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(I)  Self-‐assembled,	  integrated	  electrothermal	  
carbon	  nanotube	  gas	  sensor	  

(II)	  Highly	  reac3ve	  facets	  of	  3tanium	  dioxide	  
nanoswords	  for	  energy	  and	  environmental	  
applica3ons	  

(III)	  Silver	  nanowires	  and	  graphene	  for	  
biological	  and	  op3cal	  sensing	  
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Local	  synthesis	  addresses	  placement	  
and	  integra3on	  of	  nanostructures	  

Selec2ve	  loca2ons	  for	  
nanostructure	  growth	  
	  
Integra2on	  of	  
nanostructures	  with	  the	  
macroscale	  	  
	  
Microelectronics	  compa2ble	  
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Electrothermal	  CNT	  sensors	  based	  on	  
pressure-‐dependent	  response	  

Energy	  conducted	  through	  the	  gas	  

T. Kawano, H. Chiamori, M. Suter, Q. Zhou, B. D. Sosnowchik, and L. Lin, Nanoletters, (7) 2007, 3686 
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Low	  power	  CNT	  pressure	  sensor	  can	  
operate	  on	  μW	  power	  
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CNT	  synthesis	  with	  local	  control	  
over	  growth	  temperature	  

T. Kawano, C. Y. Cho, and L. Lin, 20th IEEE MEMS 2007, 831- 834. 
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CNT	  chamber	  and	  experimental	  
setup	  

Silicon	  microbridge	  gap	  
distances	  of	  5	  to	  20	  μm.	  
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CNT	  sensor	  demonstrates	  repeatable,	  
rapid	  response	  to	  pressure	  change	  
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CNT	  sensor	  baseline	  values	  can	  be	  
determined	  from	  energy	  dissipa3on	  
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Contact	  interface	  influences	  CNT	  
power	  dissipa3on	  

Energy	  dissipa2on	  can	  poten2ally	  determine	  the	  MWCNT	  
thermal	  conduc2vity	  value	  
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Poten3al	  of	  sensing	  different	  gas	  
species	  
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Improving	  the	  nano-‐	  to	  micro-‐	  
contact	  resistance	  

Contact	  resistance	  
can	  dominate	  overall	  
system	  resistance 
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Higher	  power	  annealing	  can	  reduce	  
contact	  resistance	  

H Chiamori, X. Wu, X Guo, B. Ta, and L. Lin, 5th IEEE NEMS 2010.  
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Titanium	  dioxide	  is	  used	  for	  mul3ple	  
energy	  and	  environmental	  applica3ons	  

•  Photocatalysis:	  UV-‐generated	  free-‐radicals	  enable	  “depollu2on”	  
•  Photovoltaics:	  Dye-‐sensi2zed	  solar	  cells	  
•  Hydrogen	  Genera2on:	  Water	  SpliLng	  
•  Sensor	  Apps:	  O2,	  H2,	  CO,	  and	  humidity	  sensors	  
•  Lab-‐on-‐a-‐chip:	  cleaving	  pep2des	  

Titanium	  dioxide	  window	  coa2ngs	  for	  UV-‐
ac2vated	  self-‐cleaning	  windows	  	  

Dye-‐coated	  2tanium	  
dioxide	  solar	  panels	  

http://www.anlin.com/infinit-e-plus.aspx; http://www.solarisnano.com/  

Image credits: anlin.com/infinit-e-plus.aspx; solarisnano.com 
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Induc3on	  hea3ng	  synthesis	  method	  is	  
rapid,	  clean,	  and	  occurs	  within	  minutes	  

U. Diebold, Surf. Sci. Rep., (48) 53, 2003; B. D. Sosnowchik, J.-Y. Ha, L. Luo, and  L. Lin, 21st IEEE MEMS, 2008. 

Rutile, Tetragonal 
a=b=4.587 Å; c= 2.953 Å  

• N-type semiconductor 
• Three phases 

Anatase 
Rutile 
Brookite  

• Large band gap 
Rutile          3.0 eV 
Anatase      3.2 eV 

 

TiO2 
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before	  (a)	  and	  aTer	  (b)	  the	  photochemical	  
deposi2on	  of	  silver	  onto	  TiO2.	  	  

Lowekamp, et. al, J. Phys. Chem. B 102, 7323 (1998); M. Ramamoorthy, D. Vanderbilt, R. D. King-Smith, Phys. Rev. B 
49, 16721 (1994); H. G. Yang et al., Nature 453, 638 (2008); A. Selloni, Nature Materials 7, 613 (2008).  

ru3le	   anatase	  ru3le	  nanosword	  

Certain	  crystalline	  TiO2	  facets	  exhibit	  
higher	  photocataly3c	  ac3vity	  	  

Engineered	  
faces	  of	  
anatase	  TiO2.	  	  
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Facet-‐dependent	  photocatalysis	  
experimental	  setup	  

17 mm 

Nanosword Sample on substrate 

UV light source:  

365 nm 

Solution: 

0.1 N Silver Nitrate 

Control substrates: 

TiO2 (110)  

TiO2 (101)  
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Silver	  reduc3on:	  17	  minutes	  

Control 
Substrate 
Rutile (110) 2um 

100 nm 

2um 

nanosword	   control	  
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Silver	  reduc3on:	  1	  hour	  

