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Abstract 

 My thesis describes how photovoltaic performance can be improved by careful 

engineering and incorporation of optical elements and materials external to the devices.  These 

optical elements and materials include periodically nanostructured semi-transparent metallic 

reflectors that are integrated below microcells, a light trapping structure on the cell’s surface, a 

down-shifting material that coverts ultraviolet light into visible light, as well as optical elements 

that can spectrum split light between two subcells of different band gaps.  The solar cells studied 

in this work are Si, InGaP, and GaAs solar microcells.  Their fabrication and characterization – 

along with the rationale behind certain design principles –are discussed. 

For the case of the periodically structured backside reflector and the surface light 

trapping structures, Si solar microcells were studied and I was able to demonstrate that in both 

instances Fabry-Perot resonances trap impinging light inside the Si slab via excitation of cavity 

modes and are the main photocurrent enhancement mechanism.  This was shown through 

experimental measurements and compared to computational modeling.  For each of these 

systems, significant absorption enhancements were observed in the near infrared — as shown 

from simplified quantum efficiency measurements and absorption measurements — that agreed 

with the computational models.  For the metallic backside reflector integrated behind a Si 

microcell, experimental and computational results show that surface plasmons make no 

significant contribution to the enhanced photocurrent. 

For the project discussing the ultraviolet downshifting material, a Eu-based inorganic 

complex has beneficial effects on the overall cell performance.  Experimental measurements on 

InGaP microcells showed improved performance in the ultraviolet portion of the spectrum where 
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the down-shifting material is active.  The mechanisms by which the down-shifting material 

affects cell performance are reviewed and further improvements to solar devices implementing 

down-shifting materials are also discussed. 

 Optical elements such as prisms and dichroic mirrors have previously been employed in 

spectrum splitting designs.  Working with micro-scale solar cells, chromatic aberration can be 

used to spectrally split the sunlight.  In the last part of my thesis, optical modeling results for a 

prism lens spectrum splitting configuration as well as an aspheric lens with a high degree of 

chromatic aberration are discussed.  Experimental results are presented that show the aspheric 

lens can be incorporated into a multijunction spectrum splitting solar cell design.  Experimental 

performances for InGaP and GaAs solar cells in a model spectrum splitting device are examined.  

Finally, a discussion of future directions of photovoltaic research – particularly with III-V 

materials – is reviewed. 

 

 

 

 

 

 

 

 



iv 

 

 

 

 

 

 

 

To my family, friends, as well as the sun: for blessing upon all of us the ability to flourish 

through its astonishing power.  Also, thanks for not consuming us yet. 

 

 

 

 

 

 

 

 

 

 



v 

 

Acknowledgements 

 Multiple individuals have helped to make this work come to fruition. I would like to 

thank my advisor Ralph Nuzzo, John Rogers, my committee, as well as my collaborators and 

group members for challenging me, providing idea generation, problem solving, and inspiration.  

More specifically, thank you to those whom I have had the pleasure of collaborating with over 

the course of my time: Hyun-Joong Chung, Debashis Chanda, Ki Jun Yu, Xing Sheng, Junwen 

He, Mikayla Anderson, Lanfang Li, Somi Kang, and Ling Shen.  I would also like to thank 

Angus Rockett and Matt Meitl for laying the foundation for my understanding of photovoltaics 

and Mike Hansen and Glenneys Mensing for their invaluable knowledge in microfabrication.  

Thank you also to my many wonderful friends and family members for all of their guidance and 

support.  Coming here has made me a better person and I have learned a lot and have also had 

the pleasure of working with some of the most talented and knowledgeable individuals in their 

respective fields. 

 To the Nuzzo Group members – Matthew Smalls, Sergio Sanchez, Miguel Casòn, Jason 

Goldman, Evan Erickson, Enes Oruc, An-Phong Le, Huaibin Zhang, Eric Brueckner, Yuan Yao, 

Lu Xu, Audrey Bowen, Lanfang Li, Peixi Yuan, Chris Daily, Joselle McCraken, Marvin Malone, 

David Wetzel, Brittany Rauzan, Annika Elsen, Adina Badea, and others – I can’t think of a better 

group of people to share a lab space with.  I wish you all the best in your future endeavors. 

  



vi 

 

Table of Contents 

Chapter 1: An Overview of Photovoltaics and Transfer Printing………………………...……….1 

1.1 Solar Energy……………………………………………………………………..…….1 

1.2 The Photovoltaic Effect: Solar Cells as Bucket-Feeding Water Wheels……...………2 

1.3 Theoretical Limits for Solar Cell Performance and Choice of Materials……..………4 

1.3.1 Key Solar Cell Parameters………..……………………………………….5 

1.3.2 Solar Cell Loss Mechanisms……………………………………….…….10 

1.4 Sunlight and Laboratory Testing Conditions………………………………….……..12 

1.5 The Value of Improved Solar Cell Conversion Efficiency – The Nominal Cost of 

Solar Electricity……….………………………………………….………………….13 

1.6 Transfer Printing of Micron-Sized Inorganic Electronic Elements…..……..…...…..15 

1.7 Micro-Scale Solar Cells………………………………………………………….…..17 

1.8 Concentration Photovoltaics……………………………………………….…….…..19 

1.9 Overview of Dissertation……………………………………………………….…....22 

1.10 Figures and Tables.…………………………………………………………....…23 

1.11 References………………………………………………………………….…….34 

Chapter 2: Light Trapping in Thin-Film Silicon Solar Microcells………………………….…...38 

 2.1 Abstract………………………………………………………………………….…...38 

 2.2 Introduction……………………………………………………………………….….39 

 2.3 Materials and Methods…………………………………………………………….…44 

  2.3.1 Fabrication of the Si Microcells from Silicon-on-Insulator Wafers…….…44 

  2.3.2 Fabrication of the Backside Reflectors……………………………….....…45 

  2.3.3 Fabrication of Thin-Film Silicon Microcells from Bulk Wafers with a  

Light-Trapping Structure………………………………………………………...47 

2.3.4 FDTD Models….…………………………………………………………..49 

2.3.5 Cell Measurements…………………………………………………............50 

2.3.6 Solar Cell Measurements with Apertures…...…………………………..…50 

2.4 Results and Discussion……….………………………...……………………………52 

2.4.1 Microcells on the Backside Reflector………………………………….......52 

2.4.2 Surface Light-Trapping Structures……………...………………………....58 

2.4.3 Applications to Commercial Photovoltaic Devices……...………………...61 



vii 

 

2.5 Conclusions………………………………………………………...………………...62 

2.6 Acknowledgements.……………………………………………...……………...…...62 

2.7 Figures and Tables..………………………………………………………………….64 

2.8 References……………………………………………………………………………82 

Chapter 3: Fabrication and Characterization of InGaP and GaAs Solar Microcells under One 

Sun and Concentrated Light………………………………………………………….......87 

3.1 Abstract………………………………………………………………………………87 

3.2 Introduction…………………………………………………………………………..87 

 3.2.1 Compound Semiconductor Microcells…………………………………….88 

 3.2.2 Epitaxial Lift-Off Technique………………………………………………89 

3.3 Materials and Methods……………………………………………………………….90 

 3.3.1 InGaP Solar Cell Epi-Stack………………………………………………..90 

 3.3.2 GaAs Solar Cell Epi-Stack………………………………………...…….…91 

 3.3.3 Wet Etchants……………………………………………………………….92 

 3.3.4 InGaP Cell Fabrication…………………………………………………….93 

 3.3.5 InGaP Etching Issues………………………………………………………95 

 3.3.6 Photolithography Processes……………………………………….….……95 

 3.3.7 GaAs Cell Fabrication……………………………………………………...96 

 3.3.8 GaAs with a P-Contact on the Back Surface………………………………98 

 3.3.9 Cell Encapsulation for Large-Area Contacts………………………………99 

3.4 Results and Discussion……………………………………………………………..101 

 3.4.1 Microcell Performance under One Sun and Concentrated Light…....……101 

 3.4.2 COMSOL Modeling for an Improved Contact Design…………………...101 

 3.4.3 Transmission-Line Measurements……………………………………..…103 

 3.4.4 Cells under Concentrated Light……………………………………….….103 

 3.4.5 Cell Performance Values and Room for Further Improvements…………104 

3.5 Availability of Photovoltaic Materials……………………………………………...107 

3.6 Conclusions…………………………………………………………………………108 

3.7 Figures and Tables.…………………………………………………………………109 

3.8 References…………………………………………………………………………..120 

 



viii 

 

Chapter 4: Enhanced Ultraviolet Responses in Thin-Film InGaP Solar Microcells by 

Down-Shifting…………………………………………………………………..………124 

4.1 Abstract……………………………………………………………………………..124 

4.2 Introduction…………………………………………………………………………124 

4.3 Materials and Methods……………………………………………………………...126 

4.3.1 InGaP Cell Design and Fabrication………………………………………………126 

4.3.2 InGaP Cell Encapsulation in SU-8…..…………………………………………...127 

4.3.3 Encapsulation of the Cell with the Luminophore………………………………...128 

4.4 Results and Discussion……………………………………………………………..129 

4.4.1 Optical Results……………………………………………………………129 

4.4.2 Current-Voltage Results…………………………………………………..131 

4.5 Conclusions…………………………………………………………………………131 

4.6 Acknowledgements…………………………………………………………………132 

4.7 Figures………………………………………………………………………………133 

4.8 References…………………………………………………………………………..139 

Chapter 5: Future Directions with Spectrum Splitting and Other Photon Management  

             Strategies...……………………..………………………………………………………142 

 5.1 Abstract……………………………………………………………………………..142 

 5.2 Introduction…………………………………………………………………………142 

  5.2.1 Multijunction Solar Cells…………………………………………………143 

  5.2.2 Mechanically Stacked Solar Cells………………………………………..145 

  5.2.3 Spectrum Splitting by Employing Optical Elements……………………..145 

 5.3 Materials and Methods……………………………………………………………...147 

 5.4 Results and Discussion……………………………………………………………..148 

  5.4.1 Prism/Lens Configuration………………………………………………...148 

  5.4.2 Aspheric Lens…………………………………………………………….149 

  5.4.3 GaAs under a 665 nm Long-Pass Filter………………………………….151 

 5.5 Conclusions…………………………………………………………………………152 

 5.6 Future Directions…………………………………………………………………...152 

 5.7 Figures and Tables.…………………………………………………………………156 

5.8 References…………………………………………………………………………..170 



1 

 

Chapter 1 

An Overview of Photovoltaics and Transfer Printing 

 

1.1 Solar Energy 

 Everything uses energy.  Energy is the currency to do work.  For our energy 

infrastructure, fossil fuels remain the chief source of energy [1].  There are several other energy 

sources, however, that are ideal for generating power.  Figure 1.1 illustrates the reserves for 

several of these potential energy resources.  As reported in the figure, for non-renewables, fossil 

fuels such as coal, petroleum, and natural gas have estimated reserve amounts of 900 TeraWatts 

(TW), 240 TW, and 215 TW, respectively [2].  Another potential avenue for power generation 

comes from uranium which has between 90 – 300 TW of reserves (Figure 1.1), but this is also a 

finite resource.  These sources can only support energy production for a limited amount of time.  

With current global demand for energy at roughly 16 TW per year [1], and with the expected 

demand for energy projected to reach roughly 28-40 TW per year by 2050 [1, 2], finite resources 

are only sustainable for around 100 years [3].  From Figure 1.1, solar energy is chief among 

renewables – approximately 23,000 TW of light fall to the earth’s surface every year.  

Additionally, the sun also contributes to the other renewable resources.  For the case of 

hydroelectricity, the water cycle of our planet is powered by evaporation, which is the result of 

solar heating.  The water cycle combined with the earth’s rotation creates non-uniformities in our 

atmosphere to produce wind power.  Photosynthesis is the result of using energy from photons to 

convert carbon dioxide into sugars.  Besides using hydroelectricity and wind power, solar energy 

can be utilized through photovoltaic devices which directly convert light into usable energy.   
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 There are other systems such as photothermal and photoelectrochemical systems, but 

these are beyond the scope of this thesis.  This thesis covers photovoltaic systems.  For more in-

depth discussions of photothermal and photoelectrochemical systems, readers are encouraged to 

see references [4, 5].  The sections that follow are a brief overview of the operating principles of 

photovoltaic devices, transfer printing, and micro-scale solar cells.  For more in-depth 

discussions on particular topics which are related to photovoltaics, readers are encouraged to 

review references [6-9]. 

1.2 The Photovoltaic Effect: Solar Cells as Bucket-Feeding Water Wheels 

 Figure 1.2 illustrates a cross-section of a typical III-V solar cell – in this case composed 

of GaAs.  Most solar cells follow a similar scheme: they have passivation on the surface – in this 

case, it is an InGaP window layer on the front surface.  They have a back-surface field (here a 

highly doped AlGaAs layer) as well as emitter and base layers that form the p-n junction and 

also serve for photon collection; they also have contacts that collect the current to provide power 

to an external load.  When a solar cell is exposed to a light source, several steps occur to produce 

an electrical load: (1) light enters the device to generate electron-hole pairs that (2) traverse the 

depletion region to become majority carriers.  After becoming majority carriers they further 

move across the device to be (3) collected by their respective contacts and flow into the external 

circuit to power a device.  These might sound like abstract ideas.  For an analogy that is more 

intuitive with everyday experiences, the solar cell can be thought of as a bucket-feeding water 

wheel – as shown in Figure 1.3.  In this bucket-feeding water wheel analogy, rainfall is 

equivalent to the incident sunlight; the pressure head built up inside of the bucket can be thought 

of as the solar cell’s built-in voltage; the water flow through the nozzle is similar to the current a 

cell produces; and the water wheel output power is analogous to the power a solar cell produces.   
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 The analogy can be extended even further by taking the bucket to have a few leaks.  

Sidewall and bottom leakage from the bucket can be thought of as recombination occurring at 

the surface and bulk of the solar cell, respectively.  Surface recombination is a major problem in 

solar cells and passivation techniques must be implemented in order to achieve superior 

performance.  For III-V devices, this is achieved by growing larger band gap materials around 

the absorber layer [6-8] (the InGaP window layer and the AlGaAs back-surface field for the case 

of Figure 1.2); while for silicon, this is achieved by using passivation schemes such as silicon 

nitride or silicon dioxide [9].  Traditional solar cells are usually macroscopic in scale – Si cells 

can be 5 inches across.  As such, passivation is necessary on the top and bottom surfaces of the 

device, but sidewall passivation is unnecessary since recombination along the edges is negligible.   

This bucket-feeding water wheel analogy can be extended even further.  In Figure 1.4 

there are three possible out-put cases for the bucket-feeding water wheel.  In the first, leftmost, 

case presented in Figure 1.4, the valve on the nozzle can be completely open.  This causes a ton 

of water (current) to flow out of the nozzle, but very little pressure (voltage) is produced since 

the pressure head is quickly diminished – as can be seen in the lower diagram.  Another 

possibility is to have a valve that is almost restricted completely.  This condition, in turn, 

produces a ton of pressure but no water flow.  The water wheel barely moves in this case and the 

current-voltage curve has an immense voltage, but very little (if any) current.  The balance 

between these two conditions is shown in the rightmost figure.  If the valve is partially restricted, 

optimal pressure and flow can be achieved and the maximum work is produced.  This is what 

researchers strive for in solar cell research – a balance of the two components.  Thermodynamics 

is at play and therefore a balancing act is in order to maximize the system’s work to achieve the 

maximum amount of power.  This will be discussed further in the sections that follow. 
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1.3 Theoretical Limits for Solar Cell Performance and Choice of Materials 

 Shockley and Quesseir calculated the theoretical thermodynamic limit for solar cell 

efficiency using a method known as the method of detailed balance [10].  Neglecting material-

specific considerations, this calculation considers the solar cell to be a heat engine such that the 

calculated upper limit of conversion efficiency is allotted by the second law of thermodynamics.  

From introductory thermodynamics, every ideal process is reversible such that the energy 

conversion efficiency for the Carnot heat engine is given by 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
1−𝑇

𝑇𝑠
     (1.1) 

where T and Ts are the temperatures of the working environment – in this case the temperature of 

the solar cell – and the heat source – the sun.  Because an actual solar cell cannot collect all of 

the light since it has specific band gap that restricts light absorption, the projected efficiency 

limit is not physically obtainable.  For the energy that is available, however, there exist non-

reversible requirements that must be met to achieve the highest possible efficiency; these are that 

(1) no resistive losses must be present throughout the device and that (2) there is no non-radiative 

recombination occurring inside of the solar cell.  That is, radiative recombination is the only loss 

mechanism.  At steady state, detailed balance principles dictate that for each frequency of light 

the rate of excitation and irradiative decay must be equal.  Working under these conditions – 

along with the premise that all energy greater than the band gap of the semiconductor is 

collected– the upper efficiency limit is a function of band gap energy.  A relation of greatest 

possible efficiency is plotted as a function of band gap in Figure 1.5a. 

 Even though there are no photovoltaic materials that meet all of the requirements put 

forth by Shockley and Queisser, certain materials can come close to the ideal model.  In order to 
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have a conversion efficiency that is close to the upper theoretical limit, the material must have 

large carrier mobilities so that all of the carriers reach their respective contacts.  The material 

must have a high degree of spontaneous emission and be close enough to the optimum band gap 

given in Figure 1.5b – a band gap that is close to 1.1 eV.  The plot in Figure 1.5b details external 

radiative efficiency (ERE), that is, how often radiative recombination (light emission) occurs, at 

values of 100% (black), 1% (gold), 0.01% (teal), 0.0001% (purple), and 0.000001% (bronze).  

This figure also uses the AM 1.5G solar spectrum – a more accurate representation of the solar 

spectrum that will be discussed in greater detail later – rather than approximating the sun as a 

black body.  (Using this solar spectrum – as opposed to a 6000 K black body is what causes the 

theoretical upper-limit of efficiency to drop from ~ 42 % to ~ 33 %.)  The state-of-the-art 

efficiencies for various solar cell materials are also plotted in the figure.  Crystalline GaAs, 

which has an extremely high ERE, is the most efficient solar cell material to date.  Other 

crystalline materials – Si, InP, InGaP – are also presented.  Although crystalline Si is known to 

have a low ERE, this material performs better than poly- or amorphous-crystalline materials such 

as CIGS, CdTe, a-Si and organic systems because Si has very large carrier mobilities.  A greater 

value for ERE is desirable for solar energy conversion as light can be better trapped inside of the 

solar cell.  To put it another way, in order to have a high-performing solar cell, a good solar cell 

must behave like a good light emitting diode.  For this reason GaAs has a better energy 

conversion efficiency than Si. 

1.3.1 Key Solar Cell Parameters 

 Figure 1.6 is an illustrated current-voltage (I-V) curve of a solar cell under illumination.  

There are four key performance values that are important to solar cells: current, voltage, fill 
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factor, and the device’s energy conversion efficiency.  The current of a solar cell is given by the 

following equation [6]: 

 

From this equation, the current density, J, can be partitioned into two parts: the right part is the 

diode current while the left part is the photocurrent.   The solar cell’s dark current is expressed 

by J0; the dark current stems from the random generation of electron-hole pairs within the 

depletion region of the device [11].  Going further into the diode current, q is the charge of the 

electron/hole, V is the voltage applied across the system, kb is Boltzmann’s constant, T is 

temperature, and a is the ideality factor.  The ideality factor can be thought of as a fitting 

parameter which describes how closely the behavior of a diode compares to the behavior 

predicted by theory.  For more information on the ideality factor, readers are encouraged to see 

references [6, 9, 11].  From Equation 1.2, the photocurrent portion of the equation, q, is again, 

the electron/hole charge, gop is the optical generation rate, and Lp and Ln are the minority carrier 

diffusion lengths.  The minority carrier diffusion lengths are determined mainly by the quality of 

material, the doping profiles, and the surface properties.  In essence, each photon absorbed by the 

solar cell should produce one electron-hole pair for the current.  Although it is possible to have 

multi-exciton generation with higher band gap materials [12], it is best to assume one electron-

hole pair per photon. 

 The voltage corresponding to zero in Figure 1.6 is known as the open-circuit voltage 

(Voc).  This is represented by Equation 1.3, where [11]: 

𝑉𝑜𝑐 =
𝑛𝑘𝑏𝑇

𝑞
ln (

𝐽𝑠𝑐

𝐽0
+ 1) =

𝑛𝑘𝑏𝑇

𝑞
𝑙𝑛 {

𝐿𝑝+𝐿𝑛+𝑊

(
𝐿𝑝

τ𝑝
)𝑝𝑛+(

𝐿𝑛
τ𝑛

)𝑛𝑝

𝑔𝑜𝑝 + 1}     (1.3) 

𝐽 = 𝐽0 (𝑒
𝑞𝑉

𝑎𝑘𝑏𝑇⁄
− 1) − 𝑞𝑔𝑜𝑝(𝐿𝑝 + 𝐿𝑛)     (1.2) 
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Here, a, kb, T, q, Lp, and Ln, represent the aforementioned terms in Equation 1.2.  The new terms, 

pn, np, τp, τn, and W are the minority carrier concentrations and life times for the different carriers, 

and W is the width of the junction, respectively.  A more interesting and meaningful relation to 

voltage is shown in Equation 1.4 [13, 14]: 

 

where this equation is partitioned into parts.  These different parts represent different loss 

mechanisms for the voltage.  For example, why does the champion silicon solar cell of ~ 25% 

efficiency [15] only have an open-circuit voltage of 0.77 V as opposed to being closer to 1.1 V – 

silicon’s band gap?  Equation 1.4 can explain the reasons for these discrepancies.  The first part 

of this equation explains how the band gap of the semiconductor (Eg) can be related to voltage 

losses that are based upon Carnot’s theorem.  Here, T is temperature of the cell and Tsun is the 

temperature of the sun, as discussed previously.  There is roughly a 12% loss in voltage based 

upon this expression.  The next expression containing Ωemit and Ωsun explain an increase in 

entropy for the system upon absorption and emission of light.  Ωemit and Ωsun are the emission 

angle of light from the solar cell and absorption angle for light coming from the sun, 

respectively.  Based upon Kirchoff’s law, a substance that absorbs light can also emit light [16, 

17].  Because most of the light absorbed by a solar cell usually comes from direct photons that 

have a very specific emission angle (~ 0.25°) [18] from the sun, once photons can be emitted 

from the device, they can be emitted from 360 degrees.  Thus, an increase in entropy in the 

system is produced.  The loss associated here can be considered the “loss of directivity 

information” and is associated with up to a 300 mV penalty [14].  The next portion associates 

voltage losses with incomplete light trapping.  The 4n2 term in the numerator, where n is the 

refractive index of the material, is the maximum number of passes light can have inside of a solar 

𝑉𝑜𝑐 =
𝐸𝑔

𝑞
(1 −

𝑇

𝑇𝑠𝑢𝑛
) +

𝑘𝑇

𝑞
{𝑙𝑛 (

𝛺𝑒𝑚𝑖𝑡

𝛺𝑠𝑢𝑛
) + 𝑙𝑛 (

4𝑛2

𝐼
) − 𝑙𝑛(𝑄𝐸)}     (1.4) 
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cell before escaping.  This 4n2 term is known as the Yablonovitch limit and for silicon it is taken 

to be roughly 50 [19].  The term in the denominator, I, is the intensity of light inside the solar 

cell.  Once the 4n2 term approaches the possible allotted amount of sunlight for light trapping, 

this fraction goes to unity and little to no loss in voltage occurs.  Because all of the light can 

never perfectly be trapped, however, there are associated losses.  The loss can be up to 100 mV, 

but is usually not this significant [14].   

