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CNT Membrane
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Start-up Company

Porifera was established in 2009 in response 
to a Department of Defense DARPA challenge 
to develop a low-energy, easily transportable 
water purification system. Our team of PhDs 
created a membrane with better selectivity 
and 3x more throughput than any other 
product on the market.
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Band Structure and Fermi 
Level

Electrons settle into the lowest available energy states at absolute zero 
temperature and build a "Fermi sea" of electron energy states. The 
Fermi Level (with Fermi energy Ef) is the “surface” of this sea where 
electrons will not have enough energy to rise above the surface. It is 
the energy level which is occupied by the highest electron orbital at 0 
Kelvin (absolute zero temperature)
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Fermi Level

Here, height is energy while width is the density of available states for a 
certain energy in the material listed. The shade follows the Fermi–Dirac 
distribution (black: all states filled, white: no state filled). 
In metals and semimetals the Fermi level EF lies inside at least one band. 
In insulators and semiconductors the Fermi level is inside a band gap; 
however, in semiconductors the bands are near enough to the Fermi 
level to be thermally populated with electrons or holes.

https://en.wikipedia.org/wiki/Density_of_states
https://en.wikipedia.org/wiki/Fermi%E2%80%93Dirac_statistics
https://en.wikipedia.org/wiki/Fermi%E2%80%93Dirac_statistics
https://en.wikipedia.org/wiki/Metal
https://en.wikipedia.org/wiki/Semimetal
https://en.wikipedia.org/wiki/Insulator_(electricity)
https://en.wikipedia.org/wiki/Semiconductor
https://en.wikipedia.org/wiki/Band_gap
https://en.wikipedia.org/wiki/Fermi-Dirac_statistics
https://en.wikipedia.org/wiki/Electron_hole
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Graphene

Carbon nanotubes

Graphene

http://wiki.seg.org/wiki/Carbon
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Graphene Properties
Charge carrier 

mobility ~200,000 cm2/V s

Thermal 
conductivity ~5000 W/m K

Transparency ~97.4%

Specific surface 
area ~2630 m2/g

Young’s 
modulus ~1 TPa

Tensile strength ~1100 GPa
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Properties of CNT and Graphene

10Liwei Lin, University of California at Berkeley
Nature Nanotechnology 7,562–566 (2012)
 

http://www.extremetech.com/wp-
content/uploads/2013/02/elephant.jpg
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 Electromigration is a 
problem for metal wires at 
small sizes
• Covalent structure of CNT 

prevents similar breakdown

Nanotubes For Wiring

 Nanotube current density 
is enormous

J ~ 105 A/cm2 J ~ 109 A/cm2

 Contact resistance is 
necessarily large with 
this fabrication
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Graphene Production
 Mechanical exfoliation from graphite
 Chemical vapor deposition
 Reduction from graphite oxide
 …
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https://upload.wikimedia.org/wikipedia/commons/thumb/3/3f/Argonne's_Tribology_Lab_Plasma-Assisted_Chemical-Vapor_Deposition.jpg/220px-Argonne's_Tribology_Lab_Plasma-Assisted_Chemical-Vapor_Deposition.jpg
http://graphenewholesale.com/wp-content/uploads/2015/05/unnamed.png
http://compositesmanufacturingmagazine.com/wp-content/uploads/2015/01/Graphene-for-blog-750x400.jpg

Prior synthesis method requires high temp and multistep chemical synthesis [Ref:2-7]
• e.g. Chemical vapor deposition (1000 degree C) 
• Less “scalable” (limited size, hard to mass produce)
This paper introduce an inherently scalable, and cost-effective means to produce 
graphene
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Material/Substrate:
•  Commercial Polyimide (PI) film

• E.g. Kapton tape

Method:   
• Infrared CO2 laser irradiation
• Computer controlled laser scribing
• Polyimide  Porous Graphene

Laser-induced graphene (LIG)

https://solidoodletips.files.wordpress.com/2012/07/rje-torn-kapton.jpg

http://www.dupont.com/content/en_us/home/products-
and-services/membranes-films/polyimide-
films/brands/kapton-polyimide-
film/_jcr_content/thumbnail.img.jpg/1478183057044.jpg
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Lab #1

NATURE COMMUNICATIONS | 5:5714 | DOI: 10.1038/ncomms6714

 Laser conversion 
of graphene from 
polymer substrate

 1113 Etcheverry
 Sign up your time 

on bCourses to be 
announced soon
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Review – Lab#1
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An Electrothermal Carbon 
Nanotube Gas Sensor
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Mechanism

● An MWCNT is suspended between 
silicon structures.

