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EECS 320 Spring 2012 Midterm 2: Take-home Part

Issued: Monday 6/11/12 11 am
Due: Friday 6/15/12 in class.

This part of the exam is under the College of Engineering Honor Code. You may use any research
resources you wish (books, internet documents, computer codes, etc.) but you are not allowed to
consult with any other humans in any form (direct interaction, e-mail, internet chat lines, billboards,
etc.)

Problem 1

For the case of problem 1on the in-class exam

a) Quantitatively plot the electric field vs. x, electrostatic potential vs. x, and the band diagram vs.
x. Indicate electron and hole quasi-Fermi levels on the band diagram.

b) What is the applied bias for this situation.

c) If this device is at equilibrium (V,=0), we will get X, <0.52m . Show that in equilibrium, in the

KT
region X, < X <0.5zm we will have a electric field of approximately F ~ —

(0)

d) Inequilibrium (V,=0), How would we find X, and V,;? (challenging question).

Problem 2

We have a Ge diode exactly like the case of problem 3 on the in-class exam except now 7,;, =5nS

throughout the device.

a) Find and plot the excess minority carrier distributions in the neutral regions when the device is
forward biased with v,=0.4V.

b) Find the capacitance per unit area of the device when it is forward biased with v,=0.4V.

c) Find and plot the total current density for the device for v,=-10 to 0.4V include G-R current in
the depletion region.





Problem 3

We have a uniform doping, abrupt Si diode at 300K which is doped on the p side with Boron (B,
Ex=E\+45meV) to N,=8x10"cm™ and Arsenic (As, Ep=Ec-54meV) on the n-side to Np=3x10"° cm™.

Region | Doping Conc (cm™~) | Dopant Energy
p-side | Na=8x10"cm? Ea=Ey+45meV
n-side | Np=3x10" cm™ Ep=Ec-54meV

N N,

MIMNN
>

S,\\\\\\\\\\\\\\

-W 0
P

a) Find the built-in potential Vy,; for this diode.
b) Find the depletion width when the peak junction field is 300KV/cm. Would you expect the
breakdown mechanism to be avalanche multiplication or tunneling and why?
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Problem 1 Miller Indices (5 points)

Determine the miller indices for the crystalline plane in a cubic lattice in the sketch
below. Show your work.

Miller Indices of Plane: ( 3 2 é)

inberee bs (2,3,1)
i verd ‘*5."%)”

Lem (s 51D = (326






Problem 2: Basic Conductivity (a 3pts b 4 pts)

a) Suppose we have a sample of pure Si at 300K doped only with shallow donors
Np=1x10"cm™. Estimate the resistivity of this sample using the data from Pierret
figure 3.5a reproduced below.
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b) Now we have a sample of pure Si at 300K doped with shallow donors and
shallow acceptors Np=5x10"°cm™ and Nx=4.999x10'%cm 3, Estimate the
resistivity of this sample and compare your result in part b.
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Problem 3: Dopin 7 pts

Suppose we have Si at 300K doped with Phosphorus (Ep=Ec-44meV) and Boron
(Ea=Ev+44meV). If Na=1x10"7cm™, what Np is needed so that n=1x10'® cm37
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nd statistics (a 3pts, b 3pts, ¢ 15 pts)
Cture show below. We have

semiconductor has band stru

*

Problem 4: Band structure a

A

w =0.75m, at 300K

0.1m, m, =0.3m, m

m, =

g light emitting diodes or lasers? Briefly justify
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b) Atwhat wavelength would expect to begin seeing significant optical absorption?
h YV = 0, feV = Ey"
4
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¢) Find the effective densities of states Nc and N, the intrinsic carrier concentration
m, and E; relative to E,.
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Problem 5: Density of States and Bands 15 pts freturc
Suppose we have the following density of states gc(E) for a conduction band. Find the
electron concentration in the band if Er=Ec-3kT
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Additional workspace for problem 5
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Problem 6: Drift Diffusion Transport (20 pts)

We have a semiconductor with N, =N, n,=1x10° E, =1eV p, =1000cm*v~'s" at 300K.
A sample of this semiconductor has the band picture shown below. Find

Jn.mlal ’ Jn.driﬁ ’ and Jn.diﬁu.rion at X=0.5um.
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Additional workspace for problem 6
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s
Problem 7 Generation-Recombination (a 5pts, b 20 pts 5 71,'Jy 9£’9fﬁm é 7’
A sample of Si is uniformly illuminated as illustrated below. The left side is a perfect free
surface (x=0), the right side has a perfect ohmic contact at x=W=12um. The sample is
uniformly p-type doped with shallow acceptors Na=1x10"7cm®, D,=18cm?/s, and -
7,=20ns. Also, G =6.8x10%°pairs/cm%s.

