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« Background

« IBM Almaden Research Center
« holographic storage

« Nanophotonics

« On-chip optical interconnect as motivation
* Modeling & simulation tools

« FDTD -theFinite-Difference Time-Domain technique
« Advantages & disadvantages

« Could it beturned into a design-optimization tool?

« Conclusions
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Holographic storage:
- Volumetric optical storage

(via Bragg diffraction)
- High spatial parallelism

Reconstructed
Hologram

Spatial
: i Storage
light Ay Material
modulator s

106 pixels/page

WORM system
(moving media,
for archival storage)

Read/write system
(stationary media
for low-latency storage)
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Progression of optical inter connect
1970’s L ong-haul (100 - 10,000km)
80’s - 903“ metro” (1 - 100km)
late 90’s “Cam pus” (10m - 1km)
soon? boar d-to-board (0.1 - 3m)

20107 Chl p-to-chip (1- 10cm)

2272 (<lcm)

A ~ 1500nm — where’sthe nano?
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On-chip optical inter connect ===

Detectors

Coolant separating stacked 2-D circuits>

<
Optical
transport la @

Detectors

Challenges:.

Light source -« trick silicon into emitting
o flip-chip I11-V devices
« light-sour ce off-chip, modulator s on-chip

Optical mux-demux < get many signals onto same optical path

Optical transport -« passive alignment, sharp bends, low-loss
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Nanophotonics.
..the manipulation of light by nanoscale structure

. > !
Photonic crystals ¢ *7
XYXXXX 5 .
0000 = ., “Photonic bandgap”
o000 00® 8 ‘ |
0000 = |
00000 £ 02 1 |
0000 S o1 3
00000 0 1 1
r X J r
Spatial frequency (e.g., angle)
Iasers waveguides
: - & B+ & D&
SSS3 S:S:3:
- -,
> -,
- -,
- - - o«
- E - -

OBV Wi1reKk 2. 73

[1] O. Painter, J. Vuckovic, and A. Scherer, JOSA-B, 16(2), 275 (1999). [3] E. Chow, S.Y. Lin, J. R. Wendt, S. G. Johnson, and J. D. Joannopoulos,

[2] S. J. McNab, N. Moll, and Y. A. Vlasov, Optics Letters, 26(5), 286 (2001). o _
Optics Express, 11(22), 2927 (2003). [4] S. Noda, M. Imada, M. Okano, S. Ogawa, M. Mochizuki, and A. Chutinan,

J. Quant. Electr. , 38(7), 726 (2002).

—=== Almaden

G.W. Burr =. Research Center



Nanophotonics.
..the manipulation of light by nanoscale structure

Plasmonics Surface-enhanced Raman
spectroscopy (SERS)
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So how to design such nanophotonic devices?

1) By trial-and-error?
Not likely, given the cost of fabrication & testing...

2) M odular approach

“Frequency-domain

Beam-propagation

« wave equation rather than M axwell

Frequency-domain methods
« can berigorous, but (in general) ...
e ... assume structureis periodic and non-dispersive
e ... givelittle input concerning loss
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What iIsFDTD? “Finite-difference Time-Domain®
OH

’ " — = —VXE
0 | model Maxwell’s Equations H 9t

eeoeo0e on adiscretegrid... 5

....?\ 6067'_ — VXH Jsource - O-E
©e6 o \ o

@00 0o\

_ previous cell
HX _EZV |:> Ey+: %};0 HZ '1)2( )
*?'\J" y
Ey E,
Hz

Why would we need it?
« design-by-nanofabrication istoo expensive...
=» need accur ate modeling/simulation tools
« FDTD isrigorous yet flexible (gener al-pur pose tool)

A brief history

» 1966 — original paper by Yee « early 90’s — rapid development
* late 70’s, 1980s — used for microwave modeling  + 1995 (2000) — textbook by Taflove/Hagness
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‘L eapfrog’ update

