6.012 Microelectronic Devices and Circuits
Formula Sheet for the Final Exam, Fall 2009

Parameter Values: Periodic Table:
g = 1.6x10™" Coul 101 v \Y4
g, = 8.854x107"* F/cm o . ~
&= 117, &;=10" Ficm B C. N
n[Si@RT]=~10" em™ Al Si P
kT /q=0.025V; (kT/q)In10=~0.06V Ga Ge As
1 wnt = 1X10_4 cm In Sn Sb
Drift/Diffusion: Electrostatics:
Drift velocity: s, ==u, E_ dE(x 1
y g D o) E@ =1 [ p(ods
Conductivity: o= q(uen +U, p) dé(x)
. JC - =E(x)  ¢(x)=-[ E(x)dx
Diffusion flux: F, =-D, P = , dx
X d " ¢(x) 1
—-€ = p(x) (x)=-— (x)dxdx
Einstein relation : D, K dx? P ’ € ff P
w, ¢

The Five Basic Equations:

Electron continuity :
Hole continuity :

Electron current density :
Hole current density :

Poisson's equation :

on(x,t) _l af,(x,1)

g.(x,0)=[n(x,0)" p(x,0) = (1)

Uniform doping, full ionization, TE

n-type, N, >>N_

n,=N,-N,=N,,

p-type, N, >>N,

pozNa_NdENA’

Uniform optical excitation, uniform doping

!
n=n,+n

Low level injection, n',p'<<p, +n, :

p=p,+D

ot ox
op(x,t) 1] (x,t
PLet)  LAED o ety =[n(xn): peny = n2 (D)
ot ox
J,(x.1) = quon(x. ) E(x.0) + gD, ’9”;’“’ )
op(x,t
J,(x,1) = qu, p(x,t) E(x,t) — gD, %
OE (x,t . _
( )= ﬂ[p(x,t)—n(x,t)+Nd(x)—Na(X)]
ox €
T
po =ni2/no’ ¢n =k_ln&
q n;
T
n,=n}/p,, ¢p=—k—ln£
q n;
1 ' n' ! 1
n'=p E=g,(t)—(po+nu+n)nr
dn' n' . -1
—+——=g/(t) with T . =(pr
At 10 min = (P.7)

min
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Flow problems (uniformly doped quasi-neutral regions with quasi-static excitation and low
level injection; p-type example):

n'(x)  n'x)_ 1

Minority carrier excess: e B - Fe g, (x) L,=4/D,,
Minority carrier current density : J,(x) = gD, %
Majority carrier current density : J,(x) = Jp, = J,(x)
Electric field: E (x) = [Jh (x) + & Je(x)]
W, P, D,
Majority carrier excess: p'(x) =n'(x)+ 2%

Short base, infinite lifetime limit:
d’n'(x) _
dx®

. . 1 , 1
Minority carrier excess: - FegL (x), n'(x)= - Feff g, (x)dxdx

Non-uniformly doped semiconductor sample in thermal equilibrium

2
—dd¢(2x) - g{ni[e‘”’(“/” _ e—q¢<x>/kT] ~[N,(x)-N, (x)]}
€
* goCOVKT

n,(6) = n e p () = e O

. p,(0n,(x)=n]

bepletion approximation for abrupt p-n junction:

0 for x<-x,
N,,x,=Np,x,
—-gN,, for -x,<x<0
p(x) =
gN,, for O<x<x, kT NN,
0 for X, <X ¢,=9,-9,= ?ln 2
W)= 2€Si(¢b_VAB)(NAp+NDn) ‘E ‘ 2q(¢b VAB) N4yNo,
AB/ — k| —
NApNDn " gSl (NAp + NDn)
N, N,
Gpp(Vag) = _AqNApxp (VAB) =-A_|2q¢g (¢b - VAB)L
(N, + Ny, )
Ideal p-n junction diode i-v relation:
2 2 2 2
n(_xp) _ n_ieqvAB/kT, n.(_xp) _ ”_i(eqvAB/kT _ 1); p(x) = n; e KT Pl(x,) = n; (eqvAB/kT _ 1)
NAp Ap NDn Dn
b b w, —X, if L >>w,
ii = Agn} h 4 < etV /MT ] w =14 L tanh{(w -x )/L if L ~w
D i N w N w m,eff m m m m m m
DnVn.eff Ap " peff L, if L <<w,

