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Physics for Electrical Engineers | {()()

Prof. B. Jalali | EE2
Midterm Exam Thursday 7, 2013

1. Which of the following semiconductors are transparent, partially transparent, non-

transparent for visible light (A=0.4-0.7pum): Si, GaAs, GaP, and GaN?

2. Electron mobility in Si is 1400 em’V's’\. Calculate the momentum relaxation

time of electrons. Effective mass m; /m, =0.33

3. Calculate:

a.

Calculate the dielectric relaxation time in p-type Ge at room temperature. ..

Assume all acceptors are ionized. N;=10‘scm'3, sﬂ=16, pp=1900 em?V's™ ¢
Calculate the dielectric relaxation time in intrinsic Si at 300K. =12, &= &by

Ua=1400 cm’V''s™, pa=3.1ps.
Find the Debye length in p-type Ge at 300K if N,=10"cm™, Assume all

acceptors are ionized. e=16.

4. Explain how the Heisenber uncertainty principle can help conserve momentum

during indirect recombination.

5. Assuming that m. /m, =108 and m,,/m, =0.591, a silicon sample is doped with

10'® donor atoms/cm’. Draw an energy level diagram showing the location of the

Fermi level with respect to the middle of the band gap for:

a.

T=77K(liguid nitrogen).

b. T=300K.

C.

T=600.
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Effective mass.® mp

Mobility, c-mi;’\-’ sec

Semiconductor | E;. eV Band  mg ny, fte ith ¢

Ge 0.66 I 057  0.37 3000 1900 160
Si 1012 I 1.08 .59 1.100 450 11.9
GaAs 1.42 D 0.063 0.53 S200 400 12.9
GaP 2.26 [ .8 .83 250 150 114
GaN 3.4 D 0.22 0.61 N500 100 10.4




SEMICONDUCTOR PHYSICS
Electron Momentum: p = mv = fik = % Planck: E = hv = fw
N 2 #2
Kinetic: E = %m = % % - —;n; kK (34) Effective mass: m* = W (3-3)
Total electron energy = P.E. + K.E. = E_ + E(k)
1
Fermi-Dirac e~ distribution: f(E) = prET eEr=BVKT “for E > E; (3-10)
Equilibrium: * ny = J. RE)N(E)AE = NAE.) = Ne (E~EdT (3_15)
E(
21-rm: kT 32 2mm* k 32
N.= 2(—!12—-—) N, = z(h—‘;T) (3-16), (3-20)
po= N1 - lE)] = NeEE0T(3.19)
= Nce-(ErE.)l*?" D= Nve-(tZ*E.)f*T (3-21)
2wk T\?
m= VNN, e 57 = 2(%‘) (memg/te BT (3-23), (3-26)
. ’ no = nl,e{zr'srykr
Equilibrium: Do = nelE-ENT (3-25) ngo = nj  (3-24)
n = NeE-FIRT = p o(F.~EVKT )
Steady state: p = Neli=EVAT _ p o(E~EWT (4-15) np = nle"EIAT  (5.38)
Here, F, is Er in an n-type material,
av(x) 1 dE and F,, is Er in a p-type material
%(x) = = T n (4-26)
: d¥(x) d&V(x) px) gq e
Poisson: R B (p—n+ Nj =N;) (5-14)
= L o né = n¥ (low fields, ohmic) :
S (0 SR Dl S pfs/v,{ = v, (high fields, saturated vel) &6

Drift current density: — = J, = g(np, + pp,)%, = 0%, (3-43)




1 e
Resistivity # = a(n+ 4,p) Uncertainty Relationship:  AX -Ap 2h/2 |I ,
|
v
Group Velocity v, = [3E) aa’ Phase Velocity v, = Cad = fj‘, =2 |
ok ok k 2 ]
|
2
Density of states Z(E) = 4”;’(:]"‘) i Intrinsic Fermi energy E; = %T—‘ln N ) Bt By l.
Ne i
dn(x) I
1,(x) = qun(@)8e) + aDn =g |
Conduction Current: drift diffusion (4-23) n
dp(x) .

