
Computational Modeling of Silicon
Nanostructures for Photovoltaic Applications

Item Type text; Electronic Dissertation

Authors Lundgren, Christin

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:57:50

Link to Item http://hdl.handle.net/10150/628037

http://hdl.handle.net/10150/628037


 

 

 

COMPUTATIONAL MODELING OF SILICON NANOSTRUCTURES

FOR PHOTOVOLTAIC APPLICATIONS

 

by

 

Christin Lundgren

__________________________

Copyright © Christin Lundgren 2018 

A Dissertation Submitted to the Faculty of the

 

DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING

 

In Partial Fulfillment of the Requirements

 

For the Degree of

 

DOCTOR OF PHILOSOPHY

In the Graduate College

 

 

THE UNIVERSITY OF ARIZONA

2018



2



STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of the requirements for 
an advanced degree at the University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library.

Brief quotations from this dissertation are allowable without special permission, 
provided that an accurate acknowledgment of the source is made.  Requests for 
permission for extended quotation from or reproduction of this manuscript in whole or in 
part may be granted by the head of the major department or the Dean of the Graduate 
College when in his or her judgment the proposed use of the material is in the interests of 
scholarship.  In all other instances, however, permission must be obtained from the 
author.

SIGNED: Christin Lundgren

3



ACKNOWLEDGMENTS

First I would like to thank my adviser, Dr. Melde, for all of her advice and 

support throughout this process. I would like to thank my committee members, 

Dr. Dvorak and Dr. Potter for their assistance. Finally, I want to thank my family 

for their unfailing love and support during this time.

4



DEDICATION

This dissertation is dedicated to the memory of my mother, Jeannette 

Lundgren to honor her love and belief in me.

5



Table of Contents
Acknowledgments................................................................................................................4
Dedication............................................................................................................................5
List of Figures......................................................................................................................9
List of Tables......................................................................................................................13
Abstract..............................................................................................................................14
1 Dissertation introduction.................................................................................................15

1.1 Purpose....................................................................................................................15
1.1.1 Solar power......................................................................................................15
1.1.2 Computational modeling.................................................................................16

1.2 Major sections.........................................................................................................16
1.3 Contributions to the field........................................................................................19

2 Photovoltaics background...............................................................................................20
2.1 Solar energy.............................................................................................................20
2.2 Solar cell background and state of the art...............................................................21
2.3 Solar cell varieties...................................................................................................22

2.3.1 Crystalline silicon solar cells...........................................................................22
2.3.2 Amorphous silicon solar cells..........................................................................23
2.3.3 Cadmium telluride solar cells..........................................................................23
2.3.4 Organic photovoltaic solar cells......................................................................24
2.3.5 Dye sensitized solar cells.................................................................................24
2.3.6 Tandem solar cells...........................................................................................24
2.3.7 Concentrating photovoltaic (CPV) cells..........................................................25

2.4 Solar cell theory (silicon p-n junction)....................................................................26
2.4.1 Role of optical absorption in solar cell efficiency...........................................27

2.5 Thin film PV cells...................................................................................................28
2.6 Thin film nanowire and branched nanowire solar cell configurations....................30

3 Electromagnetic theory of periodic dielectrics...............................................................34
3.1 Physics of periodic media.......................................................................................35

3.1.1 Solid state physics...........................................................................................35
3.1.2  Electromagnetics of periodic dielectrics........................................................37
3.1.3 Electromagnetic theory....................................................................................38
3.1.4 Periodic dielectrics..........................................................................................39

3.2 Analogies to Periodic Array modeling theory.........................................................45
3.2.1 Phased array antennas......................................................................................45
3.2.2 Waveguide simulator.......................................................................................45

3.3 Simulation software: linked boundary conditions...................................................47
3.4 Electromagnetic modeling methods........................................................................48

3.4.1 Finite difference time domain.........................................................................48

6



3.4.2 Plane wave expansion......................................................................................49
3.4.3 Finite element method.....................................................................................49
3.4.4 Conclusion.......................................................................................................50

4 Meep background & benchmarking................................................................................52
4.1 Computational modeling.........................................................................................52
4.2 Meep background information................................................................................52
4.3 Meep Benchmarking...............................................................................................53
4.4 Complex dielectric constants in Meep: theory & practice......................................58
4.5 Nanowire benchmarking.........................................................................................62

5 Branched nanowires........................................................................................................64
5.1 Branched nanowire background..............................................................................64
5.2 BNW geometry.......................................................................................................65
5.3 Solar spectrum and long-wave absorption..............................................................71

5.3.1 Silicon dielectric properties.............................................................................71
5.3.2 Long wave parameter study.............................................................................74
5.3.4 Topmost branch positioning............................................................................76

5.4 BNW results............................................................................................................77
6 Branched nanowire forests..............................................................................................79

6.1 BNW alternative geometries...................................................................................79
6.1.1 BNW shaped trees...........................................................................................79

6.2 Conifer BNW forest parameter study......................................................................84
6.2.1 Topiary BNW forest........................................................................................86
6.2.2 Inverted conifer forest.....................................................................................88
6.2.3 Long wavelength BNW conifer performance.................................................89
6.2.4 Conclusion.......................................................................................................93

7 Branched nanowire landscapes.......................................................................................94
7.1  Hill-and-valley.......................................................................................................94
7.2  Checkerboard.........................................................................................................97
7.3 Conclusion.............................................................................................................103

8 Optical polymer dielectric embedding..........................................................................105
8.1 BNW embedded in dielectric material..................................................................105
8.2 Conclusion.............................................................................................................111

9 MIT Photonic Bands.....................................................................................................113
9.1 MPB theory and background.................................................................................113
9.2 MPB benchmarking: software operation...............................................................114

9.2.1 Interface.........................................................................................................114
9.2.2 Lattice & reciprocal lattice............................................................................114

9.3 Porous silicon: cubic lattice of air spheres............................................................115
9.3.1  HFSS model..................................................................................................116
9.3.2 MPB model....................................................................................................118
9.3.3 MPB benchmarking: simulation setup..........................................................118

9.4 Design in MPB for air pores with improved band gap.........................................121

7



9.5 Design: porous silicon with stacked hexagonal lattice.........................................123
10 MPB for investigation of photonic band gap in BNW...............................................127

10.1 Branched nanowire photonic crystal background...............................................127
10.2 MPB setup for branched nanowire band gap modeling......................................128
10.3 BNW photonic crystal modeling in MPB...........................................................130

10.3.1 Other band gaps in BNW............................................................................133
11 Conclusion..................................................................................................................135

11.1 BNW optical absorption......................................................................................135
11.1.1 Benchmarking and results of FDTD modeling of BNW.............................135
11.1.2 BNW with background dielectric................................................................136
11.1.3 BNW forests and landscapes.......................................................................136

11.2 Photonic crystal characteristics of BNW.............................................................138
11.2.1 Benchmarking and BNW photonic band gap simulation results.................139

11.3 Future work.........................................................................................................139
Appendix A: Meep BNW code........................................................................................140
Appendix B: MPB (MIT Photonic Bands) code..............................................................146
12 References...................................................................................................................148

8



List of Figures
Figure 2.2.1: NREL chart of highest reported efficiencies of various solar cell types......22
Figure 2.5.1: Diagram of a planar p-n junction.................................................................29
Figure 2.5.2: [Left] Light trapping on front surface due to capture of scattered light; 
[right] light trapping on back surface due to back reflection & scattering........................29
Figure 2.6.1: Schematic drawing of single nanowire radial junction (left); Nanowire array
(right).................................................................................................................................31
Figure 3.1: A 1-dimensional photonic crystal. Incident light from the left sees a repeating 
structure made of layers of two different dielectric materials...........................................35
Figure 3.1.1: A point r is translated by r', the sum of a1 and a2 translations. This is not a 
primitive unit vector, since m1a1 is 2 units in length........................................................38
Figure 3.1.2: Wigner-Seitz cell for simple cubic lattice....................................................42
Figure 3.1.3: 1st Brillouin zone and irreducible Brillouin zone for simple cubic lattice. .42
Figure 3.1.4: Example of Bloch band dispersion diagram. Porous silicon in simple cubic 
lattice; r = 0.6a...................................................................................................................44
Figure 3.2.1: WGS arrangement from [61], where the WGS structures represent TE and 
TM modes incident at 12, 35, and 38 degree scan angles..................................................47
Figure 3.4.1: Optimized band gap of 14.03% for hybrid triangular-cubic lattice porous Si;
a = 1 μm, r = 0.49 μm, and h = 0.42 μm............................................................................51
Figure 4.3.1: Bulk silicon unit cell (9 μm thickness).........................................................54
Figure 4.3.2: Electric field incident on bulk Si..................................................................55
Figure 4.3.3: Reflection & error for bulk silicon...............................................................56
Figure 4.4.1: Raw data from 3 simulation runs.................................................................61
Figure 4.4.2: Simulation data with averaged overlap........................................................61
Figure 4.4.3: Simulation data with overlap and Bezier smoothing....................................61
Figure 4.5.1: Simulation of NW array with r = 25 nm, L = 2.33 μm, and a = 100 nm 
(orange) compared with TMM results from [8].................................................................62
Figure 5.1.1: Schematic of branched NW fabrication process. a) patterned substrate; b) 
VLS growth of Si wire trunks; c) metal diffusion; d) VLS growth of SiNW branches.....64
 Figure 5.2.1: Two views of a branched nanowire 20 μm tall. [Left] side view. [Right] 3D 
isometric view....................................................................................................................66
Figure 5.2.2: BNW diagram with parameters labeled: Rtrunk = radius of trunk; a = lattice
spacing; h = height; Rbranch = radius of branch; s = spacing between branches.............67
Figure 5.2.3: BNW forest with Rtrunk = 0.35 μm, lattice spacing a = 2 μm, height h = 10 
μm, branch radius Rbranch = 0.04. Height ranges from 5 – 25μm. (a) Branch spacing s = 
0.7 μm. (b) Branch spacing s = 2.5 μm..............................................................................68
Figure 5.2.4: BNW forest with Rtrunk = 0.35 μm, a = 2 μm. (a) Branch spacing s = 0.7 
μm, trunk height h = 10 μm, branch radius Rbranch = 0.04 – 0.28 μm. (b) s = 2.5 μm, h = 
10 μm, Rbranch = 0.04 – 0.32 μm. (c) s = 0.7 μm, h = 20 μm, Rbranch = 0.04 μm; 

9



compared to NW with a = 2 μm, h = 20 μm. (d) s = 2.5 μm, h = 10 μm, Rbranch = 0.04 – 
0.28 μm. s = 2.5 μm, h = 20 μm, Rbranch = 0.04 – 0.20 μm; compared to NW with a = 2 
μm, h = 20 μm....................................................................................................................70
Figure 5.3.1: Solar spectrum plot AM 1.5.........................................................................71
Figure 5.3.2: Real and imaginary refractive index of silicon............................................72
Figure 5.3.3: Absorption fraction of silicon for a range of propagation distances............73
Figure 5.3.4: Optical properties of 600 μm thick polished silicon wafer (from [5]).........74
Figure 5.3.5: Long wave simulation results for taller trunk heights. Top left: a = 3 μm, h =
30 μm. Top right: a = 2 μm, h = 30 μm. Bottom left: a = 2 μm, h = 50 μm. Bottom right: a
= 2 μm, h = 100 μm...........................................................................................................75
Figure 5.3.6: BNW with branches inset from the tip. Rbranch = 0.16 μm, Rtrunk = 0.35 
μm, h = 20 μm, s = 0.7 μm.................................................................................................77
Figure 6.1.1: 3D views of BNW forest geometries [left to right]: scrub, canopy, conifer, 
inverse conifer, topiary.......................................................................................................81
Figure 6.1.2: Silhouettes of side views of BNW forest geometries [left to right]: scrub, 
canopy, conifer, inverse conifer, topiary............................................................................82
Figure 6.1.3: Results for BNW tree, canopy, conifer, and scrub forest arrays for Rtrunk = 
0.35 μm, a = 2 μm, branch spacing s = 0.7 μm, trunk height h = 20 μm, branch radius 
Rbranch = 0.25 μm, branch length L = 5...........................................................................83
Figure 6.2.1: Absorption and reflection of BNW conifer, with for Rtrunk = 0.35 μm, a = 2
μm, s = 1.8 μm, h = 20 μm, Rbranch = 0.18 μm, L = 10 μm.............................................85
Figure 6.2.2: A series of snapshots of the electric field traveling from the left into a 
conifer BNW. The field propagates mainly through the center trunk, and is primarily 
absorbed, with the remainder re-reflected near the surface of the substrate. λ = 0.750 μm.
............................................................................................................................................86
Figure 6.2.3: A series of snapshots of the electric field traveling from the left into a 
topiary BNW. Light is absorbed, but there is also a sizable portion of the energy in the air 
surrounding the topiary BNW structure.............................................................................87
Figure 6.2.4: Absorption for topiary BNW........................................................................88
Figure 6.2.5: Left: inverted conifer BNW (del); right: conifer BNW................................89
Figure 6.2.6 Long wavelength absorption, a = 1 μm, Rbranch = 0.20 μm, s = 1.8 μm, L = 
10 μm, and Rtrunk = 0.25 (left) and 0.30 (right)...............................................................90
Figure 6.2.7: Long wave performance for conifer BNW with a = 1 μm for various trunk 
radii. Rbranch = 0.16 μm, L = 10 μm, h = 20 μm..............................................................91
Figure 6.2.8: Conifer BNW, a = 3 μm, Rtrunk = 0.525 μm, L = 10 μm, h = 20 μm; s = 
0.27 μm (left) and s = 2.4 μm (right).................................................................................92
Figure 7.1.1: A side view of the BNW conifer hill-and-valley landscape geometry [left] 
and 3D view [right]. The BNW trunks have heights of 15 μm & 20 μm..........................95
Figure 7.1.2: BNW with 1x2 hill-and-valley landscape, alternating trunk heights hmax = 
20 with lower trunk h = 15, 17.5, and 10 μm.....................................................................96
Figure 7.1.3: BNW conifer with 1x2 hill-and-valley organization; alternating trunk 
heights h = 15 & 20 μm. Absorption shown for a = 1 μm and 2 μm, Rbranch=0.08 and 

10



Rbranch=0.16 μm, s = 0.7 μm and 2.5 μm........................................................................97
Figure 7.2.1: 3D view of conifer checkerboard landscape................................................98
Figure 7.2.2: BNW checkerboard simulation results for Rbranch = 0.16 μm, s = 0.7 μm, 
hmax = 20 μm, h = 15 μm. Lattice spacings are a = 1 μm [top] and a = 1.5 μm [bottom].
..........................................................................................................................................100
Figure 7.2.3: Conifer checkerboard absorption, Rbranch = 0.20 μm, s = 0.7 μm hmax = 
20 μm, h = 15 μm; a = 1.5, 1.75, and 2 μm......................................................................101
Figure 7.2.4: A comparison of the best results for BNW (blue) and conifer (red dashed) 
landscapes. [Left] hill-and-valley; [right] checkerboard.................................................102
Figure 7.2.5: A comparison of the best landscape simulation results (hill-and-valley and 
checkerboard) with results from BNW, conifer, and NW................................................102
Figure 8.1.1: Branched nanowire in background dielectric.............................................106
Figure 8.1.2: 3D view of BNW embedded in background dielectric..............................107
Figure 8.1.3: a=2 μm, Rtrunk = 0.35 μm, L=1.5 μm, h=20 μm, s=0.7 μm......................108
Figure 8.1.4: a=2 μm, Rtrunk = 0.35 μm, L=1.5 μm, h=20 μm, s=2.5 μm......................108
Figure 8.1.5: BNW conifer with background dielectric...................................................110
Figure 8.1.6: Electric field in BNW conifer with background dielectric. Top: dielectric 
helps absorption into NW trunk. Middle: modes begin to spread out of center trunk. 
Bottom: Transmission is observed continuing into the substrate (right-hand side of 
image)...............................................................................................................................110
Figure 8.1.7: BNW with background dielectric polymer; n = 1.6, n = 1.9......................111
Figure 9.3.1: Matthias results – measured reflectance (left); fabricated air-Si crystal 
(right) [62]........................................................................................................................116
Figure 9.3.2: HFSS model geometry; calculated reflectance of Si with air pores of radius 
= 0.89 μm.........................................................................................................................117
Figure 9.3.3: Porous silicon 3D view, as modeled in Meep. Lattice spacing a = 1 μm, air 
pore diameter d = 1.2 μm.................................................................................................120
Figure 9.3.4: A plot of band gaps (as a percent of the midgap frequency) vs. radius for 
cubic porous Si.................................................................................................................121
Figure 9.4.1: Bloch band gap diagram for porous silicon (air spheres in Si). Sphere d = 
1.2 μm, lattice spacing a = 1 μm......................................................................................122
Figure 9.4.2: Bloch band gap diagram for porous silicon (air spheres in Si). Sphere d = 
1.2 μm, lattice spacing a = 1 μm......................................................................................122
Figure 9.5.1: Top [left] and side [right] views of hybrid triangular-cubic lattice porous Si; 
a = 1 μm, r = 0.5 μm, and h = 0.5 μm..............................................................................123
Figure 9.5.2: 3D view of hybrid triangular-cubic lattice porous Si; a = 1 μm, r = 0.5 μm, 
and h = 0.5 μm. Most of the silicon has been etched away leaving the pores.................124
Figure 9.5.3: Band gap of 11.28% for hybrid triangular-cubic lattice porous Si; a = 1 μm, 
r = 0.5 μm, and h = 0.5 μm..............................................................................................125
Figure 9.5.4: Plots of band gap size versus [left] air sphere radius (h = 0.5 μm), and 
[right] vertical spacing (r = 0.49 μm)...............................................................................126
Figure 10.1.1: BNW with microcavitation modes trapped between top two layers of 

