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* Introduction to Nanoelectromechanical Systems (NEMS)

e Nanofabrication & Prototype Devices
e Radio-Frequency (RF)/Microwave NEMS Resonators
e VHF/UHF NEMS Oscillators

e Examples of Emerging Technological Applications
— On Sensing: Mass, Force, Displacement
— With Advanced Materials: Nanowires/Tubes, Carbon Materials, etc.

e Summary, Challenges & Outlook
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Introduction to
Nanoelectromechanical Systems (NEMS)

Suspended Nanomechanical Structures & Scaling

top-down (e-beam, photo fith., etching)

1A 1nm 1 um 1m
' -

m 5’ ! H Enil

bottom-up (chemical synthesis, self-asse mbfy)

e Suspended Nanoscale Mechanical Structures & Devices:
comparable to transistors, cells and bio-molecules = significant implications.

e Great opportunities in the regime where top-down meets
bottom-up: new devices, systems, & tools...for new applications
Excellent objects and tools for fundamental research: probing mesoscopic
phenomena, “single-quanta” events and behavior, etc.
Stimulate New Engineering and generate New Technologies.
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NEMS Resonators’ Superb Attributes

viatra-Low rower consumption

Exploit Mechanical Properties of Mainstream Semiconduc
Compatible & Integrable with Modern ICs * Doubly-clamped beam

NEMS resonators: VERY high (fundamental) resonant frequency

Resonator Dimensions (L xw x¢,inum)
100x3x0.1 | 10x0.2x0.1 | 1x0.05x%0.05 | 0.1x0.01x0.01
Doubly-Clamped | 120 KHz 12 MHz 590 MHz 12 GHz
(Free-Free) Beams | [77] (42) [7.7] (4.2) [380] (205) [7.7] (4.2)
Cantilevers 19 KHz 1.9 MHz 93 MHz 1.9 GHz
[12] (6.5) [1.2] (0.65) [60] (32) [1.2] (0.65)
—
’frequenc]es for SiC, [Si], and (GaAs) devices ‘ VHF/UHF/Microwave Frequencies Achievable

with Advanced Nanofabrication Technologies...

Significance in Fundamental Mesoscopic Physics

NEMS can be extremely “cool” in probing quantum effects in

“ordinary” things (no only in electrons, photons, etc., but also in a
nanoscale mechanical device)

e Quantum Electro Mechanics (QEM)
e Quantum Opto Mechanics (QOM), & Cavity QOM
e Currently, researchers racing to:

— Cool the device down to ground state;

— Displacement sensitivity approaching the SQL (4.3x);
— QND, and eventually operational states for quantum computing

quantum thermal conductance

quantum jump’

Schwab & Roukes, et al. ~100 Xgo ~4.3 XsqL
Nature (2000) Huang & Roukes, (2002) Knobel & Cleland, et al. LaHaye & Schwab, et al.
Nature (2003) Science (2004)
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Single-BioMolecule NEMS Mass Sensing (latest milestone)

e Single-molecule events (precipitous frequency jumps) in real-time
(Hallmark of single-molecule nanomechanical sensing and mass spectrometry)

background fluctuations
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Naik, Hanay, Hiebert, Feng, Roukes, Nature Nanotechnology 4, 445-449 (2009)

Technological Motivation — Acoustic Signal Processing

Nathanson, Petersen, Howe, et al., 1960’s ~ 1980’s (> Early Demonstrations)
Nguyen, and several others, 1990’s ~ 2000’s (- uMech Signal Processors)

Growing Functionality, Performance, Complexity

—~, A4 Support _Sense
+ Beam f(lm:m:lo

Free-Free Beam |
Micromechanical Resenator Nguyen

Going to Mainstream

) Discerg pirne_g MODIUS wnin ()
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Enabling Devices:
Materials, Design, Nanofabrication

Materials, Characterization, & Typical Device Design

T (E/p)

Nanodevice motion at measured surface roughness of the
microwave frequencies present SiC (on Si) wafer: ~2nm

~
I
=
3 10F
c
@
E
=
o
s

A sic
Si
GaAs
1!
10* 10° 10?

Effective Geometric Factor, [t/ Lz]e" (um™)
(Caltech, Yang, et al., APL, 78: 162, 2001)

., Nature, 2003)

device quality factor depends on SiC surface quality E t
VHF/UHF & Microwave NEMS VHE NEMS Doubly-Clamped Beam: fl =1.03 |— '
roughness [li" Toughness %
y g (7im E t
i Cantilever Beam: f1 =0.1615 |— >
¥ o L
Fundamental In-Plane Flexural Mode "
f,=400MHz

Toughnes:
~133nm

Wafer A (~50 nm SiC) Wafer B (~75 nm SiC) Wafer C (~200 nm SiC)
#99953035UN3.00B0C4 #SICLPOCWRU0699-263 #086SKBAGUNOS

(Huang, et al., Transducers’03)
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Top-Down Resonator Device Fabrication

Surface Nanomachining

L=15pm, t=80nm, w=120nm

(out-of-plane) f,~10MHz,
Q~50,000

SiCon Si Photo- & E-Beam Lith.

’r- &

ECR Plasma Etch ECR Plasma Etch
(Isotropic) (Anisotropic)

AN Spot Magn- - Del WD B
200KV 30 6000 SE 131 0 Fang@Calloch

Typical Structural Layer / Sacrificial Layer:

3C-SiC/si -L=2.-3pm; t=i0_0nm, w=150nm
Si/Sio, ST g - ;

GaAs / Al Ga, As (ggt-of-plane) f;=190MHz,,Q~5000
SiN/Si n-ph f

Mask: Metal, Ox, etc.

NEMS Device Nanofabrication (Bottom-Up)

SWCNTs

Feng, Huang, Postma, Roukes , Unpublished, Caltech (2003)

Nanowires

O o o o

e o o O

o o o a

o o o o

Husain & Roukes, et al., Appl. Phys. Lett., (2003)
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AccV  Spot Magn
25.0kV 3.0 23000x

1.Spin Coating '

of PMMA on
50nm SiC on Si

2
2.High-Resolution

Electron-Beam

Lithography (EBL)

3.Metallization
(~30—40nm Al)
and Lift-Off

4.Anisotropic Dry *
Etch (ECR
Plasma)

5.lsotropic Dry 5

Etch of Si

W PMMA Al
Feng, Matheny, Roukes, et al., 200KV 3.0 200483« TLD 62 1  Caltech
Nano Lett. 10, 2891-2896 (2010).1  SIiC W Si(Substrate)

AceW" Spot Magn  Det WD Exp 100 nim
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NEMS by EBL: State-of-the-Art (Liftoff), Nanowires

Feng, Matheny, Roukes, et al., Nano Lett. 10, 2891-2896 (2010).

