w UC SANTA BARBARA
' PHYS'CS THE WORLD GETS CHANGED HERE.

HFSS OVERVIEW

User perspective on computational electromagnetics

Motivation | The basic problem | Demos
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WHO AM I?

* School at The Ohio State University
* BS Physics, BS ECE, MS ECE
* Currently UCSB Physics PhD student

* Engr. at Lake Shore Cryotronics
 Microwave EM/satellite hardware
* Terahertz physics/metamaterials

* Numerical micromagnetics

Analog design

GaN semiconductor devices
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WHY sTUuDY CEM?
* Impact scale
« Estimated ~$5e9 industry value @
 HFSS R18.1 cost companies ~70e3/seat S\/C

* RCS simulations of a real M1 Abrams can take a month
on a supercomputer

* Learn now!
* Involved math/physics are deep & profound

* Leverage lots of hours of research to help your project

*Global Simulation & Analysis Software Market, By Product Type (Finite Element Analysis, Computational Fluid Dynamics, etc.),
By End Use Industry (Automotive, Aerospace & Defense, etc.), By Region Competition Forecast and Opportunities, 2012 — 2022; Apr. 2017
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UC SANTA BARBARA

PHYS'CS THE WORLD GETS CHANGED HERE.

COMPUTATIONAL ELECTROMAGNETICS

Time Varying Form
Time Harmonic Form VXE=-u Q,LL:H
— Oal, r i Q
Vsz—]w,u,LT | 0= o
— L in Q V><H=eOa—erE+oE+J““"
VXH:]a)eld+6E+Ji“‘p g
0
VxE =—jou H VXE=-u,—H
T nrva < O RN
VX H= joe E )
VxH=¢ —E
lim | x| {V X E+ JkE} =0 \ ot

(X[

lim |x|{VxE+l§E} 0

[X[—>eo

Complex-valued, spatially-varying tensors
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SAMPLE PROBLEMS

* Antenna design

* Radar cross sections

* Realistic transmission line impedances

* Balun and adapter design

e Metamaterials and periodic systems

e Scattering & electrically rough interfaces

e Optics and optical fibers

* Electromagnetic interference/compatibility

.. and many more!

JF Lee, Class Notes for ECE 5510, The Ohio State University, Dept. of Electrical and Computer Engineering, AU2017
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THREE WAYS TO DO CEM

Finite Difference .. Method of

Time Domain At EemeEnt Moments [MoM]

e “So easy that even a e Complex, somewhat e Very difficult to
physicist can do it” difficult to understand

e Low accuracy, understand e High accuracy
especially with e High accuracy e Computationally
multiple length scales e Computationally easier than FEM in

o (w84, L) expensive some cases

JF Lee, Class Notes for ECE 5510, The Ohio State University, Dept. of Electrical and Computer Engineering, AU2017
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SOLUTION PHILOSOPHY

“You should always know the answer to problem before you solve it”

-Ben Munk

* The brother of the venerable JF Lee speaks of students/engineers who
just plug their problem in and blindly believe the answer!

* You still have to know the basic programming, engineering, physics and
the math to get any meaning behind your results

* Bottom line: don’t believe HFSS just because it runs on a computer!
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Toy FEM EXAMPLE [1]

* Poisson’s eqn: Sturm-Liouville operator in 1D subject to some BCs

€ O<x<l

. p g 1 2
L(D) =— 0,60, P =—=1 withe, = X

€o €y ESx<1

* Physical meaning: static dielectric interface between €; and ¢,

e How can we solve this?

(]
(]
[l
I .
s J
g &
=
y o)
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BEN MUNK APPROACH TO THE TOY MODEL

* Integrate twice and apply boundary conditions

( x2+ 0 < 1)
—— 4 x x < —
2 o 2
D(x) =
(x) = 3 x2 x 9 1 >
— =42+ = S=x<1

. 8 4 32 27

* Physical meaning: static dielectric interface between €; and ¢,

* BCs: should go to zero at x = 0 and gradient should vanish at x = 1 [OK]
0x €0,y P = —p /€

9,®(1) =0
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UC SANTA BARBARA
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Toy FEM EXAMPLE [ 2]

* Expand in trial basis functions

M

D)~ D ()
m=1
1.0
0.81
0.61
0.41
0.21
0.01
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

* Taking only two terms: one per region with a different dielectric

P(x) = P ()a; + Y (x)a; = [P1(x)  Pa(x)] [Z;]
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@ UC SANTA BARBARA

PHYS'CS THE WORLD GETS CHANGED HERE.