11



branches...........................................................................................................................127
Figure 10.2.1: Top view of MPB simulation geometry, with a distance a = 1 vertical 
spacing.............................................................................................................................128
Figure 10.2.2: Side view of MPB simulation geometry, with a distance s = 0.9 vertical 
spacing.............................................................................................................................129
Figure 10.2.3: Triangular lattice showing Wigner-Seitz unit cell (magenta, outer hexagon)
and first Brillouin zone (green, inner hexagon)...............................................................129
Figure 10.3.1: Bloch dispersion diagram for BNW tree with a = 1, Rtrunk = 0.175, L = 
1.5, Rbranch = 0.095, space = 1.1 μm, and ε' = 18.44.....................................................131
Figure 10.3.2: Total electric field in BNW photonic crystal, bands 1, 2, 3, 4, and 5. Gap is
between bands 2 & 3. Top view.......................................................................................133
Figure 10.3.3: Total electric field in BNW photonic crystal, bands 1, 2, 3, 4, and 5. Gap is
between bands 2 & 3. Side view......................................................................................133
Figure 11.1.1: Summary of best results from NW, BNW, and selected forests and 
landscapes........................................................................................................................138

12



List of Tables
Table 1: Simulation time vs. resolution.............................................................................57
Table 2: Units commonly used in electrical engineering, optics, and physics..................68
Table 3: Comparison of the simulated absorption of the various BNW forest types.........92
Table 4: Comparison of the branch volume of the various BNW forest types. Rtrunk = 
0.35 μm, a = 2 μm, branch spacing s = 0.7 μm, trunk height h = 20 μm, branch radius 
Rbranch = 0.25 μm, branch length L = 5...........................................................................93
Table 5: Band gap wavelength for BNW tree, MPB model results and scaled feature sizes
for 1/2 and 1/3 scale (center and right columns)..............................................................132
Table 6: Summary of best results from NW, BNW, and selected forests and landscapes.
..........................................................................................................................................137

13



ABSTRACT

Gains in photovoltaic cell efficiency have the potential to allow solar power

to increasingly become a prominent source of electrical power. One source of gain

is from surface texturing and nanostructures such as nanowires, which increase 

optical absorption. 

Computational modeling is an excellent tool for design and 

characterization of optical devices. It allows for the investigation of a wide range 

of dielectric structures of multiple shapes and sizes, which saves significant time 

and money over building and testing each of a range of devices. It also allows 

engineers to design fanciful new types of structures and test them to see which 

are worth fabrication and further investigation; to be imaginative without being 

limited by the time and budget constraints of production.

Branched nanowires deliver improved absorption over both planar silicon 

photovoltaic cells and silicon nanowires, which may increase device efficiency 

because of the additional photons captured.

Parameter studies were performed on standard BNW and novel designs to 

determine an optimized geometry for broadband optical absorption. 

Some branched nanowires exhibit photonic crystalline behavior. This may 

create a complete 3-dimensional band gap.
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1 DISSERTATION INTRODUCTION

1.1 Purpose

This work presents an investigation of the utility of computational 

electromagnetic modeling as a technique for evaluating nanostructured silicon 

solar cell geometries. The optical absorption of multiple shapes is calculated and 

multiple shapes and sizes are studied to determine the best way to increase the 

collection of available solar energy.

 Computational modeling allows a large number of designs to be compared 

without requiring the expense and time spent fabricating and testing samples. 

Software modeling packages using finite difference time domain and plane wave 

expansion methods were applied to silicon branched nanowires to compute the 

optical absorption of these structures and compare it to that of planar silicon. 

Following this, new designs were advanced, building from the characteristics 

noted in the branched nanowires with the goal of further improving the 

absorption of nanostructured silicon.

1.1.1 Solar power

The use of solar energy for generating electrical power is increasing 

steadily as the cost per watt of electrical power produced decreases. Primary 

factors in unit cost are material price, fabrication and manufacturing costs, and 

solar cell efficiency. Thin film solar cells are becoming more prevalent due to 
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reduced material costs for similar efficiencies.

 New nanowire thin film solar cells have the promise of increased 

efficiency because they can absorb more of the incident solar energy than a 

comparable planar cell. It has been proposed that branched nanowire cells may 

take that a step further. Electromagnetic modeling has been performed on silicon 

branched nanowire structures with the goal of maximizing optical absorption and

therefore increasing device efficiency and decreasing cost per watt.

1.1.2 Computational modeling

The fields of nanophotonics and photovoltaics are growing rapidly. There 

are many more new concepts and designs for devices and components than can 

be built and tested. Computational modeling is a good way to bridge the gap. As 

computer processor power and memory capacity continue to increase, so does the

size and complexity of the electromagnetic problems that can be solved with 

numerical methods. Computer simulations can be accomplished in less time than

the fabrication and test cycle requires, and are generally less expensive as well. 

Additionally, they allow for rapid redesign in response to new information. 

Simulation also permits the exploration of imaginative designs because of the 

minimal consequences of failure.

1.2 Major sections

16



The major points covered in this dissertation are intended to:

• Demonstrate that finite difference time domain (FDTD) modeling, in the 

form of the Meep computational electromagnetic package, can be 

successfully and accurately applied to silicon nanostructure geometries 

such as nanowires (NW) and branched nanowires (BNW).

• Show results of benchmarking tests in bulk silicon and silicon NW which 

verify that the Meep setup and configuration are correct for the dielectric 

material, scale, and periodic boundaries that are used in BNW modeling, 

with a maximum error near 3%.

• Present the optical characteristics computed from Si BNW simulations. 

BNW have improved absorption over planar silicon and nanowires. 

• Perform a parameter study on Si BNW, investigating the effect of changes 

in the physical geometry on absorption. Variation in feature size has a 

significant effect on the optical properties of BNW.

• Present novel designs for advanced BNW shapes, arrays of which form 

'forests,' and for alternate array patterns of BNW, and show that the 

optical absorption can be improved over plain BNW. 

• Perform a parameter study of new BNW forests to determine if they are 

affected by geometric changes in the same manner as BNW. Branch 

diameter and separation strongly affect absorption, while it is fairly 

17



insensitive to branch placement and length.

• Discuss the optical absorption properties of BNW trees structured in 

landscape arrangements such as hill-and-valley and checkerboard layouts.

• Show results of benchmarking band gap simulations performed in MPB 

(MIT Photonic Bands). Simulations confirmed other researchers' photonic

band gap results with porous Si simple cubic lattice. 

• Present a novel porous silicon design, the stacked hexagon. The structure 

consists of a series of air pores etched in silicon, with a triangular lattice 

parallel to the surface and a cubic lattice in the normal direction. The 

crystal structure is descended from the well-known case of a triangular 

lattice of cylindrical air holes in a dielectric medium. It has a wider gap 

than the simple cubic and is easier to fabricate than the hybrid etched & 

drilled lattices, and thus fills a niche.  

• Show exploratory work on modeling the absorption and reflection of 

porous Si using HFSS microwave electromagnetic simulation software. 

• Present the results of BNW photonic band gap modeling in MPB, and 

show that some BNW are also photonic crystals with a small complete 3D 

band gap.
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1.3 Contributions to the field

This dissertation presents the following contributions to the advancement 

of the field of electrical and optical engineering:

• Demonstrates that FDTD simulation can be used to accurately model 

optical absorption and reflection of silicon branched nanowires. Show 

BNW structures have higher absorption than NW of the same dimensions 

and spacing. Perform parameter study to optimize lattice spacing, height, 

and branch length, diameter, and separation so as to maximize absorption 

over the 0.5 – 1.0 μm band.

• Designs and models unconventional BNW shape configurations (forests) 

to increase optical absorption over conventional BNW. Novel conifer BNW

has significant improvement in optical absorption characteristics across 

the band compared to standard BNW.

• Investigates the unexpected microcavity effects found in BNW for certain 

parameter sizes. Perform band gap simulations in MIT Photonic Bands 

(MBP) simulation software. Show that BNW can function as a photonic 

crystal with a complete three-dimensional band gap.

19



2 PHOTOVOLTAICS BACKGROUND

2.1 Solar energy

The world's energy demand, along with the use of nonrenewable energy 

resources, is increasing at a rapid rate. The depletion of natural resources and the

increasing cost of electricity production is a grave concern [1]. Solar power is a 

free, renewable source of energy that can be sustainable in the long term.

Looking towards the future, the availability of nonrenewable fossil fuels 

such as oil, coal, and natural gas will decline as the supplies run out or become 

prohibitively difficult and expensive to obtain. Silicates are the most abundant 

minerals in the Earth's crust, promising a long-lasting supply of silicon, a 

common material in solar cells due to its band gap and semiconducting 

properties.

Currently, the cost per watt of electricity produced from solar energy is 

greater than that from coal, oil, or natural gas. In order to make solar energy a 

viable on a large scale, the efficiency of photovoltaic cells must increase or the 

cost of production and materials must decrease below the current $1.50 per Watt 

of polycrystalline silicon [2]. The high cost of the crystalline silicon substrate used

in most common solar cells contributes significantly to the price of solar 

20



electricity; 25% of the cost of PV cells is in the silicon wafers used.

The number of energy patents awarded, including solar cell patents, has 

been increasing dramatically over the past ten years, and the overall PV market is

growing at a rate of 35% - 40% per year [2].  

Thin film photovoltaic cells are entering the solar power market, 

demonstrating the potential to increase output efficiency and decrease the 

material costs of solar panels. Thin film cells are growing in popularity and are 

projected to capture over 20% of the market by 2020 [3]. Thin film PV cells 

require less material than bulk planar p-n junction cells, bringing the raw 

material price down. To further reduce the cost, thin film nanowires and 

branched nanowires can be grown on single crystalline silicon, embedded in an 

optical polymer, peeled off, and placed on an inexpensive substrate for use in the 

final device. This allows the silicon growth substrate to be reused [4],[5],[6].

2.2 Solar cell background and state of the art

Of the majority of solar cells on the market today, up to 85%, are single 

crystalline or polycrystalline silicon p-n junction cells [7]. These devices are made

from silicon that is slowly grown in a single crystal and sliced into wafers, a 

delicate procedure.
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2.3 Solar cell varieties

Solar cell categories include the silicon family, other semiconductor 

materials, organic, dye, and structural designs such as thin film, single and multi-

junction, tandem, and concentrated. 

2.3.1 Crystalline silicon solar cells

Bulk crystalline silicon (c-Si) solar cells are the most commonly available 

solar cell. They were among the first PV cells available, sometimes called 

Generation I. Silicon is grown as a single crystal and doped with positive and 

22
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negative ions to create a p-n or p-i-n junction. C-Si cells are reliable and long-

lasting. Bulk c-Si solar cells have reached an efficiency of 27.6%, and thin film c-

Si cells are up to 20.4% efficiency [3], [8]–[10]

An alternative to bulk single crystalline silicon is polycrystalline or 

microcrystalline silicon. Thin film polycrystalline PV cells have achieved an 

efficiency of 10.7% [11]

2.3.2 Amorphous silicon solar cells

Amorphous silicon (a-Si) is an alternative to c-Si. The silicon material is 

amorphous, or noncrystalline, with an irregular lattice structure. It is less 

expensive to produce than c-Si, decreasing the material costs of the device. Niche 

applications of a-Si PV devices include colored semi-transparent solar cells, 

which are decorative as well as functional [12].

2.3.3 Cadmium telluride solar cells

CdTe (Cadmium-telluride) thin film solar cells have the potential to be 

effective low cost thin film PV cells, with efficiencies over 15% reported and a 

record of 21% [13]. CdTe is near the peak of the Shockley-Queisser efficiency limit

for the AM1.5 solar spectrum. P-doped CdTe is grown atop n-doped CdS, and the 

process uses significantly less semiconductor material than traditional silicon cell

processes. Disadvantages include the need for a rigid glass substrate and the high

toxicity of cadmium.
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2.3.4 Organic photovoltaic solar cells

Organic photovoltaic (OPV) cells are thin film PV cells made from 

polymers, with a heterojunction consisting of a donor material and an acceptor 

material. This has the advantages of low bulk material costs and the ability to 

manufacture flexible cells, which may be applied to curved and other non-flat 

objects  [2]. This also allows for more cost-effective manufacturing techniques 

such as using rollers to create long sheets at once. OPV materials are also 

lightweight and potentially recyclable. OPV cells have the same theoretical 

efficiency limit as c-Si cells. The demonstrated efficiency of Generation III OPVs 

is around 6% [12], [14], [15].

2.3.5 Dye sensitized solar cells

Another solar cell family are the dye sensitized solar cells (DSSC).

Dyes are molecules with absorption excitations in the high-intensity region of the 

solar spectrum [16]. They are an older category of thin film PV cells with a 

structure inspired by photosynthesis. DSSC are low cost, with a current best 

efficiency of 15% New uses of nanotechnology combined with the low material 

cost and quick roll printing fabrication process continue to make DSSC a 

promising technology.

2.3.6 Tandem solar cells

Single junction PV cells have a single interface between the p-type and n-

type material. This is the classic solar cell. Tandem, or multi-junction, solar cells 
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solve the spectrum-splitting problem, where absorption differs by wavelength, by 

using a stack of junctions of different materials such as Si and Ge to absorb 

photons of different energy levels.

2.3.7 Concentrating photovoltaic (CPV) cells

In order to increase the possible light absorbed by the active area of a PV 

cell, various structures are designed for focusing or collecting additional light. 

These PV cells are known as concentrator solar cells. Typically, sunlight is 

collected from a large area using mirrors, lenses, or reflectors, or holograms and 

directed onto the much smaller solar cell, which is often a c-Si or multi-junction 

cell. Concentration of CPV is measured in 'suns.' A 1-sun PV cell receives the 

unadulterated amount of sunlight, while a 10-sun CPV cell receives a factor of 10 

more. CPVs generally require direct sunlight and tracking, making installation 

challenging. High concentrations systems may also need to be cooled to avoid 

overheating and burning. The current record for the highest solar cell conversion 

efficiency is 44.4%, using a concentrator triple-junction compound solar cell 

made by Sharp Corporation [17].

Interdigitated back contact (IBC) solar cells are an early type of 

concentrator cell, PV cells which concentrate light in the active region or regions  

[8]. Other concentrator cells use lenses and other optics to focus more energy on 

the small active region. One-sun IBC Si cells have efficiencies of around 25% [18].

Nanostructured cells can take advantage of new highly-doped materials 
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and creative structures to exceed the one-sun limit.

