ELEG 646 - Spring 09
Electronic Device Principles
Final Examination

20 May 2010 NAME

Time Limit: 120 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 expression in a final form as best you can.

Guidelines:
I. Full credit requires the final dimensions/ units for all numerical quantities that you calculate.

I1. Show all work and calculations for full credit; accuracy to 2 significant figures is sufficient.

I11. Assume that the material is silicon at room temperature (300 K), unless otherwise stated.

IV. At 300K temperature; thermal energy ksT=0.026eV, silicon intrinsic concentration n; =1x10* cm=,
recombination lifetimes: t,, tp = 1 psec; dielectric constant ks = 11.8;

In general; permittivity of free space g, = 8.85x10™* F/cm; electron charge |q] = 1.6x10™ Coul;

V. Equations:
Pop = ihd/dx feo(E) = 1/[1 + exp(E-Er)/ksT] E=QV
n = niexp[(Er—Ei)/ksT]. p = niexp[(Ei~Er)/KsT] NoPo = N np = nieF-FRKET

n = Neexp[-(Ec-Er)/keT]  Nc=2.8x10° cm™® p = Nvexp[-(Er-Ev)/keT] Ny =1.04 x10"° cm®

Jn = qHaNE + gDydn/dx Jp = AUpPE — qDpdp/dx Gelec = G(NKn + PHp)

Un = (Np—"po)/tn Up = (Prn—Pno)/tp P'=P - Po = JoptTp N"=nN-No = GoptTn

Caep = Ks8o AIW Cuitf = qlt/keT D/ = ksT/q L = V(Dr)

oplot = -1/q 0dy/ox — p'ltp on/ot = -1/q 8Jn/ox — n'[ty ;

oplot = D, 8°plox? - plty onlét = Dy *nlox? - n'lt,

oni = ksT/q In(NaNp/ni?) ¢ = (EF-Ei)/q + ¢rer (¢rer =CONSstant or)) ; & = -do/dx

| = QA(DpPr/Lp + Don/Lo)[e™/*T — 1] = 1,[e™*T - 1]; Wiep = [(2Ks€0/q)(1/Na + 1/Np)(ppi -V)] "2
Emax= 2(@bi— VE)/Waep Pn(Xno) = Pro(Xno)e™ ™" ; Np(-Xpo) = npO(‘XpO)quﬂkT



VI. Equations: (note, KT, € are on page 1)

n = niexp[(EF—Ei)/ksT]. p = niexp[(Ei—Er)/ksT]
Jn = quan€ + qDrdN/dx Jp = quppE — qDpdp/dx
Un = (Np—Npo)/ T Up = (Pr—Pno)/p
C=g/W

One-sided step junction:

C=&/W; by = (ksT/q)IN[NaNp/n{]

Breakdown (for n*-p diode)
Emax = [2qNa|VRrl/es]Y? BV = &:&qit/2qNa

Schottky junctions:
Ie = Ay A* T? exp(-qoe/KT) [exp (qV/mKT) - 1] ; where 1 = ideality factor

pnp transistors:

le=lc+ls; Ic =oF le + Ico Ic=PBlg+lceo oFr=yoarM

loe = Aeq”ni’Dp/Qso exp[(qVee)/keT ] Qso = q Jo"® Np(x)dx = q GN; (GN = Gummel number)
oar=vyotrM

Ebers-Moll model (for pnp): Ie = les/Pro(APe — arAPC); Ic = lcs/pno(ctr ApPe — Apc)
ApE — pno(quEB/kT _ 1) ApC — pno(quCB/kT _ 1)

Reciprocity: oplegs=ar les = Is

Junction Field Effect Transistors:
PFET: Vp = gNaa®/2es0r NFET: Vp = qNpa®/2es o = (ksT/q) IN(NaNp/n?)
cutoff frequency: fr = gm/2nCgs

Notes:
Cg = doping concentration in the bulk = Na or Np
0B = Qi = built-in voltage (contact potential)