 The last part of this equation, QE, represents the radiative emission quantum efficiency of 

the device.  More specifically, this last term accounts for losses in Voc that are due to non-

radiative processes.  The quantum efficiency, QE, for radiative recombination is defined to be 

QE = Rrad / (Rrad + Rnon-rad) where the Rrad and Rnon-rad terms are radiative and non-radiative 

recombination rates, respectively.  Aspects such as material purity must be considered here.  

These processes occur because of traps in the bulk of the device as well as other effects such as 

recombination at the surface and other interfaces that can result from crystallographic defects or 

impurities inside of the device.  More on this will be discussed in the Solar Cell Loss 

Mechanisms section.  If a solar cell, for example, is not of high-material quality or does not have 

adequate surface passivation (think of it as a very leaky bucket), the voltage can be lowered 

significantly – by as much as 300 mV [14].  Solutions to these problems include working with 

materials of electronic-grade purity as well as very highly luminescent materials – such as GaAs.  

This is one reason why Si – indirect bandgap of 1.1 eV – cannot exceed an energy conversion 

efficiency of over 25%.  The QE of Si is typically well below 10% whereas a material like GaAs 

has a much higher QE and, therefore, can offer greater improvement.  For example, GaAs has 

always had its Voc stuck at ~1.0 V.  More recently, from incorporating improved light-trapping 
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designs in conjunction with GaAs devices and exploiting its extremely high luminescence, its Voc 

has been improved by 100 mV – a very substantial improvement [20]. 

 The above was a discussion of the open-circuit voltage.  The voltage at which a solar cell 

operates at its maximum power, known as the operating voltage, is given in the equation below 

[6]: 

 

where Vop is the operating point voltage and all the terms listed above have already been 

discussed.  The ln(qVoc/kbT) term is around 100 mV.  This term can be thought of as the energy 

that must be given up in order to have the electron-hole pairs move through the solar cell to the 

contacts.  This is thermodynamics at work and all this equation explains is that you cannot have 

everything.  A solar cell cannot have its highest possible voltage and current simultaneously.  

Think of the bucket analogy discussed in the previous section.  There is a balance between 

voltage and current occurring at the maximum power point.  The ln(qVoc/kbT) term strikes a 

compromise with the system so that it generates the most power and from this point, the 

performance can only get worse – Figure 1.6). 

Another parameter, known as the fill factor of a solar cell, is the ratio of a device’s 

maximum power point to its open-circuit voltage and short-circuit current.  Since the 

aforementioned terms are rooted in thermodynamics, the fill factor also has a thermodynamic 

background.  This ratio can be thought of as a thermodynamic parameter rather than an electrical 

parameter.  Because it is a thermodynamic parameter, it will never exactly be 1, but it can come 

very close.  Some of the best lab cells to date have fill factors in the mid to upper 80s [21]. 

 

𝑉𝑜𝑝~ 𝑉𝑜𝑐 −
𝑘𝑇

𝑞
ln (

𝑞𝑉𝑜𝑐

𝑘𝑏𝑇
)     (1.5) 
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The last parameter associated with solar cells is the device’s energy conversion efficiency 

– which is given as  

 

Where the power output by the solar cell, the cell’s fill factor (FF), Voc, and Jsc are divided by the 

illumination power and the area being measured.  For standard test conditions in a lab with flat-

plate devices, the AM1.5G  spectrum is used.  This spectrum has an input power density of 

~1,000 W/m2. 

1.3.2 Solar Cell Loss Mechanisms 

 Despite the method of detailed balance suggesting that single junction solar cells can be 

capable of achieving energy conversion efficiencies greater than 30%, real-world devices 

experience unavoidable losses that limit performance.  Figure 1.7 is an illustration of an energy 

band diagram of a p-n junction solar cell with all of the major energy conversion losses outlined.  

The major loss mechanisms are the following [6, 7]: 

1. Non-absorption of photons below the band gap of the solar cell. 

2. Thermalization losses that arise due to the photons possessing an energy greater than the 

band gap of the solar cell. 

3. Junction voltage losses from the band edge to the quasi-Fermi level. 

4. Voltage loss as a consequence of the contacts being in higher or lower energy than the 

semiconductor. 

5. Recombination losses such as Auger, Shockley-Read-Hall, or radiative recombination. 

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑝𝑜𝑖𝑛𝑡

𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 ×𝑎𝑟𝑒𝑎
=

𝐹𝐹×𝑉
𝑜𝑐

×𝐽𝑠𝑐

𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 ×𝑎𝑟𝑒𝑎
       (1.6) 
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 Processes 1 and 2 are a consequence of the cell’s band gap not being the same energy as 

that of the photon.  Processes 3 and 4 are voltage losses associated with going from the band 

edge to the quasi-Fermi level and can be measured with the ratio of V/Eg [22].  Process number 5 

consists of the mechanisms which dictate the open-circuit voltage of the device and consist of 

three loss mechanisms.  Processes 1, 2, and radiative recombination associated with process 5 are 

all intrinsic and cannot be overcome.   

 For the short-circuit current of a solar cell, the two main losses for achieving the highest 

possible theoretical current come from optical and recombination losses.  The optical losses 

include an imperfect anti-reflection coating and incomplete absorption of light from below band-

gap photons.  For the recombination losses, which are the losses that limit a cell’s open-circuit 

voltage, there are Auger, Shockley-Read-Hall, or radiative recombination.  Shockley-Read-Hall 

recombination occurs when there are defects in the semiconductor.  For this process, a carrier 

becomes trapped in a forbidden energy state in the band structure as a result of a defect. These 

defects can occur through doping, not using a single crystalline material, or from the surface and 

sidewalls of the cell having dangling bonds resulting from inadequate passivation.  Radiative 

recombination is prevalent in direct band gap materials and is the process governing the 

operation of light-emitting diodes.  In this process an electron from the conduction band directly 

recombines with a hole that is in the valence band causing a photon to be released.  This emitted 

photon is similar in energy close to the band gap of the semiconductor and is only, therefore, 

weakly absorbed.  For Auger recombination, an electron and a hole recombine.  Rather than 

emitting the energy as photon – as in the case of radiative recombination – or as heat, the energy 

is transferred to another carrier that is close by.  For example, this energy can be transferred to an 

electron.  After transfer of the excess energy, this electron will be in a higher state and thermalize 
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back down to the band edge of the semiconductor.  Methods for overcoming these problems 

include working with thin-film materials of high purity as well as adding light trapping structures 

to extend the path length of light inside of the cell as demonstrated by the Yablonovitch group 

[23].  The amount of recombination going on in a particular material can be estimated with a 

calculator from reference [7]. 

1.4 Sunlight and Laboratory Testing Conditions 

 The sun at the center of our solar system has an emission spectrum that can be roughly 

approximated as a blackbody at 6,000K [9].  As sunlight travels from space to our atmosphere, 

portions of the spectrum are absorbed from the molecules in the air.  For example, the UV light 

is filtered by the ozone and the higher-energy photons are more effectively scattered as a result 

of Rayleigh scattering.  The solar intensity in the middle of the day at the equator is taken as a 

reference point with an intensity of roughly 1,000 W/m2.  A global average was created that is 

known as the AM 1.5 G solar spectrum (Figure 1.8a); this spectrum takes into account both 

direct and diffuse photons.  Depending on the panels position on the planet, it can see different 

fluxes of direct and diffuse photons, however, to a rough approximation, on a clear day, 30% of 

sunlight is in the form of diffuse photons while 70% of sunlight is from direct photons.  Another 

spectrum has been developed known as the AM 1.5 D spectrum which only has direct sunlight.  

Because diffuse photons cannot be focused, for testing concentrator systems, the AM 1.5D 

spectrum is typically employed.  For testing devices in a laboratory environment, sun light is 

typically simulated with a Xenon arc lamp. This small light source typically consists of well-

collimated light with proper air mass filters to help closely mimic the sun’s spectral emission.  

The simulated AM1.5 G spectrum is plotted in Figure 1.8b.  Current density-voltage 

measurements reported in this thesis were made under air mass 1.5D or 1.5G illumination under 
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standard test conditions that were calibrated to 1000 W/m2 (Oriel, Model 91192) at room 

temperature (~25°C) with a source meter (Keithley, model 2400) using a Si reference cell for 

calibration of the simulator (Newport-Oriel, model 91150V).  For our particular similar, the light 

size is 10.2 x 10.2 cm2 in area.  The collimation of the simulator is +/- 4° which is ideal for 

testing flat plate devices. 

1.5 The Value of Improved Solar Cell Conversion Efficiency – The Nominal Cost of Solar 

Electricity 

 Despite solar energy being the most abundant renewable energy resource, energy 

production from photovoltaics represents only a small fraction of the overall energy landscape.  

Worldwide installation capacity of solar energy is nearly at 100 GWp (giga watt-peak) when it 

was virtually non-existent back in 1992 [24].  (Note: Wp, or Watt-peak, is the amount of energy 

a photovoltaic system can produce under standard test conditions as discussed above.)  The main 

reason for solar cells not having a large share of the energy landscape – albeit the market is 

growing rapidly with each passing year – is that the cost of generating electricity from solar cells 

is still typically higher than from traditional energy sources such as coal and natural gas.  There 

will most likely be some point in the future where grid parity can be reached given the fact that 

the retail cost of conventional electricity is rising while the cost for solar electricity continues to 

fall [8, 25].  In order to compare costs of energy from different sources, the leveled cost of 

electricity (LCOE), which gauges the lifetime energy production and system costs, is used to 

compare various energy sources.  The most basic equation links the LCOE with several factors 

as represented by the equation [20]: 
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𝐶𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 ∝  
𝑐𝑜𝑠𝑡𝑚𝑜𝑑𝑢𝑙𝑒+𝑐𝑜𝑠𝑡𝑏𝑎𝑙𝑎𝑛𝑐𝑒−𝑜𝑓−𝑠𝑦𝑠𝑡𝑒𝑚

𝑖𝑛𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 ×𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
× 𝑓𝑖𝑛𝑎𝑛𝑐𝑒 + 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔     (1.7) 

Here costmodule is the cost of the module; costbalance-of-system are the costs such as wiring and other 

parts directly related to the module; insolation is the amount of sunlight falling on the system; 

efficiency is the energy conversion efficiency of the device; finance are financing options that 

are available; and operating are the costs associated with operating the system over its lifetime.  

As we can see from Equation 1.7, insolation and efficiency are inversely related to the cost of 

electricity.  Therefore, there is improved benefit in increasing the energy conversion efficiency 

of photovoltaic devices.  Insolation, on the other hand, various by region of where the panel is 

installed; for example, there will be more light per year in Tucson, AZ than in Chicago, IL.  A 

more through treatment can be used to give a more accurate picture of LCOE.  The LCOE is 

defined as [26] 

     (1.8) 

Included in Equation 1.8, but not in Equation 1.7 are factors such as PCI, which is the project 

cost minus any investment tax credit or grants; DEP is depreciation, INT is interest paid, LP 

represents loan payment, TR is the tax rate, DR is the discount rate, AO is annual operations 

costs, RV is the residual value, and SDR is the system degradation rate.  Traditionally, a system 

can degrade in efficiency each year depending on where the device is installed [27].  Using 

Equation 1.8, Darling et. al. used Monte Carlo simulations to estimate the LCOE for photovoltaic 

panels in Chicago, Boston, and Sacramento.  Table 1.1 lists the mean, median, standard 

deviation, and variance.  These results are quite thorough and shed light on the cost of electricity 
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for the lifetime of a device.  As a general rule-of-thumb to estimate current costs, Si PV modules 

cost ~8 cents/kWh.  Prices will continue falling annually.  As pointed out by Richard Swanson of 

SunPower, the price of photovoltaic modules drops by ~20% for every doubling of product 

shipped [25].  The price of a silicon module has already dropped below $1.00/Wp [24, 28].  

Methods for reducing the costs of these panels further exist.  For example, using less material or 

further improvements in energy conversion efficiency will lower the cost of photovoltaic panels.  

These are the main goals of research into solar energy: finding methods to (1) reduce the cost of 

solar while maintain or (2) exceed current device performance. 

1.6 Transfer Printing of Micron-Sized Inorganic Electronic Elements  

Transfer printing is a technique whereby a viscoelastic stamp is used to transfer elements 

from a donor substrate onto a receiving substrate and has practical application in solar energy 

and the electronics industry as a whole.  More specifically, for application in solar energy, solar 

cells can be processed on a wafer and undercut to be transferred to foreign substrates.  Here, a 

viscoelastic stamp is brought into conformal contact with the electronic elements and removed 

from the host substrate to be transfer printed.  The stamp most typically used is 

polydimethylsiloxane (PDMS, Dow Corning Sylgard 184).  This polymer is commercially 

purchasable and can be made within hours.  After synthesis, it has a very long shelf-life; from 

personal experience, the stamps can be reused multiple times and can last for years.  Transfer 

printing with a stamp relies upon van der Waals interactions in order for the electronic elements 

to adhere to the stamp.  Studies have been performed to investigate the competing modes of 

fracture for device/PDMS/donor- and receiving-substrate systems [29, 30].  The adhesion 

between electronic elements and the stamp is dependent upon the rate at which the stamp is 

removed from the donor substrate.  For example, if a high peeling velocity is applied to the 
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stamp/device system, adhesion between these two interfaces is strong enough to lift the 

electronic elements off of the donating wafer.  Once the “inked” stamped is brought into contact 

with a receiving substrate, a lower peeling velocity can be applied to generate weaker adhesion 

between the stamp/device to transfer the electronic elements off of the stamp.  When the stamp is 

initially peeled away from either substrate at a speed v, there is a characteristic energy release 

rate, G, governed by [29]: 

𝐺 =  
𝐹

𝑤
     (1.9) 

where F is the peel force and w is the width of the element.  This equation takes into account the 

interfacial bond breaking as well as the viscoelastic dissipation along the tip of the fracture [29].  

The fracture propagates once G reaches some critical energy release rate such that two 

competing fracture paths occur: either pick-up off of the donating substrate or printing onto the 

receiving substrate.   

 The critical energy release rate for the interface at the element/substrate is given as 

𝐺𝑐
𝑒𝑙𝑒𝑚𝑒𝑛𝑡/𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

, which is a property of the material of this interface and is not influenced by 

the peeling velocity.  The critical energy release rate 𝐺𝑐
𝑠𝑡𝑎𝑚𝑝/𝑒𝑙𝑒𝑚𝑒𝑛𝑡

 for the stamp/element 

interface, however, is dependent upon the peeling velocity and is given as  

𝐺𝑐
𝑠𝑡𝑎𝑚𝑝/𝑒𝑙𝑒𝑚𝑒𝑛𝑡

=  𝐺𝑐
𝑠𝑡𝑎𝑚𝑝/𝑒𝑙𝑒𝑚𝑒𝑛𝑡

(𝑣)     (1.10) 

Device pick-up off of the donor substrate occurs when the forces for pick-up are greater than the 

forces for printing such that  

𝐺𝑐
𝑠𝑡𝑎𝑚𝑝/𝑒𝑙𝑒𝑚𝑒𝑛𝑡

>  𝐺𝑐
𝑒𝑙𝑒𝑚𝑒𝑛𝑡/𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

     (1.11) 
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The process for transfer printing occurs when the forces for printing are greater than the forces 

for pick-up 

𝐺𝑐
𝑠𝑡𝑎𝑚𝑝/𝑒𝑙𝑒𝑚𝑒𝑛𝑡

<  𝐺𝑐
𝑠𝑡𝑎𝑚𝑝/𝑒𝑙𝑒𝑚𝑒𝑛𝑡

     (1.12) 

 In actual practice, anchors of some sort hold the substrate to be transferred onto the 

donating substrate, so these forces must be taken into account as well.  Regardless, it is possible 

to achieve lift-off from the donating substrate with photoresist and other anchors by tailoring 

stress focusing for controlled fracture [31].  For transferring objects to receiving substrates, if the 

back-surface of the element to be transferred and the top surface of the receiving substrate are 

flat enough – usually on the order of atomic roughness – van der Waals forces can adhere the 

substrates together.  Functionalizing the surfaces to form covalent bonds [32] can also improve 

adhesion.  In practice, because most surfaces being transfer printed to are not atomically flat, 

commercially available organic adhesives – such as SU-8 and NOA (Norland Optical Adhesive) 

– are often employed for placing elements on receiving substrates.  It is also possible to tune the 

adhesive properties of the stamp by chemically treating it in ultra-violet/ozone or oxygen plasma 

to make the surface more “glassy” or by having microscopic structures on the stamp that can 

weaken the adhesive forces between the PDMS stamp and inked devices [33, 34]. 

1.7 Micro-Scale Solar Cells 

 Traditional photovoltaic technologies tend to be macroscopic in size.  Silicon solar cells 

in modules are inches in diameter and laboratory test cells tend to be on the order of centimeters 

[21].  Traditional technologies are usually on the order of hundreds of microns in thickness.  

When the thickness of a solar cell is reduced, collection of the free carriers is improved.  For 

example, there are decreases in instances of bulk recombination with thin-film solar cells.  
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Provided that there is adequate absorption of light, thinner cells lead to better short-circuit 

current and open-circuit voltage parameters – improving the overall energy conversion 

efficiency.  Recently, investigations have turned to micro-scale solar cells [35-38].  The solar 

technologies examined in my research as well as a good body of work coming out of the 

University of Illinois have explored III-V devices and silicon solar microcells.  Miniaturization 

of these devices is attractive due to more efficient materials utilization as well as their potential 

achieve high energy conversion efficiencies.  Additional benefits from these devices are their 

ability to be mechanically flexible and lightweight which opens up opportunities for new and 

unconventional applications with novel fabrication and integration techniques.  In the realm of 

concentrators, working with thin-film, micro-scale devices uses such little material and offers 

improvements in thermal management over conventional concentrator systems – making it 

unnecessary to install heatsinks on solar cells [39-41].  All of these advantages lead to high-

performing devices that have lower costs than traditional concentrator systems. 

 There are also drawbacks for having micro-scale (length and width) devices.  Without 

adequate surface and sidewall passivation, the increased cell surface-area-to-volume ratio will 

result in more recombination events along the surface and side walls of the device.  Going back 

to the bucket-feeding water wheel analogy, this cell will behave as a leakier bucket – when 

compared to cells of greater area – compromising the energy conversion efficiency.  There is 

some optimum size that offers a balance between these competing mechanisms [42] as well as 

remedies to these problems.  For silicon, passivation on the surface and sidewalls with silicon 

dioxide or silicon nitride reduces carrier recombination and will solve issues with surface 

recombination [9].  For thin-film, compound semiconductors like GaAs grown by metal-organic 

chemical vapor deposition, passivation on the front and back surfaces of the cell is already 
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accomplished with wider band gap materials [6-8].  For sidewall passivation, reports have shown 

that monolayers of organic molecules can reduce the number of dangling bonds so there is less 

compromise to performance [43].  In concentration systems where the cells can be potentially 

working in the high-carrier injection limit; that is, when the amount of generated carriers is 

greater than the background dopant concentrations, the primary method of recombination 

becomes Auger recombination and sidewall recombination becomes negligible.  For this reason, 

micro-cells under concentrated sunlight are an attractive alternative to their bulkier counterparts.  

From this discussion, by careful engineering of the cell with adequate passivation and paying 

careful attention to the surface-area-to-volume ratio of the device, micro-cells can be an excellent 

source for power generation.  

1.8 Concentration Photovoltaics 

 From earlier discussions, some of the work in this thesis involves cells under 

concentration.  Therefore, a brief overview of concentration is necessary.  Higher energy 

conversion efficiencies can be obtained when solar cells are exposed to concentrated sunlight.  

From Equation 1.2, the photocurrent of a solar cell is proportional to the intensity of light; and 

from Equation 1.3, the open-circuit voltage increases logarithmically with light intensity.  A 

modified version of Equation 1.3 can be represented as [6] 

𝑉𝑜𝑐 =
𝑛𝑘𝑏𝑇

𝑞
ln (

𝑋𝐽𝑠𝑐

𝐽0
+ 1) =

𝑛𝑘𝑏𝑇

𝑞
[ln (

𝐽𝑠𝑐

𝐽0
+ 𝑙𝑛𝑋)] = 𝑉′𝑜𝑐 +

𝑛𝑘𝑏𝑇

𝑞
𝑙𝑛𝑋     (1.13) 

Here X is the concentration level represented in suns.  This equation states that the power 

produced from a solar cell rises linearly under concentrated sunlight and, therefore, the 

efficiency of the solar cell increases as well.  Under lower levels of concentrated sunlight the FF 

increases with concentration because of the higher Voc values.  At much greater levels of 
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concentrated sunlight, however, resistive effects occur and begin to limit FF values.  These 

resistive losses are proportional to the second power of the photocurrent since 

𝑃𝑜𝑤𝑒𝑟 = 𝐼2𝑅     (1.14) 

Where I is the current and R is the resistance. 

 There is also the problem with heat dissipation for solar cells in concentrated sunlight.  It 

is known that the operating temperature increases for solar cells in a concentration system.  The 

band gap energy of a semiconductor decreases with increasing temperature, as described by an 

empirical expression outlined by Varshni [44].  The numerical expression for the a given band 

gap (Eg) as a function of temperature is 

𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝛼𝑇2

𝑇+𝛽
     (1.15) 

Where Eg(0), α, and β are material constants.  From this expression, the short-circuit current 

density marginally increases with elevated temperature, but the open-circuit voltage and fill 

factor decrease.  As a result of these trends under higher temperatures, overall device energy 

conversion efficiency decreases [45, 46]. 

 The idea for concentrating light onto solar cells has been around for a very long time 

[47].  In a concentrator system, only a small area of material is used and the large collecting area 

originally taken up by a flat-plate module is replaced by cheaper concentrating optics.  Therefore 

concentration has the benefit of (1) using a smaller amount of solar material and (2) improving 

cell efficiencies.  These aspects also allow for the use of higher efficiency cells that would 

otherwise be cost-prohibitive in flat-plate modules.  For example, it is now possible to operate at 

concentration ratios of 500 or even 1100 suns and the most efficient modules to date are rated at 
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35.5% power conversion efficiency [48].  Figure 1.9 shows images of two types of concentrators 

where the module in (a) uses a large, reflective dish to focus light onto the cell and the module in 

(b) uses Fresnel lenses to focus sunlight onto the cells.  These are the two main types of optical 

elements – that is, reflective and refractive – used for concentration in commercially available 

systems.  There exist other types of concentrating elements – such as the compound parabolic 

concentrator and other ideas proposed by the non-imaging optics community [18] as well as 

luminescent dye concentrators [49-51] which are able to capture both direct and diffuse photons.  

The luminescent dye concentrators are still more academic concepts and have only been able to 

produce modest concentration results. 

 Because concentrators only collect the direct irradiance, the modules have to track the 

sun with a high degree of accuracy.  This has the added benefit of always getting the maximum 

power output from solar cells and these systems are also able to meet peak power demands as 

shown in Figure 1.10.  (Note: flat-plate modules can also achieve this feat since peak load to the 

grid occurs around noon – the time when the sun is generally above flat-plate modules.  

Concentrators, however, have the added benefit of always actively tracking the sun.)  

Additionally, for the case of very sunny climates, this figure demonstrates another benefit from 

concentrator systems: two-axis tracking concentrators produce a greater amount of power than 

their flat-plate counterparts [52].  While only collecting the direct irradiance, concentrators can 

still produce a good amount of power even in somewhat cloudy environments.  For example, it 

was found that concentrator systems receive ~80% of the insolation of flat plate modules in 

Boston, a place known for having a moderately cloudy climate [47].  As solar cell efficiencies 

continue to improve, the LCOE will continue to fall and concentrators will begin to have a 

market.  Devices utilizing concentrators will never be the entire photovoltaic business, as flat-
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plate modules will never be the entire photovoltaic business.  Concentrators using high-

efficiency solar cells will never be beaten for low-cost and medium to large-scale power for 

areas with a high degree of insolation [47].   

