Al6. Appendix 16: Equation Sheet 8

Chapter 1. Review of M odern Physics

1.2. Quantum mechanics

h
| :E Ephzhn :hwz_c
p [
7% d2Y (X)
- — 2 +V(XY(X) = EY (X
o g2 VY () =EY ()
h?  n . moat
E,=—=(—)%,with n=1,2,... Enp=- ,with n=1,2, ...
2m 2L, 8egh?n?

1.3. Electromagnetic theory
dE(x) _r (¥ df (x)

dx e dx = EW)
df (0 _ (¥
dx? e
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Chapter 2. Semiconductor Fundamentals

2.3. Energy bands

_ aT?
Eg(T) - Eg(o) - m

2.4. Density of states

1 dN J2 <312
(oMo,
L>dE h

9c(E)=0,for E<E,

2.5. Carrie digribution functions
1

O eE

1 1
fdonor(Ed )= l+%e(Ed- Ee)/ KT facceptor(Ea) = 1+ 4e(Ea' EF) /KT
foe(®) = —— fuet® = e
ge (E) —m mB (B) = e(E—EF)/kT

2.6. Carrier dendties
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Er-E.
= K
n,=N.e

[~ - E4/2kT

E.+E 1 N
< +=kTIn(—) =
2 2 n(N)

C

E.+E

C

E =

ng =n; e(Er- B)/KT

n
Er =E +kTIn=2
n;

m*
Ec - Eg =136—"0ev

with N, = 2[—2pmzekT]3’ 2

V+_

KT In(Th
m

n=n,+dn=n; exp(%)

2.7. Carrier Transport

oMl _at
[E| m
J = gnm,E

DJ
S=g = q(nm, + pny,)

E,- Er *
p,=N,e 7 with N, = 2[—210”";‘”]3”2
h

— A2
no Xpo - ni

e

0, = nye(Ei~ EF) /KT

Er =E - kTIn 2o
N

- + - +
Na - Ng +\/(Na'Nd)2 2

= +nN;
Po 2 2 !

+d E oy
= =n exp(———
P=P p=n; exp T

n - My

M= My, +-meX - rgm
1+(—

N

J =amve + qpv, = q(nm, + pmp)E

=t 1
s q(mn+myp)
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nmE

1+ TE

Vsat

VE) =

dn
Jh =0qDp O

kT
Dn :mnF:”th

dn

Jnh =gnmyE +an&

Itotal = A(‘]n +J p)

_ dp
™

_ kT _
Dp—”b—q = MpVt

dp

Jy = E-gD,—
p = APMpE - GYp

2.8. Carrier recombination and generation

Np-Npo

Un=Ry-Gn= "
n

Up-p =b(np- n?)

U auger =Gan(np - n?) +G, p(np- n?)

d Popt (%)
dx

=- apopt (X)

2.9. Continuity equation

in(x,t) _ 1 TIn(xt) +Gp (%,t) - R, (x1)

Mt a x

_ _ Pn- Pno
Up-Rp-Gp-%
p

2
pn- n

US‘|R = E' . Et NtVthS
p+n+2n cos(— )
Popt (X)
Gplight = Gn,jight =@ épt A

ph

Tpxt) _ 1 TIp(xt)
qt q ix

+Gp(x1) - Rp(x,1)
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Tn(xt) _ 5 T2np () np(xt)- npo 1Pt _y T2Pa(xt)  Pa()- Pro

it e ty TP tp
2
0=p, 3™ Np(9~ Npo 0= 9P  Pa(9- Pro
dx? th P ax? th
2.10. Thedrift-diffuson model
- de r
r =q(p- n+Nj - N — =
P d ) dx e
i:-E di:qE
dx dx
n=n eFn- BT p:nie(Ei-Fp)/kT
_ dn 3 dp
Jn =qgnmyE +and—X Jp =qpmyE - qu&
o:i‘”‘]n- np-ni2 1 o:_iﬂ‘]p_ np-ni2 1
4 I n+p+2nicosh(%)t 4 n+p+2n cosh(%)t

Chapter 3. Metal-Semiconductor Junctions

3.2. Structureand principle of operation

fg =F, - ¢ ,foranntypesemiconductor
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E
fo=—+c-F, ,forap-typesemiconductor
q

