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Cornell 
(1987-1991, 1993-1998)

• Pre-college: “I’ll only pay for college 
if you study engineering.”  
- my dad (Purdue BS Mgmt ’66) 

• Undergraduate research (NSF/SRC 
funded) led directly to interest in 
graduate school 

• 2 years at Motorola between 
undergrad and grad 

• Grad school 
• PhD on chimney flow 
• Also, Asst. Varsity Baseball 

Coach 
• Also, House Dad at KKΓ sorority

Ken Torrance

Al Sievers

Subrata 
112 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING, AND MANUFACTURING TECHNOLOGY—PART A, VOL. 20, NO. 2, JUNE 1997

Fig. 1. Three-dimensional (3-D) sketch of a heat-sink/chimney system with
a parallel-plate heat sink.

the experimental data of Elenbaas [1] and the finite difference
solutions of Bodia and Osterle [4].
Other studies have addressed the parallel-plate problem for

different boundary conditions. In separate studies, Ostrach
analytically treated the problems of fully developed flow
with internal heat sources [5] and linear wall temperature
variation [6]. The problem of asymmetric wall heating has
been considered under developing conditions by Aung et
al. [7] and fully developed conditions by Aung [8]. Mixed
convection from uniform heat-flux plates was analytically
treated by Tao [9].
Investigations of heat-sink/chimney systems are less fre-

quent in the literature. Moore [10] analytically examined the
fluid dynamics and heat transfer from natural draft cooling
towers, assuming planar heat exchangers with infinitesimal
vertical thickness. Single-channel studies of heat-sink/chimney
systems have been conducted numerically by Oosthuizen [11],
Asako et al. [12], and Straatman et al. [13]. In the latter study,
experiments confirmed the accuracy of the numerical model.
In the present investigation, we develop a solution for an

array of parallel, isothermal plates with an extended chimney.
In contrast to the previous literature on chimney systems, an-
alytical solutions have been obtained for finite-size heat sinks.
In particular, the single-channel solution of Quintiere and
Mueller [3] is coupled with a chimney flow analysis to arrive
at heat transfer results for the overall system. The analytical
solution permits easy parameter variation and, consequently,
a straightforward method of identifying regimes of maximum
heat transfer. In subsequent sections, the analytical solution is
developed, followed by comparisons with existing data and ap-
plications to typical electronic packaging configurations with
an emphasis on optimal designs. A final section introduces

Fig. 2. Two-dimensional (2-D) heat-sink/chimney system geometry.

general scaling rules and collapses the solution to a compact
form.

II. THEORY AND ANALYSIS
The problem geometry shown in Fig. 1 depicts a system

with a parallel-plate heat sink located beneath a thermally
insulating chimney. The total height , width , and length
(or depth) of the heat-sink/chimney system are fixed. The
constraint of fixed overall dimensions commonly occurs in the
design of compact heat exchangers.
For plates of sufficient length , two-dimensional (2-D) flow

between the plates can be assumed. A 2-D cross section of such
a system appears in Fig. 2. 2-D flow in the chimney is assumed
for the sketch, although this assumption is later removed. The
heat-sink height and channel width are varied in later
sections. Heat-sink plates of thickness are held at a uniform
temperature , and the quiescent atmosphere outside the
system is assumed to be isothermal at with a hydrostatic
pressure field.
The working fluid undergoes a series of processes in the

system. Fluid is first inducted from the quiescent atmosphere
into the heat sink in process 0-1. In process 1-2, heat is
transferred to the fluid while it is acted upon by viscous forces
in the heat-sink channels. The flow then proceeds through
the chimney in process 2-3 and finally dissipates its acquired
energy to the external atmosphere. In the present study, we
neglect flow expansion/contraction losses, and recirculation
effects, at the exits of the heat sink (location 2) and chimney
(location 3).

A. Single-Channel Solution
As mentioned in Section I, an analytical solution, applicable

for an externally imposed pressure drop, for a single channel
has been established by Quintiere and Mueller [3]. Their analy-
sis employs a linearized convective operator in the momentum

T.S. Fisher et 
al., IEEE 

CPMT, 20, 
111, 1997.
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Vanderbilt 
(1998-2002)

• “I know about your graduate 
research, and if you try to keep 
doing it here,  
you will fail.” 
- Dean Ken Galloway  
(my 2nd week at Vanderbilt) 

• What to do? 

