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Photonic Crystal Description

In the late 1980's, Y ablonovitch and John hypothesized that artificial crystals
constructed from periodic arrays of dielectric media have the ability to selectively
prohibit the propagation of light. (Yablonovitch, E. 58, Phys. Rev. Lett. (1987)
2059-2062. and John, S. 58, Phys. Rev. Lett. (1987) 2486-2489.)

These photonic band gap (PBG) materials need to have:
lengths scales comparabl e to the wavelength of light to be forbidden
contrast of indices of refraction of at |east 2

Thefirst photonic crystal was experimentally realized by Y ablonovich in 1991.
(Y ablonovitch, E. and Gmitter, T.J. 67, Phys. Rev. Lett. (1991) 3380-3383.)

These crystals can be designed in 1, 2 or 3 dimensions:




Applications

1, 2 and 3D photonic crystals:
mirrors and filters

Introduction of point defect:
resonant cavities and fiber
optics

| ntroduction of line defect:
waveguides and bends




Mathematical Description

The wave eguation for the magnetic field in alinear, lossless, isotropic dielectric
medium can be written from Maxwell's equations:

where e(r) isreal.

Since the dielectric constant is a periodically varying spatial function:
(r) (r Ry

the magnetic field can be written as a Bloch wave:

The MIT Photonic Bands (MPB) package was used to solve this expression for
the definite-frequency eigenstates for all of the band structures in this work.
(Johnson, S. and Joannopoulos, J. 8, Opt. Express (2001) 173-190.)




Qualitative Explanation of Gap

The lowest frequency mode
minimizes the energy functional:

The Hamiltonian for the wave equation
for magnetic field:

IS given by:

o that the the energy functional 1

E,(H
o (H) (2(H,H))

The energy of a mode is minimum when the displacement field is
concentrated in a high dielectric medium.

Joannopoulos, J., Meade, R. and Winn, J. Princeton University Press. (1995). Princeton, NJ




Qualitative Explanation of the Gap Continued

In order to have minimum energy, afield pattern is concentrated in region of
high dielectric.

But each higher mode must be orthogonal to the ones (H™, H") =d
below it: ’ m,n

Therefore, the next highest mode must have some component concentrated in the
lower dielectric medium. Thisincreasesit's frequency and creates a gap region.

The complexity of the problem is compounded due to the vector nature of the fields
and the boundary conditions for the fields at the dielectric interfaces.




Revisit Quarter Wave Stack

Multilayer films traditionally analyzed by
considering the multiple reflections of a
plane wave at the dielectric interfaces.

Now consider the stack asa
1D photonic crystal:

Energy of the first band concentrated in
high dielectric medium.

Due to the orthogonality of the field
patterns, the energy of the second band
must be concentrated in the lower
dielectric medium.

This creates a frequency difference between the first and
second bands and |eads to a photonic gap region.




L attice Scaling

There is no fundamental length scale for el ectromagnetic fields in dielectric
media.

r sr 4 —p

Scales the frequencies by:

S

And the free space wavelengths by:

S

While leaving the mode profile unchanged.

Solution at one length scale determines the solution at all other length
scales.




L attice Resolution

In order to approximate the required lattice quality, consider a small
perturbation, a, to the lattice constant, a
a | a

a a | a|l af 3

)

Superimposing the band structure for lattices perturbed by both £ aonto the
band structure for the ideal |attice shows the percentage of the gap width
remaining when variations on the order of aare introduced into the lattice.

remaining gap width ,
original gap width , W

Percent Gap Remaining 100




Rough Estimate of the Resolution

Resolution required for a gap width of 50% of the ideal gap width:

aWw
4

a

Using the approximations:

a

Gives aresol ution of:

Soft x-ray range: | _=40nm a=1nm

UV range: | _=400nm a= 10nm




Current Fabrication Techniques




Requirementsfor X-Ray and UV Photonic Crystals

Optical, UV and x-ray Traditional semiconductor
photonic crystalsrequire  m—— - fabrication techniques are
submicrometer length no longer applicable.

scales. _ o
An attractive aternative is the “bottom-up”

approach of self assembled systems:
Colloidal particles
Opal based crystals

The assembly of these Very little control over the
systems is controlled by m— particle configuration or

entropic and chemical forces. particle separation distances.

In order to engineer the band gap of the crystal, alattice that can
be manipulated at the nanometer level is required.

# DNA lattice based crystals.




Advantages of DNA Based Photonic Crystals

Nanometer Sized
Dimensions
Self-Assemble
Programmabl e Interactions

Rigid, Stable Structures

L attices can be used by themselves or as scaffolding
for the attachment of colloidal particles.




Formation of DNA L attices

Double Cross-Over (DX) Paranemic Cross-over (PX)

(Seeman, N.C. 1, Nano Motif
Letters. (2001) 22-26. ) (Shen, Z., et a. 126, J. Am. Chem.
Soc. (2004) 1666-1674.)

2D Arraysformed from antiparallel DX tiles
(Graphics generated by N.C. Seeman)

All graphics used with the permission of N.C.S




Creation of Stable DNA Junctions

In order to form stable junctions, each strand of the molecule must have

a nucleotide sequence that:

maximizes Watson-Crick base pairing

minimizes sequence symmetry
The sequence of each strand of the molecule is broken down into a series of
overlapping segments called critons of length N .

For N =4, the sequence: 5- A T T CGA T -3' contains the critons:
5-ATTC-3,5-TTCG-3,5-TCGA-3, 5-CGAT-3

Each criton is assigned a sequence that it is unique and can only bond in a
desired location.

The FORTRAN 77 program, SEQUIN, was written to aid in the sequence
assignment process.
Seeman, N.C. 99, J. Theor. Biol. (1982) 237-247.