1.9 Overview of Dissertation 

 This chapter has been an extremely brief overview of photovoltaics.  Photovoltaic 

devices are an appealing alternative energy source and the fundamental physics of light 

extraction and electronic performance have been discussed.  Chapter 2 will discuss how light 

trapping techniques can be applied with backside reflectors and surface light-trapping structures 

to increase the absorption of light and produce better-performing silicon-based solar cells.  

Chapter 3 presents fabrication strategies for GaAs and InGaP solar micro-cells by using the 

epitaxial lift-off technique and the guiding principles with which to design these compound 

semiconductor microcells and their results.  Chapter 4 demonstrates how down-shifting can be 

used to improve photon management in solar cells.  Chapter 5 discusses spectrum splitting as a 

means for improving overall module performance by more effectively managing light to ensure 

that light selectively hits solar cells that have an optimum band gap for energy conversion. 
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1.10 Figures and Tables 

 

Figure 1.1 World energy consumption from 2009 and projected energy consumption in 2050 

(bronze circles) in comparison with various renewable and non-renewable energy sources.  

Figure is adapted from reference [1]. 
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Figure 1.2 Image of a mini solar module as well as the schematic of a solar cell outlining the 

contacts, window, emitter, base, and back-surface field layers of the solar cell.  Image of the mini 

solar cell is adapted from reference [53]. 
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Figure 1.3 Outline of a solar cell as a bucket-feeding water wheel.  Image is adapted from 

references [20, 53]. 
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Figure 1.4 The solar cell bucket-feeding water wheel analogy extended further showing the three 

possibilities with their respective current-voltage curves: high current and low voltage (far left), 

low current and high voltage (center), and high current and high voltage (right).  Image is 

adapted from reference [20]. 
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Figure 1.5 Thermodynamic limits for energy conversion efficiency of solar cells at various band 

gaps as defined by the Shockley-Queisser limit (a) and Shockley–Queisser limits on the 

efficiency of conventional single‐junction cells as well as limits for cells of 1% (gold), 0.01% 

(teal), 0.0001% (purple), and 0.000001% (bronze) external radiative efficiency values.  Figure is 

adapted from references [10, 54]. 
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Figure 1.6 Solar Cell I-V curve depicting the short-circuit current (green), the open-circuit 

voltage (bronze), and the maximum power point (red).  Figure is adapted from reference [55]. 



29 

 

 

 

Figure 1.7 Energy conversion loss processes outline for a one-junction solar cell where the 

losses are due to lattice thermalization (1), junction losses (2), contact losses (3), recombination 

losses (4), and insufficient capture of photons below the cell’s band gap (5).  Figure taken from 

reference [22]. 
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Figure 1.8 The AM 1.5 G and 1.5 D solar spectrums used for characterizing solar cells (a) and a 

reference spectrum from a solar simulator using a xenon bulb (b).  Figures are taken from 

reference [56]. 
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Parameter Boston Chicago Sacramento 

Mean 9.3 9.7 6.9 

Median 9.1 9.4 6.7 

Std. Dev. 2.7 2.8 2.0 

Variance 7.1 7.8 3.8 

 

Table 1.1 Statistics from LCOE output calculations for three different cities (all units are 

¢/kWh).  Table is adapted from reference [26]. 
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Figure 1.9 A concentrator photovoltaic system using a large reflective dish to focus the light 

onto an array of solar cells (a) and another type of concentrator system which utilizes Fresnel 

lens technology to focus the light onto an array of solar cells (b).  Figures were adapted from 

reference [8, 46] 
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Figure 1.10 A comparison of the daily power generation tracked by a two-axis concentrator 

system compared to a fixed-angle silicon photovoltaic system.  These data were acquired in 

Seville, Spain on 1 May 2008, and power the demand curve of California grid on 6 August 2008. 

Figure is adapted from reference [57]. 
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Chapter 2 

Light Trapping in Thin-Film Silicon Solar Microcells 

This chapter focuses on fabrication and characterization of silicon microsolar cells incorporating 

a backside reflector to enhance cell performance as well as a surface light trapping structure that 

also increases cell performance.  Portions of the text, as well as the figures, included herein are 

reproduced with permission from the following paper: C. J. Corcoran, S. Kang, L. Li, X. Guo, D. 

Chanda, R. G. Nuzzo, “Mechanisms of Enhanced Optical Absorption for Ultrathin Silicon Solar 

Microcells with an Integrated Nanostructured Backside Reflector”, Applied Materials and 

Interfaces, 5 (10), pp 4239–4246 (2013). (dx.doi.org/10.1021/am400408g).  Some of the figures 

in this text are modified and taken, with permission, from K.J. Yu, L. Gao, J.S.Park, Y.R. Lee, C. 

J. Corcoran, R. G. Nuzzo, D. Chanda, J.A. Rogers, “Light Trapping in Ultra-thin 

Monocrystalline Silicon Solar Cells”, Advanced Energy Materials , 3, 1401-1406 (2013). 

(dx.doi.org: 10.1002/aenm.201370046). 

2.1 Abstract 

 Herein this chapter explains the mechanisms of enhanced light absorption exhibited by 

ultra-thin Si solar microcells.  There are two different methods in which light trapping inside 

microcells is accomplished: (1) the microcell is integrated above a periodically nanostructured, 

semi-transparent metallic reflector or (2) the microcell incorporates a light trapping structure on 

its surface.   

 The backside reflector comprises periodic nanoscale relief features formed by soft-

imprint lithography with a thin (~ 35 nm) coating of Au.  The work shows that microcells placed 

in direct contact above the nanostructured reflector’s surface create Fabry-Pérot cavities, which 
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trap impinging light inside the Si slab via the excitation of cavity modes.  Experimental 

measurements show that the short-circuit current and efficiency values for devices incorporating 

this thin, semi-transparent backside reflector outperform similar Si microcells integrated with a 

planer thick (~300 nm) opaque mirror by ~10-15% due to enhanced absorption.  Computational 

modeling that is supported by experimental measurements reveal that the dominant methods of 

enhancement stem from a complex interplay between backside diffraction/scattering and Fabry-

Pérot resonances.  These same data demonstrate that plasmonic interactions contribute 

minimally, if at all, to the optical enhancements seen.   

 For the surface light trapping structure, 3 µm thick cells were generated from bulk 

wafers.  Cells optimized for maximum absorption with a backside reflector produced energy 

conversion efficiencies that are greater than cells without the light trapping structure by ~190 %.  

When the top diffractive pattern is combined with a backside reflector, the reflector induces 

resonances associated with 0th order diffraction but 1st order diffraction.  Additionally, these and 

other higher diffraction orders remain trapped due to total internal reflection. 

2.2 Introduction 

Photovoltaic (PV) technologies are playing an increasingly important role in designs for 

current and future energy infrastructures.  As an absorber material, silicon (Si) retains a dominant 

position in the terrestrial PV market due to its high natural abundance [1], good optical [2] and 

electronic properties [3], along with its well-established production and processing methods [4].  

Silicon-based devices are typically designed to be thick enough to enable full absorption of the 

solar photon flux up to the limits established by the material’s band gap [5].  As a consequence, 

these optically-opaque devices can be expensive, bulky, and fragile.  Engineering thin-film 
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alternatives to conventional devices may reduce system costs as well as enable potentially more 

effective designs with new capabilities.  An example of this comes from previous work 

performed at the University of Illinois with large-scale arrays of ultra-thin Si solar microcells 

fabricated from bulk wafers [6].  Other notable advances over the past years include a method for 

kerf-free production of thin sheets of Si that are ~25 µm in thickness from boules by controlled 

fracture [7-10].  The thin-film microcell devices demonstrated a high degree of mechanical 

flexibility, and therefore improved durability, that is unusual to Si.  The drawback in reducing 

the thickness of the active material is that the absorption of photons can be reduced greatly, 

which reduces device performance.  A thin-film cell, however, can perform as well as, or 

possibly better than, its thicker counterpart if light trapping methods are employed to extend the 

path length and/or the light intensity is enhanced inside the semiconductor slab. 

In recent reports, we have described methods for improved light trapping in thin-Si solar 

cells, including: using nanostructured relief features on the surface of the device [11], wherein 

absorption is increased through diffraction and/or scattering; three-dimensional photovoltaic 

device geometries that enable the capture of more photons [12]; and passive concentration by 

employing luminescent waveguides [13], which offers the advantage of harvesting both direct 

and diffuse photons from the surrounding environment.   

 Several avenues have been investigated for enhancing the absorption of light in thin-film 

PV devices.  Plasmonic optical designs is one active area of research that has attracted 

considerable attention, with the goal of increasing the absorption cross-section of the active layer 

by placing metallic sub-wavelength optical elements on the surface, inside, or on the backside of 

the solar cell [5, 14-19].  It has been demonstrated in this work that PV devices integrated with 

plasmonic components can yield increased photocurrents, with benefits evidenced in systems 
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based on both inorganic and organic semiconductors.  Another technique to increase light 

absorption via light-trapping involves harnessing whispering-gallery modes [20, 21] as well as 

textured surfaces [22, 23].  These and other techniques of trapping light inside PV devices have 

been reviewed in depth in the literature [14, 24].  Processes to integrate light-

trapping/management structures in future generation PV technologies are of particular interest, 

with notable examples illustrating the varying facilities of optical integration at different stages 

of materials growth [25, 26],device fabrication [16, 27], and module integration [20]. 

Herein we investigate and characterize design principles for integrated sub-visible 

wavelength optics that can be used to improve the key operating parameters of PV devices.  We 

specifically examine (1) an embossed “3D plasmonic crystal” from our earlier work [28, 29] for 

use as a backside reflector which, when integrated with a Si microcell, yields performance gains 

greater than those observed with a conventional mirror as well as (2) incorporating a light 

trapping structure on the surface of cells to enhance absorption.  For the case of the backside 

reflector in (1), the complex interactions that occur between this periodically nanostructured 

reflector (PNR) and the Si microcell are examined in depth in this work.   

Our findings compliment and extend those of earlier work on periodically nanostructured 

metallic or dielectric-based backside reflectors integrated with thin-film amorphous, 

monocrystalline, and microcrystalline Si solar cells [30-35].  We specifically show that in 

addition to mechanisms addressed in previous reports, significant enhancements are evidenced 

that stem from Fabry-Pérot-cavity-type resonances created at the microcell-PNR interface.  

These cavities are formed when a microcell with a flat backsurface is placed in proximate 

contact with the PNR.  These Fabry-Pérot cavities trap light as standing waves at specific 

resonant frequencies which in turn serves to enhance the photocurrent [36].  The cavity 



42 

 

architecture formed by the compliant contact of the microcell and PNR distinguishes this system 

from the conformal material coatings – mainly of amorphous Si – used in earlier studies of PV 

designs incorporating periodically nanostructured and randomly textured backsurfaces, [16, 24, 

27, 32, 33] which are complicated due to potential increases in carrier collection from an 

enlarged active area [37].  The current work also speaks to perplexing issues of the relative 

importance of design rules, as raised in a recent study showing minimal differences in 

performance enhancements between a periodically nanostructured reflector from a randomly 

textured one (despite computational modeling predicting the periodic texture to be superior) [32].  

The data and theoretical modeling results reported here highlight an important attribute of PNRs 

that strongly mediate their performance and further demonstrate that plasmonic enhancement 

mechanisms do not make a significant contribution to the enhancements seen.  The enhanced 

cross-sections that result from Fabry-Pérot-based mechanisms supported by the PNRs reported 

here appear to be quite general and we believe might beneficially be extended to a random 

distribution of cavities of various depths, pitches, and diameters so long as they can couple the 

light transmitted through Si to cavity modes at wavelengths not absorbed from the first pass 

through the microcell.  We have not carried out steps to optimize the intrinsic performance of the 

thin microcells used as reported in these studies, adopting instead cells derived from an SOI-

based fabrication protocol [12] because of the exceptional smoothness of the backside surface 

that is required for successful device assembly by an adhesive-free transfer printing protocol [38-

40]. 

 For the case of (2), the surface light trapping structure, 3 µm thick microcells were 

generated from bulk wafers as opposed to SOI wafers.  Fabricating cells from bulk wafers offers 

advantages such as reusing the wafer multiple times – even when considering mechanical 



43 

 

polishing –to reduce costs.  The method of generating cells from bulk wafers exploits the fact 

that the Si (111) face is not etched as quickly as the Si (110) face [6, 41, 42].  Incorporating 

surface/sidewall passivation onto the cells and using anisotropic etchants allows for the creation 

of these devices.  Fabricated cells with the light-trapping structure that have been optimized for 

maximum absorption produced energy conversion efficiencies that are greater than cells without 

the light trapping structure by ~190 %.  When the top diffractive pattern is combined with an 

external backside reflector, the reflector induces resonances associated with 0th order diffraction 

but 1st order diffraction, as revealed by computational modeling.  Additionally, these and other 

higher diffraction orders remain trapped due to total internal reflection.  What is most impressive 

about these results is that ~3 µm thick cells absorb nearly 80% of the AM 1.5D spectrum.  This 

is impressive because Si has an indirect band gap at 1.1 eV, so traditional solar cells are 

hundreds of microns in thickness.  Using such little material will reduce materials and overall 

module costs as well as allow for the opportunity of flexible form factors. 

The PNR, case 1, a metal-coated plasmonic crystal, consists of a semi-transparent 

(thickness ~35 nm) layer of gold (Au) conformally coating nanowell relief features embossed by 

soft-imprint lithography [29].  The experimental measurements discussed below show that Si 

microcells on the PNR have short-circuit current density (Jsc) values that exceed the values from 

the same microcells when placed above flat, opaque mirrors (thickness ~300 nm) of the same 

metal by ~10-15%, a striking observation given the semi-transparent PNR can outperform a 

traditional thick opaque mirror.  For case 2, the diffractive grating on the surface of the cells is 

formed by soft-imprint lithography.  Finite-difference time domain (FDTD) simulations confirm 

that the main component of the enhanced absorption seen experimentally in both cases comes 

from 0th and higher diffraction order Fabry-Pérot resonances.  To provide a more quantitative 
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understanding of the mechanisms involved photocurrent measurements with microcells on the 

PNR are compared to measurements made with microcells above flat, opaque backside reflectors 

and flat reflectors with an identical semi-transparent thickness of metal.  Wavelength dependent 

measurements demonstrate that the observed enhancements occur at the computationally-

predicted wavelengths of light for cavity-mode-based mechanisms.  Plasmonic influences were 

ruled out based upon studies using Al and Ag backside reflectors which suggest no contribution 

of surface plasmons to the enhancement in the photocurrent. 

2.3 Materials and Methods 

2.3.1 Fabrication of the Si Microcells from Silicon-on-Insulator Wafers 

 The fabrication strategy utilizes silicon-on-insulator (SOI; p-type device layer 2 μm ± 

0.5 μm; 10-20 ohm-cm; 1 μm thick box; 300 μm thick handle; Ultrasil) wafers in a manner 

similar to previously published devices[12].  An image outlining the fabrication of the microcells 

is presented in Figure 2.1.  The p-n junction is formed by selective area diffusion of boron (p++) 

and phosphorous (n++) from solid doping sources (Saint-Gobain Ceramics).  Plasma-enhance 

chemical vapor deposition (PECVD)-grade oxide (~600 nm thick) is used as a doping mask for 

each diffusion step.  Before each doping step the wafers are cleaned with the RCA-1/RCA-2 

cleaning process at 70-80°C for ten minutes each.  (RCA-1 = 1:1:5 NH4OH:H2O2:H2O and RCA-

2 = 1:1:5 HCl:H2O2:H2O.)  The conditions for doping are the following: 10 min exposure at 

1000°C for phosphorous (n-type dopant) and 30 min exposure at 1000°C for boron (p-type 

dopant).  A photoresist mask (AZ 5214, Clariant) on the surface is applied to define the side-

walls, anchors, and trenches of the microcells.  The photoresist was spin coated on the wafer at 

3000 RPM to produce a uniform film that is ~1.4 µm thick.  Inductively coupled plasma 
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reactive-ion etching (STS-ICPRIE, STS Mesc Multiplex Advanced Silicon Etcher) is used to 

etch these features and generate straight side-walls and corners. 

 The conditions for ICP-RIE have been reported previously [42].  The parameters are as 

follows: O2/SF6 = 13/130 sccm (for the silicon etching step) and C4F8= 110 sccm (for 

passivation); gas pressure: 94 mTorr, etching power: 600/12 W inductively coupled plasma 

(ICP)/platen (P), deposition power: 600/0 W for ICP/P, etching duration: 7 s, and deposition 

duration: 5 s.  Thicknesses of the device layer were measured with a profilometer after etching in 

the ICP-RIE instrument. 

 To allow for easier retrieval of the microcells, the anchors are anisotropically etched in 

KOH (Fisher) at 75°C for one minute.  This anisotropic etching step creates sharp-angled corners 

in order to facilitate stress focusing for controlled fracture [43].  A PECVD-grade oxy-nitride 

mask (~100 nm) on the surface of the wafer serves as a passivation layer during KOH etching.  

The buried oxide layer is removed with 49% HF (Transene) and the microcells are suspended on 

the wafer by their anchors.  (Note: HF is a highly corrosive and toxic.  Users should wear 

goggles, a lab coat, and natural rubber, neoprene, or Viton® gloves when working with this 

chemical.)  It is also important to cover the samples while submerged in concentrated HF to 

minimize porous silicon formation [44].  The sample is then placed briefly (~ 3 s) in KOH at 

40°C to roughen the surface of the device as well as remove any porous silicon that may have 

generated during the HF etching step. 

2.3.2 Fabrication of the Backside Reflectors 

 Fabrication of the PNR utilizes soft lithography and follows published procedures [28, 

29, 45].  Briefly, large-area (5 × 5 mm2) square arrays of sub-wavelength cylindrical depressions 
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were molded onto the surface of a thin layer of a photo-curable epoxy (NOA 73, Norland), 

wherein a PDMS (10:1 Sylguard 184) mold containing the inverse pattern was pressed into the 

epoxy and cured under ultraviolet light.  Blanket deposition of titania (~8 nm) for a thin adhesion 

layer and Au (~35 nm) by sputter coating at 5 mTorr completed the PNR.  The features for all 

periodically arrayed reflectors reported herein have a relief depth of ~380 nm, a hole pitch of 

Λ~740 nm, and a hole diameter of ~440nm, as verified by atomic force microscopy (not shown) 

and SEM measurements.  A thin layer of alumina is then deposited on each backside reflector by 

atomic layer deposition (ALD; Cabridge Nanotech; sample temperature 80°C; 

trimethylaluminum/H2O; 10 sccm N2, 0.03 s pulse; 0 s exposure/pump valve close length; 65 s 

pump/length of time between pulses), which acts as a thin insulating layer to prevent direct Si to 

Au contacts.  The thickness of the alumina was verified with an ellipsometer on a reference piece 

of Si.  A fabrication outline of the PNR is given in Figure 2.2. 

 Not having the insulator on the surface of each reflector was found to decrease Jsc values.  

Figure 2.3 compares Jsc values for different materials used as an insulating layer.)  To clean the 

samples for this study, each Au-coated sample was placed under ultraviolet-produced ozone 

(UVO) for 10 minutes to remove any organics.  Some samples were not cleaned (non-UVO 

cleaned surface) that had a native layer of organic material on the surface.  3-MPTMS was also 

used as a dielectric.  From Figure 2.3, it is observed that alumina performs as the best insulating 

material. 

 The decrease in Jsc seen in the presence of configurations that involve direct Si-Au 

reflector contacts can be attributed to enhanced carrier recombination at the Si-metal interface.  

Si and Au have different work functions and when brought into contact their Fermi levels match 

at the interface, which results in metal-induced gap states.  As these gap states occur deeper in 



47 

 

the semiconductor than in the metal[46], an unwanted bottom contact is created that hinders 

device performance. 

 This thickness of Au was chosen since it is almost optically opaque in the visible/NIR, 

where our Si microcells are optically transparent.  The periodicity and structure of the PNR were 

chosen based on experimental measurements with microcells above PNRs with varying hole 

diameters and pitches.  The structure with a pitch of Λ~740 nm and a hole diameter of ~440nm 

was found to give the greatest enhancements in photocurrent Figure 2.4.  Fabrication of Ag- and 

Al- PNRs and opaque mirrors followed similar ALD deposition and sputter-coating procedures. 

2.3.3 Fabrication of Thin-Film Silicon Microcells from Bulk Wafers with a Light-Trapping 

Structure 

Fabrication for microcells from bulk wafers uses a P-type Czochralski Si <111> wafer (1-

10 Ω-cm, 450 µm thickness, Virginia Semiconductor) and starts with photolithographically 

patterning arrays of microbars that are 0.59 mm in length and 25 μm in width and are aligned 

perpendicular to the Si <110> direction.  As with the previous cell fabrication discussed in an 

earlier section, inductively coupled plasma reactive ion etching (ICP-RIE) in the regions between 

the bars (strips with 80 μm widths) produces trenches with depths of about 3.3 μm.  The cells 

were doped using solid-state doping of boron (Boron, BN-1250, Saint Gobain) along lengths of 

Lp+ = 60 μm and phosphorus (Phosphorus, PH-1000N, Saint Gobain) along lengths of Ln+ = 0.5 

mm, at 1000 °C (25 min) and 950 °C (10 min), respectively, through patterned hard masks of 

SiO2 (900 nm).  Conformal deposition of SiO2 (100 nm)/SiNx (500 nm) by plasma-enhanced 

chemical vapor deposition followed by annealing at 400 °C for 30 min establishes etch barriers 

on the top surfaces of the cells, as well as the sidewalls and bottoms of the etched trenches.  
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Deposition of Cr (100 Å)/Au (1000 Å) by electron beam evaporation (Temescal, FC 1800) at 

angles of ± 30º coats the sidewalls and top surfaces, to allow for removal of the exposed 

SiO2/SiNx in the trenches by reactive-ion etching (CHF3 (40 sccm)/O2 (2 sccm); 50 mtorr, 150 

W, 15 min).  A solution of KOH (PSE-200, Transene) etches the silicon preferentially along the 

<110> direction.  Beginning at the exposed bottoms of the trenches/edges, thereby producing 

arrays of freely suspended microbars tethered to the underlying wafer at their ends. Wet etchants 

remove the Cr/Au layers to expose the SiO2/SiNx films.  Before each doping step the wafers are 

cleaned with the RCA-1/RCA-2 cleaning processes at 70-80°C for ten minutes each.  (RCA-1 = 

1:1:5 NH4OH:H2O2:H2O and RCA-2 = 1:1:5 HCl:H2O2:H2O.).  Following metal stripping and 

the RCA cleaning processing, boron doping (1000 °C for 5 min) using the residual layers of 

SiO2/SiNx as a mask yields a back surface field, thereby completing cell fabrication.  Figure 2.5 

shows a scanning electron microscope cross sectional image of a wafer after partial undercut 

etching of an array of μ-cells appears on the left, with a magnified view of an individual µ-cell 

on the right.  The lower left figure depicts and image of the diffractive grating on the cell’s 

surface and the figure to the right is a cartoon of an array of microcells and a schematic 

illustration.  Each microcell is 25 µm wide, 0.59 mm long, and ~3 µm thick.  The pink, grey, and 

blue areas in this illustration correspond to boron doped (Lp+ = 60 μm), un-doped (Lp- = 30 μm), 

and phosphorus doped (Lp+ = 0.5 mm) regions respectively.  The cells are transfer printed on to 

glass slides coated in NOA (NOA 74, Norland Products Inc.).  After transfer printing these cells 

onto a glass substrate, soft imprint lithography and etching generate the light trapping structure 

on the cell’s surface.  The light-trapping structure consists of a hexagonal lattice with a 

periodicity, diameter, and height of 500 nm, 370 nm, and 120 nm. 
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2.3.4 FDTD Models 

 For the FDTD studies, a Drude plus two-pole Lorentzian model for the complex 

frequency-dependent Au permittivity was employed, with parameters fit to empirical dielectric 

constant data[47].  The structure was excited with linearly polarized, plane-wave light as 

described in Ref. 43.  Here we used FDTD to ‘fit’ our transmission data, shown in Figure 2.6, 

and then use that model, with those fitted parameters, to produce the absorption spectra.   