• Micro/nano with  
‘Diamond Jimmy’

Ken Galloway Jimmy Davidson
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Purdue 
(2002 to present)

• Recruited to help build up experimental nano 
(pre Birck donation) 

• Extended family unhappy with decision 
not to move 

• 2nd recruitment worked  
(post Birck donation)  

• Immediate family unhappy with decision 
to move 

• Granted some lab space  
in ECE Bldg (thanks to Kent Fuchs)

Dan Hirleman Jay Gore
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Nanotechnology
• First project based on a cartoon 

in the INAC proposal  

• No idea how to make it 

• Very patient mentors  
(thank you) 

• Planning of the Birck Center

Buried oxide 

Gate  
Insulator 

C-NT 

Drain 

A schematic of a 
conceptual 
CNT VFET 

Source 

Sidewall  
Spacer  
Gate 

Supriyo Datta

Rashid Bashir
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CNTs in PAA

• Significant unresolved issues: 

• chirality control 

• uniform hole filling 

• gate optimization

Tim Sands Matt Maschmann

Dave Lubelski Aaron Franklin David Janes

200 nm

50 nm

a b

c d

e

A. D. Franklin et 
al. J Vac Sci 

Technol B, 25, 
343–347, 2007.
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Practicing scales is an age-old 
method to achieve excellence

• “It dawned on me that scales aren’t just about 
putting in the time. They are a testing ground. An 
ideal laboratory or controlled environment for 
developing the fundamental building blocks of 
our technique…. It’s an opportunity to strip away 
the dozens of other variables we would otherwise 
encounter … so that we can tweak and 
experiment with the little tiny details and truly 
master the fundamentals.” 

• Noa Kageyama, Ph.D., Why I'd Spend a Lot More 
Time Practicing Scales If I Could Do It All Over 
Again (http://www.bulletproofmusician.com) 

• “10,000 hours is the magic number of greatness.” 

• Malcolm Gladwell, Outliers 

• For a deeper and more nuanced analysis, see 
Hambrick et al., Intelligence 45 112 (2014)
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HowCast: Guitar Lessons 
(https://www.youtube.com/watch?v=BExdsIJRDtc)

http://www.bulletproofmusician.com
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unit cell. That is, the island edge lengths are given by L = m*7*5.43/q2 A - m*26.9A. The
outlines of all identified islands are shown beside each image in the figure. Islands with m > 2
all "point" the same direction while those with m = 1 point oppositely. The orientation of the
larger islands may be described variously as: aligned with the triangle of the unfaulted half of the
7x7 unit cell; vertices along <T 1 2 > Si; edge outward normal along < 1 1 2 > Si; or < 11
1 > CoSi2 inclined facets tilted downwards towards the substrate.

It is apparent on inspection that metal atoms landing in the 7x7 matrix will diffuse
through it to find a silicide island where they then attach. From the island density (number per
unit area) it is possible to estimate the diffusivity of the moving species, which we find has an
activation energy of 0.8eV. [181 This value is much smaller than that for "silicide formation"
(1.9eV) [21 but rather close to that for cobalt interstitials in bulk silicon (0.55eV). [221 Thus, we
believe that metal atoms deposited at 320C travel through the silicon near-surface interstitial
sites described in the previous section. The observation that island density is neither enhanced
nor depleted near surface steps is consistent with the notion of sub-surface transport of metal
atoms. [18]

The orientation of larger islands (m > 2) results from favorable energetics of the silicon -
silicide lateral interface at the edge of the islands (see below). The reverse orientation of the
smallest islands (m=l) results from a nucleation event that favors the faulted side of the 7x7 unit
cell. Again, this is simply understood in terms of the preference by the near-surface interstitials
for the faulted side of the unit cell. [18,21]

The presence of extended regions of 7x7 structure in these images provides a convenient"ruler" with which to measure the atomic structure of the silicide islands, as shown in Fig. 3.
The islands take one of three forms: atomically flat and recessed -4.5A (-0.3A) below the

adatoms of the 7x7 matrix; corrugated with a 2x2 periodic structure elevated 1.1A (0.8A) above
the 7x7 matrix; atomically flat and elevated 1.1A (L.OA) above the 7x7 matrix. [27] Elevations
are given for filled (empty) states images and are measured with respect to the corner adatoms of
the faulted side of the 7x7 unit cell. [19] These heights and corrugations are evident in the

