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ABSTRACT 

Solar energy is the most abundant source of renewable energy available. The 

relatively high cost prevents solar photovoltaic (PV) from replacing fossil fuel on a larger 

scale. In solar PV power generation the cost is reduced with more efficient PV 

technologies. In this dissertation, methods to improve PV conversion efficiency with 

holographic optical components are discussed.   

 

The tandem multiple-junction approach has achieved very high conversion 

efficiency. However it is impossible to manufacture tandem PV cells at a low cost due to 

stringent fabrication standards and limited material types that satisfy lattice compatibility. 

Current produced by the tandem multi-junction PV cell is limited by the lowest junction 

due to series connection. Spectrum-splitting is a lateral multi-junction concept that is free 

of lattice and current matching constraints. Each PV cell can be optimized towards full 

absorption of a spectral band with tailored light-trapping schemes. Holographic optical 

components are designed to achieve spectrum-splitting PV energy conversion. The 

incident solar spectrum is separated onto multiple PV cells that are matched to the 

corresponding spectral band. Holographic spectrum-splitting can take advantage of 

existing and future low-cost technologies that produces high efficiency thin-film solar 

cells. Spectrum-splitting optical systems are designed and analyzed with both 

transmission and reflection holographic optical components. Prototype holograms are 

fabricated and high optical efficiency is achieved. 
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Light-trapping in PV cells increases the effective optical path-length in the 

semiconductor material leading to improved absorption and conversion efficiency. It has 

been shown that the effective optical path length can be increased by a factor of 4n2 using 

diffusive surfaces. Ultra-light-trapping can be achieved with optical filters that limit the 

escape angle of the diffused light. Holographic reflection gratings have been shown to act 

as angle-wavelength selective filters that can function as ultra-light-trapping filters. 

Results from an experimental reflection hologram are used to model the absorption 

enhancement factor for a silicon solar cell and light-trapping filter. The result shows a 

significant improvement in current generation for thin-film silicon solar cells under 

typical operating conditions.  
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CHAPTER 1 INTRODUCTION 

Solar energy is the most abundant source of renewable energy available. Over the past 

decade, solar photovoltaic (PV) power generation has seen rapid increase in installation 

and development. However the cost of solar energy is still higher compared to fossil fuel 

electricity generation. The high cost hinders the widespread use of solar photovoltaic 

energy generation as a viable energy source to replace fossil fuel. In solar PV power 

generation the cost of power generation scales inversely with PV cell efficiency. The cost 

will also improve as the PV cells are made thinner and less material is required for 

production. Methods to reduce solar cell thickness and improve PV efficiency with 

holographic optical elements are the main topics of study in this dissertation. 

 

The efficiency of a single junction PV cell is limited by the overlap of the incident 

solar spectrum and the spectral response of the junction. With a wider bandgap the 

current of a single junction device decreases because fewer photons are capable of 

exciting photo-generated carriers. But the excited carriers will have higher energy which 

leads to a higher voltage with a larger bandgap energy. The one-sun conversion 

efficiency for a single bandgap photovoltaic cell has been established by Shockley and 

Queisser to be 30% under a 6000K blackbody illumination [1] considering only radiative 

recombination processes. Under AM1 illumination the efficiency limit is 31% [2]. By 

allowing high concentration the efficiency of a single junction can be improved to 40.8% 

[3]. With a single junction PV cell the incident photon energy in excess of the bandgap 
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energy is eventually converted to heat. The carrier thermalization loss is the primary loss 

mechanism in single junction solar PV system [4]. 

 

Multiple junction cells with different bandgaps are required in order to overcome 

the thermalization efficiency limit. With an infinite number of junctions the conversion 

efficiency limit has been suggested to be 86.3% under concentration [3]. Conversion 

efficiency of around 42% has been demonstrated with tandem multi-junction solar cells 

under concentration [5, 6]. However the materials available for the tandem multi-junction 

cell approach is limited due to lattice and current matching constraints [7].  The current 

output of the tandem multi-junction cell is sensitive to the variation of the incident 

spectrum. Top cell thinning must be used to reduce the current-mismatch [8] and the 

incomplete absorption causes some efficiency loss. It is impossible to manufacture 

tandem PV cells at a low cost due to high requirement in material quality and complex 

tandem device design.  

 

1.1 Spectrum-splitting 

The spectrum-splitting approach employs optics to separate different spectral 

components onto different cells that are matched to these spectral components [7, 9-19]. 

Lattice compatibility is not a constraint in spectrum-splitting and it is possible to combine 

PV junctions made with different technologies as long as the conversion efficiency is 

optimum in a wavelength band. It is also possible to take advantage of inexpensive 

fabrication methods that yield high quality thin-film PV materials, such as the GaAs 
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expitaxial lift-off process [20]. Connecting cells in series is not required in a spectrum-

splitting system and each PV cell can be optimized towards full absorption of a spectral 

band with distinct light-trapping designs tailored for optimum light-trapping effect. 

 

Dichroic filters are commonly used in different spectrum-splitting optical system 

designs [7, 9-12, 14-19]. Barnett et. al. demonstrated a lateral spectrum-splitting system 

with a concentration ratio of 20× [7]. The spectrum-splitting optical system used a single 

dichroic filter to split the incident solar spectrum onto two PV cells, achieving an optical 

efficiency of 93%. They have also proposed a 6-junction spectrum-splitting system that 

has the possibility of achieving a total efficiency of 53.5% [7]. Benitez et. al. designed a 

spectrum-splitting system with a silicon solar cell with an optimized monolithic triple-

junction solar cell [9]. The silicon solar cell operates at a concentration ratio of 100× and 

receives 900nm to 1200nm band from a dichroic filter. A tandem triple-junction solar cell 

is placed within a non-imaging concentrator and is responsible for converting the rest of 

the spectrum. A design efficiency of 46% is achieved with a 39% triple-junction cell and 

a 26% silicon cell [9]. Fraas et. al. showed the concept of a 38% spectrum-splitting 

module with a GaInP/GaAs group and a GaSb cell [10]. The optical system consists of a 

pair of Cassegrain reflectors and the dichroic filter is incorporated with the secondary 

reflector. The infrared GaSb cell is installed behind the dichroic secondary reflector and 

the GaInP/GaAs cell group is installed at the receiver end [10]. Green and Ho-Baillie 

suggested a three group design utilizing five junction in total and the design efficiency is 

43.0% [11]. A GaInP/GaAs group is used for the 280nm to 890 nm spectrum band, 
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silicon is used for 890nm to 1100nm band and a GaInAsP/GaInAs tandem cell is used to 

collect light in the 1100nm to 4000nm wavelength range [11]. Karp and Ford suggested a 

miniaturized optical system to reduce the overall height of the concentrator [12].  

 

Dichroic filters have advantages such as high optical efficiency, a well-defined 

reflection band, and low polarization dependence. However they are only optimized for 

collimated incident light and a conical bundle of light will experience spectral errors in 

the reflectivity [9, 21]. Depositing the dichroic filter on a curved substrate [10] can 

improve the spectral matching with a spherical wavefront however it increases 

fabrication complexity and cost. Holographic Optical Elements (HOEs) can be used as 

the core component of the spectrum-splitting optical system for high efficiency solar 

energy conversion. HOEs can achieve very high diffraction efficiency in layers that are a 

few microns thick. Incident rays can be diffracted at large angles and allows high optical 

efficiency for the spectrum-splitting systems. Holograms can be designed in both 

reflection and transmission geometries each with distinct advantages and trade-offs. The 

general geometry for reflection and transmission geometries are shown in Fig. 1-1. 

Reflection holographic filters are fabricated by recording interference pattern of two 

counter-propagating optical beams. The reflection hologram can be processed to have 

broadband reflectivity when the beams form an interference fringes that are parallel to the 

substrate. Such hologram can be used as a low cost replacement to dichroic filters. In 

addition the beam angles can be controlled as a function of aperture position. This feature 

is useful for controlling the angles over which spectral selectivity is obtained. However 
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the diffraction efficiency of DCG hologram is sensitive to the change in the angle of 

incidence due to a lower average refractive index. Reflection holograms that are 

processed to have broader bandwidth usually exhibit higher Rayleigh scattering because 

of the high processing temperature. The repeatability of reflection DCG film fabrication 

is very dependent on the temperature and humidity during the coating and drying steps.  

 

 

                                            (a)                                       (b)  

Figure 1-1 Diagram of reflection and transmission spectrum-splitting geometries. 

 

Transmission holographic lenses operate with very different configurations 

compared to that of the dichroic filters and the reflection holographic filters. The 

holographic lenses are fabricated with recording the interference patterns of a collimated 

beam and a focused beam. For the transmission spectrum-splitting case shown in Fig. 1-

1(b) the incident light is spectrally dispersed and focused onto solar cells with matched 

bandgap. The main distinction between the transmission and reflection geometries is that 

it is possible to achieve concentration as well as spectral separation with the transmission 

arrangement. The primary concentrator optics can be replaced by the transmission 
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holographic lens which results in a simpler design and a lower manufacturing cost.  The 

transmission type DCG holograms are less sensitive to variations in the film deposition 

and exposure conditions, and have less stringent processing requirements that lead to less 

scattering and absorption losses. The holographic lens is very compact and light-weight 

as a replacement for the primary optics of a concentrator. However the diffraction 

efficiency and dispersion will vary across the aperture. The dispersion properties intrinsic 

to the transmission type holograms helps in achieving selective spectrum-splitting 

properties however the maximum concentration ratio is also reduced. 

 

1.2 Light-trapping 

Thin film solar cells offer a number of advantages over cells made with thicker 

substrates. The main advantages include: reduced bulk recombination losses, reduced 

cost due to less material consumption, and less expensive fabrication methods. However 

the main drawback is reduced photovoltaic conversion efficiency due to incomplete 

absorption in the thinner material. Light-trapping techniques are being pursued in order to 

increase the optical absorption of thin film PV cells. Light-trapping increases the 

effective optical path-length in the semiconductor material leading to higher absorption 

and conversion efficiency. The traditional approach to produce light trapping is by 

texturing the solar cell [22]. This can change the direction of the rays that enter the cell 

medium forcing some of the rays to exceed the critical angle of the cell/air interface. The 

portion of rays that exceed the critical angle are trapped in the cell by total internal 

reflection (TIR) leading to longer optical path length and greater absorption in the cell. It 
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has been shown that the effective optical path length can be increased by a factor of 4n2 

using diffusive surfaces on a PV cell where n is the refractive index of the material. For 

silicon with a refractive index of 3.6 an enhancement factor of 55 can be realized [23]. 

This results in a considerable reduction of PV material while maintaining approximately 

the same electrical output power. 

 

For very thin solar cells it is not possible to achieve the diffusive optical surface 

texturing because the features are approximately 10 microns in size [24].  External 

scatterers such as nanoparticles [24-26], backside scatterers [27], and textured dielectric 

diffusers[28] can be used instead.   

 

It has been shown that the 4n2 path length and absorption enhancement can be 

further improved with the addition of angular and wavelength selective filters to the 

diffuser surface [28-30]. The filter provides a greater light-trapping effect by decreasing 

the angular range over which rays can escape from the PV cell. The filter-diffuser 

combination increases the effective optical path length by a factor of 4n2/sin2θ [30], 

where θ is the ideal half-angle of the escape cone in air. 

 

The constraint of the escape cone angle will result in improvement in the output 

voltage and current for a given illumination level. The open circuit voltage OCV  is related 

to the bandgap energy GE  by the following equation [4]: 
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   (1-1) 

The first term takes into account the fundamental thermodynamic losses based on 

Carnot’s theorem, in which T is the temperature of the solar cell and Tsun is the 

temperature of the sun. This term predicts a constant voltage loss of about 100meV at 

room temperature operating point. The last term accounts for non-radiative 

recombination losses. The quantum efficiency for radiative recombination is defined as 

/ ( )rad rad nradQE R R R   where Rrad is the radiative recombination rate and Rnrad is the 

non-radiative recombination rate. Both the first and the last terms can be considered to be 

constant with ray-optical enhancement.  

 

The second and the third terms are influenced by ultra-light-trapping enhancement. 

The second term involves losses generated by the mismatch in solid angle between the 

solar cell spontaneous emission and the emission of the sun. The solid angle subtended 

by the sun to the solar cell on earth sun  is on the order of 6×10-5 sr, while the emission 

solid angle of the solar cell is 4π sr. The third term describes losses due to incomplete 

light-trapping. For a PV cell without light trapping I is equal to unity which leads to a 

voltage loss of about 100meV. With an ideal Lambertian diffuser the highest light-

trapping factor is 4n2 and the voltage loss term becomes zero. The ultra-light-trapping 

filter will reduce the spontaneous emission angle emit  as well which will result in 

additional voltage benefit. 
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Ultra-light-trapping filters have previously been realized with dielectric multi-

layer stacks [31]. A maximum of 25% increase in monochromatic absorption was 

demonstrated and the efficiency improvement under AM1.5 spectrum was 5.5% [31]. A 

broadband dielectric Rugate filter was also designed for light trapping and a 4.87% 

increase in efficiency was realized due to light-trapping [29]. The Rugate filter was 

optimized with a continuously varying refractive index profile in the depth direction by 

assuming a co-deposition fabrication process [29]. Both approaches are limited by 

relatively high production costs which constrain their use in mass production. 

 

DCG holographic filter has potential as a low cost counterpart to more expensive 

dielectric multi-layer and Rugate filter implementations. High bandwidth and refractive 

index modulation have been demonstrated with large scale manufacturability [32-34]. 

The high diffraction efficiency region of the holographic mirror is designed at a 

wavelength slightly longer than the bandgap wavelength. The ultra-light-trapping effect 

is only limited to the near-bandgap wavelength and the acceptance angle for short 

wavelength light is not limited. 
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1.3 Research Objectives 

The objective of this dissertation is to: 1) Investigate and analyze the potential 

improvement to PV system conversion efficiency using holographic spectrum-splitting 

optical systems; 2) Describe an ultra-light-trapping method implemented with 

holographic optical elements; and 3) Evaluate holographic fabrication method that can be 

used to implement the optical elements required for spectrum-splitting and light-trapping 

in PV cells. 

 

1.4 Dissertation Outline 

In Chapter 2, solar photovoltaic theory and modeling techniques are discussed. The solar 

reference spectrum and models are briefly described. Electrical properties of solar cells 

such as external quantum efficiency, spectral response, and IV curves are explained as 

well. In Chapter 3, the theory describing the diffraction efficiency of holographic gratings 

is described. Simulation results from rigorous and approximate methods are compared for 

situations relevant to PV systems. In Chapter 4, reflection and transmission holographic 

spectrum-splitting optical systems are discussed. Optical measurement results are shown 

and the efficiency gain is calculated. In Chapter 5, ultra-light-trapping limit with an 

experimental broadband reflection hologram is discussed. 
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1.5 Dissertation Contributions 

The contribution of this dissertation includes:  

1) Design of broadband reflection holograms for spectrum-splitting and light-

trapping applications. Dichromated gelatin emulsions are evaluated for PV 

applications and the control of the spectral bandwidth and scattering properties 

using the development process is investigated. Simulated the diffraction 

efficiency characteristics of dichromated gelatin holograms that are processed to 

have broad spectral bandwidth.  

 

2) Design of spectrum-splitting optical system with holographic lenses. Identified 

the advantages and limitations of reflection and transmission holographic 

geometries. Improved spectral bandwidth uniformity in diffraction efficiency of 

transmission holographic lenses by varying system geometry, grating thickness 

and refractive index modulation. Fabricated prototype holographic lenses and 

evaluated optical efficiency and spectral fill ratio metrics. 

 

3) A simulation methodology to predict improvement in absorption, carrier 

generation, and current density of thin-film silicon solar cells with ultra-light-

trapping holographic filters. 
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The research in this dissertation has resulted in the following journal and conference 

publications: 

1) D. Zhang, J. M. Russo, S. Vorndran, M. Gordon, and R. K. Kostuk, “Ultralight-

Trapping Filters With Volume Reflection Holograms,” IEEE Journal of 

Photovoltaics, 3(1), 284-288 (2012). Conference presentation given at the 38th PVSC 

conference, Austin, TX. 

2) D. Zhang, S. Vorndran, J. M. Russo, M. Gordon, and R. K. Kostuk, "Ultra light-

trapping filters with broadband reflection holograms," Opt. Express, vol 20, 14260-

14271 (2012). 

3) D. Zhang, M. Gordon, J. M. Russo, S. Vorndran, and R. K. Kostuk, “Reflection 

hologram solar spectrum-splitting filters,” Proc. SPIE, 8468, High and Low 

Concentrator Systems for Solar Electric Applications VII, 846807 (2012). 

Conference presentation given at the SPIE Optics and Photonics Conference, San 

Diego, CA. 

4) D. Zhang, M. Gordon, J. M. Russo, S. Vorndran, and R. K. Kostuk, "Spectrum-

splitting photovoltaic system using transmission holographic lenses,” in the 

publication process at the Journal of Photonics for Energy (2013). 
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CHAPTER 2 SOLAR PHOTOVOLTAIC THEORY AND MODELING 

2.1 Introduction 

In this chapter the theory and modeling techniques for solar spectrum-splitting 

photovoltaics is discussed. The performance of spectrum-splitting PV systems is 

influenced by the spectral power distribution of solar illumination, the optical system 

efficiency and the spectral responsivity of the PV cells. The three main factors are shown 

in Figure 2-1.  

