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

 
a) The starting substrate has a doping of ns = 2x1014 cm-3, the implant to form the p-region is NA = 8x1014 cm-3, for the 

n-region it is ND = 5x1015 cm-3, the n+-region is ND
+ =1018 cm-3 and the p+-region is NA

+ =5x1017 cm-3. 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.) 

 
 
 
 
 
 
 
 
 
 
 
 

c) 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) What type of device does this structure define? 

 
 
 

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

c) 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  nsub = 2x1014 cm-3, the buried layer doping is pbur
+ = 5x1018 cm-3 and the 

epitaxial layer is grown with pepi = 5x1016 cm-3. The implant used for the niso-region it is ND = 2x1017 cm-3, the n+-
region is ND

+ = 2x1018 cm-3 and the p+-region is NA
+ = 5x1017 cm-3. Calculate the carrier densities niso, 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. 

( ) ( )
( ) ( )( )i

i

nxpxn
nxpxnU
20

2

++

−
=
τ

 

 
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 

( ) 00
0000

ττ tt
pp enennnn −− Δ=−=− . If a p-type material is initially raised by Δn0 under low-injection 

conditions how long will it take the excess carrier concentration to fall to Δn0/3 if the minority carrier lifetime is τ0 = 
2x10-6 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 = 0 ? 
 
 
 
U > 0 ? 
 
 
 
U < 0 ? 
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4. A deep-diffused junction substrate diode is formed as shown below with the starting substrate doping subp = 2x1017 cm-3 

and an implant of ND = 5x1017 cm-3 to form the n -region. The n -region extends for 100 µm into the page (to give an n-
region area of 50 µm x 100 µm).  

 
a) Assuming that the uniform doping approximation can be used and there is no current spreading, calculate the total 

series resistance, Rs, of the diode shown above. 
 
 
 
 
 
 
 
 
 
 
 

b) If the process being used allows a maximum current density of Jmax = 103 A/cm2 what is the maximum current, Imax, 
that this diode can carry? 

 
 
 
 
 
 
 
 
 
 

c) Using the results from (a) and (b), calculate the forward voltage, VDx, of this diode structure at the maximum current, 
Imax. (Assume Lp >> 20µm and Ln >> 30µm.) 
 
 

 

subp
 

n  
20 µm 

30 µm 

50 µm 
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5. A epitaxial diode ln(ID) vs VDx characteristic is measured at T = 300 K and plotted as shown below. The slope in the 

linear portion of the curve at VDx > 3kT/q is found to be ( ) 1ln V 0.32 −
Δ

Δ =
Dx

D
V
I  with an intercept of IS = 10-12 A. A point is 

measured at high current and found to be ID = 75 mA at VDx = 1.0 V. 

 
a)  Extract the values of the series resistance, Rs, and ideality factor, n, for this diode from the ln(ID) vs VDx characteristic. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) The n+ buried layer is 2 µm thick, the contacts are 40 µm apart and 200 µm wide (into the page). Assume that the buried 
layer dominates the series resistance and that its n+-doping is ND = 2x1018 cm-3. Using these values calculate the 
approximate value of Rs. (1 µm = 10-4 cm) 

 
 
 
 
 
 
 
 
 
 
 
 

 

ln(ID) 

VDx 

ID = 75 mA 

VDx = 1.0 V 

( ) 1V 0.32
ln −=
Δ

Δ
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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? 
 
 
 
 
 
 
 
 
c) Why the forward current gain, βF, is larger than the reverse current gain, βR, 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? 
 
 
 
 
 
 
 
 



ELEC 3908  SELECTED FINAL EXAMINATION QUESTIONS  Page 8 
 
Name: _______________________________     Student Number: ____________ 

 

 
7. A bipolar junction transistor (BJT) has the parameters and biases shown in the diagram below. (T = 300 K) 

 
 

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

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

4 V 

NDC=1016/cm3 NAB=1017/cm3 NDE=1019/cm3 
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8. A bipolar junction transistor (BJT) has the parameters and currents shown in the diagram below. (T = 300 K) 

 
 

a) If the neutral region width of the emitter is WE = 0.5µm, what is the neutral region width of the base, WB? (You must 
use the appropriate approximations.) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) What is the collector-base breakdown voltage with the emitter open, BVCBO, for the BJT shown above if it has a 
critical field of εcrit = 3x105 V/cm ? 

 
 
 
 
 

VCE = 3 V 
ICE = 100 mA 

NDC=1016/cm3 NAB=1017/cm3 NDE=1019/cm3 

IBE = 1 mA 
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9. The small-signal hybrid-pi model for the bipolar transistor is shown below. 
 

 
 

k) In what transistor operating range is this model normally used and what restrictions apply to the use of this model? 
 
