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[E3.11]

A08
This question is obligatory. Weighting is 3/2.
a) The dispersion relations of two semiconductors (semiconductor 1 and
semiconductor 2) are given in Figure 1.1.
i) In each case indicate if the semiconductor is a direct or indirect bandgap
material. [2/3]
i) Give the relative relationship (>,<,=) of the effective mass of the
conduction band between the two materials and give a short reason for
this. [2/3]
A Energy Energy A
k’ k’
r r
Semiconductor 1, ml* Semiconductor 2, m;
Figure 1.1: The dispersion relation of two semiconductors
b) Consider an n-channel JFET and an n-channel MESFET, both in GaAs, with the
same geometrical dimensions and doping densities in channel and substrate.
i) Which of the two FETs will have the most leaky gate and why? {2/3}
i) Which of the two FETs will switch fastest and why? [2/3]
c) Take the layer structure given in Figure 1.2.
i) Sketch the energy band diagram of this structure without external bias. [4/3]
i) Sketch the current-voltage (1V) characteristic of the device and add the
energy band diagrams associated to i) the IV region before substantial
current is flowing, ii) the IV region before the negative differential
resistance, iii) at the peak current and iv) the IV region after the negative
differential resistance. [8/3]

200 nm n*-GaAs

2 nm un-AlAs
6 nm un-GaAs
2 nm un-AlAs

200 nm n"-GaAs

Figure 1.2: Hetero-junction layer structure consisting of AlAs and GaAs
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i) In CMOS, give the reason why the gate of the MOSFET is highly doped
polySi and not metal.

ii) Give the processing steps (briefly) and equipment needed to define 60
nm (short gate length) polySi gates on the gate oxide.

i) Draw the energy band diagram (E, E,, and Eg) from emitter to collector
of a n+ AlGaAs — p GaAs — n GaAs Heterojunction bipolar transistor.
Indicate any conduction or valence band offsets.

i) Why is the current gain of the HBT improved compared to the BJT?

f) Drain induced barrier lowering (DIBL) is a FET short-channel effect that
influences the characteristics of especially short channel FETs.

i) Demonstrate the reason for increased currents when DIBL is important.
Use the device cross-section (including depletion regions) and the
potential distribution to compare a long gate to a short gate FET, at low
Vps.

i) Suggest a method to reduce DIBL in short channel devices.

g) Si and Ge are miscible for all concentrations. The lattice constant of Ge is 4%
larger than the lattice constant of Si. Assume a thin layer of Si is grown on a thick
good quality layer of Siy ;Geg 5.

i) Sketch the lattice constant of the Si atoms in relation to the lattice
constant of the SiGe layer parallel and perpendicular to the growth
direction.

i) Give two parameters, related to the mobility of the carriers in the thin Si
layer, that will be changed in this heterojunction compared to these
parameters in bulk Si. Explain briefly their influence on the mobility.
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2. The energy band diagram of both un GaAs and p* AlGaAs is given relative to the vacuum level in Figure 2.1.

Draw the energy band diagram when the two materials are brought into contact. [8]
What is the use of the resulting heterojunction? (2]
Derive the expression for the depletion width in this heterojunction. [10]

Remember that the Poisson equation is given by:
d

——¢(DE(x) = gp(x)

dx

the carrier density is given by:

n=N¢ exp(— %)

Er-E
ZNVCX e i
P P[ T )

Make sure that in your derivation you write down the boundary conditions.

X2
lx‘ __1_ E.
Ec
Ep —

Ep, ——— - Ef

Evac

v

GaAs AlGaAs

Figure 2.1: Heterojunction energy band diagram of p*-AlGaAs and un-GaAs before contact, relative to the

local vacuum level
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a) Why is it usually important in epitaxial growth of semiconductor materials that the
materials are lattice matched? Describe what happens during the growth of
unmatched materials (e.g. SiGe on Si) and describe the way in which the stress
is finally relieved. Use sketches of the relative lattice constants variation to make
your explanations clear. [7]

b) Give three mobility limiting mechanisms in classical n-channel Si MOSFETs and

give an alternative layer structure that solves these three problems? Describe

why the proposed layer structure reduces the mobility limiting mechanisms. [7]
c) Usually the unstrained ternary compound InGaAs is grown on top of an InP

substrate. From the diagram given in Figure 3.1, estimate with an explanation of

your reasoning:

i) the bandgap of the chosen InGaAs compound; [3]

i) the composition of InGaAs for unstrained growth. [3]

