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What are we looking for...

We deal with particles (e.g., electrons) moving in nanosized structures

Quantum treatment of the particles implies wavefunctions (e.g., de Broglie,..)

If wavefunction extension ~ structure size, we expect quantum confinement

Known examples in optics (λ~hundreds of nm): optical cavity, optical fibers 
Signatures of quantization: radiation modes, supported standing waves, …

λ h/ 7 10 4/ [ / ] i

In transport properties dimensions are scaled down

λdB = h/p ~ 7x10-4/v [m/s] in nm 
(vterm~104 -105 m/s, vF~106 m/s)

In transport properties, dimensions are scaled down 
to the de Broglie wavelength, so nanosized structures 
are needed (contrary to optics, where sum-micron 
range is typical)range is typical)
Expected signatures of quantization: nonExpected signatures of quantization: non--ohmic ohmic 
behavior, tunneling effects, single electron, …behavior, tunneling effects, single electron, …
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Many potential advantages (in, e.g., electronics): 
miniaturization, speed, consumption, novel functions,…



Outlook

• Focus on “conventional” (silicon-based inorganics) technology (we willFocus on conventional  (silicon-based, inorganics) technology (we will 
mention other possibilities later on) 

A. Electron transport and quantum confinement in 2-D structures in theA. Electron transport and quantum confinement in 2 D structures in the 
presence of a magnetic field:
- High mobility 2-D electron gases at heterostructure interface;
- Quantum electron in a magnetic field: Landau levels;g ;

- Quantum Hall Effect (integer, and a few words on the fractional 
effect);

- von Klitzing quantum of resistance

B. Electron transport and quantum confinement in 1-D structures without 
magnetic field:

- Landauer treatment and levels;
- electron waveguides: “transverse modes”

C El t t t d t fi t th h 0 D t tC. Electron transport and quantum confinement through 0-D structures:
- tunneling effects;
- single electron phenomena and devices
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Conductivity in the classical (macroscopic) world

(Microscopic) Ohm’s law: 
J = σ E I = V/R  with R = L/(S σ)

In classical terms, resistance is a function of the dimensions (in bulk 3D 
materials, it is directly proportional to the length l and inversely proportionalmaterials, it is directly proportional to the length l and inversely proportional 
to the cross section S): R ~ (typical width)^(2-dimensionality)

Drude (either classical or quantum):
Diffusional motion of the electrons

“Collisional” processes (material-
dependent) rule the resistivityp ) y
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Dimensionality enters transport properties also in conventional pictures!



Electron transport and quantum confinement

Transport properties depend on the dimensionality of the structures, first of all 
because of the peculiar density-of-states expression: new and unexpected 
effects associated with quantum confinement can arise

Quantum confinement is hard to be seen in 2DEG (2-dimension electron 
gases, e.g., conductive films), since the “macroscopic degrees of freedom”gases, e.g., conductive films), since the macroscopic degrees of freedom  
tend to mask any possible quantized effect

Fully localized 0DEG structures (quantum dots) do require other processes y (q ) q p
for transport tooccurr (e.g., tunneling, as we will see) 

Basically, 1DEG structures are well suited for investigating electron 
transport (quantum wires)

Hystorically, the first observations are associated with the Quantum Hall 
Effect (QHE) in specific 2DEG structures with the presence of a static 
magnetic field
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2DEG in semiconducting heterostructures

After Ferry and Goodnick, y ,
Transport in nanostructures, 
Cambridge (1997)

“Band bending” at the interface 
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produces localization in a 2DEG 
with typ. thickness 1-10 nmAfter S.Datta, Electronic Transport in 

Mesoscopic Systems, Cmbridge (1997)



High mobility in MODFET/HEMT structures

2DEG interface2DEG interface 
is much “better” 
than grown thin 
films in terms of 
mobilitymobility

High “in-plane” 
mobility achievedmobility achieved 

(negligible
collision rates)
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Classical Hall effect in a conductor

A known current is sent along x

A k ti fi ld ( t ti d

L

A known magnetic field (static and 
homogeneous) is applied along z

In a two charge fluid model of theIn a two-charge fluid model of the 
current, Lorentz force drives 
positive and negative charge along 
y with a sign depending on they, with a sign depending on the 
charge polarity

At equilibrium charge separationVH = RH I = vd B L = μ B L / e At equilibrium, charge separation 
occurs (along y) 
-> an electric field exists 
-> a potential difference can be 

