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Announcements	
  
§ How	
  many	
  are	
  audiHng	
  the	
  course?	
  
§ Nanomanufacturing	
  GSI	
  
§  Mr.	
  Mostafa	
  Bedewy	
  
§  mbedewy@umich.edu	
  
§  Office	
  hours:	
  4.30-­‐6.30	
  PM	
  Th,	
  locaHon	
  TBA	
  

§ PS1	
  posted,	
  due	
  W	
  Feb/3	
  –start	
  early!	
  
§  Literature	
  searching:	
  see	
  “lab	
  session”	
  video	
  on	
  ctools	
  
§ Changes	
  to	
  syllabus	
  
§  Literature	
  review	
  à	
  video	
  assignment	
  	
  (to	
  be	
  posted	
  next	
  week)	
  
§  A?endance/parHcipaHon	
  grade	
  (5%)	
  à	
  peer	
  review	
  of	
  videos	
  
and	
  project	
  reports	
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Recap:	
  characteriza?on	
  
§ Microscopy:	
  techniques	
  and	
  limits	
  
§  OpHcal	
  
§  Electron	
  
§  Scanning	
  probe	
  (AFM/STM)	
  

§  Surface/structural	
  analysis:	
  electron	
  and	
  X-­‐ray	
  techniques	
  
§ OpHcal	
  spectroscopy	
  
§  Raman	
  
§  UV/visible	
  light	
  
§  Infrared	
  

	
  

§ This	
  lecture	
  could	
  be	
  an	
  en?re	
  course	
  (or	
  more);	
  our	
  goal	
  is	
  to	
  
know	
  the	
  very	
  basics	
  of	
  techniques	
  we’ll	
  refer	
  to	
  in	
  later	
  
topics.	
  

§ We’ll	
  overview	
  how	
  to	
  measure	
  proper?es	
  in	
  the	
  coming	
  
lectures	
  (mechanical,	
  electrical,	
  thermal,	
  op?cal)	
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Spa?al	
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1	
  nm	
  

near-­‐field	
  
op?cal	
  	
  

at
om

ic
	
  

	
  
	
  
adapted	
  from	
  Park.com,	
  A	
  PracHcal	
  Guide	
  to	
  Scanning	
  Probe	
  Microscopy	
  

1	
  µm	
   1	
  mm	
  

micro-­‐IR	
  
micro-­‐Raman	
  

X-­‐ray	
  
spectroscopy,	
  
tomography	
  

electron	
  
microscopy	
  

scanning	
  probe	
  
microscopy	
  

op?cal	
  
microscopy	
  

What	
  types	
  of	
  informa?on	
  do	
  we	
  want?	
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  How	
  were	
  these	
  pictures	
  taken?	
  

	
   	
  Nanoclusters	
   	
  Nanopar?cles	
  
	
   	
  Magic	
  #’s	
  of	
  atoms 	
  100’s-­‐1000’s	
  of	
  atoms	
  

	
  ≤1	
  nm	
  size 	
   ∼1-­‐100	
  nm	
  diameter	
  

	
  	
  Nanowires	
  	
  	
  	
  	
  	
  	
  	
  Nanotubes	
  
	
  Filled 	
   	
  Hollow 	
  	
  

∼1-­‐100	
  nm	
  dia,	
  up	
  to	
  mm	
  long	
  and	
  beyond!	
  

0-­‐D	
  

1-­‐D	
   2-­‐D	
  

	
  Nanosheets	
  
∼1	
  atom	
  thick	
  

1	
  µm	
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X-­‐ray	
  photoelectron	
  spectroscopy	
  (XPS)	
  

φ−−= kineticphotonbinding EEE
h?p://en.wikipedia.org/wiki/X-­‐ray_photoelectron_spectroscopy	
  
Work	
  funcHon	
  of	
  the	
  spectrometer:	
  h?p://www.rikenkeiki.com/pages/AC2.htm	
  	
  	
  

Work	
  funcHon	
  of	
  
spectrometer	
  
(calibrated)	
  

Measured	
  X-­‐rays	
  in	
  

Output	
  used	
  to	
  
determine	
  material	
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XPS	
  

	
  
h?p://en.wikipedia.org/wiki/X-­‐ray_photoelectron_spectroscopy	
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Is	
  the	
  CNT	
  growth	
  catalyst	
  metal	
  or	
  oxide?	
  

metallic	
  Fe	
  
on	
  Al2O3	
  

Fe-­‐oxide	
  
on	
  Al2O3	
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Characteriza?on	
  facili?es	
  at	
  UM	
  
Electron	
  Microbeam	
  Analysis	
  Laboratory	
  (EMAL)	
  
h?p://www.emal.engin.umich.edu/	
  	
  
FaciliHes:	
  Scanning	
  Electron	
  Microscope	
  (SEM),	
  Transmission	
  
Electron	
  Microscope	
  (TEM),	
  X-­‐ray	
  Photo-­‐electron	
  Spectroscopy	
  
(XPS),	
  Focused	
  Ion	
  Beam	
  (FIB),	
  and	
  others.	
  