GoNR pside = Aqfn'(x)dx, GoNR n-side = Aqu'(x)dx, Note: p'(x)=n'(x) in QNRs

Wp
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Large siegnal B]JT Model in Forward Active Region (FAR):
(npn with base width modulation)

. _ qvpg kT _
lB(vBE’vCE) = IBS(e 1)

Ic (VBE’VBC) = Br iy (VBE’VCE)[l + )\‘VCE] = Brlgs (quBE/kT - 1) [1 + )\’VCE]

D, , D

e

s Br=

with: [y = =

NDEWE,eﬂ NABWB,eﬂ

Also, o, = (1_53) and B, z& with &, = Dy, N Woep

(1+6,) (6, +65) D, Ny, wg, 2L,
1 1

When 6, =0 then o, ~-—— and ~—

? " (1+6,) Pr S

MOS Capacitor:
Flat - band voltage: V,, =vg, atwhich ¢(0) = ¢, _ [A¢p=0 inSi]
VFB = ¢p—Si - ¢m

Threshold voltage : V, =vg. atwhich ¢(0) = —¢, ¢ —v,e [A¢ =29, |- vac inSi]

1 12
ViWpe) =Vig =20, g+ C_*{ZgSi gN, [‘2%—51“ ~ Vi ]}

o0x

2e [‘2¢p—si‘ - VBC]

Depletion region width at threshold : Xpr(Vpe) = \/

gN,
Oxide capacitance per unit area: C, = Lo [sr Go. =3.9, &g =~3.5x107 F/ cm]
tOX , ’ ’
Inversion layer sheet charge density : ay ==C,[Vee = Ve(vye)]

Accumulation layer sheet charge density: g, ==C, [vs = V)]

Gradual Channel Approximation for MOSFET Characteristics:
(n-channel; strong inversion; with channel length modulation; no velocity saturation)
Only valid for vgs <0, vpg = 0.

ic(VgssVpssVas) = 0, iy (VgssVpssVps) = 0
0 for [vgs =V;(vp) ] <0< avy
. K 2
ip (Vas Vps>Vps) = Z[VGS =V, (v)] [1 + )\'(VDS - VDS,sat)] for 0 <[vgs=Vr(vp)]<avy
V
K{VGS -V, (V) —a%}vm for O<avy < [vGS - VT(VBS)]
. 1 1/2 1
with V. (vp) =V, - 2¢p—Si + C—*{ZESinA [‘2¢p—5i‘ ~ Vgs ]} > VDS sar = ;[VGS =V (Vs )]
172
KEEAL’?C;X’ CZngox’ aEl+L* M s )LEL
L tox Cox 2[‘2¢p—5i‘ - VBS] VA
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Large Signal Model for MOSFETs Operated below Threshold (weak inversion):
(n-channel) Only valid for for v < Vi, vpg = 0, v < 0.

Ic(Vgs>VpssVps) = 0, iy (Vgs>VpssVps) = 0
2

ves =V (v )}/ —av T 2€. K,

le {(VgssVpssVps) = SY— eq{ oVt kT(l_e ! m/kT) where ISv = Eﬂe (k_) = i V :
2L ‘2¢p‘_"3s 2\/‘2¢p‘—v35
« A/2e,gN
with 'V, —k—T, KOEK!/%C;X, ys#, nele——>V
q L Cox 2“‘2¢p‘—v35

Large Signal Model for MOSFETSs Reaching Velocity Saturation at Small v
(n-channel) Only valid for vy <0, vpg = 0. Neglects v/ 2 relative to (veg-Viy).