A; = junction area



IMPORTANT FORMULAS IN SEMICONDUCTOR PHYSICS

TABLE 4.2

Complete ionization of impurities
Thermal equilibrium

Charge neutrality

p=qp—n+Np—Ny =0

Equilibrium condition

pn=ng

Fermi-Dirac distribution function

SE) = {3 gwEpnT

Carrier concentrations in
non-degenerate semiconductors:

In the extrinsic case,

INp = N4l > ng:

n, =Np — Ny

2
ny

Po=N,4—=Np
n2

Ry =

n= NOE_(B‘_E’}'&T - H.,e(BrEf}RT
p= Nne—-txr-g,).n'i'f' — me(x,—ux,-).rn'

Ny = Np
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The effect of the total ionized impurity concentration on the mobility of

carriers in silicon at room temperature.* Also shown are the corresponding values of

diffusivity.
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Fig. 4.14 Resistivity of silicon at room temperature as a function of acceptor or donor

impurity concentratios
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TABLE 3.1 Schottky Barriers to Silicon [10]

(gX for Silicon = 4.05 eV)

Silicon Type Metal qdyleV) qgleV)
n Al 4.1 0.69
p Al - 0.38
n Pt 5.3 0.85
p Pt - 0.25
n w 4.5 0.65
n Au 4,75 0.79
p Au — 0.25




TABLE 7.1
IMPORTANT FORMULAS FOR JUNCTION TRAMNSISTORS

Pp | np#
TABLE 6.1 - 7
IMPORTANT FORMULAS FOR ONE-SIDED STEP JUNCTIONS = =g - =S =
Current gain imilny Iy b=hyx Iy i
k Cy a = yay [See footnote on page 219.]
Built-in voltage ¢p=2—In—
q ny o sy 1 ( WB)’ ” ) 1 ( W;,)’
petl —5|—= r=l—5|+—
Koty V511 Transport factor 2 \Lsp f Lup
2K e tir "
Depletion region width W [2t0TB = JE el — vi =1- ?‘
9Cp » n
+: reverse
where f d} bias y = SRS (R
—: forwar B 1 J"”—"’
14— 4z [LR
4n V)] ETINTTI,
Maxi lectric fiel & =22 — L _Wep A
ARG kel s W Emitter efficiency R= v Vg
o Ke B= NosWg B= NasWz
Capacitance per unit ar C= Dy Dyp
P pe arca W
NieWg NpeWg
— E= - Es= D_s
nE »,
Reverse current Ip = Ipen + Ly
’ i Transit ti TN P <
i sit time ;= : ;=
lyew =4 WA e D * = 2D.p
ni Base resistance rg’ = L sk for stri metry
Iyg =qD —=— Aj P E R W,Z i
CpL
M
Leakage currents I P ) ) L
Forward current Ip = Ly + Iy 2 CEC ] — yagpM
Lo = —hg = WetlVrlaT 4, Maximum BVggo = —ngB0
¥ voltages CBe.-= Vg
& D v 4
= e — ¥ 4
diff q CB L J
Mini +grse| +orsel
Avalanche breakdown BY — Keo Sanit voliage
voltage 29Cp +npn




note for Table 8.1, d = 2a(full channel thickness) the symbol ¢g is the magnitude of built in voltage

TABLE 8.1
IMPORTANT FORMULAS FOR JUNCTION FIELD-EFFECT TRANSISTORS

n-channel p-channel
Vp >0, Vg < 0; I flows from drain to source Vp <0, Vg > 0; I, flows from source to drain
( 2 (8K, 2 (8K,
Gy s ot o e A L)
o °[ D st/ gNpd® b G"l I N
Current-volta, :
characterist%:s X [(Vp + ¢ = Vel — (45 — VG)%]} x (Ve + ¢5 — Vp)¥t — (Vg + ’#'B)'A]}
Z z
where G, = I quaNpd where G, = Eq;;pN [qd
- N pd* N d®
Saturat 1t P oL - v _ _ gN4
aturation voltage Dsat Kooy ¢g + Vi Vbsat 8K, +é5 + Vg
N pd? N d*
Turn-off voltage Vp = — QSKT.EO +.¢p Vo= qSK":en =R
Conductance
(linear region) glinem] —c [l JSKEeO(q&B - Vg)] 3linear} -G [] ,‘/SKsED(d)B + V)
Transconductance U R e v =G,/ 1— e
(saturation) Smsat gNpd Emsat qN 4
— 2 [8Keldp — V) _ L 2 [8Kiq(bp + Vo) _
Saturation Ipsa = G"[ [5 ,\/ T gNAE 1 Ipsar = Go W T N
current 2 2
1 gNpd 1gN d
x ($p = Vo) +3 SKS%] X (¢ + Vo) +3 Koo
Maximum £ _ & qtaNpd® £ _&n qupN 4d®
frequency ° Ca~ 2K,el? T Cg = 2Kl
: : g
Linear region g(obs) = ——2——
Effect of series Blon g 1+ (R, + Ry)g
resistances Saturation region £ L,
g gmﬂnt( ) 1+ ngmt

