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1. Constants & Various

Constants (@300k)

gy =8854«10"2F/m my=9.11%10"3 kg
k = 138x10"2J/K = 8.617+10"%eV/K

kT q 1
— =0.0259V ,— =38.61— ,kT = 259 meV
q kT %4

1eV =1.602%10"] q=1602%10""4s

Silicon (@300K) -> 4 valence electrons

n? =9.3 %109 /cm® n; = 9.65 x 10°/cm?®
N; =2.86+%10/cm3® N, = 2.66 % 10*°/cm3
g, =118 g, v, = 107 cm/s
£,, = 3.9 (Si0,) Eg=112eV x5 =405V

Quantum physics

h=6.625%x10"3*]s = Axp

2 i i 2n h K= Wk
= —= * = — = — % = *
@ T v A p 21

1 3
S MU =3 kT > vy = /3kT/my = 107 cm/s
Electronics

R= pxlengthy . pconductivity (/cm)

Eyin + Epor = constant

E dv
V=—”"t=—fde, E= ——
q dx

2. Crystals and Current Carriers

Semi-Conductor: Conductivity controllable over
orders of magnitude by means of :

Impurities ( doping ), light, temperature, EM-fields

Coordination number: number of nearest neighbors

o simple cubic (sc) body-centered face-centered
cubic (bec) cubic (fec)
-3 -1 _V3 V2
r= /8a r=1/a r= /4a r= /4a

Simple Metals: coord. number > # of valence electrons
Transition Metals: bonds covalent-like , harder
Covalent Bonding: hybridization of s- & p-orbitals, stiff

-> tetrahedral bonding: coord. number = 4, 8N states

s-orbitals : 2 allowed states ; p-orbitals : 6 allowed states
Partially filled/empty bands conduct currents !

Band gap: between valence and conduction band

Intrinsic carriers

No doping, pure semiconductor, created by heat
Ng=Po="n; ~ 1/EG

E;: Silicon1.12eV, GaAs 142eV @ 300K

Extrinsic carriers

Donors (n-type): give electrons (P, As, Sh)

Acceptors (p-type): give holes (B, Al,Ga,In)

Overall, solid is neutral: one fixed charge, one free

Fermi Dirac Statistics

F(E): probability of finding an electron with energy E

1 _(E-EF)
F(E) = 1T oG-En/iT =e kT

T+ eEEn/AT E > Ep

Fermilevel E: energy where F(E = Ep) = 1/2

Probability of finding ahole: H(E) =1— F(E)

© Ey
ny = fE FE) %D En) dBin v = | (1= F(E)) x D(Biin) dFiin

8mV2

Density of State: D(Eyin) = ?(m*)?’/2 (Epi)'/?
R 2

Bl )+ (py) + )?

2m* 2m*

Kinetic energy: Eyin =

i) Fermilevels in all regions will lign up

ii) Far away from transition, Fermi level is like
without junction ( material doesn’t “know”)

iii) At Equilibrium/Steady-State, Ex must be flat
(constant) so that no current will be flowing

Carrier concentration

_ o
Po N, 0 N,

42 (em*kT)3/? 42 (em*kT)3/2
c= h3 ’ NV = h3
_Ec—Ef Er —E;
nozNC*e kT =n;*xe kT
_Ep—Ey Ei—Ep
p0=NV*e kT =mn;xe kT
2 -Fgy
nf =Ny *Ngxe~ kT, Ec=Ec—Ey

B — 2
Constant product: Ny * Pg = N}
Carrier “Freeze-Out”: T<<0°C
“Extrinsic Region”: donors ionized

“Intrinsic Region”: doping irrelevant




3. Carrier transport

Diffusion current: concentration gradients

from high to low concentration

dn dp
]n=ana , ]p=_qua

Drift current: electric field

holes with field, electrons against it

=3

Jo=nquE , J,=pquE

Total current:

o dp
Jp =PqUE — qDp —

N dn
Jn = nquE + 4Dy — b

Tdx’
Conductivity
]drift,tot =0F - 0 =nqin +Pqly
Einstein relation

kT kT
Dn=?/~‘n' Dp=7up

In PN Junction: only diffusion currents (flat bands)

d_n_ npo(quF/kT -1) d_p_ pno(quF/kT —1)