GaP
--------- | AlhAs
2.0 %\
\\ T~
N T
N\ T~ AISb

16 1] X O~
% GaAs \
uf InP’
> 1.2 R V
2
[
& \
Q.
-§’ 0.8 \\ \ ()GaSb
o 3
g R R \

0.4 =] ™~

INAs N \Q”Sb
................ E— :
OO SEIIETETE SRR IFEENTE NN Rl TN I ST A N AN I RN R NE NS UURTE AENIENUNIE AN ENSNSE NN ISNuTd RN NI NNWT| ||1||..§:|
5.4 55 5.6 57 5.8 5.9 6.0 6.1 6.2 6.3 6.4 6.5

Lattice constant a, (A)

Figure 3.1 Bandgap energy and lattice constant of various 111-V materials at room temperature [from Tien,
1988]
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a) Sketch simplified cross-sections of the two following devices.
i) processed planar npn AlGaAs/GaAs HBT. [3]
ii) processed Si n-channel GaAs MESFET. [3]
Ensure you have the doping type and relative doping density correct in all the
areas of interest. Define the contacts E,B,C (emitter, base, collector) and S,G,D

(source, gate, drain) as applicable.

b) Sketch the energy band diagrams under equilibrium (no voltages applied) for the
above structures

i) AlGaAs/GaAs HBT. [4]
i) GaAs MESFET. (4]
From emitter to coliector and gate to substrate, respectively.

c) Calculate the ratio of the input resistance of a depletion mode MESFET to the
input resistance of an HBT when the following parameters of your devices are

known. [6]

i) HBT: is in active mode, the output resistance r., is large, the base
spreading resistance ry, is small, = 500 and g, = 0.1 S.

i) MESFET: the gate is biased at Vgg=-0.1V, R is small, l,5 = 10 nA and
gm=0.28.

Assume LIl =0.0259 1 .
q

Advanced Electronic Devices Page 5of 7



[E3.11]
AO8

a) Sketch the external connections to an FET in DT-mode (dynamic threshold)
operation. [6]

b) Explain how the threshold voltage is varying under DT-mode operation and
explain how this differs from the normal case where the bulk is connected to the
source. [5]

c) The sub-threshold slope S in FETs is given by the simplified expression:

kT Cp | . . . .
§$=23 . 1 +——C with Cp the depletion capacitance and C; the insulator
i

capacitance. Is the sub-threshold slope S of a MOSFET in DT-mode operation
larger or smaller than in normal operation? Give an explanation for your answer. [4]

d) Estimate the sub-threshold slope S of an FET for which the transfer characteristics at low
drain voltage are given in Figure 5.1. [5]

A
10°

10-1 1 ! 1 It >
-1 05 0 0.5

Vs (V)
Figure 5.1: Logarithmic transfer characteristic of an FET
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To describe static low dimensional semiconductor structures, the Schrddinger equation is used:

2 2
[— h——d? + V(x)}l’(x) = E¥(x)

2m dx
a) Consider the situation of an infinitely deep quantum well, as shown in Figure 6.1.
i) Write the Schradinger equation inside the quantum well. 1]
i) Give the expression of the general solution to the Schrédinger equation
in the quantum well. [2]

iii) Give the equations needed to find the integration constants in the
general solution given in ii). What is the physical interpretation of these

equations? [2]
iv) Sketch the wave functions on energy levels 1, 2 and 3 in the quantum
well. [3]
b) Compare and discuss the wavefunctions on the different energy levels in the
quantum well with infinitely high potential barriers to the case with a finite
potential well. ‘ (4]
c) Consider a finite potential barrier of width a.
i) Sketch the amplitude of the electron wave through the single barrier
structure in the case of a thin barrier (a = 5 nm). [3]
i) Sketch the amplitude of the electron wave through the single barrier
structure in the case of a thick barrier (a = 500 nm). [3]
iii} Can a resonant tunneliing diode be made using 500 nm barriers? Explain
your answer. [2]
>
2
q_)“
c
L
] 1
[ ] 1
| I
| ] ]
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¥ [}
—» X
-a/2 al2
0

Figure 6.1: Quantum well with infinite potential barriers
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Obligatory question. Total mark is 30.
a)
i) semiconductor 1 has a direct bandgap
semiconductor 2 has an indirect bandgap [1]
i) my < my . The effective mass is given by the relationship: N d27 . As
dk?
the curvature of the dispersion relation in the conduction band minimum of
semiconductor 1 is higher than that of semiconductor 2, thus its effective mass
is smaller. (1
b)
i) MESFET is most leaky because the Schottky barrier reverse bias current
is larger than the pn junction reverse bias current of the JFET. [1]
i) The MESFET will switch fastest as it is a majority carrier device and does
not store minority carriers at the junction that will take time to disappear
before switching can happen. (1]
c) )
Discrete
energy
levels
Es
Ec
Ev [2]

[4]

(a) (b) (e) d V

Advanced Electronic Devices Page 1 of 12



Advanced Electronic Devices

[E3.11]

