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OUTLINE

Brief review of macroscopic (3-D) electrical conductors
Electrical conductivity of nanotube assemblies:

pure tubes, SWNT/polymer composites

How do we even begin to think about macroscopic NT assemblies (mats,
fibers, films)? Certainly not a collection of perfect ballistic conductors!

Beyond “free electron gas” — effects of disorder, interfaces, carrier
localization, variable-range hopping, tunneling thru barriers, .....

How do we 1dentify the macro-scale mechanism for a particular material?
Experiments vs. temperature, magnetic field, doping.

Composites — dispersion, interfaces, SWNT alignment, percolation,...

Brief review of macroscopic (3-D) thermal conductors:

heat capacity, mean free path, phonon dispersion and sound velocity

Fundamentals of thermal transport in SWNT: effect of 1-D subbands

SWNT — lots of theory, sparse experiments
Individual MWNT — experiments
SWNT assemblies and composites

Application to peapods - a case study
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m Excuse me, Prof. Tomanek, but....

.‘.

The beautiful physics of 1deal tubes 1s largely ruined

(or obscured) in real materials, by

1. Diameter polydispersity broadens everything.

2. Coupling between tubes (bundles, ropes, .....)

3. Inhomogeneities

4. Residual impurities (metals, amorphous carbon)
from the growth process

5. Characterization problems, e.g. luminescence
1s quenched by interactions in assemblies.



Macroscopic electron transport;
disorder effects in CNT materials

Free electron gas: inelastic (e-ph) and elastic (defects,impurities) scattering
(elemental metals and alloys, doped semiconductors, )

Strong localization: phonon-assisted variable range hopping (VRH) a la Mott:
(impurity bands, amorphous semiconductors, highly disordered metals)

Weak localization: power law T dependence (conjugated polymers esp PANI)

Granular metal — two-phase system, tunneling or hopping between metallic 1slands
(doped conducting polymers)

Coulomb gap — electron-electron interaction opens a gap at the Fermi energy;
transport 1s thermally activated (same equation as VRH but the parameters have
different meaning).

Combinations — to fit complex materials over wide T range (Kaiser)



Free electron gas: microscopic view of Ohm's Law
Ideal gas of electrons but with quantum statistics

" Current density J = (# electrons/vol)(charge)(velocity) = ne;;,

The eleciron moves at the Electron energy levels
Fermi speed, and has only E fill up to Fermi level
a tiny drift velocity superimposed at T = 0K
by the applied electric field. Er
The anergies available
from ordinary thenmal

or electrical processes
are a vary tiny fraction
of the Fermi energy.

I Since all available anargy

levels are filled, electrons
down in the distribution
cannol interact with
anylhing unless is is ) - )
capable of raising them P(E) = electron density of states
all the way to the Fearmi

=5 . 5

Fermi velocity: | Classical feg: v =, + v,
v, =(2E/m)"2| Quantum feg: v = v, +V,

Electric
field E

http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html



o phonons, A >> a

A~a

Temperature
(METAL)

Electronic conductivity only
happens with delocalized
electrons (or holes) but
thermal conductivity can
involve electrons and/or
phonons.

o and k limited by collisions

ionized
impuritie
phonons
Temperature
(SEMICONDUCTOR)
# phonons,
2L f(T) impurities,
multi-
phonon,
A~ 1/T

Temperature



p in-plane (uQ2-cm)

(anisotropic) 3-D macroscopic, ordered synthetic metal:
classic behavior: electron-phonon scattering
(inelastic) + residual defects (elastic): p = AT" +p,

1/p = 6 = nep = ne’t /m*;
n = carrier concentration;

1/t = sum of scattering rates,
m™* determined by E(k).
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r_— Cu @ 300K

11 Crystalline material system, phonon

mean free path << system size but

KCyg intercalated =~ atomic scale, i.e. not ballistic
oraphite conduction and electron states

delocalize to “fill” the system.
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Very large resistance ratio:
R(300K)/R(4K) = 300; very low
defect/impurity concentration.

[ IIIIII'II

L L L 111!l [ N L1t rireel
1 2 3 4 5 1G 20 30 100 ino

Temperature (K)

Mark Potter, Penn (1976)



For small E, v, increases linearly with E; v,, = eEv/m
where 1/t = scattering rate, and T = A/vp -
A =mean free path between collisions.

