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BaAsics

Carrier density naming convention:

Pro \ / ks
Hole  in N-Type Equilibrium Electron in N-Type Equilibrium
Density  Region Density  Region
/ Pn \ Apn _(or 6py)
Hole in N-Type Non- Excess or Hole in N-Type
Density  Region Equilibrium Change in... Density Region

CONSTANTS & MATERIAL PARAMETERS

Planck’s const. h —  6.625-1073* Js

=  4136-107%5 eVs
Boltzmann const. k - 138-1072% J/K

—  867-107° elV/K
Thermal Voltage Vry, ¥ _ 500y
@300k IZT — 25.9meV

@ = 38617

elementary charge q — 1602-107% ¢
free electron mass my — 91-1073 kg
vacuum permeability & — 8.854 - 10—14%

= 8854-10"12%
m

1eV = 1.602- 1071

Silicon @300K

intrinsic carrier conc. n; = 9.65-10° cm™3
n? = 93-10Y cm™®

eff. DOS in conduct. band N, = 2.86-10'° cm™3

eff. DOSinvalenceband N, = 2.66-10'° cm™3

band gap Eg = 112 eV =433kT

rel. permeability Si & = 119-¢

rel. permeability Si0, Ex = 39-g

Thermal velocity v, = 107 %

eff. hole mass m, = 1040 -m,

DOS := Density of states

Galiumarsenid (GaAs) @300K

eff. DOSinvalenceband N, = 7.0-10*® c¢m™3
band gap E; = 142 eV
eff. hole mass m, = 0427 -m,

electrostatics

Force is the negative gradient of potential energy:
dEc

electrons: F, = — 2ote - =—q-E
holes: F = — 2potn _ __‘i(_EV) = q-F
dx dx
e conductivity: o = % = q(npn + pup) [(@em)™
e resistivity: p=1/o [Q cm]
. . __Length

e resistance: R=p rod [Q]
e Electrical current: I= p% [A= g]

Electric Field: E= (E = f = k_g
o

_f de = __(EV_ ref)
Potential Energy: E; — Eref = —q - V

in the band diagram an electric field is represented by band banding

Potential: V=

CRYSTALS

Coordination Number:
The number of nearest neighbour atoms (if bonded or not)
- simple cubic: 6 - body centred cubic: 8

- diamond: 4 - face centred cubic: 12
simple cubic body centered cubic face centered cubic diamond
1 atoms/cell 2 atoms/cell 4 atoms/cell 8 atoms/cell
r=a/2 r=v3a/4 r=v2a/4 r=v3a/8
PDA= 52.4% PDA= 68% PDA= 74% PDA 34%
DENSITIES
e Volume Packing Density
4m 3 4m 3
Vat, #corners’ +#faces b tcenter) 2 =
VPD = aoms:( 8 3z )3 =VD'33
be a a
a = unit cell length, 2r := distance between nearest neighbours

e Volume Density e Surface Density

# #
VD = atoms SD = atoms
Vcube Scube
e Surface Packing Density
s,
SPD = atoms
Ssquare

Miller Indices

[100]

(110}

Crystals have different properties in different directions.
_ hmr? _ 3V3s?
hexagon — T

Vcone - T ’

SEMICONDUCTORS BASICS

At 0K, the valence band is full, and the conduction band is
empty. There is zero net current and the material is therefore
isolating. Each atom is surrounded by a complete shell of 8 e-.
For temperatures > 0K the thermal energy excites electrons
into an available (4N) empty state of the conduction band and

leaves an empty state (hole) in the valence band behind. The
atom which lost the electron is now electronegative.

_4 3 — 2
) Vsphere = ETH” , Acircte =TT

steady state/equilibrium:
zero current flow = fermi level must be flat, intrinsic fermi
level might bend due to nonuniform doping

free electron density: ng
free hole density: Po

intrinsic carrier concentration: n; =Ny =Py
The intrinsic carrier concentration depends exponentially on
temperature and the Activation Energy (for bond breaking, it is
somewhat related to the bandgap of the material).

_Ea
n; = Ke «r
Doping = defects
N-type: Np Donors (majority: electrons) -é 50000066 6 Donor

fons

Donors introducing an energy state Ej,
Acceptor

P-type: N, Acceptors (majority: holes) Es 000000000
TE e s o666 o

Acceptors introducing an energy state E, E,

If a material is doped with Ny = Ny
NpelseNp = Np — Ny

Overall the solid is still neutral when doped.

Shallower dopants (i.e. Ep (Ea) is close to the conduction
(valence) band) show higher ionization (fully ionized at smaller
temperatures).

Npif Ny >
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Assumption: complete ionization | S3A3a

fully ionized donors:  Np = ny
fully ionized acceptors: Ny = pg

To check reasonability of assumption (analogous for N,):
We want to compare the number of ionized donors with the
total number of donors.

Let N7 be the number of ionized states, ny be the number
of non-ionized atoms and Ej be the donor energy level.

no = Ni  (we neglect therm. generation since Ni > n;)
Np =ng+ Nj

On one hand, we know that:

ng = Noe~Ec=Ep)/kT

On the other hand, we can equate the probability of finding
an electron in the donor state times the total number of
donors to ng:

- Np
ng = Np * P(e~in Ep) REE =y
Where we used the Maxwell Boltzmann approximation. So:
Ng ng 1 1

Np Ni+ng 1 + 1 + e(ED—EF)/kT

~ NDe_(EF_ED)/kT

If this ratio is larger than 0.95= 95%, we can assume
complete ionization.

At equilibrium we have:
Electroneutrality equation:
Mass action law:

ng+Ny,=po+Np
ng-po =nf

So at very low temperatures, we have little ionization.

With rising temperature, the number of ionized donors rises
up (as shown above) to ny = Np. When it reaches this number,
ngy doesn’t grow any more with the temperature for a while.

At very high temperatures, the intrinsic carrier concentration
n; dominates again over the different dopings (n; > Nj). This
means the material becomes intrinsic again. And ny = n; = p,.

If assumption of complete ionization isn’t fulfilled:
> n¢—ny(Np—Ny)—-n?=0

Np=Na | (u)z 2
2 2 t

2
Na-Np Na-Np 2
e ()

>Ny =

=Py =

direct band gap:
if the minimum of the conduction band is at the same place
as the maximum of the valence band.

indirect band gap:
if it is not a direct semiconductor. This means a phonon is
also needed actually get an electron from valence to
conduction band. Problematic in optical systems.

POPULATION OF ELECTRON STATES

Fermi Dirac Statistics F(E) = 1
F(E) = probability of finding 1+exp (E—Ep)
an electron with energy E. kT
e F(E;) =05
e probability of finding a hole = 1 — F(E)
e in arange of +2kT around E the most action takes place
Maxwell Boltzmann Approximation
The Maxwell Boltzmann Approximation holds, if the Fermi
Level is far away from the band edges < low doping

_(E-Ep)
F(E)=e ¥ ,E>»Ep

DOS at the conduction/valence band edge
3/2

4W2(mm;, kT)3/? 42(mmyy kT
Ne==""— NV=7( 7 )

m" = effective masses of carriers in the CB and VB

effective mass
OE 9%E 1
near band extremum: — = ~—
ak "okZ T m
o the greater the curvature of bands vs. momentum k, the
lower the effective mass
o the smaller the energy gap, the lighter the electron
effective mass

Density of States:

=2 (mi)*2 JE— e
8 o E

with Maxwell Boltzmann Approximation (3kT away from band edge)

concentration of electrons/holes
no = [, f(E) - Dc(E)dE De=
(1~ F(B)) - Dy (E)dE

Dy =

Do =

ny = Nee~Ec=ER/KT p. _ E. = —kT - In(ny/N¢)
po = Nye Er /T By — B = kT - In(py/Ny)

in equilibrium'

2 — 1y po = NNy - e~ EcB/KT = NN, - e~ Eo/KT
ny = Ny - e~ EcEDRT — N . o(Ey= E)/KT
N-Type: ny = neEr=E)/KT ) =n?/n,

. - Ei—Ep)/kT — 2
P-Type: p, = n;e FiEI/KT ) = ni/po
E E E
Conduction
band —/
e~ A ]
Intrinsic ¢ E E
Case -
v oo
Valence \
band
NE)
Density of States’
E
-/
Ec| eoes =~ (F---oooo-d
Extrinsic EF------ - =N, —
E,
Case
(N-Doped) E, i e N
T \

0 05 10




0 intrinsic
—kT -In(Np/n;) N — type doping
+kT -In(Ny/n;) P —type doping

Ei—Ep=

intrinsic fermilevel:  E; = %(EC +Ey)+ % kT -In (x—';)

= %(Ec +Ey)
extrinsic fermi level:
Er —Ec = kT -In(ny/N¢) N-type doping
Er — Ey = —kT - In(py/Ny) P-type doping
Ep — E; = —kT - In(po/n;) = kT - In(ne/n;)
Ep is always noted depending on another Energy level
If Eris above E; the material is said to be degenerate.

EXTRINSIC SEMICONDUCTORS: APPROXIMATIONS

n-type (Np, > N,
~ nf
= ng+ Np = Np, PoNn_ﬂ=ND

2
n

e Np>n;

e majority: e~ = Ep closer to E.

2 2
np _ng

ng~—+=

e Ny>n;
4 t Po Na

= po+Ny= Ny

e majority: holes = Er closer to Ey,
Fermi level must be flat at equilibrium. Otherwise, there would
be transport mechanisms (current) which violates the concept
of equilibrium.

GENERATION / RECOMBINATION

Generation and Recombination work to restore equilibrium
conditions:
Excess of Minority Carriers — Recombination
Depletion of Minority Carriers = Generation

steady state:
In steady state, electrons are continually generated due to
thermal Energy. In average we get:

G = generation rate = recombination rate = R
G=p-p)=F-n}=R

for equilibrium: n =ny, p=
for non-equilibrium: n=ny+An, p= po + Ap
generation & recombination in pairs - An = Ap = G, T,

In steady state, the change in the Semiconductor conductivity
is:Ao = q(/,tn + ;lp)GTp

Note: In steady state, non-equilibrium the carrier

concentrations are constant.

Low / HIGH - LEVEL INJECTION

low-level injection: An K nyo

Number of carriers generated are small compared to the
background doping density of the material. In other words:
injected minority carriers concentration at the depletion region
edge is less than the majority carrier concentration.

- P-type: 1y (X) K ppo
- N-type:  pp(x) K nyo
= n, = NDrpp = NA

— minority carrier recombination rates are linear

high-level injection:  An > ny,,
number of carriers generated carriers is large compared to the
background doping density of the material. In other words:
injected minority carrier concentration exceeds the majority
carrier concentration:
- P-type:
- N-type:

ny(x) > Ny
pn(x) > Np

— minority carrier recombination rates are proportional to the
number of carriers squared

DIRECT RECOMBINATION

Direct recombination across the bandgap results in the
emission of a photon of energy: Eg = h - v

Thermal Generation Rate: G, = Rep, = B(ng - po) [cm™3s71]

Recombination Rate: R =pn-p) [em™3s71]
External Generation Rate: G,
Total Generation: G =G+ G,
dp,
Net Generation Rate: N-Type F =G—R=G,+ Gy —
in steady state, non-equilibrium (ﬂ = 0) we find:
Ap _ A_p

Net Recombination Rate: U =G, =R — Gy, =

1/(Brno) ~ Tp

- N-Type R, =—
- P-Type R, =—
Minority Carrier Lifetime:

1

— N-Type holes Tp,=5— |[s
yp » = L5

1

— P-Type electrons Tn =—>— [S]
Bopo

The minority carrier lifetime describes how fast the excess carrier concentration
decays back toward equilibrium, when excitation ends. Note that it is determined by

majority carrier concentration.

