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ABSTRACT
This dissertation presents theoretical and experimental work on non-imaging
diffractive optics. The new use of devices based on this work is shown and grouped by
application.

First, devices for telecommunications applications are described: volume
reflection Bragg gratings were designed for wavelength division multiplexing (WDM)
and optical code division multiple access (OCDMA) applications. Two devices based on
reflection Bragg filters are presented in this work. Tunable phenanthrenquinone-doped
poly(methyl methacrylate) (PQ-PMMA) edge illuminated Bragg filters were found to be
wavelength selectable via the application of a constant stress, either in tension or
compression, allowing for a wavelength tuning of ~4.5nm.

Silica on silicon,

multichannel parallel anti-symmetric waveguide Bragg gratings (AWBG) are
theoretically demonstrated based on coupled mode theory, mode overlap with parallel
gratings and previous experimental results with single channel AWBGs. These parallel
AWBG devices are shown to be scalable, with the device length increasing as the number
of parallel channels increases.

Second, diffractive devices based on flexible, volume transmission holograms are
presented and demonstrated for low level solar concentration in latitude mounted
applications.

The film, arrayed next to the solar cells, directs the incoming solar

irradiance incident upon it towards the solar cell. These holograms are shown to work for
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both silicon and Copper Indium Gallium diSelenide (CIGS) solar cells.

New solar

holographic designs for non-latitude mounting applications are also shown for common
photovoltaic materials. The holographic designs are based on approximate coupled wave
analysis (ACWA), the latitude and mounting angle of the application, the spectral
response of the photovoltaic material, and the seasonal and daily sun angle position. The
simulation work suggests that holograms optimized for non-latitude mounted applications
contribute proportionately more energy throughout the year than earlier latitude mounted
hologram designs.
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CHAPTER 1.
1.1.

INTRODUCTION

Objective

The objective of this dissertation is to investigate the use of volume diffractive optics
in new non-imaging applications.

The operating principles, design criteria, and

performance are provided for three specific systems:
1. A stress tunable filter for telecommunication applications fabricated in
phenanthrenquinone-doped poly(methyl methacrylate).
2. A multichannel filter for telecommunication applications based on parallel
anti-symmetric waveguide Bragg gratings.
3. New designs of holographic planar concentrators for solar applications.

1.2. Background
A hologram can be defined as the recording of a grating in a photosensitive material
by interfering two or more mutually coherent light beams.

Through the precise

control of the light beam parameters, such as their angles and wavelength, particular
periodic structures are recorded. These periodic structures, known as gratings, diffract
light according to the characteristics of the periodic structure and the material in which
they are recorded. Holography was first proposed in 1948 by Dennis Gabor [1, 2]
however its application did not become practical until the introduction of the laser in
the early 1960s [3].
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Holographic recordings in volumetric media are of particular interest in applications
requiring precise control of the spectral, angular, wavefront, and polarization
properties of light. Some of the characteristics that make holograms attractive are
their inherent dispersive properties, high diffraction efficiency, and their ability to
store many patterns in the same volume. Some of the applications of holography
include: display holograms [4, 5], telecommunication filters and encoders/decoders [68], holographic data storage [9, 10], spectroscopy [11], volume holographic imaging
systems [12-16], holographic optical elements for imaging [17], aberration correction
[18], mode locking [19], solar concentration [20, 21], optical interconnects [22], etc.
This dissertation will focus on volume holograms for telecommunication filters and
solar concentration applications.

1.3. Contributions
A new stress tunable, edge illuminated phenanthrenquinone-doped poly(methyl
methacrylate) (PQ-PMMA) volume holographic filter was fabricated based on
previous work on non-tunable and temperature tunable filters [23-28]. The stress
tunable filter was presented in [29] and is described in detail in this work. The filter
was made tunable by the application of axial stresses, which increased the tuning
range by factor of eight times over the range obtained by temperature tuning of similar
PQ-PMMA filters [28, 30, 31].

The concept of multichannel, silica-on-silicon parallel anti-symmetric waveguide
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Bragg grating (AWBG) filters is introduced [6, 32]. The multichannel parallel
AWBGs and are based on previous work with single channel AWBGs [8, 33, 34],
where these types of filters were found to be suitable for telecommunication
applications such as WDM filters, Add/Drop multiplexes and optical encoding. A
diagram of a two channel, parallel anti-symmetric gratings filter is shown in Figure
1-1.
System output
2

1

System input
Figure 1-1. Diagram of two parallel anti-symmetric gratings used as a filter for two
wavelengths.
Various designs of holographic optical elements (HOE) for solar applications are
examined in this dissertation. The use of an HOE in a holographic planar concentrator
(HPC) application is shown in Figure 1-2. Holographic collection regions are added
to diffract additional light to the photovoltaic (PV) cell, replacing PV material. Since
the cost of the holographic film is much less than equivalent PV material, this
potentially lowers the system cost.

An Approximate Coupled Wave Analysis

(ACWA) code was developed to optimize holograms for non-tracking solar
applications, a variety of mounting configurations and photovoltaic materials. The
ACWA code was written to include variable polarization effects on the hologram
diffraction efficiency; these results are compared to a constant polarization effect on
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the diffraction efficiency presented in [20, 35-37]. New optimized hologram designs
for solar concentration in non-latitude mounted applications are introduced. These
designs show that holograms for HPC application have a greater relative energy
harvesting ability when mounted in non-latitude applications as compared to latitude
mounted designs, which has previously been thought to be the optimum geometry.

Glass

Bifacial Solar Cell
HOE

HOE
UV

Glass

UV
NIR

Figure 1-2. Holographic planar concentrator operating principle with a bifacial solar
cell. A bifacial solar cell converts light that reaches both the front and back surfaces
into electrical power.
An analysis of the thermal properties of HPC modules is also presented.

The

simulation and experimental results demonstrate that the addition of holographic
collectors results in a lower PV operating temperature [38-42] at the expense of a
lower system efficiency.

Finally, the results of combining flexible copper indium gallium (di)selenide (CIGS)
PV cells with holograms optimized for solar applications is presented in Appendix D
of this work. This is the first known combination of both technologies [38, 40]. With
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the merger of these two technologies, it is possible to achieve flexible, lightweight,
and semitransparent PV system.

1.4. Outline
The following is a detailed outline of the chapters in this work with their corresponding
scientific contributions:


Chapter 2: This chapter introduces the concepts necessary to understand the general
principles of volumetric diffractive optics through Kogelnik’s coupled wave theory.



Chapter 3: This chapter describes the fabrication of a free space, unslanted, edge
illuminated, stress tunable Bragg filter in Phenanthrenquinone doped Poly(methyl
methacrylate) (PQ-PMMA) operating at ~1550nm with a tuning range larger than
4nm.



Chapter 4: This chapter presents the concept and some applications of multichannel,
parallel anti-symmetric waveguide Bragg gratings first introduced in [32] and [6].



Chapter 5: Concentration, as it relates to solar energy, is introduced and theoretical
limits on the geometrical and effective concentration achievable for a non-tracking
holographic planar concentrator (HPC) module are put forth. The energy collection
performance of various holographic designs, based on approximate coupled wave
analysis for different mounting applications is shown for common photovoltaic
materials.



Chapter 6:

This chapter presents the temperature data and models for several

examples of holographic planar concentrator configurations.

23



Chapter 7: This chapter reviews the work presented in this dissertation and the
author’s pertinent conclusions.



Appendix A: This chapter introduces the concepts necessary for understanding the
principles of photovoltaic solar cells.



Appendix B: The spectral and temporal characteristics of the sun, as they relate to
PV energy collection are presented.



Appendix C:

A non-optimized hologram for latitude mounted applications is

characterized with experimental and simulated data being compared. The hologram
grating parameters found in this section are used in the ACWA optimization results
presented in Chapter 5.

The indoor and field performance data for the film is

presented.


Appendix D: The results of combining CIGS PV cells with a solar holographic film
over a broad range of illumination levels are presented. A significant increase in
output power was recorded, and the results were presented [38] by the author.



Appendix E: An example of the ACWA holographic optimization code is presented.

24

CHAPTER 2.

KOGELNIK’S APPROXIMATE COUPLE WAVE
ANALYSIS

In the following section, an approximate coupled wave (ACW) theory approach is used to
describe the general operation of volume holographic optical elements (HOE). The
model presented in this chapter is based on the original work done in [43] and expanded
in [44].

The ACW theory shown is used to design and describe the reflection

holographic filters shown in Chapter 3 and Chapter 4. In Chapter 5, the ACW theory is
used to simulate the performance of existing transmission phase diffraction gratings for
solar energy concentration and then is used to optimize new hologram designs for solar
applications.
2.1. Introduction and General Theory
A volume grating usually consists of a periodic change in either the refractive index or
the absorption coefficient of the host material. The periodic change is defined as the
fringe period

or simply the period with units usually given in µm. The absorption

coefficient modulation in a volume index, common for photographic and photochromic
applications is given by
⃗

2-1

while the refractive index modulation, common in dichromated gelatin and PQ doped
PMMA is modeled as
⃗

2-2

The grating vector ⃗ is defined as being oriented perpendicularly to the fringe planes
formed by the fringe period as seen in Figure 2-1. The vector ⃗ has a magnitude of
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|⃗ |

2-3

For all the cases described in this work, the gratings should be modeled as a phase
grating, that is, gratings in which the periodic perturbation only occurs in the refractive
index of the medium, as defined in equation 2-2.

⃗



Figure 2-1. Diagram for a volume hologram grating with slanted fringes. The color
graduations indicate the periodic perturbation in either the refractive index or absorption
coefficient.  is the incident angle upon the grating in the surrounding medium,  is the
slant angle of the grating, d is the hologram thickness, is the fringe period and ⃗ is the
grating vector that is perpendicular to the plane define by the grating fringes.

26

2.2. Derivation of the Pertinent Theory
Given Maxwell Equations



dB
E  
dt

2-4



dD 
H 
J
dt

2-5


 D  ρ

2-6


 B  0

2-7

where


 
D  εoE  P

2-8



B  μoH

2-9




E is the electric field, B is the Magnetic field density, D is the electric flux density,



H is the Magnetic field, J is the current density for free and bound charges, P is the
induced polarization in the dielectric medium,
dielectric constant and

o

is the free space permittivity or

 o is the magnetic permeability.

Applying the curl to equation 2-4


 dB 

  (  E)     
 dt 

2-10

And applying the vector identities

  (  A)  2 A

2-11
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2-12

 dA  d(  A)


dt
 dt 


d(  B)
 E
dt

2-13

2

Substituting Equations (2-5) and (2-9) into Equation (2-13) and assuming for the free or


bound charges ( J =0) then


2E
 E  μ oε o 2
t

2-14

2

which reduces to the familiar wave equation
2-15

 2
2  
   μ o ε o 2  E  0
t 


For a monochromatic plane wave, a valid solution for this differential equation is


E(x, y,z)  E 0e (kr ωz)

2-16

where k is complex propagation constant and  is the angular frequency.
=2f

2-17

where f is the oscillation frequency of the wave.



For an electric field E y ( x, z ) which is polarized perpendicular to plane of incidence (x, z)
the wave equation can be rewritten as


 2 E y ( x, z )  k 2 E y ( x, z )  0

2-18

The complex propagation constant reduces to



k2    

  ( x, y)  jw
2

( x, y)

2-19
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The speed at which a wave propagates in a medium is given as c and is defined as
2-20
√
2-21
2-22
is the relative permittivity and for vacuum conditions

.

magnetic permeability and for non magnetic mediums

is the relative

. The complex propagation

for vacuum and non-magnetic media is defined as
2-23

2

 
k     r ( x, y )  j ( x, y )
c
2

Inside of the medium, the spatial modulation which produces the grating is assumed to
only vary in the (x, z) direction and is modeled by



 
ε r (x, y)  εr  ε1cos K  r (x, y,x)





2-24



 
σ(x, y)  σo  σ1cos K  r (x, y,z)

 r and

o

2-25

are the average relative dielectric constant and the average conductivity

respectively and both are assumed to be phase modulated,

 1 and

1 are

the amplitude

of the variation of the spatial modulation of the permittivity and conductivity respectively



and r is the radius vector.
⃗K
⃗ =|K
⃗⃗ |(sin( ) x̂ cos( )ẑ)=
( )

2

(sin( ) x̂ cos( )ẑ)
( )

2-26
2-27

29

 jA

2-28

 jA

2-29

cos(A)  Ree  e

jA

e
2

  e

jA

e
2j

jA

sin(A)  Im e

jA

Defining the average propagation constant as , the average absorption constant as  and
the coupling constant as , then



2 ( r )

(

2-30

2

,







1

c
2( r )

o
1

2-31

,
2

 (̅ )

(̅ )

2-32

)

,
Combining equations 2-24 and 2-25 with equation 2-26 and Euler’s complex numbers
formulas, given in equations 2-27 through 2-29, it is possible to define the complex
propagation constant as
 (

⃗⃗ ⃗

⃗⃗ ⃗

)

2-33

The coupling constant  describes the interaction between the reference wave R and the
signal wave S, as seen in Figure 2-1. The coupling constant parameter allows for the
transfer of power from one wave to the other as it propagates along the medium, making
it the dominant parameter for coupled wave theory.

For most optical media, certain simplifications can be made, such as
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√

2-34

√

2-35
2-36

2-37





2-38

Were  is the free space wavelength and n is the wavelength inside of the grating
medium. Under these assumptions the free propagation constant and the coupling
constant can be rewritten as



2n

2-39



Disregarding equations 2-24 and 2-25 and working directly with equations 2-1 and 2-2.

k2 

 k n
o

o

 

 
 
 n1cos(K  r )  j α o  α1cos(K  r )



2

2-40

Expanding the previous equation and then using equations 2-34 through 2-38, equation
2-40 is reduced to
 
k 2   2  2 jo  4 cos( K  r )

2-41

Defining the wave number as k and the free space wave number as k0, then
k

2n

0
k0 

This simplifies the coupling constant to



2

0

2

2-42


2-43
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2-44

1
ko n1  j1 
2

2.3. Reference and Signal Wave Analysis
The total electric field within the grating can be modeled by the addition of the complex
field amplitudes of the reference and sample waves as they propagate along the z
direction.




2-45

E(z)  R(z)e jρr  S(z)e  jσr

⃗ and ⃗ are the propagation vectors that contain the information about the propagation
directions and constants of R and S, respectively. For this analysis, ⃗

is assumed to be

the equal of the free propagation vector before it has interacted with the grating. ⃗ is the
propagation vector resulting from the interaction of ⃗ with the grating and is related to
the grating vector ⃗ , the diffraction order m and ⃗
⃗
⃗
⃗

̂

̂

̂
[(

̂

⃗ (

by

⃗

2-46
̂)

̂
)̂

(

2-47
) ̂]

2-48
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x

⃗
⃗




⃗
z

⃗

⃗

Figure 2-2. Relationship between the propagation vectors of the reference and sample
waves, ⃗ and ⃗ , The obliquity factors z z and the grating vector K.
The Bragg condition is achieved when both the propagation vectors of the reference and
sample waves are equal to the free propagation constant . At Bragg
(

2-49

)

Defining the angle o as the angle that matches the Bragg condition for a particular , a
particular shift from this angle, , will produce a corresponding shift  from the Bragg
wavelength o.
2-50







2-51

For thick holograms, there is a close relationship between changes in the wavelength and
changes in the angle. These are called the wavelength or spectral sensitivity and the
angular sensitivity respectively.
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By taking the derivative of equation 2-49 with respect to the Bragg wavelength o, the
relationship between the changes in angle with respect to deviations in the wavelength is
given as





(

2-52

)

As a deviation from the Bragg condition occurs, as defined by Equation 2-49, a detuning
or dephasing parameter  can be established.
(

)

(

)



2-53

By taking a Taylor series expansion of equation 2-53, an expression that correctly relates
the deviation of  and  up to the first order, can be defined.

(

)

(

)

( )

2-54

2.4. Bragg Circle
Another way to consider the Bragg condition is the operation point at which the grating
satisfies both the reflection from the grating planes and the phase matching conditions.
From the vector analysis, a graphical analysis of the Bragg conditions can be used to
determine the resulting grating from two incoming beams or the diffracted beam resulting
from the interaction of an incoming field and an existing grating. This is commonly
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known as the Bragg circle or K-vector closure. The radius of the Bragg circle is equal to
. Various Bragg circles are shown for different construction/reconstruction conditions
in Figure 2-3.

’
K

K




’

’


’

’

K
’



K

’
’

Figure 2-3. K vector closure, assuming the grating K vector is constant for different
reconstruction conditions. a) on Bragg reconstruction matching the construction
condition b) off Bragg condition c) Bragg condition when the reconstruction wavelength
is different, causing a change in  d) Off Bragg when the wavelength and the
construction/reconstruction vectors do not match.
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2.5. Thick or Thin Grating Definition
A simple way to establish if a hologram can be considered “thick” is with the use of the
simple expression [45]
2-55
where d is the hologram thickness and

is its period. The main advantage of this simple

formula is that it relates the “thin” or “thick” definition directly to the thickness of the
grating and its relationship to the grating period.
A more rigorous approach is to determine if the hologram can be considered a volume
hologram operating within the Bragg condition. If it is not a volume hologram, it would
then fall into the thin hologram regime [45].
A volume hologram is considered to be operating at the Bragg condition if it satisfies
2-56

where the Q parameter is defined as



2-57

and the parameter  as
2-58
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Combining equations 2-57 and 2-58, equation 2-56 reduces to



2-59

An alternative definition to determine if a hologram is thick or thin is based on the Q
parameter. If Q > 2 then the hologram is considered to be thick, if Q < 2 then it is
considered a thin hologram.

The determination of whether a grating operates in the thick or thin regime is important.
The ACWA models shown later in this dissertation are based on the assumption that the
grating are operating as a thick gratings.

2.6. Derivation of the Coupled Wave Equations
By combining the scalar wave equation from equation 2-18 with equation 2-33 and
inserting the expressions arrived at in equations 2-45 and 2-46 with m = 1, a set of
differential equation can be derived that describe the diffraction of the gratings as a
function of the position. The equations are coupled together by the coupling constant 
from equations 2-41 and 2-44.
( )

( )

( )



( )

2-60
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( )

( )

( )

(

) ( )



( )

2-61

If the prime notation (‘) denotes differentiations with respect to z and knowing that R and
S are a function of z, the previous expressions can be rewritten as


(

)

2-62



2-63

The degree for the power exchange between the reference R(z) and signals waves S(z) is
given by the coupling constant and is proportional to the index modulation of the grating
(n1). For conditions in which the index modulation is strong, the power exchange will
occur rapidly between the waves, for small interaction lengths. As the index modulation
decreases, the length needed for equal power transfer increases. As the index modulation
approaches zero, the length needed to transfer equal power approaches infinity and for an
index modulation n1= 0, then  = 0, no power is transferred.
Defining the obliquity factors as
2-64
2-65

Using the following assumptions:


Only one diffraction order exists, then any waves diffracted in the +K and -K
and all other higher modes can be disregarded.
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Energy exchange between S and R occurs slowly, meaning that the interaction
length for the power transfer to occur is assumed much larger than the
wavelength. Then R’’ and S’’ can be neglected.



Energy absorption occurs slowly, if at all.

Taking into account the previous assumptions and introducing equation 2-54, equations
2-62 and 2-63 can be rewritten as the final form of the coupled wave equation


(

2-66



)

2-67

The energy transfer mechanisms which affect the amplitude of the R and S waves in the
previous equations are:


Coupling, in the form of S and R



Absorption, in the form of S and R

The detuning parameter , covered in equation 2-53, shows a loss of synchronism
between S and R given by the term S and minimizing the interaction between the
waves.
The energy balance of the coupled wave equation takes the form
(

)

(

)

(

 )(

)

2-68

where the (*) denotes a the complex conjugate of the parameter. The first term in
equation 2-68 denotes that only the components in the z direction of the waves enter the
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energy balance, through the obliquity factors. The second and third terms represent
absorption losses as the wave propagate through the medium. Equations 2-32 and 2-34
relate  to absorption.

2.7. Solution to the Coupled Wave Equations
Since the coupled wave equations are a differential equation system, a general solution to
them is of the form:
( )

2-69

( )

2-70

where r1,2 and s1,2 are constants found depending on the boundary conditions.

To

determine 1,2 equations 2-69 and 2-70 are inserted into the coupled wave equations 2-66
and 2-67 and to obtain:
(

)



2-71

(

)



2-72

(

)



2-73

(

)



2-74

After multiplying equation 2-71 with 2-73 and 2-72 with 2-74, a quadratic equation for 1
and 2 is found.
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(

(

)

)

[(

)

[(

)





2-75
]
2-76
]

To solve for r1,2 and s1,2, the appropriate boundary conditions for the specific grating
structure must be applied. For an unslanted transmission grating with no absorption, a
unity reference wave at z=0 and complete power transfer after propagating a distance d,
the boundary conditions are R(0)=1, S(0)=0, R(d)=0 and S(d)=1; the signal wave is seen
to be traveling to the right (positive z) indicating CS > 0. For an unslanted reflection
grating with no absorption, a unity reference wave at z=0 and a complete power transfer
after propagating a distance d, the boundary conditions are R(0)=1, S(0)=1, R(d)=0 and
S(d)=0; the signal wave is seen to be traveling to the left (negative z) indicating CS < 0.