 Experimental transmission spectra was collected using a × 2.5, 0.07 numerical objective 

on an optical microscope (Hyperion 2000) coupled to a Fourier transform infrared spectrometer 

(Vertex 70) and outfitted with a spatial aperture having a diameter of 3.75mm. Transmission 

spectra were normalized to a glass slide with NOA 73 (Norland Products, Inc.).  Variation in the 

silicon thickness accounts for differences between the experimental and computationally derived 

spectra.   

 For the modeled spectra for case (1), the Au thickness parameters are 35 nm on the 

surface (determined through ellipsometry); 12 nm and 20 nm on the sidewalls and bottoms of the 

relief features, respectively, as established by transmission electron microscopy measurements 

reported in a previous publication[28].  The PNR was modeled to have a relief depth of 380 nm, 

a hole pitch of Λ = 740 nm, and a hole diameter of 440nm.  Each backside reflector was modeled 

to have 10 nm of alumina above its surface with the 10 nm layer extending along the side walls 

and bottom of the relief features. 

 For the modeled spectra in case (2), the light trapping structure on the surface of 

the cell case, the FDTD model assumes perfect arrays of nanoposts with hexagonal lattice with a 

periodicity, diameter, and height of 500 nm, 370 nm, and 120 nm, respectively.   
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2.3.5 Cell Measurements 

 All current density-voltage (J-V) measurements reported below were made under air 

mass 1.5D illumination calibrated to 1000 W/m2 (Oriel, Model 91192) at room temperature with 

a source meter (Keithley, model 2400) using a Si reference cell for calibration of the simulator 

(Newport-Oriel, model 91150V).  Measurements were performed on individual microcells 

transfer printed to glass slides, PNRs, and flat mirrors.  It was observed that transfer printing the 

cells to these devices had no degradation on cell performance.  This was verified by transferring 

a cell to a glass substrate, recording the J-V curve, and then transferring it to a backside reflector 

and back to the respective glass substrate to re-measure the J-V.  The J-V curve upon re-

measurement on the glass substrate was identical to the earlier J-V curve. 

2.3.6 Solar Cell Measurements with Apertures 

 To accurately characterize the cells in case study (1), and in order to minimize multiple 

reflections of light around the perimeter of the solar cells [48], an anodized Al cover having an 

aperture area of 2 x 2 mm2 was placed over each substrate with another anodized Al backplate 

placed below the substrate supporting the microcell (Figure 2.7).  All measurements reported are 

based on the area of the microcell.  Sample variance in the J-V results was quite large for 

microcells from different wafer batches.  Conversion efficiencies for microcells between 

different wafers, as measured on a glass slide with the anodized Al backplate, ranged from 1.2% 

to 1.6%, open-circuit voltage (Voc) values ranged from 390 mV to 450 mV, fill factors varied 

from 55% to 65%, and Jsc values ranged from 4.6 mA/cm2 to 6.0 mA/cm2.  To overcome sample 

variance, each microcell was first measured on a glass slide and then transfer-printed to the 
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desired reflector where the measurement was then repeated.  This allowed each J-V measurement 

incorporating a reflector to be normalized to the one made on the glass slide.   

 The 2 x 2 mm2 aperture is quite large relative to the area of the microcell (~2.5 x 104 

μm2).  Experiments were performed wherein microcells on glass were measured with small-area 

apertures.  These small-area apertures had an aperture area of 70 x 520 μm2 and these J-V results 

were compared to the 2 x 2 mm2 aperture results to verify that internal reflections of light were in 

fact small contributors to the cell’s response.  We observed a ~5-10% overall decrease in the Jsc 

with the small-area aperture vs. the 2 x 2 mm2 (large-area) aperture.  Excessive light scattering 

from the backside reflectors is considered to be extremely minor given the height of the 

microcells as well as band-pass filter measurements on microcells inside the small-area apertures 

when compared to the large-area aperture results (Figure 2.8).  Because the small-area apertures 

use Au, they correctly match any excessive light scattering seen from backside reflector 

measurements.   

 To perform these measurements, microcells were transfer printed to a glass slide coated 

with SU-8 (SU-8 2002, Microchem) and covered with the anodized Al back cover and 2 x 2 

mm2 aperture and had J-V/filter measurements performed.  Next Cr/Au (~4 nm / 150 nm) was 

sputtered on the surface of glass slides with samples covered in AZ 5214. Afterward another PR 

mask was added to serve as an etch-back mask.  An etch-back step was then performed to expose 

the microcells and the PR mask was removed by emersion in acetone. 

 The decrease in the Jsc in the NIR can be attributed to small amounts of light scattering 

off of the anodized Al backplate when the microcell is first measured on the glass slide with the 

large-area aperture vs. the small-area aperture.   
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 Additionally, compared to the large-area aperture measurements, relatively modest 

enhancements in the photocurrent (~5-10%) were observed in the visible part of the spectrum 

with the Jsc falling off in the NIR.  The decrease in the Jsc in the NIR can be attributed to small 

amounts of light scattering off of the anodized Al backplate when the microcell is first measured 

on the glass slide with the large-area aperture vs. the small-area aperture.  Any enhancements in 

photocurrent reported therefore come mainly from light that passes through the front of the 

device.  Because ~1.7 μm thick Si absorbs all of the photons with wavelengths of ~500 nm or 

greater in energy [2], absorption enhancements with backside reflectors reported here can come 

only from longer wavelength photons that were not absorbed after the initial pass through the 

device.  This is discussed in greater detail in the sections that follow. 

 For the cells with the light-trapping structure on the surface, apertures with a window of 

10µm around the perimeter of the solar cell were used during each measurement.  An anodized 

Al backplate was also used for each measurement to minimize internal reflections of light.  The 

apertures consisted of Cr/Au and wet etchants were used to pattern the outside perimeter of the 

cell to form the apertures. 

2.4 Results and Discussion 

2.4.1 Microcells on the Backside Reflector 

 The results and discussion section will first start with the results presented for case 1, 

microcells above a backside reflector, and then move onto case 2, microcells with a surface light-

trapping structure.  Figure 2.9a presents a schematic illustration of an individual microcell above 

the nanostructured surface.  The microcells measure 500 μm in length, 50 μm in width, and ~1.7 

μm in thicknesses and were fabricated from SOI wafers.  Figure 2.9b shows a sparse array of 
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microcells transfer printed to the surface of the PNR with their doping areas outlined in purple 

(p++) and green (n++).  This doping profile places the p-n junction on the top of the microcell.  

The spacing between the p++ and n++ regions on the surface is 50 μm.  This spacing provides a 

high internal electrical field to efficiently separate photo-generated electron-hole pairs. 

 To achieve direct contact onto the surface of each backside reflector, the microcells are 

transfer printed without an adhesive layer.  Adhesive-free transfer printing relies on the kinetic 

control of adhesion between a microcell and a polydimethylsiloxane (PDMS) stamp, where a 

slow peeling velocity favors adhesion between the microcell and backside reflector and a faster 

one favors adhesion between the microcell and PDMS stamp.  The mechanics involved with 

transfer printing have been explored in other papers [38-40] and mentioned in the introductory 

chapter of this thesis.  Working with SOI improves transfer printing results since the back 

surfaces of the microcells are extremely smooth, much more so than results from fabrication 

schemes used to fabricate microcells using bulk Si wafers.  The etching processes used in these 

cases [6, 42] generates a back surface too rough for standard forms of adhesive-free transfer 

printing.  A scanning electron microscope (SEM) image of a microcell transfer printed to an Au-

coated PNR is presented in Figure 2.9c; the inset shows a zoomed-in profile for the Si-PNR 

interface which demonstrates the direct contact at the backsurface between the reflector and 

microcell to form the Fabry-Pérot-cavities. 

 Figure 2.10a depicts the simulated optical absorption for 1.7 μm thick bare Si without any 

reflector (black), above a 300 nm thick Au mirror (blue), and above the PNR (red).  For Si 

without any backside reflector, the absorption is poor; it absorbs less than 60% of the light at 600 

nm and light absorption quickly diminishes further into the NIR region of the spectrum.  The 

peaks seen in all the plots given in the figure can be attributed to Fabry-Pérot resonances. To 
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understand the detailed nature of these resonances we performed 3D FDTD simulations.  Figure 

2.10b presents FDTD-computed, cross-sectional electric field distributions (|E(x,z)|2) at various 

wavelengths for both reflectors.  The illustrations to the far left of Figure 2.10b are a depiction of 

each modeled system.  As is evident from the data given in Figure 2.10b, at λ~675 nm (point 1 

on Figure 2.10a) the absorption for both backside reflectors (opaque and PNR) is characteristic 

of 0th order Fabry-Pérot resonances, which occur at the same positions as on spectra of Si 

without a backside reflector (Figure 2.10a).  The absorption peak at λ ~675 nm for the Au mirror 

is marginally stronger than the absorption peak corresponding to the PNR due to total back 

reflection from the opaque mirror.  The same trend persists where Si on the opaque Au mirror 

absorbs more light than the Si on the Au PNR up to 800 nm.  After 800 nm the absorption peaks 

for Si on the mirror quickly diminish and the PNR case begins to outperform all the way through 

the NIR part of the spectrum.  In the NIR domain, there appear to be intense, broadened peaks in 

the absorption plot for the Si above the PNR due to the presence of strong steep angle 1st order 

Fabry-Pérot resonances (other higher (> 1) diffraction orders are negligible due to the 

combination of the period and the excitation wavelengths) as evident in the cross-sectional 

images of Figure 10b for λ = 1001 nm and λ = 1075 nm; these two wavelengths clearly show 1st 

order standing wave interference patterns.  This effect is pronounced for the longer wavelength 

range as the first order angle varies as θ1 = sin-1[λ / n(λ)Λ], and consequently the path length 

increases with λ; we also identified these Fabry-Pérot resonances as 0th order and 1st order cavity 

modes through an effective medium calculation.  Additional wavelength dependent cross-

sectional images are provided in Figure 2.11.   

 Figure 2.12a depicts the enhancement in Jsc for each reflector as a function of insulating 

layer thickness.  The amount of alumina was varied to find the thickness that optimized electrical 
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insulation between Au and the microcell, which was determined to be between 5-10 nm.  At 10 

nm of alumina on each reflector, Figure 2.12a shows a ~15% enhancement in the photocurrent 

when the microcell is on the surface of the flat, opaque reflector while there is a ~26% 

enhancement in the photocurrent when the microcell is on the PNR.  We also performed 

measurements with a 35 nm thick, flat Au BSR and found the enhancement in the Jsc to be ~10% 

relative to the anodized Al back plate.  The measured Jsc remains constant as the amount of 

alumina on the Au mirror is increased.  A different result is observed for thicker layers of 

alumina on the PNR.  The PNR has an observed drop in enhancement going beyond 10 nm of 

alumina.  From the FDTD computations, we found that the electric field enhancements extend 

ten nanometers at the edges of the Au nanowells (due to localized surface plasmons) to hundreds 

of nanometers and all way through the Si slab (corresponding to 0th and higher diffraction order 

Fabry-Pérot resonances).  Figure 2.12b shows representative J-V measurements for microcells 

prepared on glass (black), above the Au mirror (blue), and above the Au PNR (red) and Table 2.1 

gives their key parameters.  The microcell on glass has an initial efficiency of 1.40% with FF = 

61%, Voc = 410 mV, and Jsc = 5.61 mA/cm2.  Once transferred to the PNR, Eff = 1.75%, FF = 

60%, Voc = 419 mV, and Jsc = 7.02 mA/cm2.  A similar performing microcell was transferred to 

an Au mirror and had the following characteristics: Eff = 1.59%, FF = 60%, Voc = 417 mV, and 

Jsc = 6.42 mA/cm2.  The slight enhancement in the Voc (relative to the microcell on the glass 

slide) is to be expected since Voc increases logarithmically with illumination intensity[49].  For 

the present case we measured almost the same FFs for representative cells above the Au PNR 

and the Au mirror, indicating negligible changes in the series resistance.  We also found that 

slightly higher efficiencies occur in the PNR case due to the enhanced absorption induced by 

Fabry-Perot resonances.  Because of the large surface-area-to-volume ratio of these microcells, 
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as well as the fact that these devices have no passivation layer (a choice made to simplify the 

fabrication of thin microcells with the extremely flat back surfaces, as required for adhesive free 

transfer printing, from the SOI source wafer), carrier recombination at the surface is quite high 

(as shown by the low Voc values). 

 We should note that these SOI-derived microcells, although functional, are of relatively 

low performance as compared to both commercial Si solar cells and microcells we have 

previously reported [6, 11, 13].  Their use serves solely to facilitate a proof-of-concept on the 

qualities realized by the precise placement of a PNR in proximate planar contact with the cell.  

The lower performance of these devices is a well-understood result of the fabrication process 

[12], which is not optimized.  The performance is affected by the lack of a surface passivation 

layer encapsulating the microcells as well as the microcells not possessing a back-surface field 

[50, 51].  Additional factors that impact our cell performance include the lack of an anti-

reflective coating [50, 51], a highly doped emitter, and having top and bottom surfaces that are 

nearly atomically flat, which reduces the potential for multiple internal reflections of light.  Work 

has been done into developing improved fabrication methods and integration schemes for ultra-

thin cells that mitigate many of these impacts [52]. 

 Photocurrent measurements based on a given wavelength range, up to the material’s band 

gap, as measured by filters placed in front of the solar simulator, are given in Figure 2.12c.  The 

graph is plotted in terms of enhancement factor where measurements for microcells on the PNR 

are normalized to measurements for microcells on the flat, opaque Au backside reflector (red) 

with accompanying FDTD results for the Si slab above the PNR normalized to the Si slab above 

the flat, opaque Au (blue). The horizontal error bars depict the wavelength range measured while 

the vertical error bars represent measured sample variance.  To study the wavelength dependent 
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absorption enhancement, band pass filters were used to measure absorption for specific 

wavelength ranges.  The band-pass filters had the following center wavelengths: 550 nm 

(FWHM± 37.5 nm), 650 nm (FWHM ± 37.5 nm), and 750 nm (FWHM ± 37.5 nm).  A 

combination of short-pass and long-pass filters had the following center wavelengths 825 nm 

(FWHM ± 25 nm), 900 nm (FWHM ± 50 nm), 925 nm (FWHM ± 25 nm), 950 nm (FWHM 

± 50 nm), 975 nm (FWHM ± 25 nm), and 1050 nm (FWHM ± 50 nm).  Similar to the FDTD 

results, the Au mirror marginally outperforms the PNR up until about 800 nm.  After 800 nm the 

PNR outperforms the opaque backside reflector.  The regions for absorption enhancement from 

the experimental data in Figure 2.12c agree quite well with the FDTD models given in Figure 

2.10a.  Photocurrent enhancements after 900 nm are the most drastic with the PNR having an 

enhancement factor ~8 in the NIR. 

 A few of the cross-sectional images in Figure 2.10b show surface plasmons on the sides 

of the upper and lower portions of the Au nanowells.  In order to rule out any contribution to the 

enhancement in the photocurrent from surface plasmons, filter measurements were also 

performed on microcells above Al- and Ag-based PNRs and their respective flat mirrors (Figure 

2.13).  Ag and Al were studied since Au generates plasmons in the visible, Ag generates 

plasmons in the visible/NIR, and Al generates plasmons in the ultra-violet [53-55].  The benefit 

of studying the Al-based system is that no plasmons will be generated since Si absorbs and 

reflects all the ultra-violet light (where Al is active).  The enhancement in the Jsc for each PNR 

and mirror were similar to their Au counterparts ~26% and ~15%, respectively, when compared 

to the anodized Al backplate.  From the filter measurements, a similar trend was observed with 

the opaque mirror out-performing each metallic PNR in the shorter wavelength range.  After 800 

nm the PNR outperforms the mirror of the same metal as shown in Figure 2.13.  Furthermore, the 
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trends in Jsc for each reflector were similar to the reported reflection measurements of each 

backside reflector (Figure 2.14).  These measurements therefore rule out dominating 

contributions from surface plasmons to the enhancements seen in the photocurrent.  For the 

present PNR design we haven’t observed any important contributions from plasmonic effects 

over the silicon absorption bandwidth. 

2.4.2 Surface Light-Trapping Structures 

 For the second case of Si solar cells with a surface light-trapping structure, Figures 2.15a 

and 2.15b compare the relative absorption of each type of solar cell with respect to the AM1.5D 

spectrum.  FDTD and experimental optical microscope measurements were performed for 3 μm 

thick cells with and without the light trapping scheme (bare vs LT as shown in the figures).  

Experimental absorption measurements are limited to wavelengths between 550 nm and 1100 by 

the source-detector in the microscope-coupled FTIR system (Bruker Vertex 70-Huperion 1000).  

The detector begins to have poor response for wavelengths of light smaller than 550 nm.  The 

simulated and experimentally measured absorption values, when integrated over the AM 1.5D 

spectrum, are 27.6% (Figure 2.15a) and 28% (Figure 2.15b), respectively, for the microcell with 

no light-trapping structure.  For the light-trapping microcell, these values increase to 69% 

(modeled) and 77% (experimental).  Figure 2.15c overlays Figures 2.15a and 2.15b and shows 

that the absorption peaks match, but the peaks are much greater for the experimental case.  This 

discrepancy will be discussed later in this section.  Regardless, there is agreement in the 

experimental and modeled data.  As is expected with silicon, the thin-film silicon with no light 

trapping structure barely absorbs any light at its band edge.  The ultra-thin thickness of these 

cells lends them to Fabry-Perot cavity resonances, as in the case of the cells with the 

nanostructured backside reflector.  The light trapping structure on the surface of the cell, 
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however, acts as a diffractive grating and greatly enhances absorption.  In this case, the top 

diffractive pattern associated of the light-trapping structure in combination with a flat backside 

reflector underneath the microcells induces resonances associated with 0th and higher-order 

modes.  These diffraction orders remain trapped due to total internal reflection of light.  The 

FDTD simulation for these studies assumes perfect arrays of nanoposts as the diffractive top 

surfaces of the microcells and a perfectly flat back-surface.  For the model, these structures 

diffract the incident light as multiple diffraction orders inside the silicon.  In fabricated cells, the 

nano-posts and back-surface are non-ideal surfaces and have slight surface imperfections 

(Figures 2.15d and 2.15e) that are due to (1) imperfections associated with the lithography and 

dry etching processes when fabricating the surface light-trapping structure and (2) the wet 

etching processes leaving the backsurface slightly roughened.  These imperfections on the front 

and back surfaces scatter the light in excess of that expected by diffraction alone (in the FDTD), 

which leads to additional absorption and further total internal reflection of light inside of the 

solar microcell.  These discrepancies between experimental results and FDTD model are from 

these surface non-idealities.   

 Figure 2.16a shows the measured J-V for various microcell designs under AM 1.5D 

illumination of 1000 W/m2 at room temperature.  Efficiency measurements are taken using the 

overall area of each cell.  From the figure, separate studies isolate the effects of the light-trapping 

structure (LTS), anti-reflective coatings (ARC), as well as flat backside reflectors (BSR), and 

their combinations.  The samples measured were bare Si, with ARC, with BSR, with BSR 

+ARC, with LTS, with LTS +ARC, with LTS +BSR and, lastly, with LTS +BSR +ARC.  The 

data in this figure has a ton of information.  Because all the cells are fabricated in an identical 

manner, there doping profiles and other properties should be nearly similar.  As a consequence of 
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this certain information can be obtained.  Trends in short-circuit current should follow those in 

the optical generation rate (see Equation 1.2), or, to put another way, how much light the cell 

“sees”.  As shown in the table of Figure 2.16b, the short-circuit current of the bare cell and the 

bare Si with LTS +BSR +ARC  are 9.62 mA/cm2 and 24.57 mA/cm2 , respectively.  The 

enhancement in the current of the bare cell compared to that of the LT cell (LTS +BSR +ARC) is 

∼155%, which is consistent with both FDTD-predicted and experimentally-measured 

enhancements in absorption.   

Since the open-circuit voltage is logarithmically proportional to absorption, modest 

enhancements in the voltage should be expected.  The open-circuit voltage for the microcells 

with bare Si and with LTS +BSR +ARC are 0.45 V and 0.494 V.  This corresponds to ∼10% 

increase in Voc, roughly consistent with the expected weak, logarithmic scaling.  The fill factors 

remain quite consistent – between 70.5% and 71.5% – with not much variation.  Because these 

samples were scanned with two probe tips as opposed to a four probe setup, series resistances in 

the wiring and other factors can skew these results.  Albeit, to only modest values.  The error in 

measuring fill factor from using two probe tips is probably ~1% of the fill factor, so the 

experimentally measured fill factors for each of the cells are then nearly identical.  The 

experimentally derived energy conversion efficiencies are 2.90, 3.7, 4.14, 4.69, 6.13, 6.68, 7.67 

and 8.47% for various cases, as tabulated in Figure 2.16b.  The cell with the LTS +BSR +ARC 

(Figure 2.16c) configuration has the greatest energy conversion efficiency, which is consistent 

with enhancements in Jsc (∼155%) and Voc (∼9.78%).  The result is that the efficiency of this 

microcell is ∼190% greater than that of the bare Si cell.  Furthermore, what is very impressive is 

the fact that these unpassivated cells that are three microns in thickness, have an energy 

conversion efficiency of ~8.5%.  This energy conversion efficiency is rather low, given that the 
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cell absorbs nearly 80% of the AM 1.5D solar spectrum.  The reason for this lower cell 

performance is due to inadequate surface passivation, or, to use the bucket-feeding water wheel 

analogy, there are some leaks in this bucket.  Early studies of unpassivated silicon solar cells had 

energy conversion efficiencies of around 10% [51, 56, 57].  These cells were also hundreds of 

microns in thickness.  Therefore, from this surface light-trapping structure in combination with 

adequate surface and side-wall passivation, it could be possible to produce Si microcells with 

energy conversion efficiencies close to 20 percent or greater with the cell’s thickness being only 

~ 3 µm. 

2.4.3 Applications to Commercial Photovoltaic Devices 

 Solar cells utilizing back contacts, such as point-contact solar cells [58-60], can benefit 

from the design principles and light management schemes established by this work.  The key 

aspect to enable increased performance occurs when the device is in direct contact with the 

backside reflector.  This allows the device to take advantage of the intense, near-field phenomena 

that enable a higher absorption cross-section, and therefore, better performance.  Outlined in 

Figure 2.17a is the current cell setup with the PNR and in Figure 2.17b is a modified point-

contact solar cell setup that can take advantage of the intense Fabry-Perot resonances from a 

backside reflector.  This could reduce the thickness of silicon required to make a device.  Further 

reductions in absorber material also come from having a surface light-trapping structure above 

the silicon cell as well.  Diffraction gratings on different sides of the cell can be tuned to diffract 

different parts of the solar spectrum.  If it is possible to get 80% of the light absorbed inside a 3 

µm thick silicon device, it is feasible to enhance that number to 90% or 95% with a thicker cell 

and multiple gratings on both sides.  Passivation and p-n junction formation with amorphous 
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silicon, as is the case with Sanyo HIT solar cells [61-63], could produce very efficient, thin-film 

devices that are cheaper to manufacture than current silicon technology. 

