ELEG 340 - Fall 08
Solid-State Electronics
Quiz 6

4 December 2008 NAME 5 P> / ofh O

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.

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

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

stated.

[V. Data: at room temperature (300K): thermal energy kgT = 0.026 e¢V; thermal voltage kgT/q = 0.026
volts; silicon intrinsic concentration n; =1 (or 1.5) x g™ cm'3; recombination lifetimes: t,, T, = | psec;
dielectric constants ks; = 11.8; kox = 3.9; permittivity of free space g, = 8.85x107 F/cm; electron charge

g = le| = 1.6x10" Coul;

V. Equations: see list at end of quiz
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source voltage (Vps), 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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‘ 1. For an n-channel MOSFET, draw the output characteristics of drain current (Ipg) versus drain
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. Draw the energy band diagram (Ec, Ev, Er, and E;) 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 (Efps), the intrinsic level (Ei(x)), the bulk Fermi potential ¢, the total band
bending from surface to bulk (¢sg), and the conductivity type of the substrate (i.e. » or p). Write
down the mathematical relation between @pp and @p at the onset of strong inversion.

E/_C //%f@ = Z/f”/f-’/}/ )5 Sy [vesion




3. For the n-MOSFET of problem 2 above with an applied gate-to-body voltage Vgs = 1.0 volts,
assume that the insulator voltage drop V; = 0.5 volts, and the total band bending in the
semiconductor @sg = 0.7 volts . What is the numerical value of the flat band voltage Vgg?

VC;_VFB = \/[ + %Lg

/,O "_\/FB = Oo\;‘/ "}’017\,'

b Ve = /O — (10-..5’1#0:7) v
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V. Equations:

Pop = ihd/dx fip(E) = 1/[1 + exp(E-Ep)/ksT] E=QV

n = niexp[(Es—E;)/ksT]. p = niexp[(Ei~Er)/ksT] Nopo = N; np = n;2e®FPAT
Jn = quan€ + gDydn/dx Jp = qupp€ — qD,dp/dx Gelec = q(Npn + plp)

Un = (np—npo)/Tn Up = (Pr—Pno)/Tp P' =P - Po= EoptTp n'=n -No = ZoptTn

Caep = Ks€o A/W Caisr= qIt/ksT D/u =ksT/q L = V(Dr)

Op/ot = -1/q 8J,/0x — p'/tp on/ot = -1/q 81,/0x — n'/1y ;

dp/ot = D, 6°plox> — p'/ty, on/ot = D, &n/ox* — n'/x,

@b = kpT/q In(NANp/n;%) Waep = [2Ks€0/q (1/Na + 1/Np)(ui -VE)]"2

Pu(%n0) = Pro(Xno)e "< ; Np(-Xpo) = Npo(-Xpo)ed "

Diode current:
I = QA(Dppo/Lp + Danp/L)[eWV*T — 1] = L[e™*T — 1]; Io = I, = QA(Dppn/Lyp + Dpnny/Ly)

Solar Cell and Photodetector diodes:

Lot = Lo [€V*¥T = 1] = Iope 5 Lopt = QAgZopt(Ln + Lp + W)

BJTs:

I=Ic+Ip Ic = alg + Icpo Ic = Blg + Icro

I = qADy/L, Apg ctnhWy/L, Ic = QADy/L, Apg cschWy/L,

Ig = qQAD,/L, Apg tanhWy/2L,, ... a=vy Br =(p/1+p) B=1p/tr =(a/1-a)
Ig = Igp + Ign. Igp =7vIe Icp = BrIgp... Ic =Icp + Icpo

v =Tgp /(I + Tg) Br=sechWy/Ly = (1 - Wy/2L,>)

Ebers-Moll:

I = Ipy + Igy = Ips(e?™ ™" — 1) — a,lcg(e? " — 1)

i ! kT Vol T i
| f{_' = 1’{_-‘\.' + .r.r(_'; = Ci_.\,'f;_.l-‘\-((_’ql ekl l) IL'S(U!l o - l}
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Ir = apulpe——r — [omp—s == S . e —_— " ——--—(-— —_ k3 .- .
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JFET equations:

Vp = qa’Np/2&;

In(sat) = Ipss (1 + Va/Vp) ..

