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1. Consider a structure fabricated in silicon with the cross-section shown below.

ng

S
a) The starting substrate has a doping of n, = 2x10'* cm™, the implant to form the p-region is N, = 8x10'* cm™, for the
n-region it is Np = 5x10"° em™, the n"-region is Np" =10"® cm™ and the p*-region is N, =5x10'" cm™. Calculate the
carrier densities p, n, p and n".

b) Assuming all the PN junctions act as isolated diodes and ignoring parasitic resistances, draw the equivalent circuit
for this structure in terms of the contacts A, B, C, D and the substrate S. (i.e. draw how the diodes are connected to
each other and A, B, C, D and S.)

¢) Would it be possible to use this structure as a bipolar junction transistor (BJT)? If so, what type of transistor and
which contacts would you choose to be the collector, base and emitter and why?
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2. Consider a structure fabricated in silicon with the cross-section shown below.
A B C D
),
Depi
nisa 7 ? nisa

pbur

nsub
S

a) What type of device does this structure define?

b) What is the purpose of the 7, regions in this structure?

¢) How many mask levels (i.e. patterning steps) are required to form this structure and what regions do they define?

d) The starting substrate has a doping of n,, = 2x10'* cm™, the buried layer doping is pp, = 5x10'® cm™ and the
epitaxial layer is grown with p,,; = 5x10' cm™. The implant used for the n;,,-region it is Np = 2x10'" cm™, the n*-
region is Ny = 2x10" ¢m™ and the p+—region isN, = 5x10'7 ¢cm™. Calculate the carrier densities Nisos n' and p+.

e) Assuming all the PN junctions act as isolated diodes and ignoring parasitic resistances, draw the equivalent circuit
for this structure in terms of the contacts A, B, C, D and the substrate S. (i.e. draw how the diodes are connected to
each other and A, B, C, D and S.)
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3. The Shockley-Read-Hall model uses the equation below to calculate the net recombination rate in a semiconductor.
n(x)p(x)-n
U ]
7, (n(x)+ p(x)+2n,)

f) What is meant by “low-level injection”?

g) Under the conditions of low-level injection in a p-type material the above expression can be solved to give

k—t/ro

n=n,=\ng—n, = Anoe_t/ 0 Ifa p-type material is initially raised by An, under low-injection

conditions how long will it take the excess carrier concentration to fall to Any/3 if the minority carrier lifetime is 7y =
2x10° sec? How far, on average, will the carriers diffuse in this time?

h) What do the following imply with regards to the generation or recombination of carriers:

U=07?
U>07?

U<o0?
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4. A deep-diffused junction substrate diode is formed as shown below with the starting substrate doping p = 2x10" em™

and an implant of Np = 5x10"" cm™ to form the 1 -region. The 7 -region extends for 100 um into the page (to give an n-
region area of 50 um x 100 um).

psub 30 um

a) Assuming that the uniform doping approximation can be used and there is no current spreading, calculate the total
series resistance, R, of the diode shown above.

b) If'the process being used allows a maximum current density of J,,,, = 10° A/cm? what is the maximum current, 4,
that this diode can carry?

¢) Using the results from (a) and (b), calculate the forward voltage, Vp,, of this diode structure at the maximum current,
Lgy. (Assume L, >>20um and L, >> 30um.)
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5. A epitaxial diode In(Ip) vs Vp, characteristic is measured at T = 300 K and plotted as shown below. The slope in the
linear portion of the curve at Vy, > 3kT/q is found to be ALHIEID) =32.0 V™' with an intercept of Iy = 10" A. A point is
Dx

measured at high current and found to be /p =75 mA at Vp,=1.0 V.
A
ln(] D)

Ip=75mA

>

Vb
V= 0.0V Vo= 1.0V "

a) Extract the values of the series resistance, R, and ideality factor, n, for this diode from the In(/p) vs Vp, characteristic.

b) The n+ buried layer is 2 pm thick, the contacts are 40 um apart and 200 um wide (into the page). Assume that the buried
layer dominates the series resistance and that its n*-doping is Np = 2x10'® cm™. Using these values calculate the
approximate value of R,. (1 um = 10 cm)
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6. The structure of a bipolar junction transistor (BJT) is illustrated below.

a) What are the four regions of operation for a bipolar junction transistor (BJT)?

b) What is "transistor action" in a BJT?

¢) Why the forward current gain, B, is larger than the reverse current gain, B, in a well-designed BJT

d) What is the main physical cause of the Early effect in a BJT?

e) Why do we call a BJT a "minority carrier" device?