NEMS by EBL: State-of-the-Art (Negative Mask)

1.Spin Coating
of HSQ (FOX) on
50nm SiC on Si

2.High-Resolution 2
Electron-Beam
Lithography (EBL)

3.Anisotropic Dry 3
Etch (ECR
Plasma)

Spol Magn  Del WD Exp |p—————————rd, 100 nm
(1] 31944 TLD 556 1 Callach

4.Removal of HSQ*
Mask (Vapor HF
or HF)

H19.9 nm
Bz1 5 o

5. Isotropic Dry
Etch of Si

HSQ (FOX) [ sic AccV  Spot Magn  Det WD Exp
Feng, Matheny, Roukes, et al., . 200KV 30 116134x TLD BE 1 Caltech
Nano Lett. 10, 2891-2896 (2010). M Si (Substrate)
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NEMS by EBL: State-of-the-Art (Negative Mask)

¢ No Metallization (or
Metal Mask) Needed in
the HSQ Process

e Achieved Very High
Aspect Ratio Wires and

Gaps (L/w,g > 250 easily)

B9 Callech

Produce “20—25r‘i‘m Thin
SiC Nanowires

* Narrow Gaps to Gate
Electrodes: ~20-50nm

JACY Sp
200KV 3.0

Feng, Matheny, Roukes, et al.,
Nano Lett. 10, 2891-2896 (2010).

Superlattice Nanowire Pattern Transfer (SNAP)

A GaA e MBE SL as physical template
¢ Not rely on photolith or EBL, thinner wires/pitches
etch No liftoff of metal needed, separate wires already

10nm Pt wires
Pitch: 30nm, 60nm

=3nm Pt wires

E 10nm epoxy adhesion Iayer X
Pitch: 16nm

— |=";“"=L|

Au, Cr, Al, Ti, Nb, Pt, Ni, etc. A

Also masking SOI, etc.
Suspended Pt NWs:
20nm diameter L~
0.75um length

Melosh, Heath, et al., Science 300, 112 (2003):

(C) Caltech / Case - 2011
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Nano-Imprint Lithography (NIL)
e High volume (parallel, in contrast to EBL), low cost,

e High-resolution (=5nm) [see, e.g., S.Y. Chou group work @ Princeton]
e Can do additive (not only subtractive) nanomachining

(LR

WE

| — |

(5]
Silicon

e u

L

Silicon

(4

sich

Silicon

DU Sit, [ Fhotormis

R H

Huang, Ekinci, Appl. Phys. Lett. 88, 093110 (2006).

Wafer Scale Stencil Lithography 2> Metallic NWs

e Al Au, etc., nanowires, using 4 inch stencil wafer

e Features (nano slits) on stencil: focused ion beam (FIB)
¢ Resultant feature: 70nm thin metallic NWs, Sum long
De,

Stencil apertures ed nanowires

Deposited structure through stencil

oF

2pm
Predefined PUTi contacts

Vazquez-Mena, Brugger, et al., Nano Lett. 8, 3675-3682 (2008).

(C) Caltech / Case - 2011
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Other Ways of Making Thin Si Wires

H:0+ 0>
-
I :50 °C

photolithography SiHy ﬂ 600 °C

<
Cl; plasma

SiH, + 0 ﬂ 450°C

Si 502
CF4 plasma Ee— ——
s Ml - [
Cl; plasma KOH S ; . <
CF, plasma U’ a SLIPOCZVS%W'! b. RIE SiN b. top view c. Wet etch SiO2
ﬂ Cls plasma ! — I - !

HF =
bk T bt -
. , ‘ gi sﬁuusmf;'ﬁebeﬁm) 51:.;.:; m milling | Remove SIN [ top view

B Si W SiO: W poly-Si W Low temperature oxide n
a ' P :
L=t - =
g. Remove Si02 g. top view h. RIE Si device layer h. top view
Jeff Bokor Group, Wafer Scale
1994-2005 van der Berg, Nano Lett. (2009)

A few variants can do sub-50nm ones

How to Make NEMS Devices?
— Nanofabrication Technologies

(1) Bottom-Up Approach
& Hybrid Bottom-Up/Top-Down Methods

(C) Caltech / Case - 2011
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Portrait of NWs by a Computer Artist

Nanowires — At the First Glance...

Real NWs produced by researchers
C.M. Lieber Group @ Harvard University
Peidong Yang Group @ UC-Berkeley

1064°C 1. -
(AuSiy + Sis

A

186%

Si(111) substrate Ay pad

=

N
heating

363°C

~11414°C

Si(il,1

Si single crystal
whisker

Au/81 melt

Vapor-Liquid-Solid (VLS) Growth Mechanism

e Synthesis of NWs: how to achieve kinetically anisotropic growth?

H
2

Ay

gas source supply

(C) Caltech / Case - 2011
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metal
catalysis

Evidence: Real-time In Situ Observation

Schematic Illustration a

800 C

500c— @

YEpar -

TReWIre
alloy L \F'3 S ;
liguid SEpR, = - -

¥

e

1 1} m -
In Situ TEM Images
Isothermjese- L I: Alloying (b,C):>Au (solid)+Au/Ge(alloy)
e ,meng By increasi'ng Ge vapor condensation
¥ I / 7 II: Nucleation (d,e)=>Au/Ge(alloy)+Ge(crystal)
£ Tl Nucleation Starts at ~¥50-60% Ge
T / n Gﬁ’l"’"‘ In supersaturated alloy liquid
g y II: Aixal Growth (d,e,f)
400 30 Increasing Ge vapor condensation & dissolution
1 Engery cost = 2" nucleation is suppressed
H"L 20 4 é 50 132 Linear Relation: DGe_wireNDAu_nanoparticIe
Weight Fele
Refer to Yang, 2002, Chem. Euro. J.;& 2001, J. Am. Chem. Soc.
Table Summary
Nanowire Precursor Catalysts Temperature | Lattice Growth
Direction
Si SiCl, (1) Au, Pt, Fe, 850 °C FCC <111>
Ti
Zn0 ZnO+C (s) Au 900 °C Hexagonal
Zn <0001>
GaN Ga(CH,), (1), NH5 (g) | Co,Fe, Ni, 900 °C Hexagonal | <0001>
Ga, NH, Au <1 100>
SiC (CH,)SicCl4 (1) Ni,Pt 1200 °C FCC <111>

(C) Caltech / Case - 2011
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Assembling, Connectors, and Electrodes

Step 1. Define markers on SiO/p-Si substrate
(use E-beam lithography)

O o o o

o o o O

o o o O

o o o o

Step 2. Deposit nanowire solution onto the
substrate and locate the nanowires.

o the nanowires.