1) at timel: Update E fields everywhere
using spatial derivatives of H

At
EX = AY €, €, I_IZ
Ey+: EEE

2) at time {+0.5: Update H fields
everywher e using spatial derivatives of E

nexty_ E
H += At X + E NN
Z u Ay

« Every cell must get updated

« Accuracy requiresAx, Ay, Az— 0
« Small Ax, Ay, Az forcessmall At (Courant stability)
« What happens at edges? —> Boundary conditions

G. W. Burr
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Boundary conditions
| nfinite but periodic structures

] riodic - ——
ﬁg boundary’cW

/ 'S laft cidla haecomec the riadhthand
\ / . sl OUTU JTU O U\J\.:UIIIU;). \ 3 IIHIILIIMIIU
“neighbor” of the right side, and vice versa...
| solated structur es (by absorbing outgoing radiation) o, =0
Back- v
“Perfectly Matched Layer” (PML) o~ o mcost — 2 cos
€1, 11 €9, l, 0, 0"
no back- m:\/E e (ot jps)
reflection & Absorb wave €1 LAk es (14 0, /jwes)
) OF. o8,
@5 T ovE =
—j[[ﬁzm I“|‘.ﬁzy y} _Lb't] OE OH
—j[[.ﬁl T4+ y] —u.'t] < Ega—ty + JxEy - 8;I'z
o LBz 2+ oy [T T

8-12 cells of (B R(6) = exp(~20,md cos6))

increasing o,
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Advantages of Finite-Difference Time-Domain (FDTD)

« algorithm isrigorous— potential for arbitrarily high accuracy

« can handle dispersive material including metals (surface plasmons, etc.)

¢ time-domain ssimulation: one simulation can model broad frequency response

« simplecorealgorithm +
near est-grid-neighbor dependencies— amenableto parallelization

« FDTD can support

« finite or infinitely-periodic structures

 arbitrary spatial arrangements of materials

* input of pulsed, CW, or impulse waveforms

* point-sour ce, plane-wave, or mode-profile wavefronts
« measur ement of field, intensity, Poynting vectors

G. W. Burr
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Disadvantages of Finite-Difference Time-Domain (FDTD)

« FDTD only becomes accurate as cell-spacing — zero
small cell spacing also mandates short time-steps (Courant stability)

finite # of cells — boundary conditions at edges of the ssimulation arecritical

high frequency resolution requires many timesteps
(Fourier-transform relationship)

all smulation cells must be updated each timestep
— computing just a portion isinefficient

The sum effect:
(“to be confident you will get theright answer,)

3-D FDTD simulations must be large & slow”

But this means FDTD can only be a design verification tool,
never a design optimization tool

Imaden
esear ch Center
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Ultimate goal: design optimization

|n analogy to lens design software, it would be greatly
desirable to have a nanophotonic design optimization tool..

A nanophotonicsdesigner would simply:
1. Build abasedesign (“single-hole missing waveguide, ...”)
Specify a performance metric (“low-loss + wide-bandwidth, ...”)

Establish constraints (“must use LiNbO3 at 1550nm, ...*)

|dentify free variables (“holesize, dab thickness, defect type, ...”%)

a c W N

Pressthe “go” button and wait (but not too long!)
for the optimized design.

L ater on, one could introduce feedback from fabricated
designs, add tolerancing, etc....

But in order for such a design optimization tool to be viable, the modeling of
any one design iteration hasto be extremely fast yet reasonably accurate.

Imaden
esear ch Center
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The sum effect:

““to be confident you will get the right answer,
3-D FDTD simulations must belarge & slow”

But this means FDTD can only be a design verification tool,
never a design optimization tool

How to changethis? < error mitigation
 parallelization
o careful design of numerical experiment
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air glgss

Samplesimulation -~ S \
(validation) E,
Fresnel reflection
coefficientswith >
FDTD 2./5um
Periodic /
boundary conditions oyl L
plane
; J
a| r | ) _ _ Out-of—pl_ane
B FE= B . But periodic polarized
S R p= > 08 boundary conditions
- 4 * > e only permit a few
0 o angles... n-plane
Valk — 0.4 polarized
AN 2 !
sour ce 0.2 l
plane “p‘;rfgclt'y .
matched layer” |
0 20 40

