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BULK	SILICON	 MESOPOROUS	
SILICON	

WHY	?	

Ambient	surface	
chemistry		

Native	oxide		 Similar	 Bare	silicon	surfaces	oxidize	in	air,	whether	in	
nanocrystal	or	bulk	crystal	form	

Surface	/interface	area	 <1m2/g	 	 	
	

Lattice	symmetry	
	

Diamond	 Similar	 Mesoporous	silicon	is	polycrystalline	

Lattice	constant	
	

5.43A	 	 	

Density		
	

2.33g/cm3	 Decrease	 Porosity	(air)	lowers	density	

Melting	point	
	

1414	oC	 	 	

Thermal	expansion	
coefficient	

3-7ppm/K	 	 	

Thermal	conductivity	 150W/m/K	 	 High	phonon	scattering	
	

Specific	heat	capacity	 0.7J/g/K	 	 	
	

Band	gap	
	

1.1eV	 Increase	 Quantum	confinement	effects	

Electrical	resistance	 10-3	-	103	ohm	cm	 	 	
	

Electron	mobility	
	

1350cm2/V/s	 	 High	concentration	of	electron	traps	

Hole	mobility	
	

480cm2/V/s	 	 High	concentration	of	hole	traps	

Electronegativity	
(Pauling)	

1.8	 	 	

Static	dielectric	
constant	

11.5	 	 	

Refractive	index	
	

3.5	 	 	

Photoluminescence	
efficiency	(IR)	

0.01	 	 	

Photoluminescence	
efficiency	(visible)	

0.000001	 	 	

Hardness	
	

11.5	GPa	 Decrease	 	

Youngs	modulus	
	

160	GPa	 	 	

Yield	strength	
	

			7	GPa	 	 	

Fracture	toughness	
	

2-3	J/m2	 	 	

The	table	lists	some	chemical	(black),	structural	(green),	thermal	(red),	optoelectronic	(blue),	and	
mechanical	(purple)	properties	and	gives	values	for	the	semiconductor	silicon,	when	not	
nanostructured	(“bulk	silicon”).		

	Indicate	in	the	first	blank	columns	whether	you	think	the	material	property	listed	will	increase	,	
decrease	or	have	little	change	as	a	result	of	nanostructuring	silicon	into	“mesoporous	silicon”	
(nanocrystals	and	voids).	In	the	last	column	indicate	the	primary	cause	of	the	predicted	change	by	a	
single	phrase	.	Some	example	answers	are	given.	



Startups	in	Nanotech	



KEY	Topics	…	

•  What	is	the	key	(nano)technology?	
•  What	are	the	projected	products	emana9ng	from	this	

technology?	
•  How	is	the	technology	protected?	
•  How	much	funding	$$$$$$	has	been	raised	to	date?	
•  Is	it	a	public	or	private	company?	(if	it’s	public,	you	can	

look	at	SEC	public	disclosure	statements…)	
•  Who	are	the	key	personnel?	
•  Where	will	the	products	be	manufactured?	
•  Anything	known	about	marke9ng	&	sales?	
•  Will	regulatory	issues	be	a	factor	in	product	development?	

(e.g.	medical	devices	(FDA))	
	
	



The	Role	of	Research	

•  What	is	the	fundamental	research	associated	
with	this	technology?	Patented	where?	By	
whom?	

•  It	likely	originated	in	a	university	lab….whose	
lab?	

•  Has	the	company	presented	any	ongoing	R&D	
efforts	at	conferences?	



What	is	this	company’s	business	
model	?	

(e.g.	how	are	they	going	to	make	
money	in	a	sustainable	fashion)	
•  Mul9ple	rounds	of	fund-raising	and	
eventually	get	product(s)	to	market	

or	
•  Acquisi9on	by	another	larger	en9ty	
before	that	9me	comes.	
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Search   Product Name  

 Nanoparticles

 Monodisperse Nanoparticles

 Magnetic Nanoparticles

 Nanoparticle Dispersions

 NanoLubricants & Non-Carbon NanoTubes

 NanoWires,NanoRods & NanoFibers

 Carbon Nanotubes

 Graphene & Fullerenes

 Quantum Dots

 Quantum Dots Cadmium-Heavy Metal Free

 Nanotechnology Applications

Featured Products
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MKnano (division of M K Impex Corp.) was set up in 2007 to focus on Nanotechnology products and applications.
Nanotechnology today is growing very rapidly and has infinite applications in almost everything we do. The medicine we
take, food we eat, chemicals we use, car we drive and much much more. 