INDIRECT RECOMBINATION

- Ec Ec
Electron
Electron o
capture
emission

R-G center j Hole L R-G center 3
Hole
emission
capture
S Ey & Ey

Recombination through a ‘G-R center’ aka ‘Trap’.

G-R Centers are most effective when their energy level E, is
near E; of the bandgap. The capturing rate U is:

Ap Ap

) €08 kT P
=1 for E¢=E;
Minority carrier lifetime
2n, E¢—E;
L+ (G)eosh (57) ner 1
p=———————" [s] —rx——=1
VenOoNe VenooNe

Density of Recombination centers: N,
Recombination center cross-section: o

steady state equilibrium

Electron Electron Hole Hole

capture emission capture emission

4+ E¢
--{-- o bR - “-b- o= g,
€n R, R
o E,
€p
Abb: steady state equilibrium
1 2 _ 3 1

° = == . =f=—"
3 MnVin = S kT fE) =f = —Gmym

e Emission Rate

_ venoan(1=f)

electron: €, = = vtho-nnie(ft—fi)/kT

hole: ep = vpopn e EE/KT
Electron Capture Rate: R, =n-N,(1—f) vy - op
Electron Emission Rate: R, =-e, - N;-f

Hole Capture Rate: R, =p-vyp-0,-Ne-f
Hole Emission Rate: Ry =e, N(1-f)
in steady state equilibrium:

Ru=R, & R.=Ry

steady state non-equilibrium

dn,
n_GL (Ra—Rp) =0

: RN
€n R R,
dpy

_ — —_ = Ey
=G, — (Re—Ry) = 0 5

=G, =R,—R,=R.—R;=U

Direct vs. Indirect Recombination:
Direct and indirect recombination occur in parallel, as
competitive mechanisms. Very often, one mechanism is
faster and is characterized by shorter recombination
lifetime = mechanism is dominant.

CARRIER TRANSPO

Total carrier transport:

drift diffusion

electrons: J, = nqunE + qD, dZiX) [ 4 ]
holes: [2221C)) cm?2

] _qupE_ qu dax

total current = drift current + diffusion current = electron +hole current

equilibrium: (no net current)
Jn=0, ]p =0
DIFFUSION

A concentration gradient in particle and a random thermal
motion (i.e. equal probability to move in any direction) leads to
a diffusion of the particles.

zero net current

Loz, =2kT

2 2

thermal equilibrium:
average thermal velocity:

Fick’s First Law of Diffusion (3D)
=—-D-VN=-D (BN

Jaiss = = 3 ay

D  (diffusion constant)

ON , ON )
yu azzu

Diffusivity:

Einstein relations:

electron: D, = %‘un =V tn

b [
holes: D, = ?‘up =Viup

cannot be used for heavily doped semiconductors (Maxwell Boltzmann doesn’t hold)

Net Flux: F = FRight — FLeft

) —qF = qD, d—() for electron [A
diff np = 2
_ dp(x) m2
qF = —qD, x for holes
Diffusion length:
for electrons: L, = /D,7,
for holes Ly, =/Dp1p
DRIFT

Electrons move in the opposite direction of the E-Field.

_(~4nVarn=qnus E  forelectrons
Jarisenp = { 4P Varp =qDUp E_for holes
Un / Hp = electron / hole mobility ‘%l
drift velocity:
electrons: Variftm = ~Hn E [om
holes: Variftp = Mp E [?]

Holes usually move slower than electrons (un > p,)

total drift current: Jartot = Jarm + Jarp = 0E
mobility/conductivity: ¢ =nqu, +pqu,

10x10%

Electrons

Holes

Drift velocity (cm/s)

Si
(300K)

0 1 2 3 4x10*

e(V/em)
e~ velocity cannot increase indefinitely as in vacuum
(saturation of velocity).

SIMPLIFICATIONS

Equilibrium

At equilibrium there is no net current!

_ kT 1 dn(®)

{],n = Jarn +]diff,n =0 _?m dx
p = Jarp + Jaifrp = 0 E= b 1 _dpG)

q p() dx

steady state

steady state — d—: = d—p = 0, no electrical field (E = 0)

for electrons (as minority carriers): Dn a2 + G,——=0
Tn
d*p Ap

for holes (as minority carriers): Dp oy + Gp - ; =0



CONTINUITY EQUATION

The conservation of carriers results in the continuity equations,

where G is the generation and R the recombination rate.

For electrons:

Z: ;ZJ; + (G, — R,) Jn = nquaE + an%

o = B 4 (6 )
For holes:

g—f:—%%+(6p7Rp) 1p=11qup§—qu%

steady state

Boundary Conditions:
Pn(0) = const, pu(W) =pno

sinh (E)
L,

Pno + Pn(0) — Pno) m

General solution:

p(x) =

Injecting
surface

All excess

carriers extracted

x

ForW—»oo,Lp <KW

all quantities are time independent

2
Bpn_o_ 0°pn P~ Pno
at P 9x2 s
Boundary Conditions:
Pn(0) = const, pn(x = ) = png

minority carrier diffusion length:

L,= |D,

Injecting
surface N

)
]

v Wf
=

by a slow recombination rate. . |

Pn(x) = Pro + (P (0) — pro) exp <_ Li)
14

For W short, L, > W, linearize — no recombination

pn(X) =Pnot+ (pn(o) - Pno) (

PNjovcrion _____________

n-type

Oo—

The fermi level through a PN-
Junction remains constant
(flat) at equilibrium. The drift
current will exactly oppose the
diffusion current (zero net
current) and therefore a
Voltage (built in Voltage V/;) is
applied over the junction.

Minority carriers:
4Vpi

2 _
npo—N_—ND‘e kT

4Vpi
Npo = Npo€ kT

X
1_W)

D Fixed negative
Y ohmic

. E.
N )
Diffusion

Anode > Cathode

Drift

Pno = = =Ny-e
4Vpi
DPpo = Pno€ ¥

_4Vpi
kT

Plotted on an x-axis log scale:

. . . . ) x
The electric filed points from the n-side to the p-side. Electric field: E(x) = fx "@dy for 0<x<x,
Built in Voltage V,; TR
Ing ral we know: i -9 NA P region
n general w : charge density: p= Lo

o ny = Npe~(EcERT q-Np N'region
From the graph follows:
o (Ec—Ep)p = (Bg — Ep)y + qVas p-region -x,<x<o0 n-region o0<x<+x,
(Ec-EF)p (Ec-EF)y 4V,
oo e oy dE _p _ _4Na dE _p _alp
Simply multiplying both sides by dx - & - & dx - & - &
N¢ gives us: v
avyg p-side (N, N-side (N, x *
* oo =g H ide (N,) ide (Ny) _ p() _ [
i E(x) = ——dy E(x)=| ——d
-4:»‘ =Np-e & -x, &s x &s
Rem'derin,;me terms we get: qNs(x + xp) _ qNp(x — xp)
KT (NiNp\ kT kT - Es &
_ aNp Ppo\ _ Mo
Vi = —In{—-=|=—In =—In qNA(xp) _ qNp(xp)
q nj q Pno q Npo |Emax| = |[E(x = 0)| = e T e
s s
Remarks: = dn(x)
- The built in Voltage Vj; mm depends only on the doping level at the depletion region S5a4: If we are at equilibrium then: nqu,E = —qD,,
edge (magnitude of ] N av 1 d(Ey—Er) ax
- Voltmeter cannot memne the builtin voltage because in order to measure it, it needs OrevenE = ——= — S VTER
to take some current from the circuit (measures small current over a high series ax q dt
impedance). But at equilibrium, there is no current, so no measurement possible.
Charge Neutrality: 1, Depletion
Neutral p < region —7> Neutral
X
QUASI FERMI LEVEL " L e e
Ny(x)dx = | Np(x)dx LNy
Under bias (e.g. illumination), the equilibrium fermi level S ) "n °
s o . - @ . ~p *
splits into 2 distinct ,,Quasi Fermi Levels” in each region of Naux, = Npix,, (const. doping) @ el R
: P PR A — 'D*n ok
the diode and the np-product is in-/decreased. This is caused P i v i
—-N, i
i

Note: If you increase the

n(x) = Noe~(EcCO=Ep,)/kT o doping level then: m ;
p(x) = Nve—(Er,,—Ev(X>)/kT — W decreases
- Ehaxincreases
Xn
n(x)p(x) = n?e(EFn_EFp)/"T Vi = J- E(x) dx
= n2edVe/kT —x
= (D — P
 Netyelencin )i (o= )
Note that :
aNa(%)”  aNp(e)? 1 2Vi
SHOCKLEY BOUNDARY CONDITIONS Vpi=————+——==EpaW = | Emax =
2¢s 2¢s 2 w
Minority Carrier Concentration:
_aVpi=VF) avE Depletion Width:
ny(=xp) =Np-e” & =Ny el =m0+ An,
_a0pi~VF) 43 Wex +x = Zss(l I)V
Pn(xn) =Ny-e kT =DPno - €* = Pno + Apn -op n- q \N4 ND bi
Remember: Mo, Ppo are the minority carrier concentrations = n,, ;; for reverse bias: Vj; = V,; + Vg, for forward bias: Vy,; = Vi, — Vi

2e5 Na 2e Np

dn _ npo(e @R/ 1) dp _ pro(e@PNT-1) = ) o %= [ () Vo
dx Lp dx Ly
Due to the reverse bias the area is now increased to V;,; + Vg,
applied voltage: accordingly the depletion length increases.

Ve=—Vg = %m (M) = %m (M) For high doping levels, W is very narrow.

Npo Pno

DEPLETION APPROXIMATION

The depletion approximation is the fact that we can
approximate the charge densities as being “box-like”. This
approximation is valid in the depletion regions where the
acceptors/donors are uncovered (un-ionized).

The approximation is usually valid if both sides of the junction
are of different types

forward biased reverse biased
Pu=N,

P,
o n e YO
”“("“6\ ) ) P.(x)

x
x

Forward bias — minority carrier injection
Reverse bias »minority carrier extraction

ELECTROSTATICS — PN JUNCTION

L_»

. . dE
1-D Poisson-equation: il

ErE) &

Depletion region

p= 1p=
Pprn =0 NN, 0
00000 00000
(©]C]0]C]C; O16] (CIC CIOICICIO)
00000 90000
(©]c]ele]C; 010 ([CIC; CICICICIC)
00000 00000
(C]C]C]ClC; ClC]l(CIC CIOICIOIO;
p-side < E-field n-side

Example of isotype junction:

NA4 > NA?'

g8 e & So .
e ) &
Seol [© , 860
B €< 88T
Lot 7 v
atu-f‘h'-‘ are A“ iwn\'t‘-‘l ac«f‘lﬂ
un -ionized pprox
?‘\'xu{ i~ i Uhvo\h
ntn —;\unchof‘
x
ﬂ‘ _
dzv o vaid
E’
ONE SIDED JUNCTION
Remark: high-level injection
- n'p: n,(x) > Ny
> pru P >Np

For a one sided junction the lightly doped side determines
the depletion length W.
p*n junction:

If Ny > Np then we call

the junction p*n.

