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What is a MEMS Resonator?
Scaling Guitar Strings
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Piezoelectric MEMS Resonators

1 Piezoelectric Actuation |

Applied electrical field

&

Internal generation of
a mechanical force

Complex
Fabrication

B. Harrington, M. Shahmohammadi, and R. Abdolvand, “Toward Ultimate Performance in
GHz MEMS Resonators: Low Impedance and High Q,” IEEE MEMS 2010

Finite Element Modal Analysis of
a Piezo-Electric Resonator




Electrostatic MEMS Resonators
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Pourkamali et al “Low-Impedance VHF and UHF Capacitive Silicon Bulk Acoustic
Wave Resonators-Part I: Concept, IEEE transaction on electron devices
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Micro-Resonator Transduction

O Common Micro-Resonator Transduction
Mechanisms:

1oeden

onn

Piezoelectric

Capacitive Silicon Bulk Acoustic 1GHz AIN on Silicon Piezoelectric
Wave Resonator?! Resonator?

1S. Pourkamali, Z Hao, and F Ayazi, VHF Single Crystal Silicon Capacitive Elliptic Bulk-Mode Disk Resonators—Part I:
Implementation and Characterization, JMEMS 2004.

2B. Harrington, M. Shahmohammadi, and R. Abdolvand, “Toward Ultimate Performance in GHz MEMS Resonators: Low
Impedance and High Q,” IEEE MEMS 2010
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Thermal Actuation with
Piezo-Resistive Readout

O Thermal actuation:

AL = ol AT

1 Piezoresistive Effect:

fAR = R7Z'|5|
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Thermally Actuated Resonators

 Advantages
» Simplicity of fabrication
» Large actuation force
» Low operating voltage

» Robustness

4 Disadvantage 4
» Power consumption
» Speed?
Usually known as slow actuators suitable for DC or very
low-frequency applications
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Thermal Time Response

Time=0

foct = 6.5kHz
Urhermal = 100"‘5 — -f thermal = 10kHz
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Thermal Time Response

Time=0 Max: 273,197

f,.. = 650kHz
Urhermal = 100"15 — -f thermal = 10kHz
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Thermal Time Response

Time=0 Max: 273,153

foct = 65MHz
Urhermal = 100"‘5 — -f thermal = 10kHz
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Scaling Behavior of Thermal

Actuation
< - > XL
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Mechanical Time constant oC fm'l oc X

Thermal time constant shrinks faster than
mechanical time constant
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Fabrication Process
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Measurement Results: 61MHz I2'BAR
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Measurement Results

d Thermal-Piezoresistive Transduction
Coefficient:

K = —=m
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Resonator Operation

Input Output
T
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\oltage = Force Current = Velocity
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Resonator Electrical Model

Overall Ve Tac

Equivalent  jpput Output
Electrical Circuit
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Measurement and Simulation Results

Measured/Assumed
Calculated Parameters
Scale Parameters
Factor|Current] Q. |Freq.| g, |Power| R, Om P((l)lv\yv?r ‘
mA) [Factor|(MHz mS mwW Q mS
(MA) (MH2)| (mS) [ (mW) | (@) | (MS) | & “2i'ms)
60 [14000|61.64|/16.5\ 18.0 |2.34|/17.3\ 1041
1X 100 [12000|60.85|f 62.3 50.0 | 2.34 { 42.8 1169
60 7500 | 61.65 |\ 9.76 18.0 | 2.34 |\ 9.26 1945
100 | 7700 | 61.11 [\37.5/ 50.0 |2.34|\27.1 1845
= data obtained under Mspheric pressure\-/

Max: 2315

7

10um
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Resonator Optimization
S
T
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Scaling a Resonator:
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Vibration Direction

Optimizing at constant frequency:
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Low Power Devices

30 45
Q=9,200 (Air) o s
loc =2.69 MA
°¢ 250 - 065
9., =233 S ©

-60 - 75
Poc = 14.72 mW

-70 ' -85
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dB
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Frequency (MHz)

-86

-88

30.515 30.519 30.523

Frequency (MHz)

Q =24,400 (Vac.)
loe =720 pA

d, = 43.6 uS
Py = 1.01 mW

Q =35,900 (Vac.)

loe =43 PA

g,, = 0.207 pS

Poe = 3.63 pW




Measurement and Simulation Results

Jd,,= ImA/N
Freq. MHz) FM P (LW)

61.6 0.686 1041
900 7.87 90.7
905.7 136 5.25
2100 18.5 38.6
2113 306 2.33

For all the calculations the bulk piezoresistive
coefficient of silicon was used!
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Micro-Resonator Transduction

O Common Micro-Resonator Transduction
Mechanisms:

«gacitive Silicon Bulk Acoustic 1GHz AIN on Silicon Piezoelectric
Wave Resonator? Resonator?

1S. Pourkamali, Z Hao, and F Ayazi, VHF Single Crystal Silicon Capacitive Elliptic Bulk-Mode Disk Resonators—Part I:
Implementation and Characterization, IMEMS 2004.

2B. Harrington, M. Shahmohammadi, and R. Abdolvand, “Toward Ultimate Performance in GHz MEMS Resonators: Low
Impedance and High Q,” IEEE MEMS 2010
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Zero Bias Operation Via Internal
Electromechanical Mixing

Network Analyzer

W Aetanen QS iote

Power Supply

-

Conventional Operation (DC+AC)
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Zero Bias Operation Via Internal
Electromechanical Mixing

Operation with DC Bias

Vic +Vac(f X m(fo)
TOC(Vd +V )2
-.—.i—.—.—» lge +1 Q_._T_._ﬁ.
fo  2f, f0 21, f0 o aC(dC lac) | fo  2f,

Operation without DC Bias

“ 1L

fO 3f0 fo 2f, fo 2f,
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Zero Bias Operation Via Internal
Electromechanical Mixing

Operation with DC Bias

5.46 -

5.48 _V—_
m -5.5 - —0.412mA
c ——0.689mA
£ -5.52 - ——0.966 MA
0 -5.54 —1.243mA
g 1.518 mA
G -5.56 - 1.797 mA
® 2.070 mA
= -5.58 2.487 mA
5.6 - —2.764 mA
—3.317mA

-5.62 .

