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Simulation and Design of Forces
during Magnetically Assisted

Fluidic Self-Assembly
using Maxwell 3D

automating micro-scale hybrid integration

Diana 1. Cheng, Clifton Fonstad, Markus Zahn
Laboratory for Electromagnetic and Electronic Systems
Microsystems Technology Laboratory

M.I1.T., Cambridge, MA
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Outline

Motivation for Research
e RM3 Integration Techniques
Past Integration Methods
* Pick and Place
e Fluidic Assembly
Prior Modeling
SmCo Film Collaboration
Ansoft Environment
Simulations
» Retaining Forces
» Aligning Forces
e Layer Structures
Design
 Pill Design
» Recess Design



Motivation/background
RMS3 Integration - Recess Mounting with Monolithic Metallization

A micro-scale hybrid integration technique yielding monolithic performance

Commercially processed, custom-
designed IC wafer with areas left for
forming recesses and integrating
photonic devices

Heterostructure devices
located in recesses formed

on wafer surface
—

Surface replanarized, vias opened, and
photonic devices interconnected with

underlying electronics
ﬁ

Modular Wafer level Monolithic
Planar Flexible 3-d Ready
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RM? Integration Example #1.:

EEL Platelets RM3 Integrated with
SIO,N, Waveguides on Si Substrates

Approach: Co-axial B e e
alignment of ridge guide
lasers with dielectric guides
on Si CMOS ICs

Ohmic stripe

Guide ridge
BCB

Micro-cleaved

Above: Platelet aligned facet
with waveguide for passive {483y s
characterization.

Right: Micro-cleaved
end-facet on 1.55 um laser At SpotMenni Dt WR e i

100kv 3.0 8000x SE 938

Ph.D. research of Joseph

diode platelet.
Rumpler and Dr. Ed Barkley



RM3 Integration Example #2:

VCSEL Pills RM?3 Integrated with Si-CMOS

A
v

50 pm
Above: Oxide aperture VCSEL pill (cross section).
Right: Nine pills assembled in recesses on a CMOS IC
prior to via etch and interconnect metal deposition.
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I of an integrated VCSEL (I, = 1 mA). Vds + Vbias (volts)

Ph.D. research of Dr. James Perkins
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Implementing RM 3 Integration:

Micro-scale Pick and Place (MPAP)

(Present approach)

Vacuum Pick-up Tool

Micropipette used as a pick-up tool
to place pills in recesses

Problems: piece-by-piece, slow

Solution: fluidic self-assembly

Fluidic Self-assembly (FSA)

(Automated assembly)
Pills tumbled over wafer

e ==
until all the recesses = - S
are filled - 9@ (L Coes

Problems: keeping the pills in the recesses,
orienting and aligning the pills
Solution: use magnetic forces to position and hold pills

Magnetically Assisted Self-assembly (MASA)
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Patterned hard magnetic films: SmcCo films sputter

deposited on heated substrates under magnetic bias
(by Prof. Fred Cadieu, Queen College, N.Y.)

SmCo films are an attractive ‘ fe

choice because they are...
...far easier to produce than more exotic "modern" materials
...can easily be wet etched and patterned to micron-levels
...are well suited to depositing and patterning in recesses



Prior Modeling:

MATLAB calculation of the
attraction of a periodic array of _
magnetized SmCo stripes for a cecose D .
soft-magnetic Ni film --/;----‘E-“-_-L--

tzT T

Substrate

=
o
N

=
o
o

10_1:. Pull of gravity

Force per unit
area, F/A (Nt/m?)
H
Q

10-2 O A S S . S S S S S A S
O 10 20 30 40 50 6.0 7.0
Separation, d (um)

OBSERVATION: The strength and extent of the attractive
force can be engineered, and tailored as needed through
the design of the pattern of the hard magnetic film.
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Setup Ansoft Environment

Q

)