Toy FEM EXAMPLE | 3]

e Use Galerkin’s method to solve for the expansion coefficients that
variationally minimize the residue

* C(Collapse the operator equation/BCs into a matrix problem

1 1
a1f e (0xP1)?dx + a; | €,(0xp,)%dx = JF Yrdx
0

(
0 0
rl rl
€y (ax¢2)2dx — Yrdx
0 JO

J

1
a1j €-(0,1)*dx + ClzJ
0

e Forus:

20 === > a=2la=5
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TAKEAWAYS

* Guaranteed to have minimum residue under Galerkin weighting

* Based on selection of basis (trial) functions - meshing
* More meshing, more accurate, more computationally expensive

 Depends on matrix math - vulnerable to condition number

9 +65 ]417 o]
0 9 —v65

Condition number: 17/1 =17

04 — FEM ] [10 — ]

—— Analytic

0.3

0.2

o4 What if this were lle 6 16 0 ?

001 Would you trust matrix operations to not lose precision?
0.0 0.2 0.4 0.6 0.8 1.0
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@ UC SANTA BARBARA
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REAL WORLD EXAMPLES!

* HFSS = High Frequency Structure Simulator

* Pioneered by Jin-Fa Lee, sold to Ansys (currently on version ~R19)

* Has many features I don't know/understand - you are encouraged to
explore all of its features!

 Examples:
* [My example] Microstrip transmission line
* [Your turn] Shorted transmission line
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UC SANTA BARBARA

PHYS'CS THE WORLD GETS CHANGED HERE.

MICROSTRIP TRANSMISSION LINE
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w UC SANTA BARBARA
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GETTING STARTED

gnl - 30 Modeler - [Frojectl

e Edit View Project Draw Modeler HFSS-IE Tools Window Help

BLUE: Insert new project

: |Local |
=N I ANSNC] 0| e & ~fsp  ~|i
iﬂ: Gllaltikeny 888806

Box |pER 1, Coordinate Systemns

. -4 Planes
=€ Lists

RED: Insert (L to R)
HFSS FEM | HFSS MoM | Maxwell

3..@ Project1*

% HFS5Design 1 (DrivenModal)
-4l IEDesign1

[:l Definitions

GREEN: Select your design here
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UC SANTA BARBARA

PHYS'CS THE WORLD GETS CHANGED HERE.

BEN MUNK CONSIDERATIONS

What do we expect? Simulation from 5 GHz - 15 GHz, L~ 10 mm

For €, = 9, quasi-TEM mode Fabry-Perot oscillations every...

ET‘ + 1 Cvacuum

> ; ~ 6 GHz

High transmission coefficients, low reflection coefficients
Electric field/magnetic field /Poynting’s vector riding down the TRL
Anything else?
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A
S [Fie] Edit View Project Draw Modeler HFSS Tools Window Help

Ctrl+0 m A

E0D) New CarleN BE e iEL20RBL 5 File Edit View Project Draw Modeler HFSS Tools | Windew | Help

BEEO800 &

DEE  BE@ 1
X o

Local

o & @ ~|/||3D M ||

*
rint Previ
oy
ANF.
1 Z:\_personal\..\Waveguide_sandbox.aedt ;’"‘\”‘ F-'rcnject Ma nager
A UtoCAD...
2 E\Documents\...\Waveguide_sandbox.aedt
3 C:\Users\lab\Documents\Ansoft\THz Choke.aedt (HEa EHE‘ Project1*
ODB++... :
ocuments\...\Sinuous export test.asdt : = = *
Cadence APD/Allegro/SiP ﬁ- HFSSDesignl (DrivenModal)
ocuments\...\Bowtie_test.aedt : N
ts\...\bowTie_C.aedt Tl D Definitions

oc
7 FA\Documents\..\bowTie_C_chokeAllowed.aedt G T

8 C:\Users\lab\Desktop\electrostaticTest.aedt Lead frame.

XFL...

H E ANX...