3.466  3.468 3.47 3472 3474
Frequency (MHz)
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Applications (Mass Sensing)

1 |k Af Am
f — ‘ 20 A
271\/; f

2m

A Af
>

B

Vibration

JU\L

( Mechanical resonators vibrate more slowly (at lower frequencies) if they
become heavier
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Airborne Micro/Nanoscale Particles

Q Air-borne particle concentration and Size|
distribution measurement and monitoring |
O Importance

» Human health
» Climate change

> Controlled Environments

Particles bigger than 10 micrometers
are cought in the nose and throat

Particies  the size of 1 micrometer
can penetrate deep into the lungs
and even directly into the blocod steam.
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Measurement Setup

Particle
Generator

Vacuum Fqueny
Pump Counter
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Weighing Air-Borne Particle

U Deposited mass in 10s
Intervals = 1-5 ng

U Particle mass density in lab air
=14.2 pg/m?3

Frequency (MHz)
=
\l
©
D

0 40 80 120 160
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Single Particle Detection

4 Shift in frequency quantized, multiples of
J Some intervals shift is double
1 One interval no shift

7 partic
~900Hz shift per particle I v
20.587 )
20.586 1:)/art|cle detected
20.585 -
20.584 /2 particle detected
. 1 particle detected
20.583 AN /

\ 1 particle detected
20.582 N~
20.581
2 particles detected ‘\
7 particles detected overall \
I I

Frequency (MHz)

20.58
20.579

0 5 10 15 20 25 30

. . 10pm
Time (min)

SEM of the resonator after deposition
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Particle Mass Distribution Analysis
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Inertial Aerosol Impactor

Jet directed onto Plate with one or multiple
impaction substrate micro-orifices (nozzles)
Microscale

Resonators Nozzle

Impaction

substrate Airborne
S I particles
Trajectory of impacted / ‘l \ Trajectory of particle
particle Partial Vacuum too small toimpact
Air flow lr
\\ Impaction
Substrate

Vacuum Pump

']b E NVER 31 Impactor

Il SENSORS 2013
Plleetioas .




Fully MEMS Cascade Impactor

Largest, Least Incoming Air Flow

Sensitive Oscillators
—\ —
[

More Sensitive Nozzle

Oscillators ‘_/@
Weight: 12kg (261b) —&\:@ — @ —
Diameter: 220mm : - : :
Height: 560mm 5 Plug-in . -
Power: 1.5kW " Electrical ! Smallest, !
S 13 » Connectors . Most .
tages: - = Sensitive =
Flow Rate: 30L/min o = Oscillators =
Real time Monitoring: NO B g g

4 EEEN HEBE

Model 122 =~ Electrical bus to the
30 L/min 13 Stage MOUDI-II measurementand @
processing circuitry T
0 vacuum pump
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Impactor Fabrication

deedll il
femtoScale




Assembly Procedure

Bolts for
holding pieces

Hh;

Impactor
outlet
Mbiiogiss:




Alignment Technique

Hole for bolt

1 Alignment is perl’orm
edges of “the" resonator-chip.

) IS Stp o | 35




Combined Resonator/Impactor
System Assembly

Resonator
Chip

Lower
Chamber of
impactor

impactor

Nozzle

Top Part of

Impactor

outlet
bl

Hole for bolt
# <3
s\

Holes for

inspection of
aligning

Vacuum pump

connection

Bolts for
holding pieces

Impactor no
(0.2mm)
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Test Results

2.8675 . i | |
-0.5 kHz/min [ | [ [
| | | Laboratory | Gowning Room Area of
2.8665 | | | 0.160ug/m?3 | Cleanroom
| | | | 0.040pg/m3
o | I I I
= 2.8655 | | | |
I
g;- ! 0.027 kHz/min | o0 ] |
o - KH i
£ 2.8645 ! : ¢/min : -0.2 kHz/min :
= [ ¥V V.
o I e e "."‘-':-’G**.: QI I I
e I o I
> 2.8635 | : | |
Laboratory : Cleanroom I Air Purifier : l -0.05 kHz/min
2.8625 0.402y1g/m? | 0.024yg/m? : 0.03ug/m* | '
2.8615 ' | | |
0 5 10 15 20 25 30
Time (min)
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Biosensing: Microarray Technology

Prepare DNA probe Prepare microarray

Untreated
control Irradiated

A A
™ X,
~N TN

‘ Label with l
flourescent dyes

~
- A 2
/X/\" ~o

Combine
equal
amounts

Hybridize ‘
probe to x
microarray —* Scan *

) G - -3

B2 fragmeat hybridizes with DA oa GeaeChip)
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Biomolecular Mass Sensing

40um

40um

) IS Hipoaess
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0
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Freque M)
m |

AntiBody
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Surface

Linking Synthetic Scheme

3-Glycidoxypropyltrimethoxysilane

OCHj

0 | _OCH,4
Q\/O\/\/S'\OCH3

1

silicon oxide surface
activated with HNO4

OH OH OH
Si. __Si. __Si
$7 1707 07T

]

i-ProNEt, xylene
80°C

Biosensor Design:
R—NH,

= amino-terminated ssDNA,
protein or antibody lysine residue, or
artificial receptor / sensor molecule
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Q
(CH2)3

/\\

SSS
7070

2 - activated
surface

*

Frequency
Measurement 1

40

addition of 4.5 x 1022 g
mass for each reaction
with octadecylamine

octadecylamine
R—NH,

—_—

Ethanol
room temperature

18 h

l. - I
Tty

3 - surface with
increased tethered
mass

@

Frequency
Measurement 2
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Single Molecular Layer Detection