[E4.42]
A08
To enable a self-aligned source-drain process where the gate is used as
implantation mask for source and drain contact after which a high
temperature annealing steps needs to be done that would melt the metal.
(2]
a) deposit polySi using a CVD (chemical vapour deposition)
b) implant polySi using an ion implanter
c¢) lithography to define the gates using e-beam lithography
(3]

Small bandgap

Large bandgap
e.a. GaAs (SiGe)

e.g. AlGaAs (Si)
(3]
because the loss of holes from the base into the emitter under forward
bias emitter-base junction is blocked by the valence band offset in the
valence band at the E-B junction. [1]

G , Short channel
- Lona channel
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(4]
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i} Increase the doping density underneath the gate channel such that
depletion from the barrier does not easily extend into the weakly doped
region underneath the channel. [1]

SiGe
©,
O
O
SiGe

SiGe

sa‘

O O O
O O O
© O ©

[2]

i) The thin Si layer is under tensile strain, this will split the degenerate
conduction band minima, lowering the two A2 levels in energy and
increasing the four A4 levels in energy. This has two consequences:

a) Intervalley scattering between the A2 and A4 valleys. Remember that

r . 0] .
1o — 1 (average time between scattering events) increases due
m

to the removal of scattering event.

Strain reduces inter-valley scattering

b) In tensile strain, only the transverse mass of the A2 valleys
contribute to the transport perpendicular to the growth directions.
The transverse mass is smaller than the longitudinal mass. [4]

T
Remember that ¢ « o for smaller m (mass) we find higher

mobility.
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E, —

GaAs AlGaAs

b) p-HEMT

c)

Evac

EV1 _ Vbi EFZ

Ev2

GaAs AlGaAs

The built-in voltage is the difference between the Fermi level at either side of

the junction:

The poisson equation is:
Ex _ 9 (p-n+N_5-N-a)
dx €
in the transition region we neglect n and p, then we have two regions with
constant space charge for we can write (abrupt junction) :

Epy+¢ —AE, -y = Epy
Ep|—Epy=—AE . +¢) - ¢

L= - n, n
eVy; = ~AE, len( /\,C.zjwﬂn( A’aj

— AE. - mNe
eVbl— AEC lel’l( ANCZ)

In the GaAs depletion region: -w,;<x<0:

dE _eNp,

dx 51

In the AlGaAs depletion region: 0<x<w;,:

dE _eNp)

dx - 52

Integrate across depletion width for the two regions:
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eN
E = haF 2 S G
&

E2 = —'—'eNDZ X+ C2
&
Taking into account that the electric field outside the depletion regions is zero
gives:
@ x=—wy, E=0

E = %(er W)
&

@ x=wy, E=0

N
By =SR2 (xow,)
L)

Continuity in displacement field is: D4=D, @ x=0
& = 6,E, @x = 0 > (eNpywyy) = (eNpywi) (1)
Integrating a second time for the potential: V=-dE/dx
Wy 0 Wy
—AV = szdx= | eNp; (x+wn1)dx+ j'2 eNpa (x—wnz)dx
o &2

~Wn1 ~Wn1 1

~av = ry = SR ) 20 @

solving (1) and (2) gives:
2618 NpoVy,

n
eNDl (EINDI + 6‘2ND2)

266 Np Wy

n2
eNDz(E‘NDl + £2ND2)

The expression of Vy; can be found in (0). [12]

To allow single crystalline material. For growth of thin layers on top of a lattice
relaxed thick layer, the thin layer will adapt to the in-plane lattice constant of the
thick layer. When the layer becomes wider than the critical thickness, strain
relaxation will occur and the grown layer wilt try to recover its own lattice
constant. This relaxation manifests itself as dislocations that propagate through
the layer that is being grown. Under controlled growth conditions the dislocations
are in-plane (perpendicular to the growth direction) while in uncontrolled growth
the dislocation will propagate in the direction of the growth.

Left: thin strained layer, in-plane lattice constant equal to substrate. Right: thick
strain-relaxed layer, strain relaxation due to misfit dislocations (see arrows).

(7]
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b) Intervalley scattering
Oxide roughness scattering
Impurity and defect scattering
] A
‘ Constant-composition
Si, ;088, 3, buffer layer
30% Ge
0% Ge (pure Si)
Strained Si MODFET
Modulation doping removes the doping atoms from the channel and reduces
impurity and defect scattering.
Strain in the Si layer: splits the conduction band valleys (A, are lowered and A,
are increased) such that intervalley scattering is negligible.
The buried channel configuration places the channel away from the SiO,
interface.
[7]
c) For unstrained growth, the lattice constant of the InGaAs alloy must be the same
as InP and from fig.3.1 we find 5.87A. The line on the figure that connects GaAs
with InAs, gives the variation of the bandgap of the InGaAs alloy. estimate with
an explanation of your reasoning
i) The value of the inGaAs alloy line at 5.87A gives the bandgap and gives
roughly 0.7 eV. (values between 0.6 and 0.8 are acceptable as
estimation). (3]
ii) To make an estimation, we assume that the energy bandgap varies
linearly with composition. That means that for In,,Ga,As we can write
the bandgap variation as:
EJO (x) = xEZ™S + (1~ x)EM:
0.7=x14+(1-x)04
x=0.3 [3]
a)
) GaAs HBT. [3]
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ii) GaAs MESFET.

