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Four Research Topics

 Heterogeneous 3D Integration
Technologies for MEMS and NEMS

CMOS IC

* Integration and Packaging for MEMS

 Nanofabrication Technologies and
Graphene-Based NEMS

Schematic of Pressure Sensor




Research Topics in Group

 Heterogeneous 3D Integration for
MEMS & NEMS




Heterogeneous 3D Integration for MEMS & NEMS

Motivation
e New MEMS designs, functionalities
and material combinations.

e High performance MEMS materials
on standard foundry ICs.

e Very high integration densities for
smaller and cheaper components.

’/

CMOS IC
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Via-Last Heterogeneous 3D Integration Platform

Sacrificial Substrate
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Bond Layer Device Material Sacrificial Substrate
Metal Via Landing Pads -
e.g. CMOS e.g. CMOS e.g. CMOS
(1) (2) (3)
MOEMS / MEMS /
Electrical Vias NEMS De\nces
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Advantages

* No wafer-to-wafer alignment.

e Extreme reduction of via and
dimensions (sub um) possible.




Implemented Applications

e Si Micromirror Arrays
e IR Bolometer Arrays
e NEM Relays




Tilting Micro-Mirror Arrays (SLMs) for Maskless
DUV Lithography Systems
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Via-Last Heterogeneous Integration
for Mono-Crystalline Si Mirrors on CMOS

SOI Wafer

(L0000 s s
Si Device Layer

=SS
CMOS IC
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31 Si Mirror Integration: Dispense Glue
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1 SI Mirror Integration: Sacrificial Wafer Thinning
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¢i1 Si Mirror Integration: Removal of SiO, Etch-Stop
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Si Mirror Integration: Via Etch

o oz,
Glue

S
CMOS IC




&1 Si Mirror Integration: Via Formation
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1 M-pixel Mono-Si Mirror Array on CMOS
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SLMs for Adaptive Optics in Astronomy and Microscopy

Wave-front correction using piston-type mirror arrays

MEMS

CMOS IC

Source: Lapisa, KTH and Zimmer, Fraunhofer IPMS
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1* heterogenous 3D integration sequence

(@) | Sacrificial negative photoresist ‘

Y e—c—
Bonding

polymer
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Bonding
with
pressure &

heat in
vacuum

O Silicon ] Aluminum ENickel
[ oxide [ Sacrificial polymer IBonding polymer

Ni plating bases
(d)
(e) Yo
Low temp.
Si0,
o /V’la hohs\
Flexure layer
clamping
holes
(g) : Broadening of
clamping holes

2-Layer SLMs Fabrication Process

(h)

Plated
o nickel posts S~

Etched flexure

Lapisa, M., Zimmer, F., Stemme, G., Gehner, A., & Niklaus, F. (2013). Heterogeneous 3D integration of hidden hinge micromirror

arrays consisting of two layers of monocrystalline silicon. Journal of Micromechanics and Microengineering, 23(7), 075003.
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2" heterogenous 3D integration sequence
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Lapisa, M., Zimmer, F., Stemme, G., Gehner, A., & Niklaus, F. (2013). Heterogeneous 3D integration of hidden hinge micromirror

arrays consisting of two layers of monocrystalline silicon. Journal of Micromechanics and Microengineering, 23(7), 075003.




Via-Last Heterogeneous Integration for Piston-
Mirrors Using Two-Step Layer Transfer

Etched mirror
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Lapisa, M., Zimmer, F., Stemme, G., Gehner, A., & Niklaus, F. (2013). Heterogeneous 3D integration of hidden hinge micromirror

arrays consisting of two layers of monocrystalline silicon. Journal of Micromechanics and Microengineering, 23(7), 075003.
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Forsberg, Fredrik, et al. "CMOS-integrated Si/SiGe quantum-well infrared microbolometer focal plane arrays manufactured with
very large-scale heterogeneous 3-D integration." IEEE Journal of Selected Topics in Quantum Electronics 21.4 (2015): 30-40.




