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Outline
• Introduction	to	vapor-liquid-solid	nanowire	growth
• Literature	nanomechanical measurement	of	mass
• Our	idea
• Experimental	Results
• Questions
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In	1964,	R.	S.	Wagner	and	W.	C.	Ellis	
first	observed	 the	growth	of	 silicon	
crystals	from	Au	particles	due	to	the	
presence	of	a	silicon	vapor.

The	wires	were	solid,	 the	particle	was	a	
liquid	eutectic	and	the	precursor	was	a	
vapor	so	they	called	the	method:	
vapor-liquid-solid	 (VLS)	growth.

It	depends	on	the	eutectic	point	of	a	
binary	phase	diagram.

VLS	growth	was	originally	called	
whisker	growth	 in	the	1970s	following	
Wagner	and	Ellis’s	work	but	eventually	
evolved	in	the	1990s	into	nanowire	
growth,	capable	of	creating	rods	at	
nanoscale	dimensions.

Vapor-liquid-solid	nanowire	growth
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Attogram detection	using	nanoelectromechanical	oscillators

B.	Ilic,	H.	G.	Craighead,	S.	Krylov,	W.	Senaratne,	C.	
Ober,	and	P.	Neuzil,	J.	Appl.	Phys.	95,	3694	(2004).
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Nanowire	cantilevers	for	mass	based	sensing	

Idea:	Use	site	controlled growth	of	Si	
vapor-liquid-solid	wires	to	create	high	
sensitivity	mass	sensing	platform
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Tapered	regular	hexagon	with	
end	mass:
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Phase	1:	Site	controlled	growth	and	sensitivity

Idea Reality

𝑄 > 13000

Estimated	resolvable	mass	=	
0.07-0.14	ag

𝜎F = 0.5 − 1	𝐻𝑧
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Questions?
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Silicon	nanowire	mass	sensors
Brian	A.	Bryce,	Jason	J.	Gorman,	Sergiy	Krylyuk,	and	Albert	Davydov

20	µm

Idea Reality

Better	than	0.14	attogram
sensitivity

(0.00000000000000000014	 g)
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Attogram detection	using	nanoelectromechanical	oscillators

B.	Ilic,	H.	G.	Craighead,	S.	Krylov,	W.	Senaratne,	C.	
Ober,	and	P.	Neuzil,	J.	Appl.	Phys.	95,	3694	(2004).
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Measurement	principle	- Fabry–Pérot interferometer

𝑑LFF

𝑎 = 	 𝛼N cos 𝜔𝑡

𝑏 = 	 𝛼&cos	(𝜔𝑡 +
4𝜋𝑑LFF
𝜆 )

Cantilever

Substrate
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Nanowire	cantilevers	for	mass	based	sensing	

Idea:	Use	site	controlled growth	of	Si	vapor-liquid-
solid	wires	to	create	high	sensitivity	mass	sensing	
platform

Motivation:

• Likely	high-Q	as	wires	are	damage	free	and	single	
crystal

• Au	on	tip	can	be	functionalized	 and	is	most	
sensitive	location	for	mass	loading

• Can	be	integrated	with	other	Si	based	technology	
to	allow	for	multiplexing

• Can	be	scaled	to	nanoscopic dimensions	 without	
electron	beam	lithography

• Highly	 integrated	sensor	 is	an	interesting	
metrology	system-on-a-module	problem

𝑓" =
𝛽𝑙 &

12𝜋
𝑡
𝑙&

5𝐸
2𝜌	

�

Goal:
One	chip	and	PCB	with	same	measurement	quality	as	entire	lab	of	equipment

𝛽𝑙 ⇒ 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛	𝑡𝑜	𝑡𝑟𝑎𝑛𝑠𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙

Tapered	regular	hexagon	with	
end	mass:
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Phase	1:	Show	site	controlled	growth	on	
sidewalls	of	high-Q	VLS	cantilevers,	and	
estimate	mass	sensitivity

Phase	2:	Integrate	photodetector,	 and	thermal	
driver	to	allow	for	partial	multiplexing