G

##vv#vv

7
Perfect /
Ff'eeec Z
Surface %
%

0 W

N,=1x10"cm™ D, =18cm*s™ t,=20ns G, =6.8x10" pairsfem®[s W =12 m
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a) Sketch the expected excess minority carrier lifetime An(x) vs. x
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b) Find An(x) assuming LLI condltlons apply. Are the assumptlons of LLI statisfied?
N,=1x10"cm™ D, =18cm?s™ 7, =20ns G, =6.8x10% pairs/cm’/s W =12um
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Additional space for 9b
N,=1x10"cm™ D, =18cm2s™ 7, =20ns G, =6.8x10” pairs/cm’/s W =12um
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EECS 320 Equation sheet

Physical Constants

h=6.626x107-g
h=1.054x10" J-s
q=1.60217x10™" C
eV =1.602x107" §
my =9.11x107 kg

k=8.617x107° eV/K
kT =0.02585¢V at T=300K

Electrostatics
v __
P

dV 1dE

F=—"—=_7 , Fis electric field
dx gqdx’

Parabolic Band Density of States
. \/-Z_m,,mz(E—Ec)Uz
gC( ) - ”2h3
) -\/Emp*J/Z(EV _ E)”z
gV (E) - ﬂ'zh3
Fermi Distribution Function
=1 istribution Function
1
F(E)=

E-E,
1+exp T

Boltzmann approx:
B) E-E ;
=eXx _—
f exp T

Donor and Acceptor Statistics
Ny _ 1

1+2 exp[ L
N; 1

E,-F
1+4exp( 4 f]
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Parabolic Band Model

kT 32
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Carrier Statistics
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n Drift-Diffusion
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Table of properties of selected semiconductors (at 300K)

Property Si Ge GaAs
Nc (cm™) 2.86x10" 1.04x10" 4.45x10"
Ny (cm™) 3.10x10" 6.0x10™ 7.72x10™
n; (cm™) 1.07x10™ 2.3x10° 1.8x10°
Eg (eV) 1.1242 0.66 1.42
m, /my 1.18 0.55 0.067
m, /my 0.81 0.36 0.52
€ 11.8 16 13.1
¥ (eV) 4.05 4.0 4.07
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Problem 1 Miller Indices (5 points)
Determine the miller indices for the crystalline plane in a cubic lattice in the sketch
below. Show your work.

Miller Indices of Plane:






Problem 2: Basic Conductivity (a 3pts ,b 4 pts)
a) Suppose we have a sample of pure Si at 300K doped only with shallow donors
Np=1x10"cm™. Estimate the resistivity of this sample using the data from Pierret
figure 3.5a reproduced below.
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b) Now we have a sample of pure Si at 300K doped with shallow donors and
shallow acceptors Np=5x10*°cm™ and Na=4.999x10'°cm™. Estimate the
resistivity of this sample and compare your result in part b.





Problem 3: Doping (7 pts)
Suppose we have Si at 300K doped with Phosphorus (Ep=Ec-44meV) and Boron
(Ea=E,+44meV). If Na=1x10*"cm3, what Np is needed so that n=1x10*® cm™3?






Problem 4: Band structure and statistics (a 3pts, b 3pts, c 15 pts)
A semiconductor has band structure show below. We have

m, =0.1m; m, =0.3m, m;, =0.75m, at 300K

N /
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> N ed
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a) Is it a potential candidate for building light emitting diodes or lasers? Briefly justify
your answer.





b) At what wavelength would expect to begin seeing significant optical absorption?

c) Find the effective densities of states N. and N, the intrinsic carrier concentration
n; and E;relative to E,.

n=






Additional workspace for 4c





Problem 5: Density of States and Bands (15 pts)
Suppose we have the following density of states g.(E) for a conduction band. Find the
electron concentration in the band if Er=Ec-3KT
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Additional workspace for problem 5
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Problem 6: Drift Diffusion Transport (20 pts)
We have a semiconductor with N, =N, n, =1x10" E =1eV g, =1000cm’v~'s™ at 300K.