-n'GaAs.channel

Un GaAs

b) Sketch the energy band diagram under equilibrium (no voltages applied) for the
above structures

i) AlGaAs/GaAs HBT: from emitter to drain.

Large bandgap Small bandgap
AlGaAs Rale

[E3.11]
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3]

(4]
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GaAs MESFET: from gate to substrate. [4]

ﬁElectron energy (eV)

\\ Undepleted channel

Er

EFm

Gate metai Semiconductor

c) Calculate the ratio of the input resistance of the MESFET (in reverse bias) to the
input resistance of the HBT (in active mode) when the following parameters of
your devices are known. [6]

f)

The input resistance of the HBT under the given circumstances is ry,,
=Yhe
I
- i
AVye Ve
io = iy
Tyo = L. %@ =5000Q

Tpe

gm when 1 is large

Input resistance of a FET is defined as:

-1
dl
g

i3
Iy =Iglet ~]

dl I e
—& _ .‘]Lffe kT ='_.q_(1g +10ﬁ)

dvy kT kT

For VGS=-O. 1.

. -01 \! 108 -1
t = | T 00255 | _ 0.021] =12310%Q
kT 0.0259

The ratio of the input resistances:
ne 1231080

o T 24610

e 50000
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a)
Vbs
| i
ir 1]
‘:I[ Ves
substrate is connected to gate instead of to source. [6]
b) Assume an n-type FET. Applying a positive voltage on the gate will create an
inversion layer at the same time a positive voltage is applied to the substrate
which forward biases the inversion layer n — substrate p junction decreasing the
depletion at both sides of the junction and thus decreasing the threshold voltage.
This implies that the FET will switch on at lower gate voltage.
When applying a negative voltage on the gate, the inversion layer is reduced and
the inversion layer n — substrate p junction because reverse biased and thus the
depletion region from the substrate is extending into the channel region,
switching off the channel faster. Thus the threshold voltage is shifted to improve
resp. switch on and switch off performance. In normal mode the threshold
voltage for on and off is the same (5]
c) The sub-threshold slope is smaller in DT mode operation due to the smaller
depletion capacitance Cp in the DT mode configuration. [4]
1 - AR v
d) S:[d og(IDs)J Z[ ~6-(- )j w4 5]
dVGS "03—(09) dec
10"tt
-5
10 Vps=0.1V
< 6
—~ 10
]
107
-~
10°
107
10.1 1 L t ! —p
-1 -05 0 -0.5
Vas (V)

Figure 5.1: Logarithmic transfer characteristic of an FET with estimated values {dotted lines).

Advanced Electronic Devices Page 9 of 12



i)

i)

Advanced Electronic Devices

n? d2¥(x)

L = E¥
2 (x)

w(x)= Aexp(ikx)+ B exp(- ikx)

with k the wave vector & = /2;"—2E , A and B integration constants.

ol g)onsleed)

or
, ., ) )
Aexp| ik— |+ Bexp| —tk— |=0 atx=— i
o[ e peel-ag)-0 wet 0
a) a a
Aexp| —ik— {+Bexp| ik— |=0 atx=-— (il
p( 2) p( 2j ; @

These expressions describe the continuity of the wavefunction in the
quantum well at the boundary. In the infinitely high quantum well, no
wave can exist outside the well.

v
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(1]

[marks]

(2]

2]

(3]
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b)
>
jo)]
4 5
c
\ \./
S ﬁit:} .
-a/2 a2 .
0
In the infinite quantum well, the wavefunctions are zero at the boundary while in
the case of the finite barrier quantum well, the wavefunctions decay exponentially
into the barriers. [4]
c)
)
)
A Q
i
-a/2 a2 >
0
3]
ii)
)
A} q:,)
w
.
q._-_.__ -_.__,-_::.:T:‘::-nm.w __________________
\
Y ] /
-a/2 ar2 -
0
(3]
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iii}) No because the probability for tunnelling through a thick barrier is aimost
zero.
OR
See the thick single barrier wavefunction for the thick barrier as given in
c)it). The wavefunction at the right edge of the barrier (output) is equal to
zero and therefore no wave can exist after the barrier as a consequence
of the boundary condition. [2]
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