2.4 Solar cell theory (silicon p-n junction)

A basic solar cell consists of a semiconductor, most commonly silicon, with

a single p-n junction sandwiched between the front and back electrical contacts. 

Silicon is doped with atoms which bond with the crystal structure so as to create 

ions with mobile electrons or positive charges (referred to as holes). P-type 

silicon is doped with a positive ion and has a concentration of holes and the 

minority carrier electrons, while n-type silicon is doped with a negative ion and 

has a concentration of electrons and the minority carrier holes. The band gap 

energy of Si is EG = 1.12 eV, and the overall length of a basic p-n homojunction, a 

junction with the same material on both sides, is 10 μm [16].

The concentration of dopants is in the range of roughly 1E-10 to 1E-12 [19].

This value affects both the number of charges available to be converted into 

electrical current and the absorption, which governs the diffusion length of a free 

charge in the material. These two effects must be balanced against each other to 

maximize PV cell efficiency.

The negatively charged n-type region attracts holes from the p-type region 

and vice versa. This effect causes electrons and holes to diffuse across the p-n 

junction, forming a depletion region, on the order of several microns wide, where 

there are few charges of either polarity (Figure 2.5.1). 
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When a solar cell is exposed to light, photons are absorbed and converted 

into electron-hole pairs via the photoelectric effect. The charges that are near the 

depletion region are accelerated by the electric field at the p-n interface. They 

move in the opposite direction of the p-n junction electric field (along with the 

drift current), creating an electric current. This creates a photocurrent Ip  [20]

A minority carrier is the carrier (electron or hole) that is less populated in 

each doped region (p or n). The minority carriers move, via diffusion,  across the 

p-n junction in response to photon absorption under illumination conditions.  

After a time, the carrier lifetime (on the order of 1E-7 s), the electron – hole pair 

recombines.

Photocurrent is the reverse current that is created as a result of photon 

absorption. A p-n junction can be represented by the ideal diode model, 

representing an ideal diode in parallel with a current source, where the diode 

current ID = I0*e(qV/kBT – 1) [19], [20]. Io is the dark saturation current and q, V, 

kB, and T are respectively charge, applied voltage, Boltzmann's constant, and 

temperature.

2.4.1 Role of optical absorption in solar cell efficiency

The efficiency of commercially available bulk silicon solar cells ranges 

from 12% to 20%. The maximum theoretical efficiency of a single junction planar 

solar cell is given by the Shockley-Queisser relation [13]. For silicon, this is about 

31%. The single junction cell with the highest reported efficiency is a crystalline Si
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PV cell with an efficiency of 27.6%, while the highest reported overall crystalline 

silicon (c-Si) PV cell efficiency in the literature is in a tandem GaInP/GaAs/Ge 

cell, with 31% [21]. 

PV cell efficiency depends on a combination of the percent of available 

light absorbed and the percent of photons converted into electrons. Maximizing 

these two quantities maximizes efficiency. 

External quantum efficiency (EQE) is defined as the percent of incident 

photons that produce moving electrons in the material at a given wavelength 

[22]. Overall device efficiency depends on spectral responsivity (SR), the current 

generated per incident energy at each wavelength It is given by Equation 1, where

λ is wavelength, q is the fundamental electron charge, h is Planck's constant, and 

c is the speed of light. SR is a function of EQE, so therefore efficiency is 

dependent upon EQE.  Improving optical absorption improves EQE, and thus PV 

cell efficiency.  

2.5 Thin film PV cells

A thin film PV cell is generally defined as one that is less than 100 μm 

thick. Advantages of thin film cells include decreased material costs and 
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potentially greater efficiency. Thin films use less material, so have the potential to

be much less expensive to produce. Thick c-Si cells are still able to take advantage

of semiconductor processing techniques and tools developed for other industries, 

but thin film technology is gaining quickly. Planar thin film cell types include 

single junction, multi-junction, and concentrated as described above. Other 

techniques are also being used to increase the light trapping in thin film silicon 

PV cells [23]. For example, photonic crystalline geometries are used in c-Si thin 

films to enhance absorption [24].

Treatments on both faces of a planar thin solar cell are used to increase 
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Figure 2.5.1: Diagram of a planar p-n junction 

Figure 2.5.2: [Left] Light trapping on front surface due to capture of scattered light; 
[right] light trapping on back surface due to back reflection & scattering



absorption of the incident light. On the front surface, anti-reflection thin film 

coatings decrease reflection. Surface textures such as micropyramids are also 

used to increase optical absorption [25]. Mirrors or photonic band gap crystals 

may be found at the back surface to reflect light back towards the p-n junction 

again to increase the probability of absorbing an incident photon (Figure 2.5.2) 

[26]. Silicon photonic crystals are discussed in Chapters 9 and 10.  Jagged or 

angular microtextures are used to back-reflect light at shallow angles, to increase 

the chance of absorbing a photon before it is reflected back out of the material.

2.6 Thin film nanowire and branched nanowire solar cell 
configurations

Surface texturing and structures such as nanowires and branched 

nanowires are being investigated as part of an effort to improve light trapping in 

silicon PV cells. Nanowire PV cells consist of an array of cylinders perpendicular 

to the surface of the substrate. They can also be placed parallel to the surface of 

the substrate, which case is outside the scope of this work. Nanowires have two 

junction options: axial and radial. The NW and BNW described in this work are 

designed to be used in radial junction PV cells.

Nanowire solar cells, a promising emerging technology, have been 

measured with an efficiency of up to 8.7% [4].

Nanowire solar cells with axial junctions work much the same way as a 
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planar p-n junction. The incoming solar energy is incident upon the end face of 

the NW. The induced current, or photocurrent, then flows along the length of the 

wire.

In radial junction NW solar cells, each cylinder has a radial p-n junction 

which consists of an inner core, a cylinder of p-type silicon, and an outer shell 

around the core of n-type material (Figure 2.6.1). The electron diffusion thus 

occurs in the radial direction [27], [28]. 

A radial junction nanowire cell has much longer p-n junction and 

depletion region to collect charges than a  planar or axial device. The advantage 
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Figure 2.6.1: Schematic drawing of single nanowire radial junction (left); Nanowire 
array (right).
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of a radial junction structure is that with a narrow cylindrical wire, the diffusion 

length of the material can be short (< 1 μm) and most of the absorbed photons 

will be within the diffusion region of the p-n junction and therefore available to 

be absorbed and contribute to the current produce, they may allow cell 

fabrication with materials having short minority carrier diffusion length which 

may be more heavily doped. Unlike planar cells, where the light absorption and 

carrier collection are in competition, the radial junction architecture offers the 

advantage of decoupling the processes [4], [27]. This permits the use of materials 

with higher dopant concentrations (which influence the total number of minority 

carriers available). Short diffusion lengths and high conversion efficiency lead to 

higher device efficiency. This geometry takes advantage of the trade-off between 

dopant concentration and diffusion length, and decouples the current path from 

the optical absorption penetration depth. Absorption length, Labs, is the thickness 

of material or penetration depth needed to absorb 85% of the incident light [16]. 

The collection length, Lc, is the length of collection of electrons/current. This is 

the radial distance in radial junction PV cells. If Labs and Lc are perpendicular, 

they are decoupled and less material volume is wasted, or used for only one 

purpose and not the other.

The extended length of a wire-geometry (nanowire) radial cell has a larger 

surface area for incident light to be absorbed than a planar cell of the same 

substrate dimensions, which increases optical absorption and therefore device 
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efficiency. The aspect ratio of length: diameter is large.

It has been suggested that branched nanowires may increase light trapping

and absorption of thin film PV cells [2], [4]. BNW have been fabricated in silicon, 

and may be applied to solar cells.

In a NW cell array with radial junctions, light can be absorbed all along the

length of the wire. In general, normally incident light induces a current moving in

a radial direction, perpendicular to the Z axis. One can observe that this parallels 

molecular dipoles and linear dipole antennas in that the induced or re-radiated 

energy is maximized in a direction orthogonal to the propagation direction of the 

internal electric field. 

The addition of branches to the nanowires, forming branched nanowires, 

would increase the surface area of the cell geometry even more, potentially 

further improving absorption. The branches may also aid in light trapping before 

absorption. The BNW modeling results presented in this dissertation will show 

that this is indeed the case.

33



3 ELECTROMAGNETIC THEORY OF PERIODIC
DIELECTRICS

In this work, periodic dielectric structures in the form of nanowires and 

branched nanowires are considered, and analyzed using photonic crystalline 

theories. Photonic crystals were originally studied for use in semiconductor lasers

to suppress spontaneous emission, which decreases the overall efficiency of the 

laser. They are also used in other optical devices for applications such as 

waveguiding, anti-reflection, diffraction gratings, and DFB lasers. A photonic 

band-gap (PBG) is electromagnetically the same as an electronic band gap (EBG),

although PBG refers to a band-gap at optical wavelengths and EBG refers to a 

band-gap at microwave/millimeter wavelengths.

A photonic crystal (PC) is a (usually dielectric) structure made up of 

regular, repeating elements (Figure 3.1). It interacts with light such that it 

suppresses or allows the propagation of certain wavelengths. The range of 

wavelengths that are suppressed makes up the photonic band gap (PBG). The 

terms 'photonic crystal' and 'photonic band gap' are derived from semiconductor 

physics which refers to crystals on the atomic scale, and electron band gaps. 

Figure 3.1 is a 1-dimensional PC.
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3.1 Physics of periodic media

3.1.1 Solid state physics

An analogy can be made between the physics of a semiconductor 

material's allowed energy function and the distribution of the electric and 

magnetic fields in a photonic crystal.

In any semiconductor material, there is a lattice of atoms which forms a 

crystalline structure. The spacing of the crystal determines the electronic band-

gap properties of the material. 

Schrodinger's equation is used to determine the allowable energy levels in 

a material, based on interactions between electrons. Ψk is called the 

wavefunction, and it describes the possible energy values (eigenvalues) for a set 
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Figure 3.1: A 1-dimensional photonic crystal. Incident light 
from the left sees a repeating structure made of layers of two 
different dielectric materials.



of atoms. 

(3.1)

The solution for a periodic semiconductor crystal is seen in 3.1, 

where l, m, and n are integers. Since the lattice is periodic, the Born von Karman 

periodic boundary condition must be satisfied (3.2).

(3.2)

This condition is met when the indexes l, m, and n are even numbers, 

constraining the wavevector term to multiples of 2π, so that kx = 2lπ/L and so on. 

The energy of each state, or wavefunction, k, is given by  (3.3), where L is the 

lattice spacing and ħ is Planck's constant [29].

(3.3)

The energy levels allowed for electrons are discrete. This is the free electron 

model of conductivity in crystalline solids.

Bloch's theorem was discovered in conjunction with describing conduction

in crystals, but the mathematical principles involved were independently 

discovered earlier by several mathematicians. This relation is also known as 

Floquet's equation when applied to other disciplines, and it can be used to 

describe the behavior of both the atomic structure of elements and compounds as

well as large-scale periodic structures [30]. As an aside, the Bloch equation can 
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also be applied to nuclear magnetic resonance imagery (MRI). A single species 

has an angular momentum in multiples of 2π [31]

[32]  Bloch's Theorem states that for a periodic medium with translational 

symmetry, the electric and magnetic eigenmodes are periodic as follows in 3.4 

(note bold face text indicates a vector quantity) [30].

(3.4)

This periodicity can also be expressed as in 3.5. 

 (3.5)

3.1.2  Electromagnetics of periodic dielectrics

Periodic materials are subject to Brillouin scattering as determined by 

their atomic structure. A periodic lattice looks identical if an observation point r 

can be translated to an identical point r' via translation vectors a1, a2, and a3, such

that 3.6 holds [33]. A primitive vector set is one which satisfies this relation for 

integer values of m1, m2, and m3 so that the translation is a whole number 

multiple of a (Figure 3.1.1). The primitive unit vectors define the volume of the 

primitive unit cell, which is the smallest possible unit cell that will completely 

describe a periodic crystal [30].
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(3.6)

3.1.3 Electromagnetic theory

The classical description of electromagnetic field propagation is set out in 

Maxwell's equations (3.7). Combining and substituting Maxwell's equations in 

terms of only the magnetic field, H, leads to the relation 3.8. This relation is what

is used in Meep's FDTD algorithm to calculate the electric and magnetic fields. 

(3.7)
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(3.8)

The solution set is in the form of a plane wave propagating in the direction r 

(3.9). The total electromagnetic field in the medium is a linear combination of 

plane waves. 

(3.9)

3.1.4 Periodic dielectrics

A crystal has a unit cell with a given lattice separation in real space. Taking

the reciprocal of the primitive unit vector component, 1/ai, gives rise to a spatial 

frequency with units 1/(distance), which describes the number of cells per unit 

length. Clearly, a large spacing has a low spatial frequency and vice versa. 

To understand the implications of working in reciprocal space, consider: in

optics we take the Fourier transform of an illuminated aperture to get the 

diffraction pattern, which demonstrates the spatial frequency of the aperture. Of 

course, this also applies to microwave & millimeter wave antennas, particularly 

classic aperture shapes such as horn (rectangular cross-section in the direction of

propagation) and patch antennas, but also any antenna with a lobed gain pattern.

This is also the mechanism behind X-ray crystallography. The reflection and 

transmission, or forward and back scattering, of a periodic dielectric can be 
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considered in these terms.

With a physical lattice spacing of a, the spatial frequency fs = 1/a; the 

angular frequency in the k-space ωs = 2π*fs = 2π /a in each unit vector direction. 

To calculate the value of the reciprocal lattice vector, G, in terms of the 

real lattice vector, R, for a real periodic dielectric function, 3.11 is used. V is the 

volume of the real unit cell (3.10) and ai is the component of the real lattice vector

for that cell.          

(3.10)

(3.11)

A Fourier plane-wave decomposition of the periodic dielectric function 

transforms the real translation vectors into spatial frequencies in reciprocal 

lattice space, or k-space. When the real lattice is decomposed into its Fourier 

plane wave components, the result is also a periodic lattice (3.12). Since the 

lattice is a periodic dielectric function, we know that exp(jG*R) = 1 because of the

property of translation, and therefore G*R = 2π m, when m is an integer. The 

solution to this decomposition is a set of vectors in reciprocal space, or k-space, 

given by 3.13.

(3.12)
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(3.13)

Electromagnetic propagation is described by the direction of the 

wavevector in the material.  A unit cell is used to bound the area needed to form a

complete description of the wavevectors in the crystal. The Wigner-Seitz cell of a 

crystal, well known in crystallography, is an example of one of the primitive unit 

cells (Fig.3.1.3). A Wigner-Seitz cell is defined as the unit cell made up of the 

locus of points surrounding a point in a periodic lattice such that each point in 

the cell is closer to the center point than to the next identical lattice point.

The 1st Brillouin zone of a periodic lattice is the Wigner-Seitz cell in 

reciprocal space. To find the 1st Brillouin zone, designate one atom (or element) to

be the center of the zone. Draw a line from the center of the atom to the next 

nearest atom in all directions. Bisect each of the lines. The intersection of these 

bisectors outlines the primitive cell (Fig. 3.1.2). 

 The irreducible Brillouin zone (IBZ) is the smallest set of wavevectors that

can be translated to make up the complete photonic crystal (Fig. 3.1.3).

Most common crystalline structures are described by letters which denote 

canonical points, which are points described in the field of crystallography, 

located at critical places in the irreducible Brillouin zone. Γ is the center of the 

Brillouin zone. For a simple cubic lattice, M is a corner point, and X is the center 
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of a face of the IBZ.

From Г to X, the wave is propagating in the x-direction, while kx varies 

from 0 to π/a. From X to M, wave is propagating at some angle between 0 and 

45˚ from x, and kx = π/a and ky varies from 0 to π/b. From M to Г, the wave is 

propagating along the line of 45˚, and  kx and  ky vary from 0 to π/a and  π/b 

respectively [34].

  In solid state physics a band diagram, or dispersion relation, plots electron

momentum (ρ) versus energy (E).   The lines on the band diagram represent 

different electron conduction bands. In the PBG/EBG case, the band diagram is a

plot of the dispersion relation (3.14) for multiple allowed propagation states. 