===Functionalized
#-0Octadecylamin Attachment

30.457000 K
% 30.452000 .\
- A
3 30.447000
=
& 30.442000
L

A
30.437000 \‘\<
A
30.432000
5.0000 5.5000 6.0000 6.5000 7.0000
Current(mA)

Ly, Ly, Wy, f1(MHz) f2(MHz)

W..W; (jun) Functionalized | Octadecylamine .ﬁj;(I\-Iz) .ﬁ_f(,p-p\m)
23.36.33.4.2 30.437427 30.434413 3014 99
23.36.33.4.2 29.891373 29.888322 3051 100
23.36.33.--. 2 23.809419 23.805919 3400 140
23.36.33.--. 2 27.001593 26.998914 2679 99




Resonator Surface Coverage

1 Based on the frequency shift, device mass and
frequency

Af_ Qmy —1
= =-2 E) Am=1pg

d Considering the theoretical maximum possible
added massin 1 nm? = 4x107° pg

§ Dangling Bonds in every silicon
crystal for Surface Linking

‘ Surface Coverage = 6.9%
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Resonator Surface Coverage

Dangling Bonds/3 = Epoxides

3

(\/” \/®

: Epoxide The Maximum Possible

/'|\ Number of

0 o 70 Octadecylamine in

1 nm?2 = 8.8 Molecules

The Theoretical Added Mass in
1 nm? = 4x107° pg
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-

Surface X-ray Photoelectron
Spectroscopy (XPS) Analysis

x 10 8i02 Control
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Direct in-Liquid Measurement

O Viscous damping from surrounding liquid significantly suppresses
mechanical resonance and lowers quality factor (Q)

0 High Q is needed for accurate frequency measurement and
effective resonator transduction

A

{\ High Q

Vibration Amplitude

i >

fo Frequency
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Direct in Liquid Measurement:
Out-of-Plane Microcantilever

smsld 27615685
ry: Total displacement [m] Deformation: Dis

Qs up to 23 Stroking
Against
- “liquid

ﬂiding Parallelto )

YLiquid Interface
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Direct in Liquid Measurement: In-
Plane Mlcrocantllever

|d( =2 9e6 Max: 3.316
d ry: Total disy placement [m] Deformation: Displacement

Q up to 67

Sliding Parallel to
Liquid Interface

Stroking
Against
L Liquid

L.A. Beardslee et. al. ,Solid-State Sens.,Actuator Microsyst. Workshop, Hilton Head Island, Jun. 2010, pp. 23-26.
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Quasi-Rotational Dual-Half-Disk

eigfreq_smsld{5)=6.240789e5 Max: 4.12
Boundary: Total displacement [m] Deformation: Displacement

Q up to 94

Sliding Parallel to

o Q246

Liquid

J. H. Seo and O. Brand, JMEMS 2008, Vol. 17, issue 2, pp. 483-493.
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Our Approach: Rotational Mode Dis

=
eigfreq_smsld{6)=1.061893e7 Max: 3.050  Mae 3.058
Boundary: Total displacement [m] Edge: Totd displacement [m] Deformation: Displacemer

3 3
25 25
|2 r 7z
r qis r qis
1 1
05 05
1] 1]




Resonator Operation

Time=1e-7 Maq: 273.15

Boundary: Temperature [K]

273.15

273.15

273,15

1273.15

P 273,15

273.15

273.15

273.15
Min; 273.15
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Measurement Results

U Record high quality factor of 304 measured
in liquid

U Potential for direct sensing of biomolecules
In biological samples

Q,,=1700
I,=13.87 mA

-45 AN
QHeptane=304 / \ \
I,=20.42 mA

-65 /

-75 | I

5.35 5.45 5.55

-Gm (dB)

Frequency (MHz)
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Different Disk Resonator Topologies

fiiep = 5.46MHz -
@, =1700
@, = 304

)

fiyep = 7.58MHz
Qair = 15,000
Qpyep = 150

fiiep = 9.35MHz
Qair = 7,800
Quons 148
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Resonators Encapsulated in Micro-
Fluidic Channels

Water

Buffer

Avidin

Buffer

Buffer PLL-FEG + PLL-FEG-BIOTIN

Water

2635

3.63

2625
3.62
2.615
5.61
5.605

{z11147) fouonbaay

2.6
3.595

n )
Buffer

Buffer Waler

Avidin

FLL-FEG

Buffer

Walter

4.51

ol
=

4.505
4,495
4

(z11w) fouonbaay

4.485

448

90 120 150

Time (Min)
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Liquid Viscosity Monitoring

O Piezoelectric Rotational Mode
Disk Resonators as viscosity

mon

itors

90+

Frequency Responce (dB)

-O5+

//\\

= Methyl Alcohol

s Ethyl Alcohol
mmm= Allyl Alcohol
= |sopropyl Alcohol

= Butyl Alcohol
r r

-10Q
3.4

r r
3.6 3.8
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r r
4 4.2 4.4 4.6 4.8
Frequency (Hz) x 10°

54

Prof. Abdolvand Group, Oklahoma State University

4.06

Frequency (MHz)

4.04+

4.02r

Seanitivity:
30kHz/cP




Experiments and Results

 Direct detection of MCH molecules in liquid media
(JMCH interact easily with Au through the sulfur atom

Mercapto-Hexanol (MCH)

/
SHCH2(CHz)4CH20H|

P e L
f

N\

Blank Gold surface 4

) IS Stp s | 55




Piezoelectric Disk Resonators for
Direct Molecular Sensing

] Rotational mode disk resonators are demonstrated as direct
real-time bio-molecule monitors

J Exposure to 1.0 mM MCH in
aqueous solution

OH
s: MCH Molecule
S

(] Saturation is reached after 1hr

2.362

I
w
[=3]

it
L
n
o

2.356

2.354

Resonance Frequency (MHz)

2.352

2.35 -

o 20 40 &0
Time (min)
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Experiments and Results

DNA Detection Mechanism

(11) Exposure to 1.0 mM Mercapto-Hexanol in aqueous solution
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Experiments and Results

