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ABSTRACT 

 

Realization of low-resistance electrical contacts on both sides of a solar cell is essential for 

obtaining the best possible performance. A key component of a solar cell is a metal contact 

on the illuminated side of the cell which should efficiently collect carriers. These contacts 

can be formed using an opaque metal grid/finger pattern. The metal electrode may be used 

alone or in combination with a broad-area transparent conductive film. This work aims at 

investigating the impact of the electrical contacting scheme employed in InGaN/GaN 

Schottky barrier solar cells on their performance. InGaN is a III-V compound 

semiconductor and has a tunable direct band-gap (0.7 eV to 3.4 eV) which spans most of 

the solar spectrum; this fact, along with other beneficial material properties, motivates the 

study of InGaN photovoltaic devices. A number of groups have recently investigated 

InGaN-based homo-junction and hetero-junction p-i-n solar cells. However, very few 

groups have worked on InGaN Schottky solar cells. Compared to p-n junctions, Schottky 

barrier solar cells are cheaper to grow and fabricate; they are also expected to improve the 

spectral response because of near surface depletion regions in the shorter wavelength 

regions. In this particular work on InGaN based solar cells, a Schottky diode structure was 

used to avoid the issue of highly resistive p-type InGaN. In this study, platinum (Pt) is used 

to form a Schottky barrier with an InGaN/GaN absorber region. Electrical and optical 

properties of platinum films are investigated as a function of their thickness. InGaN/GaN 

Schottky solar cells with platinum as the transparent conductive film are reported and their 

performance is evaluated as a function of the metal thickness. 
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Chapter 1. Introduction 
 

1.1 Harnessing the power of the sun  
 

According to the International Energy Outlook 2013 report, world energy consumption 

will increase by 56 percent between 2010 and 2040 [1]. Total world energy use will rise 

from 524 quadrillion British thermal units (Btu) in 2010 to 820 quadrillion Btu in 2040, as 

shown in Figure 1.1 [1]. At present, we are dependent on non-renewable sources of energy 

like coal, petroleum and natural gas for most of our energy needs. However, use of these 

conventional energy sources is believed to be the root cause of global warming and thus, 

climate change. Climate change is one of the biggest environmental challenges that the 

world is facing today. The need of the hour is to consider ways of reducing our carbon 

footprint by sourcing our energy needs from renewable energy sources. Global atmospheric 

concentrations of greenhouse gases which are responsible for global warming have 

increased alarmingly in the past few years. The Keeling curve shown in Figure 1.2 is an 

indication of the man-made increases of greenhouse gases (specifically carbon-dioxide) 

that contribute towards global warming [2]. Our dependence on non-renewable sources of 

energy has increased so much that it also poses the question of how well we would cope in 

their absence. Hence, this is the correct time to start looking for alternative energy sources. 

While we look for alternative solutions, one of them can be found directly above us, the 

Sun!  

 

Solar illumination offers a clean and inexhaustible source of energy. Electric power can be 

harnessed from the sun either through thermal or photovoltaic means.  
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Figure 1.1 World Energy Consumption (1990-2040), U. S. E. I. Administration, 

"International Energy Outlook 2013," ed, 2013. Used under fair use, 2014. 

 

Figure 1.2 Recent Trend in Global Carbon Dioxide Concentrations, N. O. A. 

Administration, "Trends in Atmospheric Carbon Dioxide," ed, 2014. Used under fair use, 

2014. 
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Solar energy has by far the highest potential of all the renewable sources of energy. The 

sun provides an average of 89,000 terawatts to the earth’s surface. The black dots shown 

in Figure 1.3 represent locations that could provide for more than the world’s electricity 

demand, if dedicated to solar energy harvesting [3]. Therefore, efficient systems that 

harness the sun’s energy must be designed and implemented. Solar cells convert the sun’s 

light directly into electricity via the photovoltaic effect. The setup is easy to install; and the 

process is highly reliable with low operation and low maintenance costs. It can be a stand-

alone system or it could be integrated with storage systems or connected to the grid. More 

importantly, this process is environmental friendly. Therefore, development of highly 

efficient, low cost solar cells is an important topic that needs to be studied. 

 

Figure 1.3 Black dots could provide more than the world's total energy demand, M. 

Loster, "Total Primary Energy Supply— From Sunlight," ed, 2010. Used under fair use, 

2014. 

1.2 Brief History and State of the Art of Solar Cells 
 

Solar cells convert sunlight directly into electrical energy using the concept of photovoltaic 

effect which was discovered by French physicist Edmond Becquerel in 1839 [4]. When 
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light consisting of photons strike a semiconductor surface, some of them are absorbed by 

the electrons in the valence band, which are then excited into the conduction band leaving 

behind a hole. In a typical photovoltaic device, due to the built-in electric field, these 

excited electrons and holes are pulled away and collected before they can relax. The first 

ever large area solar cell was demonstrated by Charles Fritts in 1883 by putting a layer of 

selenium between gold and another metal [5]. Significant progress in the field of 

photovoltaic devices began in the early 1960s because of the boost that it received from 

the space industry owing to the need for power generation on satellites. It was around the 

same time that researchers started working on silicon electronics, based largely on the 

concept of silicon p-n junctions. The first silicon solar cell demonstrated at Bell 

Laboratories had a efficiency of 6% with an estimated cost of $200 per Watt [6]. The 

obvious application at the time was space where the cost of the cell was unimportant. 

However, the oil crisis of 1973 experienced by the oil dependent western countries led to 

renewed focus on photovoltaics for applications other than the space industry. As a result, 

photovoltaics started becoming competitive in markets where conventional electricity was 

expensive, for example, remote locations or rural places in developing countries. The 

potential of solar cells for terrestrial power generation was quickly recognized and this 

prompted substantial development of the photovoltaic industry. 

 

During the 1980s, solar cell efficiencies began to increase. In 1985, silicon solar cells 

achieved the milestone of 20% efficiency [7]. Solar cell production increased by 15-30% 

per annum over the next decade bringing the cost down primarily due to economies of 

scale. In recent years, further advancements have brought the cost down to almost $1 per 
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Watt, making terrestrial use of solar cells more feasible. Moreover, novel photovoltaic 

materials and device architectures have attracted the attention of many researchers. 

 

The holy grail of solar cell research is the achievement of both high power conversion 

efficiency and low-cost in the same device technology. Most common materials used for 

solar cell applications are first generation photovoltaics (crystalline and polycrystalline 

silicon) and second generation photovoltaics (thin film solar cells like GaAs, CdTe, CIGS). 

Multijunction (MJ) solar-cells which form part of the third-generation photovoltaics offer 

high efficiencies compared with traditional single junction solar cells. Recently, organic 

solar cells have received much attention. A comprehensive review of the current state of 

PV technologies has been compiled by Miles et al [8]. 

 

Figure 1.4 Annual PV Installations, Solar Energy Market Growth. Available: 

http://www.solarbuzz.com/facts-and-figures/markets-growth/market-growth. Used under 

fair use, 2014. 
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PV Technology has grown at a remarkable rate over last few decades. The world’s 

cumulative PV capacity surpassed the impressive 100-gigawatt (GW) installed electrical 

power mark, achieving just over 102 GW in the year 2012 [9]. Annual PV installations has 

increased from a little less than 2 GW in 2006 to almost 12 GW in 2010 as shown in  Figure 

1.4 [10]. The photovoltaic solar industry generated $38.5 billion in revenues in the year 

2009; and the solar electric energy demand has grown by 30% per annum in the past two 

decades [10]. Despite the rapid rate of growth, the current global PV market is less than 

1% of the world energy usage. One of the primary reasons for this small share in the world 

energy market can be attributed to high price of solar-generated electricity compared to 

other energy sources. 

 

Figure 1.5 Efficiency and cost projections for first, second, and third-generation PV 

technologies, M. A. Green, Third Generation Photovoltaics: Advanced Solar Electricity 

Generation,” Berlin: Springer-Verlag, 2003. Used under fair use, 2014. 

In order for photovoltaics to become economically viable, PV devices must achieve higher 

conversion efficiencies while maintaining low costs of production and installation. This 
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leads to the concept of “third-generation” PV having efficiencies greater than single 

junction solar cells, while retaining the low cost of second generation photovoltaics. The 

goal of third-generation PV is to achieve cost efficiency better than the $1/W target as 

shown in Figure 1.5, which is equivalent to the price of fossil-based electricity [11]. 

 

Figure 1.6 Best Research-Cell Efficiencies, Best Research Cell Efficiencies. Available: 

http://www.nrel.gov/ncpv/. Used under fair use, 2014. 

The best research-grade solar cell power conversion efficiencies are summarized in Figure 

1.6 [12]. The highest confirmed terrestrial efficiencies measured under AM 1.5 conditions 

at 25 degrees are 25% for single-crystal silicon solar cell; and 28.8% for a thin film GaAs 

solar cell [13]. Multi-junction solar cells measured under concentrated sunlight are the 

dominant technology in terms of conversion efficiency. The current efficiency record is 

held by Sharp Corporation. The efficiency of their concentrator-triple junction solar cell 

(InGaP top, GaAs middle, and InGaAs bottom) is 44.4% [12]. However, performance of 
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such multi-junction solar cell are slowly reaching their thermodynamic limits for power 

conversion efficiencies. 

 

In order to overcome the 50% conversion efficiency barrier, new materials must be 

explored. The Indium Gallium Nitride (InGaN) semiconductor alloy offers the potential to 

develop ultra-high efficiency solar cells. The advantages and limitations of this material 

system are discussed in the following section. 