 

Figure 2-1 Spectral quantities that will influence the performance of spectrum-splitting 

systems. 
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The extraterrestrial solar spectrum above the atmosphere can be modeled with a 

blackbody source. This provides a model that can be used to evaluate a variety of useful 

parameters of the photovoltaic conversion process such as light-generated current and the 

radiative recombination current [1, 35]. The terrestrial solar spectrum received at the 

surface of the earth is modified by various extinction processes of the atmosphere. 

Measurements have been done to establish a set of standard terrestrial solar spectral 

values for attenuated sunlight under typical sky conditions [36].  A parameterized 

modeling technique has been developed to obtain the transmission coefficients at specific 

air mass conditions [37]. High-resolution terrestrial solar spectral irradiance can be 

obtained with the calculated transmittance and experimentally determined extraterrestrial 

solar spectrum. Detailed terrestrial solar spectra are useful in evaluating the energy yield 

of different PV systems. 

 

A PV cell is a device that converts optical power to electrical power. The output electrical 

power from a PV cell is the product of both current and voltage. The absorption of the 

incident light generates charged carriers in the PV device. The carrier generation 

properties are influenced by many spectrally dependent factors such as the absorption 

coefficient of the PV material, reflection losses due to back reflection and front contact 

shadowing, and absorption losses in the encapsulation and window material. The spectral 

responsivity (SR) is a spectral quantity evaluating the current generating abilities of PV 

cells at different wavelength. The SR is the ratio of the light-generated current and the 

incident optical power.  It can be experimentally determined by measuring the current 
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produced by a solar cell under calibrated narrowband illumination [38]. Under a 

broadband incident spectrum, the light-generated current of a solar cell can be obtained 

by integrating the incident spectral irradiance with the solar cell spectral responsivity.  In 

a spectrum-splitting PV system the incident spectrum on each solar cell is modified by 

the spectral dependent transmission coefficient and various losses in the optical system. 

The spectral characteristics of the optical system must be taken into account in the 

evaluation of current generation in spectrum-splitting solar systems.  

 

Under constant illumination, the PV cell operating current is a function of the operating 

voltage. The single diode model is used to model the Current-Voltage (IV) characteristics. 

The solar cell is described with an equivalent circuit consisting of a current source, a 

diode with dark recombination current and parasitic resistances. The voltage dependent 

recombination current determines the open circuit voltage under different illumination 

conditions. The reverse saturation current oI  (or dark saturation current) is the 

recombination current at zero operating voltage. The theoretical reverse saturation current 

can be calculated with the detailed balancing method [1]. Numerical finite-element 

modeling can be used to obtain oI by simulating the carrier generation and recombination 

rates in a PV cell device [39].  It is also possible to extract oI  from PV cells by data 

fitting to measured IV curves [40, 41].  The maximum operating power of a solar cell can 

be evaluate with the IV characteristics under different illumination conditions. 
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The detailed balance method can be used to calculate the theoretical dark saturation 

current of a solar cell due to radiative recombination, and establishes the operating 

voltage from IV characteristics. It is assumed that the solar cell is a perfect absorber and 

emitter. The emission of the solar cell has the emission properties of a blackbody and is a 

function of the cell temperature. The dark saturation current is generated by the 

blackbody emission spectrum that exceeds the bandgap energy. The resulting theoretical 

maximum output voltage of a photovoltaic cell is proportional to the bandgap of the PV 

material.  

 

A solar cell cannot effectively absorb photons that have lower energies than the bandgap 

energy. Therefore the spectral responsivity is limited to a narrower spectral region for a 

solar cell with a wider bandgap. The trade-off between current and voltage leads to a 

maximum efficiency of around 31% for a single bandgap PV cell under one-sun 

illumination [1, 2]. 

 

The efficiency limit of a single bandgap device can be exceeded with multiple PV cells 

with tailored incident spectrum to match the spectral responsivity of each solar cell. Short 

wavelength light is absorbed by a high energy bandgap and a high voltage is obtained. 

Low energy bandgap PV cells help improve the system conversion efficiency by utilizing 

low energy photons in the solar spectrum.  
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In a spectrum-splitting system the optical system tailors the incident spectrum and 

selectively delivers the optimum spectral bands to the spectrally matched solar cells. The 

optical functionality is designed by analyzing the spectral conversion efficiency (SCE) of 

different PV cells. The spectral conversion efficiency is the conversion efficiency of a 

solar cell under monochromatic illumination. The SCE and be calculated with detailed 

balance method or extracted from measured IV characteristics. Improved spectrum-

splitting conversion efficiency is achieved by diffracting the incident light to the 

corresponding PV cell that has the highest spectral efficiency.  
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2.2 Solar Spectrum 

2.2.1 Blackbody Model 

The spectral emission characteristics of the sun can be modeled with a blackbody source. 

Blackbody sources are also used to calculate the conversion efficiency limit of PV cells 

considering radiative emissions [1]. A blackbody source is an idealized perfect emitter 

and receiver of electromagnetic radiation. Its spectral emission intensity and peak 

wavelength are functions of the black body’s temperature. The spectral radiance of a 

blackbody source is described by Planck’s law [42]: 

 
2

5 /
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( , )

1hc kT

hc
L T

e 








 (2-1) 

in which h is the Planck’s constant, c is the speed of light in free space, k is the 

Boltzmann constant and T is the blackbody temperature. The spectral radiance is the 

optical power exiting the black body per unit solid angle and per projected unit area. 

 

The extraterrestrial solar spectrum can be approximated with a 5850K blackbody.  As can 

be seen in Figure 2-2 the extraterrestrial spectral irradiance at wavelength longer than 300 

nm matches well with the spectral irradiance of a 5850K blackbody. The mismatch below 

300 nm has limited effects on the performance modeling accuracy since the integrated 

power takes only 0.6% of the extraterrestrial solar radiation. 
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2.2.2 Reference Spectra 

The performance of spectrum-splitting PV system has strong dependence on the spectral 

distribution of the incident light due to the spectral responsivity differences in PV cells. A 

set of reference solar spectra is required to model and compare the performance of 

spectrum-splitting and conventional PV systems under typical illumination conditions. 

 

The solar irradiance just outside of the earth’s atmosphere contains 1397 W/m2 of direct 

component. The earth’s atmosphere introduces scattering to the direct component and 

part of the direct component becomes diffused. In addition, absorption of atmospheric 

gases such as O3, H2O, NO2, O2 and CO2 modifies the spectrum of the terrestrial solar 

radiation. The air mass is used to characterize the extinction intensity. It is defined with 

the zenith angle   : 

 1/ cosAM     (2-2) 

 

The performance of spectrum-splitting and conventional solar energy conversion system 

is sensitive to the incident solar spectrum. In order to accurately evaluate the conversion 

efficiency, a set of reference spectral values is defined by the American Society for 

Testing and Materials (ASTM). The most recent standard reference spectrum is the 

ASTM G173-03. It defines the extraterrestrial, direct and diffuse irradiance component 

received at the ground. The direct component consists of solar irradiation that is not 

scattered or absorbed by the atmosphere. A circumsolar component is also included in the 

direct component due to their similarity in spectral and angular content. The diffuse 
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component contains the solar illumination that is scattered from the whole sky excluding 

the solar disc. The ASTM G173-03 direct spectrum and extraterrestrial spectrum are 

shown in Figure 2-2. The ASTM G173-03 is defined under air mass equal to 1.5 and is 

also referred to as the AM 1.5 spectrum. 

 

 

 

Figure 2-2 Spectral irradiance of a 5850K black body source, the ASTM G173-03 

extraterrestrial and direct spectral irradiance. 
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2.2.3 SMARTS Model 

The Spectral Model of Atmosphere Radiative Transfer of Sunshine (SMARTS) is useful 

for calculation of the reference spectrum under any air mass condition. It is a 

parameterized model to obtain solar spectrum from 280nm to 4000nm from precisely 

measured extraterrestrial irradiance data [37]. It includes all major atmospheric extinction 

processes in the cloudless atmosphere with consideration for temperature and humidity 

effects. The main extinction processes that influence the solar direct component include 

Rayleigh scattering, aerosol extinction, and absorption by ozone, uniformly mixed gases, 

water vapor and nitrogen dioxide.  

 

A Matlab script is made to automate the interfacing with SMARTS v2.95. The script uses 

parameters designed for Tucson, Arizona. The latitude and longitude can be adjusted in 

the script as well as the time and date. The interfacing script and the detailed input 

parameters can be found in Appendix 2A. 

 

The spectral direct normal irradiance for different times of the day on May/01/2013 is 

computed and plotted in Figure 2-3. The best transmission of sunlight occurs at solar 

noon. Due to longer optical path length in the atmosphere, the overall spectral irradiance 

is lower at earlier and later times of the day. Also because of more chances of scattering, 

the short wavelength component in the direct normal irradiance is more severely scattered 

at early and late hours. 
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Figure 2-3 Spectral irradiance calculated by SMARTS at different time on 05/01/2013 

for Tucson, AZ. 

The SMARTS program makes it possible to obtain direct and diffuse solar illumination 

under a variety of atmosphere and ground conditions. It enables precise energy yield 

modeling of the spectrum-splitting PV systems for extended time periods. 

 

2.2.4 The Effect of Concentration Ratio and Acceptance Angle on the Spectrum 

The concentration ratio of a PV system determines its maximum acceptance angle and 

the spectrum that enters the PV system. For a high concentration ratio PV system the 

acceptance angle is limited and the system is only sensitive to the direct component in the 

solar illumination. However for a PV system with low concentration ratio the system can 

collect part of the diffuse illumination.  
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The concentration ratio is defined as the ratio of the entrance aperture area 
entranceA  and 

the exit aperture area exitA  : 

 /entrance exitC A A    (2-3) 

High concentration ratio helps reduce the cost of PV systems because a small area PV 

cell can collect over a large aperture. The efficiency also increases under high 

concentration ratio assuming the PV cell is adequately cooled [43]. However the 

acceptance angle is much reduced for high concentration ratio PV systems.  

 

The maximum concentration ratios for ideal two-dimensional and three-dimensional 

optical systems are: 

 max,2
sin
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n
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    (2-4) 
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    (2-5) 

where n is the refractive index of the concentrator optic, θ is the acceptance angle of the 

optical system. 

 

High concentration ratio terrestrial PV system with a limited acceptance angle requires a 

two-axis solar tracker in order to achieve the designed conversion efficiency. The 

tracking system makes sure the solar panel surface is perpendicular to the direct solar 

illumination. Due to the limited acceptance angle, the concentrator system is only 
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sensitive to the direct component of the solar illumination. Therefore only the direct 

component contributes to energy yield of the PV system with moderate to high 

concentration ratios. 

 

For medium and low concentration PV systems with a concentration ratio between 1× 

and about 50×, the acceptance angle is sufficient to collect significant power from the 

diffuse component of the solar illumination. The amount of diffuse irradiance that is 

collected by the entrance aperture of the spectrum-splitting system can be approximated 

by: 

' cos sin

accp accp

accp

diffuse diffuse diffuseE L d d E
 

   



      (2-6) 

in which   is the zenith angle relative to ground normal, accp  and accp are the zenith and 

azimuth angle that limit the angular collection of the PV system, diffuseE  is the diffuse 

irradiance of the entire sky and accp  is the projected solid angle over which the PV 

system collects diffused sunlight. An approximation is made that the diffuse illumination 

is isotropic and therefore has equal power from all segments of the sky. 

 

2.3 PV Cell Current, Voltage and Efficiency 

The operating current of a PV cell changes proportionally with the incident optical power. 

The operating voltage depends logarithmically on the operating current of a PV cell. The 

power output is the product of both current and voltage and a maximum power point can 
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be found under a specific illumination condition. The short circuit current, open circuit 

voltage and fill factor are used to characterize the power conversion of PV cells. The 

spectral dependent nature of the current generation process is evaluated with spectral 

quantities such as the external quantum efficiency (EQE) and the spectral responsivity 

(SR). The single diode equation is discussed as a method to model the maximum 

operating power under different illumination conditions.  The single diode parameters for 

an ideal solar cell are obtained by the detailed balancing method assuming the PV cell is 

an ideal blackbody source with a fixed bandgap. The spectral conversion efficiency is 

calculated for both ideal and practical PV cells. 

 

2.3.1 External Quantum Efficiency and Spectral Responsivity 

The external quantum efficiency (EQE) and the spectral responsivity (SR) are spectral 

quantities describing the current generation of a PV cell. Experimentally obtained SR 

provides information on the current generation capability of a solar cell for different 

wavelength. The SR also helps in evaluating the short-circuit current density of a solar 

cell when it is integrated over the entire wavelength range with the incident spectral 

irradiance. The spectral conversion efficiency of a PV cell is directly proportional to the 

current generation and therefore proportional to the SR and the EQE. In a spectrum-

splitting PV system the current generation is a function of the optical transfer efficiency 

since the incident spectrum is modified by the optical system.  
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The EQE is defined as the percentage of the incident photons that produce charged 

carriers on a solar cell at a wavelength. An ideal solar cell has an external quantum 

efficiency of unity as shown in Figure 2-4 (a). It is common for well optimized PV cells 

to have higher than 90% external quantum efficiency from 350nm to the bandgap 

wavelength. The short wavelength EQE is limited by window material and encapsulation 

material absorption and the long wavelength EQE is limited by incomplete absorption. 

For typical commercial grade PV cell, additional losses are produced by Fresnel 

reflection and non-radiative recombination processes.  

 

The spectral responsivity (SR) is defined as the ratio of the short circuit current to the 

incident optical power at a wavelength. It is related to the EQE of a solar cell by: 

 ( ) ( )
q

SR EQE
hc


   (2-7) 

in which q is the charge of an electron, λ is the wavelength of the incident light in free 

space, h is the Planck’s constant and c is the speed of light. 

 

The lower spectral responsivity at shorter wavelength indicates lower current per unit 

optical power. This is due to the fact that only one carrier is generated per photon in an 

ideal PV system in spite of the larger photon energy at shorter wavelength.  

 

The spectral responsivity and external quantum efficiency of a silicon solar cell is plotted 

in Figure 2-4(b). The EQE is limited at shorter wavelength due to absorption in the 

transparent conductive coating and the emitter. The anti-reflection coating is achieved 
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with a single layer of silicon nitride or silicon dioxide which is only optimized for a 

narrow spectral range. Therefore some reflection losses are expected in the edge of the 

spectral range. In the near bandgap region, the indirect-bandgap nature of silicon leads to 

incomplete absorption. The EQE and SR of indirect semiconductor PV cells can be 

greatly improved by light-trapping. Analysis and techniques for light-trapping is given in 

Chapter 5. 
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(a)  

(b)  

Figure 2-4 External quantum efficiency and spectral response of (a) an ideal solar cell 

and (b) a typical silicon PV cell 
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2.3.2 Short Circuit Current, Open Circuit Voltage and Fill Factor 

Electron-hole pairs are created in the semiconductor when photons are absorbed. When 

the front and back contacts are shorted, the cell is operating in short circuit condition and 

the short circuit current scI  can be measured. The short circuit current scI  is obtained by 

the following integration over the spectrum: 

 ( ) ( )sc pI q EQE n d


     (2-8) 

in which ( )pn   is the photon flux on the PV cell and ( )EQE   is the external quantum 

efficiency. 

 

The short circuit current can also be written as a function of the incident irradiance: 

 ( ) ( )scI A SR E d


     (2-9) 

where A  is the area of the PV cell, ( )SR   is the spectral response and ( )E   is the 

spectral irradiance illuminating the PV cell. 

 

If the front contact and back contact are electrically isolated, the cell is in open circuit 

condition. The voltage measured at open circuit condition is defined as the open circuit 

voltage ocV  . 

 

The maximum power point is the electrical operating point that yields the maximum 

output electrical power. The maximum power point current mppI   and voltage mppV   are 
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defined as the current and voltage at the maximum power point respectively. The fill 

factor (FF) is given by: 

 
mpp mpp

oc sc

V I
FF

V I
    (2-10) 

 

2.3.3 Single Diode Equation 

The single diode equation is used to describe the characteristics of a cell under any 

electrical bias conditions: 

 
( )

exp s s
L o

sh

q V IR V IR
I I I

nkT R

  
   

 
 (2-11) 

in which k is the Boltzmann’s constant, Io is the dark saturation current, IL is the light 

generated current, n is the ideality factor, T is the device temperature in Kelvin, Rs is the 

series resistance and Rsh is the shunt resistance. The equivalent circuit of the single diode 

model is shown in Figure 2-5.  

 

The single diode parameters can be extracted by curve-fitting to experimentally measured 

IV curves [40, 41].  Better parameter extraction accuracy can be achieved with the Suns-

Voc method which is not influenced by series resistance [44].  
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Figure 2-5 Single diode model of a solar cell 

 

The solution to the transcendental I-V function in Eq. (2-11) can be found with Lambert 

W-functions [45].  The parameters shown in Table 2-1 are extracted with data-fitting to 

the IV curve of a commercial silicon solar cell. The parameters in Table 2-1 are used to 

compute the IV curve shown in Figure 2-6. The short circuit current scI  and the open 

circuit voltage ocV  are the y-intercept and x-intercept respectively, as shown in Figure 2-6. 

The voltage and current of the maximum power point mppV  and Impp  are marked in Figure 

2-6. 