Wave Amplitude

Wave Amplitude

(b) Reflection

d

d

(a) Transmission

Figure 2-4. Diagrams showing the wave propagation in (a) transmission and (b) reflection
holograms with a thickness d. The fringe planes are represented by the parallel axis lines
for each case.
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2.7.1. Boundary Conditions for a Transmission Hologram
For transmission holograms CS > 0 and R(0)=1, S(0)=0.

Using these boundary

conditions with equations 2-69 and 2-70 then
2-77
2-78
Combining these equations with equations 2-73 and 2-74


(

2-79
)

Reintroducing equation 2-79 into equation 2-70


(

2-80
)

This yields an equation that gives the signal wave as a function of z, valid for all thick
transmission gratings in lossless and lossy mediums, for both slanted and unslanted
conditions.



( )

(

)

(

2-81

)

Following a similar derivation, the expression for the reference wave at the output plane
(z=d) can be found.


(

)(

2-82
)


(
( )

)(


(

)

(

2-83
)
)

2-84
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2.7.2. Boundary conditions for a Reflection Hologram
Following a similar approach to the one used for the transmission hologram analysis in
the previous section with CS < 0 and R(0)=1, S(0)=1
2-85
2-86
Rewriting equation 2-86
(

)

(

)

(

)

(

2-87

)

2-88

Adding equations 2-73 and 2-74

(

)



(

)(

)

(

)

2-89

Using the identities from equations 2-87 and 2-88 to substitute the terms (s1+s2), the
expression for the output signal S(0) of the reflection hologram can be determined.



( )
{

2-90
}

This is a general expression valid for off-Bragg, lossless and lossy mediums and
unslanted and slanted configurations.
Following a similar derivation, the expression for the reference wave at the output plane
(z = d) can be found, remembering that the output plane for the signal wave is (z = 0).
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2-91
)
2-92
)
2-93
(
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2.8. Diffraction Efficiency Definition
One of the most important parameter in hologram analysis is the definition of the
diffraction efficiency. The classical definition of the diffraction efficiency is
2-94



where ID is the diffracted intensity and IInc is the incoming intensity. These can be
modified to the same form used in the previous section when IInc = RR* and ID = SS*.



| |

2-95

2.9. Transmission Holograms
For an unslanted transmission hologram, the fringe planes are oriented more or less
parallel to the general direction of travel of the reconstruction beam. It would be unwise
to characterize the hologram on the basis of its construction geometry instead of the
reconstruction geometry, as will be shown in the PQ-PMMA filter design section. The
PQ-PMMA hologram was recorded in a transmission setup yet the application is an edge
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illuminated reflection setup, therefore depending on the reconstruction geometry section
2.9 can be used in a transmission reconstruction scenario or section 2.10 for the
telecommunication filter application which acts like a reflection hologram.

The holograms for solar concentration presented in Chapter 5 and later, were constructed
in a transmission setup and their natural playback also occurs in the transmission regime.

A more thorough approach is used in the next section to describe the behavior of
transmission holograms. The expressions for the diffraction efficiency, the spectral and
angular selectivity of dielectric gratings are developed.

The expressions were developed as functions of the variables  and , themselves
functions of the medium, waves and of the grating. Defining  and  as:







2-96

√

(

2-97

)

equation 2-81 can be rewritten for z = d as
2-98
( )

(

)





(

2.9.1. Lossless Dielectric Transmission Hologram
For a lossless dielectric transmission grating


)
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2-100
2-101



(

)
2-102


(



2-103

 )

)


(

For cases in which a considerable deviation from the Bragg condition occurs,  and  are
on the same order of magnitude and  can be considered to not be a function of  or .
The spectral and angular selectivity is then only a function of .



()

(

)

()

2-104

For the unslanted, on Bragg case, equation 2-103 is simplified into the well know form



2-105
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2.9.2. Lossy Dielectric Transmission Hologram
For the study of lossy transmission dielectric gratings, two cases will be examined, the
unslanted and slanted case.
For the unslanted case
2-106



2-107





(
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(

 )

(


)


2-109

Notice that expression 2-103 is similar to 2-109 with added loss coefficients.
For the slanted case, operation at the Bragg condition (

(

)

)is assumed

2-110
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)
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2-114
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2.10. Reflection Holograms
For an unslanted reflection hologram, the fringe planes are oriented more or less
perpendicular to the reconstruction beam direction of travel. These types of holograms
have a negative Cs (> 0) and the signal wave should be analyzed at the z = 0 plane which
is the entrance plane for the reference wave as well. A similar process to the one used to
describe transmission holograms will be used in this section.
Using equation 2-75, 2-76 and 2-90, new general expressions to characterize the
reflection holograms are given
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2.10.1. Lossless Dielectric Reflection Hologram
For the lossless case equations 2-100 2-101 2-102 again apply but equation 2-103 is
modified to
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As in the case for the transmission case,  can be written as a function of the spectral or
the angular bandwidth.
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For the unslanted, on Bragg case, equation 2-120 is simplified into the well know form
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2.10.2. Lossy Dielectric Reflection Hologram
The loss of the grating will influence the angular and spectral bandwidth of the grating.
For an unslanted ( = 0), a valid approximation for CS and CR near Bragg conditions is
given by.
( (

))
( (

( (
))


))
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Equation 2-117is still applicable with certain parameters modified to account for the
unslanted factor. For this case,  is defined in equation 2-107, Do in equation 2-113 and
the other parameters are defined as
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o term introduces the angular bandwidth,  is now complex and Do introduces the loss
into the solution.
Rewriting the general solution equation
2-127
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For cases with slant, equation 2-127still applies with  as defined in 2-115 and
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2.11. Polarization Effects on the Coupling Constant
Until now, the polarization of the incoming beams has been assumed to be perpendicular
to the plane of incidence. In the following section, modifications to the previously shown
equations will be introduced to allow the analysis of light parallel to the plane of
incidence. This analysis leads to a modified form of the coupling constant (), for the
parallel polarization case. This new  is used to calculate the diffraction efficiency for
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that polarization. Several conditions must be met for the validity of the analysis to be
correct, these are:


As in the previous analysis, only two waves are present in the grating and they are
transverse ( R) = 0 and ( S )= 0



The normalized polarization vectors r and s, for the reference and signal waves
respectively, are independent of the position in the medium, in this case z. That is
R(z )= R(z)r and S(z )= S(z)r.



The normalized polarization vectors are perpendicular to the propagation vectors
of the beams, that is (r ) = 0 and (s ) = 0.

Rewriting equations 2-62 and 2-63 adding the abbreviations defined in equations 2-64,
2-65 and 2-53, and with the conditions defined in the previous paragraph, for parallel
polarization cases:

(  )
(

2-129

(  )

)

2-130

The normal coupling constant is modified for the parallel polarization state, which results
in the reduction of the effective coupling constant by the dot product of the two
polarization vectors. For light that is perpendicularly polarized there is no need to
modify the coupling constant. For light that is purely parallel polarized



(  )



(

)

Where o is the Bragg incidence angle and  is the slant angle.

2-131
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CHAPTER 3.

RESPONSE OF AXIALLY STRESSED GRATINGS
IN PQ-PMMA

3.1. Introduction
Highly selective optical filters formed in Phenanthrenquinone doped Poly(methyl
methacrylate) (PQ-PMMA) have been shown to have applications for dense wavelength
division multiplexing (DWDM), routing, and optical code division multiplexing
(OCDMA) [23-25].

These filters have been made with narrow spectral bandwidth,

(<0.2nm), and high sidelobe suppression capabilities (-30dB) [23]. In addition to good
filtering characteristics, PQ-PMMA filters are relatively inexpensive to manufacture with
holographic exposure techniques [29].

In this chapter, the design, fabrication and operation of wavelength tunable, edge
illuminated holographic filters are described. Applying tension and compression along
the axis of the grating Allows tuning the filter via a change the grating period and
refractive index. The journal article [29] by the author forms the basis of this chapter and
it expands on the previous work at the Photonic Systems Laboratory [23-26, 28] and by
Maeda [27] and Russo [31].

3.2. Fabrication
The samples were prepared using a bulk polymerization process with optimized values
for chemical component ratios, exposure energy, curing and fixing times. The chemicals
methyl

methacrylate

(MMA),

2,2’-Azobis(2-methylpropionitrile)

(AIBN)

and

52

phenanthrenquinone (PQ) were mixed in an optimized weight ratio of 100:0.5:0.7 [29].
The liquid mixture was poured into a mold and cured in an enclosed oven at 55°C for 5
days [29]. Once the sample was cured, it was separated from the mold and cut into 5cm
x 5cm squares with an approximate thickness of 1.8mm.
Flexible Spacer
3/16” Vinyl Tubing
Glass
Panes

Binder
Clamps

Binder
Clamps
Figure 3-1. Mold for the PQ-PMMA sample preparation. The usable area is denoted by
the dashed line.
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Figure 3-2. Diagram of the holographic recording setup with its corresponding
construction calculations for an unslanted transmission hologram.

Figure 3-3. Diagram of the holographic reconstruction setup with its corresponding
reconstruction calculations for an unslanted reflection hologram.
The samples were exposed with a wavelength of 488nm with the sample and reference
beams at Air = ±27.75 relative to the surface normal with an exposure energy of 1000
mJ/cm2 [29], as shown in Figure 3-2, the geometry matches the construction conditions
for an unslanted transmission grating.

The general reconstruction geometry is shown in

Figure 3-3 along with the corresponding calculations. The specifics of the construction
and subsequent reconstruction grating parameters are shown in Table 3-1.
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Table 3-1. Parameter of PQ-PMMA gratings for Construction (488nm) and
Reconstruction (1550nm).
Wavelength (nm)

Parameter
Configuration

488nm
Construction

1550
Edge-illuminated

no

1.498

1.478
0.0004

n1

524.36nm
2.2mm

d

~10mm

A Hamamatsu silicon detector, model S1226-44BK was used to measure the beam
intensity in amperes. The detector had area of Adet = 0.137 cm2 and a responsitivity R of
0.2383 A/Watt [46]. The sensitivity (S) for the detector for a particular wavelength is
given by:

S 488nm 

1

3-1

R488nm  Adet 

where S = 30.64 W/A-cm2 for the given responsitivity and detector area.

The beam intensity [A] of each incident beam is measured normal to the light path and
then multiplied by the corresponding incident angle to get its component at the
holographic plane. The total intensity at the holographic plane is given by:

I T  I1 cos( )  I 2 cos( )

3-2

The total irradiance, in W/cm2, is calculated with the sensitivity of the detector

ET  I T  S 488nm

3-3
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The exposure time  is then given by the following expression

mJ
Exposure energy 1000 cm 2


ET
ET

3-4

After exposure, localized polymerization occurs in regions of high energy where the PQ
polymerized the MMA. The regions of low energy, the dark fringes of the interference
pattern, still retain unexposed PQ molecules [31].

The singlet-excited quinone molecules in the high energy areas absorb light (h)
producing triplet-state quinines [47-49]:
1

h

PQ 3 PQ

3-5

The triplet-state quinones extract hydrogen from the surrounding media, according to the
following equation:
3

PQ  RH  HPQ  R

3-6

where RH are the hydrogen-donor polymer macromolecules, HPQ  are the main direct
photoproduct of the exposure process, themselves a semiquinone radical, and
polymer radical.

R

is the

The photoproduct HPQ  attach to the polymer macromolecules

forming PQ-labeled macromolecules denoted as HPQR. These molecules are the indirect
and final product of the holographic exposure process.
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HPQ   R   HPQR

3-7

This process results in the formation of two overlapping and out of phase gratings; one
grating formed by the regions exposed to the high energy with HPQR molecules and the
other by the region of low energy with unexposed PQ molecules.

The total refractive index modulation, given by the two out of phase gratings is given by
[49, 50]:
n1  nHPQR  nPQ  t 

3-8

where (t) is the diffusion time, nHPQR and nPQ are the index modulation of the high
energy regions and the unreacted PQ regions, respectively.  is the rate constant of the
diffusion process and is given by:
  2  2 
  exp  D
 
 
 

where D is the diffusion coefficient for the given materials and

3-9

is the grating period.

For a more in depth discussion of the diffusion process in PQ-PMMA, the reader is
directed to [49, 50].

After the initial exposure the sample was kept in a dark environment for 24 hours, during
which time some of the PQ molecules in the unexposed regions diffuses into the exposed
areas, equalizing the concentration throughout the volume. The diffusion process was
stopped after 24 hours based on Figure 3-4.

Relative Diffraction
Efficiency (a.u.)
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Dark Diffusion Time (hours)
Figure 3-4. Enhancement of the final diffraction efficiency as a function of the dark
diffusion time. Obtained by [24].
The enhancement to the final diffraction efficiency during the diffusion happens when the
high concentration of unreacted PQ molecules in the dark regions decay. This diminishes
nPQ , which in turn maximizes n1 in equation 3-8

[49-51]. The PQ diffusion is

stopped by exposing the sample to an incoherent light source for ~10 minutes with the
setup shown in Figure 3-5.

Timed
Shutter
488nm Laser

Monitoring
detector

Collimating
Lens
f = 300mm

20X
Objective
Lens
Pin Hole
10m

Oscillating Fan
with scattering
screen

PQ-PMMA
Sample

Figure 3-5. Incoherent Exposure monitoring setup.
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The sample edges were then polished with 10, 1 and 0.1 micron glass polishing paper to
provide an optical surface appropriate as seen in Figure 3-6.

Figure 3-6. Edge polished samples for tension/compression experiments. In the sample
on the right, it was deformed after years in storage. Pictures taken in July 2010.

3.3. Experimental Setup and Results
The tension and compression was applied to the samples by using two opposing
translation stages; one fixed and the other adjustable to provide the tension/compression.
A micrometer with a 10 micron resolution was used to apply and record the axial
displacement. The test samples were drilled with two pairs of two holes with a precise
lateral separation between holes of 25.4mm to provide anchor points, as shown in Figure
3-7.

Light from a tunable laser source (Agilent 8163B) was collimated with external optics,
passed through a polarizer and sent through the hologram. The light that passed through
the sample was detected with a Newport 818IR detector connected to a Newport 1830-C
optical power meter. The transmittance of the system under different axial stresses and
wavelengths was analyzed. The system configuration and experimental arrangement are
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shown in Figure 3-7.

This reconstruction layout of the system corresponds to an

unslanted reflection hologram as detailed in section 2.10.

The relationship between the stress exerted on a material through the applied axial
compression or tension is given by [52]
F/Ao=E*(L/Lo)

3-10

where F/A0 is the stress applied to the material sample in units of Pascal (Pa), E is the
Young’s modulus, L is the uniaxial change in dimension of the sample and Lo is the
original, unstressed, length of the sample. L/Lo is the normalized displacement and is a
directly proportional to the applied stress. The Young’s modulus value for PQ-PMMA
was taken as that of PMMA, as 2.95 x 109 Pa [53].
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Figure 3-7. (a) Block diagram of the complete testing setup. (b) Sample on the
compression stressing setup. (c) Sample diagram showing the stress application points
and grating location.
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Wavelength Shift (nm)

2.5

1.5
Normalized
Displacement (%)

0.5

2.0

1.0

0.0

-1.0

-2.0

-3.0

-0.5

-1.5

-2.5

Figure 3-8. Bragg wavelength shift as a function of the normalized displacement (L/Lo)
in percentage for three samples.
1
0.9
0.8
Relative Intensity

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
1551

1550.8

1550.6

1550.4

1550.2

1550

1549.8

1549.6

1549.4

1549.2

1549

1548.8

1548.6

1548.4

1548.2

1548

Wavelength (nm)

Figure 3-9. Transmitted spectral response for compression for a normalized displacement
0 < (L/Lo)*100 < 2.15 for one of the samples. The colors represent the spectra at
different compression points.
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For an unslanted reflection hologram, the peak Bragg wavelength at which the filter
drops the signal is given by [54]
R  2n

3-11

where R is the reconstruction wavelength, neff is the refractive index seen by the signal
traveling through the sample and

is the period of the grating.

Both the refractive index and the grating period are a function of the applied strain [55,
56]. As the sample is compressed, the period decreases and the refractive index increases
due to an increase in density. For the tension case, the grating period increases while the
refractive index decreases. As shown in [31], the change in the grating period is the
dominant effect in the tuning of the gratings.

The difference in the shape of the slope for the tension and compression cases in Figure
3-8 is due to the inability to apply equal force to the sample for both cases.

Due to the

large lateral separation (25.4mm) of the screws used to stress the samples, the stress
applied to the sample at the screw positions differs from the stress applied to the section
containing the grating.

An empirical model was developed to predict the response of the filters shown in Figure
3-8. The response of the filter is linear for small displacements and the slope of this
curve is related to Young’s modulus and the applied stress at the grating. The model uses
the applied stress as a function of the normalized displacement at the screw positions
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(L’/Lo) which is different from the normalized displacement at the grating position. In
tension, the Bragg wavelength shift (B) is given by:
B1.05*(L’)/Lo

3-12

B  0.85*(L’)/Lo

3-13

For compression B is

The full width half maximum (FWHM)

broadened with applied tension and

compression. The setup causes uneven stress in the grating region, leading to a slight
chirp in the period that broadens the linewidth. In this case, a chirp is taken as a nonuniform period across the grating. This can be observed in Figure 4. For both tension
and compression the FWHM doubled from the relaxed state for stresses up to 2%.

3.4. Chapter Summary
Holographically formed tunable Bragg filters in PQ-PMMA were demonstrated. A
maximum wavelength tuning range of ~4.5nm was observed using tension and
compression. The samples were only stressed 2.5% from their relaxed state. The
tuning was linear provided the samples were not stressed more than 1.5% of the nonstressed state. Nonlinear tuning was observed with compression and tension beyond this
value. Given that PMMA has a minimum recoverable strain of 10% [57], therefore an
increase of tuning range is possible with a different sample testing configuration or
stressing method, expanding the tuning range described in this work.
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These devices can be used in DWDM applications where fine channel selectively is
useful, such as OCDMA encoding, optical add/drop multiplexers, switching or routing.
Also, surface relief gratings written on top of PMMA substrates have been developed for
display purposes [58, 59]. This tuning process would prove applicable for such structures
and embossed PMMA gratings by changing the overall period of the grating on the
surface of the PMMA substrate as strain is applied. This would lead to fine tuning of the
diffracted angle or the central wavelength of the grating.
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CHAPTER 4.

PARALLEL ANTI-SYMMETRIC WAVEGUIDE
BRAGG GRATINGS

4.1. Introduction
Optical networks require components capable of processing multiple wavelengths.
Different technologies such as superimposed fiber Bragg gratings (SFBG) and sampled
Bragg gratings (SBG) have been proposed to satisfy these requirements [60-62]. SBGs
have several advantages over SFBGs in the fabrication process and in the performance of
the filters. In SFBGs, a photosensitive fiber is exposed to multiple UV interference
patterns, each with a different period. The resultant reflected spectrum produces a series
of separated wavelength peaks which correspond to the different recorded grating
periods. However, the superposition of many gratings increases the index modulation for
each. This changes the center wavelengths of the filters, the filter, and saturates the
medium . On the other hand, the multiple peaks in the spectrum of SBGs are produced by
the periodic modulation of the waveguide refractive index resulting when the material is
selectively removed. Therefore, SBGs can be written using only one exposure and the
modulation pattern can be easily transferred to non-photosensitive mediums, such silica
on silicon (SOS) by etching [7, 63].

Recent analysis has shown the large potential of Bragg gratings with discrete
profiles in the lateral direction [64]. An alternative approach to SBGs based on
experimental work with discontinuous grating profiles [33] is presented in this chapter.
This concept can be used to provide multi-channel filtering, for phase encoding and to
reduce the polarization dependence of these devices.
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The approach presented in this chapter is based on anti-symmetric waveguide Bragg
gratings (AWBG) in [7, 8, 33] and coupled-mode theory [54] using optimum sampling
conditions in the lateral profile of AWBG to provide multiple Bragg conditions and
simultaneous mode conversion. The designs, which can be integrated in small optical
chips[7, 8] using SOS techniques [65] are scalable, compact, and do not require
circulators to separate the incoming from processed signals. Simulations of these devices
using the beam propagation method with periodic structures are in good accordance with
the coupled mode theory simulation results which validate the proposed designs.

4.2. Proposed Design
Mode conversion and filtering for a single wavelength in a two-mode waveguide was
demonstrated using the AWBG in [34] and with a multi-channel approach using
interleaved SBGs in [62]. The basic operation of these gratings was explained and
demonstrated in [7, 8]. The reflection peak of an AWBG grating can be determined from
coupled wave theory:
Rab  rab  tanh(Kacab L)
2

2

4-1

where the a and b are indices representing the incident and reflected modes respectively,
L is the grating length, n1 is the refractive index modulation and ab is the overlap
integral between the modes. Kacab is the coupling constant between the a and b modes at
a wavelength  and its given by:
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Kacab 


( )
 n1 ab

4-2

The overlap integral is defined as [7]:

ab 

 e

*

a

 e

a

*

4-3

( x, y ) ( x, y )eb ( x, y )dxdy

( x, y )eb ( x, y )dxdy  ea ( x, y )eb ( x, y )dxdy
*



1
2

where (x,y) is the index perturbation in the plane perpendicular to the propagation
direction z as seen in Figure 4-1 and ea and eb are the field amplitude profiles of the a and
b modes respectively. The index profile is assumed to be uniform in the y direction and
an anti-symmetric profile in the x direction. In previously demonstrated devices [7, 8,
62] the overlap integral extended across the entire width of the grating in the x direction.
In the proposed design, it is shown that as long as the anti-symmetric profile of (x,y) [7]
is maintained in the y axis, its size can be limited to small regions in the x direction
within the waveguide, as seen in Figure 4-1. In it, the grating profile for a grating limited
to the center part of the waveguide with period
waveguide is used for another grating with period

1.