E.- E E.- E
fi=Fy-c-——""  n-type fizc+— P F o p-type
q q
3.3. Electrostatic analysis
d r q + .
—=-—=-(p-n+NI-N
dx? €s es(p d 2)
2qn; . f-f  f _ N - N
dz; =2 (gnoh F +dnh—5) gnh 1E - 12~ d
dx €s t Vi Vi 2n;
r(x)=gNg  0<x<xyg
r(x)=0 Xg <X
f(xX)=0 X£0
AN
E(X) =- ——(Xq -X O0<x<Xx
P07 Y | f(x)=qZNd[x§-<xd-x)2] 0<x<xg
E(x)=0 Xq £ X ®s ,
N g4 X
f(x)=q d’d Xq £ X
€s
ONgXg _ Qg aNg Xg
E(x=0) =- = fi-Vy=-f(x=0)=
€g es 2eq
' = [265(fi - Va) c -|9Qa|_ [esNa _es
aNg ’ |dVa| 2 -Va) Xd

3.4. Schottky diode current

2q(F i - Va)Ng
€s

f V.
Jn = AMHE mex Ne exp(- —2)[exp(=2) - 1] E max :J
Vi Vi
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f V. kT
Jn:quNcexp(-Vf)[exp(v—f)-ll YR= 30 m
o8 / * 3/20
4+/2gm f =
Jn=QquRNQ Q=e><p§-3 e
o}

Chapter 4. p-n Junctions

4.2. Structureand principle of operation

Nd Na
N

fl :Vt In

f:fi-Va

4.3. Electrostatic analysisof a p-n diode

Xd :Xn+xp

r=q(p- n+Ny - N3)@i(N] - N3) for- Xy £X£xp

r(x)=0 ,forx£-xIO

r(x)=-gNg for- xp, EXEO

r(X)=aNg for 0£ x £,

r(x)=0 for x, £ x

Qn = aNgXp Qp =-dNaXp
dE(X) _ r (X

@X (N (x)- Na(X),for - xp £XE£ %,
dx es €5
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E(X)=0

,forx£-xp
+
E(x):-M ,for-xp£x£0
€s
N -
E(x):M ,for 0£ X £ X,
S
,for X, £ X
E(X)=0
N, X
E(X:O):-q aXp _ ANgxp
€s €s
X —xd—Na
" N, +N,
Ny x2 N, x2
fi'Va:q d n+q aXp
2e 2e

S

S

1

. = 2eg Ng
n q Ng Na+Ng

(fi - Va)

NaNd

C. = ges
: 2(fi - Va) Na + Ny

4.4. Thep-n diodecurrent

Pn(X=Xn) = Pno

Pn(X3 Xn) = ppo + Ae

Ny (X£-Xp) =nNpg +Ce

Va IVy

@)
I

E(X:O):_M

X, =J235 =+, -v,)

N, N,

a

_[2sNg 1

Xp_
g Nz Na+Ng

Np(X=-Xp) =Npo

- (X- Xp)/Lp +Be(x— Xn)/Lp

-(x+xp)/Lp + De(X+Xp)/ Lp
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X- X W, . X- X
pn(x3 Xn) = Prot pnO(eVa M. 1)[COSh ~-- coth—snh —n]
Ly p p
X+ X W X+ X
Np(XE - X,) =Ny +n0(e%"™ - Dcosh P +coth—2snh —&
Ln Ln n

| :A{Jn(xz' Xp)+‘]p(X=Xn)+‘]r] @]s(e\/a/vt - :D

Dnn W, D '
I =qA T_ PO ot Lp) +=2pPno ooth(\liv—”)] (genera case)

n n p p
Dnn D n . D,n D p .
1= QA= + =220 (long’ diock) s = QA——2+ —2 2] (“short” diode)
L, L, W, w,
Jop = On’bw(e"" - 1) JsHRr :%(evalwt -0
V, =V, +IR,
1
J=J.e%M h_loAe _  dope
) V, dope  59.6 mV/decade
Ap,D
DQp:|S‘p(eva/v[-:]_)tp |S‘p:q Lo P
p
| g%/
Cyp =—2——L (“long’ diode)
: v,
.2
| e W,
C,, =—22—" (“short” diode) with t, = —2—
| Vi P 72D,
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4.5. Reversebiasbhreakdown

|Ebr|2es
20N

|Vbr|:'fi +

M :#n,where2<n<6

1- Va
Vbr

Jh =qvrnQ

4.6. Optoelectronic devices

— V4V

_ 4
Iph,max —m Fn

<i2>:2qIDf

Roundtrip amplificat ion =e?9"RiR, =1

hn
Pout :hF(I - ltn)

E, le
Wbr:| br| s
gN
_ & 44fom EJ?O
Q=epy o~ ———
33 gp E °~

2

P
| o =@1- R(1- e@d)yd0n
ph =(1- R)( ) -

|V
Fill Factor = MM
sScYoC
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Chapter 5: Bipolar Junction Transistors