Control 
Substrate 
Rutile (110) 2 um 19 KX 200 nm 

nanosword	   control	  
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Enhanced	  photocataly3c	  ac3vity	  of	  
TiO2	  nanoswords	  

B. D. Sosnowchik, H. C. Chiamori, Y. Ding, J.-Y. Ha, Z. 
L. Wang, and L. Lin, Nanotechnology, (21), 2010 
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Self-‐sourced,	  rapid	  synthesis	  of	  3tania	  
nanostructures	  and	  thin	  films	  

(110) 
(101) 

(111) 

(210) 

(211) 

(220) 

TiO2	  nanostructure	  length	  based	  on	  ini2al	  
2tanium	  thin	  film	  thickness.	  Substrates	  include	  
quartz,	  metal,	  and	  silicon.	  Synthesis	  2mes	  range	  
from	  8-‐12	  minutes.	  

XRD	  measurements	  indicate	  ru2le	  
2tania	  material.	  	  

22 
W Zheng, HC Chiamori,, L Lin and FF Chen, Plasmonic Nanostructures in Biosensing. In Bionanotechnology II: Global Prospects 2011; JJ Steele and MJ Brett, J Mater 
Sci-Mater El 2007, 18 (4), 367-379. 

Large	  area	  synthesis	  of	  silver	  nanowires	  
using	  oblique	  angle	  deposi3on	  

Patterning and deposition of silver nanowires 
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Next	  genera3on	  sensors	  for	  electrical	  
and	  op3cal	  applica3ons	  

•  Advantages	  of	  nanostructures	  
–  Large	  surface-‐to-‐volume	  ra2o	  
–  Increased	  sensi2vity	  
–  Lower	  power	  consump2on	  

•  Graphene	  
–  Electrical	  devices	  	  

•  Ballis2c	  transport	  at	  ambient	  
•  Extremely	  high	  mobili2es	  	  

–  200000	  cm2V-‐1s-‐1	  

–  >15,000	  cm2V-‐1s-‐1	  at	  ambient	  

–  Tunable	  IR	  lasers	  and	  detectors	  
•  Bilayer	  graphene	  

–  Building	  up	  metamaterials	  using	  graphene	  
•  Biosensing	  (SERS,	  LSPR),	  op2cal	  sensing	  

Yang, E., et al, JVST B (28) C6M93 2010; Yang, C, et al., JVST B (30) 026801 2012 

24 

Graphene	  is	  a	  nanomaterial	  with	  
outstanding	  proper3es	  
•  Semimetal	  

–  Dirac	  fermions,	  zero	  effec2ve	  mass	  

•  Charge	  carriers	  ballis2c	  transport	  
–  Up	  to	  a	  micron	  at	  room	  temperature	  

•  Mobili2es	  as	  high	  as	  200,000	  
cm2V-‐1s-‐1	  
–  High	  frequency	  electronic	  devices	  

•  Absorp2on	  2.3%	  visible	  light	  
–  Transparent	  conductor,	  low	  resistance	  

•  Inducing	  bandgap	  
–  Nanoribbons:	  confinement	  gap	  scales	  
with	  width	  

CVD	  graphene	  
*Copper	  foil	  (copper	  
thin	  films)	  
*Large	  areas,	  high	  
quality	  possible	  
*Mobili2es	  up	  to	  7350	  
cm2V-‐1s-‐1	  at	  low	  temp	  

graphene 

SiO2 
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Nanoimprin3ng	  graphene	  provides	  
mul3ple	  sensor	  configura3ons	  

Op2cal	  and	  
optoelectronic	  
proper2es	  of	  
bandgap	  
engineered	  
graphene	  

The	  bandgap	  
of	  graphene	  
nanoribbons	  
scales	  with	  
the	  width	  

Etching	   Building	  up	  metamaterials	  

Op2cal	  bio-‐	  and	  chemical	  
sensing	  using	  localized	  surface	  
plasmon	  resonance	  (LSPR)	  and	  
surface	  enhanced	  Raman	  
spectroscopy	  (SERS)	  

26 

Summary	  and	  future	  work	  
(I)  Self-‐assembled,	  integrated	  electrothermal	  

carbon	  nanotube	  gas	  sensor	  
•  Demonstration of CNT thermal resistive pressure sensor 
•  Potential gas species differentiation possible with CNT 

device 
•  Localized synthesis and direct integration of CNTs for 

microelectronics compatible devices 
•  Annealing for improved electrical contact resistance 

(II)	  Highly	  reac3ve	  facets	  of	  TiO2	  nanoswords	  for	  
energy	  and	  environmental	  applica3ons	  

•  Demonstration of higher photocatalytic reactivity 
compared to control substrates 

•  Solar absorption increase based on thermal annealing  
•  Furnace-based approach for bulk TiO2 nanostructure 

growth 

(III)	  Silver	  nanowires	  and	  graphene	  for	  
biological	  and	  op3cal	  sensing	  

•  Silver nanowire growth based on oblique 
angle deposition with morphology control  

•  Test platform for SERS and biosensing 
•  Graphene bandgap engineering for additional 

device functionality 
•  Electrical and optoelectronic applications 
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