 
 
 
 
 
 
 
 
 
 
l) If the transistor collector current, IC is 20 mA, what is the value of the transconductance, mg , for this model? (VBE 

>> 3kT, T = 300 K) 
 
 
 
 
 
 
 

m) If the transistor collector current, IC is 20 mA, what is the value of the output impedance, 0r , for this model 
(ignoring the Early effect)? (VBE >> 3kT, T = 300 K) 

 
 
 
 
 
 
 
 

n) If the transistor collector current IC = 20 mA and the forward beta 100=Fβ , what is the value of πr  for this 
model? (VBE >> 3kT, T = 300 K) 
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10. The maximum low-frequency voltage gain achievable using a FET is given by Gmax = gm/go.  

 
a) Show that, in saturated mode, Gmax is only dependent on the channel-shortening parameter, λ, and the biasing conditions 

(VGS-VT and VDS ) of the device. 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) What is Gmax for VGS-VT = 1V and VDS = 2V if λ = 0.05 V-1 ? 
 
 
 
 
 
 
 
 

c) Find an expression for Gmax if the FET is biased in triode mode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

d) What is Gmax for VGS-VT = 2V and VDS = 1V if λ = 0.05 V-1 ? 
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11. The cross section of a simple substrate n-channel MOSFET biased above threshold is illustrated below. 

 
 

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 VDS > VDSsat? 
 

 
 
 
 
 
 
 
 
 
 
 
 

g) A gate bias of VGS = 2.5 V is applied to a MOSFET with a threshold voltage of VT = 0.4 V and substrate doping of NA = 5 
x 1017 cm-3. The gate oxide thickness is tox = 20 nm and the device has an effective channel length of 2 µm and width of 
10 µm. If channel shortening can be ignored, what is the channel current, ID, for VDS = 1.5V ? 
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12. The cross section of a simple substrate MOSFET structure is illustrated below. 

 

 

 
 

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? 
 
 
 
 
 
 
 
 
 
 

c) We use the structure above to fabricate a MOSFET with a substrate doping of NA = 1016 cm-3 and a heavily doped p+-
polysilicon gate. Calculate the threshold voltage, VT, if tox = 25 nm and VSB = 0V. (T = 300K) 
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13. The cross section of a simple substrate MOSFET structure is illustrated below. 

 

 

 
 

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? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) What is drift conduction in a semiconductor? How does drift conduction in a semiconductor change at high electric 

fields?   
 
 
 
 
 
 
 
 
 
 
 
 
 



ELEC 3908  SELECTED FINAL EXAMINATION QUESTIONS  Page 15 
 
Name: _______________________________     Student Number: ____________ 

 

 
14. There are three voltage components in the equation used to calculate the basic threshold voltage, VT0, for a MOSFET.  
 

 
( )

ox

BASi
BFB

ox

dep
BFBT C

Nq
V

C
Q

VV 
φε

φφ
22

2
ˆ

20 ++=−+=  

 
d) A simple n-MOSFET process starts with a substrate doping of psub = 5x1016 cm-3 uses a gate oxide (SiO2) with a 

thickness of 30 nm and a heavily doped p+ polysilicon gate. Calculate the basic threshold voltage, VT0, for an n-channel 
MOSFET in this process. (T = 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 µm of lateral diffusion under the gate from the 

source and drain implants and the oxide thickness is tox = 20 nm. The source and drain are implanted at ND = 1018 cm-3 
into the substrate having an initial doping of NA = 5x1016 cm-3. 

 
(a) Calculate the intrinsic gate-source capacitance, int

GSC , for this MOSFET structure assuming it is operating in saturated 
mode. 

 
 
 
 
 
 
 
 
 

(b) Calculate the depletion gate-source capacitance, dep
GSC , for this device assuming that the bottom depletion capacitance 

dominants (i.e. all other non-intrinsic capacitances can be neglected) and VSB = 0V, zSB = ½. 
 
 
 
 
 
 
 
 
 
 
 

(c) The transit frequency for a FET is given by ( )dep
GSGS

m
tot
GS

m

CC
g

C
gf

+
≈≈ int22 ππτ . If VGS-VT = 1V and channel shortening 

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

1 µm/division 
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16. A MOSFET has a layout as illustrated in the diagram below. There is 0.5 µm of lateral diffusion under the gate from the 

source and drain implants. 

 
(d) The source and drain are implanted at ND = 1018 cm-3 into the substrate having an initial doping of NA = 5x1016 cm-3. 