	
  
X-­‐Ray	
  MicroAnalysis	
  Laboratory	
  (XMAL)	
  
h?p://www.mse.engin.umich.edu/research/xmal	
  	
  
FaciliHes:	
  X-­‐ray	
  DiffracHon	
  and	
  X-­‐ray	
  Sca?ering	
  
	
  
Michigan	
  Ion	
  Beam	
  Laboratory	
  (MIBL)	
  
h?p://www-­‐ners.engin.umich.edu/research/Mibl/index.html	
  	
  
FaciliHes:	
  Rutherford	
  Backsca?ering	
  Spectroscopy,	
  Ion	
  ImplantaHon	
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Today’s	
  agenda	
  
§ Energy	
  carriers	
  
§  Length	
  scales	
  of	
  energy	
  carriers	
  
§ Transport	
  regimes;	
  classical	
  size	
  effects	
  
§ Wave-­‐parHcle	
  duality	
  
§ Quantum	
  size	
  effects	
  
§  Energy	
  levels	
  
§  Density	
  of	
  States	
  
§  Dispersion	
  relaHons	
  

§ Example:	
  OpHcal	
  transiHons	
  of	
  quantum	
  dots	
  

+	
  Thanks	
  to	
  Dr.	
  Aaron	
  Schmidt	
  for	
  preparing	
  some	
  of	
  today’s	
  
slides	
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Today’s	
  readings	
  
Nominal:	
  (on	
  ctools)	
  
§ Rogers,	
  Pennathur,	
  and	
  Adams,	
  excerpt	
  from	
  Nanotechnology:	
  
Understanding	
  Small	
  Systems	
  à	
  a	
  good	
  intro	
  

§ Alivisatos,	
  “Semiconductor	
  Clusters,	
  Nanocrystals,	
  and	
  
Quantum	
  Dots”	
  

§ Hodes,	
  “When	
  small	
  is	
  different” à	
  op?cal	
  and	
  electrical	
  
proper?es	
  

	
  

Extras:	
  (on	
  ctools)	
  
§ Gaponenko,	
  excerpts	
  from	
  OpHcal	
  ProperHes	
  of	
  
Semiconductor	
  Nanocrystals	
  à	
  reference	
  for	
  PS1	
  	
  

§ Chen,	
  excerpts	
  from	
  Nanoscale	
  Energy	
  Transport	
  and	
  
Conversion	
  à	
  read	
  this	
  lightly	
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Energy	
  transport:	
  the	
  small-­‐scale	
  picture	
  

26 NANOSCALE ENERGY TRANSPORT AND CONVERSION

Figure 1.13 Simplified
derivation of the Fourier

law based on kinetic theory.

the reach of this direct approach. We will devote a chapter (chapter 10) to molecular
dynamics, which is based on tracing the trajectory of individual molecules. In most
cases, some kinds of averaging are necessary for practical mathematical descriptions of
the heat carrier motion. The Fourier law for heat transfer, the Fick law for mass diffusion,
and the Ohm law for electrical conduction are the results of averaging the microscopic
motion in a sufficiently large region and over a sufficiently long time. The laws are the
correct representations of the average behavior of the energy, mass, and current flow in
macroscopic systems going through relatively slow processes. Such averaging may no
longer be valid microscale and nanoscale domains and for high-speed processes because
the conditions for the average behavior are no longer satisfied. In subsequent chapters,
we will take a closer look at the averaged motion of heat carriers in micro- and nano-
scale systems. Here, we first introduce a simple derivation of the Fourier law from
kinetic theory.