 

1.3 Indium Gallium Nitride Solar Cell 
 

1.3.1 InGaN Material System 
 

n Values of Band Gap (eV) Efficiency (%) 

3 0.7, 1.32, 2 56.0 

4 0.60, 1.11, 1.69, 2.48 62.0  

5 0.53, 0.95, 1.40, 1.93, 2.68 65.0 

6 0.47, 0.84, 1.24, 1.66, 2.18, 2.93 67.3 

7 0.47, 0.82, 1.19, 1.56, 2.0, 2.5, 3.21 68.9 

8 0.44, 0.78, 1.09, 1.4, 1.74, 2.14, 2.65, 3.35 70.2 

Table 1.1 Values of band gap and efficiency for tandems with three to eight junctions 

calculated at 500X with a black body spectrum at 6000K, W. Shockley and H. J. Queisser, 

"Detailed Balance Limit of Efficiency of p‐n Junction Solar Cells," Journal of Applied 

Physics, vol. 32, pp. 510-519, 1961. Used under fair use, 2014. 

One of the key requirements to achieve conversion efficiencies greater than 50% is the 

need for a material with band gap greater than 2.4 eV [14]. Optimum values for band gaps 

of multi-junction solar cells calculated using the detailed balance modeling are presented 

in Table 1.1 [15, 16]. The maximum reported conversion efficiency of 44.4% is achieved 
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by a InGaP-GaAs-InGaAs multi-junction solar cell [12]. According to Table 1.1, the 

highest theoretical efficiency of a triple junction solar cell is 56%. However, it is observed 

that mature PV technologies are typically able to achieve about 80% efficiencies of their 

thermodynamic limit [17]. Hence, to achieve conversion efficiencies greater than 50% in 

practice, multi-junction solar cells having four or more band gaps may be required. 

Therefore, the need for material systems that have band gaps greater than 2.4 eV arises as 

evident from the data shown in Table 1.1. With the revision of the band gap of InN from 

1.9 eV to 0.7 eV [18, 19], the InGaN system now covers an unusually wide energy range 

(0.7 eV to 3.4 eV) relative to the solar spectrum as shown in Figure 1.7 [20]. This suggests 

the possibility of multi-junction solar cells using InGaN alloys with a continuum of band 

gaps that can be obtained by changing just the Indium composition. 

 

Figure 1.7 Band gap energies of the InGaN alloy system cover the entire air-mass-1.5 solar 

spectrum, J. Wu, W. Walukiewicz, K. M. Yu, W. Shan, J. W. Ager, E. E. Haller, et al., 

"Superior radiation resistance of In[sub 1−x]Ga[sub x]N alloys: Full-solar-spectrum 

photovoltaic material system," Journal of Applied Physics, vol. 94, p. 6477, 2003. Used 

under fair use, 2014. 
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InGaN has been widely used for various optoelectronic devices including laser diodes and 

light-emitting diodes [21-24]. InGaN has high potential for solar cell applications due to 

superior optical properties [25, 26]. InGaN is a direct band gap semiconductor which means 

that the creation of electron hole pairs does not require participation of crystal lattice 

vibrations which wastes energy [27]. InGaN also has a high absorption coefficient, on the 

order of 105 cm-1 especially in the near band-gap region [28]. This would result in the 

absorption of 99% of all incident photons within the first 500nm of InGaN film which 

would mean that the cost of the material can be minimized by the use of thin films [29].  

 

Two unique features of InGaN are the presence of large piezoelectric and spontaneous 

polarization effects. InGaN has highly polar molecules which results in the development 

of electric fields knows as spontaneous polarization. On the other hand, piezoelectric fields 

are introduced due to lattice mismatch. Bernardini and Fiorentini have shown that InGaN 

has an apparent insensitivity to high dislocation densities because piezoelectric and 

polarization effects introduce fields that counter the effect of dislocations [30, 31].  

 

Apart from the above mentioned properties, InGaN also has additional benefits like high 

electron mobility [32], high peak and saturation velocities and superior radiation tolerance 

compared to other III-V semiconductors [20]. Also, InGaN solar cells do not contain toxic 

elements like cadmium, arsenic or phosphorous which are present in other PV technologies 

being currently used. These potential advantages are driving immense scientific interest in 

this material system. 

1.3.2 Research Progress in InGaN Solar Cells 
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As explained earlier, the InGaN material system is a promising candidate for developing 

high-efficiency PV systems. Research involving InGaN photovoltaic devices is still in its 

initial stages. Since the first proposal in 2003 to use InGaN for solar cell applications, 

substantial efforts have already been made in this research space [16]. The first device 

showing PV response was reported in 2007 [29]. With a surging interest in InGaN solar 

cells, a diverse collection of device structures have been grown and fabricated by various 

groups. These include p-i-n homo-junction cells [33, 34], p-i-n hetero-junction cells [29, 

35-42], InGaN/Si hetero-junction cell [43, 44], InGaN quantum well solar cells [45, 46] 

and InGaN superlattice cells [47]. However, a variety of challenges associated with this 

material system (which will be discussed in the next section) have limited the best 

conversion efficiencies to around 3-4%. A comprehensive review of the current state of the 

art InGaN based PV devices has been compiled by Bhuiyan et al [48]. The following 

section will summarize the difficulties and challenges that are limiting the performance of 

current InGaN based solar cells. 

1.3.3 Challenges with InGaN Solar Cells 
 

The InGaN material system is still in the exploratory and developing stages; and therefore, 

there are a lot of challenges that need to be addressed regarding this material system. The 

problems can be subdivided in two categories: material based issues and device based 

issues. The issues associated with material quality include the following: (1) achieving p-

type conductivity in InGaN alloys, (2) high dislocation density, (3) phase separation and 

(4) large lattice mismatch with currently used substrates. The issues related to device 

design include: (5) making ohmic contacts to p-type InGaN (or GaN) and (6) searching for 

a suitable transparent current spreading layer. While, some progress has been made towards 
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addressing these shortcomings, a number of challenges still exist. The present work will 

focus on issue (6) by introducing a novel Schottky structure consisting of a semi-

transparent metal layer (also known as the transparent conductive film) combined with a 

semiconductor absorber region.  

 

1.4 Research Objectives 
 

A number of groups have recently investigated InGaN-based homo-junction and hetero-

junction p-i-n solar cells. However, very few groups have worked on InGaN Schottky solar 

cells [49, 50]. Compared to p-n junctions, Schottky barrier solar cells are cheaper to grow 

and fabricate; they are also expected to improve the spectral response because of near 

surface depletion regions in the shorter wavelength regions. Moreover, the difficulty of 

growing good quality p-type InGaN has been well documented in literature. Recent efforts 

to grow p-type InGaN films have resulted in highly resistive films with current crowding 

effects [51, 52]. A transparent conducting layer is, therefore, necessary for InGaN p-n 

junction solar cells in order to offset the large resistance of the p-type film. Transparent 

conducting layers which are usually semitransparent ultra-thin metal films or metallic 

oxides also known as transparent conducting oxides (TCO) are typically placed in direct 

contact with the p-side of p-n junction devices and thus must exhibit ohmic behavior with 

low contact resistance to such materials. These transparent conducting films are combined 

with an opaque contact grid/finger pattern (covering less than or equal to thirty percent of 

the surface area) in order to further reduce series resistance. A semi-transparent oxidized 

layer of Ni-Au has been widely reported in literature as a current spreading layer for InGaN 

p-n junction solar cells. 
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Figure 1.8 Schottky InGaN-GaN Solar Cell Structure 

In the present work, the issue of poor quality p-type InGaN was circumvented by using a 

Schottky barrier instead of a p-n junction to extract photo-generated carriers. The Schottky 

diode structure is shown in Figure 1.8. For the devices considered herein, the transparent 

conductive film is one side of the Schottky diode structure as can be seen in Figure 1.8. 

There is a clear trade-off between the amount of incident light transmitted through this 

transparent conductive film into the cell and the fraction of photo-generated carriers that 

are extracted by it. In this study, platinum (Pt) is used to form a Schottky contact with n-

type InGaN/GaN absorber layers which also serves as the transparent conductive film. Pt 

is used as the transparent conductive film because it is a well understood metal and it forms 

a Schottky barrier with n-type GaN with good rectifying characteristics. Results derived 

from this work with Pt will be useful in improving the understanding of InGaN Schottky 

solar cells and how this transparent conductive film affects device performance. This work 

will also serve as a reference for InGaN Schottky solar cells fabricated with other types of 



 

14 

 

transparent conductive films. In this study, electrical and optical properties of platinum 

films of varying thicknesses are investigated. We also report the photovoltaic properties of 

InGaN/GaN Schottky solar cell with platinum as the transparent conductive film. The 

relationship is studied as a function of the thickness of the metal. Different contact schemes 

are employed (layer and grid contacts). An effort is made to explain the impact of these 

contact schemes on solar cell performance. 

 

1.5 Organization of Thesis 
 

In Chapter 2, the physics of solar cells with a particular focus on the theory of Schottky 

solar cells is discussed at length. The theory of metal semiconductor contacts and concepts 

of optical transmission and absorption for semiconductors as well as for thin metal films 

are discussed. Chapter 3 describes characterization methods and parameter extraction 

techniques used to evaluate the electrical and optical properties of thin metal films. It also 

presents a summary of the results. In Chapter 4, solar cell characterization techniques and 

our results are presented. Chapter 5 concludes the thesis, the results are summarized and 

the scope of this research is presented.  
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Chapter 2. Schottky Barrier Solar Cells: Principles of Operation 
 

 

2.1 Theory of P-N Junction Solar Cells 

A solar cell is a device which converts sunlight into electricity. The cell is a two terminal 

device that behaves like a diode in the dark and generates a photocurrent in the presence of 

light. The basic principle behind its operation is the photovoltaic effect. When light made 

of packets of energy, called photons strike the surface of the cell, photons with energies 

greater than the band-gap, 𝐸𝑔, of the absorbing material get absorbed while the photons 

with energies less than 𝐸𝑔 pass through the material. Each photon absorbed by the solar 

cell, excites an electron from the valence band to conduction band, thus creating an 

electron-hole pair. Electrons generated in the p-type material and holes in the n-type 

material are “minority carriers” and thus will only exist for a duration of time equal to the 

minority carrier lifetime before they recombine. If recombination occurs, then no electrical 

power will be generated. Instead the goal is to have these minority carriers diffuse through 

the quasi-neutral regions until they reach the p-n junction as shown in Figure 2.1. The 

minority carriers are then swept across the p-n junction by the action of the electric field 

existing across the depletion region. The electrons move towards n-side, while the holes 

move towards the p-side. Once the photo-generated electrons (holes) reach the n-side (p-

side) of the junction they contribute to the majority carrier currents in these regions.  In 

essence, photovoltaic action results from three steps which are charge generation (photons 

generating electron-hole pairs), charge separation, and charge transport. Due to the 

presence of these excess carriers, a voltage is set up across the junction which splits the 

equilibrium Fermi-level into two quasi-Fermi levels, one for electrons (𝐸𝑓,𝑛) and the other 
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for holes (𝐸𝑓,𝑝) shown in Figure 2.1. When the contacts to the cell are isolated, the potential 

difference across the diode has its maximum value which is equal to the open-circuit 

voltage (𝑉𝑜𝑐). If the solar cell is short-circuited, the current density that flows is known as 

the short-circuit current density (𝐽𝑠𝑐). 