Ref. C.M. Lieber, 2001, Scientific American

Major Challenge: Bottom-Up Assembly

* SWCNTs

Feng, Huang, Postma, Roukes , Unpublished, Caltech (2003)

e Nanowires

o o o o

Low Efficiency &8
in Device Integr

e o o O

o o o o

BPBE47 38.8kV XEB.BK Seenm I
eeBE47 308.0kV X3.5BK['d.57um

Husain & Roukes, et al., Appl. Phys. Lett., (2003)

(C) Caltech / Case - 2011
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A New Hybrid Bottom-Up/Top-Down Fabrication

SiOz2 mask

Si Handle layer

(110) SOI wafer Patterning of trenches

The basis for growth:

Growth direction of Si
nanowires is <111>

Epitaxial growth on Si {111} <
Substrates = 50 pm

Ref: He, Gao, Fan, Hochbaum, Carraro, Maboudian, Yang, Adv. Mater. 17, 2098-2102 (2005).

A New Hybrid Bottom-Up/Top-Down Fabrication

Dispersing Au clusters VLS growth of Si nanowires

Integration of synthesis into
device fabrication:

Si pads will serve as electrodes,
mechanical supports and even
microfluidic channels after
growth

iy
1pm Z [171]

Ref: He, Gao, Fan, Hochbaum, Carraro, Maboudian, Yang, Adv. Mater. 17, 2098-2102 (2005).

(C) Caltech / Case -

2011
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More Control

e Control of Length, Diameter, and Number Density

e | —
1

1J.m'l.
— Im

(A) Lengths of 4 nanowires with similar diameters of ~75nm are 1.5, 1.5, 4, and 10um.
(B) Diameters of the 3 nanowires are 140nm, 70nm, and 35nm, respectively.
(C) Densities are 1 wire/50um, 4 wires/50um, and 40 wires/50um, respectively.

[ .

Examples of Devices

Things we were interested in:

Mechanical rigidity of anchors?
Strength?
Devices? (NEMS, Suspended FET)

,G zAYG GHAIT El' DAMGA’ 6j, T6€6 T66T ;1660

(C) Caltech / Case - 2011
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If Nanowire Number Density is Not Controlled

D =150nm

5um

Ref: T.I. Kamins, et al., HP Lab

Li, Bhiladvala, et al., Nature Nanotech. 3, 88 (2008)

Hybrid Bottom-Up/Top-Down Assembly
e Metallic (Rh) & semiconductor (Si)

Biochemistry enhanced, electric field facilitated assembly in ufluidics
* Features:

(2 I [b]
0

i

Y1800
T11LLALRRES

STILALARARS

o 110000 RRES
s SRRRRR

(C) Caltech / Case - 2011
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Synthesized SWCNT Bridges in MEMS Platform

g Towards individual bridges
via localized growth between
MEMS tips

Simple over-etching
leads to sharper tips
and hence single
CNT devices

Jungen, Hierold, et al., J. Micromech. Microeng. 17, 603-608 (2007).

How to Make NEMS Devices?
— Nanofabrication Technologies

() Industry Capabilities

(C) Caltech / Case - 2011
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MOSFET Structural Evolution with Roadmap
-

Fin FET

Bulk-Si

Planar UTB planar Double gate

- - |
GAA Q-gate Pi-gate Tri-gate
1.00
L. 3"1 # E 9.8um
1 A i Technology
“~ Gate @ Node
A Q nm
= Sudrce/ |63 .E 0.10 = 130nmNg B5nm e
— 13 1 = Transistor 7onm A 30nm
Gate Gate |/ Physical Gate Sonm A,
P Length 30nm 20,:'.“__ % _—
} 4 H“ 0'01 . i 1 1 { i i 1 | ] i i
] 1990 1995 2000 2005 2010
Chau @ Intel

Year

Example: GAA-TSiNWFET

B Gate-All-Around, Twin Silicon Nanowire FET

Nanowire channel
‘Twin nanowires 10nm

Nanowire A

Ce e

Bottom active

TiN Gate

(15nm)

Nanowires

Samsung, IEDM (2005, 2006)

(C) Caltech / Case - 2011
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Example: 4nm GAA SiNWFET, SiGe NW Stacks

iy SiGe oxides faster than Si

I_|:|— 1 5 cycles of oxidation and annealing
e Fully oxide SiGe, and remove

Leave with SiINWs with Ge-rich surfaces

e IR (a)

]

After 130 nm L
lim- si

£ o-S1 dep.

==

IME@A*STAR, Singapore, IEEE EDL (2006, 2007), George E. Smith Award of IEEE-EDS, 2007

Example: Si NW FETs — Stacks & Arrays @ Wafer Scale

Specific process Common process
ey .

m SiN @Sm IE

Si
| SiGe
(a) -.E:-—h e
-'ﬁ%:f_ -
Si Wi

BOX sox  SD-NWFET
v
2.1 2.2 2.3 ¢

&)

(b) = [

/ OFET

Excellent byproduct: Suspended Si NW Arrays

Ernst, Dupré, et al., IEDM (2006-2008)

(C) Caltech / Case - 2011

May 12011



Philip Feng IEEE IFCS/EFTF 2011 Tutorial, San Francisco, CA, USA May 1 2011

Example: Si NW FETs — Stacks & Arrays @ Wafer Scale

Co-processed architectures with HfO, TiN Poly Si gate stack
(a) 3D-NWFET || (b) ®FET || (c) FinFET [kd) IG-FinFET

Py

250nm

h=

* Impressive process as an interesting technology enabler

* Today’s state-of-the-art (at wafer scale?): d<5nm
Ernst, Dupré, et al., IEDM (2006-2008)

How to Make NEMS Devices?
— Nanofabrication Technologies

(IV) Non-Lithographic Approach

(C) Caltech / Case - 2011
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Electrospinning for Nanofibers

Target

Counter Electrode  Substrate
~ 2 Polymer

Solution

Polymeric fiber, PMMA, glass

Rotation I —
MEMS tip
Nanofiber

b Scanning Tip
s o~
I’/

Use as masks for patterning
I ;

Etecirespay
up

aiuge

Features:
~70nm thin i
~100nm thin FEERE i
: N2T o [
routinely 352 f
ag 04 /
Ege |
ge ko o o’ ot
258 e e M P Y
m’ 1SS 1206406 135E+06 VS 135406 1406406
Frequency (Hz)

Refs: many papers from Craighead group at Cornell (2003-now).

