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Introduction to Carbon Nanotubes
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Fullerenes

(4} Armehaie Nanotube Dy,

FIGURE 1. Examples of closed shell fullerene configurations. which avowd dangling
bonas: (8) Ceg, ) Cag, (6) Cun and (d) an ammchair carbon nanclube. Also indicated
on thee tigune ame the point group symmetries of the varnous structunes. We note that 24,
& & subgroup of the icosahedral group [, exhibiting imversion symmetry

* C, was established by mass spectrographic analysis by Kroto and Smalley in 1985
* C,, is called a buckminsterfullerene or buckyball due to resemblance to geodesic
domes designed and built by R. Buckminster Fuller

G. Timp, Nanotechnology, Chapter 7
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Endofullerenes
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FIGURE 1. Structural models for varous endofullerenes. (a) One possible structural
model for M@ C o, with M at the canter of the C gy cage{73). (b, c) Two different struc-
tural models for La @ Cgs, with the La difterent off-center postions
Cuy cage(74]. (d) A structural model f Cy tassuming €y, sym
Cy: cage), whave bisck baks represent ree aquivalent Sc’ * ions, which rapidly
nangle{64]

meariant within the C gy cage as an equilab

* Endohedral doping of fullerenes leads to the formation of a dipole moment that
influences solubility and other properties.

G. Timp, Nanotechnology, Chapter 7
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Electronic Structure of Molecular and Solid C,
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FIGURE 7. Caiculated electronic: structure of {a) an isciated Cy molecule and (b} FCC
saikd € whers the direct band gap 1 1he X-pomnt & 1.5 eV[106].

G. Timp, Nanotechnology, Chapter 7
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Rolled Up From Graphene Sheets:
Carbon Nanotubes
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FIGURE 11. By rolling a graphene sheet (a single layer from a 30 graphite crystal) as a
cylinder and then capping each end of the cylinder with half of a C gy molecule, a “Cgg
tubule® one layer in thickness is formed. Shown here is a schematic model for a tubule
arising from (a) an armchair cap with a 5-fold axis, (b) a zigzag cap with a 3-fold axis,
and (c) a chiral (10,5) nanotube with caps associated with C j45[115].

G. Timp, Nanotechnology, Chapter 7
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Carbon Nanotube Synthesis:
Carbon Arc Discharge

A BIG SPARK

In 1992 Thomas Ebbesen and Pulickel M.Aja;ran of the NEC Funda-

mental Research Lak y in Tsuk Japan, published the first

mmhmhmmmmdmlmam
hite rods to a power sup-

pl;phu!hmwﬂ‘mmsmnmd&wwhmﬂ:h As 100 amps
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(right).Some of it h in the fo
yhld:UprOpeluntbymigm
High added to the
rods can prodm both sblglr-\ndhd and m;mmllad nanotubes
with few or no structural defects.
Limitations: Tubes tend to be short (50 microns or less) and deposit-
ed in random sizes and directions,

P. G. Collinsand Ph. Avouris, Scientific American, 283, 62 (2000).
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Carbon Nanotube Synthesis:
Chemical Vapor Deposition

A HOT GAS

Moarinubo Endo of Shinshu University in trol where the tubes form (left) and
Nagano, Japan, was the first to make have been working to combine this
nanotubes with this method, which is controlled growth with standard sili
called chemical vapor deposition (CVD). E con technology.

This recipe is also fairly simple. Place a

substrate in an oven, heat to 600 degrees Typical yield: 20 to nearly 100 percent

Celsius and slowly add a carbon-bearing 3 Advantages: CVD is the easiest of the
gas such as methane, As the gas decom- three methods to scale up to industrial
poses, it frees up carbon atoms, which production. It may be able to make
can recombine in the form of nanotubes. nanotubes of great length, which is nec-

Jie Liu and his colleagues at Duke University recently in-  essary for fibers to be used in compaosites.
vented a porous catalyst that they claim can convertalmost  Limitations: Nanotubes made this way are usually multi-
all the carbon in a feed gas to nanotubes. By printing pat-  walled and are often riddled with defects. As a result, the
wmsof:aulmparﬂchwnmnuhsmm Hongjie Dai and  tubes have only one tenth the tensile strength of those made
y have been able to con- by arc discharge.