DNA Detection Mechanism

4 1
i
'/
| |
— >
Blank gold surface
(I) Treatment with HS-ssDNA (2.0 uM/1.0 M KH,PO,, PH 4.2)
(11) Exposure to 1.0 mM Mercapto-Hexanol in aqueous solution
[I11) Hybridization with Complementary DNA Solution (1.0 uM/1.0 | aCl Tris-HCI

1.0 mM EDIA)
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Experiments and Results

DNA Detection Mechanism

A 1 ! 1
AV
i d < o i
| g4
| ; /
= ¥ W >
Blank gold surface
(I) Treatment with HS-sSDNA ( uM/1.0 M KH,PO,, PH 4.2)
(1) Exposure to 1.0 mM Mercapto Hexanol in agueous solution
{111) Hybridization with Complementary DNA Solution (1.0 uM/1.0 | Cl Tris-HCI

1.0 mM EDIA)
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Experiments and Results

DNA Detection Mechanism

3H IH OH

L §
_/ .

Blank gold surface

[I) Treatment with HS-ssDNA (2.0 uM/1.0 M KH,PO,, PH 4.2)

(11) Exposure to 1.0 mM Mercapto Hexanol in aqueous solution

(IIl) Hybridization with Complementary DNA Solution (1.0 uM/1.0 M NaCl Tris-HCl
1.0 mM EDTA)
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DNA Detection Results

Blank Gold Surface

OH OH

£ g

S S

OH OH OH OH

%s (III) %%%
<=

S S

Thiol-terminated DNA \

Entry

Sequence (65 mer DNA molecules\

1)

5’-(HS-Cy)-CA GGA GTG TCA G
CCA ATA TTC TCC TAG CCT GCA
CAG ACA GTC GTG CTC TAC TAT
GAC AAG GTT-3

@)

3’-AAC CTT GTC ATA GTA GAG CAC
GAC TGT CTG TGC AGG CTA GGA
GAA TAT TGG CGT TGA CAC TC
TG-5

Complementary DNA /

) IS Stp s |

Frequerjcy Response [dB)

Fi

-70

Uz

=== QOriginal frequency response
=== |mmobilization of thiol-terminated
NA molecules

-6b

e -
— el e e
1]
o
=
7]

-71 T T T T 1

Frequency [MHz)




Gas Sensing: Detection of Volatile
Organic Compounds

 Sensors capable of organic compounds detection in gas
phase have numerous applications in oil and gas industry

w' T8 U Rapid estimation of oil content § =S g&8& " :
T'm' of ol sand samples and early /J |
5)

detection of hazardous leaks j :
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1 Costly and time consuming
process of using off-site
laboratory analysis avoided




Detection of Gasoline Vapor

4 Thin polymer coating to absorb
organic vapors

15.57 ——Idc=2mA
15.56 Idc=2.3mA
E 15.55 I e /-_A‘_Idc=94mA
2 1554 ) ~— —\ —
e\ I\ .
4 g 15.5 \"'--Jl | ~—J] | ~—J|
S 1552 | — |
4 J \ J \ !
2 1551 \ |
I -
15.49 \J I \|j T \_|J |

0 100 200 300 400 500 600
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Disaster Survivor Detection!

Resonator with poly-ethyleneimine
(PEI) Coating

Air Flow Out

Terminator-Bot Search
and Rescue Robot

Prof. Richard Voyles | ;
University of Denver Y =« An?
¥ ik ' A .
g I
Ig 4.72
¢ ) Remove Photo-Resist, HF release l p \NJ 5
4,719
:l D |:| |: 4,718 T T T T 1
0 50 100 150 200 250 300 350 400

d ) Adding drops of Polyethyleneimine +
Time (sec)

HEPES solution, Spinning, Hard Bake
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Oscillator vs. Resonator

o
_-(_
—{

g
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Oscillation Requirement

4 Piezoelectric and
Electrostatic MEMS
Resonators (External
Amplification)

Chengjie Zuo; Van der Spiegel, J.; Piazza, G.; , "1.5-GHz CMOS voltage-controlled oscillator based on thickness-field-excited
o oaloctri

AIN contour-mode MEMS resonators," Custom Integrated Circuits Conference (CICC), 2010 IEEE , vol., no.,
pt. 2010 66 hdiad] SENSORS 2013
. S




Positive Feedback Loop for

Oscillation

O Thermal- Piezoresistive Resonators (Internal

Amplification)

— P —e
/
-~

Motional Conductance (gm)
AlZ,

O =40E”

N-Type Si 90
[170] [110]
135 45
7:,(&
Ktran
‘ 40 ’
[OTO] k A x 10"Pa™’ [010]
0 40 7 2 25 — 0

45

135
nlong

-140
90
orientation

‘ ian, W.-T. Park, J.R. Mallon, A.J. Rastegar, B.L. Pruitt, “Review: Semiconductor piezoresistance for
']BEN”\/‘E‘” s”, Proceedings of the IEEE, vol. 97, no. 33Bp. 513-552, March. 2009. "'fEE m




Thermal-Piezoresistive Oscillation
Concept




Thermal-Piezoresistive Oscillation
Concept

Heating/Expansion
Half Cycle

Cooling/Contraction
Half Cycle

.
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Previous Work from NXP SC

, de | Nanobea
'——& o= ‘——
|

Spring beam

26
:nt [m] Deformation: Displacement

1.26MHz (Vacuum) 1,.=1.20 mA
V.= 54mV P,.= 1.19mW

Min: 0

K. L. Phan, P. G. Steeneken, M. J. Goossens, G. E.J. Koops, G. J.A.M. Verheijden and J.T.M.v. Beek, "Spontaneous mechanical
i MC driven single crystal, "to be published, http:/?6xiv.org/abs/0904.3748 (2009). P SORS 2015