The remaining lateral region of the

2.

The period of each grating at the Bragg wavelength is given by:
i

  i oe (ne  no )

4-4

where no and ne are the effective indices of the odd and even modes at ioe, respectively.
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Figure 4-1. Parallel anti-symmetric grating with two grating periods. This lateral
sampled AWBG (LS-AWBG) reflects with mode conversion at two Bragg conditions.
Propagation occurs along the z axis and the inner grey shaded areas are the different
grating sections within the waveguide.

When two gratings are parallel, as in Figure 4-1, the problem can be analyzed by
considering an overlap integral that is the product of the even “0” and odd “1” modes, as
shown in Figure 4-2. Each grating section covers a different portion of the overlap
integral. By varying the width of each grating (W1,W2), both gratings will have the same
effective area within the overlap integral. This will assure the same reflection efficiency
for each grating. The efficiency of the grating is also influenced by the length (L) of the
grating. Figure 4-3(a) shows the plot of the normalized width fraction (W1/a) vs. the V#
parameter that achieves equal reflection efficiency both gratings. The V# parameter is
given by:
V#

2a



2

nw  nc

2

4-5
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with “a” equal to the half width of the core of the waveguide,  the operating wavelength,
nw refractive index of the core and nc the refractive index of the cladding. For a slab
waveguide configuration the cutoff for the second order mode occurs when V#  /2 and
for the third mode at V# = , therefore the waveguide must be designed to assure that the
V# is always between these two values.

The parameter values used in the design

correspond to the AWBG devices previously demonstrated in [7] and where a= 8 m, nw
= 1.4482, nc = 1.4457, n1 = .0004, and L = 8 mm.

Figure 4-2. Normalized field distributions for the “0”, “1” and the resultant overlap as
seen across the width of the grating.

Figure 4-3. Normalized grating width fraction (W1/a) that produces equal reflection
efficiency for (a) two parallel gratings and (b) four parallel gratings as a function of the
V#.
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Wavelength (Microns)

Figure 4-4. Beam propagation results showing the efficiency for anti-symmetric parallel
gratings with a= 8 m, nw = 1.4482, nc = 1.4457, n1 = .0004, and L = 8 mm. for (a) two
gratings and (b) four gratings. WF is the normalized grating width (W1/a).

For both reflection peaks to be equal, the normalized grating width fraction was found to
be 0.556 in Figure 4-3(a), making W1 larger than W2. The reflection efficiency is not
particularly sensitive to the normalized width fraction used for the two parallel grating
cases. An error in the normalized width fraction of ~10% produces a change of the peak
efficiency of less than 10%. The optimization for more grating periods is possible using
the same principle however; the lengths of the gratings must be increased to overcome
the smaller coupling constant, as is the case with SBGs. Figure 4-3(b) shows the
normalized gratings widths fractions (Wi/a) required for each grating to achieve equal
reflection efficiency in the case when 4 gratings are placed in parallel.
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4.3. Applications
Parallel AWBG provide narrow spectral selectivity due to their small coupling constant.
As the number of parallel channels increases, the coupling constant reduces making the
overall length of the grating larger in order to achieve high efficiencies. As the length of
the grating is increased, the spectral FWHM of the grating reduces. This makes the
parallel AWBG a more attractive solution than simply placing AWBG in series, at the
cost of manufacturing complexity.

One potential application in a WDM system is shown in Figure 4-5. In this case single
mode beams are launched into port 1 of the asymmetric Y branch into the two-mode
waveguide. The grating periods

1

and

2

correspond to 1 and 2 respectively and these

two wavelengths are reflected with mode conversion to port 2. The length of the gratings
depends on the desired diffraction efficiency or the required bandwidth. The index
modulation can be increased by increasing the depth of the etched gratings as in the case
of SBGs.

Similar work was demonstrated using a single AWBG structure with

equivalent index modulation of n1 = 4x10-4 with a mesa height of 400nm and length of 5
mm [7]. Although the separation between adjacent waveguides can be as small as 30m,
to allow coupling with commercially available single mode fiber linear arrays, a
separation of 127m was be used.
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1+2+3+4
Port 1
1+

1+2

2

3+4
Port 3

Port 2

Figure 4-5. Two wavelength parallel anti-symmetric Bragg grating add-drop

Using the same basic principle, the number of wavelength can be increased, as shown in
example Figure 4-6. The wavelengths that do not match the Bragg condition, 4, and 9,
are transmitted to port 3. The rest of the wavelengths, matching the Bragg condition, are
reflected and mode converted to Port 2.

Port 1

1+2+3+
4

1+2+3+5
Port 2

Port 4
1+

2+

3

5+

6+

7+

8

+6+7+8
Port 3

5+6+7+8+9

Figure 4-6. Seven wavelength parallel anti-symmetric Bragg grating add-drop.

4+9
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Encoding for both wavelength and time for OCDMA applications can be produced by
shifting the position of AWBGs with respect to each other[8] as shown in Figure 4-7.
The shift is equal to Lb, ~10 mm, which is the bit period equivalent in space for a 10 GHz
system. In order to recover the original signal it must pass through a matched decoder. In
this case the encoder/decoder pair uses a 3 wavelengths, 3 shifts per wavelength scheme
with two “1” and one “0” bits for each grating. The lengths of the shifted gratings
sections with a particular period were adjusted so that they reflected the same amount of
total incoming power. This is needed because the initial grating section (Lshort) for a
particular wavelength matching its Bragg condition reflects a portion of the incoming
power. The latter grating section (Llong) has to be longer in order to compensate for the
fact that less power reaches it.

Figure 4-7. Three wavelength encoding parallel AWBG scheme with a matched
encoder/decoder.
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Previously demonstrated SOS devices have a polarization dependent Bragg wavelength
shift of ~0.21 nm between the TE and TM polarized cases [8]. This polarization
dependence can be eliminated by making the center wavelength of TE signal of the first
grating coincide with the TM center wavelength of the second grating, spacing the
gratings 0.21nm apart. This approach reduces the bandwidth efficiency of the grating as
well as the number of processed signals, yet it would eliminate the polarization
dependence associated with these types of devices. By increasing the number of parallel
gratings in multiples of two, parallel processing of the incoming signals can be achieved.

4.4. Chapter Summary
Parallel anti-symmetric Bragg grating waveguide have been proposed. The waveguides
were theoretically demonstrated based on coupled mode theory, mode overlap with
parallel gratings and previous experimental results with AWBGs. Several applications
were described. The simulations show the resulting devices would be small and scalable.
For a 2 wavelength grating setup, simulations show reflectivity peaks greater 92% for
gratings 8 mm long. For a 4 wavelength grating setup, the reflectivity is ~90% for
gratings 17 mm in length. These compact multi-channel gratings can be used in other
applications such as OCDMA encoding and polarization dependence reduction. There is
an inherent limit to the number of parallel channels that can be added in these devices.
As the number of parallel channels increases, so must the length of the gratings.
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CHAPTER 5.

HOLOGRAPHIC PLANAR CONCENTRATOR
HOLOGRAMS

5.1. Introduction
In this chapter, an analysis of the properties of diffractive structures for HPC applications
is presented.

An evaluation of dichromated gelatin (DCG) holograms, based on

experimental results and the coupled wave theory presented in Chapter 2, is performed
and they are found to have many useful properties for solar applications. The DCG
holograms are incorporated in holographic planar concentrator (HPC) designs for use in
PV module applications. The operating principle for a latitude mounted HPC is shown in
Figure 5-1.
Equinox
Holographic
Region

Summer
Winter

Equinox
Summer
Winter

Holographic
Region
PV Cell

Albedo and
ground
scatter

PV Cell

Figure 5-1. Holographic planar concentrator operating principle with a bifacial silicon
cell oriented for latitude. Different portions of the spectrum, represented by differing
colors are diffracted to different portions of the bifacial cell, both to the front and back of
the bifacial cell.
The yearly energy concentration for a non-optimized hologram designed for latitude
mounted solar concentration is presented. New optimized hologram designs for latitude
and non-latitude mounted applications are also presented.

The new designs allow
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holograms to concentrate more energy for latitude mounting and to be used in
vertical/building integrated photovoltaic (BIPV) applications as well as near horizontal (5
degree) mounted PV applications. The near horizontal mounting offers lower mounting
costs and higher PV installation/area densities. Due to the sun/PV panel geometry,
described in Appendix B, non-latitude mounted PV configurations generally receive less
annual solar radiation than an equivalent latitude mounted geometry.
South







Figure 5-2. LEFT: South facing PV mounting angle configurations for latitude (=Lat.).
MIDDLE: near horizontal (=5). RIGHT: vertical mount (=90).
The HPC hologram has many physical attributes desirable for low ratio solar
concentration.

The materials involved in its fabrication, such as polyethylene

terephthalate (PET) and dichromated gelatin (DCG) are relatively inexpensive and DCG
holograms have been found to be stable in extreme environmental conditions as long as
properly sealed [66]. This holographic film is lightweight and flexible; the holographic
emulsion is only 5-15 microns thick while the underlying substrate can range from 60-
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110 microns.

PET is highly compatible with standard module encapsulants and

adhesives such as ethylene-vinyl acetate (EVA.

For general properties of DCG

holograms the reader is directed to [67].

Although rigorous coupled wave (RCW) theory [45, 68-71] has been showed to be more
precise for modeling volume holographic elements with arbitrary input conditions, the
ACWA developed in [43] has been found adequate for modeling DCG HOEs for solar
planar concentrators [20, 35-37]. Previously, a good match between experimental, RCW
and ACWA results was found [20] for the angular/wavelength range of interest for
stationary HPC systems.

The advantages of ACWA over RCWA are an easier

implementation and less computational demands [20]. The main advantage of RCWA
over ACWA is its ability to simulate more than one diffracted order. ACWA modeling
was used to evaluate optimum solar holograms designs for different latitude, mounting
angle, and PV material combinations.

The simulation shows that when optimized holograms are used in non-latitude mounted
applications their yearly energy concentration is greater than for the latitude mounted
cases. This trend was found for most of the latitudes under consideration in this work.
This dissertation expands previous work on solar holograms which focused on latitude
mounted stationary applications [20, 35, 36] or latitude mounted with one axis tracking
[37].
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The ACWA analysis in [20, 35-37] treated the polarization response of the HPCs as
constant through the simulation space. The P-polarized efficiency of the hologram was
fixed at 70% of the S-polarized efficiency, resulting in an average holographic diffraction
efficiency of 85% of the S-polarized light for the angle and wavelengths of interest.
While this work presents the constant polarization simulation method used by previous
authors, it will also make use of Kogelnik’s modified coupling constant for P-polarization
beams shown in section 2.11 to find an average for the response for S and P polarizations.
The comparison of both methodologies is presented.

5.2. Holographic Concentration
5.2.1. Ideal 2D Concentrator Considerations Geometrical Concentration
The maximum geometrical concentration achievable by a solar collector is related to the
maximum limiting acceptance angle of the system through the Lagrange invariant of the
system [72-76]. For 2D concentrator systems, such as compound parabolic concentrators
(CPC), trough type concentrator and HPC type systems, it is given as
5-1
(

)

where C2D is the maximum achievable concentration possible with a 2D system, n’ is the
refractive index at the exit aperture of the concentrator, n is the refractive index of the
medium surrounding the concentrator (air in this case), and a is the maximum
acceptance angle of the system. In this case, sin(a) is given by the boundaries set by the
change in the seasonal sun declination angle. For a a=23.45, C2D= 3.77. Theoretically,
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the ratio of hologram to the exit aperture can be as high as 2.77:1. For a detailed
description of the sun geometry and its relationship with the HPC, the reader is directed
to Appendix B of this work.

Two HPC configurations are presented in Figure 5-3 and Figure 5-4. In the configuration
shown in Figure 5-3, the hologram layer is offset from the solar cell; this allows for part
of the light diffracted by the hologram at angles between 0 and 90 degrees to reach the
cell. For the configuration shown in Figure 5-4 the hologram is located at the same plane
as the PV cell, only portions of the light that are diffracted at angles larger than the
critical angle [77] for the encapsulating material can reach the cell. Light which is
propagating at an angle larger than the critical angle is guided inside the encapsulating
medium through total internal reflection (TIR) [77] to the PV cell.

H/2

H/2
Glass Top Sheet

HOE

HOE
NIR

Glass
UV

t

NIR

Monofacial Solar Cell

UV

Backsheet

w
Figure 5-3. Offset plane HPC operating principle with a monofacial cell presented in [20,
35-37]. The optimized dimensions to maximize the yearly energy concentration for such
a concentrator were found in [20] and are given as T≈H≈1.67w.
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w=H

H/2
Glass

HOE

H/2

Bifacial Solar Cell
t

HOE

UV
NIR

Glass

UV

Figure 5-4. In-plane TIR HPC operating principle with a bifacial solar cell presented in
[39, 78, 79]. The geometrical optimization of this design is shown later in this chapter.

5.2.2. Holographic Planar Concentration Parameters
Low concentration, HPC technology has been shown to reduce the amount of silicon
photovoltaic material needed in a solar module [35, 76, 80] at the cost of lowering the
overall efficiency of the PV panel. Due to the reduced cost of the holographic elements,
the HPC module exhibits overall reduced costs per Watt [35, 76, 80]. In this section,
relevant concepts of solar concentration and their applicability to the HPC technology
will be presented.

A power contribution factor (PCF) for a given sun position is defined as [20]:
( )

( )

( )
( )

5-2
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where PREF is the power of the photovoltaic portion in the module without holograms, PH
is the power provided by the holograms and () denotes a dependence on the sun angle
geometry between the sun and the PV module.

The power gain or contribution of the hologram (PH) is the power added by the hologram
to the PV, and is given by:
( )

( )

( )

5-3

%

( )

where PHM is the power produced by the holographic/PV combination. PREF can also be
denoted as the power produced by a PV cell/module with the PV cell area equal to that
used in the PHM cell/module. Equation 5-2 can be rewritten as:
( )

( )

( )

5-4

%

An analogous factor to the PCF is given by the energy concentration factor (ECF):
( )

( )
( )

∫[

(
∫

)
(

(
)

)]
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where EHM is the energy provided by the holographic module and EREF is the energy
provided by the reference module. The energy gain (%) of the hologram is given by
( )

( )

( )
( )

∫
∫

(

)
(

5-6
)

where EH is the energy provided by the hologram to the PV cell/module, as a (%) of the
energy produced the PV cell/module (EREF).

The geometrical concentration, also known as the ideal concentration, is given as [20]:

82

5-7

Where Ac is the total collector area, AH is the total hologram area and Apv is the
photovoltaic material area. For the 2D HPC systems shown in Figure 5-3 and Figure 5-4,
Cg is given as:
5-8
Where w is the width of the PV material and H is the total length of the holographic
regions. The optical efficiency of the HPC system o can be defined as [20]
5-9



The effective concentration ratio is given by the product of the peak optical efficiency
and the geometrical concentration [20]
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5.3. Holographic Recoupling and its Effect on the Maximum Concentration
Recoupling of the diffracted light by the hologram occurs when light guided in the
substrate matches the Bragg condition and diffracts the light out of the substrate. In this
case, light exits the module substrate without being collected by the PV cell.

Figure 5-5 Recoupling for a 1:1 hologram to cell ratio configuration.
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l

Figure 5-6 Geometrical considerations for the recoupling at the critical angle. The light
travels 4l before it is recoupled and launched out of the module.
The concentration limit due to recoupling occurs at the critical angle condition. This is
shown in Figure 5-6. The critical angle for an air/glass interface is defined as

 1 

 c  sin

n
 glass 

1
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where c is the critical angle and nglass is the refractive index of the glass or other
transparent medium used to encapsulate the film/PV cells.

The maximum size of the half width (w/2) of the hologram for no recoupling to occur is
given by 4l. The variable l is given by:
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where t is the thickness of the module. For t = 7mm and c= 41.8, l = 3.13mm and the
maximum half width of the hologram would be w/2=12.52mm. For a 25mm wide
hologram, the half width would be w/2=12.5mm.

Minimum Distance
before recoupling
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Figure 5-7 Minimum recoupling distance as a function of the holographic module
thickness.
The concentration at a solar cell was calculated for a 1:1 geometry as a function of the
holographic efficiency, recoupling percentage and the geometric concentration Cg,
previously defined in equation 5-7.
For the case when Cg is  2:



(
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)

For the case when Cg is  2:
∑



(

(

)

)

5-14

where  is the optical efficiency of the hologram in percentage for the region of interest,
% is the amount of recoupling in percentage and Cg is the geometric concentration.
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C-0
No Loss

10% Loss
L-10
L-25
25% Loss
L-50
50% Loss
L-75
75% Loss

4

Figure 5-8 The modeled effective concentration as a function of the geometrical
concentration, the optical efficiency of the hologram (19.7%) and the percent loss from
recoupling per interaction for an in-plane HPC configuration and a thickness of 7mm.
The recoupling is the main loss mechanism preventing the HPC holograms from
achieving higher effective concentration values.

5.3.1. Solutions for the Holographic Recoupling Problem
For the configurations shown in Figure 5-5 and Figure 5-6, the recoupled light exits the
module through the bottom surface. In the following section, a way to address the
holographic recoupling problem is presented.

If mass is not a restriction, the most convenient solution is to increase the thickness of the
module, which increases the distance the diffracted beam travels before recoupling
interactions occur. This is observable through the direct dependence of l on the module
thickness t, as seen in equation 5-12. Other HPC designs in which weight was not an
issue [20, 35-37] used thicker unit cell designs and an offset hologram/PV plane to
achieve higher overall concentrations. By separating the planes, additional light which is
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not in the TIR regime, would reach the PV material, increasing the energy collection of
the hologram. Replacing the heavy glass panes (2.51g/cm^3, n=1.51) [81] used in the
construction of PV systems with lighter polycarbonate (1.21g/cm^3, n=1.586) [82] would
reduce the weight of the system by ~52%.

The 1/e2 points of the diffraction efficiency shown in Figure 5-9 were used to determine
the range of diffraction angles within the substrate for an HOE.
wavelengths of ~575nm and ~975nm.

These occur at

From equation C-34 in Appendix C, these

wavelengths correspond to angles of 34.85 and 69.2 degrees respectively. The distance
that the diffracted light can travel laterally in the module before it crosses the plane of the
cell is given by 2l, where l is given in equation 5-12.
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Where d’ is the distance the diffracted beam travels before crossing the plane of the cell, t
is the module thickness and  is the diffracted angle for a particular wavelength.

For a wavelength of 975nm, a diffracted angle of 69.2, and a cell width of 25mm, the
optimum module thickness is found to be 9.5mm. With this larger thickness, a more
efficient use of the holograms is achieved and holographic recoupling is avoided. For the
configuration shown in Figure 5-4, the optimized geometry with no recoupling would be
t=0.38H and H=w. This configuration is less than a ¼ of the optimized thickness found
for the configuration shown in Figure 5-3 and optimized in [20].
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Figure 5-9. Measured diffraction efficiency (%) of the non-optimized, latitude solar
holographic film for normally incident S-polarized light.

5.4. Simulated Hologram Performance
The ACWA code simulates hologram interactions with the photovoltaic material and the
full seasonal sun angle movement and spectrum, simulating the sun position every 15
days and throughout the day. The general orientation/configuration of the HPC module is
shown in Figure . As mentioned in [88], an acceptable daily angle design range for solar
concentrators covers 2/3 of the daily sun angle centered around noon. The ACWA code
simulates the sun’s angular range for 70% of each day, subdividing the portion of the day
under analysis into 17 daily points centered on the noon sun position, then varying the
sun angle itself depending on the date and the time of day. The simulation was weighted
by the day length to obtain accurate yearly energy concentration values.