 

 

Table 2-1 Parameters used to compute the I-V curve in Figure 2-6 

IL[mA/cm2] Io[A/cm2] n Rs[Ωcm2] Rsh[Ωcm2] 

30.0 6.0×10-9 1.50 0.50 1000.0 

 

 

 

 

 

  
 

  

 

Rs 

Rsh 

I
L
 



48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-6 The current voltage (IV) characteristic and the maximum power point.  
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2.3.4 Radiative Efficiency Limit of Photovoltaic Cells 

A method of calculating the efficiency limit of a single bandgap junction is formulated by 

Shockley and Queisser [1]. The method assumes both the solar cell and the sun are 

perfect blackbodies. The emissions from both objects are calculated with Planck’s 

radiation law [42] and are only related to their corresponding temperature. The reverse 

saturation current is caused by its own the blackbody emission above the bandgap energy. 

The light-generated current of the solar cell is generated by the radiation received from 

the sun.  

 

For a solar cell with negligible series and shunt resistance losses, the open circuit voltage 

is related to the reverse saturation current density by: 

 ln lnoc L oqV nkT J nkT J     (2-12) 

Where n is the diode ideality factor, k is the Boltzmann’s constant, Io is the dark 

saturation current, IL is the light generated current  and T is the diode temperature in 

Kelvin. This relationship predicts an increase in open circuit voltage with a reduced 

reverse saturation current density. The open circuit voltage ocV  also increases with higher 

light-generated current density which can be a result of concentration or ultra-light-

trapping absorption enhancement. 

 

The reverse saturation current density due to radiative recombination processes in a solar 

cell is [46]: 
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where Eg is the bandgap energy. The temperature of the solar cell 298cT K is assumed 

to be much lower compared to that of the sun. The factor fc is the ratio of escape cone 

solid angle over the entire hemispherical 2π solid angle. The fc factor is unity for flat 

plate PV cells and can be evaluated radiometrically if there is a concentrator optical 

system. Reduction in the escape cone angle will lead to a reduced fc factor and a lower oJ . 

The open circuit voltage is improved due to the reduction in the reverse saturation current 

density. A PV material with higher bandgap energy generates less reverse saturation 

current under no illumination. This is because fewer carriers are excited past the bandgap 

energy by the radiative blackbody emission of the PV cell. 

 

The light generated current density of the solar cell is calculated assuming the 

temperature of the sun is 5850sT K : 

 2 2
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      (2-14) 

where the factor fs is a radiometric coefficient. For one sun operation the factor fs is 

calculated with the radius of the earth RS and the earth-sun distance 

LSE:
2 2 5/ 2.1646 10s S SEf R L    . This equation predicts that a lower light-generated 

current is produced by the blackbody emission of the sun if the bandgap energy EG is 

increased.  
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The J-V characteristic is obtained with the single diode equation with no series and shunt 

losses: 

 ( 1)
qV

nkT
L oJ J J e    (2-15) 

The radiative recombination limit is applied to a Silicon (Si) solar cell with a bandgap of 

1.1SiE eV  and a Gallium Arsenide (GaAs) solar cell with bandgap energy 

of 1.424GaAsE eV . The IV curves are calculated and shown in Figure 2-7. Both cells are 

assumed to be operating under room temperature with a 5850K blackbody extraterrestrial 

solar illumination model. Currently, the silicon solar cell with the highest tested 

efficiency [47] has Voc=0.706V, Jsc=42.7mA/cm2 and FF=82.8%. This is 82% of the 

radiative voltage limit and 78% of the radiative current limit. The GaAs solar cell with 

the highest tested efficiency [47] has Voc=1.107V, Jsc=29.47mA/cm2 and FF=86.78%. It 

has achieved 92% and 72% of the voltage and current limit respectively. 
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Figure 2-7 Calculated IV curves of ideal silicon and gallium arsenide solar cells. 

 

The current output of the silicon cells is larger because of a lower bandgap energy allows 

it to collect more photons. However the voltage of the GaAs cell is higher due to more 

energetic carriers. A higher efficiency can be achieved if a GaAs solar cell is used to 

absorb light below its bandgap of 870 nm, and a Si solar cell is used to absorb light 

between wavelength of 870 nm and 1100 nm.  

 

2.3.5 Spectral Conversion Efficiency 

The spectral conversion efficiency is the efficiency of a solar cell at a specific wavelength. 

This metric is useful for identifying efficient spectrum-splitting configurations for the 

optical system. The spectral conversion efficiency is defined as: 

( )
( ) ( )

( )

J Voc FF
SR Voc FF

E



  



 
       (2-16) 



53 

 

where ( )J  is the spectral current density under monochromatic incident light with 

irradiance ( )E  . The open circuit Voc and the fill factor FF  can be treated as constant 

over the operating current bias close to the one-sun conditions. The spectral response of 

the PV cell ( )SR  is the ratio of the spectral current density ( )J   and the incident 

spectral irradiance ( )E  . Under illumination conditions that deviate significantly from 

one-sun bias in current density, the open circuit Voc and the fill factor FF cannot be 

considered as constant. The single diode equation should be used to solve for the accurate 

voltage and fill factor. 

 

The spectral efficiency of a solar cell usually peaks at the near bandgap wavelength 

because of the smaller energy mismatch between the photon energy and the energy of the 

light-generated carrier. The optical transfer properties of the holographic spectrum-

splitting optical system are chosen by comparing the spectral conversion efficiency of 

different PV cells. The holographic optical components must be engineered to diffract the 

incident light to the corresponding PV cell that has the highest spectral efficiency while 

minimizing optical losses. 
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2.4 Optical Transfer Efficiency 

The spectrum-splitting optical system introduces wavelength dependence to the 

conversion efficiency. In the reflection holographic spectrum-splitting geometry the 

spectral dependence is due to the wavelength selectivity of the high reflectivity band. In 

the transmission lens spectrum-splitting geometry the spectral dependence is in the 

diffraction efficiency and the dispersion characteristics. The spectral optical transfer 

efficiency is used to evaluate the influence of the optical system on the conversion 

efficiency at specific wavelength. The optical transfer properties of the holographic 

spectrum-splitting optical system are tailored by comparing the spectral conversion 

efficiency of different PV cells.  

 

The optical transfer efficiency ( )OET  is the ratio of the optical flux ( )pv  at the PV cell 

to the optical flux ( )inc   that is incident on the optical system:  

 

( )
( )

( )

pv

OE

inc

T









 (2-17) 

The transfer efficiency ( )OET   includes diffraction efficiency of the hologram and the 

optical losses corresponding to the diffracted rays that cannot eventually reach the target 

PV cell.  

 

The ideal spectrum-splitting optics should have 100% optical transfer efficiency in a 

range of wavelength and zero transfer efficiency outside. The transition between high 
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transfer efficiency and low transfer efficiency should be instantaneous. However with a 

realistic filter the optical transfer efficiency as a function of wavelength does not peak at 

100% and the slope is not infinite. 

 

The optical efficiency of spectrum-splitting system can be obtained by ray-tracing 

simulation, diffraction efficiency analysis, and experimental measurement. The 

calculation of hologram diffraction efficiency is discussed in Chapter 3, and the 

evaluation of optical efficiency for spectrum-splitting PV system is discussed in Chapter 

4. 
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CHAPTER 3 HOLOGRAPHIC GRATINGS 

3.1 Introduction 

In this chapter, the theoretical background for analyzing the diffraction efficiency of 

volume transmission gratings is presented. The grating equation is discussed as the phase 

matching condition at the boundaries of volume gratings. The Kogelnik’s two-wave 

coupled wave model [48] provides a fast and intuitive method to obtain the diffraction 

efficiency of holographic gratings as functions of incident angle and wavelength. The 

rigorous coupled wave analysis [49, 50] is discussed and the result is compared to that of 

the two-wave coupled wave analysis with a typical transmission hologram. The chain-

matrix method [51] is discussed as a rigorous method for unslanted reflection hologram 

simulation. 

 

3.2 The Grating Equation 

The grating equation is a relation between the incident angle θi and the diffracted angle θd 

for an infinitesimally thin grating layer with a period Λ. The grating period can be a 

result of refractive index modulation, conductivity modulation and periodic surface 

profile change. The periodic optical property changes are considered as periodic 

scattering centers as shown in Fig. 3-1. The average refractive index is n. The 

constructive phase matching condition for the mth diffraction order is achieved by finding 

(m) wavelength difference in optical path length: sin sin /d iAB CD m n       . 
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The analysis can also be applied to the boundaries of volume gratings because phase 

matching is observed at the grating boundaries. 

 

The grating equation is: 

 
/

sin sind i

n
m


  


 (3-1) 

 

Figure 3-1 Diagram for the grating equation 
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3.3 Kogelnik’s Coupled Wave Model 

The Kogelnik’s two-wave coupled wave model [48] provides a fast and intuitive method 

to obtain the diffraction efficiency of holographic gratings as functions of incident angle 

and wavelength. For efficient transmission holograms with negligible absorption losses, 

the two-wave coupled wave theory provides good accuracy at near Bragg matched 

conditions compared to a rigorous model. The calculated diffraction efficiency results are 

compared between between the Kogelnik’s model and the rigorous coupled-wave model 

at the end of section (3.4). The comparison is accomplished using a set of grating 

parameters that is typical for spectrum-splitting applications. 

 

 Assumptions of the Kogelnik’s coupled wave theory include: 

1. Monochromatic light incident on the hologram at or near the Bragg condition. 

The angle of incidence is measured in the medium. 

2. Only the incident “Reference wave” (R) and the diffracted “Signal wave” (S) are 

present in the grating medium. Other orders deviates from the Bragg condition too 

much and do not have significant energy. 

3. The two waves exchange energy slowly in the grating medium.  

4. The refractive index and absorption coefficient have sinusoidal modulation 

profiles. 

5. The grating is boundless in the directions tangential to the grating surface normal. 

However the grating thickness is finite. 
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6. The polarization of the incident wave is either perpendicular to the plane of 

incidence (s-polarized) or parallel to the plane of incidence (p-polarized).  

 

Figure 3-2 Grating structure, signal and reference waves 

 

3.3.1 Derivation of the Coupled Wave Theory 

The electric field propagation in the grating medium is described by the Helmholtz 

equation:  

 2 2 0E k E      (3-2) 

in which E(x, z) is the electric field amplitude, k is the propagation constant as a function 

of the spatially modulated relative dielectric constant ε(x,z) and the conductivity σ(x, z):  
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2
2

2
k j

c


         (3-3) 

where ω is the angular frequency of the electric field oscillation, c is the speed of light in 

free space and μ is the permeability of the medium.  

 

The refractive index modulation of the holographic gratings occurs in x-z plane:  

0 1 cos( )K r           (3-4) 

0 1 cos( )K r           (3-5) 

where ε0 and σ0 are the average dielectric constant and the average conductivity, ε1 and σ1 

are the spatial modulation amplitudes of the dielectric constant and the average 

conductivity. The radius vector r  and grating vector K are defined as:  

sin
2

, 0 ,

cos

x

r y K K K

z






   
   

  
    
      

    (3-6) 

in which Λ is the grating period. 

 

Eq. (3-4) and (3-5) are inserted into Eq. (3-3), the following equation is obtained:  

2 2 2 2 ( )jK r jK rk j e e             (3-7) 

in which β is defined as the average propagation constant, α is defined as the average 

absorption constant and κ is defined as the coupling constant:  

1/2 1/2

0 0 02 ( ) , 2( )c            (3-8) 
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1 1

1/2 1/2

0 0

21
( )

4

j c  


 
       (3-9) 

 

The refractive index and the absorption coefficient can be used to further simplify the 

analysis when the following conditions are met for an optical media: 

1 12 / , 2 / ,n n n n           (3-10) 

 

If the absorption coefficient is small compared to the propagation vector and the 

refractive index modulation is significantly less than the average refractive index, the 

average propagation constant β and the coupling constant κ are: 

2 /n          (3-11) 

1 1/ / 2n j           (3-12) 

 

The coupling coefficient characterizes the energy exchange between the incident 

reference wave R and the diffracted signal wave S.  

 

The reference wave and the signal wave are defined as complex amplitudes R(z) and S(z). 

The combined electric field in the grating is: 

( ) ( )j r j rE R z e S z e      ,     (3-13) 

and the propagation vector of the reference wave is: 
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      (3-14) 

 

The propagation vector of the signal wave is obtained using the Bragg matching 

condition:  

K          (3-15) 

 

Figure 3-3 Bragg circle diagram for the reference and signal propagation vectors 

The Bragg condition considers the phase matching between the incident reference wave 

and the grating. The Bragg matching diagram for the reference and signal propagation 

vectors is shown in Fig. 3-3. When the Bragg condition is satisfied, the propagation 

vectors  and   have the same magnitude with the average propagation vector  : 

           (3-16) 
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When the reference wave’s angle of incidence and/or wavelength are not Bragg matched, 

the detuning parameter   is used to measure the deviation: 

2 2

2

 





        (3-17) 

The detuning can occur with the change in reconstruction wavelength and/or the change 

in reconstruction angle.  

 

In Eq.(3-2), we substitute k and E with Eq.  (3-7) and Eq. (3-13): 

2

2
2 2 2 0z

d R dR
j j R S

dz dz
          (3-18) 

2
2 2

2
2 2 ( ) 2 0z

d R dR
j j S S R

dz dz
            (3-19) 

If it is assumed that the energy transfer occurs slowly therefore 
2

2

d R

dz
 and 

2

2

d S

dz
are 

negligible. With this assumption, equations (3-18) and (3-19) simplifies to: 

R

dR
c R j S

dz
          (3-20) 

( )S

dR
c j S j R

dz
           (3-21) 

in which Rc and Sc are defined as: 

/ , /R Z S Zc c          (3-22) 
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3.3.2 Solution of the Coupled Wave Equations 

The solution with the boundary conditions of a transmission hologram is of interest in 

this dissertation. For solar energy conversion systems the absorption of the grating has to 

be very low to provide high overall efficiency. In the case of transmission gratings with 

very low absorption, the following conditions are met:  

(0) 1, (0) 0, 0R S         (3-23) 

The corresponding solution is: 

1 1 1

2 2 2 22 2 2

1

2
1

( ) sin( ) / (1 / )

/ ( )

/ 2

jR

S

R S

S

c
S j e

c

n d c c

d c

    

  

 

   





   (3-24) 

The diffraction efficiency is calculated as: 

1

2 2 2 2
*

2 2

sin ( )

1 /

s

r

c
SS

c

 


 


 


     (3-25) 

 

3.3.3 Modifications for p-Polarized Reference Wave 

The couple wave analysis can be modified for incident reference waves polarized in the 

plane of incidence. An additional approximation is made that the polarization of R and S 

does not change in the grating medium. 

For p-polarized light, vector E  is used to represent both the direction and amplitude of 

the electric field in the medium. The wave equation is: 

2 2( ) 0E E k E          (3-26) 
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Assuming only two waves R and S exist in the medium, the combined electric field is:  

( ) ( )j r j rE R z e S z e           (3-27) 

The reference wave R and signal wave S are defined with the scalar amplitude functions 

(R(z) and S(z)) and unit direction vectors (
0R  and 

0S ): 

0( ) ( )R z R z R       (3-28) 

0( ) ( )S z S z S        (3-29) 

0 0 0 01, 1R R S S         (3-30) 

Because R and S are transverse waves, the polarization direction must be perpendicular to 

the direction of propagation vector: 

0 00, 0R S           (3-31) 

Combining equations(3-26), (3-27) and(3-30), after neglecting second derivatives: 

2 2 2 0z
z

dRdR
j j j R S

dz dz
           (3-32) 

2 22 ( 2 ) 2 0z
z

dSdS
j j j S R

dz dz
             (3-33) 

The dot product of equation (3-32) and 0R  is formed, and the dot product of equation 

(3-33) and 0S  is formed, the following equations are derived: 

02 2 2 ( ) 0z

dR
j j R S R

dz
           (3-34) 

2 2

02 ( 2 ) 2 ( ) 0z

dS
j j S R S

dz
             (3-35) 
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With the same definition for cR, cS and ϑ as used previously, we can write equation (3-34) 

and (3-35) in the form: 

0 0( )R

dR
c R j R S S

dz
          (3-36) 

0 0( ) ( )S

dR
c j S j R S R

dz
           (3-37) 

Comparing the above equation pair with (3-20) and(3-21), the coupling coefficient for p-

polarized reference wave is found to be reduced to: 

0 0( )R S          (3-38) 

in which  is the coupling coefficient for s-polarized light. 

 

3.4 Rigorous Coupled Wave Analysis 

The rigorous couple analysis (RCWA) method is a complete analysis on the diffraction 

efficiency of periodic grating structures [49, 50]. The electromagnetic theory is applied to 

the grating medium with the corresponding boundary conditions. The grating modulation 

profile can be arbitrary as long as periodicity is observed. Diffraction efficiency for all 

diffraction orders can be obtained. The analysis is robust for all polarization types and 

reconstruction conditions. However the method requires that the grating structure is 

periodic along the tangential direction of the hologram therefore it does not provide 

solution to the unslanted reflection type. An approximate solution can be obtained if an 

infinitesimally small slant angle is added to the grating. The RCWA approach requires 

much more computational resources compared to the two wave coupled wave approach.  
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Figure 3-4 shows the different diffraction orders of an obliquely incident plane wave on a 

periodic grating. The angle of these diffraction orders are phase matched at the grating 

boundary therefore the angle is described by the grating equation (Equation 3-1). 

 

 

Figure 3-4 Diagram for rigorous coupled wave diffraction analysis 

3.4.1 Model Formulation and Solution 

The relative permittivity in the modulated region is: 

 2( , ) cos[ ( sin cos )]x z K x z          (3-39) 
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in which 
2  is the average dielectric constant,   is the amplitude of the sinusoidal 

relative permittivity,   is the grating slant angle and K is the grating vector. The 

dielectric constants of the unmodulated regions are ε1 and ε3 respectively. The 

permeability of all spaces is assumed to be that of the free space. 