P. G. Collinsand Ph. Avouris, Scientific American, 283, 62 (2000).
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Carbon Nanotube Synthesis:
Laser Ablation

A LASER BLAST
Richard Smalley and his co-warkers at Rice University were  metal molecules when the news broke about the discovery
blasting metal with intense laser pulses to produce fancier  of nanotubes. They swapped the metal in their setup for
graphite rods and soon produced carbon nanotubes by us-
GROWING COPPER ing laser pulses instead of electricity to generate the hot car-
LASER BEAM NANOTUBES COLLECTOR bon gas from which nanotubes form ( feft). Trying vanious cat-
alysts, the group hit on conditions that produce prodigious

L

Sir

Typlcal yield: Up to 70 percent
Ad | rimarily single-walled nanotubes,

with a diameter range that can be controlled by varying the
reaction temperature.

Limitations: This method is by far the most costly, because it
requires very expensive lasers. —PG.Cand PA.

g FURNACE  ARGON GAS GRAPHITE TARGET

P. G. Collinsand Ph. Avouris, Scientific American, 283, 62 (2000).
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Chirality of Carbon Nanotubes

FIGURE 10. {a) The chiral vector OA or E"* =nd y +ma2 is defined on the honeycomb
Iattice of carbon atoms by unit vectors d ; and @ 3 and the chiral angle @ with respect 1o
the zigzag s, Aking the zigzag axis 8= 07 Also shown are the lattice vector 08 =T
of the 1D tubule unit cell and the rotation angle  and the transiation T which constiute
the basic symmatry operation R = {ig| T} for the carbon nanciube. The diagram is con-
structed for (n,m)=(4,2). (b) Possible vectors specified by the pairs of integers (n,m)
for general carbon lubules, ncluding zigzag, armchair, and chiral tubules. The encircled
dots dencte metallic tubules while the small dots are for semiconducting tubudes{115].

G. Timp, Nanotechnology, Chapter 7
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Energy Band Diagrams of Carbon Nanotubes
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FIGURE 12. One-dimensional engrgy dispersion relations for (a) armchair (5.5)
tubules, (b) zigzag (9.0) tubules, and (c) zigzag (10,0) tubules labeled by the
irreducitle representations of the point group D3, 21,4 8t k=0. The A-bands
are non-degenerale and the E-bands are doubly degenerate at a general k-
point{128,134,135).

G. Timp, Nanotechnology, Chapter 7
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Electrical Properties of Graphite

v |y

|

/ Semiconductor Graphite

ELECTRICAL PROPERTIES of a material depend on the separation between the collection of energy
states that are filled by electrons (red and the additional “conduction” states that are empty and avail-
able for electrons to hop into (light biud. Metals conduct electricity easily because there are so many
electrons with easy access to adjacent conduction states. in semiconductors, electrons need an ener-
gy beost from light or an el'.'([u(dl field 1o jump Ihe gap to the first available conduction state, The
form of carbon ke asg I that just barely conducts, because without these ex-
ternal boosts, only a few denroﬂs «can access the narmow path to a conduction state.

I'he Electrical Behay of Nane

A Spllt Personahfy

Metal

P. G. Collinsand Ph. Avouris, Sientific American, 283, 62 (2000).

Department of Materials Science and Engineering, Northwestern University




ROBERT R. McCORMICK SCHOOL OF ENGINEERING AND APPLIED SCIENCE

Electrical Properties of Twisted Nanotubes

13 , f

Metallic
2y A\ \
v
TWISTED NANOTUBES, cut at an angle from graphite keft), look a bit like barbershop poles tenter). The ¢ ,I’
slices of allowed energy states for electrons kight) are similarly cut at an angle, with the result that / ’

about two thirds of twisted tubes miss the Fermi point and are semiconductors. /
Semiconducting

P. G. Collinsand Ph. Avouris, Sientific American, 283, 62 (2000).
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Bandgap of Semiconducting Nanotubes
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FIGURE 15, Cureni-voRtage [ vx. V traces taken with scanning lunneling spec-
t | troscopy (STS) on individual nanctubes of varous diameters: (1) d,=8.7 nm,
00 Ty (@) d,=4.0 nm, and (3} d,= 1.7 nm. The top inset shows the conductance vs, voltage
00 10 20 30 40 50 60 plot for data taken on the 1.7 nm nanotube. The bottom inse? shows an 1=V trace taken
100/d, [1/A] on a gold surlace under the same conditions|145]

FIGURE 13, The dependence of T snery @ (rormalkied 1o he nessss! neghbor
cvwilas eneegy) o Iubuie Sameser. (a) The dependence of the snergy gap on the
numbar of carbon moms N along he cecurmisence of fig-iag haxes(137]. &) The