We consider a one-dimensional model as shown in figure 1.13. If we take an imaginary
surface perpendicular to the heat flow direction, the net heat flux across this surface is
the difference between the energy associated with all the carriers flowing in the positive
and negative directions. Considering the positive direction, the carriers within a distance
vxτ can go across the interface before being scattered. Here vx is the x component of
the random velocity of the heat carriers and τ is the relaxation time—the average time
a heat carrier travels before it is scattered and changes its direction. Thus, the net heat
flux carried by heat carriers across the interface is

qx = 1
2
(nEvx)|x−vxτ − 1

2
(nEvx)|x+vxτ (1.31)

where n is the number of carriers per unit volume and E is the energy of each carrier.
The factor 1/2 implies that only half of the carriers move in the positive x direction while
the other half move in the negative x direction. Using a Taylor expansion, we can write
the above relation as

qx = −vxτ
d(Envx)

dx
(1.32)

Now we assume that vx is independent of x, and v2
x = (1/3)v2, where v is the average

random velocity of the heat carriers. The above equation becomes

qx = −v2τ

3
dU

dT

dT

dx
(1.33)

Electrical	
  transport	
   Thermal	
  transport	
  

§ All	
  carriers	
  have	
  wavelike	
  (distributed)	
  and	
  par?cle	
  
(discrete)	
  aspects	
  …more	
  on	
  this	
  later	
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Energy	
  carriers	
  
§  Electron	
  -­‐	
  subatomic	
  parHcle	
  carrying	
  a	
  
negaHve	
  charge	
  
	
  à	
  interac)on	
  between	
  electrons	
  is	
  the	
  main	
  cause	
  
of	
  chemical	
  bonding	
  

§  Photon	
  -­‐	
  quantum	
  of	
  electromagneHc	
  field	
  
and	
  the	
  basic	
  unit	
  of	
  light	
  

§  Phonon	
  –	
  a	
  quanHzed	
  mode	
  of	
  vibraHon	
  in	
  a	
  
lawce	
  

§  Exciton	
  -­‐	
  a	
  “quasiparHcle”,	
  a	
  bound	
  state	
  
consisHng	
  of	
  an	
  electron	
  and	
  a	
  hole	
  
	
  à	
  formalism	
  for	
  transpor)ng	
  energy	
  without	
  
transpor)ng	
  net	
  charge	
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Wave-­‐par?cle	
  duality	
  I:	
  The	
  photoelectric	
  effect	
  

	
  
Chen;	
  Rogers,	
  Pennathur,	
  Adams.	
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The	
  double	
  slit	
  experiment:	
  par?cles	
  

	
  
Rogers,	
  Pennathur,	
  Adams.	
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The	
  double	
  slit	
  experiment:	
  waves	
  

	
  
Rogers,	
  Pennathur,	
  Adams.	
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The	
  slit	
  experiment:	
  electrons	
  
	
  à	
  par)cles	
  and	
  waves	
  

	
  
Rogers,	
  Pennathur,	
  Adams.	
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Rogers,	
  Pennathur,	
  Adams.	
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The	
  par?cle	
  picture	
  
§ The	
  mean	
  free	
  path	
  (MFP):	
  the	
  length	
  between	
  collisions	
  
(“sca?ering	
  events”)	
  

§ Need	
  many	
  collisions	
  to	
  produce	
  the	
  macroscopic	
  laws	
  
(i.e.	
  Ohms	
  Law,	
  Fourier’s	
  	
  Law,	
  Newtonian	
  Shear	
  Stress,	
  
etc.)	
  

§ When	
  the	
  MFP	
  is	
  comparable	
  to	
  the	
  size	
  of	
  the	
  system	
  	
  
(the	
  “box”),	
  there	
  are	
  not	
  so	
  many	
  collisions.	
  The	
  effects	
  
of	
  the	
  boundaries	
  become	
  important.	
  These	
  phenomena	
  
are	
  called	
  “classical	
  size	
  effects”…	
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Example	
  of	
  classical	
  size	
  effects:	
  	
  
thermal	
  conduc?vity	
  of	
  thin	
  films	
  
	
  

Chen.	
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Example	
  of	
  classical	
  size	
  effects:	
  	
  
electrical	
  conduc?vity	
  of	
  CNTs	
  vs.	
  length	
  
	
  

Purewal	
  et	
  al.,	
  Phys	
  Rev	
  Le?	
  98:186808,	
  2007.	
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The	
  wave	
  picture	
  
§  Important	
  length	
  scale:	
  the	
  par?cle	
  wavelength	
  (the	
  
“de	
  Broglie*	
  wavelength”):	
  	
  

	
  

§ Quantum	
  mechanics:	
  energy	
  (E)	
  and	
  momentum	
  (p)	
  
from	
  the	
  wave	
  

§ When	
  the	
  wavelength	
  is	
  comparable	
  to	
  the	
  size	
  of	
  the	
  
system,	
  the	
  waves	
  interfere	
  in	
  a	
  coherent	
  way.	
  This	
  
leads	
  to	
  interference	
  effects	
  and	
  discrete	
  energy	
  levels.	
  