Fabricated Thermal-Piezoresistive
Resonator

elgfreq_smsld(6)=4.31135826 Max: 2.10
Boundary: Total displacement [m] Deformation: Displacemert

x1e3
18
- T
16
2.85
elgfreq_smskd(6)=4.31135826 Maxi 2,10
Boundary: Total displacement [m] Deformation: Displacement
29 xied
18
16
2,95
14
o A 12
3
L E
-0.0232 -0.0231 -0.0231
1
L" 08
06
04
02
v i/
0
Min: 0
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Oscillation Results

Freq.= 4.5MHz (Air) l4c= 3.5MA
V,,=400mV P=23.2mW
.]BEN““\'/‘E‘ii 72




Oscillation Results

Freq.= 3.54MHz (Vacuum) 1,.= 1.2mA
V= 138mV P=2.34mW
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Higher Frequency Oscillation

4 Higher oscillation frequency

Q Lower fabrication induced ‘Awide bar‘

frequency variation
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Oscillation Results

f=36.16MHz, V,, = 64mV
lojas = 7.944MA, R, = 88002

1MQ By:500M | [~ Lo WEELY ns/div 10.0GS/s 100ps/pt
Gount Info

RL:2.0k

f=17.3MHz, V,, = 45mV
las = 11.93MA, Rpe, = 882

| aE® 10.0mvidiv 1MQ §y:500M | (He® -1.2mv 20.0ns/div 10.0GS/s 100psipt
- u Sample
RL:2.0k

Value  Mea Min  Max  SiDev  Count Info
@B rroq  [i7amne [i7aze00sm [iezim  [iA116 [ioesx  Jposax | ]
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Nonlinear Flexures In Thin Actuators

Flexural Extensional
o M o) d e M o) d e e omcamart 1) Gfomation: Dislacement Mac 241

+

Maximum Maximum
Elongation Compression
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Self-Oscillating Sensor Measurement
Results

2.65508 0 particles

4.694 g ::::: \4_\/ 2 particles

. E A.BE3L 1 particle
4.692 % 468538 |
4.69 4:53532 \_\
4.688 Hh‘u 612 64 516 BLE 62 622 624 626 628

Time {min}

4.686
4.684
4.682 \\
4.68 R
4.678

0 10 20 30 40 50 &0 70 80 90 100 110

Time (min)
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Response to Different Gases

6000

4000 -

2000

-2000

-4000

-6000

Frequency Shift{ppm)

-3000

-10000

-12000

230 Gas Density
\ 4 (gas damping ‘C ’)
/ - 200
. ]
0 0.5 E
2 Frequency
= o
/ - 100 £
/ Vp-p /Vibration Amplitude
-10937.2_H +L1D—3I.443?65M Hz-Power 22.3mWV Y
./ —o—L10-Vpp N
o Opposite trend of fvs. c !!!

Density of the Ambient Gas(kg/m?)

Why?

Measure the frequency shift of TPO in different gases

"Gas sensing using thermally actuated dual plate resonators and self-sustained oscillators," Xiaobo Guo, A. Rahafrooz, Yun-bo Yi and S.

Pourkamali, 2012 |IEEE International Frequency Control Symposium (IFCS 2012).
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Measurement Result (TPR)

Frequency Shift (ppm)

80

60

40

20

3.48

—&— Frequency shift (measured)

—@— Frequency Shift (calculated)
—a— Damping Coefficient - 3.476
/ - 3.472
- 3.468

/
/ - 3.464
3.46
40 50 60 70 80 90

Air Pressure(kPa)

Damping Coefficient (104)

® Frequency 3.465MHz with power consumption of 0.44mW and a 0.21mA DC

® Opposite frequency shift to the TPO under the same pressure change

® Af 42ppm, changing the ambient air pressure from 84kPa to 43kPa, about 50X smaller

® The damping coefficient in different ambient air pressure is calculated from Eq.(3). They are used to
calculate the frequency shift of the TPR.
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Pressure Sensing

0 ] , . . — 230
40 50 60 70 /' 90
-500 210

=
o
— -1000 190 =2
p= =
< o
> -1500 170 o
> >
c
g /
o -2000 120
v / —— Frequency Shift
L —— Peakto Peak Voltage

-2500 13

Air Pressure (kPa)
® Frequency 3.456MHz with power consumption 9.10mW

® Higher ambient air pressure, higher damping, lower vibration amplitude (Vp-p) with
higher k and higher frequency

® Af -2300ppm, changing the ambient air pressure from 84kPa to 43kPa
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Trans-Conductance Electrical Model

v Xth lac

Output

ac

Input

Overall Equivalent Electrical Circuit at resonance

0= — agE Al
ey __ v, @ KLC, @,

I"IT
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Oscillation Condition in Thermal
Resonators

RA
AN/ 2 AI§
gm =4cok 7Z'|Q ¢

DA / —— KLCth Dm

Motional Conductance (gm)

4oE % QA

Om+Ra <0 BE) —g Ry >1 mHp Py >-

»Pd _ KLCtha)m
M 40E?|m QA

) IS Stp s | 82




Oscillator Optimization

Scaling a Resonator: | A g3 52
A
- LM
oM L/
t

212
:\mgqé LA

> _
4ok ‘7Z'| ‘QA 5 S: scaling ratio

I:)dCMin

Optimizing at Constant Frequency:

PdCMin oC LA
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Internal Thermal-Piezoresistive
Feedback

VDC .
. |
VIn out
Electrical Domain I
esance || Senoen
5 . AC 7’
:S " ‘& Input & Active PiezoTesistive
eating POWGT/ Power Effect
Heat
Loss v
/ Displacement
Temperature

Resonance

Thermal Mechanical
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Self-Q-Enhancement

-18
-28
-38 \ § E’ E f ‘f‘ z
48 \YYV e Ipc=6.009mA
\ /V lpc=6.102mA
% -58 I \\
lpc=6.152mA
.68 \ DC
-88
_ =2,100,000
& 1bc=6.200mA Ino26.200mA
-98 . . 10000 ) Q=32,300
18.115 18.125 18.135 18.14 _ I,-=6.183mA
Frequency (MHz) g [@=12,300
< 1000 =6
m —
0000 @ I,c=6.152mA
= g Q=5,200
x I,c=6.102mA
< T 100 A Lo 2250
g 1000 Q. Q=2,000
§ £ Ipc=6.009mA
100 \
181224  18.1226 \18.1228 ]
Fregquency (MHz) 1
I I