Phase	3:	Integrate	light	source	for	full	
multiplexing

Phase	4:	Integrate	vacuum	pump	to	complete	
high	 resolution	mass	detection	system
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Phase	1:	Show	site	controlled	growth	on	
sidewalls	of	high-Q	VLS	cantilevers,	and	
estimate	mass	sensitivity
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4	µm

1) Grow	a	wire	where	we	
want

2) Grow	it	in	a	particular	
direction

3) Grow	one wire

Control	is	needed
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Nanowire	reactor

System	Features:
q 4-zone	furnace;	quartz	reactor	for	2”	wafers
q Variable	pressure	(3	mTorr – 760	Torr)	with	N2/H2 carrier	gas
q SiH4 and	SiCl4 precursors	
q In	situ doping	for	n- (PH3)	and p- (BCl3)	types

Exhaust

I II III IVInlet

Si	NWs	growth	conditions:

Tgrowth =	500	-- 1050	C	à 900C

P	=	10	-- 760	Torrà 600	Torr

Growth	rate	=	0.1	-- 10	um/min

SiH4
v Sis400-650C

10-600 torr

SiCl4v Sis900C
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Phase	1:	Site	controlled	growth	and	sensitivity

Idea Reality
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The	instrument	(Phase	1)
He

N
e
La
se
r

Polarizer Polarizer

BS

BS

LED

Kö
hl
er

ill
um

in
at
io
r

Objective Dichroic	
mirror

Tube	Lens CameraPhotodiode

He
/A
ri
nl
et

To	dry	pump

Vacuum	
Chamber	

On	XYZ	stage

To	Electronics



B.	A.	Bryce

The	instrument	(Phase	1)

Photodetector Transimpedance
Amplifier

Piezo

Network	Analyzer	
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Phase	1:	Site	controlled	growth	and	sensitivity

Idea Reality

𝑄 > 13000

Estimated	resolvable	mass	=	
0.07-0.14	ag

𝜎F = 0.5 − 1	𝐻𝑧
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Phase	2	device	design

HeaterPhotodiode

Nanowire	
Sensor

Metal	1

Metal	2

Au

p-Si

n-Si

SiO2
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Phase	2	device	reality
HeaterPhotodiode

Nanowire	
Sensor

Metal	1

Metal	2

Au

p-Si

n-Si

SiO2

10	layers	of	lithography!
1. Mark	definition	(L	+	RIE)
2. Oxidize	(RCA	+	tube)
3. Trench	definition	(L	+	RIE	+	KOH)
4. Oxidize	(RCA	+	tube)
5. VIA	for	diode	 (L	+	RIE	+	HF)
6. n+ poly-Si	growth
7. Poly	Select	1	(L	+	RIE)
8. Poly	Select	2	(L	+	RIE)
9. M0	Liftoff	(L	+	evaporation)
10. PECVD	SiO2	+	SiNx
11. VIA	through	SiNx (L	+	RIE)
12. Window	open	(L	+	HF)
13. Au	deposition	 (L	+	HF	+	evaporation)
14. Wire	growth
15. Contacts	(L	+	HF	+	evaporation)

20	µm
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20	µm

Use	your	title	slide	effectively:
• Core	message
• Get	people	to	want	to	listen
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Brian A. Bryce, Jason J. Gorman, Sergiy Krylyuk, and Albert Davydov

Silicon nanowire mass sensors
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Silicon	nanowire	mass	sensors
Brian	A.	Bryce,	Jason	J.	Gorman,	Sergiy	Krylyuk,	and	Albert	Davydov

20	µm

Idea Reality

Better	than	0.14	attogram
sensitivity

(0.00000000000000000014	 g)
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20	µm

Outlines	waste	time*

*	Exception	for	talks	longer	than	1	hour	or	super	
formal	settings
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Outline
• Introduction	to	vapor-liquid-solid	nanowire	growth
• Literature	nanomechanical measurement	of	mass
• Our	idea
• Experimental	Results
• Questions
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20	µm

Keep	text	to	minimum

Text	heavy	slides	are	generally	bad
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In	1964,	R.	S.	Wagner	and	W.	C.	Ellis	
first	observed	 the	growth	of	 silicon	
crystals	from	Au	particles	due	to	the	
presence	of	a	silicon	vapor.

