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SECTION A
Answer at least ONE question. Use a separate answer book for each section.

Formulae and Constants -

WC, u V2 q = 1.602 10 C
I = T[(VGS - VT)VDS - %:l
n; = 1.45 10" cm™ for Si at 300K
_ dlp
& v, KTlg = 0.026 V at 300 K
f= Em € = 8.854 10" F/m
¢ 2nCy
NCSi = 28 1019 Cm-3
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B Ln Lp p kT st; = 1.04 1019 Cm43
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1 MOSFET

Questions (a) — (e) concern an n-channel enhancement mode MOSFET.

a) What is the majority carrier type in this device? {1]
b) Give a definition for the threshold voltage. (2]
¢) Is the threshold voltage of this device positive or negative? (1]

d) Draw the energy band diagram, including E_E,.E; and E, of the n-channel enhancement mode MOSFET
from gate to substrate (body) when the channel is conducting (inversion). The position of the Fermi level
relative to a reference level before the materials are in contact is given in Figure 1. [6]

gate metal oxide semiconductor
- i — ~ reference level

Ers

[
o
o
EFm t--F
I

Figure 1: The position of the Fermi level in metal, oxide and semiconductor before contact.

e).Reducing the size of MOS transistors is a way to improve their transconductance gy
Derive an expression for the ratio of the transconductances of the enhancement mode MOSFET in

saturation when both the gate length and the oxide thickness are changed from: Lto L, and te,; t0 t;; {10]
If both are halved, what will this ratio be?
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2 Junctions

a) Metal-semiconductor contact

Given the energy band diagram of a metal and semiconductor before contact (see Figure 2), sketch the
energy band diagram, including E_.E, Er and E, of the metal-semiconductor junction in contact.

metal semiconductor
— —| — |— — - reference level
| Ee
bl e
| F——Ev
EFm ! |

Figure 2: Energy band diagrams of a metal and semiconductor before contact

b) pn junction
Given the energy band diagram of two heavily doped semiconductors before contact (see Figure 3), sketch
the energy band diagram of the same semiconductors in contact. Note that although the Fermi levels are
lying outside the energy gap all the usual rules are followed.

semiconductori semiconductor?2
— — — =4 —| — — reference level
EF1 .
Ect | Ec2
! E

i
E | 2
V) — v
[ =i
.

Figure 3: Energy band diagrams of two heavily doped semiconductor before contact

¢) Is the following statement correct or wrong?
The hole diffusion current of a pn junction under zero bias is zero.
Give a brief reason for your answer.

d) Calculate the junction capacitance of the following Si pn diode under 1V reverse bias. The diode area is 10
pum x10 pm, the donor concentration is 10'® cm?, the acceptor concentration is 10'° cm™. The temperature
T=300K. Justify any approximations you make.
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3 Bipolar Junction Transistor

a) State whether the main current flowing from emitter to collector through the base region of a BJT is
governed by drift or diffusion. Give a brief reason for your answer. (3]

b) The base current, I, of a BIT consists of three components such that Iz=Ig’+Ip"+Icg, [3]
Give a short description of the three physical processes which cause these three current components. Remember

the biasing configuration of the active device given in Figure 4.

+

| .
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Figure 4: biasing configuration of npn transistor

~ ¢) Give the expression for the small signal current gain B of the BJT in terms of the external voltages and

currents. [4]
Give two ways in which to improve the current gain.

d) Calculate the current density injected from the emitter into the base of the following Si npn transistor with
emitter doping of 10" cm, base doping of 10" cm™ and collector doping 10' cm™. Bias voltages are Vig =
0.7V forward bias and V¢ is 3V reverse bias, emitter and collector length : L,=100 um, and effective base
width L,= 50 um. Mobility of emitter electrons is 100 cm’/Vs, of holes is 200 cm?*/Vs and of collector electrons
is 300 cm?/Vs. The device is operating at room temperature T=300K. [10]
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SECTION B
Answer at least ONE gquestion. Use a separate answer book for each section

4. (a) Explain Gauss’ Law. Under what circumstances is it useful?
‘ [5marks]

(b) Consider the three closed surfaces, S;, S and Ss, in the field of four point charges
as shown in Figure 1. What is the flux of the electric field intensity vector through
each of these surfaces? Assume that all four point charges are situated in a

vacuum.
[5marks]

(c) What is the absolute potential at a point P which is 2m from a point charge
Q@ = +5uC? What is the work required to move a +5nC charge from infinity to

point P? Assume a relative permittivity e, = 1.
[10marks]
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5. (a) What is a fundamental difference between electric field lines and magnetic field
lines?
[5marks]

(b) Current I flows in the inner conductor of a long coaxial cable and returns through
the outer conductor. What is the magnetic field in the region outside the coaxial

cable and why?
[5marks]

(c) The rectangular loop shown in Figure 2 is situated in the 7 —y plane and moves
away from the origin at a velocity u =¥ 5 (m/s) in a magnetic field given by
B(y) =202 (T)