18.115 18.125 18.135 18.145
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Self-Q-Amplification

4 Internal self-amplification can
also be used for resonator Q-

amplification
100000
Q=2,100,000
I,c=6.200mA
10000 - /{Q=32,300
5 I,c=6.183mA
x [@=12,300
@ 1000 Ec=6.152mA
s l Q=5,200
E_ 100 / / | oc=6.102mA
g / a2
1 I I

18.115 18.125 18.135 18.145
Frequency (MHz)




Magnetically Driven Resonator with
Internal Amplification

J DC| lout
Electrical Domain ¢

Rasistive | €hange in Resistance

Heating Active Piezefesistive
Effect
Heat Power
Loss

Temperature || |Displacement

%'z@* Resonance
% 22
.
"/ S5
9 | \O S

%
%
2
3
%
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Lorentz Force Magnetometer with
Internal Amplification

M Internal Amplification increases vibration 20 - —
amplitude for the same input force =30 1 —20mA
leading to a more sensitive sensor 3.40 IWAYAYA 2ieun

U Sensitivity per bias current increases %'50 . '_’_‘m
proportionally with the amplified Q s :Z \ Bt

Original Q: 1136 66 mA
80 ' : .
Resonant 2.549 2.559 2.569 2.579
Plates Frequency (MHz)
-26
g -36 -
T 46 -
Gold Wirep. %_56 |
iezore <
R T TR 76 - . ;
e N e 2.547 2.552 2.557

Frequency (MHz)
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Lorentz Force Magnetometer with
Internal Amplification

[ Up to 15X improvement in sensitivity 100 - JoL5mv/T [T
. 90 - ”
per bias current demonstrated 5 801 N —20ma
. . E | i 28 mA
O This can potentially be orders of e 8450 my/T e
ma nitUde ._E 50 4 58.231mV/T ‘ 4
g s | 37.27mV/T\ AooA
‘é by 20.69 mV/T :
3 20 {3. : S .
1.8 - 10 4 & el &
c @229) ——13mA i .
= 1.6 - ~15X 3.030/T — OWA 0 01 02 03 04 05
o 1.4 - Magnetic Field (Tesla)
= 2.
= i Improvement 234 Q/T 28 mA
O 1. 1.92Q/T 34 mA
'E 3 1.50Q/T DA
[=2]
@ 0.8
oo
‘_¢°9 0.6
=04
202
3
o o

0 0.1 0.2 0.3 0.4 0.5
Magnetic Field (Tesla)
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Towards Quantum Level Sensitivity?!

Electrode for electrostatic = Nano-Gap

. sensing /

ac ____VQ.E. Direction of in-plane
$vibration

Use thermal-piezoresistive interactionto amplify resonator Q by 1000-10000X
Effective Q up to 40,000,000 already demonstrated for a 4.5MHz resonator
This can be done by setting V, ¢ to a value slightly short of self-oscillation

An AC current at the exact same frequency can excite the resonant mode in
presence of a weak magnetic field

Resulting displacement is amplified by the effective Q factor

A nano-gap and electrostatic sensing can then pick up the resonator vibrations
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Operation Mechanism of Resonator

AC+small DC TPR™ -

i

Large DC T1PO™

Max: 3657

Actuation Beam

Min: 0

— In plane mode vibration & Piezo-resistive Readout

*1. "High frequency thermally actuated electromechanical resonators with piezoresistive readout," A. Rahafrooz, and S. Pourkamali, |EEE
Transactions on Electron Devices, 58,4(2011).

*2. "Fully Micromechanical Piezo-Thermal Oscillators," A. Rahafrooz, and S. Pourkamali, IEEE International Electron Device Meeting (IEDM),
Dec.(2010).
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Coupled Equations

mi + cx + k(x — aldT) =0

Thermal Stress

smeld{4)=4.04423426 Max: 3657
indary: Toeal displacement [m]Deformation: Displacemert

Piezo-resistive Joule Heat

__ k(x—aldaT) AW = [°AR
ASE’C o
AT =X
AR = m,0R, Gk

Electrical
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Final Solution

Combine these equations together, resulting:

(cNkal+k)AT
— —

AT + (Nkal + %) AT+

0 (1)

Where N=Fm;Ry/(c,A...)

Assume AT=AT,e"" . Eq. (7) becomes

—iw3 — (Nkal + %) w? + (cNkal + k)% =0 (2)
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Solution — part 1

O8]

—iwd - (Nkal + ;) w? + (cNkal + k)= = 0 (2)

For Eq. (9) to be satisfied, the real part of it should be equal to zero,
resulting in:

¢ = —mNkal (3)

The damping c is compensated by the term “-mNKkal”

If the real part >0,
Nonlinearity of the
A dynamic stiffnessi

> k to meet Eq. (3)

If the real part <0,

Nonlinearity of the
dynamic stiffness*

A > k to meet Eq. (3)

*Nonlinearity of the dynamic stiffness = kzx- ko’
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Solution — part 2

—iw? |- (Nkal + 5) w? +{(cNkal + ) 2= 0 (2)

For Eg. (9) to be satisfied, the imaginary part of it should be equal to zero,
resulting in:

.. (cMal+1)k (4)

m

Since cMual<< 1 Eq.(4) can be simplified to

2

w- = (5)

k
m
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Can it Catch up with SQUIDs?