&8 Design of QW Si/SiGe IR Bolometer
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Forsberg, Fredrik, et al. "CMOS-integrated Si/SiGe quantum-well infrared microbolometer focal plane arrays manufactured with
very large-scale heterogeneous 3-D integration." IEEE Journal of Selected Topics in Quantum Electronics 21.4 (2015): 30-40.




Heterogeneously Integrated 17 pm pitch
QW SiGe Bolometers on Fan-Out-Wafers

Al reflector

Forsberg, Fredrik, et al. "CMOS-integrated Si/SiGe quantum-well infrared microbolometer focal plane arrays manufactured with
very large-scale heterogeneous 3-D integration." IEEE Journal of Selected Topics in Quantum Electronics 21.4 (2015): 30-40.




Functional Double-Layer 25 pm pitch IR
Bolometers on 0.35 um CMOS

Thermistor
Pixel IR

Radiation

Forsberg, Fredrik, et al. "CMOS-integrated Si/SiGe quantum-well infrared microbolometer focal plane arrays manufactured with
very large-scale heterogeneous 3-D integration." IEEE Journal of Selected Topics in Quantum Electronics 21.4 (2015): 30-40.




NEMS Switch Design

Release holes Contact
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55 nm
- 30 nm

>4 60 nm

Target / Drain -

Hingel Hinge2 Gate Drain

| ]
IBM 20.0kV 18.0mm x18.0k SE(L) 6/4/2013

(Pﬂ. Elie University of
sewrsien BRI BRISTOL



http://www.iti.uni-stuttgart.de/research/projects/ibmcas/

ay

oF T Ay,

74 Integration of NEM Switches
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actuation gap
beam /_
Goal: | L | & |

NEM switch on top of 2 metal layer
Interconnect wafer

Si

Method:

Metal anchors for
mechanical stability and
electrical connection

Low resolution E-beam




Heterogeneous Integration Process

Bonding layer

Al —\ a/_ SiO,
thermal SiO,
Si Si




Heterogeneous Integration Process

Anchor

actuation gap
beam —\ /_

Si

actuation gap
beam /_ contact material
| \ | | %

Si




Challenges

Etching of Anchor holes

- Use hard mask to etch through
different materials

- How do you know
when to stop etching?

Via hole
/_ Hard mask

(Tiw)

EHT = 3.00kV Signal A = InLens Date :18 Mar 2015 ZEISS
WD = 4.7 mm Mag= 8375 KX Time :14:38:03

PECVD SiO,

Al

PECVD SiO;
Al
thermal SiO;

EHT = 4.00 kV Signal A = InLens Date :27 Jun 2014
WD = 4.7 mm Mag = 4833 KX Time :11:33:01




Integrated Moni-Si NEM Switches

EHT = 4.00 kv
WD = 4.1 mm

Qin, T., Bleiker, S. J., Rana, S., Niklaus, F., & Pamunuwa, D. (2018). Performance Analysis of
Nanoelectromechanical Relay-Based Field-Programmable Gate Arrays. IEEE Access.




Research Topics in Group

 Heterogeneous 3D Integration for
MEMS & NEMS

* Integration and Packaging for MEMS

« Nanomanufacturing Technologies
and Graphene NEMS



Wafer-Level Vacuum Sealing Using Cold Metal Welding in
Combination with Solder Bumps
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« Au sealing ring prevents solder vaport enter cavity.
« Solder bumps provide bond strength.

Antelius, M., Stemme, G., & Niklaus, F. (2011). Small footprint wafer-level vacuum packaging using

compressible gold sealing rings. Journal of Micromechanics and Microengineering, 21(8), 085011.




Wafer-Level Vacuum Sealing: Process Flow

MsSio, WAu B sSolder MTiW/Ni/Au

/ Deflected membrane

/ Flat membrane
\

Antelius, M., Stemme, G., & Niklaus, F. (2011). Small footprint wafer-level vacuum packaging using
compressible gold sealing rings. Journal of Micromechanics and Microengineering, 21(8), 085011.