T Sy s s o b L e s G. Timp, Nanotechnology, Chapter 7
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Electrical Properties of MWNTSs

* MWNT bandgap is proportional to 1/d - At room temperature,
MWNTs behave like metalssinced ~ 10 nm

* Only the outermost shell carries current in an undamaged MWNT

[Department of Materials Science and Engineering, Northwestern University)
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Other Properties of SWNT's

Properties of Carbon Nanotubes
Going to Extremes
PROPERTY SINGLE-WALLED BY COMPARISON

NANOTUBES

Size 0.6 to 1.8 nanometer Electron beam lithography can
) In diameter create lines 50 nm wide,
a few nm thick
Density 13310 1.40 grams per Aluminum has a density of
cubic centimeter a7 g/em?

- = . Tensile 45 billion pascals High-strength steel alloys

e—j Strength break at about 2 billion Pa
bk Metals fib
without damage

P. G. Collinsand Ph. Avouris, Sientific American, 283, 62 (2000).
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Other Properties of SWNTs

Current Estimated at 1 billion amps Copper wires burn out at about

- Carrying  per square centimeter 1 million Afem?
- Capacity

—_

T ¥ Feld at
. issi 3voltsifelectrodesare  of 50 to 100 V/jum and have
a spaced 1 micron apart very limited lifetimes

Heat Predicted to be as high as Nearly pure diamond transmits
Transmission 6,000 watts per meter per 3320 W/m-K
kelvin at room temperature

T e o s Y N

\

p pto 2,500 Segrees ; oot
A4 Stability ! 750 Gooto: egrees C
#’ﬂ; degrees C inair
. Cost 51,500 per gram from Gold was selling for about
BuckyUSA in Houston S10/g in October
—— J

P. G. Collinsand Ph. Avouris, Sientific American, 283, 62 (2000).
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Nanotubes as Interconnects

P. G. Collinsand Ph. Avouris, Sientific American, 283, 62 (2000).
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Current Carrying Capacity of MWNTSs

Although a cross-sectional view of aMWNT shows several
cylindrical shells, only the outermost shell carries current in
an undamaged MWNT.

[Department of Materials Science and Engineering, Northwestern University)
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Representative MWNT I-V Curve:

8 —

Maximum current density: 6.8 x 10" Am?
Maximum electric field: 1.6 x 107 V/m

o
|

Current density (><1013 Almz)
N S
] ]

o

0 2 4 6 8 10 12 14 16
Electric field (x10° V/m)

Maximum current densities of potential interconnect materials:
» Metals; 1010 — 1012 A/m?
* Superconductors: J, ~ 102 A/nv
e MWNTSs: >5x1013 A/m?

[Department of Materials Science and Engineering, Northwestern University)
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Electrically Stressed MWNTSs

Before Electrical Stress After Failure

1 pm? AFM image

Experimental method: Monitor the current as afunction of time
while stressing the MWNT at afixed voltage.

Department of Materials Science and Engineering, Northwestern University
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Multiwalled Carbon Nanotube Failure

AR = 4.3 k2

AR = 9.2 k)

Point
of tailre

T T T
1060 10 1160
1(sec) t(sec)

P. G. Collins, et al., Phys. Rev. Lett., 86, 3128 (2001).

Department of Materials Science and Engineering, Northwestern University
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Device Applications of Nanotube Junctions
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FIGURE I8 Schematic presentation of several propased electronic device applications
for carbon nanotubes(163].

G. Timp, Nanotechnology, Chapter 7
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Engineering Carbon Nanotubes
Using Electrical Breakdown

A A\

4

C 1
%.\n Q.05 010 015 0.2C
At (8)

P. G. Collins, et al., Science, 292, 706 (2001).

Department of Materials Science and Engineering, Northwestern University
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Engineering Carbon Nanotubes
Using Electrical Breakdown

Fig. 4. (A and B) Stressing a mix-
ture of 5= and m-SWNTs while
simultanecusly gating the bun-
dle to deplete the semiconduc-
tors of carriers resulted in the
selective breakdown of the m-
SWNTs. The G(¥) curve rigidly
shifted downward as  the
m-SWNTs were destroyed. The
remaining current modulation ks
wholly due to the remaining s-
SWNTs. (C) In very thick ropes,
some 5-SWNTs must also be sac-
rificed to remove the innermaost
m-SWNTs. By combining this
technique with standard lithog-
raphy, armays of three-terminal,
nanotube-based FETs were cre-
ated (D and E) out of disordered
bundles containing both m- and
s-SWNTs, Although these bun-

dles initially show little or no switching because of their metallic constituents, final devices with
good FET characteristics were reliably achieved (F).