Here, kz is the wavevector of the EM wave propagating in the z direction, n is the 

42

Figure 3.1.3: 1st Brillouin zone and 
irreducible Brillouin zone for simple 
cubic latticeFigure 3.1.2: Wigner-Seitz cell for  

simple cubic lattice. 



index of refraction, and ω is the angular frequency of the wave. On the dispersion 

diagram, lines formed from the possible solutions of the dispersion relation 

represent propagating TE and TM modes, or the composite field (Figure 3.1.4). 

The light cone (3.15) describes a region where propagation can occur. 

Above this line only evanescent waves exist.

(3.14)

(3.15)
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Figure 3.1.4 shows a dispersion diagram of porous silicon (bulk Si with air 

pores). Each line represents a single propagation mode. The lowest 5 modes are 

below the band gap. Between the 5th and 6th modes, there is a complete gap where

light is not able to propagate in any direction. That is, there are no wavevectors 

that support propagation for the frequencies inside the band gap.
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Figure 3.1.4: Example of Bloch band dispersion diagram. Porous silicon in 
simple cubic lattice; r = 0.6a.



3.2 Analogies to Periodic Array modeling theory

3.2.1 Phased array antennas

Large groups of antennas, such as phased array antennas, have been in use

for many years. Phased array antennas consist of multiple antennas laid out such 

that their spacing allows for constructive interference in receiving and 

transmitting EM energy. Antenna designers have developed a variety of 

electromagnetic simulation techniques for modeling large antenna arrays that 

can be applied to other array problems, including those operating in the visible 

and infrared wavelengths. Nanoscale periodic dielectric structures can function 

as optical radiators and absorbers just as antennas do in microwave and 

millimeter wave applications.

3.2.2 Waveguide simulator

The waveguide simulator technique was developed to model infinitely 

large phased array antennas. It involves a hardware solution of a computational 

problem. Various configurations of waveguides provide for a variety of scan 

angles. 

Originally developed in 1948 as a proposed technique for measuring the 

radiation resistance of large antenna arrays, waveguide simulators took a cutout 

of a unit cell of a phased antenna array and attached it to a rectangular waveguide

[35]. Each element radiates into a rectangular waveguide conductor. In a flat 

array, the radiation from the elements is in phase, so the transverse 
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electromagnetic mode (TEM), also called TE00 or TM00, propagates into and 

through the rectangular waveguide conductor.

Depending on the number of cells, the direction, and the mode excited, 

this could simulate a range of incoming angles for wave propagation. 

The waveguide is analogous to a set of mirrors; the reflection shows an 

infinite series of elements. In optical terms, think of two plane waves interfering, 

and place a perfectly conducting plane at the nulls. In a waveguide simulator, we 

can think of the modes as a combination of the two plane waves. 

In hardware, the only options for waveguide walls are electric conductors. 

A rectangular waveguide supports the TE and TM modes, but not the TEM mode.

In simulation, however, magnetic walls are also available. A structure can be 

designed with two parallel perfect E walls and two perfect H walls that, like a 

parallel plate waveguide, can support the TEM mode.  

The scan angle is defined as: sin θs = λ/ λc, where  λc is the cutoff 

wavelength for the waveguide propagation mode. The scan angles for a given 

mode m, n are described by Equations 3.17 and 3.16.

 (3.16) 

(3.17)

where a and b are the size of the unit cell in the x and y directions. In order to 
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completely describe the response of a phased antenna array at a given frequency, 

five WGS calculations are needed (Fig. 3.2.1) [36]. 

WGS is used today for modeling waveguides and antenna arrays [37].

3.3 Simulation software: linked boundary conditions

The concepts of perfect electric and magnetic walls from WGS theory are 

combined with Bloch's theorem and used to model linked boundary conditions 

(LBC) for simulating arrays of multiple types in computational EM software. In 

MIT's Meep, LBC are called k-point boundaries.

Steps for using LBC in Meep include:
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Figure 3.2.1: WGS arrangement from [61], where 
the WGS structures represent TE and TM modes 
incident at 12, 35, and 38 degree scan angles.



● Set k-points function to on,which enables Bloch periodic boundaries

● Use perfectly matched layers (PML) for regions that do not have a 

repeating structure- in this case, the substrate and the top surface

● Choose k-point coordinates (the points on Brillouin zone boundary) 

correctly

● Interpolate several k values between the canonical k-points

3.4 Electromagnetic modeling methods

3.4.1 Finite difference time domain

Finite difference time domain (FDTD) is a modeling technique frequently 

used for electromagnetic simulation [38], [39]. It solves the time-dependent 

Maxwell curl equations assuming an initial-value condition that the electric field 

turns on at t = 0. The progress of the incident electromagnetic wave is followed as

it propagates through the structure. The simulation is complete when each cell 

reaches sinusoidal steady state.

The Yee algorithm comprises the backbone of Meep and other classic 

FDTD simulation methods [38]. The Yee algorithm is an FDTD method of 

calculating electromagnetic fields which separates the electric and the magnetic 

fields and distributes them around the boundaries of the unit cell, solving for 

each field at points half of a unit step apart.

One advantage of FDTD is that it easily handles metals and dielectrics in 
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the same structure. Another is its usefulness in modeling 3-D structures. The 

separated equations in FDTD mean that the computational memory and run time

are proportional to the number of cells, N, compared to method-of-moments, 

which requires N2.

3.4.2 Plane wave expansion

Another method applied to electromagnetic modeling is the plane wave 

expansion method. This technique works with the Fourier plane wave 

decomposition of the system, in the frequency domain and reciprocal space. MIT 

Photonic Bands (MPB) uses plane wave expansion to find frequency bands in 

periodic dielectrics.

3.4.3 Finite element method

An additional electromagnetic simulation technique is the Finite Element 

method (FEM). The FEM technique was originally developed to assist with 

calculations for complicated problems in the aerospace industry. Calculating the 

airflow over wings, airfoils, and aircraft fuselages was a necessary but 

complicated computation with no analytical solutions. It was developed after the 

Finite Difference Method, as a means of dividing a structure into small individual

elements and solving a discrete computation on each element. This allows for 

finding the solution for the physical quantity or field in question for each 

element. In electromagnetics, FEM is used to solve Maxwell’s equations in the 

designated three-dimensional structure [36]. A single mode waveport solution 
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takes the form of γ = α + jβ, where γ is the complex propagation constant. The 

electric field E = E0 e- γz. Once the electric fields at the ports are known, a larger 

structure may be constructed with many subelements, and the overall 

performance calculated from the port S-parameters of the subcircuits. A 

disadvantage of FEM is that it does not perform well on a wide range of 

wavelengths.  

3.4.4 Conclusion

Electromagnetic modeling techniques will be used to simulate the optical 

characteristics of periodic arrays of silicon NW and BNW. In this dissertation, 

FDTD is used for full-wave electric field modeling for all BNW structures 

presented. Plane-wave expansion is used in photonic band-gap modeling, while 

FEM is briefly touched upon in describing porous silicon.

This chapter provided an introduction to periodic structures and to 

photonic crystals, as well as concepts used in modeling theory. These periodic 

structures are used in some of the solar cell configurations mentioned in Chapter 

2, and are integral to the work presented in the remainder of this dissertation.
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Figure 3.4.1: Optimized band gap of 14.03% for hybrid triangular-
cubic lattice porous Si; a = 1 μm, r = 0.49 μm, and h = 0.42 μm.  



4 MEEP BACKGROUND & BENCHMARKING

4.1 Computational modeling

Computational modeling is a powerful tool for designing devices. It can 

allow an engineer to test designs in less time and for lower cost than fabricating 

and laboratory testing. It also gives a designer greater flexibility to try new design

solutions with a low risk, leading to enhanced creativity. 

However, computational modeling is not without its drawbacks. It 

requires careful attention to detail to ensure within a reasonable doubt that the 

model and the environment (software setup, simulation parameters, material 

properties, and boundary conditions) are chosen such that the results are an 

accurate simulation of the problem at hand. 

4.2 Meep background information

The first task in simulating the optical characteristics of photovoltaic cells 

was choosing a simulation package. Meep, a free open source full wave FDTD 

electromagnetic solver written at MIT, was chosen [1]. Features include: FDTD 

modeling capable of handling a wide frequency band, 3-dimensional geometries, 

Bloch boundary conditions for repeating array structures, complex dielectric 

materials, and built-in energy and harmonic analysis. 
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HFSS, CAMFR (a 2+ dimensional eigenmode electromagnetic solver), and 

eMgine Environment software (a full-wave 3D electromagnetic time domain field

simulation) were also considered [2], [3]. CAMFR and eMgine Environment are 

also free/open source.

The sources in Meep are current sources which turn on at the start of the 

simulation time (or another set time). The current source is a pulse that is a 

Gaussian function of frequency and has an arbitrary amplitude and starting 

phase.

4.3 Meep Benchmarking

 

The next step in the optical modeling process was to get familiar with the 

software and model some known quantities to set a baseline for accuracy and 

performance. To do this in the simplest way possible, a flat substrate of bulk 

silicon 9 μm thick with a lattice repeat of 1 μm was simulated (Figure 4.3.1). The 

resolution, source type, source placement, and Bloch and PML boundary 

conditions were varied until the electric and magnetic field outputs and the 

reflection calculations attained reasonable values. For the initial attempt, a purely

real dielectric constant of 11.9 was used, and a TE source (Ey). TM polarization 

(Ez source) was also investigated, with similar results.

The results of the simulation were compared to the reflection resulting 
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from the Fresnel equations at normal incidence (θ = 0), with the same index of 

refraction. First the calculations were performed with the real index only, and 

then again with the complex dielectric constant.  

Additional benchmarks were performed with 5 μm thick bulk substrate 

with similar results.

Meep does not directly calculate optical characteristics such as reflection, 

absorption, and transmission of the structure being simulated. It is necessary to 
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Figure 4.3.1: Bulk silicon unit cell (9 μm thickness)



declare a plane at the location of interest and run the simulation twice. The first 

run occurs without the geometry of interest. In the case of bulk silicon, the first 

run is with air only. The EM fields at the plane are saved and subtracted from the 

fields resulting from the simulation with the complete structure. The fields are 

the electric fields over the whole cell, a distance several μm away from the source.

The ratio of the two runs gives the reflection or transmission: R = fluxSi/fluxair 

computed at the reflection plane and T = fluxSi/fluxair at the transmission plane.

Figure 4.3.2 shows the simulated electric fields in the air and in the bulk silicon.

The critical modeling parameters for this type of calculation turned out to 

be the resolution (at least 8 mesh points per wavelength, in the higher dielectric 

material) and the distance between the source and the structure's geometry (at 

least 2-3 wavelengths).
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Increasing the mesh resolution from 16 points per unit to 32 transformed 

the output from unacceptable to within 10% accuracy over the visible and near-IR

spectrum.  It was decided that this is insufficient. Choosing a smaller Gaussian 

bandwidth of 0.4 (Meep frequency units) instead of 1.0 units (full band) brings 

the worst case accuracy down to 3% and the average accuracy to 1% (Figure 

4.3.3).

Doubling the resolution again to 64 points per unit brings the full-spectrum 
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Figure 4.3.3: Reflection & error for bulk silicon



accuracy to 3% (Table 1).

Unfortunately, the computational time and output file size increase 

exponentially (roughly cubically) with resolution.

Resolution (μm-1) 16 32 48 64

Simulation time 6 min 22 min 2.6 hours 4 hours

Table 1: Simulation time vs. resolution

It was determined that the increase in accuracy from a resolution of 32 to 

64 points per μm was not worth the tradeoff in processing time, RAM usage, and 

output file size. A 2x2x25 μm cell size overfilled 12 GB of RAM at a resolution of 

64. The Meep modeling results presented in this work were performed with a 

resolution of 48 cells per μm, with some selected simulations rerun at a 

resolution of 64 cells per μm as a check on the accuracy of the outputs.

The EM fields at each point on the mesh are output from Meep in the form

of an HDF5 file, a binary image format capable of storing multidimensional 

image data.

At this point, the optimized size and resolution parameters from the early 

benchmarking investigation can be applied to the physically-consistent dielectric 

material and then to the structures of interest.
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4.4 Complex dielectric constants in Meep: theory & practice

It is possible to obtain good results for optical reflection using only a single

frequency independent value for the real part of the material dielectric constant. 

However, to model absorption requires the use of the imaginary part of the 

dielectric constant as well. A physically consistent complex dielectric constant 

expressed as a continually varying function of frequency is the ideal, but it is not 

a practical solution for FDTD computations, where each pulse is the sum of 

multiple frequency components. 

One way the Meep deals with complex dielectric materials is with a 

Lorentzian dielectric model. Unfortunately, it is difficult to represent the 

dielectric constant of silicon as a Lorentzian with a reasonable number of terms 

over a wide band that encompasses the visible and near-IR spectra. [4]. This 

computational method was rejected because accurate dielectric characteristics 

are needed over a wide bandwidth of 500 nm (corresponding to a frequency 

bandwidth of 300 THz).

The second way that Meep incorporates a complex dielectric material is by 

integrating the conductivity σD into the form of Maxwell's equation used by the 

solver [5]. The equation for the electric displacement D= ε E is extended to 

include the polarization term, P,  

E = εꝏE + P (2)
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and P is a function of the real and imaginary parts of the dielectric constant  

(Equation 3,Equation 4).

n

n

P P=å (3)

  

2
2

2
( )n n

n n n n n

d P dP
P x E

dt dt
g w s w+ + =

(4)

The polarization is a frequency-dependent quantity which satisfies 

physical consistency. In order for Meep to calculate the polarizations associated 

with the complex dielectric constant, the user specifies the conductivity σD such 

that: 

Die se
w
¥¢¢ = (5)

To make the simulation physically realistic, and account for the fact that n 

and k both change significantly in the higher frequency end of the band in 
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question, a multipart stitching technique is used to compensate (Figure 4.4.1,

Figure 4.4.3). The entire model is performed at several center frequencies, each 

with a narrow band. The dielectric parameters used are n and k, the real and 

imaginary parts of the index of refraction from Green [49]. A dispersive model of 

the dielectric constant is used for this technique. 

The output results are stitched together using an m-dimensional Bezier 

curve, where m is the total number of points (Figure 4.4.2). This provides a good 

approximation of the continually varying dielectric properties of the material.

It is possible to run the Meep simulation with a wide band Gaussian source

that covers the entire band under investigation, but the model's accuracy is 

inversely proportional to the bandwidth of the source. Additionally, a single wide 

band current source would only use a single dielectric constant, rather than the 

physically consistent dielectric constant as a function of wavelength.
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Figure 4.4.1: Raw data from 3 simulation runs

Figure 4.4.2: Simulation data with overlap 
and Bezier smoothing

Figure 4.4.3: Simulation data with 
averaged overlap



4.5 Nanowire benchmarking

The next step in verifying the effectiveness of modeling PBG in Meep is to 

apply the same techniques and settings used for the bulk silicon model to a 

nontrivial periodic dielectric geometry. Since a major goal of this work is to study 

branched nanowires, a basic nanowire (NW) setup was used as a stepping stone. 

An array of silicon NW was simulated and compared to results from the literature

as was done in [6]. Nanowires with radius r = 25 nm, length L = 2.33 μm, and 

lattice spacing a = 100 nm were modeled and were found to be closely matched to

the comparable results of the transfer matrix method (TMM) presented in [7] 

(Figure 4.5.1). The only alteration in Meep settings from the bulk Si case was 

choosing a mesh resolution of 64 points per unit, solely because of the higher 

frequencies involved in matching the published results. Keeping the same 

resolution of 32 points matched the lower frequency range (< 2.5 eV), but 

resulted in greater error in the high frequency region (> 3 eV).
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Figure 4.5.1: Simulation of NW array with r = 25 nm, L = 2.33 μm,
and a = 100 nm (orange) compared with TMM results from [8].