2LUE: Import file from other SW

a--@ Model

Eg vacuum
=-£7 Substrate

e EEm

LCoordinate Susterns
-- Planes
=8 Lists

RED: Insert basic geometric shapes, can also extrude 2D objects to 3D

GREEN: Select your design here

11/28/2018 YOUNG LAB - HTTP://WWW.AFYLAB.COM/
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@ UC SANTA BARBARA
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MAKE YOUR DESIGN [2]

'\ ANSYS Electronics Deskto
5 File Edit Draw Modeler HFS5 Tools Window Hel
p

D2 E =2 02 ifloca ~E
‘@ieBDo0® O IR s ([ B 8|
iﬁbﬁiﬁ@ﬁt‘i*zﬁ@Iil@lf{ulff?i%@f@ﬁ"w\ﬁi@@@@@@ﬁ]m@

-] Project1*
(- HFSSDesign1 (DrivenModal)*
[-[Z] Definitions

2LUE: To edit geometric parameters of the box, click here
RED: origin of one of the corners [X,Y,Z]

GREEN: Dimensions depending on the geometric shape, can be negative or variables
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UC SANTA BARBARA

d) PHYS'CS THE WORLD GETS CHANGED HERE.

MAKE YOUR DESIGN [ 3]

Properties

Select Definition

x

Materisls | Material Fiters |

=48 Model

Search Parameters

it | Evaluated Value |

: g S|:||||j5 Search by Name Search Citeria Libraries ¥ Show ij ject definttions I~ Show all libraries
= ,‘7 & by Name " by Propety [sys]Am \dM lagnetic
P o mbMame _____ _Ubsige & | | lsvs] ChinaSteel
.s elative Per 3 [ ] Hiachil Met Is il
= : Material "sapphire” "zapphira” L o ]
A T -
" Relative Relative B~
_ Solve Inside [w L Noge. [
L= - ke riz 2l S
[ﬂLi. C,:,Dr,jin ate S}rstems Orentation | Global copper SysLibrary Materials 1 0933391 58000000sie
coming_glas: SysLibrary Materials 575 1 ]
E"E' Planes Madel |7 cyanate _sst SysLibrary Materials a8 1 0
i diamond SysLibrary Materials 165 1 0
[ﬂ@ Lists Group Modsd damond_hi_pre: Syslbray  Matenals 57 1 0
Dizplay Wi diamond _pl_cvd SysLibrary Materials 35 1 0
PRIy I_ Dupont Type 100 HN Fim ¢m) SysLibrary Materials 5 1 ]
Colar Duroid #m) SysLibrary Materials 22 1 0
epaxy_Kevlar xy SysLibrary Materials 36 1 0
Transparent fermite SysLibrary Materials 12 1000 0.01siemens. _
| View/Edt Materals. Add Material Clone Materzi(s) Remove Materialls) | Expott to Library. |
oK Cancd | Hep |

2LUE: To edit EM properties of the box, click here

RED: always rename parts of the model to be physically relevant

GREEN: Click here to change the material

Color-code and 50% transparency always helps me track me track the model

11/28/2018
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@ UC SANTA BARBARA
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PARAMETRIZING THE DESIGN

Properties: Projectl - HFSSDesignl - Modeler PS

=-[E1 Project1*
5-¢ HFSSDesign1 (DrivenModal)*
Command ‘ [ TV ——
( - 53 3 -l Model
Name | Value | Unit | Evaluated Value | Description | GG - Boundaries
e

.. Exdtations
&P Hybrid Regions
.8 Mesh Operations
- §F Analysis

{75 Optimetrics
.[[%] Results

...[f4] Port Field Display
ﬁ Field Overlays
? Radiation

m-[Z1 Definitions

[ Show Hidden

oK Cancel |

2LUE: good to make the design symmetric about the origin, if possible

RED: always add units to parameters (they can be expressions of other parameters too)

GREEN: Change parameters from this menu
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@ UC SANTA BARBARA

PHYS'CS THE WORLD GETS CHANGED HERE.

PARAMETRIZING THE DESIGN

Properties: Projectl - HFSSDesignl - Modeler PS

=-[E1 Project1*
5-¢ HFSSDesign1 (DrivenModal)*
Command ‘ [ TV ——
( - 53 3 -l Model
Name | Value | Unit | Evaluated Value | Description | GG - Boundaries
e

.. Exdtations
&P Hybrid Regions
.8 Mesh Operations
- §F Analysis

{75 Optimetrics
.[[%] Results

...[f4] Port Field Display
ﬁ Field Overlays
? Radiation

m-[Z1 Definitions

[ Show Hidden

oK Cancel |

2LUE: good to make the design symmetric about the origin, if possible

RED: always add units to parameters (they can be expressions of other parameters too)

GREEN: Change parameters from this menu
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{/<s UC SANTA BARBARA

l PHYS'CS THE WORLD GETS CHANGED HERE.

