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1
a) Give three sources of noise in semiconductor devices and explain their origin. [6]

b) The semi-empirical expression for the optimised noise figure in FETs is given by the Fukui

equation: [4]
1/2

NF=1+K,fC,[(R, +R)/3,] |

Why is this expression independent of source resistance of the input circuit? Note that R in the

formula is the source resistance of the FET.

¢) The equivalent input noise sources for bipolar transistors (BT) and field effect transistors (FET)
are given by:
BT : <v}>=4kT(r, +1/(2g,))Af

2 I
<i; >=2q9—Af
B

FET :<vl>= 4kT—%—Af
38
<it >=2qIAf
Calculate the optimum values of the input circuit source for both the BT and FET resistance when:
BT: =200 :

Zm = 80mS
ry =42 [10]
Ic = q gw/(KT)
FET: gw=5mS
Ves=-2V

Can the noise performance of FETs be worse than BTs and why (take the frequency range into
account)?

2
a) Describe briefly the difference in gating action between a JFET and a MESFET. [4]

b) Draw the material cross section and the energy band diagram (E.E..EfE,) from gate to
substrate for both GaAs n-channel depletion mode JFET and MESFET. [6]

¢) Consider a GaAs n-channel depletion mode JFET and MESFET with the same geometrical
dimensions and channel doping density. Calculate the minimum channel thickness, at T=300K,
for which the threshold voltage of both devices is the same.
JFET parameters: gate: Ny = / 0” em’
channel: Np = 10" em™
MESFET parameters:  channel: Np = 10" em™ ,
Schottky barrier height: g¢,=0.4V [10]

3
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3
Consider the band diagram of Figure 1 for two isolated semiconductors and consider the pn junction
formed by bringing them together.

______ vacuum level

ax2 qu)z
Ec2

E
- Y F2
Ev2
Ge GaAs

Figure 1: Band diagram for two isolated semiconductors: Ge and GaAs
a) Draw the energy band diagram for the pn hetero junction in equilibrium. (6]

b) Which current component (hole or electron) will dominate in forward bias and why? How can
you achieve this in a homo junction pn diode? (4]

¢) The gain of a planar npn homojunction bipolar transistor is given by:
ﬁ — DnNDLe
D,N,W,

How can the gain 3 be increased without decreasmg the maximum oscillation frequency fiax
defined by:

fon == |22
- 47 Ty Cb c
The cut-off frequency fr is given by: f; = _al [10]

27KTC,,

Calculate the new increased value of the gain and the maximum oscillation frequency at room
temperature for the transistor with the following parameters (see Fig.2):

Area: A = 107cm’ U (emitter) = 1200 cm*/Vs
Np (emitter) = 1{5 0" _c3m'3 U, (base) = 300 cm’/Vs
%A ((baile) ;—— ]) 0 %118 , U (collector) = 2000 cm?/Vs
b (collector) = cm L=5mA
sz =41 0 um Veg= -5V
e = 4 Um

L.y = 4 um distance between E and B contact
Explain any approximation(s) you make during your calculations.

| nt W-el pt
“Toe | 'Wb P

n
/ Figure 2: Schematic cross section of the planar BT

Page 3 of 4 Advanced Electronics Devices




4
a) The velocity-field curve of GaAs is given in Figure 3. Explain why velocity overshoot occurs in

this material. 4]
2
G A
s
©
>
Electric field Figure 3: Velocity-field curve for Gads

b) Give the equivalent circuit of a resonant tunnelling diode (RTD), explain the physical origin of
the components and give the expression for the total impedance. [6]

¢) Resonant tunnelling diodes can be used as oscillators. Give the conditions for which controlled
oscillations can occur. Then calculate the maximum frequency for controlled oscillation for a
GaAs/AlAs resonant tunnelling diode. The diode characteristics are: barrier width 2 nm,
depletion width 200 nm, inductance of the contact wires 0.1 nL, negative differential resistance

value 200 Q. [10]
5)
a) Draw a parabolic energy band as a function of k (E-k). Add the graphs for the group velocity

and the effective mass as a function of k. How are they related to the E-k graph? [4]
b) Sketch the density of states for a 3D, 2D and 1D system. o121
¢) Why is it impractical to bias the gate of a n'p JFET to obtain maximum transconductance? [2]

d) Why can you expect diodes made using schottky contacts on semiconductor to be faster than
pn-diodes? [2]

¢) Draw a cross section of a AlGaAs/GaAs n-channel HEMT (high electron mobility transistor) and
explain why the mobility of this HEMT is higher than that of an n-channel GaAs MESFET. [4]

f) Which carrier transport process determines the base transit time Ty in Si homojunction bipolar
transistors (BJT) and how can Ty be decreased in SiGe:Si heterojunction bipolar transistors? [2]

g) Explain briefly (about 5 lines) the basic principles of a gunn diode and under which condition
oscillation or amplification can occur. [4]
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Answers
1
a)

1) Thermal noise or Johnson noise due to random thermal motion of charge carriers. Does not
give a direct current but the average of the square of the velocity in non-zero. Occurs in
resistive material.

ii) Shot noise is associated with a direct current flow. It originates from the discrete character of
the charge and the random process in time in which charges are injected.

iii) 1/f noise or flicker noise is associated with a direct current and is assumed to be dependent
on trap density.

b) In calculating the optimised noise figure the input circuit source resistance is replaced by its
optimal value.