Fresnel

reflections, cosine area fall-off [77] and atmospheric absorption effects [89, 90] are also
accounted for in the simulations as seen in Equations 5-16 and 5-17.
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The normalized power generated by the PV regions (PREF), without any concentration is
given by:
( )

( )

( )∫
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( ) 



While the normalized power provided by the holographic region (PH) is given by:
( )

(

( )

)

( )∫



( ) (
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) 

APV and AH are the areas of the PV and holographic regions respectively and for a 1:1 to
one ratio being both being equal,  is the sun angle,

is the angle between the sun and

the concentrator, SR is the usable solar-PV responsivity spectrum of the direct irradiance
acting on the cell and (

) is the efficiency of the hologram for a given

wavelength/angular input condition given in Equation 2-103. T( ) is the fraction of the
light that reaches the cell and is given by[77]:
( )

(

)
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Where ni and nt are the refractive index of the incident and transmitted mediums and i
and t are the incident and transmitted angles.
The yearly energy contributed by the hologram is calculated as:
( )

∑

(
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(
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∫

(
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)
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where the summation cover the time period between the summer solstice (SS) and the
winter solstice (WS), encompassing the total seasonal declination range of sun.
The yearly ECF is then given as:
( )

( )

5-20

w/2
w
w/2

Top HOE

PV Cell

t

Lower HOE

β
Figure 5-10. Side view of the PV module unit cell for the latitude mounted configuration
and the relative positions of the Top and Lower holograms simulated in this work. The
cell width w= 25mm, the hologram half width w/2=12.5mm, the module thickness t=
9.5mm, the slope angle  equals the application’s latitude.

w
w

Top HOE

t

PV Cell

β
Figure 5-11. Side view of the Top hologram configuration PV unit cell for the nonlatitude mounted configuration simulated in this work. The cell and hologram width w=
17.1mm, the module thickness t= 9.5mm, the slope angle  equals the application’s
latitude.
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w
PV Cell

w

t

Lower HOE

β
Figure 5-12. Side view of the Lower configuration PV unit cell for the non-latitude
mounted configuration simulated in this work. The cell and hologram width w= 17.1mm,
the module thickness t= 9.5mm, the slope angle  equals the application’s latitude.
Previous ACWA analysis in [20, 35-37] treated the polarization dependent diffraction
efficiency () of holograms as constant through the simulation space. The efficiency of
the hologram for P-polarized was previously found to be 70% of the S-polarized
efficiency, resulting in an average hologram diffraction efficiency given by:
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While this work presents the constant /polarization simulation method used by previous
authors, it will also use Kogelnik’s modified coupling constant for P-polarization shown
in section 2.11 to calculate the average hologram efficiency using the following equation:
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The yearly energy concentration produced by the holograms will be calculated using both
methods in Equation 5-17, and the results compared.

Holographic recoupling was not accounted for in the ACWA simulations. For this
assumption to be considered accurate, in accordance with section 5.3 the following
designs constraints must be imposed:
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Latitude mounted holograms: The holograms are arranged on either side, top and
bottom, of the photovoltaic cell in the same plane as shown in Figure 5-10. The
PV material width is given as 25mm and the module thickness (t) is given as
9.5mm. For these conditions the hologram half width must be >17.1mm to avoid
any recoupling. To maintain a 1:1 hologram to cell ratio, the hologram half width
is set to 12.5mm.



Non-latitude mounted holograms:

The holograms are arranged on top (Top

configuration - Figure 5-11) or under the photovoltaic cell (Lower configuration Figure 5-12). The HPC film and the bifacial PV cell is located in the same plane.
The PV material width is given as 17.1mm and the module thickness is given as
9.5mm.

For these conditions the hologram must be >17.1mm to avoid any

recoupling. To maintain a 1:1 hologram to cell ratio, the hologram full width is
set to 17.1mm.

5.4.1. Non-Optimized Latitude hologram Yearly ECF Simulation
A non-optimized solar hologram for latitude mounted applications, previously presented
in [38-42], was evaluated in Appendix C with grating parameters shown in Table 5-1 and
its diffraction efficiency is shown in Figure 5-9. The hologram is labeled as nonoptimized in this work because it was not designed to maximize the yearly energy
concentration factor (ECF) of the hologram but to maximize the power provided by the
hologram (PH) to the PV cell at noon for the solar equinox condition. A comprehensive
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angular characterization of this film, including the daily angular dependence is presented
in Appendix C of this work.

Table 5-1. Grating parameters for the non-optimized hologram for latitude mounted HPC
applications.
.
Grating period ( )
0.601 m
Tangential grating period ( X)
0.673 m
63.26
Slant angle ()
Bulk index (n)
1.465
Index modulation (n1)
0.072
Emulsion thickness
11 m
Effective grating thickness (d)
2.15 m
~795nm
center @ normal incidence
FWHM @ normal incidence
~250nm
650 nm
TIR @ normal incidence
70%
P-pol/S-pol @Bragg for normal incidence
Using the hologram parameters of =793nm, 1=0, 2=53.5, d=2.15m and n1=0.072;
ACWA simulation were carried out to find the effective concentration of the HPC
hologram for the latitude mounted configuration seen in Figure 5-10, for various latitudes.
The HPC latitude hologram parameters were used for the Top and Lower holograms to
find the yearly energy concentration of the module.
The results of the simulations are shown in Table 5-2. The ECF (%) shown is the
additional energy provided by the holograms to the PV cells as defined by Equation 5-5.
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Table 5-2. ACWA simulation results for latitude mounted (β=latitude) configurations
using the HPC latitude optimized film.
PV
Material

Latitude

Mono-Si
Mono-Si
Mono-Si

28
32
36

Mono-Si
Mono-Si

45
60

Average Polarization
Lower
Top
ECF
Holo
Holo
0.12761 0.10339 111.55%
0.12372 0.10288 111.33%
0.12005 0.10298 111.15%

Constant Polarization
Lower
Lower
ECF
Holo
0.13561 0.10814 112.19%
0.13183 0.10763 111.97%
0.12806 0.10797 111.80%

0.1136 0.10503 110.93%
0.10242 0.11328 110.79%
Average ECF= 111.15%

0.12023 0.11194 111.61%
0.10825 0.12496 111.66%
Average ECF= 111.85%

Simulations with a smaller time resolution were carried out to assess if a larger temporal
resolutions was needed for more accuracy. The new simulations were carried out with a
sampling rate of ~5min, every day, in contrast to the previous simulation with a sampling
rate of 45 minutes, every 15 days. The results of the new simulations are shown in Table
5-3. The ECF (%) shown is the energy added by the hologram as defined by Equation
5-5.

Table 5-3. High temporal resolution ACWA simulation results for latitude mounted
(β=latitude) configurations using the HPC latitude holographic optimized film.
PV
Material

Latitude

Mono-Si
Mono-Si
Mono-Si
Mono-Si
Mono-Si

28
32
36
45
60

Average Polarization
Lower
Top
ECF
Holo
Holo
0.13171
0.10268 111.72%
0.12725
0.1029 111.51%
0.12337
0.10426 111.38%
0.11444
0.10532 110.99%
0.1018
0.11986 111.08%
Average ECF= 111.34%

Constant Polarization
Lower
Lower
ECF
Holo
0.14066
0.1115 112.61%
0.13624
0.11156 112.39%
0.13238
0.1121 112.22%
0.12433
0.11609 112.02%
0.11208
0.12825 112.02%
Average ECF= 112.25%
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Increased temporal resolution beyond 45 min / 15 days did not improve the accuracy in a
significant matter (< 1%). All further simulation results shown in this work are therefore
done with the lower temporal resolution.

5.4.2. Optimization for Latitude and Non-Latitude Mounted Configurations
Previous work on solar holograms focused exclusively on latitude mounted stationary
applications [20, 35, 36] or latitude mounted with one axis tracking [37]. By designing
holograms for vertical mounting conditions, β=90 in Figure 5-2, BIPV applications
spaces such as south facing building facades and walls become available for use by HPCs
and are evaluated. By designing HPC film for near horizontal designs, β=5 in Figure 5-2,
higher panel densities for given land/installation area can be achieved, while saving costs
and material associated with larger mounting angles/latitude mounted designs. These
horizontal designs are also evaluated.

The ACWA code was used to evaluate the holographic yearly energy concentration for
>700 holograms for each mounting angle/latitude combination, for both of the Top and
Lower holographic configurations.

The holograms were simulated by varying the

hologram construction wavelength from 650nm to 1650nm in 50nm steps and varying
one of the construction angles from -10 to +30 degrees. The second construction angle
was kept constant at 50 degrees. Each hologram/solar/PV response interaction was
simulated for a total wavelength range of 300-1175nm. The simulation code was run
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independently for two values of index modulation, 0.072 and 0.099. The value of 0.072
was found from an ACWA fit of the hologram, shown in Appendix C, while the value of
0.099 was obtained from [37] as an upper value for the index modulation of DCG solar
holograms of the same thickness presented in [36, 37].

The ACWA results for latitude mounted (β=latitude) holograms using equation 5-21 and
a hologram thickness = 2.15m are shown in Table 5-4. ACWA simulation results for
latitude mounted holograms evaluated using equation 5-22 and a hologram thickness =
2.15m are shown in Table 6-5.
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Figure 5-13. Simulated EH results from the ACWA code for the Lower (left) and Top
(right) hologram for CdTe, latitude=β=28, d=2.15m, n1=0.099 and keeping one
construction angle fixed at 50 degrees inside the material. The construction wavelength
and second angle that would define the grating are given as the plot’s axes.
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Figure 5-14. Simulated EH results from the ACWA code for the Lower (left) and Top
(right) hologram for CdTe, latitude=β=36, d=2.15m, n1=0.099 and keeping one
construction angle fixed at 50 degrees inside the material. The construction wavelength
and second angle that would define the grating are given as the plot’s axes..
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Figure 5-15. Simulated EH results from the ACWA code for the Lower (left) and Top
(right) hologram for CdTe, latitude=β=60, d=2.15m, n1=0.099 and keeping one
construction angle fixed at 50 degrees inside the material. The construction wavelength
and second angle that would define the grating are given as the plot’s axes.
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Table 5-4. ACWA constant /polarization simulation results for latitude mounted
(β=latitude). The HPC energy concentration was evaluated using equation 5-21 and a
hologram thickness = 2.15m. The simulated configuration is depicted in Figure 5-10.
PV Material

Latitude

Mono-Si
Mono-Si
Mono-Si
Mono-Si
Mono-Si
Multi-Si
Multi-Si
Multi-Si
Multi-Si
Multi-Si
CIGS
CIGS
CIGS
CIGS
CIGS
CdTe
CdTe
CdTe
CdTe
CdTe

28
32
36
45
60
28
32
36
45
60
28
32
36
45
60
28
32
36
45
60

n1= 0.072
Lower Holo
Top Holo
0.173020
0.136240
0.161400
0.140400
0.150680
0.144150
0.130520
0.153640
0.116590
0.179960
0.190270
0.151470
0.176110
0.154920
0.163170
0.159370
0.138320
0.173410
0.128400
0.204460
0.203590
0.162770
0.187440
0.164270
0.172850
0.169400
0.144950
0.185450
0.116590
0.217840
0.21717
0.13706
0.19831
0.12787
0.18272
0.12521
0.15308
0.14983
0.14083
0.1999

ECF
115.46%
115.09%
114.74%
114.21%
114.83%
117.09%
116.55%
116.13%
115.59%
116.64%
118.32%
117.59%
117.11%
116.52%
116.72%
117.71%
116.31%
115.40%
115.15%
117.04%

n1 = 0.099
Lower Holo Top Holo
0.2254
0.1808
0.2111
0.1839
0.1979
0.1870
0.1722
0.1994
0.1577
0.2327
0.2347
0.1885
0.2178
0.1919
0.2024
0.1971
0.1729
0.2141
0.1631
0.2512
0.2525
0.2019
0.2328
0.2060
0.2147
0.2129
0.1808
0.2322
0.1808
0.2709
0.27088
0.17132
0.2488
0.16135
0.23108
0.15364
0.19648
0.1776
0.1749
0.24119

ECF
120.31%
119.75%
119.24%
118.58%
119.52%
121.16%
120.49%
119.97%
119.35%
120.71%
122.72%
121.94%
121.38%
120.65%
122.58%
122.11%
120.51%
119.24%
118.70%
120.80%
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Table 5-5. ACWA averaged /polarization simulation results for latitude mounted
(β=latitude). The HPC energy concentration was evaluated using equation 5-22 and a
hologram thickness = 2.15m. The simulated configuration is depicted in Figure 5-10.
PV Material

Latitude

Mono-Si
Mono-Si
Mono-Si
Mono-Si
Mono-Si
Multi-Si
Multi-Si
Multi-Si
Multi-Si
Multi-Si
CIGS
CIGS
CIGS
CIGS
CIGS
CdTe
CdTe
CdTe
CdTe
CdTe

28
32
36
45
60
28
32
36
45
60
28
32
36
45
60
28
32
36
45
60

Lower Holo
0.16580
0.15231
0.13939
0.12248
0.10688
0.18342
0.16745
0.15187
0.13105
0.12020
0.19582
0.17852
0.16106
0.1380
0.1334
0.2165
0.1977
0.1822
0.1532
0.1328

n1= 0.072
Top Holo
0.12874
0.13171
0.13426
0.14499
0.17097
0.14420
0.14580
0.14921
0.16499
0.19603
0.15504
0.15365
0.15880
0.1763
0.2086
0.1353
0.1261
0.1221
0.1421
0.1865

ECF
114.73%
114.20%
113.68%
113.37%
113.89%
116.38%
115.66%
115.05%
114.80%
115.81%
117.54%
116.61%
115.99%
115.71%
117.10%
117.59%
116.19%
115.22%
114.76%
115.97%

Lower Holo
0.2230
0.2063
0.1883
0.1680
0.1503
0.2350
0.2158
0.1955
0.1713
0.1595
0.2530
0.2306
0.2076
0.1804
0.1766
0.2785
0.2548
0.2372
0.2022
0.1719

n1 = 0.099
Top Holo
0.1759
0.1672
0.1813
0.1951
0.2297
0.1868
0.1877
0.1935
0.2124
0.2515
0.2006
0.2007
0.2085
0.2298
0.2719
0.1748
0.1643
0.1558
0.1792
0.2369

ECF
119.94%
118.67%
118.48%
118.15%
119.00%
121.09%
120.17%
119.45%
119.19%
120.55%
122.68%
121.56%
120.80%
120.51%
122.42%
122.66%
120.96%
119.65%
119.07%
120.44%

The concentration values were found to be nearly the same for the latitude-mounted
optimized holograms and corresponding simulated latitudes for all PV materials. The
highest overall concentration for latitude mounted holograms was found for CdTe and
CIGS, this occurred with both /polarization simulation methods and both variations of
the index modulation. The new, simulated latitude optimized hologram designs for
latitude mounting were found to contribute more energy than the non-optimized latitude
HPC hologram as seen by comparing Table 5-2 with Table 5-4 and Table 5-5.
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From Figure A-4, it can be seen that different PV materials have different spectral
response. A hologram can provide greater effective concentration for a material with
spectral characteristics that better spectrally match the hologram.

ACWA based

optimizations were carried out for the Top and Lower holographic configurations
depicted in Figure 5-11 and Figure 5-12 respectively as a function of the module
mounting angle β for CdTe. The Lower hologram configuration depicted in Figure 5-11
was simulated for a low tilt (β=5) mounting angle and compared to the previously shown
latitude mounted results. The simulations were carried out for latitude values of 28, 32,
36, 45, and 60, an index modulation of 0.099 and a hologram thickness of d=2.15m, the
results are shown in Table 5-6 and Table 5-7.
Table 5-6. ACWA simulation results for latitude and near horizontal mounted Lower
hologram HPCs for CdTe, with their design geometry. The hologram thickness
simulated was d=2.15m and the index modulation was set at n1=0.099.
Simulation
AVGpol
Method
AVGpol
AVGpol
AVGpol
AVGpol
AVGpol
AVGpol
AVGpol
AVGpol
AVGpol
CONST
CONST
CONST
CONST
CONST
CONST
CONST
CONST
CONST
CONST

Latitude
28
28
32
32
36
36
45
45
60
60
28
28
32
32
36
36
45
45
60
60

Mounting
5
Angle
28
5
32
5
36
5
45
5
60
5
28
5
32
5
36
5
45
5
60

ECF
127.15%
127.8%
127.82%
125.5%
129.26%
123.7%
135.63%
120.2%
142.62%
117.2%
127.41%
127.1%
128.20%
124.9%
129.19%
123.1%
135.18%
119.6%
142.73%
117.5%

Wavelength
1050
(nm)
800
1650
800
1100
750
950
750
950
700
1000
800
1650
750
1050
750
950
750
1000
750

Angle1
15
10
2
10
3
10
10
10
17
-9
17
10
6
11
4
11
10
10
16
-10

Angle2
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
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Table 5-7. ACWA simulation results for latitude and vertical mounted Top hologram
HPCs for CdTe, with their design geometry. The hologram thickness simulated was
d=2.15m and the index modulation was set at n1=0.099.
Simulation
Method
AVGpol
AVGpol
AVGpol
AVGpol
AVGpol
AVGpol
AVGpol
AVGpol
AVGpol
AVGpol
CONST
CONST
CONST
CONST
CONST
CONST
CONST
CONST
CONST
CONST

Latitude
28
28
32
32
36
36
45
45
60
60
28
28
32
32
36
36
45
45
60
60

Mounting
Angle
28
90
32
90
36
90
45
90
60
90
28
90
32
90
36
90
45
90
60
90

ECF
117.5%
149.6%
116.4%
145.1%
115.6%
139.3%
117.9%
130.2%
123.7%
136.0%
117.1%
149.5%
116.1%
144.1%
115.4%
139.2%
117.8%
130.0%
124.1%
134.8%

Wavelength
(nm)
700
900
700
850
700
850
800
800
750
900
700
900
700
850
700
800
800
800
800
850

Angle1
-9
22
-9
21
-9
19
9
16
12
25
-9
22
-9
21
-9
20
10
15
10
26

Angle2
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

The highest average energy concentration was found for the vertically mounted HPC
configurations. The lowest average energy concentration was found for the latitude
mounted holograms. This trend was found for all latitudes >32. Note however that
although ECF is higher for the vertical case, the actual energy yield per area of installed
PV tend to be larger for latitude mounted systems.

As the angle between the sun and the normal of the PV module increases, the yearly
energy concentration factor also increases for the non-latitude mounted HPC designs.
For the Top holographic configuration depicted in Figure 5-11 and vertically mounted
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HPCs, the yearly energy concentration increased as the latitude decreases. For the Lower
holographic configuration depicted in Figure 5-12 and near-horizontally mounted HPC,
the yearly energy concentration increases as the latitude increases.

5.4.2.1. Grating Thickness and Index Modulation Optimization for Non-Latitude
Configurations

The previous ACWA optimizations assumed a fixed value for the effective grating
thickness (2.15m) and the index modulation (0.099 or 0.072) and found the optimum
construction geometry for the latitude and mounting configuration. In this section, the
peak EH, as defined in Equation 5-6, is found for the case when the construction
geometry, index modulation, and grating thickness are allowed to vary simultaneously.
The optimization was applied to the near-horizontal and vertical configurations that
previously had the highest ECF in Table 5-6 and Table 5-7 respectively, for both
monocrystalline silicon and CdTe. For all cases, as the index modulation decreases, the
grating thickness that achieved the peak Eh for each configuration must increase to
provide greater EH.

Monocrystalline Silicon - Lat=60 ,
Near Horizontal
50%
40%
30%
20%
0.03
0.05
0.075
0.1

10%
0%

Energy Provided by the
Hologram - Eh (%)

Energy Provided by the
Hologram - Eh (%)
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Monocrystalline Silicon - Lat=28 ,
Vertical
50%
40%
30%
20%
0.03
0.05
0.075

10%
0%

0
1
2
3
4
5
Effective grating thickness (Microns)

0
1
2
3
4
5
Effective grating thickness (Microns)

Figure 5-16. Simulated EH results from the ACWA for monocrystalline silicon for the
near-horizontal (Left) and vertical (Right) configurations. The different lines in each plot
represent values of index modulation.

40%
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CdTe - Lat=60 , Near Horizontal

50%

50%

CdTe - Lat=28 , Vertical

40%
30%
20%
10%
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0.03
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1
2
3
4
5
Effective grating thickness (Microns)

Figure 5-17. Simulated EH results from the ACWA for CdTe for the near-horizontal
(Left) and vertical (Right) configurations. The different lines in each plot represent
values of index modulation.

5.5. Chapter Conclusions
The principles and limits of optical concentration, as they relate to holographic planar
concentrators were introduced.
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Through ACWA modeling, new holographic designs were simulated on a variety of solar
materials.

These designs show that holograms optimized for non-latitude mounted

application can improve the relative energy collection of the holograms depending on the
latitude and mounting angle. A yearly ECF of ~144.5% was found for the vertical
mounting configuration at a latitude of 28 and Cg=2, for monocrystalline silicon. The
peak yearly ECF found for the near horizontal HPC film was ~138.2% at a latitude of 60
and Cg=2, for monocrystalline silicon. In contrast, the configuration shown in Figure 5-3,
presented in [20] and using a at least 4 times the glass thickness, achieved an ECF of
147% for latitude mounting and Cg=2.67, for monocrystalline silicon. Due to the sun/PV
panel geometry, non-latitude mounted PV configurations generally receive less annual
solar radiation per unit area than an equivalent latitude mounted geometry.

It was also shown that introducing a model with a variable /polarization response for the
holograms through the year did not show a significantly difference from the results of
simulations that assumed a fixed /polarization response.

This suggests that the

intermediate step of characterizing the /polarization response of a grating to use as an
input in simulations is not necessary and that the grating polarization response can be
simulated directly.
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CHAPTER 6.