VH  RH I  vd B L  μ B L / e

Mobility can be measured (including 
the sign) by Hall experiments p

measured across y direction 
the sign) by Hall experiments

Classically, the Hall resistance is 
a contin o s (i e non q anti ed)
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a continuous (i.e., non-quantized) 
feature depending on the mobility



A. Electron dynamics in a magnetic field (quantum)

y

e
v0

x
z

r

x

B L

* 1-DEG DOS
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*

“Density” of carriers along 
x for any energy level



Landau levels

Subbands

1D-like density of states (Surface) carrier density, corresponding 
to each Landau level is eB/h

Density of states diverges at the energy 
level “bottom”

For a given number of carriers
(electrons), a B value existsa B value exists (in principle) 
so that allall carrierscarriers are in the ground level

The small thickness of the 
conductor combined with the

so that allall carrierscarriers are in the ground level
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conductor combined with the 
presence of the magnetic field 

leads to a 1D-like behavior



QHE and von Klitzing quantum of resistance I

Fine structure constant

Measurements carried out at very 
low temperature in order to
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low temperature in order to 
decrease (phonon) scattering



QHE and von Klitzing quantum of resistance II

Resistance is quantized in units 
of R = h/e2 ~ 25 8 Kohmof Rvk= h/e2 ~ 25.8 Kohm

The quantum depends on theThe quantum depends on the 
fine structure costant, i.e., on 
fundamental quantities (e, h)
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A few words on fractional-QHE

1982 (Tsui, Stoermer, et al.): discovery of Fractional-QHE

Filling factorFilling factor

Interpretation (Laughlin): many-body 
problem

The Hamiltonian should include terms 
accounting for interaction inter-electron 
and electron-ion (lattice)

A ll ti f ti ( d t fA collective wavefunction (product of 
single electron wavefunction) should be 
used and the corresponding Landau 
levels identifiedlevels identified

Degeneracy of the levels turns out to 
depend on the specific system
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Tsui et al., PRL 48, 1559 (1982)

depend on the specific system 
considered 



B. Towards 1DEG

We have seen that 2DEG structures with magnetic field B do exhibit 
quantized transport behavior (von Klitzing quantum of resistance)

Role of B: to mix up directions so that 2DEG behaves similarly to 1DEG 

If B = 0 no quantum effect is observed (the charge carriers can always find aIf B  0 no quantum effect is observed (the charge carriers can always find a 
“non confined” direction for their motion!) 

1DEG structures (quantum wiresquantum wires) are thus expected to show a signature of (qq ) p g
quantum confinement effects without B

From the technological point of view, a 1DEG is quite complicated to 
achieve in “conventional” electronics (inorganics), but it can be done

The simplest way, at least ideally, is based on the exploitation of either 
linear conductive molecules (organics) or mesoscopic structures
(nanowires/nanotubes): we will see more!
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(nanowires/nanotubes): we will see more!



Examples of realization of 1-D nanostructures (conventional) I

Film growth with specific arrangements
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Film growth with specific arrangements 
(e.g., onto specifically “cut” susbtrates)



Examples of realization of 1-D nanostructures (lithography) II

Split-gate MODFET
(MOdulation Doping) ( p g)

An additional pair of 
electrodes with a nanosized 
gap leads to a 1 D likegap leads to a 1-D like 
conducting channel

Da R Waser Ed Nanoelectronics Lithography (typically EBL) used to define laterally the structure
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Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)

Lithography (typically EBL) used to define laterally the structure



A closer look at the de Broglie wavelength

In the “degenerate case” (low 
temperature) Fermi velocity 

depends on the square root of 
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the electron density



Criteria for 1DEG situations

De Broglie 
wavelength at the 
Fermi velocity

1DEG conditions can be achieved 
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only “on a short path”



A rough picture of transport in 1DEG

In the bulk, classically we have:
J = n e v EF

EF
eV

1. At T=0 only the portion of electrons 
eV/ EF is involved in the transport 
process

reservoir
2-D

reservoir
2-D

1 D

EF

process
2. Fermi velocity must be considered: 
vF =√(2EF/m);
3. n ∝ g(E)dE ; in the 1-D case ∝ √EF∫

1-D
channel

3. n   g(E)dE ; in the 1 D case √EF

I I == eV/EeV/EFF e √(2Ee √(2EFF/m) √(2m E/m) √(2m EFF)/h =)/h =
= 2 e= 2 e22 V/hV/h

