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C-MEMS-WHAT IS IT? 
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• Ranganathan S, McCreery R, Majji S, Madou M. 
Photoresist-derived carbon for microelectromechanical 
systems and electrochemical applications. Journal of 
the Electrochemical Society 2000;147(1):277-82. 



C-MEMS-WHAT IS IT? 
  A method to make things in carbon from organic precursors. Structures in 

carbon that are very hard to fabricate in any other way (carbon is hard to 
machine) 

  Except close to the Si  surface, where some graphitic nature is evident 
( templating?),  the material is glassy 

  We found this material to be an excellent electrode equivalent or superior 
to commercial glassy carbon electrode and the material is readily 
intercalated with Li !! 

• Wang C, Taherabadi L, Jia G, Madou M, Yeh Y, Dunn B. C-MEMS for the manufacture of 3D microbatteries. 
Electrochemical and Solid-State Letters 2004;7:A435. 
• Kim J, Song X, Kinoshita K, Madou M, White R. Electrochemical studies of carbon films from pyrolyzed photoresist. 
Journal of the Electrochemical Society 1998;145:2314 



C-MEMS-WHAT IS IT? 

  The shrinkage from polymer to 
glassy carbon is very substantial, 
for the smaller structures > 80 %. 

  --remember this point, it will 
become very important once we 
discuss carbon nanowires. 
• Wang C, Madou M. From MEMS to NEMS with 
carbon. Biosensors and Bioelectronics 2005;20(10):
2181-87.   
• Wang C, Jia G, Taherabadi L, Madou M. A novel 
method for the fabrication of high-aspect ratio C-
MEMS structures. Journal of Microelectromechanical 
Systems 2005;14(2):348-58 
• Park B, Taherabadi L, Wang C, Zoval J, Madou M. 
Electrical properties and shrinkage of carbonized 
photoresist films and the implications for carbon 
microelectromechanical systems devices in conductive 
media. Journal of the Electrochemical Society 
2005;152(J136). 



C-MEMS –SOME APPLICATIONS  
  Smart batteries in any shape; 

higher capacity, faster and 
reconfigurable. UCI and 
Enevate. 

 Turon Teixidor G, Zaouk R, Park B, Madou M. Fabrication 
and characterization of three-dimensional carbon electrodes 
for lithium-ion batteries. Journal of Power Sources 
2008;183(2):730-40 

  Redox amplification with  
IDAs (x27).UCI-Lund- UNIST. 

  3D Dielectrophoresis (higher 
efficiency separation). UCI and 
EPFL. 

Heo, J.I., Shim, D.S., Turon Teixidor, G., Oh, S., Shin, H., Madou, 
 M.J. Carbon Interdigitated Array Nanoelectrodes for Electrochemical  
Applications, Journal of the Electrochemical Society, (accepted), 2011. 

Martinez-Duarte R, Baylon J, Martinez S, Madou M. Characterization of Carbon-
electrode Dielectrophoresis in a conductive media and its applications. Electrophoresis 
2009 



C-MEMS –SOME APPLICATIONS  

 Fuel cells (PEM and Biofuel 
cell). UCI (NIRT). 

 Bulk metallic glasses 
molding UCI and Yale. 

 And now: continuous writing 
of polymer nanowires. UCI, 
UNIST and IITK: SEE 
NEXT. 

Martinez-Duarte R, Madou M. Novel carbon micro molds derived  
from SU-8. Journal of Micromechanics and Microengineering 2009 

Yun Wang, Liem Pham, Guilherme Porto Salerno de Vasconcellos, Marc Madou, 
 Fabrication and characterization of micro PEM fuel cells using pyrolyzed carbon 
 current collector plates, Journal of Power Sources, Volume 195, Issue 15, 1 August 2010, Pages 4796-4803. 



CARBON WASH-LINE NANOSENSORS  

 Advantages and uniqueness of 
carbon for suspended nanowires 
and interdigitated electrodes  



CARBON WASH-LINE NANOSENSORS  

  Electro-spinning (near field and far 
field) leads to the production of mats 
of micro- and nano polymer fibers 
from solutions driven by an electric 
field.  

  These polymer mats can be 
carbonized and a carbon mat of high 
surface results. 