O Magnetic Force: F=2.B.I.L
= B=101'T, I,.=100mA, L=500um - F=10"N
[ For resonator mechanical stiffness of K= 400N/m,
displacement amplitude: x = Q . F / K, Assuming Q. = 40,000,000,
x=101m

1 For a capacitive gap of g=100nm, electrostatic bias voltage of 5V, device
thickness of 10um, and resonant frequency of 1MHz:
iout = 2E0AVWX/g? = 2.8nA

 28pA is within the detectable range for output of low frequency resonators
(e.g. gyroscopes have output signals in the same range)

d For example a Trans-Impedance Amplifier with trans-resistance of 1IMQ turns
this into a 2.8mV signal
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Calculation of Actuator Thermal

Capacitance
Al
KLCy
To calculate the g, , all the parameters except the
effective thermal capacitance of the actuators (C,,) are

g, :4aE27z,Q

known. | ,.1..R
C.. — dcfac' ‘A
th —
_ Taca)m
= 60MA, |ac 5mA @ 61MHz
DC Temp. 23101 | : i i
230 231.0651{ e e A
225 g 231.06]-
220 .
‘@ 231.055+-
215 g
210 E 231.05-
205 231.045-4- I
231 .040 0i2 0i4 . 0i6 0i8 71
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Fabrication Results

Rotation Angle: 5.5° ﬁ

231230 SENSORS 2013
= - 1



Test Setup for Mass Sensitivity
Characterization

Particles deposited on the resonators while monitoring
their frequency shift

Particle

Generator "jy—Nozzle

. Objective|
Lens
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Generation of Artificial Particles

1 Aerosol particles with known size and composition
generated

Neutralizer

1
I

Micro-
syringe
pump

Mono disperse
aerosol to

Nitrogen .
9 Vacuum bell jar

Supply Excess out
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Test Setup

Particle
generator

MEMS
device

Vacuum
chamber

Feed-through

Alignment
apparatus

connections
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Cause of Negative TCF

d Main cause Is negative temperature coefficient of
Young’'s modulus (TCE)

1 / K
f =
277\ m
K Is stiffness and m is mass

T 1 Lk] - ]
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High Concentration N-type Doping

1 Effect of high concentration N-type doping on the
temperature drift

Mechanical stiffness

1 Only short doping and drive-in steps were required for
reaching high concentrate dopant levels
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Measurement Results

TCF before doping = -39.86ppm/°C
TCF after doping = 0.31ppm/°C (Positive TCF)

7.09 + Before Doping ( TCF = - 39.86 ppm/c )
= After Doping ( TCF = 0.31 ppmc) || ©0-61

.. 1083 = 6.607 3
o y = -0.0003x + 7.0894 1 e =
5T 7.08 =v R®=0.9945 6.604 3 g
2 S L +6.601 §Z
£2 0o \ - 6.508 = £
L} . 1 o
o/ T1.07 y = 2E-06x + 6.5879 \ 6.595 = §
c 25065 R®=0.9815 176392 5 g
o8 NS 16589 8%
g g = e el e e el .tJ—'._.. ' §

84 7.06 | | | | | 6.586

20 35 30 65 80 95

Temperature (C)
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TCF Dependence on Bias Current

d TCF as low as: -0.05ppm/°C

+ At bias current of 1.07mA (TCF = -0.54 ppmi/c )

82192 i.At blags t:urreint of 1.?mA{T?F = -0.;]5 ppmi.fc )
D B
R -...'.-:";':Ii-q.u._!‘- ......................
y=-4E-06x+8.2191] | . ?
R?=0.9686
y =-4E-07x + 8.2177
R?=0.9419

20 30 40 50 60 70 80 90 100
Temperature (C)
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PLL (lysine units in kg/mol)-g( grafting ratio: PEG chains per lysine unit)-PEG (mass of PEG in kg/mol)

NH, NH,
(l'H» LI'IL
g §izss
CH, CH,
(l'“z PLL backbone ('.“:
O (lll- (IH
H:.\‘—cl'u—(” NH—CH— f})—(\u CH—t- }—\n—(u C—OH
CH, 0 (u
("Ha (H‘.
v R
CH, CH,
| i
CH, CH,
|z B
NH; NH
L Table 1: Thickness d and hydration of PLL-g-PEG layers
L. adsorbed on SiO,. .
i
‘_’” Polymers salt d SLD hydration %
; ; CH, -
PEG side chain | 2 [mM] [A] [15\"] [‘-J-:Jl.-%] _
CH, _
LT pLL(20)-[3.51-PEG(2) 10 386 5.05E-06 82 0.053
&ny PLL(20)-[3.5]-PEG(2) 1 39.7 548E-06 90 0.052
PLL{(300)-[2.1]-PEG(2) 10 46.3 5.33E-06 87 0.062
PLL{(300)-[3.2]-PEG(2) 10 49.1 5.56E-06 91 0.060
PLL{(300)-[3.2]-PEG(2) 1 20.6 5.59E-06 92 0.082
PLL(300)-[2.1]-PEG(5) 10 38.2 5.44E-06 g9 0.068

Numbers derived from neutron scattering experiments.
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QCM-D response at three overtones for stepwise build up of depicted surface architecture

1) PLL-g-PEG
? -9 ' 3) hinding of complementary DNA
biotin doted . . . .
] Jy that is anchored in a lipid vesicle]
2) 1:1 complex of streptavidin - 35 . . .
. 0- and biotinylated DNA | 3: vesicles with
] -
I ¢ 130 complementary
: DNA
o ]
g -50 —425 w'(:)
8 1 =
O - 20 %
>
3 i c
& -100 -+ 2
o)) =415 G
c c . g
= I 9 < ; 2: streptavidin
O - . e
B BN o e < +biotin DNA
Q -150 + . ‘0 O’ o o e S S LU
o g O %0 %3 %0 %0 S8 S8 oS -
=] 1° o g% 00 g s g0 sy 1: biotin-PLL-PEG
o y R
= do [~,§#7#J;‘#¢(K?f<‘;r‘£}?%?}f Hr‘;(‘Yi‘")‘Yd‘!y‘Yé‘;r‘x’;r‘w))
- i ‘ SiO, surface
T T T T T T T T T T T T T T '5
0 50 100 150 200 250 300 350
Time (min)
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Localized Thermal Oxidation for Frequency Trimming and
Temperature Compensation of Micromechanical Resonators

= Resonance frequency of silicon MEMS resonators is dependent on physical dimensions of the
resonating structure

= Post-fabrication frequency trimming via pulsed-laser-deposition, material diffusion and
electrostatic frequency trimming = Deficiencies such as frequency inaccuracy

Presented approach based on thermal oxidation of the surface of the beams

Presentation in MEMS 2012 Conference:

BG. mnnl

- Silicon dioxide forming on the
%w hot surfaces

JJ I S
J_l JJ -l—.