60 80
Angle ¢ [degrees]

Solution: “Floquet” boundary conditions:
(build 2-part sim: 1@sin(wt), 1@cos(wt) — exchange at boundary asexp(xjk -L)
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Fresnel reflection coefficients

1,
g} FDTD results o
0.9-
0.8 0.044 Out-of-plane
polarized
> 97 0042 S
s o
> u
= 06 0.0 error ~1e5
)
L 05"
y— 0.038;
EE 0.4~
0.036/ In-plane
0.3 0 : 10 15 polarized
0.2
0.1-
Ov T | J

50 70 80 90
Angle ¢ [degrees]
Error analysis. for 1% error, need cell-size < A/50

0 10 20 30 40 50

T==5 Almaden
G.W. Burr ===%Z. Research Center



What happenswith coarser gridding?

An extreme example: a thin-film of unphysically high index

cell repeats _ _
periodically... Ultra-high index
ﬁ (n= 10)
/ . Standard FDTD (2-D)
air glass g 20
g § 08"
0. : _no_rma] s b
incidence) .S 06
[ = o4l
sour ce v
plane x
0.2+
he = 632.8AM

0 1 | 1 | 1 |
50 55 60 65 70 75 8C
Thickness of high index layer [nm]
« small spatial features get |ost
« get wrong answer AND wrong local minimum

ull
!
o >
3
8
3

G. W. Burr E



“Numerical dispersion”

w2

Dispersion relation should be: (_) = (k)2 + (k)2 + (k)2

but instead is...

1. (wAE\]? 1. (kA | k,Ay\1° 1 k, Az
e (23] = T( g )] L_u ( g ﬂ {1 ( 2
1 ‘ ‘ : ‘
0.995 1
0.99—-—/_\
VPllwas_f 0.985 - 5nm
[feracc)t(i:(l)ny 098 n=10
of c/n] 0975
0.97
0.965]
0.96/-
0995010 20 30 40 50 60 70 80 9O Angle [°]
Partial solution: when index is high, adjust Only an exact fix
local py and g (increasing speed of light w/o for one angle &
affecting n) frequency...
== Almaden
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“Staircasing” of small spatial features

We really want to
simulate a smooth
interface between

regions of €, and ¢&,...

Each E-field component gets its own effective €, which makes

...but the discretization
in FDTD gives a
“staircase” effect.

Using small grid cells only
where we need them
sounds ideal, but the

logistics are unpleasant...

...but we can get a similar
effect by using an
effective € in each cell.

the most sense in terms of the field-update equations.

G.W.B

r

Z
AX

_H previouscell)

Z
Ay

_ previous cell )
= H
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Returning to our
artificial example...

cell repeats ) _
periodically... Ultra-high index
ﬁ (n=10)
 HEIS alass
=
A ormal
Eincidence
T
SOour ce
| )
plane FDTD with

field-based effective €

(Despite coar se gridding...

* get the correct answer AND

N\

~

« small spatial features get modeled

theright local minimum

J
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Reflectivity
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, Standard FDTD (2-D)

5nm cells

Ao ~ 632.8nm
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Standard FDTD (2- D)

Returning to our
artificial example... 0.8
cell repeats
periodically... Ultra-high index _4?0_6
miliny (n=10) 2
g 0.4 5nm cells
- air I =
. S Vo2
S | x
i ko ~ 6328nm
E % 55 60 65 70 75 80
4 Thickness of high index layer [nm]
SOour ce
sour ce | 1
plane FDTD with _ ooeeg AaRABRREET
field-based effective € S 08
and g
(€0> o) COrrected 2 06
- - - )
for numerical dispersion x.,

(Despite coar se gridding... A 02" 10nNm
pells

« small spatial features get modeled A
O | | 1 |
20 55 60 65 70 75

* get the correct answer AND
L theright local minimum y Thickness of high index layer [nm]
T=== Almaden
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M easur ing fr equency response

Example: Mapping out a dispersion diagram...
1) Define unit cell

2) Ping it with an impulse

“ring’ 3) Set k-vector at
boundaries
Ag
oxide  © [N EANS
Ag monitor |

’
<

4) monitor at non-symmetry point
5) FFT becomesa
column of the
dispersion
‘z vs.t 2 diagram

‘\ I szs.f

x10"
05
0
05
K]
154 +

6 8
Frequency _nl

* For good frequency resolution, need lots of timesteps...