MKnano today offers Nanotechnology products in following material formats: 

Atomic & Molecular Clusters, Buckyballs, Graphene, Fullerenes & Carbon Nanotubes, Nanocrystals, Nanoparticles &
Nanopowders, NanoFillers, NanoAdditives, Nanorods & Nanowires, Magnetic Nanoparticles, Magnetic Nanostructures,
Nanolubricant Powders, Nanoparticale Dispersions, Nano Tubes, Quantum Dots. 

When material is made into nanoparticles, its reactivity increases. Smaller the particle size, higher the surface area.
Nanoparticles have a very high surface area to volume ratio; due to this a higher percentage of atoms (in nanoparticles) can
interact with other matter. This results in to very efficient chemical reaction. 

We believe Nanotechnology will drive major future improvements in production technology in chemistry, biotechnology,
electronics, medicine, material science, alternative energy, lubricants, and agriculture. 

Our company is located in Mississauga (in Toronto area) in Canada, and we have exported nanotechnology products to
more then 35 countries.

Home . About Us . Contact Us . View Cart . Track Order . Login 

© Copyright © 2009 MKNano.com
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Tetrapod Quantum Dot - Manna et al., JACS (2000)

THE QUANTUM DOT ERA
Synthesis and Mass-Production of Highly Functionalized Colloidal Tetrapod Quantum Dots
Mass-Production of Printed Thin-Film PV Quantum Dot Solar Cells
Mass-Production of Printed Electronics
A New Paradigm of Science and Business

Quantum Materials Corporation (QMC) is now commercializing a low cost quantum dot technology of a superior
quality and characteristics. This revolutionary new quantum dot production technique, developed by Dr. Michael S.
Wong and colleagues of William Marsh Rice University, Houston, TX., has been acquired under an exclusive, world-
wide license. Our new synthesis method is mass producible using continuous flow technology processes developed
in conjunction with Access2Flow microreactor technology. QMC's research and development group was
instrumental in developing the new scaling-up process.

(...more) 

MANUFACTURERS

Advantages of QMC Tetrapod QD

Quantum Materials Corporation new "greener"
synthesis of Tetrapod CdSe Quantum Dots

Low Cost of non-REE materials that can produce high

luminescense and efficient QD

Continuous Flow Processing for consistent, reliable,

stable, and high quantity product

95+% conversion of Tetrapods in narrow frequency

ranges for precise uses

High Selectivity of Arm Width and Length for fine

tuning of product characteristics

Simplified Purification due to uniformity and non-toxic

synthesis chemicals

Can be capped with shells or dyes during production

(...more)

ACADEMIC RESEARCHERS

Introductory Pricing for Academic

Research

Stephen B. Squires, Founder and CEO of
Quantum Materials Corporation said:

"We believe that our tetrapod quantum dots are

truly an enabling technological breakthrough. As

such we have an obligation to make sure these

materials are accessible to researchers across the

globe so discovery in the advanced electronics and

life sciences fields, among others, can be realized

and accelerated. Offering QMC tetrapod quantum

dots at a substantial cost savings will increase

access to experimentation as the range of quantum

dot research also widens. There are a number of

potential applications for quantum dots that have

not been well described and we really believe this is

going to be the kind of platform technology that

spurs innovation and creativity throughout the

scientific community."

(...more)

GLOBAL MARKET GROWTH

Global Market Growth for Quantum Dots in

Promising Commercial Market Sectors

2008-2013 ($Millions)

Source: BCC Research

US Ticker: QTMM

Copyright © 2011 Quantum Materials Corporation | Privacy | Legal Statement
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Today…..	

•  A	blockchain,	originally	block	chain,	is	a	growing	list	of	records,	called	
blocks,	that	are	linked	using	cryptography.	Each	block	contains	a	
cryptographic	hash	of	the	previous	block,	a	9mestamp,	and	transac9on	
data.	By	design,	a	blockchain	is	resistant	to	modifica9on	of	the	data	



Examples	based	on	single	type	of	material	

• The	facile	synthesis	of	single-crystal	needles	is	possible,	with	widely	tunable	widths	(nm	to	
µm)		and	lengths	(~	µm	to	mm).	