  In 2009 we (UCI and IITK) started 
electrospinning photoresist (far 
field) and found that they remained 
photo-patternable and this way we 
could structure carbon mats at the 
micro and nano level.   
Sharma, C.S., Sharma, A., Madou, M. Multiscale Carbon Structures  
Fabricated by Direct MicroPatterning of Electrospun Mats of  
U-8 Photoresist Nanofibers, Langmuir 2010, 26(4),2218-2222. 



CARBON WASH-LINE NANOSENSORS  
  Structure at the micro-level (photo-

lithography, e.g., 20 µm) and the 
nano-level (electrospinning, e.g., 
200 nm) 

  SEM images of arrays of patterned 
fibrous carbon structures (a)-(b) 
lines; (c)-(d) 3D pillars; (e)-(f) 
connecting squares. High 
magnification image of (d) is 
shown in inset. 



CARBON WASH-LINE NANOSENSORS  
  From beads to nanofibers. 

SEM images showing the 
effect of viscosity on the 
morphology of carbon 
nanofibers: (a) carbon fiber 
with the highest viscosity,
1250 cSt, with a high 
magnified view as an inset; (b) 
beaded fiber with medium 
viscosity, 140 cSt; (c) carbon 
nanobeads with the lowest 
viscosity, 7cSt; and (d) 
magnified view of panel c. The 
applied electric field strength, 
flow rate, and distance 
between source needle and 
collector were 2.0 kV cm-1, 0.3 
mL/h, and 10 cm, respectively. 



CARBON WASH-LINE NANOSENSORS  

  Very short electro-spinning periods  
in far field on patterned surfaces 
(e.g., posts or walls of C-MEMS or 
SU-8) lead to suspended polymer 
wires that do make ohmic contact 
with their support structure. This 
could make for wash-line sensors.  

  What about the structure and 
conductivity of these suspended 
wires? white 

Sharma, C.S., Katepalli, H., Sharma, A., Madou, M. Fabrication and Electrical  
Conductivity of Suspended Carbon Nanofiber Arrays, Carbon (accepted), 2011. 



CARBON WASH-LINE NANOSENSORS  
  The conductivity results shownhere  can be 

explained from a Raman spectrum analysis of 
PAN and SU-8 derived carbon as shown in panel 
d. In the case of PAN derived carbon, we observe 
two peaks centered around 1358 cm-1 (width 90.2 
cm-1) and 1578 cm-1 (width 75.1 cm-1) 
corresponding to D- and G- band respectively. For 
SU-8 derived carbon, D and G bands are observed 
at 1352 cm-1 (width 110.9 cm-1) and 1597 cm-1 
(width 59.6 cm-1). These D- and G- bands are 
associated with the vibrations of sp2 carbon 
atoms with dangling bonds. The peak intensity 
ratio (defined as ID /IG) corresponds to the 
disorder present in the carbon fibers. This ratio 
(ID /IG) was found to be 0.92 and 0.66 for SU-8 
and PAN derived carbon fibers respectively. The 
lower the value of ID /IG, the higher the 
crystallinality or the lower the amorphous nature 
of carbon is. In other words, PAN derived CNF is 
more graphitic in nature as compared to SU-8 
derived CNF and thus exhibits higher 
conductivity.  



CARBON WASH-LINE NANOSENSORS  

  With my UNIST team in the 
mean time we found that  far 
field spinning on a drum leads 
to much more graphitic wires 
(perhaps the whole wire!). 

  See poster Swati 
Sharma(Wed.Nov 16, 2011)-
Montreux Nanotech 2010: 
Best Poster Award. 



CARBON WASH-LINE NANOSENSORS  
  What is behind this 

graphitization at 900 °C 
(without a catalyst –graphite 
formation normally should 
happen only at 2600 °C)? 

  There is no catalyst but the 
flow induces order in electro-
spinning: one controlling 
parameter is the ratio of the 
gyration radius of the 
polymer vs the nozzle 
opening.   

Confinement-induced super strong PS/MWNT composite 
Nanofibers, Y. Ji et al., EPL, 84 (2008) 56002 



CARBON WASH-LINE NANOSENSORS 

  In near field electrospinning one 
expects thicker wires but we are 
now able to make 10 nm wires at 
voltages as low as 200 V (see 200 
vs 300 V). 