What’s different at the nanoscale?
System size < A; ballistic conduction (but what’s the “system™?)
Dimensionality # 3
* Density of states no longer ~ VE; different temperature
dependence of Cp, thermal conductivity x, .....
* Only forward- or backscattering in 1-D
* Many-body effects are enhanced (e.g. Luttinger liquid)
What’s different for macroscopic assemblies of nano-systems?
“disorder’: electron wave function may not “fill” the system:;
weak and/or strong localization.
Transport mechanism different in “doped” materials.
Wide variation 1n transport properties from sample to sample;
Hard to establish property correlations with morphology, defects




Electronic structure

(bulk) (Quantum Well) (Quantum Wire)
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“twistons” — lowest energy phonons

which can scatter SWNT electrons
Kane & Mele, Europhys. Lefters 41, 683-688 (1998).
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Upper curve: 1-D model, p ~ /. Lower curve: Including 3-D intertube effects

(i.e bundles) in both the electron and twiston degrees of freedom, the linear

p(T) behavior in bundles occurs only above a relatively low crossover
temperature. The inset shows the process in which an electron scatters from the
right- moving to left-moving E(k) branch, emitting a low-energy ( long-wavelength
twiston. This model does not account for observed negative dp/dT at low T.



Electron transport in nanotube materials
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A single uniaxial rope 1s ~ 60 X more
conductive than the disordered mat.
The compressed mat is ~3X densified.
For all three materials p(T) 1s quite flat.

R. S. Lee et al, Phys. Rev. B 55, R4921 (1997)

_PRESSED MAT

- I
S AS GROWN MAT;
< 1
l 5%
SINGLE ROPE
L™ 1 . . \ R
0 100 200 300 400 500
TEMPERATURE (K)

On a blown-up scale, all samples
show a shallow minimum in p(T)

at a characteristic T* above which
dp/dT is positive (metallic) — a crude
index of the degree of disorder.



multiple processes 1n the same
(inhomogeneous) material
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Fig. 1. Sketch of crystalline regions in fibrillar highly-conducting
polyacetylene separated by disordered regions (after Ehinger and Roth

[6]).



EX. n saetulals

d&
4T

)0

" Fu

d K
0.7 3T i
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between metallic regions; 0 100 T 200 300
weak localization in “matrix”. (K) |
o = metallic vol. fraction Fig. 3. Normalised conductivity of mats and a rope of single-wall carbon
KT, = tunnel barrier height nanotubes measured by Fischer et al. (F) [21], Grigorian et al. (G2) [22],
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A. B. Kaiser, Rev. Mod. Phys. T+ T,



Alkali metal-doped (n-type)
SWNT materials

Similar to graphite, (CH), etc.:
alkali metal valence electron
delocalized on the quasi-sp?
carbon network. BUT: much
bigger residual resistivity than
KCg graphite.

dp/dT > 0 at all temperatures;
“free carriers” screen out the
effect of disorder; tunnel barriers
no longer relevant.
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R. S. Lee et al., Nature 388, 255 (1997).




Reflectance
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Reflectivity spectra:
K-doped SWNT vs. concentration
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Classic Drude “plasma edge”
(0~ wp)
plus 1-D interband transitions:

®p ~Vn increases with
increasing K concentration,
and the interband transitions
are quenched as Eg. shifts up
into the conduction band.

W. Zhou, N. M. Nemes et al.,
Phys. Rev. B 71, 205423 (2005).



Variable range hopping

- disorder-induced localization of electronic states near the band edges

of an amorphous, or heavily doped crystalline semiconductor. If the
disorder is sufficiently “strong”, a quasi-continuous density of localized states
lies 1n the forbidden gap.

The “green” electron can carry current only
by “hopping” to an unoccupied state nearby
(say, at “r’), which requires a phonon of energy

AE'" to promote it above Eg The probability

<+— electric field 1S oC exp[—2r/ a— AE/ kBT] where
a = electron localization length.
Mott assumed that the conductivity is proportional to the probability of the
most probable hop, whence the famous prediction:

N ks T* = 2VPA W /2P(1-P);
p ocexp[(T"/T)P], where  "_ 14 1/3, or 1/2in 3-D,

2-D or 1-D respectively.