2.5 Conclusions 

 To summarize, we report on a semi-transparent backside reflector with nanoscale relief 

features that can outperform an optically opaque, flat reflector of the same metal due to 

excitation of higher order Fabry-Pérot resonances as well as light diffraction/scattering.  It has 

also been shown the microcells that are ~3 µm thick can absorb nearly 80% of the solar spectrum 

once a light trapping structure is added to the surface.  The mechanisms that enable enhanced 

absorption for microcells above the PNR and with the light-trapping structure have been 

identified and computational modeling reveals that the major component for the increased 

absorption in both cases stems from higher order Fabry-Pérot resonances.  For the PNR case, J-V 

measurements incorporating filters below the solar simulator show higher photocurrent densities 

in the red/NIR domain of the spectrum, which agree with our computational model.  These 

experimental results on working devices further support the notion that Fabry-Pérot resonances 

are the dominant mechanism for the enhanced photocurrent.  Filter measurements with Al- and 

Ag-based PNRs and mirrors show similar trends in the Jsc to Au PNRs and mirrors and therefore 

rule out any possible contribution from surface plasmons to the enhanced absorption.   
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2.7 Figures and Tables 

 

Figure 2.1 Outline of the microcell fabrication process.  Further details are given in the 

experimental section of the paper.  The Si handle in part 5 is shown in blue to differentiate it 

from the Si microcells. 
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Figure 2.2 Schematic of the soft-imprint lithography process.  (a) Creating a hard PDMS stamp 

from a mold and embossing it to polyurethane.  After this step the sample is cured and the stamp 

is removed.  The backside reflector is then coated with Au from sputter-coating.  (b) Images of 

the photoresist master, the PDMS stamp (the inverse of the image), and the final PNR. 
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Figure 2.3 Comparison of dielectric insulating layer on Jsc for flat, opaque gold backside 

reflectors.   
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Figure 2.4 Enhancement in Jsc based on PNR pitch (a) and the various PNR pitches and 

diameters studied (b). 
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Figure 2.5 SEM images from microcells on bulk wafers.  Top left figure shows a small an array 

of microcells on the wafer partially undercut with a zoomed-in image of a microcell.  The lower 

left figure shows the light trapping structure on the surface that is formed by soft-imprint 

lithography.  The lower right-hand figure is an illustration of a microcell area outlining the cell 

size and doping regions. 
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Figure 2.6 Experimental and FDTD of Si on an Au PNR.  0-th order transmission spectra of 1.7 

μm thick piece of Si on PNR comparison of experimental (red) and computer-modeled FDTD 

(black). 
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Figure 2.7 Anodized Al back cover and aperture set-up. 
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Figure 2.8 Filter measurements with small-area apertures.   
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Figure 2.9 Schematic illustration, optical and SEM images of microcells.  (a) Illustration of the 

solar microcell on the surface of the PNR (right) with an enlarged image giving the dimensions 

of the microcell (left).  (b) Images of microcells transferred to the PNR with their doping profiles 

highlighted in green (n++) and purple (p++).  (c) SEM image of a microcell transfer printed to 

the PNR with the inset showing direct contact of the microcell to the surface of the PNR.  White 

lines in parts (b and c) represents: 100 μm (b); 5 μm (c); and 500 nm (c, insert).   
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Figure 2.10 FDTD absorption and cross-section images of microcells.  (a) FDTD plot depicting 

the absorption for 1.7 μm thick Si microcell (black), on a 300 nm thick, flat Au backside 

reflector (blue), and the PNR (red).  (b) Illustrations of each modeled system along with cross-

sectional (X-Z) images computed with FDTD of the electric field distribution of one unit cell for 

a microcell on the surface of the PNR (top) and the flat, Au backside reflector (bottom).  The 

simulations were performed with 10 nm of Al2O3 (outlined in red in each illustration) between 

each backside reflector and the microcell.  The white region for the PNR case (b) represents an 

air-gap between the Si microcell and the PNR interface.  The PNR was modeled to have a relief 

depth of 380 nm, a hole pitch of Λ = 740 nm, and a hole diameter of 440nm.  Images are shown 

for wavelengths around 676 nm (point 1), 870 nm (point 2), 1000 nm (point 3), and 1070 nm 

(point 4). 
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Figure 2.11 FDTD absorption spectra and cross-sectional images.  (a) FDTD absorption for 

silicon on the surface of the PNR with 10 nm of alumina and (b) X-Z cross-sections at 847 (1), 

870 (2), 896 (3), 935 (4), 950 (5), 1024 (6), 1041 (7), and 1092 (8) of the silicon on the surface 

of the PNR.  The computational parameters are given in the paper. 
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Figure 2.12 J-V measurements of microcells under illumination.  (a) Enhancements in the Jsc for 

microcells on the PNR and flat, Au backside reflector as a function Al2O3 spacer layer thickness.  

Each backside reflector measurement has been normalized to the measurement of the microcell 

on a glass slide. (b) Representative J-V measurements for microcells on a glass slide (black), 

PNR (red), and flat Au (blue) with a table giving the important cell parameters.  (c) Enhancement 

factors for filter measurements performed under the solar simulator for microcells on the PNR 

normalized to microcells on the flat, opaque Au backside reflector (red) with accompanying 

FDTD results for the Si slab above the PNR normalized to Si slab above the flat, opaque Au 

(blue).  X-axis error bars indicate the wavelength range for the filters while the y-axis error bars 

indicate sample variance. 
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Backside Reflector Eff (%) Voc (mV) Jsc (mA/cm2) FF (%) 

Au PNR 1.75 419 7.02 60 

Au Mirror 1.59 417 6.42 60 

Anodized Al backplate 1.40 410 5.61 61 

 

Table 2.1 Cell Performance as a Function of Backside Reflector 
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Figure 2.13 Au, Ag, and Al enhancement factor data (a) and PNR and mirror measurements (b). 

Filter measurements were performed using the same filters as described in the paper.  The 

decrease in the Jsc in the NIR can be attributed to excessive light scattering from the anodized Al 

backplate when the microcell is first measured on the glass slide.  (See supplementary data Fig. 

S9 for the reflectance spectra of the anodized Al backplate.)  The large-area aperture has an 

opening that enables the anodized Al backplate to scatter more light in the NIR to the microcell 

when it is on the glass slide.  This is in contrast to when the microcell is directly above a metallic 

backside reflector.   
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Figure 2.14 Reflection measurements for the mirrors and PNRs.  The hole pitch and diameters 

were all the same and are discussed in the above text.  The metals studied were Al, Ag, and Au. 
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Figure 2.15 Molded (a) and experimental (b) spectra for a bare microcell and a light-trapping 

(LT) microcell compared to the AM 1.5D solar spectrum.  An overlay of the experimental and 

modeled spectra is given in (c).  The cells have imperfections on the back-surface (d) and surface 

of the light-trapping structure (e) that are a result of the undercutting process and imperfections 

in the lithography and dry etching steps. 
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Figure 2.16 Current-voltage curves (a) and a table listing the key cell parameters (b) for cells 

with bare Si, an anti-reflective coating (ARC), a backside reflector (BSR), and the light-trapping 

structure (LTS) as well as combinations of all of these regimes.  An image of the microcell with 

the LTS+BSR+ARC is given in (c). 
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Figure 2.17 Illustrations of a microcell above a periodically nanostructured back-side reflector 

(a) and a proposed cell structure incorporating an integrated periodically nanostructured reflector 

as a contact as well as having a surface light trapping structure to reduce the amount of Si needed 

for the solar cell. 
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Chapter 3 

Fabrication and Characterization of InGaP and GaAs Solar 

Microcells under One Sun and Concentrated Light 

3.1 Abstract 

 This chapter focuses on the design principles, fabrication, and characterization of III-V 

solar microcells – specifically, InGaP and GaAs solar microcells.  Here the term “microcells” is 

used to define solar cells that are approximately 600 x 600 µm2 in size.  The chapter will begin 

with an overview of each epilayer and the rationale behind its design.  Fabrication of these 

devices will then be discussed in great detail accompanied by examination of cell performance – 

with key solar cell parameters surveyed – under one sun and concentrated sunlight. 

3.2 Introduction 

III-V semiconductors such as InGaP and GaAs have advantages over Si devices such as 

direct band gaps and their potential for large external radiative efficiency values [1, 2].  As such, 

they have the potential for extremely high energy conversion efficiencies.  A thin-flim GaAs cell 

holds the record single junction efficiency at 28.8% under standard test conditions [3] and InGaP 

cells have been tailored to reach efficiency values past 20% [2].   

 Figure 3.1 is an outline of the InGaP epi-stack used for the experiments discussed herein.  

Unlike Si solar cells, III-V solar cells consist of epi-layers that have different band gaps for the 

various parts of the cell; wider band gap materials are used for the backsurface field and window 

layers and each epi-layer in the solar cell must be carefully lattice matched to the parent epi-

wafer in order to reduce growth defects.  This last aspect greatly limits the choice of available 

materials for compound semiconductor solar cells.  If materials were grown without low defects, 
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their efficiency values would be greatly reduced from their optimal values and no real benefit to 

using III-V materials as solar cells would be gained.  The band gaps for the different layers are 

often created by varying the composition in ternary and quaternary alloys.  These multilayer 

structures may be produced either from Metal-Organic Chemical Vapor Deposition (MOCVD), 

Liquid Phase Epitaxy (LPE), as well as Molecular Beam Epitaxy (MBE).  MOCVD growths 

have improved in quality over the years and have proven to achieve the best economics of 

growth that are also combined with high crystal perfection, homogeneity, and interface control 

[4]. 

3.2.1 Compound Semiconductor Microcells 

 The sizes of the III-V solar cells in this thesis are on the order of 600 x 600 µm2.  

Miniaturization of these devices presents opportunities for having small, compact form factors 

that can achieve high energy conversion efficiencies along with more efficient utilization of 

semi-precious and expensive materials which compose the solar cell.  When the thickness of a 

solar cell is reduced, collection of the free carriers is improved.  This aspect of a thinner cell can 

lead to better short-circuit current and open-circuit voltage parameters – improving the overall 

light conversion efficiency of the cell.  This, of course, assumes the cell is thick enough to collect 

a majority of the photons.  There are drawbacks, however, to having micro-scale (length and 

width) devices.  The increased cell surface area will result in more recombination along the 

edges of the device.  As such, it is impractical to work cells that have unpassivated sidewalls 

operating at one sun.  To better exploit thin-film microcells, it is better to work with these 

devices under concentrated sunlight.  In concentrator systems where the cells can be working in 

the high-carrier injection limit; that is, with increasing light irradiance, at some point it is 

possible for the free carrier density to exceed the dopant density – the number of free electrons is 
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equal to the number of free holes (Δn = Δp >> n0 or p0).  When the amount of generated carriers 

is greater than the background dopant density of the material, the primary method of 

recombination becomes Auger recombination and sidewall recombination becomes negligible.  It 

is possible to work with devices ~ 600 x 600 µm2 in a concentration regime of ~1100 suns [5, 6].  

This avenue presents opportunities more effective utilization of photovoltaic materials that can 

reduce the overall cost of the concentrator system.  As an additional benefit, concentration also 

improves solar cell energy conversion efficiency. 

3.2.2 Epitaxial Lift-Off Technique 

 The method in which the microcells are removed from the host wafer is a method that has 

been around for many years known as the epitaxial lift-off technique.  The method has been used 

for a while with GaAs cells [7-10], but has also been tried with other materials [11-14].  The 

sacrificial material is AlAs.  A small amount of gallium is present (usually it is Al0.96Ga0.04As) to 

have the sacrificial layer lattice matched to the GaAs substrate.  Immersion of the sample in HF 

acid is known to etch the AlAs layer at a very high etch rate; etch rates can be greater than ~1 

mm an hour at room temperature.  Occasionally some of the epi-layers in the stack can be 

attacked by HF [15].  In these cases, photoresist can serve as an etch barrier – or coating the 

device with another substance that is resistant to HF – to help passivate the device during 

etching.  Here, Al0.96Ga0.04As (henceforth known as AlAs) is the sacrificial material employed to 

selectively remove InGaP and GaAs solar cells from GaAs host wafers.  The AlAs layer is 500 

nm as thicker layers are known to have higher etch rates [15, 16]. 
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3.3 Materials and Methods 

3.3.1 InGaP Solar Cell Epi-Stack 

 Figure 3.1 is an outline of the InGaP epi-stack.  The epi-layers are formed by 

growth on a gallium arsenide (GaAs) wafer (GaAs (100) 10° off (111) plane) grown by metal-

organic chemical vapor deposition.  Massimo Semicondutor was the company that provided the 

growth using preset conditions from their solar cell epi-layers.  For a deeper discussion such as 

the reason for the specific p- and n-type dopants and for a history of InGaP-based solar cells, 

readers are encouraged to look at reference [17].  The structure (from bottom to top) consists of 

500 nm AlAs layer for sacrificial etching; an intrinsic InGaP layer that is 1 µm thick to help 

facilitate transfer printing; a 100 nm thick GaAs layer acting as the p-contact (Zn doped, p > 1 x 

1019cm-3); this dopant density assists in forming ohmic contacts with high workfuction metals 

such as Au.  The p-layer is only 100 nm thick which offers the potential for fabricating bifacial 

devices, as well.  An Al0.25In0.50Ga0.25P (henceforth known as AlInGaP) layer acts as the back-

surface field (Zn doped, p ~ 8 x 1017cm-3).  This layer consists of a wider band gap material and 

greater dopant density than the InGaP base layer to help repel minority carriers – in this case 

electrons – from the high recombination rear contact.  The 1.3 µm In0.50Ga0.50P (InGaP) base 

layer serves as the absorbing layer (Zn, p ~ 3 x 1016cm-3).  This doping concentration serves as a 

balance to allow for effective absorption of light and also diffusion of the free-carriers to their 

respective contacts.  A 100 nm thick In0.50Ga0.50P emitter (Si, n ~ 2 x 1018 cm-3) to form the p-n 

junction and a 40 nm thick Al0.25In0.50Ga0.25P window (Si, n ~ 4 x 1018 cm-3).  The cap layer 

consists of a 100 nm thick GaAs contacting layer (Si, n ~ 4.5 x 1018 cm-3); and a highly doped 

layer of GaAs (Te, n > 1 x 1019 cm-3) to allow for formation of ohmic contacts using lower 

workfunction materials such as Ti or Ge.  These doping conditions are optimal for minimizing 
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electrical resistance yet the doping levels are set up to minimize carrier recombination.  

Traditionally InGaP cells are used in multijunction solar cells where the window layer is 

Al0.50In0.50P [17-19].  In this case AlInGaP was chosen as the window layer for two reasons; it 

was chosen because (1) it has a greater resistance to etching in HF [15] than Al0.50In0.50P and has 

been used in (2) previous record-efficiency multijunction devices [20].  The InGaP emitter/base 

layers grown here have a band gap of ~ 1.9 eV suggesting a disordered InGaP layer [21, 22].  

This does not affect the performance of the devices, but rather makes the band gap wider; 

traditionally InGaP MOCVD growths can range from 1.8 eV to 1.91 eV depending on the 

growth conditions [17].  The bottom InGaP layer above the AlAs layer serves as a supporting 

layer to help facilitate transfer printing.  Because InGaP solar cell fabrication involves both 

contacts facing the top surface, and since the bottom p-contact layer is only 100 nm, the 1 µm of 

InGaP serves as a support layer when transfer printing InGaP cells to foreign substrates.  

Otherwise, the 100 nm p-layer could easily tear during transfer printing. 

3.3.2 GaAs Solar Cell Epi-Stack 

Figure 3.2 is an outline of the GaAs epi-stack.  The various epi-layers are grown on top 

of GaAs wafer [n-type GaAs, (100 10° of towards the (110)] by metal-organic chemical vapor 

deposition in a similar manner to the InGaP cell.  For a more thorough discussion of the GaAs 

cell overview, please see reference [17].  Massimo Semicondutor was the company that provided 

the growth using preset conditions from their solar cell epi-layers.  The structure (from bottom to 

top) consists of 500 nm AlAs layer for sacrificial etching; an intrinsic InGaP layer that is 700 nm 

thick to help facilitate transfer printing; a 300 nm thick GaAs layer acting as the p-contact (Zn 

doped, p ~ 3.8 x 1019cm-3); an Al0.30Ga0.70As layer acting as the back-surface field (Zn doped, p ~ 

8 x 1018cm-3); a 2.5 µm GaAs base layer serving as the absorbing layer (Zn, p ~ 1 x 1017 cm-3); a 
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100 nm thick GaAs emitter (Si, n ~ 2 x 1018 cm-3); a 25 nm thick In0.50Ga0.50P window (Si, n ~ 2 

x 1018 cm-3); a 100 nm thick GaAs contacting layer (Si, n ~ 2 x 1018 cm-3); and a highly doped 

cap layer of 100 nm GaAs (Te, n > 1 x 1019cm-3).  These doping conditions are optimal for 

minimizing electrical resistance yet the doping is set up to reduce carrier recombination by 

allowing long enough path lengths.  The InGaP window layer was chosen because the 

InGaP/GaAs interface has one of the lowest recombination velocities, and thus provides for 

excellent surface passivation [23].  The AlGaAs backsurface field was chosen since for three 

reasons: (1) it has a wider band gap (Eg ~2 eV) than InGaP, (2) can be selectivity etch with 

different ratios of citric acid:hydrogen peroxide, and (3) can still maintain a highly structured 

morphology at higher p-doping concentrations than InGaP [24]. 

3.3.3 Wet Etchants 

 Many selective and non-selective etchants exist for processing III-V devices.  For InGaP-

and GaAs-based solar cells, there are multiple etchants that may be used to tune selectivity for 

device processing [25]: 

 Mixtures of ammonia, hydrogen peroxide, and water etch GaAs but do not etch InGaP (or 

AlInGaP).  A (2:1:10) of NH4OH:H2O2:H2O that etches GaAs is one common 

formulation [26]. 

 Concentrated HCl acid rapidly etches AlInGaP and InGaP but does not etch GaAs [27].  

HCl acid may be diluted with water to slow down the etch rate of InGaP-based materials.  

Dilluting the solution too much, however, will make it unable to etch InGaP.  In general, 

HCl is known to etch phosphide-based materials and H3PO4 is known to etch arsenide-

based materials [28, 29]. 
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 A mixture of phosphoric acid, hydrogen peroxide, and water etches GaAs, but does not 

etch InGaP-based materials.  Various formulations are present; two common recipes are 

(1:13:12) etch rate of ~40 nm/s and (3:1:25) etch rate of 140 nm/min [30]. 

 A mixture of sulfuric acid, hydrogen peroxide, and water – basically piranha [31] – in a 

ratio of (1:8:80) has an etch rate of 8 nm/s [32]. 

 Citric acid and hydrogen peroxide in various combinations will etch GaAs, but not etch 

AlGaAs layers [33].  This is a common etch-stop routine.  This process also does not etch 

InGaP. 

There are many formulations which can be found in the literature [25].  Table 3.1 gives the 

various etchant ratios for citric acid and hydrogen peroxide and their etch rates.  Wet etching 

formulations are suitable for processing microcells of our size regime making dry etching 

techniques unnecessary.  All of these etching solutions were thoroughly mixed and set aside for 

15 minutes after mixing to allow the solutions to equilibriate to room temperature.  Etching 

solutions were kept fresh to avoid any reproducibility issues.  Specific formulations for etching 

each epi-stack will be discussed in more detail in the device fabrication sections that follow. 

3.3.4 InGaP Cell Fabrication 

The InGaP cell is designed for removal from the wafer because of a thin layer of AlAs 

can be sacrificially etched away.  The cells can be integrated onto foreign substrates using 

techniques of epitaxial lift-off and transfer printing.  Figure 3.3 details the fabrication of the 

InGaP cells in detail.  The cells are lithographically fabricated and etched with wet etchants by 

the following process: (1) the InGaP substrate is photolithographically patterned with 

photoreisist (AZ 5214, Clariant) and selective wet etchants etch down to the p-type GaAs layer; 
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to etch the GaAs cap layer, H3PO4 (85 wt% in water):H2O2 (30 wt% in water):H2O (1:13:12) was 

used and etches down to the AlInGaP window layer; once at the AlInGaP window layer, (2) 

concentrated HCl acid (36 wt% in water) etches the AlInGaP window/back-surface field and 

InGaP layers to stop at the GaAs p-contact; another photolithographic pattern (AZ 5214, 

Clariant) is applied to the wafer and (3) the phosphoric acid etchant is again used followed by 

HCl to etch the InGaP layer and reveal the AlAs layer.  (The lower InGaP layer takes ~15 s to 

etch in HCl.)  At this point metal contacts are deposited (4) with Ti/Au (or Cr/Au;10nm/~200 

nm) for the n-contact and Au (~200 nm) for the p-contact by two lift-off steps (AZ 2020, 

Clariant).  The cells are then encapsulated in SPR 220 v4.5 (5) and the cells are undercut in an 

ethanol-rich hydrofluoric acid solution (49% HF, Transene; HF:ethanol = 1:1.5 by volume) to 

undercut the cells.  The ethanol in the HF solution serves to reduce bubble formation so that 

greater HF concentrations could be used to enhance the AlAs etch rate.  Indivdual InGaP cells 

can be lifted off the surface by a polydimethylsiloxane (PDMS) stamp and transfer printed to 

glassed slides (6) with a thin layer of SU-8 2002 (Microchem) acting as the adhesive.  The cap 

layer is then removed by the phosphoric acid etchant solution with another photoresist layer 

protecting the p-type GaAs.  The cap layer is kept on the surface during the HF undercut step 

because fluoride ions in HF are known to be able to penetrate photoresist [34] and, in this case, 

attack the AlInGaP window layer [15].  (During studies when the fabrication had the AlInGaP 

window layer covered by photoresist, excessive delamination was observed.  This delamination 

did not occur when the GaAs cap layer was covered by photoresist.  This suggests that the 

AlInGaP window layer is partially [or completely] etched by HF during the undercutting step.)  

HF penetrating and etching the window layer can be remedied by using small, thin-flm coatings 

– such as anti-reflective coatings – which are impervious to HF attack.  Another method would 



95 

 

be to use a different etchant material such as AlInP, which has been shown to have a high etch 

rate in HCl [35]. 

3.3.5 InGaP Etching Issues 

 There is a major issue with etching InGaP cells that can cause problems with device 

integrity.  The problem deals with the wet etching behavior of InGaP and AlInGaP layers.  HCl-

based solutions are used for wet etching of these layers [36, 37].  Figures 3.4 a and b show the 

severe under-etching of InGaP/AlInGaP etched by HCl and being protected by a photoresist 

mask.  From reference [38], InGaP wet etching in concentrated HCl, the etch rate at 20°C has a 

two-fold rotational symmetry about [100] and etch rates can vary between planes.  This issue is 

not too serious for structures hundreds of microns in size (length and width) and only microns in 

thickness, but it can present problems.  Solutions to this issue include that, when depositing the 

photoresist mask for mesa etching, the mesa orientation is positioned 45° off axis.  In this case, 

the under etching becomes less apparent.  Another solution, the solution I have implemented for 

device fabrication, is to keep the GaAs cap layer on the surface during mesa etching.  This 

remedies the problem and only the corners of the cell are etched – as shown in Figure 3.4 c. 

3.3.6 Photolithography Processes 

Photolithography using AZ 5214 

a. Spin-coat at 3000 rpm for 30 seconds to form a film ~ 1.5 µm thick. 

b. Pre-bake at 110°C for 60 seconds to drive off volatile organic solvents 

c. Exposure dose of 135 mJ/cm2 at 365nm. 

d. Develop in 917 developer. 



96 

 

e. Hard bake at 110°C for ~ 1 min. 