A sample of this semiconductor has the band picture shown below. Find
J J ari-@nd J at x=0.5um.

n,total ? n,diffusion

X (um)

Jn total=

Jn,drift=

Jn, diffusion=

11






Additional workspace for problem 6
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Problem 7 Generation-Recombination (a 5pts, b 20 pts)
A sample of Siis uniformly illuminated as illustrated below. The left side is a perfect free

surface (x=0), the right side has a perfect ohmic contact at x=W=12um. The sample is
uniformly p-type doped with shallow acceptors Na=1x10*"cm™, D,=18cm?/s, and
1,=20ns. Also, G, =6.8x10%pairs/cm?/s.

GL

Perfect
Free
Surface 2
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0 W

N, =1x10"cm™ D, =18cm’s™ 7, =20ns G, =6.8x10% pairs/cm®/s W =12 m
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a) Sketch the expected excess minority carrier lifetime An(x) vs. x

X (um)

14

10

12





b) Find An(x) assuming LLI conditions apply. Are the assumptions of LLI statisfied?
N, =1x10"cm™® D, =18cm’s™ 7, =20ns G, = 6.8x10% pairs/cm®/s W =12um
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Additional space for 9b
N, =1x10"cm™® D, =18cm’s™ 7, =20ns G, = 6.8x10% pairs/cm®/s W =12um
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EECS 320 Equation sheet

Physical Constants
h=6.626x10"J-s
h=1.054x10"* J-s
q=1.60217x10" C

eV =1.602x107*°J

m, = 9.11x10* kg

k =8.617x107° eV/IK

kT =0.02585eV at T=300K

Electrostatics
dv _ p

&
F :_d_Vzld_ F is electric field
dx qadx’

Parabolic Band Density of States

\/_ *3/2(E E )1/2

gC(E) = 2h3
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Fermi Distribution Function
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f(E)=exp| —

kT

Donor and Acceptor Statistics
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Parabolic Band Model
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Carrier Statistics
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Doping and Charge Neutrality
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2
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Drift-Diffusion
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u=
m
D_kT
Hoq
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F is electric field

Continuity Equations
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Table of properties of selected semiconductors (at 300K)

Property Si Ge GaAs
Nc (cm™) 2.86x10™ 1.04x10" 4.45x10"
Ny (cm™) 3.10x10" 6.0x10"° 7.72x10™°
n; (cm™) 1.07x10" 2.3x10" 1.8x10°
Es (eV) 1.1242 0.66 1.42
My, /Mo 1.18 0.55 0.067
m, /mg 0.81 0.36 0.52
& 11.8 16 13.1
v (V) 4.05 4.0 4.07
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Parts (# pts)

Depletion Approx. |1 (25)

Electrostatics 2 (25)

Abrupt Diode 3a (5) 3b (5)
3c (10) 3d (10)
3e (5)

Schottky Diode 4a (5) 4b (5)
4c (5)






Problem 1: PN Junctions and Depletion Approximation (1 part, 25 pts)
We have a Si pn junction at 300K with the doping profile shown below.

X 1016

5x10% cm

Np-N, (cm 3)
w
\

1x10% cm’3

15 -1 0.5 0 0.5 1 15
X (nm)

When the depletion width on the n-side x,=0.55 um, find the depletion width on the
p-side Xp, the value of the electric field at x=0, the electric field at x=0.5um, and
sketch the electric field vs. x.

Xp= nm
&0)= V/cm
E(0.5um)= Vicm
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Additional workspace for problem 1





Problem 2: Elect

rostatics (1 part, 25 pts)

We have a Si pn diode at 300K with the doping situation shown below.

7
™ /
— -
-Wp 1 -sz 0 Wn

N, =1x10%cm™ W, =10um N,, =2x10°cm™ W, =1um N, =1x10*cm™ W, =10um

We are biased so that the electric field profile is as shown below. Find the applied

voltage that yields

this field profile.

Vo=

Electric Field (v/cm)

R S
-2

x 10°

m N
N

X (um)

-1.5 -1 -0.5 0

0.5

15






Workspace for problem 2
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Additional workspace for problem 2





Problem 3: Abrupt PN Junction (a-e)
We have a uniform, abrupt Ge diode at 300K. Assume 100% dopant ionization and
perfect ohmic contacts.