4. PN Junction

Built-in voltage

Band-bending that balances drift & diffusion currents

;)p—?‘{‘gﬁ)} :0 i _F;"‘_"d i :N: i gp—it:’gr’m :0
i 190000
8888800/eeid808
Q0000 190000
olelelelerelelfeloralelalals)
000 0o} soo0o0e0
ielclolele, olel [CIC eleiCleic)
p-side E E-field E n-side
! !
_ kT (NgxNpy 1 .
Vi —7*1n( )2 )— > Emax *W

dx L, “dx L,

dn dp
]t=an*a - qua=]S*(quF/kT_1)

]t _ q D, Npo + q Dp Pno " (quF/kT _ 1)
L, L,

Reverse breakdown

i ) Band-to-Band Tunneling (Zener)
applies when both sides are heavily doped
ii ) Avalanche Multiplication
strong electric field creates large kinetic energy to

the carriers, so that they ionize others via collision

Forward Bias: reduce band bending, less difference
more minority carriers -> minority carrier injection

Reverse Bias: increase band bending, less minority
Band-bending = presence of an electric field

Conduction Band Edge:  E,,; of electrons

Valence Band Edge: Epor Of holes

Diode currents: minority carriers

(n;)? _ Vi
npO = —= ND xe kT
N
A
(n;)? _ Vi
Pno = N = NA xe kT
D

Under Forward-Bias: Shockley Boundary Conditions

_4(Vpi=VE) avE

+
np:ND*e kT =MNpo * € kT
_a(Vpi—VF) + 4V
pn=NA*e kT = Pno *€ kT

Poisson Equation

Xn
dE
agE__p _r Vbi:—fE(x)dx
dx & * & &

~xp

Depletion approximation

aNaxp _ qNpXxn

Emas] = |EGe = 0)] = =72 = =2

2e/1 1
W =x,+x, = 7<N_A+N_D)(Vbi_vapply)

Neutrality: Ny x, = Npx, (same areas)

One-Sided junction: only depletion on lightly-doped side

2e 1
W = TN—D Vbi B ND K NA

Depletion capacitance

C = d_Q _ Es _ q €0&r Ny Np
/ av W( Vbi' Vapply) 2 Vbi (NA + ND)

Depletion
region _\ E, .
- Ty E
P P R, L e g
h‘ x
| W e E

No voltage applied

W reduces ot forward bias “— Electrons
gV, =V

Holes —»

Positive voltage on p-side  E_js separated by qV,
between p- and n-side
W increases at reverse bigs

/| .

& |

L]
Negative voltage on p-side

E; is separated by g/,
between p- and n-side



4. Generation and Recombination

Recombination brings the system back to equilibrium

Non-equilibrium concentration:

n=ng+ An,p=py+ Ap, An= Ap
Recombination rate (even at Non-equilibrium):
R= B x(nx*p)

Thermal generation rate

Gen = Ren = B * (Mo * Dno)

External excitation (e.g. Light) gives additional term:
d
G =0GpL+Gp > %:GL+G”1—R

Direct recombination

Direct recombination across the bandgap results in

the emission of a photon with energy E; = h * f
Net generation rate U

U= B+(nxp=—nf)=6=R—Gpy
Under low-level injection: p,y & Ny, Ap K 1y,

Ap 1
U= — , T, =
Tp b B Mo

T : Minority carrier lifetime ( how fast decay)

Example: Lesson 5, p.7

- Light ON
GL=U=M - pn=pno+TpGL
Tp
- Light OFF:
dp Pn — Pro
GL=O—)d—:=Gth—R=— n-[pn
_t/‘r
- pn(t)zpn0+ Tp GLe P

Indirect recombination (Neamen: p.223)

G-R Centers in the Gap ( defect states near midgap)
These “traps” facilitate the return of an electron

G/R centers: most effective if E, near intrinsic E;
Ap _Dp
2n; E,—E\ 1,
1+ (G s G ™

no

U = vy 09N, *

N, : Density of Recombination Centers

o : Recombination Center cross section

e, = Vppo,n;e EeED/KT  Electron emission prob.