 

Figure 2.1 Band diagram of an unbiased p-n junction solar cell (a) in the dark (b) under 

illumination 

The net current density delivered, J, by a solar cell to a resistive load is: 

 J(V) =  Jsc − Jdark(V) (2.1) 

where Jdark is the dark current density. For a non-ideal diode, Jdark is given by: 

 J𝑑𝑎𝑟𝑘(V) =  J0(eqV nkBT⁄ − 1) (2.2) 
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Thus, 𝐽 becomes: 

 𝐽(V) =  Jsc − J0(eqV nkBT⁄ − 1) (2.3) 

where V is the voltage across the diode, 𝐽0 is the saturation current density, n is the ideality 

factor of the diode, 𝑘𝐵is the Boltzmann constant and T is the temperature. The “open-

circuit” condition is defined by  𝐽(𝑉𝑜𝑐) = 0  and therefore we can rearrange Equation 2.3 

to find Voc, which is given by: 

 
Voc =  

nkT

q
ln (

Jsc

J0
+ 1) (2.4) 

Equation 2.4 shows the relationship between open-circuit voltage and the short circuit 

current. The open circuit voltage can also be thought of as the difference between the quasi-

Fermi levels across the p-n junction, and thus, it is limited by the band gap of the 

semiconductor as show in Figure 2.1. 

 

Figure 2.2 Equivalent circuit of a non-ideal solar cell 
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Such an ideal solar cell can be represented by a current source in parallel with a diode. A 

more realistic equivalent circuit model, including series and shunt resistances is shown in 

Figure 2.2 [7]. The net current density taking into account the series and shunt resistance 

is given by the following equation: 

 
J =  Jsc − J0 (e

(
q(V−J.Rseries)

nkT
)

− 1) +
V − J. Rseries

Rshunt
 (2.5) 

where Rseries and Rshunt represent specific resistances with 𝛺𝑐𝑚2 as their units. In non-

ideal solar cells, power is dissipated through the series and shunt resistances included in 

equation 2.5. The total series resistance has contributions from the bulk semiconductor 

material, the contact resistance associated with the semiconductor/metal interface and the 

resistance of the front and rear metal electrodes. Shunt resistance arises primarily from 

electrically active defects introduced either during materials synthesis or device 

fabrication. Both series and shunt resistances have a detrimental impact on the fill factor 

(explained in the next paragraph) and hence, the overall efficiency of a solar cell. The 

power density delivered by a solar cell to a resistive load is given by: 

 P = J. V (2.6) 

The open-circuit voltage (I = 0) and short-circuit (V = 0) current are labeled on the 

prototype solar cell J-V curve shown in Figure 2.3. However, no power is generated at 

these two points. The power density in a solar cell reaches its maximum value at some 

voltage 𝑉𝑚with a corresponding current density of 𝐽𝑚. The maximum power is calculated 

by setting the derivative of power density equal with respect to voltage to zero.  

 𝑑𝑃

𝑑𝑉
= 0 (2.7) 

 



 

19 

 

The fill factor is an important parameter that determines the maximum power that can be 

drawn from a solar cell. The fill factor is defined as the ratio:  

 
FF =  

Jm. Vm

Jsc. Voc
 (2.8) 

 

Figure 2.3 Current voltage characteristic of an ideal cell 

Graphically, the fill factor describes the ‘squareness’ of the J-V plot in the sense that with 

Vm =  Voc and Jm =  Jsc, the J-V curve would outline a rectangle and FF = 1. It also 

represents the largest rectangle that can be inscribed inside the J-V curve shown in Figure 

2.3. The efficiency ƞ of a solar cell is defined as the ratio of the maximum power density 

delivered to the load and the incident light power density, 𝑃𝑖𝑛𝑐: 

 
ƞ =  

Jm. Vm

Pinc
=

Jsc. Voc. FF

Pinc
 (2.9) 

These quantities 𝐽𝑠𝑐, 𝑉𝑜𝑐 , 𝐹𝐹 and ƞ are the essential “device metrics” of a solar cell. In order 

to make useful comparisons of solar cell performance, these parameters should be 
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measured under “standard” illumination conditions. The standard spectrum at the Earth’s 

surface is AM1.5G (the G stands for global and includes both direct and diffuse radiation) 

or AM1.5D (which includes direct radiation only) [7]. The standard spectrum outside the 

earth’s atmosphere is AM0 (air mass zero). 

 

Quantum efficiency is an important diagnostic quantity in that its spectral dependence can 

be used to identify shortcomings in material quality and/or layer structure design. The 

external quantum efficiency (EQE) of a solar cell is the ratio of the number of carriers 

flowing through the electrical circuit to the number of photons incident on the solar cell. 

The internal quantum efficiency (IQE) of a solar cell is obtained from the EQE by including 

only absorbed photons (i.e. by subtracting out photons lost to reflection or transmission 

from the incident light intensity). A sample quantum efficiency curve is shown in Figure 

2.4. As seen in Figure 2.4, the quantum efficiency is reduced due to recombination effects. 

It is also affected by short diffusion lengths and reflections occurring at the top surface.  

 
Figure 2.4 Quantum Efficiency of a sample solar cell 
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The impact of carrier recombination on solar cell performance is represented by two 

quantities which are minority carrier lifetime and diffusion length. Minority carrier lifetime 

(𝜏) is the average time which a photo-generated carrier spends in an excited state before it 

recombines. 

 1

τ
=

1

τradiative
+

1

τauger
+

1

τSRH
 (2.10) 

where 𝜏𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 , 𝜏𝑎𝑢𝑔𝑒𝑟  and 𝜏𝑆𝑅𝐻 represent minority carrier lifetimes as a result of 

radiative, Auger and Shockley-Read-Hall recombination mechanisms [5]. In the radiative 

process, an electron from the conduction band recombines with a hole in the valence band 

and releases a photon. Recombination through point defects occurs via the Shockley-Read-

Hall mechanism which is a two-step process. An electron is trapped by an energy state 

within the band-gap which is due to defects present in the crystal lattice. If a hole moves 

up to the same energy state before the electron is re-emitted, then the electron and hole 

recombine. In Auger recombination, three particles are involved. First, the electron 

recombines with a hole to give out energy which is then given to an electron in the 

conduction band (hole in the valence band) pushing it high into the conduction (valence) 

band. The excited electron (hole) gradually loses that energy thermally to come back to the 

edge of the conduction (valence) band.  

 

Diffusion length (L) is the average distance a carrier diffuses in a concentration gradient 

from the point of generation until it recombines.  

 L =  √Dτ (2.11) 

where D is the diffusion coefficient and can be found using 
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D =  μ

kT

q
 (2.12) 

The value of τ depends on the number of defects in the bulk material via the SRH term in 

Equation 2.10. Also, since the surface of a solar cell presents a disruption of the lattice, the 

surface is a site of particularly high recombination. Surface recombination velocity is the 

parameter which is used to quantify recombination at the surface. The recombination of 

charge carriers has a major impact on the open circuit voltage of the solar cell. High 

recombination increases the forward-bias recombination current of the diode, which in turn 

decreases the open circuit voltage of the solar cell. It can be seen how parameters like 

diffusion length and surface recombination affect the quantum efficiency of a solar cell in 

Figure 2.4.  

 

2.2 Theory of Schottky Barrier Solar Cells 

The energy band diagram for a Schottky barrier (metal/n-semiconductor) solar cell is 

shown in Figure 2.5. The metal is deposited as a semi-transparent film through which most 

of the light can pass. Light transmitted through the metal into the semiconductor is 

absorbed to generate photocurrent. A very small part of the photocurrent is also contributed 

by light absorption in the thin metal layer (although this photocurrent is negligible and is 

not considered in the analysis). The current density versus voltage characteristic of a 

Schottky barrier solar cell under illumination is similar to Equation 2.3 for the p-n junction, 

which is restated here: 

 J =  Jsc − J0(eqV nkBT⁄ − 1) (2.13) 

where 𝐽0, the saturation current density, is now given by: 
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 J0 = A∗∗. T2. exp(−q. φb kb. T⁄ ) (2.14) 

where 𝐴∗∗ is known as the Richardson constant and 𝜑𝑏is the Schottky barrier height. 

 

Figure 2.5 Energy band diagram of Schottky Barrier Solar Cell under illumination 

The metal-semiconductor junction (Schottky diode) is a simple way to prepare a 

photovoltaic device. The other main advantage of a Schottky barrier solar cell is the 

presence of the depletion region right next to the metal surface which reduces the surface 

recombination probability and thus, improves the spectral response for high energy 

photons. However, Schottky barrier solar cells have a few limitations. A Schottky barrier 

solar cell cannot produce high open circuit voltages because the maximum value is limited 

by the potential energy difference between the metal work function and semiconductor 

electron affinity. Whereas, for a p-n junction solar cell, the open circuit voltage can be 

roughly x% of the semiconductor band-gap. Secondly, in the case of highly doped 

semiconductors, thin barrier layers may result in tunneling of carriers which will reduce 
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the photocurrent. Moreover, the material interface between the semiconductor and metal 

contains interface states which may trap charge and reduce the open circuit voltage. 