Fig. 3 Coverage of
20.24M1 Co deposited at

320C (filled states, 1.6V,
0.4nA, 135A). Linescan
shows heights of three
silicide features (recessed
flat areas, 2x2 corrugated
areas, and raised flat areas)

X so ng1tromL" measured with respect to•' •'0the surrounding Si(1 11)
AX (Angstroms) 7x7 structure.

linescan accompanying the image.
The 2x2 pattern corresponds to an array of Si adatoms. They tend to completely cover

larger islands, but not smaller ones (such as shown in Fig. 3). No corrugation was observed on
the flat topped islands. We believe they have a lxl structure, not resolved in these experiments.
Extended recessed flat regions (-20A wide) often occur near the top of bilayer (3.13A) steps, but
are not seen on the lower step edge.

The registry of the 2x2 adatoms on the silicide islands corresponds to the H3 site of the
surrounding Si(l 11) lattice. [27] Knowing this, we can infer the registry of the underlying
silicide, even though the latter is not directly discernible in the image, since we do not resolve the
lxi lattice. There are four reasonable choices, defined as 7-fold or 8-fold coordinated at the
(111) interface, and A-type or B-type orientation. We have constructed models for each of the
four cases and find that the only match with the images is obtained for a 7-fold B-type
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Multi-scale X seems to be everywhere.  
What does it mean here?
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Fig. 4 Lateral interface
(dotted line) between
silicon and silicide (along
the island edges) for
faulted 7x7 and 7-fold B-
type CoSi 2. Silicon
adatoms are shown in the
positions derived from
STM images. Open/ filled
circles mark Si / Co atoms,
respectively.

adatoms above (level C). The (11 l)CoSi 2 triple layer occupies levels

registry. [27] The
other three
possibilities result in
less favorable
bonding and/or
disagreement with
the STM images.

A drawing of
the lateral interface
between faulted 7x7
and 7-fold B-type
CoSi 2 is shown in
Fig. 4. Note that the
7x7 reconstruction
occupies levels A
and B of the
drawing, with
perfect
substrate below
(levels S and S') and

A, B and C with 2x2
adatoms above it in level D. The registry with silicon is fixed by the shared substrate layer on
level S'. The measured height of the 2x2 adatoms above the 7x7 structure (0.8A) agrees well
with the atomic heights in this model (0.8A).

The bonding in this interface structure is favorable since all silicon atoms on level A are
present and have full coordination (4 bonds). No dimers are present since there is no
"dislocation" at the lateral interface between B-type silicide and "faulted" 7x7. [28, 29] The 2x2
adatoms are in 3-fold sites directly above the cobalt atoms. This is a sensible bonding
configuration since the local geometry resembles bulk CoSi2 in which Co atoms are 8-fold
coordinated. Cobalt atoms at the lateral interface are 5-fold coordinated.

It is interesting that we see the 7-fold (111) interface during island growth at 320C since
it is generally agreed that the stable interface is 8-fold coordinated. [30, 31] Hamann, however,
has shown that the energy cost of the 7-fold interface relative to the 8-fold is only 0.18eV,
suggesting that they may both occur in imperfect films. [30] Indeed, Catana et al have shown that
the 7-fold interface does occur for incompletely reacted films annealed at 400C. [32] We
speculate that the 7-fold (111) interface observed in our experiments is favored by the energetics
of the lateral silicide-silicon interface, ie the { 110) edges of CoSi 2 islands. In this sense, it is
plausible that the (111) interface structure would switch from 7-fold to 8-fold at higher coverage
as the islands coalesce, effectively removing the lateral interface. This possibility was not
explored in the present experiments.

Our diffraction experiments suggest that two different 2x2 structures occur, one at low
temperatures (-300C) and a second at higher temperatures (-600C). We believe the first is the
same as seen in our STM images, while the second is probably a 2x2 adatom pattern on an 8-fold
CoSi 2 structure. These structures are particularly interesting since they appear to be an
intermediate step in the conversion from cobalt rich to silicon rich CoSi2. [33] As such, they
offer insight into atomic details of epitaxial surface segregation.