Electrospinning for Nanofibers

Loading @
d
Polymeric
solution
Gl 1al I
ass plate Tip
Out
(b)
Rotation
direction

Opiical
chopper
motor

Wafer
counter
electrode

500um

(C) Caltech / Case - 2011



Philip Feng IEEE IFCS/EFTF 2011 Tutorial, San Francisco, CA, USA May 1 2011

Device Characterization:
VHF/UHF Signal Transduction & Readout

Transduction (Excitation + Detection)

* Electrostatic
— Naturally integrated on-chip

— Scaling elusive to nanoscale
— Often high R,

e Optical
— Easy to implement in labs
— Often decoupled from drive
— Limited by diffraction

— Not integrated on-chip (long way
to go probably...)

* Piezoelectric
— Integrated on-chip
— Depends on materials

(C) Caltech / Case - 2011
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Transduction (Excitation + Detection)

. Network
i Analyzer

¢  Magnetomotive (electromotive)

— Efficient, scaling well
— Need high B-field, bulky

Yacuum

I T=4.2 K
e Piezoresistive

— Nice in sensing at nanoscale
— Patterning, frequency conversion

* Single Electron Transistor (SET)
— Very sensitive for NEMS
— Often at Low-T, non trivial

e Atomic/Quantum Point Contact
— Very sensitive for NEMS
— Need impedance matching
— Bandwidth

Transduction of VHF/UHF SiC NEMS: Magnetomotive Technique
R _ §BZIZ

y w
Z x @ ', F/ t ; B Roc m }/m
F

r——-—-—q4----- c - k i
B,

m

I
! I
! I
! 1
Beam bearing RF current is forced to vibrate in the B | Lm ng —Cn !
! 1
! I
I .

gBZI 2
field, and thus generates the emf voltage, which Lm =7
reaches max. when the RF current frequency Ma,

hits the beam’s resonance... \_;J

Circuit model for the electromechanical impedance

2 . R .
m d Xz(t) + mdLG) + kX(t) — F(t) Z,.=R//(joC) Y joL,
dt dt o 25 ‘ ;
§ QLZI4§ET:Z Device
F(t)=Bll(t)=Bll,e £ 20 iz
£ 15t |
dx(t 2|2 —jw SR Q=3000 (assume)
Vemt :‘fBI ()z ng ( J 0) |(t) E—Ello,
at  —ma,” - jymae, +k g
1 ik g 0.5+
ma, ym J =
= + + 3] 0.0
Z . 2| 2 2| 2 2| 2 @ ‘ ‘
( 0) J§B §B é:B @0 . 350 400 450 500
Frequency (MHz)
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Motional Capacitance, C_ (nF)

Dimensional Scaling

10

=
o

=
o@

,_‘
<,

Resonance Frequency, f, (Hz)
=
om

0 2 4 6 8 10 12 14 16
Resonator Beam Length, L (um)

O

= = N
o a o
S o =]
S <) =]

apm® B E

o
=]
=]

0
0O 2 4 6 8 10 12 14 16
Resonator Beam Length, L le)

G

100
= —e—Q=4,000
S 80 —a- Q=5,000
& _a-Q=10,000
5y
g 60
8
@
3
¢ 40
©
5 E,
£ 20
=

0

s
o
=
N
w
n
o

Resonator Beam Length, L (um)

Motional Inductance, L (nH)

7 L L L L L L L
10 0 2 4 6 8 10 12 14 16

(d) Resonator Beam Length, L (um)

VHF/UHF Resonance Detection Techniques

180° 2-way
Power
Splitter

(C) Caltech / Case - 2011
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UHF NEMS Resonance Detection

Circulator Prototype of
=| Balanced-
< | Bridge Scheme

Reflection
Scheme

HP 8720C
Network
Analyzer

HF & VHE
Rs

180° 2-way
Power Splitter

Coax
Cable
0 T T T T T
without | mfememmmmm e e e e - -————
Balancing :
_ -1o} ] |
& 1
o !
S -20¢ 4 High Vacuum |
7] Liquid He Cryostat I
R L S P el
5 -30} 1
c
S
= -40 - Background B
Suppression
by Balancing
-50 A .

0.0 0.5 1.0 15 2.0

Frequency (GHz) Huang, Feng, Roukes, et al., New J. Phys. 7, 247 (2005).

__ 02 — :
o
=
e —— o 0.1f 1
| g
a M 8
= g 00 h
o \ RF Driving Power
HP &8720C 3 -38dBm
Netwaork Analyzer x -0.1h ——-33dBm
- ———-28dBm
{a) A UHF NEMS Resonator AR Q —— -25dBm
2 -0.2} -23dBm -
63 . Pha: =1 T=23K ——-21dBm
I |:¢;| N —r--
g ,| Splitter r -0.3 L L L . .
Roe 0.427 0.428 0.429 0.481 0.482 0.483
Frequency (GHz)
1500 | :gfg R
1000 poar
Lo R".g = S I iy
< 500} 1
[}
=)
2 ok .
I S g
(b) NEMS Circuit Model < -500f ]
g
2 -1000 R
A Pair of UHF o
NEMS Devices in
Balancing Scheme -1500 - ) ) ) ) ) ) )
0.412 0.414 0.416 0.418 0.420 0.422 0.424
Feng, Roukes, et al., Nanotech (2005), Hilton Head (2006). Frequency (GHz)
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Example: GHz Nanomechanical Resonators

Nanoelectromechanical systems
Nanodevice motion at
microwave frequencies

1 has been almost forgotten that the first
Immputc-[s envisaged by Charles Babbage
in the early 1800s were mechanical'?
and not electronic, but the development
of high-frequency nanoelectromechanical
e " . .

Signal Amplitude (nV)

1.02

(30 nm of aluminium, followed by 5 nm of  *Condensed Matter Physies, California Institute
titaniumy), deposited by e-beam evapora-  of Technalogy 114-36, Pasaderia,

tion and patterned by lift-off. remains on  California 91125, USA

the beams and is used as the electrode for  e-mail: roukes@caltech.edu

displacement transduction. The devices  {Ekectrical Fugineering and Computer Scienite.
consist of two nominally identical, doubly Case Western Reserve University, Cleveland,
clamped beams, roughly 1.1 wm long, 120 Ohio 44106, USA

nm wide and 75 nm thick 1. Houkes, 1. L. Sci. Am. 265, 4857 (2001).