∫
1

Mean occupation number

Fermi distribution
V

Conductivity in an ideal 1DEG 
structure: EF

E

eV

GG1D1D = i/V = 2 e= i/V = 2 e22/h/h
F
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See van Wees et al.
PRL 60 848 (1988)

1DEG DOS peculiarities lead to a quantized conductivity 



Landauer levels (intrawire tunneling)
“tunneling” through a quantum wire

(quantum) 
current densitycurrent density

Da R Waser Ed Nanoelectronics
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Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)



Ballistic transport

In the ballistic transport regime, 
electrons are assumed to move 
within the structure withoutwithin the structure without 
scattering (but that at the interface 
with the ohmic contacts, i.e., the 
higher-dimensional “outer world”)higher dimensional outer world )

Behavior analogous to an 
optical fiber in the totaloptical fiber in the total 
reflection mode

If a quantum wire is considered, q ,
comparison between the de 
Broglie wavelength and the 
transverse size suggests to 
consider single mode fibers

Transverse modes
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Transverse modes I

Model
confining potential

Electrons are confined within the structureElectrons are confined within the structure 
by a suitable potential

The “transverse eigenfunction” (depending g ( p g
on the potential) must obey the boundary 
conditions
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Transverse modes II

Group velocity

Subbands

After S.Datta, Electronic Transport in 

Quantization (subbands) arises when 
solving the Schroedinger equation in the 
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Mesoscopic Systems, Cmbridge (1997) confining potential (transverse modes)



Transverse modes III

The waveguide supports trasnverse 
modes below some (energy) cut-off,
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modes below some (energy) cut off, 
leading to Landauer levels



Da G. Timp, Nanotechnology
(Springer-Verlag, 1999)

Electron waveguides I Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)

SPLIT 
GATE

POINT 
CONTACT 
(STM-like)

costrizione
1-D

LANDAUER
LEVELS

Quantized resistance 
observed (at very low T)
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Electron waveguides II

If conductance is not affected by 
diffusive transport:
- resistance (within the 

i ) i li iblwire) is negligible;
- speed is at a maximum;
- dissipation can be 
neglected;neglected;
- single electron transport
can be achieved (no doubt 
a single charge enteringa single charge entering 
the structure is 
transmitted!)

Quantum wire potentially suitable as unconventional interconnects
(but cumbersome fabrication, need to operate at very low T!)
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1DEG and active devices?

Can the 1DEG transport properties be exploited in a three-terminal 
(active) device?

Can a 1DEG-channel MOSFET (not just a split-gate) be realized?

[The idea is to control the few/single electron flow across the wire [ g
with an additional electric field or voltage]

We will seeWe will see in “non conventional” implementations! p
(possibly with less fabrication problems)

Quantum wire (1DEG)
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C. Towards 0-DEG: a nanosized capacitor

Capacitance of a nanosized conductor (e.g., a metal) sphere

Es : if r 10 nm C 1 aF
Q = C V
V = Q/4πε0r
C = 4πε0r

Es.: if r~10 nm, C ~ 1 aF
At V = 1V  Q ~ 10-18 Coulomb
That is N ~ 6 e !!!

C  4πε0r
E = CV2/2 The discrete nature of electric charge dominates 

the behavior of nanosized capacitors

Accurate capacitance evaluation for realistic cases
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After Ferry and Goodnick, 
Transport in nanostructures, 
Cambridge (1997)



Tunneling rules the behavior of the system

Tunneling inherently involved
Electrostatic energy

Tunneling inherently involved 
in “charging” the capacitor
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Discrete (charge) vs continuous (voltage)



Conditions to observe “quantized effects”

Temperature-related energy 
fluctuations must be 
negligible (low T operation!!)negligible (low T operation!!)

Specific conditions must be 
fulfilled to realize 

experimentally the quantum-
ruled phenomenon

Tunneling resistance must be 
large enough (weak coupling)

Da R Waser Ed Nanoelectronics
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Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)



Coulomb blockade (Cb) and SE tunnelingSee R. Compaño et al.
MEL-ARI EC Project
Technol. Rodmap 1999p

In quantum 
mech. terms:

double barrier 
resonant 
tunnelingtunneling

Coulomb blockade: an additional electron is accepted by the
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Coulomb blockade: an additional electron is accepted by the 
dot only if the voltage is raised above some limit



Coulomb oscillations and staircase Da G. Timp, Nanotechnology
(Springer-Verlag, 1999)