TABLE 8.3 Formulas for the Oxide-Silicon System

p-type substrate n-type substrate
(n-channel) (p-channel)

Flat-band voltage (Equation 8.4.6)

Q, 1 (X x
Vig = Qs — . c. ——p(x)dx
ox ox

Bulk potential (Equation 4.2.9)

kT (N, kT (N,
4= () 4= g(5)
Surface potential for strong inversion (Table 3.1)
Thermal equilibrium ¢, = |¢,)| ds= —|dnl
s = dp = 2|dhy| bs — P = —2|¢,)
With bias (Ve — Vg) = Veg
by = |dy| + Vep s = —|dal — |Ves

Maximum depletion width, X.. (Equation 8.3.6)
Thermal equilibrium

\/ 4 ESM"P‘ { 4552'17;1‘
gN, alNy

With bias Vg5 (Equation 8.3.8)

26,(2[6,] + Vea) [2€4(2]n| + [Vesl)
©aN, N7 e,
Work-function difference, @
Qy — (X + Ep/2q + |dhy) Py — (X + Eyf2q — |$4])
Threshold voltage V; (arbitrary reference) (Equation 8.3.18)
Veg + Ve + 2|¢,| Vig + Ve — 2|d,|
+ oV 2eaN2lo,] + Vo= Vi) ~ & VaeaN @] + Vo= Vo




TABLE 9.4 MOSFET Equations

Basic Electrostatic Equations

n-channel

Depletion charge density at thrashold (Equation 8.3.9)
Qy = —qNXumax = =V 26,0N, (2| + |Vsal)

Flatband voltage (Equation 8.5.6)

Q,

Vig = QMQ—C
o

p-channel
Qy = +qNXigmae = +V 26,gN, (2] 0| +|Vssl)
1 %= xp(x)
C_[ Xox dx

Threshold voltage (Equation 8.3.18)

Qi
Vr= Ve + Vs + 2idy| + 2
0!

|,
Ve = Ves = Vs = 20 = 5=
ﬂl‘

Threshold-voltage shift with body bias (Equation 9,1,11)

Vo v Vel - V)

AV, =

2e,qN,

Long-Channel Current-Voltage Equations

Linear-region drain current (Equation 9.1.5)

W, V3
Io= nCor | (Vs = ViV = =22

w va
o= ~u,c,,T[(vss = V)Vos = T‘“]

Long-channel saturation drain voltage

Voss = (Vas = Vi)
Saturation-region drain current (Equation 9.1.6)
w w
Ipsar = B Cox E(Vas -y Ip K Cwﬁ( Ves — Vi)*
Channel-length modulation (Equation 9.1.10)
w Vi w Vi

Tow = #aCo g (Vas = Vit (1 + 122) o = s Co Ve = V(1 - 1)

Saturation-region transconductance (Equation 9.1.37)
_ 2o w  2Upu
Fmaat = B Corx L (""'cs Vi) Ves - V) Grnsat = — M Cox L (Vgs — Vq) = “WVes - V)

Long-Channel Current-Voltage Equations with Substrate Charge

Linear-region drain current (Equation 9.1.17)

w aV3
= #aCox | (Ves =

= VaVes - —5—

w aVis
=ppCoxT i (Vs = Vi)Vos = 2

Saturation drain voltage (Equation 9.1.18) Vosar =

(Vas - Vi)