THERMAL EFFECTS OF THE HOLOGRAPHIC
REGIONS IN AN HPC

6.1. Introduction
The material presented in this chapter were published in [39, 41, 42] by the author.
Results presented in this chapter, both experimental and theoretical, show that the
addition of the holographic regions in the areas next to the silicon cell sections creates a
larger surface for heat transfer to the environment surrounding the solar panel,
overcoming the added heat provided by the HPC film. The resulting effect on the silicon
is a reduced operational temperature even though the PV material is under concentration
which leads to a minor improvement in the overall power output of the cell.

A model based on the STiMuL [92] heat transfer library for the C programming
language was developed to model the temperature characteristics of the cells under
varying conditions of illumination, cooling conditions and holographic power
contribution (PH). From the temperature output of the model, heat maps for different
conditions were derived and presented. Based on these same temperature models, the
Ross coefficient for the different heat transfer conditions was calculated and compared to
the actual Ross coefficient from the experiment site and date.
Due to the negative temperature coefficients associated with both Pmax and Voc, a
lower average cell temperature translates directly into an improved cell performance of
holographic modules when compared to conventionally laid out glass-glass modules with
the same or similar performing cells.
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6.2. Experimental Temperature and Environmental Data
Two holographic and one reference coupon were assembled for the temperature analysis
of the HPCs with the same type of diced bifacial solar cells. All of the coupons had the
same glass surface area, with dimensions of 304 mm x 406 mm. The reference coupon
consisted of nine 125 mm x 25 mm cells, with the cells arranged in three rows of three,
spaced 2 mm in either direction. The 1 to 1 coupon consisted of nine 125 mm x 25 mm
cells, with the cells arranged in three rows of three, spaced by the holographic film width
of 25 mm, and the cell columns separated by 2 mm. The 2 to 1 coupon consisted of
fifteen 12.5 mm x 12.5 mm cells, arranged in five rows of three cells, with the cell rows
spaced by the holographic film width of 25 mm, and the cell columns separated by 2 mm.

The temperature of the cells was measured with an imbedded thermocouple placed
behind the center cell with the test coupons operating under no electrical load condition
(open circuit) [93, 94].

The Ross coefficient is used to determine the operating cell temperature based on the
irradiance illuminating the module and the ambient temperature. For a given mounting
and environmental conditions, the Ross coefficient can be used to determine the cooling
conditions under which a PV panel is operating [93, 94].
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Table 6-1 shows common Ross coefficients for different mounting conditions [94].
Tcell = Tamb

k’EPV

6-1

where k’ is the Ross coefficient with units of Cm2W-1 or Km2W-1, EPV flat plate
equivalent of the solar irradiance in Wm-2 illuminating the module, Tcell is cell
temperature and Tamb is the ambient temperature. (Tcell - Tamb) has been found to be linear
to Ed [95], and its value independent of Tamb [93] especially for EPV > 400Wm-2. The
Ross coefficient is proportional to the difference between the cell temperature and the
ambient temperature and hence inversely proportional to the temperature performance of
the panel. The lower this difference, the lower the drop in cell performance from the
negative temperature coefficients for Pmax

and

Voc. Using the measured data, the Ross

coefficient was calculated for each test coupon.

Figure 6-1. Experimental setup for the measurement of the cell temperature of the DA
holographic panels. The coupons had the following arrangement (Left) 2 to 1
holographic coupon, (Middle) packed reference coupon, (Right) 1 to 1 holographic
coupon. The system was pointed south and tilted for latitude.
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Table 6-1. Ross coefficients for silicon modules at different mounting conditions from
[94].
Ross Coefficient
PV Mounting Condition
[Km2W-1]
Well cooled
0.0200
Free standing
0.0208
Flat on roof
0.0260
Not so well cooled
0.0342
Transparent PV
0.0455
Façade integrated
0.0538
On sloped roof
0.0563
The cooling effects of the added holographic regions for CIGS cells had already been
shown [38-40] and showed a similar measured improvement for the average measured
cell temperatures and Ross coefficients.

6.3. Description of the Temperature Performance Model
The multilayer method for solving heat transfer problems has been successfully applied
for planar multilayer structures [96-98].

A simple mathematical model, using the

multilayer network approach was written in C with the use of a specialized, grid based,
heat transfer library called STiMuL [92]. The library uses the thermal equivalent circuit for
solving the layer problem.

From Fourier’s heat conduction Law, the heat flux for a given direction is given by
Q  q  u z  k

dT
dz

6-2

Where k is the material conductivity in Wm-1K-1, T is the temperature in K, q is the heat
flux in Wm-2. The STiMuL library assumes that all the heat transfer from the stack to the
environment occurs in the upper and lowermost surfaces and none in the lateral surfaces.
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Since the overall lateral area for each test coupon is equal to 9940mm2 and the total of the
upper and lower areas is equal to 246848mm2, the assumption that heat transfer to the
environment only occurs from those two surfaces is valid.

For thin structures, such as the ones modeled here
h

6-3

k
d

where d is the material thickness.
The thermal equivalent resistance can then be defined as
Rthermal 

6-4

1 d

h k

Figure 6-2 shows the simulated layers, Figure 6-3 shows the simplified equivalent circuit
diagram for the simulated layers, while Table 6-2 shows the simulated layer parameters.
z

Starphire®

EVA

Glass

Starphire®

CELL

EVA

Glass

Figure 6-2.

Diagram showing the various layers simulated by the model.
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Figure 6-3. Simplified, thermal equivalent circuit diagram of the simulated structure.
Heat sources are treated as current sources and temperatures as voltages. The larger the
thermal resistances, the more restricted the heat flow will be.
The material conductivity of silicon is larger than 200 Wm-1K-1 and the cell thickness was
~200m thick. The equivalent thermal resistance of silicon would equal 0.001 x10-3
Km2W-1. This value is small enough in relation to all the other thermal resistances, that is
was treated as 0 for the simulation.

Table 6-2. Layer parameters used in the temperature model [81, 99, 100]. From this
table, it is clear that the major thermal resistance is that of the glass layers and dominates
over all others, limiting the heat transfer from inside the module to the environment.
Layer
Thickness k [Wm-1K-1] R [Km2 W-1]
Top glass

3.2mm

1.00

3.2 x10-3

Top EVA

0.25mm

0.30

0.833 x10-3

Cell

0

Lower EVA

0.25mm

0.30

0.833 x10-3

Lower EVA

3.2mm

1.00

3.2 x10-3

0

For the clear day, see global irradiance data in Figure 6-5, the component of the solar
radiation (EPV) illuminating the PV panel was approximated as a function of the global
irradiance (EG) by [83]
EPV  EG

(θs)

6-5
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The thermal power density EHeat [Wm2] emanating from the cell into the module, and
eventually dissipated into the environment, was modeled as

E Heat  E PV 1 
Where

g

  1  P
g

PV

% Bi 
IV DC

100 100  AREA PV
H





6-6

is the reflectivity of the glass/air interface taken as 4%. EPV is the flat plate

component of the solar radiation hitting the PV panel and is obtained with equation 6-5.
̅

is the average absorptivity of the PV cell inside the glass package. Other authors

have used values for ̅
used. 

ranging from 0.90 to 0.94 [101, 102], for this work 0.9 was

is transmittance of the glass of the PV package from the manufacturers

specifications as 0.9 for the visible and IR, %Bi is the added power added by the albedo,
ground reflected and scattered components to back of a bifacial type PV for those
mounting conditions. The bifaciality was measured at the experiment location at noon
and found to be ~25% for the roof conditions, as seen in figure 2. The roof was coated
with a highly reflective white roof coating which helped maximize roof
reflected/scattered light contribution to the module. The last term in the equation, IVdc is
the product of the dc current and voltages from the system, generally at the maximum
power point, divided by the area of the PV generating the power. This provides the
electrical power density being generated, going out of the PV system and therefore not
being transformed into heat. For the experiment, while operating at the open circuit
condition, Idc = 0, the term can be neglected and all the illumination absorbed by the cell
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is assumed to be transformed into heat which eventually is transferred into the
surrounding environment.

The PH is the added power concentration provided by the holograms to the PV cells and
was 12% for the hologram to cell ratio of 1:1 and 18% for the 2:1 cases respectively, for
the experiment configuration and solar angle declination on the date of the experiment.
Since the experiment date a hologram with a larger refractive index (0.072) and higher
overall diffraction efficiency was developed. Therefore, the temperature performance as
a function of the holographic power contribution (PH) was predicted with the developed
model, as seen in Figure 6-10 and Figure 6-11, to take into account variable PH
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Figure 6-4. Experimental temperature data for the HPC coupon modules for a day in late
May, 2010. (Upper) temperature for the three tested coupons. (Lower) wind data for the
experiment site (N=0, E=90).
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Figure 6-5. Ross coefficient [Km2W-1] for the measured data from the test coupons.

Several assumptions were used while developing the model:


Steady state heat transfer conditions.



The electrical power from the device is neglected for the analysis since it was
operating under the open circuit condition.



The



The albedo, ground reflected and scattered contributions to the panel is considered

of glass was assumed to be that at normal incidence only.

constant and its value was measured experimentally, labeled as %Bi for the site
and set as 25%.


The thickness of the silicon cells was assumed to be 0 for the heat transfer code.



The heat transfer from the glass surfaces was equal for the upper and lower
surfaces of glass.



The upper and lower surfaces transfer all of the heat, that is, no heat transfer
occurs on the edges of the test coupons.
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The overall heat transfer used as a variable for the glass surfaces encompassed the
conductive, convective and radiative heat transfers.



The average crystalline silicon absorptivity for the spectrum of the light diffracted
by the holograms, albedo, ground scattered and reflected is assumed to be
constant and the same used for the full spectrum hitting the PV cells. For the light
diffracted by the holograms, its spectral range including the seasonal variation is
in 525nm-975nm centered at ~790nm, as seen in Figure 5-9. The absorptivity was
assumed flat for this region, since the absorption of silicon doesn’t fall off
significantly until wavelengths higher than 1000nm for the type of monocrystalline cells in this experiment.



Since the manufacturer specifications [81] of the glass have a combined
transmittance in the visible and IR >90% and a reflection of 8% in the clear areas,
its absorption when compared to the silicon regions is negligible.



The solar cells are the only heat sources in the panel since their absorption
dominates over all others.



The spacing between cell columns in the same row (~2mm) is not considered
since the cells are 125mm long and proportionately this spacing is much smaller.
The row spacing of 2 mm and 25 mm was considered.

The overall convective/radiative heat transfer, or the cooling condition, from the top and
lower surfaces of glass used in the modeling were 15, 20, 25, 30 Wm-2. These values are
based on the expected convection heat transfer and temperature gradients at the glass
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layers. Using formulas and results summarized [93, 101] for convection heat exchange
for winds at 1 m/s, the heat transfer can vary significantly, from about 1.2 Wm -2K-1 up to
17.1 Wm-2K-1 for various wind directions.

For these wind conditions, the forced

convection caused by the movement of air over the panel dominates over all other heat
transfer mechanisms [93]. The average wind speed for the experiment site was larger than
1 m/s, assuring that convection dominated.

Figure 6-6. Model derived heat maps at the solar cell layer for an EPV of 800 Wm-2 and a
heat transfer of 15 Wm-2 for the glass surfaces for the test coupon configurations. The
color scales varies from 30C (light blue) to 56C (bright red).

Figure 6-7. Model derived heat maps at the solar cell layer for an EPV of 800 Wm-2 and a
heat transfer of 30 Wm-2 for the glass surfaces for the test coupon configurations. The
color scales varies from 30C (light blue) to 56C (bright red).
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6.4. Validation of the Temperature Model
A series of heat maps, at the solar cell layer, were generated for each of the previously
stated cooling condition. In Figure 6-6 and Figure 6-7, the heat maps are presented for
the lowest and highest cooling conditions, 15 and 30 Wm-2 respectively, for an
illumination level of 800 Wm-2 for each of the test coupon configurations.

From these heat maps, the average cell temperature for the centermost cell of the arrays
was found and subtracted from the simulated ambient temperature of 30C. These results
are shown in Figure 6-8 against the measured experimental data. The Ross coefficients
simulated for the different cooling conditions were also calculated and compared to the
Ross coefficients calculated from the measured data. The resulting plots are shown in
Figure 6-9.
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Figure 6-8. Model derived average cell temperatures difference (Tcell-Tamb) for the center
most cells in test arrays for various levels of irradiance and under various cooling
conditions. The models are compared to the experimental data for the solar noon and the
afternoon of the experiment date. The model assumed a constant ambient temperature of
30C.
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Figure 6-9. Model derived Ross coefficients [Km2W-1] for various levels of direct
irradiance under various cooling conditions. The models are compared to the
experimental data for the solar noon and the afternoon of the experiment date. The model
assumed a constant ambient temperature of 30C.
Figures 6-8 and 6-9 show a change in the measured temperature and the calculated Ross
coefficients at ~600 Wm-2, corresponding to a shift in the average wind direction at that
illumination for the measured data, as shown in Figure 6-4.
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6.5. Holographic Power Contribution (PH) and its Effect on the Cell Temperature
As the holographic power contribution (PH) increases, so does the amount of light that
reaches the cell. With the added photons provided by holograms with a higher (PH) than
the one tested, the cell temperature is expected to increase even further. The modeled
temperature difference for the 1 to 1 holographic case was simulated for 400 and
800W/m^2 of incoming irradiance, as a function of the holographic power contribution a
hologram, keeping the bifaciality and other parameter constant in equation 6-6. The cell
temperatures as a function of the PH for the test coupons is shown in Figure 6-10 and
Figure 6-11, for 800 and 400 Wm-2 respectively.
1TO1
U15

Temp ( C )

55

1TO1
U30

50
45

REF
U15

40
35
% Holographic power contribution

Ref
U30

2TO1 u15

55
50

2TO1 U30

45
REF U15

40
35
140
120
100
80
60
40
20
0

0 10 20 30 40 50 60 70

60
Temp ( C )

60

Ref U30

% Holographic power contribution

Figure 6-10. Model derived average cell temperatures for the 1 to 1 test coupon
configuration (Left) and the 2 to 1 configuration (Right) for various levels of holographic
power contribution (PH) for 800Wm-2 of direct irradiance. The simulated cooling
conditions were 15 and 30 Wm-2. The ambient temperature was assumed to be 30C. The
points where the lines cross is where the average center cell temperature for a
holographic type configuration would become hotter than a conventionally arrayed
configuration, for the same cooling conditions.
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Figure 6-11. Model derived average cell temperatures for the 1 to 1 test coupon
configuration (Left) and the 2 to 1 configuration (Right) for various levels of holographic
power contribution for 400 Wm-2 (lower level) of direct irradiance. The simulated
cooling conditions were 15 and 30 Wm-2. The ambient temperature was assumed to be
30C. The points were the lines cross is where the average center cell temperature for a
holographic type configuration would become hotter than a conventionally arrayed
configuration, for the same cooling conditions.

6.6. Temperature effects on the Output Power of the Photovoltaic Cell
The Pmax temperature coefficient in percentage, of a PV module is defined as

Pmp @ T  Pmp @ 25C

dPmp
TCPMax (%) 

dT
Pmp @ 25C

100 

T  25
Pmp @ 25C

where Pmp @ 25C is the maximum power at 25C,

Pmp @ T

6-7

100

is the maximum power for a

temperature T > 25C. This coefficient is negative for T > 25C and for commercial
crystalline silicon PV modules it ranges from -0.3%/C [103] to -0.5%/C [104].

For a conventionally packed glass/glass monofacial module, the power from the module
normalized for module area is given by
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Pmono
 Ed 1  TCPMax T  25C 
AModule
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For a conventionally packed glass/glass bifacial module, the power from the module,
normalized for module area is given by

PBi
AModule

% 

 Ed 1  Bi 1  TCPMax T  25C 
100 
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For a dual aperture HPC module the power from the module, normalized for module area
is given by
 A
PHPC
% 
A

 P 
 Ed  PV 1  Bi   Holo  H  1  TCPMax T  25C 
AModule
100  AModule  100  
 AModule 
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where  is the PV cell efficiency, APV is the photovoltaic area, AHolo is the holographic
area, AModule is the area of the module for the front aperture. All the other variables have
been previously defined.

Assuming %Bi = 25, APV/AModule = 0.50, AHolo/AModule = 0.50, same PV cell efficiency,
same illumination and roof conditions as the test at Prism Solar Technologies Tucson,
and normalizing to the Pmono case. The relative powers from each type of module are
redefined as P’Mono, P’Bi, P’HPC.
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Table 6-3. Relative power outputs with and without temperature effects for a monofacial,
bifacial and a 1:1 HPC modules. Glass-glass construction was assumed as well as even
illumination and absorption in the back of all the cases. The holographic power
contributions (PH) were set at 12% to match the tested hologram (index mod. ≈0.05) at
the test date and PH =25% for an improved hologram (index mod. ≈0.072).
Relative Power

Temp (C)

T from PMono

Relative Power

Relative Power

– No Temp

@

@ 800Wm-2

Temp coefficient -

Temp coefficient

(C)

0.3 %/C

-0.5 %/C

0

1

1

0

1.250

1.250

3.06 – 6.542

0.691 - 0.699

0.696 - 0.708

2.04 – 4.757

0.755 - 0.761

0.758 - 0.768

effect
P’mono

1

P’Bi

1.250

P’HPC@12

0.685

P’HPC@25

0.750

-2

800Wm

43.94 55.142
43.94 55.142
40.88 48.6
41.9 50.385

6.7. Chapter Summary
The temperature effects on the PV cells, by having 1 to 1 and 2 to 1 holographic vs.
silicon bifacial regions was presented with measured data and compared to a theoretical
model. The larger the extended glass regions, in relation to the silicon regions, the lower
the resulting average cell temperature in both the experimental and simulated conditions.
The model and experimental data matched when comparing the Ross coefficients, which
includes the effect of the direct irradiance, for the range of cooling conditions simulated
in this work and observed during the experiment.

Both sets of data show that as the holographic regions increased in relation to the silicon
area, the Ross coefficient decreased, indicating that the silicon cells in the spaced array
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were dissipating heat into the environment faster than the conventionally packed
coupons, for the same environment and mounting conditions.

The measured data and the model developed shows that the cooling effect is more
pronounced under poor cooling and high irradiance conditions when comparing a test
coupon with extended regions to a conventionally packed PV coupon.

The improved operating temperature of the cell will improve the cell operating
efficiency when compared to a conventionally assembled test coupon, due to the negative
nature of the Pmax temperature coefficient for silicon crystalline cells. This improvement
is dependent on the light incident on the back of the module as the holographic
concentration and the bifaciality are inversely proportional to the operating temperature
improvement.

Depending on the temperature coefficient of the cells, the PH of the hologram and the
cooling conditions under which the PV is operating, the relative improvements in
maximum power output should be in the 0.7% to 3.3% range at the 800 Wm-2
illumination levels when compared to a comparably built standard packed module.

123

CHAPTER 7.

DISSERTATION CONCLUSIONS

The focus of this dissertation has been the study of volume diffractive elements,
specifically the use of these devices as telecommunication filters and for low
concentration ratio solar concentrating applications.

The fabrication, design, construction, reconstruction, and tension and compression tuning
of a PQPMMA grating, suitable as a telecommunication filter, was presented in Chapter
3.

The tuning range achieved for the filter was eight times larger than what was

previously achieved by others with the same type of filter and material.

In Chapter 4, the general concepts for anti-symmetric waveguide Bragg gratings
(AWBG) are introduced, as well as the theory for parallelizing these devices in the same
waveguide. Simulations based on coupled mode theory, mode overlap with parallel
gratings, and previous experimental results on single AWBGs were carried out to
estimate the performance of these devices as telecommunication filters. The simulations
showed that the resulting filtering devices would be scalable and compact at less than
2cm in length. For a two channel filter, the simulations showed reflectivity peaks greater
than 92% for parallel gratings 8mm long. For a four channel filter, a reflectivity of ~90%
was expected for parallel gratings 17mm in length. These compact multi-channel grating
filters can be applied to telecommunication applications such as channel add drop
multiplexing, OCDMA encoding and polarization dependence amelioration. It was found
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that as the number of parallel channels increases, so must the length of the gratings, in
order to maintain high diffraction efficiency.

The results of characterization experiments were presented and used to model holograms
for low ratio solar concentration in Chapter 5. Using ACWA, simulations were run to
estimate the expected yearly energy concentration of new holographic designs for various
PV materials in different mounting conditions and latitudes.

It was found that the

holograms provided higher yearly energy concentration for non-latitude mounted
conditions than when used in the traditional latitude mounted angles. This trend was
found for all of the PV materials and latitudes. Chapter 5 also presented the comparison
of simulations that were run with different polarization handling methodologies. One set
of simulations assumed a constant polarization response of the holograms, which was
experimentally measured; the other simulations assumed an average of the S and P
response of the hologram. No significant differences between the methodologies were
found. This is due to the thin (2.15m) holograms that were considered. This also
suggests that the intermediate step of having to fabricate the hologram to characterize its
polarization response might be unnecessary since the direct simulation results show
adequate accuracy.

A thermal model for the temperature of bifacial silicon cells in a HPC type module is
presented in Chapter 6. The model varied the geometric concentration from one (no
concentration) to three times the geometric concentration ratio. The temperature of the

125

silicon cells was also modeled as a function of the holographic power contribution.
Experimental data was then compared to the model, demonstrating a good correlation
between the results. Experimental and model data shows that for effective holographic
concentration ratios of less than 1.3, the silicon bifacial cells operate at a lower
temperature with holograms.