Page 7
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7. A bipolar junction transistor (BJT) has the parameters and biases shown in the diagram below. (T = 300 K)
Npc=10"%m’  N;=10"/em’  Np=10"/cm’
¢ Wyo—> — 5 . Ver=4 'V
Wep—> | +— VBE:0-8_V _

i)  The neutral region widths are W¢=2um, W= 1pum and Wg= 0.5um. If the emitter area of the BJT above is 2um by
10um, what are the values of the base and collector currents? (You may use whatever approximations that are
appropriate.)

j)  What is the maximum field, &gepimax, in the base-collector junction of the BJT above?



ELEC 3908 SELECTED FINAL EXAMINATION QUESTIONS Page 9

Name: Student Number:
8. A bipolar junction transistor (BJT) has the parameters and currents shown in the diagram below. (T = 300 K)
Npc=10"%m®  Ny=10"/em’  Np=10"/cm’
PR 7GRN, PULZ IR /N
C E VCE =3V
o— WB (<—> - ———— + .
WBL—> — ]BE: 1 mA_ ]Cfi 100 mA

a) If the neutral region width of the emitter is #Wz= 0.5um, what is the neutral region width of the base, W3? (You must
use the appropriate approximations.)

b) What is the collector-base breakdown voltage with the emitter open, BV 30, for the BIT shown above if it has a
critical field of €,,;, = 3x10° V/cm ?
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9. The small-signal hybrid-pi model for the bipolar transistor is shown below.
Fpbt TPy
B C
+ EmVp'e
Fr Vbe 7,

k) In what transistor operating range is this model normally used and what restrictions apply to the use of this model?

1)  If the transistor collector current, /¢ is 20 mA, what is the value of the transconductance, g m for this model? (Vg
>>3kT, T=300 K)

m) If the transistor collector current, I is 20 mA, what is the value of the output impedance, 7;,, for this model
(ignoring the Early effect)? (Vg >> 3kT, T =300 K)

n) If the transistor collector current /c = 20 mA and the forward beta 3, =100, what is the value of 7, for this
model? (Vg >> 3kT, T=300 K)



ELEC 3908 SELECTED FINAL EXAMINATION QUESTIONS Page 11

Name: Student Number:

10. The maximum low-frequency voltage gain achievable using a FET is given by G ... = 2,/20.

a) Show that, in saturated mode, G,,, is only dependent on the channel-shortening parameter, A, and the biasing conditions
(Vs-Vrand Vpg ) of the device.

b) What is Gy for Vgs-V7r=1V and Vps=2V if A=0.05 V' ?

¢) Find an expression for G,,, if the FET is biased in triode mode.

d) What is Gy for Vge-V7=2V and Vps= 1V if A=0.05 V' 2
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11. The cross section of a simple substrate n-channel MOSFET biased above threshold is illustrated below.

Vos>Vr

Vsp= Vps=0
ﬂ * T 1,=0
L T\ ]

————y

p-type substrate

v

e) What is meant by "pinch-off" in a MOSFET and what happens to the channel when pinch-off occurs?

f) How do we add the effect of channel shortening to the MOSFET square law model when Vpgs > Vpgg,?

g) A gate bias of Vgs=2.5 V is applied to a MOSFET with a threshold voltage of V7= 0.4 V and substrate doping of N, =5
x 10" ¢cm™. The gate oxide thickness is #,, = 20 nm and the device has an effective channel length of 2 pm and width of

10 um. If channel shortening can be ignored, what is the channel current, Ip, for Vpg= 1.5V ?
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12. The cross section of a simple substrate MOSFET structure is illustrated below.

p-type substrate
|

a) How many patterning steps are required to make the structure above and what features does each step define? (In the
order in which they are processed.)

b) Why do we say that the source and drain implants are "self-aligned" to the gate in a MOSFET process?

¢) We use the structure above to fabricate a MOSFET with a substrate doping of N, = 10'® cm™ and a heavily doped p'-
polysilicon gate. Calculate the threshold voltage, Vr, if f,, = 25 nm and Vg = 0V. (T = 300K)
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13. The cross section of a simple substrate MOSFET structure is illustrated below.

p-type substrate
|

a) Explain briefly the difference between "drawn channel length" and "effective channel length".

b) What is the "short channel effect" on threshold voltage? What are the two main techniques used to mitigate this effect?

¢) What is drift conduction in a semiconductor? How does drift conduction in a semiconductor change at high electric
fields?
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14. There are three voltage components in the equation used to calculate the basic threshold voltage, V7, for a MOSFET.
O, J29¢4N ,(29,)
P Sit VA B
Vio =Vis + 205 - C =V +2¢5 + =
ox ox

d) A simple n-MOSFET process starts with a substrate doping of py,, = 5x10'" ¢cm™ uses a gate oxide (SiO,) with a
thickness of 30 nm and a heavily doped p* polysilicon gate. Calculate the basic threshold voltage, ¥z, for an n-channel
MOSFET in this process. (7 = 300K)

e) Briefly describe how the threshold voltage is changed if a voltage is applied between the source of the MOSFET and the
substrate (bulk).
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15. A MOSFET has a layout as illustrated in the diagram below. There is 0.5 pm of lateral diffusion under the gate from the
source and drain implants and the oxide thickness is #,, = 20 nm. The source and drain are implanted at Np = 10"% em™
into the substrate having an initial doping of N, = 5x10'® cm™.