S Xy LKxp =W

TET

piype 4 s+ | Dtype

-

2¢5 o

v (Voi +Va)

W=

Charge density

=V

area =V,

qN;
= Emax = TDW &

n*p junction:
Ny K Np -,

2¢5 e
/ qVi

v Voi +Va)
Xp Xn

Electric field
x

W=

Potential



CURRENT IN THE PN-JuNcTION (LONG DIODE)

We will now try to understand how the current is generated
inside a PN-Junction, and derive it’s IV-characteristics, which
are the ones of a diode.

We assume a long “Low Injection”

diode (i.e. 1020 —

( . n n, K Ppo = Ny
undepleted regions v « -N
are much larger than Pn K< Tmo = Np
Ly:L < W). ot
There is zero field in 10141~
the undepleted ~ 102
regions so only drift > 1 dn,,

5 =
cur.rent in those R I dx
regions. Pl o I
. : I
Due to minority 108}— | ;

. injection, Dashed Lines:
carrier injection, 10— ! Equilibrium Profiles
there is a minority I
carrier gradient, so a 10% p
diffusion current. In 1 ‘Jz—(') é——é—#()—-qls—*

h . X () X (n)
the following, we ©

look at the n-side.

The change in minority carrier is

x=xn

Pa(x > 2) = pro + Apne_ v

X=Xn

aVE -
:pn0+pn0(ekT —1lle '

Where we inserted the Shockley
boundary condition for Ap,, =
Pn(xs) — Pno- Using the formula
for diffusion current in x,,, we
get:

o ]p(xn) =—qDy [dd%]x”

e _xewn

-0 e 1)

. <_i)] = %(E% - 1)
Ly)], Ly

We can add up both
contributions to get the total
current.

=)=/ +]p
dn dp _[4Dampo  4DpPno ( () )
=qD,—-qD,—=|———F+——| - k) —1
]q"dxq”dx[L"+L,, e
Js=Saturation Current

=>1=I (e(%F) - 1) =~ Ise(l’#) |
If we use the approximation we neglect the tiny reverse saturation current.
The current] = J, + J, has to be constant throughout the
whole depletion region. In the depletion region we have to
consider the diffusion and the drift current whereas we only
have to consider the diffusion current outside the depletion
region.

)

Forward
current

0 5
=Z-1-1

Current 4
density |
Hole o | n Electron
Drift Current i Drift Current
T VA
f"
Frowt = N el
4
Hole
J(—x /
Electron Diffusion Current
Diffusion Current
v -y, x=0 =x,

SHORT DIODE (ForwARD BIAs)

The Diode is shorter than the diffusions length (L > W), and
since the boundary condition must be fulfilled, it forces the
charge density to equilibrium at the end of the Diode (= W) we
get pp(W) = ppo.

This means we have a linear decay in minority carriers.

Pn(x) = Pro + (Pn(x) — Pro) (1 - xn) forx>x,

This means that the respective contributions in diffusion current
of the minority and majority carriers stay constant throughout
the non-depleted region! In opposition to the long diode case,
where the minority carrier diffusion current would decay
exponentially, reciprocally to the majority carrier diffusion
current.

With help of the continuity equation in steady state we find:

~ v B D, cosh(wl‘;x>
]diff,p = —qu [E]x=Wn = q[pn(o) - pno] E sinh(h>
Ly

Weak Recombination Limit:
o (Wa
Wn/Lp K 1= sinh . ~ Wy /L,
p
Dy 1 ave 1
; = . _— kT —
= ]dlff,p|x=wn q - Pno W, (e )
analogously for Jgirfn
we get in total:

qDpPno | qDntipo ( 9k 143
=>]:<‘;—n"+ﬁ)(ew—1):]s(ekr—1)

Js is increased compared to the long diode (W << L).

Current §
density

Drift holes / Minority holes
(short) | o S S hn — diffusing (short)
Minority electrons — = T T T rift electrons
diffusing (short) (short)

(=W, y 1=0 % Gont W)

A forward bias corresponds to connecting the positive terminal to the
anode (p-type region) and negative terminal to the cathode (n-type
region)
Applying a forward bias V reduces band bending and reduces the
recombination length.
- Bias diminishes the electric field.
— “-“terminal pushes the electrons from the p-side to the n-side. “+”
terminal attracts those electrons to the p-side.
- injection of minority carriers (n, > npg, Pn > Pno)
— excess in minority carrier concentrations at the depletion region
edge
The voltage across the diode is reduced:

replace V,; » Vy; — Vi

avp
Shockley bound. cond.: n,, = Npoe 1VbimVR/KT = Npyoe kT

avF
Pn = Pno€ ¥T

_Eg Ern—Efp Epn—EFp 2 qﬁ 5
n(x)p(x) = Ncl\ﬂve KTe kT =nie Kk =nje’kl >n;
p[w ! | W

Recombination in depletion Region

vepooNen? (edVF/KT —1
U = #i) Note: cosh(~0) ~ 1
Dntnn+2n; cosh(T)

— n2,qVe/kT
Dnlty =1y eVe/

U _ vengoNenf(eWVF/KT-1) 1 o NomedVe/2kT
max Zni(quF/ZkT+1) — 2 Vth@oNeTh
av
Unax forp, = ny, )LL’ﬁ,L’, >3kT/q

qWwn; eaVr/2KT
27y

w ~aw (da
Jrec = fo qUdx = TvthaDNtnie KT =

Total forward current:

Jrr=Js (e%F - 1) + Jrec

D, qD, aVE wn; 9VE
— [499n + P n,-z(ek'l‘ 71)+q L o2k
NaL, = Nplp 21,
ideal recombination forward current
Ideal current increases more rapidly than the recombination current and eventually

dominates.

reverse bias Vy = Eg, — Eg, > 0

A reverse bias corresponds to connecting the positive terminal to the
cathode (n-type region) and the negative terminal to the anode(p-
type region).
Applying a reverse bias V; increases band banding and increases the
recombination length
- Bias increases the electric filed.
— “-“terminal repels the electrons to the n-side.
- deficit in minority carrier concentrations at the depletion region
edge (carrier extraction) (n, < nyg, pn < Pno)
The voltage across the diode is increased:

replace V,; = Vy; + Vi

_4VR
E.g:m, = nyoe 10VbVR/KT = e kr

_g’R
n(x)p(x) = nfe”%r < n?
1 I
o 1
I

P,

! Hole Extraction
o)/ 0%,

Electron =
Extraction 12

Carrier concentrations in the depletion region are lowered with respect to
equilibrium.

Generation in depletion Region
Under reverse bias:n(x)p(x) < n?. Since the semiconductor, will always try to

restore equilibrium, for a carrier deficit, generation takes place. So electron holes

pairs are generated int the depletion region, which gives rise to a “generation
current”, that adds to Js,
To approximate the total generation, we integrate the maximum generation over W.

Generation Rate:

= VenondpNen?

" op[nieCirB)/ gy [nye (BeE)/HT]
o vmooNem

= BT [ E /]

VenooNeni n;
= % == Note: cosh(~0) ~ 1
2cosh(7‘) Tg

w i
Jgen = fo qGdx = %W

Total reverse current:

qD, qD, | ,  aWn;
=J¢+ = + 24t
]RT ]S ]yen [NALn NDLp i 7,
ideal recombination reverse current

Remarks:
W increases with the square root of V + V;;
Narrower bandgap materials have high n; and J¢ will dominate.
Wider bandgap materials have small n; so J 4,, might dominate.
This is counterintuitive to the fact that smaller bandgap means
easier generation, but we look at n; not Ec.

DIODE NON-IDEALITIES

We have seen forward bias recombination, reverse bias

generation. We now see 2 breakdown mechanisms in reverse

bias.
The high reverse bias increases the electric field such that
the electrons tunnel (quantum mechanically) across the bandgap
and thus increase the current exponentially. The current
at which it happens is the breakdown voltage V. B2B
tunnelling dominates (occurs for smaller Vg) if both sides
are heavily doped and when the bandgap is relatively
small. => depletion width very thin

Avalanche Multiplications/Impact ionization

If the electric field (reverse bias Vi) becomes high enough
that carriers acquire enough Kinetic energy to break
covalent bonds in the depletion layer, they generate new
electron-hole pairs via collisions, thus increasing the
current rapidly. Since large W and small E; implies a high
probability of collision and generation of e/h pairs, for high
impact ionization, we want a thick depletion region W,
this happens for lower doping levels and a narrow
bandgap.

1(mA)

4
Avalanche 3 n.n;am

e conduction
Multiplication 2
Vg 1

‘ vy

-~ % 5 4 3 2 <10 1 2 !
4 -1
7 ™ Reverse -2
! breakdown s
Tunneling -
-4

We can summarize all behaviours:



a) Recombination in ° T | e ]
depletion region o S
b) ideal injection o /’_ |-
(1 =1; 602 slope) y |k
c) high-level injection, FORWARD
(minority carriers i I
approach majority = kil I
concentration, n = 2) @]
d) series resistance e ‘
effects (AVg =15 - IF) ol SOEAL FORWAD: |
where AV is the IDEAL REVERSE
deviation from the i 7
ideal characteristic o

e) generation in alvl/kr
depletion region

f) Junction breakdown

mechanisms
ave
] = Jse kT for Vg > 3kT
J=—J for Vp < =3kT

An ideal diode characteristic has a slope of 60 mV/dec
For non idealities we consider the ideality factor n
VE
=] =] (e(,,k'r) — 1)
n=9 i ient in ™
To calculate n:n = o where g is the gradient in 2o

Or, (see s8a3a) take 2 points (J1; V1), U2; Viz)
AVE1-VF2) Ve =V,
L (V) PR ek
=In (ﬂ)
q Ip2

J2

DEPLETION/JUNCTION CAPACITANCE

_dQ  dQ e Metallurgical
GEN T wE W /

e

112 1s+ LEPPR
CGPoezq N Ny T
Assuming the doping levels are

constant this capacitance can be
used to determine the built in
voltage. By simply measuring,
with a capacitance meter, the
voltage at which Eiz =0.

J

DIFFUSION CAPACITANCE

Given a 1-sided short
diode. For a small decrease
in Vr we have an excess

charge dQ,.
_dQ _ 4% dj _
Cd - = =
dvi dj dvp
1 w2 F
- L= ]

rq  2Dp KL lem2
q

Where we used:
= (232) ()
M JWn
P2 D,
T =t to drain Q, with ]

1
— = s5 conductance
Ta

JUNCTION VS DIFFUSION CAPACITAN!

-The junction (depletion) capacitance C; dominates in reverse
bias. It would become infinite for a forward bias of Vi, but the

depletion approximation model fails for strong forward bias.

-In forward bias, the diffusion capacitance Cq4 due to minority
carrier charge storage eventually becomes dominant: it is
proportional to current and grows exponentially (faster than the

power law of Cj).
I
'I_Vbi_'l

Cj: Depletion Capacitance

I
I
1
1
1
1
1
1
1
1
1
1
1
1
r
1

Cq4: Dif fusion Capacitance Vr

DI0DE CHARGE STORAGE (SWITCHING)

Zero resistance: Shockley boundary conditions appear directly
at the edges of the depletion region.( c¢) and d) ). Remember: |
(see b)) is proportional to the derivative of the carrier densities.

Tun-on

Turn-on Turn-off

boundary conditions aren’t instantaneous( c) and d) ).

Turn-on Turn-off
BJT (BIPOLAR JUNCTION TRANSISTO
Operating Principle for normal active mode
E/B B/C Emitter/Base forward bias

Injection  Extraction

injects minority carriers in
the base.