Each doubly clamped beam pair is posi- ). The Diffrence Eogine: Charles Habboge ard the Quest

tioned perpendicular to a strong magnetic to Bl the First Comprater. (Viking Pengutn, New York, 2001
inld (7R feslal in v vithin A Lo 3 Roukes ML Plhys Word 14,2531 (2001)

e SiC NEMS yields increased frequency

e Balanced transduction permits nulling of
parasitic (static) background impedance

1.03

Frequency (GHz)

Huang, Zorman, Mehregany, Roukes, Nature 421,496 (2003)

f~105 MHz, Q~8,500

VHF Nanowire Resonator

Pt nanowire, ~40nm diameter

Example: Pt Bottom-Up Nanowire NEMS

BBBE47 3B8.B8kV XE60.0K S8@nm

Husain, Hone, Postma, Huang, Drake, Barbic, Scherer, Roukes, Appl. Phys. Lett. 83, 1240-1242 (2003).
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NEMS via Nanoscale Active Piezoelectric AIN Films

¢ Stacking (from top): 50-100nm Mo/50-100nm AIN/50-100nm Mo/20nm Seed AIN

(a)

(@

oy
© T -
NN Mo &x‘a"gm‘
3 o :
Mo

Mo

E AN Mo ﬁ Si

Karabalin, Matheny, Feng, Roukes, et al., Appl. Phys. Lett. 95, 103111 (2009).

Piezoelectricity Check
e |n optical interferometric measurement setup
e Efficient piezoelectric actuation immediately observed
%\ 0:20 :>E\ 010
Frequency (WHD) ey iy
S 03
é 0.2
‘ erequency (MHZ) .
Karabalin, Matheny, Feng, Roukes, et al., Appl. Phys. Lett. 95, 103111 (2009).
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Experimental Data 6um Cantilever

e thermomechanical noise analysis yields:
E Noise roorSsllysz =90 nV/VHz
E Noise amplitude on resonancestlrﬁ =48 nV/VHz
E Expected thermomechanical noise3}’> =0.16 pm/VHz §
¢ Driven displacement of 0.54nm at 1mV drive (FEM) ]
e Responsivity is 300uV/nm
¢ Displacement sensitivity is 0.3pm/VHz
e Piezoelectric coefficient d;; = 2.4 pm/V

1/2

T — —8 —~

110+ th S
- Thermomechanical noise,~thm 0.367 106
B I £
N
I 34 §
$100 0¥ o =
= € 0.4 =
-~ 032 3 — @
3 g £ §

90 0.30 @ 2 5]
% £ o 102 8
5 028 g -g
> 1 [=%

80 a

.0.26 / ol L . 0.0
9.08 9.10 9.12 9.08 9.10 9.12
Frequency (MHz) Frequency (MHz)

Karabalin, Matheny, Feng, Roukes, et al., Appl. Phys. Lett. 95, 103111 (2009).

Tunable Doubly Clamped Beam Resonators

¢ Doubly clamped beams are efficiently actuated
* Resonance frequency is tuned via external V.
* Piezoelectric coefficient d;; = 2.4 pm/V

2.0 T T T T T 23

100

signal (mV)

—— Measured Data
--O-- Simulation

displacement (nm)

50

-50

Frequency Shift (kHz)
o

778 78.0 78'.2 7é.4 78.6 100
Frequency (MHz) S R B S R —
DC Voltage (V)

Karabalin, Matheny, Feng, Roukes, et al., Appl. Phys. Lett. 95, 103111 (2009).
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Further Reading — Just Some Partial Lists...

e Piezoresistive (PZR) Devices (many groups):
— Stanford (Kenny Group)
— Stanford (Pruitt Group)
— Denmark (Boisen Group)

* Piezoelectric (PZE) Devices
— Berkeley (Pisano Group, Nguyen Group)
U Penn (Piazza Group)
USC (Kim Group)
Gatech (Ayazi Group)
UC Irvine (Tang Group)
HRL (Kubena Group)
Maryland (DeVoe Group)
EPFL (Muralt Group)

Example: Emerging Interesting Transduction
e NEMS-MOSFET Readout — ‘Resonant Gate Transistor’

Force between the diving electrode and
the vibrating gate

Force between the oxide surface and
the vibrating gats

Pay = -41 dBm

P=610° mbar T
Ve =110V
V, =45V 43d8 1
v, =30v
Rmcetoe = T36 kL
lci=215F
s = T00

i
ésa\"l—‘

Transmission (dB)

E]

N

,

=

-
L

——— Electrical set-up for MOSFET detection
------ Electrical set-up for pure capacitive detection

3

14 142 14.4 146
Frequency [MHz)

Refs: Colinet, lonescu, et al. LETI & EPFL Collaboration, J. Solid-State Circuits 44, 247 (2009). More in recent IEDM, MEMS conferences
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Nanowire NEMS:
Hybrid Bottom-Up/Top-Down Devices

Naturally Suspended Single-Crystal Si Nanowires

Process: Aligned Epitaxial Growth,

Interface Cleanliness,

+[110] Self-Welding (Anchoring Points),
Backward Growth, etc.

Si{110) layer

Si Handla layar

(110} SOI wafer

Also have some Control upon Length,
Diameter, and SINWs’ Number Density

Can we engineer them into functional devices? Are they robust ?

R. He, P. Yang, et al., Adv. Mater. 17: 2098-2102 (2005)

Conter of Integiated
Wanomechasicsl Bystems.
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Hexagonal Cross Section, Well-faceted Surfaces B
SiNW Suspended in Deep Trench, H~4um
Typical SINWs: L~2um, d~50-150nm

15t Gen. SINW NEMS Resonators & Transduction

Device Config. Well Suited for
Magnetomotive Transduction

I, =1, =1=5J3d"/144

f,=2 —09395 9 [Ev
2 L*\ p

1 pL2
Vewr (@) = BLo(0)- E_[_le Uy (x)dx

= jonBLa(w)

al0)=—— BLI() .
M 4 |_(a)02 - a)z)+ ja)ga)/QJ

(7=0.5232)

Feng, He, Yang, Roukes, Nano Lett. 7, 1953-1959 (2007).