Photolithography using AZ 2020 

a. Spin-coat at 3000 rpm for 30 seconds to form a film ~2 µm thick layer of photoresist. 

b. Pre-bake at 110°C for 60 seconds to drive off volatile organic solvents 

c. Exposure dose of 135 mJ/cm2 at 365nm. 

d. Develop in 917 developer. 

e. Hard bake at 110°C for ~ 1 min. 

Photolithography using SPR 220 v 4.5 

a. Spin-coat at 3000 rpm for 30 seconds to form a film ~ >4.5 µm thick. 

b. Pre-bake at 110°C for 60 seconds to drive off volatile organic solvents 

c. Exposure dose of 135 mJ/cm2 at 365nm. 

d. Develop in 400K developer developer diluted in water (5:1 = water:developer). 

e. Hard bake at 125°C for ~ 10 min to allow the photoresist to reflow; THIS REFLOW 

STEP IS CRUCIAL FOR UNDERCUTTING THE CHIPLETS. 

3.3.7 GaAs Cell Fabrication 

 Fabrication for both p- and n-contacts on the top of the cell followed a similar fabrication 

strategy as the aforementioned InGaP cells.  The only difference was the etchants used.  The 

cells are lithographically fabricated and etched with wet etchants in the following process: the 
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GaAs substrate is photolithographically patterned with photoreisist (AZ 5214, Clariant) and 

selective wet etchants etch down to the p-type GaAs layer (Figure 3.2); to etch the GaAs cap 

layer, H3PO4 (85 wt% in water):H2O2 (30 wt% in water):H2O (1:13:12) is used and etches down 

to the InGaP window layer; once at the InGaP window layer, concentrated HCl acid (36 wt% in 

water) etches the InGaP window layer to the GaAs emitter; at this point a 3:1 ratio (citric 

acid:hydrogen peroxide) is used to etch down to the Al0.3Ga0.7As backsurface field (roughly 11 to 

12 min. at room temperature); at this stage a 10:1 (citric acid:hydrogen peroxide) solution is used 

to etch through the Al0.3Ga0.7As layer and to etch a bit of the GaAs p-contact (~ 1 min); another 

photolithographic pattern (AZ 5214, Clariant) is applied to the wafer and the phosphoric acid 

etchant is again used followed by HCl to etch the InGaP layer and reveal the AlAs layer.  At this 

point the metal contacts are deposited with Ti/Au (or Cr/Au; 10nm/~200 nm) for the n-contact 

and Au (~200 nm) for the p-contact by two lift-off steps (AZ 2020, Clariant).  The cells are then 

encapsulated in SPR 220 v4.5 and the cells are undercut in an ethanol-rich hydrofluoric (HF) 

acid solution (HF:ethanol = 1:1.5 by volume).  The ethanol in the HF solution served to reduce 

bubble formation so that greater HF concentrations could be used to enhance the AlAs etch rate; 

typical undercutting times for a 650 µm wide device is roughly one hour.  While there has been 

no investigation into this phenomenon in the literature, it is believed that the ethanol helps reduce 

bubble formation and, therefore, preserves the integrity of the fragile III-V materials during the 

etching process.  Individual GaAs cells can be lifted off the surface by a polydimethylsiloxane 

(PDMS) stamp and transfer printed to glassed slides with a thin layer of SU-8 2002 (Microchem) 

acting as the adhesive.  The cap layer is then removed by the phosphoric acid etchant solution 

with another photoresist layer protecting the p-type GaAs.  The process yielded cells with 

inconsistent results.  The current-voltage curves would have a significant amount of series 
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resistance.  The most probable reason for this inconsistent performance (and extremely high 

series resistance) is the potential for non-uniform etching to the AlGaAs layer.  This can be 

overcome by placing the p-contact on the bottom of the cell, or working with different etchants.  

For example, a 3:1:25 of H3PO4:H2O2:H2O can be used to time the etch until it etches past the 

AlGaAs layer and ~50 nm into the p-contact.  The strategy I have chosen to take is to place the 

p-contact on the back-surface of the solar cell.   

3.3.8 GaAs with P-Contact on the Back Surface 

 Cell fabrication with a p-contact on the backside of the cell is shown in Figure 3.5.  The 

cells are lithographically fabricated and etched with wet etchants in the following process: (1) the 

GaAs substrate is photolithographically patterned with photoreisist (AZ 5214, Clariant) and a 

wet etch with H3PO4 (85 wt% in water):H2O2 (30 wt% in water):H2O (1:13:12) is then used to 

etch down to the InGaP window layer; once at the InGaP window layer, concentrated HCl acid 

(36 wt% in water) etches the InGaP and the phosphoric acid solution is then used to etch all the 

GaAs down to the lower InGaP layer; HCl then etches the last InGaP layer to expose the AlAs 

(1).  At this point the top metal contact is deposited (2) with Ti/Au or Cr/Au (10nm/~200 nm) for 

the n-contact by a lift-off step (AZ 2020, Clariant).  The cells are then encapsulated in SPR 220 

v4.5 (3) and the cells are undercut in an ethanol-rich hydrofluoric (HF) acid solution (HF:ethanol 

= 1:1.5 by volume) to undercut the cells.  Individual GaAs cells are then transferred to a PDMS 

stamp to have the InGaP layer removed with HCl (etching takes ~25 s) and the bottom contact is 

deposited with Au (~ 200 nm; 4).  After contact deposition, the cell is transfer printed to a glass 

slide with a thin layer of SU-8 2002 (Microchem) acting as the adhesive.  The bottom p-contact 

as well as the cap layer are then removed by the phosphoric acid etchant solution (5). 
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3.3.9 Cell Encapsulation for Large-Area Contacts 

 In order to measure the solar cells with alligator clips and to minimize problems probing 

the solar cells on soft surfaces, devices were encapsulated and had large-area contacts deposited 

(unless otherwise noted).  A 2 mm thick layer of photocurable epoxy (SU-8 2002, MicroChem) 

acts as an adhesive to facilitate transfer printing of the microcell to the glass substrate.  The 

sidewalls of the cell are then coated another ~2 µm thick layer of a photocurable epoxy (SU-8 

2002, MicroChem).  (Note: sometimes residual SU-8 remains on the surface of the device.  

Samples with residual SU-8 were etched in oxygen plasma.)  Following this sidewall coverage, 

the portions of the cell are then covered with another photocurable epoxy ~500 nm thick (SU-8 

2000.5, MicroChem).  Large-area metal contacts of Cr/Cu/Au (10 nm/500 nm – 1 µm/10 nm) are 

used for electrical interconnection that are created through lift-off using AZ 2070.  SU-8 is a 

negative-tone photoresist that is extremely versatile and is capable of forming tapered sidewalls.  

The sidewalls of the final encapsulated device were sloped as to allow for deposited contacts to 

have very low series resistance.  Sputtering contacts in this manner is the technique for 

minimizing resistance issues as sidewall definition has a huge impact on the uniformity of the 

deposition.  A device as well as an illustration of an encapsulated device is presented in Figure 

3.6a and b.  The process flow was the following: 

a. Spin coat SU-8 2002 on a glass slide a 3000 RPM for ~15 s 

b. Partially sure the SU-2002 under UV light (365 nm @ ~ 18mW/cm2) for ~ 5 s (note: This 

partial curing stage can be shorter or longer.  The point is to have the SU-8 “soft” enough 

to enable transfer printing to the glass slide. 

c. Transfer printing the microcell to the glass slide. 

d. Cure the transfer-printed sample longer in the UV light ~20 s 
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e. Heat for ~ 5 min at 110°C to cure cross-link the epoxy and use acetone to remove any 

positive-tone photoresist that remains on the microcell from undercutting. 

f. Spin-coat SU-8 2002 at 3000 rpm for 30 seconds to form a film ~ 2 µm thick film (this is 

the planarization layer). 

g. Soft bake at 95°C for 1 min to drive off volatile organic solvents. 

h. Upside-down exposure of the sample to 90 mJ/cm2 at 365nm. 

i. Post-exposure bake for 2 min at 95°C. 

j. Develop in SU-8 developer until fully developed. 

k. Remove any residual SU-8 resist on the surface of the cell with oxygen plasma. 

l. Spin-coat SU-8 2000.5 at 800 RPM (or less); Ensure that the PR does not de-wet.  (If the 

PR de-wets, treat the sample briefly with oxygen plasma and re-spincoat the sample.) 

m. soft bake for 1 min at 95 C 

n. spin-coast AZ 2070 photoresist at 3000 rpm  for ~30s 

o. soft bake: ~1 min @ 110C 

p. expose 45 mJ (~5 s when @ 9 mW; 365 nm light) 

q. PEB ~ 1 min 15 sec @ 110C 

r. Develop in 917 developer 

s. Deposit Cr/Cu/Au (10 nm/0.5 µm – 1 µm/10 nm); the Cu thickness can be varied to 

deposit thicker layers of metal to minimize resistive losses. 
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3.4 Results and Discussion 

3.4.1 Microcell Performance under One Sun and Concentrated Light 

 Figure 3.7 is an image of a fabricated InGaP solar microcell and the I-V characteristics 

under one sun.   The microcell has Ti/Au contacts for both n- and p-contacts that are ~ 120 nm 

thick.  The conversion efficiency for this cell under one sun was ~ 9.28% under standard test 

conditions with a FF of ~ 84%.  Upon exposure to concentrated sunlight, however, the FF drops 

substantially suggesting a large amount of series resistance is present inside of the microcell.  In 

order for this cell to work effectively under higher illumination conditions, an optimized contact 

scheme is required.  COMSOL modeling was used to determine the places for high series 

resistance inside of the microcell. 

3.4.2 COMSOL Modeling for an Improved Contact Design 

 In order to assess the performance of III-V cells under concentrated sunlight, COMSOL 

Multiphysics® software was used in order to assess possible places for series resistance inside of 

a solar cell.  Figure 3.8 shows the different places series resistance can occur inside of a solar cell 

[39].  From sheet resistance values and other key parameters, COMSOL can calculate the energy 

lost due to resistive heating.  From this, it is possible to back-calculate the actual resistance for 

certain layers of the solar cell.  Two of the main places that series resistance may occur are from 

the p- and n-contacts on the cell.  Because the doping profiles are known for each layer in the 

two epi-stacks, it is possible to calculate the various sheet resistances.   

To understand the series resistance associated with these layers, modeling of the p-type 

contact layer as well as the n-type emitter and window layers was performed.  This modeling 

will dictate the geometrical construction of the contacts with the goal of minimizing series 
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resistance losses in order to maintain proper power output.  With the resistances calculated for 

the various layers, Equation 3.1 can be applied to see the effect of resistance on the photocurrent. 

𝐼 = 𝐼𝐿 − 𝐼0 𝑒𝑥𝑝 {
𝑞(𝑉+𝐼𝑅𝑆)

𝑎𝑘𝑏𝑇
} −

𝑉+𝐼𝑅𝑆

𝑅𝑆𝐻
     (3.1) 

From the modeling, the best result for the contacting scheme is shown in Figure 3.9.  

Seven grid fingers are employed although 5 fingers for the top contact are most likely adequate 

for this case.  The bottom contact contains the most resistance – about an order of magnitude 

more than the top contact.  For the case of the InGaP epistack, the top contacts generally have 

only a few ohms of resistance while the bottom p++ contact contains approximately 15 to 25 

ohms, as calculated through COMSOL.  For the GaAs epistack the window/emitter layer 

resistance was on the order of a few ohms but the p++ contact layer was on the order of 10 ohms.  

For both of these epi-layers, the alternate bottom contact has a series resistance that is ~ 15% 

lower than the u-shaped contact.  Either contact is suitable for these cells.  The main constraint 

on the contact geometry is which spectrum splitting method will be employed.  For example, if 

the light is to be split vertically, then minimizing the area of the lower p-contact is necessary.  If, 

however, the light is to be split horizontally, then a contact on the backsurface of the cell – as is 

the case for the GaAs device – can be implemented.  (It should be noted that having the entire 

contact on the backsurface of the device gives a series resistance lower than the top contacting 

scheme.)  Given these resistance values, they are still quite low given our cell dimensions.  The 

results that follow in the next sections show cell performance under concentrated sunlight. 
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3.4.3 Transmission-Line Measurements 

 Forming ohmic contacts on the p- and n-type portions of the device is necessary to 

minimize resistive losses and ensure overall device integrity.  There has been much discussion as 

to the choice of metals used for contacting to n- and p-type GaAs [30].  Here Ti/Au or Cr/Au was 

used for the n-type contact and Au for the p-type contact.  Ti and Cr have lower work functions 

than Au, so they are more suitable metals for contacting to n-type GaAs.  Au has a high work 

function so it is suitable for contacting to p-type GaAs.  Au has excellent adhesion to GaAs and 

other semiconductor materials so long as an oxide layer is removed before metal deposition.  

From transmission line measurements, typical contact resistances are ~ 8 x 10-5 ohm-cm2 for 

Ti/Au on n-GaAs and 1 x 10-3 – 7 x 10-4 ohm-cm2 for Au on p-GaAs.  These contact resistances 

are quite low and suitable for the needs for concentration in the hundreds of sun range. 

3.4.4 Cells under Concentrated Light  

 Figure 3.10 details the performance of GaAs and InGaP cells under concentrated 

sunlight.  The data was acquired from the solar simulator setup outlined in Chapter 1.  A lens 

was placed above the cell and its distance from the cell was modified to vary the concentration 

ratio.  It was possible to achieve concentration ratios of ~200 sun.  For these experiments the 

cells were probed directly with tungsten probe tips as opposed to using large-area contacts.  The 

concentration ratio was first determined by measuring the cell under one sun and recording its 

photocurrent and then placing the cell under a lens and re-recording its respective photocurrent.  

Because the photocurrent of a solar cell is linearly proportional to the illumination intensity (see 

Equation 1.2), this technique is an excellent gauge at measuring cells under concentrated sunlight 

[17].  In Figure 3.9a, the InGaP cell with a U-shape contact has an efficiency ~10.6 % at 2 suns 
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with a FF of 86%.  The FF of the cell gradually fell when brining the concentration up to nearly 

200 suns – 192 suns – with the FF falling to 79%.  The efficiency at this level of concentration 

was estimated to be 10.2%.  Better results were obtained for the InGaP cell having the square-

shaped p-contact.  Under two suns, the efficiency was 10.4% with a FF of 85%.  At 225 suns of 

concentration the FF was 81% with a conversion efficiency of 10.4%.  For the case of the GaAs 

cell, at two suns the cell has an efficiency of 13.8% with a FF of 82%.  Taking the cell all the 

way up to 235.3 suns, the FF fell to 74% with a conversion efficiency of 13.2%. 

3.4.5 Cell Performance Values and Room for Further Improvements 

 First and foremost, for these measurements, the efficiency for each cell is taken to be the 

area of the p-n junction.  The lower, p-contact region is not considered in this area estimation.  

The size of the top contact is, however, included in the efficiency calculation.  This method for 

determining conversion efficiency is an accurate method since it accounts for the entire p-n 

junction area – including the shading from the top contact – and the light will not necessarily be 

falling on the lower contact.  The lower contact is an inactive area that does not generate a 

photocurrent.  Concentrating systems can be designed where the light falls mostly on the top cell 

with minimal light leakage onto the lower contact.  The reason for the lower performance for 

some of the cells under concentrated light comes from the fact that the FF under concentrated 

light is lower.  In order to have better-performing samples under concentration, the FF must 

remain as close to the original value under one sun as possible.  Therefore, as mentioned in the 

COMSOL modeling section, series resistance must be kept to a minimum.  Several places for 

series resistance occur in these devices.  For starters, there is inherent series resistance present in 

each of the epi-layers.  The epi-layers for both InGaP and GaAs cells, however, are at doping 

concentrations and layer thicknesses such that series resistance should not be a significant factor.  
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These cells, in fact, should be able to work at over 1000 suns or more given an appropriate 

contacting scheme.  Another potential source for series resistance comes from the 

semiconductor-metal interface as a result of having non-ohmic contacts.  This problem can be 

remedied with the materials used to form contacts.  The epilayers for both of these contacts are at 

a high enough dopant density such that each should be able to form an ohmic contact – Ti/Au for 

the n-contact and Au for the p-contact.  The contact resistance for both of these schemes is quite 

low; as verified by transmission-line measurements.  The series resistance from these sources is 

low enough such that these contacts are not a contributing factor to the series resistance.  

Another possibility for series resistance comes from the technique used to measure these devices: 

these cells were measured directly with tungsten tips on a soft surface.  The cells are above a ~ 

2.5 µm layer of SU-8.  If these samples are probed with the tips too forcefully, they will break.  

It has been observed that probing on soft surface increase the series resistance [40].  As such, this 

is the most likely cause for the drop in FF with increase concentration.  Preliminary data has 

been acquired with a GaAs cell having large-area contacts.  At 100 suns, the FF was able to be 

81% and the concentration factor was increased to 334 suns with the FF falling to 75%.  

Improving upon these results will require thicker metal for the cell’s contacts as well as 

potentially thicker metal layers for the large-area cell encapsulation.  Encapsulating the cell in a 

polymer produces non-uniform side and sloped sidewalls around a cell.  Therefore, sputter-

coating or electrodepositing large-area contacts are two potential techniques that could generate a 

uniformly thick enough layer of metal across the surface in order to minimize resistive losses.  

Another area for improvement comes from how these devices are probed.  They are measured 

using two probes rather than four.  A four probe measurement is necessary for accurate 

measurements as it takes into account the series resistance from the probes wires.  All of the 
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measured FFs from our measurements, therefore, are probably a percentage point or two higher 

than recorded.   

 Cell efficiencies can be improved upon by employing anti-reflective coatings and surface 

passivation schemes.  A good anti-reflective coating should boost the performance for each 

device by 30% and passivating the sidewalls will add further improvement.  Depositing thicker 

contacts should allow for performance under greater concentrated sunlight.  The overall goal, 

however, for these cells employ ~ 200 suns, so the current scheme is sufficient for academic 

investigations.  Improving the FF for these devices under concentration will also improve 

efficiency.  For example, the InGaP cell with the square-shaped p-contact currently has an 

efficiency of 10.4% under 225 sun with a fill factor of 81%.  If the fill factor can be maintained 

at 85%, the efficiency would improve to just over 11 %.  For the GaAs cell at 235.3 suns, the 

efficiency is 13.2 % with a fill factor of 74%.  Improving the fill factor to around 83% – the 

value under one sun – the efficiency improves to 14.8 %.  These are conservative estimates for 

cell performance with improvements in fill factor.  Taking into account the slight improvements 

in open-circuit voltage will add further improvements to efficiency, but these will be smaller 

improvements than what can be gained by keeping the fill factor constant.   

 One additional avenue for improving cell performance is changing the window layers of 

each cell to allow for a greater photocurrent.  As discussed in sections 3.3.1 and 3.3.2, the InGaP 

cell has a 40 nm thick AlInGaP window layer and the GaAs cell has a 25 nm thick InGaP 

window layer.  Switching both of these window layers to a 20 to 25 nm window layer of AlInP 

would produce the optimal photocurrent as the band gaps for AlInGaP, InGaP, and AlInP are 

2.05 eV, 1.9 eV, and 2.3 eV, respectively.  A four percent increase in the photocurrent for an 
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InGaP cell was observed when thinning the AlInGaP window layer with an extremely dilute 

solution of HCl (1:5 of HCl:H2O by volume). 

 Another method for improving the overall performance is to also design the cells in such 

a way as to promote better collection of light generated from radiative emission.  A paper from 

NREL has discussed how to create more radiative emission from an InGaP cell by redesigning 

the cell’s epitaxial layers as well as using specially tailored backside reflectors to collect more of 

this radiated light [2].  Similar techniques have been exploited for GaAs-based devices [1, 41]. 

3.5 Availability of Photovoltaic Materials 

 Unlike silicon, III-V materials are rare-earth substances.  As such, when using these 

materials for grid-level power generation, a question of availability of each material is of 

question.  Predicting the long term availability of gallium, indium, and even germanium is 

difficult, but has been addressed by Andersson et. al [42].  Gallium has an earth abundance of 

around 15 ppm, making gallium almost as abundant as copper [42].  Gallium, however, does not 

form in any ores at a very high concentration [43].  This is also true for materials like 

germanium, selenium, as well as indium – making people refer to them as the “scattered metals” 

[44].  From this study, it appears that germanium might be the material with availability 

constraints such that production of devices might become more difficult.  Working with 

germanium-free materials is one avenue for large-scale production [45].  Another avenue 

involves using some sort of lift-off technique which has been demonstrated with mechanical 

spalling to exfoliate III-V devices off the surface of a germanium wafer.  The wafer can be 

reused multiple times to minimize materials usage [46, 47]. 
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3.6 Conclusions 

 This chapter has discussed the rationale behind the epitaxial layers for InGaP- and GaAs-

based solar microcells.  Fabrication strategies and cell performance under one sun and 

concentrated light have also been examined.  From the discussion above, InGaP cells can be 

fabricated with an efficiency of ~10% and GaAs cells can be fabricated with an efficiency of ~ 

13%.  There are improvements that can be possible to achieve greater conversions efficiencies, 

as discussed in great detail above, but for the scope of this project, these efficiencies are 

adequate.  The overall goal – as will be discussed in the next chapter – is to employ these cells in 

a spectrum splitting set-up that partitions different portions of the solar spectrum above each cell. 
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3.7 Figures and Tables 

 

Figure 3.1 InGaP solar cell epi-stack.  The layers (from top to bottom) consists of a GaAs cap, 

an AlInGaP window layer, InGaP emitter and base layers, an AlInGaP backsurface field, a GaAs 

p-type bottom contact, an InGaP layer below that, a sacrificial AlAs layer, and the GaAs 

substrate. 
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Figure 3.2 GaAs solar cell epi-stack.  The layers (from top to bottom) consists of a GaAs cap, an 

InGaP window layer, GaAs emitter and base layers, an AlGaAs backsurface field, a GaAs p-type 

bottom contact, an InGaP layer below that, a sacrificial AlAs layer, and the GaAs substrate. 
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citric acid:H2O2 GaAs Al0.3Ga0.7As 

1:2 6 2.7 

1:1 6.9 2.7 

2:1 9.5 2.4 

3:1 216.9 2.4 

4:1 223.5 2.3 

5:1 314 2.7 

7:1 288.2 8.9 

10:1 251.3 194.5 

15:1 155.1 108.2 

20:1 76.2 91.8 

50:1 39.7 51.2 

 

Table 3.1 Etch rates (in nm/min) for GaAs and AlGaAs in citric acid.  Table is adapted from 

reference [37].  The etch rates are from 20 to 25°C. 
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Figure 3.3 InGaP cell fabrication from the epi-wafer.  The process begins with (1) patterning the 

wafer for the cell scheme followed by mesa etching (2 and 3).  Afterward, contact deposition is 

performed with Ti/Au and Au (4) then encapsulation and cell undercutting in HF (5).  Cells can 

then be selectively removed and transferred to a foreign substrate where the cap layer is removed 

(6). 
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Figure 3.4 (a) and (b) are the over-etching of the AlInGaP window and InGaP emitter/base 

layers with concentrated HCl.  The square-shaped photoresist mask covering each microcell is 

inadequate for protecting from overetching of AlInGaP and InGaP.  AlInGaP and InGaP have a 

high etch rate in concentrated HCl.  To remedy this problem, the GaAs cap layer acts as an etch 

mask as shown is (c).  In (c) the cap layer is removed except for the grey bar at the top.  Etching 

of each corner is present. 
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Figure 3.5 GaAs cell fabrication protocol.  The process begins with photolithography and mesa 

etching down to the AlAs layer (1).  Afterward, the front contact is deposited Ti/Au (n-contact; 

2) and the cells are encapsulated and undercut in HF (3).  The cells are then lifted off of the 

surface and the bottom InGaP layer is etched in HCl and the p-contact (Au) is deposited (4).  