G. W. Burr
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Example: photonic crystal band-diagrams
Triangular °eco oo

Square L attice
Lattice. 00000

@ @O0
;/?o\{:. Triangular Lattice— TE bands
00060 ,

? 0.7
Dielectric © 0.6
Air holes > S
o 0.5 _ |
= r/la = 0'48i
4 = '
‘ g0 e=13
! = 0.3
®
Floquet/Bloch é 0.2 | |
boulfd.ary g 0.1 € 2-D FDTD (w/ corrections
conditions ' - Plane-wave result
J on tilted unit cell 0 o | "
r X J r

* MIT “Photonic bands” code —thanks to Bob
Shelby of IBM Almaden for his help...
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Normalized frequency

© o o o o o
N w s o N
: | |

o
-
!

Triangular eeee e @
Lattice......

o

7

At constant
rla=0.48

..if we vary r/a
at constant K-vector

iImproved
FDTD
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X J r
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o
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o
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Normalized frequency

o
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Normalized frequency
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o
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o
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Normalized frequency
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Metals

FDTD cannot model materialswith Re{e} <1
(such assilver at visible wavelengths)

except by also modeling material dispersion.

@ 632.8nm €or OF _ gxii - 7
_ 107 n=.13455+i 3.9163 015

| ndices .

of silver

oP
i — = J,
| : ot

—

0 | 7 2B
5 + J, = f(E, P, |E| ,etc.)

Drude model

7v/(o =0.1
p
- k=-n
X
) o 15+
 extra variables & update rules at = n /
each metal/dispersive cell \L/
0 0.5 1 7\’/1; 2 25 3
p
G. W. Burr
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Metals - verification

Plasmon resonance is extremely shar p:

cell repeats
periodically...

ce S. 5pm X 20nm

G. W. Burr

Reflectivity

©
©

0.8/
0.7
0.6
0.5]
04/
037
0.2
0.1

0

0.8

0.4
0.2

50nm of slver
@ A=632.8nm

20 60 80
Angle ¢ [degrees]

42 42.5 43

43.5 44 445 45 455 46
Angle ¢ [degrees]
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The sum effect:

““to be confident you will get the right answer,
3-D FDTD simulations must belarge & slow”

But this means FDTD can only be a design verification tool,
never a design optimization tool

How to changethis? v error mitigation

 parallelization
o careful design of numerical experiment
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Parallelization using M PI

Divide the problem-space among multiple computers

G.W. Burr E
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Parallelization using M PI

Divide the problem-space among multiple computers

Data needed from neighboring computersisalso kept locally

Y

=i

All thisredundant data needsto be updated
once per timestep...

...plusthe appropriate boundary conditions obser ved.
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Two waysto usethisparallelism

Distributed mode: 1 job

split amongst 10 machines

Problem #1
A

—

Distributed mode can handle
really big simulations...

Time [SeC*} *************** 3 O*héd”eé ********* 6 hrs
10" (Linux ~1.2 Ghz)
************************************************* hour
10> 1 node (Win2kig
**************************** 10 min
(6 nodes,
] WinXP ~ 2.4-3 Ghz)
102 ************************************************** minut
L L L e
10 10 10’ 10°

G.w. Boize [# cells]

Master-slave mode: 9 jobs in parallel

Master node

Problem #5

Relative speedup

J

f Problem #1 Problem #2  Problem #3 Problem #4
Problem #6  Problem #7 Problem #8 Problem #9

.. but Master-slave mode
uses computers more efficiently

10 Perfect
'speedup
8
6 #"  2-Dmapping
, n
4 R
‘b ® o 0 o 0o ©
o) B 1-D mapping
)
® 2 4, 6 8 10
# compalters
ch Center



The sum effect:

““to be confident you will get the right answer,
3-D FDTD simulations must belarge & slow”

But this means FDTD can only be a design verification tool,
never a design optimization tool

How to changethis? v' error mitigation

v’ parallelization
« careful design of numerical experiment
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Design of numerical experiment

Always going to need a
modular approach to
complicated systems...

i

I_L—

—

>

—>

—>

photonic crystal waveguide?