—Et)/kT

e, = vthapnie(Ei Hole emission probability

Ry = nNy(1 = f) * vyop
Ry = enNef

R, = pN.(f) * VUthOp

Ry =e,N: (1-1)

Electron capture rate
Electron emission rate
Hole capture rate

Hole emission rate

Surface recombination: “dangling bonds” at surface

Continuity equation

dn 1dj, dp 1dj,

— = (G, —Ry),—=—-—L+(G,—R
dt qdx (G = Rn) dt q dx (G = Rp)
dn, dE ~dn, d*n, Ny — Ny
Tar T Mok g gt P G T
dpn dE = dpy d*pn Pn — Pno
=y — — pE—2 4 D, — Ry G, — 10
dt Pubp g ~HoE e ¥ Do gz + G Tp

Steady State: Quantities are Time Independent

Zero Field: fields in neutral regions are approx. zero

Generation: deficiency of minority carriers

Recombination: excess of minority carriers

Exp: Steady State surface Generation

Long diode: semi-infinite, exponential decay L < W

Injecting
surface \«

PO~
,\J\.-

hv ~~]
= % 0 Ly =Dty *

pr(0) = const,

Pa(x = ) =ppo

Pn(X) = Puo + [Pn(0) —prol v & /t»

dpn qDppno . 4VE
Joe) = =aD, [t =T @ -
dn gD,y  aVr
_ =gD. |2 —17nro kT —1
() =aba[ZE| =T @ -
Short diode: finite, linear decay L>W
Injecting
surface WAHCXCCSS
h v x carriers ex[racted
WU w X A
pn(0) = const,  py(x =W) = py
. W —x
smh( L, )

pn(x) = Pn + [pn(o) — DPn ] S F AN
° ° sinh (Lm)
14

Minority Carrier Diffusion Length:
L, = Dy 1y

Quasi-Fermi Levels

Under bias, the equilibrium Fermi level splits into 2 distinct quasi-
Fermi levels that describe carrier statistics in each diode region

n(x) = Np e~ (EcCQOEm)/KT | (x) = NVe—(EFp—EV(x))/kT

Eg
n(x)p(x) = NNy e kT e Ern~Erp)/kT

Epp — Epp = q Vg



Carrier Profile through Depletion Region

Forward Bias Reverse Bias
n()p(x) = n;2e1VR/KT > p;2 n(a)p(x) = n2e 1R/ < 2
\\
L, E L, w Lp|

el ] » |

1018

9.65x 10°

9.3 % 10!

Capacitance in depletion region

Depletion capacity per unit square [ F / cm? ]

C &¢&r
C = — = ,
ATAT W

W:depletion width

Non idealities
_Ec(x) —Efn
n(x) =Ng e KT

_Epp — Ey(x)
p(x) =Nye kT

_Eg  Ern—Erp , AVF
nx)p(x) =N;Nye kT xe kT  =njekT
w-—/—
Epn quf EFp

Energy (+V
H

Generation currents

Reverse bias

Carrier Deficit -> Generation current

J =fWde=qniw G=1
gen Oq 7, ’ 7,

+

an qu _2+ anL-
NyL, = NpL,

Jrr =Js +]gen = [

Forward bias

Carrier Excess -> Recombination current

) Ve
U, = gy, M D N
max = 00 = S VUthOplNen;€

A qVr/KT
Pn + 1y, + 20 2

f Yovdr= WM S
= X= ————¢
]rec . q 2 T
gDy aDp | , qWmn
=|——+ 2 oqWVp/KT 4 = L oqVp/2kT
Jer [NALn NpLp) ™ € 27, ¢

Ideality Factor 7: characterizes Diode Forward Current Ideality

Materials with longer recombination lifetime have better ideality

q Ve
n kT

avE
Jor =I5 (¢7F = 1) +ree ~ exp|

Reverse Breakdown of Diode:

i ) Band-to-Band Tunneling (Zener)
applies when both sides are heavily doped
ii ) Avalanche Multiplication
strong electric field creates large kinetic energy to

the carriers, so that they ionize others via collision
il

Avalanche 3r |, Forward
ot g . conduction
Multiplication 2r
v, 1+
o % 5 4 3 2 10 1 2 'MW
S
i -1
l'
/ e .