1 pm/division

a) Calculate the intrinsic gate-source capacitance, C int , for this MOSFET structure assuming it is operating in saturated
g p GS g p g

mode.

(b) Calculate the depletion gate-source capacitance, C gfé’ , for this device assuming that the bottom depletion capacitance

dominants (i.e. all other non-intrinsic capacitances can be neglected) and Vg = 0V, zgg = Y.

&n g,
2aCY  2x{C 4 Cl

can be ignore, what is the transit frequency for this device? (Using the results from (a) and (b).)

(¢) The transit frequency for a FET is given by fr =~ ) If Vgs-Vr= 1V and channel shortening
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16. A MOSFET has a layout as illustrated in the diagram below. There is 0.5 pm of lateral diffusion under the gate from the
source and drain implants.

1 pm/division

(d) The source and drain are implanted at Nj, = 10" cm™ into the substrate having an initial doping of N, = 5x10'° cm™.
Assuming that the sidewall capacitances can be ignored relative to the bottoms, calculate the depletion capacitance of the
source and drain if Vpg= 5V, Vsg = 0V, zsg= zpg = 1/2?

(e) Under the same doping and biasing conditions as in (a), how far under the gate will the sidewall depletion regions of the
source and drain extend?
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Equations

Ideal Diode b = Igle? -1)

with depletion region GR:

with series resistance & GR:

Shockley-Reed-Hall:

Einstein Relations:

Diffusion Length:

Saturation Current Density:

Gaussian Integral:

Resistivity:

Poisson's Equation:

Excess Charge Density in a Diode:
Built-In Voltage:

Depletion Width:

Maximum Electric Field:

Avalanche Multiplication Factor:

Impact Ionization Probability:

Diode Junction Conductance:

Diode Junction Capacitance (per area):

Charge Control Equation:

Charge Storage Time:

Heat Flow:

BIJT Injection Model Currents:

I,=1
]D _ [S(quD/nkT _1)
I,=1

S(eq(VD);_IDR.s )/nkT _]) where Vy, =V, +IpR,

y o ls)ple)=?

7, (n(x)+ p(x)+ 2n1.)

kT kT
D, =—u, Dps7lup

L =\Dz,, L,=\D,,
4D, Py N gD,n,

w, w,

D D,n
Js =JS,,+JSe=qL”ﬂ+qL"7"O, for thick nand p

P n

Js=Jg+Js = , for thin nand p

x2

© 53 |
fe2“=—a
0 2

-1

(,;erlp) -(0,+0, )" =(gnus, +apue, ), R=p7'1

0

2¢( N,N
‘g/ﬂz max \/8(N A+]\l; )(Vb: V[))
Si A D
o
l_pii
Ea |\
= ‘ “ , 3<v<6
Eun
dl, q qVp [nkT q
=—2L2=—""Je"" =—2—]
&=y, Tk kT "
A deepI deep/ aw N,Np g5 Ny+Np Esi
Cdepl(VD)= = - =|~4 - =
v, — dw dv, N,+N, || Wqg NN, | w(V,)
de(t)_. ([) Qp(t)
=ip(t)-
dt 7,
t. =1, ln(l—lp]zro ln(l—VF) for‘VF, VR‘ >>‘VD‘
IR VR
dT
(I):—](—’ T;'ive=PR
dX S DMH

[C=[pC+[nB! IB =_]pC+IpE7 IE=]nB+IpE

1(‘ - _ qA/:’ﬁ/{)f'p('u (eql"m kT _ 1) + qA/:[?/nB”ffn (eqlf’,,, JKT P A-/)
c B
1]_7 = %(va’” [k _ e‘/"m kT )+%(6‘11}#/“ _ 1)
B E
I,= qA; D, pe, (et,rm KT 1)+ qAD ppp, (ei,r',,}/u _ 1)
w. W,

[¢
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BJT Ebbers-Moll Model:

BIJT Base Diffusion Capacitance:

BIJT Transit Frequency:
MOSFET Gate Capacitance:

(per unit area)
Drift Conduction:

Carrier Density Relative to Er
Flat Band Voltage:

Bulk Potential (p-type):
MOSFET Threshold Voltage:

MOSFET Threshold Modulation:

MOSFET Square Law Model:

Channel shortening depletion charge

MOSFET Transconductance:
(saturated)

MOSFET Output Conductance:
(saturated)

MOSFET Depletion Capacitances:

MOSFET Opverlap Capacitances:

MOSFET Intrinsic Capacitances:
(VDS = VDS ,sat

MOSFET Velocity Saturation Model:

MOSFET Current with Vel. Sat.