Saturation-region drain current (Equation 9.1.19)

w
fosss = 1o Cox 5 7 (Vas = vt Iosas = ~#pCaryy L(Vas v
Short-Ch, | Current-Voltage Equations
Effective vertical field (Equation 9.2.3)
2 _(Vss—vr)+(vr+vz) (Vss'vr)+( = V2
= ex,, 3x,, e = B, 3xox
Effective mobility (Equation 9.2.4)
g0 . S
A (Eanl ) AN (~Cn/ G
Saturation ¥-field (Equation 9.2.7)
Fant = 20/ pon oot = — 200/ Hotr
Llnaar-ragian drain current lEquatinn 9.2.9)
Vs
= penCe | Vo= 0= 3 i i i S =
Saturation drain voltage (Equation 9.2.11)
v, {Vﬁs VT) full-
ool = Ve + Sl
Saturation-region drain current (Equation 9.2.10)
Ipsar = WCoxtun (Vs = Vi = Visa) Ipsasr = = WCouigu(Viss = Vi = Vouu)




TABLE 1.3 Properties of Semiconductors snd Insulators (at 300 K Unlese Otherwise Noted)

Property Symbal  Units i Ge GaAs GaP 5iD, Sy
Crystal structure Diamond Diamaond Zincblende  Zinchlende Amorphous for most
IC applications

Atoms par unit cell 3 ] 8 8
Alomic number Z 14 32 27/33 3115 14/8 147
Atomic or molecular weight AW alg-mola 28.09 72,55 144,684 100,70 60.08 140.28
Lattice canstant iy nm 0.54307 0.56575 0.66532 0.54508 0.775
Atamic or molecular density A, em ? 5.00 X 107 442 x W07 221 % 102 24T X WP 220 x 10% 48 % 102
Density gom™? 2.328 5,323 5316 413 279 3.44
Energy gap 300K £ a¥ 1.124 0.57 1.42 224 ~Bto9 4.7

0K E, eV 1.170 0.744 1.52 2.40

Temperature dependence AE /AT eV K 27 X107 —BI x10*  —50x 104 —5.4 % 107
Relative permittivity £, 1.7 16.0 13.1 10,2 38 7.5
Indax of refraction n 3.44 3.97 a3 3.3 1.46 2.0
Melting point T "C 1312 837 1237 1467 -1700 ~1900
Vapor pressure Torr (mm Hal 1077 {1060) 107" (7504 1 {1050) 107" (770)

{at °C) 1075 (12560) 1077 (880) 100 {1220} 1074 (920}

Specific heat c, Jig K} 070 0.32 035 1.4 0.17
Thermal

conductivity i Wiem K)— 1.412 0.608 0.455 0.97 0.014 0.185(7)
Tharmal

diffusivity Dy, cm? s’ 0,87 0.36 .44 0.004 0.32(7)
Ceefficient of

lingar tharmal

expansian o' K 2.6 x 107" 57 x 10°% 5.9 x 10°° 6.3 x 107°% 5 x 1077 2.8 % 108

P

Intrinsic carrior

concentration® i, em? 145 x 10" 2.4 x 1% 8.0 = 10
Lattica mability

Electran o m(V 5] 1417 3900 &A00 300 20

Hole Mo o\ g)! 471 1300 400 100 ~10-8
Effactive denaity of states

Conduction band e em? 28 % 10" 1.04 = 1;!';“ 47 x ‘I!J:1

Valence band M, cm™ 1.04 % 10" 60 x10 7.0 x 10 -
Electric fiald at breakdawn E Vem™ 3= 100 8w 10° 2.5 x 10° B-93x%1
Effactive mass

Electron mifmy 1.08* O:nG 0.063 e

0.26° 0.12°
Hale ey 0817 Cp 5 4
0.386"

Electron affinity aX oy 408 4.00 407 ~4.3 1.0
Average onargy

logs per phonon

Mmsﬁngh eV 0.063 0.037 0.036
Optical phonon

mean-free path

Electron Acn nhm 6.2 RS 3'2

Hola Apn nm 4.5 BS 3