Reverse “r
’ breakdown

Tunneling

Real PN Junction Diode

10
T N e
i //G, a) Recombination
° //7 | "] inDeplention
108 ‘ | I Region
Wi
° } | i | \T“ b) Ideal Injection
FORWARD (n=1; 60mv/dec)
710‘ i
3 SRR = c) High-Level
3 4 4 B P ) .
N ,L‘-;-—-““"" Injection (n — 2)
7
il + : 1 T — . .
I// e d) Series resistance
ol | oes emwany | effects (ohmic loss)
|
/--nu?nL REVERSE
10° : ‘ : e) Generation in
B | Deplention region
e 5 6 6 20 25

q|v|/kT

Ohmic losses

Ohmic losses reduce the internal voltage that
actually appears across the depletion; at low current

levels negligible
quA/kT

e QIR/KT

~

= I



5. Bipolar Junction Transistor (BJT)

BJT is a Minority Carrier Device and acts as an ideal
current source ( Icojector does not vary with Vgg)

Injection Extraction
| 1
L
Emitter Base Collector
N I N
.
Ig Ly . } Inc I
-~ .
.
or * cT/\{ he o
o
Vee + T
N i il
Vap ey

Emitter/Base Junction (in active mode)

Forward-Biased: Minority Carrier Injection

Base/Collector Junction (in active mode)
Reversed-Biased: Minority Carrier Extraction

Modes | B-E | B-C
Active i Forward § Reverse
Saturation E Forward i Forward
Cutoff . Reverse . Reverse
inverted | Reverse i forward
E B C E B £
. . -
A, 0 5!
n |N | np n L oy ”/'
P | P P\t
—AIN L —]  BE=AL
0 W 0 w
Active Saturation
E B C E B C
y EEm | b ] 4
Iy P! | |I)" |
' B n, N AR "
._’\: Ip, | :/— — A
0 w 0 W
Cutoff Inverted

NPN PNP

Ideal currents

- Injection from Emitter into Base
- No Generation/Recombination in Base Layer
- neglect Diode Leakage Current

Emitter (p™) Base (n) Collector (p)
I Leg=1 I I
E pE pB pC C
o
InE
I =g
Emitter Base Collector
p* n p

Constant carrier densities in the depleted regions
Assumed no recollection or generation

aVBE
Ng = Ngo, X = 0 ; Ng(—Xp) = Ngo * € kT
X+XE

ng(x) = ngy + (ng(—xg) —ngy) *e Le

dn D av
= Iy =1Ip=qD E_annEo( 53_1)

_— kT
nE e
dx Lug

4VBE aVpc
pp(0) = ppo x € kT, pe(W) = ppo * € kT

pe() = pe ) + (15 (0) = pp(W)) (1 -7

dpng qDyp aVEs aVec
= I = —q Dpp == E PBO( )

e kT — e kT
dx Wy

For NPN: Emitter () Base (p) Collector (n)

[ 1 | |
Ig —fy = —I -1 . I,
< lyg= —lnp T &
DnB LPE NDE >~— I S —a

p=7—7"
Dyg Wy Nag A \
Hole Flow = iy
q Dp 4VBE
IB=IpB=pE__L Peo | € kT —1
pE

Common Emitter current gain

_le _lpc _ Tpr _ Dy Lne Nag

p="L= . Vg =0
Ip Ing  Ine Dpg W Npg cr

Ie=alg =PI, ﬁ=a/1_a

Emitter doping must be higher than base doping:
L > Lg © Ny > Npp

Doping Ration most powerful factor to reach gain

Gummel-Characteristics: 60mv/dec gaininl/V

Transconductance
aVEB
Collector current: Ir=Ig+x| ekt —1
I
Transconductance: g, ~ —<
kKT /q
Non-ideal currents
NPN PNP
on
- _ B _ PE
Jne = —(qDnp 0% loco Jne qDng Fr .
_ OPnp OPnp
lpE_ qug Ix N ]pE_ qu; 9x |,z
Nyp Mpc
= gD, —25 = i 108
Jnc = qDnp 0x ooy Jnc = qDyc Ix mxe
0pn 0pn
Joe = =aDpc =5 Joe = =D 5.
x=x¢ =W
Jss = Jne —Jnc Js :]pE 7]pC

No base recombination, if:
W LLpg = Jpg=0 Wp LLyp = Jpp~0

Ig =L +1Lg Ip = Lig + L
Ie = Lc + Inc Ie = I + Ic
Iy = Ipg + (g = Ine) — Ipc Iy = Lig + (Ig = Iyc) = L¢