If R = 5, find the current I at the instant that the loop sides are at y; = 2m

and y, = 2.5m. The loop resistance may be ignored.
[10marks]

P
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"1 MOSFET

- a) electrons

b) either of the following answers is acceptable:
i) the threshold voltage is the gate — source voltage at which the channel is created in
enhancement mode MOSFET or depleted in a depletion mode MOSFET

i1) is the gate — source voltage at which the inverted carrier concentration at the Si02-Si interface is
the same as the majority carrier concentration in the bulk far away from the junction where no band

bending occurs
i1) is the gate — source voltage at which the MOS capacitance is minimum

C) positive

d) C) 2
WC,.u v
Ing = T—|:(VGS - VT)VDS _%S}
metal oxide semiconductor
E in saturation :
o] v
! Vs = (Vcs - VT)
-~ | Ecs wcC
~ sa ox:u 2
| | IDS'Z Y (VGS_VT)
| | Eg transconductance :
o o
£ + m dV
Fm—l | Evs o8
| gsm — WC{;x:u (V -V )
| m L GS T
| oxide capacitance :
| p
I l Cax — gugax
t
I T ox
We, e, We, €, 1

sat sat
gm] = (VGS - VT) & ng =
i EVS tuxl Ll twc2 L2
| transconductance ratio :
g:‘%m — tulel
[6] gml t Lz

ox2

Transconductance improvement when :

g;%m =4
Emi

[1]
[2]

an
[1]
(VGS - VT)
[10]
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2 Junctions
a)metal-semiconductor contact

metal | semiconductor
) ! Ec2
semiconductor 1
| -
| Ecs | Ev2
| EF1 ya
Eg / I EF2
EFm i
EFs Fe2
I& ¢ Eg semiconductor 2
‘ Evs |
Eve
4 [4]
c¢) Correct or wrong
wrong [1]
At zero bias there exists a drift current due to the built-in voltage and therefore a diffusion component
has to exist to cancel the drift current and give zero net hole current. [3]
d) pn diode capacitance in reverse bias is due to the depletion width W.
The depletion width extends in the lowest doped region. Since the doping density in the n-type region is
1000 times smaller than in the p-type region, we can neglect the contribution of the depletion width in
the highest doped region.
Depletion width extends into the n — doped region : Without approximation :
2
W=W =\/——€L€L(VO—V)L - e (e-v) (V)
q Np(N,+Np) " gN (N, +N,)
D A D
N,>>>N,
5 ; w oo 28854 107" F/em 11.7(0.879V + 1V) 10%em™
W=W, :\/ Sl (v, - V)= " 1602107 C (10")(10” +10)em™®
q D
W, =49.2710° cm
built — in voltage: V, = k—TInN"—IzVD
9 n 2648, (Vo - V) (Ny)
16119 ... <6 Wp = N N.+N )
v, =0026VIn—0 10 M _ 879y aNa (Nat N
21025 10 cm ~14 16 -3
W Jz 8.854 107 F/em 11.7(0.879V +1V) 10" cm
“14 = -19 19 19 16 -
W \/2 S4I0 L Fjen 11T g9y 4 1)L ’ 1.60210°C (10" Y(10° + 10")om ©
. cm

W =49.297 10 cm
. . £,€,
Depletion capacitance : C = W A

- A=10um x 10um =10 107 em x 10 10~ cm = 1078 em?

_8.854 107" Flem11.7
49.297 10 em

C=2110"F

10" em?

p=
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b) pn junction

W, =0.04927107° cm
W=W,+W,=49.3210"cm

_8.854107" F/em11.7
49.32 10 cm

C=2.110"F

107 em?
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3 Bipolar Junction Transistor

a) diffusion

In the base of the transistor a carrier gradient is generated due to the different signs of the external bias
voltages across both base junctions (BE and BC). This concentration gradient in the base results in a
diffusion current.

b) Iz=Ig"+I5 "+l

I’ is the base current injected into the emitter

I;” is the base recombination current

I, 18 the reverse bias leakage current into collector

c) The -current /3=£”_c gain:
dl,

For high gain: small base width and large emitter doping compared to the base doping

d) Current injected into the base is given by the pn diode current for a n*p (E-B) junction (therefore the
electron current is much larger than the hole current which can be neglected).
Current density:

D n
J=| 4PiPuo | 920 exp(ﬂ _1
L L kT
J = k| Habuo , Heoo exp(ﬂ) -1
L L kT

minority carrier concentration :

W ot (145100 em”Y

=N, »n =di=0 N7 7 ) 01025 em™
Pr 4 " p, N, 10" em™
2 2 (145100 em)
n, :ND—)p" :n_':n_‘:(——l—g———j—):2l.0250m_3
n, N, 107 ¢cm
2 . -3 2V 21025 cm™ 0.7V
7 = 0.026V 1.602 10-° ] 200¢em /Vs2‘£025cm , 100cm /Vs 40 cm exp( )_
10010~ cm 5010 cm 0.026V

J =0.864 C/cm®s =0.864 A cm™
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