VRH in amorphous semiconductors

amorphous Si films (1973):
(not shown) - crossover from 3-D
(1/4 exponent to 2-D (1/3) with
decreasing film thickness
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amorphous layer (2-D)
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SWNT fibers spun from strong acid suspensions:
heavily p-type in the pristine state; VRH after anneal

‘-.__ (a) Purified HiPco oleum fibers:
1000 - annealing temp. (C)
] (a) 1150
, (b) 900
y ™ (c) 600
100- (D) ™, """'~~..__ (d) 300
e ] . e e (e) pristine
O 4 "u
e @ T
= 105 e .
; (d) ST —~—
T .--.'-----.. T — -._-:\
o [ 1000x Cu(B0OK) T T v
(e) -
1 10 - 100

P-doped: (no anneal)
weak localization (WL);

metallic regions in
“insulating” matrix
(non-divergent p as
T—0).

Intermediate:
critical regime;
metal-insulator transition.

Fully annealed:
strong localization (SL)
with variable range hopping.

J. Vavro et al., Phys. Rev. B71, 155410 (2005).



The concept of “reduced activation energy” dinoc
R . . W =
to 1dentify different regimes of behavior: din T

All model exponents (1-D, 2-D,
3-D) are found in SL regime by
varying annealing temperature.

Ingoc~T, /TP — Woc(T,/T)P

—critical: ococT> — W=s

0.1; e
Doped " \N\, ) -

~WL: 6=0,+aT! — WocT/

110 100
T (K) Annealing out the dopants
Variable range hopping should induces a metal-insulator

give a straight line on this plot. transition (WL =» SL)



SWNT/PMMA composites: critical behavior in
rheology and electrical transport

Above threshold, a hydrodynamic
nanotube network impedes the
motion of polymer coils

Above threshold, a percolated
network allows current to flow.
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F. Du et al., Macromolecules 2004, 37, 9048-9055



Percolation on a network of partly-oriented sticks

isotropic filler: high threshold,
/ “orientation” has no meaning

rod-like filler: onset of percolated
path determined by concentration
and mis-alignment!

/

| |
l |

no percolation percolated no percolation

———

121404R (2005

F.Duetal,
Phys. Rev.B 72,




Percolation behavior vs. loading:
concentration percolation

isotropic SWNT; no alignment
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Different samples, different threshold...



Percolation behavior vs. alignment:

orientation percolation

100 aligned sticks: insulating

0.5 wt% SWNT/PMMA I \ /
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O Thermal transport in nanotubes
&

* Brief review of macroscopic (3-D) thermal conductors
heat capacity, mean free path, phonon dispersion and
sound velocity

 Fundamentals of thermal transport in SWNT:
- effect of 1-D subbands
— Individual SWNT - lots of theory, sparse experiments
— Individual MWNT - several experiments
— What’s special about mean free path in nanotubes?
— SWNT assemblies and composites -
— Application to peapods - a case study




Thermal conductivity of solids

Q/t=kA(Thot — Teoi)/d

Tnm T::{jl[j
Q = heat transferred 1n time t
% Kk = thermal conductivity of the barrier
A = area normal to the heat flux
d = thickness of the barrier
P ”T‘?r per Temperature Mean particle pg..p free
unit area gradient speed path
transported AQ AT »° 1 » Molar heat
- = - n ('F') }L .= capdaciry
ArA 4 Ax — v '
T f N4 .1
Tfi‘{"ﬂ”ﬂf Thermal Am‘nli;ﬂdrrj "
O jnd”{lﬁ‘rf.l'}' conducti L'I-f:'i' H!l‘l‘!lh‘t"f’

For all carbons, k is dominated by the phonons, not free electrons!




Good electrical conductors are usually
good thermal conductors as well ......

Conductivité thermique

¢ L Conductivite électrique
electronique

‘ Tempeérature absolue

But if few (or no) free electrons, heat
can also be transported by phonons.