Wafer-Level Low-Temperature Vacuum
Sealing Using 8 um Wide Copper Rings
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Wafer-Level Low-Temperature Vacuum
Sealing Using Copper Sealing

' ' ' ' ' ' ' ' ' ' Gas 02G2 design 02G3 design
al i
PR Ak - i b Pressure Percent Pressure Percent
oo e e m @ g . {mbar) (%) {mbar) (90)
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s X7 s . e . CO; 11x1072 2392 0 0
8 7l B m—mm———=B =TT oo _ B
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E *____‘_ :jr_*_::_.-:_-—_— %— :_:::::f—————_ ______ ._._T_._i CHL . ] » 0 2-\: x :“:'_.1 a7 .66
5 6 z - i e _ _____&__._j:_.___;_ R § CHs* 6.7 = 10 .46 4.5 x 10 1.76
5 :—---ﬁ---_#h "‘r::-::__g _____ Y B _fff:fu AT 2.1 = ]_D_"l' 0.46 1.3 = lﬂ_-l 051
= |B o .
O 5 _ [ TR SESE :.---:-:--4‘ ::::;;:;;::-::_ + H'E ':' D IE x ].D_Q Dm
i_:'i:'_"_;i,.,'li'__?‘_ ‘i ————— e Os 0 0 0 0
. CEE §o--Poommo _—,_——.::.:.:-.@'——._—.::.:.:._———,,:__—,::,:__—:_'8 | NE‘ ] 0 i} i
HaO ] 0 [} 0
0 10 a0 a0 40 &0 60 Fi] B0 a0 100

Total 4.6 x 1072  100.00 2.6 x 102  100.00

Time (days)
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931 Wire Bonded TSVs
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>

Low-cost for low to medium TSV density
Enable high aspect ratio TSV formation
No lithography (mask-less) TSV formation
Low temperature budget approach

=N




o ———

® Tip of the Bond
I Capillary

Touchdown

AEEEE

‘.---

Bond Wire
{20 pm dia.)

Via Hole Fornation "i

[ ]

(b) (c) oold
I I

Via Hole

(30 um dia.) .

-

.| — -'-'

Via Core Integration

w ch 2
Step 1 Sllln.ll Bond

ammm®

Y mmmn

----’I




{51 Gold TSVs with Aspect Ratios > 20

Ses®

Kokt Via Insulator And TNV Contacts =
[ ] [ ]
i Via Core Insulator TSV Contacts B
. (h) .
] j: jt L]
1 [ ]
1 [ ]
1 N
“‘.- =-m m-mm -"‘

Silicon dioxide

Via gold core

Silicon
AR ‘t«.“ n*
01 10.0kV 15.5mm x800 SE 2/24/2015 17:44 50.0um f _

oS

Schréder, Stephan, et al. "Very high aspect ratio through silicon vias (TSVs) using wire bonding." Solid-State Sensors,
Actuators and Microsystems (TRANSDUCERS & EUROSENSORS XXVII), 2013 Transducers & Eurosensors XXVII:
The 17th International Conference on. IEEE, 2013.




Sealing of Liquids in MEMS Cavities
Using Cold Metal Plugging

’\_

Devite 1 | Dewce 2
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Dewce 3 l. ,J Device 4

Liquid | Liquid quuld Liquid

Image source: Antelius, Proc Transducers 2011, KTH




Sealing of Liquids in MEMS Cavities
Using Cold Metal Plugging

Wi #siop Meyrex ETWAL N Au
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EHT = 16.008 Signal A= SE2
[ wo= 6mm Mag= 143KX

Image source: Antelius, Proc Transducers 2011, KTH




Wafer-Level Vacuum Sealing Using Cold
Metal Plugging

Silicon Dioxide Gold

ﬁ=u

1. Flame Off

\‘ﬂ' 2 g

Vacuum

V VisanY VY

Atmusphere

Image source: Antelius, Proc Transducers 2011, KTH



Doto 24 Now 2040 : BMT = 1003k Sigrwd &9 952 Ditn 25 Naw 240
Toe 141198 WO = 10w Mege 184KK Twe 125032