5 BRANCHED NANOWIRES

5.1 Branched nanowire background

Nanowire array photovoltaic cells have been produced by several teams of 

researchers [27], [50]. The reported efficiency of thin film NW PV cells is up to 

8.4%. It is thought that this could ultimately exceed 30%. One of the 

performance-limiting factors of all solar cell types is the ratio of incident light 

that is absorbed. The power output by a PV cell is directly depends on the amount

of solar energy absorbed by the cell.
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Figure 5.1.1: Schematic of 
branched NW fabrication process. 
a) patterned substrate; b) VLS 
growth of Si wire trunks; c) metal 
diffusion; d) VLS growth of SiNW 
branches



It has been suggested that changing the array element from a nanowire to 

a branched nanowire could lead to better light absorption, and therefore to 

higher PV cell efficiency [3], [4]. BNW have been fabricated from a variety of, but 

there use in complete solar cells has not been announced to date [51]. To create 

BNW in silicon, nanowires are grown on a single crystal silicon substrate. Then, 

branches are formed, growing nearly perpendicularly from the cylindrical central 

trunk (Figure 5.1.1) [52]. Because of silicon's crystalline properties, the BNW 

produces branches arranged in a hexagonal shape, with a triangular lattice.

This chapter will study the absorption of light by silicon branched 

nanowires and determine if they can be successfully modeled. A key goal is a 

good parameter study to assist in the design of BNW solar cells.

5.2 BNW geometry

The same general geometric design was used for all BNW studied, to 

facilitate accurate comparison of various parameter sizes. The hypothesis is that a

branched nanowire structure will provide more area for both light trapping and 

direct absorption, increasing the absorption of the sample. In optics, the 

electromagnetic properties of any given structure depend on the material 

characteristics and the physical shape and size of the structure.
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BNW were modeled in Meep, a 3-dimensional finite difference time 

domain (FDTD) electromagnetic

field solver created at MIT.

A single BNW from an array

on a 1 μm thick silicon substrate is

represented in Figure 5.2.1. The

views represented here are taken

directly from the graphical output

of Meep. This is the geometry of the

silicon that was used in the

simulation. Meep's raw output

consists of a list of frequencies and

electromagnetic field quantities

calculated, and multidimensional

HDF5 graphics files containing the physical geometry and the specified EM field 

outputs as a function of space, time, magnitude, and phase.  On the left is a side 

view of a BNW with a trunk radius, Rtrunk, of 0.35 μm, and the right side an 

isometric view. Figure 5.2.2 shows a BNW with parameters labeled.
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   Figure 5.2.1: Two views of a branched
nanowire 20 μm tall. [Left] side view. [Right] 3D

isometric view.



The first step in determining if BNW can be successfully modeled using 

the FDTD method was to choose a single structure to start with. BNW with the 

same trunk radius, lattice separation, branch diameter, branch length, and 

branch spacing were simulated for several heights, to determine the best height 

to use for the rest of the simulations. 

As an aside, there are different units commonly used in electrical 

engineering, optics, and physics to represent wavelength, frequency, and energy 
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Figure 5.2.2: BNW diagram with 
parameters labeled:  Rtrunk = radius 
of trunk; a = lattice spacing; h =  
height; Rbranch = radius of branch; s 
= spacing between branches.



of a given optical wave or photon. A selection of these are shown in Table 2.

Wavelength 
(μm)

0.5 0.6 0.7 0.8 0.9 1.0

Electron 
volts (eV)

2.48 2.07 1.77 1.55 1.38 1.24

Frequency 
(Meep 
units)

2.0 1.67 1.43 1.25 1.11 1.0

Table 2: Units commonly used in electrical engineering, optics, and physics.

Figure 5.2.3 shows the resulting optical absorption for a BNW array 

modeled for several different trunk heights, and for two values for the vertical 

separation between branches, s = 0.7 μm and 2.5 μm. Trunk heights represented 

in each plot are h = 5, 10, 15, 20, and 25 μm.  Increasing the height of the trees 
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Figure 5.2.3: BNW forest with Rtrunk = 0.35 μm, lattice spacing a = 2 μm, height h = 
10 μm, branch radius Rbranch = 0.04. Height ranges from 5 – 25μm. (a) Branch 
spacing s = 0.7 μm. (b)  Branch spacing s = 2.5 μm.



increases the optical absorption. Above h = 10 μm, the absorption traces are very 

close to one another up to around 0.8 μm.  The plots for s = 0.7 μm (left) and s = 

2.5 μm (right) are very similar, except that the larger branch separation has a 

bigger dip at a wavelength of 0.8 μm.

The optical absorption for a wide range of parameters is depicted in Figure

5.2.4. The optical absorption is plotted for a range of branch radii, 0.4 – 20 μm. 

The four plots show two heights, h = 10 μm and 20 μm, and two branch spacings, 

Rbranch = 0.7 μm and 2.5 μm.  Parts (c) and (d) also compare the BNW absorption 

results with those of basic NW of the same height, trunk radius, and lattice 

separation distance, demonstrating that the optical absorption of the BNW forest 

is enhanced over that of a plain NW array with the same dimensions. The 

performance at the low end of the band (0.5 μm) is very similar, but there is an 

increase in absorption of at least a factor of 4 at a wavelength of 1 μm. Most of the

BNW investigated from here on have a height of 20 μm, the best intersection of 

high optical absorption and reasonable computation time.

Increasing the radius, Rtrunk of the main trunk has a relatively minor effect 

on the absorption and reflection of the system. The array lattice spacing, a, also 

has a small effect on the optical properties of the structure, unlike in a nanowire 

array where the optical properties have a strong dependence on a. 

The BNW forest appears to be less sensitive to the lattice spacing than a 

comparable NW array. If the branches remain the same length L, and that length 
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is less than a, then increasing a has the effect of decreasing optical absorption. If

 the length of the branches is increased proportionally with a, however, the 
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Figure 5.2.4: BNW forest with Rtrunk = 0.35 μm, a = 2 μm. (a) Branch spacing s = 0.7 
μm, trunk height h = 10 μm, branch radius Rbranch = 0.04 – 0.28 μm. (b) s = 2.5 μm,  h 
= 10 μm, Rbranch = 0.04 – 0.32 μm. (c)  s = 0.7 μm,  h = 20 μm, Rbranch = 0.04  μm; 
compared to NW with  a = 2 μm,  h = 20 μm. (d) s = 2.5 μm,  h = 10 μm, Rbranch = 0.04 
– 0.28 μm.  s = 2.5 μm,  h = 20 μm, Rbranch = 0.04  – 0.20 μm; compared to NW with  a 
= 2 μm,  h = 20 μm. 



additional space between the individual trunks is filled with branches, so the net 

result is similar absorption and reflection results.                                   

Plot (c) in Figure 5.2.4 shows that of all the BNW samples modeled, the 

best optical absorption from 0.5 μm to 1 μm is realized by a BNW with a branch 

radius Rbranch = 0.16 or 0.20 μm, and with the other parameters sized a = 1 μm, 

Rtrunk = 0.35 μm, h = 20 μm, and L = 10 μm.

5.3 Solar spectrum and long-wave absorption

It is apparent that the optical absorption of silicon BNW is much better at 

short wavelengths than at long wavelengths. This section includes an analysis of 

the dielectric properties of Si and investigates some BNW characteristics that 

may help increase the absorption out near 1 μm.

The AM 1.5 solar spectrum, the amount of solar energy that reaches 

Earth's surface as a function of wavelength, is shown in Figure 5.3.1 [53]. It can 

be noted that most of the solar energy available is in the range of 0.3 μm to 1.5 

μm. 

5.3.1 Silicon dielectric properties

 Silicon is a common material for

photovoltaic cells because of its solar-

compatible absorption profile. Its absorption

spectrum closely overlaps the AM 1.5
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Figure 5.3.1: Solar spectrum plot AM 
1.5



spectrum. Figure 5.3.2 is a plot of the real and imaginary parts of the refractive 

index. Note that n = √εr, where εr is the complex dielectric permittivity. Silicon 

does not absorb in any significant amount at wavelengths longer than 1 μm, so 

that region of the solar spectrum is not considered available for Si PV cells to use.

Unfortunately, the absorption of Si decreases substantially as wavelength 

approaches 900 nm, shown in Figure 5.3.3, as calculated using Beer's Law (5.1). 

This is the primary cause of the low optical absorption of BNW at long 

wavelengths with h = 10 – 20 μm on a 1 μm thick substrate. Changing to a thicker

substrate would not be beneficial in this case because the additional absorbed 

photons would be mainly in the substrate rather than at the p-n junctions.

(5.1)
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Figure 5.3.2: Real and imaginary refractive index of silicon
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Figure 5.3.3: Absorption fraction of silicon for a range of propagation 
distances

 

Interestingly, for a 600 μm thick polished silicon substrate, the absorption 

increases somewhat from approximately 60% at 0.5 μm to 70% at 1 μm (Figure 

5.3.4, from [54]). For a thick substrate, the low absorption coefficient at long 

wavelengths is offset by a lower index of refraction, which decreases reflectance 

sufficiently that there is more light available to be absorbed by the material. It is 

clear that the reflection is not the constant 30% we get from the Fresnel 

calculations using a standard value of εr = 11.9, which corresponds to n = 3.45. 

Using the actual measured dielectric characteristics of Si gives a more physically 

consistent simulation solution.
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The BNW modeled so far have all exhibited low optical absorption at long 

wavelengths. It is expected that it will be possible to design a BNW array with 

improved absorption near 0.9 μm, but very difficult to have a large value for the 

absorption at 1 μm. 

5.3.2 Long wave parameter study

A parameter study was performed with the goal of designing a BNW array 

that improves optical absorption in the near infrared spectrum, specifically for 

the 0.9 – 1 μm wavelengths.
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Figure 5.3.4: Optical properties of 600 μm thick polished silicon wafer (from [5])



5.3.3

Simulating an array with a larger lattice constant (NW trunk spacing) was 

one option pursued. This was done for standard BNW and for conifer shaped 

BNW. Conifer BNW have a tapered cone shape, with long branches at the bottom 
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Figure 5.3.5: Long wave simulation results for taller trunk heights. Top left: a = 3 μm, h 
= 30 μm. Top right: a = 2  μm, h = 30 μm. Bottom left: a = 2  μm, h = 50 μm. Bottom 
right: a = 2  μm, h = 100  μm.



and short branches at the top. There was no noticeable improvement in 

absorption (Error: Reference source not found). Only the long wavelength range 

0.8 – 1 μm) was modeled for this study. Another design option was to increase 

the height of the BNWs, providing a longer possible absorption depth. This had 

some effect; increasing the height to 50 μm increased the absorption to over 60%.

The tradeoff, of course, comes in simulation time, which is increased two and a 

half times.

5.3.4 Topmost branch positioning

An intermediate step between the branched nanowire parameter study 

and the forest BNW designs presented in the next chapter is to vary the 

placement of the topmost branch (closest to the source). The effect of moving the 

branches down so that the top branch started below the tip of the trunk was 

studied. The branches were moved a factor of 0, ¼, ½, ¾, and 1 times the inter-

branch spacing, s. Parameters used were: Rbranch = 0.16 μm, Rtrunk = 0.35 μm, h = 

20 μm, s = 0.7 μm. 

The result of this experiment is that there appears to be no significant 

difference in absorption as a result of placement of upper branch (Figure 5.3.6). 

This is likely to be a useful characteristic of the structure, since it allows BNW 

devices to be less sensitive to minor variations in fabrication.
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5.4 BNW results

BNW were modeled in a successful attempt to determine the optical 

absorption of a BNW array using the FDTD method as implemented by MIT's 

Meep EM software.  It was determined that the best optical absorption from 0.5 

μm to 1 μm was found in a BNW with a branch radius Rbranch = 0.16 or 0.20 μm, 

lattice spacing a = 1 μm, Rtrunk = 0.35 μm, h = 20 μm, and L = 10 μm. Simulations 

also suggest that absorption may be improved in the long wavelength region by 

increasing the lattice spacing of the array, and by increasing the height of the 

BNW trunk. As has been previously reported, we find that BNW have an 
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Figure 5.3.6: BNW with branches inset from the tip. Rbranch = 0.16 μm, Rtrunk = 0.35 μm, h 
= 20 μm, s = 0.7 μm. 



absorption of at least 80% at 0.5 μm, and 50% at 1 μm [55]. With a taller trunk of 

Rtrunk =100 μm, absorption at 1 μm is increased to over 65% at 1 μm. This shows 

improvement over nanowires and great improvement over bulk Si. The next 

logical step in this study of BNW is to alter the shape of the BNW to see if further 

improvement in absorption can be found.
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6 BRANCHED NANOWIRE FORESTS

6.1 BNW alternative geometries

In the previous chapter, branched nanowires are shown to have better 

optical absorption characteristics than bulk silicon or standard nanowires of 

comparable diameter.  The next logical consideration is therefore how BNW trees

can be altered to improve their optical properties over the entire solar spectrum. 

The basic BNW was evolved into several different configurations of forest-like 

structures, with a goal of increasing light trapping with the use of features such as

layering and tapering.

BNW forest configurations are to be simulated, to investigate the 

possibility of increasing the array absorption efficiency. Treating the forest as a 

photonic crystal provides some insight into the likely behavior of a forest 

comprising each type of tree.

6.1.1 BNW shaped trees

The trees under consideration are as follows (side view in Figure 6.1.2, 3-

dimensional view in Figure 6.1.1):

• Scrub: branches only on the lower half of the trunk. This may allow 
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reflection from branches to be absorbed into the upper half of the trunk 

instead of being reflected away from the device.

• Canopy: branches only on the upper half of the trunk. This may cause 

more reflection, but it may also allow reflection from substrate to be 

reabsorbed by the bottom layer of branches.

• Conifer: branches of graduated length- long at the substrate, none at the 

tip. This is a more nuanced implementation of the scrub forest. It may 

allow back reflections many chances to be reabsorbed through multiple 

layers of branches.

• Inverted conifer: branches of graduated length- short at the substrate, long

at the tip. The conifer turned upside down.

• Topiary: the arrangement of the branches, starting at the tip, is short – 

long – short – long. This is a further variation of the conifer BNW. It may 

allow for more light trapping in the second tier.
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Figure 6.1.1: 3D views of BNW forest geometries [left to right]: scrub, canopy, conifer, 
inverse conifer, topiary.



The simulated absorption results of the major variations on the BNW 

forest designs are shown in the plot in Figure 6.1.3. It is clear that the conical 

conifer forest structure has the advantage in optical absorption. A low effective 

index of refraction at the device's surface combined with the broadband 

enhancements typical of a conical or angled feature shape (such as nanocones vs. 

nanocylinders) create significant absorption throughout the entire wavelength 

band, with a maximum absorption of 97% at 0.5 μm, and over 60% at 1 μm [56].
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Figure 6.1.2: Silhouettes of side views of BNW forest geometries [left to right]: 
scrub, canopy, conifer, inverse conifer, topiary.



Figure 6.1.3: Results for BNW tree, canopy, conifer, and scrub forest 
arrays for Rtrunk = 0.35 μm, a = 2 μm, branch spacing s = 0.7 μm, trunk 
height h = 20 μm, branch radius Rbranch = 0.25 μm, branch length L = 5 

The scrub forest is an improvement over the BNW forest, with some of the 

light that is reflected from the surface of the interlocking branches absorbed by 

the trunks instead of being reflected. The canopy structure has very similar 

optical characteristics to the BNW, due mainly to reflection effects at the surface 

of the array. The overlapping of the long (L = 5 μm) branches contributes to the 

local maximum in the BNW absorption at 0.9 μm for each geometry.

Of the alternate BNW array design simulations are presented, the conical 

BNW forest achieves the best result – 97% optical absorption for a 0.5 μm 

83



wavelength. Further parametric studies were done with the conifer forest BNW to

enhance this result.

6.2 Conifer BNW forest parameter study

Various parameters for branch spacing, s, and branch radius, Rbranch, were 

studied with the goal of optimizing optical absorption across the spectrum.

For many cases, the various parameters result in extremely similar 

absorption profiles. This may be advantageous from a fabrication standpoint, 

since this implies that the conifer BNW design is extremely robust and small 

variations in parameter size in a device or between samples will not affect the 

performance of the device.