“Early” — effect:

In practice, the I depends on V. The
depletion region becomes wider with increasing
BC reverse bias, decreasing the undeplented
base width, which increases I.. To avoid this,
the base doping must be higher than collector:

IC
Geometrically:
dly _ I T’ B
AVge V4 + Ve /
agE==c--——~
I 0
VA VEC

Power Gain from Amplifier

Iin Iout
—_
Rin Bl Rout R
G = Ig;t Rload Z'BZ& — ﬁ RLIC
Iy, Rin Rin kT / q

For power gain: Royyt 70 & Vy—-

R, ( [(Va + Vegl/IcR, )
Rin \[Va+ Vcgl/IcR, +1

Used power: P=Vrx*I;

Cost of power gain: Pp = Vg * Ic — Pyt

Maximum Power gain (with impedance matching)

G ZLL f o fi’r
P f28mR5Chc MAX ™ 18Rz Che

Cutoff frequency
Unity Current Gain Cutoff frequency: B(fr) =1

Measured with Short-Circuit load (R, = 0)
B Loy B Looc

R=0

IC ImTr

h = @
re(w) Iy 14 jwrCy

hfe((‘) =0) = gmm

= p(w)

Current gain

10° 108 107 108 10° 10'¢
Frequency (Hz)
Transistor behaves as a Low-Pass

Po
ﬁ((‘)) =h ((1)) =——
U EI0207>
—_— 1 —
le=onc,n FPo=gmm
Cutoff Frequency: fr, = zi—ncl
s

Common-Base (BC) Current Gain
Bl e @
Blw)+1 g 1+j(f/f2)

fa = (Bo+ 1) fp,

a(w) =

%o =ﬁo/ﬁo+1

Additional Delay terms

Tp : Base Transit Time (diffusion across the base)
7. : Collector Signal Delay Time ( through depletion)

TB=%=W_BZ' Tc = We
Jc 2D, 2 % Vgge
1 1 1

m RTE T

Cutoff frequency including delay terms

[ 1
fT: ﬁg_lfBT ~ aofon': ZTTTT

Where Ty is the transit time / sum of all delays

C C
TTz—n+‘L'=—”+T1+‘L'2+
Im Im

Common-emitter delay term: C"/ Im

Kirk-Effect ( “Base spreading” )

At high currents, the electron density n. in the
collector becomes comparable to the donor density
(npn BJT). Therefore, it cannot be neglected for the
calculation of the E-Field in the collector:

q
E(x) = 8_5 [ (Npc —ne)x + Edepletion ]

Base spread (increases 75 , reduces f3)

’ Ves/Vea
W, =W, |1— | —F——F——
* ¢ (n¢/Npe) — 1

Kirk effect threshold current

2 Vep >
q Npai Wcz

o Sub-Collector Doping —
[ e < Noay ne = Npay
‘m x) ‘ (x)

v Npc: ——e Collector Doping
W ¥4 Wese ‘
1E

Jk = q * Vgae * Npgy <1+




Base drift field

Carrier transport across the base can be aided by
introducing an electric field, such as by non-flat base
doping profiles / grading the doping.

P-type base with width Wy with an electric field:

-1(1-75)
]TL WB 1 —e WB WB
ng(x) = — , n=—
q Dy n X0
7 : accelerating field factor / grading
_W_BZ(M) ey =0y =6
5 Dn 772 ' sl 2DnB

NPN base charge: Qg = fOWB —qngdx [C/cm?]

Heterojunction Bipolar Transistor (HBT)

Different materials and bandgaps for emitter & base

niy AEg
B = Bgr *n_2= Bgyr € kT
iE

Darlington Pair

Ic = alg = Pl

I
314@

ler =ley + ey = Blgy + Blgy = Blgy + [lgy

Ier = Blgy + [ Plgi/a = Blgy + BB+ Digy = (B + 2)Ip,

l' Ier
Ig1 = Plpy
e

l Iz = Pl

gy = Igy
_—

6. MOSFET

In contrast to BJTs majority devices (majority carrier)
N-Channel: electrons, P-Channel: holes

Depletion Mode: channel present at equilibrium
Enhancement Mode: no channel at equilibrium

