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ELEG 340 - Fall 08

Solid-State Electronics
Quiz 6

4 December 2008 NAME

Time Limit: 30 minutes

Closed Books and Notes. You may use your own calculator, but may not loan or borrow one (ask

proctor if you have questions). Put each expression in a final form as best you can.

Guidelines:

I. Full credit requires the dimensions/ units for all numerical quantities.

II. Showyour work and calculations for full credit; accuracy to 2 significantfigures is sufficient.

III. Assume that the semiconductor material is silicon at room temperature (300 K), unless otherwise

stated.

IV. Data: at room temperature (300K): thermal energy kBT = 0.026 eV; thermal voltage kBT/q= 0.026

volts; silicon intrinsic concentration ni = 1 (or 1.5) x 1010cm-3; recombination lifetimes: 'tn, 'tp = 1 Ilsec;

dielectric constants KSi= 11.8; Kox = 3.9; permittivity of free space Eo= 8.85xI0-14 F/cm; electron charge

Iql = lei = 1.6xl 0-19Coul;

V. Equations: see list at end of quiz
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1. For an n-channel MOSFET, draw the output characteristics of drain current (IDS)versus drain
source voltage (VDS),with the gate current (VGs) as the parameter. Label the linear and the
saturation regions of your plot. Indicate the threshold or pinch-off values of the drain current
and the gate voltage.
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2. Draw the energy band diagram (Ee, Ev, EF,and Ei) versus position for an n-channel MOSFET
transistor. Show metal gate, dielectric insulator (e.g. oxide), and the semiconductor "surface"
and bulk energies for the condition of strong inversion. Label the: Fermi level in the
semiconductor (EFs),the intrinsic level (Ei(X)),the bulk Fermi potential <j>pB,the total band
bendingfrom surface to bulk (<!>sB),and the conductivitytype of the substrate (Le.nor p). Write
downthe mathematicalrelation between 'PpBand <j>sBat the onset of strong inversion.
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3. For the n-MOSFET of problem 2 above with an applied gate-to-body voltage VGB= 1.0 volts,
assume that the insulator voltage drop Vi = 0.5 volts, and the total band bendingin the
semiconductor <f>sB= 0.7volts. Whatis thenumericalvalueof the flatbandvoltageVFB?
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V. Equations:

Pop= ihd/dx E=QV

nopo= n/ np = n/e(Fn-Fp)JkT

O'elec= q(n~n + P!lp)

p' = P - po = gopt'tp

op/at = -l/q OJp/&. - p'/'tp

op/at = Dp &p/&.2 - p'/'tp

On/at = -l/q oJn/Ox - n'/'tn ;

np( -xpo) = npo( -xpo)eqvflkT

Diode current:

Solar Cell and Photodetector diodes:

Itot = 10 [eqVJkT - 1] - lopt ; Iopt = qAgopt(Ln + Lp + W)

BJTs:
IE= Ie + IB Ie = alE + leBo Ie = PIB + ICEO

IB :::::qADplLp ~PE tanh Wt/2Lp ... a = y BT = (WI+P)

Iep = BT IEp... Ie = lep + leBo

Ebers-Moll:
i f I f I (

V.'kT
1) (q

V.lkT
)
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, r-: = EN + £/ = ES e'f CN - - Olflcs e (0, - 1

I I I 1 ( qV 'kT 1) I ( qV ikT l) I
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JFET equations:

Vp = qa2No/2Es

lo(sat) = loss (1 + vGNpi ..

n-channel MOSFET equations:

<psB = <Ps - <PpB

V FB = <I>ms - Q/Cj

Qsemi = Qdep + Qn

Text cover page equations:

note: VG < 0 for nJFET gm(sat) = 8lD(sat)I8V G

q<PpB = -(kT B/q)ln(NA/ni) = EF - Ei (in bulk); note <PpB< 0 for p-substrate

strong inversion: <PsB= - 2<PpB = 21<PPBI
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SEMICONDUCTORPHYSICS

Electron Momentum: p = m*v=fik = hA
Planck: E = hv = fl.(J)

K
' .

E . 1 2 1 p2 /1.2 I? (3 4)metlC: = -m*v = - - = -JiC- -
2 2 m* 2m.*

Ji2
* - (3-3)

Effective mass: m - cflEjdk2

Total electron energy = P.E. + K.E. = Ec + E(I{)

Fermi-Dirace- distribution: f( E) = : ::::e(E,..-E)/kT for E » E. (3-10 )
e(E-Er)/kT + 1 F

Equilibrium:

Po = N,.[l - .f(Ev)] = N\.e.-(Er.-Ev)/kT(3-19)

(
2'ITkT

)
3i2

ni = 'Y NJ~./I'e-E.l2kT= 2 ---;;z- (m:::m;;<)3/4e-E~/2kT
(3-23), (3-26)

Equilibrium:
flU = nie(Er,- Ei)/kT

Po = flie(E.- Er.)fkT (3-25)
rloPo = nr (3-24)