Gas Pressure, 2 ports Pressure, 80 ports
[mbar] T [mbar] L
H:0  333x 107 56.06° 0 0
Ar 1.00 % 1073 17.17 615 % 10~% 7511
N 852 = 107% 1456 0 0
H, 525 %104 8.97 0 0
CHy 875=x107° 1.50 0 0
0, 277 %103 047 0 0
CO; 2,18 x 1075 037  2.04 x 1074 2486
He 0 0 1.80 x 10-7  0.02
Ne 0 0 0 0
C3Hg 0 0 0 0
CiHg 0 0 0 0
co 0 0 0 0
Kr 0 0 0 0
Total  5.85x 107 100,00  8.19 107*  100.00

Image source: Antelius, Proc Transducers 2011, KTH




Wire Bonded Infrared Emitter

Joule-heated suspended Kanthal filament
Integration using an automated wire bonding tool
Mechanical fixation and placement by

— Attachment structures for free air ball & wire

— Guiding posts

Schrdder, Stephan, et al. "Fabrication of an infrared emitter using a generic integration platform
based on wire bonding." Journal of Micromechanics and Microengineering 26.11 (2016): 115010.




3.Filament placement



Fabrication of High-Aspect Ratio TSVs
by Magnetic Assembly of Metal Studs

Via
Formation

Via Filling by
Magnetic Assembly

mﬂﬂﬂ& [, T

«m—————

Via
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] . Mickel . Aluminum . Magnet
()

Image source: Fischer, Proc MEMS 2011, KTH
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o1 High-Aspect Ratio Nickel TSVs
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Image source: Fischer, Proc MEMS 2011, KTH




Robotic Magnetic Self-assembly of TSVs

Image source: Fischer, Proc MEMS 2011, KTH



s

Fy,

241 Magnetic Self-assembly for Stretchable Microneedle Patches

(a) (b)
Microneedle —’v
Substrate v

Bt

Flipped magne

.
\/ Magnet

Movement

(c) (d)
Force direction
Metal plate

Rajabi, M., Roxhed, N., Shafagh, R. Z., Haraldson, T., Fischer, A. C., van der Wijngaart, W., ... & Niklaus, F. (2016). Flexible and stretchable
microneedle patches with integrated rigid stainless steel microneedles for transdermal biointerfacing. PloS one, 11(12), e0166330.




Magnetic Self-assembly for Stretchable Microneedle Patches

Combination of :

Stretchable and flexible substrate for comfort; and
Sharp and stiff needles for reliable penetration

Rajabi, M., Roxhed, N., Shafagh, R. Z., Haraldson, T., Fischer, A. C., van der Wijngaart, W & Niklaus, F. (2016). Flexible and stretchable
microneedle patches with integrated rigid stainless steel microneedles for transdermal biointerfacing. PloS one, 11(12), e0166330.




Research Topics in Group

« Nanomanufacturing Technologies
and Graphene NEMS

Schematic of Pressure Sensor




Nanogap Electrodes

Electronic interface Photonic interface

“Dram ™ %
'4‘ électrode
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Mechanical interface

Fixed or free-passing
nano-object

Nanogap electronics:
Require sub-3 nm wide gaps between electrodes !

Major problem: Extremely difficult to realize




Scalable Fabrication of Crack-Defined Nanogap
Electrodes

Before release-etching
idge

Electrode P

» Control of gap size: 1-100 nm

» Realization of tunneling junctions

» Massively parallel fabrication

After release-etching

Valentin Dubois, Frank Niklaus, and Géran Stemme. "Crack-Defined Electronic Nanogaps." Adv. Mater. (2016).




Control of Gap Size

1 um in electrode bridge length 4= 3.1 nm in nanogap width

L
3 w E
: = : w=gxL
70 F
E L £=3.1 nm.um’
=
e
§ 40
3
Y
©
G
10
1 1 1 1 1
0 5 10 15 20 25

Bridge length L (um)

Valentin Dubois, Frank Niklaus, and Géran Stemme. "Crack-Defined Electronic Nanogaps." Adv. Mater. (2016).