Table 1. Comparison of relative band gaps from

§ ! P (Fig. 2B) with calculations based on
the expected diameter dependence. The only pa-
rameters are the initial diameter of the tube and
3 the 0.34 nm spacing between adjacent shells.
g Calc., calculated; Meas., measured,
o
L Relative band gop (eV)
= Shell
(nm) Cale. Meas.
9o " 95
- . -
3 n-10 27 024 022
11 20 033
12 13 0.49 0.48
n-13 o7 1.00 1.00

P. G. Coallins, et al., Science, 292, 706 (2001).
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Electronic Applications of SWNT's

NANOTUBE—
CHANNEL

SILICON DIOXIDE
INSULATOR

HIPS OF THE FUTURE
than photolithogra

Field Emission Displays

Field Effect Transistors

P. G. Collinsand Ph. Avouris, Sientific American, 283, 62 (2000).

Department of Materials Science and Engineering, Northwestern University
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Nanotube Complementary Logic

£0 I VACUUM

070 CHYGEN

Protectsd by PMMA

Hot protected -

Tyw) %y

Figure 2. Fabrication of a voltage inverter (“NOT" bogic gate) tsisig two tianotibe FETs. Lnitially the two CNTFETs are p-iype. One of
thea is protected by PAIMA. the othier is 5ot {3) Afler vacutm ansealing boi CNTFETS are converted 1o i-rype. () The fwo CNTFETs
re exposed 1o axygen (10! Torr of oxygen for 3 mis). The unprotected o-CNTFET curve) converts back to the original p-ype,
while the protected CNTFET (red cusve) remains n-type. (¢) The two complementary © T are wired as shown in the schematic. (d)
Characteristics of the resilting istermolecislar imverter (¥ = £1.% V) are shown

V. Derycke, et al., Nano Letters, 1, 453 (2001).

Department of Materials Science and Engineering, North
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Nanotube Complementary Logic

Gain=1

back gate 4 2 0 2 4
Vin (V)

Figure 3. {a) AFM image showing the design of an inramolecular logic gate. A single panomube bundle is positioned over the gold
electrodes 1o produce two p-type CNTFETS in senes. The device is covered by PMMA and a window is opened by e-beam lithography o
expose part of the nanotube. Potassium is then evaporated through this window to produce an n-CNTFET, while the other CNTFET remains
p-type. (b} Characteristics of the resulting intramolecular veltage invener, Open red circles are raw data for five different measurcinents on

the same device (FF= 2 V). The blue line is the average of these five measurements. The thin straight live comresponds to an ourput/input
gain of one.

V. Derycke, et al., Nano Letters, 1, 453 (2001).

Department of Materials Science and Engineering, Northwestern University
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Other Applications of Nanotubes

Chemical and
Genetic Probes

Tagged strand
of DNA

Orther Uses fo

Beyond Electronics

r Nanorube

A nanotube-tipped atomic force micro-
scopee can trace a strand of DNA and iden-
tity chemical markers that reveal which of
several possible varlants of a gene Is
present in the strand.

A screen of nanotubes lald on support

This is the anly method yet imvented for im-
aging the chamistry of a surface, but it is
not yet used widely. So far it has been used
only on relatively shor pleces of DNA.

measured, but the speed lmit for & me-
chankcal memary |s probably around ome
which is much slower than

Twe " lectrod:

Pincers five
microns long

@ glass rod, can be opened and closed by
changing voltage. Such tweezers have
beon used to pick up and move objects
that are so0 nanometers in size.

comventicnal memory chips.

AMithough the tweezers can pick up objects
that are large compared with their width,
nanotubes are so sticky that most objects
can't be released, And there are simpler
ways to move such tiny objects.

Feasibility Ratings
o= Sclence Fiction

2 = Demonstrated

& = Ready for Market

Department of Materials Science and Engineering, Northwestern University

P. G. Collinsand Ph. Avouris, Scientific American, 283, 62 (2000).
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Other Applications of Nanotubes

Supersensitive
Sensors

Semiconducting nanctubes change thelr

Manotubes are exguisitely sensitive to 5o

posed to alkalis, halogens and other gases
for bet:

v
that they may not be able to distinguish
Fom aet

o

totubes
Hydrogen and
lon Storage

Atoms in
hollow core

ter chemical sensars.