 

The general solution to the wave propagation problem in region 1 takes the form of: 

 
1 0 10exp[ ( )] exp[ ( )]i i li

i

E j x z R j x z            (3-40) 

Where sin sini ik iK    for any integer i, 2 2 2

li l ik   for region 1 and 3(l=1,3), the 

average wave propagation constant for region 1,2 and 3 is 1/22 /l lk   ,  is the angle 

of incidence in region 1, iR is the amplitude of the ith reflected wave normalized to the 

original incident wave. The parameters iR  need to be solved from matching the electric 

and magnetic component along the grating boundary. 

 

In region 3 the transmitted diffraction orders take the form of: 

 3 3exp{ [ ( )]}i i i

i

E T j x z d        (3-41) 

where the parameters iT are the normalized transmitted wave amplitude and they need to 

be solved from boundary field matching. 

 

The electric field in the modulated region 2 can be expressed as: 
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2 2( )exp[ ( )i i i

i

E S z j x z       (3-42) 

where 2 2 cos ' cosi k iK    , the ' is the angle of refraction in region 2. The parameter 

( )iS z is the normalized amplitude of the field inside the grating. For a certain order (i) the 

wave inside the grating is expressed as a superposition of an infinite number of plane 

waves propagating both forward and backward. The amplitude coefficients need to be 

determined from solving the wave equation in the modulated region: 

 2 2

2 2 2 0E k E      (3-43) 

where 1/2

2 22 /k   . 

 

After substituting equation (3-39) and equation (3-42)into equation (3-43)  an infinite set 

of coupled-wave equations are obtained: 

 

2

2

2

1 1

( ) ( )
(cos ' cos )

8

( ) ( ) ( ) ( )

i i

i i i

d S u dS u
i

du du

i i B S u S u S u


  



  


 

   

   (3-44) 

in which ( ) ( )iiS u S z ,
22

j z
u j z

 


 


  ,

2








, 
22

2

2

22  


 
 
  

 

and 22 cos( ') /B        . The model is rigorous for equation (3-44) since it does 

not involve any assumptions and approximations. The Bragg condition is described by 

the B parameter and the coupling coefficient is described with   as identically defined in 

Kogelnik’s two-wave coupled wave theory. 
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If S  and 'S  are defined as state variables, the matrix form of equation (3-44) is given by: 

  
'

'' '
rs

S S
b

S S

   
   

   
   (3-45) 

in which S  , 'S  and ''S  represent column vectors of 
iS  , idS

du
 and

2

2

id S

du
 respectively. The 

solution to the series of differential equations given by (3-45) can be expressed in terms 

of the eigenvalues and eigenvectors of the coefficient matrix [ ]b  : 

 ( ) exp( )i m im m

m

S u C w q u    (3-46) 

where mq  is the mth eigenvalue to the matrix [ ]b , imw  is the corresponding eigenvector to 

the mth eigenvalue and the ith wave, the coefficient mC  need to be determined as well as 

iR  and iT  by matching the electric and magnetic components along both grating 

boundaries.  

 

The boundary condition for E field at z=0 is: 

 0i i m im

m

R C w     (3-47) 

The boundary condition for H field at z=0 is: 

 1 0 2( ) exp( )i i i m im m i

m

R C w q         (3-48) 

The boundary condition for E field at z=d is: 
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1 2exp[ ( ) ]i m im m i

m

T C w j q d      (3-49) 

The boundary condition for H field at z=d is: 

 
3 2 2( )exp[ ( ) ]i i m im m i m i

m

T C w q j q d           (3-50) 

in which 
0i  is the Kronecker delta function. Eliminating 

iR  and iT  from the above four 

equations yield the following two equations: 

 
2 1 0 1exp( ) 2m im i m i i i

m

C w q          (3-51) 

 
2 3( )exp( ) 0m im i m i m

m

C w q jq         (3-52) 

where 1i , 2i  and 3i  are calculated with: 

 2

2 (2 / )(cos ' cos )i i          (3-53) 

 2 2 1/2

1 2(2 / )[( / ) (sin ' sin ) ] 1,3li i l              (3-54) 

A positive real propagation vector li  indicates a propagating wave and a negative 

imaginary li indicates an evanescent wave. The equation set described by (3-51) 

and(3-52) is solved for mC  and then iR  , iT  is calculated using equation (3-47) and (3-49). 

 

The diffraction efficiency in the unmodulated region 1 and region 3 are calculated as: 

 *

1 1 10Re( / )i i i iDE R R     (3-55) 
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 *

3 3 10Re( / )i i i iDE TT     (3-56) 

Due to power conservation the sum of the diffraction efficiency from all orders should be 

unity: 

 
1 3( ) 1i i

i

DE DE     (3-57) 

  

In this dissertation the commercial software module GratingMod in RSoft is used to 

obtain RCWA solutions. The diffraction properties of a typical transmission hologram are 

simulated with both the Kogelnik’s coupled wave analysis and the RCWA method. The 

results from both methods are compared to examine the accuracy of the approximate 

coupled wave analysis. 

 

The configuration of RSoft DiffractMod is done by scripting in Matlab. A Matlab script 

(Appendix 3A) generates the RSoft project file (.ind) which contains the hologram 

structure and the refractive index modulation profile. 

 

3.4.2 Simulation Comparison 

A typical grating used in this dissertation is simulated with both the Kogelnik’s two-wave 

coupled wave analysis and the RCWA approach. The grating parameters are listed in 

Table 3-1 and the script for the Kogelnik’s two-wave coupled wave analysis is in 

Appendix 3B. 
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The diffraction efficiency result for 514 nm wavelength at the original beam angle of 0º is 

shown in Fig. 3-5. For TE polarization the result given by the Kogelnik’s theory is very 

similar compared to the rigorous result. However for TM polarization the approximation 

is less ideal. 

 

 

Table 3-1 Grating parameters for simulation comparison 

Average refractive index 1.53 

Refractive index modulation 0.0155 

Thickness 16.0 µm 

Construction wavelength 514 nm 

Reconstruction wavelength 514 nm 

Construction beam angles 0º and 35º in air 
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(a)  

(b)  

Figure 3-5 Simulation result comparison between Kogelnik’s two-wave coupled wave 

analysis and the RCWA. (a) TE polarization; (b) TM polarization 
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The diffraction efficiency is simulated for the +1 diffraction order in the wavelength and 

incident angle combination of interest. The angle of incidence is varied from -35º to 35º 

in the grating medium and the wavelength range is from 350 nm to 900 nm. The result 

from the RCWA method is shown in Fig. 3-6 and the result from the Kogelnik’s two-

wave coupled wave approach is shown in Fig. 3-7.  The diffraction bandwidth and 

dispersion (diffraction efficiency versus wavelength) characteristics are very similar 

however the RCWA method predicts higher order diffraction in the -25º region whereas 

the coupled wave approach does not. 
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Figure 3-6 RCWA simulation for all wavelength and incident angle of interest 
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Figure 3-7 Kogelnik’s coupled wave theory calculation for all wavelength and incident 

angle of interest 

3.5 Chain-matrix method for reflection holograms 

Unslanted reflection holograms have modulation fringe planes parallel to the grating 

surface. Due to the finite thickness of the hologram, such grating structure is not strictly 

periodic and cannot be simulated with RCWA method. The two-wave coupled wave 

method support unslanted reflection type holograms with a sinusoidal grating modulation. 

However for DCG holograms the grating period and refractive index modulation usually 

vary as functions of depth. This gives rise to higher diffraction orders and requires more 

robust simulation method. 
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The chain-matrix method [51] can be applied to the analysis of multi-layer thin-film 

coatings. The unslanted reflection holograms can be approximated as a large number of 

dielectric thin-film layers. Chain-matrices are cascaded to calculate the reflection 

coefficient at the dielectric layer interfaces. The accuracy of this approach improves with 

the number of layers used to approximate the hologram.  

 

3.5.1 Theory 

The hologram is approximated with a large number of sufficiently thin homogenous slabs. 

The reflection caused by differences in refractive index between the ith and the (i+1)th 

thin slabs is calculate with the following matrix form: 

 
, , 1

* *
, , 1

inc i inc ii i

refl i refl ii i

E EA B

E EB A





    
    
    

 (3-58) 

For the entire reflection grating that is divided into n layers, the equation to give the 

overall normalized electric field amplitude is: 

1

* *1
11

11 1

1 0

n i i n t

i
i i nr n

A B r E

B A rE t






      
       

      
  (3-59) 

where Er and Et are the normalized amplitude for the reflected and transmitted 

component respectively. The matrix elements are: 

 
2, 2,2 cos1

exp[ ]
i i i

i

i

d
A j

t

  


  (3-60) 

 *

i i iB r A  (3-61) 
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in which λ is the free-space wavelength and ε2,i, θ2,i and di are the relative permittivity, 

the angle of refraction and the thickness of the ith layer respectively. The amplitude 

reflection and transmission coefficients are: 

 

1

1

1

i i
i

i i

i i

Z Z
r

Z Z

t r










 

 (3-62) 

where Zi is the normalized characteristic impedance of the ith layer. For s-polarization 

the impedance is: 

 

0

2, 2

1

1

23

1

1

cos
,1

sin

cos

sin

i

i

n

Z

Z i n

Z



















  







 (3-63) 

And the impedance for p-polarization is: 

 

0

2, 2

11

2,

23

11
1

3

1

sin

,1
cos

sin

cos

i

i

i

n

Z

Z i n

Z






 






 






  





 (3-64) 

where θ is the angle of incidence in region 1. 



79 

 

The diffraction efficiency is the product of the normalized electric field amplitude with 

its complex conjugate:  

 *

r rDE E E  (3-65) 

3.5.2 Simulation Result Comparison 

The diffraction efficiency of a reflection hologram is calculated with the chain-matrix 

method. The grating is 16µm thick and has a refractive index modulation of 0.05. The 

average refractive index is assumed to be constant at 1.53. The grating period in the 

medium is 0.2µm. The simulation script can be found in Appendix 3C.  

RCWA is used to simulate the same grating. A small slant angle is added to the grating in 

order to satisfy the periodicity requirement. A similar script as the one in Appendix 3A is 

used to build an RSoft model, run simulation with DiffractMod, and analyze simulated 

data. As can be seen in Fig. 3-8 the results are almost identical except for a small spectral 

shift. 
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Figure 3-8 Reflection hologram simulation result comparison 
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CHAPTER 4 HOLOGRAPHIC SPECTRUM-SPLITTING PHOTOVOLTAIC 

SYSTEMS 

4.1 Introduction 

The efficiency of single bandgap PV cell is limited to 30% to 32% under different 

incident solar spectrum [1, 2]. Tandem multiple-junction approach has much higher 

conversion efficiency limit [3, 5, 6] but it requires lattice compatibility [7] and high 

material quality.  The current output of the tandem multi-junction PV cell is limited by 

the lowest current of all the junctions due to series connection. Top cell thinning can be 

used to reduce the current mismatch [8] however it also introduces spectral mismatch for 

part of the light due to incomplete absorption. After top cell thinning the tandem 

junctions are current matched under a fixed incident spectrum. However spectral 

distribution changes can introduce current mismatch losses. 

 

Spectrum-splitting approach employs optics to separate different spectral components 

onto band-gap matched junctions [7, 9-19]. This expands the selection of materials and 

makes it possible to use less complicated fabrication techniques. Because the junctions do 

not require series connection, each junction can be optimized towards full absorption of a 

spectral band. Electrical isolation of the junctions also translates to higher tolerance to the 

incident spectrum changes. Light-trapping can also be incorporated on each junction 

through surface modifications and adding ultra-trapping filters [52] without affecting the 

rest of the system.  
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4.2 Figure of Merit for Spectrum-splitting Optical Systems 

The spectral conversion efficiency metric is the efficiency of a solar cell at a specific 

wavelength. This metric is useful for identifying efficient spectrum-splitting 

configurations. The spectral conversion efficiency is defined as: 

( )
( ) ( )

( )

J Voc FF
SR Voc FF

E



  



 
       (4-1) 

where ( )J  is the spectral current density under monochromatic incident light with 

irradiance ( )E  . The open circuit Voc and the fill factor FF  can be treated as constant 

over the operating current bias close to the one-sun conditions. The spectral response of 

the PV cell ( )SR  is the ratio of the spectral current density ( )J   and the incident 

spectral irradiance ( )E  . Under illumination conditions that deviate significantly from 

one-sun bias in current density, the open circuit Voc and the fill factor FF cannot be 

considered as constant. The single diode equation should be used to solve for the accurate 

voltage and fill factor. 

 

With two different PV materials, the maximum combined system efficiency is given by: 

2 2 2 1 1 1( ) ( ) ( ) (1 ( )) ( )sys OE OET SR Voc FF T SR Voc FF               (4-2) 

The optical transfer efficiency ( )OET  is the ratio of optical flux pv transferred to the 

surface of the second PV cell from the optical flux inc  incident on the optical system:  
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( )
pv

OE

inc

T 





 (4-3) 

The transfer efficiency ( )OET   includes diffraction efficiency of the hologram and the 

geometrical optical losses corresponding to diffracted rays that cannot eventually reach 

the target PV cell.  

 

The ideal spectrum-splitting optics should have 100% optical transfer efficiency in a 

range of wavelength and zero transfer efficiency outside. The transition between high 

transfer and low transfer should be instantaneous. However with a realistic filter the 

optical transfer efficiency as a function of wavelength does not peak at 100% and the 

slope is not infinite. The spectral fill ratio is defined to characterize the idealness of the 

optical transfer efficiency of a spectrum-splitting optical system: 

 

2 2

1 1

2

1

2 1
,

( ) ( )

( )

OE OE

OE ideal

T d T d
FR

T d

 

 





   

  
 



 


 (4-4) 

in which the ( )OET   is the optical transfer efficiency and , ( )OE idealT  is the ideal optical 

transfer efficiency in the spectral band between 1 and 2 . 

 

4.3 Dichroic Spectrum-splitting Filters 

Dichroic filters are commonly used in different spectrum-splitting optical system designs 

[7, 9-12, 14-19]. They have advantages such as high optical efficiency, well defined 

reflection band and low polarization dependence. However dichroic filters are only 
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optimized for collimated incident light. With this angular constraint the concentration 

ratio is limited, as seen in Fig. 4-1(a). Deviation from the designed angle (Fig. 4-1(b)) 

will result in shift of the reflection spectral band [17, 19]. Depositing the dichroic filter 

on a curved substrate [10] can improve the spectral matching to a spherical wavefront 

however it will result in an increase in fabrication difficulty and cost. 

 

Holographic filters are fabricated with recording the interference patterns of two or more 

coherent beams. It is possible to use converging or diverging reference and object 

wavefronts to record grating fringes matched to a focusing beam from the concentrator 

optics. The hologram construction geometry is shown in Fig. 4-2. With this configuration 

the holographic filter can maintain a more stable spectral reflection property for a wide-

angle cone of light. As a result the concentration ratio of the system is improved. 
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Figure 4-1 Spectrum-splitting optical system geometry: (a) collimated light with no 

concentration; (b) focusing light with concentration 
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Figure 4-2 Hologram construction geometries using: (a) collimated and (b) focused 

coherent light sources. The reference beam is reflected from the incident object beam 

resulting in greater interference fringe stability 

 

4.4 Reflection Holographic Spectrum-splitting Filter 

Sensitized DCG holograms exhibit high refractive index modulation on the order of 0.1, 

low scattering and absorption losses [32-34]. For the unslanted reflection construction 

configuration in Fig. 4-2, it has been experimentally observed that it is possible to chirp 

or vary the grating period as a function of thickness [32, 34]. The grating chirp increases 

the spectral and angular bandwidth of the grating [32, 34]. In addition, once sealed in a 

water resistant encapsulation, they have excellent long-term stability.  

 

A number of coating techniques can be used to coat sensitized gelatin layer on glass and 

polymer substrates. In our lab a sensitized gelatin solution was mold-coated onto glass 

substrates. The sensitized gelatin mixture consists of 10% gelatin solution in de-ionized 

water, and is sensitized with 2% ammonium dichromate by weight to water. An 
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approximately 4 mL of sensitized gelatin solution was applied at 40°C onto the glass 

substrate which has spacers placed on the sides. A glass cover sheet was placed on top of 

the coated substrate to complete the mold. The cover sheet was coated with hydrophobic 

release agent prior to the mold-coating process. Clips are placed on the edges of the 

completed mold. The sensitized gelatin solution within the mold was allowed to 

gelatinize in a 5°C environment for 10 minutes. After gelatinization the cover sheet can 

be removed and the coated substrate was allowed to dry for two hours in a constant 

airflow at 25°C and 45% relative humidity.  

 

The exposure setups are shown in Fig. 4-3. A single input beam generates the reference 

beam and the object beam. This results in great stability of the interference fringes during 

the recording exposure. The interference fringes in the grating medium are parallel to the 

hologram surface. The grating period which is the spacing between the interference 

fringes can be changed with the input beam angle (Fig. 4-3 (a)). A large input beam angle 

corresponds to a large grating period. Input angles larger than the critical angle can be 

achieved with coupling via a prism, as shown in Fig. 4-3(b). 
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Figure 4-3 Hologram construction setups with and without prism coupling 

 

4.4.1 Optimization of the Exposure and Processing Procedures 

Desirable optical properties for high efficiency spectrum-splitting holograms include high 

diffraction efficiency, large bandwidth, high transmittance for non-diffracted wavelength, 

low side lobes and low high-order harmonics. These optical properties require 

optimization of the exposure and developing procedures. The effects of exposure density, 

isopropanol (IPA) bath temperature, hardening bath time and layer thickness are explored 

experimentally. 