While the energetics of the lateral interface may affect the (111) interface registry (7- vs.
8-fold), it would not play any role in orienting the overlayer to be A-type or B-type. This is
because the lateral interface between B-type CoSi2 and faulted 7x7 is identical to that between
A-type CoSi2 and unfaulted 7x7. The two cases are related by inversion across the dotted line of
the model shown in Fig. 4. However, it is possible that the B-type orientation is nonetheless the
result of growth kinetics, rather than energetics of the (111) interface, as is normally assumed
implicitly. Thus, we described earlier that silicide nucleation occurs preferentially on the faulted
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Bennett et al., MRS Proc. 320 239 (1994)
• Atomistic - how does energy flow in  

 heterogeneous atomic-scale structures?

• Nanoscale I - how do we incorporate atomistic 
knowledge into nanoscale device design?

• Nanoscale II - how do we control composition and 
morphology in scalable processes?

• Nanoscale III - how do we make nanoscale 
synthesis go faster?

• Micro-to-macro scale - how do we assemble 
collections of nano/micro objects into ensembles 
that are lightweight, fast, and reliable at the human 
scale? 

• System scale - how do we incorporate real-world 
dynamics into thermal/energy system design? 

Chen, JOM (TMS), 57 24 (2005)

Volkov & Zhigilei, Phys. Rev. Lett. , 104 215902 (2010)

28 January 2015 Volume 117 Number 4

jap.aip.org

Journal of
Applied Physics

Logue & Kushner, J. Appl. Phys. 117 043301 (2015).Fig. 2. Systems of 2048 polyhedra were assembled starting from the
disordered fluid. In each subfigure, a snapshot of the simulation box (left), the
bond-order diagram for nearest neighbors (inset), the polyhedron shape and ID
(top right), a small group of particles or the diffraction pattern (middle right),
and the crystallographic characterization consisting of name or atomic proto-

type, Pearson symbol, and Strukturbericht designation (bottom right) are shown.
The snapshots depict crystals (A to D), plastic crystals (E to I), and liquid crystals
( J to L). Some low index planes (A to C, E, and F), tiling descriptions consisting of
squares and triangles (D and G to I) and structural features (K and L) are
highlighted in the simulation snapshots by different colors.

Fig. 3. (A) The coordination number in the fluid phase, CNf, is correlated
to the isoperimetric quotient (IQ) of the polyhedron. Here, IQ is a scalar
parameter for the sphericity of the shape and coordination number is a
measure for the degree of local order. Data points are drawn as small
polyhedra. Polyhedra are colored and grouped according to the assem-

blies they form. (B) Polyhedra have, in most cases, nearly identical co-
ordination number in the ordered phase (CNo) and the fluid phase (CNf)
close to the ordering transition. Because of this strong correlation, com-
bining CNf and IQ allows for prediction of the assembly category expected
for most cases.

www.sciencemag.org SCIENCE VOL 337 27 JULY 2012 455
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Damasceno et al. Science 337, 453 (2012)

McKinley & Alleyne, Int. J. Refrig. 31 1253 (2008)
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Atomistic scale: 
Electron-phonon coupling across 

heterogeneous interfaces  

Sridhar Sadasivam (PhD student) Umesh Waghmare (JNCASR, Bangalore)
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Electrons are primary thermal carriers in metals.  
Phonons are primary in semiconductors. 

The mechanism of coupling is not clearly understood.

11

electrons electrons

phonons phonons

e-ph coupling 

Metal
Semiconductor

e-ph coupling 2

?
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Experimental measurements suggest that direct 
coupling from metal electrons to semiconductor 

phonons may be a significant heat transfer pathway

12

Stoner and Maris, Phys. Rev. B, 48 16373 (1993) Liang et al., J. Heat Transfer, 134 042402 (2012)

Hopkins et al., J. Appl. Phys., 105 023710 (2009)Hohensee et al. Nat. Comm. 6 6578 (2015)
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Understanding of cross-interface thermal 
transport remains elusive (in general) 

13

Sadasivam, Waghmare, Fisher, J Appl Phys, 117 134502 (2015)

Si

TiSi2
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Electron-phonon coupling across 
the interface is significant

14
the bulk structures forming the interface. Similar shifts in the
DOS of interfacial modes have been reported for In/Si inter-
faces in Ref. 30.