SIMULATION BOUNDARY CONDITIONS [1]

J\ ANSYS Electrenics D
5| File Edit View Project Draw Modeler HFSS

D= E

2LUE: Add a radiation box around the design. For TRLs, | pad 100% in +Z. Generally want
> % padding from radiating edges. Be sure to change the bounday condition to “rad”

RED: check the radiation box to see if it looks right, then hide it (it looks annoying!)

GREEN: Change object visibility, incl. the radiation boundary
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@ UC SANTA BARBARA
PHYS'CS THE WORLD GETS CHANGED HERE.

SIMULATION BOUNDARY CONDITIONS |2}

i

2LUE: Add a plane for excitation. Copy and paste it to make the second one
RED: take advantage of your parametrization

GREEN: Alter the axis as needed (defaults to Z, not good for us!)
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@ UC SANTA BARBARA
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SIMULATION BOUNDARY CONDITIONS [3]

\ Wave Port : General P i - &J Wave Port : Post Processmg P - &J

Select Groups G
Name: [iI
v Select Objects o
Number of Modes: |4

L0000

Select Edges E
b SelectVertices — —
\ Select Mult M Integration Line Characteristic Inpedance (Zo) Full Port Impedance: 50 ohm J
® ‘[ms ¢ Defined Zpi Impedance ::= resistance + 1i * reactance
e o Plane Defined Zpi
to History Defined Zpi " Renomalize Specific Modes |
/ View | Deembed Settings
Edit 3
™ Deembed 0
’ Mode Alignment and Polarity: semos |mm J
{+ Set mode polarity using integration lines
" Mign modes using integration lines

" Mign modes analytically using coordinate system I
I el VERY IMPORTANT!!!

wike port ([l | Use Defaults
ort.. [~ Filt des fi
e | lost two weeks on this feature
I Terminal...
Copy Image Voltage... . B k F‘ - h Ca |
i | Next > | e | < Bac | inis | nce |
Magnetic B _

2LUE: Select the appropriate object or face (>>F to select a face)
RED: assigned boundary values or a make a port

GREEN: defines the field integration pathway

Note: wave ports excite a wave mode on a surface and lumped port excites a node or a single point. Try to replicate the physics as you can
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RY=T=
@ oBno0®
BodEetvaNRnKY
Submitob..

1 EH Project1=
[ ¥ HFSSDesign1 (DrivenModal)*

& 30 Components
-G Model
- EF Boundaries
. # Excitations
- &F Hybrid Regions
B8 Mesh Operations
P Analysis
(8 optimetrics
Resuits
Port Field Display
Mg Field Overlays
.5 Radiation

7 ([ Definitions

B &

esignl - 3D Modeler - [Proje

"0 Fle Edt View Project Drow Modeler (HFSS| Tooks Window Help

= Solution Type...
R i E List...
Validation Check...

Analyze All

B Edit Notes...
Teolkit

3D Model Editor
Set Object Temperature...
Design Settings...

Medel

Boundaries
Excitations

Hybrid

Mesh Operations
Analysis Setup
Optimetrics Analysis
Fields

Radiation

Results
Boundary Display (Solver View)

Design Properties...

P Ocon Dot

Solution Type: Projectl - HFS5Designl

[~ Save as default

Solution Types

* Modal

" Temminal
" Transient
' Eigenmode\

Diriven Options

* Metwork Analysis ¢ Composite Excitation

™ Auto-Open Region

(] 8 | Cancel

11/28/2018
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Resonators and metamaterials
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@ UC SANTA BARBARA
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MAKING A SIMULATION

Des Modeler e Driven Solution Setup S
HFSS Tools Window Help — I I 1 ] ] 1
. e . neral | Option: Ad ced | Hybrid | Expression Cache | Derivatives | Defautts
; Solution Type.. Bl g0 R o
(g B List. Setup Nam Setup |
&2 Validation Check... .
1l N NGRS [ Enabled | Soive Ports Orly
. Submit Job... [ Adaptive Solutions
J& Edit Notes... Solution Frequency: + Single " MultiFrequencies (" Broadband
Toolkit

Frequency

3D Model Editor
Set Object Temperature...
Design Settings...

Model
Boundaries
Excitations
Hybrid
e=lizhilncation

Analysis Setup » | Add Solutien Setup...