Eniter e Collsor
N

) WJ I - In the base recombination

L may occur. The consumed e/h
pairs are replaced by the base
contact.

The electrons which did not
recombine are extracted by
the reverse-biased Base/
Collector junction. Ideally this
current is independent of Vg

Note: The BJT is a minority
carrier device

Q: Why doesn’t the current flow out in the base contact?

A: The base layer is thin so carriers will easily pass thought it.
Minority carriers are extracted by the B/C junction, because
they are driven by their gradient caused by the reverse bias.
But if the collector was open circuit, all the current would flow
through the base contact.

Q: Why do we need 2 types of BJTs?

A: Combined together, they provide circuit design flexibility.
NPN are faster (larger bandwidth) because they rely on
electron transport (higher mobility and drift velocity than h).

Non-zero resistance: Now we have an RC pair so instantaneous
change in voltage across the diode is not possible. So Shockley

Operation Modes

PNP NPN
Vep Ve
Normal Active Mode 4, saturation Mode Normal Active Mode &, Saturation Mode
e s e c
_4! ( IWI— 'n II » f
—_ = —_ - - PLEN
£/8 Forward £/8 Forward £/8 Forward £/8 Forward
B/CReverse 8/C Forward B/C Reverse B/C Forward
= o ey = 0 tey
Cutoff mode Inverse Active Mode ~ C8 Cutoff mode Inverse Active Mode  + BC
e s 3 s ¢ e B ¢ £ s
— !v— B — .,! Q -l n‘
- —> - - —_ - —>
E/B Reverse E/B Reverse E/B Reverse E/B Reverse
B/C Reverse B/C Forward B/CReverse B/C Forward
When the minority carrier density is higher (bending up) in the Base @ the E/B or B/C

then it is forward biased, if it is smaller (bending down), then it is reversed.

NPN Modes:

Normal Active Mode:
Current flows from collector to emitter. The transistor acts
as a voltage controlled current source I (Vzg). The collector

current [ is prop. to the base current Iz =

Ic

Emitter injects e into the base which sucked off by the collector. The Vg controls
the number of injectione™.

Inverse Active Mode:
Like Normal Active Mode, but current flows from emitter to
collector. The gains (@ & 8) are much smaller.

Emitter and Collector change roles (e~ are injected via the collector)

Saturation Mode:
The transistor acts like a short circuit & On Mode. Current
flows almost freely from Collector to Emitter

Base is flooded with e~ from both sides and the current cannot be controlled by Vgp
any longer. The current is the max current of the normal active mode.

Cutoff Mode:

The transistor acts like an open circuit < Off Mode. No
current flows from Collector to Emitter.

Because of the reverse bias over Base/Emitter junction no e~ will be injected into
the base. No current can flow.

For PNP BJT the Emitter and Collector change roles respectively the Emitter injects holes

instead of e~ — cur

rrent direction changes.

drawing band diagrams in modes

1. draw the equilibrium (unbiased) band diagram



2. If the biased voltage is in the same direction as the

PNP (no recombination in Base Brev = Dnp Lpc Npc Brew = DpB Lng Nac
rev T rev BAND TO BAND TUNNELLING

electric field of the unbiased BJT, then the potential Emitter (p°) Base (1) Collector (p) Dpc Wp Nap " Dng Wp Npg

i i i is i i . At high doping level quantum mechanical tunnelling occurs.
d§ffer(?nce grows, if the. biased voltages is in the Qpp051te [ 1 | | Common Base Current Gain gl ping q L g
direction than the unbiased BT, then the potential Iy | Lyg = Ipp = Iy I¢ p 5 For a npn BJT we have (equivalent for pnp) electrons from the
difference is reduced. — — a="L=" first n-p junction will tunnel and recombine with a hole of the

p-type base. Therefore: I, = I,
Normal BJT operation: I, = Ig, + Icp
With tunnelling: I or = Ipn + Ige = Ipn + Ipe + Icn
If tunnelling becomes dominant, then /., goes to 0.

B-0

PNP_ uobiased

—— g 1+8
Ee ‘
PNP_achve . L Inc ICp
- ax-——=Y-ar ax——=y-ar
——& I I
. Ip = Ing

Base Transport Factor

Fraction of carriers that succeed in crossing the base.

If the base thickness is much smaller than the base recombination length, then it
holds that: @y = 1 because there is no recombination in the base (I = 0).

= e (PNP_

There are two currents present: a hole current and an electron current.

1
Ie=he+lg=l+ly =—Is Ie=le+le =alp=ply

I—
£/8 forward

Ble reNerm Gased Currents (V. = 0 — Inc =
Pno nf/.‘(\".u‘jf& n,: n? /Ny ar Ing or Ipe Emitter (p*) L| Base (n) [ |Co]lect0r )
D D
Shockley Boundary Condition - Carrier Concentration Jop = bt :L dp—"B = q—po (quEB/kT — 1) = Jpc =/, Transcondugtance — - I
" " " B W dx w no pC PE For a voltage driven current source, the gain is defined as a I I I, c
At the end of the depletion region it holds that: transconductance — Ep P —
r avr _ qDpgdng  qDng AVep/kT o | °
n,(—x,) = nyo exp (F) & Pp(xn) = Pno€Xp (F) Jng = I -1 nEO(e - 1) _ dl; o Ven/kT q Ic 1 g I
The normed carrier concentration thus has to be equal on nE ;E r 9u = dVes s kT~ kT/q b A ;"
<~--F-F ==
both sides of the depletion region (for E/B & B/C) Ic = Ag - Jpe = I5(e?e8/<T — 1) . \ ‘$Imx,/
(=xp) () v, Iy aVep neutral (undepleted) base width W ,etral Bt
Tp\"X%p) _ Pnl*n) _ P (q F) Ig =Ag “ Jng = —(e kT — 1) The neutral base width is the difference between total base width —
Npo Pno kT B and the depletion region in base resulting from both junctions. llﬁ

We can rewrite it in form of a change:
qVr
np(—x,,) =Ny +An = An =ny, (exp (ﬁ) - 1)

Common Emitter Current Gain (forward)

By d_’_C_’LC_’P_E
i =

I g Inp

W=x,+x,=

N

1 1
(7 +37) GtV Ny = o,
D

:> Hole — Electron current

current
an _ avE) _ Lo _ avE) _ we assume that all junctions have equal areas and can therefore write: For NPN it is the p-side extend: and hole o N
= npo (exp ( kT) 1) &analog: Pno (exp ( kT) 1) with: pno = n?/Npp & ngo = n?/Nag w L N, Np w flow - Electron flow
_ JpE _ DpBLnpNag =X, +tx, =X ( +—)<=>x = — _ — _ — _ _
NPN - Inverse Active Mode PNP - Saturation Mode Brwa = Tne  Dng Ws Nop P P Np PN a+Np Ig=1lg—lc =l +1pg = Inc = Ing + (IpE pc) Inc
) For a useful BJT we want a high § and therefore Ny z > Np, we calculate x,, for both junctions: x;_ ., X, .
10 o= = Wieutral — Xppn — X For Wy > LzW there is no recombination in the base
o Please note, that this only holds for forward active mode. . ;;“Pr‘f[ thpEB 'deC rend Region = ar = 0,/g5 = 0,Jpc = Jor = Jps
o In the same manner we can derive the common emitter or Itis the n-side ex 7\? : N
. . . Ig _ _ D _ Z . )
[ T x emiterp | | sasen Collector current gain for the inverse active mode ¢, = = (57.4) W =x,+x,=2x, (1 + N_A) o x, = m w For Silicon it holds: (total reverse current)
Eottom ot e A Dyn
normed concentration change: we calculate x,, for both junctions: x; ., X, Jnc =1Js+Jgen = M]
Ang _np(@) —npo _ (SEm) NPN (no recombination in Base = Wheutral = Xngp = Xnpe S Ly
ko Mo Enmitter (n°) Base (p) Collector (n) Gai hanism: . " inority carrier concentration in C
Ang _ veny ain mechanism: (B|7.15) Mo = minority car ati :
oo C B I rp— — ! P —— = Hole current & holeflow  —— Electron current <« === Electron flow
nE” "nB = e < Minority Carrier Gradient in
«— y
IDEAL B]T Higher: Increases Diffusion the Emitter (Base Current) Higher: Decreases Minority
4 Current in the Base, and Carrier Injection in the Emitter Emitter (n") Base (p) Collector (1)
Assumptions: Ip,‘ ] Therefore Collector Current (Base Current)
- No Generation/Recombination in the Base Layer _ Dpp Lng Nae I, I
- no B/C junction reverse leakage Hole Flow =I5 Dy Wi Npg pos o
- Shockley Boundary conditions (injection from Emitter to Ip=lpp + g =Ic +1p &
. . Lower: Decreases Minority Lower: Increases Minority I 1 I,
Base and from Base into Emitter) Diffuslon Current in Emitter Carrier Injection in the Base ‘
) Currents (Vg = 0) (Base Current) Collector Current
-1, doesn’t depend on Vp¢ d D P ————v T (Collector Current)
Pe 4Ype Vpe/KT e oy I Electron flow
. e . Jg =Jpg = —qDpp — = — pEo(eq BE/KT _ 1) Carrier Gradient in Base B
ideal PNP BJT | Equilibrium: P PE dx Lpg (Collector Current) _ _
Base dn D ) IB - IpE + IBB “Ipc — IpE + (lnE - lnc) —Ipc
Juc =Jus = qDns B _ _ 9Ynp nBO(quBE/kT _ 1) If recombination does not play a role in the emitter (i.e. L,z > Wy),
" " " dx Wsg use emitter thickness Wy instead of L,z DRIFT AIDED TRANSISTOR
@ . . . . s
N'-N- NON-IDEAL B]T Carrier transport can be aided by introducing an E-Field in the
! ‘w . - , PROPERTIES OF B]T base layer by grading the base doping.
[y ! ¢ ( BASE RECOMBINATION
B Fe 1 NPN PNP " . 3 ) The first solution can be E eB c
‘ x Some of the injected electrons Iy recombine with holes in the . .
1 }—34— . . . X achieved by having a p
e ! Emitter Efficiency base. Note that most electrons reach the collector since L,p > different doping profile . Er
! o | y = lEn  _ IEn y = IEp — ey W. The recombined holes are re-supplied by base current and through the base ,
. . i Igp+len  IE Igp+len  IE therefore Iz will rise and 8 will be reduced. ’ N
H i
i I,—l—] Common Emitter Current Gain Ip=lg—lc =1l + (IEP - ICP) ~len The second solution is
v \_l/L . B = e Ilc __ag _ @ Base Recombination achieved by reducing the . s .
| ) g Ig-l¢ Ig-alp  1- -
l J « | E/BForward Bias e no e E e . ‘. B/C REVERSE LEAKAGE bandgap across the base, by i
i ideal: = e =k =2 PE L ) incorporating e.g. some o K
B/C Reverse Bias ideal:  Bryg = e Ipp Brwa = e Inp The B/C Junction is reverse biased but nonetheless a small germgnium agtongm (smaller
E 1/— E _ Dnp LpE Npg _ DvBLug Nag minority hole diffusion current from collector to base exists. bandgap) in silicon
Epoooo Sl . E Dpe Wp Nap Dne Wg Np,p qucpco 8ap

AN fre
Lyc

Drift/diffusion current density:



w7l

Electron density with an E-field (vpN)
_JaWs 1 —exp(—y(1 - x/Wp))

=qD dn+ E = qD, [dn+
Jn=qDy X qnppte = qy dx

nx) =
qDn n
where: accelerating field factor
_ WBE
T kT/q
. e x/)) The electric field helps to
reduce the electron density
o near the emitter. This

reduces the stored charge
Qp and therefore the base
transit time.

oo catecor
T e

— near the Emitter current is carried by drift

— near the Collector (all) the current is carried by diffusion

Qs =—q fOWB n(x)dx = ItV (m—1+e™M

Dnn?