These	
  phenomena	
  are	
  called	
  “quantum	
  size	
  effects”.	
  

! 

" =
h
p

! 

E = h"

kkhhp ===
πλ 2

k	
  is	
  called	
  the	
  wave	
  vector	
  

h	
  =	
  6.626068	
  ×	
  10-­‐34	
  m2	
  kg	
  /	
  s	
  (Planck’s	
  constant)	
  	
  	
  

	
  
*de	
  Broglie	
  was	
  awarded	
  the	
  1924	
  Nobel	
  Prize	
  in	
  Physics,	
  for	
  his	
  Ph.D.	
  thesis!	
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Electromagne?c	
  spectrum	
  

	
  
Rogers,	
  Pennathur,	
  Adams.	
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Transport	
  regimes	
  

	
  
Chen.	
  

32 NANOSCALE ENERGY TRANSPORT AND CONVERSION

Table 1.4  Transport regimes of energy carriers; O represents order of magnitude

Mean free path, Λ

Photon: 100 Å−1 km

Electron: 100–1000 Å

Photon: 100–1000 Å

D>O(Λ)

diffusive

diffusion
approxi-
mation

Important Length Scales

Coherence length, !c

Phase-breaking length, !p

 !c: for photon: µm−km
           for phonon: 10 Å
           for electron: 100 Å
!p ! Mean free path

Regimes Photon Electron Phonon Fluids

D < O(!p)

D < O(!c)

Wave regime

D ∼ O(!p)

D ∼ O(!c)

wave–particle
transition

Pa
rt

ic
le

 re
gi

m
e

D
 >

 O
(!

c)
, D

 >
 (
! p

)

D < O(Λ)

ballistic

D ∼ O(Λ)

quasi-
diffusive

Maxwell
EM theory

coherence
theory

ray
tracing

Ray
tracing

radiative
transfer
equation

Quantum
mechanics

Quantum
mechanics

Quantum  Boltzmann
equation

Boltzmann
transport
equation

Boltzmann
transport
equation

Boltzmann
transport
equation

Fourier’s
law

Ohm’s
law

Newton’s
shear stress

Ballistic
transport

Free
molecular

flow

Super 
fluidity

several regimes. The wave regime is where the phase information of the energy carriers
must be considered and the transport is coherent, and the particle regime is where the
phase information can be neglected and the transport is incoherent. In between is the
partially coherent transition regime from wave description to the particle description.
The phase-breaking length is the distance needed to completely destroy the phase of
the heat carriers through various collision processes such as phonon–phonon collision
and phonon–electron collision, and it is usually comparable to or slightly longer than
the mean free path. The coherence length measures the distance beyond which waves
from the same source can be superimposed without considering the phase information.
The overlapping length scales in table 1.4 hint at the complexity in judging when to
treat them as energy carriers and when to treat them as particles, but this should become
clearer after we treat wave and particle size effects in chapters 5 and 7.

Most engineering courses teach only the classical transport theories; that is, the
bottom row of table 1.4. Some engineering disciplines may be more familiar with
electromagnetic waves and photon radiative transfer: in other words, the column for
photons. A wide range of transport problems fall into territories that are not familiar to
classical engineering disciplines but are becoming increasingly important in contempo-
rary technology. This book covers these unfamiliar domains as well as the more familiar
regimes to help the reader solve problems on all scales.

1.6 Philosophy of This Book

The introductory discussion thus far suggests that, to deal with micro- and nanoscale
thermal energy transport processes, one needs to have a clear picture of the motion of
energy carriers and the thermal energy associated with their motion. This book aims
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Wave	
  effects:	
  traveling	
  and	
  standing	
  waves	
  

	
  
Chen.	
  

Tr
av
el
in
g	
  
w
av
es
	
  

St
an

di
ng
	
  w
av
es
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1D	
  poten?al	
  well:	
  “par?cle	
  in	
  a	
  box”	
  

	
  
Chen.	
  