  This is accomplished mostly by 
using a new viscoelastic polymer 
ink formulation and developing 
special positioning stages. 

  We can write such nanowires 
continuously  for 45 min including 
on structered surfaces. 



CARBON WASH-LINE NANOSENSORS  
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 Bisht, G.S., et al., Controlled Continuous Patterning of Polymeric 
Nanofibers on Three-Dimensional Substrates Using Low-Voltage Near-
Field Electrospinning. Nano Letters, 2011. 



MORE THAN CARBON WASH-LINE 
NANOSENSORS  
  There are two main ways to 

combine the carrier ink with the 
functional component: 
  1) homogenous blending;  
  2) heterogeneous core-shell 

electrospinning.  

  The carrier ink can be either 
sacrificed at a later stage by solvent 
dissolution (or heat decomposition) 
or just left behind to serve as a 
protective layer in the nanofiber. 

  The choice of method depends on 
the quality of nanofibers generated 
by either method. On a general 
note, blending method dilutes the 
effect of functional component and 
may induce porosity after sacrificial 
processing. A case in point for 
blending method is the sol-gel 
chemistry that has been 
ubiquitously used in conventional 
electrospinning to generate 
composite and inorganic nanofibers. 



STRUCTURAL COLORS: FUTURE 
DIRECTION 

  Colors in nature are 
chemical, physical or a 
combination of both. 
Whereas chemical color 
arises through pigments, 
structural colors result from 
the interaction of light 
waves with a featured 
structure having the same 
order of the size as the light 
wavelength ( Discovered in 
the 1920s by chemical 
engineer Clyde Mason) 

  Nowadays, we find 
nanoscale architectures in 
an astonishing variety of 
plants and animals. 

Scale bars 500nm (A,D, F,G), 200nm (B,C,E,J,L), 
2µm (H), and 1mm (K). 
R.O. Prum et al. (2006) J. Exp. Biol. 209, 748 



STRUCTURAL COLORS: FUTURE DIRECTION 
  Mie scattering (~ Tyndall scattering) deals with      

scattering by objects  of the same size as the 
incoming wavelength in contrast to Rayleigh 
scattering for small particles and Rayleigh-Gans-
Debye scattering for large particles. 

   The structural colours of butterflies and moths 
(Lepidoptera) have been  also be attributed to a 
diversity of other physical mechanisms, including 
multilayer interference, Bragg reflection diffraction 
and Bragg scattering. 

  Starting simple: whiter than white 
  Cyphochilus from south east asia; The bug's scales (± 5 µm) 

contain a porous network of random protein fibers that 
scatter all wavelengths of light strongly, the prerequisite for 
an intense white color. 

  The scales are made of a tangle of seemingly randomly 
oriented filaments, each about 250 nanometers wide. 
Familiar? Electrospinning the right dielectric 

P. Vukusic et al. (2007) Science 



Based on www.ille.com 

STRUCTURAL COLORS: FUTURE DIRECTION 

 The beads presumably cause the matt-
white color of the wings and increase the 
reflectance amplitude. 
 Mie scattering. Mie scattering is caused by 
pollen, dust, smoke, water droplets, and 
other particles in the lower portion of the 
atmosphere. It occurs when the particles 
causing the scattering are larger than the 
wavelengths of radiation in contact with 
them. Mie scattering is responsible for the 
white appearance of the clouds, as seen 
below. 

D.G. Stavenga, S. Stowe, K. Siebke, J. Zeil and K. Arikawa, Butterfly wing 
colours: Scale beads make white pierid wings brighter, R. Soc. Lond. B 271 (2004), pp. 
1577-1584 
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STRUCTURAL COLORS: FUTURE DIRECTION 
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CONCLUSIONS 
  C-MEMS is after ten years finally 

leading to all types of applications.  

  Suspended carbon nanowire based 
sensors offer several advantages over 
other nanowire based sensors.  

  Structural colors might be  a good 
application for electrospinning. 



3RD EDITION OF FUNDAMENTALS OF 
MICROFABRICATION CAME OUT IN JULY 2011 