= kX XXX)

How to optimizethe

| found 3 general methodsin theliterature for smulating PBG

waveguide loss:

Method #1) Send a pulsein one side, detect it at the other end [1,2, others]

Pro: «only 1-2 simulations heeded

(per design iteration)

Con: .simulation isvery big
« measur ement combines

* in-coupling
* loss-per-cm
* out-coupling
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Loss in photonic crystal waveguides

M ethod #2) Using periodic boundary conditions, measur e loss per
cycle and convert to loss-per-a [2]

...and measur e decay |
at a field monitor

Ping one unit cell of the waveguide...
afp 070020 mO 02020 2

Possibleto even filter to desired frequency

Pro: «samesimulationsneeded anyway o wm ww me om0 =
to identify defect modes
 identifiesintrinsic loss of PBG waveguide
Con:

* need to divide by group-velocity (potential sour ce of significant error)
« hard to accurately measure low loss

« still don’t know which modes are important (which will get coupled to)

[2] M. M. Sigadasand E. Chow, Journa of Applied Physics, 93(12), 10126 (2003).
G. W. Burr
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Loss in photonic crystal waveguides (continued)
M ethod #3) Using periodic boundary conditions, measure

Step 2: identify waveguide
defect mode using
waveguide unit cell

Step 3: at each (w,k) point, excitethis

loss-per-a directly [2]

60'4
Step 1: if necessary, identify =
3-D PBG diagram g 0.3
using PBG unit cell &
\m

waveguide unit cell with a windowed
sinusoid — measureratio of Poynting

Vertical Radiation Loss (cm™)

-
(=3
(=3
(=}

100

0.1 r

10

-~ Shallow Undercut 1
1k - -*- Thin Oxide '
- «& = Thick Oxide V-
[ —e— Deeply Etched

0.2

0.0 0.4 0.6 0.
In-plane Wave Vector g (r/a)

[3] W. Kuang, C. Kim, A. Stapleton, W. J. Kim, and
J. D. O'Brien, Opt. Lett., 28(19), 1781- (2003).

0.2

in

-plane wave vector

04 0.6

a somewhat
decent match...
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Loss in photonic crystal waveguides (continued)
Now try to extend to eIIipticaI-hoIewaveguide [1]

=, 031

O ¢

c * x I

g 0.3f %
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| n-plane wave vector

0.1°

102 ¢

10_3 1 I I 1 1 I ]
065 0.7 075 08 085 09 09 1

| n-plane wave vector

Pro: .identifiesintrinsic loss of PBG waveguide

* No additional variables needed

Con: «large number of simulationsrequired
« still don’t know which modes are important (which will get coupled to)

Not clear any of these are suitable to optimize designs with...
Need M ethod #4:. Get intrinsic loss at all frequencies at once...

G. W. Burr




Adj O| nt methOdS ..............

“Topology
optimization”

Finite-element analysis ! secocsescoreel

(here 2-D) gives derivatives
vs. design variables

Recent wor k showing similar
adjoint techniques for

» unstructured FDTD /Finite-element [2]
* regular FDTD [3]
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http://www.ece.mcmaster.ca/faculty/georgieva/papers/AVM_FDTDfinalID1750.pdf>

Conclusions

« The FDTD (finite-differ ence time-domain) algorithm has many
advantages as a numerical ssmulation tool for nanophotonics

« |tsdisadvantages all boil down to:
“to be confident you will get theright
answer, ssimulations must be large & slow”

My motivation isto do design optimization with FDTD

» e error mitigation
 parallelization
« careful design of numerical experiment

Futurework

-correct FDTD erorsfor metals/disper sives
- Improve estimation of photonic-crystal waveguide loss
- combine adjoint-methodswith FDTD
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