Cells are then transfer printed and the cap layer is removed and the back contact is exposed (5). 
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Figure 3.6 Image of an encapsulated GaAs cell (a) along with an illustration showing the 

encapsulant and the various layers (b).  The microcell is approx. 550 x 550 µm2 in size (active 

cell) and approx. 650 x 650 µm2 when including the bottom contact. 
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Figure 3.7 InGaP microcell under one sun and 80 sun concentration.  The test conditions were 

standard AM 1.5G.  The FF for the cell under on sun is ~84% – a good FF for an InGaP-based 

device, but under concentrated sunlight (up to ~80 suns) the FF drops.  The reason for this 

decrease in FF is an unoptimized contacting scheme which produces a large amount of series 

resistance. 
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Figure 3.8 Cross-section of a solar cell depicting all of the places for series resistance inside of 

the device.  Figure is adapted from reference [39]. 
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Figure 3.9 Optimized contacting schemes for the n-type (green, left-hand figure) and p-type 

(red, right-hand figure) layers of the solar cell. 
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Figure 3.10 InGaP and GaAs cell results under concentrated sunlight.  InGaP cells with (a) U-

shape and (b) square shape contacts and (c) GaAs cell with a back-side contact.  The current 

densities are plotted along with the amount of concentrated sun light and fill factor (FF) values. 
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Chapter 4 

Enhanced Ultraviolet Responses in Thin-film InGaP Solar 

Microcells by Down-Shifting 

 

Significant portions of the text, as well as the figures, included herein are reproduced with 

permission from the following paper: X. Sheng, C.J. Corcoran, J. He, L. Shen, S. Kim, J. Park, 

R.G. Nuzzo and J.A. Rogers, "Enhanced Ultraviolet Responses in Thin-Film InGaP Solar Cells 

by Down-Shifting," Physical Chemistry Chemical Physics 15, 20434-20437 (2013).  DOI: 

10.1039/c3cp54096k. 

4.1 Abstract 

 This chapter focuses on layers of poly(methyl methacrylate) doped with the Eu complex 

Eu(DPEPO)(hfac)(3) (EuDH) to provide a means for down-shifting incident ultraviolet (UV) 

light into the visible range.  It is observed that this Eu complex has beneficial effects on the 

overall performance of solar cells, as will be demonstrated with thin-film InGaP microcells. 

4.2 Introduction 

 Light management in solar cells represents an effective avenue for improving 

performance and reducing the overall cost of photovoltaic (PV) systems [1].  To approach 

efficiencies close to those defined by detailed balance limits [2], a solar cell must have both a 

great electronic efficiency and a great optical efficiency as well as a good degree of radiative 

efficiency [3].  Every photon that is incident upon a solar cell, with an energy above the cell’s 

band gap, should be absorbed and each absorption event should yield at least one electron–hole 

pair capable of extraction as electrical power.  Traditional routes for improving cell performance 
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have focused significant efforts towards light trapping and other schemes to enhance the 

absorption near the solar cell’s band edge, particularly in the long wavelength side of the solar 

spectrum [4-7].  By contrast, less attention has been paid to the short-wavelength limit.  In the 

ultraviolet (UV) range (300–400 nm), most PV materials naturally have high absorption 

coefficients, thereby eliminating the need for light trapping.  Low quantum efficiencies, 

however, are usually obtained in this region of the spectrum, even for cells with record 

efficiencies [8].  Figure 4.1 represents the quantum efficiency of a typical thin-film GaAs solar 

cell created with the epitaxial lift-off technique from Alta Devices.  These devices hold the single 

junction efficiency record at 28.8% efficiency based on standard test conditions under the AM 

1.5G solar spectrum [8].  This is remarkeable for several reason such as the fact that (1) the 

absorber layer is ~ 1 µm thick and (2) the maximum efficiency under standard test conditions is 

around 33%.  As is apparent from Figure 4.1, there is a low response in the UV region.  Such a 

low response to the UV arises from both intrinsic and more practical considerations.  First, in 

order to decrease series resistance and maximize carrier collection, traditional cell designs 

incorporate highly doped window and/or emitter layers [9-11], which can act as a deadzone for 

UV light conversion because of the extremely short diffusion lengths for the minority carriers in 

these regions.  Second, anti-reflective coatings are typically optimized to minimize light 

reflections around the peak of the solar spectrum (500–700 nm) [12], and can often have high 

reflection losses in the UV range [13].  Finally, in most modules, solar cells are encapsulated 

with glass and/or plastic covers [14] that absorb UV light; this problem can be minimized with 

silicone-based encapsulants as opposed to organic-based encapsulants such as ethylene-vinyl 

acetate [15].  From the flux of UV photons from 300–400 nm in the standard AM1.5G solar 

spectrum [12], there is a potential for these UV photons to contribute 1.3 mA cm-2 of current to 
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the overall power out-put of the device.  Exploiting these UV photons efficiently can therefore 

improve the efficiency by a meaningful amount.  Various down-shifting materials, including 

organo-lanthanide complexes, organic dyes and quantum dots, have been proposed to convert 

UV photons into visible ones [16, 17].  Polymer coatings that serve as a solar cell encapsulant 

have been doped with down-shifting materials to demonstrate increase UV responses and 

efficiencies for conventional PV cells and modules based on semiconductor materials such Si 

and CdTe [18-22].  For another approach, by applying the UV down-shifting layers on top of 

organic solar cells, UV degradation can be mitigated and longer device lifetimes can be achieved 

[17].  Such concepts, however, also have particular potential in high efficiency III–V (GaAs, 

InGaP, etc.) solar cells, where detailed balance limits can be approached as a result of high 

radiation efficiencies [9, 22].  This chapter demonstrates the use of a specific europium complex, 

Eu(DPEPO)(hfac)3 [DPEPO = bis(2-(diphenyl-phosphino)phenyl)ether oxide, hfac = 

hexafluoroacetylacetonate], doped into thin films of poly(methyl methacrylate) (PMMA), as a 

means for down-shifting UV photons (300–360 nm) into visible photons at 610 nm of light.  

Experiments with thin-film indium gallium phosphide (InGaP) cells formed by the epitaxial lift-

off demonstrate improvements that result from application of such films as front side coatings.  

The UV gain and loss mechanisms for down-shifting are analyzed in detail by numerical 

simulations.   

4.3 Materials and Methods 

4.3.1 InGaP Cell Design and Fabrication 

 Figure 4.2a presents an optical micrograph of a thin-film InGaP solar cell (500 µm x 500 

µm) integrated onto a glass substrate using techniques of epitaxial lift-off and transfer printing.  
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The cell design and fabrication protocol followed procedures discussed in chapter 3.  The 

materials for the cells are formed by growth on a gallium arsenide (GaAs) substrate via metal–

organic chemical vapor deposition (MOCVD). The detailed structure (from bottom to top) 

includes the GaAs substrate, a 500 nm Al0.96Ga0.04As sacrificial layer, a 1000 nm In0.5Ga0.5P 

supporting layer, a 100 nm p-GaAs bottom contact (p > 1 x 1019 cm-3), a 100 nm p-

Al0.25In0.5Ga0.25P backsurface field (BSF) layer (p =8 x 1017 cm-3), a 1300 nm p-In0.5Ga0.5P base 

(p = 3 x 1016 cm-3), a 100 nm n-In0.5Ga0.5P emitter (n = 2 x 1018 cm-3), a 40 nm n-

Al0.25In0.5Ga0.25P window layer (n = 5 x 1018 cm-3) and a 200 nm n-GaAs contact (n > 5 x 1018 

cm-3). Zn and Si serve as p-type and n-type dopants, respectively.  Bilayers of Cr/Au (10 nm/100 

nm) form the contacts.  The cells are lithographically fabricated, using H3PO4 (85 wt% in 

water)–H2O2 (30 wt% in water)–H2O (1:13:12) and HCl (36 wt% in water) to etch the GaAs and 

InGaP/AlInGaP layers, respectively.  These etching solutions were etch-selective for their 

respective layers.  After removing the Al0.96Ga0.04As sacrificial layer in an ethanol-rich 

hydrofluoric acid (HF) solution (ethanol :HF = 1.5:1 by volume), individual InGaP cells can be 

released from the GaAs wafer and then bonded onto glass substrates by transfer printing with a 

flat poly(dimethylsiloxane) (PDMS) stamp [23].  The ethanol in the HF solution served to reduce 

bubble formation so that greater HF concentrations could be used to enhance the AlAs etch rate.  

Devices were typically undercut within 45 min and were allowed to overetch for an additional 10 

min.   

4.3.2 InGaP Cell Encapsulation in SU-8 

 In order to encapsulate the cells with the downconversion material, the material must be 

spin-coated over the surface of the cell.  This process covers the contacts, and therefore, large-

area interconnects are required.  The protocol for the large-area contacts is the same as listed in 
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chapter 3.  Briefly, a 2 mm layer of photocurable epoxy (SU-8 2002, MicroChem) acts as an 

adhesive to facilitate transfer printing to the glass substrate.  The sidewalls of the cell are 

encapsulated with a 500 nm thick layer of a photocurable epoxy (SU-8 2000.5, MicroChem). 

Large-area metal contacts of Cr/Cu/Au (10 nm/500 nm/10 nm) are used for electrical 

interconnection.  This device with the large-area contacts serves for testing cells before and after 

deposition of the luminophore.  SU-8 is a neagative tone photoresist that is extremely versatile 

and is capable of forming tapered sidewalls [24].  Figure 4.3a is a representation of the entire 

encapsulated device.  The sidewalls of the final encapsulated device were sloped as to allow for 

deposited contacts to have very low series resistance.  Sputtering contacts in this manner is the 

technique for minimizing resistance issues as sidewall definition has a huge impact on the 

uniformity of the deposition [25]. 

4.3.3 Encapsulation of the Cell with the Luminophore 

 The Eu(DPEPO)(hfac)3 (EuDH) complex serves as the UV luminophore [26].  Figure 

4.3b is the chemical structure of the EuDH complex.  Powders of EuDH are mixed into a 

solution of PMMA (950000 MW in anisole, 11 wt%, by MicroChem), at a concentration of 1 

wt% EuDH.  PMMA is a desirable choice for the polymer matrix because it is transparent at 

wavelengths longer than 300 nm and is commonly used for solar module encapsulation [27].  

The resulting solution can be spin cast and cured at 150°C, to remove anisole and form EuDH-

doped PMMA solid films on substrates of interest.  Figure 4.4 shows the absorption and 

emission properties of a 40 µm thick PMMA + EuDH film coated on a quartz substrate, and a 

comparison to a 40 µm thick film without EuDH.  Shown in Figure 4.4a, the PMMA absorbs UV 

at wavelengths below~300 nm, while the EuDH complex absorbs light between 300 nm and 360 

nm.  The photons absorbed by EuDH are down-shifted, with an emission peak at around 610 nm 
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(Figure 4.4b), which corresponds to a Stokes shift that is much larger than that in common 

organic dyes [18, 20, 22].  The EuDH doped in a 40 µm thick PMMA film provides nearly 100% 

UV absorption from 300 nm to 360 nm, eliminating the need for using thick coatings as reported 

previously [19, 20, 22].  This thin geometry minimizes parasitic optical losses 

(absorption/scattering by the polymer, edge emission, etc.). The measured intrinsic 

photoluminescence quantum yield (PLQY) for the EuDH doped in PMMA is ~77%, which is 

one of the highest values reported in similar Eu-based complexes [21, 26]. 

4.4 Results and Discussion 

4.4.1 Optical Results 

 Both PMMA and PMMA + EuDH can be coated directly on InGaP cells, as shown in 

Figure 4.5. The PMMA (Figure 4.4a) allows light (λ > 300 nm) to pass directly through, for 

absorption by the cell.  Visible light (400–650 nm) can be absorbed by the active InGaP p-n 

junction, to generate free carriers.  Most of the UV light (300–400 nm), however, is blocked by 

the 40 nm thick AlInGaP window layer, due to the high absorption coefficient of AlInGaP in the 

UV range [28].  As a result, low UV responses are observed; similar behaviors are also reported 

in GaAs and InGaP cells with or close to record efficiencies [8-10], for similar reasons.  With 

PMMA + EuDH (Figure 4.4b), UV light from 300 nm to 360 nm is absorbed by the EuDH and 

down-shifted, without affecting light at longer wavelengths (λ > 360 nm).  The down-shifted 

light has an isotropic emission profile; it can directly penetrate into the high-index InGaP cell 

(process 1), or undergo total internal reflection (TIR) at the PMMA/air interface and then couple 

into the InGaP cell (process 2).  Both mechanisms contribute to carrier generation, thereby 

improving the UV responses. Various loss mechanisms are also present due to non-unity down-
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shift efficiency (PLQY = 77%) (process 3), out-coupling into the air due to non-TIR at the 

PMMA/air interface (process 4), and light escaping at the edges of the device (process 5). 

 To predict and compare the performance of the two device configurations that are listed 

in Figure 4.5, numerical simulations are employed to determine the external quantum efficiency 

(EQE) spectra that are plotted in Figure 4.6a. The EQE can be written  

EQE(λ) = IQE(λ) x [1 - R(λ)]      (4.1) 

where the internal quantum efficiency (IQE) spectra can be calculated through electrical 

modeling [29] of a 1-D InGaP cell structure shown in Figure 4.2b.  The reflection spectra R(λ) 

can be calculated by combining Fresnel reflections and ray tracing [30].  Optical and electrical 

properties of different layers are found in the literature [28, 31, 32].  The InGaP cell with a 

PMMA coating shows a low UV response because of high absorption introduced by the AlInGaP 

window layer, as discussed in Figure 4.5a.  In the visible range, the EQE peaks at around 600 nm 

and decreases to zero at the band-edge of InGaP (Eg ~1.9 eV).  If the PMMA layer is doped with 

EuDH, most of the UV photons from 300 nm to 360 nm are absorbed by the EuDH and down-

shifted into photons with wavelengths of ~610 nm, where the InGaP cell has its maximum IQE. 

In this case, the EQE can be estimated by  

EQE(λ = 300–360 nm) = 

IQE(λ = 610 nm)x[1 - Rair/PMMA] x PLQY x ]1 - escaped light] = 

90% x (1–4%) x 77% x (1–50%) = 33%     (4.2) 

Despite the various loss mechanisms for the luminescent photons, a significant fraction of 

photons are collected by the InGaP cell, resulting in an improved response from 300 nm to 360 
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nm.  The EQE at longer wavelengths (λ > 360 nm) is unaffected due to the transparency of the 

PMMA + EuDH in this range.   

4.4.2 Current-Voltage Results 

 Figure 4.6b presents the measured EQE spectra of InGaP cells with PMMA and PMMA 

+ EuDH coatings.  In agreement with simulation results shown in Figure 4.6a, the cell with 

PMMA + EuDH exhibits an improved EQE from 280 nm to 360 nm compared to the cell with a 

PMMA coating.  The EQE spectra from 360 nm to 700 nm for both cells are identical.  The 

differences between simulation and experimental results (Fig. 4a and b) likely arise from 

differences between the optical properties of InGaP and AlInGaP used in simulations and the 

experimental values and from loss mechanisms associated scattering and other parasitic losses.  

Figure 4.6c shows the measured current–voltage characteristics of the two cells under the 

standard AM1.5G spectrum.  Improved UV responses associated with EuDH down-shifting 

increases the current density from 8.40 mA cm to 8.68 mA cm-2, with a relative increase of about 

3.5%.  For the cells with PMMA and with PMMA + EuDH, the efficiencies are 9.28% and 

9.48%, respectively. (In these comparisons, we use pairs of cells that exhibited nearly identical 

performance, as measured before applying the PMMA coatings.) 

4.5 Conclusions 

 In conclusion, that chapter has shown that PMMA coatings doped with a luminescent 

material, EuDH, can improve the UV responses of thin-film InGaP cells by light down-shifting. 

As PMMA is a commonly used encapsulation material, this luminescent layer can be readily 

adopted for current commercial solar modules without altering the active cell structure design. 

Further performance improvements can be achieved by addressing the various loss mechanisms 
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mentioned in Figure 4.5b.  For example, development of luminophores with increased 

luminescence efficiency (PLQY > 80%) and expanded absorption range (e.g. from 300 nm to 

450 nm) with little cross-coupling and a similar Stokes shift could be valuable. In addition, 

conversion of UV photons into multiple visible or infrared photons via multi-exciton generation 

offers potential for quantum efficiencies larger than 100% [33, 34].  From the standpoint of 

optical design, light that escapes from the edges of the device can be collected using luminescent 

concentrators [30].  To reduce the coupling loss, photonic/plasmonic structures and 

dyes/quantum dots with controlled anisotropic emission can be considered.  Similar designs can 

be employed directly with world-record Si and GaAs cells 7, although the relative increases in 

efficiency will be less than those observed with InGaP cells, due to higher overall photocurrents 

in these systems. Nevertheless, the approaches described here are notable for their ability to be 

used, in a simple additive fashion, with advanced cell designs and other optical management 

techniques. 
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4.7 Figures 

 

Figure 4.1 External Quantum Efficiency of a typical single junction GaAs solar cell from Alta 

Devices cell.  The figure is taken from reference [35].  The low performance of this cell in the 

UV is a result of the deadzone in the emitter/window layers as well as the anti-reflective coating 

not being optimized for UV photons.   
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Figure 4.2 (a) Optical microscope image of a thin-film InGaP cell (500m × 500m) with 

Ohmic contacts, printed on a glass substrate. (b) Cross sectional schematic illustration of the cell, 

showing the InGaP homojunction, AlInGaP window layers and contacting layers. 
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Figure 4.3 (a) Encapsulated InGaP cell with layers of SU-8 green that allow for the deposition of 

large-area contacts and (b) the EuDH complex that is used to coat the cell. 

 

 

 

 

  



136 

 

 

Figure 4.4 Measured optical properties of a layer of PMMA layer (in black) and a layer of 

PMMA + EuDH (in red) on quartz substrates. The thicknesses in both cases are 40 m. (a) 

Absorption spectra. (b) Emission spectra, measured with an excitation source at 365 nm.  
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Figure 4.5 Cross sectional schematic illustrations of light responses for InGaP cells with 

different coatings: (a) a PMMA layer and (b) a PMMA + EuDH layer. 
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Figure 4.6 Performance of InGaP cells coated with PMMA (in black) and PMMA + EuDH (in 

red): (a) simulated EQE spectra and the relative ratio; (b) measured EQE spectra and the relative 

ratio; (c) measured current-voltage characteristics. The relative ratios between black and red 

curves are also indicated in a and b. 
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Chapter 5 

Future Directions with Spectrum Splitting and Other 

Photon Management Strategies 

5.1 Abstract 

 This chapter outlines design principles for incorporating spectrum splitting with 

photovoltaic devices.  Two spectrum splitting setups are proposed: one in which a prism/lens 

system is used to split and concentrate sunlight onto two adjacent cells and another that uses 

chromatic aberration to focus light onto two, mechanically stacked cells.  Optical modeling is 

presented and preliminary results are discussed.  This chapter ends with future directions towards 

light management that can be applied towards III-V photovoltaic devices.  The optical modeling 

presented herein was performed by Junwen He using LightTools by Synopsis. 

5.2 Introduction 

 Today’s single-junction solar cells are capable of achieving conversion efficiencies of 

28.8% under one sun and over 40% for multijunction devices under concentrated sunlight [1], as 

indicated by Figure 5.1.  Thermodynamics has played an important role in assessing the limits of 

performance and being aided by advances in materials science and electrical engineering [2].  

Table 5.1 lists the types of devices and their typical energy conversion efficiency ranges.  (It 

should be noted that, when cells are assembled into a module, module efficiencies are ~5% lower 

(for one sun modules) and ~10% lower (for concentration modules).  The reason for these 

differences is that the devices reported in Figure 5.1 are hero cells and there is some sample 

variance when fabricating devices.  For concentrators, the optical elements employed in 
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concentrator systems do not have optical efficiencies of 100%, so that is the main reason for 

discrepancies reported for lab-tested multijunction cells and real-world concentrator modules.) 

 Figure 5.2 details the loss mechanisms for a solar cell.  The maximum efficiency 

achieved for a single-junction solar cell under one sun illumination is ~28% (shown in green).  

Dark blue and light blue bars to the right are the various entropy- and energy-related loss 

mechanisms, respectively.  The main loss process in a solar cell is due to thermalization and/or 

lack of absorption.  Thermalization losses occur when the light absorbed by the solar cell is well 

above the material’s band gap.  The excess energy is lost as heat as the electron-hole pairs 

thermalize to the material’s band gap.  Incomplete absorption occurs when light is below the 

band gap and, therefore, cannot be absorbed.  These processes are outlined in the lower part of 

Figure 5.2.  A common solution to overcome these challenges in industry is to use multijunction 

solar cells.   

5.2.1 Multijunction Solar Cells 

 The concept of a multijunction solar cell has been around since the 1950s; the first 

mention of using multiple junctions was suggested in 1955 [3], just after the development of 

silicon solar cell technology.  Multijunction technology known today was first studied in the 

1980s beginning with InGaP/GaAs dual-junction devices that later evolved to studying triple-

junction InGaP/InGaAs/Ge devices [4], as depicted in Figure 5.3.  For excellent overviews of 

multijunction devices, readers are encouraged to review references [4-9].  Multijunction devices 

consist of compound semiconductor alloys with different band gaps and the different epi-layers 

that are often grown by varying the composition of ternary and quaternary alloys.  As stated 

previously, these multilayer structures may be produced by either metal-organic chemical vapor 
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deposition (MOCVD), liquid phase epitaxy (LPE), as well as molecular beam epitaxy (MBE). 

MOCVD growths have improved in quality over the years and have proven to achieve the best 

economics of growth that also provide for a high degree of crystal perfection, homogeneity, and 

interface control [10].  Because maximum efficiency is desired, a material possessing very low 

defects is necessary.  As such, the lattice constants for all of these devices need to match in order 

to maintain the device’s integrity.  This imposes restrictions on the choice of materials– as well 

as ranges in the band gaps – that can be used.  While there exists research into slightly lattice 

mismatched devices [11-13], the last sub-cell grown in these devices is the only portion that is 

mismatched.   

 There are further constraints when working with traditional multijunction devices.  

Current matching must be imposed, as shown from the current-voltage curve in Figure 5.3.  

Because the cells are connected in series, the current of the complete multijunction device is 

limited to the current produced by the sub-cell with the lowest current density.  Additionally, 

multijunction devices connected in series are generally tolerant to only 2 – 4 band gaps.  

Increasing the number of sub-cells above this value can prove difficult and cause problems with 

the overall power output since the solar spectrum can change as the day progresses [4].  This 

altered spectrum throughout the day will change the power output of each sub-cell. 

A different approach to working with traditional, monolithically grown multijunction 

cells is to work with separate junctions.  These can allow for different materials with optimal 

band gaps and there are no constraints with series or parallel connection schemes.  This also 

entails more complex assembly and – if not working in a mechanical stack configuration – 

requires optics for spectrum splitting. 
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5.2.2 Mechanically Stacked Solar Cells 

 Mechanically stacked multijunction solar cells consist of different band gaps stacked 

above each other, as shown in Figure 5.4.  Table 5.2 details a comparison between mechanical 

and monolithically stacked solar cells.  Mechanically stacked devices are discussed here since in 

the future directions section, one idea is proposed where InGaP and GaAs cells are mechanically 

stacked through transfer printing.  The main problems that are associated with mechanically 

stacked solar cells are that the interfaces between each cell can cause reflections, so optical 

losses need to be minimized.  This problem is overcome with anti-reflective coatings on each 

surface of each sub-cell.  This technique originally involved bulky wafers of different band gaps 

stacked above each other [14-16], but more recent reports are using thin-film cells [17, 18].  A 

more recent mechanical stacking study looked into using a chalcogenide-based, index-matching 

material between sub-cell interfaces [19].  A triple-junction, thin-film (~ 10 µm thick) solar cell 

was transfer printed above a Ge subcell to achieve an energy conversion efficiency of ~43.5% at 

~1100 suns under standard test conditions.  The novel techniques and ideas employed in this 

worked could alleviate the higher costs traditionally associated with mechanical stacking.   