-90

-92

Signal (dBm)

(@)

15t Gen. VHF SiNW Resonators — Metallized

Metallization: 30nm Al + 5nm Ti
Device Resistance Matched to 50 Q2
Unprecedented Signal-to-Background Ratio (up to 12.5dB)

(using a high-resolution balanced bridge electronic detection)

94l

96+

-98+

-100+

. . r r T T T T T T T T :80
v —8T 12| _o- SINW-M188 _* \
— M & 10[-= SiINW-M200 P 5
L T = gf Pl
e s " E
a7 S Q
— a1 B 4 o /-/. =
8.5dB —2T] 2f " K
I ®) &
6 . 2
S 5[ e SiNW-M188 .
2,1 = SINW-M200 o o
8 T v=aB?Fit Rl
S 3l o .. @
= 2 o B S
=4 el
<E( 1+ .,:iz" 'éb
‘ ‘ ‘ ‘ of a--&7 ©4 9
199.0 1995 2000 2005 12 3 4 5 6 7 8 187.0 187.5 188.0 1885
Frequency (MHz) B (M (d)

Frequency (MHz)

SiINW-M200: L[=2.25um, d=142nm, Q=2000
SiNW-M188:

L=2.1um, d=118nm, Q=2500

Feng, He, Yang, Roukes, Nano Lett. 7, 1953-1959 (2007).
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1t Gen. VHF SiNW Resonators — Pristine
Non-Metallizated
Device Resistance Not Matched, ~10’s of kQ to ~100’s of kQ2
Still Achieved Large Signal-to-Background Ratio (1-2dB)
-95.0 20
—-e- SINW-80
o 15f-aSiNW-215 ya
-95.2 s . I 0
= g o e 95 s
£ ? o5 . -—" | )
@ -95.4} e -
? 00 " , (b) -100 §,
g @
o - --V=aB?Fit .. R
-95.8/ 320 I Ry -egsg
= n’ . Q
£ 100 - e q 5 X
9605152 2154 2156 ) 0 e . s 80.58 3
X . X . . IS
@ Frequency (MHz) otz 34 (T)5 e (d) Fi ©quency, (MHz) 60 g0.62
SiNW-215: L=1.69um, d=81nm, Q=5750
SiNW-80: L=2.77um, d=74nm, Q=13100
Feng, He, Yang, Roukes, Nano Lett. 7, 1953-1959 (2007).
H ’ H ’
SiNWs’ Quality Factors (Q’s)
E Well-known f,—Q trade-off confirmed
E VHF/UHF devices: clamping losses important as f, scales up
T 14000 T T : : S éO
@ SiNW-M188&200 3 )/ iINW- *
* SINW- Q~(L/w) ,
£ oo g000] 4
104 A SiC Beams [24] )
7fuxQ Contours 10000+ e in-plane
= 1 8000+ PtN;I
SINW-215 _~
6000 - * 1
2x10"(Hz) 4000 Sic ,’
FBeams -~ 1
103 | 1x10"(Hz) \ AT ‘—
. 2000 |- &4 o-® sinw-m1s8 |
fxQ=0.5x10""(Hz) SINW-M200
100 1000 15 20 25 30 35
Resonance Frequency f; (MHz) Aspect Ratio L/w, Lid
Feng, He, Yang, Roukes, Nano Lett. 7, 1953-1959 (2007).
Feng, Zorman, Mehregany, Roukes, et al., Hilton Head’06, pp. 86-89 (2006).
Cross, Lifshitz, Phys. Rev. B 64, 085324 (2001).
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O

foxQ Product: Roadmap of MEMS/NEMS Resonators

foxQ product rising exponentially over the past years

1015

f,=1.51 GHz
= 11,555
10400 el SN | T
E —
3 <
T 4013 =
o diamond
@
1 1012
1)
3 1011
g 10 =
g silicon Intrinsic material
w 1010 < Q limit nowhere
in sight?
-iﬁ”‘ L] K - Ll Ll L)
1990 1995 2000 2005 2010
Year
O Caltech UHF SiC beams & SiNWs match the MEMS beams
(foxQ 2102, e.g., with ~500MHz beams having Q>2000)
Courtesy: Dr. CT.-C. Nguyen (UC Berkeley)
Measured Frequency Stability — Si Nanowires
e SiNW operating at 188MHz, embedded in phase-locked circuit
¢ “Instantaneous” fractional frequency fluctuation: ~0.1ppm
e Mass responsivity: ‘R ~ 2.1Hz/zg
* Mass sensitivity: oM ~ 5zg (5x1021g)
6
A8 L-2.1um ‘ 11.6 10 ' '
— d=188nm 114
SN} 4 o
310 l12E &
_ g INW-M188 “e o°
g 8 {102 ¢
k=) / 3 £
g 6l 4 10.8 % .g Tinfgogec) w0 § E {
c 4l *O.6g o . (]
© =% c 10 A4 L) 1
c 0.4 9 8
2 2 a < e
2 0.2 i
0 0.0 SiNW-M188-PLL
1875 188.0 1 10 100 1000
Frequency (MHz) Averaging Time 7 (sec)
Feng, He, Yang, Roukes, IEEE Transducers'07, 327-330 (2007).

(C) Caltech / Case - 2011

May 1 2011



Philip Feng |IEEE IFCS/EFTF 2011 Tutorial, San Francisco, CA, USA May 12011

Piezoresistive Doped (p++) Si NEMS

Oa3000 R

1200 A

Transduction: Piezoresistive Self-Sensing for NEMS

JFrea- Downconversign — wol
4
‘\. -_\\l

fl How to make a piezoresistor loop

on a sub-50nm thin Si nanowire ? | =7 s

ARR(IDH

M. Li, H.X. Tang, M.L. Roukes, Nature Nanotechnology 2: 114-120 (2007)

Strain Engineering for Integrated Si Nanowire Resonators

Doped Si NWs > Integrated Piezoresistive Strain/Displacement Transducers

Very strong piezoresistive effect o
[He & Yang, Nature Nanotech. 1, 42 (2006)] /,//
a _ x
& =

Very Thin SiNWs
f// No Patterned Piezoresistor

Tension (+)
Longitudinal strain due to elongation:
Compression (-) 2 2
v Al 1 o dv v
F _ £ =—r—— (j dx = 2.44(CJ
— + e l,b, 2,7 \dx I

Elongated twice in each vibration cycle 2>
piezoresistive signal at 2w

He", Feng", Roukes, Yang, Nano Lett. 8, 1756-1761 (2008).
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LNA

D,i.,m,(%)* <] Y

o ; [2X Jooubler k
.:‘ b REF N 5

2w-Piezoresistive Self-Sensing SiNWs
(Piezo Shaker Excitation)

U Mechanical actuation (via mechanical ‘shaking’ coupling from a piezo-actuator)
U Clean evidences of 2 w-piezoresistive self-sensing
O x2-detection; and stiffening nonlinearity

IN)
a
o

e Data

—— Lorentzian

---- Sqrt Lorentzian

Signal Amplitude (V)
il
&

w
=}

Signal Amplitude (V)
= N
o o

He", Feng’", Roukes, Yang, Nano Lett. 8, 1756-1761 (2008).