¢) The expression of the optimal value of the source resistance is the same for BTs and FETs, and is
given by:
Ropp. = <V{>/<i*>
As calculated from: NF=1+<v;>/(4kTR Af) +<i/*>/(4kT(1/R,)Af)

BT: R, =<v/>/<i’>
4KT(r, + /2 g N2 q LIP)
kT B (2 gm rb + 1)/(gm q Ic)
B2 egnr,+ (g

Ry =VIBQRgnr,+ DV gy,

R, =226Q

sopt

FET: since the gate current is extremely small, one can put the input noise current to zero < i/>=0.
Rt = <V>/<i> =00, R, =00

The noise performance of a device is dependent on the input circuit source resistance. FET will

have excellent noise performance for large source resistance while for low source resistance NF.

increases and can be larger than for the BT which gives the best noise performance at low source

resistance. This in the frequency region lower than where 1/f* noise becomes important in BTs.

2

a) JFET gating via pn junction where the region of the gate contact is more heavily doped than the
channel region, ensuring depletion extends in the channel
MESFET gating is via a Schottky contact, which is a rectifying contact. Schottky metal directly
only channel region.

b)
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undoped
N Ev [EF Ec
p metal Schottk 0b
barrier
n channel n channel
substrate substrate

¢) The threshold voltage is the gate voltage for which the channel layer is completely depleted.
Depletion widths in the n-channel JFET is given by:

26,6 N, (Vi - Vo)) [ 260,V = V)
£,€ - &, (V. —
VVn: 0~r*"A\ "bi G z( 0~ r\ " bi GJ .S'iTlC@NA>>ND
qND(NA+ND) gNp
with V, = Eln(-%iv—*‘)
q n;
The threshold voltage when W =a with a channel depth:

W, =a =£2€08’(Vbi ~ Vi )]“2

qNp

_ qNDaZ

Tyrer bi 2 E,E,

Depletion widths in the n-channel MESFET is given by:
W = [ 2808r(Vbi -V

172
)) since single sided junction

qNp
with 7, =q®, -V, whereV/, is related to the difference : E, ~ E,
v, ="
(£ -E))
n= N.ex —
c P|: T }

= E-E = len(—N—C}

D

= V= l(EC ~E,)= k—T-ln(&)
q q Ny
The threshold voltage when W =b with b channel depth:
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1/2

ZSOEr(qCDb - k_Tln[%C—] - VTMM)
W =b= q D

§ qND
2
Vv, zk—Tln Ne -qd, - Npb
MESFET q D 2808r
‘/TJFI:T = ‘/%MEYFL'T
kT . ( N,N gN,a> kT . ( N, gN b’
——ln( A DJ— D =—ln(—cwj—q<1>b— L
q n'i 28Ogr q D 2gogr
| 10”10V 1.6107% 10" g2 4.710" 1.6107% 10" p?
0.026 In - =0.026In] ———— |- 04—
[(1_8 106)2J 28.8107*13.1 10" 28.810713.1

1.4-69410°a*> = 0.04 — 0.4 — 6.94 10° b
6.9410°a* =1.76 + 6.94 10° B>
a’>=b"+25410"" [em®]
The depletion width at Vs=0 for the MESFET is WY =7110"° cm

The depletion width at V=0 for the JFET is W’ =1.4107° cm

The channel should be thicker than these values to have depletion operation. The minimum
value for b=7.1 10”° cm so a=1.7 10° cm.

3
a)
—Ec2
AE¢ Eg> AEc=q(X1-X2)
Eci Epy AEy=AEg-AEc
EF1
__Eg)r Evy2
Ev1
AEy
Ge GaAs

b) The hole current component will dominate in forward bias because the electrons travelling from
Ge to GaAs see a large potential barrier at the interface (AE,). To make the hole current larger
than the electron current in homojunction pn diodes the p type region has to be more heavily
doped than the n-type region.

¢) The maximum oscillation frequency of the device is determined by Iy, Cye and C,, increasing
the gain by decreasing the base doping or increasing the emitter doping would resp. increase ry,, and

Cye The use of an HBT though can increase the gain by a factor of exp( A]:]E"V) with AE, the valence

band offset between emitter and base. Therefore we use Al,,Ga,,As in the emitter and GaAs for
collector and base. é

R
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D N,L AE, u.NpL AE
ﬁz n 4 ex v | = n e eXp v

D,N,W, KT | w,N,W, kT
AE, = 40%AE,

AE, = %(30%%:3’/“ +T0%EG™ — EG*)

AEV — 5_6().(E21AS - EgaAS)
AE, = «5%(2.18 —-1.42)=0.09¢V

120010" 4107 0.09(eV)
B= 6103 o

30010 10 0.026(eV)

Calculation of the maximum oscillation frequency:
Emitter-base is forward biased therefore the diffusion capacitance is larger than the depletion
capacitance and thus C,,, = Cyg

