications for Policy 

A replication of this study to other deprived comminutes would be a very admirable future work 

to undertake. ‘The United Nations Framework Convention on Climate Change calls for 
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‘‘stabilization of greenhouse-gas concentrations in the atmosphere at a level that would prevent 

dangerous anthropogenic interference with the climate system . . .’’. A standard base- line 

scenario that assumes no policy intervention to limit greenhouse-gas emissions has 10 TW of 

carbon-emission-free power being produced by the year 2050, equivalent to the power provided 

by all today’s energy sources combined.’[2], [299]–[303]  

To achieve this by 2050, then similar studies and implementation policies need to be made 

throughout the world whereby communities would be required to use carbon emission free 

power.  
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APPENDIX A: ANALYTICAL CALCULATION OF CONTACT LENGTH AS A 

FUNCTION OF APPLIED PRESSURE FOR COLD WELDING 

The surface energy between the film and the substrate is the product of pressure  P , surface 

contact area  aLc   and effective height of the particle  
effh .

22
 This is written as: 

  cce PahLhaLPU          A1 

Since sLLc  , the total energy in Equation 1 can now be written as: 
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Introducing the effective modulus and changing h  to 
effh gives: 
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