The holographic regions act as heat dissipation areas

overcoming the effect of the added heat due to the extra illumination of the cell. This
also suggests that spaced PV cells would also offer a similar temperature benefit effect
but without the additional power provided by the hologram.

Appendix A and B presented basic principles related to photovoltaic cell theory and
current-voltage (IV) testing, the sun’s spectrum and position and its interaction with the
atmosphere, and solar concentration. In Appendix C, the characterization of a hologram
for low ratio solar concentration is shown. The parameters found were used as inputs for
the ACWA simulations of Chapter 5.

In Appendix D, the electrical characteristics of combining the solar holographic film with
copper indium gallium di-selenide (CIGS) PV cells are presented. The efficiency of the
CIGS cells showed improvement at lower illumination levels (>500 W/m^2). It was also
found that as the illumination increased, the efficiency gains decreased due to added heat
and the high temperature dependence of CIGS cells.
The scientific contributions presented in this work include:
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1. The use of tension/compression to tune the Bragg wavelength of a volume
holographic PQ-PMMA filter.
2. The introduction of the concept of a multichannel parallel anti-symmetric
waveguide Bragg grating for telecommunication applications.
3. The concentration for in plane, single hologram HPC modules as a function of the
mounting angles, PV materials and the latitude angles.
4. A variable polarization response of holograms for solar applications was
considered in this work expanding previous works that had treated the hologram
response as being constant for all wavelengths and angles.
5. A model relating the temperature of bifacial silicon cells with holographic
concentration was developed and validated with experimental results.
6. The first known combination of CIGS cells and in an HPC configuration. The
response of the CIGS cell to varying illumination levels and holographic power
contributions was shown in the appendix section.
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APPENDIX A: SOLAR CELL MODEL
In the following section, the general principles for the operation of a photovoltaic (PV)
cell and IV testing basics are introduced.

Solar Cell as a Diode Model
A solar cell can be modeled as a current source in parallel with a diode and a shunt
resistance (Rsh), and in series with a resistor (Rseries). The series and shunt resistances are
collectively called the parasitic resistances [105].

Rseries
Current
Source

Rsh

+
V
-

Figure A-1. Simple diode solar cell model.
The photocurrent density for a solar cell as a function of the photon energy is given by
[105]
∫

( )

( )

A-1

where bs(E) is the spectral photon flux density for photons which fall within the PV
material bandgap (E to E + dE) for a unit area over a period of unit time, QE(E) is the
quantum efficiency and q is the electronic charge. The energy for a photon is given by:
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A-2


[ ]

Where h is Planck’s constant, c is the speed of light and  is the wavelength of the photon
and the energy is given in Joules.

The short circuit current (Isc) is the maximum current produced by the PV cell for (V=0),
and is given by:
A-3
where Jsc is the short circuit current density and A is the area of the PV cell. When the
output voltage of the cell is not zero, the current of the cell is:
( )

( )

A-4

The total current density response, as a function of the cell voltage is given by [83, 105]:
( )

( )

A-5

where Jdark(V) the dark current density, opposes the photocurrent generated by the light
absorbed by the solar cell and partially diminishes it. For the ideal diode model, R s and
1/Rshunt both are equal to zero, in this case the dark current density is given as [105]:
( )

(

)

A-6

where Jo is a constant called the dark saturation current density [A/m2], kB is
Boltzmann’s constant and T is the temperature in degrees Kelvin. Ao is the diode ideality
factor, sometimes called the quality factor, and with a typical value between 1 and 2 [83].
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For the case when the device circuit is held under the open circuit condition (Voc), no
electrons can flow with the photocurrent and dark current canceling each other. For this
condition the Voc is given as [105]:
(

A-7

)

Introducing the series and shunt resistances into equation A-5 [105]:
( )

(

(

( )

)

( )

)

A-8

Where Rs is the series resistance and Rsh is the shunt resistance. This equation was
modeled to illustrate IV parameters in Figure A-2 and Figure A-3. The equivalent
expression to equation A-7 would then be:
A-9
(

)

From equations A-8 and A-9, it can be determined that for a solar cell the current is
affected by both the series and shunt resistance, however the Voc is only affected by the
shunt resistance. In order for a solar cell to operate as close to an ideal diode as possible,
the series resistance must be minimized and the shunt resistance maximized. In practice
the solar cell is connected to an I-V test system to determine its operating characteristics.
The cell is placed under a constant illumination with an appropriate spectrum and
connected to the IV test system. The cell is probed by sweeping either the current or the
voltage and measuring both the voltage and current provided by the cell. This sweep
allows for the maximum power point of the cell to be determined.
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Figure A-2. Modeled IV curve for Rs=1m and Rsh=2.5 based on equation A-11
showing Voc, Isc, Vmmp, Immp and the FF. The modeled resistances were Rs=1m and
Rsh=2.5.
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Figure A-3. Modeled IV curves for Rs=1m and Rsh=2.5 based on equation A-11.
(Top) IV curve showing the effects of varying the series resistance. (Lower) IV curve
showing the effects of varying the shunt resistance. This general response is predicted in
equations A-12 and A-13. Equations A-14 and A-15 allow the determination of Rsh and
Rs respectively.
The fill factor (FF) indicates the ratio of the maximum power from a PV cell relative to
the maximum power from an ideal cell.

131

A-10

where Pmax is the maximum power provided by the cell, Vmpp and Impp are the maximum
power point voltage and current. In Figure A-1 the FF is the ratio of the two rectangles.

The parasitic resistances can be determined experimentally from the data acquired by the
IV test system. Modifying equation A-8 for the short circuit condition (V=0):
( )

(

( ( )

)

)

( )

A-11

And for the open circuit condition:
(

(

)

A-12

)

Combining equations A-11 and A-12 it can be determined [83] :
A-13
[

]

The simplest way to determine the parasitic resistances is to calculate them from IV curve
data by analyzing the regions near Voc and Isc. The shunt resistance is calculated from the
current drop near the short circuit condition and is given by:
A-14
( )
The series resistance is calculated from the voltage drop near the open circuit condition
and is given by:
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A-15
( )
where I(V) is the cell operating current for a given voltage.

Thermal Effects on Solar Cells
Solar cell performance is affected by the cell temperature. The dark saturation current,
due to recombination, increases as the temperature increases. From equation A-9, it can
be determined that this will reduce the open circuit voltage.
The bandgap of the PV material is affected negatively by the temperature, reducing as the
temperature increases. This relationship is given by [83]:
( )

A-16

( )

where m and m are material specific constants for each semiconductor.
For the open circuit condition equation A-6 can be rewritten to include a thermal
dependence [83]:
(

)

( )



where B is a temperature independent constant and



A-17

( )

is the term that takes into

account the temperature dependence of the saturation current. For most normal operating
conditions, Jsc is not significantly affected by the temperature [83].
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Differentiating equation A-17 with respect to the temperature, and assuming that
dIsc/dT0, [83]:
A-18



( )

For silicon this value is ≈ -2.2mV/C. the negative sign denoting a decrease in Voc.

For a more detailed explanation of the temperature effects and the derivation of the
previous equations, the reader is directed to [83] and [106].

Spectral Responsivity of Photovoltaic Materials
The responsivity relates the electrical current flowing from a PV cell to the incident
optical power.

The photons flux  [photons/s] incident on the device produce an

electron flux equivalent to *, where  is the external quantum efficiency.

The

incident optical power POpt=h [Watts] would give rise to an electrical current
iphoto=ePOp`t/(h). The responsivity can then be defined as [107]:






 [ ]

[ ⁄ ]

A-19

where o is the free space wavelength in m.
The spectral responsivity for a PVGS mono-crystalline silicon bifacial solar cell [108],
multicrystalline silicon, cadmium telluride, and CIGS [109] are given in Figure A-4. The
AM1.5G spectrum, the monocrystalline silicon response and their product is shown in
Figure A-5. The product of the AM1.5G spectrum [110] with monocrystalline and
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multicrystalline silicon, CdTe and CIGS is shown in Figure A-6. The large differences in
apparent performance for the different materials shown in Figure A-4 are reduced when
their product with the solar spectrum is taken into account in Figure A-6. The material
responsivities shown in Figure A-4 are used with the appropriate AM spectra as inputs in
hologram optimization algorithms in Chapter 5 of this work.
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Figure A-4. Material spectral response a PVGS mono crystalline silicon bifacial solar
cell [108] and other PV materials [109].
An optimum hologram for each PV materials should be designed to operate in the regions
where the product of its responsivity and the solar spectrum peak, as seen in Figure A-6.
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Figure A-5. Effective combined solar-silicon response as a product of the silicon
response and AM1.5 spectrum.
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Figure A-6. Effective material solar-PV responsivity as a product of the AM1.5 spectrum
and various PV material responsivities.
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APPENDIX B: SUN/MODULE GEOMETRY AND ATMOSPHERIC
EFFECTS
This section will describe the basics of the sun’s daily and seasonal movement and the
interaction the sun and the atmosphere.

Sun Position and Seasonal Variation
The total solar irradiance illuminating a tilted surface is the summation of the direct,
diffuse and albedo components.

This term is called the global radiation or global

irradiance and is defined as G.
G(, ) = B(, ) + D(, ) + R(, )

B-20

where B, D and R denote the direct, diffuse and albedo components respectively.  is the
sun azimuth angle and  is the slope of the tilted surface or PV.
Extra Terrestrial Irradiance
BO = 1367 W/m2

Diffuse
S

Attenuated
Direct
Irradiance

Attenuated
Direct
Irradiance

Albedo


Figure B-7. The different components of the Global irradiance and their relationship to a
tilted surface.
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The direct irradiance is defined as the part of the global irradiance which is not scattered
or reflected and whose rays are in a direct line from the sun. The diffuse component of
the irradiance is the result of the interaction of the solar radiation with the atmosphere
which causes light to be scattered. The albedo component is the solar radiation that
makes it to the ground and is then reflected and/or scattered from it.

Water absorption and other atmospheric components also affect the direct component by
affecting the absorption the irradiance undergoes as it travels the atmosphere, as seen in
Figure B-10. The solar zenith angle, defined in the next subsection, influences the
spectral content of the irradiance by affecting the path length available for the scattering
and absorption interactions to occur [20].

Top of the Atmosphere Irradiance and Air Mass
The top of the atmosphere irradiance solar constant, is defined as the total radiation from
the sun that reaches the earth, and although it varies due to many factors such as the
distance from the earth to the sun, sunspot activity, etc., its average has been established
as 1366 W/m^2 [83, 111].

The optical path length through the atmosphere from the sun to a point on earth is defined
as the air mass (AM). AM0 is defined as the top of the earth atmosphere. Several
models are used to determine the AM for different sun angles, ranging for conditions
where the sun is directly overhead (ZS = 0) to where the sun is on the horizon (ZS = 90).
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The more complex models are usually the most accurate for large zenith angles [112114]. However, a relatively simple and widely used method for determining the AM
assumes that the earth is flat and the atmosphere is evenly distributed in its composition.
For those conditions, the air mass is given by [83, 111]:
B-21
This formula works reasonably well for zenith angles up to ZS  60 [115]. For a
discussion on the non-homogenous, vertical distribution of the atmosphere the reader is
directed to [115].

As the light travels though the atmosphere, it is partially reflected, scattered and absorbed
by the constituents of the atmosphere. This reduces the extra-terrestrial solar radiation by
~30% for sea level conditions to a value of 970W/m^2 and is denoted as AM1.

For

simplicity, the solar community has accepted the value of 1000W/m^2 as the irradiance
value for the standard atmosphere at sea level and normal solar incidence (ZS = 0) [83,
111]. For a more in depth look at the effects of scattering in the atmosphere and their
overall effect on the atmospheric transmittance the reader is directed to [116]. For clear
day conditions, a reasonable approximation is given by the Meinel Equation[83, 117]:
B-22
where G is the global irradiance, B0 is the top of the atmosphere solar constant,  is the
standard atmospheric transmittance constant given as 0.7, AM is the air mass numerical
value and 1.1 is a term derived assuming 10% diffuse illumination.
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Figure B-8. Diagram showing the sun and its relative position to a point for a given
latitude (). Solar noon for a summer season in the northern hemisphere is shown.
For the geometry of Figure B-8,  is the solar declination angle for the time of the year, 
is the location’s latitude of the module. The solar declination angle  is given by [83]

  360d n  284 
  23.45sin

365
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where dn is the day number (dn=1 on January 1st).

The zenith angle ZS, related to the solar elevation angle s by s=90-ZS, is given by the
expression [83]:















B-24
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where  is the local latitude and  is the local solar time. The solar hour is the difference
in angle between the selected time of the day and solar noon and is given by the
following expression:
 = 15 x (TO – AO – 12) – (LL – LH)

B-25

where AO [hours] is the time offset some locations are set ahead of the local time zone,
TO is the local standard time, LL is the local longitude and LH is the reference longitude
used to set the local standard time. Both LL and LH are in units of degrees. The sunset
angle s is given by [83]:





(

)

B-26

The sunrise angle is equal to the sunrise angle but negative. The day length in hours is
equal to:



[hours]

B-27

where s is the sunset angle and the 15 degrees/hour is the hourly rotation rate of the
earth. Since the Earth rotates around its axis (360 degrees) in a 24 hour period, its
rotational speed can be calculated as ~360deg/24h = ~15 degrees/hour.
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Figure B-9. PV Panel layout diagram showing the slope angle , azimuth angle S and
the sun ray’s incidence angle s.
The daily angle S is given as [83] :



[





] [



]
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where s is the solar elevation angle and its given as:
s=90-ZS

B-29

The component of the direct irradiance acting upon the surface of a PV module, tilted by
β, can be estimated from the direct irradiance on a surface perpendicular to the sun’s rays
and the angle between the sun’s rays and the normal of the PV module. This relation is
given by

B  B cos s 
where the exact form of
(θs)

(δ)

B-30

(θs) is given as [83]:
( )

( )-[ g ( )]

(δ)

( )

( )

(α)

B-31
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(δ)

( )

( )

(ω)

[ g ( )]
(δ)

(α)

(δ)
(ω)

( )

( )

(α)

(ω)

( )

where θs is the angle between the sun’s rays and the PV pane,  is the slope angle of the
panel (usually latitude),  is the angular deviation of the module from true south and  is
the true solar time or solar hour. When the PV panel is facing south (=0) the previous
equation simplifies to [83]:
(θs) = [sign( )]sin(δ)cos( )sin(abs( )-β)

B-32

cos(δ)cos(abs( )- β)cos(ω)

Solar Spectrum Standards
The solar spectrum has been standardized in ASTM 490 standard for the extra-terrestrial
solar irradiance (AM0) and ASTM G173-03 for the AM1.5G global irradiance [110].
This standardization helps promote uniformity when comparing the performance of PV
cells and systems.

Figure B-10 shows the components of the AST G173-03 standard and compares them to
the blackbody radiation curve from a body at a temperature of 5765K. Figure B-10 also
highlights sources of absorption for each of the major absorption bands in the
atmosphere.
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As the solar zenith angle increases, AM increases, the path length the light must travel to
reach an object on the surface of the earth increases. This increased path through the
atmosphere changes the spectral content of the irradiance.

The Simple Model of the Atmospheric Radiative Transfer of Sunshine, or SMARTS [89],
computer software was obtained from the National Renewal Energy Laboratory was used
to model the transmittance properties of the atmosphere for different AM conditions.
This same software is used as the basis of the American Society of Testing and Materials
(ASTM) for the G-173 and G177 reference spectra.

These spectra are used for

evaluating photovoltaic performance testing and material degradation [90]. Figure B-11
shows the spectral irradiance as for different AM conditions.

These various AM

Incident Irradiance W/(m2 nm)

conditions were used in evaluating and optimizing HPC configurations.
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Figure B-10. Comparison between the blackbody radiation for a body at 5765K, the
extra-terrestrial solar spectrum (AM0) and the ASTM 490 AM1.5G Standard radiation
(Global and the Direct + circumsolar)[110]. The atmospheric absorption peaks are
shown [111].
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Figure B-11. SMARTS modeled direct + circumsolar irradiance for the standard US
atmosphere as a function of the air mass.
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APPENDIX C: NON-OPTIMIZED, LATITUDE HOLOGRAM FOR
SOLAR CONCENTRATION CHARACTERIZATION

A holographic optical element (HOE) for solar applications must satisfy the following
characteristics for it to be suitable for low concentration ratio PV systems:
1. The HOE must achieve a high efficiency in the wavelength region where the
interaction between the sun’s irradiance and the response of the PV material is
maximized, as seen in Figure A-5.
2. The HOE must achieve a suitable spectral bandwidth, in this case denoted by its
full width half maximum (FWHM) to capture a significant portion of the solar
irradiance.
3. The HOE must operate with both perpendicular and parallel polarization since the
sun is randomly polarized.
4. The light diffracted by the HOE must reach the PV cell. In this work, the
geometry to be simulated is for an in-plane HPC, where the hologram and cells
are located in the same plane, next to each other as seen in Figure 5-1. In order for
the light to reach the cell it must enter into the TIR regime or else it is assumed
lost.
5. The HOE must effectively concentrate energy to the PV material throughout the
year. A solar hologram that operates for only a small portion of the year or the
day is not appropriate for solar concentration applications.
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This section will show a non-optimized HPC hologram for latitude mounted applications
that satisfies all these stated conditions.

Together with the spectral/angular characteristics, other important film parameters that
must be determined to characterize a holographic film are the refractive index of the
holographic film, the index modulation and the effective thickness of the hologram.

Diffraction Angle Characterization of the HPC Film
A characterization system consisting of a series of co-linear laser diodes, a grounded
section of glass and an unfiltered USB silicon video camera was used to characterize the
diffraction angle of the solar holographic film. The HPC film is layered between a glass
blank and the smooth face of a thick piece of glass with a ground/etched face. The
sample is then placed on a stage which is normal to the co-linear output of three laser
diodes. The lasers are turned on sequentially with the camera taking an image for each
wavelength on the ground face of the glass. As each laser is incident on the film, the
light is partially diffracted and partially transmitted, with both beams propagating through
the thick piece of glass. The thickness of the glass allows for enough lateral separation of
the beams so that they can be detected by the camera. The etched back surface of the
thick glass functions as a scattering screen, allowing the camera to take a simultaneous
image of both the diffracted and transmitted beams.
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Figure C-12. Laser confinement tool setup used to measure the diffracted angle inside
the medium for the solar holographic film for selected laser diode wavelengths.
By analyzing the image, the separation between the transmitted and diffracted beams can
be determined with the pixel count and the separation between pixels. With the glass
thickness, the diffracted angle is then determined through equation C-33.

Y 
  tan 
X

1

C-33

where the distance between the transmitted and diffracted beams is Y and the glass
thickness is X. By using multiple wavelengths from commercially available laser diodes,
at 405nm, 650nm and a 780nm, the angle/wavelength for normal incidence can be
determined, as seen in Figure 2-1.

Degrees inside the glass
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Figure C-13. Diffraction angle in the medium as a function of wavelength for the solar
holographic film. The blue line denotes the TIR wavelength for normal incidence.

A linear model was fitted to the data and the diffracted angle inside the medium was
found to be:

[

]

C-34

From this equation, and the previous TIR angle of 41.278, it was found that for normal
incidence, all wavelengths above 649.9nm are within the TIR regime.
Spectral Characterization of the HPC Film
Samples of the solar holographic film have been spectrally characterized and the results
presented in this section. The characterization was performed using an Ocean Optics
USB4000-VIS-NIR spectrometer (350-1037nm spectral range) and an Ocean Optics LS1 tungsten halogen light source (360-2500nm output range) in a transmittance
measurement configuration.

The spectral transmittance measurements are a useful

characterization tool because they provide an insight into the diffraction efficiency of the
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film, its Bragg angle and Bragg wavelength and their respective bandwidth, according to
the principles outlined in Chapter 2.
Polarizer
(optional)

Sample Holder
Focusing Optics

Collimating Optics

White Light
Lamp
Source

To spectrometer

Rotation Stages
Figure C-14. Spectrometer setup used to characterize the Prism Solar Technologies
holographic film. The system can also be used to measure the diffracted angles from the
film.
The spectral transmittance measurements were obtained by comparing the spectral
transmission of the film vs. a reference value and subtracting dark measurement value.
The reference value was obtained through a custom quartz sample holder with no HPC
film and an appropriate index matching fluid (xylenes, etc.). The dark measurement was
taken with the spectrometer light source blocked.
The spectral transmission, diffraction efficiency and the loss mechanisms in the film can
be related by
( )
( )

( )

( )

C-35

( )

( )

C-36

where the loss term includes the absorption and scattering at each wavelength.

Transmission Spectra (%)

150

100
80
60
Transmission
Spectra (%)
Loss+Scattering

40
20
0
1000

950

900

850

800

750

700

650

600

550

500

450

400

Wavelength (nm)

Figure C-15. Measured transmission spectra (%) of the solar holographic film for
normally incident S-polarized light. The red line represents a linear correction model for
the absorption and scattering.
Using a fitted linear correction model (1/) for the absorption and scattering losses shown
in Figure C-15, and using equation C-36, the spectral diffraction efficiency of the film is
shown in Figure C-16.