Silicon	Nanowire	(SiNWs)	Synthesis:		
Vapor-Liquid-Solid	(VLS)	route		

SiH4 SiH4	

Gold catalyst 
nanocluster SiNW nucleation SiNWs 



Applica9ons	

•  Semiconductor	nanowires	configured	as	the	ac9ve	
channels	of	field-effect	transistors	(FETs)	have	been	
used	as	detectors	for	high-resolu9on	electrical	
recording	from	single	live	cells,	cell	networks,	9ssues	
and	organs.		

•  Specifically,	extracellular	measurements	with	substrate	
supported	silicon	nanowire	(SiNW)	FETs	recorded	
ac9on	poten9al	and	field	poten9al	signals	with	high	
signal-to-noise	ra9o	and	temporal	resolu9on	from	
cultured	neurons,	cultured	cardiomyocytes,	acute	
brain	slices	and	whole	animal	hearts.		



Nanoelectronics-biology	fronHer:	From	nanoscopic	probes	for	
acHon	potenHal	recording	in	live	cells	to	three-dimensional	

cyborg	Hssues		
	Nanoelectronics-biology frontier 353

Figure 1 Schematic illustration of the advantages for using SiNW based devices to interface with biological systems. (a) SiNW based
devices are used for intra- and extracellular action potential recording. The small size of the functional element increases the spatial
precision and resolution, also enables subcellular interfacing; (b) The bottom-up pathway used for making the nanoscale electronic
devices allows us to realize multi-function on a single chip, make flexible electronics, also three-dimensional and free-standing
devices to interface from inside the tissue.

multi-site recording such as using MEAs [2,6,7]. The size of
the metal electrodes used in extracellular recording is nor-
mally 5—100 !m [2,6,7,14]. This relatively large size ensures
a reasonable impedance value at the electrode/electrolyte
interface and gives sufficient signal-to-noise ratio (SNR)
for action potential detection. Extracellular recording with
MEAs has been used in many studies including development
of electric activity and dynamics study in cultured neuron
networks [42], neuronal activity in brain slices [43] and
photo response of the networks in the retina [44]. How-
ever, the large size and corresponding low spatial resolution
of MEAs make it difficult to record from critical subcellu-
lar structures, such as axons and dendrites [16]. The large
size also makes cell-to-electrode registration challenging
because measured signals for a given electrode typically are
due to contributions from several nearby cells. As a result,
identification of specific cellular signals from MEAs recording
generally requires complicated post-processing, such as the
spike sorting [6,7].

In this regard, nanoscale devices can provide dis-
tinct advantages by realizing subcellular-scale interfaces
between recording probes and biological systems, and
enabling precise cell-to-electrode registration. FETs using
chemically synthesized semiconductor nanowires as func-
tional channels (Fig. 2a) are good candidates for this
purpose. As shown in Fig. 2b, when putting a SiNW FET in
electrophysiology medium [45], it exhibits a conductance
change in response to variations of the solution potential.
The FETs are normally referred as active potential detectors,
in distinction to the passive metal electrodes. The solution
acts as analog of metallic gate electrode in the conven-
tional FET configuration, and thus is termed a water-gate
[24]. Because potential sensing with FETs is not dependent
on solution/device interface impedance [45,46], there is no
fundamental limitation (in contrast to MEAs) on reducing the
size of FET-based detectors to the nanometer scale. In our
nanowire FET sensors, the diameter of nanwires is normally

in the range of 10—100 nm, and the channel length of the
FET is in the range of 50—2000 nm. Compared to their pla-
nar counterparts, NWFETs are expected to be more sensitive
detectors due to the one-dimensional (1D) nanoscale mor-
phology; that is, the potential change on the surface of a
nanowire leads to depletion or accumulation of carriers in
the ‘‘bulk’’ of the 1D nanometer-diameter structure, versus
only a shallow region near the surface in the case of a planar
device. The exquisite sensitivity, combining the nanoscale
size, makes NWFETs appealing as extracellular recording
probes with cellular or subcellular-level resolution.