 

2.3 Solar Cells with Transparent Conducting Films 
 

One of the most important design considerations for both Schottky and p-n junction solar 

cells is to minimize resistive losses. As explained before, series resistance arises due to 

material properties and electrode design. In order to decrease the material resistance, 

doping can be increased which also enhances the electric field to help in carrier collection. 

However, for a Schottky structure, increased doping may result in tunneling which reduces 

the net photocurrent. Electrode resistance is generally reduced by increasing the 

dimensions and thickness of metal fingers or grid patterns used as the top electrodes. This, 

however, is done at the cost of reducing the transmission of light entering the cell. Careful 

optimization of the line-width and grid-spacing is required in order to improve efficiencies.  

 

Figure 2.6 InGaN-GaN p-i-n junction solar cell structure 
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Transparent conducting layers which are usually thin (semitransparent) metal films or 

metallic oxides (also known as transparent conducting oxides or TCOs) are used as current 

spreading layers between the top metal electrode and the p-side of the p-n junction, as 

shown in Figure 2.6. These layers are especially important in InGaN p-n junction solar 

cells because of the large resistance associated with p-type GaN films. The current 

spreading layer has a strong influence on the performance of InGaN p-n junction solar 

cells. In addressing this issue, a semi-transparent oxidized layer of Ni-Au has been widely 

reported in literature as a current spreading layer. However, there are very few reports on 

the issue of optimizing this layer or looking for other options. A couple of papers have 

reported the effect on photovoltaic response by using ITO instead of Ni-Au current 

spreading layers [53-55].Neufeld also demonstrated that the performance of InGaN p-n 

junction solar cells can be improved by optimizing the metal electrode grid spacing [35].  

 

In the present work, a transparent conductive film has been used to form a Schottky barrier 

with the InGaN/GaN absorber region, thus, forming an active part of the solar cell shown 

previously in Figure 1.8. Ultra-thin metal films of Pt have been used as the transparent 

conductive material. This work will investigate the feasibility of InGaN based Schottky 

solar cells with Pt serving as both the Schottky barrier “metal” and the current spreading 

layer. 

 

2.4 Metal-Semiconductor Contacts 

The energy band diagram of a metal-semiconductor contact at equilibrium is shown in 

Figure 2.7. Metal semiconductor contacts form an important part of all semiconductor 
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devices. A metal-semiconductor junction results in either an ohmic contact or Schottky 

barrier. In an ohmic contact, there is a linear relationship between current and voltage (for 

both voltage polarities) and the goal is to minimize the voltage drop for a desired current 

flow. The contact resistance should be as small as possible in comparison to the bulk 

resistance of the semiconductor. The current-voltage curve of an “ohmic” contact should 

ideally be linear. However, in practice, the current-voltage curve of an ohmic contact does 

not have to be exactly linear in order for it to be useful. In a Schottky barrier or rectifying 

contact, current is blocked for one polarity of voltage. Thus, the current voltage curve of a 

Schottky contact should be rectifying in nature like a diode. 

 

Figure 2.7 Band Diagram of metal-semiconductor contact 

The Schottky barrier height of a metal/ n-type semiconductor interface is given by: 

 q. φB,n = q. (φM − χ) (2.15) 
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where, 𝜑𝐵,𝑛 is the barrier height, 𝜑𝑀is a the work function of metal and χ is the electron 

affinity of the semiconductor. For an n-type semiconductor, in order to make an ohmic 

contact, the work function of the metal must be smaller than the electron affinity of the 

semiconductor. For a p-type semiconductor, the formation of an ohmic contact requires the 

work function of the metal to be larger than the sum of the electron affinity and the band 

gap energy. Since the maximum value of work function for known metals is just above 5 

eV and a typical value of electron affinity is about 4 eV, it is extremely tough to find metals 

that form ohmic contacts to p-type semiconductors with wide band gaps such as GaN [56, 

57]. Notwithstanding this situation, Ho demonstrated that Ni-Au layers when annealed in 

oxygen ambient make ohmic contacts to p-type GaN with specific contact resistances as 

low as 10−6𝛺. 𝑐𝑚−2 [58, 59]. It is important to recognize that TCOs that form good ohmic 

contacts to p-type GaN and p-type InGaN should yield Schottky barriers to n-type GaN 

with large values of φB,n. 

 

2.5 Absorption and Transmission in Thin Films 

The process of fundamental or band-to-band absorption refers to photons exciting an 

electron transitions from the valence band to the conduction band in a semiconductor (or 

lower filled band to higher empty band in a metal or metal oxide film). A bulk 

semiconductor’s optical absorption coefficient 𝛼 can be calculated from its optical 

transmission data. When light of intensity 𝐼0 is incident on a film of thickness 𝑥, a 

transmitted intensity 𝐼 emerges out of the other side. Beer Lambert’s law states that there 

is a logarithmic relation between the absorption coefficient and the transmitted optical 

intensity according to the following equation: 



 

28 

 

 
T =

I

𝐼0
=  e−αx (2.16) 

where, 𝛼 is the absorption coefficient at a fixed wavelength. This equation assumes there 

is no scattering of light within the semiconductor film. This equation also does not take 

into account power reflection/transmission at the top and bottom film surfaces. Accounting 

for multiple reflections that occur at the film surfaces, the transmission coefficient 𝑇 =

𝐼/𝐼0 is given by [60]: 

 T =  [(1 − R)2. 𝑒𝑥𝑝 (−α. x)]/[1 − R2. exp(−2. α. x)] (2.17) 

where, R is power reflection coefficient at the air-film interface, given by: 

 R =  [(n − 1)2 + k2]/[(n + 1)2 + k2] (2.18) 

Note that the equation treats the air/film and air/substrate interface the same. Equations 

2.17 and 2.18 are used to calculate the absorption coefficient of thin films using the optical 

transmission and reflection data. 

 

TCO materials are not typically used as current spreading layers in III-V multi-junction 

solar cells and crystalline silicon solar cells [61, 62]. The reason for not using a TCO in 

these solar cells is because they require high transmittance near the infrared region which 

none of the current TCOs can provide. Transmission in the infrared region is limited by 

free carrier absorption. Free carrier absorption occurs when a material absorbs a photon 

and the carrier is excited from a filled state to an unoccupied state within the same band. 

In a simple Drude theory formulism, the plasma wavelength, 𝜆𝑝, or the onset of total 

reflection can be expressed as [63, 64]: 
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λp = 2πc√
ε∞m∗

4πne2
 (2.19) 

where ε∞ is the high frequency permittivity, n is the free electron concentration and 𝑚∗ of 

effective mass of the electron which depends on the energy band structure. For wavelengths 

shorter than 𝜆𝑝, transmission is limited by free carrier absorption. The dependence of 𝜆𝑝 

on the effective mass, and the connection between effective mass and carrier mobility, 

implies that increasing transmission in the IR region requires TCOs with high mobility.  

Equation 2.19 also shows that materials with low carrier concentrations are required to 

push λp into the UV range where the solar radiation spectrum is relatively weak. However, 

lowering the electron concentration reduces the conductivity of a material whereas, high 

conductivity is a desired characteristic of a TCO. The same is true for semi-transparent 

metals used as transparent conductive layers. Hence, an ideal TCO (or semi-transparent 

film) requires optimization of optical transparency and electrical conductivity. 

 

The next two sections of this thesis will focus on characterization methods used for this 

work. There are two parts to characterization methods used in this study. The first part 

which is summarized in Chapter 3 focusses on the characterization of thin metal films of 

Pt which will be used as the transparent conducting layer in our Schottky barrier solar cell. 

The second part involves solar cell characterization with Pt films serving as the TCO 

electrode which will discussed in Chapter 4.  
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Chapter 3. Characterization of Transparent Conducting Films 
 

 

This chapter will present the characterization methods and parameter extraction techniques 

used to characterize the transparent conducting films which are integral to the Schottky 

solar cells of interest here. The measurement results will also be presented. 

 

3.1 Transfer Length Measurements (TLM) 

Transfer Length Measurements or Transmission Line Measurements is a technique used to 

determine the contact resistance between a metal and a semiconductor originally proposed 

by Shockley [65]. However, we will use this technique to calculate the sheet resistance of 

our thin metal films. This method requires making a series of metal-semiconductor (or thin 

metal film) contacts separated by increasing distances. 

 

Figure 3.1 Cross-sectional schematic of a representational TLM test pattern 

 

Figure 3.2 Planar view of fabricated TLM patterns  



 

31 

 

Figure 3.1 is a cross-sectional schematic of a TLM test pattern. The thin film (with 

thickness equal to 𝑡𝐹) under test is deposited on double side polished sapphire. 50nm of 

Nickel (Ni) followed by 400nm of Silver (Ag) is used as the ohmic contact layer. Figure 

3.2 is an optical image of a fabricated TLM test pattern. The metal contacts are separated 

from each other in the following order of distances: 7 𝜇m, 10 𝜇m, 13 𝜇m, 16 𝜇m, 20 𝜇m 

and 25 𝜇m.  

 

Figure 3.3 Four-point measurement system for TLM measurements 

A four-point measurement configuration is used as shown in Figure 3.3. The probes are 

applied to one pair of contacts at a time and then cycled through all the contact pairs in the 

structure. I-V measurements were made using a Keithley 2400 source meter which is used 

to ramp the current while simultaneously measuring the voltage drop across the contacts. 

The resistance measured is a summation of the interfacial metal/film resistance (Rc) of 

both contacts plus the sheet resistance (Rsh)  of the thin film. Once resistance 

measurements are made for all adjacent pairs of contacts, a plot of resistance versus contact 

separation can be made which should yield in a straight line. The equation is: 
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RT =

Rsh

W
. l + 2. Rc (3.1) 

where,  𝑅𝑠ℎ is the sheet resistance, 𝑊 is width of the metal contact, 𝑙 is the distance between 

the contacts and 𝑅𝑐 is the contact resistance.  