(% ® MOdeI B ansofipreso - MaxwellDesigni - 3D Modeler
0 e Boundaries " s
a) . . +-£57 Boxl
> e Excitations o @ oo
o +-£7 Boxl
- ® Parameters BB
-

5 e Mesh Operations

- . —-le, Coordinate <
g e Analysis e
5 e Optimetrics e

g ® Results

0 e Field Overlays

5
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Setup Ansoft Environment

M ansoftpreso - MaxwellDesign1 - 3D Modeler, |:||§|g|

® Model —Materials
-N1 0.5um thick (clear)

-SmCo24 0.5um thick (pink)

X direction polarization

-Global Coordinates

-Vacuum Region 50%
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Setup Ansoft Environment

I ansoftpreso - MaxwellDesign1 - 3D Modeler
[=-¢5? Objects

EI! nickel

€7 Boxl
€7 Boxl
-7 Boxl
#-£7 Baxl
= 4 SmCa24
€7 Boxz

E[g. Coordinate =

-8 clobal
--E Planes
-8 Lists
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Setup Ansoft Environmen

General

Adaptive Setup

. A n a I yS I S b asirnum Mumber of Paszes |3|:|

® R esu I tS Percent Errar: |IZI.EI1

-Energy error (%) lower then Converaence

— Standard

O . 03 acce pte d Refinerment Per Fazs: |‘I 1]

Minirmurn Mumber of Paszes: |2

B Solutions: Spacing - 2_0_2LY DER irimurn Corwverged Paszzes: |1

Design Variation: |

Simulation: Setupl N

Salution  Corwergence 1 F’rofi\a} Mesh Statisl\csl

Mumber of Passes Pass | Tels‘ Total Energy [J]‘ Delta Energy (%] | Energy Errar [%) | MaglF)¢T ‘ Qutp A
| Completed 74 61 114, 283156013 0010305 012852 MA N
Matimum 74 | |B2 124, 2831%em3  0m230s 011339 M N
! Minimum 2 63 136.. 283216013 00093447 010251 MA N
|- Energy Enor/Deka Energy (%] B4 140 2834013 000BG77S 0091477 M N
Target (0.01,0.01) b5 1B 2842¢ednd unus s [INIEE Hra N/
Cunent  (0.030335, 0.0020187) 66 177.. 2833013 0010518 0.073852 MA N
View @ Toble  © Plot 67 193 28332013 0003205 (L.06E334 M N
68 211.2833/e013  0.008GEEE 0.053025 MA N
69 230 2633013 00057141 0052348 M N
70 251, 2833e013  0.005S731 0.047565 MA - N
T2 28313 000477F7 004268 M N
72 300. 28341013 00034476 0038357 MA - N
73 37 28341e013 00030271 0034473 M N
74 7. 2832013 00020ME7 0.030335 MA N

v

< | 3

Close
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Simulations

I. Retaining forces
a) Squares vs discs

b) Force relative to pill weight, 5 um square

c) Variation with square size (1, 3, 5 um)
1) linear scale
2) logarithmic scale

d) Optimizing pill size vs SmCo squares
e) Additive squares
f) Grids

11. Aligning forces

a) Displacement in x direction
b) Displacement in y direction
c) Rotational alignment

11l. Layer structure

a) Optimum magnetic layer thicknesses
b) Impact of gold bonding layers
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Simulations: square vs. Circle

Questions: Which geometric shape provides most
conclusive data?

Dependance on separation for discs and squares

1.20E-08 \

1.00E-08 1 ose
: —8— Sguare

— — — - \Weight of pill

§.00E-07

5 um by 5 pm squares

6.00E-07

Force [Newtons]

4 00E-07

2.00E-07

0.00E+00

5 um diameter discs

Separation [microns]

Conclusion: Squares innately have orientation thus orientation and
placement in recesses can be tested.
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Simulation: Force relative to Pill Weight

Questions: Is there enough attraction between 5um squares
to hold a pill on? How does it vary with separation?