N
? NA D ////
% /
| >
Doping | p, (cm?v-s) | un (cm?v-s) | Width Tminority
(cm™)
p-side 2.7x10" 500 2500 W,=2um 20ns
n-side 5x10" 360 2100 W,=30um 20ns
a) The built-in potential V. (5pts)
Vbi= V






b) The forward bias potential at which the low level injection (LLI) assumption would
begin to fail. (5pts)






c) Sketch the excess minority carrier concentrations vs. x under forward bias
conditions. (10 pts)

~—~ N
NaY Na$
c Q
< <
-Wp -Xp xn

10





d) Find an expression for the current density for this diode assuming LLI applies
and that we can ignore G-R in the depletion region. (10 pts)

7| [
NA N D
7 7
I
i >
W 0 W
p n
Doping | p, (cm?v-s) | p, (cm?iv-s) | Width Tminority
(cm™)
p-side 2.7x10" 500 2500 Wp=2um 20ns
n-side 5x10"" 360 2100 W,=30um 20ns

Alcm?

11






Additional workspace for 3 d
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e) Find the capacitance per unit area for a reverse bias of 5V. (5pts)

C= F/cm?

13






Problem 4: Schottky Diode (a-c)
We have a metal with a work function of ¢m=4.6V. We use it to make a metal
semiconductor diode on Np=1x10*"cm™ Si (y=4.05V) at 300K.

a) Sketch the equilibrium band picture. (5 pts)

14





b) Find the built-in potential and the equilibrium depletion width. (5pts)

Vbi: V

15






c) For a forward bias of 0.3V, find the current density (assuming A**=112A/cm?/K?)
and the depletion width in the Si. (5pts)

J= Alcm?

W= nm

16






EECS 320 Equation sheet

Physical Constants
h=6.626x103"J-s
h=1.054%x10"* J-s
q=1.60217x10" C

eV =1.602x107"°J

m, = 9.11x10* kg

k =8.617x107° eV/IK

KT =0.02585eV at T=300K

Electrostatics
dv _ p

x> &
F=- dv _1 dE , F is electric field
ax q dx

Parabolic Band Density of States

\/— *312 E E 1/2
ge(F) - 2 _(E=ES)

\/— *3/2(E _E)1/2
gV (E) = 2h3

Fermi Distribution Function
1
f(E) = E_E,
1+ exp( T J
Boltzmann approx:
E-E,
f(E) =e><|0[— T j

Donor and Acceptor Statistics

17

Parabolic Band Model

3/2
KT
Nc — 2 n dos .
27h

3/2
=2.509x 1019£ d) 300 cm®
N _2 pdoskT
27h?
3/2
—2509><1019( j 300J cm’

Carrier Statistics
n :J.gC(E)f(E)dE

p=[g, (E)L- f(E)E

Calculate relative to Ec Ey
E.-E
n=N, exp( S~ J

KT

N, e E, —E;
b= P KT

n
E, =E.+kTIn| —
P
E; =E, —kTIn| —

Calculate relative to E;

[Ef _EI}
n=n;exp KT






=ne 5 —E
p=n;exp KT
;
E - E=kTIngs
en; g

:

E,- E,:len?_?-:
‘ en ¢

E_EtE L N
2 2 (N

1
c

Doping and Charge Neutrality

n—-N;-p+N, =0

np =n’

Drift-Diffusion
o =Nqu, + pau,

=T
m
D_kT
7R
3, = qu,nF +qD, I
dx
d
J, = Qu, PF —aD, .

F is electric field

Continuity Equations

@=18J"+(G—R)
ot q ox
OAN 0*°An_  An
=D, —52——"+G
ot OX T,
2
0Ap, _ D, 0 AE” _ Ap, LG
ot OoX 7,
Ly =+/Dn7,
L, =/Dp7,

Table of properties of selected semiconductors (at 300K)

Property Si Ge GaAs
Nc (cm™) 2.86x10™ 1.04x10" 4.45x10"
Ny (cm™) 3.10x10" 6.0x10"° 7.72x10™°
n; (cm™) 1.07x10™ 2.26x10™ 2.19x10°

Es (eV) 1.1242 0.66 1.42

My /Mo 1.18 0.55 0.067

m, /Mo 0.81 0.36 0.52

& 11.8 16 13.1

x (eV) 4.05 4.0 4.07
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Forward Bias Minority Carrier Densities
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