Saturation model: s (E)) = uE, if E, <E_, s(E) =uwkE, =s, if E 2E

crit sat y = crit

ic(VgssVpssVes) = 0, iy (VgssVpssVes) = 0
0 for (Vs = Vi) <0< vy
in(Vis:VpssVas) =W s, C:X[VGS -V; (VBS)][I + )\'(VDS - EcritL)] for 0< (VGS -V; )’ E L <Vps
f u,C, [VGS = Vi (Vs )]VDS for 0< (VGS -Vr )’ Vps <E.L
with A=1/V,
CMOS Performance

Transfer characteristic:

In general: V,, =0, Viur =Vops I,y =0, Ly =0
V
22 and NMy, =NM, = K, =K, and Vi |= Vi,

Minimum size gate: L, =L, =L

Symmetry: V,, =
w Wo=Woir W, =(u, /W, or W, = (s, /.0, )W, ]

Switching times and gate delay (no velocity saturation):

2CLVDD
T arge =T ischarge
Charg Disch arg K [VDD _VTn]Z
C, = n(WnLn + WPLP)C =3nW_ L C assumes u, =2u,
1202 .V,
’L" _— e e

Min.Cycle = TCh arge + IDisch arge =

2
u, [VDD -V, ]
Dynamic power dissipation (no velocity saturation):

Vi i WatnVaolVo V]

min“ox

2
Pyna s, =CiVon

max

Min.Cycle tDXme
P P 2
PD = M dyn @ frx M(’?gO}CVDD [V - VTn]
D@l TnverterArea W L t I

min"—‘min ox’~min
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Switching times and gate delay (full velocity saturation):

T =T _ C VDD
Charge Disch arge W s C [V VTn ]

min" sat oxX

C, (WL +WL)C =2nW_ L C assumes §

min"—min " ox sat,e

4nL . V,,
Ssat [VDD - VTn ]

= Ssat,h

Trtin.cycle = Tcharge T Uhischarge =

Dynamic power dissipation per gate (full velocity saturation):

o CVon o SaWinoV oo Viop = V]

min®~ox
Pinas... = CiVip L
Min.Cycle tox
PD, - Feg e, Safuool Voo = Vi
dyn@f, ..
@I InverterArea W inLiin ol

Static power dissipation per gate

zVD Wmin‘u V2 ESinA e{_vT}/”Vr

static = VDD ID,oﬂ D Lmin e 't 2 |VBS|
PD . = P ic - Voo V2 EiqN, e{—Vr}/nV,

static

Inverter Area L}, " "\ 2|V

CMOS Scaling Rules - Constant electric field scaling

Scaled Dimensions: L . —L . /s W —=W/s t,—=>t, /s N,—=sN,

oxX

Scaled Voltages: V,, =V, /s V=V, /s

Consequences: C, —sC, K—sK V,—V,/s
t—>1/s P, —>P, / § PDy,ay,. > PDyay,,
PDstatic - S (S_ )VT/SnVI PDS[(I”C
Device transit times
. . w2 w2
Short Base Diode transit time: 7, = =
2Dmin,B 2Au’min,B ‘/Ihermal
- : . 2 I
Channel transit time, MOSFET w.o. velocity saturation: 1, =————
3 AuCh|VGS - VT|
L

Channel transit time, MOSFET with velocity saturation: 7T, =—

Sé‘al



Small Signal Linear Equivalent Circuits:

* p-nDiode (n"-p doping assumed for C,)

diy, q Vg /KT ql
S L c,=C, +C,,
S Wy KT kT ¢ =t Ty
N C (V.)=a qesN,, 4 C.V) ql, [wp_xp]z " [WP—x
where =A |—>2 _ an . = —o17. with ¢,.=L2 "2l
s 2(¢, = V,p) T kT 2D, Sata ! 2D,
* BJT (in FAR)
q Vg /KT CII Em qlc
= LB L™ 14V, ] = = &n o
8m kTﬁO BS [ CE] 8 B, B KT

g, = Bl [eqv[,,f/kT N 1] o= AL ( _ V—C)

2
C,=g,t, + BE depletion cap. with 7, = > DB , €, BCdepletion cap.

e

* MOSFET (strong inversion; in saturation, no velocity saturation)