BPF Lock-In Amglifier

29.0 295 30.0 30.
Frequency (MHz)

d=80nm, [=4.6pm
£,~30MHz
Fitting verifies x2-detection

5 21.95 22.00 22.05 22.10)
Frequency (MHz)

d=88nm, L=4.9um
fo~22MHz
Stiffening Nonlinearity

LNA  BPF

He", Feng’, Roukes, Yang, Nano Lett. 8, 1756-1761 (2008).

40nm Si Nanowire NEMS with Integrated Transduction

* On-Chip Electrostatic Actuation + Piezoresistive Detection
e Fully Integrated Transduction (T~300K, p~1mTorr)
* Device Spec & Performance: d=40nm, L=1.8um, f;=96MHz, Q~800

Increasing
24 ACdrive

Signal Amplitude V) [Ea

T

Lock-In Amplifier

95.5

T

960 965  97.0
Frequency (MHz)
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30nm Si Nanowire NEMS with Integrated Transduction

E On-Chip Electrostatic Actuation + Piezoresistive Detection
E Fully Integrated Transduction (T~300K, p~1mTorr)

E Device Spec & Performance: d=30nm, L=1.8um, f,=75MHz, Q~1000
B Sub-Zeptogram Mass Sensitivity: M = 500yg, R = 15Hz/zg

—z . s
f — Ei:teaar Fit m i’ 300
: 2 300 £
/>; 200 :E: £ %100
~ = o é
() & e a o
ke 0 100 200 300 2 200 0 200 400 600 800
>S5 Bias Voltage (mV) = Drive Voltage (mV)
= o
g 100 g 100
z E
© [=2]
) ®» 0
@ 75.5 1 __
S 0 :
- o % D
¢ Iz
(@ & %, 745 o
1 N2
) 11 & 7 e

VHF/UHF NEMS Oscillators:
Recent Prototype Examples
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Can a NEMS Resonator be a Frequency Reference ?

ve)

asic Principle: DC>RF, Active Signal/Function Generator/”Clock”

(a) Amplitude (b)

L— > Time
ower (Ideal)

J—»Frequency

ower (Actual)

LFrequency

Barkhausen Criteria for Self-Sustaining Oscillation:

T

Sustaining
Amplifier

| Low-Loss UHF |
: NEMS Resonator§

o

Loop Gain: |H(w)| > 1 (0dB)

Loop Phase Change: A¢ [H(®)] = 2nmt (nis an integer)

Self-Sustaining UHF NEMS Oscillator @ 428MHz
150
120
190 §
k=2
160 o
G M7 5C » ™ % - =
G() | 30 8
R = T (@]
Sustaining ~ Eerg i {0 @
Amplifier Y : gn.@ m phase noise o
Control - ! ' 30 i
: D i
e B
: 1 I S—— —
Hjo) L Eus e 454 426 K28u,430 43
" ' Freguéncy (MHz)
© N g d q q
c s 100 £ Strong Llnegngfﬁ Compression,(3:20,times)
107 = S 0. osc” <*
51071 b éj Aosc Oscilla\g}r(’)’.‘ﬂjtual Damping” Rate (Phase Diffusion)
€ F ~ =
2107} 29 A £ 0.0Resonator Damping Rate
1) 3 428.1 4 r@éAZEZ S
810 [ Frequency' (¥Piz) g 0.00
R = -0.05
2.5 2
T107} K -0.10
S10°F 3015
O, 1 (o]
10 ‘ ‘ 020
428.0 428.5 0 5 10 15 20 25
Frequency (MHz) Time (ns)
Feng, White, Hajimiri, Roukes, Nature Nanotech. 3, 342-346 (2008). Ham & Hajimiri, IEEE JSSC 38, 407-418 (2003)

(C) Caltech / Case - 2011



Philip Feng

|IEEE IFCS/EFTF 2011 Tutorial, San Francisco, CA, USA

Frequency Stability Data

~4x107
e Mass sensitivity: ~49zg (device mass ~55fg)
e Self-sustaining NEMS oscillators (with Si nanowires) 2 “NEMSIC”

¢ Short-term fluctuation:

AL ol 2
< 107F: 110° .
\?o E 10 A
= z
8 6| =
0 10 11072
> c
g —>| © o © le—Q
) 0p]
S 9]
o %))
@ o]
|_|_ 10'7 1 1 1 E
0.1 1 10 100 1000

Averaging Time, 7 (S)

Feng, White, Hajimiri, Roukes, Nature Nanotech. 3, 342-346 (2008).

Phase Noise Data

e 428MHz NEMS Oscillator, Data
— — Empirical Fit (Leeson-Type) il

Leeson’s Model

— — 428MHz NEMS Resonator, Intrinsic

L(f):lOIog{ZFI']_)kBT(1+

G

f) (dBc/Hz)
A
o

fo ’ 1+ fl/f3
20f f

ﬂ

1 T

¢ Phase noise mostly dominated by thermal (Johnson) and amplifier noise. Fit
well with Leeson-type model.

e Device intrinsic phase noise limit set by thermomechanical noise, readout not
matched to this limit. Still possible to improve.

Feng, White, Hajimiri, Roukes, Nature Nanotech. 3, 342-346 (2008).
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Emerging Applications #1
— Ultrasensitive Mass Detection

Towards Single-Molecule Mass Sensing

Quartz Crystal Microbalance (QCM)

Rapid detection of bacteria by
PCR and quartz crystal microbalance

Preparation of DNA from food
sample after brief cultivation

\d
PCR
AT-cut quartz crystal plate *

PCR products YerEtoxg

polymer film
DNA immobilized QCM

I | FCR product specific for target
—— bacteria is immaobilized on QCH
’ / PCR product is denatured snd Al
2 added to the (CH
silver electrodes (")—ry—ry—rry—r
GTGAAC
DMA complementary to the W RS EPers

immobilized DNA will hybridize
with the DMA on OCH

As g result, frequency of the
QCM will decrease.

It is possible to know the
presence of the target
bacteria in food sample by
detecting the decrease in
Trequency.