1.30E-06

'S

1.10E-06

9.00E-07 -

—— Attractive force

— — Pill weight
7.00E-07 -

5 pum by 5 um squares

5.00E-07 -

Attractive force [Nt]

3.00E-07

1.00E-07

) 0.5 1 15 2 2.5 3 3.5 4 4.5

-1.00E-07

Separation [micron]

Conclusion: If separation is < 2 um, there is enough force.
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Simulation: variation with square size
Question: What difference does the square size make?

3.00E-07

2.50E-07

2.00E-07

——5um /5

——3 um /3

1.50E-07

1.00E-07 x

5.00E-08 \k
0.00E+00 %ﬂ#ﬁ.—“

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Separation [pm]

——1pum /1

Conclusion: The extend of the field can be engineered:
smaller squares lead to more rapid fall-off.
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Simulation: variation with square size

Question: Characteristic of force vs. distance

Log Force [Nt]

~ o
o o o

\l

6.5

Displace%nent In Z-direc%ion above SméoZ4 [um]

Conclusion: Logarithmic relationship between distance

and force on nickel plate.



Simulation: Optimizing pill size vs SmCo squares
Question: What is the optimal size of pill over a 5um

X oum x 0.25 SmCo square
Oversized Nickel square on 2x2x.25 SmCo grid
5.50E-08 :
5,00E-08 Ve

1
/ \\‘\4>
4.50E-08 !
:
1
4,00E-08 1 !
:
3.50E-08 !
:
1
3.00E-08 - :
: :
1
1
1

Force [Nt]

5pm X 5um x 0.25 SmCo 2.50E-08
square with a 7um x 7um x !
0.25 Nickel square on top 2.00E-08 :

4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9

Ni size x _x.25

Conclusion: An oversized pill feels about the same force
as the 5um pill; a smaller pill feels much less.
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Simulation: Additive squares

Question: Is the force from multiple squares additive?

T—\ 3.5E-07

3.0E-07 -

2.5E-07 +

Force [Nt]

2.0E-07 /
1.5E-07 /
1.0E-07

5.0E-08 +

0.0E+00

B B AN

0 0.5 1 1.5 2 2.5 3 3.5 4
Number of squares

Conclusion: The force increases linearly with the number of
SmCo squares.
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Simulation: variation with square size on a grid

of four squares
Question: What difference does the square size make in a grid?

——06X6X5

—-®--3xX3x5 normalized

—Aa—3X3x5

1.5E-06
R Jumx3umx 25
"
g
% 1.3E-06
: F \\
11E-06 .
9,0E-07
I 7.0E-07
§ Far x B .2 5um
=
8 A
o 5,0E-07 s
B \
-1 AY
£
E: ¥ 3.0E-07 \
o= .
‘ 1.0E-07
-1.0E-07

DisplacementinZdir ectionabove SnCo24{um

Conclusion: The extend of the field can be engineered:
smaller squares still lead to more rapid fall-off.
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Simulation: Displacement in x-direction

Question: What is the effect of displacement in the x direction?

Forces with lateral displacement in x-direction at

0.5um separation
2.0E-07 ——Fy
—a—FX
1.5E-07 Fz
Pill Weight
1.0E-07 -
./ A
0.0E+00 ¢ l
0 0.5 1 15 2 2.5 3 35 4

Lateral displacement in x-direction [um]

Conclusion: F, forces are greater then the pill weight at > 0.25um
displaced. If pills slide readily, precise alignment is more probable.



Simulation: Displacement in X-Direction on Grids
Question: What is the effect of displacement in the x direction

Conclusion: Local maximums and minimums can cause pills to
attract to misaligned orientations.

Q 1ds?