Nanotubes might store hydrogen in their
hallow centers and release it gradually in
eMficient and inexpensive fuel cells., They
can also hold Uthium jons, which could
lead to longer-lived batteries.

5o far the best reports indicate 6.5 per-
cent hydrogen uptake, which is not quite
dense emough to make fuel celis econom-
Ical. The work with Uthium ions is still
preliminary.

Sharper Scanning  Attached to the tip of & scanaing probe wachtip
boost the in- i still made individually. The nanctube

struments’ ry a la  tips don't improve But

Indhvidual 10 of more, allowing clearer views of pro-  they do allow Imaging deep pits in nano-

Supersirong
Materials

Nanotube
stress test

g

Embedded into # composite, nanotubes
have smormous resilience and tensile
strength and could be used to make cars
that bounce In & wreck or buildings that
wway rathes than crack in an sarthquake.

Nanotubes still cost 10 to 3,000 times more
than the carbon Abers currently used in
composites. And nanctubes are 5o smoath
that they slip out of the matrix, allowing it
to fracture easity.

3

0

Campiied by W Wayt Gibbs, staff writer

Department of Materials Science and Engineering, Northwestern University

P. G. Collinsand Ph. Avouris, Scientific American, 283, 62 (2000).
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Density of States

In general, the density of statesin d-dimensionsis:

(LY (S(k(E)-k)dk
D(E)’(zfrjj V. (E)

At band edges, |V (E)|=0
—> van Hove singularities in the density of states

T. W. Odom, et al., J. Phys. Chem. B, 104, 2794 (2000).

[Department of Materials Science and Engineering, Northwestern University)
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Nanotube 1-D Density of States

The van Hove singularities assume different forms based on the
dimensionality of the system:

a 3D 2D 1D
2] —_
o JJ/\ Co
o =
Energy

The 1-D nature of nanotubes leads to peaks in the density of states.

T. W. Odom, et al., J. Phys. Chem. B, 104, 2794 (2000).

[Department of Materials Science and Engineering, Northwestern University)
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STM Measurements of Nanotube

van Hove Singularities
k\«/ M

T 0 1 T 0 1
Viias (V) E(eV)

=]
[~

DOS (au)

AV (nA V-T)
=

FY
>
>

(dlAV)TV)

-1 0 1
Vhias (V)

J. W. G. Wilder, et al., Nature, 391, 59 (1998).
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Implications of van Hove Singularities
for Nanotube Optical Properties

B s 7 75 T T
df% = conduction

3

10

2 4 8 8
Density of Electronic States

S. M. Bachilo, et al., Science, 298, 2361 (2002).

Department of Materials Science and Engineering, Northwestern University
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Separating Carbon Nanotubes in Solution

T 0 "l
00 05 15 20 25 30 35 40 45
R (rwm)

M. J. O'Connell, et al., Science, 297, 593 (2002).

Department of Materials Science and Engineering, Northwestern University
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Band Gap Absorption and Fluorescence from
Individual Single-Walled Carbon Nanotubes

1.0
c 16001500 1400 1300 1200 1100 1000 900 nm
S 1.0 -
2 532 nm excitation|
'§ Absorption T=296K

0.8 4

13
)
8
S 0.6 B
-]
8 o4f N
L]
o2l Emission ]
g
g 0.0 1 1 1 1 L

.0 7,000 8,000 8,000 10,000 11,000

400 600 800 1000 1200 1400 1600 Frequency (cmq)

Wavelength (nm)

M. J. O'Connell, et al., Science, 297, 593 (2002).

Department of Materials Science and Engineering, Northwestern University
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Excitation at the E,, Transition

»
= ]

(au)
N
\__.._.._______._
4..----—"'_-'-_'_'_-'--I

A A\

-y \\‘__—_’ // \\..

0
250 300 350 400 450 500 550 600 650
Excitation wavelength (nm)

Emission intensity at 875 nm

M. J. O'Connell, et al., Science, 297, 593 (2002).
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Structure-Assigned Optical Spectra

14
w00 0 W0 TG K0 Wo ]

o 000
Excmion maveng® ()

w00 o =3
Exciaton wewlengh o

S. M. Bachilo, et al., Science, 298, 2361 (2002).

Department of Materials Science and Engineering, Northwestern University
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Ambipolar Carbon Nanotube FET

A B &w0f =
Vg =1V
SWNT__TIC oo 1
T Fig. 1. (A) Schematic diagram of the
§ o B ambipolar ssSWNT device structure. (B)
3 ool ] Electrical characterization of a typica
ambipolar device. A plot of the drain
0o b current versus Vg for a grounded source
and a small drain potential of1Vis shown.