Frequency change [Hz)

Time (h)
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NEMS Resonant Mass Sensing: Basic Principle & Metrics

[}
- <
210
=
g Sw,
= Min. Resolvable
c Frequency Shift
205
%]
]
c
(Note: atoms, molecules are IS
magnified ~100x to be visible) 8
& 0.0
0.0 0.5 1.0 15 2.0
o/,

0

Physical Process:  mass loading effect upon the resonator = resonance frequency shift
Sensing: resonance frequency shift measurement - detected mass
Advantage: frequency shift/variation can be measured with great accuracy

Resonant Mass Sensing: Sensitivity

M 71
M z—-5&)0 =R -56()0
0w,
- O, : o
Mass Responsivity: SR = —2—  Frequency Shift Resolution: Je,
eff

Femtogram (10-1°g) Sensitivity

* Au-coated Si cantilevers, 1-10MHz, 50-100nm thick, 2-10um long, 1-3um wide
e Devices FIB’ed from commercial, much bigger devices

e 5.5fg, chemisorption of 11-mercaptoundecanoic acid

¢ Photothermal actuation, interferometric readout, room-T, in air

e Separate measurements, before and after the exposure to vapor

-50
222 223 224 225 226 227 228
Lavrik, Datskos, et al., Appl. Phys. Lett. 82, 2697(2003). Frequency (MHz)
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Other Similar Measurements

e Cornell Group

. 5 (L)
Au Particle z i
g §
s !
3 3
£ :
8 :
2 §
Deposited Au as added mass, do resonance measurement separately, & i
before and after the fabrication processes of the added Au.
T4ES TATD TATS D480 T4BS 1465 D14TO 4TS 1480 1485
e Purdue Group Fraquency (MHz) Froquancy (MHz)
f;=1.21 MHz -—!
17 fa=1.27 MHz
Al S

L Q-5

k = 0.006 N/m

Amplitude (a.u.)

3,

" Vaccinia virus particle: ~9.5fg

Cantilever beam with virus particle
- Unloaded cantilever beam

08 08 5

12 1.4 18 18 2
Frequency (in Hz) x10°

Refs: llic, et al., J. Appl. Phys., 95, 3694 (2004), and more from Craighead group; Gupta, Akin, Bashir, Appl. Phys. Lett. 84, 1976 (2004).

Attogram (10°18g) NEMS Mass Sensing (15t milestone)

e Controlled pulses of Au atoms, flux also calibrated by a QCM
e fy ~32.8 MHz doubly-clamped beam, low-noise PLL readout
e Device: Lxwxt=14um x 650nm x 260nm, R = 2.6Hz/ag (mass responsivity)

1204 -n o —
E ! " .
~ 40ag I 5 v N ammiesssmn
- 801 (pulses of Foroet 1 S0 1B .,
S Au atoms) s £ A .
2 : 65 /’v — 326 X
< 40 ot = N
g ! B i e R

0 cew o d | E
: ; ; ; : & 20
£ ]
§ 0 327610752 MHz g N
= 7 | 1%
g -4 i -20 . ‘ . .
> -6 T ] 0 50 " 100 150
g -8 ~2.5x1018 g ] ime (s)
g .10 (i.e., 2.5ag) ] Careful control experiments verifying
T 12 . . . . i excellent thermal stability
0 50 100 150 200
Time (s)

Ekinci, Huang, Roukes, Appl. Phys. Lett. 84, 4469-4471 (2004)
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oM (Da)

Af (Hz)
Limits to mass sensitivity oM, in units of
Daltons (Da), imposed by thermomechanical
fluctuations, as a function of the
measurement bandwidth, Af, for the two
representative 1 GHz resonators.

Ekinci, Yang, Roukes, J. Appl. Phys. 95, 2682-2689 (2004)

Look into Fundamentals = Ultimate Limits: (l)

Si beam
Si nanowire |/

10° 10
Af (Hz)
Mass sensitivity limits imposed by
temperature fluctuations as a function of
measurement bandwidth, for the two
representative 1 GHz silicon resonators, for
operation at =300 K.

6 7

10

Af(Hz)

Limits to mass sensitivity imposed by
adsorption-desorption processes, for the two
representative 1 GHz NEMS resonators. The
calculations displayed are for three different
pressures of N,.

Ekinci, Yang, Roukes, J. Appl. Phys. 95, 2682-2689 (2004)

Fundamentals 2 Ultimate Limits: (ll)

—— Si beam P=760 Torr
T Si nanowire
107 -
./-’
®
Q 107t > il
e 10°
% - 10°) -
Pr 0
.- 10° S
10'7 O 0 E
o A
107] ~
10° 10° 10" 10° 10" 10° 10"
o P (Torr)
100k L L f
10° 10 10° 10° 10’
A (Hz)

Limits to mass sensitivity set by momentum
exchange noise between the resonator and gas
molecules for a resonator intrinsic Q of Q,=10°
at atmospheric pressure of N, (p=760Torr). The
inset shows Q,, as a function of the gas
pressure for both resonators.
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Zeptogram (10-2g) NEMS Mass Sensing (2"d milestone)
real-time steps with respect to mass loading e
o i‘ ‘ noT;e f|OL;rZ ZOzé 1 ‘zg=1‘0'21‘g—
200} ". J .
I
Dol MM i | LETTERS
@) ¢ 0 :
3 -600F  shutter T Zeptogram-Scale Nanomechanical Mass
g Sensing
E -800 —=] ¥.T.Yang! €, Callegari? X, L. Feng, K. L. smlu and M. L. Roukes®
1000 m ) | Cotre o Tt s € 11 ‘
o ‘ 5 100 T |
0 50 100 150 200 250 300 350 [
Time (sec) = -500 {l
Min. Noise Floor Achieved > 7 zg f -1000 ] 1
&
equivalent to single (4 kDa) g 1500 e ]
macromolecule 2 -2000 A 13304 1
o z
...or about 32 Xe atoms b 2500l 190 MHz Mass~Re nsivity: |
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Single-BioMolecule NEMS Mass Sensing (latest milestone)

e Single-molecule events (precipitous frequency jumps) in real-time
(Hallmark of single-molecule nanomechanical sensing and mass spectrometry)
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Summary, Current & Upcoming Challenges

Summary of major lab setting milestones

— Single molecule/atom sensitivity in vacuum

— Single large (bio)molecule sensitivity in vacuum and in fluids
— A number of relevant technological ingridients developed

— Mostly at device level

Challenges:

— Detection in fluids / real biofluidics, concentration & capturing
— Devices & system engineering w.r.t. nanofluidics (Re number)
— Readout

— System-level integration & packaging

Further Reading...

Carbon Nanotube (CNT) NEMS Resonators
— Berkeley (Zettl)

Cornell (McEuen)

Delft (van der Zant)

— Caltech->UC Riverside (Bockrath)

e Silicon Nanowires
— NINT, Canada (Hiebert, Freeman)
— Michigan (Lu)
— HP (Williams)

e Graphene NEMS
— Cornell, Boulder (McEuen, Craighead, Bunch)
— Columbia (Kim, Hone)
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