 

Experiments are done with the exposure energy varying from 2 second to 12 seconds 

while keeping the optical power on the hologram at 28 mW/cm2. Parameters in the 
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developing process are also examined. The hardening time is varied from 2 minutes to 10 

minutes and the isopropanol bath temperature is changed from 35°C to 70°C. 

 

The transmittance of the resulting holograms is measured with an Ocean Optics 

USB2000+ fiber spectrometer. The diffraction efficiency is ( ) 1 ( ) ( )DE T A      in 

which ( )T  is the transmittance and ( )A  is the background extinction of the gelatin and 

the substrate. The extinction losses include absorption and scattering. 

 

 

 Figure 4-4 Transmittance of holograms with 1 seconds to 20 seconds exposure time 

 

The transmittance curves are shown in Fig. 4-4 for the set of holograms developed with 5 

min hardening time and 70°C isopropanol final dehydration bath. With a longer exposure 

time, the decrease of transmittance near 620 nm is the result of higher diffraction 

efficiency.  
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The bandwidth of the diffraction efficiency for different hardening bath duration is shown 

in Fig. 4-5.  Longer exposure time usually results in a stronger diffraction band except in 

the 3 sec - 7 sec range. Less hardening time gives higher bandwidth for all cases. The 

largest bandwidth was achieved at 10 seconds exposure for all hardening bath time. The 

maximum bandwidth was 160 nm with 2 minutes hardening bath. 

 

 

Figure 4-5 Hologram diffraction efficiency bandwidth for different exposure and 

hardening time. 

 

The high bandwidth associated with low hardening time comes with a trade-off of higher 

scattering losses. The scattering losses are measured at both 400 nm and 900 nm 

wavelength. At both wavelength the transmittance reductions are primarily caused by 

scattering losses. As seen in Fig. 4-6, the scattering at 900 nm wavelength is lower than 
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5% and it is slightly affected when the hardening bath time is decreased past 5 minutes. 

The scattering losses at the 400 nm wavelength are more severly affected by the 

hardening time. The minimum transmittance is around 73% when the hardening time is 2 

minutes and the highest transmittance is 83% when the hologram is hardened for 10 

minutes. 

 

The final isopropanol dehydration bath temperature also has a strong influence on the 

scattering losses. As seen in Fig. 4-6 the scattering is relatively low for 35°C and 55°C 

bath but much higher for 70°C bath. This indicates that if high overall transmission and 

low scattering is desired, a low isopropanol bath temperature and long hardening bath 

should be used. 
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(a)  

(b)  

Figure 4-6 Transmittance reduction caused by scattering for different hardening bath time 

and isopropanol bath temperature measured at 400 nm and 900 nm wavelength 

 

The scattering loss in the hologram has a 4  dependence as shown in the curve-fitting 

result in Fig. 4-7. The Rayleigh scattering behavior indicate that the scattering is caused 

by particles much smaller than the wavelength of visible light. This behavior agrees with 

earlier research that suggested the index modulation of DCG is a result of density 

variation of small air voids [53-55]. The transmittance dip near 570 nm is treated as 
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outliar and is excluded from curve-fitting. It is possible that such a dip is caused by 

absorption (<4%) from the residual fixer in the thick gelatin layers. 
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Figure 4-7 Curve fitting of typical scattering characteristics 

 

It has been observed that with a higher hologram thickness the diffraction efficiency 

curve more resembles a square-wave shape. It can be seen in Fig. 4-8 that higher gelatin 

concentration in the coating solution, i.e. higher gelatin layer thickness provides faster 

transition behavior between high reflection and high transmission bands. Both holograms 

are processed through the same exposure and developing procedure (70°C isopropanol 

bath, 5 minutes hardening and 6 seconds exposure). However the spectral bandwidth is 

also reduced for the sample with higher gelatin concentration. 
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Figure 4-8 Diffraction efficiency characteristics for different gelatin thickness 

 

4.4.2 Diffraction Efficiency with Different Angle Of Incidence and Polarization  

In spectrum-splitting applications, optical concentration is usually needed to improve PV 

cell efficiency and reduce PV cell cost. As dictated by the conservation of radiance, the 

cone angle of incoming light at the PV cell increases with the concentration ratio (Fig. 4-

1(b)). Therefore the reflectivity of the spectrum-splitting filter needs to be optimized for a 

range of incidence angles. 

 

The diffraction efficiency curves at 0°, 20° and 45° angles of incidence are shown in Fig. 

4-9. Blue-shift of the central wavelength is observed for both polarizations and both filter 

types when the angle of incidence is increased from 0° to 45°. A shift from 900 nm to 

810 nm occurs in central wavelength for the holographic filter (Fig. 4-9(a), (b)). A similar 

10% blue-shift is seen on the dichroic filter (Fig. 4-9(c), (d)). This blue shift is predicted 

by the Bragg matching condition and it can be compensated for the holograms with 
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focusing construction geometry as shown in Fig. 4-2(b). The bandwidth of the dichroic 

filter is weakly dependent on the incident light polarization. However the rejection 

bandwidth of the hologram is influenced by the polarization. It can be seen in Fig. 4-9(b) 

that the bandwidth of the TM polarization has a 17% reduction at 45° angle of incidence 

compared to that of the TE polarization at 45°.  
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(a) (b)  

(c) (d)  

Figure 4-9 Rejection bands for TE and TM polarizations at 0°, 20° and 45° in air: (a) 

hologram TE polarization; (b) hologram TM polarization; (c) dichroic filter TE 

polarization; (d) dichroic filter TM polarization 

 

4.4.3 Efficiency of a Gallium Arsenide/Silicon Spectrum-splitting PV Module 

Recently it has been reported that epitaxial lift-off techniques can produce high quality 

thin-film GaAs cells with efficiency near 26% [20]. The GaAs thin-film cell absorbs light 

with λ < 875 nm. Silicon solar cells can be used to extend the absorption spectrum further 

to at least 1050 nm [11]. The thin-film GaAs and Si cell combination is not compatible 

with traditional tandem junction approach due to large differences in lattice constants. 

However a single spectrum-splitting filter can combine GaAs with Si junctions. The filter 
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with the diffraction efficiency characteristics shown in Fig. 4-10 is recorded on a 50 µm 

thick DCG hologram. The hologram reflects light between 875nm and 1025 nm towards 

the silicon junction. The secondary harmonic at near 480nm is caused by the non-linear 

behavior in the DCG sensitivity [53, 56]. The secondary order can be minimized by 

reducing the exposure time. However reduced exposure leads to a reduced bandwidth and 

diffraction efficiency in the primary diffraction order. In the case with GaAs/Si 

combination, both junctions have similar efficiency for the spectral range between 460nm 

and 510 nm, therefore the secondary order is not introducing significant loss. 

 

 

Figure 4-10 Diffraction efficiency characteristics of the spectrum-splitting hologram for 

GaAs and Si combination 

 

The light generated current of a PV cell can be determined by its spectral responsivity 

( )SR  and the spectrum optical flux ( )  illuminating the cell: 

 ( ) ( )LI SR d


     (4-5) 
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The spectral responsivity is calculated from the external quantum efficiency with: 

 ( ) ( )
q

SR EQE
hc


   (4-6) 

The external quantum efficiency curves for GaAs and Si PV cells are taken from 

references [20, 57] and shown in Fig. 4-11(a). 
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(a)                                                                                    (b) 

 Figure 4-11 Quantum efficiency and IV curves of GaAs [21] and Si [23] PV cells 

 

The single diode equation is used to model the characteristics of a PV cell: 

 

( )

e ( ) /
sq V IR

nkT
L o s shI I I V IR R



     (4-7) 

in which k is the Boltzmann’s constant, Io is the dark saturation current, IL is the light 

generated current, n is the ideality factor, T is the device temperature in Kelvin, Rs is the 

series resistance and Rsh is the shunt resistance. The single diode equation assumes a 

constant value for the ideality factor n. The solution to the I-V function in Eq. (3) is 

found by using Lambert W-functions [45].  The parameters shown in Table 4-1 are used 

to compute the IV curve shown in Fig. 4-11(b).  
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The spectral conversion efficiency (SCE) is used to identify the conversion efficiency of 

each spectral component, it is defined as: 

 ( ) ( )SCE SR Voc FF     (4-8) 

 

 

 

Table 4-1 IV curve parameters of Si and GaAs PV cells 

PV cell IL 

[mA/cm2] 

Io 

[A/cm2] 
n 

Rs 

[Ω·cm2] 

Rsh 

[Ω·cm2] 

GaAs 26.0 2.0×10-16 1.2 0.05 2×104 

Si 36.0 2.5×10-9 1.5 0.15 5000 

 

Table 4-2 Electrical properties of Si and GaAs PV cells 

PV cell 

type 
Isc 

[mA/cm2] 

Voc 

[V] 

FF Bandgap 

[eV] 

One-sun 

efficiency 

(AM1.5D) 

GaAs 26.0 1.01 0.85 1.424 25.1% 

Si 36.0 0.64 0.77 1.1 19.7% 

 

 

The spectral electrical output power is: 

 ( ) ( ) ( )P SR Voc FF       (4-9) 

Assuming the silicon and GaAs cells have open-circuit voltages and fill-factors as listed 

in Table 4-2, the SCE of both cells are calculated with Eq. (4-4) and shown in Fig. 4-

12(a). 
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The corresponding efficiency of each cell is obtained by: 

 

( ) ( )

( )

SCE d

d





  


 

 







 (4-10) 

In the ideal case, the GaAs cell is treated as an ideal filter that absorbs light with λ<875 

nm and transmit all other wavelength. The silicon cell receives the filtered spectrum with 

λ>875 nm. The combined efficiency is the sum of the efficiency of both PV cells, 

assuming isolated electrical connections.  

 

For the holographic spectrum-splitting case, the hologram is modeled as a filter with the 

transmittance characteristics ( )T   shown in Fig. 4-10. The scattering is treated as purely 

forward and therefore no loss is introduced. The transmitted light reaches the GaAs PV 

cell and the reflected light reaches the Si PV cell. The concentration ratios on both cells 

are assumed to be 1×. 

 

The combined efficiency is shown in Table 4-3 for systems with stand-alone cells, ideal 

filter and the prototype holographic filter. With an ideal filter, the combined efficiency is 

29.74%, which is greatly improved compared to both stand-alone cells. With the 

prototype holographic filter, the combined efficiency is 27.94% which is 93.94% of the 

ideal spectrum-splitting performance. 
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Table 4-3 Efficiency of spectrum-splitting systems using Si and GaAs PV cells 

PV cell type Stand-alone 

Efficiency 

(AM1.5D) 

Efficiency 

with ideal 

filter 

Efficiency with 

holographic 

filter 

GaAs 25.1% 24.69% 23.14% 

Si 19.7% 5.05% 4.81% 

GaAs/Si - 29.74% 27.94% 

 

 



102 

 

 

(a) 
400 500 600 700 800 900 1000 1100

0

0.1

0.2

0.3

0.4

0.5

S
p
e
c
tr

a
l 


Wavelength [nm]

 

 

Si

GaAs

  

(b) 
400 500 600 700 800 900 1000 1100

0

0.1

0.2

0.3

0.4

0.5

S
p
e
c
tr

a
l 


Wavelength [nm]

 

 

Si

GaAs

 

(c) 
400 500 600 700 800 900 1000 1100

0

0.1

0.2

0.3

0.4

0.5

S
p
e
c
tr

a
l 


Wavelength [nm]

 

 

Si

GaAs

 

Figure 4-12 Spectral conversion efficiency curves of GaAs and Si PV cells: (a) stand-

alone; (b) ideal stack; (c) with prototype holographic filter 
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4.5 Transmission Holographic Spectrum-splitting system 

In this sub-section the optical transfer efficiency of a spectrum-splitting design with 

holographic lenses is investigated. A single holographic lens is used to separate the 

spectrum onto two PV cells. The position and orientation of the PV cells are chosen to 

optimize for the dispersion properties of the holographic lens. Experimental holograms 

are fabricated with dichromated gelatin (DCG) and high diffraction efficiency is obtained. 

The optical transfer efficiency of the holographic lens is measured to be around 85% on 

average. Fast transition is seen between the high diffraction efficiency and the high 

transmission regions. The hologram is design for two PV cell operations. GaAs solar 

cells are used at the bottom of the spectrum-splitting structure to collect light in the 

transmitted region as well as the unwanted diffraction spectral region. High bandgap 

energy (high-E) PV cells are positioned vertically near the off-axis focal point of the 

holographic lens (Fig.4-13). The dimension of the off-axis PV cell is designed to collect 

light that is diffracted and dispersed by the hologram in the desired spectral region. 

Simulation results indicate a 12.2% efficiency improvement is achieved by the spectrum-

splitting system over stand-alone operation. The prototype holographic lens can achieve 

96% of the system conversion efficiency of an ideal spectral filter. 

 

The spectrum-splitting system consists of a series of unit cells shown in Fig. 4-13. Each 

unit cell has a holographic lens and at least two PV cell types. Dispersion is achieved 

with a transmission holographic lens in parallel with the bottom PV cell (PV cell type 1). 

The transmission hologram diffracts part of the spectrum towards another PV material 
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that is positioned vertically. Incident light with λcentral is focused on the center of PV 2 

and the peak diffraction efficiency is achieved. The spectral band between λshort and λlong 

is diffracted onto PV 2. In this particular spectral band the efficiency of PV 2 is higher 

than that of PV 1. Light outside of this spectral band is diffracted at angles that miss PV 2 

and absorbed by PV 1. The PV 2 is positioned vertically to make sure it is only receiving 

light diffracted by the holographic lens. The central wavelength and the diffraction angle 

can be tailored by changing the object and reference beam angles during construction of 

the holographic lens. The diffraction angle is chosen to form a focus near the center of 

PV 2 at central wavelength. The holographic lens has optical power and acts as a 

concentrator in a range of wavelengths. It is also possible to use a primary concentrator in 

front of the holographic lens to provide additional concentration. In the case where the 

incoming wavefront is not collimated, the reference beam wavefront should be changed 

accordingly. Multiple holographic lenses can be multiplexed or cascaded to 

accommodate more PV junctions. 

 

Figure 4-13 The geometry of a spectrum-splitting photovoltaic system with transmission 

holographic lenses. 
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4.5.1 Diffraction efficiency variation across the holographic lens 

The bandwidth of the diffraction efficiency is determined by the grating thickness, the 

refractive index modulation, and the diffraction angle. Large bandwidth is achieved using 

thin holograms with large refractive index modulation shown in Fig. 4-14. 

  

Figure 4-14 Diffraction efficiency properties of planar holograms constructed with beam 

angles of 0° and 35° at central wavelength of 600nm 

 

The spectral and angular bandwidth of the hologram can be controlled with the grating 

thickness and the refractive index modulation. For instance dichromated gelatin (DCG) 

can achieve high refractive index modulation (~0.08-0.10) in relatively thin holograms. 

This results in high diffraction efficiency with broad spectral and angular bandwidth 

properties (Fig. 4-14). The construction angles also impact the bandwidth properties since 

this parameter and the effective wavelength determines the grating period. The bandwidth 

is larger when a smaller diffraction angle is recorded, as shown in Fig. 4-15. The 

holograms in Fig. 4-15 are constructed with thickness d=12µm and refractive index 
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modulation n1=0.022 with different construction angles. The central wavelength is 

designed to be 600nm. 
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 Figure 4-15 Diffraction efficiency properties of planar holograms. 

 

Planar transmission hologram have been used in solar concentrator applications [58]. If 

the same configuration is used for spectrum-splitting system (Fig. 4-16(a)), different 

spectral components are separated angularly however they are not well separated 

spatially at the PV 2 receiving surface. As illustrated in Fig. 4-16(a) the central 

wavelength can be fully intercepted by PV 2 but deviations from the central wavelength 

cause incomplete transfer from the hologram to PV 2. This makes it difficult to achieve 

high spectral fill ratio over a broad spectral range. With focusing power added to the 

planar hologram to form a holographic lens, rays are focused close to the PV 2 surface. 

Diffracted rays with wavelength between λshort and λlong can achieve high transfer 

efficiency from the hologram to the PV cell 2. Light outside of the spectral range will 
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miss PV 2 completely. With a holographic lens configuration a higher spectral fill ratio is 

achieved. 

 

 Figure 4-16 Hologram construction geometry comparison 

 

The focusing power of the holographic lens leads to variations of the grating vector and 

the diffraction angle across the aperture of the hologram. This results in changes of the 

diffraction efficiency and bandwidth as a function of position in the hologram aperture. 

The angle variation can be calculated knowing the ratio between the unit cell width (D) 

and the module height (H) (Fig. 4-17(a)). With an aspect ratio of 1.5:1, the diffraction 

angle varies from 18.4° to 45.0°. The bandwidth of the spectral diffraction efficiency is 

calculated with the coupled wave theory and shown in Fig. 4-17(b). The parameters used 

for the simulation are: grating thickness d=16.5µm, refractive index modulation 

n1=0.0165 and central wavelength λ=600nm. As seen in Fig. 4-17(b) the FWHM 

bandwidth of the diffraction efficiency varies from nearly 400nm to about 100nm.  