Base Transit Time (reduced)
Qs _WBZ(n—1+e"7> nzswﬂz(n—1>

= Jn - Dy, 772 - D, r]z

without E-Field (n = 0): 15 = %v;/_,%

derived with I'Hépital rule for lim 7 "

Inverted E Field:

Consider a doping grading with . If the doping grading is
inverted, we observen’ = —1.

EARLY EFFECT (BAse WipTH MoDULATION)

Wy

Va = Early Voltage ® ©
— Nt P N |—=
Ve =07V wl@ Ve >> Ve +
Vil Ver = Vey g
a " Ve = Ven

The Collector current depends on V(. Increasing the
Collector/Base reverse bias widens the depletion region at
the C/B junction. The widening of the depletion region leads
to a smaller base width W and therefore the minority carrier
gradient in the Base is enhanced which lead to an increased
collector current I¢. To avoid this effect, the Base doping must
be higher than the collector doping (i.e. (npn) Nyg > Np¢)

dl; Ic 1
dVee Va+Vec Rour
To determine Va, determine 2 points of the IV curve then:

— high V, are desireable

Vegz = Vepa
Va=Jer ———5 Ve
Jez = Jex
Gummel number: Gg = Npg - Wp

®NP) I = qAgnfDpp Aé(eqv‘m/” -1)

Ic aGp aGs
o= = Va+ Vg — ==
dlc/aVec qdGp/dVpc  Cpc

aNppWp
Cpc

4G = Qy

Note: High early voltage V, requires a high base Gummel number

SSE AND POWER GAIN B|8.18

First determine the operating point (/) with large signal
circuit.

Collector current: [ = [sexp (q]k/% - 1)

W T !

Power Gain G

Pout _ 1oueRL Rou»Ry , Ry ,Ruqlp
= = —p"—=f
P [ianin Rin kT
Transconductance
Al I
M=y, KT/q
1 dl
Rout dVEC
Ic

R = 50t 70)

It is desirable that the Output Resistance R, is as large as

possible, such that the Device act like an Ideal Current Source,

i.e. be able to feed a constant current to the load regardless of

the load resistance. For R,,; — oo the Early Voltage actsas V, —

oo and therefore the Early Effect is negligible.

If we cannot neglect the Early Effect, or R, is finite, then:

6. = Pout _ TowRy _ (Blin)? ( Rout )Z R
" Pm IR I \Reuw+RJ Rin

n
[Va + Veel/IcR, )2
[Va + Veel/IcRL + 1

Rout
Ry, RL _ p2. Ry <

Rin

— R2.
Rin \ Bout +1
Ry

Here, we face a trade-off: high Power Gain requires high Early voltage,
high Early voltage requires high Gummel Number. But a high Gummel
number reduces the Current Gain.

Waisted power: P, = (Veg - 1) — Py

Intrinsic voltage gain: A, = g,,, " Ry = ﬁ

BJT BANDWIDTH

small Signal Equivalent Circuit

Ic = gmVpe

g by g o Looco i I _ Vpe
p=—

f 9
* o T S fo R Zn

U Iuve Input Impedance:
I, [t

B, -3 Zy = 17|l (Cpe + Chc)
oo h: )
I o S R
: *

=Cr
Ve

The Common Emitter current gain cut-off frequency frq
represents the frequency at which the current gain= 1 with a
short-circuit load (R, = 0).

Blw) = I_C _ Im'n _ Bo _ Bo
Ip " 1+jonCe 1+jonCe 1+j(f/fz)
This is alowpass RC filter

with: B(0) = By = gm?x fg = :

T om Crr

We determine |B(w)| < 1 =

9
fro = Bofﬁ = —27-[72'
T

w(w) == B _ @

Note: = =—
ote B 1B@ | U

with:

ay = Po/(Bo+1) fo=Bo+1fg
fﬂ =1 —ap)fe = fr/Bo

Current gain

Frequency (Hz)

additional delay terms

Previously we assumed that the collector current is an
instantaneous function of Vg . But in fact, the Minority
Carriers must diffuse across the base. This causes a Time
Delay called the Base Transit Time 7. Additionally they
must travers the depletion region, which adds a
Collector Signal Delay 7. The time delays are
incorporated through the exp function since in Laplace

domain, time delay T is e ~57.
a(w) = —% . p-jor Note: /o L o
T ) —— ote: /T~ o Lif @ <1/t
Delay Term
%o a,
= alw) =

L1\ (1
1+jf(E+F) 1+]f(E)
the new alpha Cut-off Frequency is:

1 1 1 1 1

o R R TR o e

'fanew =

Cut-off Frequency
The cut-off frequency fr (8(fr| = 1) is given as:

1
fr= ﬁoz_l'fﬁrgaofarzﬁ

where we used: for = (By + Dfpe = fr/a; and p§ > 1
fﬂr =1~ ap)far = fr/Bo

_— G
Total transit time 7, = g—" +Tp+ 10+
m

Delay Times

Cr/gm

5 = Qp/Jc = W§/2D,
Tc = We/2vsq;

Cpe(Rg + Re + 1)
Cpc(Re)

Fundamental Transistor Delay
Base Transit Time (ideal)
Collector Signal Delay

Emitter Charging Time
Collector Charging Time

REAL BASE TRANSIT TIME

In reality, the velocity at
which electrons can leave
the base and enter the
collector is limited by the
thermal velocity v;;,. The
collector current density at
the B/C boundary is given
as:

n(x)

Je

Qv

n(Ws) =

Je=q -n(Wp) - v Wy

First we determine another expression for J:
dn [n(0) — n(Wp)]
=qD,— =qgD, —————~ -
]C qUn dx qln WB
The new base transit time 7 is defined as the total minority
charge Q divided by J

total minority charge: Qg = (n(WB) -Wp + % [n(O) - n(WB)]) q

% _T n(Wp) - Wy + 1q - Ws[n(0) —n(Wp)]
2 Je

c c
we use both definitions of J; and we get:

T =

o = q-n(Wp) - Wy 1q-Ws[n(0) — n(Wp)]
.

q-n(Wg) vy 2 q-D, [n(v);/n(Ws)]
B
Wp

= + Tpideal
Vtn

. W 1WE
Tp=—=+-—
B Vi 2 Dy

Therefore the real transit time T3 > 7p ;404 because more
carriers can be stored and the slope isn’t as steep as before.
The same principle can be applied when, for example, the
diffusivity isn’t constant throughout the base. Then

Power Gain Cut-off Frequency f,,,qx

R J
f? 8mRpCpc

Power Gain: G, =

The power cut-off frequency fpqy is defined where G, = 1

fr
8nRpCye

fmax =

Conclusion:

Fast means high frequencies, therefore we want to increase fr
which corresponds to decreasing the delay terms and therefore
we need high collector current levels to be fast! But we know
that high collector currents mean high current gain and this
leads to a high power dissipation. So high-speed bipolar
integrated circuits have high power dissipation.

HBT | HETEROJUNCTION BIPOLAR TRANSISTOR

Different materials are used in the Base and Emitter, therefore
different intrinsic carrier concentrations.
_ DB Lng ns/Nps _ Berr - nfy
Dng W nig/Nag BT w2
(NcpNyg) e FGB/KT
(NcgNy,) e BGE/KT — ﬁB]T
LIcEve,

Busr with: 2220
n

PE0

= Bar . e(Ege—Egp)/KT

negligible

= Gain through different band gaps

To achieve a high f we want to have n;z > n;z what
corresponds to an higher bandgap in the emitter region.

GUMMEL CHARACTERISTICS

The Gummel plot reflects the
s quality of the emitter-base
junction, while Vg is kept
constant (Vg = 0). We can read off
the plot the common-emitter
current gain 8, the common-base
current a.

Iand, (A)

60 mV/dec

Ve V)