Jean-Paul Issi, Aussois 2004




Material Thermal conductivity | Thermal conductivity
(cal/sec)/(cm? C/cm) (W/m K)

Diamond 1000

Graphite in-plane 3000

strong covalent bonds,
stiff lattice,

(speed of sound) /

lots of free electrons,

high diffusivity Iron 0.163 79.5
Lead 0.083 34.7

Strong intramolecular Ice 0.005 1.6

bonds but weak Glass,ordinary 0.0025 0.8

interchain bonds — N

“soft” phonons, low Water at 20° C 0.0014 0.6

speed of sound Polystyrene (styrofoam) 0.033
Polyurethane 0.02

Mostly empty volume —

a big issue in bulk CNT Air at 0° C 0.000057 0.024

CNT: K ~ (speed of sound)(ht. cap.)(m.f.p.) = v{C,A
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O Experiments: O 1s easy — K 1s hard!!
.‘. General problem:
How to 1solate conduction thru the sample?

e Evacuated chamber — no convection.

* Sample thermally connected “ONLY” to
heater and heat sink — long, very fine
constantin wires for thermometry.

« Radiation losses — big problem, esp. for
“black’ materials.

 For transient methods, sample volume and
C, determine the thermal time constant

Also: sample dimensions, density correction, alignment,.....



How to measure kappa(T) on individual tubes?

MWNT bundle, scalebar 1 um One MWNT, 10 um scalebar

Multi-step optical or e-beam lithography; no control over tube selection.

P. Kim et al., PRL 87, 215502 (2001)
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unit velume ' » Molar keat OX 1 0
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o 3N, ~
Thermal A Avogadro's T [K]
cenductivity number
‘o accurate carbon potentials to determine the thermal conductivity and its dependence on

temperature. Our results suggest an unusually high value 6600 WmK for an isolated SWNT at

300K, ....... ”

“We believe these high values are associated with the large phonon mean free paths in these

systems.”

Also stiff 1-D mechanical system, large V;, (JEF)

Berber et al., PRL 84 (2000)




0.8
X
Qualitative m; 0.6
agreement =
between theory ‘_E"‘ 0.4
and experiment. X
0.2
Notable differences:
peak k at higher T
than predicted

K falls off more slowly
with increasing T
than predicted.

®  Yuetal (Ref. 12)
O  This work

100 200 300 400 500 600 700 800

T (K)

E. Pop et al., Nano Letters 6, 96-100 (2006)



How to measure kappa(T)?
“bulk” samples: comparator method

; i 400 W/mK @ 270K
Differential Type E @
Thermocouples Chlp Resistor Heat Current 500~  E130 Dupont 100% Pitch Based Carbon Fibers
"h*__..-"'-
: 400 - %
Sapphire " K oo
s
* 2004 i
. 8 fibers in parallel
100 - 2
Constantan Standard Sample Thermocouple ‘g/
Sample . K 50 100 150 200 250 300

T (K)

K AT .
sample oc standard if G

K AT

standard sample

~ G

sample standard

J. Hone et al., Applied Physics Letters 77, 666-668 (2000).






How to measure kappa at fixed T?

Composites: transient hot-wire method

TEFLON split mold

/

[
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®
o
c
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2
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o
o

Y
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/

/ / \
AV ~ AR ~ AT 25 um Ni 4-wire
heater + RTD

Current pulse @ t = 0;
measure T(t) relaxation
via TCR of Ni wire.

Thermal Conductivity (W/m*K)

"1 Rvs.logt

4180 | m— Paraffin_ PARAFFIN ~ 6 grams

e et slope ~ K, intercept ~ D

4170 2 2
R(t) - R, = (R'R /4ax)l In[(4D /r ©)t]
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o] | W pamiin Literature value:
0.25 W/mK

Sourced Current (mA)




Pros and cons

Attributes of methods Comparator Hot- Three- Modulated
for measuring Wire Omega | Thermoreflectance
thermal conductivity
small samples (~ mg.) 4 no VvV v
high spatial resolution (few pm) no no no v
anisotropic samples v no v no
poor electrical conductors v v difficult v
high accuracy for low k samples no v no v
rapid screening no no v 4
variable temperature (10-800 K) 4 v v Above room temp.
thermal conductivity range 1 -5000 0-2.0 | 0.1-1000 0-50

(W/mK)