The dominant scattering component is assumed to be Mie

scattering, produced mainly by surface roughness on the top of the gelatin structure
which is on a scale similar to the wavelength range under study.
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Figure C-16. Measured and modeled diffraction efficiency (%) of the solar holographic
film for normally incident S-polarized light. The measured data was fitted with ACWA
to find the effective grating thickness (2.15 microns) and the index modulation
(n1=0.072).
An ACWA (Kogelnik) model was fitted to the calculated diffraction efficiency in order
to obtain the effective grating thickness (d) and index modulation (n1) parameter for the
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HPC film. These were found to be 2.15m and 0.072 respectively. The effective grating
thickness was kept constant at the value of 2.15m for all the HPC holograms simulated
in this work. The n1 value of 0.072 was one of the two simulated values used in this
work, the other value of 0.099 was obtained from references [20, 37].

Combined Daily and Seasonal Angle Variation Measurements
The transmittance configuration shown in Figure C-14, was modified to allow the
rotation of the sample to simulate the seasonal and daily solar angle change and
characterize the non-optimized latitude HPC hologram. The spectral measurements were
taken in increments of 10 degrees for the seasonal angle range of [20, -20] degrees
(limited by the stage travel range) and the daily angle range of [-50, 50] degrees. The
reflection losses were compensated at each measurement position and a polarizer was
used in the setup to limit the measurement to S-polarization. The results of the angular
characterization are shown in Figure C-17. The modeled diffraction efficiency for the
non-optimized hologram as a function of the seasonal angle variation is shown in Figure
C-18. The trends for the angular/ characteristics seen in the measured transmission
spectra in Figure C-17 are seen in the modeled diffraction of Figure C-18.

From Figure C-17, it can be seen that as the daily angle deviates from the solar noon
condition (daily angle = 0), the transmission spectra experiences a blue wavelength shift
and an increase in the diffraction efficiency. This blue shift is seen at all measured
seasonal angle conditions as the measurements deviate from solar noon. This blue shift is
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also predicted by the ACWA code, as seen in Figure C-19, which shows the wavelength
as a function of the daily angle, for a seasonal declination sun angle = 0 and S polarized
light for both measured and ACWA simulated values.
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Figure C-17. Measured transmission spectra as a function of the seasonal and daily angle
variations for the non-optimized latitude hologram with the solar noon angle shown as a
thicker black line. The x axis is the wavelength (nm) and the y axis is the normalized
transmission. No correction for the scattering or absorption has been applied.
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Figure C-18. Modeled diffraction efficiency as a function of the seasonal declination
angle in air for the non-optimized latitude hologram with the parameters shown in Table
7-1. The modeled diffraction efficiency does not include absorption or scattering effects.
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Figure C-19. Bragg wavelength as a function of the daily angle for a seasonal angle = 0
and S polarized light, for both measured and ACWA modeled results.

Gelatin Refractive Index and HPC Film Thickness Determination
A Filmetrics® F20-NIR spectral reflectometer for the 950-1700nm spectral range was
chosen primarily for its ability to measure the bulk refractive index of films with
thicknesses from 100nm to 250m [118]. The spectral reflectometer method of operation
is beyond the scope of this work, the reader is directed to [118, 119] for a more
comprehensive description.
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Four batches of solar holographic film were tested and the average refractive index (no)
value was found to be 1.465 with the gelatin emulsion thickness of 11m. This refractive
index value will is used as an input for the ACWA code later on in Chapter 5.

Grating Parameters Determination
With the no and d found with the Filmetrics tool, a detailed analysis of the grating
parameters is possible. Using K vector closure from section 2.4 it can be determined
that:
⃗

[(

̂)

̂

(

̂

̂ )]

C-37

For the normal incidence case this is reduced to:
⃗

[(

̂

) ̂ )]

(

C-38

From Equation C-34 and Figure C-16, it can be determined that for the normal incidence
condition and the center wavelength of 792nm, the diffracted angle d inside the medium
is 53.5 degrees. Evaluating the previous equation:
⃗
|⃗ |

̂
[

̂

]

C-39
C-40
C-41

From equation 2-3 the grating period is found to be
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C-42



|⃗ |

To decompose the grating period into its x and z components, the slant angle can be used
with the following relationships:
C-43



Another approach to find

is to use the grating equation:

[(

)]



C-44

An important parameter to model is the TIR cutoff wavelength (TIR) as a function of the
incidence angle. This is the wavelength above which all other wavelength are in the TIR
[77] regime and is given by:
[(

)]
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Figure C-20. Theoretical cutoff wavelength as a function of the angle in air for a
seasonal angle = 0. The angle inside the material is calculated from Snell’s law [77] as a
function of the incidence angle in air.
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TIR is used in Equation 5-17 and the ACWA to obtain the power concentration factor for
the in-plane TIR HPC configuration shown in Figure 5-4.

Polarization Dependence of the Peak Diffraction Efficiency of the HPC film
The normalized diffraction efficiency of the HPC film was measured for the S and P
polarization states, for the spectral region around the film’s center. The measurements
were normalized to the peak diffraction efficiency of the S polarization at center. The
experiment consisted of placing the polarizer in the spectrometer setup and measuring the
output spectrum for both polarization states. A schematic of the experiment setup is
shown in Figure C-21.
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Figure C-21. Polarization experiment setup diagram.
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Figure C-22. HPC film normalized diffraction efficiency for the S and P polarization
states with the percentage difference between the S and P states also included.
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The diffraction efficiency () for the P-polarization for the center wavelength of the HPC
film was found to be ~70% of the S-polarization diffraction efficiency. These results are
in agreement with assumptions made in [20, 37] in which the /polarization dependence
of the P-polarization state was found to be 70% to 80% of the S-polarization. The value
of 70% for the /polarization dependence is used as the value for the ACWA simulations
with a constant polarization dependence of the diffraction efficiency.

Table 7-1 summarizes the HPC film parameters and characteristics found in this section.
Table 7-1. Summary of the non-optimized latitude HPC film parameters.
.
Grating period
0.601 m
Slant angle
63.26
Bulk index
1.465
Index modulation
0.072
Emulsion thickness
11 m
Effective grating thickness
2.15 m
~795nm
center @ normal incidence
FWHM @ normal incidence
~250nm
650 nm
TIR @ normal incidence
Measured Indoor Front Power Contribution (PH)
An IV test system, using the theory described in Appendix A, was designed and
implemented to test the holographic power contribution, as define in Equation 5-3. The
test system emulates one sided illumination of holographic film for the whole range of
seasonal angles expected in field applications, in this case angles from -24 to +24 were
used to cover the full seasonal variation range [83] for the configuration shown in Figure
5-4. Care was taken to make sure no light reached the back surface of the test sample due
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to the bifacial nature of HPC. The process measures the IV response of a test cell with
index matched holograms placed on either side of it for the full range of angles and is
called the holographic set. The process is repeated with no holograms for the same set of
angles and is called the reference set. The holographic and reference sets are compared at
each angle, and the PH, given in Equation 5-3, for each angle points is obtained, using
Equation 5-3.

The system uses a National Instruments PXI-4130 four quadrant power supply to sweep
a current which is equivalent to varying a load to the cell. The data is acquired through a
current sensing channel and a voltage sensing channel, kept separate to improve accuracy
[84]. An Oriel 91193 1000W Xenon continuous sun simulator system is used as a light
source. The irradiance is measured through an analog output port into a NI 6009 USB
DAQ board, which also controls the shutter system on the light source. The system
schematic is shown in Figure C-23. A specialized test cell was constructed with a
25.4x119mm Hitachi HB3C150 bifacial cell (15% front, 13% back) [85] and a total
package thickness of 7mm which allows the index matching of holographic films, as
shown in Figure C-24. The seasonal angle rotation was achieved through a Newport
RV80CC computerized rotation stage controlled through a Newport XPS motion control
system.
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Rotation Stage

Figure C-23. Schematic of the shuttered sun simulator/IV test station used to test the
holographic film PH, calculated from Equation 5-3. The collimated light source was able
to output uniform illumination over a 150mm x 150mm area. A measurement with
hologram is referenced to one without holograms for each test.

Figure C-24. Images for the test cell under illumination at the extreme seasonal angle (24 degrees), only one of the holograms works at this geometry. Notice the differing
colors in the front (left image) and the back cell (right image).

Using the IV measurement system, tests were conducted on the non-optimized solar
holographic film described in Table 5-1. The PH, calculated with Equation 5-3, is shown
in Figure C-25. The cell width was 25.4mm while the tested hologram is 34.5mm wide.
This results in a geometric concentration of 2.358 or a 1.358 hologram to cell ratio. The
concentration results presented in this section should be scaled by this factor to convert
them to an equivalent 1:1 ratio. For the normal incidence case, in which maximum PH is
achieved, the light diffracted by the hologram reaches only the less efficient back of the
test cell. The amount of light should be increased by the ratio of the front to back
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efficiency, that is 15/13=1.154. For example, to find the equivalent 1:1 hologram to cell
ratio for an equal efficiency bifacial cell and a concentration of 20% found in the tester,
the product of this value with the ratio of the front to back efficiencies and the inverse of
the hologram to cell ratio should be applied.

For 20%, the value would be

20%*1.154/1.358=17%
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Figure C-25. Seasonal PH plot for front illumination for the non-optimized latitude
hologram.

To compare the results of the angular IV tester to the measured diffraction efficiency of
the film, the product of the mono-crystalline silicon responsivity with the atmospheric air
mass for the AM1.5 condition was multiplied with the diffraction efficiency of the film.
The power for each of the wavelength which were totally internal reflected (>650nm)
was integrated and compared to the total Si*AM1.5 product. The integrated power
contribution of the film was found to be 18%, which closely matched the 17% equivalent
found by the seasonal IV tester in Figure C-25. The difference can be attributed to
absorption, scattering and recoupling losses.
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Power Contribution (PH) from Back Illumination.

The HPC film allows for light from the backside of the HPC to be collected and guided to
the solar cell. This diffracted light from the back, must travel through the opposite
hologram to reach a solar cell, and undergoes holographic recoupling any time it Bragg
matches a hologram region. The light also undergoes scattering losses every time is
passes the hologram medium.

The back PH for the solar holographic film was

characterized using the IV test system described in the previous section and the results
are shown in Figure C-26.
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Figure C-26. Backwards holographic PH (%) for the non-optimized latitude hologram.

It can be concluded that the film contributes energy from backside illumination but at
only ~1/3 the effectiveness of front illumination.

Field Measurements of the non-optimized latitude hologram in an HPC
The operating principle of an in-plane HPC with bifacial silicon cells is shown in Figure
5-1. Modules using this configuration have been labeled as dual aperture (DA) [78, 86]
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due to the ability of both the crystalline silicon bifacial PV cells and holograms to work
with light available from the both the front and back of the module.

The PCF achieved by holograms for solar concentration has been found to be relatively
stable for the angular variation which occurs naturally with the daily movement of the
sun [38, 40]. The large seasonal angle variation, causes a larger change in the spectral
selectivity of the hologram previously shown in Figure C-17 and Figure C-18, negatively
affecting the PCF of the HPC film at the seasonal extremes, as seen in Figure C-25.

Zenith

S

Surface’s
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Figure C-27. HPC module layout diagram showing the slope angle , azimuth angle S
and the sun ray’s incidence angle s. The sun’s geometry as it relates to a PV module is
covered in Appendix B of this work.
To characterize the holographic power contribution (PH_out) of the non-optimized latitude
hologram in the field, two PV modules were assembled as shown in Figure . One panel
used holograms forming an HPC module; while the reference module was assembled
with PV cells only. The spacing between cell string, and every other construction
parameter was kept the same between all modules. This insured the same amount of light
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to the front and back of the PV modules, since the shadowing effect of the cells is the
same for all PV modules. These modules were made using cut Hitachi bifacial cells [85]
from the same batch and wired together in the same manner to maintain similar electrical
properties The testing results from these panels will be used to illustrate the effects of
holographic concentration.
1200mm
Hologram

600mm

Bifacial
cells

Figure C-28. Tested in-plane TIR HPC module configuration for the non-optimized
latitude holograms. The PV regions (darker) is interleaved between the hologram regions
(lighter) with Cg=2. As defined in Figure 5-4, H=w=25mm and t= 7.5mm. The reference
module was assembled without holograms with the PV regions kept in the same position
as in the HPC module.
The panels were tested on a white roof setting in Tucson and set at a ~32 degree tilt
(latitude). Instantaneous power readings were taken with a Ingenieurbüro Mencke &
Tegtmeyer GmbH Mini KLA Luxus [87] several times in late September 2010 and the
power contribution by the hologram (PH_out), defined in Equation 5-3, was PH_out=21%24% depending on the environmental conditions and the time of day. These P H_out values
correspond to a PCFMAX of 121%-124% for the Tucson location at a time of year near
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equinox. For Cg=2 and PCFMAX=124%, then o=0.62 and Ceffective= 1.24, using equations
5-9 and 5-10 respectively.

The difference in these field/outdoor values and the front indoor value of PH_in=17-18%
presented in this section can be attributed to the additional back PH, as seen in Figure C26, provided by the hologram under field/outdoor conditions were the module receives
additional light to the back.
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APPENDIX D: LOW RATIO CONCENTRATION CIGS HPC
Introduction
As reported [120, 121] the efficiency of a copper indium gallium (di)selenide (CIGS) cell
is affected positively by increasing the irradiance on the PV cell while the temperature of
the sample remains stable. Holographic concentrators allow for the improvement of
CIGS cell efficiencies, especially at lower light levels, while helping to offset for the
negative temperature coefficient in photovoltaic cells and modules, by providing a larger
heat dissipating surface. By using selective wavelength concentration for the normal
incidence case, photons at which the cell operates at higher efficiencies are directed
towards the cell, while unwanted wavelengths are discarded [76, 80]. The work in this
appendix section is based on work presented in [38, 40].

In this section we expand concepts presented in Chapter 5 and 6 to another PV material
and used in different configurations as those presented for the in plane hologram design.
These distinct configurations use monofacial CIGS cells instead of the bifacial silicon
cells previously presented.

Holographic Power Contribution
The operating principle of a conventional HPC with a bifacial silicon cell is shown in
Figure 5-1. An HPC configuration appropriate for a monofacial PV cell, using the same
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non-optimized latitude HPC hologram presented in Chapter 5, is shown in Figure D-29.
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scatter
Figure D-29. Holographic planar concentrator operating principle with a monofacial
CIGS cell oriented for latitude. The bifacial nature of the holograms permits them to
harvest light from the albedo and ground scattered components.

The test cells used in the concentration experiment measured 12.7mm x125mm. It is a
standard cell CIGS cell, altered to the appropriate dimension. The original cell was
designed to carry a much higher current load under normal illumination levels through
the bus bar with a standard transparent conductive oxide (TCO) layer, therefore its bus
bar and finger shadowing is 24% at its reduced dimension.
The cell was laminated to a 3.2mm low iron glass with ethyl vinyl acetate (EVA) and a
reflective PET back sheet, forming the bottom of the test structure. The rest of the setup
was assembled using spacers and index matching fluid as shown in Figure D-31. Only
the half of the hologram area facing the cell contributed light to the cell, forming the unit
cell. The light hitting the outward holograms was waveguided towards the edge of the
setup and lost. Ideally, more cells would be located adjacent to the edge holograms
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capturing the light provided by them, and the pattern would then be repeated in both
directions to form a module. The holographic + CIGS unit cell length was 37.7mm wide
with a 25mm of hologram and a 12.7mm cell for the 2:1 hologram to cell ratio cases; the
unit cell was 25.2mm wide with 12.5mm of hologram for the 1:1 hologram to cell ratio
case. A second holographic layer was added to the system by stacking an extra hologram
and glass layer on top of the regular case. This increases the height of the package but
the surface area is not increased.

IV Test
Station

Computer
Controlled
Collimated
Solar Simulator

Test
Sample

Figure D-30. Sun simulator/IV test station used to test the holographic CIGS package.
The collimated light source was able to output uniform illumination over a 150mm x
150mm area.

Figure D-31. (Top Left) one layer holographic setup used to determine the power
contribution of the holograms when referenced to the non-holographic setup (Bottom
Left). (Top Right) two-layer holographic setup used to determine the power contribution
of the holograms when referenced to the non-holographic setup (Bottom Left).
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Models were fitted the experimental data for the peak power, efficiency, FF, series
resistance and the open circuit voltage for each of the holographic conditions and the
reference. A 6th order polynomial fit function yielded models which in all but one of the
resulting models had R2 values of 0.996 or better. The only exception was one case with
R2=0.987.

These fitted models were plotted in Figure D-32, Figure D-33, Figure D-34 and Figure
D-36. The experiments were run under varying illumination conditions with the setup
shown

in

Figure

D-30.

The

improvement

or

gain

was

defined

as

((Holographic/Reference)-1)*100.

By comparing the measurements of the non-holographic cases at equal illumination
levels for the one layer and two layer reference cases, it was determined that the addition
of the extra layer of glass and index matching fluid did not affect the electrical
characteristics of the cell. The peak power for both reference cases was ~175mW for
1000 W/m2 of direct illumination.
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Figure D-32. Plots of the Peak Power (Upper), Fill Factor (Lower), as a function of the
direct irradiance on the cell. 12.5mm or 25mm denotes the overall hologram dimensions
for the unit cell. 12.5mm equals a 1:1 hologram to cell ratio, 25mm equals a 2:1
hologram to cell ratio and the 2 X prefix denotes two holographic layers
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Figure D-33. Plots of Series Resistance (Upper) and Open Circuit Voltage (Lower) as a
function of the direct irradiance on the cell. 12.5mm or 25mm denotes the overall
hologram size for the unit cell. 12.5mm equals a 1:1 hologram to cell ratio, 25mm equals
a 2:1 hologram to cell ratio and the 2 X prefix denotes two holographic layers [38, 40].
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Figure D-34. Plots of the CIGS Cell efficiency with the light added from the holograms
as a function of the direct irradiance (Top). The holographic + CIGS cell unit cell area
efficiency (Bottom) as a function of the direct irradiance. 12.5mm or 25mm denotes the
overall hologram size for the unit cell. 12.5mm equals a 1:1 hologram to cell ratio,
25mm equals a 2:1 hologram to cell ratio and the 2X prefix denotes two holographic
layers [38, 40].
The overall concentration achieved by holographic film was found to be semi stable for
the angular variation which occurs naturally with the daily movement of the sun [78] and
is shown in Appendix C of this work. The seasonal angle variation causes a large change
in the spectral selectivity of the hologram, causing a change in the diffracted wavelength
and the available quantity of light that falls on the cell also seen in section Appendix C.

Holographic Film Improvement
The results of combining CIGS cells with a solar hologram with a peak PH of 12% was
previously reported [40]. A hologram fabricated with the same imaging parameters but
an improved index modulation (n1=0.072) shows a significant angular/concentration PH
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increase when compared to the first reported hologram (n1=0.05), as seen in Figure D-35.
The characteristics of the ~20% PH hologram are summarized in Table 5-1. The ~12%
and 20% PH holograms are labeled as Holo I (index mod.≈0.05) and Holo II (index
mod.≈0.072) in this section to avoid confusion and maintain continuity first established in
[38, 41]. The difference in peak power performance for difference irradiance levels of
several configurations of 12% and 20% PH holograms is shown in Figure D-36.
20
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-24

-16
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Figure D-35. Seasonal PH plot for front illumination for 12% PH hologram ( Holo I) and
a 20% PH hologram (Holo II).
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Figure D-36. Peak power gain (PH) as a function of direct irradiance for several
configurations of holographic film. The same reference cell was used for both
experiments. 12.5mm equals a 1:1 hologram to cell ratio, 25mm equals a 2:1 hologram to
cell ratio and the 2 X prefix denotes two holographic layers [38, 40].

Temperature and Environmental Data
Two holographic coupons, each with nine CIGS cells, one layer of hologram and 2:1
hologram to cell ratios were assembled for simple temperature measurements. One
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holographic coupon had a silvered Polyethylene Terephthalate (PET) backing, the other
clear PET. Two reference CIGS coupons without holograms but with equal glass surface
and active areas were used for comparison as references. One reference had a clear PET
backing while the other had a conventional glass back. All the CIGS used were from the
same provider and the same production batch. The coupons were placed at 40 degree tilt,
over an asphalt/cement surface which was covered with a white DuPont Tyvek®
material, facing south in late January 2010. The panels were kept cool and unexposed to
light until the experiment began. The temperature of the cells was measured with a
surface thermocouple adhered behind the center cell, on the back of the coupon.

Using the recorded data, the Ross coefficient for was calculated for each test coupon.
The Ross coefficient can be used to determined how well-cooled a PV panel is for its
mounting and environmental conditions [93, 94]. The experimental data and the
calculated Ross coefficient are shown in Figure D-37.
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Figure D-37. Experimental temperature data for CIGS coupon modules.
(A) Temperature for the four tested coupons. (B) Wind data for the
experiment site. (C) Ross coefficient for the tested coupons. The silvered
PET holographic sample was defined as Silvered Holo, the clear PET
holographic as Clear Holo, the reference with a glass backing as G-G non
H Reference, the reference with a Tedlar backing as G-T non H Ref and
the global irradiance as E (W/m^2) [38, 40].
Summary
The gain provided by 1:1 and 2:1 holographic to CIGS cell regions were shown for
varying intensity levels for the maximum peak power, the open circuit voltage, cell
efficiency, fill factor and series resistance.
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The effects of having one layer and two layers of holographic planar concentrating film
was shown for CIGS test cells for a 2:1 holographic to CIGS area. The improvement at
lower light levels (less than 500 w/m2) is significant for all holographic configurations
tested.