1) = qup(x)8(x) = aDp—5 '|

dv
Jioat = Jeonduction + J gisplacement = Jo+Jp+ C=— dt |

o ap(x,t) _ adp 18, ¥ oon 1 4J, dn ‘
o AL e e = e oon & L e (431
Continuity = 3 ekl T (4-31) |

dzfm on on d Bp Bp
1 1 ¢ —= = — —_— = — = 4
For steady state diffusion =~ DALt 3 > (4-34) \
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Diffusion length: L = VD71 Einstein relation: = =— (429 ||
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p-n JUNCTIONS

— ! GO 2] < e N, kT NN,
Equilibrium: Vy=—In—=—In —_—
4 YU WPt A N Y

Py _ Nu _ AT (510) e [Ze(vu - V)(N. - N,)]m (5-57)

Pn M q N, Ny
X A _ . WN, " gN,W?
One-sided abrupt p*-n: x,, = N.+ N, W (5-23) Vo= e
APa = Plx) = Pa = Pu(e™T = 1) (5-29) E, =" por PN diode
3p(x,) = Ap,e™™/br = p, (VAT — 1)e~¥L» (5-31b)
. Dp D, VikT V/kT
Ideal diode: I = gA Pt I VT — 1) = [ (VAT — 1) (5-36)
D D VKT
or I =qgd -2 e “n \e? -1
o pep,+ Lo, o)
Non —ideal: I=1,, (e"'* - 13
With light: [, = gAg. (L, + L, + W) (8-1)
I r?qj, hc
ity R=—=—"— = quantum efficiency £ jpon =AYV ="
Responsivity Pw B! 1n=q photo i

Capacitance: C = |j—3| (5-55)

. ) : q NN, 1'"? €A
J; t . = = —
unction Depletion: C; eA[ 2Vo—V) N, + N,] W (5-62)

Stored charge © x
exp. hole dist. Q, = qAJ dp(x,)dx, = qAAp,,J e dx, = gAL,Ap, (5-39)
0 0 z

o) L D
%, = 0) = = = gA 2 Ap, = qA 7" p,(e AT ~ 1) (540)
P P P

e e Gl L f;! (5-67c) diffusion capacitance C, = g7
P

_ 90 40,0

Longp*-n: i(t)
T, dt

5-47)




Non-Idealities:

v,
; ; qAX jog1; exp(z_;;) - = gAx,n, r gAx,n,
bt v ‘l'Po T, , * generation TPU. oo 21_3
2
Junction Breakdown V, = B [ 1 + Ryl
2g \N, N,
Noise:
Shot nolse: <i” >=2qlf

4KTf

.2
Thermal noise: <! >=

Noise power: b, =<1 >R

CONSTANTS

Permittivity of Silicon: &s=11.8
Bandgap of Silicon at T=300 K: E;=1.12 eV

n; (for Si at room temperature T=300 K) = 1x10" cm™
Nc (for Si at room temperature T=300 K) = 2.8x1 0" ¢m™
Ny (for Si at room temperature T=300 K) = 1.04x10"’ cm™

Avogadro’s number N, = 6.02 % 10* molecules/mole
Boltzmann’s constant k= 1.38 x 1072* J/K

= 8.62 x 10°% eV/K
Electronic charge (magnitude) g= 160 x10"'?C
Electronic rest mass me= 9.11 x 1073 kg
Permittivity of free space € = 8.85 x 1074 F/cm

= 8.85 <102 F/m
Planck’s constant h= 6.63 x 1073 J.5
= 4,14 x 1075 eV-s

Room temperature value of kT

kT= 0.0259 eV

Speed of light c= 2.998 x 10" crv/s
. Prefixes:

1 A (angstrom) =108 cm milli-, m- =107

1 wm (micron) = 107 e¢m micro-, - =10"%

1 nm=10A = 107 ecm nano-, n- =10"°

2.54cm = 1 in. pico-, =% - 1074

leV=16x10""]) kilo-, k = 10°
mega-, M- = 10°
giga, G- = 10°

A wavelength X of 1 um corresponds to a photon energy of 1.24 eV.
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