 

Figure 3.4 Resistance versus Contact Separation 

Figure 3.4 is a plot of resistance versus contact separation for representation purposes. The 

red triangles denote measurement data points and the dotted black line represents a linear 

fit to the data points. The slope and the y intercept of the line are used to extract the sheet 

resistance and the contact resistance. The x intercept is equal to twice the transfer length 

which can be extrapolated from the equation of the line. The transfer length is the average 

distance that an electron (or a hole) travels in the film beneath the contact before it flows 

up into the contact. So the effective area of the contact is: 

 A =  LT. W (3.2) 

The contact resistance can be defined as: 

y = 0.9635x + 18.514
R² = 0.9994
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RC =

ρc

LT. W
=

Rsh. LT

W
 (3.3) 

While this method is widely used to calculate sheet resistances of thin films and contact 

resistances of metal contacts; it also makes a few assumptions that we should be aware of. 

The first assumption is that the contact resistance of all metal contacts are identical. 

Secondly, the assumption of electrically long contact (𝐿>>𝐿𝑇) enables the relationship 

𝜌𝑐 =  𝑅𝑠ℎ. 𝐿𝑇
2, used in our analysis. Lastly, we assume that the metal contact does not alter 

the sheet resistance of the thin film which might not always be true. Reeves described a 

method to calculate the modified sheet resistance and also showed how to deduce specific 

contact resistance by carrying out an end resistance measurement [65]. However, we will 

not calculate the modified sheet resistance. The TLM method, described above, will be 

used herein to determine the sheet resistance of the transparent conductive films (thin Pt 

films in this case) employed in the Schottky solar cells. Additional details regarding 

measurement setup and calibration procedure can be found in Appendix A. 

 

3.2 Transmission and Reflection Measurements 

The two most common techniques for determining film thickness are optical and stylus 

based measurements. Optical techniques are preferred because they are more accurate and 

non-destructive. The most common optical measurement systems are spectral reflectance 

and ellipsometry. Spectral reflectance measures the reflected light from a thin film when 

light is normally incident on it over a range of wavelengths. Ellipsometry is similar, except 

that it uses non-normal incident light at two different polarizations. The optical properties 

of thin films used in this work were studied by using a F10-RTA-UVX Filmetrics 

Measurement System. The F10-RTA-UVX reflectometer captures reflectance and 



 

34 

 

transmittance spectra simultaneously across a wide range of wavelengths (200nm-

1700nm). The software converts these spectra into thickness and refractive index data. The 

specifications of the F10-RTA-UVX are shown below in Table 3.1. 

Specifications F10-RTA-UVX 

Wavelength Range 200-1700 nm 

Thickness Range 3 nm-150 µm 

Minimum Thickness to measure n and k 15 nm 

Thickness Accuracy 1 nm 

Thickness Precision 0.1 nm 

Thickness Stability 0.07 nm 

Light Source D2+Halogen 

Table 3.1 F10-RTA-UVX Specifications 

The Filmetrics measurement system will be used to study the optical characteristics of the 

thin Pt films which will be used as transparent conductive films in Schottky solar cells. 

Specifically, we will measure the transmission spectra of these Pt films.  

 

3.3 Data Analysis and Discussion 

3.3.1 TLM Results 

 

Platinum films of varying target thicknesses (7 nm, 10 nm and 13 nm) were deposited on 

double side polished sapphire using electron-beam evaporation with a base pressure lower 

than 2 × 10−6 Torr. The thickness of the Pt films were measured using a Zygo surface 

profiler to confirm the thickness deposited, which showed a maximum absolute error of 1 

nm. TLM patterns were formed as shown in Figure 3.1. The metal film under test was 

patterned with Ni (50nm) / Ag (400nm) as the metal contact with interspacings of 7 𝜇m, 

10 𝜇m, 13 𝜇m, 16 𝜇m, 20 𝜇m and 25 𝜇m. The TLM patterns were defined by a 

photolithographic lift-off process. I-V measurements between pairs of contacts with 
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varying distances on the TLM patterns revealed linear behavior for all the three platinum 

films, which was expected.  

 

Figure 3.5 I-V Measurements between metal contacts as a function of the distance 

between them for 10nm Pt sample 

Figure 3.5 shows the I-V measurements made across pairs of contacts with varying 

distances for the sample with a 10 nm thick Pt film. These I-V measurements across pairs 

of contacts with varied spacing were used to calculate the associated resistances. As can be 

seen in Figure 3.5, the slope of the I-V curves keeps decreasing with increasing distances, 

which indicates an increase in the resistance as a function of distance, which is expected. 

These resistance values are then plotted as a function of distance in order to extract the 

sheet resistance of the Pt film. Figure 3.6 shows the total resistance versus distance curve 

for the 10 nm Pt sample for eight different TLM patterns. As can be seen in the figure, all 

eight TLM patterns show linear behavior with a positive slope.  
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Figure 3.6 Total Resistance versus distance between the contacts for 10 nm Pt sample 

The slope and the y-intercept of the straight line fit corresponding to each TLM pattern is 

used to calculate the sheet resistance of the Pt film. Table 3.2 shows all the parameters 

extracted using the techniques described in Section 3.1. 

TLM Pattern # Slope (m)

y-intercept 

(m) R2 RC () LT (m) RSH (/sq) 

1 0.161 1.333 0.999 0.666 4.133 62.913 

2 0.156 1.208 0.998 0.604 3.852 61.196 

3 0.140 1.375 0.997 0.687 4.902 54.690 

4 0.134 1.527 0.999 0.763 5.686 52.396 

5 0.145 1.267 0.999 0.633 4.363 56.650 

6 0.150 1.211 0.998 0.605 4.027 58.649 

7 0.144 1.282 0.997 0.641 4.432 56.431 

8 0.135 1.379 0.999 0.689 5.073 53.032 

Table 3.2 Parameter Extraction of Contact Resistance, Sheet Resistance and Transfer 
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The 𝑅2 value is known as the coefficient of determination which indicates the “goodness” 

of a fit for a particular set of data points. Values close to one indicate a very good fit of the 

data points. Once, the slope and y-intercept are obtained, all other parameters of interest 

can be calculated using the method described earlier. The average sheet resistance of the 

10 nm Pt film was calculated to be 57 Ω/sq. 

 

Figure 3.7 shows the total resistance versus distance curve for the 7 nm Pt sample for eight 

different TLM patterns. As can be seen in the figure, all eight TLM patterns except for one 

pattern (Pattern #2) exhibit linear behavior with a positive slope. The average sheet 

resistance of the 7 nm Pt film was calculated to be 103.9 Ω/sq. 

 

Figure 3.7 Total Resistance versus distance between the contacts for 7 nm Pt sample 

Figure 3.8 shows the total resistance versus distance curve for the 10 nm Pt sample for 

eight different TLM patterns. As can be seen in the figure, all eight TLM patterns except 
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for one pattern (Pattern #8) show linear behavior with a positive slope. The average sheet 

resistance of the 13 nm Pt film was calculated to be 41.5 Ω/sq. 

 

Figure 3.8 Total Resistance versus distance between the contacts for 13 nm Pt sample 

 
Figure 3.9 Sheet resistance as a function of Pt thickness 
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Figure 3.9 shows the average sheet resistance as a function of the thickness of platinum. It 

is evident from the figure that the sheet resistance of the Pt films decreases as the thickness 

of the Pt film increases, which is expected. The sheet resistance (𝑅𝑆𝐻) and the thickness of 

the metal film (𝑡𝐹) can be used to calculate the resistivity (𝜌) of the Pt film using the 

following equation. 

 𝜌 = 𝑅𝑆𝐻. 𝑡𝐹 (3.20) 

Table 3.3 shows calculated values of resistivity for the different thicknesses of Pt films. 

Thickness of Pt film (nm) Resistivity (Ω.cm) 

7 nm 7.28e-5 

10 nm 5.69e-5 

13 nm 5.39e-5 

Table 3.3 Resistivity of different thicknesses of Pt films 

It is evident from Table 3.3  that the resistivity of these thin films decreases as the thickness 

of the film increases. By definition, it is fair to assume that intrinsic properties of a metal 

film such as electrical resistivity should be independent of its thickness. However, this is 

not true for ultra-thin metal films. The resistivity of bulk Pt is 1.06e-5 Ω.cm. In the case of 

thin film metals, the resistivity is much larger than the resistivity of bulk metal; and it 

decreases with increasing thickness of the metal film, until it achieves a value close to the 

bulk resistivity. Moreover, the electrical resistivity of the metal film is affected by the film 

thickness as soon as the thickness of the film becomes comparable to the electron mean 

free path in that medium. 

 

3.3.2 Optical Results 
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Figure 3.10 Transmission Spectra for 7 nm, 10 nm and 13 nm Pt films 

Optical transmission measurements were made on Pt films with three different thicknesses 

(7 nm, 10 nm and 13 nm). These metal films were deposited in the same e-beam 

evaporation runs as the TLM samples described in Section 3.3.1 (but the films were not 

patterned). Figure 3.10 shows the raw transmission spectra. No effort has been made to 

correct these transmission spectra for reflection losses occurring at the air-Pt and Pt-

Sapphire interfaces. It is evident in Figure 3.10 that the overall transmission as a percentage 

decreases as the film thickness increases, which is expected.  