It was also found that at higher irradiance levels, the added concentration

contributed to the heating up of the cell, slightly decreasing the cell efficiency. The peak
holographic improvement of the latter holographic film in contrast to the earlier film was
shown for both the peak power and the normalized holographic performance on the CIGS
cells and a significant improvement was shown, correlating to the increase in holographic
performance.

The larger surface area required for the holograms helps lower the temperature of the
CIGS cells, improving the cell operating efficiency when compared to a conventionally
assembled test coupon. This cooling effect was shown to be significant, with more than a
10 C difference between the PET back reference coupon and the PET back holographic
CIGS coupons at the experiment conditions. The results of this temperature/irradiance
experiment matches the results presented in Chapter 7 for the silicon bifacial cell case.
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APPENDIX E: ACWA HOLOGRAM OPTIMIZATION CODE
function
Transmission_SandP_SCAN_LatPVangA2G_PRI_CONST(PVmaterial,latM,PVangM,angle2glassM,n1)
if exist('PVdata.mat','file') ~= 2
save('PVdata') %saves a file with all the calculations
end
for i1 = 1:size(latM,2)
lat = latM(i1);
PVangM2 = unique([PVangM lat]);
for i2 = 1:size(PVangM2,2)
for i3 = 1:size(angle2glassM,2)
PVang = PVangM2(i2);
angle2glass = angle2glassM(i3);
[O,E,X,Y]
Transmission_SandP_NS_singleRun(lat,PVang,angle2glass,PVmaterial,n1);
figure;

=

[maxO,ind] = max(O(:));
[m,n] = ind2sub(size(O),ind);
surf(Y,X,abs(O));
ylabel('Construction wl(nm)');
xlabel('Construction angle 1');
title({['PRIM
RAW
CONST
'
num2str(lat)
'
'
num2str(PVang)
'
'
num2str(angle2glass)];['MAX: ' num2str(maxO) ' at ' num2str(X(m)) 'nm, ' num2str(Y(n))
'degs']})
set(gcf,'Name',['PRIM RAW CONST ' num2str(lat) ' ' num2str(PVang) ' '
num2str(angle2glass)],'NextPlot','new')
saveas(gcf,['PRIM_RAW_CONST_'
num2str(lat)
'_'
num2str(PVang)
'_'
num2str(angle2glass) '.fig']);
%
close(gcf);
%
%
%
%

This Portion of the code can be used to generate cummulative
plots for different sections of the day through out the year,
for example if one wishes to see the holographic performance for
a specific DF (daily factor = portion of day)

%
%
%
%
%
%
%
%
%
%
DF','NextPlot','new')
%
%
%
%
%
DF','NextPlot','new')
%
%
%
%
%
NOON','NextPlot','new')

surf(Y,X,abs(O1));
ylabel('Construction wl(nm)');
xlabel('Construction angle 1');
title('0.6 DF');
set(gcf, 'Name','0.6','NextPlot','new')
surf(Y,X,abs(O2));
ylabel('Construction wl(nm)');
xlabel('Construction angle 1');
title('0.4 DF');
set(gcf,'Name','0.4
surf(Y,X,abs(O3));
ylabel('Construction Wavelength(nm)');
xlabel('Construction angle 1');
title('0.2 DF');
set(gcf, 'Name','0.2
surf(Y,X,abs(O4));
ylabel('Construction wl(nm)');
xlabel('Construction angle 1');
title('0.0 DF = NOON');
set(gcf, 'Name','0.0 DF =
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PRIM_EFF = (O./E);
[maxE] = max(PRIM_EFF(:));
surf(Y,X,abs(PRIM_EFF));
ylabel('Construction wl(nm)');
xlabel('Construction angle 1');
title({['PRIM
EFF
CONST
'
num2str(lat)
'
'
num2str(PVang)
'
'
num2str(angle2glass)];['MAX: ' num2str(maxE) ' at ' num2str(X(m)) 'nm, ' num2str(Y(n))
'degs']})
set(gcf,'Name',['PRIM EFF CONST ' num2str(lat) ' ' num2str(PVang) ' '
num2str(angle2glass)],'NextPlot','new')
saveas(gcf,['PRIM_EFF_CONST_'
num2str(lat)
'_'
num2str(PVang)
'_'
num2str(angle2glass) '.fig']);
eval(['PRIM_CONST_' num2str(lat) '_' num2str(PVang) '_' num2str(angle2glass)
' = O;']);
save('PVdata',['PRIM_CONST_'
num2str(angle2glass)],'-append')
clear(['PRIM_CONST_'
num2str(angle2glass)]);

num2str(lat)

num2str(lat)

'_'
'_'

num2str(PVang)
num2str(PVang)

'_'
'_'

end
end
end
function [O,E,X,Y] = Transmission_SandP_NS_singleRun(lat,PVang,angle2glass,PVmaterial,n1)
%Construction and definition of the Grating that is to be simulated
tic
daily_start = .7; %DF starting/ending value (or ending if its afternoon)
daily_steps = 8;
dfM1 = linspace(daily_start,0,daily_steps);
%%% Contruction parameters that define the grating vector K
n=1.465; %Refractive Index of the gel medium
nglass=1.51; %refractive index of the glass
critical_angle=180/pi*asin(1/nglass); %Critical angle for the encapsulant medium
%
%
%
%
%

Loads the 4 most common PV material material response A/W 1nm resolution
load('mono_si.mat'); %Enhanced mono crystalline silicon
load('multi_si.mat'); %Polycrystalline silicon
load('cdte.mat'); %Cadmium Telluride
load('cigs.mat'); %CIGS

%selects the PV material being simulated
switch PVmaterial
case 1
load('mono_si.mat');
pvmat=mono_si;
case 2
load('multi_si.mat');
pvmat=multi_si;
case 3
load('cigs.mat');
pvmat=cigs;
case 4
load('cdte.mat');
pvmat=cdte;
otherwise
load('mono_si.mat');
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pvmat=mono_si;
end
%loads atmospheric profiles generated with the NREL SMARTS software
%300-1174nm with 1 nm resolution
load('AM1.mat');
load('AM125.mat');
load('AM15.mat');
load('AM175.mat');
load('AM2.mat');
load('AM225.mat');
load('AM25.mat');
load('AM275.mat');
load('AM3.mat');
load('AM325.mat');
load('AM35.mat');
load('AM375.mat');
load('AM4.mat');
load('AM45.mat');
load('AM5.mat');
load('AM55.mat');
load('AM6.mat');
load('AM7.mat');
load('AM8.mat');
load('AM9.mat');
load('AM10_0.mat');
load('AM15_0.mat');
load('AM20_0.mat');
load('AM25_0.mat');
load('AM30_0.mat');
load('AM35_0.mat');
start_wav=300; %Wavelength at which the wavlength scan starts (in nm)
points_wav=875; %number of wavelength to scan at 1nm interval, top wavelength = min+range
minangle=10; %When optimizing PRI -10; CONJ -10
maxangle=30; %When optimizing PRI 31; CONJ 25
wavstart=650; %starting wavelength
wavstep=50; %the steps of the wavelength increase in nm
wavnum=14; %number of steps
O = zeros(wavnum,maxangle-minangle+1);
E = zeros(wavnum,maxangle-minangle+1);
for o1 = 1:1:wavnum
wavc=(wavstart+(o1-1)*wavstep)*1e-9; %Construction wavelength in nm; This is also the
peak of the reconstruction wavelength
for o2 = 1:1:maxangle-minangle+1
angle1glass = minangle+(o2-1)*1; %Construction angle 1 in glass as measured from
the normal of the medium
radc=pi/180; %Conversion from degree to radians
%The contruction angles are ussually measured in glass, we must convert
%using snell to the gelation n*sin(angle)=nglass*sin(angleglass)
angle1=(1/radc)*asin((nglass/n)*sin(radc*angle1glass)); %Construction angle 1 in
the gel medium
angle2=(1/radc)*asin((nglass/n)*sin(radc*angle2glass)); %Construction angle 2 in
the gel medium
kc=2*pi*n/wavc;
Kx=kc*(sin(radc*angle2)-sin(radc*angle1)); % x component of the grating vector
Ky=0; % y component of the gratig vctor % y component of the grating vector
Kz=kc*(cos(radc*angle2)-cos(radc*angle1)); % z component of the grating vector
K=[Kx Ky Kz];
Kg=norm(K); %absolute grating
period=2*pi/Kg; %Grating period
phi=180/pi*atan(Kx/Kz); %Slant Angle
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periodx=abs(period/sin(phi*radc)); %Period in the x direction
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%Reconstruction Section
%
StartDay=21;%day of the year counted from Jan 1st
winter solstice and 172 is summer solstice

ex 81 is equinnox, 354 is

for s1 = 6:0.5:12
day = StartDay + (s1-1)*30;
radc=pi/180; %radian conversion factor
decl=-23.44*cos((day+10)*radc*(360/365)); %Sun declination angle measured
from the latitude. Changes with the seasons
max_daily=(1/radc)*acos(-tan(lat*radc)*tan(radc*decl)); %EXACT maximum daily
movement angle measured from noon
for d1 = 1:1:size(dfM1,2)
df = dfM1(d1);
%df=0.25; %day factor 0=noon and 1=sunrise or sunset, with it, the daily
and seasonal air angle at a particular point of the day can be determined
%
daily_air=df*max_daily;
hourang=max_daily; %EXACT sunrise sun angle
dayl=2*hourang/15; %this is the daylength for a given day of the year
solar_elev=(1/radc)*asin(sin(radc*decl)*sin(radc*lat)+cos(radc*decl)*cos(radc*lat)*cos(ra
dc*df*max_daily)); %EXACT solar elevation angle
daily_air=(1/radc)*acos((sin(radc*solar_elev)*sin(radc*lat)sin(radc*decl))/(cos(radc*solar_elev)*cos(radc*lat))); %daily angle
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%This rotation matrix is a direct adaptation from
%Eric D. Aspness. He loaded a table for the sun positions
%for a given location. This program created the sun angle
%data instead of loading it from a thrid party source %%%%
%This rotation matrix would not be necesary if we only were
%treating the mounted at latitude condition. As we deviate
%from this condition it becomes necessery.
% Earth based cartisan coordinates (x axis points north)
xe = sin((90-solar_elev)*radc)*cos((daily_air)*radc);
ye = sin((90-solar_elev)*radc)*sin((daily_air)*radc);
ze = cos((90-solar_elev)*radc);
% rotation angle
rot_angle = -PVang;
%%%%%%%%%% ABOUT Y %%%%%%%%%%%%%%%
rot_matrix = [cos(rot_angle*radc) 0 sin(rot_angle*radc) ; 0 1 0 ;...
-sin(rot_angle*radc) 0 cos(rot_angle*radc)];
% rotation angle
rot_angle_h = -90-PVang;
%%%%%%%%%% ABOUT Y %%%%%%%%%%%%%%%
rot_matrix_h = [cos(rot_angle_h*radc) 0 sin(rot_angle_h*radc) ; 0 1 0
;...
-sin(rot_angle_h*radc) 0 cos(rot_angle_h*radc)];
% Applying rotation matrix
c_earth = [xe; ye; ze];
% r_e(na1,na2) = sqrt(c_earth(1)^2 + c_earth(2)^2 +
% c_earth(3)^2); %Check for unity
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c_rot = rot_matrix*c_earth;
c_rot_h = rot_matrix_h*c_earth;
azim_rot = (atan(c_rot(2)/c_rot(1)))/radc;
elev_rot = 90-((acos(c_rot(3)))/radc);
perp_ang = ((acos(c_rot_h(3)))/radc)-90; %normal angle to the panel which
is used further on.
parll_ang = (atan(c_rot_h(2)/c_rot_h(1)))/radc;
%%% End of Eric D. Aspnes Rotation code
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
zenith_s_angle=90-solar_elev; % zenith angle
%seasonal_air=-perp_ang; %EXACT seasonal reconstruction angle in air
measured from the normal of the panel CONUGATE
seasonal_air=perp_ang; %EXACT seasonal reconstruction angle in air
measured from the normal of the panel PRIMARY
cos_seas=cos(radc*seasonal_air);%this factor accounts for the cosine fall
off for the seasonal movement of the sun relative the the angle of the panel.
fdayl=dayl/12; %factor for the day length as a function of the day of the
year
if abs(daily_air)>89.9 %behind the panel sun condition
cos_daily=0; %factor for the daily sun angle, if daily is higher than
90 the sun is behind the panel
else
cos_daily=cos(radc*daily_air); %factor for the daily sun angle
end
cos_zenith=(cos(radc*zenith_s_angle)); %air mass zenith angle
air_mass=1/cos_zenith; %atmospheric airmass, used to calculate the
absorption of the atmosphere
%atmospheric_const=0.7; %standard atmosphereic transmission constant
%f_air_mass=1366*atmospheric_const^air_mass/1000; %normalized factor for
the atmospheric transmittance
%uses the calculated airmass to the asign the proper atmosphere to the
case
%being simulated
if air_mass<1.25;
atmosphere=AM1;
else
if air_mass<1.5;
atmosphere=AM125;
else
if air_mass<1.75;
atmosphere=AM15;
else
if air_mass<2;
atmosphere=AM175;
else
if air_mass<2.25;
atmosphere=AM2;
else
if air_mass<2.5;
atmosphere=AM225;
else
if air_mass<2.75;
atmosphere=AM25;
else
if air_mass<3;
atmosphere=AM275;
else
if air_mass<3.25;
atmosphere=AM3;
else
if air_mass<3.5;
atmosphere=AM325;
else
if air_mass<3.75;
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atmosphere=AM35;
else
if air_mass<4;
atmosphere=AM375;
else
if air_mass<4.5;
atmosphere=AM4;
else
if air_mass<5;
atmosphere=AM45;
else
if air_mass<5.5;
atmosphere=AM5;
else
if
air_mass<6;
atmosphere=AM55;
else
if
air_mass<7;
atmosphere=AM6;
else
if
air_mass<8;
atmosphere=AM7;
else
if air_mass<9;
atmosphere=AM8;
else
if air_mass<10;
atmosphere=AM9;
else
if air_mass<15;
atmosphere=AM10_0;
else
if air_mass<20;
atmosphere=AM15_0;
else
if air_mass<25;
atmosphere=AM20_0;
else
if air_mass<30;
atmosphere=AM25_0;
else
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if air_mass<35;
atmosphere=AM30_0;
else
if air_mass<100;
atmosphere=AM35_0;
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end;
incom_air=acos(cos_daily*cos_seas); %equivalent combined incomming air
angle seen by the panel
trans_mat=asin((sin(incom_air))/nglass); %equivalent transmitted material
angle seen by the panel
reflect_perp=(cos(incom_air)nglass*cos(trans_mat))/(cos(incom_air)+nglass*cos(trans_mat));
%perpendicular
polarization amplitude reflection coefficient
reflect_par=(nglass*cos(incom_air)cos(trans_mat))/(nglass*cos(incom_air)+cos(trans_mat)); %parallel polarization amplitude
reflection coefficient
avg_reflection=(reflect_perp^2+reflect_par^2)/2;
%Average
power
reflection coefficient
f_trans=1-avg_reflection; %factor that takes into account how much power
is transmitted into the panel after refelctions
%factor=abs(cos_seas*fdayl*cos_daily*f_air_mass*f_trans); %this can be
larger than one in summer due to the longer days
factor=abs(cos_seas*fdayl*cos_daily*f_trans); %this can be larger than
one in summer due to the longer days
%calculates the effective atmosphere/material response
comb_pvmat_atmosphere=pvmat.*atmosphere;
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Reconstruction section - The previously defined grating
% is simulated for different sun/panel positions and its
% output is compared %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
d=4.0e-6; %grating thickness %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
seasonal=180/pi*asin((1/n)*sin(seasonal_air*radc));

%seasonal

sun

angle

in the material
daily=180/pi*asin((1/n)*sin(daily_air*radc));

%daily

sun

angle

in

the

material
%wavr=800*1e-9; %reconstruction wavelength
%ETA_S = zeros(points_wav,1); %defines size of a matrix starting with NaN
values
%ETA_P = zeros(points_wav,1); %defines size of a matrix starting with NaN
values
ETA_45 = zeros(points_wav,1); %defines size of a matrix starting with NaN
values
WITHIN_CRITICAL = zeros(points_wav,1); %defines size of a matrix starting
zeros
WL = zeros(points_wav,1); %defines size of a matrix starting with NaN
values
DIFF_ANGLES=zeros(points_wav,1); %defines size of a matrix starting with
NaN values
TDIFF_ANGLES=zeros(points_wav,1); %defines size of a matrix starting with
NaN values
%

C_slant=zeros(points_wav,1); %defines size of a matrix starting with

NaN values
for nn=1:1:points_wav
wavr=(start_wav + nn -1)*1e-9; %reconstruction wavelength
knr=2*pi*n/wavr; %k coefficient for the medium at the reconstruction
wavelength = Beta Eqn (8)
Beta=knr; %Eqn (8)
Rx=knr*sin(seasonal*radc); %Reference wave also called reconstruction
in x
Ry=knr*sin(daily*radc); %Reference wave also called reconstruction in
y
Rz=knr*(1-(sin(seasonal*radc))^2-(sin(daily*radc))^2)^0.5; %Reference
beam also called reconstruction in z
R=[Rx Ry Rz];
Rvector=R/knr; %normalized vector for the reference beam
S=K+R; % Eqn (11) THIS LINE DOES THE VECTOR ADDITION OF THE GRATING
VECTOR AND THE REFERENCE BEAM
Sk=S; %Signal vector resulting from the grating interaction
Suvector2=Sk/Beta;
cr=R(3)/Beta; %Eqn (23)
cs=Sk(3)/Beta; %Eqn (23) %Uses the z component of the interaction of
the R and K vectors
dephas=(Beta^2-(norm(Sk))^2)/(2*Beta); %Eqn (17)%Uses the z component
of the interaction of the R and K vectors
xi=dephas*d/(2*cs); %Eqn (42)
% To add the parallel polarization effects we introduce a modifier on
% the coupling constant. Its now multiplied by
%Polmod=dot(Rvector,Suvector2); % This is the Kogelnik equation that
allows to include polarization effects.
%Polmod=abs(cos(2*(seasonal-phi))); % This is the Kogelnik equation
that allows to include polarization effects.
%nu_p=pi*n1*d*Polmod/(wavr*(cr*cs)^0.5);
%Modified
Eqn
(42)
for
Parallel polarization looks like v;
nu_s=pi*n1*d/(wavr*(cr*cs)^0.5); %Eqn (42) looks like v for S
(perpendicular) Polarization (S=0)
eta_s=(sin(real((nu_s^2+xi^2)^0.5)))^2/real((1+xi^2/nu_s^2));
%Eqn
(43) 30-pol This is the weighted average
ETA_S(nn) = abs(real(eta_s)); %S-pol Efficiency
ETA_45(nn)=0.85*abs(eta_s); %weighted average that gives the average
integrated power
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WL(nn) = wavr/1e-9; %wavelength
DIFF_ANGLES(nn)=((1/radc)*asin(WL(nn)*1e9/(nglass*periodx)+sin(seasonal*radc))); %these are the diffracted angles in the glass
medium
if DIFF_ANGLES(nn)>=90
DIFF_ANGLES(nn)=180-((1/radc)*asin(2-(WL(nn)*1e9/(nglass*periodx)+sin(seasonal*radc))));
end
TDIFF_ANGLES(nn)=(1/radc)*acos((cos(radc*daily))*abs(cos(radc*DIFF_ANGLES(nn))));
%Combined diffracted + daily angle inside the material. Using the absolute of the
diffracted so that it satisfies the TIR proof condition
%C_slant(nn)=c; % Slant coefficient from the slant factor, positive
for transmission and negative for reflection gratings
if

or(TDIFF_ANGLES(nn)

<

critical_angle,

TDIFF_ANGLES(nn)

critical_angle))
WITHIN_CRITICAL(nn) = 0;
else
WITHIN_CRITICAL(nn) = 1;
end
end
SOLAR_RESP=comb_pvmat_atmosphere;
DE_SOLAR_NORM_RESP=SOLAR_RESP.*(ETA_45.*WITHIN_CRITICAL);
POWER_OF_THE_HOLOGRAM = factor*sum(DE_SOLAR_NORM_RESP);
EFF_PV = factor*sum(SOLAR_RESP);
if dfM1(d1) ~=
O(o1,o2) =
E(o1,o2) =
else
O(o1,o2) =
E(o1,o2) =
end

0
O(o1,o2) + POWER_OF_THE_HOLOGRAM*2;
E(o1,o2) + EFF_PV*2;
O(o1,o2) + POWER_OF_THE_HOLOGRAM;
E(o1,o2) + EFF_PV;

end
end
end
end
X = wavstart:wavstep:(wavstart+(wavnum-1)*wavstep);
Y = minangle:1:maxangle;
toc

>
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