0 on grids:

O

O Forces with lateral displacement in x-direction at 0.5

0 um separation

O 8.0E-08

> ~_

8 7.0E-08 ——FX|-
T _ 6.0E-08 \/\\ —a—Fz|
S = 50608

C_WU © 4.0E-08 | \\

fu S 30E08 TN

() LL

o

= 2.0E08 -

= 1.0E:08

o

S 0-0E+00 I I I I I I I 1
= 1 15 2 25 3 35 4 45 5
- . . . .

5 lateral displacement in x-direction [um]

9]

®

| .

@

]

a3

T




Simulation: Displacement in y-direction

Question: What is the effect of displacement in the y direction?

Conclusion: For displacement in the y direction, the forces are
smaller but still significant.

Q
-]
O
) Forces with lateral displacement in y-direction at
7 0.5 separation
= 23607 -
'S —o—FX
O
a) 1.8E-07 —=—Fy |
yo) Fz
S . Pill Weight
S 13E07 =
i) f—"
S
.G:J O 8.0E-08
o
S A!/./"l—.\,‘\,
> 3.0E-08 e !
O
4 4 4 4 4 4 4
-lg -2.0E-08 1 2 3 4 I
E Lateral displacement in y-direction [um]
)
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Simulation: Rotational misalignment

Question: What is the restoring torque is a 5 by 10 pum pill is
rotationally misaligned?

4E-13

3E-13 P

/N

1E-13 / \
0 ‘ / | \

E1s (‘\ ko, 100 150 200

s \/

Y

-3E-13

Conclusion: There Is a restoring torque, but the modeling is
problematic. The predictions at certain angles do not make
Intuitive sense, and we are still trying to under- stand how
to either explain or correct this.
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Simulation: Optimum magnetic layer thicknesses

Question: What are the optimum thicknesses of the Ni and
SmCo layers?

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Separation [microns]

Conclusion: Making the Ni thicker doesn't do much, but
making the SmCao thicker increases the force.

Q
) 2.50E-07
@]
- —e—Nivs 0.1 SmCo 0.1
(D —4—Nivs 0.1 SmCo 0.25
V)] \ —a—Nivs 0.25 SmCo 0.1
8 2.00E-07 —=— Nivs 0.25 SmCo 0.25
— = Nivs 0.5 SmCo 0.25
G>) —e—Nivs 0.5SmCo 0.5
No} Z 1.50E-07 -
cC 3
S 5
") 3

°
g £ 1.00E-07 -
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Simulation: Impact of gold bonding layers

Question: Can we put non-magnetic solder layers over the
magnetic layers? !

1.5 um gold layer

between Niand SmCo —_ | | i

—

Attractive
force [Nt]

Without Au 3. 53 E-8

With Au 3.54 E-8

Conclusion: No difference; solder layers such as gold and tin
between the magnetic layers will be transparent to the
magnetic fields.
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Results- Design

Less then 875 pum?x 0.25 um for a distance of 1 um
above the SmCo layer to avoid misaligned pills.

10000
] 0
] 1

00on ooooe
[N [

[
gold layers H
[

: I I I : ; UUUUU
[ U
[
: : I U U 000 U
I l U 000 U
IIIII _ UUUUU UUUUU
’ XSrlnoc(:)oxpzllt%eSrrLI1 " SSXmlgoXp%tztgrEsm 5ov;(itimo(()). ;(SSML:nmNF;I“ Misaligned attractions
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Summary of Simulation Results

1.
V.

VI.
VII.

VIII.

IX.

Magnetic attraction can greatly exceed gravitational
forces

Force increases exponentially with decreasing
separation

Smaller squares lead to more rapid drop-off

Maximum attraction when Ni and SmCo similar size;
little penalty if make Ni pattern larger

Forces increase linearly with number of SmCo squares
Squares experience orienting and aligning forces

In-plane aligning forces are large; precision of final
alignment will depend on surface friction.

Grids require more consideration with possible local
force minima and maxima

Nickel thickness has small impact on attraction forces;
thickness of SmCo is far more important

Gold-based solder layers between Ni and SmCo films
are transparent to the magnetic fields



