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Solutions to paper 4B5 — Nanotechnology, 2010/2011

(a) Nanotechnology is the ability to both fabricate and characterise structures with
characteristic dimensions in the range 1-100 nm.
The answer should include a discussion along the following lines:

* Tunnelling — when device dimensions are small enough (a few nm), electrons
can tunnel from one part of a device to another. This is useful in single-electron
devices, and a limiting factor in the reduction in size of conventional transistors,
particularly in the case of the gate oxide. The answer may also mention field
emission. Tunneling is one of the mechanisms for electron transport in
molecules and is therefore relevant for an understanding of molecular
electronics.

* Hot electron and resonant tunnelling devices that are complementing transistors
are becoming widespread. Hot electrons are electrons that have excess kinetic
energy after passing from a region of higher to lower potential (band-gap), and
therefore travel faster than the drift velocity. Devices (eg HEMT) can be made
that make use of this effect, and offer high speed operation. Resonant tunnelling

is useful for the property of negative differential resistance.

(b) Briefly:
The first figure shows the packet as it approaches the barrier, no interaction yet. -
The second figure shows that the packet has started to interact with the barrier, and we start to
see interference between the incident and reflected waves. |
The third figure shows that the packet has started to interact further with the barrier, and there
is significant interference betWeen the incident and reflected waves. The packet has also
reached the opposite side of the barrier, and there is a small amplitude, transmitted packet.
In the last figure, we can see that there are two distinct wave-packets, :the reflected one and
the transmitted one.

The reason for the small, transmitted portion of the wave-packet is twofold: (i)
there is tunnelling through the barrier and (ii) some components of the wave-packet will have
energy greater than V, so will be transmitted. (ii) is expected to be the dominant influence.
For the case of a plane wave, i.e. a beam of electrons, we would expect a lower transmission

as there will not be any components with energy greater than V.
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Should mention somewhere that the trnamission probability, 7'is a probability, so if we have
a single particle, or a wave-packet, the splitting into reflected and transmitted waves does not
mean the particle is split, it just represents the probability of transmission. For a beam of

particles, T represents the proportion of particles expected to pass the barrier.

GO nEesS Consuanent:

Question 1: This question was a discussion question about the relevance of quantum

mechanics to nanotechnology and involved an analysis of the interaction of a wavepacket

with a barrier. \
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If a conventional p-n junction diode is doped heavily enough (~ 10% dopants m®), it is -

possible to cause the Fermi levels in the n and p-type materials to be in the conduction and valence
bands, respectively, as shown in the Figure below. Also, the effect of very high doping levels is to
make the depletion region extremely thin, in the nm range, so appreciable tunnelling ¢an occur
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Fig. 2.37. Band diagram of tunnel diode.
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In (a), i.e. under zero applied bias: there is no net current flow, as the electron current from the
conduction band of the n-type into the valence band of the p-type is balanced by the electron current
from the valence band of the p-type in to the conduction band of the n-type. In Fig. (b), under

reverse bias conditions, the bands on the p-type side are raised relative to the n-type side, ‘and
electrons can flow from p to n, tunnelling across the depletion region. The width of this region will
increase as the voltage is increased, so little current will actually flow. In Fig. (c), which is undera =
low forward bias, the electron-filled states in the n-type conduction band overlap with the holes in the
p-type valence band and a significant current can tunnel across the depletion region, similar to

Regime B in Fig. (b). In Fig. (d), as the forward bias is increased, the degree of overlap between the
n-type conduction band electrons and the p-type valence band holes decreases, as more of them start
to overlap with the band gap within the p-type. This has the effect of reducing the current across the
depletion region as there are fewer states for the n-type electrons to tunnel into. In Fig. (e), similar to
Regime (c) in Fig. (b), the current drops to its minimum value, as there is no longer any overlap
between the conduction band electrons in the n-type and holes in the p-type: there are no available
states for the electrons to tunnel into. The only current which can flow at this point is a small inelastic
tunnel current and a small thermal diffusion current. In Fig. (f), when the applied forward bias is

large enough, the height of the potential barrier between the n and p-type is low enough for a thermal
diffusion current to flow over the barrier, and this becomes the dominant means of current flow.

(c) Resonant tunnelling diodes are made by heavily doping a p-n junction. They initially gained a lot
in interest for their potential application in oscillator circuits, particularly ones operating at high
(Microwave) frequencies. The reason for this can be seen by considering the simplest possible
oscillator: an LC circuit (i.e. an inductor in parallel with a capacitor). Due to the phase difference of
180 degrees between the voltage dropped across each of these, energy is effectively continually
transferred from one component to the other — the circuit is an oscillator. Once the oscillations -
begin, if we remove the voltage driving source, the oscillations would continue indefinitely in the
absence of any resistance within the circuit. However, all circuits have some resistance, so real
oscillator circuits have a finite Q-factor. In principle, if we could add a negative resistance into the
circuit to counteract the stray resistance of the components, we could greatly increase the circuit’s Q-
factor. This is done by adding a resonant tunnelling diode into the LC circuit, and ensuring that it is ]
operating in the middle of its NDR region. This is illustrated in the Figure below. In recent years, the
tunnel diode has been replaced by digital components which are more reliable and which have
significantly better performance.

tunnel

v R[] R[] 3 = Wy

Typical circuit utilising a tunnel diode. The voltage source V is used to set the diode operating in the
NDR region (between A and B), and to start the oscillation. It also provides the energy to sustain the
oscillation of the circuit.