i Y0 : Why does current still flow, though the channel :
FET s Q 4 . ) ! 8 . v l b m
: : : D—i L:;chl I ° completely disappear in the saturation regime? c ° \)ab‘*"r
Field effect transistors (FET) are a type of transistors where . A: If we argue per contradiction: having no current means —
the conductivity of a majority carrier channel between two L v e ‘ constant carrier density across the channel, but this would
contacts (source and drain) is modulated by a gate electrode. “ E ! mean constant channel width. Contradiction with original e
1"——?——.‘ assumption. Physically, the pinched off region has a
]FET Y low Vg longitudinal electric field that goes to infinity, this supports
Channel Charge Density: a drift current even though the carrier (e-) density is
qnp qn 1 vanishing.
=—qnX=—-—"F+=— =——
On a Rg qninRg HUnRsg
The gate and oxide work as a simple capacitor: MOSCAP @ r\o\—\ A
Uy = — _
Cn Cox(Vas = Vr) To analyse the MOSFET, we first Vo WM*; bl ~ S S
Sheet Resistance: have a look at the MOS-Capacitor, Y
1 which illustrates the operation 4; / s 4
= UnCox(Vgs — V1) principle between the gate and the " / :
The depletion of reverse-biased PN junctions narrows the [P V- increases channel. 3‘\\' &/ll }'j } — . Ei
channel (pinches the channel) and modulates current flowing i_‘_{A r[i°__\w I" —?f:hannel Voltage V() MOSFIAF’ isa MOS structure Fo _;%\i
between the source and drain. Low input gate current. " b vary from 0 @gsomyce consisting of an oxide between "/
- i Y Ha v ] metal and semiconductor. \ . "
Normally-ON devices. e t0 Vs @ Drain ¢y = 1) I Mekw Oxide ptype Si
i i - We define the Flatband Voltage Vg as the Gate Voltage V,
MOSFET e el e Ay
0s y vary across the BAND DIAGRAM that makes the bands flat. If there is no charge at the oxide-
MOSFET=Metal Oxide Semiconductor Field Effect Transistor ! channel semiconductor interface, this is equivalent to the difference
Eymmmgmm e e e - -———V Level i
MOSFET’s are majority carrier devices! Therefore electrical ) ) - ’ ) )(_I_ s teve of the workfunctions.
current in an N-Channel transistor is carried by electrons, Resistance Offihan"el element (Length dy’é”'dthzat Position y): Eo—7 4, ¢s = Xs + Eg/2q + Y = x5 + (Ec — Ep)/q
whereas in an P-Channel transistor the current is carried by = dR = _yRS(y) - Yy =xs —kT/q-In(no/Nc)
holes. Z ZpnCox(Vos = Vr =V ()
NMOS & PMOS have different Gate Lengths due to different mobility of electrons & holes. E., E.(Si0 E £,.(Si) ¢ms = (¢m - ¢'s)
The NMOS/PMOS pair is designed so that their speed match each other. ; . ‘:(,( i0,) Fs G
MOSFETS require less space than BJTs. The current is therefore: Metal 1‘{ a
Semiconductor Q,
Two varieties of MOSFET’s: Iey = R r Vg = Qs —— | xp(0)dx = Pops — . V]
i. achannelis present at equilibrium L Vps T oxide - . — & Jo ox
- Normally-On < Depletion-Mode Iey = J Iendy =ZpunCox J Vos =V = V(y)av “f;‘e.i":r_‘;if‘i‘)ci‘!i't;e““"
ii. no channel is present at equilibrium 0 T 0 Vacuum Le‘_,el: referena‘e energy level Eq [eV] The second term is if there are only fixed Charge Q7 [C/cm?](12.25)
- Normally-Off < Enhancement-Mode Iy =1Ip = #n oxZ Z [Z(Vcs VeVos — Vi Work function ¢: energy difference from Fermi-level to Remember: E; > Ey — P-Type E; < Ep »N-Type
Eo[V]
NMOS PMOS NMOS PMOS This equation defines inverted parabolas: Metal:  q¢m = Eo — Epm[eV] Selected Gate Electrode Materials Selected Gate Insulators  2£c = 1< — i
" " ki Linear Régime Saturation Régime SC: q¢s = Eo — Eps[eV] Gap
Ves Ve o ) Electron affinity y: gy = E, — E¢ [eV] (ev)
Ve - TE— e bulk potential Y 5: energy difference between Fermi-level n+ Polysilicon sio, 39 89 32
, o , /' and intrinsic Fermi-level [V] i.e. I TEn SN, 7276 51 o
so_fp—on so_FquD - w Yy = (£ _kfF)/q w 46 A0, 90 87 21
— —— : — ——n ( ) <0 NType Mosi, 45 Ta0s 26 45 05
B o 2 b o e oo " ¥s = ﬂ In ( ) >0 PType ptsi 54 7o, 25 58 12
T T - . , . Pd,Si 5.1 Hfo 25 57 15
: : OleeIer rzg‘l/jnt Vosat = Vas — Vi surface potential Y5: energy dlfference between bulk : TiOI 50 - 12
Vos > Vy potential and intrinsic Fermi-level @ the 2 = =
enhancement-mode depletion-mode idei = Channel Modulation by V
cement PNormauy_On I = Mn;:ox % [2Vas — Vi)Vis — V2] W oxide interface (¥ (0) = ys) [V] TEr
Sheet Resistance Note: Conversion energy difference < voltage Q_-\-,Re_ subsTeATE
Consider a uniform quadratic layer with a resistivity p, a E,—EpleV] = 222yl | qoleV] = ¢[V] v -
i i = : o
thickness ¥ and width/lengthboth =1, fse Veze
The Sheet Resistance is 1ndependent of L and defined as: o . .
p pL p[Qm] Saturation region Under equilibrium the Fermi-Level must again be constant I
Rs[Q/square] = XL Ximl Vis > Vosar Ves > Vi (flat) through the whole structure (zero current flow). At = =
inConZ equilibrium, E¢, Ey, will usually be bent (Shockley boundary s -
—rm-oxs —_v.)2 e .
Operating Principle (E-Mode, N-Channel) Ibsar = 2 L [(Ves = Vr)*] o L condition). + /' ( x l
The vertical field V5 applied through an oxide insulator Note that the Depletion region widens at the Drain side + L ,.'\v L
modulates the carrier density in the channel and thus its Channel length modulation will make I}, slightly increase in the saturation region P ++ + -] + "
P . . (instead of being constant).
conductivity. Firstlet Vs be quite small. In the saturation regime, we define: ACLUNWLATION Deplevion lNvERsIoN
Transconductance: Material Constant: eCHANNRL ‘
gm:%ZZK(VGS_VT) K:”"C%% FORUNge ©
GS
Note:

- gm varies linearly with Vg5 whereas g,, depends exponentially on Vg ina BJT
- NMOS devices show higher g,, since they rely on electron mobility rather than
PMOS, which rely on hole mobility u, > u,



Accumulation Depletion Inversion
Ps <0 0<ys <ip s > Py
ps > Ny

Ep ?77

—_
V<o V>>0)

0, aN,W aN,W

ps = hole concentration @ surface ng := electron
concentration @ surface

Condition of Interest:

Ps =0 Flatband Condition

Ys = Pp Midgap,ps = ns =n; = intrinsic MOS Capacitor
g = 21 Strong inversion

Because we need a standard non-ambiguous criterion for
inversion we define inversion as:

Ps(inv) =2 -
The Fermi-level E stays flat perpendicular to the surface
because there is no current flow through the oxide.

P-type substrate bends down at inversion (more electrons than
holes at the oxide interface). So V; = Vi > 0 because it needs to
attract electrons and repel holes at the oxide interface.

N-type substrate bends up at inversion (more holes than
electrons at the oxide interface). This means V; < 0 because it
needs to attract electrons and repel holes.

Surface Potential

Semiconductor
/ surface

avg
; E
WV Ll i ;
E
7/ 7 7
Oxide Semiconductor
-

We define the Electrostatic Potential ¥ such that it is zero
in the bulk.

Carrier Densities:

P-Type:  p, = n;eEED/IT = pe(p=P)/KT
Ny = e GBI/ = o W—p)/KT
pp My =1f

N-Type:  p, = neEEI/KT = p o(W=Pp)/kT
n, :nie(Ei_EF)/kT = nie(llJB—l]J)/kT

— n2
Pn Mp =1y
1 dependant on x = (x)

Electrostatic Potential:

w(x)=ws(1—i)2 qNA(W )2 0<x<W

qNAW

where: s = (0) = v]

Inversion:
The surface region is inverted once we have more electrons

than holes. We define this electron concentration as:
()

ng = Ny = neWs/ T = o (inv) = 2y = 2k—Tl

Depletion region:

Wd‘,‘p
_ 2, B
= py -
/
€skTIn(Ny/n;) I
= _— Accumulation | Depletion | Inversion g
2 J
quA Ven v

The surface depletion stops expanding when inversion is
reached and the maximum depletion region is computed as:

Wi = Wi = 2 *5""3 with 1 = 21,
Na

Threshold Voltage
We define the threshold voltage for ideal MOS as the
voltage where inversion starts.

qNaW, ) V2qesNa(25)
Viigea = g +Plinw) = T 4 2y
0x ox

- ox
Voltage accros
Oxide

For non-ideal MOS the threshold voltage is modiefied by
the workfunction difference ¢,,s and oxide charges (s12a2)

_V 2qesNy(2) Qf

= +2¢p + P —
a o Vot s~

VT.ideal VrB
where: C,, = €,,/d & Qy = fixed Charge

Gate Voltage
AV

Semiconductor

Metal

Oxide

Potential Drop across Oxide Layer:
From the continuity @ the interface it must hold

Es Es v qusNAws
Vox =d-Epxy =4 Eszc Es = C [V]
OX ox ox
C _ fox _ €0€(5i0,) [
T g d cm?
Surface Electric Field in SC:
on L Exact
E; = E(0) =2 Epy v Deln-d:plelx{
5 (volts) 2k
ZKZNA qNA
Es = =l
s 1/)3 m.
I Vr-————s3
If there is demeunn inside U\e gate, then |
all of the above can be replicated. ) o s
-10 0o 10 20 30 40 kT/q
2Pp
T kT/q

Gate Voltage:

Gate Voltage = Potential drop (over SC + accros Oxide)
7 Vox

For non ideal MOS: Vi = Vg jgear + Vip

Capacitance vs. Frequenc
Capacitance C = Q/V
Capacitance in
Eox [ F Gate <

- Accumulation Cy = Cyy = == |5 -
xide

d lem?

- Depletion C; = =
Winax s

Total Capacitance:

CoC, Y d
C=Co Il G = U+é} = ‘“(;% Various Oxide Charges— they
shift the threshold
Accumulation: Majority carriers respond to AC signal
Ve < Vg atboth HF & LF, € = C,y = €,/ tox
Depletion: Depletion region and oxide capacitance
Vig < Vg < Vr in series, C decreases with V; due to
widening of depletion region.
C= Eox
- Eox
() + 0o
Inversion: At LF, minority carrier
Vr < Vg generation/recomb occurs in response
to AC signal (C = C,,). At HF, the
minority carriers do not respond to the
AC signal. C is constant due to constant
depletion region width (W = W,,,)
Deep DC bias is swept so rapidly that
depletion: minority carriers cannot respond and

therfore no inversion layer is formed.
The charge on the gate is balanced by

depletion of substrate.
Measurements in comparision to generation lifetime 7,

For a p-type substrate we do a V; sweep (from low to high)
at different speeds (frequencies): (For n-type substrate we
go from high V;; to low, see s12a1)

acc. |dep.
P Lawfrequency

\ High frequency C

Deep depletion

ﬂ*— )
v,
El\:
Ve
2 @
Deep depletion is just a very fast sweep, what happens is that the depletion width

continues to grow with higher V so C4

C4 is a series resistance created by the absence of charges (depletion) near the oxide
interface.

p-type

will become smaller and smaller.

SUBTHRESHOLD REGIME

We consider a MOSFET operating with a very weakly inverted
surface i.e. not completely ON (V; < V). This is called the
subthreshold regime.

From Source to the Drain, the npn / pnp regions acts as a BJT.
The current will be dominated by diffusion.

Carrier densities at Source/Drain side:
n(0) = n;e?Ws=¥s)/kT n(L) = n;edWs—¥s=Vo)/kT

With g = (V; —
dn
b =—qA- Dna = gAD,

V;) we find:
n(0) —n(L)
L
~ ATV s /it _ . ga(Va-Vi)/kT
L

P —;
K

Subthreshold Swing
The Subthreshold Swing S measures how efficiently the device
can be turned on and off. S is typically about 70 — 110 mV/Decade
Vs
S =

2(log10(p)

logio Ip IVG=0
g

logio ID|VG=VT -

Subthreshold Leakage Current

The subthreshold leakage current I |-, can be derived from
the subthreshold Swing with AV, = V.

Vr

logIplyz=0 =log Iplyg=v, — 5

CURRENT SATURATION

Channel Pinch-Off

The saturation current is given as:

pnCox Z
Ipsat = n2 Z[(Vcs—

Vr)?]

Increasing the drain voltage beyond Vp,,, causes the
channel pinch-off point to move towards the source.
Therefore the effective channel length is reduced to
(L — AL), thus the current increases:
as seen from the FET square law
l‘nCOX

Ip =

T2 L-AL

Hncpy 2
2 L

[(Ves = Vr)?]
with L — AL = L(1 - AV,) &K =

The I-V Characteristic becomes Drain Biased:

K 1
Ip == W = Vp)*(1 + 2V, A=—
b =5 Ve =Vr)*( b) Fol
%> Vr
] o = Vo
B n+ n+
L
Vo >VT
nt LA a (_n+




CUT-OFF FREQUENCY

="
97 1/jw(Cgs+Cga)

_ . m
lg = gm Vgs Alw) = (CastCoa)
For low Gate Voltages V;, the capacitances from Gate to Drain
and Gate to Source are almost the same (Cy5 = Cgq)- When V)
increases, the channel pinches-off near the Drain ant therefore
Cgq drops.

Cut-Off Frequency: (A(w) = 1)

Im 3 /Jn (VGS VT)
fr= >
2n(Cys + ng) L
where we used:
Cox Z
Gm = 2K Vg5 —Vy) & K =Hmoxs
2 L
SHORT CHANNEL EFFECTS

Threshold Voltage Shift

Reducing the channel length increases the
transconductance g,,, the speed and device density. This
downscaling leads to so called short channel effects.