A comparison between the Eliashberg function (Figure 9)
of the supercell with interface Configuration 1 with that of
strained and unstrained bulk TiSi2 indicates that the average
Eliashberg function for the interfacial structure is of the same
order of magnitude as that for bulk TiSi2. Since TiSi2 in the
interfacial structure is strained by 7%, Eliashberg function of
the interfacial configuration follows the Eliashberg function
of strained bulk TiSi2. The tensile strain in the structure also
produces a distinct red-shift in the low-frequency peaks of the
Eliashberg function. The Eliashberg function of the strained
crystal peaks is in the range of 150–200 cm!1, while that of
unstrained bulk TiSi2 peaks around 300 cm!1.

The Eliashberg function can be decomposed spatially
using the phonon eigenvectors as shown in Eq. (4). Figure
10(a) shows the spatially decomposed Eliashberg function
for three different regions of the supercell: atoms belonging
to Si that are farthest from the interface, atoms belonging to
TiSi2 that are farthest from the interface, and atoms near the

interfacial region. The Eliashberg function is summed over 6
atomic layers in each of these three regions. As expected, the
strength of electron-phonon coupling is strongest on the
metal side of the interface and weakest on the semiconductor
side. The interfacial contribution to Eliashberg function is
dominant in the 150–200 cm!1 range of frequencies (the
modes red-shifted due to the tensile strain). Figure 10(b)
shows the Eliashberg function projected on different atomic
planes along the supercell for two specific phonons with fre-
quencies of 170 and 250 cm!1. The Eliashberg function is
weak on the Si side but increases sharply across the interface
to approximately ten times its value on the Si side. The
decay in the Eliashberg function beyond layer 25 is due to
the second interface (and the Si region beyond it) that exists
because of the translational periodicity used in the calcula-
tions. The Eliashberg function on the Si side of the interface
suggests that the phonon mode at 170 cm!1 couples more
strongly with the electronic states penetrating into the semi-
conductor than the mode at 250 cm!1. As a result, this mode
is expected to contribute more actively to the cross-interface
electron-phonon thermal conductance. Also, the local
Eliashberg function on the silicon side of the interface does
not decay immediately to zero as the local electron DOS at
the Fermi energy is also not exactly zero for a silicon atom
farthest from the interface and the edges of the supercell (see

FIG. 8. Phonon DOS of the TiSi2-Si interface supercell Configuration 1
compared with that of bulk TiSi2 and bulk Si.

FIG. 9. Eliashberg function of the TiSi2-Si interface Configuration 1 com-
pared with that of bulk TiSi2.

FIG. 10. (a) Spectral variation of the Eliashberg function over three different
regions of the supercell with interface Configuration 1. (b) Variation of the
Eliashberg function along the transport direction of the interface
Configuration 1 for phonon frequencies of 170 and 250 cm–1.

134502-7 Sadasivam, Waghmare, and Fisher J. Appl. Phys. 117, 134502 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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New modeling with validating experiments 
on CoSi2 support e-ph coupling
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Nanoscale I: 
Using atomistic knowledge 

in devices (brief)

Sridhar Sadasivam (PhD student)Kai Miao (PhD student, ECE) Tillmann Kubis (Res. Faculty, ECE)
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General atomistic Green’s function method

2 1
1 2[ ]d dHG Iω −= − −Σ −Σ

† †
1 1 1 1 2 2 2 2g gτ τ τ τΣ = Σ =

† †
1 1 1 2 2 2( ) ( )i iΓ = Σ −Σ Γ = Σ −Σ

†
1 2( ) [ ]d dTr G Gω = Γ ΓT

Device Green’s function

Contact self-energies

‘Escape rate’ 
matrices

Transmission function

Matrices Hd, 𝛕1 and 𝛕2 are readily obtained from bulk and cross-interface inter-atomic force constants 
obtained from density functional perturbation theory (DFPT)

17



Nanoscale Transport Research Group Tim Fisher, Purdue University

Büttiker probes add inelastic scattering to the AGF

Left Contact
Tl

Right Contact
Tr
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Imaginary part of self-energy is proportional to scattering or 
escape rate.
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Büttiker phonon probes for 
Si-Ge devices