Several sets of geometric parameters was discovered that significantly 

improve the optical absorption characteristics of the canopy forest geometry over 

plain BNW. It was discovered that a branch radius of 0.8 μm and a branch 

spacing of 1.8 μm can lead to increased absorption at the lower frequencies. This 

is a difficult effect to achieve because of the low absorption of silicon at long 

wavelengths. The complex index of refraction for Si is 4.29 + 0.045 i at 0.5 μm 

and 3.57 + 0.001 i at 1 μm. This corresponds to absorption coefficients of 64 and 

0.00011 respectively.

The absorption is much improved over bulk Si and plain BNW, with 
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absorption > 80% out to about 0.8 μm, compared to BNW, whose absorption 

peaks near 80% and dips to about 40% at λ = 0.8 μm.

It is reasonable that a conical shaped structure would exhibit highly 

efficient absorption. This is also observed in other fields of electromagnetics. 

Microwave engineers have been using conical and pyramidal absorbing foam to 

create anechoic spaces free from spurious reflections in which to test antennas 

and other devices since the 1950's [57]. For a modern application of this 

principle, black silicon is a good example. Nanoscale pillars on the surface of 

silicon wafers enhance optical absorption  [58]. The electric field for several time 
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Figure 6.2.1: Absorption and reflection of BNW conifer, with for Rtrunk 
= 0.35 μm, a = 2 μm,  s = 1.8 μm, h = 20 μm, Rbranch = 0.18 μm,  L = 10
μm   



steps is displayed in Figure 6.2.2.

6.2.1 Topiary BNW forest

Although the conifer geometry shows significant improvement in optical 

absorption over the basic BNW, it may be possible to increase absorption even 

further. The topiary geometry has short branches at the tip of the trunk, 

increasing in length moving toward the substrate like the conifer BNW, but then 

the branch lengths decrease and increase once more (see Figure 6.1.2 for a side 

view). A second open-air cavity further down the nanowire trunk may provide a 
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Figure 6.2.2: A series of snapshots of the electric field traveling from the left into a 
conifer BNW. The field propagates mainly through the center trunk, and is primarily 
absorbed, with the remainder re-reflected near the surface of the substrate. λ = 0.750 μm.



space for back reflections to provide additional opportunities for absorption into 

the BNW. The electric field progression is in Figure 6.2.3.

The parameter set with the best absorption in the topiary BNW is not as 

high as in the conifer BMW, across the spectrum under observation. Additionally,

other parameter sizes were noticeably less effective, which has a riskier sensitivity

to manufacturing imperfections. The conifer BNW is the superior BNW forest 

geometry for maximizing optical absorption. 
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Figure 6.2.3: A series of snapshots of the electric field traveling from the left into a 
topiary BNW. Light is absorbed, but there is also a sizable portion of the energy in 
the air surrounding the topiary BNW structure.



Figure 6.2.4: Absorption for topiary BNW

6.2.2 Inverted conifer forest 

A test was performed to see if inverting the conifer BNW so that the widest

point is at the incident surface would yield interesting results. The conifer BNW 

showed higher optical absorption than the inverted conifer geometry, when 

modeled with feature sizes of a = 1 μm, Rtrunk = 0.35 μm, L = 10 μm, Rbranch = 0.20 

μm, s = 0.7 μm,.  The inverted conifer had a lower absorption all across the band, 

including absorption of around 70% at λ = 0.5 μm, compared to over 95% for the 

conifer geometry (Figure 6.2.5).
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By changing the size of a single feature, Rtrunk, from 0.20 μm to 0.35 μm, 

both the conifer and the inverted conifer samples modeled had significant 

cavitation (mode trapping) effects in the high frequency band, resulting in no 

available modeled data for the λ = 0.5 μm region. The implications of this  

microcavitation effect will be explored in later chapters.

6.2.3 Long wavelength BNW conifer performance

In-depth studies were performed on the long wavelength region of 0.8 – 

1.0 μm. The best performance, with an absorption over 60% at 1 μm, occurred 

with a branch radius Rbrance = 0.20 μm and branch spacing s = 1.8 μm. This can be

seen in Figure 6.2.6, which is graphed on a 0.5 – 1.0 μm scale to facilitate direct 

comparison with the other simulation results that are included in this 

dissertation.

With a smaller lattice spacing, a = 1 μm, the samples had fairly similar 
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Figure 6.2.5: Left: inverted conifer BNW (del); right: conifer BNW. 



results, with a value of Rtrunk = 0.20 having the highest peak, and Rtrunk = 0.30 

having the best overall absorption throughout the long wave region (Figure 

6.2.7).
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Figure 6.2.6 Long wavelength absorption, a = 1 μm, Rbranch = 0.20 μm, s = 1.8 μm, L = 
10 μm, and  Rtrunk = 0.25 (left) and 0.30 (right)



  Another consideration for improving the performance at longer 

wavelength was lattice size. A larger spacing,  a = 3 μm, was modeled with a small

and large spacing between the branches, Rbranch. The absorption ranged from 

roughly 40% to 60%, less effective than the a = 1 μm case (Figure 6.2.8).
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Figure 6.2.7: Long wave performance for conifer BNW with a = 1 μm for 
various trunk radii. Rbranch = 0.16 μm, L = 10 μm, h = 20 μm.
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Table 3 shows a comparison of the various types of BNW forest 

configurations studied. It can be seen that the conifer forest has the highest 

absorption at both 0.5 μm and at 1 μm. Table 4 lists the volume of the branches 

for BNW and for the various forest configurations. The amount of absorption a 

configuration has does not seem to be strongly correlated with the branch 

volume. For example, scrub and canopy forests have the same volume but 

different absorption amounts.

Type of BNW forest Absorption at 0.5 μm Absorption at 1 μm

Conifer 97% 69%

Scrub 93% 38%

Canopy 78% 39%

Branched nanowire 81% < 20%

Topiary 89% 58%

Inverted conifer 72% 43%

Table 3: Comparison of the simulated absorption of the various BNW forest types.
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Figure 6.2.8: Conifer BNW, a = 3 μm, Rtrunk = 0.525 μm, L = 10 μm, h = 20 μm; s =
0.27 μm (left) and s = 2.4 μm (right). 



Type of 
BNW 
Forest

BNW Scrub Canopy Conifer Inverse 
Conifer

Topiary

Volume of 
branches 
(μm)3

82.5 41.1 41.1 28.8 28.8 20.4

Table 4: Comparison of the branch volume of the various BNW forest types. Rtrunk = 0.35 
μm, a = 2 μm, branch spacing s = 0.7 μm, trunk height h = 20 μm, branch radius Rbranch 
= 0.25 μm, branch length L = 5.

6.2.4 Conclusion

Shaping the branches of the BNW into different forest geometries 

demonstrably affects the optical absorption of the array. The conifer BNW 

arrangement has the greatest improvement over plain BNW, with a maximum 

optical absorption of 97% at 0.5 μm, and over 60% at 1 μm. This is a significant 

enhancement in light trapping. 
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7 BRANCHED NANOWIRE LANDSCAPES

The previous chapter presented simulation results showing that BNW 

forests, arrays of BNW with a variety of shaped branch geometries, can affect and

increase the absorption of incident energy. A logical next step is to study BNW 

landscapes, where the geometry of the BNW on the substrate is designed so that 

each BNW tree is not necessarily the same as its nearest neighbors. In this 

chapter, arrays are modeled with BNW that vary in height. 

7.1   Hill-and-valley

 A hill-and-valley BNW landscape arrangement was modeled, with 

adjacent BNW having different heights. In this situation, a 1×2 ridged pattern 

was used, where every other BNW in one direction was tall or short (Figure 7.1.1).

This combines the light trapping properties of the BNW with the absorbing 

properties of a tapered structure. 

A disadvantage of this configuration is that it requires twice the memory of

a single BNW the same size, since the unit cell which repeats now contains two 

BNW.

94



The hill-and-valley BNW layout using BNW heights of 17.5 μm and 20 μm 

exhibits a slight improvement over plain BNW of the same dimensions (Figure 

7.1.2). Increasing the height difference to 5 μm, using BNW heights of 15 μm and 

20 μm brings the absorption up close to that of the conifer BNW forest. 

This is an extremely useful result from a fabrication standpoint. Growing 

branches with multiple, specific lengths is quite difficult. Patterning nanowire 

trunks of two heights, either by stopping the growth of the shorter trunks with a 
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Figure 7.1.1: A side view of the BNW conifer hill-and-valley landscape geometry 
[left] and 3D view [right]. The BNW trunks have heights of 15 μm & 20 μm.



resist or by etching them down, and then growing standard branches on them is 

much more doable, and would need fewer processing steps and less complicated 

lithography masks.

When the conifer BNW are arranged in the hill-and-valley pattern, the 

results are excellent; we see a maximum absorption of 93% at 0.5 μm and 81% at 

1 μm wavelengths. Parameters for this geometry are: h=20 μm & 15 μm, Rtrunk = 

0.35 μm,  Rbranch=0.08 and Rbranch=0.16 μm, s = 0.7 μm and s = 2.5 μm (Figure 

7.1.3). The parameter set with the highest absorption overall had Rbranch=0.16 μm, 
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Figure 7.1.2: BNW with 1x2 hill-and-valley landscape, alternating 
trunk heights hmax = 20 with lower trunk h = 15, 17.5, and 10 μm.



s = 0.7 μm, and a = 1  μm.

7.2  Checkerboard

After the hill-and-valley structure was modeled and analyzed, a structure 

with tapered heights in two dimensions was looked at. 

The checkerboard forest geometry has alternating BNW heights in both x- 
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Figure 7.1.3: BNW conifer with 1x2 hill-and-valley organization; 
alternating trunk heights h = 15 & 20 μm. Absorption shown for a = 1 
μm and 2 μm, Rbranch=0.08 and Rbranch=0.16 μm, s = 0.7 μm and 2.5 μm.



and y-directions (Figure 7.2.1). This structure was simulated with both standard 

BNW and with conifer BNW. As with the hill-and-valley array pattern, the taller 

of the BNW had h=20 μm and the shorter had h = 15 μm. This hill-and-valley 

checkerboard organization may be the geometric structure with the highest 

optical absorption of all the branched nanowires studied.

The absorption results for the BNW checkerboard forest arrangement, 

shown in Figure 7.2.2, are also very good. For the case where a = 1.5 μm, Rbranch = 

0.16 μm, s = 0.7 μm, and L = 0.5 μm, the absorption ranges from 69% at 0.5 μm 

to 93% at 1 μm. This is a remarkable improvement compared to the NW array 
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Figure 7.2.1: 3D view of conifer 
checkerboard landscape.



and a noticeable increase over the BNW array and the BNW hill-and-valley 

geometry, whose absorptions at 1 μm top out at around 10%, 30%, and 40% 

respectively.
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Figure 7.2.2: BNW checkerboard simulation results for  Rbranch = 0.16 
μm, s = 0.7 μm, hmax = 20 μm, h = 15 μm. Lattice spacings are  a = 1 
μm [top] and a = 1.5 μm [bottom].



As expected, the absorption results for the conifer checkerboard exceeded 

those of the BNW checkerboard. For a conifer checkerboard with Rbranch = 0.20 

μm, s = 0.7 μm, and a = 1.5 μm, the absorption ranges from 95% at 0.5 μm to 75%

at 1 μm (Figure 7.2.3).

All of the landscape geometries studied in this chapter provide added 

opportunities for optical trapping. In addition to trapping inside and between 

branches, the difference in height between the adjacent BNW allows for trapping 

of re-reflected light from the top of the shorter BNWs. Figure 7.2.4 compares the 

best results of the hill-and-valley and checkerboard simulations, for BNW and 

conifer forests. 
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Figure 7.2.3: Conifer checkerboard absorption, Rbranch = 0.20 μm, s = 
0.7 μm hmax = 20 μm, h = 15 μm; a = 1.5, 1.75, and 2 μm
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Figure 7.2.5: A comparison of the best landscape simulation results (hill-
and-valley and checkerboard) with results from BNW, conifer, and NW.

Figure 7.2.4: A comparison of the best results for BNW (blue) and conifer (red dashed) 
landscapes. [Left] hill-and-valley; [right] checkerboard.



Comparing the results of the BNW and conifer landscape (hill-and-valley 

and checkerboard) simulations to the earlier results from the BNW and conifer 

forest simulations (Figure 7.2.5) shows that for BNW the landscape geometries 

improve optical absorption by a factor of 1.5 – 2.5 more than BNW alone. For the 

conifer structure, however, the conifer forest and both conifer landscape 

structures have very similar absorption. The conifer structures' absorption is up 

to 10% more that that of the BNW checkerboard, which has the highest of the 

BNW structures. 

7.3 Conclusion

The preliminary investigation of BNW mixed-height landscapes has 

delivered very promising results. The potential for a high-absorption PV cell with 

a simpler fabrication procedure is compelling. A more in-depth parameter study 

is needed to find the best combination of feature sizes to maximize absorption, 

and to determine if a landscape of plain BNW can have equal or better light 

trapping than other forest geometries discussed in the previous chapter. To be 

simulated: different feature sizes for the basic geometry, different separations, 

number of different heights on a substrate (e.g. low – medium – high) in both 

hill-and-valley and checkerboard patterns.

It is easy to observe that the tapered form of the conifer geometries is an 
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advantage to absorption. Designs that shape plain BNW into tapered landscapes 

are likely to also improve optical trapping, a theory borne out by the increases 

shown in the BNW hill-and-valley and checkerboard landscapes.  Thus, another 

quality for future investigation is a landscape geometry with multiple different 

lattice separations, a, known as a multi-period structure. A variation in spacing 

alone or in addition in variation in diameter of individual elements has been 

shown to result in a wider absorption band in EBG studies [59]. A high-

absorption PV cell that is straightforward to fabricate would materially advance 

the state of the art in solar cell devices.
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8 OPTICAL POLYMER DIELECTRIC EMBEDDING

Most electromagnetic modeling of optical nanostructures is performed 

with air or vacuum as the background dielectric. This keeps the models as simple 

as possible, and it allows for comparison of different types and sizes of 

nanostructures. This is an accurate reflection of operating characteristics only in 

some cases, however. Many PV cells have anti-reflection or protective coatings, or

conductive layers at the surface of the device. 

8.1 BNW embedded in dielectric material

When fabricating BNW photovoltaic devices, the nanowires or other 

structural features are grown on a silicon substrate. They are then embedded in a 

thin layer of optical polymer and peeled off of the substrate [4]. This allows the 

substrate to be reused for growing a new batch of BNW, which is considerably 

less expensive than using a wafer of single crystal Si for every sample.

The FDTD simulation results presented up to here have been modeled as 

BNW in air, for the same reasons listed above – it allows for more direct 

comparison, and is simpler. Including a background dielectric such as an optical 

polymer enveloping the BNW introduces modeling complications in the form of 

additional variables – the index of refraction and absorption coefficient of the 

dielectric material, the fill factor, the thickness of the layer, and multilayer 
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considerations. 

For devices that are intended to be fabricated, it is desirable to simulate 

the optical performance with as close to real-world physical situation as is 

practical, to ascertain whether including other dielectrics in the material stack 

will affect optical absorption, and how so. To this end, BNW embedded in a 

background dielectric material have been modeled. 

The simulations presented in this chapter are modeling BNW embedded in

a layer of optical polymer (Figure 8.1.1 and Figure 8.1.2) [60]. Indices of 

refraction of 1.6 – 1.9 are used. The value of nlayer = 1.9 is derived from thin film 

theory. The optimal index for a single layer anti-reflection coating is nlayer = 

√(ninsub), the square root of the product of the incident and the substrate index of 

refraction. 1.6 is a more reasonable value for an easy to use optical polymer, 

however. 