G, = 2aZquaNp/L

note: Vg <0 for nJFET gm(sat) = OIp(sat)/dVg

n-channel MOSFET equations:

q¢ =Er —E;

PsB = Ps — PpB
Vi = @ — Qi/Ci
Vi =~ Qsemi/Ci

Qsemi = Qdcp g Qn

Text cover page equations:

qops = —(kTp/q)In(Na/n;) = Er — E; (in bulk); note ¢pa <0 for p-substrate

ops = —(kTs/q)In(Na/n;) strong inversion: @sg =—2@pB = 2|@pB |

V1= Vs — Quep/Ci —2 @ Ves— Vi = Vi + Qs
Ci= &fdyy = XiBo/dox Xaep(Max) = [(2k:8/qNA) 2|ppnl]"”
Quep = —qNaXgep(max) Qn =—qCi(Vgs— V1)



SEMICONDUCTOR PHYSICS

h

Electron Momentum: p = n'ty = fik = 5 Planck: £ = hv = fiw
. 1. 1P B | . , 72
ineticc. E = —m¥v* = — —— = ——k* (3-4 BEffective mass: m* = - > (3-3
RIels: o8 =G0 g R DR 3-%) ] LE/dE )

Fermi-Dirac e distribution: AE) = TE-EWAT 4 ] = BT for E > Er (3-10)
AE—EJRT _

. o

Equilibrium:  n, = J fAE)N(E)AE = Nf(E,) = Ne BT (3.15)
!

YormnE ke T2 2am kN2 _
N, = 2<____”‘;{’3;;,._. 0" - 9(_7 ) (3-16), (3-20)
h* h-
po=N[1 = ()] = N,e BT (3-19)

n, = N{f...({-_‘,.—L.}};‘a‘a]“‘ p; = I\(}r‘.e..(f‘.}... E)kT (3_2.1)

oy —F L F
ni= VNN, e 5% =2

2 IkTT 32 N —
( W ) (mmg)/ie~BAAT (3-23), (3-26)

ny = ne'br EVKT
! £ i

E— E)KT

Equilibrium: (3-25) nopy = ni (3-24)

po = ne'

Ne EFIT = p P ENKT

"= s 2 —FY - .

S?cﬂdy state: I} s JV{’I_EI‘:"_"Il*,("E\I i ”I(,I""J.“l;;].'}k'r (4—"13) np = }?;(””,, f,"},-kT (3_38)

dV(x) 1 dE; .
T T s e P i 4.76
i) dx q dx (4-26)

dé(x d*V(x o
Poisson: at) = - E ) = o) =L 5— g+ Ny — N,) (5-14)

dx Hx® € €
gt o weé = 1€ (low fields, ohmic) o

L= —— (3-40a Drift: e e e 5 g Fig. 6-9
e i " A pu%/vﬂ{ = v, (high fields, saturated vel.) (Fig. 6-9)

4 ‘Z 3 £ el -5
Drift current density: j =1, = q(ap, + pp,)€, = o€, (3-43)




dn(x)

J,(x) = qun(x)Ex) + gD,

dx

Conduction Current: drift diffusion (4-23)
dp(x)
1) = qu,p(x)e(x) = aD, -

dV
Jhll?ll = Jcnnduclinn o '!disp]m:emcnl = Jr.' + ']p +C :’;}"

o ap(x,t) 0§y 1, dp adn 1 aJ, dn
Continuity: ( -~ = ’p = —— —’ = —=— — — — (4-31)
dat ot q dx T ol ¢ dx T

don _ dn__dn  d¥p _®p

For steady state diffusion: ——- = T —=— (4-34
i Z D12 a2 2
s s e = 0 : D kT
Diffusion length: = VDr Einstein relation: o i (4-29)

p-n JUNCTIONS

— K. Py kKT N, kT'. NN,
Equilibrium: V, = —1In L= - In .
g  Pa 9 /Ny, g i

4 - 2¢(Vy — V) (N, + N\ 112
Be B e Volkl (5-10) W o= { Vo )( : ‘ﬂ (5-57)

P / lp q N ] "r\’{rf

O ided abrupt p~ Llls! =W (5-23 V, gl W
>-sided abr D X ST - 5-23 S s
ne-sided abrupt p -1 x4 N TN, ( ) 0