The	wires	were	solid,	 the	particle	was	a	
liquid	eutectic	and	the	precursor	was	a	
vapor	so	they	called	the	method:	
vapor-liquid-solid	 (VLS)	growth.

It	depends	on	the	eutectic	point	of	a	
binary	phase	diagram.

VLS	growth	was	originally	called	
whisker	growth	 in	the	1970s	following	
Wagner	and	Ellis’s	work	but	eventually	
evolved	in	the	1990s	into	nanowire	
growth,	capable	of	creating	rods	at	
nanoscale	dimensions.

Vapor-liquid-solid	nanowire	growth
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Label	things	clearly
Make	fonts	large	enough	to	read
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Attogram detection	using	nanoelectromechanical	oscillators

B.	Ilic,	H.	G.	Craighead,	S.	Krylov,	W.	Senaratne,	C.	Ober,	and	P.	Neuzil,	J.	Appl.	Phys.	95,	3694	(2004).

Resolvable	mass	=	0.39	agNo	scale

Too	small
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Attogram detection	using	nanoelectromechanical	oscillators

B.	Ilic,	H.	G.	Craighead,	S.	Krylov,	W.	Senaratne,	C.	
Ober,	and	P.	Neuzil,	J.	Appl.	Phys.	95,	3694	(2004).
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20	µm

Clearly	explain	why	you	have	made	
design	choices
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Nanowire	cantilevers	for	mass	based	sensing	

Idea:	Use	site	controlled growth	of	Si	
vapor-liquid-solid	wires	to	create	high	
sensitivity	mass	sensing	platform
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Tapered	regular	hexagon	with	
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Nanowire	cantilevers	for	mass	based	sensing	

Idea:	Use	site	controlled growth	of	Si	vapor-liquid-
solid	wires	to	create	high	sensitivity	mass	sensing	
platform

Motivation:

• Likely	high-Q	as	wires	are	damage	free	and	single	
crystal

• Au	on	tip	can	be	functionalized	 and	is	most	
sensitive	location	for	mass	loading

• Can	be	integrated	with	other	Si	based	technology	
to	allow	for	multiplexing

• Can	be	scaled	to	nanoscopic dimensions	 without	
electron	beam	lithography

• Highly	 integrated	sensor	 is	an	interesting	
metrology	system-on-a-module	problem
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Goal:
One	chip	and	PCB	with	same	measurement	quality	as	entire	lab	of	equipment

𝛽𝑙 ⇒ 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛	𝑡𝑜	𝑡𝑟𝑎𝑛𝑠𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙

Tapered	regular	hexagon	with	
end	mass:
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20	µm

End	with	the	message	you	want	
remembered or	something	to	make	

people	talk	to	you	after
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Questions?
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Phase	2	device	reality
HeaterPhotodiode

Nanowire	
Sensor

Metal	1

Metal	2

Au

p-Si

n-Si

SiO2

10	layers	of	lithography!
1. Mark	definition	(L	+	RIE)
2. Oxidize	(RCA	+	tube)
3. Trench	definition	(L	+	RIE	+	KOH)
4. Oxidize	(RCA	+	tube)
5. VIA	for	diode	 (L	+	RIE	+	HF)
6. n+ poly-Si	growth
7. Poly	Select	1	(L	+	RIE)
8. Poly	Select	2	(L	+	RIE)
9. M0	Liftoff	(L	+	evaporation)
10. PECVD	SiO2	+	SiNx
11. VIA	through	SiNx (L	+	RIE)
12. Window	open	(L	+	HF)
13. Au	deposition	 (L	+	HF	+	evaporation)
14. Wire	growth
15. Contacts	(L	+	HF	+	evaporation)

20	µm
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20	µm

General	advice:
• You	can	expect	your	audience	to	retain	

2-3	things	in	a	15	minute	talk
• Know	your	audience:	what	interests	

them,	what	do	they	know,	what	do	they	
not	know