5.2.3 Spectrum Splitting by Employing Optical Elements 

 An alternative approach over mechanical stacking or monolithically grown cells uses an 

optical element (or elements) to divide and concentrate the solar spectrum into different and 

unique spectral bands that are directed to an array of cells of different band gaps that are 

electronically independent of each other.  Reports have looked into spectral splitting with 

holographic filters [20-22], dichroic mirrors with a concentrating lens [23-25], or dichroic 

mirrors that reflect the light to a series of cells [26].  Herein, two separate optical elements are 
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modeled for splitting the solar spectrum by either using a prism/lens design or an aspheric lens to 

use chromatic aberration to split the solar spectrum. 

 Spectrum splitting overcomes two key energy loss mechanisms that are common in 

photovoltaics (PV) – thermalization losses and incomplete absorption of light.  For a given 

semiconductor, upon absorption of light, an electron-hole pair is created that relaxes down to the 

band-edge of the semiconductor. As a consequence of this process, light with an energy of E = 

ħω – that is, for light above the semiconductor’s band gap – can only create a photo-voltage, Voc, 

so that the mismatch energy, E−qVoc, is lost to heat [2].  Furthermore, photons can be lost by 

incomplete absorption of the solar spectrum.  These effects are particularly true for single 

junction devices.  The proposed set-ups divide the spectrum into two different spectral bands that 

directs the light to two cells.  Our proposed approaches do not require current matching or any of 

the integration challenges associated with traditional monolithic epitaxial designs.  This aspect 

enables the use of a more diverse set of materials that can facilitate better photon management 

strategies. 

 For the two cases presented, the proposed designs have features that overcome the 

limitations of current monolithic multijunction cells to yield more robust designs.  For our proof-

of-concept designs, we use InGaP (band gap of ~1.9 eV) and GaAs (band gap of 1.43 eV) solar 

microcells.  The first optical element we will be incorporating into this project is an aspheric lens 

that has a high degree of chromatic aberration.  This chromatic aberration causes the light to 

have different focal points.  These different focal points make it possible to direct the light onto 

each of the cells for optimal photon utilization.  The other technique involves a prism/lens 

configuration where the prism disperses the light and the lens focuses the light.  In this set up, the 

optical elements spread the light horizontally onto solar cells adjacent to each other.   
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These techniques will minimize thermalization losses and allow for better collection and 

utilization of the solar spectrum.  This design is amendable to different and additional band gaps 

as well as different concentrations ratios, and can be fabricated into arrays for module-level 

electronic devices.  The design is also extremely compact and ultra-portable, allowing for 

assimilation as a power source for portable electronic devices. 

5.3 Materials and Methods 

 LightTools from Synopsis was used for the optical modeling.  Solar cell measurements 

were performed on the solar simulator in a manner as described in Chapter 1.  For the modeling 

with the prism/lens configuration, a CaF2 equilateral dispersive prism (part number PS862; 

Thorlabs; minimum angle of deviation 31.6° at 633; Abbe number: 95.00) was studied along 

with an N-BK7 aspheric lens (part number AL7560-A; focal length = 60 mm; numerical 

aperature =0.619, anti-reflective coating from 350-700 nm).  For the aspheric lens studies, the 

aspheric lens modeled was a precision aspheric lends (Edmund Optics; part number 67-250; 

diameter = 15.00 mm; numerical aperture = 0.83; effective focal length = 9.00 mm; material = 

N-SF5).  The angle of incidence upon the optical element was maximized to allow for the 

greatest transmission and dispersion.  The light entering each optical element was modeled after 

sunlight – which has a semi-angle of 0.25 degrees.  Experimental measurements with the 

aspheric lens were performed using an ABET 2000 Class A solar simulator.  The spectrometers 

used for the characterization were Avantes spectrometers [part numbers: ULS2048-USB2 (280-

450 nm) and ULS2048x16-USB2 (380-1100 nm)].  Concentrator measurements for a GaAs solar 

cell are performed with the solar simulator discussed in Chapter 1 and calibrated using the 

procedures discussed in Chapter 1. 
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5.4 Results and Discussion 

5.4.1 Prism/Lens Configuration 

 Figure 5.5a is an outline of the prism and lens configuration.  Since InGaP has a band gap 

of 1.9 eV (~ 650 nm), this optical model is set up to have the cell absorb light just up to the band 

gap of InGaP and direct the remaining photons between 650 and 900 nm to GaAs.  Because of 

how the light is spread, it is difficult to have a sharp cut-off at 650 nm.  This set-up is amendable 

to different concentration ratios.  In this case, this set-up has an aperture such that the 

geometrical concentration ratio (size of the lens relative to the size of the cell) is ~ 250 suns.  The 

design is also ~ 100 mm from the top of the prism to the lower cells, making it very compact for 

a concentration module.  In this design the InGaP and GaAs cells are adjacent to each other such 

that the light is spread to each cell for optimal light collection.  The optical efficiency for this set-

up is around 85%, as shown by the lens transmission data in Figure 5.5b, and can be set up to 

accompany additional cells of different band gaps.  One potential problem with this design is that 

the intensity of the light is not evenly distributed across each cell.  It is known that having non-

uniform illumination across a solar cell can have an adverse effect on the device’s fill factor and, 

therefore, overall system performance.  Another optical element can be integrated into the 

system, such as placing parabolic concentrators above each cell, in order to more uniformly 

distribute the light across each cell.  This, of course, will add further complications to the overall 

system design. 

Another method for spreading the light is to place a lens above a prism.  In this instance, 

the prism is closer to the cells and the cost can be lowered since the prism used is smaller.  This 

idea, however, is not practical, as shown in Figure 5.6a.  When the light is focused to a point and 
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passed through a prism, it nearly comes out as white light.  When light is focused to a point, 

there is a decrease of translational entropy that must be compensated for somewhere in the 

system.  Decreasing the areal “spread” of the light by focusing it to a point causes the 

distribution of angles of light to increase after passing through a lens – as shown in the 

illustration in Figure 5.6b.  This phenomenon can be related to what is known as the concept of 

etendue.  For a more rigorous discussion of etendue, readers are encouraged to review reference 

[27].  Briefly, the concept of etendue, for an apt analogy, can be associated with the second law 

of thermodynamics.   Etendue can be best described as the characteristic property of light which 

links how spread out light is in both space and angle; these two features of light are inter-related.  

Modifying the distribution of light in space will modify its angular distribution and vice-versa.  

Because a prism is very sensitive to the angle of incident light, having a large distribution of 

angles enter the prism causes the light to refract in different spatial positions and, upon leaving 

the prism, come out as white light.  For this reason having the lens as the first optical element is 

not practical.  It is possible, however, to focus and disperse the light simultaneously with a single 

optical element – for example, by employing an aspheric lens. 

5.4.2 Aspheric Lens 

 Figure 5.7a is a schematic illustration of a spectrum splitting design with an aspheric lens.  

The chromatic aberration from the lens causes the light to have different focal points.  As such, it 

is possible to focus light from 400 – 650 nm to the top InGaP cell while the lower cell receives 

light after 650 nm.  The optical element employed offers a geometric concentration ratio of 

approx. 260 suns with an optical efficiency of ~90% from 400 to 900 nm, as shown in Figure 

5.7b.  It should also be observed from Figure 5.7b that a significant portion of light after 650 nm 

passes through the InGaP cell.  This is not too big of a problem as InGaP is transparent to light 
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after 650 nm.  The bottom contact, however, is composed of a 100 nm layer of GaAs which will 

absorb a small amount of this light.  This problem is not too great of a problem as traditional 

multijunction devices use GaAs-based tunneling junctions which are 100 to 200 nm in thickness 

between the InGaP and GaAs sub-cells [1, 4, 6, 8].  Additionally, utilizing greater geometrical 

concentration ratios will make less of the light after 650 nm pass through the InGaP sub-cell.   

 The modeling performed assumes that the light entering the optical element is direct 

sunlight with a high degree of collimation; to be exact, the semi-angle of the light is ~0.25 

degrees, which is consistent with the direct part of the solar spectrum.  The solar simulator in our 

laboratory, unfortunately, produces light that is not as collimated as that from the direct spectrum 

of the sun.  Figure 5.8 details how the optical element splits light based upon different degrees of 

collimation – ± 0.25°, ± 1.3°, and ± 4°.  As can be seen, under a collimation of ± 4°, light is not 

effectively separated.  This is the limitation of the solar simulator in our laboratory.  Another 

simulator from the Atwater laboratory at Caltech offers a light source with a collimation of ± 

1.3°.  As is observed from this figure, a simulator with a collimation of ± 1.3° is adequate for 

demonstrating our proof-of-concept spectrum splitting device.  The lens was tested under 

experimental conditions with a light source having ± 1.3° of collimation.  An aperture was 

placed over the system (Figure 5.9a) and an optical fiber was placed over the device and a 

detector was mounted behind the lens; Section 5.3 goes into further details for this experimental 

setup.  From Figure 5.9b, experiment agrees quite well with theory and the light is able to be 

adequately separated.  More specifically, 1000 nm light is able to be separated from 400 nm light 

by 700 µm.  Figure 5.9c shows the peak focal points from the data in Figure 5.9b and how 

experiment agrees with the modeled results.  With this, it is possible to have the InGaP cell 

above a GaAs cell and focus the higher energy photons to the InGaP cell and the lower energy 
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photons to the GaAs cell.  This is another method of spectrum splitting with a solar concentrator 

device.   

 Another method for spectrum splitting would be to have the cells adjacent to each other 

in a similar manner to the prism and lens configuration.  Figure 5.10a gives details on such a 

design.  Here, a true color distribution of the light is presented and Figure 5.10b presents a plot 

of radiant intensities.  As in the prism and lens configuration, adjacently spreading the light 

across an array of cells can cause the intensity of light to non-uniformly cover the surface of a 

cell.  Parabolic concentrators may be used to overcome this challenge.  The research path chosen 

for this project, however, is to mechanically stack InGaP and GaAs with a separation of ~ 1 mm 

and focus the light on the different sub cells with an aspheric lens – as outlined in Figure 5.7a. 

5.4.3 GaAs under a 665 nm Long-Pass Filter 

 In order to assess the GaAs cell performance in this concentration system, a GaAs cell 

was tested with a 665 nm long-pass filter placed above the cell.  Figure 5.11 details these results 

of the GaAs cell under 235 suns.  Under 235 the suns the photocurrent is just over 12 mA.  With 

the 665 nm long-pass filter above the cell, the photocurrent drops to just over 3 mA.  The 

efficiency for the cell under the 665 long-pass filter is ~ 3.5%.  Therefore, from these preliminary 

results the combined efficiency of an InGaP/GaAs system is ~ 14 %.  If the fill factors were able 

to be maintained, the overall device efficiency could slightly over 15 %.  These are raw 

efficiency values where the microcells do not have passivation or anti-reflection coatings.  With 

anti-reflection coatings employed, this set up could be closer to 20 %.  These are approximations 

for the mechanically stacked cell with an aspheric lens and serve as an estimate for real-world 

performance values. 
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5.5 Conclusions 

 This chapter has focused on the rationale for spectrum splitting and two unique spectrum 

splitting devices.  The direction chosen is to place an aspheric lens above a mechanically stacked 

cell design.  With the current device set up, efficiencies around 15 % are possible that can be 

improved to nearly 20 % with the implementation of anti-reflection coatings.  This microcell 

module will use InGaP and GaAs cells, but the design is amendable to different, as well as 

additional, cells with different band gaps. 

5.6 Future Directions 

 Transfer printing is very attractive technique for working with microcells in a spectrum 

splitting set up and the technique also has opportunities for application in mechanically stacked 

solar cells.  Dual-junction InGaP/GaAs technology is a very mature technology with efficiencies 

under one sun approaching 32%.  Even with such a mature technology, there exist possibilities to 

improve upon their key performance values.  These dual-junction InGaP/GaAs cells typically 

exist as a monolithic stack.  Better performance can be obtained with a mechanically stacked 

configuration.  For a mechanically stacked InGaP/GaAs cell set, anti-reflection coatings would 

need to be deposited on the front and back surfaces of the InGaP cell and on the front surface of 

the GaAs cell.  With thin-film cells this would be a very difficult (and potentially cost-

prohibitive) process.  There are methods which can be employed that can minimize the number 

of antireflective coatings.  For example, by applying a thin adhesive layer (~ 230 nm) between 

the InGaP/GaAs cell interface (Figure 5.12a), no antireflective coatings are needed between the 

bottom InGaP face and the top surface of the GaAs cell.  Figure 5.12a details an illustration of 

this mechanical stacking set up.  No anti-reflection coatings are needed at this interface since the 
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adhesive is sub-wavelength in thickness and can be tuned to minimize reflections between 650 

and 900 nm (Figure 5.12b) – where the GaAs sub-cell absorbs light.  An adhesive such as SU-8 

should be adequate as it has the desirable optical properties – it is transparent in the visible – and 

the dielectric constant of SU-8 is large enough to permit this mechanical stack to operate with 

relatively large amounts of current before the onset dielectric breakdown [28].  Placing the layer 

of SU-8 at this interface can be a challenging task.  The method adopted for preliminary studies 

uses detachment lithography [29].  By carefully spinning a thin layer of SU-8 onto PDMS stamp, 

the SU-8 can be transferred to the GaAs cell’s surface.  Other methods such as printing the ink, 

however, are available.   

 For these cells to be of practical use, they must be implemented in some sort of 

concentrator system.  As such, a grid pattern must be applied to the surface which could interfere 

with the thin SU-8 film.  Typically for concentration to ~1000 suns, grid fingers have 

metallization thicknesses on the order of 1 µm [8].  Therefore, this poses a problem with transfer 

printing the InGaP sub-cell above the GaAs sub-cell.  There exist two options for overcoming 

this problem: (1) as outlined in Figure 5.12c, a wide-band gap material, such as AlInP (Eg ~ 2.3 

eV), can be grown above the GaAs contacting layer.  AlInP can be lattice matched to GaAs and 

is already used as the window layer for multijunction devices [4].  The light passing through the 

AlInP layer will be absorbed by the GaAs subcell – despite this AlInP layer being over 1 µm in 

thickness.  Another potential remedy is to (2) have the InGaP cell be smaller in width than the 

top contact grid of the GaAs cell (Figure 5.12d).  Depending on the level of concentration the 

cell is designed to tolerate, grid fingers can be hundreds of microns apart or down to only ~100 

µm.  It is feasible to fabricate InGaP cells with such dimensions and transfer print then onto the 

surface of the GaAs sub-cell.  There is the issue with microcells of this small size having a high 
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degree of edge recombination.  As discussed previously, however, at the high-carrier injection 

limit – that is, when the amount of generated carriers is greater than the background dopant 

density of the material, the primary method of recombination becomes Auger recombination.  In 

the high-carrier injection limit, sidewall recombination becomes less of an issue.  As calculated 

by Algora and Diaz [30], a 0.1 mm2 solar cell under 1000 sun concentration (Figure 5.12e) has 

great performance which suggests making devices of this size ideal for concentrator applications. 

Another potential avenue to exploit with mechanically stacked InGaP/GaAs devices is to 

take advantage of their extremely high radiative efficiencies [31].  When InGaP/GaAs are in a 

monolithic stack, the light is emitted isotropically.  Because all of the materials in the stack have 

similar indices of refraction, the light emitted in each sub-cell is not collected efficiently.  This is 

also the case for the aforementioned mechanically stacked devices discussed above; there can be 

potential “cross-talk” for the emitted light between the InGaP and GaAs cells.  That is, light 

emitted by the InGaP cell can go to the GaAs cell and light emitted from the GaAs can escape to 

the InGaP cell.  An alternative strategy, as shown in Figure 5.12f, is to have a dielectric spacer 

layer between the cells to take advantage of total internal reflection.  This spacer layer will be on 

the order of microns and the most ideal spacer material is air, but a photo-curable epoxy having a 

refractive index around 1.3 or 1.4 may also work.  This mechanical stack configuration is 

substantially different from the other proposed methods discussed above as this spacer will be 

thicker than the wavelength of light.  Anti-reflection coatings will need to be employed to 

minimize interface reflections, but the light emitted by each sub-cell will be trapped inside their 

respective cells leading to improved energy conversion efficiencies. 

 Another possibility to explore with mechanical stacking is to employ high-refractive 

index chalcogenides.  As has already been discussed, a As2Se3 material at the interface between 
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thin-film, mechanically stacked cells has achieved an energy conversion efficiency of 43.5% 

[19].  Finding chalcogendies with higher refractive indices (> 3) that are (semi-)transparent in the 

desired wavelength range open up new avenues for mechanical stacking.  For example, a five 

junction solar cell proposed by Spectrolab (Figure 5.12g) needs to be wafer bonded together [7].  

A chalcogenide material might be a much more attractive alternative to conventional, high-

temperature wafer bonding.  This type of five junction cell is just one possibility.  The 

possibilities with the different materials and number of junctions are endless given suitable 

chalcogenide materials.   

 With all of these new technologies being able to take advantage of the repertoire of 

conventional materials, it should be feasible to have a solar cell that has an energy conversion 

efficiency that is greater than 50 % within the coming decade.  What is very interesting is that 

transfer printing offers the ability for these solar cells to be bonded together at room temperature.  

There is plenty of room to explore solar cells with new and unconventional methods for 

improving energy conversion efficiency. 
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5.7 Figures and Tables 

 

Figure 5.1 Chart published by NREL detailing key photovoltaic technologies and their record-

setting efficiencies.  Figure taken from reference [32]. 
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Cell Efficiency Range Type of Material 

1-10% Organic, Dye, and Nanostructured cells 

6-12% a-Si, micro-crystalline Si thin-film cells 

10-20% CIS, CIGS, CdTe thin-film cells 

20-28% Single junction high-performance Si and GaAs 

36-45% High-performance multijunction cells under 
concentration 

 

Table 5.1 Typical solar cell efficiencies for several photovoltaic technologies that are available 

on the market.  Note: when assembled into a module, module efficiencies are ~5% lower (for one 

sun modules) and ~10% lower (for concentration modules).  Information is adapted from 

reference [32]. 
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Figure 5.2 Outline of the various thermodynamic loss processes in a solar cell and the potential 

solutions. To date, the maximum efficiency achieved for a single junction solar cell at one sun 

illumination is ~28% (shown in green). Dark blue and light blue bars to the right are entropy-

related and energy-related losses, respectively.  The main energy loss process in a solar cell is 

due to thermalization and/or lack of absorption.  The lower figure details these processes.  Figure 

taken from reference [2]. 
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Figure 5.3 Image of InGaP/(In)GaAs/Ge triple-junction solar cell and I-V curves.  The I-V curve 

demonstrates current-matching between sub-cells 1 and 3.  The Ge sub-cell draws a greater 

current, but, there are power losses due to the cells being connected in series.  Figure adapted 

from reference [7]. 
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Figure 5.4.  Diagram of a mechanically stacked solar cell with three band gaps partitioning the 

solar spectrum.  The high-energy photons (blue) are absorbed by Eg1, the mid-energy photons 

(green) are absorbed by Eg2, and the low-energy photons (red) are absorbed by Eg3. 
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  Monolithically Stacked Cell Mechanically Stacked Cell 

cell processing simple complex 

growth complex criteria involving  
lattice matching 

multiple growths for junctions; much 
easier 

intermediate 
layer 

tunneling junctions  
(slight optical losses) 

bonding layers (need multiple anti-
reflection coatings on each surface) 

interconnection 2 terminals; series connected from 
tunnel junctions; need to employ 

current matching (limits to 2-4 band 
gaps for practical purposes) 

potentially >2 termials; greater flexibility 
for interconnection 

performance spectral variation throughout  
the day can affect performance;  

current matching is imposed 

insensitive to spectral variation 

costs* relatively lower efficiency;  
need tracking; only need on inverter 

potential for higher efficiencies;  
need tracking; higher costs could come 

from multiple inverters and other 
balance of system components 

 

Table 5.2.  A comparison of monolithically and mechanically stacked multijunction solar cells.  

The table details the strengths and limitations of each technology.  Information is adapted from 

references [17, 33]. 
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Figure 5.5 (a) Prism and lens configuration spreading light across the InGaP and GaAs cells that 

is (b) able to achieve an optical efficiency of close to 85% as shown in the lens transmission 

data.  Part (b) describes which cell the light is directed towards with respect to the AM 1.5D 

solar spectrum. 
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Figure 5.6 (a) A lens focusing light that is passed through a prism showing the true color and 

irradiance plots.  Because of the concept of etendue, the light cannot be effectively refracted 

when traveling through the prism.  Because the angle the light travels is modified when passing 

through the lens (b), this modifies how the prism can handle the light. 
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Figure 5.7 Outline of the spectral splitting aspheric lens along with the InGaP and GaAs cells 

(a).  The total design has an overall height of ~17.4 mm.  The inset to the right shows where light 

at 400 and 900 nm is focused.  Photon flux density of the light that will project onto the InGaP 

and GaAs cells (b).  The light highlighted in red is transmitted through the InGaP subcell and is 

collected by the GaAs sub-cell. 
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Figure 5.8 Light with varying degrees of collimation passing through the aspheric lens in Figure 

5.7a is modeled.  In the top left, the level of collimation from the sun (±0.25°) is depicted 

followed by ±1.3° (right) and ±4° (lower left).  When the level of collimation increases, the 

separation of light is hindered such that at ±4° of collimation, white light is spread out from the 

lens. 

  



166 

 

 

Figure 5.9 (a) Optical set up used for characterizing the aspheric lens.  (b) The focal points for 

given wavelengths from experiment and theory.  (c) Spectra of the focal points and the peak 

wavelengths from the solar simulator as compared to the modeled spectra. 
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Figure 5.10 (a)True color diagram showing the various colors from 400 nm to 900 nm as the 

aspheric lens focuses light onto a surface.  400 nm light appears in the center and 900 nm light 

appears along the outer darkened edges. (b) Irradiance plots showing the distributions of 

intensities across the surface.  The outline of the cells is to just show one potential set-up.  There 

is more than one possible combination.   The x-y axises for each graph are ± 1 mm. 
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Figure 5.11 GaAs microcell at 235 sun concentration (blue line) and with a 665 nm long-pass 

filter (red line). 
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Figure 5.12  InGaP and GaAs solar cells mechanically stacked above each other with a thin film 

of SU-8 separating the two cells (a) with the thickness modeled showing the different reflectivity 

values (b).  Since the SU-8 layer is on the order of 300 nm in thickness, in order to have a device 

that is tolerate to high concentration, contacts a micron in thickness are necessary.  Different 

configurations are possible for high-concentration devices: (c) a wide band gap (grey) material 

can be used to offset the thick contacts or the upper cell can be roughly the same size as the grid 

fingers (d).  Typically grid finger are spaced 100 µm apart for high concentration devices.  Cells 

of this size can perform adequately as pictured by the figure in (e).  Another possibility for an 

InGaP/GaAs mechanical stack is to place anti-reflective coatings on the top cell’s lower surface 

and the upper cell’s front surface and have a low refractive index material between them such 

that the radiated light is more effectively collected (f).  Using an index-matching chalcogenide 

can also be used to transfer print cells with different lattice constants together such that ultra-

high efficiencies are achieved (g).  The figures in (e) and (g) are from references [7, 34]. 
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