Assuming that the sidewall capacitances can be ignored relative to the bottoms, calculate the depletion capacitance of the 
source and drain if VDS = 5V, VSB = 0V, zSB = zDB = 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? 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 µm/division 
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Equations 
 
Ideal Diode   ( )1−= kTqV

SD
DeII  

  with depletion region GR:  ( )1−= nkTqV
SD

DeII  
  with series resistance & GR:  ( )( ) sDDDx

nkTRIVq
SD RIVVeII sDDx +=−= −      where1  

Shockley-Reed-Hall:  ( ) ( )
( ) ( )( )i

i

nxpxn
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20

2
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−
=
τ

 

Einstein Relations:   
ppnn q

kTD
q
kTD µµ ≡≡     ,  

Diffusion Length:   
00     , ττ ppnn DLDL ≡≡  

Saturation Current Density:  pn
w
nqD

w
pqD

JJJ
p
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n
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    pn
L
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L
pqD
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n
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p
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Gaussian Integral:   σ
πσ

20
2 2

2

=∫
∞ −

x

e  

Resistivity:   ( ) ( )
A
lRqpqn pnpn
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⋅
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⎞
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Poisson's Equation:   ( ) ( ) ( )
Siε
xρ

dx
xd

dx
xd

==−
E

2

2ψ  

Excess Charge Density in a Diode: ( ) ( ) ( )[ ]AD NNxnxpqx −+−=ρ  

Built-In Voltage:   
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Depletion Width:   ( ) ⎟⎟
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Avalanche Multiplication Factor: 
iip

M
−

=
1
1  

Impact Ionization Probability: 
63     ,max

<<
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⎠
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iip

E
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Diode Junction Conductance:  
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Diode Junction Capacitance (per area): ( )
( )D
Si
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D
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Charge Control Equation:  ( )
( )

( )
0τ

tQ
ti

dt
tdQ p

D
p −=

 

Charge Storage Time: DRF
R

F

R

F
s VVV

V
V

I
It >>⎟⎟

⎠

⎞
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⎝
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Heat Flow:   
THDrise RPT

dx
dT

=−=Φ    ,κ  

BJT Injection Model Currents: 
pEnBEpEpCBnBpCC IIIIIIIII +=+−=+=    ,   ,  
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BJT Ebbers-Moll Model:         

     

 
BJT Base Diffusion Capacitance: 

nB

B
BmB D

WgC
2

   ,
2

== ττπ
 

BJT Transit Frequency: ( )[ ]BmdepBEdepBC gCC
f

τπτ ++
=
2

1  

MOSFET Gate Capacitance: 
(per unit area)  
Drift Conduction:   ( ) εε σµµ =+=+= pnpn qpqnqpvqnvJ  

Carrier Density Relative to EF ( ) ( ) kTEE
V

kTEE
C

VFFC eNpeNn −−−− ==    ,  
Flat Band Voltage:   ( ) qqV SMMSFB Φ−Φ=Φ=  

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

     

MOSFET Square Law Model:   

          

Channel shortening depletion charge 

 

       
MOSFET Transconductance: 
(saturated) 

  
MOSFET Output Conductance: 
(saturated) 

 

MOSFET Depletion Capacitances: 
  

MOSFET Overlap Capacitances: 
 

MOSFET Intrinsic Capacitances: 
( )satDSDS VV ,≤  

 

MOSFET Velocity Saturation Model: 
 

MOSFET Current with Vel. Sat. 
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Physical Constants and Material Properties 
 
 
Quantity  
 

Symbol Value 

Angstrom Unit  Å 10-8 cm = 10-10 m 
Boltzmann’s Constant  k 8.62x10-5 eV/K 
   1.381x10-23 J/K 
Electronic Charge  q 1.602x10-19 C 
Electron Volt  eV 1.602x10-19 J 
Electron Rest Mass  mo 9.11x10-31 kg 
Free Space Permittivity  εo 8.854x10-14 F/cm 
Plank’s Constant  h 6.626x 10-34 J-s 
   4.14x10-15 eV-s 
Thermal Voltage at 300K  1kT/q 0.0259 V 
 
 
Properties of Silicon at 300K 
 
Quantity  
 

Symbol Value 

Intrinsic Carrier Concentration ni 1.45x1010 cm-3 
Effective Densities of States  Nv  1.08x1019 cm-3 
  Nc  2.8x1019 cm-3 
Electron Affinity  χSi 4.05 eV 
Energy Gap  Eg 1.08 eV 
Bulk Electron Mobility  µn 1350 cm2/V-s 
Bulk Hole Mobility  µp 470 cm2/V-s 
Surface Electron Mobility  

nµ  520 cm2/V-s 

Permittivity  εSi 11.7εo 
 
Properties of Silicon Dioxide 
 
Quantity  
 

Symbol Value 

Permittivity  εox 3.9εo 
 