3.3.3     Summary of Results 

 

The measurement results shown herein demonstrate the connections between Pt film 

thickness, electrical sheet resistance and optical power transmission. While the sheet 
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resistance of the thin film decreases with increasing thickness, the optical transmission 

through the film increases with decreasing film thickness. Consequently, as suggested 

before, there is a tradeoff between the optical losses and series resistance for the transparent 

conductive films which will serve as key elements of the Schottky solar cells described 

next. An ideal transparent conductive film would yield the lowest possible values of optical 

loss and series resistance. However, from the results presented here, it is clear that both 

these properties cannot be achieved at the same time. Hence, an effective transparent 

conductive film needs careful optimization of both the electrical and optical properties in 

order to improve the performance of InGaN/GaN Schottky solar cells. 
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Chapter 4. Solar Cell Characterization 
 

 

It is clear from the previous section that the thickness of the Pt films affect their electrical 

and optical properties. When a Pt film is used as a transparent conductive film in a Schottky 

solar cell, the optical properties of the Pt film influence the amount of light passing through 

it and reaching the absorber layer. On the other hand, the electrical resistivity of the Pt film 

impacts the collection of photo-generated carriers. As a result, the material properties of Pt 

(in thin-film form) should significantly impact the performance of the solar cell. Now that 

we have a better understanding of the Pt films and their properties; the next step is to 

understand the impact of film thickness on the photovoltaic properties of InGaN/GaN 

Schottky solar cells.  

 

4.1 Solar Cell Structure 

 

Figure 4.1 InGaN/GaN layer structure. 

The InGaN/GaN structures were grown on c-plane sapphire substrates by organometallic 

vapor phase epitaxy (OMVPE). The layer structure grown is shown in Figure 4.1. The 

structure consists of a 4.0 μm thick, Si-doped n-GaN ohmic contact layer (n = 2 ×1018 cm-

3), followed by a nominally un-doped GaInN/GaN absorber capped by a 40 nm thick, un-
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doped GaN window layer. The absorber consists of a 30-pair MQW region with 2.5 nm 

thick GaInN quantum wells and 12 nm thick GaN barriers. The indium content in the 

InGaN quantum wells is about 10%. Mesa fabrication was performed using an inductively 

coupled plasma (ICP) etching system to isolate devices from each other and also to expose 

the n-GaN ohmic contact layer. Pt is used as the transparent conducting film which also 

serves as a large-area Schottky contact to the un-doped GaN window layer. The Schottky 

metal films were deposited by electron-beam evaporation. Two distinct geometries, each 

having two different values of metal line pitch, are used as the top electrode. The first kind 

of geometry used is grid style geometry shown in Figure 4.2. The top-side metal traces are 

made of a Ni (50 nm) / Ag (400 nm) bilayer and have a line width of 5 µm.  

  

Figure 4.2 Cross-section of grid style InGaN solar cell 

The device structure has a square-shaped mesa surrounded by another metal trace that 

serves as the bottom-side electrode. A Ti/Al (30nm/400nm) composite, deposited using 

electron beam evaporation, was used as the ohmic contact to n-type GaN. Figure 4.3 shows 
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Nomarski optical images of fabricated solar cells with two different grid spacings (75 µm 

and 150 µm). The two contact patterns are referred to in the following discussion as coarse 

grid and fine grid. 

 

Figure 4.3 (a) Coarse Grid (b) Fine Grid  

 

Figure 4.4 Cross-section of finger style InGaN solar cell 
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Figure 4.5 (a) Coarse Finger (b) Fine Finger 

The second kind of electrode geometry used is a finger style geometry as shown in Figure 

4.4. In this case, the mesa has an interleaved comb-like structure with the layer structure 

removed to make ohmic contact traces adjacent to each mesa finger. Figure 4.5 shows 

fabricated solar cells with two different metal trace pitches (75 µm and 150 µm). These 

two contact patterns are referred to in the following discussion as coarse finger and fine 

finger. 

 

Three different solar cells were fabricated using the same GaN/InGaN layer structure, each 

having the four different electrode geometries described above. Each solar cell had a 

different thickness of Pt, the thicknesses being 7 nm, 10 nm and 13 nm. The size of an 

entire solar cell device (including the non-mesa area) is 1.4 x 1.4 mm2, and there is no anti-

reflection coating for all four geometries. 
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4.2 Crosslight APSYS Simulation 
 

Crosslight APSYS is a general-purpose software that uses the finite element method to 

simulate the performance of semiconductor devices. The program solves several equations 

simultaneously including the basic Poisson’s equation and drift-diffusion current 

equations. Modelling InGaN based solar cells presents several challenges, the most 

important of which are uncertainty in key material parameters and proper implementation 

of spontaneous polarization and piezoelectric effects. Hence, in this work, GaN Schottky 

solar cells are investigated in order to avert these issues.  

 

Figure 4.6 Schematic GaN Schottky Solar Cell 

Simulations were used to study the impact of Pt layer thickness on short-circuit current 

density and open-circuit voltage of the solar cell. Only the coarse finger and fine finger 

geometries were used for simulation purposes. All physical dimensions used in the 

simulations match the actual solar cell devices in an effort to accurately model the 2D 

effects. Figure 4.6 shows the schematic of the GaN solar cell simulated using Crosslight. 

The structure consists of a 2.0 μm thick n+ GaN ohmic contact layer (n = 1 ×1018 cm-3), 

followed by a 0.5 μm thick n-type GaN (n = 1 ×1016 cm-3) absorber layer. The thickness of 

the n-type GaN layer is equal to the thickness of the active region part of InGaN/GaN layer 
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structure. However, the thickness of the n+ GaN ohmic contact layer is 2 μm thinner than 

that of corresponding layer in the structure. However, this difference does not impact the 

short circuit current and open-circuit voltage values. Neither does it affect the trend that 

we observe for both the above mentioned parameters.  

 

A thin film Pt layer is used to form a broad-area Schottky barrier to the n-GaN layer. 

However, the Pt layer does not cover the entire mesa surface; instead it is separated from 

the boundaries (of the n-GaN layer) by a distance of 10 μm on both sides. The two metal 

contacts, which are equidistant (60 μm) from the boundaries (of the GaN absorber layer) 

are 5 μm wide. An AM0 spectrum was used for illumination. 

 

Figure 4.7 Short-circuit current per unit length vs Pt Thickness 
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Figure 4.7 shows a plot of the short-circuit current per unit length versus the thickness of 

the Pt layer. Current density vs. voltage (J-V) curves were obtained by dividing the 

calculated current per unit length by the illuminated device mesa width. The mesa width is 

125 μm (50 μm) for the coarse (fine) finger case, but all other simulation parameters are 

held constant. Figure 4.8 shows a plot of the short-circuit current density versus the 

thickness of the Pt layer. 

 

Figure 4.8 Short-circuit current density vs Pt Thickness 

Figure 4.9 shows a zoomed-in plot of the short-circuit current density versus the thickness 

of the Pt layer. It is evident from Figure 4.9 that 𝐽𝑠𝑐 is impacted by the thickness of the Pt 

layer. Moreover, the short-circuit current densities are larger for the coarse finger geometry 

as compared to the fine finger geometry. 
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Figure 4.9 Short-circuit current density vs Pt Thickness (zoomed in) 

The short-circuit current density is larger than in the reference case (i.e. no Pt film) for Pt 

layer thicknesses up to 15 nm (fine finger) or 50 nm (coarse finger). This observation 

justifies the need for a transparent conductive film. The short-circuit current density 

reaches a maximum value at roughly 2 nm and 5 nm for fine finger and coarse finger 

geometry, respectively. The presence of a maximum is explained by the balance of series 

resistance presented by the Pt layer and its optical losses. However, for thicknesses of the 

Pt layer greater than the aforementioned values for each geometry, there is a steady 

decrease in the short-circuit current density. This trend suggests that after a certain 

thickness, the short-circuit current density is impacted more by optical losses than by series 

resistance associated with the Pt layer.  
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Figure 4.10 shows a plot of the open-circuit voltage versus the thickness of the Pt layer. It 

is clear that the open-circuit voltage is only weakly affected by the change in the Pt layer 

thickness. The open-circuit voltage decreases by very small amounts with increasing Pt 

thickness. This trend can be explained by the logarithmic dependence of the open-circuit 

voltage on the short-circuit current (see Equation 2.4).  Hence, the change in the thickness 

of the Pt layer affects the short-circuit current, which in turn affects the open-circuit 

voltage.  

 

Figure 4.10 Open-circuit voltage vs Pt Thickness 

In conclusion, computer simulations show that the use of a Pt layer increases the short-

circuit current density for Pt film thicknesses less than 15 nm (fine finger) or 50 nm (coarse 

finger). Maximum short-circuit current density is achieved for a thickness of about 2 nm 

and 5 nm for the fine finger and coarse finger geometries, respectively. The open-circuit 

voltage is weakly affected by the change in the thickness of the Pt layer.  
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4.3 Characterization 
 

4.3.1 Dark & Illuminated I-V Measurements 
 

Fabricated solar cells have been characterized by current-voltage (I-V) measurements in 

the dark and under LED illumination at specific wavelengths. The three photon energies 

used for illumination are as follows: 3.5 eV (Eph > Eg (GaN)), 3.15 eV (Eg (InGaN) < Eph < Eg 

(GaN)) and 2.75 eV (Eph < Eg (InGaN)). The power density of these LED sources were as 

follows: 100 µW/cm2, 10 mW/cm2 and 1 mW/cm2 for 3.5 eV, 3.15 eV and 2.75 eV photon 

energies, respectively. These power densities were measured using a photo-detector 

connected to a Newport optical meter. Additional details regarding the measurement setup 

and calibration procedure can be found in Appendix A. Before, we analyze the results, it is 

important to understand the sources of error in our test methodology. 

 

4.3.2 Sources of Error 
 

This section deals with understanding possible sources of error in our test methodology 

used for electrical characterization of solar cells. A four-point measurement configuration 

is used to contact the solar cell for I-V characterization. This approach is preferred over a 

two-point measurement configuration because of accuracy concerns. In a two-point probe 

case, the current is sourced and the voltage is measured using the same set of probes. Since 

the same probes are used for both operations, the voltage drop across the wires and probes 

contribute to the voltage measured by the voltmeter. The use of another set of probes to 

measure the voltage separately using a high-impedance voltmeter gives more accurate 

results as it only measures the voltage across the device under test (DUT). 
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Figure 4.11 I-V curves of a solar cell in the dark 

 

Figure 4.12 I-V curves for the same solar cell under illumination 

I-V measurements are subject to a number of errors which must be accounted for. Few 

errors arise because experimental conditions change with every measurement. The possible 
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sources of error include variations in electrical probe positioning and pressure applied to 

them, non-uniformity of the light beam from the light source, temperature change, external 

noise and errors introduced due to the electronic instruments. In order to understand the 

impact of these variations, one of the solar cell devices was measured multiple times under 

dark and illuminated conditions. The dark and illuminated I-V plots are shown in Figure 

4.11 and Figure 4.12. The overlapping of all the I-V curves for both cases demonstrate 

good measurement reproducibility. 