5 Moore’s law states that the number of tran51stors in a microprocessor is doubling every
16-18 months. :

(a) - Answer-should include a discussion of several of the following topics:
s Better control of fabrication techniques and materials
¢ Vacuum devices to solid-state
¢ Increase in electron/hole mobility
s Reduction in size of transistors
~» Band engineering, and novel device structures
The desire to have smaller transistors has two reasons: (i) smaller means faster, as electrons
have shorter distances to travel, and there is less scattering, and (ii) smaller means higher
. density, so high performance devices can be made portable.

()  Quantum effect: Tunnelling. Explain what tunnelling is. There is a finite
probability that a partiele of energy E striking a barrier of height V where V > E, will get
through! This is non-classical behaviour. Classically, we expect that at the point where E =
V, the particle will have zero kinetic energy, and will reverse it’s trajectory. Classically, you
cannot have a situation where the particle has negative net kinetic energy, so the particle
should not be able to penetrate the barrier. This purely quantum effect is called tunnelling,
and is responsible for a number of effects, such as nuclear a~decay and field emission.
Description should include some schematic of wave-function decay into “forbidden” regions.
Then, tunnelling is a preblem in transistors because gate oxides are becoming thinner, and are
at the nm level. To continue reducing dimensions will lead to more tunnelling. This can be
overcome by the use of high-k dielectrics.

" Classical effect Electromlgratlon ThlS igan effect whereby current flow
causes’ atoms’;h W‘:frs t'/ 0 move. to- such an extent gat w1res eventually fail. ThlS affects all
_ current-carrymg’vwﬂ;es Thxs lumts the hfetlme of mterconnects fn ICs, and as tran51stors ~4nd
hence @tereonnectS shrink; the hfetlme W;H"’ decrease further ThIS can be overcom ausmg:?
materials which have low surface dxffusmn constants, and by coatmg the wd}s« itha /{
passivation layer. _.//
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5 Moore’s law states that the number of transistors in a microprocessor is doubling every
16-18 months. :

(a) | Answer should include 2 discussion of several of the following topics:
e Better control of fabrication techniques and materials
¢ Vacuum devices to solid-state
s Increase in electron/hole mobility
. AReduction in size of transistors
o Band engineering, and novel device structures
The desire to have smaller transistors has two reasons: (i) smaller means faster, as electrons
have shorter distances to travel, and there is less scattering, and (ii) smaller means higher
. density, so high performance devices can be made portable.

(b) Quantum effect: Tunnelling. Explain what tunnelling is. There is a finite
probability that a particle of energy E striking a barrier of héight V where V> E, will get
through! This is non-classical behaviour. Classically, we expect that at the point where E+=
V, the particle will have zero kinetic energy, and will reverse it’s trajectory. Classically, you
cannot have a situation where the particle has negative net kinetic energy, so the particle
should not be able to penetrate the barrier. This purely quantum effect is called tunnelling,
and is responsible for a number of effects, suéh as nuclear a-decay and field emission.
Description should include some schematic of wave-function decay into “forbidden” regions.
Then, tunnelling is a préblem in transistors because gate oxides are becoming thinner, and are
at the nm level. To continue reducing dimensions will lead to more tunnelling. This can be
overcome by the use of high-k dielectrics.

' Classmal(’i;f;ct Electromlgratxon ThlS is.an effect whef€by current flow
oveto -such an, extént that ¢ WITeS eventually fail. Thls affects all

causes atoms /)?r::) >
current-camyl /gwues*‘ ThlS lmuts Aie hfetlme of mterconnects’m ICs and as transmtors*and

A
hence gﬁti monnects shrink; the hfetxme‘ itk "(’fécrease further This ¢ En be overcomé b fus’iﬁg;
matenals ‘which have low surface di wi/d’y

ion constants, ancﬁ)y coating the w&'g{

passivation layer. o
(¢).——~—Reason: transistors cannot continue to shrink‘and get faster indefinitely, and as
they get smaller; the re rodﬁ'égifty P#B;opemes will.decrease due to the statistical Spread in
dopmg lewéls, .~ ,/“"' o » M‘”’w
o -

.wﬂ"

i P 7 -
PR - ~
{r
Fd E .
2 ; -
NEa e -
PNV G 2 ke g P
Sl il iy o e .
954 = ! s ~ ~ et P
, o s " .4
feed T iyt 2 pd ey
N E R s Gt e, g/rﬂei"'}’/
T N 14
w?
4, k K
;/ Ay g . K