‘&pﬁ' = p('tn”) - PH = p”(eql-',-'k?" - 1) (5—29)

3p(xs) = Ap,e 1 = p, (VAT — 1)e~/ls  (5-31b)

D) DH LT T
Ideal diode: [ = q/i(_ip,, + -E——;rp>(e‘f‘f” — 1) = I(e?"*? — 1) (5-36)
p P

n
[ = IU' ( c,ql"_f'n!ﬂ' . 1)

Non-ideal: = 1t02)

(5-74)

With light: 7, = qAg.(L, + L, + W) (8-1)



; dgQ
Capacit e w1 {555
apacitance I, ( )
- - . : - q {."Nf! lﬁ o EA -
Junction Depletion: C; = { 2 (Va = V) N, + Nj =W (5-62)

Stored charge o
exp. hole dist.:  , = qAJ dp(x,)dx, = (}Ai\p“[ e Filedx, = qA Lr,H p, (5-39)
i1 “(
Qp f D Iz VT e g
L, = 0) =~ == gqA ——Ap, = 4A gj‘ pale 7 = 1) (5-40)
Tp ip P

df q AL pPu d i !
= = AVIETY _.“; (5-67¢
S m DT Py )

O,(1) P dg,(1)

Longp¥n: i(t) = (5-47)

% dt
MOS-n CHANNEL
€; €, CC,
Oxide: C; = — Depletion: C, = — MOS: C = ——="— (6-36
xide i< epletio 4= C+C, ( | )
s Q  Q
Threshold: V,= @, — —{::- el + 2dr  (6-38)
PO ... 0 i
Flat band
) kT . N, o i 2L(b o
lnversion: &, (inv.) = 2¢, = 2 = (6-15) W = { ] (6-30)
' 4q 1; g ffN

- C'f C ebyve
Q= —gN,W,, = ~2egNdp)* (6-32) AtVp Cpp= =

Y

C i"‘d ['b o

. le kT , i

Debye screening length: Lp = «\»’ —_5~;--~— (6-25) Cisbve = —=— (6-40)
G Py ' Ly

V2eqN,
Cq—-ﬁ( V)Y? (nchannel) (6-63)

Substrate bias: AV, =




2 \/:;qi\
3 G

~ Vg = 245 = 2Vp)Vp = = [(Vp + 2dp)* - (243{-‘)3;2]} (6-50)

ri’:nch
I =M= (Vo = Vi)V = 4VB] (6-49)
\ AT N T ¥ L
Saturation: Ip(sat.) = 3p,C; = 7 (Vg — Vp)y = 5T GV (sat.)  (6-53)

()[“( vat. ) Z oS

i . ’ ' S'Ct- V yo = ?’I\ (":“{
Em ('in/’;_‘- ér.m( A ) 7 V(J ]._, M- ncz( ¥ rl (j 2 D

For short L Ip = ZC(Vg — Vr)v, (6-60)

o - : . ]xi‘ C“r e (:;_’“ P —
Subthreshold slope: @ & EQ_{;; I_ng "q 1011 +— C — | (6-60)

BJi-pn-p
'{‘-)J FV.‘I/( !r’]r)' ||). tﬁj)f‘- == j-} {{.’ GVl . E) A
Iy, = f,:f‘fl-'_----J-(.-is;J, ctnh == — Ap, csch == ) (7-18) e B ot wx kIB)
" Ly Eip ‘ Loy App = p, (et — 1)
Dy W, W,
I = gA— App csch— — Apcctnh - )
j—’ ‘{"";J o
D W
}-). = A'_£|: Ap A Lanh __"'f':"] 7-19
b = gA7"| (4ps + bpc)tanh 77t | (7-19
]. csch W,/L, W, Wi _
= e e }/ = gech—> =1~ (;‘;---];-1) (7-26)
Ik, ctnh W h/L),, Ly 2L,
(Base transport factor)
! p h L ””nr‘i'n VV, L W pFlg b A
¢ e L=+ tanh i] == {l_ e —ﬁ—@f--’-} (7-25)
! En i fip LJ;J;F“_': L;, L.ﬂp pi”“p
(Emitter injection efficiency)
s B ie By o o i Tp
— = By=aqa (7-3) — = == - =B (7-6) — = = —

(Common base gain) (Common emitter gain) (For vy =1)