Charge sharing:

A part of the region below the gate is depleted by the
Source and Drain pn-junction depletion regions. The Gate
voltage V; needed for inversion (threshold voltage

V) thus decreases since the Gate must deplete less
material to achieve inversion.

For short channel length, the subthreshold swing degrades.

qNa W1 2W,
ANVp=——"T—"— [1+——-1
ColL 7
7; == Junction Depth [um] ~ d := Oxide thickness [A| W, :=max depletion width

V298N, 25) qQ
o = 2+ s —
0 0xX

V1,ideat VrB

We define de minimal channel length for long channel
behavior as:

Lonin = 0.4« [r;d(Ws + Wp)?2]

Wsp = S/D Depletion Depths [um]
Note: Thin Oxide d reduces the shift, whereas short Gate lengths and Deep
Junctions increses the Vy shift.

psubsirate

2! Drain Depletion
Region

Source Depletion
Region

DIBL (Drain-induced barrier lowering):
For short gate length V- decreases with increasing Vps due
to a reduction of the potential barrier below the Gate.

DIBL

E(

L,

SOURCE

CMOS INVERTER

VDD
L

Vsc;z Is

M2 | PMOS
Output
Input [TVH | NMOS

VGﬂ

Output, V

Von

Vor

E.
Vps =0
E,
E.
Vps >0
L,
DRAIN
M2 on , ’
MLoff  Bothon !
i
i
i
i
i
I
i
i
i
i
1
| M2off
| Mlon

Vin

The standby power dissipation

Input, V

is ideally assumed to be Zero,

because no DC current flows through M1 & M2.

Digital Switching Performance

Pull Down FET

O Vpp=5V v
I
L

T
1 L
I My ——cC sV

R

= =
As v; goes High the PMOS
turns off whereas the NMOS
switches ON to discharge the
load € down to logic level

GND

Pull Up FET

, 1 T .o
As v; goes LOW the NMOS
turns off whereas the
PMOS switches ON to
charge the load C up to
logic level Vpp

Propagation Delay
We define the Propagation Delay as the time tpy; that's

needed reach Vp /2 from High.
8 _c

7 KnVbp

tpuy =

where we used the

- Proportionality Constant K,, = c‘”"z"

- Lowes possible load Capacitance CL =( (L Zy+ L Zp)

forL, = Ly& Z, =
L% 1
—
Vopin  frVpp
= High Cutoff Frequency = Fast Digital Switching.
= shorter Gates = higher performance

tpuy = 2

The Propagation delay from Low to Vpp/2 is defined as
the time tp; ; and derived almost the same way but with
the PMOS and will thus depend on .

This delay values are optimistic and represent the lowes values reachable
because we neglectet several capacitances.

Improving Digital Switching Speed:
- Reduce C;,

- increase the W /L ration of transistors
- increase Vpp

Ring Oscillator

g " 5 Stage Ring

—‘ Oscillator

With an odd number of stages the circuit is unstable
1

N(tpus + tpn)

Energy & Power Dissipation per switching Gate

Uy

frosc = , N := Stages

Energy Dissipation Voo
Vbp c V2
LYDD
Epmosum = CLJ- vdv = -
0
CLVDZD
Enmosr) = 2

E = Enos + Epmos = CLVip

Power Dissipation
- 2
P = ay1Efoock + VDDILeakage = @010 VS qoere + Von! Leakage

Aoy = probability thate Gate switches in a given clock period
I1eakage = Leakage current from V,,, to GND when Gate is not
switching
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sseneinheiten

| » Mikro 107°
103 | n Nano 107°

G Giga 10° | k Kilo 103
M Mega 10° | m Milli
DRAWING GRAPHS
equilibrium

- fermi level flat
p(x) = nie(Ei(x)_EF)/kT

Electrostatic Potential
1
V= _;(EC - ErEf)

(electrons)

V=- i (Eres — Ey) (holes)

Electric Field
2 av _ 1dEi _ 1ag

dx q dx qdx  qdx

1dE¢

| p Piko 10712
| f Femto 1071%

direction derived from the electrostatic potential:

& — Field same direction as holes

Energy
Eyin + Epoe = const

potential energy:
(electrons) Epot =E;— Eref
(holes) Epot = Eyey — Ey
carrier concentration
(Ei-Eref>
p=mne\ ¥
(Eref-5i>
n=mn;e\
use a log-log scale

Currents
dn(x)
Inaiff = qDn i

]n,drift =qnu,E

more examples - Exercise Set 4.1

ELECTROSTATICS

PN Junction

PE [

In(n

In(p)

In(n)

NP Junction

Er N
ptype | ____ | 44 | DNtype ntype ... 1 ... i Ptype
>

> £
2 @
: e 5 e
g J © P
o N x
o o o T
2 - 5]
o arca=V,,
o H area =V,
] &
o g x
5 E-Field s}
] 2
o -, ] E-Field
[
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5 X, lx 5
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Depletion Depletion
Region Region

Lesson 1

- Moore’s Law
- Conductivity and Resistivity

Lesson 2

- Crystal Structures / Planes (Millersche Indizes)
- Metals in SC

- Covalent Bonding

- Fermi Dirac Statistics

- Energy Bands

Lesson 3

- Carriers in Energy Bands

- N/P Doping < Extrinsic Carriers

- Electrons & Holes in Thermal Equilibrium
- Density of States, Density of Free Carriers
- Mass ation Law

- Maxwell Boltzmann Approximation

Lesson 4

- Direct Generation / Recomb. Across Energy Gap
- Indirect recombination : G-R-Gaps

- Charge Transport (Diffusion/Drift)

- Carrier Transport saturation

Lesson 5

- Current continuity Equation

- Minority Carrier Generation at Surface

- Recombination of excess carriers in sample (short,
finite, infinite

- Flatness of Fermi Level at Equilibrium

- PN Junction (V};) and electric Field

- Electrostatics - Poisson Equation

- Band Diagrams, Band Bending

Lesson 6

- PN Junction II: Depletion Layer, Built in Voltage

- Diode under Bias

- Forward Bias, Schockley Boundary Conditions

- IV Characteristics of a long diode, ideal IV
characteristics: Forward and reverse

Lesson 7

- Short Diode vs. long diode

- IV Characteristics of short Diode

- Back-to-Back-Diode Circuits

- Poisson Equation

- Space Charge Layer: Depletion Approx.

- Potential of electrons and holes

- Depletion Layer (“Junction”) Capacitance

Lesson 8

-Diffusion Capacitance: Charge storage in Fwd. Bias

- Large Signal switching

- Generation in Depletion Region (Reverse Bias)
-Reverse Breakdown: Impact Ionization & Tunneling
-Recombination in Depletion Region (Forward Bias)
- Series Resistance of undepleted regions
-Summary of Diode Idealities: 8.37

Lesson 9

- BJT Principle, modes operation

- BJT Operation (Ideal BJT)

- Overview of Current components

- Deviation of Gain

- Gummel Characteristics

- Early Effect (Base width modulation)

Lesson 10

- Small Signal Analysis

- BJT Power Gain

- Intrinsic Voltage Gain

- Cutoff Frequency (Current Gain Cutoff Frequency fr &
Power Gain f;,4,)

- Delay Times

Lesson 11

- MOSFET Operating Principle

- Sheet Resistance

- GCA (Gradual Channel Approximation)

- MOSFET Current Gain Cutoff Frequency fr

- MOSFET & MOS Capacitor Band Diagram

- Flatband Voltage, Workfunctions

- MOS Capacitor:Channel Modulation, three regimes
- MOSFET Fabrication

Lesson 12

- Workfunction / Surface Potential & Depletion
- Gate Voltage

- Threshold Voltage

- Oxide Charges

- Subthreshold Régime IV characteristics

Lesson 13

- Subthreshold Regime, Leakage Current

- CMOS Inverter

- Digital Switching Performance

- Ring Oscillator

- Energy /Power Dissipation - Alternative to MOSFETS

EXERCISES INDEX

S1

S1A1 Electrical resistivity /conductivity

S1A2 Electrical resistance, resistivity and cross-section area
S1A3 Current flow direction

S1A4 Moore’s law applied to human

S1A5 Moore’s law applied to chips

S2

S2A1 Vol density & Vol packing density for cubic structures
S2A2 Volume packing density for diamond structures
S2A3 Surf dens. and atomic packing dens. for crystal planes
S2A4 Tetrahedral bonding angle

S3

S3A1 Intrinsic carrier concentration vs. Temperature
S3A2 Effective mass and intrinsic Fermi Level

S3A3 From low to high doping levels

S3A4 Position of fermi energy level

S3A5 Doping compensation in GaAs

S4

S4A1 Generation/Recombination process-direct

S4A2 Generation/Recombination process-indirect

S4A3 Generation/Recomb. and conductivity modulation
S4A4 Drift current

S4A5 Diffusion/Drift current

S5

S5A1 Continuity equation, diffusion length

S5A2 Fermi-level and doping

S5A3 Doping modulation: energy conservation (Exin)

S5A4 Doping modulation: non-uniform doping lvl in a B]T
S5A5 Simple Diode Circuit

S6

S6A1 Minority carrier injection and Shockley bound. cond.
S6A2 Simple p-n junction Diode

S6A3 Diffusion and Drift currents: respective contributions?
S6A4 Current flow in a copper wire and p-n junction diode
S6A5 Diode I-V characteristics

S7

S7A1 One-sided junction: doping and forward bias effects
S7A2 Isotype junction (step doping)

S7A3 2 Step doping in p-n--n junction

S7A4 Band electrostatics: energy/band diagram interpret.
S8

S8A1 Quasi Fermi-level in diode under bias (Vi Cj)

S8A2 Generation current in a revers biased p-n junction
S8A3 Non-ideal forward bias characteristics of a diode
S8A4 Reverse breakdown in p-n junction

S9

S9A1 Silicon Bipolar Transistor | /Band-diagram

S9A2 Silicon Bipolar Transistor II /Carrier concentration
S9A3 Current distribution in a pnp BJT (gains, factors,...)
S10

S10A1 Bipolar transistor vs. back-to-back diodes

S10A2  BJT cut-off frequency

S10A3 BJT Early voltage and power gain

S11

S11A1 Band diagram of a MOS capacitor at flat band

S11A2 Diffused resistor/sheet resistance

S11A3 MOSFET design/operation regime

S12

S12A1 MOSCAP: gate voltage dependence of capacitance
S12A2  Si0,/Si MOS Capacitor and Electric Field

S12A3  MOSFET threshold Voltage

DARLINGTON PAIR

IE‘l
—_—

Is2 = Ip1

ler =1Ic1+Icy = Blp1 + Blpz = Blgr + Flis

Ier = Plgy + [ Blgi/a = Blgy + BB + Dlgy = (S + 2)Ip

OTHER

Entstehung der Ladungstrager

20 0 0w

Freeze-out: Bei geringen Temperaturen

reicht die Energie nicht, um die Bandliicke

zu tberqueren. Auch Akzeptoren und

Donatoren werden nicht ionisiert.

* Keine Ladungstrager!

Extrinsic region: Die Energie reicht, um

Akzeptoren und Donatoren zu ionisieren.

» Ladungstrager entstehen entsprechend der
Dotierung (doping), extrinsisches Verhalten

Intrinsic region: Die Bandlicke kann nun

von vielen Elektronen tbersprungen werden.

