ELEG 340 - Fall 68
Solid-State Electronics
Quiz 5

20 November 2008 NAME 5 O /L[f'/'o n

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

IL. Show your work and calculations for full credit; accuracy to 2 significant figures 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 kgT = 0.026 eV; thermal voltage kpT/q = 0.026
volts; silicon intrinsic concentration n; =1 (or 1.5) x 10¥ em ; recombination lifetimes: T, T, = 1 psec;

dielectric constant ks; = 11.8; permittivity of free space &, = 8.85x107"* F/cm; electron charge [q] = |e| =

z

L6x107° Coul; MUw = /200 Cuml . Jp = 400 Cim &
V-3 V-

V. Equations: see list at end of quiz ’7-/ /



1.

For a bipolar transistor (pnp or npn — your choice), draw the Gummel plot characteristics of the
collector and base currents versus the emitter-base forward bias, Vgg (or Vpg), exhibiting real
(non-ideal) behavior. Label the ideal current regions, and the regions at high and low bias where
the currents depart from ideal behavior. Recall that at low bias, the collector current remains
ideal because of transistor action.
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. Calculate the pinch-off voltage, Vp, of the following n-channel junction field effect transistor
(JFET). The transistor parameters are: p gate doping Na = 1 x 10'® cm™; n-channel doping Np
=1 x 10'° cm™; channel half width a = 1 pm; depth Z=3 pm, and channel length Ley = 5 pm.
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3. For the n-JFET of problem 2 above, calculate the open channel conductance, Go.

Go = 2aZ . 1oz (Nogp)
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4. Based on the Ebers-Moll equations, draw the schematic of the coupled diode model. Indicate the
values and directions of the current sources and the leakage currents of the diodes.
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5. Draw a cross-section view of an MOSFET transistor, and label the gate, source and drain
regions, including the gate insulator and substrate (body).




V. Equations:

Pop = ihd/dx fip(E) = 1/[1 + exp(E—Es)/ksT) E=QV

n = nexp[(Er—E;)/ksT]. p = nexp[(Ei~Ex)/ksT] Nopo=n7  np =n eI
J. = quan€ + qDydn/dx Jp = qupp€ — qDpdp/dx Gelec = q(NHn + PHp)

Un = (np—npo)/Tn Up = (Pn—Pro)/Tp P'=DP - Po= LoptTp n'=n -No = ZoptTn

Caep = KsEo A/W Caigr = qlt/ksT D/p =kgT/q L = (D)

op/ot = -1/q 01p/0x — p'i, on/ot=-1/q 8)y/0x —n'/ty ;

Op/dt =D, p/dx* — p'/, 8n/6t = Dy B*0/3%2 — n'/1,

@bi = ks T/q In(NANp/n?) Waep = [2Ks€0/q (1/Na + 1/Np)(gwi -V

Pr(¥no) = Pro(Xno)e®" " ; Np(-Xpo) = Mpo(-Xpo)e™* <!

Diode current
1=GAD;pw/Ly + Dang/Lo)[e™™ ~ 1] =L[e™ -1}, To=In = qAD;pyLp + Dany/Lo)

Solar Cell and Photo detector diodes:

Tiot = Io {07 = 1] = Igpe ; Lope = QAgopt(Ln + Ly + W)
BJTs: .
[g=Ic+Is Ie = alg + Ieso Ic = BIp + Icro
I = qADp/L, Ape ctnhWy/L, Ic = qADy/L, Apg cschWy/L,
Is = qAD/L;, Apg tanhWy/2L,, ... a=vyBr =(p/1+p) B =1yt =(0/1-)
Ig = Igp + Ign. Igp=7vIg Icp = Br Igp... Ic =TIgp + IcBo
v =Tgp /(Igp + Lzn) Br=sechWy/L, = (1 - Wy*/2L,%)
Ebers-Moll:

Ig=1Ipgy+ IEI = IEs(chnfkT - 1) - aIIcs(qu‘:,,ikT — 1)

IC = ICN + IC}‘ £ uNIES{qu.EAHCT — 1) — I'CS(GQVCBJ‘:T — 1)

Apg Apc I Aps Ape  Igg
Ie = oyl o/ =8y _ 1. =1I; - o, = “ZAp, ~ ayA
Nigy—— 2, (:s‘—'pn P (oyApe — A Pc) E Es_“pn Hes o Pr ~Apc)

E

Text cover page equations:



SEMICONDUCTOR PHYSICS

e

Electron Momentum: p = m¥*v = fik = Planck: E = hv = o

ﬁ2
2m*

K’ (3-4) Effective mass: m* = dZ;/ 7 (3-3)

1
Kineticc E = —m*" = i
2 n*

1
2
Total electron energy = P.E. + K.E. = E_ + E(k)

1

Fermi-Dirac e distribution: f{E) = wm"l—

= &= BT for B 3> Ep (3-10)

!