Type Cross Section Output Characteristics | Transfer Characteristics
+oG  + Iy Vg=4v T
- 1 D
n-Channel by
3
(Normally ‘T‘ ’T— 2
off woop o -
0 Vo | T oV +
e & Ip Vg=1V Ty
n-Channel )
Depletion — 0
(Normally ‘T/‘ T k—T— Vi i
-1
on) b ‘" L . =
n-Channel 0 Yo Vg
oo v,
G = 7\17 0 G
D 3 v,
p-Channel Ip} 1 -V5 o0 +
E 2 ——
(Normally —T‘ ‘Tf 3
o M.
Vo=V 1 I
tog - -V 0 A
D
p-Channel Inf ; = 0 g
Depletion = Ve
(Normally 0
On) L
Ve==1V 1,
p-Channel g~ b ip
Structure Ve
I Gate
V. V,
H Metal D

Source Oxide Drain

Electron channeli ~ P-type Si

0
)
X
Drain-Source voltage Vg : low for uniform channel
Gate-Source voltage Vg : large enough for channel
Channel is built by minority carriers between S & D
Sheet resistance

Length P

RS:p* [Q/mZ]

Area ~ Thickness
1
Un Cox ( Ves —Vr — V(x))

Rs(x) =

V(x): channel voltage; V(0) = Vs =0, V(L) = Vpg

Vr : threshold voltage for strong inversion

Basic characteristics

Inversion layer has thickness X, charge density Q,,
Qn=—qnX = —Cox (VGS —Vr— V(x))

Cox ( Ves —Vr — V(x))

X = , Z:width
qn
bn Cox Z
Iey =1p = n2 I [2(Vgs = V) Vps — Vis ]

Pinch-Off
Pinch-off when Vpg = Vg — Vi at drain side
Linear region: Vps < Vg5 — Vr

tn Cox Z
Iew =1Ip = nz Z[Z(VGS_VT)VDS_VDZS]

Saturation region: Vps = Vs — Vr

Un Cox Z
Ipg, = n2 I (Ves = Vr)?

Channel X
Depletion region
//J;| I b :TVD sat
o
o~
Pinch-off ) S
point (p) /

Depletion region 0 VDt
V> V.
G T
ﬂ I 1) >TVD sat Iy
+_| |+
n :: _ & ! n
""" \
A
0 '

Depletion region



1
> Increasing Vg

A

Linear : Saturation

v

Vos

Transconductance in Saturation region

dIDSat UnCox Z
Vs L (Ves )

Im

Channel length modulation (L12P2)

Ve T
V. Metal
S| Oxide
0
H—¢

Vs —Vy Vs —(Vos = V)
Assume AL < L : channel length idependent of V¢
When we cannot assume that AL «< L, we have a
short-channel MOSFET whose drain-current
increases with increasing V¢ ! Like Early for BJTs

Long-channel MOSFET
Short-channel MOSFET, LAk

N[

Ip

Reducing the channel length increases:
- transconductance g,,
- operation speed

- device density

But V. decreases ( threshold voltage shift)

Band diagramm

___________________ = —\— — = = Vacuum Level
T
bs

) —
ci Xs
E¢ —l—k T
E.. —— =% -
1 . e Eg(SD)
Viotal 4 E;(Si0y) ll
eta E,
(e.g. Aluminum: 4.25 eV) Semiconductor
= Conduction Band
Vi ABc =X — i Discontinuity to
Insulator

Silicon
Electron affinity: y =E,—E; [eV]
P = EO - EF [eV]

Vacuum level : E,

Work function

At Equilibrium, the Fermi Level must be constant !

As the metal workfunction differs from the semi-

conductor workfunction, there will be bandbending

Flatband voltage: Gate voltage that makes them flat

Vacuum level

ax
[}
42, |_ E/2 s
EC
i qVg
- { ---------- E
. |4
IR e B e e e Ep
/ Ey
l<— d —|
Metal p-type
Semiconductor
Oxide

Channel Modulation

Accumulation Depletion Inversion
(p-Substrate) (Negative Space Charge) (Electron Channel in p-
Substrate)

Band bending

General potential: q¥(x) = E; — E;(x)
Bulk potential : q ¥Y5(x) =E; — E

¥Yp zl%rln(NA/ni )