Steady state:
n = N.e-(E,-F,,)/kT = 1lie(Fn-Ei)/kT

p = IYve-(F;.-Ev)/kT= n.e(Ei-lf,)/kTI
(4-15) np = llTe(F,,'-F;,)/kT(5-38)

ce;(x)= dV(x) = 1. dEi (4-26)
dx q dx

Poisson: dW,(x) - d2"11'(x)= p(x) = q (p - n + N% - Nt;) (5-14)"-
t :- - d,.2 € E( X -,

I,
II

~

- qt
('3 4

f.L = ~ !' -- Oa)nr'
J-Iv%

{
= /-Leg(low fields, ohmic) (Fig. 6-9)

Drift: V,j =:'j, CD,.. = v~. (high fields, saturated vel.)

Drift current density: ~ = .Ix= q(nJ-lvIl + PJ-Ivp)<g.\. = (}"'cgx (3-43)
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Conduction Current:

dn(x)
lix) = qfJ-lIn(x)'&(x) + qD" ~

drift diffusion

dp(x)
Jp(x) = qlJ.pp(x)~(x) - qDp ~ .

(4-23)

dV

ltDt:,1= '/conduclinn + .Idisplacement = 1" + .II'+ C dt

Continuity: apex, t) = a'Op= -.l a~) - 'Op

(If at q ax 'ip
a'On = .l alII - 'On (4-31)
jJi q ax TII

For steady state diffusion:
(P'Op - 'Op

") - .,d.x~ L-p
(4-34)

Diffus.ion length: L == Vih Einstein relation: D = kr:. (4-29)
J.1 q

p-nJUNCTIONS

Equilibrium: \/,u = kT lnPP = kT ~~ = kT In NaNd'}
/N

.,
q p" q I'l'( d q n7

(5-8)

(5-10) w =
[

2E(VO - V) (Nfl + Nd

)] 1/2 (5-57)
q Nu N.J

WNa - - WOne-sided abrupt p +-n: Xlltl= N + N J

-
II (

I

(5-23)

Ap = p( ' ) - - ( q\l/kT 1)II XliII p" - p" e - (5-29)

Ideal diode: 1 = qA(~PPII + ~" flp )(elfl'lkT - 1) = l()(elJlljkT - 1) (5-36)
p II

Non-ideal: [= Io'(ef{lI/nkT- 1) -
(n = 1 to 2) ()-74)

With light: lop = qAgop(Lp+ L" + W) (8-1)



Capacitance: C =
I

d Q

IdV (5-55)

.
[

q NdNa

]
1/2 = tA (5-62)

Junction DepletIOn: Cj = €.A 2E(Vo - V) Ncl + No W

Stored charge
expohole dist.:

Qp = qA {X:>'&p(xlI)dx11 = qAllpJI LX) e-"n.npdxlI = qAL"flPnu 0
(5-39)

Qp Lp Dp
1 (X = 0) = - = qA - Ap = qA - ]7 (e "V!kT- 1) (5--40)

pf/ T 711 L
11

P P P

- dI = qALpPn .!£ (eqVlkT)= (jJl (5-67c)Gs- lV. T dV k( I'

MOS~n CHANNel

Oxide: C
E.

i = -!..d
E.r

Depletion: Cd = W
(~30

, Qj Qd

1hreshold: VT = (PillS - C - C + 2(~F (6-38)-~ I
Flat band

Inversion:
kT Na

<Ps(inv.) = 2<PF= 2 -In - (6--15)
q Ili

w =
[

2E,,,<ps

]

1/2

qN{1 (6-30)

-JErkYDebye screening length: LD = 2- (6-25)q 'Po
E~.

Cdch.\'c = L D
(6-40)

Substrate bias:



If

ILnZCj
(

. . I?

In = -L [ Vc; - VT)V D - 2Vjj] (6-49)

Saturation: I (
.
) - 1-C

Z
(V - II )2 - ~ - C V2

(
,

) (6 3)
D sat. - 2!J..n i L G I T - 2L fJ.ou j D sat. -5

For short L: ID = ZC;(V G - Vr)V,f (6-60)

S
dVe leT .

[

Cd + Cif

]

,

Subthreshold slope: = 1(1 . J ) = -In 10 1 + C (6--66)
( og. f) q i

BJr"p"n-p

DI'(
nIb Wb )Ie = qAT APEcschL - Ape ctnh I-I' l' P

'8 = qA~;[ (Ll.PE+ Ll.pe)tanh :r:] (7-19)

Ie csch \tVti L p W/, (VV~)B = IEp = ~tnhvVdLp = sech Lp = 1 - 2L~
(7-26)

(Base transport factor)

(Emitter injection efficiency)

le = B-y Lv.

in 1 - B-y= . =~ (7-6)

i 1'1'
)s.. = [3= - (7-7

in 1',

(Common base gain) (Common emitter gain) (For -y:= 1)