● An electric current is passed through the 
MWCNT.

● “Energy conservation calls for total heat 
generation equal to the summation of heat 
conduction to the two microstructures 
(WC), gases (WG, shown in the figure as 
Wgas1 and Wgas2 representing the case 
of two types of gases of different thermal 
conductivity values), and heat radiation 
(WR)”

● Change in resistance identifies the gas.
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Carbon Nanotube Synthesis

Kawano, Takeshi et. al., Nano Letters 
(2007)

• Circuit provides electrical 
feedback control

• Each carbon nanotube 
connection = spike in 
output voltage

• Enables careful control of 
the # of CNT connections
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Carbon Nanotube Synthesis

Kawano, Takeshi et. al., Nano Letters 
(2007)



Electrothermal Traits of the MWCNT

● Current vs Voltage curves plotted 
in 10e5 and 6.5 × 10e3 Pa argon 
states

● Gas thermal conductivity induce 
resistance change

● Linear behavior shows ohmic 
contact under low power

● Under high power similar to Pirani 
gauge model

23
Nano Lett., Vol. 7, No. 12, 2007



Electrothermal Traits of the MWCNT (cont.)

● Resistance vs Pressure curves 
plotted under 1, 0.5, 0.005 V

● Higher sensitivity under higher bias 
voltage 

● Temperature coefficient reveals 
linear behavior at -0.137% K-1

● Gas density is low, no collisions

24
Nano Lett., Vol. 7, No. 12, 2007



Single-stage Amplifier: Voltage Outputs

● Voltage output vs Time includes 
pressure readouts of gauges

● Consistent readings between 10e2 
and 10e5

● Repeated using alternating 
nitrogen and air states

● Pirani: 10e4 to 10e-1
● Ion: <10e-1
● MWCNT: 10e2 to 10e5

25
Nano Lett., Vol. 7, No. 12, 2007



Single-stage Amplifier: Voltage Outputs (cont.)

● Indicates detections and limit of 
MWCNT

● Low pressure detection by heat 
conduction

● Contacts (Wc) and radiation (Wr)
● Small contact area + low thermal 

conductivity = more pressure 
sensing capability

26
Nano Lett., Vol. 7, No. 12, 2007



Single-stage Amplifier: Energy Transfer 

● Low pressure (Wc + Wr = Wt) 
reveals energy loss of MWCNT

● Wc, Wr, and Wt can be found at 
baseline pressures

● Radiation energy loss:

● Wr < 20nW
● Wc ~= 7.5 uW

27
Nano Lett., Vol. 7, No. 12, 2007



Temperature Profile Simulation

● Temperature profile calculated 
from energy balance (Resistive 
Heating Energy vs. WC,WR, and WG)

● Temperature profile gives accurate 
representation of sensor response 
based on environments

● Allows for calculation of Thermal 
Conductivity Value (kCNT)

28
Nano Lett., Vol. 7, No. 12, 2007

Comparison of SWCNT and MWCNT structures



Thermal Conductivity Value

● kCNT value is extracted via Wc  and 
heat conduction equation

● Value found to be 300 W/mK
● Theoretical / experimental range 

6600-25 W/mK
● Defects in growth process may 

cause smaller kCNT
● Smaller kCNT value means more 

sensitive device

Nano Lett., Vol. 7, No. 12, 2007

Heat Conduction Equation



Differentiation of Argon and Nitrogen

● MWCNT sample capable of 
differentiating Argon and Nitrogen 
at various pressures

● Able to do so because of different 
thermal conductivity values of the 
gasses

● SWCNT able to differentiate via 
relaxing hot optical phonons

Nano Lett., Vol. 7, No. 12, 2007

Resistance change vs pressure for nitrogen 
and argon gasses compared to analytical 
model



Advantages

● Fast response and reversible

● Compact

● Energy Efficient

● Stable continuous operation 

Nano Lett., Vol. 7, No. 12, 2007

Continuous resistance change versus time with a pressure 
control of every 10s in a nitrogen environment



Future Improvements

● Reduce contact area

● Increase CNT length

● Lower kCNT 

● Improved external circuit design

Nano Lett., Vol. 7, No. 12, 2007

SEM image of a single MWCNT electrothermal gas sensor
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