8 = K[Vis = Vo (Ve |[1+ AV 5] = \2K1,

K I
8o = _[VGS _VT(VBS)]Z)\' = )LID or =2
2 v,
8 = M8, = N~2K1, with n=-r| _ 1 | &Ny
&VBS 0 ‘Q(PP‘ - VBS
Cy = %W LC,, Cy,Cy,,Cy, ¢ depletion capacitances

Cu=W C, > Where C, .« 18 the G-D fringing and overlap capacitance per unit gate length (parasitic)

* MOSFET (strong inversion; in saturation with full velocity saturation)

v,
07\/'35

WS C 8 = )\’ID = > 8w = N&., with =L* gSinA
0 Cox ‘q¢p‘ - VBS

ox?

Sl

C,=W LC,, c,.C,.C, : depletion capacitances

gb>

Cp=W CZ .» where C, .« 18 the G-D fringing and overlap capacitance per unit gate length (parasitic)

* MOSFET (operated sub-threshold; in forward active region; only valid for v, = 0)

qlp A Ip
= —, o = I = —
gm n kT g D VA
2CH (Vs =V,
C,=WL C:x/ \/ 1+ —= ( ij ) , C, : drain region depletion capacitance
EgqIN 4

Cp=W C;d, where C;d is the G-D fringing and overlap capacitance per unit gate length (parasitic)



Single transistor analog circuit building block stages Note: g =g, +g., 8 =8, + &

BIPOLAR Voltage Current Input Output
gain, A gain, A, resistance, R, resistance, R
. 8 . B, ( ! )
Common emitter - ~—g.r —_— r, r|l=—
el U el :
g : r
Common base . ~g T ~1 ~ = ~|B+1]r,
e ee] ) pey O
: [gm + gn] /3 8 ' n+r
Emitter follower =1 —=—= =8 r +|B+1]n L
[6.+&.+8,+a]  [s.+a] et [6+1]
Emitter degeneracy =~ _Ri =~ f3 ~r, + [/5 + I]RF =7,
F
Shunt feedback 182 =Gr] _ ¢, R, _ 5 ! r IR, (= ! )
[go+GF] GF gn+GF[1_ V] go+GF
MOSEET Voltage Current Input Output
gain, A gain, A, resistance, R, resistance, R
Common source ~ ——m (= -g. rl') 0 % r, (= L)
[3,+8] 8
Common gate ~[8, +8&w|n ~1 __ - r0{1 + [gm t 8w T go]}
(8 + 8] g,
Source follower % ~1 0 0 _ 1 ~ 1
[gm +g0+gl] [gm +go+gl] gm
Source degeneracy o o . _,
(series feedback) R, ’
Shunt feedback —M ~-g.R; _ & 1 r IR, |= !
[go+GF] Gp GF[I_AV] [g0+GF]

OCTC/SCTC Methods for Estimating Amplifier Bandwidth

-1

1

1
OCTC estimate of wy;: W, < [E [wi]_ll -

YRC,

with R; defined as the equivalent resistance in parallel with C; with all other parasitic
device capacitors (C,'s, C,'s, C's, C,4's, etc.) open circuited.

SCTC estimate of w, W, = Ew = E[RJCJ]_l
j j

with R; defined as the equivalent resistance in parallel with C; with all other baising
and coupling capacitors (C;'s, C's, C's, Cs's, etc.) short circuited.



Difference- and Common-mode signals

Given two signals, v, and v,, we can decompose them into two new signals, one (v)
that is common to both v, and v,, and the other (v;,) that makes an equal, but opposite
polarity contribution to v; and v,

v,=v,—v, and vcs[v'zvz] v1=vC+V7D and v1=vc—%
Short circuit current gain unity gain frequency, f;
8/ Co =3ty (Vs = Vi) 2L =35, /2L MOSFET, no vel. sat.
o, ~ 8,/Co=Ws,C, |WLC, =s,,/L MOSFET, w. vel. sat.t = -
T
2./(C.+C,); tim, _[g,/(C,+C,)]=2Dy0n /W) BIT, large I. "

Revised 12/9/09
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