 

The spectral fill ratio is simulated with coupled wave analysis and the result is averaged 

over the hologram surface assuming equal s- and p-polarized incidence. Over the 550nm 
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to 650nm range, the spectral fill ratio is 0.907. However the non-uniform behavior makes 

it difficult to achieve high optical transfer efficiency over a broad spectral range. Over the 

500nm to 700nm range, the spectral fill ratio drops to 0.7214. 

  

Figure 4-17 (a) Diffraction angle variation for aspect ratio of 1.5:1 (aspect ratio = H/D); 

(b) diffraction efficiency curves. 

 

The bandwidth variation is reduced by adjusting the grating thickness and refractive 

index modulation as a function of position. A set of improved grating thickness and 

refractive index modulation profile is given by: 

 (1 0.45 )o

x
d d

D


   (4-11) 

 1 1, (1 0.8 )o

x
n n

D


   (4-12) 

where D is the width of the hologram, x  is the distance from the hologram left 

boundary, do=16.5µm is the grating thickness at the left boundary and n1,o=0.0165 is the 
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refractive index modulation at the left boundary. The grating thickness is gradually 

reduced as the diffraction angle becomes larger on the right side of the hologram. The 

refractive index modulation corresponding to a reduced grating thickness is increased to 

maintain grating strength (
1n d  ). The simulated result in Fig. 4-18 shows an improved 

uniformity in diffraction efficiency bandwidth compared to the case with uniform grating 

thickness and refractive index modulation. Over the 550 nm to 650 nm range, the spectral 

fill ratio is 0.966. The spectral fill ratio decreases to 0.839 when wavelength range 

extends to between 500 nm and 700 nm. 

 

Figure 4-18 Diffraction efficiency curves at different diffraction angles with a non-

uniform hologram: (a) Diffraction angle variation for aspect ratio of 1.5:1 (aspect ratio = 

H/D); (b) diffraction efficiency curves. 

 

 

4.5.2 Spectral performance changes related to geometrical adjustments 

The diffraction efficiency bandwidth and uniformity properties are also influenced by the 

aspect ratio of the system and the receiver geometry since both factors change the amount 
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of grating vector variation across the hologram aperture. Shifting the PV 2 location 

further to the left as shown in Fig. 4-19(a) increases the average diffraction angle and 

therefore decreases the diffraction spectral bandwidth. The larger inter-beam angle 

between the incident and diffracted beams also results in more dispersion.  

 

 Figure 4-19 Diffraction angle variation for aspect ratio of 1.5:1; (a) PV2 shift; (b) 

diffraction efficiency. 

 

 

 Figure 4-20 Diffraction angle variation for aspect ratio of 2.5:1 (aspect ratio = H/D); (a) 

larger aspect ratio; (b) diffraction efficiency. 
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A larger aspect ratio of the system provides broader spectral bandwidth and better 

uniformity (Fig.4-20(a)). However in this geometry the second diffraction order has 

significant diffraction efficiency and therefore can mix with the first diffraction order. 

The order mixing has a negative impact on the overall system efficiency. 

 

4.5.3 Experimental results 

The construction geometry shown in Fig.4-21 was used to fabricate prototype focusing 

holograms in dichromated gelatin [14]. The holographic film has an average refractive 

index near 1.5. Light from an Argon ion laser (514nm) was used to form the hologram. 

The reference beam was collimated and the signal beam is focused to a point before 

reaching the film (Fig. 4-21) forming a holographic lens. The angle between the two axial 

construction rays can be changed to obtain different diffraction angles during 

reconstruction. The film is tilted at a small angle to compensate for the reconstruction 

angle change associated with the wavelength change from 514 nm at construction to 500 

nm during reconstruction. 
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Figure 4-21 Construction setup for holographic lens 

 

The film is exposed with approximately 60 mJ/cm2 of exposure energy before 

development. The transmittance of the film at normal incidence is measured and shown 

in Fig. 4-22. The transmittance is measured with a broadband collimated beam similar in 

size as the holographic lens aperture. Therefore the measured spectral quantity is the 

average over the hologram aperture. 

 

As seen in Fig. 4-22, the drop in transmittance centered at 500 nm corresponds to the 

diffracted spectrum. Scattering is the primary loss mechanism which accounts for about 

3% loss for wavelength longer than 600 nm and a maximum of 8% loss at 400 nm. It is 

assumed that only the first diffraction order is present, the diffraction efficiency can be 

derived using: 

 ( ) 1 ( ) ( )DE T A      (4-13) 

where ( )T  is the spectral transmittance is and ( )A  is the spectral extinction including 

absorption and scattering.  
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 Figure 4-22 Transmittance of the prototype holographic lens 

 

The setup shown in Fig. 4-23 is used to directly measure the optical transfer efficiency of 

a holographic lens. Light from a tungsten halogen light source passes through a 

monochromator to generate a collimated narrow band beam. The narrow band beam is 

then diffracted by the holographic lens. A silicon photodiode with a rectangular active 

area is positioned at the designed location for spectrum-splitting PV cells. An optical 

chopper is used to modulate the incident light and a lock-in amplifier is used to extract 

the signal from the detector with the same chopping frequency. The optical power 

received by the detector is then obtained from the amplitude of the extracted signal. This 

method eliminates the effect of ambient light and most of the noise in the measurement 

system.  
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 Figure 4-23 Measurement setup for transfer efficiency of the holographic lens 

 

The optical transfer efficiency of the holographic lens is obtained by comparing the 

optical power at the location shown in Fig. 4-23 to the optical power incident on the 

hologram. In our measurement the effects of Fresnel reflection and absorption losses of 

the holographic material are removed by changing the reference data to the optical power 

passing through the film which is exposed with incoherent light. This simulates the 

optical transfer efficiency of a perfectly AR-coated and lossless holographic material. 
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 Figure 4-24 Transfer efficiency of the prototype holographic lens with no Fresnel 

reflection and grating absorption losses 

 

As seen in Fig. 4-24 the high optical transfer efficiency region is between 420 nm and 

590 nm with a peak efficiency of 92%. This bandwidth is controlled by the PV size, 

dispersion of the hologram and the diffraction efficiency bandwidth of the hologram. The 

diffraction bandwidth can be increased with lower hologram thickness and higher 

refractive index modulation. The transitions between high-transfer and low-transfer 

regions are fast. The spatial shift of the focal point for different wavelengths produces the 

desired square-wave shape in the optical transfer efficiency of the spectrum-splitting 

optical system. A spectral fill ratio of 0.85 is achieved in the spectral band between 420 

nm and 590 nm.  

The spectral conversion efficiency for the GaAs and the high-E solar cell is calculated 

and shown in Fig. 4-25. The open circuit voltage of the GaAs and the high-E solar cell is 
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assumed to be 1.1V and 1.6V respectively. The fill factors for both cells are assumed to 

be 0.8. 

The calculated system efficiency with an ideal filter is 32.3% (Table 4-4), which is 16.6% 

better than the stand-alone efficiency of the highest efficiency bandgap. With the 

prototype holographic lens the system efficiency is 31.0% which is improved by 11.9% 

over the best single bandgap cell. The achievable system efficiency with the prototype 

filter is about 96% compared to that of the ideal system. 

 

Figure 4-25 Spectral conversion efficiency of the GaAs PV cell and the high-E PV cell 

in the spectrum-splitting system. 
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Table 4-4 Conversion efficiency for different configurations. 

 Stand-alone 
Ideal optical 

system 

Prototype holographic 

lens 

GaAs 27.7% 17.5% 20.0% 

High-E 14.8% 14.8% 11.0% 

Both - 32.3% 31.0% 
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CHAPTER 5 HOLOGRAPHIC ULTRA-LIGHT-TRAPPING IN PHOTOVOLTAICS 

5.1 Introduction 

Light-trapping in photovoltaic (PV) cells increases the effective optical path-length in the 

semiconductor material leading to greater absorption and conversion efficiency. One 

approach to produce light trapping is by incorporating a diffuse layer on the surface of 

the cell. This can change the direction of the rays that enter the cell medium forcing some 

of the rays to exceed the critical angle of the cell/air interface. The portion of rays that 

exceed the critical angle are trapped in the cell by total internal reflection (TIR) leading 

to longer optical path length and greater absorption in the cell. It has been shown that the 

effective optical path length can be increased by a factor of 4n2 using diffusive surfaces 

on a PV cell. For silicon with a refractive index of 3.7 at near-infrared wavelength an 

enhancement factor of 55 can be realized [23]. This leads to a considerable reduction of 

PV material while maintaining approximately the same electrical output power.  

 

Recently it has been shown that the 4n2 path length and absorption enhancement can be 

further improved with the addition of angular and wavelength selective filters to the 

diffuser surface [28-30]. The filter decreases the escape cone for rays within the substrate 

providing a greater light-trapping effect. The filter-diffuser combination increases the 

effective optical path length by a factor of 4n2/sin2θ [30], where θ is the ideal half-angle 

of the escape cone in air. 
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Ultra-light-trapping filters have previously been realized with dielectric multi-layer 

stacks [31]. A maximum of 25% increase in monochromatic absorption was 

demonstrated and the efficiency improvement under AM1.5 spectrum was 5.5% [31]. A 

broadband dielectric Rugate coating was also designed for light trapping and a 4.87% 

increase in efficiency was found due to light-trapping [29]. The Rugate coating was 

optimized with a continuously varying refractive index profile in the depth direction by 

assuming a co-deposition fabrication process [29]. Both approaches are limited by 

relatively high production costs which constrain their use in mass production. 

 

Dichromated Gelatin (DCG) holograms exhibit large refractive index modulation on the 

order of 0.1. DCG holograms can record interference fringes with spatial frequency as 

high as 5000 lines/mm and large scale production capability has been demonstrated [59]. 

DCG reflection holograms formed in the Lipmann geometry show strong specular 

reflection properties. Holograms of this type have been fabricated for sunlight control 

[59, 60] and solar concentration [59] purposes. Therefore DCG holographic filter can be 

a possible low cost counterpart to more expensive dielectric multi-layer and Rugate filter 

implementations. 

 

In this section, the light-trapping properties of broadband reflection holograms are 

analyzed. The diffraction efficiency characteristics of broadband reflection hologram are 

designed to achieve light-trapping in silicon thin-film PV cells. Diffraction properties of 

broadband reflection holograms are modeled using rigorous coupled wave analysis taking 
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into account the depth variation in refractive index profile. A simplified procedure is 

described to produce broadband reflection holograms. Modeling parameters are extracted 

from prototype DCG holograms and good matches are found between simulation and 

experiment at diffraction properties. The absorption enhancement factor for a thin film 

silicon PV cell is predicted with the PC-1D simulation program. The absorption 

enhancement factor obtained with a DCG holographic filter was found to be similar to 

that of an optimum Rugate filter. The enhancement in short circuit current density was 

found to be 8.2% for a 50 µm thick silicon PV cell and 15.8% for a 10 µm thick silicon 

PV cell. 

 

5.2 Light-trapping Geometry with Reflection Holographic Filter 

 

 Figure 5-1 The typical light-trapping structure. A DCG holographic filter is included in a 

regular PV encapsulation. The escape cone in air has half-angle of a  and the 

corresponding half-angle in the encapsulation medium is '

a  
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The geometry for realizing the ultra-light-trapping filter is shown in Fig. 5-1. A 

dichromated gelatin holographic filter and diffuser are encapsulated with the PV cell and 

a back reflector. At normal incidence the DCG holographic filter has high transmittance 

in the 400 nm to 1100 nm wavelength range. Light is randomly distributed into all 

directions by the diffuser and reflected back to the holographic filter by the back 

reflector. The filter only allows light to escape the structure within the loss cone shown in 

Fig. 5-1 with a half angle of θa. The corresponding half angle in the encapsulation 

medium is '

a . Light outside of the loss cone is trapped by the holographic filter. It has 

been shown that the absorption enhancement factor for this system can be 2 24 / sin an  if 

the loss cone has a half angle of θa [30]. In the case that the diffuser has back scattering, it 

is better to place the diffuser at the bottom of the solar cell structure to minimize back 

scattering losses. 

 

The properties of an ideal light-trapping holographic filter are shown in Fig. 5-2.  The 

grating fringes are parallel with the surface of the substrate. The filter follows the Bragg 

matching condition (Eq.5-1) over a range of angles of incidence and wavelengths. In the 

ideal case incident light is diffraction between the curved band sections in the middle of 

the graph and transmitted elsewhere. At normal incidence, the transmittance is unity for 

usable light in the PV cell (λ<1.0 µm). At larger angles of incidence the high reflectivity 

wavelength becomes shorter as predicted by the Bragg condition. Incident photons with 

energy close to the bandgap of silicon are reflected by the hologram at large angles and 
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trapped within the solar cell. The boundaries for reflection as a function of the incident 

angle and wavelength are modeled with the Bragg condition: 

 2 2( ) 2 ( sin )p n        (5-1) 

where n is the refractive index of the medium, θ is the angle of incidence and Λ is the 

grating period.  

 

The mechanism for trapping long wavelength light using a perfect Bragg filter is 

illustrated in Fig. 5-2. The two curves in Fig. 5-2a show the boundaries for reflection as a 

function of the incident angle and wavelength in air. Solar illumination between λshort and 

λlong are incident on the ultra-filter/diffuser/PV cell as shown in the figure at near normal 

incident angles. The light passes through the hologram and is then scattered by the 

diffuser increasing the propagation angle in the substrate. For the example in Fig. 5-2b if 

light is scattered with an angle of 40° the short wavelength light (900 nm) will be 

transmitted by the hologram while the longer wavelength light (1000 nm) is reflected by 

the hologram and trapped. At a 60° scatter angle light with wavelengths between 900 nm 

and 1000 nm is diffracted by the hologram back into the substrate where it will propagate 

through the PV cell and increase the probability of absorption. As a result of the perfect 

Bragg reflection filter, light that satisfies the conditions in the dashed region in Fig. 5-2a 

is trapped by the holographic filter after randomized scattering. More light-trapping 

benefit is achieved at longer wavelength at the cost of more restricted acceptance angle.  



123 

 

 

Figure 5-2 Optical transmittance of an ideal Bragg light-trapping filter: (a) the high 

reflection spectral bands at different ray angles in air; (b) diagram of ray transmission and 

reflection. 

 

5.3 Properties of Broadband Reflection Holograms 

In order to function effectively as ultra-light-trapping filters, the volume reflection 

holograms must have high diffraction efficiency over a broad spectral range. In addition 

they must diffract with high efficiency at large angles of incidence and be transparent at 

angles less than the system acceptance angle. The diffraction efficiency of the hologram 

is defined as:      , , / ,dif incI I       , where  ,incI   and  ,difI   are the 

incident and diffracted optical power.  

 

Sensitized dichromated gelatin (DCG) holograms exhibit high refractive index 

modulation, broad range of linear sensitivity, low scattering and low absorption [59-63]. 

It is also possible to chirp or vary the grating period as a function of thickness [59, 64, 
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65]. The grating chirp increases the spectral and angular bandwidth of the grating. 

Refractive index apodization can also be realized in DCG hologram which is useful for 

controlling the strength of side lobes in the diffraction efficiency response [64-66]. In 

addition, once sealed in a manner similar to PV modules, they have excellent long term 

stability properties.  

 

DCG holographic films can be made with a variety of coating techniques. In this case a 

sensitized gelatin mixture was spin-coated onto a glass substrate. The sensitized gelatin 

mixture consists of 20% gelatin solution in de-ionized water, and is sensitized with 2% 

ammonium dichromate by weight to water. The solution temperature is maintained at 

40°C before spin-coating and a constant air flow is supplied over the coating substrate 

while maintaining the temperature at 40°C. After 5 minutes of spin-coating at 125 

rotations per minute (RPM), the plates were removed from the spinner and allowed to dry 

for an hour in an environment with 25°C and 45% RH. The plates are then baked for 45 

minutes at 90°C and cooled down to 25°C. This process yields a DCG film with a 

thickness of 17 µm as measured with a Filmetrics method and the average refractive 

index was found to be 1.53 as determined with the Brewster angle method. The shelf life 

of such plates is usually 2 weeks in light-tight containers under room temperature and 

15% relative humidity.   
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 Figure 5-3 Exposure geometry for reflection DCG holographic filter 

 

The DCG film is exposed using a collimated argon ion laser beam at 514 nm through a 

right angle prism as shown in Fig. 5-3. The right-angle prism is used to achieve large 

incident angle in the medium. The central reflection peak is controlled by changing the 

incident angle of the construction beam as shown in Fig. 5-3. A larger construction angle 

corresponds to longer central wavelength. The incident angle θ (Fig. 5-3) was 22° in air 

relative to the prism side surface normal. The uncoated side of the DCG plate is index 

matched with Xylene to the hypotenuse face of the prism. The interference pattern 

formed between the incident and TIR beams is recorded during the exposure. Using this 

setup the interference fringes are parallel to the surface of the film. The spectral 

bandwidth is controlled by fine-tuning exposure energy, isopropanol development 

temperature and hardening time in the fixer bath. The optimum exposure flux density is 

approximately 147 mJ/cm2. Higher exposure energy will increase high order harmonics 

in the diffraction efficiency due to non-linear behavior in light sensitivity [53, 62]. The 

development procedure is described in Table 5-1 and the time interval between the 

exposure and development is kept to less than 5 minutes.  
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Table 5-1 DCG development procedure 

1. Fix plate in 25°C Kodak Rapid Fixer for 120 seconds 

2. Rinse in 20°C de-ionized water for 30 seconds 

3. Wash with 25°C 50% isopropanol (50% de-ionized water) for 

30 seconds 

4. Wash with 25°C 75% isopropanol for 30 seconds 

5. Dehydrate with 25°C 99% isopropanol for 30 seconds 

6. Bake in 75°C oven for 20 minutes 

 

The diffraction efficiency of the resulting holograms is obtained by measuring the 

transmittance spectrum. The spectral transmittance is the ratio of the transmitted spectral 

flux of the hologram and that of an uncoated glass substrate. The measured transmittance 

of a prototype hologram is shown in Fig. 5-4. Transmission of short wavelength visible 

light is slightly reduced due to scattering in the hologram. Two small rejection peaks can 

be seen in the visible spectrum at 410 nm and 600 nm. These are indications of the 

second and third order harmonics in the refractive index modulation profile. The 

hologram illustrated in Fig. 5-4 has not been completely optimized for reducing higher 

order harmonic reflection. However the secondary order at near 610 nm is relatively 

weak and the third order near 400 nm falls within the spectral region where the silicon 

PV cells do not have strong spectral responsivity. In addition techniques for further 

reduction of higher order reflections by controlling exposure and development condition 
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can also be applied to reduce these effects. The experimental hologram exhibits isotropic 

scattering that account for about 8% losses in transmittance. The scattering is not desired 

because part of the light enters back scattering and do not reach the PV cell. The 

calculated backscattered light which does not enter the medium is 1.7%. This scattering 

can be further minimized by careful control of the hologram development procedure. 