= Es gibt sehr viele Ladungstrager, die Dotierung
hat kaum Einfluss, intrinsisches Verhalten
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Depletion Approximation Berechnungen

Charge density
Boxlike approximation

Ladungsdichte (charge density)
Ve for —ay <50
s =daNn for0<a <,
0 e
Elektrisches Feld (electric field)

=NA (1, +x) for —z, <2 L0
Bla) =

Electric field
Integral of Charge density

=4ND (3, —3) for0<z<a,
0 else

. Volta
Spannung iiber Raumladungszone Iiore o Elocstc Fiokd

(voltage across depletion region)
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for z, <z Emax = |E(0)|

y conditions)

Thermal Equilibrium, built-in
voltage V

—aVou /KT
np0 = nnoe™?

Forward bias Vi

np(—zp) = npoetVF/AT

Pa(@n) = poe?VF/FT

Forward Bias Reverse Bias

‘Thermal Equilibrium

Reverse bias Vi

—aVR/kT
(=) = ngoe= 0V

extraction

durch den reverse bias werden an der

Grenze der depletion region zusatzliche
b

injection

‘ durch den forward bias werden an der —aVir/kT

Pn(@n) = pnoe
Grenze der depletion region zusatzliche
L

The junction resistance is defined as: r = %
— ideal diode current with forward bias:
aVF aVE kT 1
I= [s(e kT — 1) z[s(ekT) B =?1n(z)
oV kT1

S r=—=—=o
TTA T 1

'UNCTION RESISTANCE OF A FORWARD BIASED IDEAL DIODE




DIODE CURRENT CHRARACTERISTICS

Bandgap: Fiiking

Eg
Vi = %ln (%) , n;=/NyNee ®
— the larger the bandgap, the higher
Vy; to overcome to turn on the diode
> Egx <Egy <Egy

Reverse Current:

wy D,n, D D,n? qD,n?*
I:’S(E(TT?)—I):IS: nTpo  APpPro) _ (4DuTti | 47pM
L, L, LN, L,Np
Therefore: the larger the bandgap = lower n? = lower Ig
Emitter 11* Base p Collector 12

Strombeitrage im NPN BJT
= Annahme: Keine Rekombination in den
depletion regions sowie in der Base

Die Stréme berechnen sich wie bei einer
Diode (= Diffusion):

[
Js =Jpr = =aDpr 5 pe(x)

Ein kiirzerer Channel hat viele Vorteile: Man
erhoht die Transconductance g, sowie die
Geschwindigkeit und reduziert die Baugrésse |
Es treten allerdings mehr Nichtidealitaten, so

Drain-induced barrier lowering (DIBL):

= Bei grosser Drain/Source-Spannung dehnt
sich die Drain-Bulk pn-junction depletion
region sehr weit aus und beginnt, mit

\ der Source zu i \ genannte Short Channel Effects, auf.
= Das heisst, der Channel wird praktisch ganz DIBL
von den depletion regions um die Source
und die Drain aufgefressen Fe Fe
= Die Energiehtirde fur ein Elektron, um tber 5 o
den Channel zu springen, sinkt plétzlich
= Daher sinkt die Threshold-Spannung ab. SOURCE Fe 10

Gate Oxide Scaling

Wir wollen den MOSFET méglichst mit der Gate-Spannung kontrollieren
Reduzieren wir die Dicke des Oxids (SiO,), so erhéht sich die Oxid-Kapazitat
C,. Dies verbessert die Steuerbarkeit des MOSFET.

Sehr dunne Oxidschichten kénnen allerdings von Elektronen durchtunnelt
werden

Um Tunneling zu verhindern, muss dann ein Oxid mit hoherem « (Leitfahigkeit)
verwendet werden

Die equivalent oxide thickness wird verwendet, um verschiedene Oxide zu

= Im logarithmischen Plot rechts haben die

Stréme im idealen Fall eine Steigung von

60 mV/Dekade (ergibt sich aus ® ) Is
= Eine Nichtidealitat fihrt zu einer weniger

steilen Gerade (Faktor n) I8
+ Ein anderes § verschiebt den Anfangspunkt ——

60 mv/dec

Vae (V)

Long-channel MOSFET
L>>AL

Channel Length Modulation (CLM)

Short-channel MOSFET,

In der Herleitung des Saturation Currents g
sind wir davon ausgegangen, dass der
pinch-off-Bereich AL sehr klein ist verglichen
mit der gesamten Channel-Lange
Bei kurzem Channel stimmt dies nicht mehr,
und da I, e £ steigt der Strom, wenn der
Channel kiirzer wird, also

Z_ Ves—Vr)

Ip = inCoxy—37 7

Dies ist das Analogon zum Early-Effekt in
einem BJT und fuhrt zu einem
Ausgangswiderstand

Ves—Vr

Vos = (Was = Vo)

Ein kiirzerer Channel hat viele Vorteile: Man
erhoht die Transconductance g,, sowie die
Geschwindigkeit und reduziert die Baugrésse |
Es treten allerdings mehr Nichtidealitaten, so
genannte Short Channel Effects, auf.

Charge Sharing:

= Zwischen dem Bulk und den Kontakten fiir
Source und Drain bilden sich jeweils pn-
junctions aus

Wenn der Channel sehr kurz ist, «fressen»
diese pn-junction depletion regions einen
signifikanten Teil des Channels weg,
wodurch er noch kirzer wird

Dadurch sinkt die benétigte Gate-Spannung
um Inversion zu erreichen, also die I ™ /

Threshold-Spannung Vy

Source depletion region
PR LT O PO Drain depletion region
Gl n

x=—xg
Je=J n 9 @ vergleichen
¢ =Jng = qDnp 5-np(X. Esio.
9% =w EOT =d.
Je=Js ¢ = Aus Kapitel 1 kennen wir die D highic
= Annahme: Emitter ist viel langer als die pe(*) = pro + (Pe(—xg) — pro) exp( — [ )
minority carrier Diffusionslénge, denn dann Py
v 70 = ny W) + (np(@ - nyw) (1-57) |  EXERCISES
Pe(=xg) = pgo exp ( ) . o §
“ B SRSl 1sorves juncroy |
= Annahme: Base ist viel kirzer als die Js= _ Dy (ex (quE) _ 1) E IUN N
minority carrier Diffusionslénge, denndann ~ *° ~ " L,z Peo\eXP (T , Tp ,
_ Vpe _ _Dus Vee) _ (1Vac H '
np(0) = npg exp (W) Je === s (exp( T ) exp (—H, )) 1 £ i j .
w) = Vs = Grundsétzlich also die selben Terme wie c —_— el
e = Mo €XP beim einfachen Diodenstrom, daher auch N :
nicht auf meiner Zusammenfassung My | '
' '
3.2 Ideale Stro i
-~ \deale Strome Umwandiung Stromdichte < Strom N A | -
Gummel-Charakteristik R W HeelE M
N, N_<N,, W
Ie=4A ﬂ";‘(e«mm —1) = Iy(ewVes/iT _ 1) £ ' '
EWs Nop g S le 3 1avo
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We consider a junction where only the doping level but not the
doping type changes.

For example an acceptor doping level N4, > N4, as shown in

the figure:

e The concentration gradient leads to diffusion of holes into
the lower doped side.

e Negatively charged acceptors stay on the higher doped, left
side.

e The charge carrier density on the lower doped side is no
longer set up by immobile dopants, but by holes which
diffuse.

e The charge carrier density drops exponentially.

CLICKER QUESTIONS

BACK TO BACK DIODE

If there are two diodes back to back,
then one of them is always reverse
biased and the current flowing Js
through the circuit is the reverse
leakage current J

example:

Diodes D1 & D2 are reverse biased so R”
they can only pass current I

D3 is forward biased:
@Vp3
Ips = Is(e( o) _ 1> =21,

Vs = %ln(?.) = 28.56mV

If we want to increase the output

voltage we have to lower the doping

level.

Because:

lower doping —lower electrical field in

depletion region — higher

reverse bias Vyis needed to achieve a cerain electrical field

IDEALITY FACTOR

lower = better
n =1 =ideal

Plot: lin(V) vs log(I)

ex:

if [ increase an ideal B]T (n = 1)

by 60mV — [ increases 10x

ex:
ideality factorn = 2
corresponds to 120;"—8‘2

MATHEMATICS
Dot product:
d-b=1dl-|b|cos([d b])
= a-b
A[a,b] =arcos| ——=
lal - ]

logarithm laws:

e
Unstable Stable
Voltage.

ageny Voltageom
C|6.4-6.6

e logy(P - Q) = logp(P) + logy(Q)

e log,(P/Q) = logp(P) — logy(Q)

¢ log,(P™) = n-log,(P)
. logb('{/F) =log,(P) /n
e —log,(P) = log,(1/P)

10gy(P)
* loga(P) =00

Frequency v, f Hertz Hz
Pressure Pascal Pa
Power P Watt w
Force F Newton N
Energy E Joule J
Drehmoment Newton Meter N - m
El Current I Ampere A
El Resistance Ohm Q
El Charge g, e Coulomb C
El Current density j

El Charge density p

El Voltage Volt v
El Field E

Length Angstrom A
Mass m Kilogram kg
Temperature T Kelvin K
Capacitance Farad F

m

m2-kg
SZ

14 = 1C/s
10=1V/A
1C=14"-s
14/m?
1C/m?
V=w/A
1V/m
10~%cm
Ns? Js?
m  m?
1K =1°C+ 273
As  A%s*t
V  kg-m?

ZENER DIODE C|6.3 PERIODIC TABLE, ELEMENTS OF INTEREST

6 7
C |IN

Carbon J|Nitrogen
12.011 ,~/14.007 -

14 15 i
Si P
Silicon J|Phosphorus,

28.085,+530.974 .-
32
Ge

Germanium
72.630,+374.922

Antimony
118.71 ,4(121.76 <

KIRK EFFECT B|9.2

For high current levels, the charge of carriers travelling through the B/C
depletion region modifies the electric field profile in the B/C depletion region.
— at the B/C junction the E-field drops and eventually becomes 0
— base widens = 75 increases = f§ decreases
= lowers fr & fiq = lowers V,
= therefore the Kirk Effect is also referred as
“Base Spreading” or “Base Pushout”
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Hoherer Strom

Wir beginnen mit einer
one-sided junction
zwischen Base und
Collector, wie gehabt

Signifikante Elekronendichte
durch grossen Strom,
kompensiert die Halfte der
Donator-Ladungen. Durch
reduzierte effektive
Dotierung verbreitert sich
die depletion region

[ increasing I >
% Y ) -

N N
Base| Colector | Collector

Noch hherer Strom ~ Es gibt einen
gesamte tau» am
Donator-Ladungen. Ende des Collectors,
Depletion region wodurch sich eine
verschwindet vollends  «umgekehrte» depletion
region aufbaut.

1y N N N
Base| Collector | Collctor Base | Collctor | Collector

— J/

Base Depletion Base  Depletion

. Base  Depletion Busc  Depletion
widih loer idih laye o

width layer widihJay

For high current levels the electron density n; becomes therefore comparable to
the donor density (npn BJT)
— electron density cannot be neglected in calculations of the
E_field.
(Poisson eqution:) E(x) = gl(Nnc —-ng)x+EQ0) ,nc=
Kirk-Effect threshold current :
When the current gets higher than Jy, then the Kirk effect takes place and it
result in a field inversion.

Jnc
qVsat

Jk = qVsac (NDL‘ + %)

The Kirk Effect can be reduced by making the collector doping Np higher or the
collector width W, smaller.

If we optimize for large /i by increasing the collector doping, the Early Voltage
decreases (=worsen) although!