5.2. Structureand principle of operation

WE =WE - XnBE

Wec =Wc - Xp,BC

WB =WB - Xp BE - Xp,BC

BE) NB% 1 9

2e (f. e -V,
- J of e
q

) Ne&e 1 0

22, -V
Xp,BE :J ,BE
q

NB NB+NE3

Vec) N2 1 0

N NB+NE$
X — 2e(f i sc - BC)N e 1 9 X = 2e,(f; gc -
p,BC q N N +N B ,BC q
Ny N NgN¢
fiee =V IN l:]iz : fiec =VI r]2
lg=lc+lg le=lgntlgptlrd
lc =lgn-IrB |B—|Ep"'I B*lrd
IC IC a
a=— b=—==_—_
IE IB 1-a
I e
a=aggegd O = L
IEn"'IEp
IE,n |r,B IE'II’,d
aTt = r
|E,n lE
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5.3. ldeal transistor modd

@Dpg 0 V 0 GEDpE O VvV
= g AgS gex( °E)-13 = gn, AE‘? zgex( Ve,
3 BWBz 12} EWE 2
2
n“ & Vg owB DQn,B
=g Ar ——Gex 1+ l, g = '
DQnhpe =4 ENBg P(Vt) 5 r.B .
.2
_DQn,B _ WB
IE,n - tr -
Ly 2Dn,B
1 t 2
W
e = ' I NI
1+Dp,ENBWB n n,B' n
DneNEWE
D,rN
b@—”B E™E it a @y
DpeNgWg
|V |= Qs - qNBWIB n=—1 @+ tC
ATe e, Ldnle ©Q
Xp,BC+Xn,BC t dVBE
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Chapter 6: MOS Capacitors

6.3 MOSanalysis

Ve =Fm - Fs

N

E
Fu-Fs=F,- 0-2—;-\4In( n_a) (nMOS) F,, - F¢ =F,
— Na,poly .
F ooy = F's =V In(—5=) p - type polysilico n gate
n’? .
Fooy- Fs=V, ln(—Nd 'l ) n-typepolyslico ngate
,poly ™ "a
. tox e
VFB:FI\AS'C?—'-i O ox (X) xdx with C_, :tOX
OX ox 0 ox

iy = Coy (Ve - V-
va ox( G T) for
Qinv=0

VG >VT
Vg £Vr

fe =thn% (NMOS)

2ef de f
Xq = s S for O£f g £2f Xy = f—s 3
qNa ’ qNa

JAesiNal F - i)
C

OoX

Vi =Veg + A g +

Cir =Cy =ConforVg £Veg CLF :CHF =

ox?
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COX

E
- Cc-—2+V, In(&) (pPMOS)
2q n.

N
fo=V, |nn—d (PMOS)

de gN,f
Vi =Veg - 2fF B Sl (PMOS)

C

(04

JforVep £V £V-
+& FBE VG EVT
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Cr=C,adC, = for Vg 3 V;
1 o
42
COX eS
1 eV,
C,=—— with L, = [
R ° \aN,
C:OX S

Chapter 7. MOSField Effect Transistors

7.3. MOSFET analysis

Linear modd
W
Ip = rrCoxT(VGS -V Vps, for [Vpg << (Vgs - Vr)

Quadratic modd

W V2
I p =mCoy T[(VGS - V7 Vps - %], for Vps <Vgs- Vr

V. )2
I b sat =MCoy V_VM’ for Vps >Vgs -Vt

L
W W
gm,quad = rT{-\’ox TVDS gm,sat = rrCox T (VGS - VT)
e W 0
Jd,quad = ITcox T(VGS - VT - VDS) gd,sat -
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Channé length modulation

for VDS >VGS - VT

2
wW - V-
I D, sat :”COX—MUHVDS),

L
Variable depletion layer model

m C W \V
Iy = nLOX (VGS'VFB'ZfF'%S)VDS

2 wW
) Em" L V260N, (& ¢ "'VDB)?’/2 - (&g +VSB)3/2)

2

Vosar =Ves- Ves - X ¢ - aCey liup S0y v)-
Cox \ qNaeS
&
¢
" W . 1

gm,sat = m’ICOXT(VGS - VT) mn = mn(;l' >
9 1+ 2(2f F +VSB)Cox
g aN.e.

7.4. Threshold voltage
4/2e gN
DVr =g(J/(& ¢ +Vg) - VX £) 9=%

0oX

7.7. Advanced MOSFET issues

V,

t

5 K exp(

E-l/3

rrEurface M
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