Therefore due to the low lost back scattered component in the following simulation it is 

assumed the scattering does not create significant effects. 

 

In the unslanted reflection configuration in Fig. 5-3, the diffraction efficiency is equal to 

the reflectance since all the diffracted orders follow the specular reflection angle. The 

spectral extinction accounts for both absorption and scattering losses.  Holograms with 

extremely low absorption and scattering losses have been experimentally shown in [59]. 
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 Figure 5-4 Measured specular transmittance of an experimental DCG filter at normal 

incidence 

 

Chain-matrix analysis can accurately model non-uniform grating modulation profile as 

well as the grating period chirp and apodization as functions of depth. The refractive 

index modulation and the grating period profiles can be approximated by the following 

equations [64, 65]: 

 1 1 1( ) ( ) (1 )rz
n z n d n

d
      (5-2) 

 ( ) (0) ( )sz
z

d
       (5-3) 

where z is distance from the hologram/glass interface and d is the total thickness of the 

hologram. The parameters “r” and “s” are empirically determined constants. The 

refractive index modulation is highest at the hologram/air surface and the grating period 
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is largest at the hologram/glass interface. The value of 1( )n d  and (0)  are the 

corresponding refractive index modulation and grating period maxima. Grating 

parameters d, n1, Δn1, Λ(0), ΔΛ, r and s are varied in the model to find the best fit to the 

experimentally obtained diffraction efficiency data. The best fit parameters are shown in 

Table 5-2. Both the simulated and measured diffraction efficiency curves are plotted in 

Fig. 5-5. The measured diffraction efficiency is indirectly obtained from the spectral 

transmittance.  

 Table 5-2 Best-fit parameters for the experimental DCG holographic filter 

d n1 Δn1 Λ(0) ΔΛ r s 

17 µm 0.125 0.0437 0.41 µm 0.0193 µm 3 2 

 

The chain-matrix simulated diffraction efficiency as both functions of wavelength (x-

axis) and angle (y-axis) is shown in Fig. 5-6. The angle of incidence is evaluated in the 

grating medium. The diffraction efficiency of both TE and TM polarizations are averaged 

to give the diffraction efficiency of unpolarized light. The blue shift of the high 

diffraction efficiency band matches previous predictions using the Bragg conditions. It 

can be seen that both the peak value and the bandwidth of the diffraction efficiency are 

reduced at large angles of incidence. It is not necessary to optimize the diffraction 

efficiency at incident angles that is larger than the critical angle since they undergo total 

internal reflection and are trapped. The critical angle is around 41° in the medium when 

the refractive index of the encapsulation medium is 1.53.  
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Figure 5-5 Measured and simulated diffraction efficiency characteristics  
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 Figure 5-6 Simulated diffraction efficiency for a range of angle of incidence and 

wavelength. The angle of incidence is evaluated in the grating medium (n=1.53). 

Parameters used for the simulation are listed in Table 5-2 



131 

 

5.4 PV Cell Absorption Enhancement 

The holographic filter allows light at all wavelengths to enter the light trapping structure 

at angles less than the acceptance angle
a . The filter also reflects light for ' '

a  at 

specific wavelength . The angles ' and '

a are within the encapsulation medium which is 

assumed to be index matched with the holographic grating. Using these properties, the 

absorption enhancement factor for a filter of this type used in a light trapping 

configuration as in Fig. 5-1 can be specified as [23]: 

 
/2

0

2 (0 , )

( , )cos sin

T
k

T d




    

 



   (5-4) 

in which ( , )T    is the spectral transmittance of the filter at angle of incidence θ and 

wavelength λ. This equation assumes that the optical diffuser has the same refractive 

index as the hologram, the PV cell material is weakly absorbing and the Fresnel 

reflection losses are negligible. The angle θ is evaluated in the hologram medium with a 

refractive index of 1.53. The spectral transmittance is taken to be 

( , ) 1 ( , )T DE     when the ray angle is less than the critical angle. (0 , )T   is the 

spectral transmittance at normal incidence. The transmittance is zero at angles larger than 

the critical angle (~41°) in the medium due to total internal reflection.  

 

The above equation is evaluated numerically using the experimental data from the 

reflection holographic filter (Fig. 5-6) and the resulting absorption enhancement factor is 

shown in Fig. 5-7. There is an almost constant absorption enhancement for wavelength 
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shorter than 850 nm due to the diffuser. From 800nm to 1100nm, the absorption 

enhancement increases as a result of light trapping by the holographic filter. The 

enhancement drops down for λ>1.1 µm due to limit in the filter transmittance. Overall, 

the large absorption enhancement in the 800 nm to 1100 nm wavelength range can 

provide significantly improvement in light absorption at the band edge of silicon. 

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
0

5

10

15

20

25

Wavelength[m]

A
b
s
o
rp

ti
o
n
 e

n
h
a
n
c
e
m

e
n
t 

fa
c
to

r

 

 Figure 5-7 Absorption enhancement factor with the DE property shown in Fig.  5-6 

 

The one-dimensional carrier generation profile ( , )g z is defined 

as: ( , ) ( , ) / ( )pg z N z N   , in which ( )pN  is the rate of photon incidence and 

( , )N z is the photon absorption rate per unit depth at wavelength  . The absorption 

coefficient ( )   for a silicon PV cell at wavelength is assumed to be constant [67]. The 
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spectral absorption is related to the generation profile ( , )g z for wavelength λ at depth z 

given by: 

 
0

( ) ( , )

d

z

A g z dz 


     (5-5) 

with d being the total thickness of the PV material. 

 

The carrier generation profile for a double-side polished PV cell with thickness d and an 

ideal back reflector is given by: 

 ( ) ( ) ( 2 )

0( , ) ( ) ( )z z dg z e e               (5-6) 

and the total absorption in this configuration is: 

 2 ( )

0( ) 1 dA e          (5-7) 

 

The carrier generation profile for a PV cell and back reflector with a Lambertian diffuser 

is [68]: 

2 2
1

( ( ) ) ( ( ) (2 ))
( , ) 2 ( )

1 [1 ( )]cell diffuser

Ei z Ei d z
g z

t t

   
  



   
 

 
   (5-8) 

in which 
21/diffusert n  [28, 68] with n being the refractive index of the encapsulation 

medium. cellt is the transmittance averaged for all possible angles of incidence for light 

making a round trip from front to rear and back [68]: 
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( ) 2

1 ( ) 2
( ) [ ( ) 2 ] ( ( ) 2 )cell d

d
t d Ei d

e 

 
    



 
        (5-9) 

and Ei(z) is the exponential integral defined as ( )
t

z

e
Ei z dt

t

 

  . 

 

The corresponding total absorption for a specular PV cell with a Lambertian diffuser is: 

 1

1 ( )
( )

1 ( )[1 ( )]

cell

cell diffuser

t
A

t t




 




 
   (5-10) 

When an additional broadband reflection hologram is included, the photon generation 

profile changes to [28, 68]: 

2 2
2

,

( ( ) ) ( ( ) (2 ))
( , ) 2 ( )

1 (1 )cell diffuser filter

Ei z Ei d z
g z

t t

   
  

   
 

 
   (5-11) 

And the corresponding absorption is given by: 

 2

,

1 ( )
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1 ( )[1 ( )]

cell

cell diffuser filter

t
A

t t




 




 
   (5-12) 

The parameter , ( )diffuser filtert  is defined as the angular integrated transmittance of both the 

diffuser and the holographic filter. This parameter is evaluated numerically with 

simulated diffraction efficiency using chain-matrix method: 

/2

0
, /2

0

[1 ( , )]sin cos

( )

sin cos

diffuser filter
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t
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   (5-13) 
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where ( , )DE    is the diffraction efficiency of the holographic filter and the exponential 

integral Ei2(z) is: 
2 2
( )

t

z

e
Ei z z dt

t

 

  . 

 

The spectral absorption for silicon PV cells for the three different configurations are 

calculated and shown in Fig. 5-8. When the PV cell thickness is 50 µm, the absorption 

enhancement due to the holographic filter extends the usable spectral range from 1000 

nm to about 1100 nm. The enhancement is more significant for the 10 µm thick Si PV 

cell. The thinner Si cell with 10 µm thickness cannot effectively absorb light past 900 nm. 

However the same cell incorporated with diffuser and holographic filter can absorb 

effectively up to 1050 nm. 

 

Some additional reflection losses introduced by the holographic filter limit the overall 

absorption past 1150 nm for both 10 µm and 50 µm thick PV cells. However the loss in 

energy conversion is negligible since the spectral responsivity of silicon is extremely low 

at larger wavelength. 
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 Figure 5-8 Simulated spectral absorption for silicon solar cells with thickness of (a) 

50µm and (b) 10µm 
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The total carrier generation rate as a function of depth under standard AM1.5 direct 

illumination is numerically obtained by integrating over the responsive wavelength range: 

 

1200

, 1.5

400

( ) ( ) ( , )

nm

p AM

nm

G z N g z d


  


     (5-14) 

where , 1.5( )p AMN  is the photon incident rate under the AM 1.5 direct spectrum. It can be 

calculated as , 1.5 1.5( ) ( ) /p AM AMN E hc    in which the 1.5( )AME  is the spectral optical 

power incident on the PV cell, h is the Planck’s constant and c is the speed of light in 

vacuum and ( , )g z is the normalized spectral generation rate at depth z in the PV cell. 
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 Figure 5-9 Carrier generation rate for a 10 µm thick specular thin-film silicon PV cell 
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With the 10 µm thick Si cell, the total carrier generation rate is calculated for the three 

cases including bare specular cell, specular cell with Lambertian diffuser, and specular 

cell with diffuser and holographic filter and is plotted in Fig. 5-9. The Lambertian 

diffuser provides a noticeable improvement in carrier generation in the PV medium and 

further improvement is introduced with the additional holographic filter, as can be seen in 

Fig. 5-9. 

 

The carrier collection characteristics over the depth of the PV cell are modeled using the 

PC-1D software [39]. The computation is performed using the carrier generation rate 

profile from the analytical expressions (Eqs. 5-6, 5-8 and 5-11) and the thin film silicon 

PV cell parameters shown in Table 5-3. 

 

Table 5-3 Parameters of thin-film silicon solar cell used in PC-1D simulation 

Exterior Front 

Reflectance 
10% 

Thickness 10 µm, 50 µm 

Intrinsic carrier 

concentration 
1×1010 cm-3 

P-type background 

doping 
1.5×1016 cm-3 

Front diffusion N-type 

doping 

2×1020 cm-3, with erfc 

distribution peak at top 

surface, depth factor is 0.1 µm 

Carrier lifetime 5 µs 

Front surface 

recombination velocity 
Sn=Sp=1000 cm/s 

Rear surface 

recombination velocity 
Sn=Sp=500 cm/s 
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For a 50 µm thick silicon cell, a bare specular cell is capable of generating a short circuit 

current density of 36.5 mA/cm2. The performance improves by 3.0% to 37.6 mA/cm2 

with the optical diffuser and with both the diffuser and the holographic filter, the 

performance increases by 8.2% to 39.5 mA/cm2 compared to the specular case.  

 

 

 Figure 5-10 Simulated IV curves for 10µm and 50µm Si PV cells with different light 

trapping configurations 

 

The simulated IV curves are shown in Fig. 5-10. The specular cell with thickness of 10 

µm has a short circuit current density of 29.7 mA/cm2 and a higher short circuit current 

density of 31.6 mA/cm2 is achieved with the addition of a Lambertian diffuser (Fig. 5-9), 

which is a 6.4% improvement. The highest generation rate is obtained by the cell that has 

diffuser and holographic filter. The corresponding current density is 34.4 mA/cm2 
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resulting from an 8.9% improvement compared to the same PV cell with only the diffuser 

and a 15.8% improvement compared to bare specular cell. 
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CHAPTER 6 CONCLUSIONS 

6.1 Conclusions 

In this dissertation, different methods to improve PV conversion efficiency with 

holographic optical components are discussed.  Spectrum-splitting is a lateral multi-

junction concept that is not limited by lattice and current matching constraints. It is 

possible to utilize thin-film PV cells that are fabricated with existing and future low cost 

technologies.  Holographic optical components are designed to achieve spectrum-splitting 

PV energy conversion. The incident solar spectrum is separated onto multiple PV cells 

that are matched to the corresponding spectral band.  

 

The reflection holographic mirror configuration has flexibility in correcting for 

the spectral shift due to a focusing incident beam compared to the dichroic filters design.  

Experimental result shows that the diffraction efficiency of DCG hologram is sensitive to 

the change in the angle of incident and polarization. Reflection holograms with higher 

bandwidth usually exhibit stronger Rayleigh scattering. The repeatability of reflection 

DCG film fabrication is very dependent of the temperature and humidity. An N-junction 

system requires (N-1) holograms. Prototype reflection DCG holograms are fabricated and 

characterized. Important fabrication parameters such as exposure time, dehydration 

temperature and hardening bath time are controlled to obtain high diffraction efficiency 

and low scattering loss. Bandwidth of approximately 160 nm at central wavelength of 

620 nm is shown with mold-coated DCG holographic plates. A holographic spectrum-
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splitting prototype is proposed using gallium arsenide (GaAs) and silicon (Si) PV cells. 

with efficiency of 25.1% and 19.7% respectively. The efficiency of the GaAs cell is 

chosen to be 25.1% and the efficiency of the Si cell is selected to be 19.7%. The 

calculated conversion efficiency with a prototype hologram is 27.94% which is 93.94% 

compared to the ideal spectrum-splitting efficiency of 29.74%. 

 

The transmission type DCG holograms are less sensitive to film deposition and 

exposure conditions compared to the reflection type. They can be made with minimum 

scattering and absorption losses due to a much lower film thickness requirement. The 

holographic lens achieves both spectrum-splitting and concentrating functionalities. Such 

implementation can be a compact and light-weight replacement for the primary 

concentrator optics. Due to the diffraction angle variation, the film diffraction property 

has some bandwidth variation across the aperture. The bandwidth variation can be 

compensated by changing the film thickness and refractive index modulation across the 

holographic lens. It is possible to use a single holographic lens element to cover multiple 

PV junctions when the spectral bandwidth is sufficiently large. The diffraction efficiency 

of a holographic lens is modeled with the Kogelnik’s two-wave coupled wave analysis 

for both s- and p-polarizations. The design spectral bandwidth is shown to be tunable by 

changing the construction angle, hologram thickness and the refractive index modulation. 

Experimental holographic lens is constructed and the transmittance and optical transfer 

efficiency are measured.  The peak optical efficiency is around 92% and high spectral fill 

ratio of 85% is achieved in the spectral band between 420 nm and 590 nm. 
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Light-trapping in PV cells increases the effective optical path-length in the 

semiconductor material leading to improved absorption and conversion efficiency. The 

maximum 4n2 effective optical path length enhancement can be achieved with an ideal 

Lambertian diffuser. Ultra-light-trapping can exceed the 4n2 factor with optical filters that 

limit the escape angle of the diffused light. Holographic reflection gratings have been 

shown to act as angle-wavelength selective filters that can function as ultra-light-trapping 

filters. Results from an experimental reflection hologram are used to model the 

absorption enhancement factor for a silicon solar cell and light-trapping filter. The result 

shows an increase in absorption by nearly 23% over the PV cell without the light trapping 

filter. The experimental holographic filter properties are also incorporated into the PC-1D 

simulation tool to model the short circuit current density. The result of this simulation 

shows an improvement of 8.2% for a 50 µm thick silicon PV cell and a 15.8% 

improvement for a 10µm thick cell under one-sun condition.  

 

6.2 Future Work 

Future improvements and extensions of this work may include: 

1. Ray-tracing of transmission holographic lenses. Diffraction calculation with the 

Kogelnik’s two-wave coupled wave analysis can be incorporated in extension 

libraries for ray-tracing software packages such as ZEMAX and FRED.   

2. Explore the design space for the spectrum-splitting optical system. Optimization 

should include parameters such as system aspect ratio, average diffraction angle 
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and grating refractive index modulation and grating thickness. The optimization 

should try to maximize diffraction efficiency in the desired spectrum and 

minimize losses such as diffraction in the unwanted spectrum (side-lobes), 

scattering and absorption. 