Extracellular recording from cultured cells
using SiNW FETs

The first demonstration of using nanoscale FETs as extracel-
lular recording probes for electroactive biological systems
was carried out on cultured rat cortical and hippocampal
neurons [27]. By using surface patterning of poly-lysine on
NWFET device chips, the neuron cells, including both the
cell body and neurites, were selectively grown to ensure a
high yield of neuron/nanowire junctions and hence an effi-
cient interfacing. Fig. 3a [27] shows an optical image of
a cortical neuron interfaced with a NWFET with the axon
aligned across the nanowire channel. The signal recorded
by this p-type NWFET was in good temporal correlation
with the intracellular action potentials recorded by a glass
micropipette (Fig. 3b) [27]. This direct correlation indi-
cates that the depolarization of cell membrane during action
potential firing results in negative charging of the extracel-
lular space around the nanowire. This is consistent with the
fact that the membrane expresses a relatively high density
of Na+ ion-channel [47—49]. Key advantages demonstrated
by this work include (1) the straightforward recording of
action potential signals from individual neurites, which is
difficult at best from MEAs due to their large electrode size,
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Summary Semiconductor nanowires configured as the active channels of field-effect transis-
tors (FETs) have been used as detectors for high-resolution electrical recording from single live
cells, cell networks, tissues and organs. Extracellular measurements with substrate supported
silicon nanowire (SiNW) FETs, which have projected active areas orders of magnitude smaller
than conventional microfabricated multielectrode arrays (MEAs) and planar FETs, recorded
action potential and field potential signals with high signal-to-noise ratio and temporal res-
olution from cultured neurons, cultured cardiomyocytes, acute brain slices and whole animal
hearts. Measurements made with modulation-doped nanoscale active channel SiNW FETs demon-
strate that signals recorded from cardiomyocytes are highly localized and have improved time
resolution compared to larger planar detectors. In addition, several novel three-dimensional
(3D) transistor probes, which were realized using advanced nanowire synthesis methods, have
been implemented for intracellular recording. These novel probes include (i) flexible 3D kinked
nanowire FETs, (ii) branched intracellular nanotube SiNW FETs, and (iii) active silicon nanotube
FETs. Following phospholipid modification of the probes to mimic the cell membrane, the kinked
nanowire, branched intracellular nanotube and active silicon nanotube FET probes recorded
full-amplitude intracellular action potentials from spontaneously firing cardiomyocytes. More-
over, these probes demonstrated the capability of reversible, stable, and long-term intracellular
recording, thus indicating the minimal invasiveness of the new nanoscale structures and sug-
gesting biomimetic internalization via the phospholipid modification. Simultaneous, multi-site
intracellular recording from both single cells and cell networks were also readily achieved by
interfacing independently addressable nanoprobe devices with cells. Finally, electronic and
biological systems have been seamlessly merged in 3D for the first time using macroporous

∗ Corresponding author. Tel.: +86 10 6276 7113/+01 617 496 3169.
E-mail addresses: xjduan@pku.edu.cn (X. Duan), cml@cmliris.harvard.edu (C.M. Lieber).

1748-0132/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.nantod.2013.05.001
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sensitive detection of Hg2+ and Cd2+ in aqueous solution at concentrations of 10�7 and 10�4 M,
respectively [181]. The selective detection of Pb2+ and Cu2+ could also be achieved using metal an ion
selective oligonucleotide modified SiNWs-FETs device [180]. Limit of detections as low as 1 nM for Pb2+

and 10 nM for Cu2+ were obtained. Although the specificity of such sensor was not specified, this study
illustrated the promising nature of SiNWs-FET sensing platforms for water pollution monitoring and
clinical toxicology applications.

6. Challenges and Opportunities of Silicon Nanowire Biosensor

6.1. Early-Stage Development Platforms

Owing to the aforementioned excellent characteristics of SiNW FET biosensing platforms,
a number of initiatives in both the academic and for-profit sectors are aimed at developing commercial
technologies. However, these SiNW FET biosensing platforms are still at the research and development
phase and yet to received FDA or CE/ISO approval for routine application.

Pioneers in SiNW FET biosensor development, Charles Lieber and his team at Vista Therapeutics,
Inc. (Santa Fe, US), a spin-off company from Harvard University (US), first introduced SiNW FET
biosensor prototypes for various application in cancer diagnostic, virus and biological toxin detection.
The company provides a complete solution from sample processing, on-chip platform, readout
instrument as well as data processing [182]. As presented in Table 3, most of the companies active in
the field are spin-offs from University research groups. However, global corporations IMEC and Roche
have recently joined the race for nanowire FET biosensor development with their newly founded
companies miDIAGNOSTICS and BiomedX, respectively.