Codl W _ gl aW;

Y 3kT D, 3kT kT,

:|= 50985.5

The collector base capacitance is the depletion capacitance of the reversed biased junction. Since
the doping density in the base is much lower than in the collector we can approximate the total

16 19
‘VO:le szv ~ 0,026 E)—=1.35V
q n; ,(1 7910)
Wzm:\/zgogr(‘/o_V)L
q ND

depletion with by the depletion in the base only.
Only a small voltage drop will occur across the base-emitter junction since it is forward biased, we

C EEA £,E,A _ 8.85107™13.1107
be

W [2ee 1 [288510™13.1
P —(V, - V)— : 1.35+5
\/ q (% )ND \/ 6107 10% )

therefore approximate the reverse bias voltage across the base-collector as —5V.

=1210" F

Base spreading resistance
_p Leb/2 L,/2__ L, 410"
oA Zqﬂp pA 21.6 10—19 30010 107

Wy 3kTkTu,ql,
Fow e 4” kT’Zb Cb Cye 47[ kTr,ql.q VVbZCb'c

1 3kTuh _ 1 | 30.026300
hydWiCy, 4m\04210°1.2107™"

=0.42Q

oy

=1.710® Hz

4)
a) Velocity overshoot occurs in GaAs because GaAs is a material where the X minimum in the
conduction band at k#0 lies very close

in energy to the I' minimum at k=0. The electrons in the T minimum have lower effective mass
values than in the upper valley. At low energies the majority of the electrons travel in the I"

[ h—
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minimum, at a certain electric field a large portion of the electrons have enough energy to transfer
into the upper valley resulting in an increased average effective mass and thus a decreased velocity.

b) R,: series resistance due to contact resistance + semiconductor
Rs material resistance
C,: capacitance due to undoped barriers surrounded by charge
in series with the depletion layer capacitance
L R;: negative differential conductance, descrlbmg the N-shape

of the IV curve.
L: inductance of the wires.

Total impedance:

R == Cd R : C,R]
Z, =R+ —— o+ jo| L-—=45
. 1+ w*CiR; 1+w°C;R

R'l

13

¢) Condition for oscillation and controlled oscillation are resp.: R, <

and f.;l‘ ;> »frco
f,; 1s the self resonance frequency occurring when Im(Z,)=0 ‘ ;
f.., 1s the resistive cut-off frequency occurring when Re(Z)=0"
Derive frequencies from total impedance:
R,
=R + =0

)=R 1+w? CR:

-R —R
wrzco = —*?i—z—d

Cd Rd Rx

PR W T
" 27R,|C, | R

f,:
R2

Im(Zt):L_ Cdz o =

1 + wser Rd

2
CiRjw} = 7 1

L

1 R:C, -1
"~ 27R/C,

For controlled oscﬂlatlons

{R C, d|
27r|RdlC 27z|R I, | R,

RiC, IR R,
L Rs
L
C,R/]

R >

For controlled oscillations the series resistance needs to be R >34.5Q.

Capacitance value C,; can be approximated to the depletion capacitance only since L,<<Wg,, and
series connection of big (barrier) and small (depletion) capacitance. é k/\
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Cd - A[ gGaAs EOJ
Wiepl

13.1 8.85 10‘“)

C,=25 107" -
200 10
C,=145 10°°F

The smallest series resistance will give the largest oscillation frequency, therefore a mmlmum
resistance value for controlled oscillation of R=34.5 Q which gives:

1 (IR}
= -1
Four = 27R,|C, R,

f...=120GHz.

E

\T{

I[\ Group velocity v, o dE/dk

4 m*

\V/

k
\ [ Effective mass m* o d°E/dk?

Energy band diagram dEok>

-1/a 0 TT/a
b)
A o(E) 4 «® A o(B)
1
E E E
3D 2D 1D

¢) It is impractical to bias the gate of a JFET at g .. since then the gate will be forward bias
causing large leakage currents.

d) Schottky diodes function with majority carriers, so almost no minority carrier space charge has to

be removed. é k\

1 A
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ionised donor B N N N B

P e 0T AIGaS
ol T - undoped AlGaAs
mEG—
undoped GaS

V//////% i

Modulation doping has been used in HEMTs to ensure that the channel has no doping atoms. Carriers
from the n+ doped AlGaAs fall in the quantum well formed by the AlGaAs/GaAs interface. This QW

which forms the channel is undoped and therefore the impurity scattering is much reduced, increasing
the speed of the carriers in the channel.

f) 7, in homojunction BJT is determined by diffusion of minority carriers through the base
Ty, is decreased in HBT when a gradient in Ge concentration is used in the base region. This will

induce an electric field in the direction from C to E and adding drift to the electrons transport througl:
the base. ‘

g) A gunn diode is made of a material with a negative velocity-field characteristics. This
characteristic will allow space charge domains to be formed. A space charge domain is a narrow
dipole region which travels through the device. If the time taken to form a domain is smaller than the

transit time through the device then the device can be used as an oscillator while otherwise it car: be
used as an amplifier. '
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