Assume all the T dependence in K comes from Cp

A l
Graphene (2D) 100F
\ ‘ |
2 \
g [\ ]
E 5 SWNT (1D) X
2 e 9 10f
o =2 E
_ el
~——— Graphite (3D) © -
1 1 1 1
0 5 10 15 20 25
E (meV) 1F & Lo O E
Theoretical phonon density qf states e Graphite (3D) |
for 2-D graphene, 3-D graphite, and 3 1
an isolated 1.25-nm-diameter SWNT. “ 1
Interlayer coupling in graphite shifts 0.1 bt
spectral weight from lower to higher 10 T(K) 190
energies' Density of states (DOS)
' In a real sample containing ropes, the phonons are 3-D at
- low temperature, crossing over to a 1-D regime ata T
] 1 [ i r“ characterized by the transverse Debye energy E

J. Hone et al., Science 289, 1730 (2000).



Heat capacity data on an expanded
(linear) scale (solid dots) and a fit to a
two-band Debye model that accounts
for weak coupling between SWNT's
in a rope (black curve). The
contribution from acoustic modes
with large on-tube Debye energy E
and small transverse Debye energy
E, gives the blue curve, which fits
the data at low temperatures but lies
below the data above 8 K. Including
the first 1-D subband, approximated
as a dispersionless optic branch at

E< g, adds a contribution given by the
red curve. These are combined in the
black curve, which fits the data over
the entire range.
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So k/T should go as const + AT.........
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Fig. 7. Thermal conductivity of a bulk sumple of SWNTs in which the tubes
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are aligned by filtration in a strong magnetic field [9]. The measurement is 0 1 U 20 30 40 SD 80 70 80

taken in the direction parallel to the whes

J. Hone, M. Llaguno et al.,

T (K)

Fig. 8. Thermal conductivity divided by temperature, K/T, of SWNT sam-
ples with different average diameters [11]. The range of linear K(T), i.e.
constant K /T, extends to higher temperatures in samples with a smaller
diameter, as would be expected for a scenario of 1D quantization of the
phonon structure

Applied Physics A 74, 339 (2002).



Peapods: a case study
How do the peas affect ¢ and «?

Pea and pod have different work functions - charge transfer doping?

Pea-pod coupling — energy scale, coherent or incoherent? Peas may limit
the electron mean free path.

Random filling: more phonon scattering, k goes down?

Ordered 1-D chains: new 1-D acoustic branch with small v,
Partial filling: All tubes partly filled, or 2-phase filled + empty?
Does TEM tell us the right story of pea dynamics — beam heating?




Characterization: xrd using 2-D detector
and partially-oriented film

(100) Bragg peak from 2-D triangular lattice loses intensity
Due to destructive interference between pod and pea form factors.
(001) comes from ordered 1-D chain of peas; C,,-C,, = 0.978 nm

700

(110)—>

(100)— '

500
400
300

200

INTENSITY (A. U.)

100

02 04 06 08 10 12 14 16
Appl. Phys. Letters 84, 2172 (2004) Q (AT



Electrical resistivity vs. T:

Filled vs. empty

Peas have no effect on p(300K), but they suppress the resistivity divergence
at low temperature. This suggests that any disorder associated with the filling

has only a minor effect
on electron transport;
the modest temperature
dependence suggests
weak localization.
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Appl. Phys. Letters 80, 1450 (2002).
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“Excess” thermal conductivity: peapods are
better thermal conductors than SWNT atall T

A=K, K
3 filled empty -
| phonons on the C,, chain, -
TDebye ~ 1OOK -I.
2 .

sublimation from clusters

|

0 T T T T T T T T T T T 1
0 50 100 150 200 250 300
T(K)
Needs to be confirmed by varying the filling and establishing the

distribution of ““vacancies” — homogeneous or phase separation?




Summary and perspectives

Electrical conductivity in CNT pretty well understood, for
individual tubes, complex assemblies and composites.

CNT already useful for high value added applications such as
IC interconnects; major cost reductions required for large-scale
applications, e.g. fillers in composites.

Thermal conductivity also well understood for individuals.
Results on assemblies and composites disappointing to date.

The strong motivation to exploit high thermal conductivity of
individual tubes in thermal management applications cannot be
realized yet.