Miao et al., in review
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Nanoscale II: 
Controlling nanomaterial 

morphology and composition

Guoping Xiong (Posdoc) Pingge He (Visiting PhD student)
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Everyone* wants a faster, 
more durable battery

• High energy density  
(volume and weight) 

• High power density for 
charging (less so for 
discharging) 

• Infinite cycle life  
(*except the battery 
companies) 

• Non-toxic and safe

21
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Xiong, Kundu, Fisher, Thermal Effects in Supercapacitors (2015)
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NiCoMn-based nanoneedles

• CC = carbon cloth 

• GP = graphitic petal 

• NCMTH = NiCoMn 
triple hydroxide

22

Xiong et al. J. Mat. Chem. A, 3 22940 (2015)
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Consistent nanoneedle 
morphology & composition

EDX elemental mapping 
(approx. Ni:Co:Mn:O = 5:5:1:20)

Hydrothermal synthesis
• 1.455 g Co(NO3)2•6H2O, 1.45 g 
Ni(NO3)2•6H2O, 1.255 g 
Mn(NO3)2•4H2O and 0.9 g urea 70 
mL water 

• Autoclave at 135C for 90 min 
• Dried at 80C in air for 3 hr 
• Resulting BET area of 55 m2/g

23
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Graphitic petal substrates

Graphite)Susceptor

Mo)Puck

H2 Plasma

Bhuvana et al., ACS Appl. Mat. Interfaces, 2 644 (2010)
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Good overall electrochemical 
performance

• Single electrodes in 2M KOH 

• Clearly dominated by 
pseudocapitance 

• Effect of graphitic petals is 
strong 

• Double hydroxide shows 
much lower capacitance  
(vs. triple)

25

Effect of petals

Effect of petals



Nanoscale Transport Research Group Tim Fisher, Purdue University

Other electrochemical 
characteristics, also quite good

• Charge transfer 
resistance of only 0.3 Ω 
from Nyquist plot 

• Triple hydroxide has 
much higher energy 
density than double 

• Good cycle life 
(compared to batteries)

26
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Is it a battery?  
Or a supercapacitor?

The ACS position 
(based on P. Simon et al, Perspective: Where do 

batteries end and supercapacitors begin? Science, 
343, 1210-1211, 2014)

Battery

The RSC position 
(based on Augustyn et al. Pseudocapacitive oxide 

materials for high-rate electrochemical energy storage. 
Energy Environ. Sci., 7, 

1597, 2014)

Supercapacitor

27
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Surprising durability

Extremely high 
rates in a full  
two-terminal 
asymmetric 

device

Retains nanoneedle 
morphology after 

cycling
As-grown After 3000 cycles

28
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Nanoscale III:  
Making nanomaterials 

faster

Alfredo Tuesta  
(PhD, now at NRL) Kim Saviers (PhD student) Majed Alrefae (PhD student) Nick Glavin (PhD student)

Anurag Kumar  
(Postdoc)

Ritu Gupta (Postdoc,  
now Faculty at IIT-J)

Andrey Voevodin  
(Formerly AFRL/RX,  
Faculty N. Texas)

Bob Lucht (ME Faculty)Alina Alexeenko 
(AAE Faculty)
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Scaling up: Roll-to-roll plasma deposition of 
graphitic nanopetals 

Key Features 
• Custom-designed plasma 

deposition system with reel 
system inside vacuum chamber 

• Low-frequency RF plasma 
couples to moving web 

• Web width up to 10 cm, with web 
speed up to 500 cm/min (usually 
much slower) 

• Through-chamber viewports for 
optical diagnostics of the growth 
region 

• Pyrometer temperature 
measurement 

• Pressure control from 1 to 100 
Torr 

• Gases 
• Hydrogen, 1000 sccm 
• Methane 1000 sccm 
• Nitrogen, 1000 sccm 
• Oxygen, 50 sccm 
• Argon, 5000 sccm  

• Plasma power up to 5000 W
30



Nanoscale Transport Research Group Tim Fisher, Purdue University

Laser diagnostics of graphene plasmas gives 
a wealth of information

A.D. Tuesta et al., J. Micro and Nano-Manufacturing, 4 011005 (2016) 
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R2R diagnostics: Simple optical emission 
spectroscopy gives rich and rapid output

• Emission from excited 
states of molecules or 
atoms used as an 
indication of 
abundance of these 
species in the mixture 