Ei—Ef 9(¥p-¥)
pp =n;e kT =n;e kT
Ep—Ej q(¥-¥p)
np =n;e kT =mn;e kT
Flatband Accumulation
w,=0 w, <0
p,=N, F ~ p.>N, E

Depletion Inversion
O<p <y, Wy >y
p, <N, E

qys =TT (-(;,---‘E'

E.
0

Strong inversion
W > 2y,

n >N,

qu

Midgap: ¥;= ¥;, N, =p, =M

Depletion region width

X \2 qN,W?
lp(x)_svs(1—w) T

2&W¥s
aNg

. . ,25 2w
Max. at inversion: W, = |——2, W, =2,
aNg

Electric field: E (x) = % (wW—-x)

Depletion width: W =



Ideal gate voltage relationship

METAL  : OXIDE vl

SEMICONDUCTOR

RS

Qe =¢,

M

0 W

Y
-

VGZI/OX+WS=d*EOX+WS

V. : Potential drop across oxide & semiconductor

V2qes Ny ¥s Eox

Vox = Cox , Cox =—
J2qec N, W
v, = q Es Na s+ W,
Cox

Threshold voltage (W5 = 2 P )

J2qes N 2%
= YIS TR L gy,
C
0x

After that, W is maximal and stays more or less

Non-ideal gate voltage relationship (voltage shift)

Bands are not flat due to
1. Workfunction difference ¥, = (®,, — ®5) / q

2. Fixed charges inside the oxide

- Ve =Vi+ Vg,

1
Vig = ¥Yims —— f X Pox(x) dx , e=0Cd
&s Joxide

If the charge in the oxide is fixed:

Qo

c
COX '

Ve = Wins — Py

e |

Viiideal gate voltage

MQOS Capacitance

Cox G . .
C = T +cC C; : depletion capacitance
ox 'j
i = ; C..: Eox
Cox 1+ 2 ng V ' ”d

qNyesd

Accumulation: only majority carriers can respond to

fast AC signal —» added delta-charge

Deep depletion: DC bias changes so fast that
minority carriers cannot respond. Therefore, the
depletion layer keeps increasing

L

A .
dep.: inv.

a
o

T

" Low frequency

High frequency c
min

EsEsEssseRsEssER IR RERER R

Deep depletion

EEEEEEE T

0

Cutoff frequenc

[}
G iy G | Iy 3 I,
T :
6
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out RL=0
GmVes S
D,
lg = GmVys) I, = 'gS_’ Ct=Cs+Cd
g g 1/](1)Cgt g g g
Im By Vgs — Vr
fr =

T 2m(Cps + Cpq)  Am L2

Subthreshold swing

Subthreshold regime: V; <V,

Subthr. Swing: how effective can it be turned on / off

1

S = dn,)
av,

7. Various / General

Direct and Indirect Bandgaps

4 4
GaAs Conduction

3+

E P
AE =031 \§

LT ]
l

&)

Energy (eV)
Energy (eV)

i
-1} =1 !
Valence Valence !
band band
2
[ty 0 [100] [t 0 [100]
k k

A transition in an indirect bandgap material must
necessarily include an interaction with the crystal so
that crystal momentum is conserved

Material properties

Selected Gate Materials Selected Gate Insulators  AFc = s = /i
e
(ev)

n+ Polysilicon 4.0 sSio, 3.9 8-9 312

Al 4.25 Si;N, 7.2-7.6) 5.1 2.0

w 4.6 AlLLO, 9.0 8.7 22

Mosi, 4.5 T4,0, 26 45 0.5

PtSi 54 Zro, 25 5.8 aipl

Pd,Si 2,1 HfO, 25 5.7 1.5

TiO, 80 3.5 1.2




Tipps & Tricks Diamond structure

Energy: E=Jg-&-dx
Ein + Epor = const.
s _1dE_ v
E-Field: £ = S
Fotential: V=—[e-dx = _éEc
Charge density: p= ETEDE

Charge d. with depletion approximation: g - (Na — Np)

Epor = —E¢ (holg)

L
Jz_ﬁ.
Epgr + Eyin = const .
Eppr = E¢ (electron)

L

logarithmische Achse:

Ep —

= Infn:y + ——+
g (ng) + T
E}:—Ef
kT _l
fd‘rift,n =nqiyE
kT dn

Jdifgn = ‘i'?“n = o

Plog = In(n;) —