Nanogap Tunneling Junctions

Electron guantum tunneling occurs with sub-3 nm nanogaps

; | ' I L I ! I ; I E
g~ —— Experimental h
10 E —— Simmons E
2 10F : :
= - Demonstration of quantum tunneling
ST in crack-defined nanogap electrodes
S 10 down to sub-1 nm in titanium nitride
oE (TiN) and gold (Au)
I PR B ST

0.0 0.5 1.0 15 2.0
Voltage (V)

Valentin Dubois, Frank Niklaus, and Géran Stemme. "Crack-Defined Electronic Nanogaps." Adv. Mater. (2016).




e e
Density up to 7,000,000 junctions per cm?

Compatible with wafer-scale processes

and CMQOS integration

it =1 crack formation event




Graphene-Based NEMS: Pressure Sensing

.

Wire Bond Cavity Covered

Pads <: , with Graphene
Membrane

Silicon

Schematic of Pressure Sensor

Smith, A. D., Niklaus, F., Paussa, A., Vaziri, S., Fischer, A. C., Sterner, M & Ostling, M. (2013).

Electromechanical piezoresistive sensing in suspended graphene membranes. Nano letters, 13(7), 3237-3242.
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5] Graphene-Integration in NEMS

Yoeat®

_— PMMA or PC

Graphene
¥~ Copper Cavity
Backside

Graphene b)
Removal

Graphene

0, Plasma Etch

Smith, A. D., Niklaus, F., Paussa, A., Vaziri, S., Fischer, A. C., Sterner, M., ... & Ostling, M. (2013).

Electromechanical piezoresistive sensing in suspended graphene membranes. Nano letters, 13(7), 3237-3242.




Graphene-NEMS Pressure Sensing

a) i
-0.16
9 -0.18
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Pressure (bar)
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Smith, A. D., Niklaus, F., Paussa, A., Vaziri, S., Fischer, A. C., Sterner, M & Ostling, M. (2013).

Electromechanical piezoresistive sensing in suspended graphene membranes. Nano letters, 13(7), 3237-3242.




Graphene-NEMS Pressure Sensing

Deflection: 202 nm

x10"

N

.
A

Deflection (m)

o

2
. 0 .
Position (m) 2 ~ x10 -
Position (m)

Smith, A. D., Niklaus, F., Paussa, A., Vaziri, S., Fischer, A. C., Sterner, M & Ostling, M. (2013).

Electromechanical piezoresistive sensing in suspended graphene membranes. Nano letters, 13(7), 3237-3242.




Summary

« Heterogeneous 3D integration platform for micro-mirrors,

IR bolometers and NEMS relays.

« Wafer-level vacuum packaging, and wire bonding and magnetic

assembly for wire integration in MEMS.

 Graphene NEMS pressure sensors and nanofabrication

technologies for tunnelling junctions.
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281 3D Printing Process for Si Nano Devices
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Ses®

Step 1: Implantation Step 2: Silicon Epitaxy Step 3: Implantation Step 4: Free etch
e Y 7 S : 2 N\
Alignment & Alignment &
inspection inspection
KOH
Repeat wet etching
steps 2 & 3
5
\ 3
(1]
A\ J
CvD Final 3D structure

Silicon epitaxy

4 )

L .

O=2NW:-3

A.C. Fischer et al., Advanced Functional Materials, 2012.




EHT = 8.00 kV Signal A = SE2 Date :11 Jul 2011 ’ EHT = 8.00 kv Signal A = SE2 Date :11 Jul 2011
WD= 13mm Mag= 6.33KX Time :15:23:13 | I WD= 13mm Mag = 2522 K X Time :15:24:14

A.C. Fischer et al., Advanced Functional Materials, 2012
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Resolution Limits of 3D Si Printed Nano-Structures

e Line-width resolution of
33 nm demonstrated.

 Line-width resolution of
20 nm with FIB writing,
reported in literature.

 Layer thickness on the
order of 35-70 nm.

5.00kV|0.40nA |51 mm|75000x|1.71 pm|0 °| SE

A.C. Fischer et al., Advanced Functional Materials, 2012