Oxygen
Supply
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Measurement Results

~+—During Exposure to Nitrogen

During 1st Exposure to Oxygen

~+—During 2nd Exposure to Oxygen —=—During 3rd Exposure to Oxygen

During 4th Exposure to Oxygen
55.5

———————"

55M

=
L
S 545
>
o
g
S 54
o
(]
i

53.5

Oxidation Current= 10.4 mA

Oxidation Current= 10.6mA

D S e e e S S I GE S S S S e S S S S RN e e S o e

During Nitrogen Exposure

53
0 200

400

Time (sec)

600 800

——Initial
—i—After 1st Oxidation Process
—eo—After 3rd Oxidation Process

—— After Exposure to Nitrogen
—— After 2nd Oxidation Process

—a— After 4th Oxidation Process
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g o s \
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v ‘ ) . .
w M

53.5 ~,
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1300

=
N
[=]
o

1100
1000
900
800
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600
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—&— Initial

—4— After 2nd Oxidation Process

—e— After 3rd Oxidation Process
After 4th Oxidation Process

TCF =0.2 ppm/°C

& P &

hg v v L 2

TCF=-14.5 ppm/"E

4

v .

" _TCF =-36.8 ppm/°C

—

20 35 50 65 80 95
Temperature (°C)
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Self-controlled Frequency Trimming Technique for
Micromechanical Resonators

Presentation in Hilton Head 2012 workshop:

Schematic demo of the autonomous frequency trimming technique
» The cooling effect at resonance, allows the localized oxidation to stop automatically as

soon as the resonator frequency reaches the targeted actuation frequency
Silicon dioxide formation and

Silicon dioxide forming on the hot
freq. shift stop

surfaces

Mechanical resonant frequency(f,) f,, reaches targetfrequencyand-’

increases resonator cools down
T Target .
iAo "".F & {tlInitial  Tuned
i1y D Frequenc
AEATE quency i {Freq.  Freq.
I _‘_, ! ) 1 v
fmo fT .fmo fT
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Measurement Setup and Results

» Changes in dimensions and Young’s modulus as well as internal stress caused by
oxidation results in a permanent change in the resonant frequency of the device

=

Water ] ooz=oco 3
o
Oxygen
— 18.15 -~
Supply + Initial
~+—Initial -=-After Off Resonance Freq.(1) = After 1st oxidation process
—«After Half Resonance Freq.(1) -+-After Off Resonance Freq.(2) 18.1 \ After 2nd oxidation process
18.15 | = After Half Resonance Freq.(2) = Mk
I v
18.1 s 18.05 TCF =- 35 ppm/°C
¥ 18.05 g 18
S 18 2 TCF = - 26.8 ppm/°C
= o
> o 17.95
§ 17.95 s \
?.; 17.9 17.9 =
w 17.85 17.85 ————
17.8 20 30 40 50 60 70 80 90 100
15 25 35 45 55 65 75 85 Temperature (°C)

Current (mA)
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Input-Output Insulation in Thermal-Piezoresisitive
Resonant Microsctructures using Embedded Oxide Beams

Presentation in International Frequency Control Symposium 2012:

» Thermally actuated MEMS resonators with electrically insulated input and output ports
« Significantly reduced feed through current makes it possible to use such resonators in

electronic circuits as frequency selective components
 Eliminates the data processing required to extract the motional conductance and Q factor

of such resonators from measurements

a) Starting SOI Substrate, Pattern and
Deposit Thin Nitride Layer on Pads

b) Pattern Oxide, DRIE Etch
(BOSCH+ICP)

= o010 C

c) HF Release + Thermal Oxidation

a 010

d) Remove Nitride in Acid Phosphoric
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Measurement Results

» The downward resonance peak in the one-port device is due to the negative
piezoresistive coefficient of the structural material (N-type Si), while the out of phase
motion of the two sections in the two-port device results in an upward resonance peak

* The resonance peak for the two port resonator has much larger amplitude due to

elimination of feed-through
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Silicon Nonowire Fabrication
Technique

d Silicon nanowires have great potentials in nanoelectronics and nano-
electro-mechanical systems:
. Huge piezoresistive coefficients

. Large dependence of electrical conductivity to molecular
adsorption

. Extremely high mass sensitivity of nanowire resonators
U Costly and time consuming processes: no controlled batch-fabrication

capability in any of the proposed fabrication methods

0 Our Method: low cost, controllable process, the ability to be integrated
in N/MEMS structures such as high frequency thermal-piezoresistive

resonators
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Arbitrary Airborne Particle
Measurements
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Controlled Batch Fabrication Of
Crystalline Silicon Nonowires

0 Using the Anisotropic wet etching of silicon in alkaline solutions (e.g.
KOH or TMAH)

0 Rotational misalignment between the photo-lithography defined patterns
and the crystalline orientation of silicon

- Lithography Defined Pattern

Remaining Structure after Etching
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Fabrication Results
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Fabrication Results

Ppc=1.15 mW -60 P =116 MW

/\ Om=-3.74 HAN 70 /\ g..=-6.19 HAIV

= .75 / \

) S

- \ -80

O g0 . / \ W
Q=13500 V 90 18,500 \I/

15c=630 |.LA

Gm (dB)

105 100 | (o037 HA ‘
28.51 28.54 28.57 19.365 19.38 19.395
Frequency (MHz) Frequency (MHz)

) IS Stp o | 120