MATERIAL WAVES AND ENERGY QUANTIZATION 53

Figure 2.5 (a) One-dimensional potential well with infinite potential heights on both sides and
zero potential inside the box. (b) Particle energy quantization in the box and wavefunction for the
first three levels.

where k =
√

2Em/h̄2. When combined with the time-dependent factor, eq. (2.26), the
time-dependent wavefunction is found to be

!t (x, t) = A • e−i(ωt+kx) + B • e−i(ωt−kx) (2.34)

where Ct t in eq. (2.26) is absorbed into A and B. The first term represents a free particle
traveling in the negative x-direction and the second term along the positive x-direction.

Interested readers may ask what the Heisenberg uncertainty principle means for
a free electron with a given momentum and energy. Equation (2.34) shows that the
wavefunction for a right traveling wave extends from x = −∞ to x = ∞, with equal
probability everywhere, which means that its position is not determined at all. Similarly,
the wave has fixed energy but spans time from negative infinity to positive infinity, that
is, the whole time history. Thus, the Heisenberg uncertainty principle holds true for this
simple case.

2.3.2 Particle in a One-Dimensional Potential Well

On the basis of the requirement for standing waves, we derived eq. (2.15) which shows the
quantization of the allowable energy levels for a material wave inside a one-dimensional
cavity of length D. Now let’s start from the Schrödinger equation and demonstrate that
eq. (2.15) is a natural solution of that the equation. We consider the case of a particle in
a one-dimensional potential well, which can be, for example, an electron subject to an
electric potential field as shown in figure 2.5(a). The steady-state Schrödinger equation
for the particle in such a potential profile is

− h̄2

2m

d2!

dx2 + (U − E)! = 0 (2.35)

The solution of the above equation is

! = A exp

[

−ix

√
2mE

h̄2

]

+ B exp

[

ix

√
2mE

h̄2

]

(for 0 < x < D) (2.36)

! = 0 (for other x where U → ∞) (2.37)

§  Standing	
  wave	
  modes	
  =	
  discrete	
  energy	
  levels	
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The	
  real	
  2D	
  poten?al	
  well	
  

	
  
Roduner.	
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Density	
  of	
  States	
  (DoS)	
  and	
  confinement	
  

ENERGY STATES IN SOLIDS 107

3.4.1 Electron Density of States

Consider a spherical parabolic band with the following relationship between the energy
and the wavevector,

E − Ec = h̄2

2m∗ (k2
x + k2

y + k2
z )

= h̄2k2

2m∗

(
kx, ky, kz = 0, ± 2π

Na
, ± 4π

Na
, . . . ,±π

a

)
(3.48)

where k is the magnitude of the wavevector,

k2 = k2
x + k2

y + k2
z (3.49)

For each constant E value, there can be potentially many combinations of kx, ky, kz

satisfying eq. (3.48). To find the density of states, we refer to figure 3.24. The allowable
wavevectors for kx , ky , and kz are integral multiples of 2π/L, where L is the length of the
crystal along the x, y, and z directions. The volume of each quantum mechanical state
in three-dimensional k-space is (2π/L)3. The number of states between k and k + dk in
three-dimensional space is then

# states = 2 × 4πk2dk

(2π/L)3 × V k2dk

π2 (3.50)

where the factor of two accounts for the electron spin and V (= L3) is the crystal
volume. In the above treatment, we have implicitly assumed that k and E are continuous
functions. This should be valid as long as the number of atoms in the system is large
enough (N is large).

On the basis of eq. (3.50), we can define the density of states as the number of
quantum states per unit interval of the wavevector and per unit volume,

D(k) = # states between k and k + dk

V • dk
= k2

π2 (3.51)

We can also define the density of states as the number of states per unit volume and
per unit energy interval

D(E) = # states between E and E + dE

V • dE
= 1

2π2

(
2m∗

h̄2

)3/2

(E − Ec)
1/2 (3.52)

where we have used eq. (3.48) to replace k and dk in terms of E and dE. Sometimes,
we also define the density of states on the basis of a frequency interval (as we will do
for phonons). For electrons, eq. (3.52) is used most often. A schematic of eq. (3.52) is
shown in figure 3.25.