After Ferry and Goodnick, 
Transport in nanostructures, 
Cambridge (1997)

(Discrete) charge effects inhibit ( sc ete) c a ge e ects b t
continuous charging of the 

capacitor, i.e., tunneling transport 
of electrons through the dot
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g



See Imamura et al

Examples of measurements
See Imamura et al.
PRB 61 46 (2000)

STM measurements
room-temperature

granular metal films
( 1 10 )

STM used to make a point-like 
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(ø 1-10 nm) tunneling with nanosized dots



Single Electron Transistor (SET)
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SET operation (in electronic terms)
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A gate is added to change the 
voltage, i.e., to control the tunneling 

through the dot



(Unconventional) practical implementations

See Thelander and Samuelson
Nanotechnology 13 108 (2002)

Produced by scanning probe 
manipulation of small metal dotsmanipulation of small metal dots

See Junno et al., 
APL 72 548 (1998); APL 80 (2002)
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SET advantages (for the electronics)
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Example of mixed SET/CMOS technology



Quantum dot / quantum well

A nanosized dot embedded in the “outer” world 
is a 3D quantum well (spherical quantum box)

Simple 1D case

Da Poole and Owens

Effects relevant in optical 
properties (already seen) may 
have a counterpart in electron
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Da Poole and Owens
Introduction to Nanotechn.
Wiley (2003)

have a counterpart in electron 
wavefunction behavior



Size, barrier height, material and energy

A “material discontinuity” is needed to define the well, e.g.: metal/vacuum, 
metal/oxide, semiconductor/oxide, semiconductors with different gap energies

In the actual conditions, the potential barrier is finite, but few differences with 
respect to infinite case (possibility of tunnelling, slight change in level energy, 
typically a few excited levels can be kept in the well, …)

Simple one dimensional case

En = h2kn
2 / (2 m*)      with kn = n 2π / L

En =  n2 h2 π / (2 m* L2)
material

ΔEn =  (2n + 1) h2 π / (2 m* L2)
size

Example: free electron (me), width 
L=5 nm: En=2 - En=1 ~ 1 eV

(even larger for electrons in a Level energies can be 
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(e e a ge o e ec o s a
semiconductor if m* < me) “engineered”



Semiconductor quantum dots and SET

Vertical SET
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Artificial atom in vertical SET

Artificial atom-like 
behavior achieved in 
specific quantum dot

Fisica delle Nanotecnologie 2007/08 - ver. 6 - part 7 - pag. 41

specific quantum dot 
configurations



SET fabrication (conventional): example I

See Kastner
Ann.Phys 9 885 (2000)

SET: three-terminal device similar to MOSFET 
but:

single electron capabilities, high speed (ps 
range), no consumption (but requires low T!!)
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SET fabrication (conventional): example II

(Anisotropic) oxidization 
used to obtain Si 

quantum dots
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quantum dots



SET fabrication (conventional): example III

Nanosized “undulation” 
(obtained by mild etching) 

leads to a sequence of q
quantum dots
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Tunneling  through quantum dots
Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH 2003)VCH, 2003)

Single barrier

D bl b i

“Resonances” may appear 
corresponding to the positions of 
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Double barrierthe quantum dot energy levels



Resonant Tunneling Diode (RTD) I

subband

Artificial atom levels
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RTD proposed as a system with extremely high speed and low consumption



Resonant Tunneling Diode (RTD) II
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Resonant Tunneling Diode (RTD) III

Dependence on 
fabrication parameters 

(interface issues)(interface issues)

Huge speed!

Example of RTD structure

Huge speed!
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Conclusions

Transport properties (conductivity) is strongly affected by dimensionalityTransport properties (conductivity) is strongly affected by dimensionality

Lower dimensionality implies a different functional dependence of DOS 
on the energygy

Quantum confinement effects may arise when considering nanostructures 
with size comparable to the de Broglie wavelength

Quantum Hall Effect (2DEG + magnetic field) demonstrated quantized 
resistance

Similar quantization effects (but for  factor 2!) is observed also in 1DEG 
systems (e.g., electron waveguides)

0DEG features (quantum dots) can be used to achieve tunneling ruled by 
peculiar phenomena (e.g., Coulomb blockade)

0DEG-based devices exhibit the potential for single electron manipulation

Tunneling with resonant features exploitable for novel devices
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Tunneling with resonant features exploitable for novel devices