 

Figure 4.13 I-V curves of solar cells under dark and illuminated conditions 

Another source of error in evaluating solar cell performance is low yield after device 

fabrication. An attempt was made to reduce the consequences of low fabrication yield by 

inspecting the processed wafer under a Nomarski-contrast optical microscope in order to 

eliminate devices with visible defects from the measurement set. Moreover, devices that 

exhibited large reverse (leakage) currents at small negative bias voltages were also 

eliminated from the analysis. Such “leaky diodes” were discarded because of their unusual 
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behavior when tested as solar cells under LED illumination. It can be seen in Figure 4.13 

that ‘Device 2’, which is one such leaky device has higher short-circuit current, lower open 

circuit voltage and a smaller fill-factor compared to ‘Device 1’ (normal solar cell). 

 
Figure 4.14 I-V curves for different InGaN/GaN-Pt solar cell devices under 395 nm LED 

illumination 

Even after the initial device screening described above, considerable variability remains in 

the measured I-V arises for “good” solar cells distributed across the processed sample (1 x 

1 cm2). Figure 4.14 shows current-voltage (I-V) curves for eight different solar cell devices 

on the 10 nm Pt-InGaN/GaN solar cell sample under 395 nm LED illumination at room 

temperature. This wavelength corresponds to a photon energy of 3.15 eV which will be 

absorbed by the InGaN layers in the solar cell but not by the GaN layers. I-V curves having 

leaky behavior or visible fabrication errors have already been eliminated from the 

consideration. 

0.0E+00

5.0E-09

1.0E-08

1.5E-08

2.0E-08

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

C
u

rr
en

t 
(A

)

Voltage (V)



 

55 

 

It is observed that different devices on the same sample give different photo-response. 

However, some of the variation can be explained by the fact that devices that have lower 

short-circuit current have a reduced open-circuit voltage (see Equation 2.4). But, this 

observation is not true for all device measured. Hence, in order to understand the variation, 

same devices were illuminated with LEDs having a wavelength of 355 nm. This 

wavelength corresponds to a photon energy of 3.5 eV which should be absorbed by both 

GaN and InGaN layers within the material structure. Figure 4.15 shows I-V curves for the 

same eight solar cells under 355nm LED illumination at room temperature. 

 

Figure 4.15 I-V curves for different InGaN/GaN-Pt solar cell devices under 355 nm LED 

illumination 

With the 355 nm LED illumination, the short-circuit current was more consistent for 

different devices compared to the open circuit voltage values. Variability observed for the 

open-circuit voltage values may be attributable to inhomogeneity of barrier heights formed 

across the sample. However, this is just speculation. It could well be some second-order 

effect occurring at the metal-GaN interface which needs further investigation. One possible 

0.0E+00

1.0E-08

2.0E-08

3.0E-08

4.0E-08

5.0E-08

6.0E-08

7.0E-08

8.0E-08

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

C
u

rr
en

t 
(A

)

Voltage (V)



 

56 

 

explanation for this behavior is inhomogeneity in the quality of the InGaN absorber layer. 

Table 4.1 shows average values of short-circuit current and open-circuit voltage, along with 

the associated standard deviations for both 395 nm and 355 nm LED illumination.  

 Average value Standard Deviation 

Isc (395 nm LED) 13.2 nA 1.7 nA (± 12.8%) 

Isc (355 nm LED) 73.4 nA 0.8 nA (± 1.1%) 

Voc (395 nm LED) 169 mV 29 mV (± 17.1%) 

Voc (355 nm LED) 297 mV 15 mV (± 5.1%) 

Table 4.1 Average short-circuit current and open circuit voltage values along with 

standard deviation 

It is evident from Table 4.1 that the standard deviations for both Jsc and Voc are almost 2x 

larger for 395 nm LED illumination as compared to 355 nm LED illumination.  

 

4.4 Experimental Results 
 

 

With confidence established in our characterization techniques, and all possible sources of 

error identified, we can now proceed to analyze trends in solar cell performance in relation 

to the changes in the Pt layer thickness and device geometry. Figure 4.16, Figure 4.17, 

Figure 4.18 and Figure 4.19 show the measured current-voltage (I-V) characteristics of 

solar cells (with different geometries) with a 7 nm, 10 nm and 13 nm Pt metal film used as 

the transparent conductive film under 395nm LED illumination at room temperature. It is 

evident from Figure 4.16 and Figure 4.17 (for both grid style geometries) that the highest 

short-circuit current is exhibited by the solar cell with a 10 nm Pt transparent conductive 

film. But, the highest open-circuit voltage is exhibited by the solar cell with the 13 nm Pt 

film. 
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Figure 4.16 I-V curves of InGaN/GaN-Pt coarse grid solar cell devices under 395 nm 

LED illumination 

 

Figure 4.17 I-V curves of InGaN/GaN-Pt fine grid solar cell devices under 395 nm LED 

illumination 
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Figure 4.18 I-V curves of InGaN/GaN-Pt coarse finger solar cell devices under 395 nm 

LED illumination 

 

 

Figure 4.19 I-V curves of InGaN/GaN-Pt fine finger solar cell devices under 395 nm 

LED illumination 
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In the case of both finger-style geometries, it is evident from Figure 4.18 and Figure 4.19 

that the highest short-circuit current and open-circuit voltage are exhibited by the solar cell 

with the 10 nm Pt film. Hence, it can be concluded that the highest short-circuit current is 

exhibited (for all four different geometries) by the solar cell with a 10 nm Pt film. Figure 

4.20 shows the measured current-voltage (I-V) characteristics of solar cells (with different 

geometries) with a 10 nm Pt film used as the transparent conductive film under 395nm 

LED illumination at room temperature. 

 
Figure 4.20 I-V curves of InGaN/GaN-Pt (10 nm) solar cell devices under 395 nm LED 

illumination 

Considering the different electrode geometries, there are two important parameters that 

affect the short-circuit current density. The two parameters are shading losses due to the 

area occupied by the opaque Ni/Ag contacts pads, and surface recombination. Key 

differences in the finger and grid patterns are best illustrated by referring to Table 4.2.  
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 Mesa Area (cm2) Illuminated 

Area (cm2) 

Bulk Volume 

(cm3)  

Coarse Grid 0.009604  0.008083  4.17E-7 

Fine Grid 0.009604 0.007594 4.17E-7 

Coarse Finger 0.013591 0.012404 5.91E-7 

Fine Finger 0.011088 0.009403 4.82E-7 

Table 4.2 Key differences in finger and grid patterns 

Moreover, the perimeter of the mesa area for the finger patterns is larger compared to the 

grid patterns. A larger perimeter results in more dangling bonds present at the surface 

which act as recombination centers for minority carriers as explained previously in Section 

2.1. As a result, there should be a higher probability of surface recombination in the two 

finger geometries which will result in a smaller short-circuit current. High recombination 

probability increases the forward diffusion current which also reduces the open-circuit 

voltage. Apart from surface recombination, shading losses due to the opaque Ni/Ag contact 

pads reduce the short circuit current. The four electrode geometries in decreasing order of 

their respective illuminated areas are: Coarse Finger, Coarse Grid, Fine Finger and Fine 

Grid. Another parameter that weakly affects the short-circuit current and open-circuit 

voltage is series resistance of the contact pads.  

 

Figure 4.20 shows the measured current-voltage (I-V) characteristics of solar cells (with 

different geometries) with a 10 nm Pt film used as the transparent conductive film under 

AM 1.5 spectrum illumination at room temperature. However, the sample used for the 

above mentioned measurement has a different layer structure than the one mentioned 
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before. This particular sample had a layer structure which had 15 pairs of MQW (multi-

quantum well) region unlike the previous sample which had 30 pairs of MQW region. 

 

 

Figure 4.21 I-V curves of InGaN/GaN-Pt solar cell devices under AM 1.5 illumination 

 

4.5 Data Analysis and Discussion 
 

Figure 4.22, Figure 4.23, Figure 4.24 and Figure 4.25 show the calculated current density-

voltage (J-V) characteristics of solar cells (with different geometries) with a 7 nm, 10 nm 

and 13 nm Pt metal film used as the transparent conductive film under 395nm LED 

illumination at room temperature. Current density vs. voltage (J-V) curves were obtained 

by dividing the measured current by the illuminated device mesa area. No attempt was 

made to correct for optical losses associated with reflection off the device surface. It is 

evident from Figure 4.22 and Figure 4.23 (for both grid style geometries) that the highest 

short-circuit current density is exhibited by the solar cell with a 10 nm Pt transparent 
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conductive film. But, the highest open-circuit voltage is exhibited by the solar cell with the 

13 nm Pt film as noted previously. 

 

Figure 4.22 J-V curves of InGaN/GaN-Pt coarse grid solar cell devices under 395 nm 

LED illumination 

 

Figure 4.23 J-V curves of InGaN/GaN-Pt fine grid solar cell devices under 395 nm LED 

illumination 
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Figure 4.24 J-V curves of InGaN/GaN-Pt coarse finger solar cell devices under 395 nm 

LED illumination 

 

Figure 4.25 J-V curves of InGaN/GaN-Pt fine finger solar cell devices under 395 nm 

LED illumination 
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It is evident from Figure 4.24 and Figure 4.25 that the highest short-circuit current density 

and open-circuit voltage are exhibited by the solar cell with the 10 nm Pt film. Hence, it 

can be concluded that the highest short-circuit current density is exhibited (for all four 

different geometries) by the solar cell with a 10 nm Pt film. Figure 4.26 shows the 

measured current density-voltage (J-V) characteristics of solar cells (with different 

geometries) with a 10 nm Pt film used as the transparent conductive film under 395nm 

LED illumination at room temperature. 