• For example, a 60-sec 
survey spectrum can 
be used to monitor the 
important species in 
the plasma such as: 
N2, CN, CH, H and Ar

32
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Time-resolved spectral-spatial imaging 
provides unique insights into PLD of BN films

33
Glavin et al., J Appl Phys 117, 165305 (2015)
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Early results from imaging of 
graphene-producing plasmas

34
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Analysis of Hydrogen Plasma in a Microwave Plasma Chemical Vapor Deposition Reactor

FIG. 16. Effect of inclusion of pillar on (a) Electric field, (b) Electron number density, (c) Electron

temperature, and (d) Gas temperature at Power = 500 W, Pressure = 30 Torr.

High electron number density close to the top of the pillar increases the number of collisions

and high electron temperature in this region causes more energy to be transferred during

each collision. Consequently, the gas temperature reaches high values close to the top of the

pillar when it is included. This value decreases throughout the plasma region in the axial

and radial directions as seen in Fig. 17 and Fig. 18. When the pillar is not included, the

maximum value of gas temperature is reached at about 20 mm above the puck surface and

reduces beyond the maximum point in the axial direction as shown in Fig. 17. Radially, the

gas temperature stays fairly constant through the plasma as shown in Fig. 18.

Experimental images of plasma’s optical emission in the range 200 to 800 nm (Princeton,

PI-MAX 4 iCCD with 500 msec gate setting) have been captured at 500 W and 30 Torr

with and without a pillar of 9.6 mm height. This pillar height is by necessity slightly less

than that discussed above to allow full visual access through the available viewport. The

21

Model: Gas T Experiment: Total emission (200-900 nm)

G. Shivkumar, et al., J. Appl. Phys. 119 113301-13 (2016)
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Micro-to-macro scale:  
Assemblies of nano/micro 

materials for the human scale

Sridhar Sadasivam (PhD student)

Kyle Smith  
(PhD graduate, Faculty at UIUC)

Meheboob Alam (Faculty, JNCASR)Ishan Srivastava (PhD student)
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Smith et al. Phys. Rev. E, 82 051304 (2010)

Srivastava et al. J Heat Trans, 135 061603 (2013)

Granular mechanics are important to an 
amazingly broad array of technologies

Smith & Fisher, Int. J. Hyd. Energy 37 13417 (2012)

36

Smith, Mukherjee & Fisher, Phys. Chem. Chem. Phys. 14 7040 ( 2012)
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Variable cell approach: Enabling realistic 
boundary conditions, showing hysteresis 

and stick-slip

37

New results enabled by the methods in Smith et al. Physical Review E, 89 042203 (2014)
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Granular mechanics principles applied 
to coarse-grain CNT array deformation

38

Equilibrium structure of a 2 μm tall CNT array of 
400 CNTs with periodic lateral boundaries 

Video of a 2 μm tall CNT array of 100 CNTs under 
sequential uniaxial compression
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Figure 6: a) Total thermal resistance of 3, 5 and 10 m tall CNT arrays compared with experimental measure-
ments. b) Di↵usive thermal resistance of 3, 5 and 10 m tall CNT arrays. c) Total CNT-CNT contact area as
a function of applied pressure for the 3, 5 and 10 m tall CNT arrays.

the contact conductance is reduced by a factor of 10 from the experimentally reported value in ref. [5].

3.2.3 E↵ect of Matrix Fillers

All the results presented so far assume that the matrix material surrounding the CNTs is air and that the

matrix material does not contribute to heat conduction. Motivated by prior experimental results on the thermal

performance of CNT arrays dipped in para�n wax [33], we study the e↵ect of matrix fillers on the total thermal

14

Sadasivam et al. J. Heat Transfer, 38 042402 (2016)



Closing
Graphene and other nano 

materials have the potential to 
dramatically improve energy 

technologies 

39

Even traditional materials 
(e.g., metal oxides) can show 

surprising attributes when 
structured differently 

Practicing all the way to 
human scales is crucial to 

achieve high impact 
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Some general benefits to 
practicing scales

• Versatility in teaching 

• Broad engagement with professional societies 

• The larger the scale, the more collaborators 
needed and available (did you notice?) 

• Valued by industry (especially) 

• Clearer pathways to entrepreneurship and/or 
general technology translation
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Thank You
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