3. Fabrication techniques for low scattering DCG holographic gratings. Strict control 

of temperature and humidity during the film deposition and drying steps are 

crucial to the properties of the DCG film. High isopropanol bath temperature 

and/or short hardening bath time improves grating modulation and bandwidth at 

the cost of higher scattering. An optimized procedure is needed to balance the 

trade-offs. 

4. Investigate diffusers that have low back-scattering losses for holographic ultra-

light-trapping. Alternatively, the diffusers with some back-scattering can be 

placed at the back of a solar cell to reduce the back-scattering loss. 
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APPENDIX 2A MATLAB SCRIPT TO INTERFACE WITH SMARTS 2.95 

% created by Deming Zhang on Feb/10/2011 

  

%% Clean Up 

fclose('all'); 

delete('exchange.txt'); 

delete('smarts295.inp.txt'); 

delete('smarts295.out.txt'); 

delete('smarts295.ext.txt'); 

clc;clear; 

  

%% DEFINE: Local Time in Tucson, AZ 

year = 2012; 

month = 5; 

day = 29; 

hour = 12.5; 

  

%% Prepare Input File 'smarts295.inp.txt' 

fid_input_template = fopen('Input_Template.txt'); 

fid_input_file = fopen('smarts295.inp.txt','W'); 

while(~feof(fid_input_template)) 

    fprintf(fid_input_file, '%s\r\n',fgetl(fid_input_template)); 

end 

fprintf(fid_input_file, '%d %d %d %.1f 32.12 -110.93 -7         !Card 17a Date & Location',... 

    year, month, day, hour); 

fclose(fid_input_template);fclose(fid_input_file); 

clear fid_input_template fid_input_file; 

  

%% Invoke SMARTS 2.9.5 

[s w] = dos('smarts295bat.exe'); 

% disp('Y\n'); 

% disp('\n'); 

  

%% Read Output File 

fid1 = fopen('smarts295.ext.txt'); 

fid2 = fopen('exchange.txt','W'); 

A = fgetl(fid1); 

while(~feof(fid1)) 

    fprintf(fid2, '%s\r\n',fgetl(fid1)); 

end 

fclose(fid1);fclose(fid2); 

clear fid1 fid2; 

data = load('exchange.txt'); 

  

%% All data is saved in 'data' matrix 

% colums are defined as: 

% Wvlgth Direct_normal_irradiance Difuse_horizn_irradiance RayleighScat_trnsmittnce 

Ozone_totl_transmittance Trace_gas__transmittance WaterVapor_transmittance 

Mixed_gas__transmittance Aerosol_tot_transmittnce Global_horizn_irradiance Global_tilted_irradiance 
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% Plot Direct and Diffuse component 

  

wv = data(:,1); 

ETR = data(:,2); 

DNI = data(:,3); 

Diffuse = data(:,4); 

figure(1); 

hold on; 

wv1 = linspace(300,2000,500); 

etr1 = interp1(wv,ETR,wv1); 

dni1 = interp1(wv,DNI,wv1); 

plot(wv1,[dni1; etr1]); 

 

Text Input File “Input_Template.txt” 

'Template: Tucson_summer_UV_VIS_IR'      !Card 1 Comment 

1                   !Card 2 ISPR 

974. .339   0.      !Card 2a Pressure, altitude, height 

1                   !Card 3 IATMOS 

'MLS'               !Card 3a ATMOS 

1                   !Card 4 IH2O 

1                   !Card 5 IO3 

0                   !Card 6 IGAS 

1                   !Card 6a iLoad 

370.0               !Card 7 qCO2 

1                   !Card 7a ISPCTR 

'SRA_CONTL'         !Card 8 Aeros 

0                   !Card 9 ITURB 

0.085               !Card 9a Turbidity coeff. 

38                  !Card 10 IALBDX 

1                   !Card 10b ITILT 

38 0 180.           !Card 10c Tilt variables 

280 400 1.0 1367.0   !Card 11 Input wavelengths; solar constant modifier; solar constant 

2                   !Card 12 IPRT 

300 2000 .5         !Card12a Print limits 

4                   !Card12b # Variables to Print 

1 2 3 9             !Card12c Variable codes 

1                   !Card 13 ICIRC 

0 5.0 0             !Card 13a Receiver geometry 

0                   !Card 14 ISCAN 

2                   !Card 15 ILLUM 

1                   !Card 16 IUV 

3                   !Card 17 IMASS 
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APPENDIX 3A MATLAB SCRIPT FOR RCWA GRATING CALCULATION (RSOFT 

DIFFRACTMOD) 

%% Hologram Parameters 

wl_c = 0.514;           %construction wavelength 

wl_re = 0.514;          %reconstruction wavelength 

n0 = 1.53;              %average diffraction index 

n1 = 0.0155;              %diffraction index modulation (p-p) 

th_c = pi/180 * 0;     %construction beam angle (relative to normal) 

th_ref = pi/180 * 35;   %reference beam angle 

  

th_c = asin(sin(th_c)/n0); 

th_ref = asin(sin(th_ref)/n0);  %angles in medium 

k_c = 2*pi*n0/wl_c*(cos(th_c)+1i*sin(th_c)); 

k_ref = 2*pi*n0/wl_c*(cos(th_ref)+1i*sin(th_ref)); %wave vectors 

K = k_ref - k_c;        %grating vector K 

Kx = imag(K); 

Ky = real(K); 

Lx = 2*pi/Kx;           %grating period in X direction 

Ly = 2*pi/Ky;           %grating period in Y direction 

thickness = 16.0;          %[um] thickness of hologram, should be >4 

  

%% Scanning Parameters 

wv_min = 0.4;         %wavelength minimum 

wv_max = 0.9;         %wavelength maxium 

angle_min = 0;        %incident beam angle min 

angle_max = 0;         %incident beam angle min 

  

%% Plots 

x = (angle_min:angle_max);  %in interval of 1deg 

y = (wv_min:0.005:wv_max);  %in interval of 5nm 

P1 = x'*y; %Plus One Order 

N1 = x'*y; %Negative One Order 

  

%% RSoft Index File Generation 

  

  

fid = fopen('slanted_transmission_no_Fresnel_loss.ind', 'w'); 

fprintf(fid,'\n'); 

fprintf(fid,'%s','Lx = ');fprintf(fid,'%0.4f\n',Lx); 

fprintf(fid,'%s','Ly = ');fprintf(fid,'%0.4f\n',abs(Ly)); 

fprintf(fid,'%s\n',... 

    'alpha = 0',...%absorption coef. 

    'background_index = 1.0',...%background ref. index 

    'boundary_max = Lx/2',...%grating right boundary 

    'boundary_min = -Lx/2',...%grating left boundary 

    'cad_aspectratio = 1',...%aspect ratio of CAD (x) 

    'cad_aspectratio_y = 5',...%aspect ratio of CAD (y) 

    'delta = 0.53');%average index of the grating medium compared to air 
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                    %for example, for index 1.53 glass, use 0.53 

fprintf(fid,'%s%0.4f\n','domain_max = ',thickness+4);%simulation domain z 

fprintf(fid,'%s\n',... 

    'domain_min = -1',...%simulation domain height min 

    'eim = 0'); 

fprintf(fid,'%s%0.4f\n','free_space_wavelength = ',wv_min+i); 

fprintf(fid,'%s\n',... 

    'grid_size = 0.005',...% grid size foe simulation 

    'grid_size_y = 0.005'); 

fprintf(fid,'%s%0.4f\n','height = ',thickness);% grating thickness 

fprintf(fid,'%s\n',... 

    'index_display_mode = DISPLAY_CONTOURMAPXZ'); 

fprintf(fid,'%s%0.1f\n','launch_angle = ',0); 

fprintf(fid,'%s\n','launch_theta = 0'); 

fprintf(fid,'%s%0.4f\n%s%0.4f\n','n0 = ',n0,'n1 = ',n1); 

fprintf(fid,'%s\n',... 

    'profile_type = PROF_USER_1',... 

    'polarization = 1',...%incident light polarization: TE=0, TM=1 

    'rcwa_launch_pol = 0',... 

    'rcwa_output_diff_trans = 1',... 

    'rcwa_output_option = 2',... 

    'rcwa_tra_order_x = -2:2',...% diffraction orders 

    'rcwa_variation_max = 1.0',... 

    'rcwa_variation_min = 0.35',... 

    'rcwa_variation_step = 0.001',... 

    'sim_tool = ST_DIFFRACTMOD',... 

    'slice_grid_size = 0.01',... 

    'step_size = 0.01',... 

    'width = Lx*xmag',... 

    'xmag = 3',... 

    'ymag = height/Ly'); 

fprintf(fid,'\n\n'); 

  

  

fprintf(fid,'%s\n','user_profile 1'); 

fprintf(fid,'\t%s\n',... 

    'type = UF_EXPRESSION',...%index modulation profile, normalization incl 

    'expression = 1 + n1/delta*sin(xmag*180*x+ymag*360*y)',...%normalized 

    'xpoints = 501',... 

    'ypoints = 501',... 

    'ymin = 0',... 

    'ymax = 1'); 

fprintf(fid,'%s\n','end user_profile'); 

  

  

fprintf(fid,'\n\n'); 

%grating medium 

fprintf(fid,'%s\n','segment 1'); 

fprintf(fid,'\t%s\n',... 

    'profile_type = PROF_USER_1',...%use modulation profile defined earlier 

    'color = 1',... 

    'begin.x = 0'); 

fprintf(fid,'\t%s%0.4f\n','end.z = ',thickness); 
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fprintf(fid,'\t%s\n',... 

    'end.x = 0',... 

    'begin.z = 0'); 

fprintf(fid,'%s\n','end segment'); 

  

fprintf(fid,'\n\n'); 

%back cover glass 

fprintf(fid,'%s\n','segment 2'); 

fprintf(fid,'\t%s\n',... 

    'profile_type = PROF_STEPINDEX',... 

    'color = 11',... 

    'begin.x = 0 rel end segment 1',... 

    'begin.y = 0 rel end segment 1',... 

    'begin.z = 0 rel end segment 1',... 

    'end.x = 0 rel begin segment 2',... 

    'end.y = 0 rel begin segment 2',... 

    'end.z = 5 rel begin segment 2'); 

fprintf(fid,'%s\n','end segment');  

fprintf(fid,'\n\n'); 

%front cover glass 

fprintf(fid,'%s\n','segment 3'); 

fprintf(fid,'\t%s\n',... 

    'profile_type = PROF_STEPINDEX',... 

    'color = 11',... 

    'begin.x = 0',... 

    'begin.y = 0',... 

    'begin.z = -2',... 

    'end.x = 0 rel begin segment 1',... 

    'end.y = 0 rel begin segment 1',... 

    'end.z = 0 rel begin segment 1'); 

fprintf(fid,'%s\n','end segment'); 

fprintf(fid,'\n\n'); 

%launch field 

fprintf(fid,'%s\n','launch_field 1'); 

fprintf(fid,'\t%s\n',... 

    'launch_pathway = 0',... 

    'launch_type = LAUNCH_RECTANGLE',...%LAUNCH_WGMODE 

    'launch_tilt = 0',... 

    'launch_mode = 0',... 

    'launch_mode_radial = 1',... 

    'launch_angle = 0',...%incident angle 

    'launch_theta = 0'); 

fprintf(fid,'%s\n','end launch_field'); 

fclose(fid); 

  

%Run RSoft========================================= 

!C:\RSoft\bin\dfmod.exe slanted_transmission_no_Fresnel_loss.ind wait=0 prefix=run01 

%wait=0 prefix=run01 

%wait=*:    close RSoft plot in * seconds 

%prefix=*:  filename for imluation results output 

A = importdata('run01.dat',' '); 

system('clean.bat'); 

wv = A.data(:,1); 
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figure;hold on;xlabel('Wavelength [\mum]'); 

for i=2:size(A.data,2) 

    plot(wv,A.data(:,i)); 

end 
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APPENDIX 3B MATLAB SCRIPT FOR KOGELNIK’S COUPLED WAVE 

CALCULATION 

clear;clc; 

  

wl_c = 514e-9;          %construction wavelength 

n0 = 1.53;              %average refractive index 

n1 = 0.0155;            %refractive index modulation (p-p) 

d = 16e-6;              %thickness of hologram 

th_c = pi/180 * 0;      %construction beam angle (relative to normal) 

th_ref = pi/180 * 30;   %reference beam angle 

polarization = 0;       %polarization of incident light, TE=0, TM=1 

  

% angles in medium 

th_c = asin(sin(th_c)/n0); 

th_ref = asin(sin(th_ref)/n0); 

  

beta = 2*pi*n0/wl_c;% average propagation vector 

k_c = beta*[sin(th_c), 0, cos(th_c)];%construction beam propagation vector 

k_ref = beta*[sin(th_ref), 0, cos(th_ref)];%reference beam propagation vector 

K = k_c - k_ref;% grating K vector 

  

wv_min = 350e-9;% wavelength minimum 

wv_max = 1000e-9;% wavelength maximum 

wv_n = 651;% number of wavelength to scan 

wv = (wv_min:(wv_max-wv_min)/(wv_n-1):wv_max);% scanning vector 

  

eta = zeros(size(wv,1));% diffraction efficiency storage 

  

th_i = pi/180 * 0;%reconstruction incident angle 

  

for i=1:wv_n%for all wavelength 

    wl_re = wv_min+i*(wv_max-wv_min)/(wv_n-1);%reconstruction wavelength 

    beta = 2*pi*n0/wl_re;% average propagation vector 

    k_i = beta*[sin(th_i), 0, cos(th_i)];% incident beam propagation vector 

    sigma = k_i-K;% diffracted beam prop. vector in grating 

    theta = (beta^2-norm(sigma)^2)/2/beta;% detuning parameter 

    cr = cos(th_i);% directional cosine for reference beam 

    cs = cr-K(3)/beta;% directional cosine for signal beam 

    ksi = theta*d/2/cs;% ksi parameter 

    nu = pi*n1*d/wl_re/sqrt(cr*cs);% nu parameter 

    if polarization == 1% reduce coupling coef. for TM wave 

       nu = nu *  (sqrt(1-cs^2)*sqrt(1-cr^2)+cr*cs); 

    end 

    eta(i) = sin(sqrt(nu^2+ksi^2))^2/(1+ksi^2/nu^2);% diffraction efficiency 

end 

% plot result 

figure(1); 

hold on; 

plot(wv*1e9,eta); 
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axis([wv_min*1e9 wv_max*1e9 0 1]); 

xlabel('Wavelength[nm]'); 

ylabel('Diffraction efficiency'); 
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APPENDIX 3C MATLAB SCRIPT TO CALCULATE DIFFRACTION EFFICIENCY 

OF AN UNSLANTED HOLOGRAM WITH CHAIN-MATRIX METHOD 

clc;clear; 

n0 = 1.53;% base refractive index 

thickness = 16e-6;% [m], thickness of hologram, usually larger than 5e-6 

n1 = 0.05;%index modulation 

period = 0.2e-6;% [m], grating period in the medium 

  

% The angle of incidence 

theta_n0 = 0/180*pi;%convert from deg to rad 

  

% Scanning Parameters 

wv.min = 0.5e-6;     %wavelength minimum [m] 

wv.max = 0.75e-6;    %wavelength maximum [m] 

wv.N = 601;          %number of wavelength points 

wv.step = (wv.max-wv.min)/(wv.N-1);      %wavelength step 

  

Nz = 401;            %number of points in thickness 

z = linspace(0,thickness,Nz);%thickness points list 

%**index modulation profile 

nz = n0+(1-0.0*(z/thickness).^3)*n1.*sin(2*pi./(1-0.0*(z/thickness).^2)./period.*z); 

% nz = n0+(1-0.35*(z/thickness).^3)*n1.*sin(2*pi./(1-0.047*(z/thickness).^2)./period.*z); 

di = thickness/Nz;% z step size 

  

% Plot Parameters 

lambda_list = (wv.min:wv.step:wv.max);   %lambda array 

  

for pol = 1:2%toggle both polarizations 

    for ii = 1:numel(lambda_list)% go through all wavelength 

        lambda = wv.min+ii*wv.step;%get current wavelength 

        %For calculation, refer to: 

        %M. G. Moharam and T. K. Gaylord,"Chain-matrix analysis...", 1981 

        Zi1 = 1;  

        result = [1;0]; 

        for i=1:(numel(nz)-1)% go through all angles 

            theta = asin(sin(theta_n0)*n0/nz(i));%current angle 

            if pol == 1 

                Zi = cos(theta)/sqrt((nz(i)/n0)^2 - sin(theta)^2); 

            else 

                Zi = (n0/nz(i))^2*sqrt((nz(i)/n0)^2 - sin(theta)^2)/cos(theta); 

            end 

            ri = (Zi-Zi1)/(Zi+Zi1); 

            ti = 1-ri; 

            Ai = (1/ti)*exp(1i*2*pi/lambda*nz(i)*di*cos(theta)); 

            Bi = ri*conj(Ai); 

            result = [Ai,Bi;conj(Bi),conj(Ai)]*result; 

            Zi1 = Zi; 

        end 

        Er = result(2)/result(1);%get E field 
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        R(pol,ii) = abs(Er)^2;% store R=E^2 

    end 

end 

R = ((R(1,:)+R(2,:)))/2;% average two polarizations 

plot(lambda_list*1e6,R);xlabel('Wavelength[\mum]');ylabel('Reflectance'); 
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