 

Figure 4.26 J-V curve of InGaN/GaN-Pt (10 nm) solar cell devices under 395 nm LED 

illumination 

Figure 4.27 shows the measured current density-voltage (J-V) characteristics of solar cells 

(with different geometries) with a 10 nm Pt film used as the transparent conductive film 

under AM 1.5 spectrum illumination at room temperature. As noted before, the above 

mentioned measurements were made on a sample with a different layer structure (explained 

previously in this section). 
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Figure 4.27 J-V curves of InGaN/GaN-Pt solar cell devices under AM 1.5 illumination 
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nm and 13 nm are plotted in Figure 4.28 and Figure 4.29 as function of the thickness of Pt 
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This can be explained by looking at the electrical and optical properties of the Pt films. The 

sheet resistance of the Pt film decreases with increase in Pt thickness which improves its 

ability to efficiently collect carriers. On the other hand, the optical transmission of the Pt 

film decreases with increase in Pt thickness which reduces the amount of light passing 

though it to reach the absorber layer. Since, the increase of thickness has two opposite 

effects on the short-circuit current density, thus, the current is maximized for an optimized 
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thickness of Pt which happens to be 10 nm for this case. The non-monotonic behavior is 

also consistent with the APSYS simulation as shown in Figure 4.8. 

 

Figure 4.28 Short circuit current density as a function of Pt thickness 

Figure 4.29 shows the open-circuit voltage of a solar cell as function of the thickness of Pt 

film used in the solar cell. No particular trend was observed between the open-circuit 

voltage and the Pt thickness of the film. However, the open-circuit voltage has a 

logarithmic dependence on the short-circuit current. Hence, small changes in short-circuit 

current should not affect the open-circuit voltage as seen in the APSYS simulation. As 

postulated before, this behavior of the open circuit voltage can be attributed to 

inhomogeneity of barrier heights formed across the sample; or it could be some second 

order effect occurring at the Pt-GaN interface. Another inference that can be drawn from 

the data above is that the finger geometries consistently exhibit a smaller open circuit 
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voltage compared to the grid geometries. This behavior is explained through a higher 

surface recombination probability in the finger geometries as mentioned before in the 

previous section, which reduces the open-circuit voltage. 

 

 

Figure 4.29 Open-circuit voltage as a function of Pt thickness 

Another important observation is that these solar cells exhibit a higher short-circuit current 

density when illuminated by 355 nm LED source. This makes InGaN Schottky solar cells 

well suited for space applications where UV light is abundant. These solar cell devices 

were also illuminated with a 455 nm LED source which did not produce any photocurrent 

confirming that photons below the band gap of InGaN do not get absorbed. 
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We report on Pt/InGaN/GaN Schottky barrier solar cells with different thicknesses of 

Platinum which is being used as the transparent conductive film. Each solar cell with a 

different thickness of Platinum has four different electrode geometries. Relationship 

between solar cell performance and Pt thickness is established and explained. The impact 

of the contact pad geometries on the short circuit-current density and open-circuit voltage 

is also studied. The results show that the photovoltaic behavior of InGaN based Schottky 

solar cells is found to be affected by the properties of the transparent conducting layer and 

the contact design. Hence, it is essential to optimize transparency and conductivity of the 

transparent conductive layer and contact pad in order to efficiently collect photo-carriers. 

The present work can be an important step towards further study of InGaN based Schottky 

solar cells. 
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Chapter 5. Summary and Conclusions  
 

 

Thin film solar cells made from InGaN are of considerable interest because this material 

system covers an unusually wide energy range (from 3.4 eV for GaN to 0.7 eV for InN), 

has high optical absorption coefficients, and exhibits better radiation hardness than 

conventional III-V semiconductors. Recently, several groups have investigated InGaN 

based homo-junction and hetero-junction solar cells most of which employ a p-i-n structure 

to enable more efficient carrier collection. However, there have been very few reports on 

well-conducting p-type InGaN with higher indium content such as would be necessary to 

make p-i-n InGaN solar cells with band gaps in the range 1.9 to 1.0 eV. The issue of p-type 

doping and finding a suitable p-type contact for GaN was averted in this present work by 

introducing a novel Schottky solar cell structure. Moreover, thin transparent conductive 

films made of Pt were placed in contact with n-type InGaN/GaN heterostructures to 

demonstrate the feasibility of InGaN Schottky barrier solar cells. We report on the 

feasibility of InGaN/GaN-Pt Schottky solar cells with different thickness of Pt (7 nm, 10 

nm and 13 nm) and four different contact pad schemes. Thin films of Pt deposited on 

double side polished sapphire with thicknesses of 7 nm, 10 nm and 13 nm were 

characterized via TLM measurements and optical transmission measurements. TLM 

measurements showed the following results: sheet resistance of 103.9 Ω/sq., 57 Ω/sq. and 

41.5 Ω/sq. for 7 nm, 10 nm and 13 nm Pt thickness films respectively. These results 

demonstrated that the sheet resistance decreased with increase in Pt thickness, which is 

expected. These results also demonstrate the ability of the electron-beam deposition system 

to accurately deposit thin films with at least a 3 nm accuracy. We observed a strong 

dependence of the transmission spectrum on the platinum thickness. The optical 
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transmission properties of the Pt films increased as the Pt thickness was decreased. The 

transmission results again confirm our ability to accurately deposit thin films. The results 

also show the ability of the Filmetrics measurement system to resolve transmission 

difference associated with thin films with such precision.  

 

Simulations were carried out using Crosslight APYS to investigate the impact of thickness 

of the Pt TCO layer on the performance of GaN based solar cells. The dependence of short-

circuit current and open-circuit voltage on the thickness of the Pt film was studied using 

simulations. Solar cell measurements were made in the dark and with LED illumination 

(395 nm) using a Keithley I-V sweep tool and a four-point probe measurement setup. 

Possible sources of error arising due to measurement setup were evaluated and were shown 

to cause negligible impact on the measurements. Errors arising due to variation in 

fabrication were addressed by eliminating devices with visible fabrication errors and the 

ones with high saturation current suggesting leaky behavior from the analysis. Sample 

variability was attributed to variation in the quality of InGaN film grown. An effort was 

made to address this issue, however, further investigation is required. Solar cells with 10 

nm Pt as the transparent conductive film exhibited highest short circuit current density for 

all four types of contact pad patterns. This result is explained by optimization of the sheet 

resistance and transmission spectrum for the 10 nm film which enables more efficient 

carrier collection as compared to the solar cells with the 7 nm and 13 nm Pt films. However, 

no such relationship was observed between the open circuit voltage and the Pt thickness. 

This behavior of the open circuit voltage can be attributed to inhomogeneity of barrier 

heights formed across the sample; or it could be some second order effect occurring at the 
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Pt-GaN interface. Solar cells with the 10 nm Pt film with different contact geometries was 

analyzed in detail. Parameters such as surface recombination, area occupied by the opaque 

contact pads and series resistance are found to be responsible for affecting the short-circuit 

current density and open circuit voltage. Schottky barrier solar cells made with Pt exhibited 

higher short circuit currents when illuminated with a UV LED source (355 nm) as 

compared to the 395 nm LED source which confirms that Schottky barrier solar cells give 

better spectral response for high energy photons which are absorbed in the near depletion 

regions. From our study, it has been found that the optimized thickness of the Pt film for 

our Schottky barrier solar cell is 10 nm. This present work could be a significant step for 

further study of InGaN-GaN Schottky barrier solar cells. 

 

This present work helps us in understanding the impact of the contact scheme employed in 

InGaN based Schottky barrier solar cells which can be utilized to improve the performance 

of InGaN Schottky barrier solar cells fabricated with different transparent conductive films. 

New materials like transparent conducting oxides need to be investigated in order to obtain 

contacts that offer higher transmission and lower sheet resistance. An effort has been made 

to optimize the grid or layer contact pad on top of the transparent conductive film. 

However, more optimization work still remains to be done. In summary, Pt/GaN/InGaN 

Schottky barrier solar cells have been investigated. 
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Appendix A.  I-V Measurement Setup 
 

The apparatus used to make “4-wire” I-V measurements for both TLM measurements and 

solar cell characterization is shown in Figure A.1. A Keithley 2400 SMU (Source-Measure 

unit) is used to source current/voltage and also probe current/voltage. The use of the SMUs 

has simplified device characterization that once required multiple programmable power 

supplies and digital multi-meters. The Model 2400’s ability to source/sink up to 1A with 

0.5% accuracy or better and its low noise, high impedance offers a simple cost effective 

alternative for PV cell characterization. The Model 2400 offers 10μV resolution on the 2V 

range and 100μV on the 20V range which is sufficient to accurately measure the I-V curve 

of any solar cell. The Model 2400’s can measure low currents in the 1mA range with 10pA 

maximum resolution which is sufficient for virtually all dark I-V applications. 

 

Figure A.1 I-V Measurement Apparatus Setup 

A computer is used to carry out individual measurements and to collect the experimental 

data. A LabVIEW program is used control the Keithley 2400 source-measure meter to 

carry out a voltage or current sweep in specified intervals with either linear and logarithmic 

sweeps over the desired current or voltage ranges. The program also plots I-V 
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characteristics for the user to analyze. The measurements also get saved locally on the 

computer, which can be later on used for analysis. The Keithley 2400, although already 

calibrated initially by the manufacturer, was calibrated again as a part of the setup in order 

to determine inaccuracies in measurements due to the apparatus itself. For this, a short 

circuit test was conducted, which is performed by shorting out the probes in the four point 

measurement setup to determine the external resistances due to the probes and wires used 

in the setup. The value determined from this test was subtracted from actual tests to get 

more accurate results. All I-V measurements in this work were done using the setup 

described above. 
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