Revisionsto SEQUIN

Junction is analyzed in terms of single strands bonded together rather
than double-stranded arms linked to each other. This alows for:
Inclusion of single-stranded sticky-ends
generation of molecules with a high number of cross-over points
But it also requires severa large matrices to store bonding
Information.

Updated input parameters for thermodynamic free energy calculations
based on the experimental values of Santal_ucia and coworkers.

Inclusion of agraphical user interface based on atwo-dimensional grid
with run-time allocatable parameters that uses the PGPLOT graphics

subroutine library for FORTRAN.
The GUI isincluded as a visualization tool for the user and does not

predict molecular configuration.




Two-Dimensional Trigonal Photonic Crystal Design

DNA nanotubes originaly
constructed by Mathieu, Mao
and Seeman. (Mathieu, et a 18,
J. Biomol. Struct. & Dyns.
(2001) 907-908.) Each hexagon
contains 4 DNA double helices
(diameter = 2.0nm) to aside
joined together by either double
CroSs-over or paranemic Cross-
over

In order to run numerical
calculations, the lattice is
simulated as cylindrical rods
of water cut into a materia
t/a = 0.40377 with the same dielectric
constant as DNA.

L attice Vectors: Symmetry
M., 2C,.C,8 3 ) Cy

W B2 Gy

Reciprocal Lattice Vectors: M, EC, .. y] C,
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Tiling Schemefor 2D Trigonal Crystal

Solutions of the two tiles
are then mixed together and
annealed. The tiles can
only bond if the two halves
of the PX molecule are
complimentary to each
other.

The lattice can be created from two different tiles
synthesized independently. Each tile consists of one
whole DNA helix joined to three halves of the PX
molecule each at 120° angles from each other. The
first tile contains the right half of the PX molecule
and the second tile contains the left half of the PX
molecule. The two tiles must be complimentary to
each other.




Band Structurefor 2D Trigonal Crystal

TE Polarization TM Polarization

Sauer, P., Cui, H.L. and Seeman, N.C. |EEE Nano 2003. San Fransisco, CA.




Symmetry Analysisfor TE Polarization




Summary of 2D Trigonal Crystal

Trigonal lattice composed of DNA nanotubes exhibits a photonic gap
between the the first and second bands for TE polarized light. The gap
has awidth of 16.2nm centered on the free space wavelength of 41.0nm.

Other Calculations:
Linear increase in the

Variation of the dielectric >
constant of DNA between 2.0 wavelength position of the

and 20.0 gap.

Propagation in kz direction s> N0 Significant reqion
for arbitrary polarization. J Jap TEJIOn.
| —— Primary gap betwe_en b_ands 1
Inverse problem and 2 for TM polarization.
Linear increase in the width

Inverse problem with a i
variable dielectric constant. == and position of the TM
polarized gap region.

Inverse problem propagation sl SMall gap region occurring

in kz direction between bands 1 and 2.




Pseudohexagonal Trigonal Array Using Bulged Triangle M otif

B. Ding and N. C. Seeman
Chemistry Dept. NYU

Bonding of two trigonal
motifsformsa
pseudohexagonal trigonal

array




Attachment of High Dielectric-Cor e/
ZnS-Shell Colloidal Particles

Coat high dielectric colloidal particles,
such as PZT particles, withaZnS
shell. HS bonds exist on the particle's
surface. Then attach a sulfydride bond
to the end of asingle stand of DNA.
The two molecules can then be bonded

together through a disulfide bridge.

Using the DNA lattice as
scaffolding, the colloidal
particles can be held in placein
various configurations.




Possible Particle Configurations

Small Cell: Large Cell:

94.1930i nm a, 188.3860i nm
54.3781 ] nm a, 108.7562 ] nm
48.0000 k nNm a, 96.0000k nm




Approximationsfor Small Body Centered Cdll

The simulations will vary:
core to total particle radius, p
Z layer separation, z

In both the [001] and [010] planes




Calculationsin the[001]-Plane

Primary gap between
bands 6 and 7
(~225nm-380nm).

Vary pwith z=48.0 nm Vary zwith p=0.75

Maximum width at p=0.75.




Calculationsin the[010]-Plane

Vary pwith z=48.0 nm

Maximum width at p=0.75.

Primary gap between
bands 6 and 7
(~225nm-400nm).

Vary zwith p=0.75




Comparison of Large and Small L attice




Summary of Other Configurations

Small Unit Cell in [001]-Plane Large Unit Cell in [001]-Plane

p=0.75 p=0.90
z=48.0 nm z=72.0 nm

0

Small Unit Cell in [010]-Plane Large Unit Cell in [010]-Plane
p=0.75 p=0.90
7=96.0 nm z=144.0 nm




Wavelength Region Covered




Conclusions

A revised version of SEQUIN that uses a graphical interface based on a
two-dimensional grid with run time assignable parameters has been
written.

A DNA lattice was used to design atwo-dimensional trigonal photonic
crystal that operates in the soft x-ray regime.

A DNA lattice with attached core-shell colloidal particles was used create
athree-dimensiona photonic crystal that operatesin the UV regime. The
width and position of the gap region was engineered through variations in
the:

particle configuration

unit cell size

core-to-total particle radius

magnitude of the z lattice vector




Future Work

Simulation of light propagation through the medium using
slab and cylindrical boundary conditions to solve Maxwell's
equations. This requires the calculation of an effective index
of refraction for the photonic crystal.

Design of alattice with a
fully three-dimensional band gap
operating wavelength in the visible

Theoretical study of the frequency dependent index of
refraction of DNA

Simulation of the response of DNA latticesto light.
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