Student Number:
l.= qAI:'DanRu + qu:'DpI:’pI:‘n .= qAL'DHBan + qA/-:Dp('p('u
Bs = W, W, s = W, 0
a, 94D, gy, /Wy qA, D, yn,, /W,

i qAD g, Wy +qA: D, Dy, W *r= qAI:-D,,IJnIiur/VVI} + qA,:.D‘,(va'VK.
1, = Lg(em /M — 1) — o0 L (e —1)
B = (1 - al“)[lfs(eqm”"“ _ 1) : (1 _ OLR)1(,5‘(6"‘/”"”“ B 1)

2
C/r =Tp8m> TB = QZV)B
nB
fomg 1 :
’ 2”|_(CdepBC + CdepBE )/ 4 m + TBJ
~ €
G, ===
ox ’

ox

J=qnmv, +qpv, = (qnun +qpu, )8 =0&
n= Ncef(EC—E,.- kT , p= NVef(E,, —E, )JkT
VFB = (I)Ms/q = ((I)M - (I)s )/q

¢B = Hm(m)

q
Qdep V2qegN (2¢B )

VTﬂ=VFB+2¢B_ 6 =VFB+2¢B+

ox ox

Ve=Ve+ Y('\-‘Il‘zti)ﬁ +Vsp - \."‘Iz‘bs)

[2q2,N (20,) qe.N
VEDEGIY 4\ <05 N =4E Y 4
Vo =V + 20, +———— vo=a— =
To FB ¢'B C’nr i Cm.
_ e T3
I,= !JnCm—T [VGS =V Vs = :?5 }{1‘*' ?"VDS) Vs 2 V7 Vos < Vps o
LW (Ves—72) )
=G [% (12 75) Ve 275 Vi 2V
- ~ X 2w, 2w,
e = -5 1+ —+ 1+7sz]
Qn‘e_v Qa'e_p 2L {\/ x_; xJ '
: correction term f;r trapezoidal area
- 2851 \ - 285: )\
W = N, (2¢E + VSB_} > W, = N, (2¢B +Vps)
dl _~ W
8, = dV:S i =n,C, T(V(s VT)(l + ;“Vz)s)
2
I/ W (Ves = Vy) .
& = v, N nox T 5
CZ’L’P.\'WP\' Cdv/l/fm AS - C’/L’]LYM‘})I) é.fu)])lf(}/ AIJ
C.\'/f = / Zsp Zsp DB = Zp + ZpB
(147 Vo)™ (1475 Vo) (L4708 Voos) " (14 Vs Vo)
sidewall bottom sidewall bottom
8(7.\'
Cison = Copou = [_xm'lW
_ 2 _ (V(;,V — Vr )_ Vm i _ E _ (V(;‘\' — Vr) _
C(;.s‘ __Cu.\' 1 B C(;}) - Cu.\' 1
3 2(V<;x - VT )_ V/),\' 3 Z(V(;,\‘ - Vr )_ Vm
po ME
I+ E/&..

1, =1,C, i [(I/(;‘V V1) ](1 +MAV,) saturation

L(1+V,/(LE,,)) 2
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Physical Constants and Material Properties

Quantity Symbol Value
Angstrom Unit A 10°cm=10""m
Boltzmann’s Constant k 8.62x10” eV/K
1.381x10™ J/K
Electronic Charge q 1.602x10™"° C
Electron Volt eV 1.602x10J
Electron Rest Mass m, 9.11x10°" kg
Free Space Permittivity € 8.854x10™"* F/cm
Plank’s Constant h 6.626x10™" J-s
4.14x10"” eV-s
Thermal Voltage at 300K kT/q 0.0259 V
Properties of Silicon at 300K
Quantity Symbol Value
Intrinsic Carrier Concentration n; 1.45x10" cm™
Effective Densities of States N, 1.08x10" cm™
N, 2.8x10"” cm™
Electron Affinity Y 4.05eV
Energy Gap E, 1.08 eV
Bulk Electron Mobility Uy 1350 cm?*/V-s
Bulk Hole Mobility 1 470 cm’/V-s
Surface Electron Mobility M_ 520 cm*/V-s
Permittivity Esi 11.7¢,
Properties of Silicon Dioxide
Quantity Symbol Value
Permittivity €ox 3.9¢,