To avoid a possible source of error, optical absorption by the polymer 

being incorrectly attributed to the silicon BNW cell, the absorption coefficient of 

the polymer is set to be zero. Both standard BNW and conifer BNW are modeled 

in polymer. The thickness of the polymer is either the same as the BNW trunk, or 

is higher than the BNW by 0.25 um, a quarter wavelength of 1 μm light. The 

intention of the additional quarter wave layer is to use thin film optics theory to 

create a single-layer anti-reflection coating to improve the absorption in the NIR 

band. 
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Figure 8.1.1: Branched nanowire in background dielectric



Preliminary results from the plain BNW simulations show increased 

absorption in the longer wavelengths (above 0.8 μm) for BNW embedded in 

polymer dielectric with n = 1.9 and n = 1.6.
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Figure 8.1.2: 3D view of BNW embedded in 
background dielectric



Figure 8.1.3 and Figure 8.1.4 show that the inclusion of a dielectric 
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Figure 8.1.3: a=2 μm, Rtrunk = 0.35 μm, L=1.5 μm, h=20 μm, s=0.7 μm

Figure 8.1.4: a=2 μm, Rtrunk = 0.35 μm, L=1.5 μm, h=20 μm, s=2.5 μm



background material improves optical absorption in the 0.7 – 1.0 μm range. It 

also shows some internal reflections, demonstrated by more oscillations. The 

improved absorption is likely due to the intermediate value of the polymer's 

index of refraction decreasing reflection from the top layer or branches and the 

tip of the trunk. This is analogous to a reference impedance in microwave 

engineering.

Conifer BNW forests were also simulated with a background dielectric 

material, with n = 1.9. The opposite effect from the BNW is observed here (Figure

8.1.5), where the green line (n = 1) is the conifer BNW in air, with noticeably 

higher absorption across the band. The cases with the dielectric have decreased 

absorption. It appears that the dielectric is facilitating the transmission of 

incident light directly into the substrate, with some non-negligible transmission 

(Figure 8.1.6). 
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Figure 8.1.5: BNW conifer with background dielectric

Figure 8.1.6: Electric field in BNW conifer with background dielectric. Top: dielectric 
helps absorption into NW trunk. Middle: modes begin to spread out of center trunk. 
Bottom: Transmission is observed continuing into the substrate (right-hand side of 
image).



 It seems likely that the effect of decreasing reflectance at the interface is 

reduced because there are no branches at the air-BNW interface for the conifer 

forest arrangement. It is possible that a larger branch radius or a closer spacing 

may permit enough absorption into the silicon region to increase absorption 

rather than decreasing it. More investigation into this is warranted. 

8.2 Conclusion

The BNW optical absorption is enough improved that it is very similar to 

the conifer BNW absorption – over 60% at 1.0 μm and up to 90% at 0.5 μm 

(Figure 8.1.7). This has positive implications for the efficacy of complete devices 

to be manufactured as thin films grown on a single crystal silicon substrate, 

embedded in a dielectric material such as an optical polymer, and peeled off for 
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Figure 8.1.7: BNW with background dielectric polymer; n 
= 1.6, n = 1.9.



use.
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9 MIT PHOTONIC BANDS

9.1 MPB theory and background

As was discussed in Chapter 2, one way to increase the efficiency of a 

silicon solar cell is to put a reflecting material behind it to reflect the light to 

travel a second time through the dispersion region. One type of structure that can

be used as a reflecting structure is a photonic band gap (PBG) material. This 

chapter looks at and models some porous PBG materials to show that they have 

band gaps in visible or near-infrared wavelengths that can be used as solar cell 

internal reflectors.

MIT Photonic Bands (MPB) is another electromagnetic modeling software 

package from the creators of MIT's Meep electromagnetic field solver [40]. MPB 

calculates the frequency bands and identifies band gaps of an arbitrary periodic 

dielectric structure and is a frequency-domain solver, unlike Meep, which is a 

time-domain solver. It is a three-dimensional fully vectorial frequency-domain 

targeted eigensolver using plane wave expansion methods, and can be used to 

create Bloch band-gap diagrams. The frequency-domain method allows MPB to 

resolve closely spaced bands and find small band gaps.

Unlike Meep, which only permits periodic boundaries in orthogonal x, y, 
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and z directions, MPB allows geometries with periodic Bloch boundaries in any 

direction, and its three basis vectors are not required to be orthogonal.

9.2 MPB benchmarking: software operation

Again, a critical step in the modeling process is to simulate a trial case to 

ensure that the results are as expected. To gauge the correct settings for a silicon 

and air periodic dielectric structure in MPB, benchmarking was performed and 

compared to measured and simulated published results.

9.2.1 Interface

Like Meep, MPB does not have a graphical interface but instead uses a 

scripting language to set up and run the simulation. To craft the geometry of the 

problem and dictate the simulation and boundary conditions and the outputs, a 

control file is written in Scheme, a language in the Lisp family. The MPB code 

used in this chapter can be found in Appendix B. MPB and Meep run on the 

Unix/Linux operating system. A Bash shell script was use to loop through 

multiple parameters and to control the graphical and numerical analyses. 

9.2.2 Lattice & reciprocal lattice

The periodic lattice separation in real space is simply the physical distance 

between a point on the unit cell and the corresponding point on the next cell. The 

reciprocal lattice is the Fourier decomposition of the real lattice, and exists in 
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frequency space, or k-space. 

The simple cubic lattice, with one atom (or feature) on each corner of the 

cube conveniently has a reciprocal lattice that is also cubic. Consequently, it 

requires careful attention not to confuse the two.

MPB has some geometric features/settings that are in real space and some 

that are in reciprocal space. The property basis-size defines the size of the 

unit length so it is not restricted to a value of one. The geometric spacing is 

multiplied by the basis-size in each vector direction.

The periodic boundaries, k-points, are in reciprocal space. In MPB, the 

k-points have the units 1/2π * ai,j,k. If the basis size is 2 μm, for example, the 

reciprocal lattice value would be 2π/2 =  π. The k-point value is multiplied by the 

basis value for each lattice unit vector direction, so the k-point value needed is 

0.5.

The resultant frequencies are in units of c/a, where a is the lattice spacing, 

so the free-space wavelength is equal to a/f.

9.3 Porous silicon: cubic lattice of air spheres

A structure consisting of air spheres in silicon was chosen to model for the 

benchmarking process. Related to the inverse opal crystalline structure (a 

triangular lattice), the porous silicon has a simple cubic lattice. This crystal has 
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been fabricated using UV-assisted electrochemical etching. This novel structure 

showed the benefits of improved optical due to the nanopores while 

simultaneously presenting a challenge in the modeling. It has a measured 

reported three-dimensional band gap. The left side of Figure 9.3.1 shows 

measured reflectance, with two bands having very high reflectance. The right side

shows the etched porous structure [41], [42]

 

9.3.1  HFSS model

Preliminary work on porous silicon was performed in Ansoft HFSS 

microwave modeling software, a 3-dimensional FEM implementation of an 

electromagnetic simulator. This implementation uses an approximate geometry 

of 3 x 3 unit cells.  The pores' diameter = 0.89 μm, and the lattice separation a = 
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Figure 9.3.1: Matthias results – measured reflectance (left); fabricated air-Si crystal
(right) [62].



1.0 μm. The model is simulated as a single unit as shown; it does not invoke 

periodic boundary conditions to simulate an infinite array of air spheres (Figure 

9.3.2, left side). Although the etched pores are somewhat elliptical in shape, 

spheres were used in the model. This allows the dielectric geometry to have 

symmetry along all three axes. The results suggest that the sphere is a reasonable 

approximation to make [43].

The simulated reflectance curve in Figure 9.3.2, right side, follows the measured 

results, with a significant reflectance peak in the region of the lower band gap, 

around 2200 cm-1. This is slightly shifted from the measured results, with a 

reflection maximum at about 2000 cm-1. 
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Figure 9.3.2: HFSS model geometry; calculated reflectance of Si with air pores of 
radius = 0.89 μm.



Disadvantages of HFSS include long processing times, greater than 24 

hours for a single simulation, high memory use, and difficulty handling a wide 

frequency range. 

9.3.2 MPB model

After experimenting with HFSS and obtaining results which support the 

ability to model a porous silicon band gap structure with a standard EM software 

suite, work moved to MPB, since its primary purpose is to model photonic crystal 

structures and find band gaps.

The same feature sizes were used in MPB to allow comparison to HFSS 

and to the published measurements. Periodic boundaries were used to simulate 

an infinite array of pores. The goal of this modeling was to be confident in using 

MPB and Meep to find band gaps in other porous materials that may be useful in 

enhancing solid state solar cell efficiency.

9.3.3 MPB benchmarking: simulation setup

Just as with Meep, a process was employed to ensure accuracy of the 

simulated results based on adjusting the functional settings to match the model 

results with a known case. In this instance, the porous silicon with air pores 

arranged in a cubic lattice was used as a benchmark.

Choosing the lattice spacing and vectors is one of the factors involved in 

getting clean, interpretable results. It is best to use a primitive cell for the unit 
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cell, and the irreducible Brillouin zone for the Bloch periodic boundaries. 

Choosing a larger cell or more expansive boundaries isn't incorrect, but it creates 

duplicate bands. A cell twice the size of the primitive cell in one dimension will 

create twice the number of bands per frequency range, so finding the lowest band

gap will require calculating twice as many bands. 

As with Meep, the resolution (mesh size) is a critical factor in obtaining 

accurate results. To learn what resolution to use, one can start with a low 

resolution and double it for each successive simulation run. When an increase in 

resolution does not measurably change the output, the previous resolution is 

acceptable but not over specified. A mesh resolution of 32 points per length unit 

was the optimal value. 

The allowed frequencies – solutions to the dispersion relation – were 

computed for 9 unique k-points (Bloch wavevectors in reciprocal lattice space) of 

the cubic lattice in porous silicon, the canonical points marking the edges of the 

irreducible Brillouin zone and the values interpolated between those points 

(Figure 9.3.3). 

The case with a pore diameter of 0.89 μm did not show a complete 3D 

band gap, though it did exhibit a partial gap. To determine if a 3D gap exists, a 

parametric study was performed. The diameter was varied from 0.6 μm to 1.6 μm

with the spacing, a, held constant at 1 μm. This does include pores larger than the

lattice spacing. In that case the pores overlapped and the crystal was more closely
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akin to shaped dielectric rods in three directions than a solid mass. 

A complete three-dimensional band gap was discovered at d = 1.2 μm. This

is the identical result from Matthais et al's computation of this structure in MPB 

[42]. After a complete 3D band gap was successfully modeled in Meep, the 

program was run inside a loop in the Bash shell to search for gaps at other pore 

sizes. 
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Figure 9.3.3: Porous silicon 3D view, as modeled in Meep. Lattice 
spacing a = 1 μm, air pore diameter d = 1.2  μm.



Figure 9.3.4 shows a plot of band gap size, as a percent of the gap frequency, 

versus radius of the air pore. The maximum gap was found at r = 0.59 μm (d = 

1.18 μm), with a gap size of 4.73% (Figure 9.4.2). This also matches the results 

from Matthais et al.

9.4 Design in MPB for air pores with improved band gap
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Figure 9.3.4: A plot of band gaps (as a percent of the midgap frequency) vs. 
radius for cubic porous Si.
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Figure 9.4.2: Bloch band gap diagram for porous silicon (air spheres in Si). Sphere d 
= 1.2 μm, lattice spacing a = 1 μm.

Figure 9.4.1: Bloch band gap diagram for porous silicon (air spheres in Si). Sphere 
d = 1.2 μm, lattice spacing a = 1 μm.



It was shown and supported by other researchers' work in fabrication, 

measurements, and simulation that modeling porous silicon in MPB gives correct

results. A simple cubic lattice of this type possesses a maximum band gap of 

4.99% [41], [42], [44]–[46].

9.5 Design: porous silicon with stacked hexagonal lattice

To expand upon this work, an investigation was begun to look for complete

3D band gaps in porous silicon with different lattice arrangements (Figure 9.5.1). 

A novel geometry of the inverse classification, air features in a background 

dielectric material, was investigated. A hybrid triangular-cubic (hexicubic, or 

stacked hexagon) lattice was used to attempt to achieve a wider band gap than 

the simple cubic porous Si (Figure 9.5.2). It is believed that this is a novel 

structure for a porous silicon photonic crystal.
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Figure 9.5.1: Top [left] and side [right] views of hybrid 
triangular-cubic lattice porous Si; a = 1 μm, r = 0.5 μm, and
h = 0.5 μm.  



A complete 3-dimensional band gap was found between bands 3 and 4 

with width greater than 11%, for parameters a = 1 μm, r = 0.5 μm, and h = 0.5 μm 

(Figure 9.5.3). Compare this to inverse opal, a porous crystal with a triangular 

lattice in three dimensions, which was found to have an optimized band gap of 

10.34% [47]. Once the 11% gap had been identified, small changes in parameter 

size were modeled in order to find a maximum band gap for this structure, which 

is greater than 14% (Figure 9.5.4,Figure 3.4.1).
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Figure 9.5.2: 3D view of hybrid triangular-cubic lattice porous Si; a = 1 μm, r = 0.5 
μm, and h = 0.5 μm. Most of the silicon has been etched away leaving the pores.



This is potentially a very practical photonic band gap structure, since it can

be fabricated all at once.  A stacked-sphere inverse PC can be formed with UV-

assisted etching with a hexagonal array of microlenses for a mask, with the same 

procedure as is used for the cubic porous silicon structure. There are 

macroporous silicon structures with larger 3D band gaps, on the order of 20 – 

25%, but they require either layer by layer fabrication or drilling as a final step in 

the fabrication process [45],[48]. 
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Figure 9.5.3: Band gap of 11.28% for hybrid triangular-cubic lattice 
porous Si; a = 1 μm, r = 0.5 μm, and h = 0.5 μm.  
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Figure 9.5.4: Plots of band gap size versus [left] air sphere radius (h = 0.5 μm), and 
[right] vertical spacing (r = 0.49 μm)



10 MPB FOR INVESTIGATION OF PHOTONIC BAND
GAP IN BNW

10.1 Branched nanowire photonic crystal background

A small subset of FDTD simulations of branched nanowires showed 

unusual results. These 'blew up,' with positive feedback causing the simulated 

electric field to increase rapidly, and did not converge on a solution. It was 

speculated that a possible cause of this behavior was mode trapping – energy 

trapped in a single cavity would not continue to propagate through the geometry 

as the simulation continued advancing in time, but would instead remain 

trapped, adding to the incoming fields (Figure 10.1.1).

If in fact BNW do exhibit some photonic crystalline behavior, that would 

be a noteworthy result. In addition to blocking certain wavelengths, in the band 

gap region, PC can be used to guide light in a specified path, within a narrow 

selection band of wavelengths.
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Figure 10.1.1: BNW with microcavitation modes trapped between top two layers of 
branches



10.2 MPB setup for branched nanowire band gap modeling

A unit cell consisting of a trunk and a single layer of branches was used. 

The same lattice spacing a = 1 was used for the x- and y-direction spacing as in 

the FDTD simulations in Meep (Figure 10.2.1). The lattice spacing in the z-

direction was s, the vertical spacing between the branches (Figure 10.2.2). A 

triangular lattice symmetry was used for the MBP band gap analysis for the in-

plane symmetry, because of the symmetry resulting from the 60 degree angle 

between the branches (Figure 10.2.3) [51]. 
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Figure 10.2.1: Top view of MPB simulation geometry, with a 
distance a = 1 vertical spacing.



To find the Wigner-Seitz unit cell, first draw a line from the center of the unit cell 

to each nearest neighbor. Then, draw the perpendicular bisector of each line. The 

intersection of the bisectors encloses the Wigner-Seitz cell. For first Brillouin 

zone, draw a line from the center of the unit cell to each intersection point on the 

Wigner-Seitz boundary. The perpendicular bisectors of each of these lines 

intersect to form the first Brillouin zone. 
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Figure 10.2.3: Triangular lattice showing Wigner-
Seitz unit cell (magenta, outer hexagon) and first 
Brillouin zone (green, inner hexagon)

Figure 10.2.2: Side view of MPB simulation geometry, with a 
distance s = 0.9 vertical spacing.



Triangular lattice structures tend to have wider band gaps than simple 

cubic structures. This may be because there is a larger distance between the 

closest 'atom'  and the second closest to the center 'atom' of a unit cell. With a 

lattice constant of 1, a cubic lattice has a*√2 = 1.41 units distance to the corner 

'atom.' A hexagonal arrangement with a triangular lattice with the same lattice 

spacing of 1 will have the same distance to the closest 'atom,' but 2*1/cos(60°) = 

4 units distance to the next center 'atom.' This provides a wider range of possible 

interesting wavelength interactions, reflections, an absorptions.