The data indicate ambipolar behavior. (C)
Plot of the drain current versus Vd for a
grounded source and a gate potential of 5
V for the device used in the optica
measurements. The inset shows the data
on a logarithmic scale. (D) Calculated

- e band structure for carbon nanotube FET
1o devices with Vd = 4 V and Vg hafway
wut between the source and drain voltages.

(7] el
o 2 4
Drain voltags (V)

J. A. Misewich, et al., Science, 300, 783 (2003).

[Department of Materials Science and Engineering, Northwestern University}
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Infrared Emission from an Ambipolar Nanotube FET

Fig. 2. Optical emission from an ambipolar
carbon nanotube FET detected with an IR
camera. The upper plane is a color-coded IR
image of the carbon nanotube FET. The
contact pads and thin wires leading to the
carbon nanotube channel are shown in yellow.
The lower plane is the surface plot of the IR
emission image taken under conditions of
simultaneous e~ and h+ injection into the
carbon nanotube. The emission was localized
at the position of the carbon nanotube. (Inset)
SEM showing the device structure in the
region of the nanotube emitter.

J. A. Misewich, et al., Science, 300, 783 (2003).
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Characterization of Stimulated Emission
from Encapsulated SWNTs

sy
T Y

ELN

M. S. Arnold, et al., Nano Letters, 3, 1549 (2003).
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Pulsed pump from Ti:sapphire

Filter laser (300 fs pulse width)

<= Probe from CW
fiber laser (A =1053 nm)

’ Experimental setup
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Effect of Aggregation and pH

Isolated
nanctubes o

—_

@ » Aggregation of isolated nanotubes
.O by Iyophilization and re-suspension
@ Heateq|| drasticaly reduces probe modulation

nanotubes||  intensity by afactor of 122.

AA sl * Photobleaching disappears at acidic

pH and isreversibly restored at
neutral and basic pH, consistent with

Lyopnlized| | protonation of nanotube sidewalls at

| opoob oo o acidic pH.
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Pump intensity (W/cm?2)

Probe modulation intensity (uW/cm?2)

-

M. S. Arnold, et al., Nano Letters, 3, 1549 (2003).
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Pump Spectral Dependence

ury
[=]

* The measured E,, transition
width of 65 meV is consistent with
fast electron-electron scattering on
the 300 fstime scale.

o
o

o
]

e Thefeature near 1.4 eV islikely

Normalized probe modulation

= due to a Raman effect (the
&o measured difference between
02—g © pump and probe energiesis ~
e © 1600 cnr?, which matches the G-

o
o

| | band Raman mode in SWNTS).
14 15 16 17

Pump photon energy (eV)

M. S. Arnold, et al., Nano Letters, 3, 1549 (2003).
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Probe Spectral Dependence

1057 nm 1053 nm

 The probe modulation
spectrum is slightly red-shifted
0.145 from the absorbance spectrum
by 45 cnmrt,

0.150
10 —

0.140

* From aLorentzian fit, the
width of the E; transition is
only 10 meV compared with 65
o | | | L Hoias meV_a_s measured for the E,,
116 117 118 119 120 transition.
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M. S. Arnold, et al., Nano Letters, 3, 1549 (2003).
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Polarization Dependence
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Co-polarized pump and probe lead to greater photobleaching than
cross-polarized as expected for a 1-D system.

M. S. Arnold, et al., Nano Letters, 3, 1549 (2003).
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Probe Intensi
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Pump Saturation Effects

e Atlow pump intensities below 10

W/cm?, linear behavior is observed.

e Saturation of the probe modulation

is consistent with:

» Increased multi-particle Auger
recombination for large carrier
densities.

» Exciton-exciton annihilation
effects.

» Saturation and filling of afinite
number of states.

M. S. Arnold, et al., Nano Letters, 3, 1549 (2003).
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Probe Saturation Effects

* X5 corresponds to the probe intensity
for which the rate of stimulated
recombination is equal to the intrinsic
rate of recombination.

* Anincreasein x, at large pump
intensitiesis consistent with an increase
in the effective interband recombination
rate due to enhanced Auger
recombination for large carrier densities.

M. S. Arnold, et al., Nano Letters, 3, 1549 (2003).
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Degenerate Pump-Probe Measurements
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optical setup.
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Time-resolved relaxation at E,; (975 nm)
and E,, (740 nm) optical transitions.
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Temporal Relaxation at E,
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An Estimate of the Optical Gain
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