Equilibrium:  n, = j REWN(EYE = NA(E) = Ne & EMT  (3.15)
E,

D KTV 2m KT\
N, = 2(“—"};“) N, = 2(———;‘-‘;———1—) (3-16), (3-20)

po= N1 - fE)] = N EEAT(3-19)

= Nce_(E.-_Et)/kT, p'. = Nve“(Ei“Ev)fkT (3_21)

m= VNN, e W = Z(ZTT) (mpmp e AT - (3-23), (3-26)

o =p ‘e(EF—E;)]kT | ,
Equilibrium: — pEmEAAT (3-25) npo = m; (3-24)
= Ne BFURT = g o(Fem EYRT
Steady state: ; x‘:_u‘. BT = g g (B=RUKT (4-15) np = nlelFmFURT  (5.38)

o d¥x) V) px) g . e
Poisson: Pt e ;(p —n+ N;y - N (5-14)

: € = ¥ (low ficlds, ohmi
“'Ei_u? (3-40a) Drift: v, = L { n¥ (low fields, ohmic)

e Fig. 6-9
1 + p¥/v, | = v, (high fields, saturated vel.) (Fig. 6-9)

)
Drift current density: I’ = J, = g(np, + pu,)% = 0%, (3-43)



anix)
Jx) = qpq,n(x)‘ﬁ(x + gDy ——= dix
Conduction Current: drift diffuswn (4-23)

4 \
To(x) = quyp(x)é(x) — qD, Zf)

dv
‘,mtal = ‘Iconduction + Jdisplmm f + J + C—

op(x,1) _ 3bp 13, 3 an 13, on

Comimity: =5 " T Tqm 3w g n D
- e . &% 8n n  dBp  ®p

For steady state diffusion: =5 = 55 Ty =y (430)
Diffusion length: L & VDt  Einstein relation —; = ? (4-29)

k N, NN
Equilibrium: V0=£1—‘ nZr - Tin 2 len——d-

q Py 2N, I

Bo In_avar (50 W= [ZE(V" V) (N" s N“)]m (5-57)

(5-8)

Pn My q NN
One-sided abrupt p*-m:  x,y = N“:-NN‘, =W . (5-23) V= %
Apy = PXw) = e = P’ = 1) (5-29)
8p(x,) = Apne™/te = p (7T — 1)em/Le (5-31b)
Ideal diode: [ = qA(%pn + % np)(é"w"r -1 = Iu(e""'}” -1} (5-36)
» .

1= L™ - 1)

Non-ideal:
on-idea (n=1t02)

(5-74)

With light: 1, = gAg. (L, + L, + W} (8-1)



Capacitance: C = l | (5-55)

q N,N,
2¢(Vy— V) Ny + N,

12 4
Junction Depletion: C; = EA[ ] W (5-62)

Stored charge % _ o . _
exp.hole dist.: 0, = gA L Bp(x,)dx, = gA ap,,[ e 5y, = gAL,Ap, (5-39)
‘ Jy :

Lix, =0y = 9‘ = qA A‘p., = gA- -——p (e VAT — 1) (5-40)

dl _ 9ALp, AV
G=w= " dV( V=i 56
) d
Long p*-n: i(}) = gﬂQ Q"( (5-47)
MOS-n CHANNEL
o oS e L& P
Oxide: ¢, = p Depletion: C, = W MOS: C C+ G ‘€6,36)
Threshold: Vg = @, — % - %‘i + 245 (6-38)
'-_-——n——-—"
Flat band
N, (2 iz
Inversion: &, (inv.) = 2¢p = 2 -k;}zlnm (6-15) W= [;’T(b’] {6-30)
. C; Coc
Qs = ~gN,W,, = —2eqNb)? (6-32) AtVig Cp=——rr
_ Ci + Caobye
. kT €,
Debye screening length: Lp = /—5— (6-25) Cocbye = 53— (6-40)
qPo Lp
VZe

Substrate bias: AV, = ( Vel (nchannel} (6-63)

G



2 V2e

BZC
e ‘{%~Vm ~28, = Woyvp — 2 28 1y a0 a] (os0)

ID=

mnzci
Iy = a 2 [( Vo= ViV — %Vfg] (6-49)

Saturation: Ip(sat.) = %E.DC,-%(VG - VP = -Z-%E,,C,-V%} (sat.) (6-53)

. &ID , . afp(sat.) £z _
Em = aVG ' gm(Si!t.) - &VG L F"nci(yﬂ VT‘) (6'5‘4)

Forshort L: Ip = ZC{Vg — Vylv, (6-60)

d¥a

Subthreshold slope: - d(log Ip) N

kT F g
“&“lﬂlﬂ[l"f‘“ﬂ'&rﬂ'] (6-66)

BJIFpn-p

Y (quKﬂlkT -1

W, =
fep = qA-E-( Apg ctnh -t Apccsch %‘") (7-18) AP =p (7-8)
p

L, » Ape = p, (et 1)

D W W
Io= qA—‘LP_ Apgcsch L, Apectnh Lp)

D,
Iz = qA-E—-[(ApE + Ap.) tanh 3 Lp] {7-19)

p

7. cschW,/L W w2
B = fal O —-b/ L .sech—b =1 — (—*%) (7—26)
IEp gtnh W[)/LP LP 2]-."-,
{Base transport factor)
IEI’ Lgn"p’ﬁ Wb } - [ Whnnp‘n l“ !
= =1+ tanh—>1 =[1+ 7-25
Ly [ A puni O

(Emitter injection efficiency)

fﬁ_ f_g_ By  «
i = By=e (0-3) s 1-By 1-

ic . _ T
;=B (-6  Ef=p=: 0-)

(Common base gain) (Common emitter gain) {Forvy=1)