10.3 BNW photonic crystal modeling in MPB

MPB was used for further in-depth modeling of the BNW geometries 

suspected to exhibit PC behaviors. First, a complete three-dimensional band gap 

was looked for. Initially, a complete 3-D band gap of 2.81% was found for a 

silicon branched nanowire. The parameters were: a = 1, Rtrunk = 0.175, L = 1.5, 

Rbranch = 0.075, and space = 0.9 μm. The MPB frequency for the lower band, band 

2, was 0.375 and the upper band 3 frequency was 0.386. This corresponds to 

wavelengths of 2.66 μm and 2.59 μm.

The widest complete 3D band gap discovered for a BNW structure to date 

is 4.04% (Figure 10.3.1). Geometric parameters are:  a = 1, Rtrunk = 0.175, L = 1.5, 

Rbranch = 0.095, space = 1.1 μm, and ε' = 18.44. Figure 10.3.2 and Figure 10.3.3 
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show the total electric field in the BNW unit cell at frequencies above and below 

the band gap. A complete band gap has been found for low frequency modes, at 

wavelengths of 2 μm and up, which means that the gap is located at a lower 

frequency (higher wavelength) than the solar spectral region under investigation. 

This can be seen in the AM 1.5 solar spectrum plot in Chapter 5.

To observe band gaps at smaller wavelengths, higher frequencies, the 

scale-invariant property of Maxwell's equations can be applied. For a gap 

centered at about f = 1.14, three times the approximate midgap frequency shown 
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Figure 10.3.1: Bloch dispersion diagram for BNW tree with  a = 1, Rtrunk 
= 0.175, L = 1.5, Rbranch = 0.095, space = 1.1 μm, and ε' = 18.44.



here, f = 0.38, the size of the geometric parameters must be increased by a factor 

of two – three. To scale down the band gap wavelength by two and three times, 

the geometric parameter sizes were scaled up by two and three; the resultant 

feature sizes are in Table 5. It can be noted that for scaling the wavelength down 

by a factor of two or three, the feature sizes for λg = 1.315 μm and λg = 0.877 μm 

are very much in line with the sizes of the BNW tree and forest geometries that 

have demonstrated high optical absorption in the previous chapters' Meep 

modeling.

λg = 2.63 μm (MPB model) λg = 1.315 μm λg = 0.877 μm

Rtrunk 0.175 μm 0.35 μm 0.525 μm

Rbranch 0.095 μm 0.19 μm 0.285 μm

L 1.5 μm 3.0 μm 4.5 μm

s 1.1 μm 2.2 μm 3.3 μm

a 1.0 μm 2.0 μm 3.0 μm

Table 5: Band gap wavelength for BNW tree, MPB model results and scaled feature sizes 
for 1/2 and 1/3 scale (center and right columns).

Since the BNW structure is designed to be highly absorbing, there are 

many allowed modes. The three-dimensionally wide band absorption that is the 

goal of light trapping in solar cell devices works against modeling convenience in 

this case. Since MPB begins searching for bands at f = 0, it is not practical to use 

the necessary larger size BNW and to calculate enough bands to reach the desired
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frequency range of 1 – 2 (λ = 0.5 – 1.0 μm). It can take up to 1000 or more band 

calculations to reach a high enough band frequency to bring the stop band 

wavelength below 1 μm. 

10.3.1 Other band gaps in BNW

A next step would be to use MPB to look for an incomplete band gap, 

specifically in the z-direction, the direction of normal incidence. This may show a 

wider gap than the complete 3D case, and have the strongest effect on light at 

normal incidence. 

Applications for a band gap in BNW include a narrow band rejection filter,

or conversely, removing a set of branches to form a waveguiding defect to direct 
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Figure 10.3.2: Total electric field in BNW photonic crystal, bands 1, 2, 3, 4, and 5. 
Gap is between bands 2 & 3. Top view

Figure 10.3.3: Total electric field in BNW photonic crystal, bands 1, 2, 3, 4, and 
5. Gap is between bands 2 & 3. Side view.



light towards the desired p-n junction region. 
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11 CONCLUSION

11.1 BNW optical absorption

Branched nanowire arrays have the potential to significantly increase the 

efficiency of photovoltaic cells. They show significant improvement in optical 

absorption over planar silicon and standard nanowires. Altered BNW geometries 

(forests) and macro-arrangements (landscapes) such as hill-and-valley and 

checkerboard demonstrate promising advances in increasing the absorption of 

energy across the solar spectrum.

11.1.1 Benchmarking and results of FDTD modeling of BNW

Benchmarking studies were done for planar silicon and for silicon 

nanowire arrays in order to verify the accuracy, reliability, and repeatability of 

FDTD modeling.

Simulations performed using the Meep electromagnetic solver show that 

the optical absorption of silicon branched nanowire arrays can be successfully 

modeled using FDTD techniques, and that they have absorption enhanced by up 

to a factor of 3 compared to NW.
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11.1.2 BNW with background dielectric

Nanowire and branched nanowire solar cell arrays are grown on a wafer of

crystalline silicon, flooded with optically transparent polymer, and peeled off of 

the growth substrate. Simulating BNW with a background dielectric constant 

greater than unity shows that the presence of a second dielectric material in the 

BNW array does not harm the absorption of solar energy, and even increases 

absorption in some cases.

11.1.3 BNW forests and landscapes

It has been demonstrated that shaping BNW into new geometries, 

including scrub and conifer forests and hill-and-valley and checkerboard 

landscapes resulted in greater optical absorption. The energy absorption of the 

conifer BNW was the best of the forest designs with tapered branch lengths, while

both hill-and-valley and checkerboard structures have higher optical trapping 

than BNW alone. 

In the highly-absorbing short wavelength region, there is a modest 10% – 

15% improvement in absorption of the conifer forest and both landscape styles 

over BNW and NW respectively. In the more challenging IR range, the conifer 

forest and both landscape styles demonstrate an impressive 1.5 – 2.5 times 

greater absorption than BNW and 4 – 8 times greater absorption than NW. These

results are summarized in Table 6 and Figure 11.1.1.
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Type a (μm) h (μm) Rbr  (μm) L (μm) Rtr (μm) s (μm) Min 
abs.

Max 
abs.

Nanowire 2 20   –   –  0.35 10% 85%

BNW 2 20 0.16 10 0.35 0.7 29% 90%

Conifer 2 20 0.16   –  0.35 0.7 76% 98%

Hill-and-
valley BNW

2 20 0.16   1.5 0.35 0.7 41% 91%

Hill-and-
valley conifer

1 20 0.16   –  0.35 0.7 74% 97%

Checkerboard
BNW

1.5 20 0.16  0.5 0.35 0.7 69% 93%

Checkerboard
conifer

1.5 20 0.16   –  0.35 0.7 79% 98%

Table 6: Summary of best results from NW, BNW, and selected forests and landscapes.
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11.2 Photonic crystal characteristics of BNW

When it was noticed that some BNW feature combinations resulted in the 

electric field blowing up exponentially, and visual analysis revealed an 

electromagnetic mode trapped in one space between two upper branches, one 

possible cause of the situation was noted to be photonic crystal effects, namely 

the presence of a photonic band gap. To explore this phenomenon, a more 
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Figure 11.1.1: Summary of best results from NW, BNW, and selected forests and 
landscapes.



intensive study was performed.

11.2.1 Benchmarking and BNW photonic band gap simulation 
results

Preliminary simulations of porous silicon band gaps done with MPB, a 

photonic band gap modeling program, showed that it could be used to accurately 

represent photonic crystals in silicon.

MPB was used to perform simulations of BNW to investigate the photonic 

crystalline nature of BNW arrays.  The discovery that some BNW do have 

complete 3-dimensional band gaps implies that researchers need to be aware of 

this possibility to prevent a PV cell with a BNW array from exhibiting an 

unexplained optical absorption stop band.

11.3 Future work

There is future work to be done in designing BNW structures for enhanced

light trapping. Achieving a goal of designing and modeling a landscape made 

from plain BNW that has equal or better light trapping than the tapered conifer 

geometries would create a structure with excellent optical absorption and simpler

fabrication.
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APPENDIX A: MEEP BNW CODE

The following is the Meep code to model a BNW tree and calculate the reflection 

and transmission:

;File: BNW.ctl

;This is to calculate the reflection characteristics of 
;silicon-complex nanowires. It is done by comparing it to 
;plain air. The simulation must be run twice, once with air 
;and once with silicon.

;Christin Lundgren

;2011

;

;To run BNW.ctl use these two commands sequentially:

;meep silicon?=false BNW.ctl | tee BNW.air.out 

;meep BNW.ctl | tee BNW.si.out

;

;

(reset-meep) 

(define-param silicon? true) 

(define-param h 21.55) ;the height of the tree 

(define-param lx 1) ;x size of simulation 

(define-param ly 1) ;y size of simulation 

(define-param lz (+ h 9)) ;z size of 
simulation 

(define-param loweps 1.0) ; the dielectric constant of 
the air 
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(define-param pml-h 3) ;PML thickness 

(define-param resolve 32) ;resolution 

(define-param fcen .4) ;center frequency 

(define-param bw 1) ;frequency bandwidth 

(define-param nfreq 51) ;number of frequencies at 
which to compute flux   

(define-param eps 11.9) ; the real part of the 
dielectric constant of the slab 

(define-param epp .02) ; the imaginary part of the 
dielectric constant of the slab 

;(define-param n 3.6) ; the real part of the 
dielectric constant of the slab 

;(define-param k 0.005) ; the imaginary part of the 
dielectric constant of the slab 

(define-param rcyl .55) ; the radius of the trunk 

(define-param branch 0) ; the distance the 1st branch 
is from the tip of the trunk 

(define-param space .7) ;the spacing between the 
branches 

(define-param rad .25) ; the radius of the branches 

(define-param L 20) ;length of the branches 

(define silicon-complex (make medium (epsilon eps) (D-
conductivity (/ (* 2 pi fcen epp) eps)))) 

;from MIT tutorial:    (make medium (epsilon 3.4) 
(D-conductivity (/ (* 2 pi 0.42 0.101) 3.4)); 

(set! geometry-lattice (make lattice (size lx ly lz))) 

(set! geometry (if silicon? 

 

;comment out bulk silicon-complex substrate, replace 
with surface feature 
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(append

  (list 

(make block (material air) (center 0 0 0) 

  (size infinity infinity lz)) 

 

(make block (center 0 0 (- (/ lz 2)  pml-h .5)) (size  
lx ly 1)   

(material silicon-complex)) 

;trunk  

(make cylinder (center 0 0 (- (- (/ lz 2) (- pml-h 1)) 
(/ h 2))) 

(radius rcyl) (height h) (material silicon-
complex))) ;end of 1st list 

 

;branches 

(geometric-object-duplicates (vector3 0 0 space) 0 (/ h
space) 

(make cylinder (center 0 0 (+(- (- (/ lz 2)  pml-h 1) 
h) branch)) 

(radius rad) (height L) (material silicon-complex)
(axis 1 0 0)) ) 

 

(geometric-object-duplicates (vector3 0 0 space) 0 (/ h
space) 

(make cylinder (center 0 0 (+(- (- (/ lz 2)  pml-h 1) 
h) branch)) 

(radius rad) (height L) (material silicon-complex)
(axis (- 0 .3) .52 0))  ) 

 

(geometric-object-duplicates (vector3 0 0 space) 0 (/ h
space) 

(make cylinder (center 0 0 (+(- (- (/ lz 2)  pml-h 1) 
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h) branch)) 

(radius rad) (height L) (material silicon-complex)
(axis .3 .52 0))  ) 

 

) 

;if not silicon-complex, compare to air 

(list (make block (center 0 0 0) (size lx ly lz) 
(material air))))) 

 

(set! pml-layers (list (make pml (direction Z) (thickness 
pml-h)))) 

(set! resolution resolve) 

(set-param! k-point (vector3 0 0 lz) ) 

(set! ensure-periodicity true) ;apply periodic boundary 
condition 

;set sources 

(set! sources (list 

(make source (src (make gaussian-src (frequency 
fcen) (fwidth bw))) 

;put the source PML (pml-h) away from the left 
edge 

 

                 (component Ey)  (center 0 0 (+(- (/ lz 2)) 
pml-h)) (size lx ly 0)))) 
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;set fluxes 

          

;transmitted flux at the surface of substrate 

(define trans ; transmitted flux                 

      (add-flux fcen bw nfreq 

(make flux-region (center 0 0 (- (/ lz 2) (+ pml-h
1))) (size lx ly 0)))) 

 

;reflected flux 1 um out from the source, 2 um away from the
tip of the tree 

(define refl  ; reflected flux                       

      (add-flux fcen bw nfreq 

(make flux-region (center 0 0 (+(- (/ lz 2)) 4)) 
(size lx ly 0)))) 

 

(if silicon? (load-minus-flux "refl-flux" refl)) 

(run-sources+ 120 

(after-sources (harminv Ey (vector3 0 0 (- (- (/ 
lz 2) (+ pml-h 1)) (/ h 2))) fcen bw)) 

                (stop-when-fields-decayed 

1 Ey 

               (vector3 0 0 (- (/ lz 2) (+ pml-h .75))) 

               1e-3) 
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(at-beginning output-epsilon) 

 (if silicon? (to-appended "si" (at-every 3 output-efield)) 

(to-appended "air" (at-every 5 output-efield))) 

 

) 

(if (not silicon?) (save-flux "refl-flux" refl) 

) 

(display-fluxes refl trans) 

(print "Electric-Energy-Total= " (electric-energy-in-box 
(volume (center 0 0 0) (size lx ly lz))) "\n") 

(print "Electric-Energy-Forest= " (electric-energy-in-box 
(volume (center 0 0 (- (- (/ lz 2) (+ pml-h 1)) (/ h 2))) 
(size lx ly  h) )) "\n") 

(print "Electric-Energy-Cylinder= " (electric-energy-in-box 
(volume (center 0 0 (- (- (/ lz 2) (+ pml-h 1)) (/ h 2)))  
(size .567 .567 h ) )) "\n") 

(print "Electric-Energy-Substrate= " (electric-energy-in-box
(volume  (center 0 0 (- (/ lz 2) (+ pml-h .5)))(size lx ly 
1))) "\n")
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APPENDIX B: MPB (MIT PHOTONIC BANDS)
CODE

This is the code for the cubic lattice of air pores in silicon.

;MPB code for porous silicon

;cubic-silicon.ctl

;To run at command line:  %mpb r=0.06 cubic-silicon.ctl

;3-D air spheres in silicon cubic lattice 

; set up a cubic lattice with a = 1

set! geometry-lattice (make lattice 

                         (basis-size 1 1 1) 

                         (basis1 1 0 0) 

                         (basis2 0 1 0) 

                         (basis3 0 0 1))) 

; set the k-points 

 (set! k-points (interpolate 4 (list 

(vector3 .5 .5 .5) ;H 

(vector3 .5 0 .5) ;L 

(vector3 0 0 .5) ;A 

                    (vector3 0 0 0)         ;Gamma 

                    (vector3 .5 0 0)      ;X 

                    (vector3 .5 .5 0)       ;M 

                     (vector3 .5 .5 .5))))   ;H 
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 ;define a couple of parameters (which we can set from the 
command-line) 

 (define-param eps 11.56) ; the dielectric constant of the 
spheres 

 (define-param r 0.6)     ; the radius of the spheres 

 (define silicon (make dielectric (epsilon eps))) 

 ;Set geometry with silicon block and air sphere 

 (set! geometry (list (make block (center 0 0 0) (size 1 1 
1) 

                                       (material silicon)) 

(make sphere (center 0 0 0) (radius r) (material air)))) 

 ;set resolution, mesh size, and number of bands 

 

 (set-param! resolution 32) ; use a 32x32x32 grid 

 (set-param! mesh-size 5) 

 (set-param! num-bands 7) 

; run calculation, outputting electric-field energy density 
at the Gamma point: 

(run (output-at-kpoint (vector3 0.5 0.5 0.5) output-dpwr)) 
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