Use Defaults

Fields 3 List...
Radiation
Results

Revert to Initial Mesh
Apply Mesh Operations

HPC and Analysis Options

oundary Display (Solver View) Clear Linked Data

B
Design Properties...
‘HERRE Design Datasets...

2LUE: Prepare a simulation

Cancel

RED: frequency used in adaptive meshing solutions

GREEN: adaptive meshing success criterion, lower is better but usually takes longer
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Project Manager
- Im Project1* . .
= -@ HFSSDESIgnl (DrivenModal)* : E Qﬁ?_.f Q.f :I ﬁ k :
----- ﬁ 3D Components ) )
----- Maodel
LgET LB WavePort e e Boundaries [
() optim Copy Ctri+C |1 Feedl ﬁ alidation Check: Projectl Desig
[ Result] 6 Paste Cirl+y [ Feed . ﬂ Exditations =
o F - PortFi inate Systems - -
Ggreeq  Rename N, e &F Hybrid Regions } o [lesign Settings
.5 Radia |>< Delete Delete | L @ Mesh Operations Q/ HFSSDesignt o 3 Model
(-] Definition: P ﬁ Analysis ¥ Bhundaries and Excitations
T - i Y alidation Check completed. <« Wesh Dperations
requency Sweep... o fhalysis Setu
% Optimetrics .y . .
- ¥ (btimetrics
Submit Job. RESHILS ¥ Fadiation
Revert to Initial Mesh Port Field Display E
AAdd Mesh Linked Solution Setup -
[ Field Overlays E
Properties Apply Mesh Operations % o ¥
[ Radiation E
Mame | Value Clear Linked Data " Close
Neme  Senl g — [-[_] Definitions
Enabled = Create Quick Report...
Fasses 10 Perform FFT on Report ...
Percert R.. 30 Perform TDR on Report ...
Dete5  |002 Profile.
Solution Fr.. 10 c
aaaaaaaaaaa
Bass Order FrstOr " Dg
Max Refin... 10000 ot Bt
UseMax | [ h s
Use ABC r Metwork Data Explorer...
Solver Type Direct -
IE Solver | Auto ‘I‘

BLUE: sweep the frequency based on the center frequency mesh
RED: parametric sweep/optimizations... where a lot of the of the engineering is!

GREEN: button used to check to make sure you’re ready to simulate
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PHYS'CS THE WORLD GETS CHANGED HERE.

WHILE IT RUNS

- Microstrip_unloaded_a1*
-8 HFSSDesign1 (DrivenModal)*
-4 3 Components

G Model
£F Boundaries
/B Excitations
& Hybrid Regions
-B8 Mesh Operations
SF analysis
& optimetri Copy Ctri+C 3 Feedl
g |:| b Bl = <[ Resuis Paste Crriey 3 Feed2
. S o E ﬁ - [ PortField ate Syste
Mg Field Ove Rename F2
% Radiatior] 2 Delete Delete
5[] Definiti
Properties...
Disable Setup

|~ Add Frequency Sweep...

Analyze
Progress Submit Job...
. . . . . . . . . Revert to Initial Mesh
Microzstip_unloaded_a1 - HFSS5Design® Setupl: Adaptive Pass 81 - Transfering adaptive nesh field files... on Local Machine - RUNMIMNG M
- et lesh Linked Solution Setup
EICEEr Apply Mesh Operations
. o (F e Clear Linked D
Sending solution file; Setupl.sf_fd_1 Neme  Setup cartimked bate
Enabled ~ Create Quick Report...
Passes 10 Perform FFT on Report ...
Percent R 30 Perform TOR on Report ..

Network Data Explorer...

BLUE: Simulate command
RED: status bar, simulation can be cancelled as needed on the RHS of this bar

GREEN: Check s matrix convergence/mesh statistics... etc. here. ALWAYS CHECK THIS!
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INTERPRET THE RESULTS (BEN MUNK.)
o e E Field [¥/m] ‘i Evbmhgm e i : - y—
Sl 4, 2913E+805 - General  Interpolation | Defauts |

3{mm)

2LUE: Insert 1 of a number of types of plots and select your desired output
RED: can animate fields as needed

GREEN: If the passivity is bad, decrease AS or the tolerated residue
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Project Manager ks
EHE Microstrip_unloaded_a1*
- ¢# HFSSDesign1 (DrivenModal)*
é 3D Components
B Model
- Boundaries
[=-88 Excitations
- -
- )
&7 Hybrid Regions
BE Mesh Operations
= ﬁ Analysis
B4 Setupl
o Sweep
- [ Optimetrics
: 4 ParametricSetupl
Results
B3 % Plot 1
& Rl
B xv plot 2
- X Plot 3 Copy Data
[ Port Field Dis| {8 Paste
% Field Overlay

;’ Radiation

X Delete
P"‘“’t'“ Modify Report...