Table 3. Early commercial SiNW FET platforms and targeted applications.

Company Product Detection Targets Format Ref.

Vista therapeutics,
Inc. (US) NanoBioSensor™ Cancer markers, viruses,

biological toxin, DNA/RNA
Sample collection/Prep Kits;
NanoCards; Readout devices [182]

QuantuMDx, (UK) Q-POC™ Cancer marker, bacteria, virus,
DNA/RNA Sample cartridge; readout device [183]

Nanosens, B.V.
(The Netherlands)

Nanowire in various
materials, nanowire

on-chip
Under development Wafer-scale nanowires; chip-unit [184]

Inanobio, LLC.
(US)

Fully depleted
exponentially coupled

SiNW FET on-chip

Under development. Co-develop
with medical devices company Wafer-scale nanowires; chip-unit [185]

Tracense (Israel) TESS explosives trace
detector

Gas sensing platforms for
explosive, chemical and biological

warfare agents detection

Detection unit: nanowire chip;
readout device [186]

Avails Medical, Inc.
(US) Under-development Drug monitoring in saliva Under-development [187]

NanoIVD, Inc. (US) Under-development Genetic mutation detection Test cartridge [188]

miDIAGNOSTICS
(Belgium) Under-development Proteins, nucleic acids, and small

molecules Under-development [189]

BiomedX Under-development electrolytes, proteins,
and blood gases Under-development [190]

6.2. Challenges and Needs for Commercialization of Silicon Nanowire Biosensor

Despite significant technological advances, the commercialization of CMOS compatible SiNW
FET biosensor technology is still in the early phase. Similar to other solid-state sensing technologies,
significant challenges remain to be solved and further improvements are required to fulfill the intrinsic
promises of SiNW FET sensing platforms and allow for their routine implementation. Thanks to the
progress in microfabrication technology, large-scale patterning and CMOS integration of SiNW FET is
no longer an issue. However, practical challenges associated with high manufacturing cost still need
to be resolved. In addition, quality assurance in large scale fabrication of such device is also required
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Abstract: Owing to their two-dimensional confinements, silicon nanowires display remarkable
optical, magnetic, and electronic properties. Of special interest has been the development of advanced
biosensing approaches based on the field effect associated with silicon nanowires (SiNWs). Recent
advancements in top-down fabrication technologies have paved the way to large scale production of
high density and quality arrays of SiNW field effect transistor (FETs), a critical step towards their
integration in real-life biosensing applications. A key requirement toward the fulfilment of SiNW
FETs’ promises in the bioanalytical field is their efficient integration within functional devices. Aiming
to provide a comprehensive roadmap for the development of SiNW FET based sensing platforms,
we critically review and discuss the key design and fabrication aspects relevant to their development
and integration within complementary metal-oxide-semiconductor (CMOS) technology.

Keywords: silicon nanowire; field effect transistor; micro/nanofabrication; CMOS; biosensor;
diagnostic; commercialization

1. Introduction

Biosensor and analytical devices that provide accurate detection and quantification of
biological and chemical species have been important to the fields of medical diagnostics,
life-science and environmental monitoring. More recently, there has been an increasing demand
for development of point-of-care (POC) sensing devices and many promising POC advances
based on a number of molecular sensing approaches have been reported for the detection of
biomolecules, including electrochemical detection, ELISA, surface plasmon resonance, nanoparticle,
quartz crystal microbalance, micro ring resonator, microcantilever, and chemical sensitive field
effect transistor [1,2]. However, the inherent shortcomings of these approaches remain a challenge
towards their translation in real-life applications, especially those requiring compliance with the
Word Health Organization’s ASSURED criteria (Affordable, Sensitive, Specific, User-friendly, Rapid,
Equipment-free and Deliverable). Conversely, semiconductor (III–V) nanostructures are one of the
most promising nanotechnology building blocks and are actively being integrated in a range of
technological applications in nano-electronics [3–5], optoelectronics [6–9], photovoltaics [10,11] and
bio/gas sensing [12–16]. This is mostly due to their extraordinary physical properties, for example

Materials 2018, 11, 785; doi:10.3390/ma11050785 www.mdpi.com/journal/materials
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