The density of states is a purely mathematical convenience, but nevertheless, it is
central for correctly counting the number of electrons and the energy (or charge and
momentum) that they carry. As a simple example of how the density of states is needed,
let’s evaluate the electron energy of the topmost level at T = 0K , that is, the Fermi
level Ef . At 0 K, the filling of electron quantum states starts from the lowest energy

§ Density	
  of	
  states:	
  the	
  number	
  of	
  allowed	
  states	
  (modes)	
  
in	
  a	
  system	
  per	
  unit	
  volume	
  and	
  unit	
  energy	
  interval	
  

§ Quantum	
  confinement	
  
restricts	
  the	
  density	
  of	
  
states	
  of	
  a	
  material	
  
(nanostructure)	
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Dispersion	
  rela?ons	
  
§ Dispersion	
  rela?on:	
  the	
  relaHonship	
  between	
  energy	
  and	
  
momentum	
  (frequency	
  and	
  wave-­‐vector)	
  

§  In	
  real	
  materials,	
  dispersion	
  relaHons	
  for	
  electrons,	
  
phonons,	
  photons,	
  etc.	
  are	
  complicated	
  

In	
  ma?er,	
  c	
  depends	
  on	
  frequency	
  

Light	
  in	
  vacuum:	
  f	
  =	
  c/λ	
  

h?p://en.wikipedia.org/wiki/Dispersion_relaHon	
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KE	
  vs.	
  p	
  (momentum)	
  in	
  free	
  space	
  

h?p://en.wikipedia.org/wiki/Dispersion_relaHon	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  31	
  

Band	
  gaps	
  
§ Certain	
  energies	
  cannot	
  be	
  reached,	
  creaHng	
  “gaps”	
  in	
  the	
  
dispersion	
  relaHon.	
  These	
  are	
  called	
  “band	
  gaps”.	
  

§ Electrons,	
  phonons	
  and	
  photons	
  can	
  have	
  band	
  gaps.	
  

Conduc?on	
  band	
  

Valence	
  
band	
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Band	
  gap	
  parameters	
  of	
  common	
  
semiconductors	
  

Gaponenko.	
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Size-­‐dependent	
  color	
  of	
  quantum	
  dots	
  

Frankel,	
  Bawendi.	
  

1.5	
  nm	
  

<100>	
  CdSe	
   <001>	
  CdSe	
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Absorp?on	
  and	
  emission	
  

h?p://www.eviden?ech.com/quantum-­‐dots-­‐explained/how-­‐quantum-­‐dots-­‐
work.html	
  

sHmulus	
  

emission	
  

1	
   2	
  

3	
   4	
  (1)	
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Idealized	
  band	
  model	
  for	
  a	
  quantum	
  dot,	
  
assuming	
  strong	
  confinement	
  

Gaponenko.	
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As	
  size	
  increases	
  (confinement	
  decreases),	
  
absorp?on	
  approaches	
  bulk	
  character	
  

Alivisatos.	
  

D = 3.7 nm  

D = 5.2 nm 
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  Michalak	
  et	
  al.,	
  Science	
  307:538-­‐544,	
  2005.	
  

Examples:	
  different	
  semiconductor	
  crystals	
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Manufacturing:	
  tuning	
  op?cal	
  
proper?es	
  by	
  synthesis	
  
condi?ons	
  

Alivisatos.	
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Imaging	
  with	
  quantum	
  dots	
  
§ Previous	
  technology	
  =	
  fluorescent	
  proteins	
  
§ New	
  technology	
  =	
  semiconductor	
  nanoparHcles	
  
§  Narrow	
  emission	
  peaks	
  
§  Size-­‐dependent	
  emission	
  
§  Long	
  lifeHme	
  (resists	
  photobleaching,	
  i.e.,	
  photochemical	
  degradaHon)	
  
§  Diverse	
  chemical	
  linkages	
  to	
  surfaces	
  

§ Typical	
  emission	
  lifeHmes	
  (at	
  ∼105	
  photons/s)	
  
§  Green	
  fluorescent	
  protein	
  =	
  0.1-­‐1	
  s	
  
§  Organic	
  dye	
  =	
  1-­‐10	
  s	
  
§  CdSe/ZnS	
  quantum	
  dot	
  =	
  105	
  s	
  

Gao	
  et	
  al.,	
  Nature	
  Biotechnology	
  22(8):969-­‐976,	
  2004.	
  
h?p://en.wikipedia.org/wiki/Photobleaching	
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Commercially-­‐available	
  quantum	
  dots	
  

h?p://www.eviden?ech.com	
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Quantum	
  dot	
  LEDs	
  

h?p://www.eviden?ech.com	
  	
  