Copy Definition

Rename

Name Update Report
Name Smith Chart 1 Open Report

Report Type Modal Solutiol
Display Ty... | Smith Chart
S(1.1) 5(1.1)

Sl o0 Model

=-£7 Solids

= -3 Sheets
= WaveF
-3 Fee

3 Fee

o

Ctrl+C

Ctrl+V

F2
Delete

w12 Coordinate Sy
2 Planes
B Lists

1 Solutions: Microstrip_unloaded_al - HFSSDesign1

uj Edit View Project Draw Modeler HFS5 Tools Window Help
P00 New Ctri+N A B iRZLE
o
| € = Open.. Ctrl+0 o =l :
. Open Examples... -
@ o BAOEOD O L
=
o s Ctrl+S E Field [¥/nl
Save As... old
Save As Technology File P Trace 4. @739E+885
@ CreateBox 2. 2ZB4TE+BBS
Archive... ? Gnd 1.1931E+0E5
Restore Archive... B CreateBox 6. 4SEFE+BDY
hpphire 3. 4941E+BEY
Pege Setup.. ? Substrate 1. BIAIEIIS
Print Preview e CreateBox 1.@233E+084
. 5.5378E+DB03
é Print... Ctrl+P  acuum
? radBound 2. 9969E+883
Tn'wrr 1. 6215E+083
I Export I'-NF-‘- ) 5. 7769E+BB2
_ ' 4. THIRE+BRZ
1 E\Documents\..\Microstrip_unloaded_al.aedt A 2. 57E4E+B02
S
2 Z:\_personal\...\Waveguide sandbox.aedt GDSIL.. 1.3910E+862
= Gerber... 7.5279IE+BEL
3 E\Documents\..\Waveguide_sandbox.aedt C o A —
4 C\Users\lab\Documents\Ansoft\THz Choke.aedt '
Microsoft EMF...

5 E\Documents\..\Sinuous export test.aedt

6 F:\Documents\..\Bowtie_test.aedt

7 E\Documentsh.. \bowTie_C.aedt

8 F\Documentsh..\bowTie_C_chokeAllowed.aedt

Fit

2LUE: Export CSV files of your data for prettier plotting

RED: status bar, simulation can be cancelled as needed on the RHS of this bar

Simulatior:

[Setupt

Profile  Convergence \Mam Data | Mesh Statistics |

Compieted 5

Masimum
Minimum

Max Mag.

10
1

Deka§

Taget 002
Currert 0017843

View: (" Table

X [Pass Number £3

& Plot

V- [Max Mag. Delta 5

CONVERGED

Consecutive Passes

Tagst 1
Curent 1

Default Setlings

Save Defauls | Clear Defalts

Max Mag.Delta S

Pass Number

GREEN: Save the convergence and some mesh statistics for the record
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w UC SANTA BARBARA
' PHYS'CS THE WORLD GETS CHANGED HERE.

EXERCISE — STUDY A SHORT

* Use the previous design files

* Ben Munk considerations?
» Standing wave instead of a propagating wave
* High reflection coefficient
* Low loss: trace should “hug” the Smith Chart border

* Modify the structure for one port
» Suggestion: delete feed2 and add a gold short to ground
* Measure S11

* Try for a couple different substrate thicknesses (parametric step)
* Try for very thin gold (100 nm) versus tall gold (100 microns)

* Try for narrow versus thick feed ports
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@ UC SANTA BARBARA
PHYS'CS THE WORLD GETS CHANGED HERE.

TRY REPRODUCING SOMETHING LIKE THIS

E Field [V/n] &i i

HHHHHHHHHHH
22222222222

BBBBBBBBBBB
88888888888 Phase = Odeg
2 BEY9SE+ERS E—
11111111111
88888888888
88888888888

3 (mm}

11/28/2018 YOUNG LAB - HTTP://WWW.AFYLAB.COM/ 32



http://www.afylab.com/

